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Preface

Here you find some lecture notes prepared for the course in Statistical Mechanics at SISSA. Many
very nice books and lecture notes exist, and I do not pretend to add anything to what has been
published: These are only my notes on the subject. The main references I will follow are the very
nice Lecture Notes by Arovas [1], and the books by Peliti [2], Callen [3], Sethna [1], Pathria [5], and
MacKay [6].

The notes are divided into two main parts: 1) Basic material and 2) Selected topics.

The basic material contains standard topics. Starting with a review of thermodynamics, the sta-
tistical ensembles are introduced, and standard applications (systems of free bosons and fermions)
are illustrated. Next, after an interlude on transfer matrix and path-integral representation, the stan-
dard Weiss mean-field theory approach is presented, ending with a derivation of the Ginzburg-Landau
action.

The selected topics include this year: the XY model in two-dimensions and the Kosterlitz-Thouless
transition, and an introduction to (mostly) Ising lattice gauge theories.
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1. Introduction to Entropy and Statistical
Mechanics

I will illustrate here, through elementary examples, some useful concepts that hopefully will provide
a small guided tour into some of the ideas of Statistical Mechanics.

During the tour, we will encounter some useful mathematics — large-NN (saddle-point) techniques,
Fourier /Laplace transforms, Legendre transforms — and some of the important actors in the game —
entropy, energy, free-energy — together with the first bricks of the construction of the more general
theory.

The discussion on Shannon’s entropy follows quite closely the excellent book by MacKay [6].

1.1. The exponential dominance: Stirling

I start by illustrating an idea that keeps coming repeatedly when you discuss “entropy”: the idea of
exponential dominance, which can be simply understood with the following elementary considerations.

Q:ZeNEi .

where ¢; > 0. Call €, the largest of such ¢;. Then, for very large N you generally have:

Suppose you have a sum of the form

1
Nlogﬂ:emax . (1.1)

To understand the issue, suppose you have only one further term with €; = €pnax — A in the sum.
Then: . 1

N logeNe’“ax (1 + e_NA) = €max + N log (1 + e_NA) — €max -
A bit more generally, suppose that a number ~ N¢ of terms with ¢; < epax contribute to the sum.

Then you can write:
emeax < Q < Naemeax .

Hence, taking the logarithms and dividing by N you get:

1 log N
5max<N10gQ<€max+a ng s

i.e., once again, Eq. (1.1) holds for large enough N.

An interesting application of the principle of exponential dominance is the method of Laplace for
calculating integrals of functions of the form eN®(*). Let us exemplify this with an application that
leads to the famous Stirling approximation for the factorial N!:

log(N!) = Nlog N — N +log V27N + O(1/N) . (1.2)

One possible way to derive the Stirling approximation starts from the integral representation

X [e's)
I(N+1)% / dz aNe ® = N1,
0
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Figure 1.1.: On the left, the function gy (z) = e” '°8*~ whose integral gives the factorial N, for N = 100.
On the right, in blue, the approximation by a Gaussian obtained by expanding the exponent near the maximum

at Tmax = N.

which you can very easily prove by induction. This is the Euler’s I'-function at integer values of the

= ¢Nlogz—z N(logz—z/N) ~and discover that it

argument. Next, we analyze the integrand gy (x)
has a maximum at x,,,x = N and two inflection points at x4+ = N ++/N. The value at the maximum

= e

is already very suggestive:

N (T = Typax = N) = N1 NN

To calculate the integral, let us start being brutal. We approximate it with the area of the rectangle
of height equal to the maximum, gy (), and basis equal to the distance between the two inflexion
points, 2¢/N. Our brutal estimate would than give:

Ibrutal =V 4NeN log N—N .

If you take the logarithm, you get the following estimate:
log Nl ~ Nlog N — N + log V4N .

Not that bad, for a rather swift calculation. Even more brutal is the approach of not even calculating
the inflexion points, and approximate the area with a rectangle of basis b = 1, which would give only
the first two terms of the Stirling formula, incidentally, the two terms that are more often used.

To get a much better result for the third term, log v27 N, we resort to a gaussian approximation.
Essentially, we expand the logarithm appearing in g () close to its maximum at £ = N by retaining
only the quadratic terms in the exponent. You get:

. (z—N)?2
g () m g§" = eNIEN N B (13)

The integral, using the gaussian, is rather simple:

o (z—N)?
/ d.Z'eNlOgN_N e—T%eNlogN—N/
0

— 00

o0

dy e_% = eNs N=N/ox N .

Taking the logarithm, you get the Stirling formula including the (third term) sub-leading logarithmic

correction. Figure 1.1 shows the comparison between the exact gy and the gaussian approximation
gau
N -
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1.2. Repeated flips of coins and frequency of letters

Flipping a coin is a standard starting point for probability. It is associated with a process, called
the Bernoulli process, which can be formalised as follows:

(2 h),

where py + p1 = 1, and p; is the probability of getting Head (which we call “17), while pg is that of
getting Tail (which we call “0”). A more general process X, which Khinchin calls a “finite scheme’ and
MacKay an “ensemble”, is build on a more general alphabet A = {x1, 2, -+, 24/} of symbols/objects
x;, called “outcomes” of X, with j = 1---|A|, where |A| denotes the number of possible outcomes
in the set A. For instance, A could be the English alphabet of 26 letters, including the space, as
exemplified in Fig. 1.2 below.

T
T a; i a N |
1 a 00575 a b -
2 b 00128 b c u
3 ¢ 00263 c d [ |
4 d  0.0285 d e ‘A
5 e 0.0013 e f u
6 £ 00173 £ g - n
7 g 00133 g h u
8 h 00313 h 1 - .
9 i 0.0599 i J
10 j 00006 ] k u
11 k 00084 & 1 u
12 1 0.0335 1 m u
13 m  0.0235 n n |
14 n  0.0596 n o u
15 o 00689 o p - -
16 p 00192 P q .
17 q  0.0008 q I u
18 r 0.0508 r S I
19 s 0.0567 s t '
2 t 0.0706 t u u
21 u  0.0334 u v "
22 v 0.0069 v w -
23 w 00119 W X u
24 x 00073  x 32’ -
25 .016: -
% > oo - B TR TEET TR EEE
27— 0.1928 -

abcdefghijklmnopqrstuvwxyz— y

Figure 1.2.: (Left) The frequency of letters in English. (Right) The joint probability P(z,y) of two consecutive
letters x and y in a typical English text. Pictorially, larger probability is represented by a larger white square.
Notice the presence of correlations, such that P(z,y) # P(xz)P(y). Figure taken from MacKey.

To fully specify X you have to assign the probability P(x;) = p; of the occurrence of each outcome
x;, listing them for instance as:

X:(f”l Taocen &y “’”'A), (1.5)

pr P2 - Pj o DIA|

Random variable. When the alphabet A is mapped into real or integer numbers (as in the
Tail/Head case for the coin), X is often referred to as a random variable.
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For a random variable X you can easily calculate the average and the variance of X with the usual

definitions: |
EX] = Z%‘P(%‘)
= " : (1.6)
Var[X] = E[X?]-E[X] =) (x; — B[X])*P(x;)
j=1

where we have defined the ensemble X2 to be given by:

(o), .

pr p2 - Pj o DA|

In the case of a Bernoulli process these are simple to calculate, E[X] = p;, E[X?] = p1, hence
Var[X] = pl(l _p1)~

Now consider generating a sequence of N independent similar ensembles, which we denote by
Xi—1..n, with identical distribution of probability of the outcomes P(z;). Any outcome of this
experiment is a sequence of N outcomes x = (x1,-+- ,%;,---xy). Notice that we have used here a
“short notation”, where x; indicates the outcome of X;, which is taken from the common alphabet A.
A more proper notation would be z;,, to denote the j-th outcome obtained at the i-th trial.

In the Bernoulli case an outcome-sequence would be x = (0,1,0,0,0,1,0,0,0,0), for instance, for
N = 10. What is the probability of each individual sequence? Simple enough, since the repeated
trials are all independent, hence the probabilities multiply:

P(x) =py°p" (1.8)

where Ny is the number of 0s, and N; the number of 1s, obviously with Ny + N7 = N. Suppose now
that the coin is not “fair” (or the process generating the Os and the 1s is not a coin, after all), and
that p1 < pg, for instance p; = 0.1 and pg = 0.9. Then by far the most probable string is that with all
Os:

P(X — (0’0, . 70)) _ p(Z)V _ (09)N _ 2—Nlog2(0.9) ~ 97152 ,

where the last estimate is for N = 100. ' The least probable string is also obviously that with all 1s:
P(x=(1,1,---,1)) =p = (0.1)N =27 N0 x 9=3522

But if you do the experiment, and N = 100, you know that you almost never get the most probably
string with N = 100 0s. How comes? You know very well that you typically obtain strings with
Ny = ptN = 10 and Ny = poN = 90. Indeed, as you know very well, the expected frequency
ny = N1 /N is given by

ny = W ~p1.
Figure 1.3 shows the possible outcome of such an experiment. Notice that the probability of a “typical
string” is:

P(Xiyp) & pé\fpop:]‘l\[pl = 9N (pologzpotpilogsp1) — 9= N(=pologspo—pilogspr) = 9= NH(X) (1.9)
where we have defined the Shannon entropy of X as:
1 1
H(X) = —pologypo — p1logopr = pologzp— +p110g2p— . (1.10)
0 1

The reason why we introduce the second way of writing will be clear in a while.

1Beware of applying blindly the principle of exponential dominance. Recall that we have exponentially many states
here, and entropy effects do play a crucial role in getting the typical strings.

10
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x logy(P(x))

R 1..... 1....1.1....... 1o, oo P | P 11... _50.1
...................... e S L e TS PN _37.3

........ T S S B T & R S e B s IS I _65.9

s leteeeecoercnorsonsonnes b S 1..... 1..1.11..... _56.4

Figure 1.3.: Strings of bits generated by N = 100 independent Bernoulli trials with p; = 0.1.

Notation. Here we adopt the standard notation H(X) for Shannon’s entropy associated with
the random variable X. Later on, we will denote the Shannon entropy as SS'"**(P), where P
denotes the probability distribution of the variable X.

There are a total of Qo = 2V = 2190 ~ 103 strings x for N = 100. Can we estimate the number
of “typical strings” we would get? The number of strings with a number of 1s precisely equal to N; is
given by the binomial coefficient ( JZ\\,[I ), so the number Q,,, of typical strings can be estimated as:

N
log Q4yp = log <Np1) = log N!—log(Np1)! — log(Npo)!

N(—pologpo — p1logp1) = Nlog(2) H(X) . (1.11)

Q

Hence, log,Qyyp =~ NH(X), or:
Quyp 2 2VHE) 947 1014 (1.12)
where the last estimate applies to N = 100 and H(X) & 0.47 when p; = 0.1. I remark that
P(Xtyp) X Quyp 2 27 VHE)QNHX) 1 (1.13)
So, in essence, the typical strings, whose number and probability was estimated above, seems to
exhaust the whole probability! All the other non-typical strings — the vast majority, since Q¢yp ~
2NH(X) <« Qyor = 2V, including the most probable one x = (0,0,---,0) — seems to count nothing in

the total probability. We will soon “formalize” the previous argument through the use of a theorem,
the weak law of large numbers.

11
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Binomial distribution and strong law of large numbers. You know very well that the
ingredients given above give rise to the Binomial distribution for the repeated Bernoulli trials.
The probability of getting N; times a “1” in a sequence of N independent trials is:

N
Prob(Ny, N) = (N1> NN

One can show, see App. A for more details and exercises, that the Binomial distribution ap-
proaches a Gaussian in the limit of a large number of trials N. This is one manifestation of the

strong law of large numbers.

Before proceeding, let us generalise the previous concepts to a more general X. The expected
number of times x; is obtained in N trials is p; NV, hence we would estimate:

P(xiyp) m p P py 2 o pp M = 27 N0 (1.14)

where the Shannon entropy is now:

|A] |A]

1
H(X E P(x;)logyP(x;) E P(z;)logg—— Pl (1.15)
j=1 j=1

Notice that, if for some reason you do not want to use the log,, for instance, if you plan to take
derivatives where the standard natural log is much more comfortable to use, you can write Shannon’s

entropy as:
|A] |A]

1
H(X) = ~ks Y P(x;) log P(x;) = ks »_ P(x;) logP<
j=1 Jj=1

5 (1.16)

where kg = 1/log2. Next, the number of typical N-strings with the expected occurrence N; = p; N
is given by the multinomial coefficient:

N!
Qiyp = ~ 2NHX) 1.17
VP (p N (pagN)! (A7

where we used once again the Stirling approximation for the factorials. Once again, observe that the
typical strings essentially exhaust the total probability:

P(Xiyp) X Quyp 2 27 VHE)QNHX) (1.18)
Observe also that the total number of N-strings is
Qior, = [AN = 2NlosalAL (1.19)

Notice that if all events were equally probable, p; = 1/|A|, then

|A| | A
H(X) =ZP(%)1ogzP Z ] o824l = logs |4l
j=1
hence Qiyp =~ Qior is all events are equally probable. For a general distribution of {p,}, however, you
can show that:
H(X) = H({p;}) <log,|Al, (1.20)

i.e., the Shannon entropy is mazimum when p; = 1/|A|. There are several ways to prove this statement.
2

20ne is based on the standard approach of Lagrange multipliers: maximising H(X) in the domain 0 < p; < 1 with
the constraint ipi =1 The actual proof that such extreme is a maximum is a bit more intricate and based upon
induction.

12
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A clean and instructive proof is based on Jensen’s inequality for convex functions which we now
quickly review. Consider a function F(y) — with y possibly multi-dimensional, as long as the domain
D of y is itself convex, i.e., Ay; + (1 — N)ya € D for all A € [0,1] if y1,y2 € D. We say that F(y) is
convez in its domain D — more clearly, —-convex — if:

FAyr + (1 =Ny2) < AF(y1) + (1 = X)) F(y2) - (1.21)

By induction, starting from the previous definition, you can easily prove that if F(y) is —-convex

then
F(ijyj) < ijF(yj) if ij =1. (1.22)

which is a discrete form of the Jensen’s inequality. ®* The proof that H(X) is maximum when all
p; = 1/|A|, applies Jensen’s inequality to the —-convex function F'(y) = log,y(1/y) = —logy(y). Take
in the Jensen’s inequality y; = 1/p;. Then

|A] |A|

> iy = ij = 4] .
j=1

Moreover:
[Al | Al

ijF(yg Zm( log, — )Z—H({pj})Z—H(X)-

Then, by Jensen’s inequality:

—logo|Al = F(O)_pjy;) <> _piF(y;) = —H(X) = H(X) <logy|A|.  (1.23)
J J
Summarising, when the p; of the various outcomes x; are not equally likely, then:
NH(X
Quyp 2V Nilogyla—H (X)) Noge ) (1.24)

Qior  2Nlog,|A]

A tiny fraction 2VH#(X) of the whole number of strings Qo exhausts the probability!

1.3. Shannon’s information content and entropy

Let us discuss the issue of the information content of the process X:

:1:'1 x2 e x ... x‘A
X = J Ml > , 1.25
(ptey Pl = pto - Pl (1:29)
Consider the quantity:
1
h(zx ):logzp( ] (1.26)

This is a random variable, whose value depends on the outcome z = x; one gets. h(z) is known as
Shannon’s information content of the outcome x. Below, we will try to justify why h(z) is a meaningful
way of quantifying the “information content” of an outcome z.

Property 1) Shannon’s entropy as the average information. From the definitions given,
Shannon’s entropy H(X) is the average of the information content h(x) over all possible outcomes:

|A| |A]

H(X JZIP z; logQP ZP z;)h = E[n], (1.27)

3More generally, you could write it as:
F(E[Y]) <E[F(Y)].

13
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Property 2) The information of independent events. Consider another sequence Y indepen-

dent from X:
_ hn Y2 Yj Yjs|
Y_<P(y1) P(y2) -+ Ply;) - P(yl'm))' (1.28)

Then, you can define a sequence XY with alphabet A ® B having |A||B| elements as follows:

= Ty T|alY1 T1Y2 41| 3|
A= ( P(x1)P(y1) --- P(xia)Py1) Px1)P(y2) -+ Pxia)Pys)) ) ) (1.29)

where we used the fact that the two processes are independent by writing P(x;,y;) = P(z;)P(y;).
If you want a simple case in which two events are mot independent, let X be the first letter, and
Y the second letter in a pair of letters in an English text: obviously, P(z;,y;) # P(zi)P(y;), as
subsequent letters in a text are somewhat correlated. But, if the two processes are independent, then
the information content

1
h(zy;) = logg=———=—— = h(z;) + h(y;) - (1.30)
! 2 P(x:) P(y;) ’
In words: the information content of the outcomes of two independent processes is simply the sum
of the individual information content. By the way, you might easily show that Shannon’s entropy of
XY is also the sum of the two:

H(XY)=H(X)+H(Y). (1.31)

Hence, the actual importance of h(x;) is still not immediately evident: other objects based on the
logarithm might do the job as well.

Property 3) Rare events give a large information. This property of h(z;), that will soon
appear “very reasonable” through our game-examples, is the following: The smaller is P(xj), the
larger is its information content h(x;) of the outcome x;.

Why? Here is a simple example, based on the game that you have certainly played: the hangman.
Suppose that I think of an Italian word with 9 letters, and you try the letter ‘O’. You are lucky: the
letter is in the word I had in mind. Here is the situation after your lucky try:

The outcome of the letter ‘O’ has certainly increased your “information” on the word, but not in a
very large way, as ‘O’ is quite common in Italian words. But suppose that, instead of ‘O’, you had
boldly tried ‘Q’, and that your guess was right. I write:

Your information on the word is enormously higher, as ‘Q’ is considerably less common than ‘O’: in
the present case, the occurrence of two consecutive ‘Q’ immediately suggests that I was thinking of
SOQQUADRO, the only italian word with a double-Q.

Let us play another game of guessing: you think of an integer number n € {0,1,2,---63}. T can
tell you the number you thought by asking you exactly 6 questions, each question being independent
of the answer you give to the previous one. * Here are the 6 questions, with the corresponding answer

4This is a simplified version of the game of the 20 questions (recall: Q1 = is it alive?, Q2 = is it a human?, etc.), which
allows to pin-down, with carefully chosen questions, an object that you might have thought. Recall that

220 = 1,048,576

so that with 20 carefully chosen questions I should be able to discriminate into a “world” of more than a million
possible “things”.

14
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you would give me if your number was n = 17:

Q1l:1Isn > 327 NO
Q2 :Isnmod32 > 167 YES
@3 :Isnmod16 > 8?7 NO

1.32
Q4 :Isnmod8 > 47 NO ( )
Q5 : Isnmod4 > 27 NO
Q6 :Isnmod?2 > 17 YES
Now I collect your answers, associating YES — 1, NO — 0:
010001 —2t+2°=17,
in other words the binary string with your answers univocally reconstructs the number n = 17.

Observe that:

1) You can think of any n, hence the answer/digit to each question is equally likely: a 1 or a 0 with
probability 1/2;

2) the answers to the questions Q1--- Q6 are independent,

hence the information content you get is the sum of that for each answer. More formally, the elementary
process of answering any question has two outcomes:

X — < x0:0:NO 1‘1:1:YES )
P(ZEO)Z% P(l‘l)zé

So, each question, independently of the answer, adds an information content h(z;) = log,y (%) =

logs2 = 1. The total information content after 6 questions, modelled by 6 independent but identical

processes X1 --- Xg, is:

hl((E“) +h2(1’12)++h6($16) = 6 bits . (133)

Let us now play one more game, connected to the previous one but more sophisticated, because
the different answers will no longer independent. It is a simplified version of the game of “battleship”,
played with a single “submarine” that you put in a 8 x 8 checkerboard, for instance in H3. Here the

A IIXXI] XXX XXX
B X X XXX S IXIXIXIXIXIX S IXIXIXIXIXIX
c XXX XIXIXIXIXIX XIXIXIXIXIX
D XXX XXX XXX
E XXX XXIXIXIX] XXX
F XXX XXIXIXIXIX XIXXIXIXIX
G (X X X[ XXX XIXIXIXIX] XXX
H XXX XXX} SXIXIXXIX
12345678
move # 1 2 32 48 49
question G3 B1 E5 F3 H3
outcome r=n r=n r=n r=n r=y
63 62 32 16 1
P(z) > >z il = =
64 63 33 17 16
h(z) 0.0227 0.0230 0.0443 0.0874 4.0
Total info. 0.0227 0.0458 1.0 2.0 6.0

Figure 1.4.: The game of “battleship” played with a single “submarine” in G3. In the illustration, the
submarine is hit at move 49. Move 1 is G3, move 2 is B1, etc. Figure taken from the book by MacKey.

outcomes are always two: missed = 0, and hit = 1. In the first realisation you have a process:
0 1
X = ( ) .
P0)=¢ P(1)=g

15
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If you are very lucky, and your first move is a “hit”, H3, outcome z; = 1 of probability P(1) = =
then

hi(z1 =1) =log, (Pgl)) = log,(64) =6 .

You got 6 bits of information with the first lucky hit. Most likely your first move will be a “missed”,
for instance G3, outcome x1 = 0 of probability P(0) = 63/64, then

1 64
hi(x; = 0) = log, (P(O)) = log, (63> =0.0027 .

You got very little information with the first unlucky hit. In such a case, you proceed with a second
move, described by the following conditional process:

0 1
o= (=g =g )

Observe that now the probabilities that appear are conditional probabilities: P(0) = P(z9 = 0lz1 = 0),
and P(1) = P(xzy = 1|z1 = 0). If you are lucky at your second move, ha(z2 = 1|z1 = 0) = log,(63)
hence you have:

64

64
hi(z1 = 0) + ha(z2 = 1|z1 = 0) = log, (63) + log,(63) = log, (63 . 63) = log,(64) =6 .

Again, upon hitting the submarine, you got 6 bit of information. More realistically, if you miss it, you
get ha(z2 = 0|z = 0) = log,(33) = 0.0230, hence a total information:

64 63 64 - 63 64
hi(z1 = 0) + ha(z2 = 0]z1 = 0) = log, (63) + log, (62) = log, (6362) = log, <62) = 0.0458 .

Let us proceed with the third move, represented by:

X = ! 1
Hlas=0ai=0 " \ P(0)=8 P1)=4& )~

and suppose that you miss again, and you continue to miss up to move 32, represented by:
0 1
X: = .
=00 (Pm=% HU:$>

The total information you acquired with these 32 failures is:

hiot32 = hi(z1 =0)+ hao(xe =0]xy =0) + -+ + h3a(xz2 = Olzg; =0---21 =0)
64 63 33 64

So, 32 unlucky moves give you 1 bit of information: a moment thought will tell you that you have
eliminated half of the possibilities, exactly like after the first question Q1 in the game of guessing a
number in {0---63}. If you persist being unlucky all the way to move 48 = 32 + 16, then your total
information acquired will be:

hiotas = hi(x1 =0)+ ha(ze =0]z1 =0) + - - + hyg(z4s = O0lxg7 =0--- 21 = 0)

64 63 17 64
log, (63) + log, <62> + -+ log, (16> = log, (16) =log,4=2. (1.35)

Two bits of information are acquired after 48 unlucky strikes because you eliminated another half of
the remaining half, pretty much like after the second question Q2 in the game of guessing a number
in {0---63}. Now suppose that you move 49 is a hit. Since

bory = ’ 1
49 24g=0-21=0 P(O) % P(l) - %6 7
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then

1
hag(x49 = llxgs = 0---z1 = 0) = log, <P(1)> = log,(16) =4 .

So, the hit at move 49 gives you the remaining 4 bits of information: you now know precisely the
location of the submarine, which is totally equivalent to knowing a number in {0---63}, since there
are 64 possible locations.

Notice that in this game I typically ask many more than 6 questions, but the total counting of
Shannon’s information content is, very reasonably, always 6 bits upon hitting the submarine.

1.4. Typicality and the (weak) law of large numbers.
Let X be, as before, a process
_ T Ty e mp e @
X=(ptey ploy o play o ply ) (13

with Shannon entropy H(X). The information content h(x;) = logy(1/P(z;)) of outcome x; will have
a variance Var[h] in the elementary process X, which we can easily calculate:

|A|
Var[h] = E[h?] — (E[h])* =Y P(x;)h*(x;) — H*(X) . (1.37)

j=1
Suppose that you generate sequences x = (xj,, - ,Z;y) € A)A(/ by repeating N times the process
X — ie., constructing the joint process X;Xs--- Xy — assuming the various repetitions X; are

independent and identical to the elementary process X. You often read that the “N events are
independent and identically distributed’.

i)
Typical strings. To define a “typical” string, we stipulate that their probability P(x) should

be

1
loggy—— —H| <€, (1.38)

P(x)
with some arbitrarily small € > 0. In words: typical strings are those whose “average information
content” %logzﬁ is “within €” of the Shannon entropy H. More formally, we define:

2—N(H+E) S P(X) S 2—N(H—6) <:>

1
N

1 1
to be the set of e-typical sequences of N independent outcomes. The goal of the remaining

derivation is to show that
Var[h]

e2N
which tells us, in words, that the probability of a “typical” sequence goes to 1 when N — oo, for
any value of € > 0.

Prob(x € Tne) > 1— (1.40)

To proceed, we review here the weak law of large numbers. Let us start from a simple inequality,
known as Markov inequality. Consider a positive random variable Y with probability (density) P(y)
and finite expectation E[Y] < co. Take an arbitrary positive a and consider the probability P(y > «).

17
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Then you can show that: °
Markov inequality: Ply>a)<—. (1.41)

Consider now a random variable Z with a finite variance. Then you can show that:

Var[Z]
e

Chebyshev inequality: P(lz—E[Z]] > ¢) < (1.42)

The proof is once again rather elementary: for instance, take Y = |Z — E[Z]|?, which is a positive
random variable, with E[Y] = E[(Z — E[Z])?] = Var[Z] < oo, and apply to Y Markov’s inequality
taking o = €2. You get:

E[Y] Var[Z]

P(lz—E[Z]| > ¢) =P(lz —E[Z]]* > ) =P(y > a = ¢*) < o

We are now ready to prove that weak law of large numbers. Consider the N repetitions X1 Xo -+ Xy
of a process X with a finite variance, and the random variable

1 N
Z==> X, (1.43)
=1

=|

whose outcome are, in words, the average of the N independent outcomes (measurements) of the X.
For instance, if X; are Bernoulli trials with binary outcomes 0 and 1, then Z = N7 /N represents the
number of times a 1 occurs, normalised to N. In general:

N
E[Z] = %ZE[XZ»] = E[X], (1.44)

since all E[X;] = E[X] are identical. The surprise is in the variance of Z. A simple calculation ¢ shows
that:

Var[Z] = %Var[X] , (1.46)

a remarkable result which you know “well” by experience: the average of N measurements has a
sharper distribution than the original quantity X, with a variance that scales to 0 as 1/N: this is the
reason why you accumulate statistics, after all!

5The proof is elementary:

P(y>a):/:odtP(t)§/:odt (3) P(t):i/:odttP(t)gl/ooodttP(t):M.

e « «

6By definition:

i#]
add and subtract

Varlz] = o SR - (B2 = o (ZE[X?] +ZE[Xi1E[Xj1) - (El2)?
Y i

= | X+ BRI + 3 B - 3 (B | - (5[]

- (ZE[XEJ - Z<E[Xil>2) + 35 TELX] | - (Bl
i i ij
= & (B - (B[X))?) = LVarlx]. (1.45)
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The weak law of large numbers. The random variable

1 N
= N; (1.47)

whose outcome are the average of the N independent outcomes (measurements) of the X, has a
probability distribution such that, by Chebyshev’s inequality:

Var[Z]  Var[X]

Pl ~ElZ]| > 0 < == = 55+, (1.48)
or, equivalently: Varl X
P(l= B[]l <) 21— Yot (1.49)

So, in words: the probability that an outcome for Z is “within €” of its average E[Z] tends to 1
as N — oo.

Having established the weak law of large numbers, let us return to our typicality story. The
probability P(x) of a string x = (z1,--xn) € AY, since the events are independent, is

P(x) = P(x1)--- P(z;) - P(zn) ,

where we have condensed our notation by indicating simply as x; the more proper but ugly x;,, for
the outcome you get at the ith repetition. Hence, we have immediately that

1

N | N
N10g2P gOg2P :N;hx

If you recall that H = E[h], and you apply the weak law of large numbers to the random variable Z
defined from the average (over repetitions) of the information content:

Z\H

Z (1.50)

observing also that E[Z] = E[h] = H(X), we can immediately deduce that:

N
Prob (x € T..) = Prob ('% S h(as) — E[h]’ < e> >1- V;r][\?] (1.51)

In the literature, the result expressed in Eq. (1.51) is known as asymptotic equipartition principle.
With the words of MacKay [6]:

Asymptotic equipartition principle: For an ensemble of N identically distributed
independent random processes (X1, Xo, -+ Xpn), with N sufficiently large, the outcome
x = (21,2, -+ ,xy) is almost certain to belong to a subset of .AJ)\([ of only 2VH(X) members,
each having probability P(x) “close to” 2~ NH(X),

In general, for H(X) < log,|A|, the subset of typical sequences Qiy, ~ 2NH(X) is a negligible
fraction of the total number of sequences Q¢ = |A|N:

Qyp 9N H(X)

~Y ~Y
Qtot 2N10g2|A|

9—N(logy| A|-H(X)) N2go (- (1.52)

"Not to be confused with the “equipartition of energy” in the kinetic theory of gases and statistical mechanics.
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1.5. Shannon’s source coding theorem

What goes under the name of Shannon’s source coding theorem is a result that builds on the
asymptotic equipartition principle, but goes a bit forward. I will briefly mention this for completeness:
more about data compression, both lossless and lossy, in the book of MacKay.

log, P(z)
—NH(X)

|
jyvg “““‘l
R — WMWNMH

1111111111110...11111110111

0000100000010. ..00001000010
0100000001000. .. 00010000000

0001000000000. . . 00000000000
0000000000000. . . 00000000000

Figure 1.5.: Sketch of the probability of sequences of N bits in ascending order. The box highlight the typical
set, with Q¢yp ~ 2NH(X) members. To the far right the string with the highest probabilities are shown. When
N = 100, since H ~ 0.47 for po = 0.9 and p; = 0.1, you have 27%7 to be the probability of typical strings.
On the contrary, the most and the least probable strings have probabilities 2712 and 272321 respectively.

Figure taken from the book by MacKay.

But before we dive into some technical aspects of this story, try to do the following exercise.

Exercise 1.1. A horse race has 8 horses competing of different ability: their probability of winning
a race is not uniform, but rather represented by the following process:

0 1 2 3 4 5 6 7
X = I R U TS (RN SODIS IS EURS TSI §
p0—2 p1_4 P2—8 p3_16 p4_64 p5_64 P6—64 p7—64

where we numbered the horses from 0 to 7.

(a) Calculate the Shannon entropy H(X) of X. [Clearly, use base-2 logarithms.|

(b) Imagine now that you want to communicate the result of the winner of N identically repeated
races. To do that, you use a telephone line where you can transmit bits, 0 or 1. You have
to establish a unique code to indicate the horse which won each race. Clearly, a binary code
Cy = 000,C; = 001,Cy = 010,C3 = 011,C4 = 100,C5 = 101,C = 110,C7 = 111, would do:
this is a very democratic code, which uses 3 bits for every race; the length of the string will
need to be 3N bits if you want to transmit the result of IV races. Consider now the following

alternative code:
0 2 3 4 5 6 7
Po = :é PsZﬁ p4:ﬁ 105:6*14 PaZﬁ P7:i
Co = =110 C3=1110 C4=111100 Cs=111101 Cg =111110 C; = 111111
Observe that we used codewords of increasing length to code horses that have a smaller prob-
ability of winning a race. In particular, we assigned the shortest possible codeword (1 bit),

Co = 0, to the horse with the highest probability of victory. Would you be able to uniquely
decode the following string?

=
I~
Q
3
—

p1
Cy

ol

00101100010

To how many races does it refer to? Which horse won the 4" race? Which the 5?7
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(¢) Suppose you want to communicate with a string of bits the result of a large number N of races:
what is the average length L, in bits, of the string you would need?

(d) What is the relationship between the average length L of the string and the Shannon entropy
H(X)?

(e) If all the horses where equally good, po = p1 = -+ = p7 = %, what would be the Shannon
entropy H(X)? What would be the average length L for N races if you use the code proposed
above? Would you use it? Or would you rather prefer the binary code instead?

The simple example contained in the previous exercise shows the basic idea of a lossless variable-
length encoding: the best code you can invent to transmit a message will have an average length related
to the Shannon entropy of the process generating it.

In the following, we will discuss fized length encoding but with a probability of loss of information:
we will, therefore, “count” how many strings you should try to “give a codeword to” if you renounce
to some very improbable strings, which will have no codeword associated with it.

Returning for concreteness to our Bernoulli binary string example, suppose that you list all strings
of N bits in order of increasing probability log, P(x), as sketched in Fig. 1.5. The strings can be
divided into three classes:

1) the “typical’ ones, with the usual assignment of € to define typicality;
2) “atypical’ strings but with high probability P(x) > 2~ NHX)=e),
3) “atypical’ strings but with a very small probability P(x) < 2~ NH(X)+e),

Let us now define a new set Sy s as follows. Start from the string with highest probability Xnighest,
and include it in Sy 5. Then continue down the list of sequences and keep adding them to Sy s until

Prob(x € Sys) >1-16, (1.53)

where 0 is a small number of your choice. Notice that Sy s contains, by construction, “atypical”
sequences with large probability, class 2) above, as well as “typical” sequences, class 1). A moment
reflection should convince you that Sy s can also be defined as being the smallest subset of strings
such that Prob(x € Sy 5) > 1 — 4. Define now the essential bit content of Sy s from the number of its
members [Sy s|, with the usual logarithm:

Hs(X™) = logy|Sn.sl - (1.54)

Obviously, if § = 0 you include all sequences, Sn,o = AY, hence Ho(X") = Nlog,|A|. You realise
that Hs(X?") is the number of bits which you need to uniquely describe all elements of the set Sy .
Notice that if § > 0 some very improbable atypical strings are omitted from this set: if they occur,
you would not be able to describe them. And now comes the statement of the theorem:

Shannon’s source coding theorem: Let X be a process with entropy H(X). Consider
the ensemble of N independent identically distributed random processes (X1, Xo, - Xy).
Then, for any arbitrarily small € > 0 and any 6, with 0 < § < 1, there exists a sufficiently
large Ny such that for N > Np:

%HJ(XN) —~H(X)|<e (1.55)

Hence, in other words, if you allow for some losses, § > 0, you can describe with “essentially”
NH(X) bits all remaining strings. Concerning the proof: The fact that Hs(X™) < N(H(X) + €) is
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not difficult at all. Consider the typical set T . We know that

Var[h]
Prob(x € Ty,) > 1— 2N >1-6,

by taking N > Ny such that \S;\[,ZL] < 4. But Sy 5 is the smallest subset that verifies that inequality.
Hence Sy 5| < |Tn,e|- Let us put a bound on |Ty | by arguing as follows. The smallest probability
that a typical string in Ty . can have is P(x) = 2~ N (X)+9) Hence, the largest size that Ty . can
have can be bound by assuming that all strings have probability 2=V (#(X)+€)  which leads to:

27N(H(X)+E)|TN,e|largest S 1 - |TN,e|largest S 2N(H(X)+E) .
This immediately leads us to the conclusion:
Hs(X™N) = logy|Sn,s| <logs| Tl < N(H(X) +e¢) (1.56)

The fact that Hs(X™) > N(H(X) — €) is slightly more elaborate: see MacKay, Sec. 4.5 for details.

1.6. The ideal gas: Newton’s approach

We now switchgear to physics, by considering one of the building problems of statistical mechanics:
the ideal gas. I illustrate the concept of chaos by showing you some billiard animations, in particular
the stadium billiard. The result is that it is quite reasonable to expect that the system visits in an
essentially uniform way all the available phase space. The volume of the available phase space is hence
the crucial quantity we need to consider. ® More about these issues when we will discuss in more
detail the ergodic hypothesis.

Consider N classical particles in three-dimensional space. The 6N dimensional phase space will be
discretised by subdividing it into small cubes of volume h3Y, where h has the dimension of an action
— indeed, we will see that the correct choice is just Planck’s constant. The number of (discretised)
states the system can visit when its energy is in the interval [E — Ag, F] is given by

1 dBN d3N
Nstates(E - AEa E) = ﬁ / # I[E'fAE,E] (H((L p))
E 3N 3N
1 d>"qd
- / dE’—/M S(E' — H(q,p)) - (1.57)
E—Ap N
Q(E")
Here
b 1 for z € [a, b
Losy(@) = 0z — a)0(b — ) = / da’ (2 — z) = ,
a 0 otherwise

is the characteristic (or indicator) function of the interval [a, b], while 6(+) is the Heaviside 6-function,
and the second form follows from the properties of the Dirac’s delta function. Notice also the extra
factor 1/N!, which accounts for the so-called “correct Boltzmann counting” (introduced by Gibbs),
which I ask you to accept with an act of faith for the time being. ? Let us consider the quantity
appearing inside the integral, which is a density of states:

1 / d3qu3Np

QUE) = NI

0(E—H(q,p)) - (1.58)

8You are essentially maximising the entropy, by a limiting distribution that weights in a uniform way the available
phase space.

91t was introduced to make the entropy properly extensive and is related to the indistinguishability of particles proper
of a quantum approach. Both the N! and the A3 will appear when taking the appropriate classical limit of the
quantum ideal gas.
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Figure 1.6.: The stadium mixing. (Top) The initial conditions, with configurations on the left and velocities
on the right. (Bottom) A snapshot at a sufficiently large time. Figures due to Simone Ziraldo.

Since Q(F) is usually a monotonic function of £ we have that:
Nstates(E — Ag, E) < AgQ(E) < EQ(E). (1.59)

We will soon argue that, in the limit of a large number of particles, these quantities are all exponentially
dominated by what happens at E: they are completely insensitive to the value of Ag, and we can
even take Ay = E. More precisely we will see — with the explicit example of the ideal gas — that
one expects: 10

log Nstates(E — Ap, E) log ApQ(E) log EQ(E)

S N By UL S R (1.60)

With a more relaxed notation, we will re-express the previous equality as:

Nutates(E — Ap, B) ~ Ap QUE) ~ EQ(E) ~ oN () & 3(8) (1.61)

7

def

where we have introduced the extensive entropy S(E) = N s(E). Here ~ means that we neglect, in
the exponential, anything that is not extensive in N, for instance, terms proportional to log(/N) or

constants.

Let us proceed with the study of Q(E). To cope with the Dirac’s delta function, we use the standard
trick of taking the Laplace transform:

o 00 1 dBN dBN o .
7(8) % /0 dE Q(E) e = = / S 9 P o-pH@p) & -5(5) (1.62)

101t should be stressed that the limit N — oo is always taken together with an infinite volume limit, by taking the ratio
V/N (the volume per particle) or N/V (the density) constant. We omit to indicate the volume in all our formulas,
for the time being.
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where  is the Laplace variable and should be regarded as compler, in general, and with dimensions
of inverse energy, while F is a useful dimensionless quantity which we have introduced by taking the
logarithm of Z. '' Notice that in general, all these quantities depend on V and N, a dependence that
we omit for the time being. The information on Q(FE) will be retrieved, if I know how to calculate

Z(B), by performing an inverse Laplace transform: '?
Bo+ioco d Bo+ioco d
QE) :/ » "FZ(B) :/ 45 pm-3) (1.63)
Bo—ico 2T Bo—ico 2T

The path of integration in the complex-8 plane which you need to calculate the inverse Laplace
transform we are free to choose, as long as it stays to the right of any singularities of Z(3): we assume
that we start our path at some By — ico and end it at 3y + ‘0o, but the value of By and the shape of
the path is at our disposal. '* Notice that, so far, we have not used the fact that our system is an
ideal gas of non-interacting particles. If we assume that, the calculation of Z(f) is simple: *

N1 v f2mm)
|- ()

eV ((2zm
eN log <% ( [3)

1 |V o2
Zideal(ﬂ) = ﬁ |: /dSp efﬁzm

ol

, (1.64)

Q

wherein the last expression we have made use of the Stirling approximation, setting N! ~ (N/e)V.
We can now proceed in two ways: we can calculate Qigeal(F) either exactly, using the fact that
Zigeal () has a very simple dependence on 3, a multiple pole Z(3) o< 73¥/2 when 3N is even and a
simple branch cut when 3N is odd, '® or rely on the second approximate form which suggests using
a saddle-point technique in calculating the inverse Laplace transform.

We proceed with the saddle point technique because it illustrates a very general idea related to
the equivalence of the so-called statistical ensembles in the thermodynamics limit: specifically, the
micro-canonical ensemble, where Q(FE) is the actor, and the canonical (or Gibbs) ensemble, where one
deals with Z(8). We start by rewriting:

Bo+ioco d
Qideal(E) :/ 76 e'@E_ffideal(B) s (167)
B

0—ico 2T0

HNote that Z(3) is dimensionless because 2(E) has dimensions of inverse energy. If this is not your first statistical
mechanics’ course, you will recognize that Z () is the canonical partition function, and ¥ = SF where F is the free
energy, while 8 will be related to temperature by 8 = 1/(kpT) where kp is the Boltzmann constant.

12 At variance with Fourier transforms, which are very symmetrical, the inverse Laplace transform involves an integral
along a contour in the complex plane, known as Mellin’s inverse formula or Bromwich integral (see Wikipedia).
13By the Cauchy residue theorem we can freely change the path of integration as long as you do not cross any singularity

of the function.

14Simply use the Gaussian integral:

2
7dp e_ﬁ2pm = T .
v 2m B

15Proceeding exactly, we notice that if 3N is an even number, then 3N/2 is an integer, and Z(f3) has a pole of order 3N /2

in the origin 8 = 0: the residue of such a pole can be easily calculated by extracting the term (,BE)ST_I/(% - 1!
coming from e?¥ which leads to a simple pole 1/B. This simple calculation gives: '°

Qideal(E) =

39N
1 [V(meE)z} . (1.65)

ET(3)N!

When 3N is odd the integrand has a branch cut along the negative real axis: the calculation is nevertheless quite
simple, and leads to the same result you see above when expressing everything in terms of the Euler I'(z) function,
which now would be at half-integer arguments. By calculating log EQ(E) we can easily extract the extensive

statistical entropy of the ideal gas as: 17

eV (4mmeE\ 2
Sideal(Ev V,N) = Nlog W ( 32N ) . (1.66)
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Figure 1.7.: The entropy of the ideal gas. Figure quite in scale: the point (V/Vy = 1, E/Ey = 1) represents
one mole of Argon, assumed to be an ideal gas, at To = 273.15 K, po = 10° Pa, Vo = 22.711 dm®. Notice
concavity.

where

3
eV [(2mm\ 2
S:ideal(ﬂ) = —NlOg W ( hzﬂ > . (168)
So far, fy is the (arbitrary) real part of the points where we start and finish our Mellin’s contour in the
complex plane. Now we calculate the stationary point of the quantity appearing in the exponential,
BE — Fideal(8). Hence, we calculate a value of 5y by solving 0g(SE — F) = 0:
_ 0F ideal 3N 3N

FE .
0B 1po 2080 2F

(1.69)

This result should ring a bell, if you remember the famous ideal gas law E = %N kT, where T is
the temperature and kg the Boltzmann constant: essentially, the saddle point 8y should be identified
with 1/(kgT).

For the time being, let us proceed as if we knew nothing about T" and kg. Notice, that we should in
general think of 3y as a function of the energy F we have set: Sy(E). To expand SE — Figea around
the stationary point 8y we calculate the second derivative:

82(5E - fTIA’ideal) o ﬂ >0
op? Bo 253 )
The third derivative gives:
83(6E - ?ideal) _ _ﬂ
op? Bo 8
Hence, around the stationary point we can write:
3N N
BE — Fideal(B) = BoE — Fideal(Bo) + =5 (8 — Bo)> — 523 (8 — Bo)* - -
455 25
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Notice that this immediately tells us that the stationary point of SE — Fiqea1(B) is a minimum along
the real-g8 axis, but a mazimum along the imaginary-g direction: it is a saddle point, as it should,
because analytic functions cannot have maxima or minima in the complex plane. Now we set our
Mellin’s contour in the complex-8 plane, parameterising it as

B(t) = Bo(1 +it) ,

with ¢t going from —oo to +oc0. Since df = ifydt we rewrite:
+o00
dt 2, N
Qigeal (E) ~ ePoE—Fidea1 (Bo) Bo / o o~ ity , (1.70)
— 00

One thing that should immediately catch your interest is that the correct extensive entropy is already
reproduced by the mere saddle-point value:

Sideal (£) = [BoE — Fidear (Bo)] ‘BO(E) . (1.71)

The contribution due to the saddle-point “Gaussian” integral, and even the factor 5y appearing, give

negligible power-law corrections in front of the leading exponential. We can ignore them altogether.
18

Notice the very appealing extensive ' form of this expression: it scales linearly with N with a
logarithmic factor that depends only on the volume per particle v = V/N (thanks to the Gibbs factor)
and on the energy per particle e = E/N, 8(E,V,N) = Ns(e,v), where:

S$(E,V,N)= Ns(e,v) = Nloge3v (4;7;5) . (1.72)

Fig. 1.7 shows a plot of 8igea1 for fixed N, versus V and F.

This expression for the entropy, as written, will necessarily become negative — violating the third
law of thermodynamics — when the phase space volume per particle becomes of the order of, or
smaller than h3: in this regime quantum effects will turn out crucial. Notice also that § expression
is a concave function of its arguments, and a monotonic function of E. Hence you can invert it and
express F(8,V, N). Explicitly, for the ideal gas you would have:

2 . -2
Eideal(s,v,N):N(?”‘> o (V> |

4rmed/3 N

Remark that F(8,V, N) is also extensive, monotonically increasing with 8, and convex. These proper-
ties of S(E,V, N) and of FE(8,V, N) — extensivity, monotonicity in the first variable (E or 8, respec-
tively), and concavity (for 8) or convexity (for E)) — will be quite crucial in the whole construction

of thermodynamics. 2°

18Ty to do the quadratic Gaussian integral explicitly by rescaling variables to y = v/Nt, and you will see what happens:
it give a power-law prefactor to the exponentially dominated entropy-related main term.

19To avoid misunderstandings, let us stress that “extensive” means that if you “double” your system, then N — 2N,
V =2V, E — 2E, 8§ — 28, i.e., every extensive property “doubles”.

20We note here, in passing, that the derivatives of E do not contain the constant h and are ultra-simple:

el = =kt

(1.73)
oB|  _ _28B _ _
WVl gy v =7P

Here we have anticipated things a bit and introduced the general relationship that these derivatives have with two
(intensive) variables well known to you: temperature T and pressure p. We will see how this comes about when
studying thermodynamics. By putting the two expressions together we get the famous equation of state of the ideal
gas:

pV = NkpT . (1.74)
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If you reconsider the previous saddle-point derivation, you will realise that it is much more general
then for the ideal case: the crucial ingredient is that E, §, F are all extensive, i.e., proportional to the
number of particle IV, and the integral is exponentially dominated by the saddle-point. So, we expect
that in more general cases we will have:

S(E) = [BE=F(B)l|p
o0F
_ %’5@;) ) (1.75)
Notice also that 95 oF\ 93
By (5 )0y 1

We will see soon that the physical interpretation of 3 is that 8 = 1/(kgT), where kg Boltzmann’s
constant and T is the temperature, the parameter that controls the thermal equilibrium between
bodies.

It is interesting that the relationships written above can be interpreted in a perfectly symmetric
way. Invert S(E) into E(8), and write

?(ﬂ) = [5E - S(E)] |E(,8)

Alternatively:
F+8=0F,

where, depending on the variable one wants to use, 8 or E, one should re-express everything appro-
priately.

We will see that this is nothing but a Legendre transform. More precisely, as written, it connects
8 and JF as “Legendre pairs”, and is very symmetrical. For historical reasons, in thermodynamics one
tends to favour E rather than § — after all, it is simpler to “control” E, by insulating the system,
than 8§ —, and use T rather than 5. Switching from the Entropy-scheme, in which the fundamental
equation of thermodynamics would look something like 8(E,V, N, - - ) to the Energy-scheme, in which
one deals with E(8,V, N,---), — notice that only extensive variables appear in the arguments of both
— the most natural definition of Legendre transform, which is commonly adopted in thermodynamics,
is slightly less symmetric. We will adopt this way of looking at the Legendre transform, where F and
the free-energy F' are Legendre pairs, for instance.

27






Part I.

Basic material

29






2. Thermodynamics

Many very good books on thermodynamics are available. The presentation below is based on the
book by Fermi, for Sec. 2.1, and on the books by Peliti ! [2] and Callen [3], for the remaining part.

2.1. Carnot Thermodynamics

This section is meant as a brief recap of some of the traditional concepts explained in high-school
and first-year courses on thermodynamics.

(i)
The 1st law of thermodynamics. You certainly recall that Joules (1840-1850) proved the

equivalence of heat and work, which led to a clear formulation of the 1st law of thermodynamics,
extending the concept of conservation of energy to the thermodynamical realm:

AE=Q+W, (2.1)

where AFE denotes the change in the internal energy of the system, upon doing a transformation.
Here I adopt the convention that Q > 0 when heat is given to the system, while Q = —Q*' < 0 if
some positive heat Q™' > 0 is released to the environment. Less universal is the sign convention
on the work W. Here W > 0 when work is performed on the system. Viceversa, W = —W* < (
when a positive useful work We* > 0 is extracted from the system. ¢

“Engineers, for obvious reasons, tend to use We** in their formulas. Independently of the signs of these quantities,
we will use sometimes Q@ = —Q™! and W = —W*®** in our manipulations.

Thermal engines are thermodynamical systems going through operating cycles, which try to convert
“heat” into useful “mechanical work”. 2 These engines have a fundamental limitation set by physics:
in trying to convert “heat” into “mechanical work”, you have to waste part of that heat, necessarily.
3 This is essentially the content of Kelvin’s formulation of the 2nd law of thermodynamics.

Refrigerators are like reversed thermal engines: they transfer heat from a cold body to a hot
body/environment, but to do so you must perform some work, necessarily. * This is essentially
the content of Clausius’s formulation of the 2nd law of thermodynamics. ® ¢ You have seen already

INotice that Peliti adopts a different convention on the meaning of “convex” versus “concave” for a function, exactly
opposite to ours (and to what you find in Wikipedia, for instance). So, if you extract only parts of arguments
from that book, remember that when Peliti says “convex”, you should translate into “concave” (i.e., —~-convex for
extra-clarity), and vice-versa.

2Generally, engines do cycles that transform “some form of energy” into mechanical work. In some engines, for instance,
electrical motors, energy is transformed into mechanical work without fundamental limitations (apart from friction,
which you can in principle reduce to smaller and smaller values by improving your technology). Thermal engines
have a fundamental limitation set by the 2nd law of thermodynamics.

3The reverse is not true: I can totally transform work into heat; a bit of a waste, but that is essentially what you do
with an electrical heater.

4Other possibilities are given in presence of two heat baths. In particular, the thermal accelerator is a system in which
work is done on the system to accelerate the natural flow of heat from the hot source to the cold one.

50Once again, the reverse is not true: simply unplug your refrigerator and open up its door.

6Modern air conditioners, with “inverters”, have two reversed directions built-in: they can work as refrigerators (during
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rel

Q Qrel QZ QZ

ext i - W
W W Engine — efrigerator| g

NO! YES * *

Figure 2.1.: Left: An impossible-to-build thermal engine, violating Kelvin’s formulation of the 2nd law, and
the (perfectly allowed) waste of work that you do with your electrical heater. Right: A thermal engine and a
refrigerator.

the proof of the fact that the two formulations of the 2nd law are indeed equivalent: I will not repeat

that proof here.

15

Briefly, thermal engines have to operate with at least two heat-reservoirs, at temperatures 77 and

> Ti. They take an amount of heat Q3 > 0 from the Ts-reservoir, they perform some work

Wet > 0, and they release some smaller quantity of (wasted) heat Q3 > 0 to the Tj-reservoir. They

do

that by performing cycles, i.e., returning to the initial state repeatedly. The first-law tells us that

AFE =0, hence W= = Q9 — Q7.

Efficiency of thermal engines. The efficiency of the engine is by definition the ratio of the
work performed W' over the heat absorbed ()2. Hence

W ext _ (el rel
n— _ Q@ @
Q2 Q2 Q2

Notice that 0 <7 < 1. The 2nd law will force the second inequality to be strict: n < 1.

(2.2)

Carnot understood that the crucial ingredient to maximize the efficiency, for fixed T7 and T5, is the

reversibility of the engine.

Reversibility. Reversibility needs some comments. In essence, reversibility requires a quasi-
static transformation, in which the system very slowly evolves by infinitesimal steps which proceed
through equilibrium states. But this is not enough. Reversibility requires that you can macro-
scopically “undo” the process, by an infinitesimal change in the control parameters, reversing the
direction of the action performed. This requires, in particular, that all sources of friction be
eliminated. For instance, a reversible isotherm is one in which the temperature of the reservoir
is infinitesimally different from that of the system, in such a way that an infinitesimal quantity
of heat flows in/out of the system, heat that the system uses to perform/absorb work. Such
an action can be reversed, by adjusting the temperature of the reservoir, provided one neglects
the friction between the piston and the chamber, which always opposes the motion. Joule’s free
expansion provides an example of an irreversible process: the system expands in vacuum while no
heat is absorbed, nor work performed. Even if you think of this expansion as proceeding through
infinitesimal small free-expansions (just imagine a long tube with a myriad of small faucets you
can open one after the other), it is clear that you cannot macroscopically “undo” each infinitesimal
step.

32

summer) or as “heat pumps” (during winter). The latter, however, should not be regarded as a “thermal engine”
because it uses (electrical) work rather then producing it. The inverter simply implements an exchange of the “role”
of the two bodies in a refrigerator: a “heat pump” takes away heat from the (colder) outside environment to give it
to your house.
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A perfectly reversible engine can execute a reverse cycle, working as a refrigerator: absorb Q1 > 0
from the low-temperature thermostat at 77, absorb some work W = —W<* > ( to release a large
amount of heat Q%' > 0 to the Ty (high-temperature) thermostat, with exactly the same “efficiency”
= % We can prove the following;:

Carnot theorem. Among all thermal engines working with two heat-reservoirs at 17 and T5:
(a) No engine can have an efficiency larger than that of a reversible engine.

(b) Reversible engines must have the same efficiency, independently of the working substance of
the engine.

(c) A reversible engine has (maximal) efficiency given by:

Nrev = 1——. (23)

Proof. Statement (a) is proved by contradiction. Imagine there is some wonder engine with the efficiency

t t
W W Whey
Nwonder = —~ > Threv = - rel ’
Q2 QZTGV 2,rev

where in the last equality we have reversed the cycle of the reversible engine. Now construct a combined

I | sen
1 Qz* rel

Qz,rev

ext - e
W =)W Carnot

Wonder Engine Refrigerator

rel
A4 1 Ql,rev
* T

Figure 2.2.: The set-up to prove Carnot’s theorem. The width of the arrows indicates the amount of heat.

The green and red segments on the left and right axis correspond to the work and heat. The efficiency is the
ratio of “green to red segments” the lower is the position of the rectangle denoting the system, the larger is
the efficiency. The supposed larger efficiency for the wonder engine implies less released heat (smaller arrow,
lower system box) as compared to the heat absorbed by the Carnot refrigerator, using the same work extracted
from the wonder engine. The net result is heat transferred from 73 to T», against Clausius’ formulation of the
2nd law.

engine that uses the wonder-engine to produce W* and a (reversible) Carnot refrigerator absorbing ezactly
that work Wiey = W*** produced by the wonder-engine. The supposed inequality
cht Wrev cht

— rel
rel = rel = Q2 < QQ:T’EV ’
Q2 2,rev 2,rev

hence Qb1ey — Q2 > 0 is the overall heat released to the Th-reservoir. Energy balance (1st principle) requires
that

W = Qo — Q5 = Qihev — Qurev = Weey — Qv — Q2= Quiuev — Q' >0,

"Notice that usually the performance of a refrigerator is defined in a slightly different way, through a coefficient of
refrigeration k = Q1 /W.
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hence Q1 rev — @5 > 0 is the heat absorbed from the Ti-reservoir. The combined effect of the wonder-engine-
plus-Carnot-refrigerator is therefore to transfer a certain amount of heat Q1 vev — ! > 0 from a cold reservoir
to a hot reservoir, without other effects. This violates the 2nd law of thermodynamics in the formulation by
Clausius. Statement (b) is now very simple: we did not use any particular property of the “wonder engine”:
imagine it is a second reversible engine working with a newly invented substance: we proved that its efficiency
cannot be larger than the first reversible engine. But, exchanging the roles of the two, it cannot also be
smaller! Hence all reversible engines must have the same (mazimal) efficiency. Statement (c) follows from the
fact that the maximal efficiency is independent of the substance. Hence you can calculate it using an ideal gas
as a working substance. A prototypical reversible cycle working between 77 and T is the Carnot cycle, made
by two reversible isotherms, and two reversible adiabatics. ® A standard calculation, typically performed in
high school, shows that the efficiency of the reversible Carnot cycle is indeed °

rel T
nrev:]-_il:l_il-
Q2 T2

Efficiency vs maximum power. One important observation is that maximum efficiency does
not mean that a Carnot engine is particularly useful. Indeed, reversibility requires a very slow
operation: ideally, you should produce work in a cycle that lasts an infinitely long time. This
implies that the power produced, which is the work per unit time, goes to zero. It is interesting
to ask how to design a maximum power engine. The endo-reversible engine described by Curzon
& Alhborn [3] does that.

Carnot inequality. Carnot’s theorem implies that for any engine working between 77 and T3

el T Q)2 Q2 Qs
=1- <po=1-—=— — == _ 2 224 2 <0. 2.4
n 0, = T, , T T T~ 24)

In the last step, we have replaced —@Q%' = @1 < 0. We will refer to Eq. (2.4) as the Carnot
inequality. From now on we will write all heat exchanges as @Q);, in such a way that heat has an
arbitrary sign: positive if heat is absorbed, negative if released.

we have:

8 Alternative cycles, like the Stirling cycle which substitutes the two adiabatics with two isochores, can also be made
reversible, and therefore with maximal efficiency. Nevertheless, while a reversible adiabatic needs just that you isolate
your system from the reservoirs and you perform/absorb work by a quasi-static expansion/compression, reversible
isochores require that you continuously adjust the temperatures of the reservoirs giving/absorbing heat in such a way
that they are infinitesimally close to that of the system, while the system increases/decreases its temperature from
T1 to Ty or vice-versa. Hence, the Carnot cycle is in a sense the most “economical” one in terms of heat-reservoirs.
For a discussion of the efficiency of several well-known cycles, see Arovas.

9The fact that Nrev 1S @ universal function of the two reservoirs temperatures, together with the fact that an ideal gas
Carnot cycle leads to Q1°'/Q2 = T¢ /TS, where T7 denotes the empirical temperatures measured by, for instance,
gas thermometers, led Kelvin to introduce an absolute temperature scale by simply defining the ratio of the absolute
temperatures of two systems as the efficiency of the Carnot cycle operating between two reservoirs held in thermal
equilibrium with the two systems:

This definition is universal, because the efficiency of a reversible engine is universal, and can be in principle made
into an actual “graduated” scale as explained in the book by Huang. Quite nicely, it coincides with the empirical gas
thermometer scale in the regions where gas thermometers can operate, provided you fix a common reference point,
which is taken to be the temperature of the triple point of water: Ty = 273.16 K°.
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1
i 0
o
w
° 1
)
Qoi Qi
To WE
e
o Wi
)
Qon Q. Main Engine
> W

Auxiliary Carnot device

\Y

Figure 2.3.: Left: A cycle in the T' — V plane working with n reservoirs at temperatures 7;. Red horizontal
lines are isotherms (with an exchange of heat Q;), blue lines are adiabatics (just a sketch) during which no
heat is exchanged. Right: An arbitrary engine E exchanging heat @); during isotherms with reservoirs at
temperatures T;, producing a work Wg**. The left part sketches the auxiliary system made by n Carnot
reversible engines so devised that they “give back” (if Q; > 0) or “take” (if Q; < 0) exactly an amount of heat
Q; from each T;-reservoir, while their second reservoir is a common one at temperature Tp.

Clausius inequality. Consider now the arbitrary cycle represented in a T — V diagram of
Fig. 2.3. The system goes through a series of isotherms at different temperatures 7; (i = 1,--- ,n);
the isotherms are connected by adiabatics (where heat is not exchanged). Call @; the heat
exchanged during the isotherm at T;, where @; > 0 for expansions, ; < 0 for compressions.
What Clausius proved in 1865 is a generalisation of Carnot’s inequality, i.e.:

> <o, (2.5)
i=1 ~°

the equal sign applying only if the cycle is reversible.

A proof of this statement proceeds as follows. Imagine that we supplement our engine with a series of n
reversible Carnot cycles working between a common reservoir at temperature Ty and the various T;-reservoirs.
This auxiliary Carnot system is devised in such a way as to “give back” (if Q; > 0) or “take” (if Q; < 0) exactly
an amount of heat @); from each Tj-reservoir, in such a way that each T;-reservoir is left in its initial state at
the end of each cycle of the combined system. Correspondingly, each Carnot cycle takes/gives back a quantity
of heat Qo; from the Ty reservoir, performing a work W;** (which can be positive, or negative if the Carnot
engine works like a refrigerator). The Carnot relationships imply that *°

—Qi | Qo Qi

= i = To— .
T, +To 0 = Qo o

The total heat Qo exchanged by the Carnot cycles with the Tp-reservoir is therefore

QOZZQOi:TOZ%.
i=1 i=1 "

Let Wg** be the work performed by the main engine E. The total work performed during the cycle is

n
chc — W}%xt + Z Wicxt )

=1

But the combined effect of the main engine plus Carnot auxiliary system is to perform a cycle during which
heat Qo is exchanged with a single reservoir, producing a work W* = Q. Hence, by Kelvin’s formulation

10Notice that if Q; > 0 the Carnot system has to give back that heat, meaning that it releases heat to the T;-reservoir,
hence the —Q; < 0 term below.
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of the 2nd law we must have:

n
ext Q:
Wt = =T E — <0 2.6
QO 0 £ T7, = ) ( )
the equal sign applying only if the engine E is reversible.

Quite clearly, you can make the cycle in Fig. 2.3 as close as you wish to an arbitrary cycle in T —V
space: you just need to take n — oo, exchanging infinitesimal amounts of heat 6Q); with each reservoir
at a dense mesh of temperatures T;. In that limit, the Clausius inequality can be written in terms of

0Q
]{? <0. (2.7)

The equal sign applies only to reversible cycles, for which 6@ can be identified with an (inexact)
differential form dQ, for which we write: !

&

The fact that a cyclic reversible transformation has zero integral of d@Q/T implies that, while d@ is
an inexact differential form, dQ /7 is an ezact differential.*

an integral:

=0. (2.8)

rev

The entropy function. The integral

rev 1

i—f

/ 49 _ g% - s(x1). (2.9)

is independent of the (reversible) transformation ¥

one might consider, and depends only on
the final and initial points X¢/;. S is a state function, the entropy, whose exact differential is
given by:
dQ
ds=—. 2.10
= (210)

More about the meaning of the thermodynamical variables X in the following sections.

Ideal gas example. Let us apply this idea to calculate the entropy difference for an ideal gas, for
which pV = NkgT and E(T) = 2NkgT. The reversible path 7/} is made by an isotherm at T},
which changes the volume from V; — V;, followed by a reversible isochor at Vi, which changes the
temperature from 7; — T¢. During the isotherm the heat and the work are equal (recall that E(T")
does not depend on the volume), hence the entropy change during the (reversible) isotherm is

Quv _ Wit

Vi
ASrev.iso‘cherm - T - T - NkB 1Og Vf .

Then we do a reversible isochor at V;. Since the constant volume heat capacity of the monoatomic
ideal gas is C,, = %N kp we get an entropy change: '

T C, 3 Ti
A rev.isochor = dTi:*N’C 1 — .
S . h /T] T B B 10g Tl

HWe restrict the use of & Q to infinitesimal reversible transformations, while §Q indicates a generic infinitesimal quantity
of heat exchanged.
120ne often says that 1/T is the integrating factor for the inexact differential d Q.
13More generally, if we use the 3rd law of thermodynamics, which states that S vanishes at T = 0 (this law is inherently
quantum in nature), then you can, for instance, obtain the entropy at any finite T' by integration of the specific heat
at constant volume Cy (T, V):
T /
strv) = [ar V).
0

More about this later on.
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The total entropy change is, therefore:

3
B Vi 3 T Ve (T3 2
ASkaBlogViJriNkBlogfka'Blog;Vi (Tl) , (2.11)

which gives precisely the same result as our statistical mechanics calculation in Eq. (1.72). **

Let us explore a few consequences of Clausius’ inequality. Consider a general transformation ~;_,¢

followed by a reversible transformation v;%,. We get:

0Q / aQ / 0Q
= 4 — <0 = — < S5(X¢) - S(X;) =AS. 2.13
/Yi—>f T g Tr - e T 7 X0 ) ( !

If the transformation 7;_¢ occurs in an isolated system — one usually calls such a transformation an
adiabatic —, it must imply no exchange of heat, 6¢Q = 0. Hence:

2nd law in terms of entropy. For an arbitrary transformation in isolated systems the entropy
cannot decrease:

AS = S(X¢) — S(X;) > 0. (2.14)

Reversible transformations of isolated systems (reversible adiabatics) have AS = 0. They are also
called isoentropic transformations. More generally, if you consider the system plus its environ-
ment, which is by definition isolated, you necessarily have that for any transformation the total

entropy cannot decrease:
AS™© = AS® + AS® >0.

Consider now isothermal transformations, where the system is maintained in contact with a thermal
reservoir at temperature T'. Clausius’ inequality, as encoded in Eq. (2.13), now implies that

/ 00 _ QT _gxp) - $(X) = AS  — Qr < TAS (2.15)
Yi—f T T

where Qr is the heat exchanged with the thermostat. If you call W the work done on the system
during the transformation, and you use the 1st law AFE = Q7 + W then you conclude that

AE=EX;) —EX;)=Qr+Wp <TAS+Wrp. (2.16)

Helmholtz free-energy and isothermal work. We will see later on that the quantity F' = E—TS is an
important thermodynamical potential, relevant when you can control the temperature T'. It is known
as Helmholtz free-energy. For isothermal transformations AF = AE — TAS, hence we deduce that
the Clausius’ inequality directly leads, through Eq. (2.16), to the following isothermal work inequality:

AF = F(X¢) — F(X;) < Wr . (2.17)

The equal sign applies to reversible isotherms, which shows that the free-energy acts as a sort of
“bank account balance” for work: the change in free energy is equal to the amount of reversible work
performed on the system. For a general isothermal transformation, some work is inevitably dissipated,
i.e., it does not increment the free-energy of the system:

Waiss = Wr — AF > 0. (2.18)

More about these facts when we will discuss stochastic thermodynamics inequalities.

14Recall that Eq. (1.72), after introducing the Boltzmann constant, leads to:

3
4 2
Wms) , (2.12)

3h2
where e = E/N and v = V/N. Using the fact that e = E/N = %kBT for an ideal gas, you see that the two
calculations agree.

S(E,V,N) = Nkploge3v (

37



Thermodynamics (Lecture Notes by G.B. Santoro)

2.2. Entropy and the fundamental principle

The elementary considerations of the previous section are unsatisfactory for at least two reasons:

1) How should I select the variables X which supposedly govern the behaviour of the entropy function
S or of the other thermodynamical potentials? What are such X and how many variables should
T use?

2) The 2nd law appears encoded by Clausius’ inequality. We have seen specific implications for
adiabatics and for isotherms, but the scheme does not seem general and flexible enough.

We will now see how it is possible to give a new mathematical dress to the 2nd law of thermodynamics,
building the whole theory starting from some specific requirements given to the entropy function.

So, let us assume that there is a set of extensive variables describing your system, like E' (the total
energy) V (the volume), N (the total number of particles), for a simple homogeneous fluid. This
is called the fundamental hypothesis of thermodynamics which states that it should be possible to
fully characterise the thermodynamical state of a system by specifying an appropriate (small) set of
extensive variables. '® More generally we denote these extensive variables by:

X = (Xo=F, X1, X,) = (B,X) . (2.19)
=X
The extensive variables X = X7,--- , X,. can be thought as “generalised displacements’ giving rise to

a reversible work (inexact) differential form 6 17

AW = —pdV +pdN +-- =Y fidX; =-dX. (2.20)
i=1
The associated generalised forces f = (f1,--- , f,) are intensive variables, '® for instance f, = —p,

fo = w, etc. The generalised forces should be regarded, themselves, as functions of the relevant
thermodynamical variables (F,X), for the time being, or, when we switch to the energy-scheme (see
below), (5, X).

We will give now a new dress to the 2nd law of thermodynamics, by formulating it in more math-
ematical terms. We will see how useful this reformulation is. Let us assume that you are given an
entropy function S(E,V, N) — or more generally S(E,X) = S(X) — which is a continuous function
19 of the set of extensive variables describing your system with the following properties:

Additivity. If a system is made of two parts, described by S; (X(l)) and SQ(X(2)), then the combined
system 1 U 2 has entropy

S12(XW, X@) = 5)(XD) 4 §,(XP)) (2.21)

15In more complex systems you might have to include the number of several different chemical species, N, - - - , Nj, or
the total magnetisation M of your system, or the area of some surface which is relevant in describing the contact
between several systems, etc. All of these should be included in the list of the extensive variables.

16& W is the infinitesimal work associated with a reversible transformation in which the X change infinitesimally.
Reversibility is important, as evident from a quasi-static infinitesimal Joule expansion in vacuum, where no work is
performed although V' changes to V 4 dV.

17In homogeneous crystalline solids, the usual isotropic term pdV appearing in the work should be supplemented by
stress-strain terms of the form VZU oijde;; where o;; is the stress tensor and €;; the strain tensor appearing in
the theory of elasticity.

18Intensive variables, like p or p, should not be confused with “densities”, like E/N, V/N, or N/V. We will comment
on this distinction later on.

19In most cases this continuous function is also continuously differentiable, except at phase transitions, where the
derivatives can have discontinuities. More about this later on.
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Monotonicity in E. S is an increasing function of E: 2°

08

9F |, = B(E,X)>0. (2.22)

Concavity. S is a concave function of all its arguments.

These requirements, together with the fundamental “principle of maximum entropy”, which I am
going to illustrate and then formulate, encode essentially the 2nd law of thermodynamics.

Before doing that, let us observe that additivity implies that if I join together two identical copies
of my system, then I must have S(2F,2X) = S(E,X) + S(E,X) = 25(FE,X). More generally, by
playing with different integers and fractions of the system, I expect that additivity implies extensivity
of the entropy, which can be more generally expressed as:

S(AX) = AS(X)  VA>0. (2.23)

Mathematically, this can be rephrased by saying the S is a homogeneous function of degree 1, for
which we could apply Euler’s theorem (see Wikipedia), ?! as we will do in a short while. Next, we
observe that since S is concave, then it must be a concave function of E alone: If I plot S(F,X)
versus E at fixed X the derivative 5(F, X) will decrease as E increases. Hence we understand that if

we define instead:
08 def 1

a—EX:ﬁ:ﬁ>0, (2.25)

then T (E, X) will be an increasing function of E. We will soon see that T can be identified with
the absolute temperature of a system in equilibrium, but for the moment we add a label “S” to it.

Let us now consider a system made of two parts that, although in contact, are initially isolated from
each other, as well as from the external world, through a thermally insulated wall. System 1 and 2
are initially in equilibrium, characterised by extensive variables (Ei® X;) and (Ei", X,), respectively,
and have entropy S1(E®, X;) and So(ELR, X;). Because of additivity, the total entropy is

Si2(EP EP, Xy, X,) = S1(EP, X)) + S2(EY, X))

Now we remove the insulation in the wall separating 1 from 2 so that the two systems can exchange
energy and reach a final equilibrium state. The total energy E = E; + Ey = EI" + EIl is conserved,
but the share of energy that the two systems will make will be different. How? The principle of
maximum entropy will tell us that among all possible choices of F; and F5, the final equilibrium is
realised when the entropy of the combined system is mazimum, i.e.,

MaXE1+E2:E SlUZ(Eh E23X17X2) = (Eiqa qu) . (226)

In other words, by maximising the total entropy under the given constraint of fixed total energy one
obtains the actual equilibrium sharing of energy that the system will get to. Before we proceed with
this simple calculation, let us stress the “among the possible choices of E; and E5” means that I am

20T use the standard “thermodynamical” notation of explicitly expressing the variables that are kept fixed, which might
appear redundant, because a partial derivative always requires that. The advantage of this notation is that I have
immediately under control the full set of variables that the function and the derivative I am calculating will be
dependent upon: above, for instance, I might omit the variables in S(F,X) and simply write 8. Having control of
the variables is vital in a field in which changing variables, with the associated partial derivative gymnastic, can
become quite a nightmare.

21A function f(x) is (positively) homogeneous of degree k if for every A > 0 you have that f(Ax) = \Ff(x). If f(x) is
continuously differentiable, then Euler theorem states that:

x-Vf(x)=kf(x). (2.24)
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assuming that I consider the entropy of a wirtual state, characterised by (E1, Ea,X;, X,), which is not
an equilibrium state, unless I introduce appropriate constraints that force it (for instance, preparing
the two initial systems with the given values of F; and Fy and maintaining the constraint of thermal
insulation). Callen calls such virtual states constrained equilibrium states. We will see later further
uses of this concept of accessing “virtual states” and minimising/maximising functions in a similar
way. To calculate the constrained maximum, we introduce a Lagrange multiplier and search for the
extremum, for fixed X, X,, of the function

S(Ey, E2, \) = S1(E1,X,) + S2(E2, X)) —A(E1 + E2 — E) .

The two derivatives with respect to E; and Fs give:

051

o, % o8| _ 0% (2.27)
%‘ _ )\ 6E1 Xl 8E2 52

OEQ 52

Hence, equilibrium is realised when the two energy-derivatives of the entropies match, i.e.:

o) _ 1 _ 1 95
IE, X, ; Tls(Eiqaxl) a Tﬁg(quvXQ) OB,

X,

But we can say even more. Since the entropy is maximised (more comments about why we must have
obtained a maximum, and not simply an extremum, below), we can say that:

S1(ETY X)) + S2(BSY, Xy) > S1(EP, X)) + S2(EY, Xy) - (2.28)

But each S;(E;,X,;) is a concave function of its energy F;. And one of the characteristics of concave

functions is that they stay below their tangent at any point. Hence, for instance:

08 (Ein ) 1
1( 1) (Eiquin)zi'
0FE; X, "

Sl(Efqvxl)isl(Eilnvzl) < (EquEiln) ’

where Ti" denotes the initial “temperature” (we have omitted the “S” label) of system 1. A similar
equation holds for system 2, initially at “temperature” Ti®. Rearranging the terms in Eq. (2.28) we,
therefore, deduce that:

0 < [Sl(Efq,Kl) — Si( ilnvzl)] + [52(E§q7xz) - 52(E§naX2)]
1 : 1 . 1 1 .
< —(E7Y — B —(E5Y — B = — — — | (B} — E® 2.29
< - BN+ (B - B = (g - g ) BB (229)

where we used that Q2 = E5* — EI", the “heat absorbed-or-released” by 2, is the opposite of Q1 =
E}% — E. So you see that Q1 > 0 goes with Ti® < Ti® and vice-versa. Hence, the principle of
maximum entropy and the concavity of S has led us to Clausius’ formulation of the 2nd law: Heat
flows spontaneously (and irreversibly) from “hot” to “cold” bodies.

This suggests that T°(F) is indeed a “measure” of temperature: it signals thermal equilibrium and
the direction of heat flow. In general, if T is a generic monotonic function of the absolute temperature
T, it would do its job correctly. But we can show that 7" must be a linear function of the absolute
temperature T: hence, if you measure it in the appropriate scale, you can simply identify 7 with the
absolute temperature 7.

To show this, imagine that we construct a thermal engine with two usual “heat reservoirs”, one at a high
temperature 7> and one at a lower temperature 77 < T3. This time, however, we imagine that the whole
system is enclosed in a perfectly insulating enclosure so that the only exchange of energy with the external
world is through the mechanical work W that the engine produces. Let us re-examine in more detail what
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we mean by heat-reservoir. Before the engine cycle starts, the Th-reservoir has energy Ei', while at the end
of the cycle, it has energy ES® and has given to the system a certain amount of heat Q2 = Ei* — Efn > 0.
Consider now the entropy of the Th-reservoir as a function of its energy Ez, S2(E2,X,). Since its energy has
decreased, Fi® = Ei* — Q. < EI, you would imagine that not only the entropy of the reservoir has decreased
but also is temperature should be slightly decreased (remember that S is a concave function of Ea, which
implies that Ty (E2) is a monotonically increasing function of energy). Nevertheless, since the initial energy
of the reservoir is immensely larger than the heat Q)2 it gives up in a cycle — F3 > Q2 — you can reasonably
approximate So(Fs,X,) with its linear-term Taylor expansion. With the shorthand T5 (EY') = T we can
therefore write: 1

T—QS(EQ —FEy).

A similar hypothesis, and formula, holds for the Tj-reservoir, but remember that the engine gives heat Q; =

SQ(EQ) ~ SQ(E%H) +4

Efin _ EI" > 0 to the reservoir. At the end of the cycle, the engine has produced a work W returning to its
initial state (hence AE = 0 and AS = 0 for the engine alone). The work W* produced, by the 1st law of
thermodynamics, is equal to

W = Q- Q' = By - B - [ - B

On the other hand, the total entropy change of the two reservoirs should be non-negative, hence: >

. . rel
DS = [S2(EE") — So(E)] + [0 (28 — su(m)] = - 22+ B> 0.

S S =
T2 Tl
—Qa Qrel
1
Ty 75

rel

S
By using this inequality, which implies Q7® > Qg%, we can derive that
2

ox T’
W tSQz(lfT—{Q).

2

But from Carnot’s theorem and Kelvin’s definition of the absolute temperature scale, we know that
, Th
W < 1-—=.

Hence, we conclude that:
T, T7
—= =, 2.30
T =15 (2.30)
i.e., we can identify T with the absolute temperature T (provided we fix the same reference point Tp, the

triple point of water).

One thing that you might ask is: you imposed that the entropy has an extremum, through the
method of Lagrange multipliers, but who guarantees that this is indeed a maximum? Concavity is
once again the crucial ingredient. Let us see why. Consider the total entropy of a composite system
as a function of all the extensive variables of each of the subsystems. Additivity tells us that

Stot (X1, Xg, -+ ) = ZSJ<Xj) :
J

Each of the S; is a concave functions of its variables, hence St is also a concave functions of the
whole collection of extensive variables (X1, Xa,---). The constraints are that some of these variables
are kept fixed, — in the previous example, all the variables except F; and E5 — while some of
the variables can change (I “relax” some “walls”, for instance allowing the flow of heat) but with an
overall constraint still in place — in the previous case F; + Es = E. Overall, the constraints make
up a “hyper-plane’ in the whole space (X1,Xs, ). The restriction of the total entropy Sio to
such a hyper-plane is what I am trying to “extremize”, and, as I will now show, indeed “maximise”

22Notice that we are using here the Clausius inequality. This is a bit unsatisfactory, as we would like to derive everything
from the maximum entropy principle. I think that this can be done, but we have no pretence of being axiomatic
here. So we take this shortcut at this point.
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(automatically, no need to check). Indeed, the restriction of a concave function to a hyperplane is still
a concave function. ** Contrary to each individual S;(X;) — which, I remind you, is the entropy of
a subsystem in equilibrium for a value of the extensive parameters X; — which are concave but have
generally no extremal point (think of the ideal gas entropy), the concave total-entropy function Siot
restricted to the hyper-plane set by the constraints can have an extremum (this is what the Lagrange
method gave us).

The importance of concavity. The extremum of a concave function, if it exists, must be a
mazimum. In one dimension, the result is trivial to picture and show. More generally, the key
ingredient is that a concave function lies always below its tangent plane: at an extremal point,
where the gradient vanishes, this implies that the function is always below the extremal value,
which is, therefore, a maximum.

Let’s return to our simple example of two subsystems, but we now consider the slightly more
complex case in which the wall between system 1 and 2 is mowable, so that the two systems can
redistribute also their volumes, under the new constraint that Vi + Vo = V is fixed. The principle of
maximum entropy for the combined system tells us that the re-distribution of energies and volumes
will lead to a maximum of:

Ma‘XConstraints S1U2 (Ela E27 Vl; ‘/ZaXUXQ) - (Efqa quy Vleq, V2eq) i (231)

where X; and X, denote the other (fixed) variables of system 1 and 2. The maximum is obtained
from the Lagrange multiplier function

S(Ev, E2,Vi,Va, A, A2) = S1(E1, Vi, X)) + So (B2, Vo, X ) — Mi(E1 + Es —E) = X (Vi+ V2= V).
The derivatives with respect to F; and Es imply, as before, equal temperatures:

05,
OFE,

1 1 05,

T T, O,

Vi,X, V2, X,

The derivatives with respect to V; and V5 imply the new condition:

HELX, 05, 05;
—— R — = —_— . (2.32)
0S5 % E,X, Va E2,X,
—_Z — )\2
Wz, x,

Hence we understand that equilibrium is now regulated also by the volume derivative of the entropy:

a8

95| arp
oV

T

(2.33)
E.X

Here p is a quantity that we will soon discover to be related to the pressure. For the time being, let
us take it as a definition of the volume derivative of S. Hence, in presence of a movable wall that
allows the exchange of energy, the maximum entropy principle predicts that equilibrium is obtained
by imposing that 77 = T5 and p; = ps. Again, since S;(E;, V;, X;) is a concave function of its energy

FE; and volume V;, it must stay below its tangent plane at any point. Hence, for instance:

in in 1 in pin in
Sl(Efqvvlequl) - Sl( 1 ’Vl 7X1) < Tin(Efq - El ) + Tlin (Vleq - Vl ) )
1 1

23More generally, you can easily show that the restriction of a concave function to any domain that is conver — i.e., it
contains all the points Azg + (1 — A)z1 with A € [0, 1] if it contains z1 and z2 — is still concave.
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where Ti", and pi® denotes the initial temperature and “pressure” of system 1. A similar equation
holds for system 2, initially at temperature T4, with “pressure” pi*. Maximisation of the total entropy

implies, once again, that:

0

IA

[Sl(E?lv Vleqvxl) - Sl( ilnv Vlinvzl)] + [SQ(Equ V;quQ) - SQ(E;na ‘/Qinvxﬁ]

1 1 ) e in piln pi2n e in
) (2 ) oo, -
<T1 T2 ! ' Tl T2 ! !

In particular, if the initial state was such that energy was in equilibrium, and the common temperature
of the two systems is T, then the first term vanishes and the inequality implies

0< 2

< () (5 - ).

Hence pi* > pi implies that V™4 > Vj® for a spontaneous process, as you expect from the interpreta-
tion of p as pressure. Quite nicely, the new dress for the 2nd law produces a consequence that appears
to extend Clausius’ formulation to other variables, like p here.

The final simple application of the law of maximum entropy is the derivation of equilibrium when
the wall is semi-permeable to a given chemical species denoted by k, such that Ny 1 + Ny o = Nj: such
k-particles can move across the wall (leading automatically to energy exchange). A similar calculation
will bring now to the equality, at equilibrium, of the derivatives with respect to [Ny of the two entropies.

24 Here the crucial quantity is
oS
2 e B (2.35)
ONy | g x T
where X denotes all extensive quantities except E and Nj. One can show that pj is indeed the
chemical potential of the chemical species k. We will also see the reason for the minus sign. More on

the derivatives of the entropy function in the next section.

With these examples in mind, it will be easier to understand the general principle of maximum
entropy:

Principle of maximum entropy. For a composite system made by different subsystems
initially isolated from each other by wall-type constraints, and at fixed total energy FE, the final
equilibrium state after some of these constraints are released is the one that maximises the total
entropy as a function of the free-variables (virtual states).

Exercise 2.1. The following exercise, taken from Callen, shows how to use the principle of maximum
entropy, in a slightly more complex situation, to derive the condition for mechanical equilibrium.
Consider the system in Fig. 2.4, where you assume that the system has no external pressure acting on
it, it is overall thermally isolated from the external world (total E = E; + E5 + E3 is conserved), but
heat can flow from one container to the other through the table on which the containers rest (which
makes otherwise no other contribution in this problem). Express the constraints between the volumes
of the three containers due to the rigid bar shown in the figure as two linear equations relating V., Vs,
and V3. Maximise the total entropy (you need 3 Lagrange multipliers) to find a relationship between
the equilibrium pressures of the three containers, as well as the three final temperatures. (Assume, as
we will soon show, that what enters in the volume derivative of the entropy is indeed the pressure p.)

24Callen nicely summarises these three examples by arguing that, as T is the (generalised) “potential that governs heat
flow”, and p is the “potential that governs volume changes”, in the same spirit, u is the “potential that governs matter
flux”. “Potential” here should be understood in the sense that, for instance, differences in chemical potential provide
a “generalised force” to matter flow, from regions of high u to regions of low . When different chemical species can
react together, the final chemical equilibrium is indeed regulated by the chemical potentials of the different species.
1 is, therefore, a crucial concept in thermochemistry. More about this, maybe, later on.
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Figure 2.4.: A system of three containers with gases inside, in thermal equilibrium through the common
thermally conducting table, and in absence of any external pressure.

2.3. The energy-scheme and the principle of minimum energy

The 2nd law of thermodynamics was reformulated in terms of the properties of the entropy function,
which depends on E and on the other extensive quantities. Let us now reformulate it by inverting
the relationship between S and E to express F(S,X). This is in principle easy: since S(FE,X) is
a monotonic function of F, we can always invert it. It is simple to show that E(S,X) shares the
properties we have seen for S(E, X):

Additivity. If a system is made of two parts, described by E1(X™") and E5(X®), then the combined
system 1 U 2 has energy 2°

Eiue (XWX = By (XW) 4+ By(X®) . (2.36)

Monotonicity in S. E is an increasing function of S, and by the chain rule you get: 2%

OF
35|, = T(S,X)>0. (2.37)

Convexity. F is a convex function of all its arguments.

The fact that E is a convex function follows from the fact that S is concave and monotonic in
E. You can prove it using the definition of convex/concave functions (see Peliti’s book on page 26),
or, more simply, by observing that if the tangent plane to S(E,X) is above the entropy function at
any point, then when you consider F(S,X), the same plane will appear below the energy function.
Additivity, once again, implies that F is a homogenous function of degree one, for which Euler’s
theorem applies (more about this in a short while):

EAX)=AE(X) VA>0, (2.38)
where now X = (X = 5, X).
If you want to practice on your ability to recognise if a given putative fundamental equation, S(F, X)

or E(S,X), satisfies or not the essential requisites of thermodynamics (additivity, monotonicity, con-
cavity /convexity), consider Problem 1.10-1 and 1.10-2 in Callen’s book.

Let us now consider the other derivatives of E (S, X) at constant S. To do that, consider infinitesimal
reversible iso-entropic transformations: they must involve no heat exchange, hence the change in
energy must be due to work only, by the 1st law:

dE[g =adW =) f;dX; .
i=1

25 Additivity here requires, clearly, that we neglect non-extensive terms that originate from the boundary of the two sys-
tems. Clearly, what we need to assume is that the interactions are reasonably short-ranged. Long-range interactions
lead to a failure of the additivity property.

26Strictly speaking, I should denote the derivative as T’(S, X) = T(E(S,X),X) because it is not the same function as
the T(E, X) appearing in the previous section. We simplify our notation, since the indication of the variables, or
even simply knowing what are the variables of the function, automatically suggests the correct dependence.
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Figure 2.5.: (Left) The entropy function of the ideal gas, versus E,V. (Right) The energy function of the
ideal gas, versus S, V.

Therefore, the derivatives of E at fixed S give us directly the generalised forces f;:

( o )S — 1(8.X) . (2:39)

This expression, together with Eq. (2.37), allows us to write the full differential of the function E as:

aQ aw
o
i=1---7r

where we have underlined the heat and work contributions, according to the 1st law. In the concrete
example of a homogeneous fluid we would write, for instance:

dE=TdS —pdV + pdN , (2.41)

which immediately encodes all the remaining first derivatives of E:

oF
oV |g N
(2.42)
OF
N o u(S,V,N)

We are now ready to explore the consequence of the homogeneity condition (2.38), which follows from
Euler’s theorem on homogeneous functions. Taking a derivative with respect to A, and setting A = 1,
we easily derive from Eq. (2.38) (see Eq. (2.24)) that:

E(S,X)=TS + Z £ X, (2.43)
i=1

For a simple homogeneous fluid this condition reads:
E(S,V,N)=TS—-pV+uN. (2.44)

Notice the non-trivial nature of such an equality: it implies in particular that all derivatives of £ —
like T, p, p, etc. — must be homogeneous functions of degree 0, i.e., intensive variables.

Let us now return to the derivatives of S(E,X) we have already encountered in our applications
of the maximum entropy principle. We promised to show that they are indeed related to pressure
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and chemical potential. Let us see why. A first fast route to show this consists in simply taking the
expression for the differential dF, and inverting it to find the differential d.S:

1 —~ fi
ds = T dE — ;:1 T dX; . (2.45)
For a homogenous fluid:
1 P I
=—dF + = — —dN . 2.4
ds T dE + T dVv T d (2.46)

The expression for dS immediately encodes all the first derivatives and shows the promised result. If
you are not satisfied by this rather swift derivation, then use more formally the properties of composite
and inverse functions. We do this explicitly to illustrate some useful tricks which consist in applications
of the chain rule of differentiation. Similar things appear repeatedly in thermodynamics. 27 Since S
and F are inverse functions, you can clearly write:

S(E(5,X),X) =5,

where we have momentarily denoted by S the function and by S the variable (and will similarly do
for E and E). If you take a derivative of the previous expression with respect to S, keeping all the X
fixed, applying the chain rule you get:

() () -r = (%) (%) .

which leads to the result for the temperature T" we have already seen. But if you take the derivative
with respect to a different variable X; included in X, which appears in S both directly and through
the dependence of E on X;, then you get: 2

-1
9s 9E | 9S 0s <8E> 9 fi (2.48)

9E ox, " ox, ox,  \as) ax,” T°

which shows the promised relationship between derivatives of F and derivatives of S.

It is worth taking a small break to illustrate, by manipulating a bit the previous expressions, an
important non-trivial identity of thermodynamics, the so-called triple product identity. We rewrite the
first expression appearing in Eq. (2.48) by stressing (some of) the variables kept constant in taking

the partial derivatives:
0S OE 0S
<8E>Xi (axi>s =" (ax)E ' (2.49)

Consider now the function X;(E, S, X), where X denotes all variables X except X;, obtained by (locally)
inverting S(F, X). The derivatives at fixed E (and X, which we omit indicating) are related by:

S ) (axl)‘l
= . (2.50)
(aXi 5 08 ) i
Substituting in Eq. (2.49) we can finally write:

(SZ)X (59;)5 (%);)E = (2.51)

Observe how a naif application of the chain rule of partial derivatives would predict the wrong result
that the product of these three derivatives would give 41, while the correct result is —1. So, beware of

270One of the aspects of thermodynamics, which can easily generate confusion, is that functions of state can become
variables and vice-versa. For instance, the entropy is a function that becomes a variable when you invert it in favour
of E.

28We did not want to make the notation too clumsy, but you should notice that f;(S,X) and T'(S,X) should be
interpreted as f;(S(E, X),X) and T'(S(E, X), X) when you use them in the expression below.

46



(Lecture Notes by G.E. Santoro) 2.3 The energy-scheme and the principle of minimum energy

such swift calculations. If you want to become an athlete in the thermodynamics gymnastic of partial
derivatives, go to Appendix B.4.

We are now ready to consider how the principle of maximum entropy translates in the new scheme
in which energy is the fundamental function.

Principle of minimum energy. For a composite system made by different subsystems initially
isolated from each other by wall-type constraints, and at fized total entropy S, the final equilibrium
state after some of these constraints are released is the one that minimises the total energy as a
function of the free-variables (alias virtual states, or constrained equilibrium states).

This result is quite easy to derive, a bit more difficult to visualise in general. Fig. 2.6 tries to visualise,
for the case of thermal equilibrium of two ideal gases, how is it that the maximum entropy principle
implies a minimum energy principle and vice-versa (see also Callen’s Figs. 5.1 and 5.2). Let us

E E;
Eo

Na ks

Figure 2.6.: (Left) The total entropy of two ideal gases, each with one mole of particles at the same volume
Vb, versus the energies of the two gases, together with the plane of E = E; + E2. The black sphere is the
maximum entropy equilibrium state. (Center) The same equilibrium state (black sphere), seen as a minimum
total energy state at constant S. Notice the unusual direction of increasing F; and F> in the two
energy axes. Notice also that, starting from the same initial point, the two processes lead to generally
different final equilibrium points. (Right) Both the plane of total S and that of total E, shown together.

start with a formal proof, followed by some discussion that we find in Callen’s book. Let X denote
the collection of all the extensive variables, beside the total energy E, which appear in any of the
subsystems making up the composite system we are considering. Notice that X includes here the
energies of the different subsystems (except one whose energy is obtained from the constraint of total
energy E), as well as their volumes, particle numbers, etc. Some of these variables are fixed by
wall-type constraints, some are free (virtual states) because we might remove some constraints, and
we know that their values X°? are such that the entropy is maximum, for the given total energy E.
Hence, if AX denotes a variation of the free parameters, and X®? + AX any virtual state away from
equilibrium, we know that:

AS = S(E, X1+ AX) — S(F,X°1) <0.
Since S is a monotonically increasing function of E, there must exist some E’ > E such that

S(E', X% + AX) = S(E,X) .
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Since E’ > E, when you invert the relationship between S and E you will write the previous equation,
equivalently, by:

E(S,X* + AX) > E(5,X), (2.52)

which shows that the total energy is minimum at the equilibrium, for fixed total entropy 5. 2°

Callen gives also the following physical argument to justify the result. Suppose that the equilibrium
state is not associated with minimal energy at constant .S. You could then subtract energy from the
system, keeping S constant, by performing some reversible work W in adiabatic conditions. Subse-
quently, you can give back that work in the form of heat ) transferred to the system. The internal
energy of the system would return to its original value, but the total entropy would now increase due
to the heat transfer. Hence, the initial state would not be associated with maximum entropy.

Callen discusses also the analogy between this problem and the iso-perimetric problem in geometry:
you know that the circle can be equally well characterised as the figure of mazimal area for a given
perimeter, or as the figure of minimum perimeter for given area. Nevertheless, the two strategies
suggest two different routes to obtaining the “circle”, which lead to different final “states”. If you start
from a square of area A = L? and perimeter P = 4L, and you deform the shape by keeping the
perimeter fixed, you will find that the maximum-area figure is a circle of radius R = 2L/w. Viceversa,
by deforming the square while keeping the area fixed, you find that the minimum-perimeter figure is a
circle of radius R = L/+/m. In any case, once a given “extremal” circle is obtained, that figure satisfies
both extremal conditions for its final values of area and perimeter. These two routes towards the final
equilibrium are also present in the thermodynamical case. Suppose you have a thermally insulated
cylinder with a piston inside (assumed to be thermally conducting), which divides the system into
two subsystems 1 and 2. You now remove the constraint on the position of the piston and allow
the two subsystems to change their volumes and reach equilibrium at fixed total energy E. They do
so by maximising the entropy, which implies equal pressures for the two subsystems at equilibrium.
Alternatively, you can reach an equal-pressure equilibrium state keeping the entropy constant, by
doing reversible work with the piston, which you imagine attached to some external shaft pushing on
a spring and compressing it. If this process is done very slowly (reversibly), entropy is kept constant,
while the internal energy of the system is decreased — because we do work and get no heat — until it
reaches a minimum in the equilibrium equal-pressure state 3°. Notice that the two final equilibrium
states are different, like in the iso-perimetric problem, but they share the property that they are both
minimum-energy and maximum-entropy with respect to variations of free parameters.

Exercise 2.2. Make detailed calculations of these two different strategies for reaching an equal-
pressure final equilibrium for the case of an ideal gas occupying the two portions 1 and 2.

Exercise 2.3. Re-derive our conditions for thermal and mechanical equilibrium by using the minimum
energy principle, instead of maximum entropy.

29 A proof based on evaluating the first and second derivatives of E(S,X) with respect to a free parameter X in terms
of the corresponding ones for S(F, X) is given in Callen’s book, on page 134. The crucial minus sign in the second
derivative that transforms a maximum into a minimum is essentially related to the minus sign appearing in Eq. (2.48).
Indeed you can show (see Callen’s Eq. 5.7) that at an extremal point:

9’E

2
_ s
X2

s e

E

30Lorenzo Fant observes that the shaft system implies a slight imbalance in the two final pressures since there is a force
contribution due to the spring. Make estimates assuming that the spring constant is very small, and discuss more
carefully
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2.4. Equations of state

The equations of states are just the expressions of the various intensive parameters (generalised
forces) in terms of the extensive ones. An explicit example by using an ideal gas will clarify the
matter. Consider the fundamental equation S(FE,V, N), which I recall here:

3
eV (dmmeE \ 2
E,VN)= Nkpglog — | —— 2.
S(5.V. ) = Neglog - (55 ) (2.53)
You can write T, p, and p as a function of (E,V, N) by taking derivatives of S:
1 _ 08 _ 3kpN
T 0E 2 E
S _ kgN
T=ov="v : (2.54)
_ _ 9S8 _ S
b=—on="t3kn—%

We will later show that, quite generally, p can be always re-expressed as a function of the other two
intensive parameters T and p. 3' Let us ignore it for a while. Notice that the first equations of
state simply tells us that £ = %N kpT. The second is the well known ideal gas equation of state
pV = NkgT. But, properly speaking, the equation of state pVV = NkgT, alone, is insufficient to
reconstruct the whole fundamental equation S(F,V, N): you need the equation for T to be able to
reconstruct S.

Exercise 2.4. Assume that you are given a fundamental equation of the form:
Svaw(E, V, N) = Nkg log [A(v —b) (5 n %) } (2.55)

where, as usual, v = V/N and ¢ = E/N. Here b and a are constants with appropriate dimensions
(the van der Waals constants that we will meet later on, experimentally available for many gases),
while ¢ = 3/2, or 5/2 or anything you want. A is a constant with dimensions [Length] ~3[Energy]—¢.
Derive the two equations of state for 7" and p, and observe that they lead to the famous van der Waals
isoterms:

p= - —. (2.56)

In a completely identical way, you can deduce the equations of state for the intensive parameters, in
the energy scheme, from FE(S,V, N): obviously, the resulting T, p, x will now be functions of S, V| N.
In full generality, if E(S, X) is the energy function expressed in terms of the extensive variables, where
X = (X;---X,), then you know that:

OF
T(5,X)=—
oS
O (2.57)
3 S7X =
F(8.X) = 5
These r + 1 equations, expressing T and the generalized forces f; — all of them being intensive

quantities — as a function of the extensive variables are known as equations of state. We will show
later on that only r intensive variables are capable of independent variation, as there is a relationship
between the r 4+ 1 derivatives of E, known as Gibbs-Duhem relation. See Sec. 2.7.3 on the Gibbs
potential for more details.

31For the ideal gas, for instance:

ekpT (27rmekBT> 3

5
M= EkBT—kBTlog h2
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2.5. Concavity of S and thermodynamic stability

We have stressed that S is a concave function of its extensive parameters, while E is convex.
This, essentially, encodes the 2nd law in a mathematical framework. Let us see the consequence of
concavity in the context of thermodynamic stability. Suppose you had two identical systems described
by S(E,V, N), isolated from each other and the external world by adiabatic walls. The total entropy
of the composite system is 25(F, V, N). Imagine now that the wall separating the two systems is made
thermally conducting, and that you propose an exchange of energy (heat) between them, such that
system 1 gets 1 = E — AE, while system 2 has Es = E + AE. The total entropy for this (virtual)
configuration is S(E — AE,V,N) + S(E + AE,V,N). Suppose that S(E,V, N) was monotonic in F
but not concave, like the example shown in Fig. 2.7(left). Then you immediately deduce that:

25(E,V,N) < S(E — AE,V,N) + S(E + AE,V,N) , (2.58)

which would imply that the system would spontaneously try to maximise its total entropy by making
the energy different between the two systems: the initial equilibrium configuration with equal energies
(and temperatures) would then be unstable. Stability would on the contrary require:

2S(E,V,N)>S(E—-AE,V,N)+ S(E+ AE,V,N), (2.59)
By taking the limit AE — 0 you realize that stability requires, locally, % < 0. Similarly, you
can write a condition for stability against redistributions of volumes (assuming you make the wall
separating the two systems mobile), which locally implies % < 0. Similarly, for any other extensive

variable X you would require g;é; < 0. But these local conditions are not enough to guarantee
concavity and stability. For instance, if you observe Fig. 2.7(right), you will see that there are regions
— like BC' and FF — where g;sg < 0: nevertheless, the system is unstable there. Indeed, if the
initial value of X is exactly in the middle of the BF region, X' = 1(X(B) + X(F)), then the

entropy would increase by a redistribution of AX = %(X (F) — X(B)), leading to a final entropy

S(X(B)) + S(X(F)) > 2S(X™). The only way in which the given S(E,X) can be made stable is
by constructing the concave envelope of its tangents, as shown in Fig. 2.7(right) by the straight line
segment BHF'.
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Figure 2.7.: (Left) A non concave but monotonic S(E,V, N) versus E. Notice that S(E,V,N) < 1(S(E —
AE,V,N)+ S(E + AE,V,N)) because the curve is above its tangent in the point E. Instability follows.
(Right) A general non-concave S(E,X) versus one of its extensive variables X. Notice that the system is
unstable even in regions in which the second derivative is negative, like BC and EF. Figures taken from
Callen’s book [3]. Notation: U, in Callen’s book, denotes the internal energy E.

As anticipated before, having negative second derivatives is not enough to guarantee concavity.
What you would need is a negative semi-definite Hessian. In the simple case of a homogenous fluid
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with S(F,V, N), denoting X = (E,V,N) and AX = (AE, AV, AN), you see that:

825 %S 835 AE
L2 d9EPV  9EPN

AS = S(X+AX)+5(X—-AX)-25(X) = (AE,AV,AN) 78?/6515 7?\/% 73‘385]\] AV + -
9%s %S 928 AN

>, HEAX AX; <0 for stability

The condition for a negative semi-definite Hessian H®, which is a real symmetric matrix because the
mixed second derivatives are identical upon exchange of variables — a condition that will lead to the
so-called Mazwell relations between different apparently unrelated derivatives of intensive variables
—, is that all the eigenvalues \; of the Hessian are non-positive \; < 0. Clearly, the extensivity of the
entropy function demands exact linearity if you move along the direction X: S(AX) = AS(X). This
leads to the conclusion that one of the eigenvalues must vanish: more precisely the one associated
with the eigenvector (E,V, N)T (or X in the general case). If you restrict the AX to variations of E
and V at fixted N — i.e., take AN = 0 — you can reduce your Hessian to the 2 x 2 sub-matrix

2’S 0
vz < 0 . (2.60)

2
%8 925 [ _9%s >0
EZ V2 dEIV | =

Q!

The first two conditions are quite clear. The third condition comes from the fact that the determinant
of a matrix with two negative eigenvalues must be positive!

The physics behind these stability conditions is easier to extract by working in the energy scheme,
where the fundamental equation E(S,V, N) must now be convex for stability, otherwise, you would
violate the minimum energy principle. Identical arguments, including that on extensivity, lead then
to the conclusion that the reduced 2 x 2 Hessian of the energy function

8°E 8°E
HE = 852 850V

9°E 9°E
VoS ov?

must be positive semi-definite, implying:

8*E _ (0T _ T

332—(s)v =g =20

8*E _ _ (op 1

vz — (av)s = Vs 20 : (2.61)
?rore _ (028 \ _ _ T _(al)?_i_ #2>0

952 V2 S0V = VksC, avV)s = VksC, Vas ) =

A physical interpretation now urges. We have already indicated the main physical quantities involved
in these stability conditions. Let us start from the top, which expresses the fact that the temperature
is a monotonically increasing function of S at constant V. Although everything would be more clear by
working with a thermodynamic potential in which 7" is the relevant variable (the Helmholtz free-energy
F', see below), it is quite clear that

08 def
— = > .
T<8T>V Cy >0, (2.62)

328ee Arovas, Eqgs.(2.259)-(2.263) for an explicit proof in this 2 x 2 case. More generally, you realize that a quadratic
form that is negative (semi)-definite must have necessarily non-positive elements in the diagonal. There is a simple
reason for that: do you see why? Next, the determinant is a product of the eigenvalues. Here I have two negative
eigenvalues, hence the determinant must be positive.
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must be the specific heat at constant volume, because T'dS = d(Q is the heat necessary to lead to an
increase of T' by dT" at constant V. The second stability condition has to do with the fact that the
pressure p is a monotonically decreasing function of V' at constant S, which requires the isoentropic
compressibility to be non-negative:

1 /oV def
_ (2= = kg >0, 2.63
14 ( op >S = ( :
The third condition guarantees that a concerted variation of £ and V' does not lead to a reduction
of the total energy at constant S. 33 As previously mentioned, the equality of the mixed derivatives

tells us that: 2E PE P orT
- — 7p frng _—
oS0V — avas <6S>v (8V> s o

one of the many Maxwell relations that you can write from the equality of the mixed second derivative
of any state function. 3! We have used this fact in writing the third inequality, which you can see

involves also the iso-entropic thermal expansivity

1 oV def

Notice that this is certainly not the most common thermal expansivity you encounter in an experiment.
Much more accessible, experimentally, would be the constant pressure thermal expansivity

1 <8V> def
S () (2.66)
vV \oT »

Exercise 2.5. Calculate kg, ag, and a;, for a monoatomic ideal gas, using the fact that isoentropic
transformations have VT3 = const and that the equation of state pV = NkpgT is satisfied. The
calculation of C, = 3Nk is easier by working with the free-energy F(T,V,N), but you can easily
perform it by expressing the entropy S of the ideal gas in terms of the temperature 7. Observe that
ag is negative, but this is not a problem. Verify that all the stability conditions are satisfied.

2.6. The Legendre transform

I will present here the Legendre transform, that you have likely seen in Hamiltonian mechanics,
through two different points of view: one related to mechanical equilibrium in presence of an external
force, the second related to line geometry.

Suppose you have a classical particle in a potential U(x). We assume that U(x) is (strictly) convex,
i.e., it stays always above its tangent and has no straight-line pieces, as sketched in Fig. 2.8. %°

(2 7)

is associated to a quadratic form which is not positive definite.
340ne should not underestimate the fact that this equality while being mathematically trivial, is experimentally highly

331t is simple to show that an Hessian of the type:

non-trivial: if you didn’t know that there must be a state function E(S, V, N) governing the thermodynamics of your
system, you would be highly surprised by measuring the equality of two apparently unrelated quantities. Since we
are working with extensive variables, this Maxwell relation is not that easy to measure experimentally. It will be
much easier to interpret similar relations when we will switch to thermodynamic potentials which involve intensive
variables, like the Gibbs potential G(T, p, N).

351n the figure U(x) has a minimum at some point xo but this is not necessary. All you need is that U”(x) > 0. In higher
dimension, you would need to require that the Hessian is positive definite. More precisely, what we have required
is often called a strictly conver function. Notice that strictly convex functions, like x* can have a vanishing second
derivative somewhere: so, the condition on a positive definite Hessian is only sufficient to have strict convexity.
Simple convexity might allow U’/ (x) > 0, or a positive semi-definite Hessian in the multi-dimensional case. We will
write our equations in such a way that they apply to the multi-dimensional case.
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2.6 The Legendre transform

U(x)

The Legendre transform of U(x)

G(f) + fx

(tangent of slope f)

— U(x(f) - f x(f) = G(f)

Figure 2.8: Geometrical
construction behind the
Legendre transform of
U(x), for the problem of
mechanical  equilibrium
in the potential U(x)
in presence of an extra
force f. The meaning of
the various quantities is
explained in the text.

New potential: Consider now the equilibrium problem for a particle in that potential under the action

of an extra constant force f. The new potential in presence of f has an extra term —f - x:

New equilibrium: The new equilibrium point x(f) is obtained by imposing

O(x,f)=Ux)—f-x.

KhO(x, sy =0 = OUlyp =f.

(2.67)

The condition d,U(x) = f univocally *° defines an equilibrium point x(f) because the derivative
0xU(x) is monotonically increasing, since U(x) is convex. The geometrical interpretation is
the following: Because the derivative 9,U(x) is monotonically increasing, if you try to “approach”

the curve with a straight-line of given slope f you will “touch” it at a uniquely defined point x(f).

37

The tangent: Let us construct the tangent t(x) of U(x) at the new equilibrium point x(f):

t(x) =Ux®E) +£- x—x(f) =G{)+f-x,

where we defined G(f) to be the intercept with the y-axis of the tangent:

def

G(f) = Ux(f)) — f-x(f) = 2(x(f),1) .

(2.68)

The last equality stresses the fact that such a quantity coincides with the value of the new
potential at the equilibrium point, ®(x(f),f). The G(f) so defined is the Legendre transform of
U(x). See Fig. 2.8 for a graphical representation of all the quantities introduced so far.

The knowledge of G(f) encodes all the information you need to reconstruct U(x): you know all
the tangents for all possible slopes. In a line-geometry framework, you might reconstruct the
full curve for U(x) from the envelop of the various tangents, *® as illustrated in Fig. 2.9.

36Equivalently, —9xU(x) + f = 0, as the total force vanishes. Notice that this might happen even if the potential U(x)
has no minimum in absence of the extra force.
37Notice that if you allow convexity with the milder requirement U’ (x) > 0, there might be straight-line pieces in the
graph of U(x): when f “matches” the slope of the straight-line pieces, the corresponding x(f) is not uniquely defined,
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Figure 2.9: Reconstructing a convex function, here denoted
by L(v), from the envelop of its tangents. Figure adapted
from Fig. 5.2 on pag. 214 of the book by José & Saletan on
Classical Mechanics.

A variational bound: One important fact concerning the tangent t(x) is that, since U(x) is convex, it
stays always above its tangents, in particular that at x(f). Hence:

Ux) > tx) =G +f-x = &(xf) = Ux) —f x> G(f) = d(x(f),f) .

We have therefore transformed the equilibrium problem in the presence of an extra force f into a
variational problem. The new potential ®(x, f), being itself convex, has indeed the nice properties

that: *
Ox®(x, f)|xt) = 0 ® is stationary at x(f)
(2.69)
O(x,f) > o(x(f), ) = G(f) ® is minimum at x(f)
First derivative of G(f): If you calculate 0;G(f) you easily ** establish that: *!
B:G(E) = —x(f) . (2.70)

and the Legendre transform shows a discontinuity in the derivative at that f: we will see that this happens at
first-order transition points, where you have phase coexistence.

38Callen gives a nice discussion of the reason why U(x(f)) alone, seen as a function of f, loses information contained in
U(x). Essentially, if you know U(x(f)) = U(f) as a function of f, you know the value of the function when the slope
is f but you lost information about the precise point x(f) where this occurs. To retain that information, you have
to know the intercept of the tangent at x(f) for each given f: this will uniquely give you both x(f) and U(x(f)) for
given f.

39The variational principle can be cast in the form:

G(f) = ming®(x,f) = min, (U(x) — - x) .

40Using the chain rule:

9 G(f) = UGB ~OR(T) — £-BpxtT] — x(F) = —x(F) .

41You see below the starting point of the inverse Legendre transform, with a conspicuos minus sign — recall that in the di-
rect transformation we had 0xU(x) = f — due to our definition. A mathematician would write G(f) = f x(f) — U(x(f))
in such a way that 9¢G(f) = x(f), and this is, by the way, what you usually do in Hamiltonian mechanics as well,
when you switch from the Lagrangean to the Hamiltonian, hence the change of sign in the potential energy that
you get there. Stiking to our thermodynamics definition of Legendre-transform, you can equivalently regard our
relationships as

Ux) = G(EX)) + xE(x) |

which shows that U(x) is the inverse Legendre transform of G.
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Hence, the derivative of the Legendre transform G(f) immediately gives you the equilibrium point
x(f). You should appreciate that the whole process of solving the implicit equation 0,U(x) = f
to get x(f) was indeed instrumental to construct G(f), but if someone gives you G(f), then you
find the equilibrium point x(f) by just taking a derivative.

Concavity of G(f): Take now a further derivative of 9¢G(f):
OFG(f) = 0¢(0:G(f)) = —Ix(f) .

On the other hand, by taking the derivative of 0,U(x(f)) = f with respect to f, it is simple to
deduce that:

f=0U(x(f)) = 1=08dU(x(f))=x(f) - 92, U(x(f)) = =0 G(f) - 02 U(x(f)) .
Therefore, we conclude that:
BRG(E) = —[02.U] | - (2.71)

Hence, G(f) is concave if U(x) is convex, and viceversa.

Exercise 2.6. If you want to practice a bit, try to apply the previous construction to U(x) = ae®*,
and to U(x) = ax*. The peculiar behaviour of the derivative of the Legendre transform when the
function has straight line pieces is appreciated if you study the following case: U(x) = a(x — 1)? for
x>1,U(x) =0in x € [-1,1] and U(x) = a(x + 1)? for x < —1.

The previous equations might be carried over, with essentially no modification, to the multi-
dimensional case where x € R™: this is the reason why we wrote f - x in a kind of “scalar product” form.
What we still miss to do thermodynamics is what happens when you Legendre-transform a function
U(x,y) with respect to some of its arguments (x), leaving the other arguments (y) untouched. The
modifications are simple, but we need to mention a few things about convexity which will turn out to
be important in the study of thermodynamics.

So, let us consider a convex function U(x,y) of its n + m arguments and repeat the previous
steps by Legendre-transforming only the n-dimensional variable x. See App. B for a few useful info
about convexity. We now explicitly switch to a multi-dimensional notation. So, for every y we define
a modified potential ®(x,f,y) = U(x,y) — - x, where f is n-dimensional, which has the properties
that:

0x® (%, £,y)|xty) =0 ® stationary at x(f,y)
(2.72)
o(x,fy) > Ux(fy)y) —f -x(fy) =G y) ® minimum at x(f,y)
As before, x(f,y) is the solution of implicit equation
axU(Xv y)|x(f,y) =f, (273)
and it is quite simple to show that:
8fG'(f> y) = _X(fa y) . (274)
The derivative with respect to the untransformed variables y are identical to those of U, as you can
immediately verify: 4
ayG(fa y) = ayII(Xv y)lx(f,y) . (275)
42Indeed:
Iy G(f,y) = O Ux(£ 3y Oyx(f,y) — £ a(f¥) + 0y U(x(fy),y)
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What is more boring, but useful for thermodynamics, is to derive the convexity properties of G(f,y).
To do that, let us start from 0, U(x(f,y),y) = f, which we write in components as:

fa = 0x,Ux(£,y),y) ,
and take a derivative with respect to f,. Using the chain rule we get:
ap = 6fbfa = abeC(f’ Y) 8)2(cxaU(X(f7 Y)’ Y) = _anbch(f’ Y) 8)2(CXaU(X(f, Y)v y) .

So, if you define the partial n x n Hessian of U to be:

def def _
HY(Ey))ab = 0%, Ux(Ey)y) = [HEEY)w = 5 GEy) = —[H(Ey)] an . (2.76)
If U is convex, then its restriction to the variables x is convex, hence the partial Hessian [HY],;, is
positive definite. ** Hence you conclude that G(f,y) is f-concave if U is convex.

The proof that G(f,y) is y-convex, as the original U(x,y) it came from, is a bit more complex (in
particular in the multidimensional case, see [1]). Give it a try.

2.7. The thermodynamic potentials

We would like to move from the fundamental equation written in the energy scheme, E(S, X) or
E(S,V,N) for a simple system, to a new potential that uses some of the intensive variables which
come from the derivatives of F. In this section, we will keep IV fixed and Legendre-transform only S
and/or V. Later on, when considering the grand-canonical ensemble, in which some calculations are
extremely easy and convenient, we will Legendre-transform F with respect to S and N.

2.7.1. The Helmholtz free-energy: from S to T

The simplest example of Legendre transform of F is one in which, in the notation of the previous
section U(x,y) = E(S,X) where x = S and y = X = (V,N) (in the simplest case). Hence, the
corresponding f would be the temperature:

ou _
ox

oE
oS
By inverting T'(S,X) you can re-express S(7,X) — the new equilibrium point x(f) for given slope
f =T — and the correct potential that keeps all the information we had in E(S,X) is the so-called
Helmholtz free-energy: **

f T.

F(T,X) = B(S(T,X),X) - TS(T,X) . (2.77)
The corresponding derivatives are
OF
- X
, (2.78)
or _or
oX  0X

where all quantities should be regarded as functions of (7', X). So, for the simple E(S,V, N) we get:

dF = —S(T,V,N)dT — p(T,V,N)dV + u(T,V,N)dN .

43 Alternatively, [HU],1, being the partial Hessian of a bigger positive definite Hessian must be itself positive definite:
just evaluate it on vectors which are restricted to the variables of interest and you get your result.

44Callen would write this as E[T] — really U[T] since U is the internal energy in Callen — meaning that we Legendre-
transform the variable S in F into its intensive generalised force T. Notice also that, in the literature, the Helmholtz
free-energy is sometimes denoted by A, from the German Arbeit (Work).
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A bit of physical understanding is in order. Suppose you have an empty box of volume V', completely
isolated from the surrounding world, except for thermal contact with a reservoir kept at temperature
T. T ask: how much work should I do to assemble a system of IV interacting particles inside that box,
while heat can be exchanged with the reservoir? In the beginning, I have no particles, hence I start
from E =0 and S = 0. In the end, the total energy is F(T,V, N). The 1st law tells me that

E(T,V,N)=Q+ W,

where @ is the heat exchanged with the reservoir, and W is the work I have done to assemble the
system. *° But we can imagine that the construction is very slow, and the heat exchange is reversible

so that you can write that:
Q=TAS=TS(T,V,N),

where I have used that also the initial entropy was 0.

Free-energy as a work investment. Hence the work done on the system to build it is:

W = E(T,V,N) = TS(T,V,N) = F(T,V,N) . (2.79)

9

You see from this argument that F' is like an “investment” of work done to build the system:
notice that this work is less than the total energy E because the building of the system was
helped by some positive heat ) entering the system from the reservoir.

If F is seen as a “bank account” of work, when you make a “withdrawal of work”, the balance of
the account should decrease and vice-versa. This is precisely what happens, at least for reversible
transformations at constant 7. Recall that from the 1st principle

AE=Q+W,

expressing conservation of energy independently of the nature of the transformation, reversible or not.
If the transformation is reversible and occurring at fixed temperature 7', then Q7°¥ = TAS. Hence,
from the 1st law you conclude that:

AF = AE — TAS = Wi

If some positive work is done on the system, WiV > 0, then F' increases by the same amount and
vice-versa. If the transformation starts and ends at the same fixed T but is otherwise irreversible,
then Qr < TAS, by Clausius inequality. From that, you can easily derive that in general:

AF =AE—TAS < Wy . (2.80)

ﬁ[Example Joules’ free expansion.} N

A famous example of irreversible process is Joule’s free expansion of a rarefied (ideal) gas in
vacuum, by removal of a wall separating the gas from an empty container. ¢ The system
is completely isolated, hence AQ = 0. We do no work, hence AW = 0. Nevertheless, the
entropy increases AS > 0 and the free-energy decreases AF < 0. Since AF < 0 the system has
effectively diminished its “potential” to do useful work. Incidentally, while the total energy must
be conserved, because of the 1st law, the fact that the temperature does not change is due to the

ideal nature of the gas, and to the temperature equation of state £ = %N kgT.

%The process occurs at fixed temperature T, for an ideal gas.

. /

45Notice the positive sign in front of W because it is the work done on the system.
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Exercise 2.7. After inverting the ideal gas entropy S(E,V, N) to express E(S,V, N), calculate the
ideal gas free-energy F(T,V,N). Observe that F' is T-concave while being convex in the other two
variables. Calculate the work done during a reversible isothermal expansion at temperature T by
using F(T,V, N). Confirm that you obtain the same result by using the standard integration of pdV'
together with the ideal gas equation of state pV = NkgT.

Returning to the fundamental principle, one can show that the maximum entropy /minimum energy
principle leads to a minimum free-energy principle. More precisely, from E(S,X) for a composite
system, for which you know that F(S,X°?) is minimum, you can Legendre transform the energy
obtaining F(T,X) = E(S(T,X),X) —TS(T,X). Let F(T,X°") be the free-energy in equilibrium. You
can show that:

o

Principle of minimum Helmholtz free-energy. For a composite system made by different

subsystems kept at fized temperature T, the final equilibrium state after some of these constraints

are released is the one that minimizes the total Helmholtz free-energy as a function of the free-

variables (virtual states).

sz
E(S(T, X),X)

000G T E
Figure 2.10: The S — X “plane”
with a few “energy points” used
in the proof of the minimum free-
energy principle. See text for de-

S(T, Xeq) tails.

» X

X X

A proof of this principle proceeds as follows. We want to show that
AF = F(T,X) - F(T,X*) > 0.

Writing the terms explicitly, and adding and subtracting a term E(S(T, X°?), X), see Fig. 2.10 for a schematic
representation of the S, X domain, we indeed get:

AF = [E(S(T,X),X) - E(S(T,X™), X)] =T [S(T, X) — S(T, X*)]
>TAS by convexity of Ef =AS
+ [E(S(T,X*9),X) — E(S(T,X"),X")] > 0. (2.81)

>0 by minimum FE principle

Notice that we have essentially used only the minimum energy principle (in the last term, where the total
entropy is the same), and the convexity of E (in the first term). Similar proofs can be written down for all the

minimum potential principles that you can write for the various Legendre transforms of the energy E(S,X).

Info: We stress that the Helmholtz free-energy is very important in statistical mechanics because
it is directly calculated in the canonical ensemble.
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2.7.2. The Enthalpy: from V to p

Suppose that E(S,V,X), where here and in the following X = X5 --- X, denotes the collection of
the other extensive variables. Take now x = V and y = (5, X). Hence, the corresponding f would be
(—p):

ov =f = 9B =-p.

ox 1%
By inverting p(S,V,X) you can re-express V(S,p, X) and the correct potential that keeps all the
information we had in E(S,V,X) is the so-called Enthalpy:

H(S,p,X) = E(S,V(S,p,X),X) +pV(S,p,X) . (2.82)
The relevant derivatives are
oH _OE
88— 8S
oH
e X 2.
5y = V(SpX) (283)
on _ op
0X 90X

where all quantities should be regarded as functions of (S, p, X). So, for the simple E(S,V, N) we get:

dH =T(S,p, N)dS +V(S,p, N)dp + p(S,p, N)dN .

As before, one can prove a minimum enthalpy principle for transformation occurring at constant S
and p. Moreover, one can show that the enthalpy is the “potential for Heat”, as F' was the “potential
for Work”. H is loved by chemists because chemical reactions involve the release/absorption of heat
that can be measured by calorimetric techniques. We will have not much to deal with it.

2.7.3. The Gibbs potential: from (S,V) to (7, p)

Suppose that we want to Legendre-transform FE(S,V,X) with respect to both S and V. Hence
x = (5,V) and y = (X). The corresponding f would be (T, —p), and the derivatives are exactly as
seen before. We now invert to obtain S(7', p,X) and V (T, p, X), and write the Gibbs potential:

G(T,p,X) = E(S(T,p,X),V(T,p,X),X) = TS(T,p,X) + pV(T,p,X) . (2.84)
The relevant derivatives are 9
57 =S(T', p, X)
%—i =V(T,p,X) , (2.85)
oG _ o
0X 0X

where all quantities should be regarded as functions of (T, p, X). So, for the simple E(S,V, N) we get:

Notice that we have written u(7,p) because p, being intensive (i.e., a homogenous function of degree
0 in Euler’s terminology) cannot depend on N. Indeed, extensivity implies that for a simple system
described by (S, V, N) we have the Euler relation, see Eq. (2.44):

E=TS—-pV+uN, (2.86)
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which indeed holds for whatever variables you decide to work with! So, in the (T,p, N) scheme
appropriate to G we have that:

G(T,p,NY=E—-TS+pV = u(T,p)N . (2.87)

Hence, G is exactly linear in N, and the Gibbs potential “per particle” is precisely u(T, p). Extensivity

suggests that we could use the volume and entropy per particle as well: *°
S(T,p,N) V(T,p,N)
T fr— T = . 2.
s(T,p) N o(T', p) ~ (2.88)
It is easy to show, from the form of dG, that we can write the differential of x as follows:
du= (28 ar+ (22 dp = —s(T, p)dT + o(T, p) d (2.89)

This is a particular case of the so-called Gibbs-Duhem relation, which relates the differential of the
intensive variables among each other. Physically, it tells that only two of them are independent: if
you fix T and p, then p is a function of (T, p).

More generally, the extensivity of E(S,X) implies the Euler relationship
E(S,X)=TS+> f; X;=fX)-X, (2.90)
i=1

where we have extended our notation setting f= (fo =T, f1,---, fr) and X = (Xo = S5, X1, , X,).
Notice that:
OF

ax b

Hence, the Legendre transform of F(X) with respect to all the extensive variables must vanish:
o(f) = E(X(f)) —f-X(f)=0.

The vanishing of this function of the intensive variables implies a relationship among them. Since
® = 0 implies that d® = 0, but on the other hand

o
dd = oo -df = —X() - df,

then we conclude that the following general Gibbs-Duhem relation must hold:

X(£)-df=0. (2.91)

Written for a simple system this reads:
SAT —Vdp+ Ndu=0 = dpu=—s(T,p)dT +v(T,p)dp,

as indeed found previously.

Quite generally, one defines the number of thermodynamical degrees of freedom to be the number of
intensive variables capable of independent variation. If we have r + 1 extensive variables, the number
of thermodynamical degrees of freedom is r. For a simple system, r = 2.

46Note that while S(E,V, N) is in general not linear in N, we have that S(T,p, N) must be exactly linear in N.
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2.8. Stability conditions from the Gibbs potential

Let us return to a simple system described, in the Gibbs potential framework, by G(T,p, N) =
w(T,p)N. If we write the 2 x 2 Hessian of G with respect to (T, p), or equivalently, by dividing by N,
that of u we get:

&u Pu
- 2
[d%u] = [ 5. B (2.92)
opoT op?
Stability requires this Hessian to be negative (semi)-definite. But physically:
Pp_ 05 _ &g
oT? oT T —
where we defined the specific heat at constant pressure:
oS
Co(T,p,N)=T a7 = Ney(T,p) - (2.93)
P
So, local stability with respect to T (redistributions of energy) requires ¢, > 0. Similarly:
?u Ov
_— = = — < O y
a2 ap VET >
where we defined the isothermal compressibility:

ko (T, p) = _% (%Z)T _ _% (g;)T . (2.94)

So, local stability with respect to p (redistributions of volume) requires kr > 0. But stability requires
also that det[d?u] > 0 (the product of two non-positive eigenvalues is non-negative). Looking at the
off-diagonal elements we first observe that the equality of the mixed derivatives implies the following
Mazwell relation:

% % Js v
apdT ~ 9Tdp <8p)T <8T)p v (2.95)
where we have introduced the volume expansivity at constant p, also known as coefficient of thermal
exTpansion:
1 /oV 1/ 0v
= (=) === . 2.
T <(’)T)p v <8T>p (2:96)

Notice the non-trivial experimental fact implied by this trivial mathematical consequence of the exis-
tence of a state function u(T,p). Notice also that, while «, is often positive, it can also be negative,
like for water close to freezing (remember your last beer forgotten in the ice compartment?) Stability
requires only that:

cphir > Tval (2.97)

and, as you notice, only ag enters: the sign of o, is not important.

Exercise 2.8. Calculate the Gibbs potential G(T, p, N) for the monoatomic ideal gas. Calculate then
the specific heat cp, the isothermal compressibility x7 and the coeflicient of thermal expansion «.
Verify the stability conditions.

2.9. Reconstructing S, V' and p from thermodynamic
integration

An large body of information is available on the behaviour of ¢,(T,p) and kr(T,p) for many
substances at various 7" and p. What can we do with those measurements? We can reconstruct
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s(T,p), v(T,p) and u(T,p). To see this, observe that that the definition of ¢, (T, p) implies that:
T !
cp(T',p
(1) = s(Top) = [ ar PP
To
Using the 3rd law, S(0,p) = 0, we could even calculate the absolute entropy of our system as:

T U
s(T,p) :/0 dar’ w . (2.98)

A similar strategy allows to reconstruct S(T,V, N) from data for the specific heat at constant volume
Cy(T, V. N).

Concerning v(T, p) the situation is also quite simple. If you have measured 1 (T, p), then

U(T,p) /p / /
log P — 4y ke (T, 9 |
& (T po) . p' (T, p")

or, more explicitly:
_(p / ke ’
(T, p) = (T, pp) e o< (2.99)

Once you have s(T,p) and v(T,p), the integration of the Gibbs-Duhem form in Eq. (2.89) gives
directly the desired p(T,p). For instance, you can select an integration path (any path is equivalent,
since we are dealing with an exact differential form) made by two straight lines connecting the intial
point (Tp,po) to the desired final point (T, p), one at constant py with increasing T (v;) and the
second at constant 1" with increasing po (7).

J\p
p
Figure 2.11: The p — T plane with the paths used
to reconstruct the chemical potential. See text for
Po details.
> T
To T
The result is:
T P
w(T, p) — 1u(Ty, po) = / dp = —/ dT" s(T",po) +/ dp’ v(T,p) . (2.100)
Yr+vp To Po
Notice that unlike entropy — for which the 3rd law fixes an absolute reference value at T'= 0 —, p,

like any other “energy-related” quantity, is given only with respect to some arbitrary reference point:
only differences are meaningful.

2.10. The meaning of imposing convexity: the example of
latent heat.

Suppose that a certain energy fundamental equation E(S,V, N) has the form given in Fig. 2.12
(top/left). You will notice that the curve is convex, as it should, but it has a straight line BC. What is
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it? Observe also the two pieces of dashed curves, which appear as the natural continuation of AB, and
CD. These dashed curves have been eliminated by the construction of an envelope of tangents, leading
to the straight line BC. Physically, the tangent to E is the temperature T hence that straight line
means that there is a fized temperature T* that the system shows, while the entropy increase by some
amount AS. This is a signal of a 1st order transition occurring at T*: indeed, a familiar experience
from the boiling of a pot of water. The system increases its energy by a certain amount, the latent
heat AQ = T*AS, while the temperature does not change at all, hence the use of the word “latent”, as
you well know. The temperature T'(S) is plot right below the E(.S) curve. You see that the two dashed
lines would represent a “metastable (overheated) liquid” (close to B) and a “metastable (overcooled)
vapour” (close to C). These metastable states might be obtained under some conditions; generally,
it takes even the slightest perturbation to reveal their intrinsic instability, eventually leading to the
stable state represented by the straight line BC. Physically, the line BC is a mizture (coexistence) of
the two phases in B and C, represented by a convex combination:

X=XX¢c+(1-MXg,
with A € [0,1]. The straight-line BC means that
E(X) = BOXc + (1 - )Xg) = ME(Xc) + (1 - N E(Xp)
i.e., in words, the energy of the mixture is the convex combination of the energies of the pure states.

So far, we have discussed the two left plots, which refer to the energy scheme. Whenever such
situations occur, a better description is obtained by switching to a scheme in which the intensive
variable T' becomes the control variable, e.g., the Gibbs potential G(T,p, N). *” In the right plots,
you see that, if S is considered not a variable, but rather a function of 7', then it has a jump at the
transition: this jump is reflected in a slope discontinuity of G(T') at T™*.

The same phenomenology would occur if you plot, for instance, F(T,V, N) for this system: you
would see a straight-line piece which signals that the pressure p does not change as V increases,
and again a slope discontinuity would be observed in G(T,p). So, straight-line pieces signal phase
coezistence (e.g., a liquid coexisting with a vapour) and the correct variables to use in such cases are
the intensive variables T, p, while the extensive variables (S and V') show jumps.

A very nice problem regarding these aspects, and making sense of the Maxwell construction in the
pV isotherms of a van der Waals fluid is suggested in the final problems.

47The Helmholtz free-energy F(T,V, N) would be equally good for the purpose, but you will see that at the transition
also the volume of the two phases is discontinuous, and the pressure p is the other natural intensive control variable.
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4 5 T

Figure 2.12.: A system showing a 1lst order phase transition at a temperature 7™, with associated latent

heat.
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3. Statistical mechanics ensembles

The goal of the present chapter is to give a flavour of how a statistical description can be given for
the measurement of physical observables, which bypasses the extremely complex dynamical problem
posed by the classical (Newton or Hamilton) or quantum (Schrédinger) dynamics of a system with
many degrees of freedom.

We will see that two important aspects of this journey towards a statistical description of observables
touch upon the concepts of ergodicity [7—10] and mixing [8,9], which have been quite well studied in
the classical world, much less in the quantum case. The first, ergodicity, is a fundamental hypothesis
introduced by Boltzmann and Maxwell while laying the foundations of classical statistical mechanics;
remarkably, is still a widely studied problem in the mathematical and physics community. The concept
of mixing concerns the way a classical out-of-equilibrium state reaches thermal equilibrium and is
deeply connected to irreversibility, probably one of the most intriguing concepts of thermodynamics.

90°

1352 45°

180¢ 0°

270°

Figure 3.1.: The stadium mixing. Figures due to Simone Ziraldo.

In some way, the billiard animations shown in the introductory lectures, of which we reproduce
here two snapshots, should give a flavour of the idea behind the statistical description of a many-
body dynamical system, at least in the classical case. Another possible clue to the micro-canonical
description of a system emerges from our analysis of Shannon’s entropy, and might be phrased by
saying that “events that are exponentially more probable will typically occur”. Finally, the guided
problem presented in App. C should make you appreciate how a micro-canonical description emerges
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from the time-reversal invariant dynamics described, after a phase-space coarse-graining, by a classical
master equation.

3.1. The ergodic problem and the classical micro-canonical
ensemble

The first goal of our discussion is to justify the big conceptual steps in going from mechanics (clas-
sical or quantum) — where we have the deterministic equation of motion of a large number N of
particles —, to a statistical description of the relevant measurement of some physical observable. We
will give here some heuristic arguments in favour of the fundamental postulate linking the thermody-
namic entropy to the phase space volume. The arguments are much developed in the classical case
— classical chaos in dynamical systems is a very mature field —, less so in the quantum case, but
have enjoyed a certain popularity in the last 30 years, when physicists became again interested in the
foundations of quantum statistical mechanics.

3.1.1. Hamilton and Liouville

We begin with a brief recap of classical Hamiltonian dynamics, which has no pretence of rigour or
completeness: we refer the reader to the book by Arnold, or Ref. [11], for details and rigour. The
classical dynamics description of a system of N particles is based on Hamilton’s equations:

a =+2(q(t).p(t))

= x=V(x()), (3.1)
P =% (at),p())
where q = (qy, -+ ,qy) € R*V denote positions, p = (p;, -+ ,py) € R*" the momenta, and x =

(q,p) € R®Y a variable which lives in the so-called phase space of the system. Here V(x) is a vector

function in phase space determining the velocity field for the Hamiltonian flow, which you can directly
read from Hamilton’s equations. These equations determine in a unique deterministic way the motion
of all particles once a suitable initial condition q(0) and p(0), hence x(0) = xo, is given. Notice that
the Hamiltonian velocity field V(x) has zero divergence:

Ve V= Z {301, (3pz> +3api (_giﬂ -0 (32)

by Schwartz’s theorem on the equality of the mixed second derivatives for sufficiently regular functions
H(q,p).

Time averages and phase-space distributions. Consider now a single trajectory in phase space
x(t), originating from the initial condition x¢ = x(¢ = 0) and the corresponding infinite-time average
of a given quantity A(x):

T—o0 T—>oo

A= lim ;/OTth( () = lim 7/ dt/dxA x,1) (33)

where p(x,t) = 0(x — x(t)) is a Dirac’s delta function centred at the moving particle position x(¢),
with p(x,0) = 6(x — x¢). More generally, we can consider an ensemble of trajectories originating
from different initial points x((f ), each weighted with a weight factor p; € [0, 1] such that 37, p; = 1,
and evolving into x()(¢) according to Hamilton’s equations. The corresponding distribution p(x,t) in
phase space is given by:

0) = ij5(x ~x{) = p(x,t) = ijé(x —xU (). (3.4)
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By the usual trick of coarse-graining, we can also adopt a continuous description, where p(x,0) is
the distribution density in phase space, and p(x,t) the corresponding evolution according to the
Hamiltonian flow. The density distribution p(x,t) is such that

/dx p(x,t) =1 Vt>0. (3.5)

The corresponding ensemble average of the time-averages A is given by:

T—o0

[A]_ = lim %/0 dt /dxA(x) p(x,t) = lim %/0 dt (A, (3.6)

where the last equality defines the ensemble average of A(x) at time ¢:

(A); = /dx A(x)p(x,t) . (3.7)

Observe now that p(x,t), like all distribution functions expressing the motion of “conserved objects”,
must obey a continuity equation, where the associated current is nothing but J(x,t) = p(x,t)V(x),
in perfect analogy with electromagnetism. The continuity equation will read:

0

50 = ~Vx I t) = Vi (oY) . (3.8)

By using the fact that V(x) has zero divergence, we can write
Vi (pV) = (Vxp)  V +pNMeV =V - (Vyp) .

There are two equivalent ways of writing out the consequences of such divergence-less nature of the
Hamiltonian flow. The first is to write a differential equation obeyed by p(x,t), which is known as
Liouville equation:

0 N /oH Op  OH 0p\ det
&P——V'pr—iz_;(aqiﬁpi—apiﬁqi) = {H,p}vs (3.9)

where in the last equality we recognise the Poisson brackets of H and p. ! The second is that the
total derivative of p(x(t),t) vanishes:

d 0 7]
G Px(),8) = 5 p+ % Vp <8t+ V>p 0 (3.11)
This in turn means that p(x(t),t) = p(xo,0), which says that p(x(t),t) is constant along Hamiltonian
trajectories.

Liouville theorem. Consider now a region Ry C 2(E) in the phase space available to the system
at fixed total energy E (E is a conserved quantity in Hamiltonian flow). You can associate to it a
characteristic (or indicator) function Ig,(x) such that:

. 1 if x € Ry
IRO(X){ 0 it xgR (3.12)

INotice the similarity with the quantum mechanical von Neumann’s equation obeyed by the density matrix p. More
precisely, if 5(0) = |1(0))(x(0)| is the initial density matrix, then p(t) = |4(t))(x(t)| = U(t)p(0)UT(¢) obeys the von
Neumann equation:

d 1, -

—p(t) = —[H,p] . 3.10

() = [, (3.10)
In particular, observe that the Liouville equation is linear, and the whole evolution of p(x,t) might be also regarded
as a linear problem in phase space.
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You can measure the volume of Ry by the corresponding integral: 2

vol(Rp) = /dx Ig,(x) . (3.13)

Next, take the classical time-evolution operator U;(x¢) = x(t), with x(0) = x¢, which we might also
denote by x(t,xg). You can consider the image under U; of the region Ry, defined by:

R, = Ui(Rp) = {x|3Ixo such that x = U(x0)} . (3.14)

Let us take as initial distribution

p(x,0) = m = /dx p(x,0)=1.

Under evolution, since p(x(t),t) = p(xg,0), it is easy to realise that:

But the total integral of p(x,t) must be 1, hence:

1= / dx plx,t) = 3:1(122 ()X) - Zﬂgﬁ% = vol(Ry) = vol(Ro) . (3.15)

The last equality says that the Hamiltonian flow conserves the phase space volume  of any region
Ry: this is one of the ways of expressing the Liouville theorem of Hamiltonian mechanics. However,
you should refrain from thinking that since vol(R;) = vol(Ry) the “shape” of R, is somewhat related,
perhaps weakly deformed, to that of Ry: we will return to this issue again when discussing the Poincaré
recurrence theorem and the concept of “mixing”.

Constants of motion. To proceed, we need to discuss the concept of constant of motion. Let us
see what happens, in general, to a quantity A(x) defined in phase space under time evolution. It is

immediate to show that once again the Poisson’s brackets govern the motion: *

%A(x(t)) =% ViA(X) = V- VA(X) = {A, H}py . (3.17)

By definition, a conserved quantity or integral of motion of the Hamiltonian flow is a function I, (x)
defined in phase space such that

I (x(t)) = Ia(x0) , (3.18)
which in turn can be expressed equivalently as:
d
Ela(x(t)) =%x-Vylo =V -Vyl,={Il,,H},z=0. (3.19)

I;(x) = H, the Hamiltonian itself, is always a constant of motion, provided H does not depend
explicitly on ¢. What other constants of motion would a system have? It depends. In general, the
phase space has dimension 2n, where n = 3N is the configuration space dimension for particles in
three dimensions. A system is said to be completely integrable in the Liouville sense if a set of n (hence,
as you see an extensive number) independent integral of motion exists {I; = H, I, -+, I,,} such that
{I., I, }ps = 0. Without entering in the details of this wonderful construction, which you can find

2In general, a Lebesgue integral, if the region is not very regular.

3In hydrodynamical terms, you can think of the distribution p(x,t) as representing an incompressible fluid moving
under the action of a zero-divergence stationary dissipation-less velocity flow V(x).

4 Again, notice the analogy with the Heisenberg’s equations of quantum mechanics:

d . 1. .
LA = —[An(0), A]. (3.16)

68



(Lecture Notes by G.E. Santoro) 3.1 The ergodic problem and the classical micro-canonical ensemble

discussed in all details in the book by Arnold, let me exemplify this definition with some examples.
For a single particle in one-dimension, n = 1 hence {I; = H} is enough to guarantee integrability.
® The motion of a particle in a central potential is also integrable, as {H, L? L.} are integral of
motions. ® An assembly of harmonic oscillators would also be integrable, as you can easily realise.
What is less trivial is that there are many-body one-dimensional non-linear interacting problems, for
instance, those generically known as Calogero-Moser-Sutherland models, which are integrable. One of

N
1
=5 (0f +w’q) +g° Z _ . (3.20)

j=1 i3’ —457)

its variants reads:

But complete integrability, and even the presence of constants of motions beyond the Hamiltonian
itself, is more the exception than the rule. © Generic systems tend to have only the Hamiltonian H
as a constant of motion.

Physical observables. Not all functions A(x) defined in phase space are physically meaningful,
or in any case, we cannot hope to be able to describe them all by statistical techniques. We need to
distinguish thermodynamically relevant physical observables as those extensive quantities which vary
very little when only a few degrees of freedoms are changed. For a physical observable, we would
expect a behaviour such as the one sketched in Fig. 3.2. Let me give you some elementary examples.
The total kinetic energy of the system:

N
K=Y b (3.22)

certainly qualifies as an observable: it is extensive, and if you change the momenta of a few particles,
the fractional change of K is of order O(1/N). The same considerations apply to the total one-body
potential and the total interaction potential:

N
1
Ul—body = Z Vl—body(qj) Uint = 5 Z ‘/int(|qj - qj/|) . (323)
j J#j’
Notice that the previous quantities, while being physical observables, are not constant of motion: only
their sum, the total energy, is a constant of motion. An obvious constant of motion is the total number
of particles N, which you can view as the integral of the local density of particles ®

N
):Zé(rqu) = N:/Vdrn(r). (3.24)

You can easily write down quantities which are not observables. For instance:

H 0(rg — la;|?) (3.25)

5Indeed, energy conservation allows to define a one-dimensional manifold in the (g, p) two-dimensional phase space over
which the trajectory lives. One can then reduce the problem to integration, as you know very well from elementary
mechanics.

6The conservation of L implies two of the three Kepler laws, but you should notice that {L, Ly}pg = L, hence you
can extract only two integral of motions, L? and L., as you probably know from the quantum mechanical solution
to the problem.

7A very famous exception is the Fermi-Pasta-Ulam-Tsingou model:

1L, R 3
=3 D> @5+ (41— )% + 3 > (@41 —a)% (3.21)
Jj=0 j=0

where q; = x; — ja denote the displacement from the equilibrium positions ja of a system of non-linear oscillators
with fixed boundary conditions go = gn+1 = 0. This model gave the birth to a lot of studies in non-linear physics,
chaos, integrability, etc.

8Technically, the density itself, being not an extensive observable, falls outside of the realm of the observables that you
would consider in thermodynamics. However, this quantity has certainly the status of an observable in a statistical
mechanics context.
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is a quantity which is equal to 1 is all particles are contained in a sphere of radius o around the origin,
but it is enough to have one particle leaving that sphere for the quantity to abruptly jump to O.

Physical ‘ Figure 3.2: A sketch of the be-

Observable . . . .
A haviour in time of a physical observ-

ble, for one particular realization
Time / \/\ Fluctuati able,
average T &\MWMW“M‘/V AR My of the dynamics. While the initial

— O(Ww)
’*’r point can change, the final steady-
Correlation
[ time state value, with fluctuations around
O(N) / [ a well-defined time average, is usually

| independent of the initial conditions.
‘ The goal of statistical mechanics is
J‘ to provide a theory to calculate those

Transfent: time averages in terms of a handful of
Approach ! t g

macroscopic parameters.
equillbrlum

3.1.2. Ergodicity and the long-time average of observables

Let us now consider again the issue of the time average of A(x), but we now assume that A(x)
is a physical observable. First of all: why do we consider time averages in the first place? At
the end of the nineteenth century, Boltzmann argued that the measurement of a physical quantity
necessarily requires a finite amount of time. Hence, the result of a measurement provides us with
an average over a certain finite time interval. The measurement time interval is usually much larger
than any characteristic time-scale of the corresponding microscopic dynamics. Hence, to all practical
purposes, it is legitimate to assume that a measurement of A(x) will be essentially given by the infinite
time average of A(x(t)). Theoretically, you could start your “molecular dynamics” simulations from
different initial points, and the results of the infinite time average should be identical for all different
simulations. Hence, it should make no difference in the calculation of the averages if we also include
an “ensemble average”:

mens: lim —/ dt /dxA = lim —/ de (A (3.26)

T~>oo

Suppose ? that the distribution itself “converges” to a stationary distribution for ¢t — oo:
lim p(x,t) — pst(X) . (3.28)
t—o0

If such a pg(x) exists, since the dynamics of p(x,t) is given by:

0 OH 0p  OH 0p
= H .2
1) = Z (3% op; Op; 3%) U Pl (8.29)

the limiting stationary distribution should satisfy {H, pst}ps = 0. Now, suppose that the system
admits k independent constants of motions {I; = H, I5,--- ,I;;}. Then, the limiting stationary distri-
bution must be a function of the integral of motions:

pse(x) = F(I1(x), o (x), -+ , Tu(x)) - (3.30)

9Please regard this as a swift “physicist” approach to the subject. A more careful approach would be to postulate that
the limit exist in a weaker sense, i.e., under an average with all physical observables:

tlingo/dx A(x) p(x,t) — /dx A(x) pst(x) . (3.27)

If the limit exists, then you can easily show that it dominates the infinite-time integral: [A ens = fdx A(X) pst(x).
But the infinite time-average of A might exist even if (A); = [dx A(x)p(x,t) has bounded fluctuations around
some average value.
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Indeed, it is simple to show ' that since {H, I }rp = 0, then automatically {H, pst }ps = 0.

By far the most common case — for a system that is non-integrable and with appropriate conditions
(confined in a box) which kill all the trivial constants of motions such as total momentum or total
angular momentum — is that the only relevant constant of motion is the Hamiltonian itself, hence
pst(x) = F(H(x)). Hence, if the p(x,0) was chosen such that it lies entirely in the manifold with
H(x) = E, then

oF —H(x
pu0) = preslo) = "L CD (3.3
where Q(F) is an appropriate normalisation factor (see below). This, essentially, defines the micro-
canonical ensemble distribution p#“E(x) in terms of which we now formulate the ergodic hypotesis:

Alens = A e = /d,u A(X) pucs(x) (3.33)

where du denotes the integration measure in phase space, which we are free to rescale by an appropriate

dimensional constant k3", end even with a Gibbs counting factor ' 1/N!:

dqzdpz
dp = N,hw = i H (3.34)

as long as the total volume Q(FE) appearing as a normalisation factor in p,cs(x) is accordingly calcu-
lated as:

UE) = [dus(E-HE) = [dupueao =1 (3.35)

Notice that, although our argument went through the assumption that the distribution p(x,t)
“converged” to a stationary micro-canonical distribution, the ergodic hypothesis requires less: it only

requires that the “infinite time average” of the distribution approaches the micro-canonical one: '?
1 /7T
lim — [ dt p(x,t) — puce(x) . (3.36)
T—o0 0

More about the distinction between ergodicity — which is the less stringent requirement in Eq. (3.33)
— and mixing — which is the more stringent requirement in Eq. (3.27) — below.

A slight relaxation of the strict restriction to the manifold with H(x) = E is possible and indeed
advisable since one might object that it is impossible to control with infinite precision the initial energy
of all the initial points described by p(x,0). Indeed, let us assume that p(x,0), when analysed in its
energy content, occupies an interval of energies [E — Ag, F], say with a flat histogram. Then, if you
denote by I,,c(-) the so-called indicator (or characteristic) function of the energy interval [E—Apg, El:

1 leL‘E[E—AE,E]
Lice(r) = (3.37)
0 otherwise

10Simply use the chain rule for derivatives with the function F(y1,--- ,ys):

i(aﬂ oF  OH 8F>

dq; 9p;  Op; Oq;
Z

11 As you remember from the first lectures, the Gibbs counting factor is crucial to get a properly extensive entropy at
the classical level. It comes naturally from the classical limit of the quantum ideal gas calculation, together with the
appropriate factors of A3 | as we shall see later on.

12 Again, we should better intend the limit in the weak sense: under average with all possible physical observables,
which is what Eq. (3.33) actually states.

{H,pst}ps = {H,F(I1---Ix)}re

I; I;
Z(aHa aia]) Zai{HI}PB_O (3.31)
Oyj = \0q; 9p; Ip, 9q; 5219y
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the limiting micro-canonical distribution would be given by

Lycn(H (x))

X) = 3.38
p#CE( ) N/,LCE(E) ( )
with the normalisation factor given by:
E
Nyce(E) = /du Lice(H(x)) = / dE' Q(E') . (3.39)
E*AE

Once again, the ergodic hypothesis stipulates that long-time averages should be reproduced by the
micro-canonical averages calculated with pjcp(x). '

The ergodic condition '* can be “pictured” in many ways: an interesting geometrical “picture” is

that a system is ergodic when the trajectory x(t) passes close to nearly all the states compatible with
the conservation of energy, see Figure 3.3, for almost all possible initial conditions.

T H(x)=F

Figure 3.3: A sketch of an ergodic trajectory in phase space
I". The grey surface is the set of configurations with energy
FE, the micro-canonical energy shell, where F is the energy of
the initial state xo. An ergodic trajectory x(t) passes close
to nearly all the states with energy E as t approaches co.

X0

v

Ergodicity has been mathematically proven for a small set of systems, mainly billiards with hardcore
spheres [12,13]. A lack of ergodicity could come from many factors: integrability, on one extreme,
and glassiness, on the other. A classical system is integrable when there is a complete set of constants
of motion which restricts the dynamics to essentially one-dimensional degrees of freedom. In this
case, ergodicity can be in some sense “recovered” by restricting the micro-canonical average to the
appropriate surface in which all the constants of motion are fixed. More interesting is the case
of systems that are “close to integrability”: when the Hamiltonian is slightly perturbed from an
integrable one, the trajectories remain “trapped” in surfaces, called invariant tori, and they are unable
to fill the available phase space. A numerical example of this effect was discovered by Fermi, Pasta,
and Ulam [14]; the mathematics of it is contained in the famous Kolmogorov-Arnold-Moser (KAM)
theorem [11,15-17]. Glasses, at the other extreme, are a well-known class of systems where ergodicity
fails. In these systems, the configuration is dynamically trapped in a subset of the phase space and
the system is not able to fill the allowed micro-canonical energy shell in any reasonable time scale.
Glassy dynamics has been shown even in simple systems, e.g., lattice Hamiltonians with density
constraints, for instance when a particle on a lattice cannot have more than a given number of
occupied neighbouring sites [18]. Glassiness, and ergodicity breaking, is also present in disordered
systems, like spin glasses [19], i.e., disordered magnets with frustrated interactions. Besides these

13Notice that when A g is small, you can approximate:
Nuce(E) ~ AgQ(E) ,
and therefore: I (H(x) 5(E — H(x)
HCE X Ap—0 - X
T e
pren() = =X a(E) QB

4 Notice that ergodicity and chaos [11] are not synonyms: in ergodicity, we analyse the filling of the phase space while
in chaos we study the behaviour of the trajectories starting from similar initial conditions. This means that if a
system is ergodic it is not necessarily chaotic, and the opposite (for instance, N-bodies in gravitational interaction
is chaotic but not ergodic). At the same time, chaos gives to the ergodic hypothesis even more importance: if a
system is chaotic, even if we know the initial state xg we will not be able to follow its dynamics because any small
error, even infinitesimal, generates divergent trajectories.
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well-studied cases, it is commonly believed that in most of the non-trivial classical Hamiltonians with
many degrees of freedom ergodicity is fulfilled [9].

3.1.3. Ergodicity versus mixing and the Poincaré recurrence theorem

Question: if we start from an out-of-equilibrium state, will the observables approach their equi-
librium (micro-canonical) value as time proceeds? The answer to this important question is deeply
rooted in the concept of mixing.

Recall the definition we have already given before. A system is said mizing if for any initial ensemble
p(x,0) and any observable A(x) we have:

tlirglo dp A(x) p(x,t) === /d,u A(X) puce(x) . (3.40)
In other words, this means that, in a mixing system, the mean value at time ¢ of A(x) approaches,
for large times, the micro-canonical average. To illustrate the concept of mixing, we sketch in Fig. 3.4
possible different types of flow in phase space starting from an initial ensemble which is concentrated
in a finite volume of phase space (the deformed rectangles). During the time evolution the volume

/

; “==ay \ Ay )
! /] N \ /
' / \ \ / O
| | h /
A / ] "y
\ AN ’ / P
\ ~ e / /

\ - / = 7 f'

N f D s ~
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(a) (b) (c)

Figure 3.4.: Sketch of three types of flow in phase space. (a) non-ergodic: the initial sample moves without
distortion, returning to the initial condition after a finite time; (b) ergodic: the shape of the initial sample
is only slightly altered by time evolution but it never returns to the initial condition and it sweeps out the
allowed portion of phase space; (c) mixing: the shape is distorted by time evolution and after an infinite time
it spreads out over the whole allowed phase space. Figure taken from Ref. [9].

occupied by the initial ensemble moves and deforms, building a flow inside the phase space. From
Liouville’s theorem, the volume is conserved by the flow, but the shape can evolve and be deformed
in many ways. The simplest case is illustrated in panel (a) of Fig. 3.4, in which the initial volume
moves without distortion, returning to the initial position in phase space after a certain time: in
this case, the flow sweeps a finite fraction of the available phase space. This flow is neither ergodic
nor mixing. An example of ergodic flow is shown in panel (b) of Fig. 3.4, where the initial shape is
only slightly altered, but it never returns to its initial location and visits essentially every region of
available phase space. Finally, panel (c) of Fig. 3.4 illustrates a mixing flow: here the shape of the
initial distribution is highly distorted as time increases and evolves into an octopus with contorted
arms which grow into extremely fine filaments that spread out uniformly over the whole phase space.
An example of a mixing flow is shown in Fig. 3.5. Essentially, in a mixing flow, starting from an
initial out-of-equilibrium ensemble the distribution p(x,t) evolves towards the equilibrium one, i.e.,
the micro-canonical ensemble in the case of an isolated system. As one might guess by looking at
the sketches of Fig. 3.4, mixing is a stronger condition than ergodicity: it implies ergodicity but is
not implied by it. Like for ergodicity, mixing has been mathematically proven only for a few simple
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systems. The most known result is due to Sinai who proved, in 1962, that the hard-sphere gas is
ergodic and mixing [12]. It has also been proved rigorously [20] that mixing is strongly connected to
the instability of trajectories associated with chaotic dynamics in phase space, and is deeply related
to the issue of irreversibility [3].

Figure 3.5: An example of a mixing flow: 20% of rum and
80% of cola produce, after mixing, a “Cuba libre”. The figure
is taken from Ref. [8]. If the initial drop is substituted by
oil, then a vigorous shaking will only produce an ergodic mo-
tion of oil drops, which will never mix with the surrounding
medium.

Before After

The following simple example shows the difference between ergodicity and mixing. Consider the
simple evolution defined on the two-dimensional torus {(g,p) | with ¢ mod (1), p mod (1)}:

{q:l = qg=qo+t mod (1) (3.41)

p=a = p=p+at mod (1)

with o = tan(#) irrational. '° Consider now an “observable” A(gq, p). On the torus, it will be a periodic
function of (g, p), which we can expand in Fourier series:

Alg.p) = Ay e?mitmatn)

Hence we have that:
AD), (1) = 3 Ay i st 0 (o se0)

The infinite-time average is simple to calculate:

o 1 T R #(0,0) ) i N ) 1 e(m+na)2ﬂ'iT -1
— T — § : mi(mgo+npo) iy
A Th—I>I(l>o T _/0 dt Alq(), (1)) Ao + ~ Anme Th_r)r;c T 2mi(m+ na)
= Agg. (3.42)

This system is evidently ergodic, as the time-average is reproduced by the totally flat distribution
Pst (Q7p) =1

1 1
(A)st =/ dq/ dp A(q,p)pst(q,p) = Aoy -
0 0

But the flow is far from mixing: if you take a small ball Ry as initial p(q,p,t = 0) the shape of
this ball is essentially undistorted by the flow: the ball simply moves at an angle 6, bouncing with
periodic boundary conditions at the border of the torus. Hence p(q,p,t) does not converge to the flat
distribution pg (g, p) = 1, but rather comes infinitely close, and infinitely many times, to any point in
phase space.

An early paradox that puzzled the fathers of statistical mechanics is given by the Poincaré recurrence
theorem. The theorem is simple to state and prove. A few definitions will clarify the notation. Let
Ui(xo) denote the (Hamiltonian) evolution operator (or flow) for the initial point xq at time ¢:

x(t,x0) = Us(x0) -
Correspondingly U;(R) denotes the image under Uy of all points in a region R:
Ui(R) = {x'| 3x € R such that x' = U(x)} .

15Notice that « is irrational for “almost all” values of the angle 6.
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Let now Ry be a small neighborhood of some point x( in phase space:
Ry = {x||x —x0| <4} .

Fix now an arbitrary fixed time 7 and consider the stroboscopic images of an initial region Ry of phase
space: U,(Ro), U3(Ro) = U,(U,(Rp)), etc. Figure 3.6 illustrates the content of the theorem. The

U(Ro)
A t Uk /’ Figure 3.6: Illustration of the Poincaré recurrence theorem.
/ R" g Figure adapted from Arovas.
/
U(Ro)

theorem states:

Poincaré recurrence theorem. If the phase space volume is finite, and the evolution
operator is invertible and volume-preserving, then in any finite region Ry, there exists a
point x; € Ry such that x; = U™ (x1) € Ry for some finite value of m.

Proof: The proof proceeds by contradiction. If the thesis is assume false, then all U¥(Ry) will have to be
disjoint sets, for all values k € N. Hence:

vol<GUf(Ro> Zvol( Ro)_volRoil 00,
k=0

k=0

which contradicts the hypothesis that the phase space volume is finite. Here we have used the fact that the
flow is volume-preserving. If the different U¥(Ry) cannot be all disjoint, there must exist two integers k < I
such that

UF(Ro) NU;(Ro) # 0.

But the invertibility of U; will allow us to apply U * to the previous set, hence:
RoNUS ™ (Ro) #£0.

Let us now call m =1 —k > 0. Take an element x2 € Ro N U (Ro), and define x; = U, ™ (x2). Then we have
found an x; € Ry such that xo = U*(x1) € Ro, which is what we wanted to prove. The puzzling aspect of
the recurrence theorem is illustrated in Fig. 3.7: a bottle containing vapours of a perfume is opened in
a room empty of molecules (left); after a very short time (centre) all molecules have uniformly occupied
the room; in a sufficiently long time (right), a recurrence should be expected, and all molecules should
be back in the bottle. A few comments are in order. The bottle can be imagined to be arbitrarily small
so that the configuration space neighbourhood of the initial point xg can be imagined to be very small.
Moreover, given the initial velocities of all the perfume molecules, you can consider a region Ry around
Xo which is indeed arbitrarily small. Two aspects of the theorem should make you confident that no
real violation of irreversibility is practically implied by the recurrence theorem. First, the theorem
guarantees that a suitable x; € Ry can be found such that U(x1) = xo € Ro: this implies that in
general you have to fine tune the initial condition inside the small region Ry to obtain recurrence.
Second, the effective time m7 for recurrence might be extremely large, indeed even larger than the
age of the universe. Finally, such a rare occurrence would not, in any event, modify the time average
of a physical observable; indeed you might argue that, during the measurement time, the molecules
would return to the “typical” situations predicted by statistical mechanics.
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Figure 3.7: Illustration of the Poincaré recurrence theorem.
Figure adapted from Arovas.

Returning to the concept of mizing, here is an equivalent formulation, mathematically more con-
venient, which proceeds through the “measure” of regions in phase space. Let us denote by

1(Ro) = vol(Ry) = / du1(Ry) .

the volume of a region Ry in phase space, where I(Rp) is the indicator function of Ry, and € is the full
phase space of finite volume. Recall that U™(Ry) has the same volume as Ry, by Liouville theorem:
w(U(Ry)) = u(Rp). Then mixing requires that for any measurable region B you have:

p(UF (Ro) N B) _ p(Ro)

Jim S =20 VB with u(B)>0. (3.43)

In words, for very long time, the fraction of U*(Ry) in any region B approaches the absolute volume
fraction of Ry in the full phase space €.

To summarise, the various types of behaviour we have discussed can be classified in a hierarchy as
shown in Fig. 3.8.

Figure 3.8: The hierarchy of behaviours for Hamiltonian
systems. Figure taken from Arovas.

&
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3.2. Ensembles in quantum statistical mechanics

In this section, we briefly overview the statistical approach to closed quantum systems. A closed
quantum system is described by a Hamiltonian H , which is a Hermitian operator [21]. A state of the
system is described by a wave-function |¥) and the “phase space” '% is given by the associated Hilbert
space [21]. The dynamics is governed by the Schrodinger equation, which is a linear first-order in time
partial differential equation:

_d -
ih— [(t) = H|¥(1)) | (3.44)

where |U(t)) is the wave-function at time t. We will denote by |¥o) = |¥(0)) the initial state.

16Notice the immensely different degree of complexity that quantum mechanics poses. To represent N classical particles
in 3d we need to specify 6N real numbers, hence a number which scales linearly with N. On the contrary, even a
single quantum particle in 1d requires specifying a wave-function, hence an infinite-dimensional space is required.
Even upon truncating the single-particle Hilbert space to a finite number Nstates, the quantum problems associated
with N particles will require dealing with a Hilbert space of dimension (Nsmtes)N , hence exponentially large in the
number of particles.
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We start with some observations. Given any orthonormal basis set {|a)} of the Hilbert space, the
initial wave-function |¥q) can be expressed as

Wo) =Y cala) (3.45)
«@

where ¢, = (a| ¥p). An exact description of the initial state requires the knowledge of all the ¢, ’s,
whose number grows as the Hilbert space dimension, i.e., exponentially with the system size. Therefore,
like in classical physics, a statistical approach is essential when you want to deal with macroscopic
systems. The second remark has to do with the linearity of the Schrodinger equation, as opposed
to the generally non-linear Hamiltonian dynamics of classical physics. Due to linearity, if the basis
chosen is given by the eigenstates |a) = |¢q) of the Hamiltonian H, with cigenvalues Eq, the solution

of Eq. (3.44) is:
(1) = cae™ R |ga) (3.46)

(0%

If we regard this time evolution as a trajectory in “phase space”’, quantum dynamics seems far from
being ergodic. Indeed, the square modulus of (¢, | ¥(t)) = c,e™Fat/h
of getting F, in a measurement of energy, does not change in time during the evolution:

[ {al T(E)[* = |cal? -
As the time advances, only the phase of (¢,| ¥(t)) “rotates” in the complex plane. Let us denote by

, proportional to the probability

Eo = (Vo H |Wo) = Ealcal?> == (W(t)| H[W(1)) = Eq (3.47)

the average energy of the initial state, which is a conserved quantity. We will further assume that
|¥g) is a reasonable physical state, prepared as an eigenstate of some other many-body Hamiltonian
ﬁo, in a setting that is often referred to as quantum quench. We will then assume that, while Ej is
extensive Ey o< N, the energy spread AEj of the state |¥g) is sub-extensive, for instance

ABy = \/¥, (Ea — Bo)?leal? x VN . (3.48)

In the Hilbert space, the “hyper-surface” of constant energy Fj is given by all the normalized
states |®) = >~ bq |¢n) which satisfy the “hyper-ellipsoid” equation Ey = (®| H\|®) = > Ealbal*
The states touched by |¥(t)) during the quantum dynamics are evidently just a small subset of such
“hyper-ellipsoid”, since the |c,|? are fixed: therefore, whatever is the Hamiltonian and the initial state,
there is a huge set of normalised states |®) with energy Ey which is neither touched nor close to
the trajectory of |¥(¢)). In summary, the conservation of the quantity | (¢o| ¥(t))|? = |ca|?, directly
implied by the linearity of the Schréodinger equation, seems to prevent any kind of ergodicity, at least
in the classical sense: the time evolution of a quantum system does not uniformly sample all vectors
in Hilbert space with given energy. This fact was underlined by von Neumann [22,23] in his seminal
work on the quantum mechanical counterpart of the ergodic theorem.

A further element that makes the quantum evolution very different, at least superficially, from the
classical one is the fact that the Schrédinger equation is linear, while Hamilton’s equations are in
general non-linear. '” Non-linearities, typically, bring a chaotic behaviour of trajectories, which tend

17As a disclaimer to the discussion which is about to follow, consider the following paragraph, taken from a Wikipedia
footnote on ETH. “As an intuitive explanation for why quantum chaos must be handled differently from classical chaos,
some authors contrast the linearity of the Schrédinger equation to the non-linear nature of the equations of motion for
classically chaotic systems, emphasizing in particular that the inner product between vectors in Hilbert space is preserved
in contrast to the exponential separation between classical points in phase space. This is misleading, however, as the
Schrddinger equation is equivalent to the von Neumann equation specialized to the case of a pure state, and the von
Neumann equation is directly analogous to the classical Liouville equations — 9¢p(x,t) = {H, p}ps — which is also
linear. In other words, this apparent difference between quantum and classical mechanics is only an artefact of comparing
different representations of the dynamical equations; once classical mechanics and quantum mechanics are put on equal
footing, their dynamical equations are both linear, so that linearity per se cannot be responsible for the different tools
necessary to study quantum versus classical chaos.”
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to depart exponentially fast from each other, even if they start from very close by initial points. On the
contrary, the overlap between two “nearby states” will stay perfectly constant in quantum mechanics,
as you can immediately verify:

(Wa(t)|1h1(2)) = (Y2(0)|UT(,0)U (¢, 0|91 (0)) = (¥2(0)[11(0)) - (3.49)

You might be thinking that there is no hope for “ergodicity” in quantum mechanics, given all these
observations. But this is too fast a conclusion: nature is, after all, quantum.

To better appreciate the crucial role played by non-linearity in the potential entering in the quan-

tum Hamiltonian [24], consider the quantum dynamics of a system governed by the non-relativistic
Hamiltonian: )
~ P R
H=—+V(x). 3.50
D V) (3.50)

Quite clearly, you might easily adapt the arguments that follow to a system made of many interacting
particles. Given an arbitrary Hermitean operator A, the expectation value on the state |1(t)) =

eI/ p(0)) is ) i
(W@ Af(1)) = ((0)]e™/M A=y 0)) . (3.51)
The expression on the right-hand side defines the Heisenberg representation of the operator A, as you
know very well:
A () 4 /D fomtHt/h (3.52)
in terms of which we have:

(W) AR(E)) = ((0)| Au(t)[(0)) - (3.53)

As you know, one can write a differential equation satisfied by AH(t) by simply taking the derivative
with respect to time. It is simple to show that:

i Au(t) = S HYR A, Hle i M = [A,(t), H] (3.54)

an equation known as Heisenberg equation of motion for the operator AH(t). Incidentally, if the
operator A commutes with H, then Ay(t) = A and, as a consequence:

(WA () = ((0)|Al(0)) - (3.55)
Hence, in words, (1(t)|A[(t)) is a constant of motion.

Let us now use Heisenberg’s equations of motions for X and p to calculate how the average position
and momentum evolve in time. Recall that the operators X and p have canonical commutation
relations and that they verify:

[z, f(B)] = ihV; £ (P) and [pj, V(X)] = —ihV; V(%) , (3.56)

provided the functions f(p) and V(x) can be Taylor expanded. Using these results, it takes very little
to show that the Heisenberg’s equations of motions for x,(t) and p, (¢) read as follows:

diju _ Pim
dng "o (3.57)
Tt’ =—V,;V(%nx)
Consider now the expectation values of position and momentum which we briefly denote by (X); o
(W()|%x|(t)) and (P)+ def ((t)|plw(t)). Using Heisenberg’s equations you immediately conclude that:
% &) = (P)e

m (3.58)
—(®) =) VVFE)(1))
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Notice that the last equation is non-classical, because in general

WOIVV )W) # VV(X)) -

And from this equation, you appreciate immediately the role of the non-linearities appearing in V(x).
Indeed, if V(x) is quadratic, then the expectation values of X and p satisfy precisely the classical
equations of motions of a system of harmonic oscillators. However, if non-linear terms appear in V' (x),
then VV (%) involves higher powers of X, and you if try to generate their Heisenberg’s equations, you
keep generating other operators, in a never-ending system of coupled differential equations.

3.2.1. Diagonal ensemble and Eigenstate Thermalisation Hypothesis (ETH)

Ergodicity in quantum mechanics is a far from trivial concept, and von Neumann’s work has
stimulated a large body of literature in the last thirty years, aimed at understanding how a statistical
description emerges from a fully coherent (unitary) Schrédinger dynamics. '® Qualitatively, we might
say that quantum mechanics provides a natural coarse-graining of “phase space”, due to the uncertainty
principle. Any initial wave-function has a finite width in position and momentum; because of “mixing”,
it gets spread all over the energy shell and the asymptotic expectation value of the observables coincides
with the average on the micro-canonical ensemble [25]. To make these considerations more precise,
in analogy with the analysis of classical trajectories in phase space sketched above, let us consider in
more detail the dynamics of states in the Hilbert space and the average of observables. Consider some
operator A and calculate its average on the time-evolved state |W(t)):

(A) = (T)AN()) = Y e Far =BGt o (Gl Aldar) -
a,a (4]

Take now the integral over a large time T, as we did in the classical case:

- 1 /T . 1 /T ,
(A); = lim —/ dt (A); = lim —/ dt Ze_l(Ea’_Ea)t/h et cor [Alaar - (3.59)
T 0 T—o0 0 A

a,o
If you assume that the system is finite (so that the spectrum is discrete) and that H is the only
“constant of motion” (i.e., there are no other “symmetries” in the problem or any other operators that
we might diagonalise simultaneously with H, getting a “crossing” of eigenvalues), then the eigenvalues

will typically “repel each other” so that the gap between two different states is non-vanishing, i.e,

Ey—E,#0 if a#d. (3.60)
Assuming such a non-degenerate spectrum, the time-integral reproduces a delta-function: 'Y
I :
lim —/ dt e " Ear—Ea)t/h 0B, .E. = a0 -
T—o00 0 « ’
Here, the infinite-time-average of A becomes:
<A>t = Z |Ca|2[A]aa =Tr [ﬁdiagA:| = <A>diag
where . (3.61)
ﬁdiag = Z|Ca|2|¢a><¢a|
(e}

18For this section I am particularly in debt with Angelo Russomanno and Silvia Pappalardi.

19For a many-body system, energy eigenvalues are extensive, i.e., proportional to the number of particles N, while
the number of eigenstates in the spectrum increases exponentially with N: hence, the typical energy splitting dg is
exponentially small in N. Technically, the time T you would need to distinguish two such eigenstates differing by
0 should be fantastically large, larger than the so-called Heisenberg time:

2mh
T>>THeisN7NeN .
oE
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The object we have introduced is a density matrix constructed out of the coefficients |c,|?, and is
usually called the diagonal ensemble density matrix. You can regard it as a time-average of the
original pure-state density matrix 5(¢) = |U(¢)) (¥ (t)]:

IS Tl : 1 B —1 ’— vk 3
) W0 = Jim [t 3 e Er B 0 6] = 3 a2 6] (0] = -
a,a’ «

(3.62)
So far, there is no hint of ergodicity in the Hilbert space, and the diagonal ensemble cannot be
regarded as a statistical description of our system, as its construction depends explicitly on the very
large number of constants of motion |c,|? which are determined by the initial state |¥).

What we would aim at, is that the result of the average can be equivalently expressed by what we
might call the micro-canonical density matriz

1

ﬁMCE(E) = m ZIMCE(EQ) |¢a> <¢a| ’ (363)

where I,,c5(+) is the indicator function of the micro-canonical energy shell interval 2V [E — %, E+ %],
and the normalisation, Tr[p,cs] = 1, requires:

Nucs(E) = ZIHCE(EQ) = Number of energy eigenvalues in [E — %, E+ %] = Shell(E) . (3.64)
«

Here, as in the classical case, the Boltzmann’s fundamental hypothesis would be to assume that the
number of states in the micro-canonical shell is essentially the exponential of the thermodynamic
entropy

Nuos(E) = ZIMCE(Ea) ~ eSEX)/ks ) (3.65)

X being the remaining extensive conserved quantities present in the Hamiltonian (for instance V
and N for a simple fluid). Let us stress here that, in a many-body system, the total number of
eigenstates is exponentially large in IV, while the energies are extensive: hence, you can allow yourself
a micro-canonical width Ag with a rather large freedom, for instance sub-extensive: Ag oc N with
% <a<l

Such a micro-canonical description is expected to hold for all those initial states |¥g) whose ¢, # 0
only for E, € Shell(Ep). If you recall that the energy fluctuations AEy are assumed to be sub-
extensive, AFEy o< v/N, then it is enough to take a shell width Ag o N® with o > % to guarantee that
essentially all energy eigenstates contributing to |¥g) fall inside the micro-canonical shell Shell(Ey), for
large N. But still, the micro-canonical density matrix corresponds to having constant |co|* = 1/N,cn
over the whole energy shell Shell(Ey), while the ¢, of the initial state are definitely not constant.

We seem to have reached a paradox: on the one hand, if the observables relax to some steady-state
value, the latter has to be given by the average over the diagonal ensemble in Eq. (3.62); on the other
hand, if there is thermalisation, any detailed information on the initial state must be forgotten, and
such a steady-state value should coincide with the micro-canonical average:

<A>/J,CE(EO) =Tr {A ﬁMCE (EO)} , (3'66)
associated to the density matrix in Eq. (3.63) for the energy shell Shell(Ey).
Borrowing a paragraph from Wikipedia:

In principle it is thus an open question as to whether an isolated quantum mechanical system,
prepared in an arbitrary initial state, will approach a state which resembles thermal equilibrium,

20We take here a more symmetric energy shell, centred at the energy E with width Ag.
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in which a handful of observables are adequate to make successful predictions about the system.
However, a variety of experiments in cold atomic gases have indeed observed thermal relaxation
in systems which are, to a very good approximation, completely isolated from their environment,
and for a wide class of initial states [26,27]. The task of explaining this experimentally observed
applicability of equilibrium statistical mechanics to isolated quantum systems is the primary goal
of the Eigenstate Thermalisation Hypothesis (ETH). [....] The principal philosophy underlying
the ETH is that instead of explaining the ergodicity of a thermodynamic system through the
mechanism of dynamical chaos, as is done in classical mechanics, one should instead examine
the properties of matrix elements of observable quantities in individual energy eigenstates of

the system.
=~ " d Canonical 0.6 = : :
® ) [ ETH —a— ! "'. Canonical
=10 Hgp, A=05b=1 e 0.5 t ETH —— |
- & )|
g ~
' Ty
el
£ <
£ 6 =S 03
] 9]
E 53
@y < 0.2
= =
S g 01t
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Figure 3.9.: Test of ETH on the Heisenberg chain model with a staggered field, to break integrability. Notice
decrease of the variance of the various diagonal matrix elements (denoted by ETH) for increasing N. Notice
also the grey shaded low-temperature region, where the low-energy part of the spectrum shows the most
prominent deviations from ETH. Figure taken from Ref. [28].

To solve this apparent paradox, and understand the mechanism behind thermalisation, one has to
look at the properties of the observables and their matrix elements. To make the following discussion
less abstract, let us write down a concrete non-integrable model for which we expect thermalisation
to occur. Take a spin chain composed of N spin-1/2, in a perturbed variant of the so-called XXZ
Heisenberg chain:

-1

H=1J0Y (676741 +06Y57, +A8565,,)+b Y 67 . (3.67)

Jj=1 J even

Heisenberg XXZ

For b = 0 we have a Heisenberg chain model, which is Bethe Ansatz integrable when periodic boundary
conditions (PBC) are used. The phase diagram of this model has three phases as a function of the
anisotropy A: a Néel antiferromagnetic phase, for A > 1, a ferromagnetic phase for A < —1, and a
Luttinger liquid phase for —1 < A < 1. For A > 0 the nearest-neighbour correlations between spins
are antiferromagnetic, but a proper antiferromagnetic long-range order (LRO) is possible only in the
Néel phase for A > 1. The role of b is to break integrability.

What has been found is that, in many cases, thermalisation of local observables — both extensive but
also fully local (see below) — occurs at the level of their expectation values on each single eigenstate:
given any energy eigenstate |¢,) with energy F,, the matrix element of the observable A on |¢,)

“equals” the micro-canonical average: 2!

21 A more general version of ETH can be given for all the matrix elements, in the form:
[A}cxoc’ = <¢Oé‘ A ‘¢a’> = 604,(1’A#CE(E04) + eis<E>/2kaA (va) ga,o/ ) (368)

where E = (Eo + Eo/)/2 and hw = Eo — Ea.
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[Alaa = (bal Alda) = Aucs(Eq) + e 5EF)/2k5 £ (B )€, . (3.69)

where A,cu(F) = (A) uoe(E) is a short-hand notation for micro-canonical average. This assumption
is called Eigenstate Thermalisation Hypothesis (ETH). Here “equals” means “up to an exponentially
small fluctuating term” (notice the entropy factor), where f;(E) is a smooth function and £, a random
number with 0 mean and unit variance. To exemplify the concept of local observable consider, in the
spin-chain example given above, A= 07, the spin at a given site j; but also

region
A=Y (-1)6;, (3.70)
J

the staggered magnetization calculated for all spins in a certain (extensive) region of the system.

ETH implies that, by taking an initial state |¥() with overlaps ¢, restricted to the micro-canonical

energy shell Shell(Ejp), the time-average of the observable equals its micro-canonical average: 2*

(A, = (WOIAND) = 3 leal? [Alua = (A)pon(Eo) (3.71)
Figure 3.9, taken from Ref. [28], illustrates the validity of ETH for the non-integrable variant of the

Heisenberg spin chain model presented above, with A = 0.5 and b/.J = 1. Notice the comparison of the
various diagonal matrix elements (denoted by ETH) with the Gibbs ensemble calculation (rather than
the micro-canonical average) as a function of T, calculated from the derivative of the total entropy
with respect to F.

Moreover, one can give arguments showing that (U(¢)| A|¥(¢)) will stay “for most of the time”

close to the micro-canonical average, with small time-fluctuations whose importance vanishes in the

thermodynamic limit. 23

22The algebra is simple. Neglecting the exponentiallly small entropy-related correction, we need to consider Auce(Ea)
which can be Taylor expanded up to second-order around Eg = Neg as follows:

Es — Eo Eq — Ep)?
Apce(Ea) = Apce(Eo) + ( N )ALCE(EO) 4 ¢ oN2 )

Allon(g0) + -+
The first-order correction vanishes by definition, while the second-order term is proportional to AES /N2, and hence
gives O(1/N) corrections by the assumed sub-extensivity of AEy.

23Time fluctuations of the expectation around the thermal average originate from the off-diagonal terms [A]

(5Atime)2 = [(W(t)| A- <A>t |\I,(t)>2] = Z |Ca|2 |[A]aa’|2 |Ca"2 : (3.72)
aFa’l
If we assume that the off-diagonal matrix elements [A],,s fluctuate little with @ and o’ around their typical value
[A};yé’,, we can use the ETH to show that they are very small. This can be easily done by considering, for each
eigenstate |¢q ), the expectation value of the quantum fluctuation operator (A — [A]aq)2. Such expectation, because
of ETH, has to be equal to its micro-canonical value; it can be argued to be of order 1 if A is a local operator [29]
or, at most, order N if A is an extensive operator, the sum of local operators. Hence, at worst we find

Fa 2
N ~ (ol (A= [Alaa)? I60) = 3 [Alaar[? 2 545 4157 (373)
&/
where S(E) = kplogNuce(E) is the entropy on the energy shell, which is extensive in N. Therefore, substituting
|[A]fly§, |2 ~ Ne=S(E)/kE in place of |[A]a|? in Eq. (3.72), we can estimate the time fluctuations of A as
(8 Agime)? ~ Ne S(E)/kp |

In many-body systems, since the entropy is extensive, this quantity is exponentially small in N. Therefore, ETH
implies the relaxation of the expectations of the observables to the thermal average.
Time fluctuations should not be confused with quantum fluctuations which, for each t, give an uncertainty

A7 = (U()|(A — (A)e)*[¥(1)) -
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3.3. From the micro-canonical to the canonical ensemble

Summarising what we discussed in the previous sections, for a closed quantum system obeying the
ETH we can calculate averages of observables through the micro-canonical ensemble. The prescriptions
are the following:

(Apes = Tr [A p“m]
« 1
Quantum pCE Puce = m ;IMCE(EQ) |pa) (Dal ' (3.74)
Nuc(E) = Z Lice(Ea) s S(EX)/kp

An essentially identical prescription holds in the classical ergodic case, where the difference is
essentially only in the way we calculate the number of states:

<A>MCE = fd,u A(X) Puce (x)
1
Classical uCE Puce(X) = mIMCE(H(X)) . (3.75)
Nucs(E) = / dp Lien(H(x)) 7™ SEX)/ks

The whole of thermodynamics follows from the knowledge of S(E,X). But the calculation of the
available number of states in the micro-canonical energy shell is non-trivial for all except a few highly
idealised situations.

As discussed in the introductory lectures, a Laplace transform, alias switching to the canonical
ensemble, where the temperature T is the control parameter and F(T,X) is the fundamental quan-
tity, would simplify the calculations enormously. The entropy S(FE, X) and the Helmholtz free-energy
F(T,X) contain the same information, and, provided the system under consideration is thermodynam-
ically large and forces are short ranged, one can use the micro-canonical ensemble or the canonical one,
and it should make no difference: this concept is usually called equivalence of the ensembles, and you
can find rigorous approaches where these matters are clarified (see for instance the books by Ruelle
or Gallavotti).

Here I want to show that there is a different route by which the canonical ensemble can be “derived”
(under the appropriate hypothesis of infinitesimally small coupling to a large bath), a route that does
not require that the system under consideration is thermodynamically large: you can do statistical
mechanics of a small system (a single spin, or a single atom), as long as this system is in contact with
a bath which is thermodynamically large.

Let us see how to “derive” the quantum canonical ensemble starting from p,cw, by using the device
of regarding the system we are interested in as a subsystem of a much larger system S'U B with Hilbert
space Hg ® Hp, comprising the system (5, with Hilbert space Hg) and a large reservoir “bath” (B,
with Hilbert space Hp).

What we have still to verify is that fluctuations around the micro-canonical average coincide with thermal fluctua-
tions. General statistical mechanics arguments predict fluctuations scaling like 1/\/ﬁ with respect to the thermal
average. The exponentially small time-fluctuations are indeed not enough: we need to consider also the contribution
of quantum fluctuations (¥ (£)|(A — (A)¢)2|W(¢)) which, analytically in the general semiclassical chaotic case [30] and
through numerical experiments on an ergodic hard-core bosons model [26], have been shown to behave as expected.
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Infinitesimal coupling assumption. We will assume that the Hamiltonian of the combined
system is:
H=Hgs+ Hp+¢€Hgp, (376)

where I s/p is the Hamiltonian of the System/Bath, while H sp is the System-Bath interaction,
which we assume to be present — to allow energy exchange between S and B — but infinitesimally
small. The factor € in Eq (3.76) reminds us of that assumption. Due to this assumption, the
energy eigenstates of H are given by products of eigenstates |¢,) of HS, with energy E,, and
cigenstates |®,) of Hp, with energy E,. I will denote them by |pa, ®p) = |da) @ |®,), with a
corresponding energy is Ep%) = Eq + Ej.

Consider now an operator Ag which acts only on the system Hilbert space Hg, and calculate the
full micro-canonical average according to the prescriptions given above:

<AS>MCE = Trsup [AS ﬁ,ucE:| =Trg [AS Trp ﬁucxﬂ} =Trg [AS /35} )
N
Ps
where:
puCE = N ZI;LCE E + Eb) |¢a7 ‘I)b> <¢O¢a q>b| (377)

“CEozb

Our goal is to show that, if the bath B is a very large system, then the reduced density matrix pg
acting on the system, S is the canonical Gibbs ensemble density matrix
efﬁﬁs 1 1 9Sg

Ne — D — — .th = — = — —— 3.78
PS = Pce Trg o—Als Wil B kT kp OF ( )

where T is the temperature set by the bath through the usual thermodynamic relationship in terms
of the entropy of the bath Sp(F, X).

To show this, let us start observing that

A A _ CEE +Eb)
ps = Trp pucs = bz ¢b'|ZW|¢m¢b> (Pa; Do | Do)
IMCE(E(I+Eb)
— NMCE(E) |¢CK> <¢Oé‘
NB
= ZLWQ Bal ZP |6a) (Pl - (3.79)
" Nyoo(D)

In this derivation, I have used the fact that:
ZIMCE(EQ + Eb) = N;,LCE(E E )
b

in terms of the number of bath states in the micro-canonical shell at £ — E,. Moreover, we can
re-express the full N cx(E) as a convolution, as follows:

N,LLCE(E) = ZIuCE(Ea+Eb Z [I.CE )

a,b

= / dE, 25 (Es — Eq )I/LCE(E + Ey)

a,b

- / AE, Y 0(Ey ~Ea) D Lyew(Es + By)
0 o b

Qs (Es) NE 5 (E—E)

/ B, 0g(B) NB (E-E), (3.80)
0
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where I have introduced the many-body density of states for the system eigenvalues: 2%

Q5(Es) =Y 6(Es — Ea) - (3.81)

Observe that the weights P, appearing in the mixed state pg are correctly normalised:

NECE<E B Ea) o
;Pa:¥w—l. (3.82)

So far, no approximation was made.

Now the crucial assumption is made that the bath is large, hence NECE(E — E) ~ e58(E=Es)/kp

is exponentially large, and the integral appearing in Eq. (3.80) will be dominated by the mazimum
of the integrand el°g$s(Es)+5S5(E—Fs)/ks __ recall the Laplace method discussed in the introductory
lectures —, which occurs at an energy FE, such that:

1 0
log Qg (E, = —
og Qs( )E kp OF

*

Sp(E—FE,). 3.83
S B(E — F.) (3:53)
The energy FE, represents the average “energy share” that the system gets from the contact with the
large bath, as we have seen in thermodynamics, when discussing equilibrium in presence of a thermal
conduction wall. This exponential dominance implies that the bath entropy can be safely expanded
close to Fy; = F, and the expansion can be stopped at the linear order into the deviation F, — F,:

1

Sp(E —Ey) = Sp(E — E.) +

(B, — Ey)+ - (3.84)
because |E, — Es| — which will span in the end the spectrum of the system S — is very small on the

scale of the energies of the bath (and of the total energy E). Hence, we can re-express, with the usual
shorthand 8 = 1/(kgT):

NB

IJCE(E - Es) = GSB(E_ES)/kB ~ 38 (E—E)/kp of(E.—Es)

Using this approximation we can easily see that:

Nyics(E) %/des Qg(E,) e5p(E-E)/kp B ~Es) - - /OodEs Qs (Ey) e PE: Sp(E-E)/kp oS E.
0 0
Zs(B)
= Zg(B) eI ETEI/kn Bl (3.85)

Hence the weights P, appearing in Eq. (3.79) for pg are simply given by: 2°

p - NECE(E - Ea) ~ e Fla

NMCE(E) ~ ZS(ﬁ) ’

where

o0 ~
Zs(B) = / dE, Qs(Ey)e PP =) e PP = TrgePHs (3.86)
0 (e}

is the canonical partition function.

Summarising, the quantum canonical ensemble is defined, given the Hamiltonian H of the system
(we omit here the subscript S) as follows:

24In any finite quantum system with a discrete spectrum, this quantity would be a sum of very many (indeed exponen-
tially many) Dirac’s delta in any finite energy interval. It is simple to define an appropriate average of it in each
finite energy interval A g, which involves the (micro-canonical) entropy.

25Notice that the average reference energy E. and the bath entropy Sg(FE — F.) both cancel from the final result!
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(Aos(T,X) = Tr |4 pos]
1 e PH
P = —BEq —
Quantum CE pos = 7 za:e [$a) (9al = —— . (3.87)
Zow = ) efP=Tr g=BH  Themmedmemic  —F(TX)

To verify that indeed thermodynamics requires that Ze; = e #%, let us consider the average energy

~

E(T,X) = (H)cg, where X denotes as usual the extensive variables, such as (N,V,---), which are
held fixed. On one hand, the canonical ensemble prescription gives:

E=(H)e=Y E e 0 ey
= (H)cp = > Feg, =~ 5p 08 % - (3.88)
On the other hand, thermodynamics requires that
oF oF 0
E=F+TS=F-T—=F — = —(BF). .
+ 75 57 = F 055 = 55(0F) (3.89)

This shows 26 that indeed log Zo = —BF is the correct thermodynamical identification.

The previous derivation can be repeated almost precisely in the classical case, where the prescrip-
tions for the canonical ensemble read:

(A)eu(T,X) = [dp A(x) pos(x)
o—BH(X)
Classical CE pee(X) = —p— . (3.90)
ZCE _ /d,u e,IBH(x) Thcrmo%ynamics efﬂF(T,X)

It is simple 27 to show that the entropy in the canonical ensemble can be given an explicit expression
in terms of pcp as follows:

S(T,X) = —kp(log pex)ow = —kp Tt [pex 108 pou] = —kp Y Polog P, (3.91)
where P, = e 8P« /Z . is the Gibbs canonical probability of each single eigenstate of H. This shows a
clear relationship between the thermodynamical entropy and the Shannon (or von Neumann) entropy.

The previous considerations should remind you of our discussion about Shannon entropy in the
introductory lectures. 2% If we take

S[{Pa}] = _kB ZPa logPa ; (392)

26 A student was observing that this only fixes the two quantities, up to a temperature-independent function of the
extensive variables X.
27Use that

e BH

Zce

which immediately gives the correct thermodynamic relation F = E — T'S using (H)cg = F and log Zcg = —F.
28Recall that there we denoted the Shannon entropy as

pcE = = logpce = —BH — log Zcx ,

1
_log2‘

H{Pa}] == Pology Po = —kg »_ Palog P with kg
[e3 [e3

86



(Lecture Notes by G.E. Santoro) 3.4 Probability distributions of observables in the canonical ensemble

to be the expression for the Gibbs-Shannon entropy of the “probability distribution” P,, then max-
imising it in the presence of the normalisation constraint ) P, = 1 leads immediately to the micro-

canonical distribution:

P Luon(Ea)
“ N}LCE
uCE Nucs(B) = Y Luos(Ea) : (3.93)
S(E,X) = kplogNyc(FE) .

In the canonical ensemble, the Gibbs-Shannon entropy distribution is maximised with the additional
constraint that the average energy is fixed to be:

E=) EqP,. (3.94)

A simple calculation with the help of the Lagrange multiplier technique 2 show that the corresponding
maximum for the total entropy now gives the canonical ensemble distribution:

e—BEa
P, =
ZCE
CE Zow = Y e FFe . (3.97)
(e
S(T,X) = —kp» PalogP,.
[0

3.4. Probability distributions of observables in the canonical

ensemble

The fact that you can calculate the expected values, and even the probability distributions, of
observables that are beyond the realm of thermodynamics is one of the great advantages of the
statistical approach.

29We introduce two Lagrange multipliers, A and 3, and calculate the maximum of

S[{Pa}; A B] = S[{Pa}]/kp — A <ZPa - 1> -8 (Z PoEa — E) .

The derivatives with respect to the multipliers, when set to 0, impose the constraints, as usual. The derivative with

respect to P, leads to:
e BEa

~logPa—1=A+pBa = Pa= -3

Normalisation requires that
A=Y P () (3.95)
«
Finally, a simple calculation shows that the constraint on E simply reads:

1 _ 107 dlogZ
E= PyEqa== Eqe B =__"2 — _ ) 3.96
2 Fakia = 72 Fac 705~ o5 (90
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2

Beware of misunderstanding the Boltzmann weights. One common misunderstanding is
to believe that P, = e A%« /Z . represents the probability of observing an energy Fy ~ E,, while
the correct interpretation is that P, is the probability of observing the single eigenstate |¢o) of
energy E,. In the classical framework, this would be similar to thinking that the probability
of energy E, is e #Fs/Z.,, while you know that the latter is simply the probability density
por(x) = e PH () /Zcr in phase space, and a huge volume of phase space, which we should account
for, shares the “same microcanonical” energy Es = H(x). In the Bernoulli trials with random
strings of bits discussed in the introductory lectures, it would be similar to misunderstanding the
probability of a single string, with the probability of strings having a certain number of 0s and
1s, which include large combinatorial — entropy related — factors.

Classically, you would indeed say that:

o—BHX)
Proby(Fs) = /dﬂ O0(H(x) — Es) per(x) :/du 0(H(x) — E) —
CE
st o0 e e P TSEX)
= [ansteo - B)S— —0B) — x T (39)

where Q(Fs) is the micro-canonical phase space density, which is connected to the micro-canonical
entropy. We will return to this point further below.

Notation. Observe that F in the expression Probg(E;) should be intended as the variable
for the probability distribution, rather than the thermodynamical internal energy E(T, X) which
represents the average of the distribution:

“+oo
E(T,X) = / dE, E, Proby(E,) . (3.99)

— 00

A similar reasoning would apply to any classical observable A(x) — for instance, the kinetic energy
K (p) or the potential/interaction energy V(q) — which has a probability distribution:

o—BH(x)

Proba(a) = /du d(A(x) — a) pep(x) = /du d(A(x) —a) —Z. (3.100)

where, as you see, the quantity cannot be expressed simply in terms of the micro-canonical entropy.

Nevertheless, because momenta and positions are decoupled in H(x) = K(p) + V(q), and that
the kinetic energy is quadratic in the different momenta, it is relatively straightforward to calculate
probability distributions involving only the velocity: you just have to perform Gaussian integrals. The
well-known Maxwell distribution for the classical velocity comes from a similar calculation. A similar
calculation for the probability distribution of the total kinetic energy K (p) will show that the average

kinetic energy is exactly given by:

d
(K)o = NoksT (3.101)

with a Gaussian probability distribution around the average which satisfies precisely the law of large

30 as you will

numbers. Both are ezact results at the classical level, independent of all interactions,
learn from one of the problems proposed at the end of this Chapter. 3! The practical utility of the
result on the average kinetic energy is quite relevant: in an NV E molecular dynamics simulation, you

will be able to “measure” temperature by the average kinetic of your particles, as sketched in Fig. 3.10

30The miracle is restricted to classical statistical mechanics. In the quantum case momenta and coordinates do not
commute and the probability distributions of the momenta depend in general on the interactions.
31Tn school you often hear about these results in the context of ideal gases: they are much more general than that.
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Classical

Kinetic Energy |
K(p) \\/\ Figure 3.10: A sketch of the be-
haviour versus simulation time of a
avorsge ~ T[]~ \/\\A‘NG“ AR AR LR F:(c::;"ons the kinetic energy of a classical system
[ H ! obeying Newton’s equations, in the
[ e so-called NV E ensemble, where these
O(N) Total Energy variables are fixed. Kinetic energy

| fluctuates around an average given by
| 3NkpT/2, while the total energy E
| is (in principle, at least) exactly con-

Transient: | i served.
Approach simulation
to

equilibrium

As you see, the probability distributions involve a nasty Dirac’s delta, which might be painful to
handle. One common trick is to consider the Fourier transform of the probability distribution:

BH (x)
gA /da e~ Proby(a /d,u e HhARX) GT , (3.102)
CE

which might be easier to handle. Notice that ga(k) generates all the moments of the distribution
Prob(y) by taking derivatives:

d'n,

—BH
a9k /d/‘ A" (x = (=0)™(A")cn - (3.103)

Zew

For this reason g4 (y) is known as moment generating function.

Quantum observables. Let us now turn to the quantum case. If we have an observable repre-
sented by a Hermitian operator A, von Neumann tells us that each individual measurement will give
one of the possible eigenvalues a of A. By writing the spectral representation of A as:

A=Y "all}, (3.104)

where ﬁa is the projector 3? on the (possibly degenerate) subspace of eigenvectors associated to a,
then you know that for a pure state |1}, the probability of measuring the eigenvalue a is, according

to von Neumann:
da

W) = [(agltd
J

j=1

= Tr (T )01 - (3.106)

Hence, by linearity, for a state prepared according to the density matrix pop you would predict that
the probability of measuring the single eivenvalue a is

TA A A = e e
P, = <Ha Yor = Tr (Ha pCE) = Z<¢a|na |¢a> 7 (3.107)
o
321f |¢a,j) are eigenstates of A associated to eigenvalue a, with a possible degeneracy j = 1---dg, then
da
= 1ba,)(Pail - (3.105)
=1
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Distribution and average of a quantum observable. This tells us that
Prob 4 25 a—z Paf25 a—x) Tr (H cha) , (3.108)
and, correspondingly

(A)ew = /derob ZaP — Ty (A pCE> : (3.109)

In the particular case in which you consider the total energy, A=H , since P, = Tr il E. ﬁCE) is

precisely the probability of observing the eigenstate with energy F, — which we assume here to be
non-degenerate — we deduce that:

Prob Za ) Pa _Za ZCE = Q(E,) 7 (3.110)

Haos,)

As you see Prob (E;) differs from e #¥: /Z.; by the (exponentially) large factor Qg(E;), which is
indeed related to the entropy. More about this in the next section.

3.4.1. Fluctuations of energy in the canonical ensemble

As we have seen, energy is not fixed in the canonical ensemble. The average energy E(T,X) can be
directly calculated from the canonical partition function:

Eqe P 9log Zey,

B(T.X) = (H)op = S Tet 008

(3.111)

We can go beyond that, and calculate the second cumulant by taking a further derivative of log Zqg:

PlogZen O Fo(-Bae P _ N B Loy~ Mo S (~Bye i)
6752 - % Zck B Z2,

YL E2emPEe N (—EaePE) N (—Eq e Pe)

B Zck B Zew Zog

~

= (H*ew — (H)2, = (H — (H)cr)?)or 2 0.

CE

The variance is the specific heat. This immediately shows that the variance of the energy
distribution is related to the specific heat at constant (V,X): “

R

2
CE 95 9T — = kpT~C, . (3.112)

%Recall that C,, > 0 was a requirement for thermodynamics stability. Here we see that, as a consistent check, its
positivity emerges from the statistical relationship with the variance of the energy probability distribution.

The relationship g—? = C, — perhaps very intuitive from your basic notions of thermodynamics —
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can be formally derived 33 from the definition

as
T

_OE

C’U(T7 Vv?X) =T - a7
VX oT

(3.113)

)
V.X

by using ' = F —-TS, S = —g—;. Notice that, since C, and F are both extensive, C, o N, this
implies that the relative fluctuations of the energy decrease as 1/v/ N in the thermodynamic limit,

unless the specific heat diverges (which can happen at second-order phase transition points):

(o5 1

5 & \/—N .

I remind you that 1/v/N implies an amazing relative accuracy if N is of the order of the Avogadro
number ~ 10%4: you measure energy to the fantastic accuracy of one part in 10~*2. We observe that
the fact that the specific heat is proportional to the variance of the energy provides a practical way
of calculating C', from simulations, for instance by Monte Carlo.

But we can go even beyond that and argue that, in the thermodynamic limit, the full probability
distribution of the energy goes — in a way entirely reminiscent of the law of large numbers — towards
a Gaussian distribution centred at the average thermodynamic energy F(T,X) and of width og, as
given above in terms of the specific heat C,. To see this, I start from the basic definition for the
distribution of energy in Eq. (3.110), using the notation E; for the variable of the distribution to
distinguish it clearly from the thermodynamical energy:

0=BBs  o—B(E,~TS(E,))
Proby(E,) =Y 0(Es — Eo)Pa = Q(E,) o : (3.114)

Zow Zer

where T used the fact that the many-body density of states Q(F;), according to the Boltzmann
hypothesis, is proportional to the micro-canonical entropy S(Fs,X), i.e., Q(E,) o e3(F:)/k5  The
maximum of Prob ; (Ey) is readily calculated by setting the derivative of E; — T'S(E) to zero: **

9 1 as
0= -2 (B, - TS(E,, X)) =— - =—2 .
oE, T~ 9B |p_perx

Hence the maximum of Prob; (Ej) is indeed at E; = E(T,X). Let us define §E = E, — E(T,X) to be

the deviation of E4 from the average. Expanding the distribution close to the maximum we get the

. 35
Gaussian form: 2°

1 _ (Es—2E>2
Prob (E) ~ We 2kpT2Cy (3.115)
33Indeed:

34Note that the maximum is precisely located at the reference energy E. we have discussed in Eq. (3.83).
35Notice that the expansion of the entropy S(FE 4 §E) gives:

S(E + 6E) = S(E) + i(515) + 18Q—S((SE)? +
N T 2 OE2
Next, you can show that
3275_3(1>_,LL_,LL
oE? 9E\T)  T?9E " T2C,°

o—B(Es—TS(Es))

Imposing normalisation, or equivalently by setting P(Es) = Zon

with the partition function given by

Zop = /dES e B(Es—TS(Es)) ,

and calculating the latter integral including the gaussian fluctuations, you end up with the expression in Eq. (3.115).
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3.5. Revisiting thermodynamics: entropy, heat and work

If we are given the Hamiltonian H of a system, the canonical ensemble average energy is simply
E= (ﬁ Yer- Thermodynamics tells us that this should be intended as a function of T' and of a set of
extensive variables X which directly appear in the Hamiltonian H (X) as “parameters” 3%, for instance
the volume V or the particle number N. As a consequence, the eigenvalues of H , as well as the Gibbs
occupations factors P, = e ¥« /Z . have to be intended to depend of X: E,(X), P, (T,X), with the
further constraint that

Y P(T.X)=1. (3.116)

The same comments would apply to the classical canonical ensemble, but the calculations are a bit
easier in the quantum case, where we can express averages in terms of sums over eigenstates rather
than integrals in phase space. So, let us use quantum formalism.

Since E(T,X) =Y, EqP, you immediately conclude that its differential should be given by:

dE =Y EodPy + Y PadE, = dQ + dW . (3.117)

¢ Q=TdS aw

We want to give now meaning to the two terms which is the one suggested in the brace below the
two parts, i.e., heat and work, as sketched in Fig. 3.11. Before doing that, be aware of the fact that

Figure 3.11: The (microscopic) sta-

i
(i

tistical interpretation of Heat and
Work. In the text, E,,P, are de-
noted as E., P,. Figure taken from

{E:L: Pn} {En1 Pn} {En7 PT,L} Arovas [1].

< | D

dW =+ _P,dE, Q=Y E,dP,

the natural variables for E would be E(S, X), while (T, X) are the natural variables for the Helmholtz
free-energy F/(T,X) = E — TS. Hence, we should be careful in the interpretation of the work-related
part, see discussion below.

To show this, let us start from the canonical entropy. As we saw above, we can write:

S(T, X)

~kp Y Polog P,
«

ds =—kp Y _(logPy) dP, (3.118)

P
—kp Y [(log P,) dP, + 7 dP,

[ —

[0} [0}

1
—kp Z (_BEa —log ZCE) dP, = T %:Eadpa .

(03

36Qr, in some cases, operators, which would complicate our description a bit. For a magnetic system, you would have
the total magnetisation operator appearing in H, coupled to the (intensive) magnetic field.
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where we have used (twice) the fact that ) dP, = 0 since the probability is normalized. Hence, we
see that the first term in dF is indeed T'dS, the infinitesimal heat transfer: it is related to a change
in the populations P, of the eigenstates.

Now we turn to the second (work-related) term:

OF, OH OH
zajpadEa = ;Pa ax. 0% = ;Pagjwa—&wwdxi = Z<8X> dX;
fi(T,X)

where we have invoked Hellmann-Feynman theorem and defined the generalised canonical-ensemble
forces:

6H> 4 OETX) (3.119)

Observe that, quantum mechanically, we would need to calculate here the average of the force operator,
and not the derivative of the average E(T,X). You might think that this is due to quantum mechanics.
Not at all: 37 this is just thermodynamics of Legendre transforms! What we have derived is an
expression for dE in the “wrong variables” (T, X):

OE(T, X)

dE =TdS + Y fi(T,X)dX; where H(TX) # =55

i=1

)

T

where we remarked that the iso-thermal (intensive) forces f;(T,X) are not given by the corresponding
derivatives of F(T,X). On the contrary, if we were using the “right variables” (.5, X) we would write
the differential of F as:

9E(S,X)

e (3.121)

dE =TdS + ) fi(S,X)dX; with £i(8,X) =

S

The reason why f;(T,X) are not derivatives of E(T,X) is that in our derivation we performed iso-
entropic derivatives since we kept the weight P, and hence the canonical distribution fized and calcu-
lated the average of the derivative of the Hamiltonian. We show below that the relevant derivatives
are ultimately given by the derivatives of the free-energy: *°

(1, X) = . 12
M= (5% - (3.129
Indeed, we can verify ° that the f;(7,X) which appeared in our previous derivation are simply a
“swift way” of writing the iso-entropic forces in the canonical variables (T, X):

_ OF(T,X)

[T, X) = fi(S(T,X),X) = % (3.125)

aﬁf> _ 9F(T,X)
CE

37Classically, you would write the same expression as:

OH OE(T,X
X = (ge ) #2E0E (3.120)
0Xi/ cr 0X;
380bviously, the differential of the free-energy would directly involve the f; (T, X):
dF = —SdT + > _ f;(T,X) dX; . (3.122)

k3

39To verify these statements, reconsider the derivatives Ox, E(T,X). From thermodynamics, we know that E(T,X) =
E(S(T,X),X), hence:

OE(T,X) _ 9E(S(T,X),X) 7951, X)
axX; X s ax;
where the first derivative is intended at fized S (iso-entropic derivative) and we have used the fact that T = g—g On

the other hand, from the canonical ensemble, we have, as outlined above, E(T,X) = 3 EqPa hence the derivative
has indeed two terms:

OE(T, X) OFq 0Py
AL P, Eo—2 .
X, Xa: ox; " Xa: X,

fi(T,X)
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Notice also that you might be a bit suspicious in attributing a meaning to the number derivative
operator g—]HV, while no difficulty is encountered if you interpret this force (the chemical potential)
through thermodynamics:

u(T, X, N) = <aN = . (3.126)

OH\ _ 9E(S(T,X,N),X,N)| _ 9F(T,X,N)
op ON s ON

3.6. Problems

Problem 3.1. Consider a classical system subject to the Hamiltonian

N

H(x)=K(p)+V(a) =)

j=1

2
P;
Via),
5 T V(@)
where V(q) is an arbitrary one-body and two-body potential depending on the coordinates q of all
particles. Assume that the system is in d dimensions, for instance with d = 1,2, 3.

a) Calculate the probability distribution of the momentum p; and of the velocity modulus |v;| by a
direct integration of the Dirac’s delta.

b) Repeat the previous calculations by using the corresponding moment generating function and
performing the Gaussian integrals.

c) Calculate the probability distribution of the total kinetic energy K(p) by using the moment gen-
erating function. What happens for N — co?

Problem 3.2. Consider a single free quantum particle in a cubic box of volume V = L% in d dimen-
sions. Calculate the canonical probability distribution at temperature 7" for the momentum p and the
kinetic energy.

From the canonical entropy S(T,X) = —kp >, Pa log Po we immediately see (repeating some of the previous steps)
that the second term above is precisely the entropic contribution to the force:

9S(T,X) P OPq
T——F—— = —kpT — log Py = E .
aX; ko ; ax, & § *ox;

Hence we conclude that the generalised canonical-ensemble force is indeed the correct iso-entropic force rewritten in
the canonical variables:

oH > _ 9B(S(T,X),X)| _ 9F(T,X)

(T, X) = , 3.124
AT <8Xi X s 0X; ( )

where we have used the fact that the iso-entropic derivative of E is just the derivative of the Helmholtz free-energy
(recall the Legendre transform of derivatives).
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4. Simple applications of Statistical
Mechanics

We will consider here simple applications of the SM techniques to exactly solvable models. In
classical physics, we have particles or waves. In quantum physics, particles have a statistics, they
are fermions or bosons; waves, in turn, lead usually to a bosonic description. There is a difference,
however, between ordinary bosonic particles like, e.g., He* or Rb%7, and the bosons appearing from
the quantisation of waves (like photons, phonons, etc.): essentially the latter do not have a conserved
particle number, which means that you do not have a chemical potential, i.e., you can always put
1= 0. We begin with them, before discussing quantum ideal gases of fermions and bosons.

4.1. The quantum harmonic oscillator

Consider a quantum particle in a harmonic potential in one dimension:

H P2 + L2 (4.1)

=—+ -Mw . .
2M 2

You probably know very well how to find the spectrum and the eigenstates of this problem from

standard quantum mechanics courses. I give here a brief recap of the algebraic solution. To start

with, we switch to dimensionless variables by defining a unit of length [, the so-called oscillator length,

such that:

h? 1 h
— =MW = =1
oMz 2 M
Using dimensionless length # = X /l and momentum p = Pl /B, with commutator [Z,p] = i (i.e.,
effectively as if h = 1), we rewrite the Hamiltonian as: !
~  hw
H =2 (521 22) . 4.2
5 (0 +37) (4.2)
Define now the pair of Hermitian conjugate operators: 2
~ 1 A N A~ 1 (A ~
a = _s(@+ip) z ——Q(a—l—aT)
= . (4.4)
at = %(ifiﬁ) p = 121_ (dféf)

The commutator of @ and a' is immediately calculated, [a,a] = 1, and the Hamiltonian reads:

H=hw (afa + ;) : (4.5)

1Tt is now clear that this procedure is totally equivalent to setting M = 1, w = 1, i = 1. Summarizing, we measure
lengths in units of I, masses in units of M, energies in units of hw, momenta in units of %/l, times in units of
h/(hw) = 1/w, etc.

In z-representation, both are quite simple operators:

1 d 1 d
6= — — d ot = —(o—-—) . 4.3
“ \/i(x—’—dx) o “ 2 (a: da:) (43)
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Let us start finding a state |¢o) which is annihilated by a, i.e. such that: *

&|¢0> =

Evidently, |¢o) is an elgenstate of H with eigenvalue fw/2. It is very simple to realize * that |¢g) is
the ground state of H. Consider now the number operator i = a'a, and construct the obtained by
applying n operators af to |¢o),

6n) = T ) (46)
n m 0/ » .

which turn out to be the eigenstates of H. You can show ° that these are eigenstates of n with
eigenvalue n:

Based on this we realize that
~ 1

It is easy to show © that a and &' allow us to move up and down in the ladder of states |¢,,):

i|¢n) = v+ 1|¢ni1) and algn) = vnlgn-1).

Notation. You often find |n) in place of |¢,) and |0) in place of |¢g). The state |0) is called
the vacuum of a. & and a' are known as destruction and creation operators, respectively.

Let us now calculate the properties of a single oscillator at temperature T in the canonical ensemble,
7 described density matrix

1 .
ﬁCE = an|¢n><¢n| = Ze_'@H s (47)

where P, = e PEn /7 B = (kgT)™', Z =73, e PEn is the partition function, and {|¢,)} denote the
energy eigenstates of H. Let us start by calculating the canonical partition function Z:

- —Bhw(n+1 —Bhw/2 = —Bhw\ " e~ P/
Z_: =e nz:% (e ) = 1 ophw (4.8)

where the result follows from a simple geometric series. From Z, the Helmholtz free energy I follows
immediately:

1 Fuw
F=—-logZ= 5 kpT log (4.9)

B

3Such a state has a simple expression in z-representation, ¢o(z) = (x|¢o), since it obeys the equation:

[ e Bho -

% (er %) ¢o(z) =0 = %Qbo(w) = —x¢o() ,

which is solved by ¢o(z) = Ce‘zz/Q, where C a normalisation constant.

4Simply observe that given any state |t), the expectation value of a'a satisfies <1/)|aTa|1b) = ||a|y)||? > 0.

50ne can prove this by recursion, or (better) by using that | (aT) =n (aT)

60ne can show, by recursion and using [, (aT) =n (aT)n 1, that (¢o|a™at™|1o) = n!. From that we deduce that
the correctly normalized states are |¢y) = (aT)" |bo)-

"Notice that here the volume V does not appear (the potential itself confines the particle) and the number of particles
N is also missing, since N = 1.

8Observe that we are applying the statistical mechanics to a single oscillator. The results that we calculate describe

the statistical behaviour of an ensemble of different realizations of such a single oscillator in contact with a large
bath at temperature T'.
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From F, you calculate immediately S, F, and the specific heat C,. °

OF 1 Bhw
= —kplog—— o
S a7 BOgl—e_ﬂh"" +kBeﬂhw_1
hw hw . 1y _
2 Bhw
. _p0S _OE . (Bhue

or — oT T (ephw _1)?

One thing that is worth noticing is the role played by the average occupation number (71), which we
can extract directly from E:

1

() = {ata) = Y- Py =l = Fp(w) (4.12)
n=0

where we have introduced the Bose-Einstein distribution function fg. '°

Figure 4.1 illustrates the temperature dependence of various physical quantities. Notice the limit
T — 0, where the peculiar quantum behaviour shows up, as opposed to the classical regime where
kT > hw. Notice in particular that F approaches a constant value fiw/2 for T'— 0, due to quantum
fluctuations (zero-point motion).

The exponential suppression of C,. Correspondingly, the specific heat is exponentially
suppressed:
hw
Oy~ kp| — | e hw/ksT for T —0. (4.13)
kT

This exponential suppression of C), for fww > kpT — the quantum regime for the oscillator — is
at the root of the T low-temperature law for the specific heat of solids, or of the T* behaviour of
the total energy E(T) = aT* of the black-body problem. Both are related to a density of states
g(w) ox w? for low w, as we will later show.

For kgT > hw, E approaches the classical equi-partition result E. = kg7 and correspondingly,
the specific heat approaches the Dulong-Petit value of kg. Worth noticing is the behaviour of the
entropy S, '' which clearly shows the inadequate description of the low-temperature regime, where
Sc1 becomes negative and, correspondingly, the free-energy has a wrong slope: it increases with 7.

9The corresponding classical calculations require simple Gaussian integrals to be performed. You readily find that
Z = kpT/(hw), where h appears because of the factor h which normalises the phase-space volume. Hence, you
derive immediately that:

1 kT
F =-"logZ=—kpTlog -2
B hw
oF kT
=—— =kp (1+10g B )
oT hw (4.10)
E =F+TS=kpgT
0S OF
C, =T=2 =22k
or —or "
10Notice that at high temperature you have
kT 1
() =———5+

where the sub-leading constant term —1/2 cancels precisely the zero-point fluctuation term in the energy.
1 Observe that the correct (quantum) entropy is not a concave function of 7. The requirement of concavity applies to
S(E,X), and not to the canonical ensemble entropy.
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Figure 4.1.: Plot of E/(hw), S/ks, Cy/kp and F/(hw) for a quantum harmonic oscillator. The dashed lines
are the predictions obtained with the classical canonical ensemble.

4.2. Transverse vibrations of a string

As an illustration of how to deal with waves, consider a guitar string, which we idealize as an elastic
object of total mass M, length L — hence mass-per-unit-length g = M/L — which is capable of
sustaining forces along the tangent: the familiar tension T of the string. A standard application of
Newton’s equation F' = ma starts from an element Az of the string, whose shape you imagine to be
given by a function Y (z,t) at time ¢. In general, the tension 7 varies when the string is deformed:
given the shape, you can think that at each point (for the deformations realized in the string) there
is some tension 7 (x). According to Newton’s equation, the total force along the y direction acting on
a certain section [zg, o + Az] should be equal to the mass times the acceleration of the section. On
the other hand, the forces are due to the opposite tensions (in general, different) at the two endpoints
(see Fig. 4.2). Hence: '?

0%y
(ma)y, = poAzx 9 |
oY oY 0 oY

Dividing by Az and omitting any reference to xy we end up writing:

v _ 0 <7’ aY). (4.15)

Ho G = g0 \T@ 5

I2Notice that we have neglected gravity (which would give a contribution proportional to guo Az) as well as possible
other sources of forces, including dissipation, etc. Notice also that the length of the section has, due to Pitagora,
an extra factor \/1 + (9Y/dx)2 which however cancels with a diminished linear mass density p(z) in such a way
that the mass of the section is roughly the original unstretched one poAz. Observe also that we assume that the
derivatives % are small, so that we can substitute sina ~ tana = % in calculating the y-component of the tension
forces.
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Now the crucial approximation consists in assuming that 7 (z), no matter what the shape and the
stretching of the string is, is roughly given by the tension at rest T, which you can then take out of

the derivative, writing finally the familiar wave equation: '*

Y __ Y 1Y _ oY
Ho g = 1052 2 o2 02

where v = \/To/po = \/TOL/M. 4 Guitar or violin strings are held fixed at two points, z = 0 and

(4.16)

Figure 4.2: How to derive the wave equation for a
string.
Tsin(8)

x = L: the resulting waves are necessarily confined. Confinement is crucial to have resonances at
sharply defined frequencies. '°

Let us “solve” the wave equation. First, we look for factorized solutions Yy, (z,t) = ¥ (2)bm (1),
where ¥, () is dimensionless and b,, is a length, m being the index for the different solutions (see
below). Substituting this Ansatz in the wave-equation we get:

Ym(@) _ 1 b(t)
Ym (I) v by, (t)
The last step follows from the fact that the left-hand is a function of x, while the central piece is a

function of ¢, hence both must be a real constant, which must be also negative, —k2,, otherwise b, (t)
would blow up. Hence we arrived at:

=K% .

1,
dx?

d?b,,
dt?

13 A more realistic modelling would consist in assuming that the tension changes when the string is locally stretched, for
instance assuming some Hook’s type of elastic relationship. This brings, inevitably, non-linearities to the problem.
Such non-linearities are quite amusing, and can even bring to instabilities in the vibration of the string: beyond a
certain amplitude, the string has a natural tendency to “rotate” even if you drive it perfectly in a plane.

MFor a two-dimensional membrane, Z(z,y,t), a similar derivation would gives as a wave equation of the form

1 9%z 9%z 0%z

e
v2 Ot2? 8x2+8y2

+ k?fﬂ/}m(gj) =0
) (4.19)

+ w2 by (t) =0

where v = \/70/1o where v is the surface tension (a force per unit length) and po is the mass-per-unit-area of the
membrane.

15 Tmagine you have an infinite string obeying the wave equation in Eq. (4.16). Now you put a driving force localized at
some point z¢ and with a given frequency wg. The equation you would write (omitting, again, any dissipation) is:

2 2
OV _ 20 _ Fe(t)d(z — z0) , (4.17)

2

ot? Ox?
where Fe(t) = A[0(—t)et + 0(¢)] sin (wot). So, A is the amplitude of the forcing, and a regularising factor €, which
is send to € — 0 at the end of the calculation, has been included to account for an “adiabatic switching-on” of the
forcing. The problem can be solved by Fourier transforms and some complex plane integration to give:

A wq
—5>—cos (2% (z — zg + vt for z <z
Yz t) =9 Y (Q( T ) 0 (4.18)
Togs cos (22 (z — zo — vt)) for > zg

As you see, simply a wave moving to the right and the left of the perturbation, but without any resonance: wg can
be anything you want.
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where w,, = vk,,. We see that the spatial part ¢,,(z) obeys a Helmholtz equation in one-dimension:
(V2 +E)y(x) =0. (4.20)

The boundary conditions are such that not all values of k are possible: recall the bound states of a
free Schrédinger particle in a box? It is the same problem!

Schrédinger particle in the box. Recall that Ej, = h%2k?/(2m) for a free particle, and
h2
— %v% = By (z) = (V2 +E)y(x) =0, (4.21)

with boundary conditions (0) = (L) = 0.

Only the dispersion, i.e., the relationship between wy and k is different: for the wave equation, it
is linear, wy = vk, while the Schrédinger equation is linear in time, ihop(z,t) = (—%VQ)w(x,t),
hence Ey, = h%k?/(2m). As expected, a discrete spectrum naturally emerges from confinement, like for
the Schrédinger problem. In the present case, for each values of k there are two possible degenerate
—k% or, equivalently, sin (kx) and cos (kz), but the only solutions which satisfy
the boundary conditions are z = 0 and = = L are evidently: '6

solutions e™* and e

Y () = V2sin (ky,z) with &k, =— for m=1,2,--- (4.22)

and the corresponding angular frequencies are therefore w,, = vk,, = vmn/L, or:

W, v
- 42
i 5 m2L mfi (4.23)

while the wave-lengths are \,, = 27 /k,, = 2L/m. '7

But beware from thinking that, due to the analogy with the Schrédinger particle in a box, this
problem has any quantum mechanics: it is simply a classical wave that we are describing! How can
quantize it? Why should quantize it? The why is simple: nature is quantum. You do not see quantum
effects in the string of your guitar, simply because you are usually not in the quantum regime. But if
the “string” was a nanotube suspended between two points at nanoscale distances, or one of the many
other nano-mechanical devices that people have learned to build and control, then quantum effects
would emerge immediately! So, let us concentrate on the how we quantize a classical wave equation.
The trick is, essentially, to look for harmonic oscillators, and quantize them in the usual way: waves
are just complicated harmonic oscillators!

16Notice the non-standard normalization, with respect to the Schrédinger problem: we here assume that

L
(Wmltomr) = /0 Az 7 (@) () = Loy -

The reason for this is that we want the ¥, (2) to be dimensionless, in such a way that the by, has the same dimension
as Y, i.e., a length.

7In music, f1 is the fundamental frequency of the string, while fa, fs, etc. are higher harmonics. For the musicians
among you: If f; is a C (DO, in italian), call it C(1), then f2 is C(2) (the octave above), f3 is a G(2) (SOL, in
italian, in the second octave), f4 is C(3) (a still higher octave), f5 is E(3) (MI, in italian, in the third octave), etc.
As you see, the harmonics of C have C-E-G (Do-Mi-Sol) in their “body™ that is the physical reason behind the
“consonance” inside a major triad chord. If you repeat a similar exercise for a two-dimensional elastic membrane
held fixed by a ring, a drum, you would discover that the frequencies of the drum are not simple multiples of the
fundamental frequency, but rather come from finding the zeroes of Bessel functions, obtained by separating variables
for the Helmholtz equation in circular coordinates: it is much harder to play the drum, from this point of view! And
if the drum had a stadium shape, you would not be able to solve the Helmholtz equation at all, except for numerical
solutions: no separation of variables is possible; stadium-shaped billiards are the arena for the simplest examples of
quantum chaos.
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Indeed, we have already found the relevant oscillators: you see that the equation for b,, is simply
Bm = —w2 by,. All we need is to decide who is the “coordinate” and who is the “momentum”. We will
soon see that the “coordinate” is @, = b,,, and the corresponding “momentum” P,, = M bm To do
that, let us write the “total energy” of the string, in the continuum limit:

po [ To [*
H = 22| dz (8tY)2+—/dm (VY)?
2 0 2 0
1 To [*
_ d I + /dx VY2, 424
S 2/ (VY) (4.24)

where you should observe that I written the kinetic energy in term of the momentum-per-unit-length:
H(J?,t) = /J/Oaty

while the second term is the potential energy associated to the stretching of the string. '® Now, let
us expand Y and IT in terms of eigenmodes:

where we have defined P,, = Lygby,, = Mb,,. Using the orthogonality of the Vi (), (Um|m) =
Loy, , it is simple to rewrite the kinetic energy as:

d 2 =
20 Jo oM Z

Similarly, the potential energy, after integration by parts '° and using again (¥, [tm) = Lo, m/, can
be rewritten as:

TOL 2 2 N2
7/Oolgc(v 7—/dyv ZwQ

where @Q,, = b,,. Hence the classical Hamiltonian can be rewritten in terms of the eigen-mode
coordinates @, = b,, and momenta P,, = Mb,, as:

2MZ +—Zw (4.25)

This is the expression in terms of harmonic oscillators we were looking for, whose quantisation is now

20
:ﬁ2ﬁ3+%zwi 2 Zhw < ;) (4.26)

181t is worth mentioning that the continuum wave-equation might be derived from the Euler-Lagrange equations

ddL _sL
dt sy oY’

obvious:

for the Lagrange functional

. L T L
Ly,v] =1 / dz (8:Y)? — —0/ dz (VY)? .
2 Jo 2 Jo
This leads to the definition of II as canonical momentum:
oL
H = E = /Loaty 3

and to H as associated Hamiltonian.
19 Alternatively, recall that in Quantum Mechanics p = —id,, is Hermitean, hence (pi|p) = ([p2ep) = — (1| V2eh).
20Recall that we have to write Qrm = I (Gm + ah)/v2 and Py = (h/lm)(@m — ain)/(v/2), where the oscillator length
of mode wm is lm = i/ (Mwm).
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Incidentally, you can rewrite Y and II, which are now quantum fields as:

”:?
é/
I
<
3
2
O

:

!
<
3
=

>t
=
s

+
S
=

— — 2Mw
1) = T3 () P = 2 3 ()| T (o, )

Notice that we have not indicated any time in }A’(x) Quantum mechanically, the operatorial nature
of the field is enough, as the time-dependence automatically comes from the Heisenberg evolution of
the operators:

Mw,,

Y(.%‘7t) ZHt/hY _ZHt/h Z wm m(t) = Zwm(l') 2 n (e_zw”tA + elwmty f ) .

One thing that you should not push too far is that the number m denoting the eigenmodes can
go to oo: in practice, the wavelength of the wave being A, = 2L/m, there is intrinsic cut-off to a
Mmax When A, reaches the atomic scale. In the following, therefore, we will always assume an upper
cutoff. But there is one case for which in principle such a cut-off is not there: an electromagnetic wave.
Indeed, the exercise we have just carried out resembles in a quite precise way the quantisation of the
electromagnetic field, which poses a few more problems, for the vectorial nature of the electric and
magnetic field and their boundary conditions, but is otherwise very similar in spirit. The resulting
“oscillators” are the photons, and v = ¢, the velocity of light.

Practising with this quantum string model is highly beneficial to understanding the physics of one-
dimensional fermionic systems, for which there is a technique called bosonization that ends up with a
very similar description. If you want to learn more about this, read for instance Chap.2 of the book
by T. Giamarchi Quantum Physics in One Dimension.

4.3. Statistical mechanics of quantum oscillators

Let us now calculate the thermodynamics of our vibrating string, or indeed of any similar quantized
wave, by employing canonical formalism. The Hilbert space of the problem is H = ®,,H,,, without
any issue of symmetrization: the oscillators are considered as distinguishable. The Hamiltonian is a
sum of independent harmonic oscillators,

H=Y Hy=Y hw, (ajnam + ;) , (4.27)

where we have denoted by w,, the generic frequency of the different modes, labelled by m. The trace
factorises, hence partition function is the product of the Z,, of each single oscillator

Z=Tre " HTrm Hm — HZ H ( Z e~ Phwm(nmt3 )> . (4.28)

N, =0
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The free-energy I is the sum of the individual free energies. We would then write:

F :——1ogZ Zi_kBTZIOg 7Bhwm
1 Fm,
5 :_7—1@21% St 7 Y e
N Ny " ) (4.29)
5 :F+TS:Z;+ZWLEZMW<<M>+2)

2 oBhwm
wi, €

2

m eﬁﬁwm - 1)

— 837@7 202
Co =T m = o =hkph’p Z(

One simple and famous application of the last formula is the specific heat of solids due to phonons,
the famous Debye model. You notice that the sum over the different oscillators involves only the
frequencies wy,, so that it is appropriate to rewrite everything in terms of the density of states of the

modes: 2!

)= 0w —wm) . (4.30)

The specific heat can be expressed as:

h2 Wmax W2 eﬁhw
Cp=—u d i 4.31
kBT2 /0 w g(w) (eﬁhw _ 1)2 ( )

Without entering into too many details (you can find them in the book of Huang or Callen), the
crucial aspect of the calculation is that behaviour of the density of states for w — 0. In you assume
that

o . oy +1
gw) = Agw® O(wmax —w) with A, = (iTl) Niodes (4.32)
— where Npodes is the total number of oscillator modes ?> — the behaviour for T — 0 is easy to
extract by rescaling the variables. Changing variable to x = Shw, we write:
hwmax
ksT ag+1 ey p2tag o
Cy = (ag + 1) Nmodes (> / de — . 4.33
( g ) hu)max 0 (e“" — 1)2 ( )

For the Debye model, the important modes are the acoustic phonons which have a linear dispersion
% w ~ vk, and a density of states (in three dimensions) with a, = 2. Hence, the model predicts that
C, ~ T3 for T — 0, as indeed found experimentally.

Why the strings of your guitar do not show any quantum effects? Let us consider a string of
L = 0.5 m which is tuned on the fundamental A (LA, in Italian) with f; = 440 Hz. The energy of the

corresponding oscillator is: 2%

hwi =hfi ~1.8x 107" meV ~ 21 x 1077 K .

21 Notice that this definition is not universal. Sometimes the volume of your sample enters explicitly in the fine structure
of the splitting of the energy eigenvalues, and the sum over the levels generates a factor of V' which you might prefer
to single out by defining g(w) to be the density of states per unit volume. We will do that in a short while, but
sometimes (for instance in discussing Bose condensation of cold trapped atoms) we will revert to the definition given
here, without volume factor.

22Simply observe that

ag+1

N . _ /wmax dw g(w) _ wmdx
modes 0 g + 1

23For a more realistic description, one should distinguish between the longitudinal and two transverse acoustic phonon
branches, since they have different velocities.
24Recall that 1 THz = 4.1 meV = 48 K.
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Figure 4.3.: Specific heat of Cu, compared to the Debye model fit. Figure taken from Pathria [5].

If you cut off the harmonics of the string to a generous maximum 2° mya, = 109, this would give
Mmax = hfmax ~ 1.8 x 10_3 meV .

The value of kgT for a temperature 7' = 300 K is, in the same units, 25.85 meV. Hence kT > hwmax
and all the oscillators behave classically.

Phonons in solids are, essentially, very high frequency “strings”’, compared to your guitar. The
energy of typical phonons and vibrations in solids and molecules can easily reach values in the meV
range, i.e., hundreds of GHz. Hence kT can be smaller than some of the mode frequencies, and
you should include quantum effects in the calculation. If the guitar string, however, was a Carbon
nanotube (a very rigid object indeed) suspended between two points with L = 10~% m, it is not hard
to figure out that quantum effects would be relevant there as well. The world of nanomechanics,
a quite lively recent research field, is full of examples where you see quantum effects in resonating
mechanical objects.

4.3.1. Calculating the single-particle density of states

Let us now learn a simple strategy to calculate the density of states g(w) of the modes. A very clear
discussion of the issues related to the discreteness of the levels, and the intrinsic averaging procedure
one is performing in postulating a smooth density of states, is given in [5]. The typical problem in
which density of states enter is one in which we have to calculate a sum of the following form:

S = [ S0 - £ = g

9(w)

where now we have defined the density of states per-unit-volume:

g(w) = é D H(w - wi) - (4.34)
k

Role of dimensionality and dispersion. We will now show that the dimensionality d and the
type of dispersion wy = Ak® both play a role in the density of states g(w), leading to a power-law

expression of the form:
g(w) = Agw™s = Agwg71 . (4.35)

25This corresponds to a minimum wavelength A ~ 10~% m, and to a maximum frequency fmax = 440 MHz, well beyond
the capabilities of human ears.
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To show this, let us assume that the k values we sum are those that you typically encounter when
you apply periodic boundary conditions in d dimensions:

= T, ma) -

Then, transforming Riemann sums into integrals for large L, you easily establish that:
1 L—o dk
= A .
7 Ek flwn) / @n)? flwne)

If wy depends only on |k| = k you switch to spherical coordinates. In d dimensions you would write

then: 1 L dk dk k41
—00
y Xt =5 [ Gt =au [ G s,
where .
Qg = QW; )
I'(3)
is the solid angle in d dimensions. 2¢ If you assume a dispersion wy = Ak*, hence dd% = aAke!

and k(w) = (w/A)#, you can easily change variables in the integral over k and transform it into an
integral over w. The result is:
Q4

é%f(wk) o /Ooodw gw)flw) with g(w)= mwg_l = Ajw . (4.36)

Summarising, when the dispersion is quadratic w, = Ak? (like for non-relativistic particles) we find
that g(w) ~ w? !, while a linear dispersion (like for sound waves or light) leads to g(w) ~ w91, hence
the characteristic w? appearing in the back-body case and in the Debye model.

4.3.2. Photons in cavities and black-body radiation

An interesting application of the previous theory has to do with the electromagnetic field and pho-
tons. As you know, this was indeed the starting point of the quantum theory: Planck found, in 1900,
that the energy spectral distribution of the black-body radiation could be well fit by a phenomeno-
logical theory in which the energy of the “harmonic oscillators” making up the electromagnetic field
was no longer a continuum, but rather quantized in multiples of hw.

We postpone a brief introduction to the black-body problem, likely well known to most of you, to
the final part of this section. Although getting the final result would take a couple of lines of algebra
from the equations we already derived, let me spend a few more words on the electromagnetic field
in cavities, essentially because this has to do with a quite lively branch of quantum optics known as
cavity QED.

One thing that needs to be stressed is that the quantisation of the electromagnetic field regards
essentially the radiation field, or, in other words, the transverse part of the field: there is where photons
enter. A bit of clarification of the meaning of transverse versus longitudinal might be appropriate
here. Given a general vector field F(x) in three-dimension, there is a very important theorem due to
Helmholtz which allows to express it as follows:

A : /
v /dx curl F(x ) _V/dldIVF(X) - (4.37)

xfx’| dr  |x — x|

Fl(x)

26Recall that T'(1/2) = /7 and T'(3/2) = /7/2. Hence Q1 = 2, Qo = 27, Q3 = 47.
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The first term, F* has zero divergence (it is the curl of a vector field), and is known as transverse part
of F; the second term, F! has zero curl (it is the gradient of a function), and is known as longitudinal
part of F.

5000 K

1 M\
/ \ Classical theory (5000 K)
10

Spectral radiance (KW - sr=1- m=2. nm™1)

0 0.5 1 15 2 25 3
Wavelength (um)

Figure 4.4.: The black-body spectral radiance, proportional to the spectral energy density w(A, T) at different
temperatures. We plot here the curves versus the wavelength A = 2n/k = 2nc/w = ¢/ f.

In electrostatics, the electric field is purely longitudinal and depends on the presence of the charges.
Indeed, since V - E = 47p(x) while V x E = 0, you can immediately write from Eq. (4.37)

d E(x x')
E = E”:—V/ XTX_X, ——V/d’ = —Vo(x),
<p(x

as you well know: we can define the Coulomb potential ¢(x) and derive the field from it. If you
eliminate the charges, you get no field: there is no life in electrostatics in a world devoid of charges.

The same happens in magnetostatics. The B field is always transverse, V - B = 0: this is general!
In magnetostatics V x B = 47J(x). Hence, we have:

BVx/dx'lJ(X/)/VxA(x).

x —X/|

A(x)

If there are no currents J(x) = 0, the magnetic field vanishes.

But when you have electrodynamics, things change completely. The full set of Maxwell’s equations
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reads: 27 15B
V-E = dmp(x,t) VXE = ———
c Ot
1 8E (4.39)
V-B = 0 VxB = 47rJ(x,t)+fE
c

The radiation field. Even in absence of any charge p = 0 and currents J = 0, you have

solutions of the Maxwell equations with E(x,t) and B(x, t) different from zero: this is called the

radiation field. Obviously, the radiation field is transverse (since V-E = 0 and V - B = 0), while
10B 10E

VXE:_EW VXB:JFEE' (4.40)

To study it properly, you would need the appropriate boundary conditions on the region (for
instance, an electromagnetic cavity) you are interested in: moreover, the vectorial nature of the fields
complicates the analysis considerably. To simplify the procedure (full details can be found in all books
in quantum optics), assume that we are in an infinite space free-of-charges (p = 0 and J = 0). We can
work therefore with Fourier transforms of the fields and need not worry about boundary conditions.
The four Maxwell’s equations become after Fourier transforms in space:

ik -Ekt) = 0 ik x Bk, t) = —1%

1gEkt (4.41)
ik Bkt = 0 ik x B(k,t) = 7%’)

C

The divergence-equations impose that the fields are transverse, i.e., perpendicular to k, in Fourier
space. The curl-equations can be rearranged by taking a derivative with respect to time and mul-

tiplying vectorially by k. You can reduce yourself to two decoupled harmonic oscillator equations:
28

2
%tl;’t) —2k2E(k,t)
PB.) (4.42)
) 212
5 k2 B(k, t)

The essence of the procedure for quantizing the electromagnetic field follows quite closely the

quantisation of the string we have seen before. 27

For the black-body radiation, wy = ck, and you have to account for a factor 2 due to the two
polarisations of transverse photons. To express the total energy you then write, transforming the sum

27In SI units the Maxwell equations read:

oB
V-E = %p(x,t) VXxE = o
oE (4.38)
V.-B = 0 VxB = uo(J(x,t)—&-eoa)
Here po is the vacuum permeability, o ~ 47 - 10~7H/m = 47 - 10~7N /A2, while 4;60 ~ 9-10°Nm?2/C2. Together,

they are related to the velocity of light in vacuum ¢ = /popeg, which is defined to be ¢ def 299792458 m /s (the meter,

the SI unit of length, is therefore derived from the unit of time and from c).
28Tn SI units the Maxwell equations in absence of charges and currents, using V x (V x E) = V(V - E) — V2E, read

2 1 2 1
?—E = V2E and g V?B.
ot? HOEO ot2 HOEOD
The Hamiltonian would read:
H= %0/ ax (IBGx, 1) + P [B(x,1)[2) .
14

29We only recall that the quantum expression for the vector potential eventually reads (in Heisenberg representation

107



Simple applications of Statistical Mechanics (Lecture Notes by G.E. Santoro)

over k into an integral in the usual way: *°

dk ©dk o, wg Vo, hw
BE(T = 2 e = — k = d Bho 1
(T,V) V/ (27r) eBFka _ SWV/O Q3 " oBhwr _ 1 7r203/0 WW B

V/ 7r203 Bhw — = / dwe(w,T) (4.43)

where we define the spectral energy density

hw w? huw
(w)eﬂhw = 2@ e — 1 (4.44)

s(w, T) =9

Here you recognise the density of states of the modes (see Eq. (4.36) with A =¢,a =1 and d =3
and an extra factor 2 for the two polarizations):

2

g(w) =
An equivalent way of writing would be to express the spectral density in terms of the wave-length A
of the radiation. If you recall that k = 27 /A, and you change variable from k to A rather than from
k to w, you can equivalently rewrite:

< dk 5 hwg 8t he/A
E(T,V)—87TV/O K = V/O AT T

== - (4.45)

V/O dAu(\,T) |, (4.46)

where
8mhe 1

uAT) = 5= Ge/wet) — 1 -

(4.47)

Historically, quite a few things were known before Planck’s work, more precisely through exper-
iments, performed by Stefan in 1879 and by Lummer & Pringsheim in 1899, and through general
thermodynamical arguments due to Boltzmann and to Wien:

(1) The total energy density behaves as:
E(T,V)
14

with @ = 40/c where ¢ = 5.67 x 1078 W m~2 K~ is the Stefan’s constant, experimentally
measured in 1879. The previous relation is known as Stefan-Boltzmann law because Boltzmann

=aT*, (4.48)

deduced it in 1884 from general thermodynamical arguments.

(2) The second experimentally known fact was that the spectral density u(\, T') shows a pronounced
mazximum at a wavelength A\pax = ¢/Vmax which obeys the Wien’s displacement law:

AmaxT = b~ 2.898 x 10 mK . (4.49)

(3) The spectral density u(A,T') should have a universal form given by
u()‘v T) = )‘75fWien(/\T) , (450)

where fwien 1S a universal function of XT. This was shown by Wien, again based on general

thermodynamical arguments.
kX — Wt A —ikextiwpt A
(x,t) = Z/ ”2800% (6k,sel Xk ay + € e xFiwg aLs)

where €y s are the two transverse polarization vectors, and wy = |k|c. In terms of A we express the fields as

E:—%andB:VXA.

30Notice that we neglect here the zero-point motion term, formally giving a divergent contribution in infinite space. In

and SI units):

a confined geometry, a proper account of that term gives rise to Casimir forces.
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The final formula for the average energy requires an integral ! and reads:
o o w? hw
E(T,V) :V/O dwe(w,T)zV/O dw%eﬁhw,1
2 i (4.52)
™ k’BT 4
=V— =VaT
15 (he)? “

in agreement with the Stefan-Boltzmann law.

It is interesting to consider the classical limit of the spectral energy density e(w,T), obtained by
assuming that kg7 > fw, or equivalently for u(\,T) when A > he/(kgT). You would get:

w? hw w?
corw, T) ~ A1+ fhw+---—1 723 kol (4:53)
or equivalently:
8w
ue,( A, T) = FkBT . (4.54)

These are the results one would obtain by treating the electromagnetic field with classical statistical
mechanics. They lead to a ultraviolet catastrophe: the corresponding integrals over all frequencies or
all wavelengths simply diverges, for w — oo or A — 0, respectively.

Let us return to the correct (quantum) spectral energy density w(\,T') which fits very well the
experimental observations. Calculating a simple derivative, we conclude that the maximum of the
u(A, T) versus \ is realised for 2

he 1 hc
5 . B

e - | =5
X 1—e Bhe/x|,

~ 4.965 . (4.56)

max
max

Rewritten differently, this reads:

he

Amax] =b= ————
B 4.965kp

~2.898 x 10 °mK . (4.57)
This is precisely the content of Wien’s displacement law. For T = 5000 K, you get Amax =~ 0.59um.
Finally, Planck’s form for u(A,T) in Eq. (4.47) satisfies Wien universal form in Eq. (4.50).

For completeness, let us sketch, before ending this section, some of the issues behind the black-body
problem, to highlight the impasse encountered by classical physics in describing the experiments, and
the brilliant ad-hoc solution given by Planck long before quantum mechanics was developed. You can
view it as the first instance in which discreteness made its appearance in physics.

Bodies in equilibrium at temperature 7" absorb and emit electromagnetic radiation of different wavelengths
A, with a broad spectrum. This is essentially a consequence of the fact that electronic states in condensed

“+o0 3
1:/ dz—2 .
0 e? — 1

To calculate it, simply undo the geometric series sum leading to the Planck distribution, writing:

31The relevant integral is

e “+oo 3 e 1 “+oo 3 71_4

I= d T = — d YV =(4)Tr@H) = . 4.51
Z/o T x e Zn4/0 yye C(4)r(4) 15 ( )
n=1 n=1

32Notice that for e(w, T'), the maximum of e(w, T) for given T, as a function of w, is verified when

d 3

&£z —0 — fmax 3 ~282,

dze* —1|, 1 — e %max

which corresponds to
hwmax = hVmax = ZmaxkpT ~ 2.82kpT . (4.55)

Remarkably, the maximum you calculate is different from that obtained by maximising u(X,T).

109



Simple applications of Statistical Mechanics (Lecture Notes by G.E. Santoro)

matter group into energy bands, contrary to the sharp atomic spectral lines. Let us call R:gsy()\, T)dA and

RbOdy(/\, T)d\ the power (energy per unit time) per unit area absorbed and emitted by a certain body in the

emi

wavelength interval (A, A + d\). Let Rinc(A,T)dA be the power per unit area incident on the body. We can
define the absorption coefficient of the body:

RN\ T)
ody(A, T) = —2bs "= 4.58
ap dy( ) Rinc()\, T) ( )
In general, if the body is in equilibrium at a fixed temperature 7', we must have that:
RESANT) = Ry (A T) - (4.59)

body

emi

By general thermodynamics arguments, Kirckoff (1859) showed that R /Gbody 18 a universal function of A

and T. Indeed:
Rb0<§y (A T) Rbody T)
emi ) — 1 ’ Rinc A,T = Rinc )\7T . 4.60
Abody ()\, T) Rbosdy ) ( ) ( ) ( )

I

A black-body (BB) is an idealized system such that ags(A,7") = 1: it absorbs all the incident radiation, at
all A\. Obviously, in equilibrium:

Rine(\,T) Z RBE(N,T) 2 RBB(A\, T) = R\ T) (4.61)

where we have introduced a shorter notation. Figure 4.5 shows a practical way of realizing a cavity that
essentially absorbs all incoming radiation, which then thermalizes inside the cavity: the radiation emitted
from the hole of the cavity is, therefore, in equilibrium, a good approximation to the black-body radiation.

Figure 4.5: A cavity with a blackened interior,
held at temperature 7T, and a small hole. The
radiation emitted through the hole is a good ap-
proximation to the black-body radiation.

The total emissive power of a black body is given by:
R(T) = / dX R(\,T) . (4.62)
0

An experimental result due to Stefan (1879), later derived through general thermodynamical arguments by
Boltzmann (1884), is that:
R(T) = oT*, (4.63)

where, empirically, the Stefan’s constant is o ~ 5.67 x 107® W/(m? K*).

Measurements of R(A,T") by Lummer and Pringsheim (1899) allowed to confirm Wien’s displacement law
relating T to the Amax for which R(A,T") has a maximum:

)\maxT =b 5 (464)

allowing also to experimentally determine b = 2.898 x 1072 m K.
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Consider now the monochromatic (or spectral) energy density u(\, T), such that
E(T, V)= V/ dAu(A\,T), (4.65)
0

is the total energy of the radiation in equilibrium at temperature 7" in a cavity of volume V. One can show
that it is related to the power emitted by the BB per unit area is:

w(\,T) = %R(A,T) , (4.66)

where c¢ is the velocity of light in vacuum. This is a convenient quantity because, as shown by Wien, again
based on general thermodynamical arguments:

u()‘aT) = )\75fWien()\T) ) (467)
where fwien is a universal function of \T'.

To know more about fwien(AT) we need a model. Imagine the cavity to be a cube of volume V = L3 filled
with electromagnetic (transverse) waves, which are standing waves of wavenumber k, with k£ = |k| = 27/A.
If you have a quantity F(k) to be summed over all the modes of the radiation, then, accounting for the two
polarisations of the transverse waves, we can write the associated density as:

2 d’k L[>, 1=

= Flk)=2| —=F(k)=—= dkk"F(k) =8 dA < F(A 4.68

P Fw=2 [ Gre = [ (k) = 8n [ “aA 52 F . (468)
where F(\) = F(2r/)). Hence, we see that (87)/A* is the “density of modes” at wavelength A. The average

spectral energy density is, therefore:
8m _
u(A\,T) = N €N T) (4.69)
where € is the average energy of every single mode of the radiation at the given A and at temperature 7.
33

If you model the electromagnetic field — which obeys Maxwell’s equations °° — as classical harmonic

oscillators in equilibrium at temperature T', then classical statistical mechanics would predict:

“decePe d © 1
E_jjw__(wlog[/ d€eB:|:B:kBT- (4.70)
0 0

This classical calculation expresses the equipartition principle. The corresponding fwien = 8Tk AT. Obviously,
this result leads to an wultraviolet catastrophe, since the integral over \ diverges.

It was a bold assumption due to Planck (1900) to imagine that the integral over e written above should
be modified by assuming that the different values of € are actually discrete: € = neg, with n = 0,1,2,---co.
Simply replacing the integral by a discrete sum changes the outcome of the calculation dramatically:

_ > o(neo) e~ Pneo ! N 1 B €0
€= S o = _@ log nz:;)e = —@ log T o B0 | = g/t —1 - (4.71)
To be compatible with Wien’s general prescription — recall, the universal function of AT —, the constant ¢
should be €y ~ 1/A. So, Planck took:
co = hv — % , (4.72)

where h is a constant with dimension [energy| X [time|, and v = ¢/ is the frequency of the wave. Hence, we
end up having:
8mhce 1

u(A, T) = N6 ohe/(kpT) _ 17

(4.73)

which is exactly of the Wien’s universal form, but now without ultraviolet catastrophe. The total integral
over A\, together with u(T") = (4/c)R(T), leads to the following explicit expression for Stefan’s constant:

2t K
T 15 h3¢2

(4.74)

33The Maxwell’s equations are linear. You can show that they can be regarded as describing an infinite set of linear
harmonic oscillators. See the previous discussion in this section.
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Similarly, Wien’s displacement law is easily established to lead to

he

Amax] =b= ——n0v=—.
4.965kp

(4.75)

Since both o and b had been experimentally measured, and ¢ quite accurately known at that time, Planck
deduced values for kg (Boltzmann constant) and for h (Planck’s constant).

4.4. ldeal quantum gases

Consider now the problem of N identical quantum particles — fermions or bosons — in a box of
volume V: a quantum ﬂuzgi\ Let us try to approach this problem with the canonical ensemble. We
start from a Hamiltonian H of a rather general form, including interactions. In second quantisation
we would introduce field operators ¥ _(x) and express H as:

=3 [ax oo (—ETZ + v<x>) Ty + 3 5 [ e’ Vil = ) B, ()L 0T, (9, (x)

’
o

In turn, the field operators {I\/U(X) — which obey standard commutation/anticommutation rules
for bosons/fermions, for instance [\flg(x), \flj;, (x")] = 60,00(x — %) for bosons and {(I\/U(X), @L,(x’)} =
05.0:0(x—x") for fermions — can be expanded in any one-particle basis set of spin-orbital wavefunctions
labelled by quantum numbers (o, o), with destruction operators a,, ,, where the statistics (fermions
vs bosons) requires that these operators obey the commutation/anticommutation relations

; At - ; At —
' a, s - 606’0/6010’ aa,aﬂ a’a/7 - 6(1,0/50',0’
. At At _ fons: af al —
Bosons: Aly s Gy, = 0 Fermions: Uyorpr ¢ = 0
aa7o.7aa/,o./ = O aa,a’ ao/,o" - 0

Assume that the orbitals actually factorize into a standard orbital wave-function ¢, (x) times a stan-
dard spinor in such a way that ¥, (x) = »_ #a(X) @, ,. There is large freedom in the choice of the
basis ¢ (x). ** In general we would end-up writing (including the spin-labels in the «):

0 — A o 1 ror At At oA oA
H = E K, a4, + B (o) | Vint|aras) Gy Qo Qg Gy (4.77)
oo Q1,02
()‘/110,2
34For instance, one could select plane-waves ¢y (x) = #eik'x, where V' is the volume, and write the corresponding

expression for H as:

-~ 1 h2k2 AT N 1 A]L N 1 ”T AT ~ ~

H= V Z 2o ak,aak,d + V E v(q)ak+q,aak,o' + W Z Z ‘/int(|q|)ak/—q,cr’ak+q,aak,aak’,o" ’ (476)
k,o k,q,0 k,k’,q 0,0’

where we have introduced the Fourier transforms of the external potential v(q) = [dx e~ %4*y(x), and of the

interaction potential Vint(q) = [ dx e *Vi 1 (x). For the Coulomb potential in three dimensions:

dme? = /dsx ez_"("'xi .
q? x|
Notice that: 1) the sums over wave-vectors run here over all k vectors of the form k = (kz,ky,kz) with k; =
(2mn;)/L;, with all possible n; integers, and not just in the Brillouin zone (BZ) of the crystal. 2) The choice of a
plane-wave basis is optimal for the kinetic energy (which is perfectly diagonal; this term gives the usual free Fermi
gas problem), but not for the external potential, which mixes states of different k-vectors, scattering a wave with k
in all possible waves with k + q with amplitude v(q). 3) The interaction potential causes an even worse mixing of
states, by scattering two particles with wave-vectors k and k’ into states k+q and k' — q, with scattering amplitude
Vint(|q|). For electrons in a crystalline potential, the choice of ¢,k(x) as the Bloch states of the particle in the
potential v(x), where n is a band index and k a wave-vector running in the BZ of the (reciprocal) lattice, evidently
diagonalizes the p2/2m + v(x) part of the Hamiltonian. One could write an expression of H in terms of such states,
introducing destruction operators a,k, -, but you realize that the Coulomb many-body mixing of states is inevitable.
There is no way around it.
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where

Koo = [acont0 (-4 4 00) duo

(4.78)
()5 |[Vint|awa) = /dxldxz Doy (X1) P, (%2) Vins (1X1 — X2) Pay (X1) P (%2)
The difficulty in the many-body problem is that, in general, there is no simple way to write H as a
quadratic form of the creation /destruction operators. *° If it was not for the interaction, or in any case
in which we have simplified our problem to a quadratic one, one might diagonalize the Hamiltonian
completely by writing it as:
H=Yeqil, . (4.79)
(03
For instance, if the interactions are completely neglected, clearly the best basis-set orbitals are the
ones that diagonalize the one-particle Hamiltonian leading to K, o above:

(—:;w + v(x)> b (X) = €aba(X) = Koo =¢€laa - (4.80)

The ideal gas case. This is the setting which we consider: an ideal quantum gas, with
Hamiltonian

H=Ycqiliy, . (4.81)

«

All eigenstates of H are simple to write in the occupation number (of Fock) representation:

af)""
{na}) =]] (\/‘;% 0)=]a) = B} = €ana=Eq. (4.82)

[e3

Here n, € N are integers, which, for fermions cannot exceed 1 (by Pauli principle) while they
can have any value for bosons. The notation « will be occasionally used to distinguish these
Fock many-body states from single-particle states, denoted by «. Notice that you can set n, =0
for all single-particle states which are not occupied. The fermionic states are nothing but the
second-quantized form of Slater determinants.

4.4.1. The canonical impasse

Let us try to calculate the canonical partition function of the ideal gas. Since the energy of the
eigenstates is a sum of the individual single-particle energies, it seems at first sight that we have a
simple problem:

>a Na=N
Zew(T,V,N) = Z e P acana — Z ON,S. na He*ﬁwa ) (4.83)
{na} {na} @

We see that the different sums over the n, are “correlated” by the presence of the delta-function
restriction that imposes that the total number of particles is exactly N. So, we have to get rid of this
restriction on N. How? By going over to a framework in which we do not control N, but rather its
conjugate thermodynamic variable u. We will see that this leads to a new ensemble, called grand-
canonical ensemble. This amounts, effectively, to take a discrete Laplace’s transform which eliminates
the delta-function restriction, as explicitly shown later on.

35Many mean-field techniques — for instance, Hartree-Fock for fermionic systems — can be seen as a way of approxi-
mately reducing the quartic interaction term to a “self-consistently calculated” quadratic piece.
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4.5. The grand-canonical ensemble

To construct the new ensemble in which p is the control variable, we start from the thermodynamic
Helmholtz free-energy F(T,X, N) (where X are other extensive variables, reducing to the volume V
in the present simple case) and take a Legendre transform with respect to N. Recall that

OF  Lvers
=

:87]\7 N(TaX7M)7

L

and calculate
QUT,X,p)=F—uN=E-TS—uN , (4.84)

with the prescription that where you see N you should substitute N(7,X, ). Recall that all the
derivatives of F remain untouched for  (simply expressed in the new variables) except for the
derivative with respect to the Legendre-transformed variable g which gets an extra minus sign:

- (4.85)

For the case of a simple fluid where F(T,V, N) we would write the differential of Q and Q itself
(recalling the Euler relation E =TS — pV + uN) as:

dQ = -S5dT — pdV — Ndp
) (4.86)
Q=F-uN=FE-TS—uN =—-pV

where in the last equation we should intend that p(T, ). Notice that similarity with the Gibbs
potential, G = F 4+ pV = —uN: the grand-canonical potential  is nothing but (minus) the pressure-
per-unit-volume (a product of the extensive variable V' times its intensive generalized force —p).

How do we write a statistical ensemble to calculate 7

The gran-canonical ensemble. The analogy with the canonical ensemble suggests that a
good candidate is to set

(Doce(TXop) = T [Apocs]
R e_ﬁ(Eg_ﬂNg) e_ﬂ(ﬁ_ﬂﬁ)
= — o) = ———
GCE Poce Z Lo ‘7> <7| Zscn

ZGCE -

o
— — _RB(H_,, N) Thermodynamics __
= Y e ABamnNa) = Ty AUH-HN) i o BUT X, )
[e3

where |@ = |{n,}) denotes the many-body Fock states, N, = (a|Nla) = 3, na, and E, =
(a|H|a) =3, €ana-

To verify that this ensemble Ansatz is indeed correct, let us calculate the average N: %6
—B(Ea—pNo) _ 10logZger + 09
Zacr 6 aM o aﬂ ’

-~ e
N = <N>GCE:ZNQ

36Please observe that the notation used here is such that o denotes many-body states of the whole system, and not the
single-particle orbitals that we introduced in the previous section. Notice also that the density matrix pccr acts in
the grand-canonical-Hilbert space, also known as Fock space F, made by the direct sum of the Hilbert-spaces H
with given N, for all N =0, --oco:
F=0F—oHnN -
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which is once again the correct thermodynamical relation for N. Notice that < in the second line
means that we have used there our Ansatz which states that log Zgcr = —892.

Equally simple is the calculation of the average F — uN in the ensemble. According to the pre-
scriptions we have:

N N e—B(Eg_/‘Nﬁ) 6log ZGCE
E - /"N - <H - /’LN>GCE - Zg: (Eg N MNQ) Zaer o aﬁ
N o o0
= 0P =0T =0 TS, e

which is indeed the correct thermodynamical relation for 2.

One final thing to observe is that you can rewrite Z.cp as follows:
Zoon(T, X, 1) Ze*ﬂ@a #Na) Z PN 7 (T, X,N) = Z NZew(T,X,N), (4.88)
N=0 N=0

which can be regarded as the discrete Laplace transform of Z.y, where —(u is the “Laplace variable”.
Notice that one often introduces the so-called fugacity z = eP* in terms which we have the last
relationship above. These last remarks should clarify how the grand-canonical ensemble effectively
“solves” the canonical impasse discussed in Sec. 4.4.1 for the non-interacting quantum gases.

4.5.1. Fluctuations of particle number in the grand-canonical ensemble

As we have seen, the average number of particles N(T,X, i) can be directly calculated from the
grand-canonical partition function:

N ) = (¥) e = 220 BT 1008 00
y By () = GCE — T = 3 En = 3#

We can go beyond that, and calculate the second cumulant by taking a further derivative of log Zgcy:

(4.89)

LON 0 oy 10°Q
G = ) - ()2 =

5o (4.90)

The fluctuations of N around the average. The interesting fact is that, once again, the
variance of N is connected to a thermodynamical quantity, the isothermal compressibility k1, and
that the relative fluctuations of N around the average are small, of order 1/v/V:

<N2> - <N>2 B \/kBTK)T
™ W

(4.91)

Indeed, one can show that the iso-thermal “number” compressibility is closely related to the corre-
sponding “volume” compressibility:

10N N (N?) —(N)2 kT
—_—=— == - = 4.92
S = e (492)
where the iso-thermal volume compressibility is
1 /oV
=—=| = 4.93
=5 (%), (4.99)
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where N (T, X, i) should be used, as usual.

To prove this remarkable identity between two seemingly unrelated thermodynamic derivatives, one
needs a Jacobean gymnastics which you can find explained in some detail in App. B. Let me recall,
very briefly, how the machinery works. Let f;(x) with ¢ = 1---n be functions of the n variables
X =x1 - Z,. We denote the Jacobean determinant as:

Ofr Ofr ... 9N

oxq Oxo Ox .y,

Ofa Of2 .. Of

e oz oz Oz
a(flvf?a afn) — det 1 2 . (494)

6(3;171‘2""’-1:1'7, : .
0fs  Ofa ... Ofa
oz Ox2 0Ty
It is simple to verify that
2y _owury 59
o )y d(u, T, V)

The usefulness of such a simple rewriting is that you can now repeatedly use the chain rules of calculus
(and the fact that the determinant of a product is the product of the determinants) to show that you
can rewrite:

) ry 0w T.V) — ON,T,p) OV,T,p) 8, T,N) d(w,T,V)

<8N> J(N,T,V)  O(N,T,V) O(N,T,p) O(V,T,p) O(u, T, N)
TV p)
oV.p) N

oV N
_ gr D S 4.96
(6p>T7N vV ou,N) V (4.96)
where we used that:
oV, T,p)  ouT,V) V '
and that
oV.T,p) _ o(T,V.p) _ 0(V,p) (4.98)

ow,T,N)  O(T,u,N) O(u,N)’

because a determinant does not change if you interchange two columns and two rows (this was used
to move T' to the first position and then get rid of it). And now comes a highly non-trivial identity:
if you have a thermodynamic potential whose differential contains a term like f; dzi + fo dzo then,
quite remarkably, it follows that:

A(f1,21)

3 fa,72) =-1. (4.99)

To apply this result to our case, notice that dQ2 = —SdT — pdV — Ndu, from which you deduce that

. 0(=p,V) _0(p,V) _ A(V,p)
Y OCN ) T AN T BN (4.100)

So, substituting back in the original expression we conclude that:
ON N2 [0V N2
0 =___ [ == = k7. 4.101
<8N)T,v & (ap)T,N 14 " ( )

116



(Lecture Notes by G.E. Santoro) 4.6 Ideal quantum gas in grand-canonical ensemble

4.6. Ildeal quantum gas in grand-canonical ensemble

The calculation of Zgcp for the ideal quantum gas is immediate since we get rid of the annoying
restriction ¢ N3, no- The result is:

Zaon = Ze_ﬁ(Eﬂ_“Nﬂ) = Ze—ﬁ > alea—p)ng

14 e Plea=m)  (F)

Z Hefﬁ(ea*k&)na _ H (Z eﬁ(&x#)”a) — H 1 .(4.102)

{na} @ @ @ 1— e Blea—p)

The bosonic case. Observe that in the bosonic case the geometric series converges only if
< min{ey} .

This will be important when discussing Bose-Einstein condensation, which we will see to occur
precisely when p — €, .

The calculation of the grand-canonical potential is immediate:

log(1 + e*ﬁ(eu*“)) (F)

1 £
AT, Vip)=—= = 2 ) log(l—ge ey (4.103)
p . —log(1 — e—ﬁ(fa—u)) (B) p =
where we have introduced the statistical factor £ = —1 for fermions (F) and £ = +1 for bosons (B).

Volume dependence. The T and p dependence of 2 is quite transparent. Less obvious is the
V dependence. But recall that the eigenvalues €, will be discrete in a finite quantization volume

V', and indeed volume-dependent, €,(V). For a system in a cubic box with periodic boundary
_ 27

conditions, k = =F(ny,--- ,ng), and with a spherically symmetric dispersion €, = Ak® you easily

calculate:

Oe,  Oey Ok (OV -1  ae
v " 9k oL (am) = av (4.104)

which will be useful later on.

The whole thermodynamics follows from (T, V, u); recall that dQ = —SdT — pdV — Ndu. The
derivatives of €2 are immediate:

0 1| ¢ ea—) o — 11
’ R R L )+ 2 G ¢
8Q Euler Q
== = oo =) log(l —ge Al
b ov % BV > log(1 - ge )
" (4.105)
o0 1
R — . ,\-‘- ~
N N a,u Z eBlea—p) — Z<aaaa>GCE
- 1
ot s _ 1
<aaa/a>GCE - eﬁ(ea—u) _é\

A few comments are in order. First, observe the important ingredient: the Fermi/Bose distribution
function which gives the average of the occupation number operator, which we have highlighted in the
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last expression:

1
L fF(ea_:u): eBlea—n) 11
(ahG4)cer = 1 . (4.106)
felea —p) = oBlea—n) _ 1

Second, notice that we have by-passed the explicit calculation of the pressure — requiring a deriva-
tive of £ with respect to V' —, by explicitly using the Euler-derived equality p = —Q/V. A direct
calculation of such a volume derivative, however, would show a non-trivial identity:

o0 (%) < Oea - > <aﬁ>
— N v —%ata = (= , 4.107
P ov Z eflea—n) —f o ov e GCE ov GCE ( )

[e3%

where in the last equality we have introduced the partial derivative of H with respect to V, which
involves only the eigenvalues €, (V) and should not be confused with the volume derivative of the
average energy (which would involve also to the occupation of each state, hence a contribution from an
entropic term): it is an iso-entropic derivative (recall the discussion we had in revisiting the canonical
ensemble from the point of view of thermodynamics).

i)
Relationship between (2, FE, and p. Using ‘giv’“ = —9 %, it is simple to show that:
Q Buler o0H aFE @
Vv p( ,,u) <8V>GCE dVv p d ( ’ ,/J) ( )

For non-relativistic particles, —) = pV = %E. For the case of photons, ¢ i.e., a linear dispersion
in d = 3, we have —Q = pV = %E Physically, this means that the thermal radiation field
exerts pressure on the walls of the cavity in which it is enclosed. Notice that the pressure, being
intensive, cannot depend on the volume when the other two variables are intensive, hence we have

(T, ).

“You can verify that the present grand-canonical formalism with p = 0 gives back the same formulas we derived
in the canonical ensemble.

It is instructive to re-derive such non-trivial relationships via the density of states, through integration by
parts. Indeed, we can rewrite the grand-canonical potential as:

_& [ _ go—Ble—p)
Q_ﬂ/o de g(e) log(1 — &e ), (4.109)

where g(e) = > d(€ — €q) is the density of states. " Consider now the integral of the density of states
G(e) = [, d€'g(¢') (i.e., the total number of states up to €) and rewrite the integral by parts:

_B(e— 00 ° oo 1
Q = % [G(e)log(kge A( m)‘o 7/0 deG(e)ﬁ} :f/0 deG(e)m
! 1 e € «a
= _ag 1 A dq}(dm = —EE(T,‘/,,U,) . (4110)

Notice that in the first step I have dropped the boundary term (assuming that the density of states extends

up to oo), while in the last steps I have assumed a power-law scaling for g(e) = Age®9 which leads to
G(e) = eg(e)/(ag +1).
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Fermi

0.5 r

"Blew)

Figure 4.6.: Plot of the Fermi and Bose distribution functions, compared to the Maxwell-Boltzmann limiting
distributions to which both converge in the limit of large S(ea — ).

4.6.1. Maxwell-Boltzmann limit

We would expect that there should be some classical limit in which the statistics of our quantum
particles should make no difference: after all the ideal classical gas laws should be recovered in some
limit. The crucial ingredient to take care is the statistics-related factor €. Let us look at 2

T, Vi) = 5§ 3 logl(1 = e (4.111)

from which all the thermodynamics follows. Observe that we can approximate the logarithm by its
lowest-order expansion if

e Bleat) « 1 Yo = Q=

SYPN

Z log(1 — ge Pl ~ —kpT Zefﬁ(ﬁﬂ*“) = Qs , (4.112)
an expression that is independent from the statistics. In the same limit

1
flea=r) 31 Va = N-= Z ¢ ~ ZG_B(E“_”) = Nus , (4.113)

eﬁ(fa *M) _

which we might express by saying that in this regime the Fermi/Bose distributions approach a common
limit:

e Blea—n) <1 Va = frlea—p) = felea—n) = e Pleamm) = fus(€a — 1) - (4.114)

This limiting distribution, and the regime in which it applies, see Fig. 4.6, is called Mazwell-Boltzmann.

37Notice that we have omitted here the volume factor. Notice also that in principle there are issues associated with
Bose condensation in the lowest eigenvalue; in the end, those issues will not change the result we will derive, since
energy (and pressure) contribution of the Bose-condensed fraction is vanishingly small.
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The classical ideal gas. We now show that in the Maxwell-Boltzmann limit the classical ideal
gas equations of state are recovered. Indeed, looking at the pressure, we have:

—pV=Q= —(kgT)N = pV = NkpT. (4.115)

We recover the classical ideal gas equation of state. For non-relativistic particles in d dimensions,
since 2 = —%E, we also immediately get the other ideal-gas classical relationship:

d_ d
E=—-Q~-NkgT .
2 9 B

Let us explore a bit more the regime in which our quantum gas becomes essentially classical. One
of our goals is to show that in this limit we recover the prescription on the h*" factor we used in the
classical partition function, and also the 1/N! indistinguishability factor we have inserted in a rather
ad hoc fashion, to make the classical entropy nicely extensive.

One of the things that you should not be fooled by, is to assume that the classical limit corresponds
to high temperature (which is true) and hence you can take e®(#~¢=) x~ 1, which is wrong, because in
the Maxwell-Boltzmann limit the chemical potential p turns out to be large and negative, as we will
now show, leading to ef(#—¢) <« 1.

For definiteness, let us consider the usual free-particles with non-relativistic dispersion ;. = A%|k|?/(2m).
Accounting for a degeneracy factor gs related to the spin of the particles (g5 = 25 + 1), the average
number of particles NV in the Maxwell-Boltzmann limit is given by:

dk
~gs Y e M) g et / o B
k

(2m)?
zs
gy / (;;)d B = g / dcilljp o~ BHa(a.p) (4.116)
m
d
. 2rmkpT \ 2 LV
= g5V (th ) = gse’ R
T

In the last expression, we have performed the Gaussian integral and observed that this brings-in a
quantum-related length

) h? W kT

A2 = — N 4.117
T 2rmkpT 2mA2. ~ dm (4.117)

known as thermal de-Broglie wavelength. The expression just above it suggests a relationship with the
classical single-particle partition function, with a conspicuous factor 2% in the denominator. We can
rewrite the expression we have derived as:

d
o NAT
gsV

(4.118)

But in the Maxwell-Boltzmann limit we must have e#(#~€<) « 1 Ve, hence:

Vi _ g
e < T<<gsN n;

where n = N/V is the density.
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The classical limit. Hence, the classical limit requires that T is large enough so that the
thermal de-Broglie wavelength is much smaller than the average inter-particle separation:

v
M < s = %s . (4.119)

Correspondingly the chemical potential must be large and negative:

gsV
NA%

g]SVV (%—kaT)% . (4.120)

= —kpT log B

u~—kpgT log

We see that the classical limit requires a combination of high-T'/low-density, or, better, a precise
relationship between the thermal length Ay and the density.

We are not done yet. I promised we would understand the 1/N! (Gibbs counting). To do that, we
have to get the canonical partition function, which is rather easy to extract in the Maxwell-Boltzmann
limit. Observe that —8Qyz = Nyg = gseﬁ“Zfl, hence:

ZMB (T, V, p) = e Pe = go5e™ 27" (4.121)

GCE

Next, Taylor-expand the exponential e* with x = gse®#Z§! to deduce that:

pgel e 1 s
ZMB (T, V, p) = e95™ 21 = 3 et i (gSZfl)N = N ZNN(T,V,N) . (4.122)
N=0 ~—————~ N=0
ZMB
CE

This leads us to the conclusion that in the Maxwell-Boltzmann limit, for free gas, we should use:

N N rdq.---dgodp; ---d
ng(T, V,N) = % (Zfl)N _ %/ q; q;depl PN o—BHa(d,dy Py Py) , (4.123)

which coincides with our guess when gs = 1 (no spin degeneracy). *®

A word about the entropy of mizing and the Gibbs paradox, see for instance [5][Sec. 1.5]. As you
recall, this Gibbs counting 1/N! makes the classical entropy nicely extensive. If you drop it, you would
find the paradox — known as Gibbs paradox — that mixing (by removing an internal wall) two identical
ideal gases at the same density and temperature leads to an increase in the total entropy. Notice that
mixing two different gases, or even the same gas but at two different densities and/or temperatures,
does lead to an increase of entropy, but this is not a paradox: indeed, mixing is irreversible. But
when the two gases are identical and in identical thermodynamic conditions, removing or inserting a
division wall is a perfectly reversible action. If you do the calculation without the Gibbs factor 1/N'!
you would find an increase of entropy also in this reversible case.

We now move to the analysis of the low-temperature behaviour of quantum ideal gases, where
statistics plays a crucial role. We start with fermions.

38 Obviously, this shows the validity of the Gibbs counting prescription only for free gas in a box. A similar exercise can
be repeated for free particles in a parabolic confining potential, and the result would be once again the one we have
stated. For general interacting quantum particles, the derivation of the classical limit is not that straightforward, as
far as I can see.
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4.6.2. The ideal Fermi gas

Let us start with the ideal Fermi gas. The grand-canonical potential is:

Q = —kpT ) log(l+e Pleam)

= —kpTV / de g(e) log(1 + e Plemm)y | (4.124)
where we have defined as usual the density-of-states per unit volume:

g(e) = % S b — e) (4.125)

The total number of fermions is, recalling that fr(e — p) = m
o0 1
N:—@:gm - ;fﬂea—u)
=V / de g(€) fr(e—p). (4.126)

Inverting N(u,T). The grand-canonical ensemble was instrumental in doing the calculations,
but we would like to express physical quantities in terms IV, or the density n = %, rather than pu.
So, we would like to invert this dependence and express p(n,T"). We will do that at low-T" only:
for general T', you need a numerical approach.

By considering the usual non-relativistic dispersion e, = 22|m\2’ one can write:
d
Qd 1 2m\ 2 4 _
g9(€) = gs (2n) 2 <712> ex 7t (4.127)

where gs = 2 corresponds to the spin-degeneracy factor for a spin-1/2 particle. We define the T'= 0
chemical potential to be ep, the so-called Fermi energy. The Fermi function, observe, approaches
more and more a Heaviside distribution as we lower the temperature. So, at T' = 0 we have:

w(T =0) < ep and fr(ex — er) = Oer — a) = Okr — [K|)

where ©(z) is the Heaviside function and we have defined, for a spherically symmetric dispersion, the
Fermi momentum kp to be simply the value of |k| at which e;, = er. In words: all energy levels
with ex < ep, or equivalently |k| < kg, are occupied with only one particle, according to the Pauli
principle; but we must also account for the spin-degeneracy factor gg = 2.

We now impose that zero-temperature the chemical potential, €g, is such as to fit all particles:

d
er Qp 1 2m\ 2 4
Qq 1 4
V— -k 4.128
s (27T)d d F > ( )
where ep = h;i? Notice that the expression in terms of kg is more general: any isotropic dispersion

€/x| would be expressed in terms of kr in the same way:
N = V/ﬁe(k — k) = VQd/dekkd‘l— LI (4.129)
=9s (2m)d F = s 2mnd J, = s 2md d . .
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A useful expression is also the fact that:

d
Qi 1 (2m\2 et dn
_ 1 e _dn 41
g(GF) Js (27T)d 2 (ﬁ2 > e 9 e ) ( 30)

where n = N/V is the density of particles.

These considerations fix the limiting behaviour of (" — 0) = ep: a curve for u(T, n) will eventually,
starting from 1(0,n) = ep, reach the classical expression in Eq. (4.120), u ~ —kgT log gf(%gﬁkaT)%.

Let us see how to calculate the corrections to this 7' = 0 result. Consider the expressions for
N(T,V,u) or E(T,V, u):

o0
NTV) = V[ dego frle-n)
0
B Vi) = V [ deg@efete—p. (4.131)
0
More generally, one often encounters integrals of the form

170 = [ de frle—p) o(e) (4.132)

— 00

for which one would like to obtain a low-temperature expansion. A general technique to do that is
provided by the Sommerfeld expansion.

The Sommerfeld expansion

4
3 Figure 4.7: The Fermi func-
e tion fr(e) = ﬁ and its
derivative, or rather —fp =
2 Bﬁ, for two values of the
temperature.
5
1/2
0
4 2 0 2 4
€
I will follow here the presentation by Arovas [1]. Notice that the derivative of the Fermi function
fr(€)
/ eﬁé
€) = — , 4.133

is essentially a smoothed version of a Dirac delta function, since

/fo de fie — ) = fr(+00) — fr(—o0) = —1.
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Since we will soon integrate by parts our expression for I(T, i), let us define the primitive function of

(e): .
O(e) = / de’ ¢(€') . (4.134)

— 00

Since the boundary term can be easily argued to vanish, the integral in I(7, u) can be rewritten as:

—/ de fio(e — ) De) = —/ de fh(e) D+ 1) . (4.135)
Expand now ®(e + p) in powers of e:
e’ dn(I)( ) el
Ble+p) = Z:O TRl (p) . (4.136)

Hence we can rewrite, changing variable to x = fe and defining D=k BT%

I(T,p) = /o;de Finle) e @ B/ BeH) 3 o)
_ /_O;dx m D oy )_/_Ood:c (ef+1)(1e—z+1) oD (p)
= [Hiﬁ%?&?bu..} ()
- /ood ¢(6)+%2(kBT) gj+ s ha )’ ggf + (4.137)

A few comments are in order. The fact that only even powers of D contribute is very simple since the
remaining integrand is even in x. The integrals over x can be performed by the method of residues,
the poles being given by the Fermi function, and one can even give an explicit expression for the
integral of the D operator, see [1][Eq. 5.234 on page 224]. 3

The low-T' behaviour of a Fermi gas

Let us apply the Sommerfeld expansion to the density n = N/V, where ¢(e) = g(e). Then we can
write:

N K 2
== [ deg(0+ T a1y 4

Taking then p = ep + dp and looking for the leading-order in T' for the corrections du we can finally

write: 2
- / de g(e) +gler)oyu+ T (kpT)?/(ep) + -+ |
39If you define
N oo e:l:D ezﬁ
0s(D)= [ di—FC (2 Res—— :
s(D) /_oo e T et O ZO “ €=+ 1|, —iansnn

a simple application of the residue theorem leads to the expression:

R D 1 2, 4
Osh)y=—"2 -1 1 T pr g
sin(D)  1— g(7D)2+ g (7D)4 4 --- 6 360
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which finally leads to: “°

5M:7%(kBT)2g b= o, (4.138)

where the last expression applies to a d = 3 dimensional non-relativistic free Fermi gas.

Consider now the energy E(T,V, ). Here the function to be considered is ¢(e) = eg(e). Hence we
have:

g = / de eg(e) %(kBT) 32( g(w)) + -+
g ) (g(n

= /mde €g(e) +

= /EFdeeg +M+kaT ( €r —I—M)

~———

€gs

(ksT)*(g(1) + pg' (1)) + - -

2
os + 5 (kpT)gler) + -+ (4.139)

Let us turn to the pressure. Given the fact that Q@ = —F/(ay + 1) = —2F/d we can write:

Q 2E 2
p=-——= =

2
m
v =av = |t kT gler) £ (4.140)

an expression that smoothly goes towards the Maxwell-Boltzmann limit p ~ nkgT for large T.

Finally, let us consider the entropy and the specific heat. Observe that the previous expression
provides 2 as a function of 7" and NN, and not x. Hence, you should refrain from taking the derivative
with respect to T to calculate S. Rather start again from an expression in which p appears, see
Eq. (4.139):

T, V, ) = —%V U_’;de eg(e) + %Q(kBTV(g(u) +pg' (1) + - } : (4.141)
and calculate:
ks*(T,V,M):—g—:(F2 = gv Fk%T(g(M)Jrug’(u))er]
= fV kB [@/ﬂ (5 - N9 }
_ V%k%Tg(eFH... (4.142)

which is also the low-T expression for S(T,V, N). From the entropy we can calculate the constant-
volume specific heat:

C T oS 2
V,N
2 w2 ,dn
= —k2 = —k2 ) 4.14
Y 3 BY(€r) = 3 BQGF ( 3)

Notice that this predicts a linear in T specific heat for metals at low 74!

401 g(e) = gler)(e/erp)®9 with ag = (d — 2)/2 then you immediately deduce that ¢’(er)/g(er) = ag/cF.
41This contribution is usually much smaller than the phonon contribution (proportional to T3), with the possible
exception of heavy fermion systems.
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The low-temperature behaviour of fermionic interacting systems is usually treated in the so-called
Fermi Liquid Theory, see for instance the book by Noziéres or the lecture notes by M. Fabrizio.

Concerning the Pauli paramagnetic susceptibility, see for instance [1][Sec. 5.8.8]:

oM

2
- = 12g(er) - (4.144)
OH T,V.N

X
A possible exercise concerns the Landau diamagnetic contribution to the magnetic susceptibility, see
for instance [1][Sec. 5.8.9].

4.6.3. The ideal Bose gas

Very nice treatments are given by Arovas [1] and Pathria [5]. Pathria, in particular, gives a nice
discussion (see his Appendix F) of a technique to calculate the grand-canonical density of particles
of a Bose gas by directly tackling the exact relevant sums through the Poisson’s summation formula
and related mathematical identities. Let us start from the expression for the density of particles of
an ideal Bose gas:

100 ap 1 1

N

n(T,p) =

For a gas consisting of free non-relativistic bosons in a d-dimensional box of volume V = L% the e,
would be the usual ¢ = h%k?/(2m) and k = (2w/L)(n1,--- ,nq) if, for instance, we assume periodic
boundary conditions. The mimimum eigenvalue is hence ¢y = 0, separated from the next levels by a
splitting AE = h?/(2mL?) ~ 1/V?/¢ If 4 < 0 (and finite), hence the fugacity z = ¢®# < 1, and all
the individual terms in the sum contribute

1 1 1 1 1 =z 1

Veﬁ(sa_/‘) —1 Ve_ﬂ“— 1 V1i-z 1%

It is reasonable to expect that the sum of these small but very dense *? contributions can be captured
very well by approximating the sum with an integral, with the usual density of states technique. But
we should be aware that it might happen that z gets so close to 1 (or, equivalently, that 4 — 07) in
such a way that contribution from the lowest eigenvalue ¢y = 0

M_1 1 _ 1=z
V VebBr—1 V1i—z’

could become finite (i.e., Ny < V'), and we would completely miss it when we transform the sum into
an integral. Indeed, you realize that

lim ngum (T, 1) = 400,

n—reg

a very nice feature, since it allows to find a value of p for any fixed density n you might want to
allocate to the different eigenstates. So, let us tentatively transform the sum into an integral

) [~ g(e) A > z
Ning (T, 1) = /0 de e 1~ Gt ), dz gyl (4.145)

42For 4He particles in a box of side L = 1 cm, the typical splitting is

h2 2 Me

QmEaQB 4my,

ap\?2 —17 —13
(L) 10717 eV ~ 1073 K ks .

Hence, if you are summing a function whose typical scale of variation is much larger than the previous extra-tiny
splitting, it is legitimate to substitute the sum with an integral. The catch is that the Bose distribution diverges for
€ — 0 when u — 07, hence the previous conclusion is risky. Indeed, it fails when Bose-condensation occurs.
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2

where the notation “int” reminds us that this is only the regular (smooth) part of the sum obtained
from the integral of the density of states, ignoring the possibly important contribution from a massive
occupation of the lowest energy eigenvalue. In the final expression we have assumed a standard power-
law form for the density of states g(e) = Aze”9, where oy = d/2 — 1 for free non-relativistic particles,
and transformed the integral by rescaling the variables to take out the temperature dependence. Notice
that for u < €9 = 0, the singularity in the integral is entirely due to g(e), and is usually integrable (for
instance, g(e) ~ 1/4/€ in d = 1). If you increase z towards 1~ (or, equivalently, u — 07) this integral
increases. Let us try to understand what happens if I set z = 1 inside the integral, which gives the
maximum value that ni, (T, 1) can reach at fixed T

_ _ A, o x%
nint(T7 .u“) < ncr(T) == nint(T7O ) = 5ag+1 A dx et — 1 . (4146)
Here the issue is the singularity of the integrand close to z = 0, with the Bose distribution function
contributing a crucial factor 1/z. The density of states gives a factor %21 so that the integrand,

close to x — 0, is:

™2 d=1 = divergent
d_q —14422 1 i
~rsTlD g . =< 7t d=2 = divergent
x .
7% d=3 = finite

Hence we realize that ni (7', 1) is bounded by a finite value of ne,(T') in d = 3, while n,, = coind < 2.
But being bound by a finite value means that I cannot find a chemical potential if the density of the
gas happens to be n > n.(T). You realize that this is not a nice property of our grand-canonical
approach: I can give you a high-enough density n such that all the states I have accounted for by the
density of states integral would not be able to accommodate all of the particles, even if I set p =07,
which is the maximum value a Bose system can tolerate! Luckily, this is not a disaster at all, it is
simply a pitfall of our approach of transforming a sum into an integral: we missed completely the
ability that the system has to massively occupy the lowest-eigenvalue €y. Indeed, the original sum
does diverge when z — 1:

. . 1 1
o e (o) = B 5 e Sy =40,
whence whatever is the value of n, and the temperature T, I can always find a u suitably close to 0~
such that n = ngum (T, ). Before “amending” the previous replacement of ngum — ning, to correctly
describe Bose condensation, let us calculate the relevant integrals in a more precise fashion (although

the main ingredients are already there and the essence of what we said does not change). Indeed, the
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Figure 4.8.: The Poly-logarithm function Lis(z) for s = 1,2, 3. Figure taken from Arovas [1].

integral appearing in Eq. (4.145) can be given an analytic expression in terms of the Poly-logarithmic*?

43Pathria calls them the Bose-Einstein functions, and denotes them by g, (2), see Eq. 10 in Sec. 7.1.
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functions (see Fig. 4.8)
1 o 571 Ny
Liy(2)= — [ de—— —S"2 4.14
(=) I'(s) /0 C e — 1 Z s (4.147)

essentially a generalisation of the Riemann zeta-function ((s), to which it reduces for z = 1, Liz (1) =
¢(s). The algebra leading to this power-law expansion is quite simple. ** Since £(s) is finite for
s > 1, while it diverges for s < 1, you conclude that the same occurs to Lis(z) for z — 17. Using the
expression for the density of states of non-relativistic particles, including a possible spin-degeneracy
factor g5, we get:

A . —dy-
ning(Top) = WLN%*DLI%H(Z) =Ys ATdLI%(Z)
B (4.148)
—dr- _ _ 2mmkpT \ 2
ne(T) = nine(T,07) = gs /\Tdng(l ) =9s )‘TdC(g) = s (h2B> C(%)

The crucial ingredient to watch for is the finite Riemann zeta function ¢ (%) ~ 2.612. Hence, in d = 3,
given a certain density n we will not be able to find a suitable chemical potential to describe it when
T < T, where the critical temperature 7T, is given by:

3 h2 n \3
ner(T,) = gs (}ﬂ) (3)=n — kT, = 20 ( > . (4.149)

Allowing for the correct density when d > 3. So, the solution in d = 3 can be written as
follows:

2k T
n = nint(T7/J’) = Us ( ks > % Z fOT’T>:TC
e (4.150)
n o= no(T)+gs (W) ¢(2) for T < T,

Observe that the first equation is in the grand-canonical spirit: given n and T' > T, you should
find the appropriate p(7T,n) that gives nin (T, u(T,n)) = n. The second equation is essentially
“canonical”, in the sense that we have set ;= 0~ and, given n, we postulate that ngo(7T) is finite
— hence Ny = Vng(T) is a massive extensive number — in such a way as to allow the particles
that do not fit in the regular part “outside the condensate”. The same would hold for any d > 3,
where the Riemann zeta function ((%) is finite.

We get (by difference) that the density of particles that “condense” in the lowest eigenvalue ¢ is:

no(T) 1 (2rmkpT\? , T2
—=1-—g; <h2) 4(3)21—<Tc> : (4.151)

Notice that the occupation of the lowest eigenvalue is macroscopic below the transition temperature,
which amounts to a chemical potential which is infinitesimally close to 07:

1 1 kT _
No=Vng=—F— = z=eﬁ“=71 = ux-——=0".
0
44Simply expand the function inside the integral, after a simple rewriting, using the usual geometric series:
oo e~ > =) © Lk =)
/ dx / dzz® " — = Z zk/ do z®"le™he = Z —/ dt t57 et .
0 z~ 1eﬂ”—l 1—zem® = 0 =k Jo
= = R ,
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No condensation is predicted for d < 2, because ( (%)7 and hence n.,, are infinite. The condensation
transition in d = 3 leaves a distinct feature in all thermodynamical quantities as T approaches T.
We should stress, however, that the bosons in the condensate do not contribute to 2, p, or E. The
calculation of all these thermodynamical quantities (p, C,) is in principle straightforward but in
practice a bit tedious. You find plenty of details of these derivations for instance in [5|[Chap.7]. I
simply collect here a few useful graphs, taken from [5] and [1].

T 1.0
—_— 2
Sl=
Zl_ T 1.0 ; Z=(vir%)"
le N i
—_—— 1 0.5 !
00 1.0 00 ; ‘ 1f0 ‘ 2‘0
' 2,612
(TVTe) —> (viA®)—>

ol Transition
line

NKT,
(CuINK)

1 2 3
(TITy) —>»

(TITy) —»

Figure 4.9.: Various thermodynamical quantities for the Bose-Einstein condensation of free non-relatistic
particles in d = 3. Figures taken from Pathria [7].
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Figure 4.10.: Left: Specific heat of liquid *He in the vicinity of the A-transition. Data from M. J. Buckingham
and W. M. Fairbank, in Progress in Low Temperature Physics, C. J. Gortner, ed. (North-Holland, 1961). Inset
at upper right: more recent data of J. A. Lipa et al., Phys. Rev. B 68, 174518 (2003) performed in zero gravity
earth orbit, to within AT = 2 nK of the transition. Right: pT phase diagram of *He. Figures, and left caption,
from Arovas [1].

A remarkable similarity exists between these findings and the low-temperature physics of the queen
of all bosonic particle fluids, “He, which becomes liquid at T < 4.2K and superfluid at a temperature
T < 2.17K (at atmosferic pressure). The similarity, first pointed out by F. London in the late 1930s,
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5 is in some respects not perfect, because interactions are known to be important in He, leading to a

fraction of condensate of only a few percent even at the lowest temperatures. ¢ Fig. 4.10 below shows
the remarkable A-transition specific-heat that the fluid shows when it becomes superfluid. Close to it,
the pT phase diagram of *He.

4.7. Bose-Einstein condensation in trapped cold atomic gases

Einstein’s prediction of Bose condensation was finally realized through a series of remarkable ex-
periments with trapped ultracold atomic gases, which led to the Noble prize in physics for Cornell,
Wieman and Ketterle in 2001. 7 To achieve condensation, they had to achieve temperatures of the
order of nK, by magneto-optical traps (MOTs), followed by evaporative cooling in a magnetic trap.
The first important step involves Doppler laser cooling, which brings the atomic cloud to temperatures
in the uK range. The second step involves evaporative cooling of the atoms in a magnetic harmonic
trap created by a certain combination of uniform and quadrupolar magnetic fields. Here are a few
details.

Figure 4.11: Time-of-flight images
from the first observation of Bose-
Einstein condensation in a dilute vapour
of 8"Rb by Anderson et al. (1995) at
temperatures just above and below the
phase transition temperature.

Laser Doppler cooling — and also optical molasses (Nobel prize to Chu and Cohen-Tannoudji in
1997) — involves a rather simple idea. One uses three orthogonal counter-propagating laser beams
that are slightly off-resonance to one of the transition lines AE of the atoms we are trying to cool
down, more precisely hw < AF, where w is the frequency of the laser beam. A stationary atom
would therefore not absorb the photons of the beam. An atom moving with a certain velocity v would
however see a Doppler-shifted photon: blue-shifted if the photon comes from the direction opposing
the velocity v. This will lead atoms to absorb photons from the direction in which they move, receiving
an extra momentum by the photon, hence reducing their velocity. The photon is then re-emitted in all
possible directions: hence, on average, the original velocity in a certain definite direction is decreased.
The limiting 7" which you can reach by this mechanism is essentially set by the final back-kick that
an atom gets when re-emitting the photon, which is called the recoil limit. If Ak is the momentum of
the photon emitted (and the momentum that a rest-atom would get in emitting it), we can estimate:

AE 1 2
hk‘:@%7 - k‘BTeff%<hj)) NlMK,

45T,0ndon took the density of liquid Helium n = 2.2 x10%22cm 3, a mass m = 6.65x 10~ 27kg, and calculated T = 3.16K,
remarkably close to the Helium A-point.

461 more technical terms, a free Bose gas shows full Bose condensation in the zero-momentum lowest-energy single-
particle state, but would not display a superfluidity response, because interactions are important for that, as the
Bogoljubov theory shows. Viceversa, a bosonic system in low dimensions might show superfluidity without having
an actual “condensate fraction”.

47Cornell and Wieman achieved Bose condensation of Rb®7, while Ketterle used Na23, both in 1995.
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for the relevant spectral lines of Rb *® or Na atoms.

To cool below the pK range, one route is to turn off the lasers and make use of traps made of
spatially-varying magnetic fields and evaporative cooling. Notice that the atoms are neutral, but they
possess a magnetic moment g — emerging from the hyperfine interaction and given by the sum of the
electronic angular momentum J and the nuclear angular momentum I —, hence there is a Zeeman
—p - B energy contribution. For instance, the ground state of 8”Rb has total angular momentum
(electronic and nuclear) F' = 1.

If the magnetic field varies in space, then atoms with their magnetic moment anti-aligned to the
field will try to go towards regions of low |B| to reduce their energy: they are called low-field seeking
atoms.

A crucial fact that one should keep in mind is that the magnetic field strength |B| can have no
mazimum, but it can have a minimum. To understand that, observe that there is a theorem of
electrostatics, called Farnshaws theorem, which states that a charged body under the action of an
electric field alone cannot be at rest in stable equilibrium. This is a consequence of the Laplace
equation of electrostatics and the property of electric potentials with zero Laplacian: they cannot
have a maximum or a minimum.

But magnetic fields add a twist to the story, in that respect. One can show that |B(x)|? can have
minima in space, which provide attractive potential wells for the low-field seeking atoms with anti-
aligned magnetic moments. Indeed, not only we have that V- B = 0 (in general) but also, in absence

of currents, V x B = 0. Hence we have that:
Vx(VxB)=V(V-B)-V’B=-V’B=0 = V?B,=0

which is true for all components B; of the magnetic field. Consider now B,. Since V2B, = 0 we can
apply Green’s theorem * to show that B, (x.) at any point X, is equal to the average of B.(x) on a
sphere S of radius R around x.:
1
Bz c) = T 1o Bz . 4.152
(%) = g [P0 (4152)

As a consequence, it is simple to show, by contradiction °” that |B(x)|? cannot have a maximum. On

the contrary, nothing forbids that |B(x)|? has a minimum at some point x.. °! There are several

48Detailed numbers for 87Rb are given by Steck. Very quickly, 87Rb has a nuclear spin I = % and a ground state 5
28,1 which eventually has a total angular moment F = J + I with F' = 1. Above, there is a close in energy F = 2
2

state. Further up, around fiw =~ 1.6 €V above, there are multiplets originating from 5 2P; , with F = 1,2, and from
2
52P;, with F =0,1,2,3.

2
49Green’s theorem states that:

/ (¢VZh — pV2¢) dx = / (6VY — V) -dS .
1% ov

Applying this to ¢ = B, and ¢ = ﬁ, and using that V2ﬁ = —4wd(x), it is simple to prove the average theorem.
50 Assume that x. = 0 is such a maximum. Let B(0) = 2B,(0) with B.(0) > 0, without loss of generality. Then write
B(x) = B(0) + 6B(x) and calculate

IB(x)|2 — |B(0)|? = [6B(x)|? + 2B(0) - 6B(x) = |0B(x)|? 4+ 2B, (0)0 B, (x) .

In order for it to be a maximum, we should have B, (0)6B(x) < —|6B(x)|? < 0 around x. = 0, hence §B,(x) < 0
since B (0) > 0. But, by Laplace’s average theorem, B.(0) > 0 must equal its average on any sphere around x. = 0,
hence:

1
0=0B.(0) = —— /S 5B.(x) ,

which implies that §B.(x) must average to zero on such a sphere, hence definitely § B, (x) will attain positive and

negative values around x. = 0.
51Indeed, taking x. = 0 and defining §B(x) = B(x) — B(0), we should have

B(x)[2 — [B(O)? = [B(x)]* + 2B(0) - 5B(x) = [3B(x)|? + 2B:(0)3Bx(x) > 0,

which is perfectly possible.
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possible solutions where |B(x)|? shows a minimum, as it is simple to realize. Take for instance a
quadrupolar B-field of the form B(x) = C,zx+ Cyyy + C,zz with C, + C, + C, = 0 so as to have

V - B = 0. One such choice % would be to take C, = 2B, and C,, = C,, = — By, resulting in
B(x) = B, <2zi —(zx+ y&)) = Bx)]>=B2 (42" + (2* +¢?)) . (4.153)

To summarize, it is possible to realize magnetic field arrangements such that |B(x)|? has a minimum in
space. In some arrangements, time-varying magnetic fields are also used, like in the TOP quadrupolar
trap used in the original Nobel prize-winning experiments on Rb atoms. The details of the trap
configurations are beyond the scope of our discussion: quite many possibilities are there, with their
tricks of the trade.

All in all, it suffices here to say that experimentalists have been able to create very cool clouds of
many thousands of neutral bosonic atoms in traps that, close to their minimum for and for a limited

53

energy range — set by the evaporative cooling process —, can be thought of as harmonic:

Vet (z,y,2) = % (wiz® + wiy® + w32?) . (4.154)
The potential will saturate sufficiently away from the minimum, which implies that atoms with a
sufficiently large velocity with actually escape from the minimum well: as mentioned above, such a
process is called evaporative cooling. In typical magnetic traps, w; ~ 2nf with f ~ 100Hz, which
corresponds to an energy fiw; ~ 4.8 - 107?K. The spectrum of the harmonically trapped atoms will be
given by:

h

€ninang — 5(0.11 —+ wo + W3) +hw ‘n, (4155)
| S —

€0
where €y is the minimum eigenvalue. This should be contrasted with the free-particle 3d parabolic
dispersion

n2 /2?2
€nynans = o (L) (n? 4+n3 —|—n§) ) (4.156)

As you know, the 3d parabolic dispersion corresponds to a density of states gsq(e) ~ /€, which is
such that a transition at finite T is possible. Correspondingly, for the harmonic potential well, we can
define the associated density of states to be

Gharm(€) = > 8(e —eo — hw - m) . (4.157)

I will now argue that, provided you neglect the fine-structure of this function, which is legitimate if T’
is higher than the typical separation between the various Dirac’s deltas making it, kgT > hw;, you
can approximately show that

har " (€)

2
a
\
S
+

(4.158)

where wi = [T, w;.

52 Another possible solution is a combination of a uniform field along z with a linear quadrupolar field in the zy-plane:

B(x)=Boz+ B, (zx—yy) = |B(x)?=B%+B3 (2 +4?) .

53The radio-frequency driven evaporative cooling mechanism used to achieve nK temperatures is based on a simple
ingredient: due to the Zeeman coupling, the energy difference between a trapped F' = 1,mrp = —1 Rb atom, for
instance, and the untrapped mpr = 0, +1 atom depends on the distance of the atom from the trap centre. By setting
a certain radio-frequency drive w, s you can provoke transitions between mp = —1 that have too large a velocity,
visiting regions of the trap too far from the centre, and the untrapped states: after the transition, the untrapped
atoms leave the trap and the average kinetic energy of the atomic cloud decreases. This is similar to blowing on a
cup of hot tea.
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Remember the harmonic oscillator DOS? If you recall, we already encountered something
similar when discussing the density of states of linearly dispersing modes wy, = v|k|, like for
phonons or photons. This was giving rise to T° corrections in the specific heat.

To show this, consider the Laplace transform of the density of states. Setting ¢y — 0 we can write:

9(B) = /0de e_BEZ(S(e —hw-n) = Ze—hﬁu.n

e Bwini
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(4.159)

Consider now the Laplace transform for small 3, which will capture the large-e scale behaviour of

Jharm (€). It is simple to show that
1

Q(ﬂ)“ma

where wj = [[,w;. It is also straightforward to verify that the Laplace transform of g(e) = Ae? is
indeed given, by repeated integration by parts, by:

R A
; 5

which justifies Eq. (4.158).

Returning to our general analysis of the Bose condensation, we see that an harmonic trap is essen-
tially equivalent to g(e) =~ Age®s with oy = 2 and A, = 2(hi0)3.
non-relativistic bosons but in d = 6 dimensions! From Eq. (4.148) we, therefore, conclude (notice that

in the present case there are no V factors) that:

Effectively, this is like having free

3
NunlTo) % SETG)LiaG) = (1) Lia)
(4.160)
N (T)

8
~
T
|2
Sl !
~
w

by
&

The last expression defines the transition temperature T, as that for which N.(T.) = N, which gives,
for N ~ 2 x 10%:
vy’ (£161)
/ﬂBTC = hwo () ~ 25.5 h,wo 4.161
¢(3)
where we used ((3) ~ 1.202. If we consider the typical value hiwg ~ 4.8nK, this gives kpTp ~ 170nK,

which justifies that approximation kT > hw; used in deriving the smoothed harmonic density of
states in Eq. (4.158).

4.8. Problems

Problem 4.1. Obtain the classical expressions for F, S, C, and F for a one-dimensional harmonic
oscillator starting directly from the classical partition function

dedp gy

Lon = A € ,

by performing the simple Gaussian integrals required. Verify that that the expressions obtained
coincide with the asymptotic form of the corresponding quantum expressions in the appropriate limit
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kT > hw.
[Hint: you should pay attention to the correct expansion of the occupation number (7): you should obtain a

constant term which precisely cancel the zero-point motion term % in the energy.]

Problem 4.2. For the one-dimensional harmonic oscillator, perform a Legendre transform from F(T")
to E(S). Can you calculate the micro-canonical entropy S(E)? Try to do this problem for both the
quantum and the classical case.

Problem 4.3. In general, if you have a classical probability distribution P(x) and a classical observ-
able A(x), the full probability distribution of the observable values is defined as:

Proba(A) = /dx P(x) 6(A(x) — A) . (4.162)
Consider now the classical canonical ensemble for the Harmonic oscillator, where x = (x, p) and
e AH
P(x) = per(x) = 7

Try to calculate the probability distribution for the energy Probgy (E) (the observable being H(x)),
for the position Prob,(z), for the momentum Prob,(p), for the kinetic energy Probg (K) and for the
potential energy Proby (V).

Problem 4.4. Verify that the Heisenberg operator corresponding to 37(90) is given by:
¥ 3 h —iwmt A iwmt A
V() =) (@) Qu(t) = Y/ 577 ¥m() (€7 a,, +e'mtal) .
m m 2Mwm

Calculate also the corresponding I1(z,t) and verify that
(z,t) = podY (x,t) .

Finally, verify that f/(ac, t) satisfies the same wave equation as Y (z,t).

Problem 4.5. Try to calculate the average squared fluctuations of a string

7 | e,

at temperature 7" and at T'= 0. Anything remarkable to observe?

Problem 4.6. Repeat the quantisation procedure we have adopted assuming that the string obeys
periodic boundary conditions in [0, L]. Working with ordinary plane waves, you should be able to
express everything in terms of d; with k = 27n/L. Pay due attention to the fact that you want to
express a real field Y (z). Calculate the equal-time space-correlation function (Y (z, )Y (2/,t)) and the

equal-space time-correlation function (Y'(x,t)Y (z,t')), both at T = 0 and at finite T. Try to see what
happens to the large |z — 2’| or |t — ¢'| behaviours in the limit L — oo.

Problem 4.7. Show that in the Maxwell-Boltzmann limit the entropy of the gas is:

2+d
Sus(T,V, 1) = kpNyg (d - 6”) .
This adds some insight on the reason why the chemical potential has to be large and negative in that

limit. Re-express the entropy in terms of (E,V, N), to recover the result we have derived long ago for
the classical ideal gas entropy.
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5. Models and phase transitions

We start here with a survey of some of the traditional basic topics of a statistical mechanics course.
To start with, we will need to discuss a few general facts:

Models) There is an emphasis on models which emerges clearly from glancing at any book on the
subject. Why? We know pretty well how to write a very detailed Hamiltonian to describe, for
instance, a condensed matter system, but we rarely adventure into the horrible experience of
keeping track of all ingredients, and we resort to simplified models.

Phase transitions) The existence of phase transitions is quite clear on the experimental side and
also from the thermodynamical point of view. But, how this basic fact emerges when you do
statistical mechanics?

Universality) Many properties, close to phase transitions, seem to depend very little on details of
the model: some universal features emerge, depending on the dimensionality of the space in
which the model is defined, and on some symmetry properties of the basic degrees of freedom
appearing.

Order parameters and correlations) We will see how a local order parameter is defined, and how its
correlations are expected to behave.

5.1. Why models?

As mentioned, in condensed matter we know pretty well the Hamiltonian governing a system of
atoms, with their nuclei and electrons. Yet, we resort to models, because any exact treatment of such
a complex many-body problem is hopeless.

One common instance of such an idealization is the problem of a strongly correlated system, where
the independent particle approximation fails. A typical model that emerges in such a case is the
Hubbard model.

g .

The Hubbard model. You consider a lattice — for instance, a cubic lattice in d-dimensions
with N = L?sites R = a Z;l=1 n;e;, where n; = 0,--- L—1, e; are the usual unit vectors in the di-
rection 7, and a the lattice constant — and a single localized orbital (technically, a Wannier orbital,
to ensure orthogonality) ¢g(x) sitting at each lattice site. You define the creation/annihilation
operator accordingly and write the Hamiltonian as:

He=tr > 3 (hotuws +He) +UD ity gty - (5.1)
(R,R/) o=T,] R

Here ¢}, is the hopping (overlap) integral between two “neighbouring” Wannier orbitals, and U is
the so-called “Hubbard” repulsion. To fully specify the model you have to tell me the density of

electrons you want.

At half-filling, when N, = N (or n = 1), and for large U the kinetic term is strongly suppressed
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because doubly-occupied sites cost large energy. All states of the form:

N

[{on}) =[] ek onl0) .

R

do not pay any repulsion penalty U. But there is a large degeneracy, 2%, associated with the spin.
You can do a form of degenerate perturbation theory to get the effective Hamiltonian which emerges

for large U.

The result can be grasped from a simple two-site Hubbard model calculation. There is a total of
six two-electron states that you can form in such a case:

{elsedlon, e e o), el e o), el el o, eyl o), e ed oy}

Here is the 6 x 6 matrix for the Hubbard model in such a basis:

elaesgloy el el oy | élped o) & jedlo) | eyl lo)  éyéh o)
&l +éh . 10) 0 0 0 0 0 0
¢l el o) 0 0 0 0 0 0
&l +¢h 10) 0 0 0 0 —th —th
¢l el o) 0 0 0 0 +tn +tp
&l +el ,10) 0 0 —t, +t U 0
&b +éh 110) 0 0 —th +tn 0 U

Observe that due to the combinations of +¢; and —t;, — in turn, due to the fermionic anti-commutation
relationships, only the singlet state

1 s o
%) =75 <CLTC;L - Chcgr) 0)

is effectively coupled to a symmetric doubly-occupied state
Lo o N
[a+) = V2 (CLTCLL + C2,T62,¢) 0}

while the triplet states (with energy 0) and the anti-symmetric doubly-occupied state |¥4 _) (with
energy U) are totally decoupled. The Hamiltonian restricted to the 2 x 2 space {|W¥,), |[¥q )} is:

(0 —2th> . )\i_Ui\/U2+16t% (5.2)

o, U - 2

If U > t5,, to lowest-order in t; /U, the ground state is a singlet state with energy E, = —4t? /U, while
the triplet states are at energy F; = 0. Further up, at energy U and U + 4¢3 /U are the two doubly
occupied states.

This simple exercise suggests that, within the low-energy subspace of singly-occupied states, the
combined effect of hopping to doubly occupied virtual states, leads to an effective spin Hamiltonian

which favours singlets, while leaving triplets at zero-energy.

Remarkably, this toy problem leads to a general result that you might derive by setting up a proper
second-order degenerate perturbation theory.
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The Heisenberg model. The effective Hamiltonian for the spin-degrees of freedom of a large-U
half-filled Hubbard model is given by:

=7y (§R.§Rl—i)7 (5.3)

where J = 4¢3 /U and SR = %UR are spin-1/2 operators, with 65 the Pauli matrices at site R.

Hence spin singlets emerge, out of hopping and repulsive interactions, via a mechanism that is

known as antiferromagnetic super-exchange.

This is the isotropic version of a model that we can write, for an arbitrary spin S > 2, neglecting
the unimportant shift 1/4, as:
Hyerwr vz = Y (Jggég“g, + vy Sugy, 4 J,i;SZRAZR,) - ha-Sa. (5.4)
(Rle> R

Here /S\g with a = x, y, z are spin-S angular momentum operators at each lattice site R. For S = 1/2;
and with appropriate choice of the couplings, J*Z, = JYY, = J and JZZ, = JA, we get for instance
the so-called XXZ Heisenberg model:

How=7 Y ( *gr, 4+ Susy, +A§;AQ,) : (5.5)

(R,R’)

For A = 1 we recover the fully isotropic antiferromagnetic Heisenberg model — also denoted often
as XXX —, while for A = 0 we have the so-called XY (or planar) model. For A = —1 we have a
ferromagnetic isotropic Heisenberg model.

Still with S = 1/2 and with zz-couplings only we get the Ising model in transverse-field, which we
write for convenience directly in terms of the Pauli operators as:

Hing = — > JawOaba — Y hhoh — > haoh . (5.6)

(R,R’) R R

Symmetries. The symmetries of the previous models can be remarkably different. Let us concentrate
here on internal symmetries of models that are otherwise translationally invariant, for instance, due
to the uniform couplings and periodic boundary conditions.

SU(2) - The isotropic Heisenberg model
Hox=7 Y (s* T 1 Qusy, +§§fg,) =7 8a-8w, (5.7)
(R,R’) (r,R')

for either sign of J, admits arbitrary SU(2) uniform spln rotations, associated to the fact that
the total spin Stot is conserved. More precisely, if Stot = Z SR is the total spin, then a
uniform spin rotation by an angle 6§ around the direction n is associated to a unitary operator

U, = e~ #8wt which transforms each spin as a “vector”, i.e.,
~ ~ L . P~ ~ . S —~
Un.oSa UrTlﬂ = ¢St Se e!0n-Stor — E R, oSa a, =z,y,2 (or 1,2,3) (5.8)
’

1Incidentally, the sign in front of the xx and yy terms can be reversed by a simple unitary transformation on all lattices
that are bipartite, meaning that you can sub-divide the lattice into two sub-lattices, call them A and B, such that spins
in sub-lattice A interact with their neighbours which belong to sub-lattice B. Hyper-cubic lattices are bipartite, while
the triangular lattice is not. Non-bipartite lattices give rise to geometrically frustrated antiferromagnetic models, as
a rule. The transformation that changes the sign of the xx and yy terms is a rotation around the z-axis by an angle
7 on one of the two sub-lattices.
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where R = R(n, ) is the real orthogonal 3 x 3 matrix describing the rotation in ordinary space.
2 Evidently, the scalar product S SRr is left unchanged by the rotation, and therefore HXXX
commutes with Un =€ n F0n-Sior for all n and all . Hence HXXX commutes with all components
of the total spin. This implies that H XXX gtot and Stot form a set of three commuting operators.

SU(1) - For the planar XY model

Hyy =J Z (SI z -‘r/S\ZF};S\g/) s (59)
(R,R’)
spin-rotations [A]Z’e = e—%eﬁ

~

Hy..

tot around the z-axis are symmetries, i.e., only Stot commutes with

Z, - Finally, for the transverse-field Ising model (TFIM) in absence of longitudinal fields
Hrema = Z Jrr/ g0 Zhﬁﬁﬁ , (5.10)
(R,R’) R

evidently a 7 rotation in spin-space around the z-axis associated to the unitary operator

e 2nh = (—i)V ] o (5.11)

commutes with the Hamiltonian, since 6*6%6% = —&* but the interaction term contains pairs of
6%, hence the two minus signs cancel. This symmetry is known as Zy, and the group is discrete
and made of only two elements, {1,U, =[], g}

5.2. Why phase transitions?

The existence of phase transitions is quite clear experimentally. Equally clear is from a thermody-
namic point of view, where phase transitions emerge from singularities in some derivatives (first- or
higher-order) of the thermodynamic potentials. But where do singularities come from in statistical
mechanics?

Consider for simplicity a spin system on a lattice with IV sites, for instance, the transverse field

Ising model:
g == 3 ticic — Sohai - Y. 512)

(R,R’) R

The Hilbert space is 2™-dimensional, and the partition function is a finite sum of terms:

Z = Ze*BE“ = F = —kpTlog (Ze*BE“) , (5.13)

2R(n, #) can be regarded as the “defining representation” of SO(3), the group of rotations in three-dimensions. You
can write:

R(n,f) = e 0L with [La,Lg] = i€ap Ly

where Lo=z,y,- are the three 3 x 3 Hermitean matrices

0 0 0 0 0 = 0 — 0
Ly = 0 0 — Ly = 0 0 O L, = ) 0 0 .
0 0 - 0 0 0 0 0

Observe that the same representation can be given in terms of real antisymmetric generators of the algebra of the
group, given by Lo = —iLq such that [La, Lg] = €qpyL~. For reference,

cos@ —sinf O
R(z,0) = e L= = b= = ( sin cosf 0 ) .

0 0 1
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where a labels the 2V energy eigenstates of ﬁlsing. Evidently, Z is analytic in all the parameters
of the model. But the free-energy F' = —kpT log Z also cannot have singularities, since log z is an
analytic function of z away from the branch-cut Rez < 0. Hence, for any finite N the free-energy

depends analytically on all the parameters, and no singularities are present.

Reinforcing on this argument, suppose we consider a model in absence of longitudinal fields, say
the TFIM, which we know to be Zs symmetric. This means that U22 = HR % commutes with Hrpv

and with the associated Gibbs density matrix pgy, i.e., UZZ p“CEUQZ = pce- Now consider the average

of 6%. Since UZZ&I';UL = —0% you immediately deduce that
(62) = Tr (ﬁCE&;) =T (022 ﬁCE&;fg) = Tr (022 pesUS, Uy, &;0;2) = —(62) . (5.14)

Hence, by symmetry, (6Z) = 0.

Figure 5.1: A quantum particle in a double-
well symmetric potential. The ground state
(blue) is an even function, superposition of the
Barrier two states on the two wells. The first excited
state (red) is an odd function. As the barrier

increases to infinity, the states in the two wells
\/ are effectively disconnected (and degenerate).

Does this imply that no spontaneous magnetization can exist in the ground state of the Ising
model? No. Indeed, if we turn off any transverse field, and consider a simple ferromagnetic model
with all Jg r» = J we know that there are two classical ground state, totally degenerate in energy,
with spins perfectly aligned: either all spins are up |U4) = |1,---,1), or down |¥}) = ||,---,]).
Their energy is Fgs = —JNz/2 where z is the number of nearest-neighbour. Observe that these are
not Zy-eigenstates. Indeed, the correct common eigenstates of the classical Ising model together with
the symmetry 022 are

1
V2

and you can immediately verify that indeed these are still degenerate, with energy Eos = —JNz/2,

Wa) = = (11 D E ) with O, W) = HW) (5.15)

and as prescribed by our symmetry-based “proof”
(Pi|og|Vs) =0, (5.16)

for either sign of the superposition. The symmetric states |¥4) are quantum superpositions of two
macroscopically distinct broken-symmetry states |¥4) and | ). ° This is at variance with the situa-
tion typically encountered in quantum mechanics for a single particle, for instance, where symmetries
are not broken. Take for instance a double-well potential, as in Fig. 5.1, where the symmetry would
be parity: the ground state is even (blue curve) and separated by a gap from the first excited odd state
(red curve, partially covered by the ground state). You do not make superpositions of these states
which break the parity symmetry. But the analogy with symmetry breaking in statistical mechanics
emerges when you consider a barrier that becomes infinitely large: at that point, the gap between the

3In quantum information, you would call |¥1) cat states, in analogy with the quantum state of Schrédinger’s cat, in
a quantum superposition, the poor animal, of two macroscopically distinct states of being dead or alive.
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two symmetric states becomes exponentially small and, to all practical purposes, a particle sitting
close to one of the two minima (broken-symmetry state) would not be able to tunnel to the other
minimum.

You might object that the situation just discussed is very special: it is classical, and this perfect
degeneracy would hold even for a system of a few spins. But indeed, a similar scenario holds even
in presence of a transverse field A, and there you would discover that the degeneracy between |¥_ )
and |W_) is not exact. Due to the Perron-Frobenius theorem, which we will meet again, later on, you
can prove that a state |U) with all positive components on the computational basis of the Hilbert
space is the unique ground state. The other symmetric state |¥_), however, turns out to be split by
a quantity which is exponentially small in the number of spins N, hence the two are asymptotically
degenerate for N — oco. For a very large system, you can still form symmetry-breaking states out of
this quasi-degenerate doublet of symmetric states. Figs. 5.2-5.3 illustrate these facts for a small TFIM
chain with N = 14 sites, whose spectrum is determined by exact diagonalisation.

Spectrum of 14-Site Transverse Field Ising Chain vs h

10

0 Figure 5.2: The spectrum of the TFIM for
N = 14 sites versus the transverse field k. Ob-

10 serve that the classical ground states for A+ =0

evolve into two states, separated by a clear gap

_\ S for h*/J > 1, which they merge together for

—201 \ h*/J < 1, since they are separated by an ex-

\ = ponentially small gap for large N.

0.0 0.5 1.0 1.5 2.0 2.5

-30

Spectrum of 14-Site Transverse Field Ising Chain vs longitudinal h

—54

Figure 5.3: The spectrum of the TFIM for
N = 14 sites at h-/J = 0.1 versus the longitu-
dinal field h!l. Observe that the “almost doubly
degenerate” ground state is Zeeman-split by the

~10

—~15

longitudinal field: the two broken-symmetry

-20 states are in this way clearly identified.

=25

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Singularities emerge in the thermodynamic limit. The mystery is solved by the fact
that singularities emerge from the thermodynamic limit N — oco. The correct magnetization, for
instance, would come out upon adding a small longitudinal field h which is sent to 0 after the
thermodynamic limit is taken:

(62)o = lim lim (6%) #0. (5.17)

h—0 N—oo

Fully-connected Ising model. As a work-horse to better understand the spontaneous breaking of
the Zs symmetry that emerges in the thermodynamical limit, let us consider a solvable classical Ising
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model: the fully connected Ising ferromagnet, essentially an infinite coordination model which presents
features that are “mean-field-like”, as we will discuss later on.

The model is defined by j = 1--- N spins (we assume N even), and every spin 67 = *1 interacts
ferromagnetically with every other spin 67,. Including for simplicity a constant term with j =17, we
would write the Hamiltonian as:

R g X N g 9 N
=55 > o3oi—h ) of =—55(305) —n}ei. (6.15)

J,j'=1 j=1 j=1 j=1
The fully-connected character of the model implies that the energy depends on the spin configuration
o= (o1, -+ ,on) only through its magnetisation M = Zj 0j = Ny — N_, where Ny are the number
of spins +1, with N = N, + N;. Evidently, M can have N + 1 values, from +N down to —NN in steps
of 22 M = N — 2k with k =0,--- N. All configurations ¢ with the same M have the same energy

J
Ey=—==M?—-hM
M oN h )

and therefore the same Gibbs equilibrium probability.

Af(m,T) Af(m,T) hi=0.1

0.5 0.5

-0.5 -0.5

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
m m

Figure 5.4.: The free-energy of the fully connected Ising ferromagnet. Temperatures are kgT/J =
4,2,0.7,0.5,0 from top to bottom curves. Left panel for h = 0, right panel for h/J = 0.1.

We can organize the partition function sum as follows:

o M o
= Z <J<Zr)eﬁEM = ZefﬁF(M’T) , (5.19)
M

M

where we noticed that the number of configurations with given M is simply given by a binomial
coefficient, and introduced a constrained-magnetization free-energy F(M,T), given by

NI

1 N !
F(M,T)=—--=1 “PEM — By — kpTlog ———— .
( ? ) Og< )e M B Og N_;,_'(N— N_;’_)'

B Ny

Interestingly, if I ask you what is the probability of observing a given value of M, you would write:

(5.20)

1

1 N 1
e _ e _ —BE _ —BE — —BF(M,T)
PH(M) = ZU LESLIYS S e 20251\4,2]» o=z (N+) =z° - (6:21)

So, F(M,T) gives information about the equilibrium probability distribution of the magnetization.
The partition function cancels if you consider ratios, for instance:

Pea(M) ~B8(F(M,T)~F(0,1))
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Figure 5.5.: The ratio of the probability distribution P(m)/P(0) for the fully connected Ising ferromagnet.
Two curves are shown: a black one, for h = 0, and a blue one for the value of h shown in each panel. Here
N = 1000.

Using the Stirling approximation log N! =~ Nlog N — N + log v27 N, and introducing the magneti-
sation density m = M /N, you would conclude that F(M,T) =~ N f(m,T) — kT log /T N(1 —m?)/2
where the second (sub-extensive) term is relatively unimportant, while the first extensive term defines
the free-energy-per-spin f(m,T), which is given by:

J

flm,T) = f§m2 — hm — kBT< -

1-— 1-— 1 1
m m_1+m +m> , (5.23)

1 1
2 8T 2 8T
and shown in Fig. 5.4. By analyzing the behaviour of f(m,T) we easily discover that for large T
the entropic term wins and the probability distribution P°d(m) is peaked at m = 0, while * for
T < T, = J/kp the probability distribution has two peaks +mp, for h = 0, with my — 1 for T — 0.

For low T, since the free-energy difference between m = +my and m = 0 (where the barrier is) is
extensive, you would never visit the barrier at m = 0 by starting from one of the minima at +my, for
large N. Fig. 5.5 shows the ratio P*%(m)/P®4(0) for T = J/kp =T, and T = 0.8J/kp < T¢, and for
various (small) fields h. Even more clear is how the ratios of probabilities of being in the two broken
symmetry peaks for T' < T, behaves at finite field:

Pei(+mr) o—26hmT N

Pea(—mp) (5.24)

since all contributions apart from the field-term are even in m.

Exercise 5.1. Evaluate the free-energy per site f(h) = F(h)/N for various values of N, say N = 102
to N = 10° by calculating numerically, with python for instance, the full partition sum. Plot the
result versus h and carefully consider what happens for increasing N. For T' > T, = J/kp you should
find that f(h) = —kpTlog2—$xh?*+--- where x = 1/kp(T —T), hence a parabola with a coefficient
that diverges for T — T.F. For T' < T, you will find that the parabolic behaviour is truly confined

4To determine T, expand the entropic term close to m = 0, using log(l+z)=2— :):2/2 + .-+, without forgetting the
quadratic piece. You would discover that the free-energy behaves as —kgT log(2) + (kgT — J)m?/2 — hm for small
m.
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to very small h at finite N, and quickly develops a “cusp-like” feature close to h = 0 which becomes
a true discontinuity in the derivative at h = 0 for N — oo. We will see later that m = —%: think
about our symmetry-based proof leading to m = 0, and you will realize that the proper limit to take
leads either to the right or to the left derivative in h = 0, and you get it by adding a small infinitesimal

field, as discussed before.

Broken-symmetry at finite 7. Before ending this discussion, let us consider the question: does the
symmetry breaking that we found in the ground state of the one-dimensional Ising model survive at
finite 77 The answer is no: in one-dimension, symmetry breaking and the associated spontaneous
magnetization is killed by any arbitrarily small T. To appreciate the reason for that, a clear mani-
festation of a battle between energy and entropy won by the latter, observe the excitations visible in
Fig. 5.2 at E = —10J (for b+ = 0) and at regular intervals of +4.J above that: they are excitations
created by the so-called domain walls between the two broken-symmetry states. In one dimension,
domain walls live in individual links and cost an energy 2J each, as a ferromagnetic bond with en-
ergy —J is transformed into an anti-ferromagnetic bond with energy +.J. For instance, the lowest
excitations in a PBC system are obtained by creating two domain walls:

[T b ).

and cost extra energy +4J. But the two domain walls can stay anywhere along the chain: there are
(g ) similar configurations, thus contributing a lot to the entropy of the system. If you have 2K domain
walls, their energy cost is 4K J, hence linear in K, but the number of configurations (2]}7() explodes
exponentially. ° All in all, a simple calculation shows that the free energy is lowered by creating a
certain density of domain walls, as soon as T' > 0. Correspondingly, the spontaneous magnetization
at T > 0 vanishes.

The battle between energy and entropy, however, is not always won by entropy. In two dimensions,
for instance, a domain wall is a closed curve surrounding an island of reversed spins into a larger
region of opposite spin. If you call P the perimeter of the curve, the energy cost of the wall is 2J P,
hence it increases linearly with P. A very nice argument put forward by Rudolph Peierls, which you
can read in Arovas (Sec. 6.2.5 and 7.8.2), shows that there is a region of temperatures T' > 0 where
the magnetization persists.

Figure 5.6: The Peierls’ argument to

show that the two-dimensional Ising

I e e e e e e e L e I e e e e e e
il ol ol il il A A model has a robust broken-symmetry
+ |+ [H == [ [ [ = + |+ [F=FlF [ [+ F = o .

I e e e T e e e e R phase surviving at finite T' < T.. The
F I [ [ F I T 6 taken f A th

FlE | T FlH | gure, taken Irom Arovas, poses the
il il il el el ot el ] e problem of how to estimate the differ-
e e e e e e e O e e e o el ) . )

I e ) S e e e e e e e e ence in probability for the central spin
e e e e e R R Y e e e e e e e R e e . . .

e e o o e e e e o e e o o e e e e being t= + with respect to being |= —,
uad el et e 0l 0 e il el e e 0 ol ] 0 in a large system with boundary condi-
e e e e e ) e N L e I e e e Y o N . : ]

I e e Y e S S N T S N I e N T e e e tions set to +, a device alternative to the
F [+ [F [F [ [ ] I N e N B

small longitudinal field trick to test for
broken symmetry.

50Obviously, the number of configurations starts to decline when 2K > N/2. When 2K = N, there is a domain
wall on each link and the configuration is unique (apart from an overall flip): the antiferromagnetic arrangement

EEREENEXRY
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5.3. Local order parameter and its correlation function

Consider the (classical) Ising model with longitudinal fields only:

H=- " Jaw0i6i — Y heof . (5.25)
(R,R') R
Let us start from the exact expressions for the derivatives of the (classical) partition function: °
07z 7
S = ATore ] = 52(57)
" (5.26)
622 2 Az Az —/HTI 2 AZAZ
Thdhe B Tr[ono5.e” 0] = B2 Z(656%,)
Correlation functions. You see that
1 07 OF 1 9%z
65) =kpT——— = ——— 550) = (kpT)? — —— . 5.27
<0R> B Z ahR ahR <O—R0-R, > ( B ) Z 8hR8hRf ( )

Higher-order derivatives of the partition function Z with respect to the local fields — known as
“sources” — generate the correlation functions of the model. Interestingly, you might use such
a device to generate the correlation function of a model in absence of external fields, by setting
{hgr = 0} after the derivatives have been taken.

We already discussed that, in the thermodynamic limit, the Zy symmetry of the model for {hy = 0}
— whose averages we denote as (- - - Yo — might be spontaneously broken at sufficiently low tempera-
tures in a ferromagnetic Ising model — we assume here uniform “nearest-neighbor” couplings Jrr' = J
—, making

(6Z)o = lim lim (5Z) #0. (5.28)

h—0 N—oco
Such a non-vanishing (6% ) is known as local order parameter. When the symmetry is spontaneously
broken, the large-distance limit of the correlation function of the order-parameter tends exponentially
fast to the square of the local order parameter:

|R*R_|?Oo <6z>0<§;/>0 + O(e*|R*RI|/§(T)) ) (5.29)

<§;6’§/>0 R
where £(T) is a temperature-dependent correlation length. This is true both in the broken symmetry
phase, where (6%)¢ # 0, as well as in the high-temperature symmetric phase where (6%)o = 0. This
suggests that we might define the connected correlation functions as

conn z

R,R' — <&§6;’>0 - <6R>0<6§{’>0 ) (5'30)
which decay exponentially fast to zero both in the low-temperature and in the high-temperature phase.
We will see that a power-law behaviour emerges at T, where £(7,) = oo (in the thermodynamic limit).

You can show that the connected correlation functions are directly obtained by taking derivatives
with respect to external source fields hy of the logarithm of the partition function, or, equivalently,
the free energy. For instance:

0 dlogz 0 107 0 1\ 07 1 0 07
Ohe Ohn  Ohy Z Ohm (ahR, 7) Ohe | Z Ohey Ol

1 072 97 1 0*°Z
72 Ohey O, Z OO,
= BReR)6n) + P (6R6n) = FC (5.31)

6Notice that in presence of a non-commuting transverse field, I should be more careful with my derivation, as the
different terms do not commute.
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Connected correlation functions. Since log Z = —F', we conclude the second derivative of
the free-energy with respect to the source field provides directly the connected correlations:

0%F
comn, o2
B Ohe Ohe

R,R’/

(5.32)

Higher-order derivatives of F' provide, similarly, connected correlations with more “fields” &%
appearing. Moreover, since mg := (6%) = 73‘31—1;, we can also write:

det OMmg 0’F 1

= OhwOhn  kpT

o (5.33)

The derivatives of the free-energy with respect to a source external field 3‘%’{, #ﬁl’iw’ etc., are
called response functions. The fact that two-point response functions and connected correlations are
related in this way

Centy = kpTX g (5.34)

is strictly valid in equilibrium, and is an instance of a fluctuation-dissipation relationship. In particular,
the relationship is not guaranteed to hold once you do approximations, such as mean-field. We
will later see that connected correlations CRy), when calculated directly in the simplest mean-field
approximation (Weiss mean-field) vanish, while a non-vanishing response function can be calculated

within mean-field.

5.4. Critical exponents

I exemplify here the various critical exponents that are typically encountered at a second-order phase
transition with a local order-parameter broken-symmetry low-temperature phase. For simplicity, I
consider here a translationally invariant classical ferromagnetic Ising model in a uniform longitudinal
field:

Hy=-J Y 6i65, —hY 6% (5.35)
(rR,R/) R
The model is Zy symmetric for h = 0: recall that you can send 62 — —&% (VR) by a uniform spin
rotation by an angle m about the x-spin axis. The model is translationally invariant provided periodic
boundary conditions (PBC) are chosen. Recall also that
1 0F

mih=0,T) = (62) = - =

T (5.36)

h=0
is the order parameter, independent of R. The first critical index tells us how m vanishes when

T — T, the critical temperature:

(T, —T)° T<T,
m(h=0,T) ~ . (5.37)
0 T>T1T,

This order-parameter critical index is traditionally denoted as /3, not to be confused with 1/kpT.

The connected spin-spin correlation function C3’}y) depends, due to translational invariance, only
on the difference x = R’ — R. Furthermore, M. Fisher postulated that we could write for it a scaling

"Indeed, observe that

OF
——|  =>(6R0=N
Ohlh—o “R rlo "

due to translational invariance.
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Ansatz of the form:
o~ IxI/&(T)

" Ix/alt R
where the last expression is valid for |x| > a, the lattice spacing. Here d is the dimensionality of
the lattice, £(T) is the correlation length, and 1 the anomalous exponent for correlations. ® The

correlation length £(7') is finite for T' # T, — hence connected correlations decay exponentially fast
for T # T, — but diverges at T, with a critical exponent v

(5.38)

Cittien 1= O™ = (3365)0 —m®

1
T)~ ———— . 5.39
€0) ~ g (5:9)
Consequently, the connected correlations show a power-law behaviour at T¢:
1
o (5.40)

Let us now consider the two-point response function, also known as susceptibility, often denoted as
X- It tells us how m changes when a small & is turned on, in the present case uniformly, since hg, = h.
The fluctuation-dissipation relation tells us that

_om
~ Oh

B Omg

X — - =
h=0 R/ ath

1
=Y o 5.41

We could rewrite x in terms of a lattice Fourier transform. Quite generally, for any fr defined on
a (Bravais) lattice we introduce:

f((]) = z:fﬁe_mrR

o i i , (5.42)
fo = O f@ean g, [ 4 fgeen
< TN . )
where Q. denotes the volume of the direct-lattice (Wigner-Seitz) unit cell — here Q. = a? for a
hypercubic lattice of spacing a in d dimensions —, and we have taken the limit N — oo in the last

expression. ? Hence, if C***(q) denotes the Fourier transform of C**| we immediately conclude that

om 1 1
=S e ——C*™(q=0). (5.44)

X o kBT " kT

X

To understand how x diverges as T — T, and in the thermodynamic limit, we directly transform the
sum over X into an integral

dx e IxI/E(T) o—lyl

> O~ /ﬁ T/azen ~ €/ /dy e * €/

X

8We will argue later on, when discussing mean-field, about the reason for such a power-law prefactor and the anomalous
exponent.

9Very often, in condensed matter, one adopts a slightly different (and more symmetric) convention for the lattice
Fourier (Bloch-Wannier) transform:

. 1 .
fa = N %:fReﬂq'R
. s (5.43)
1 L
fR = ﬁ ; fq elq'R

which is optimal if you want to remain within a discrete and finite-N framework. If you want to go towards the
continuum limit, and take also N — oo, then the equivalent definition in Eq. (5.42), which essentially implies a
rescaling f(q) = \/qu, leads to a simpler N — oo limit, with the sum over momenta directly transformed into an
integral on the Brillouin Zone.
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where only the large-x behaviour matters — for small x the connected correlations are perfectly regular
— and we rescaled variables to y = x/¢. Hence, if £ ~ |T — T,|™" diverges at T, with exponent v, we
would predict that y also diverges at T,:

X~ETT T =T,V | T =T, |7 with y=v(2-7). (5.45)

This relationship, derived by Fisher, is known as hyperscaling. The scaling form of the connected
correlations in Eq. (5.38) implies, in terms of Fourier transforms, that one would write

Con (g 9(lal) (5.46)

~Y
lq/*=n

where the function g(z — oo) = const, while g(z — 0) takes care of a finite value of C***(q — 0)
when £ is finite.

To conclude, let me mention two further critical exponents. One tells us how the order parameter
grows if we turn on a small longitudinal field h at T.:

m(h,T.) ~ |h|'/? . (5.47)
The second tells us about the singularities of the specific heat:

0% f .
eu(I) = =T ~ [T =T (5.48)

We will further discuss critical exponents when doing mean-field.

The exact d = 2 Ising critical exponents. Let me collect here, for reference, the exact results for
the critical exponents of the d = 2-dimensional Ising model, compared to the mean-field exponents
we will later derive.

Critical index Relation Exact d = 2-Ising Mean field
p mly o~ (T = T)° B=% B=3
1 1
n Cx "~ W n=x n=20
1
v E~ v=1 v=3
T =T (5.49)
1
v X~ m v = E y=1
) m|, ~|h|'/? §=15 §=3
o C 1 a =0 (log) a =0 (jump)
TR =0 (log =0 (jump

5.5. Universality and the role of symmetry

The two main ingredients that determine most of the features of a model close to a phase transition
point — in particular, its critical exponents — are:

1) The spatial dimensionality of the lattice;

2) The symmetry — spatial, orientational, and internal — of the variables involved, although the
mere anisotropy of the lattice is usually not important.
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We already saw the role of the dimensionality in the Ising model case: in one-dimension broken-
symmetry is only in the ground state and dies for any 7" > 0, while in two dimensions a finite
magnetization persists for 0 < T < T.

The fact that symmetry-breaking survives at finite 7" in two dimensions is deeply related to the
discrete nature of the Zs-symmetry of the Ising model in zero longitudinal field: for continuous
symmetries, things change remarkably.

To illustrate this, we consider an isotropic Heisenberg ferromagnet

H=-J > Su-Sw—-h) Si, (5.50)
) R

R,R/

where we have written the coupling to be translational invariant and to nearest-neighbor, for simplicity,
and with a minus sign in front, so that positive J now means a tendency to ferromagnetism. The
lattice is the usual hyper-cubic lattice for simplicity, with N sites and PBC. We have also added a
longitudinal field along the z-direction to play the trick of testing for a ferromagnetic state by sending
h — 0 after the thermodynamic limit N — oo. In absence of h the system has a full SU(2) symmetry.

Once again, you could construct a symmetry-based “proof” — very similar to the one we gave for

the Ising case —, to show that <§§>0 =0 for h = 0: you just observe that e~*™tot changes sign to §§
while commuting with the Hamiltonian and the Gibbs state.

Yet, we know that the ground state has mazimum total spin S = N/2, and symmetry (for h = 0)
requires a 25 +1 = N + 1 degenerate multiplet of states |S, M) with M =-S5, =S +1,---S:

1S, 8) = [111--- 1)

15,8 = 1) = 8518, 8) = o (1T -+ 1)+ [t - 1) o 111 1))

S, M) = (5.51)

1S, =S) = [ 144 -~ )

It is once again simple to argue that this ferromagnetic ground state breaks SU(2) symmetry: a small
(infinitesimal) h > 0 favours the |S, S) state over all the other states in the multiplet.

The question, now, is if symmetry-breaking survives at finite-7' or not. Let us concentrate in
particular on the state |S,S — 1) with a single |. It is a uniform superposition of spin flips at any
possible sites of the lattice, like a q = 0 state in tight-binding. This suggests that we might invoke
the Fourier transform S~ (q)

S- (q) = Ze*iq'R/S\; , (5.52)

R

and consider the N states, all with magnetization M = S — 1, for all q € BZ:
1

|wq> = \/N

$(q)lS, 5) = \/—lﬁ S e 9RE[S,S) | (5.53)

with |¢g=0) = |5, S —1). Since the N states with a single spin-flip span the subspace with M = S —1,
and symmetry tells us that I can diagonalise the Hamiltonian in such a subspace, we consider the
matrix representing H in such a subspace. We quickly discover that the matrix is precisely of the
tight-binding form with hopping matrix elements —J/2 in each direction +e, of the cubic lattice
(a = 1,---,d) and on-site energy Jd due to the cost a single spin flip with 2d neighbors. '° The

10Notice that the Hamiltonian term on each link can be written as 7J§ZR/S\;/ - g(§;§;, + /S\;;S\;,) The first term is
diagonal, and gives energy +.J/4, compared to —J/4 in absence of flip, hence a cost +J/2. The second term is a
hopping term for the spin-flip, with matrix element —J/2.
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energy of such states — including now the longitudinal field penalty term — is

d
J
Eq—Egszh—l—Jd—JZcosq-ea=h+§a2q2—|—-~- (5.54)

a=1

where the final expression follows from expanding the cosine term for small q. For q =0 and h =0
we recover the fact that |¢g=0) = |S,S — 1) is degenerate with |5, .S).

Goldstone modes. The interesting fact that we learn from this tight-binding calculation is
that these “defects” are low-energy modes for q # 0: they are the Goldstone modes associated
to the breaking of continuous symmetry, in the present case SU(2), with an energy cost that
scales as ¢? for ¢ — 0. The external field h > 0 breaks the symmetry and makes the Goldstone
modes gapped for q — 0. This crucial ingredient kills symmetry-breaking at finite T" in one and
two-dimensions, as proved by Mermin and Wagner.

5.5.1. Mermin-Wagner theorem

In 1966 Mermin and Wagner [31] wrote a Physical Review Letter entitled “ Absence of ferromag-
netism or antiferromagnetism in one- or two-dimensional isotropic Heisenberg models, a title that
might serve as an abstract: a continuous symmetry (spin isotropy) impedes order at finite tempera-
ture in one and two dimensions. To state what they proved, consider a Heisenberg model

H=- " JuwSe-Sw—h> S, (5.55)
(R.R) R

where we have written the coupling in translational invariant way, and with a minus sign in front,
so that positive J now mean a tendency to ferromagnetism. The lattice is, say, the usual hyper-
cubic lattice for simplicity, with N sites and PBC. We have also added a longitudinal field along
the z-direction to play the trick of testing for a ferromagnetic state by sending h — 0 after the
thermodynamic limit N — co. Notice that:

1) The spin S is not necessarily S = 1/2: any spin could be considered.

2) The coupling Jg is not necessarily restricted to nearest-neighbour: it is enough that Jx has a finite
range, or more precisely that

S(5+1

C = )ZR2|JR|<00.
R

a2

Next, define the candidate ferromagnetic order parameter
1 Qz
m= (%) (5.56)
R

where the average is done in presence of the external field h.

Bogoliubov inequality. There is a very useful inequality first derived by Bogoliubov:
1,42 4 P N N NT
5({A7AT}><[[B7H],BT]> > kgT|([B, A])|" . (5.57)

A simple proof of it is given in Ref. [31].
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By using this Bogoliubov inequality, applied to A = §;0t(—q) and B = §:gt(q), Mermin & Wagner
were able to derive the following inequality '' for the candidate order parameter m [31][Eq. 12]:

1
m? < S((15+ ) - =200 (5.58)
2%k Tad / q
sz (2m)4 C(qa)? + |hm|

where the final step applies to d < 2 where the integral on the denominator of the RHS diverges
(logarithmically in d = 2) for h — 0. A look at the integral shows the role of the Goldstone modes
appearing in the denominator, which provoke the divergence of the integral in d < 2 when h — 0.

5.6. Classical or quantum?

Part of the discussions we had so far — for instance, that referring to critical exponents — was refer-
ring to classical models. Other considerations — like the Mermin-Wagner theorem we just presented
— seem to rely on quantum mechanics. '?

The natural question is if and when quantum effects are crucial in the discussion. To illustrate the
concept, consider the translationally invariant two-dimensional Ising model in a transverse field:

Hypa =—J Y 6i6% — htY 6r, (5.59)
(r,R/) R

The phase diagram of this model has been studied with different techniques. Fig. 5.7 shows the phase
diagram obtained by RG in Ref. [32]. There is a line T.(h") separating the broken-symmetry phase
from the disordered state. For h'- = 0 the transition temperature T, is that of the two-dimensional
classical Ising model solved exactly by Onsager: kgT,/J = 2/sinh™*(1) &~ 2.27. At zero temperature,
T = 0, there is a quantum phase transtion at h-/J ~ 3.09 separating the ordered ferromagnetic
broken-symmetry ground state from a disordered ground state for large h-. '3

Figure 5.7: Sketch of the phase di-
agram of the transverse-field Ising
model in two-dimensions. At T = 0,
the quantum critical point (QCP) is
close to ht/J = 3.09, while for h* =
0, Onsager’s solution gives kgT./J =
2/sinh~!(1) =~ 2.27. For numerical
details, see Ref. [32].

Broken symmetry ferromagnet Paramagnet

> ht/J
0 QCP

You might ask yourself what are the critical exponents of the model all along the transition line
T.(h*). The perhaps surprising result is that the classical two-dimensional critical exponents apply

1 Mermin and Wagner also show the absence of antiferromagnetism in the same setting. The only difference is the
definition of the candidate order parameter m, the staggered magnetization, and the fact that the probing field is
also staggered.

12 Although, as pointed out by Mermin & Wagner, the proof holds for any spin S, and in principle, for very large S we
should tend to the classical limit, where quantum fluctuations of the spin are unimportant.

13For very large h' the transverse field dominates, and all spin are aligned in the 4+ direction in spin space: the ground
state becomes, for ht — oo

)= T 75 (1) + 1))

separated by a gap 2h1 from the first excited state with a spin along —zx.
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perfectly well even in presence of a transverse field A+ as long as 7, > 0: thermal fluctuations
dominate the critical region, and quantum effects are not important. The exception to this statement
is the quantum critical point, where the critical exponents change: they become those of the three-
dimensional classical Ising model. We will learn more about the correspondence between quantum
models in d-dimensions and classical models in d+1 in the next chapter, when we will discuss transfer
matrices and path-integral.

5.6.1. A zoo of models

Let me end this final section with a brief survey of other models that are often discussed in the
literature.

Potts models. Switching to the classical world, you can think of ox being a g-valued discrete variable,

or = {1,2,--- ¢} with ¢ > 2, and write a Hamiltonian of the form:

Hpotts = — > JrwOopon — O heldop.1 with oq € {1,--- ¢} . (5.60)
/ R

Classical spin models. For continuous variables, for instance a unit-length two-dimensional vector
S; = (cos ¢;,sin ¢;) forming an angle ¢; € [0,27) with the z-direction on each site of an arbitrary
lattice, you could write an XY-model:

Hyy == Y Juw cos(¢r — ¢r) —h Y hecosdr , with ¢g €[0,27) . (5.61)
(R,R’) R
Notice that Sg - Sgr = cos(¢r — dr’), hence the interaction term is invariant by O(2) rotations,

while the external field breaks this invariance. We will have more to say about this model in d = 2-
dimension, where it shows a Kosterlitz-Thouless transition without a local order parameter: it is one
of the first instances of a model with topological objects — vortices — playing a role. Still, with
continuous spins, generalizations of the XY-model involve an n-dimensional unit vector S, leading to
the so-called O(n)-model:

Z Jar'Sr - Sw - (5.62)

(R,R’)

Clock models. A discrete variant of this planar-spin-vector model is the so-called p-state clock model,
where the angles ¢y are constrained to the p discrete values ¢pp = 2mng/p with ng =1---p

Hp_clock = Z Jr.r’ €COS ( ) (ng — nR/)) , with ng € {1,--- ,p}. (5.63)

(R,R’)

4For g = 2, using the identity )
60’ ol = 7(1+UUI) b
’ 2

you can rewrite the 2-state Potts model as an Ising model. For ¢ > 2 the analogy with a corresponding g-Ising-spin
bilinear interaction J;jo;0; is lost. See Arovas 7.5.3.
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6. Transfer matrix and Path-Integral

In this chapter, we will deal with Ising spin systems. We will see how in principle you can write a
transfer matrix, in the classical case, to express the partition function. The transfer matrix, in turn,
can be rewritten as a quantum problem for a system with one dimension less in imaginary time. An
excellent reference for this subject is the review paper by Kogut [33][Sec. III-IV].

The transfer matrix itself is a practical technique to deal with many low-dimensional classical
problems, the analogue of doing exact diagonalisation in correlated lattice problems, but to get the
statistical mechanics properties, rather than the low-energy states. In the two-dimensional Ising case,
Onsager’s exact solution amounts to diagonalizing the exact transfer matrix of the problem to extract
all the important ingredients, in zero external field. We will also see how to write a path-integral
representation of a transverse-field quantum Ising problem.

6.1. Transfer matrix and classical-to-quantum mapping

One-dimensional classical Ising. To illustrate the idea of a transfer matrix in the simplest setting,
we consider a one-dimensional (d = 1) classical Ising ferromagnet with periodic-boundary conditions:

H[Q]:fJZO'ijJ,_l*hZUj, (61)

where o; = +1 are the two eigenvalues of 67, and we have written H as a classical Hamiltonian

VR

depending con the configuration o = (o1, -+ ,0on) of all spins. The partition function Z associated is
given by
Configs N
Z(B) = Z e~ BH[a] — Z Z e~ BH[a] (6.2)
a j=10,=%1
Observe that we can write:
N N (o +1|T]o;)
efﬁH[g] —e j.vzl (5]0j0j+1+ﬁho'j) _ HeﬁJajaj+1+ﬂhoj _ HeBJO'JO'j+1+Bh(O'J'+O'j+1)/2
j=1 j=1
= (o1|Tlon){on|Tlon-1) - (o2]T|o1) (6.3)

where we have identified a 2 x 2 matrix, the transition matriz

oBUI+R) =B )

<Uj+1|T|0j>< 0—B7  oBI—h) (6.4)

and rewritten the product by using the PBC condition o411 = o1. This immediately shows that the
partition function is the trace of a product of N transition matrices:

Z = Z (01| TjonMon|Tlon_1)--- (02| T|oy) = Tr TV . (6.5)

01, , 0N

INotice that we rewrite the longitudinal field term in a manner that is symmetric in (4,5 + 1), so that the resulting
transfer matrix is symmetric.

153



Transfer matrix and Path-Integral (Lecture Notes by G.B. Santoro)

Z comes automatically if we calculate the two eigenvalues of (o;41|T|o;). The calculation is elemen-
tary, for instance by noticing that:

( QBU+h) =B

o8I GBh) ) = 7 cosh(Bh) 1 + €27 sinh(Bh) 6 4+ e #767 | (6.6)

from which you deduce that the two eigenvalues of T are:

At = e?7 cosh(Bh) & \/e287 sinh?(Bh) 4 =287 . (6.7)

The partition function Z = Tr TN = )\f + AN is exponentially dominated by the largest eigenvalue,
hence the free-energy per spin is given by:

F
f(T,h) = lim — = —kgTlog\y = —kpTlog (eﬁ‘] cosh(Bh) + \/eQW sinh?(3h) + e—QﬁJ) . (6.8)
N—oo N
From the free-energy you can compute the spontaneous magnetization:
inh Sh
m(T,h) =~ 2L _ sinh § . (6.9)

S oh V/sinh? Bh + =187

i ]
Symmetry-breaking at finite T is lost. Observe that m = sign(h) for T =0 (f — o). On

the contrary, for any finite 7', the limit for A — 0 of the magnetization vanishes:
sinh Sh

m(T > 0) = ilzg% m(T,h) = }llli% el Bh e 15 =0. (6.10)

The zero-field (linear) susceptibility is also easy to calculate:

_ m L 20/keT) (6.11)

X(T) = lhmo = kT

Observe that a Curie behaviour y = kL%T for free spins (J = 0) becomes an exponentially diverging
X for J > 0 (ferromagnetic coupling) and an exponentially suppressed x for J < 0 (antiferromagnetic
coupling).

Exercise 6.1. To calculate the spin-spin correlation function, show that you can write:

1
Cint = (6163) = 5 Tt (TN—"&ZT"&Z) : (6.12)

where 0 < n < N and the transfer matrix T is given by Eq. (6.6). Next, set h = 0, so that
T = e#71 + e #/5% write explicitly the spectral decomposition of T in terms of eigenvectors |+) =

( L ) of 6%:
—1

and calculate the relevant trace in this basis. Show that you get:

S

T = A (+H + A=) (=1, (6.13)

AN+ XA N " _ o—nlogootan
Crn1 = xS =3 (tanh(ﬂJ)) — g~ logcotanh(8J) (6.14)
+ —

Two-dimensional classical Ising. We now move to the 2d Ising model with nearest-neighbour inter-
actions on a square lattice, leaving comments on the generalizations to the final discussion.
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PBC

N Figure 6.1: The 2-dimensional classical

Ising model on a square lattice. The system
has N, x N, sites, and PBC are enforced
in the y-direction: you can think of the sys-

tem as “living on a cylinder” with an axis
j+1 Tt along the z-direction. Boundary conditions

(0,111l ,)— 7, along the x-direction are left unspecified:
—J —J “
they could be open, fized, or periodic. In

J the latter case, you might picture the system
as “living on a torus”. The blue lines high-

light the couplings J,, connecting sites (i, 7)

and (¢ + 1,7), and J,, connecting (¢, j) and
) (i,7 + 1). The shaded rectangle highlights
the Boltzmann weights included in the defi-

nition of the “transfer matrix” (g;,,|T|a;).

Consider an Ising model with couplings J,, and J,, along the y- and z-directions of a two-dimensional
square lattice. We assume the lattice to have N, sites along x, and N, sites along y, and we label
the sites with a pair of integers (7,j), where ¢ = 1---N, and j = 1---N,. The number of sites is
N = N, N,. We write the (classical) spin Hamiltonian and its canonical partition function as:

Sites

H[Q] = - Z (ngi,jai+1,j + Jyo'i,jo'i,j+1> - hZUi’j
i,j 0,J
(6.15)
Configs Sites
2p) = 3 ey Y e
o i,j o 5=%1

We assume that the boundary conditions are periodic (PBC) in the y-direction, i.e., o; n,+1 = 74 1.
No assumption is made on the x-direction boundary conditions, which can be open or periodic. A
few notations are useful to simplify our writing. First, we denote by o; = (015, -+ ,0n, ;) the
configuration of row j of our lattice. Evidently, o; runs over 2N= possible row configurations. A
full configuration o of the whole system can be seen as a collection of all its row configurations:
o= (07,09, " ,gNy). The number of configurations ¢ is evidently (2¥+)Ns = 2V hence the difficulty
in calculating the partition function. Consider now the following 2= x 2N+ matrix

N,
= . h
(0;11|T|a;) = exp (ﬁz (Jyai,jai,jﬂ + 5 (0ig0it1 +0ij410i41,511) + 5 (00 + 0ig1) )) :
=1

Observe that the matrix is real, symmetric and positive by construction
(@411 Tle;) = (| Tla;+1) > 0, (6.16)

the symmetry being due to our choice: we decided to include some Boltzmann weights in a symmetric
fashion, including only half of the weights in (¢ |T|c;), with the understanding that the other half
should be taken care of by (g;,|T|a;,1) and by (g;[T|g; ;). Indeed, you realize that if I take a
matrix product of all the T-matrices, I will include all the necessary Boltzmann weights appearing in
A

Z = Z (01|Tlen,) (on, I Tlan, —1) -+ (41| Tla;) - - - (22| Tloy) = Tr T, (6.17)

O, e O
G177 I Ny,

where the trace emerges from the PBC choice of boundary conditions along the y-direction.
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Am{A}

Figure 6.2: The Perron-Frobenius theorem.
The red dot denotes Ao, the Perron root, which
is the maximum eigenvalue of T, real and posi-
tive. All other eigenvalues (smaller black dots)
@ > Re{/\} stay within the circle of radius Ao in the complex
plane. For the symmetric T considered here, all

other eigenvalues are real as well.

Since T is a positive real matrix — and even symmetric, by our construction —, we can use Perron-
Frobenius theorem, which guarantees that T has a unique (positive) eigenstate |Ag) with a mazimum
etgenvalue \g — the so-called Perron root —, which is itself real and positive and greater than the
modulus of any other eigenvalue, A\g > [Aa>0/, in general complex, but in the present case real, because
T is symmetric. We can write, in terms of the eigenstates |\,) of T, the spectral decomposition of T
as:

o2Ne 1 o2Ne 1
T= ) XAl = Z=TeTN = Y Alv,
a=0

a=0

where the last equation follows because T™v is easy to calculate on the basis of the eigenvectors of T,
and its trace, leading to Z is also simply the sum of all )\g?’.

Exponential dominance of the Perron root. Let us denote the maximum eigenvalue of T
by Ao = e Fo. In the limit N, — oo, the partition sum is ezponentially dominated by Ag:

ﬂF 1 Ny —00
P L logZ M Lloghg = ¢Ep .
N, N, % 08 A0 = €Lo

Now, let us switch to a quantum framework. We interpret the row configurations | Qj> as the states
of a quantum spin-1/2 chain of N, sites, [a;) — [01,j,02, "+ , 0N, j)q, Or, omitting the j-index:

|Q> — |Ula027 te 7UN1>Q = ‘Q>Q .
The latter is simply an eigenstate of all the Pauli spin operators 57 :

(}iz|0—130—27 T 70-N.7:>Q = 0'1"0'1,0'2,' o ’UNx>Q )

technically the tensor product of all the 67 spinor states for all¢ = 1--- N,. Correspondingly, we want
to find a quantum operator T, which faithfully represents the matrix elements of T:

N,
- Iy h
ﬁz (chrigg T (ioip1 +oioiq) + 5 (0i + U;))
(d'|T|g) =e =t

Q<QI|TQ|Q>Q . (6.18)
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The operator T‘Q is simple to construct: 2

Ny Ng
53 (Juotot +ht) [, § 3 (Ju6767, + o)
To=¢ i=! H (eﬁ‘ly 1+ e*B']y&f) e =1 . (6.19)
L i=1 R
c

Consider now the ingredient appearing in the central piece, which we want to rewrite as an exponential:
(v, + e PlvT) = Cel" = C(1;coshT + 6% sinhT) |

2n+1

where we used (6%)%" = 1, and (6%) = 6" in the second equality, to expand the exponential. To

find the constants C' and I we write explicitly:

CcoshT = ey tanh = e 20/
— . (6.20)
. _ _—BJ 2 2
CsinhI' = e By C SmhorT

With these definitions, we can write TQ, still exactly, as:

R 8N (Je6765 0 +h67) T 67 2> (Ju6767 + ho7)
Tq = CNee i=1 e =1 ¢ =1 . (6.21)

Although exact, this expression is not nice: the three different terms do not commute and you cannot
rewrite Ty, as the exponential of a single quantum Hamiltonian operator. Suppose, however, that the
coupling constants J, and J, are highly anisotropic.

The high-anisotropy limit. More precisely, we assume that:

B, = €J
High-anistropy limit: Bh = ehll (6.22)
I = e¢ht = BJ, = —%logtanhehL

where e (with dimensions of “time/%”) is “small”, and J, hll, h* (with dimensions of “energy”) are
suitable constants. More properly, the dimensionless combinations e.J, ehl, and eh' are assumed
to be small. These assumptions imply that when £J, is “small”, 5J, = f% log tanh eh ™ is “large”,
justifying the terminology “high-anisotropy limit”, when € — 0.

In terms of these quantities, let us now define two quantum operators:

N, N,
g=-Y (Jc}f&fﬂ + h“&f) and H, = -1ty 67, (6.23)
=1 =1

such that the exact transfer matrix can be written as
Ty = CNe g sHzgmellag5H: (6.24)
In high-anisotropy limit € — 0, the three exponentials can be combined by using the relationship

eeAeEB _ eeA+eB+§[A,B]+m _ ee(A+B) + 0(62) ) (625)

B Nz o X .
2With the notations in underbrace, the part denoted by “R” takes care of 2 Z'izl(JfU"U"+1+hU‘). Next, the action
of the central operator “C” assigns a weight e8/v to the diagonal element o, = oy and a weight e 87y to the
off-diagonal element ¢ = —o;; at the same time, the configuration is changed |o)q — |0”)q. Finally, the action of

B N, i ’
the left operator “L” gives the remaining weights e Zifi(Jaoioiprthol),
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The transfer matrix in the high-anisotropy limit. This leads us to our final expression:

~ O ~
Ty 20 ONe e=€Ha with Hy=-Y (J&f&fﬂ + sz hl&gf) . (6.26)
i=1
So, in the high-anisotropy limit, the classical transfer matrix has been mapped onto the imaginary-
time “ evolution operator of a quantum Ising chain in a transverse field h'-. The y-direction of the
classical problem — for which we chose periodic boundary conditions — becomes the imaginary-

time direction of the quantum problem.

*The usual real-time evolution operator e itHq/h becomes, under the substitution ¢t — —i7, the imaginary-time

evolution operator e "™ H Q/h , very important in numerical Quantum Monte Carlo approaches and in statistical

mechanics, see [34].

2 From quantum 1d ——
Exact2d ——
1.5} Ising critical temperature Figure 6.3:  Plot  of

the  critical  coupling
Bedy = Jy/(ksT:) from
the 2d Onsager’s solution,

ﬁc 'Jy

14t Eqg. (6.29), compared to
the quantum-mapped
prediction of Eq. (6.40),
versus the anisotropy of
0.5+ the lattice J/J,. The
two predictions coincide.

0 ! .

0.1 05  Jyly 1

Let us consider again the classical partition function. In the high-anisotropy limit, you rewrite it
as: o R
Z=TrTV = Tr Th* ‘= N Tre Nvefla (6.27)
Suppose now that ﬁQ has a finite gap Ap = E; — Ey above its (non-degenerate) ground state energy
Ey = Npep. Then for large N, we would write:

0
Z:e—ﬁFﬁz CNe—NyeEg (1+e— yeAE—f—"')%CNe_ yeEo—i-"':CNe_NeeO—f—"'

Taking the logarithm and dividing by N = N, N, we conclude that:

. r . logZ =0
Bf = ngnooﬁﬁ—— lim N = eeg —logC . (6.28)

N —oc0

The constant C' plays a minor role: it is simply an additive contribution to the free energy.

Singularities of f +— Singularities of ¢yp. The important point is that we expect that the
singularities of f (in the thermodynamical limit) should be reflected by those of the ground state
energy (per spin) eg of the quantum model.

Let us check this last prediction. In zero longitudinal field (b = 0 — hl = 0) and for uniform
couplings with PBC in both directions, the classical Ising model in d = 2 has been solved by Onsager,
who succeeded in “diagonalizing” the exact transfer matrix T.
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The 2d Ising model in zero longitudinal field. Onsager’s solution predicts that the 2d
Ising model in zero longitudinal field has a transition temperature 7. (where the free-energy f
shows singularities) given by:

sinh (28.J,) sinh (26.J,) = 1. (6.29)

TFIM chain: fermionic mapping. The corresponding transverse-field quantum Ising chain in d = 1
(with PBC, and setting L = N,,)

L L
Hreng = =J ) 65650 —h* )67, (6.30)
j=1 Jj=1

can be easily solved by mapping the spin-operators onto spinless fermion operators — through the
so-called Jordan- Wigner transformation * — leading to a simple quadratic fermion Hamiltonian:

ABC
Howi — H = Y (2(hL - Jcosk)(éLék - e_kéik) - 2¢Jsink<yié*_k - é_kék>>
k>0
ABC 1 _ _ .. ~
_ Z(GL e ) ( 2(h . i]cosk) istmk ) A?Lk  (633)
= 2Jisink —2(ht — Jcosk) ey

Here k = @ withn=1.-- % are positive k-vectors for fermions on a lattice with Antiperiodic
Boundary Conditions (ABC). The final form of the fermionic Hamiltonian highlights the 2 x 2 nature
of the problem with particle annihilation (¢, ) and creation (éik) linked together into fermionic Nambu
spinors, like in the BCS theory of superconductivity. Details will be studied later on, during a hands-on
specific short course. Here we just sketch the main results we need.

By solving the 2 x 2 eigenvalue problem one can find two particle-hole symmetric bands ¢+ = +ep,
with

N,
€r =2J4/ | cosk — N +sin“k >0, (6.34)
and corresponding eigenvectors (ug- , vp+)” which determine new Bogoliubov fermionic operators *
3For that purpose, I prefer to do a spin-rotation, writing first
L L
o = —1 3 307, ~ b 3005
=1 =1
and then mapping spins into fermions using the Jordan-Wigner (non-local) transformation:
ax oAt oA
6% = Kj (chrcj) i
Y _ o coat 4 . & IR,
6] = K;i(e;—¢;) with K; = H e i (6.31)
i'=1
ny o
a7 = 1 2nj
It is easy to show that some nearest-neighbor spin-spin ?7;” [7;‘ 1 operators transform simply into quadratic fermionic
operators
szaz (4t At at
676711 = <cjcj+1 +eéiéi, + H.c.) . (6.32)

Unfortunately, a longitudinal field term involving a single [7;? cannot be translated into a simple local fermionic
operator.
4Define the shorthand zp = 2(ht — Jcosk) and yj, = 2J sink. For the positive energy eigenvector, we have:

1
<“"+ )z(“’“ >=7(6’“,+z’“ ) , (6.35)
Vk+ Vg \ 2€p, (Ek + Zk) 1Yk
where we have introduced the shorthands uy = w4 and v = vg4. Note, in passing, that u_j, = uj, while
v_j = —ug, since zj is even in k, while yi is odd. The negative-energy eigenvector (ug_ , vp_)7T is related to the
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@ (b)

(c)

€N o

Figure 6.4.: (a) The two bands e plotted by varying the transverse field h* in the range [0,2]. (b-d)
The bands e, for three different transverse fields A*: (b) h*/J = 0.5 (inside the ferromagnetic region),
(¢) h*/J = 1 (the critical point), (d) h*/J = 1.5 (inside the paramagnetic phase). Notice the remarkable
behaviour at ht = ht = J, clearly visible in panel (c): a gapless linear spectrum. Notice also how you can
hardly distinguish the bands of the two gapped phases in (b) and (d), although their topology is distinctly
different.

ﬁ,i = ukél +v,C_,, in terms of which the fermionic Hamiltonian is perfectly diagonal:

ABC ABC
=Y« (ﬁl% + fyikik) + By with Eo=-Y e. (6.37)
k>0 k>0

The ground state, with energy Ey, can be shown to be given by the Bogoliubov vacuum °

ABC

10,027 =0, =[] (uk - vkéLéik)IO> : (6.38)
k>0

where 4, |0,)*2° = 0. The form of the two bands +¢j, as a function of k and for several values of h*
is noteworthy. Figure 6.4 shows plots that illustrate them.

The quantum critical point, where singularities of

EO g dk
— 1' Y _ A
eg = lim = /0 o€k s (6.39)

are present, is easily found to be at (h*/J). = 1. Indeed, if you look at the bands in Fig. 6.4 you
immediately see that they are very smooth for A+ # .J (panels b and d), but develop a cusp for h* = .J
(panel c). This corresponds, in terms of Eq. (6.22), to °

e 2Pty — tanh B.J, . (6.40)

previous one by a simple transformation:

()= () v ()
Vf— ’LLZ 2€g (Ek + Zk) €k + 2k

5Incidentally, this is precisely the state |¥4 ) even under the Zo symmetry previously discussed. The quasi-degenerate
state |¥_) lives in a different sector of the Hilbert space, with different (PBC) values of k.
6Simply notice that at the critical point you can identify eht with eJ = 8J,.
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Remarkably, all exact critical exponents of the zero-field 2d Ising model are reproduced by the quantum
7

Ising chain.

Quantitatively, you might wonder how close the two predictions for T, are, as a function of the
anisotropy of the couplings J,./J, (which should be “small” for the quantum mapping to be in principle
valid). The two results are shown in Fig. 6.3: if you can see only one curve, you are right. Rather
surprisingly, at least for me, Eq. (6.29)-(6.40) give precisely ® the same T for all values of the anisotropy
Jz/Jy. To summarise, not only do we expect that our quantum problem will capture the singularities
of the classical model, but even quantitatively we get a perfect prediction for the critical couplings,
well beyond the high-anisotropy limit.

Generalisations. Generalisations are rather simple. If you follow the steps we have taken, you re-
alize that it was in no way crucial that the original classical Ising model was two-dimensional: any
(d 4+ 1) dimensional hyper-cubic lattice classical Ising model would be reduced to a corresponding d-
dimensional quantum Ising problem in a transverse field. The boundary conditions on the space-like
directions can be taken at will: only the direction that maps into the imaginary-time has to respect
PBC. Moreover, the different couplings might be different from site to site, as long as they remain the

same along the “time-direction”. °

More in details, and as a way of summary, take a classical Ising model in, say, a hyper-cubic lattice
in (d + 1)-dimensions, with the lattice sites denoted as

d
Z Na€s +nieiy1 = R+neqp = (Ryny)
a=1
where e, and ey are lattice vectors in the corresponding directions, with n, = 1,--- N, and n; =
1,--- N, integers. Write the classical Ising model H as

Ny Ny Ny
t
Hlg] = - Z Z Jar Orin, Or' iy — Z Z Jr Orn, Oron 41 — Z ZhRUR,m 5 (6.41)
nt=1(rR,R’) n;=1 R ng=1 R

with PBC along the “time-like” (d + 1)-direction and general anisotropic two-spin interactions: Jj .,
along the “space-like directions” and Jf along the “time direction”. Let Ny = NjNs--- Ny be the
number of sites in the first d “space-like” directions, and N = NN, the total number of sites. Then,
you can write Z = Tr TVt with T a 2Vs x 2Vs positive, symmetric, transfer matrix, whose Perron’s
root exponentially dominates Z in the limit N; — co. Moreover, in the high-anisotropy limit where:

Blar = €Jaw
High-anistropy limit: Bhg = ~€hﬂL (6.42)
e 2R = tanh eh

the quantities on the RHS being uniformly small (formally in the limit € — 0), you can write the
transfer matrix as a quantum operator of the form T, — e~ @ with:

Ho=— Y Juw6ibi — > hiéi— Y hioh . (6.43)
(R R R

R,R/

"We will see details of this in the hands-on short course. Interestingly, the Jordan-Wigner mapping is unable to
solve the 1d quantum Ising chain precisely in the case which Onsager’s solution cannot deal with: in presence of a
longitudinal field.

81f you call z = e=2P<Jy | from the Onsager relation Eq. (6.29), solving a simple quadratic equation, you get:

L o—2Bcdy _ V52 +4-2
S
Straightforward algebra, using duplication formulas cosh(28cJz) = cosh?(BeJz) + sinh?(BcJz) and sinh(28:J;) =

2sinh(BcJz) cosh(BcJz), leads then to the result stated in Eq. (6.40).
9In the (141)-dimensional example we treated explicitly, with sites denoted as (i, j), you could take J; — Jg, Jy = JY,

with S = 2sinh(28:Jz) .

and h — h;, leading to a site-dependence of the transverse-field quantum Ising chain parameters J;, h! and hiL.
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6.2. Path-integral representation of transverse-field Ising
models

We now follow essentially the inverse route to what we did in the previous section: we will try to
write the quantum partition function of a transverse-field Ising model (indeed, in any dimension and
with arbitrary couplings) in terms of a “classical partition sum”, as an illustration of how to write a
Suzuki-Trotter path-integral of a quantum problem. The steps are remarkably identical to those we
saw in the previous section, but repetita iuvant. So, consider a quantum Ising model in a transverse

field:
N Jnw i - Zh““ Zh“’f Z+X, (6.44)

(R,R’)

Z

}

where (R, R’) denotes, as usual, nearest-neighbour sites on the (rather arbitrary) lattice. As a short-
hand, I indicated the first term, diagonal in the basis of 6% by Z — it will be our “potential energy”
— and the off-diagonal term involving 6* by X — it will be our “kinetic energy operator”.

More general transverse-field models.  The fact that we consider two-spin Jg r/056%,
interactions is for illustration purposes only. Indeed, you might repeat an identical construction
for an arbitrary model of the form:

Hy=27 - > hioi=Z+X, (6.45)

where Z contains any number of 6Z. Later on, we will apply this to the Ising lattice gauge theory
in a transverse field, where Z will consist of four spin 6* plaquette interactions.

We would like to calculate the finite temperature quantum partition function:

_ s 85 _ ~
Zo=Tre Mo —Tre mHa. . omwtla E (o,|e Ha...e7Ha|g ) (6.46)
~—
N, times g, N, times

So far, we have an exact expression, since we have just rewritten the exponential as a product of N

identical terms without splitting the two non-commuting parts. The number N; is called the Trotter
number or number of Trotter slices. Notice that for fixed finite 8 (i.e., at finite temperature T'), the
quantity appearing in the exponentials is now:

I} 1 AT
N, ksTN,  h

€

(6.47)

The last notation suggests that I can view € as an arbitrarily small “imaginary time” A7, by taking a
suitably large N;. '© And here comes the Suzuki- Trotter break-up of the exponential:

o~cfla = ¢=cZ+%) _ 57X o=57 | () | (6.48)

This symmetric break-up is actually correct to order €3, while a non-symmetric form would lead to

e=€(Z+X) = geZg—eX + O(€?). Remarkably, under the trace the two break-ups are actually totally
equivalent. We now use Eq. (6.48) inside the trace expression Eq. (6.46), performing the trace by
summing over the §%-eigenstates configurations |g;) of the Hilbert space, and inserting appropriate
identities at all “time-slices” n; = 2 -+ Ny, of the form

§ |7nt fnt
Ty

10Notice that e reabsorbs a factor of .
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I~
7/h
PBC
Ne B
Figure 6.5: The quantum partition func-
tion, Zq = Tr e PHa  expressed as
ng +1 |0y, +1) Celo\ Mt .
— =net Tr (e Q . Here ¢ = B/N; will be as-
€ <Qnt+1 |676HQ |Qn,,> sumed to be “small”, so as to justify a Suzuki-
Uz \ [ea t> Trotter decomposition of the “imaginary-time
propagator” (gnﬁl\e*eHQ lg,,,). This eventu-
ally leads to the path-integral representation.
2
10 >
1 2 (3 Nx
We end-up writing:
Zo = Y (lele e T i 0y ) - (g, e e K g, )

919Ny

- <g2|e—%2e—f)?e—%2\g1>) + O(?).  (6.49)

The relevant matrix elements that we need to calculate are simple, since 7 is diagonal in the chosen
basis, and X is a sum of commuting single-site 6% . More explicitly:

(@ pile 2 Ze Ko 82| ) = e 570 (g e K|g, Yo 5A(En)
In turn, the central piece can be explicitly written as:
e 1. e
(@ a1le™ N an,) = (n, 1l [[ e Rle,,) = [Towmrile” ™ Ronn,)
R R
= H<O’R7nt+1 |(cosh (ehp)1g + sinh (¢hy)6L) 0w n,)
R
cosh (€hg) if Orp+1 = Orom,

r | sinh(ehg) if Orni1 = —Omom,

Let us manipulate it to make it easier to read. Remember that in the previous section we showed that

, - K = —% log tanh "
e = (¢/|ef 1+ e K67 |0) = C(0'|e"? o)  with , )
C° = &hor
Hence we can write (relabelling I' — ehy):
~ . Kz = —3logtanh (ehg)

(@16 N g, ) = eZr(FRoR TR 108 OR) gy

— — 2 2
CR " sinh2ehk

(6.50)
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Path-integral representation of quantum Ising models in a transverse field. Given
a quantum Ising model in d-dimensions with H, = Z — > hed? and Z containing only &2
operators, its path-integral amounts to following classical partition sum in (d 4+ 1)-dimensions
with a classical effective action S[o]

N, N,
2 : 7 Z Z 1
S[G] = —€ Z(Qnt) - KR Or,nOR,ni+1
ne=1 nt;=1 R
Zo = lm Y eSEen] o g Yes
N¢—o00 Ni—o0
g1 IN, g

Here Z (¢,,) is the eigenvalue of Z on the classical configuration g,,, at the “time-slice” n;, and
the relevant “ transverse (time-like) dimensionless coupling Kz is ferromagnetic and is given by:

Ky

1
—5 log tanh (ehﬁ) >0

A . (6.51)

h N, kgTN,

“QObserve that the constant Cr plays no major role in the path-integral, and has been omitted. It will cancel

anyway when considering expectation values.
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7. Mean field and Ginzburg-Landau

An exact solution of a non-trivial statistical mechanics model is a rare event, mostly confined to two-
dimensional (classical), or one-dimensional (quantum) models. See the excellent books by Mussardo
and by Baxter if you want to learn more about exactly solvable models.

Here 1 will discuss a general approximate approach that yields useful information on the phase
diagram you should expect for your model, although failing to quantitatively describe the behaviour
close to second-order critical points, at least for lattices in low dimensions. This approach is known as
mean field. It can be introduced in many ways. Here I present a useful variational approach leading
to a mean-field description.

7.1. Variational formulation of mean field

First of all, the canonical Helmholtz free-energy obeys a minimum principle, as you already know.
You can also show that a minimum principle allows getting the usual Gibbs-Boltzmann weights for
the canonical ensemble in the following way. Let {|¢,)} be a complete basis of eigenstates of the
Hamiltonian H of the system you are considering, with F, the corresponding energy eigenvalues.
Consider a statistical ensemble defined by

p= Dnldn)(onl with Y p,=1. (7.1)
If can calculate E and S for this ensemble, viewed as functionals of the weights {p,}, as:

E{{p.}] = (H)=Tr[pH| =" puE
! (7.2)
S[{pn}] = _kB <10g ﬁ> = _kB Tl'[ﬁ IOg p/\} = _kB an Ingn

One can show that the correct canonical free-energy F', with the standard Boltzmann weights p,, =
e BEn /Z, verifies the inequality

as you can immediately show by writing the Lagrange multiplier problem in presence of the constraint
Donbn =1 ! But this is not all. You can also show that F is “minimal” with respect to any density
matrix po, in particular for the Gibbs density matrix

e*ﬁﬁo

B Tre—BHo ’

Po

1The functional to be minimized is:
ZPnEn + kaTan log pn — A(an - 1) .
n n n

Setting to 0 the simple derivative with respect to pn, you immediately verify that the solution can be expressed in

the standard Gibbs-Boltzmann form:
o—BEn

Z

Pn =

165



Mean field and Ginzburg-Landau (Lecture Notes by G.E. Santoro)

corresponding to a different trial Hamiltonian ﬁo.

Bogoliubov-Gibbs inequality.

~

F < Tr(poH) + kpT Tr (pologpo) = (H)o— TSy (7.4)
= Fo+ (H - Hy)o,

where in the second form Fy = Ey — TSy = <ffo>0 — TS is the free-energy corresponding to ﬁo.

Incidentally, this inequality generalizes to finite T' the well-known Rayleigh-Ritz variational inequal-
ity of quantum mechanics
Egs < <H>0 =Tr (H[)O) )

which you typically meet for pure states po = |0) (1], but it applies to any density matriz pp. Indeed,
for T'— 0 you have:

Eg 0 F < (H)o— TS, =3 (H)p . (7.5)

To prove the Bogoliubov-Gibbs inequality, we will introduce the concept of quantum relative entropy,
which leads to another Gibbs inequality, very interesting on its own.

Relative entropy or quantum Kullback-Leibler divergence. Given two density matrices
p1 and pg, their quantum relative entropy is defined as:

oAy def . . .
S(p1llp2) = Tr (p1(log p1 — log p2)) - (7.6)
It is the quantum analog of the classical Kullback-Leibler divergence

Pl (X)
Py(x)

D(P||P) = /dx Py (x)log (7.7)
where P, and P, are probability densities. Notice that both quantities are non-symmetric with
respect to their arguments. A crucial concept connected to the relative entropy is the Gibbs
inequality

S(pllpe) 20 = —Trpilogpr < —Trprlogps . (7.8)

The inequality becomes an equality if and only if p; = po.

The Gibbs inequality is a consequence of a general Klein’s inequality, in turn connected to the
convexity preservation of the trace of positive operators. We will have more to say in later chapters.
Here, I just note that the proof is simple in the classical case, or equivalently when the two density
matrices have a common basis of eigenstates and differ just by the weights: p, = >, P,(Ll)|¢n><¢>n|
and pp =) P,(l2)|¢>n><¢n\. Indeed, using the concavity of logx and the fact that logax < x — 1, you
easily show that:

g
T (nlog o —log ) = 3 (P oz 1)

n
(2)

< ¥ (P,Q)(]P;’(Ll) - 1)) = <P7§2) - P,§1>) =0. (7.9)

n

The Gibbs inequality immediately leads to a proof of the Bogoliubov-Gibbs inequality: it is enough
to take p1 = po, the trial density matrix, and ps = pcg, the Gibbs canonical ensemble associated to
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H. Here is the proof, which uses the fact that log pcp = —Bﬁ —log Zcy, and log Zop, = —BF":

TSy = —kpT Tr (polog po) < —kpT Tr (polog per) = —kpT Tr (po(~BH —log Zcy))
= Tr(poH)-F. (7.10)

-~

An alternative proof of the Bogoliubov-Gibbs variational principle F' < (H)q — T'Sp, using a per-
turbative approach is given in Feynman’s statistical mechanics book, Sec. 2.11. The essence of the
proof is again a concavity argument. One considers an interpolating Hamiltonian

H(a) = Hy+ o(H — Hy) = Hy + oV, (7.11)

such that H(0) = Hy and H(1) = H, with V = H — Hy, and sets up a perturbative expansion in
powers of aV. For the free-energy the expansion would read:

F(a) = Fy+aFy +o®Fy + - (7.12)

where Fy = Ey — TSy = <ﬁ0>0 — TS, is the free-energy corresponding to ffo, while Fi, F5, ete.
are the Taylor coefficients of F(a)). The perturbative calculation is rather easy to set up and carry

4 F(0) +aF, .
_~"1foT
B e F
//__— Figure 7.1: The concavity of F(«).
Fy Fa) Figure taken from Feynman.
5 ; >«

out. Use a basis of eigenstates of Hy, i.e., Ho|n) = €,|n), with unperturbed energies ¢,, and define
the shorthand for the matrix elements V,,,,, = (m|V|n), and p, = e~ /Z; to be the unperturbed
Boltzmann weights, where Zy =) e Ben = =B is the unperturbed partition sum.

Exercise 7.1. Show, by an explicit calculation, that:
Fy = Tx[poV] = (H — Ho)o , (7.13)

while:
e_ﬁem —_ e_ﬁen

F2 = —%QBFO Z ﬁ |an|2 - g (anvnn|2 - (anvnn>2>

m#n

>0

e—Bem _ g—Ben

IA

1
_ 1 _BF, 2
5 Y Va2 <0 (7.14)

€ €
o n m

In the previous derivation, we made use of the standard second-moment inequality ? while the last
inequality follows by inspection.

2Simply recall that

2
n n n m
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The perturbative calculation just reported shows that F”(0) = 2F; < 0. An entirely identical
perturbative calculation, with the trick of setting up the expansion around an arbitrary point « in
terms of the (small) variable v, by writing

H(a+7) = H(a) +9V,
shows that indeed
F'(a) <0 Vael0,1],
which implies that the function F(«) is concave, i.e., it stays below its tangent in o = 0. By looking
at Fig 7.1 you realize that this immediately implies that
F=F(Q1)< Fy+F = Fy+(H - Hy)o,

which is the second form of the Bogoliubov-Gibbs variational principle in Eq. (7.4).

Applications of Bogoliubov-Gibbs inequality. You can do a lot with the Bogoliubov-Gibbs varia-
tional principle. Hartree-Fock is an application of it, with H, o being the best (self-consistent) quadratic
Hamiltonian for a fermionic system. ﬁo can also be thought of as a self-consistent harmonic approz-
imation in other contexts. For spin systems, if you restrict ﬁo to be the sum of local fields on sites
or sum of terms on independent larger clusters, you recover the usual Weiss mean-field (see Section
below) and its improvements (Bethe-Peierls approximations).

7.1.1. The classical Ising model: Weiss mean-field

Consider the classical Ising model
H=- " Jaw6ibi — Y hai, (7.15)
(r,R) R

where R and R’ denote nearest-neighbour sites on a lattice or graph on which the model is defined.
We now apply the Bogoliubov-Gibbs variational principle with a very simple trial Hamiltonian H

Ho=—Y hoos (7.16)
R

where the various h% (in essence, effective magnetic fields) are used as variational parameters. This
amounts to saying that our Ansatz for the density matrix is site-factorised and given by: 3
—BHo 1
R e Mg . 0
= —= -1 — Z) ith  mg = tanh(Bhy) , 7.17
PO~ Ty o5, IRI (2 Rt 5 0R) W R (Bhz) (7.17)

where the mg can be equivalently regarded as our set of variational parameters. Notice that this
choice leads to
(6R)o = mm

(650500 = (0R)0(05)0 = mrma

Hence, as you see, the site-factorisation of the trial density matrix leads to ignoring correlations
between the spins! The variational free-energy, energy and entropy are given by:

For[{me}] = E[{mg}] - TS[{mz}]

El{mg}] = Tr P0H Z Jr,r/MrMg — Z hemg

IR e (S NSNS NS

3Recall that e*4” = 1coshz + 67 sinh z.
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Now we can set our variational parameters mg by requiring that % = 0. The calculation is simple,
mRr

since OF knT -
var j : m
Ozﬁ:_ y JR,R’mR’_hR‘FLlOg =

)

2 1—mg
from which it follows that

1 14+ mg
T/ My h):—l
ﬂ(; rR,e/Mr’ + hg ZOgl—

= tanh ™' (mg) ,
mg

where the last equality follows easily from the hyperbolic tangent relationship:

1 1
tanh <2log +x> =x.

1—2x

The mean-field equations. In conclusion, the variational parameters mg have to satisfy the
following mean-field equations

mg = tanh(S Z JarMr + Bhg) . (7.18)
R/

Suppose that our Ising system was an ordered ferromagnetic model with Jg g = J > 0 on all
nearest-neighbor bonds of a certain lattice with coordination z (i.e., each site has z nearest neighbors;
for a cubic lattice in d-dimensions, z = 2d) * and hg = h on all sites. Then, looking for solutions that
are uniform over all sites, mr = m, we can rewrite our mean-field equations as a single relationship
for m:

m = tanh(zBJm + Sh) . (7.19)

Let us consider first the case h = 0, where the previous equation reduces to m = tanh(z3Jm) which
is easy to analyse graphically, as sketched in Fig. 7.2. m = 0 is always a (paramagnetic) solution of

Figure 7.2: The graphical solution of
the  self-consistency = mean-field equation

m = tanh(z8Jm) for the magnetization m
of the homogeneous Ising model at A = 0.

the previous equation. If z3J < 1, a simple inspection of the graph of tanh(z8Jm) shows that m =0
is the only solution. However, for 5zJ > 1 two more solutions with +m # 0 are allowed. Hence, the
transition occurs when the slope of tanh(z8Jm) versus m is exactly 1:

Bezd =1 o kgT.=zJ . (7.20)

This critical T, signals the temperature below which a uniform magnetisation m(T") # 0 is possible.
Indeed, if you rewrite your variational free-energy per spin f = F/N for a uniform m as:

J — J—
e () (5) o (5]

4More generally, we could express the result in terms of the q = 0 Fourier transform of Jr,r’, since j(O) = Zj Jr,R’-

For nearest-neighbor couplings only, j(O) =2zJ.
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you easily realize that when T' < T, and h = 0 indeed the solution with m(T") # 0 guarantees a lower
free-energy than the paramagnetic solution with m = 0, whose free-energy is fo = —kpT log2. Fig. 7.3
shows plots of Af = f(m) — fo for values of T around T,. To better understand the behaviour close

0.06
0.04
Af(m,T) 0.04 AM,T) 00 \ h=0.05 kgT,
h=0
0.02 0

0 -0.02 \_/

-0.02

-0.04

-0.06 0.4

Figure 7.3.: The free-energy per spin Af = (f + kg1 log?2)/(zJ) versus m, for several values of kgT/(zJ) =
T/T. = 1.25,1,0.9,0.8,0.7 around the transition point in zero field h = 0 (left) and for a finite field h =
0.05(zJ) (right).

to the critical point, you can expand the logarithms appearing in the entropic contribution, obtaining:

2d 4 kT o kT

2 m? — knTloc?
5 m~ —hm — kgTlog2 + > m* + 12 m- +

(kBT—ZJ)m2 + kBTm4
2 12

= fo(T) — hm + %a(T) m? + ib(T) mt 4 (7.22)

This type of expansion is known as Landau expansion. Notice the characteristic quadratic term a(T)m
with a(T') = kp(T — T,) which changes sign, becoming negative, for T < T, with the accompanying
positive fourth-order term b(T)m*. Notice also that the only odd power term is of first-order in m, and
originates from the energy contribution due to external field. To understand the vicinity of the critical
point we can directly use the Landau expansion of the variational free-energy. The battle between
the a(T)m? term and the b(T)m* ends-up giving a non-vanishing order parameter m(T < T,) which
grows below T, as °

f(m,h,T)

= —kgTlog2— hm+ + -

2

m(T < T.) ~ A(T, — T)* . (7.23)

When the external field is non-zero, the mean-field solution has always m # 0. Exactly at T, the
Landau free-energy is f(m,h,T.) = fo(T) — hm+ $b(T.)m* + - -, hence setting to zero its derivative
immediately gives that the magnetisation will grow like

(T h) = (2 ‘ h3 (7.24)
m(T,, h) ~ b7y . .
Starting from high temperatures, you realize that above T, and for small h ¢ we have:
h om 1
BT = e = = . 7.25
m(h,T) k(T —T.) + X = B0 o kg(T-T,)’ (7.25)

5The derivative of the Landau free-energy can be written as

0 2
. —m(a(T) +b(T)m +) ;
hence the ordered solution has

. a(l) _ 3(T.—T)

T u(T) T

6There the Landau free-energy is f(m, h, T > T.) = fo(T) —hm+ kTB (T —T.)m? +--- and the derivative immediately
gives m(h, T > T¢).
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where x is the zero-field uniform susceptibility.

Finally, one can calculate the full mean-field free-energy in zero-field by solving for m(7") and writing

f(T) = f(m(T),0,T) .
Armed with f(T), we can calculate the specific heat (per spin)
0 f
Cy = 7TW .
For T > T, we have m(T) = 0 hence f(T > T,) = —kgTlog2 and ¢,(T > T,) = 0. For T < T, we
find m?(T) ~ 3(T. — T)/T hence

3. (T, —T)?
f(TSJTc)=—k3T10g2—1k3%+... ’

which leads to the prediction that c, jumps to %kB for T < T, in a discontinuous fashion. The full

curve for ¢, (T) — which goes back to 0 for T'— 0 — is more complicated, but it can be re-expressed
in terms of m(T).

Exercise 7.2. Calculate ¢,(T) in terms of m(7T') by differentiating twice f(m(T),0,T) with respect
to T, using the chain rule and the fact that 0f/dm = 0. After having solved (numerically) for m(T),
plot m(T), f(T) and ¢,(T) versus T.

For a second-order critical point, you generally write that the order parameter grows like

m(T < Teyh=0) ~ (T. — T)? , (7.26)

the uniform susceptibility diverges like

om
T)=— ~|T=T,77, 7.27
=38~ (7.27)
the critical point order parameter grows like
m(h, T) ~ [h]"/? (7.28)
the specific heat diverges like
eo(T) ~ |T T, (7.29)

with critical exponents B, v, §, «a that depend on dimensionality and the symmetry of the order
parameter — in brief, on what is known as the wuniversality class of the problem — but not on
the other microscopic details of the model. Mean-field predicts g = %, y=1,d =3, and a =0
(a jump discontinuity) but the exact exponents, for instance, of two-dimensional Ising model are
8= %, vy = %, 0 = 15, a = 0 (a logarithmic divergence). More about this further below, and in our
general previous discussion, where we introduced the anomalous exponent 7 entering in the two-point
correlation function, and the exponent v entering in the correlation length divergence, as well as their

hyperscaling relation v = (2 — n)v.

The mean-field predictions tend to come closer and closer to the true critical results as the dimen-
sionality of the problem increases until mean-field becomes exact at and above the so-called upper
critical dimension. Depending on whether the symmetry of the order parameter is discrete or contin-
uous, there can also be a lower critical dimension at and below which no phase transition occurs at
finite T' > 0. We have seen that when discussing the Mermin-Wagner theorem.
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7.1.2. Fluctuation-dissipation relationships and mean-field correlations

We already stressed the fact that, apparently, the site-factorised mean-field Ansatz for the density
matrix completely misses correlations between spins. Should we then abandon any hope of calculating
a reasonable expression for the spin-spin correlation function? The answer is a bit surprising: no.

Indeed, we discussed that the exact correlation function is related, in equilibrium, to a response
function, the susceptibility, see Eq. (5.33):

O = kT X p v - (7.30)

As we saw, the connected correlations wr > when calculated directly from the trial density matrix,

vanish in mean-field. But the response functions X, ., can be calculated in mean-field, and they do
not vanish. Hence you can use this trick to extract our mean-field estimate for the spin-spin correlation
function. To carry out this calculation, let us start from our general mean-field equations (7.18):

mg = tanh(8 Z JrrMe + Bhr) = B Z Jr,rMps + Bhg + -+,
R/ R’

where in the second step we assumed T' > T, a small hy and mg also small — proportional to the
small external fields —, and expanded the hyperbolic tangent. This easily leads to:

3 (kBT(sR,R, - JR,R/) Mpy = he + - . (7.31)

r/

Let us now assume that Jg g’ = Jr—r’, translational invariant, where R are Bravais lattice sites,
and introduce the usual lattice Fourier transform for lattice functions fg:

fl@ = Y faea®
: 7 (7.32)

1 Bz . e d R i

where 2, denotes the volume of the direct-lattice (Wigner-Seitz) unit cell, and we have taken the
limit N — oo in the last expression. Then the convolution in Eq. (7.31) is a simple product in Fourier

space: A
(kaT — J(@) (@) = hi@) = (@) = — L = (q) h(q) (7.33)
T ot
Now we expand J(q) at small wave-vectors:
~ —ia-R - 1 2
J@ = Y Jee =3 gy <1—%q-R—2(q~R) +>
R R
= J(0) (1-¢*R2+0(¢Y) , (7.34)

where we have assumed inversion symmetry, which makes the linear term disappear, and simplified
the quadratic term to:

> RRPJ, = 504% S R € 0,52R2 Y
R R R

"The expansion is particularly simple if we consider a cubic lattice with nearest-neighbour interactions only, for which

. 1
J(q):ZJ;cos(qaa):2J;(1—§qia2+~--) =z2J—Ja?¢® + -
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The definition of R? introduced in the previous expression is essentially “the second moment” of the

couplings Jgr: for a cubic lattice in d dimensions with nearest-neighbor couplings only, one finds
2 ~

R? = 53 Sukistituting the expansion of J(q) in the expression for the susceptibility x(q), recalling

that kT, = J(0), we find:

R 1 1
xXq)=——5— = < =
D=0 7 "5@ ~ kT —J(0) + J0) R + O
1
k(T —T,) + kT.R2¢% + O(q*)
1 1

p— 7' 5
kpT.R? £24+¢>+O0(q*)’ (7.35)

wherein the last expression we have introduced the correlation length

¢=R, (T TCTC>_ : (7.36)

Nl

Ornstein-Zernike lorentzian form. This Lorentzian form of x(q) is usually called Ornstein-
Zernike form (or approximation):

A

X(aq) = 21 (7.37)

Recall that this derivation is valid only for T' > T, and small hg, which is the regime in which we were
able to expand the mean-field equations and write Eq. (7.31). (For T' < T. and small hy we should
expand the mean-field equations around a zero-field mg # 0.) Observe also that this expression for
x(q) implies that (as previously derived from the uniform mean-field calculation):

& 1

(4= 0.T) — _ ' ,
X(@a=0,T) W~ k(T =T (7.38)

More generally, the theory of critical phenomena developed in the 1960-1970s tells us that the
correlation function diverges near T, with an exponent v

Ay (T —-T,)7" for T>T,
€(T) ~ , (7.39)
A (T.—-T)" for T<T,

where A1 are non-universal prefactors. Mean-field predicts v = 1/2. Similarly, the uniform suscep-
tibility is known to diverge in general with an exponent v (again, in general with different prefactors
on the two sides of the transition):

M) ~ [T =T (7.40)

The Ornstein-Zernike Lorentzian form for x(q,T) would suggest that v = 2v, which turns out to be
incorrect. In general, as we saw, a hyperscaling relation applies

v=02-n, (7.41)

where the exponent 17 — introduced in 1963 by M.E. Fisher — is known as anomalous scaling exponent:
it enters in the long-distance behaviour of the connected correlation function.

If you want to get the correlation function C3™%, = kT X/, you need to calculate the inverse
Fourier transform of %(q). For a translationally invariant system with nearest-neighbour Ising in-
teractions on a d-dimensional cubic lattice, we might write the exact expression for the mean-field
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correlations as:

dq eiq' (R‘_R‘/)

oo, =kpT , = kTad/ -
R—R B XR—R B . (27T)d k:BT—J(q)

eiq'(R_R’/)

dq
= T a? )
kpTa /BZ (2m)? kT —2J Y, cos (qaa)

(7.42)

To calculate the correlations for large values of R — R/, we extend the integral to all qs — because
the large q contribution indeed is small, as the phase-factor oscillates wildly — and approximate the
denominator with its lowest-order terms, which should be the only ones important for the long-distance
behaviour in the near-critical region:

N / dg e *(RR)
(

P —— 7.43
R P e L (749

The relevant integral which appears can then be written as:

G(x) = / f—q et (7.44)

27T)d 672+q2 ’

i.e., essentially (minus) the Green’s function ® of the operator VZ—m?2, with the identification m = 1/¢.
The integral can be computed analytically in d = 1 and d = 3, by the method of residues. In d =1
and d = 3 we find:
Gra(z) = ge_x/g
) (7.45)
Gaa(x) = Me—\x\/s
In d = 3 you recognize the usual screened Coulomb potential, which gives an innocuous 1/(47|x|) at
exact criticality & — oco. In d = 2 the angular integral involves a Bessel function, and the result is
more complicated. ? Nevertheless, we see quite clearly that close to criticality, £ — oo, the integral
has a logarithmic divergence — from the q = 0 (infrared) region — and we can estimate

Ga4(x) ~ log <£> e~ Ixl/E
|
The result for d = 2 (and that for d = 1 as well) is very unphysical: the correlation function at a given
finite distance |R — R/| should not diverge as T — T, i.e., when you send £ — co. As a remedy for
this unphysical behaviour, M.E. Fisher proposed, in 1963, that the Ornstein-Zernike form should be
amendend, in the region |x| < &, with the anomalous scaling form for the correlations:

oI/
C(x) o< X (x) ~ W . (7.46)

An integral over space will now give a uniform susceptibility x(q = 0,7) diverging as:
—|x|/€
© 2— —(2—
X(qoaT)N/dXX'd_QM ~ETT T =TT

leading to the hyperscaling relation v = (2 — n)v, as we already saw. For the 2d Ising model the exact
solution gives n = %, v=1,and v = %, hence hyperscaling is satisfied. In mean-field, we get n = 0,
v= % and v = 1.

8The Green’s function
(V? —m?) G(x) = §(x),

emerges in the Yukawa theory of massive mesons — essentially, V2 —m?

is a time-independent Klein-Gordon equation
and m is the mass of the meson — or, equivalently, as the Poisson’s equation in the presence of screening of the
Coulomb potential, £ = 1/m being the screening length.

9See Mussardo’s book, Sec. 7.4, for details.
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7.2. The Ginzburg-Landau description

The goal of this section is to justify the Ginzburg-Landau-Wilson expression of the free-energy
Sfunctional
1

1 1 1
Flm(x)] = /dx {fo + §am2 + me4 + 66m6 — hm + im(Vm)Z + - } , (7.47)
where m(x) is in general an n-component field, and h(x) possibly space-dependent: we will concentrate

in the following only in the n = 1 (scalar) field case, relevant to the Ising model.

This is the generalization of the constrained-magnetization free-energy which we previously wrote for
the fully-connected Ising ferromagnet, see Eq. (5.19). In principle, such a functional should restitute

the full correct partition function upon integration: '°

Configs

Z = Z e PHl] — /Dm(x) e AFImEL (7.48)

Hence, you might be tempted to write a formal functional integral expression of the type:

7 = Cifigs /Dm(x) Z 5(m(X) — O'R) e_BH[Q] — /Dm(x) e—BF[m(x)]
) . : (7.49)
Flm(x)] = —% log Z Z5(m(x) — o) e—,BH[a]‘|

wherein the definition for Z we played the usual trick of inserting an integral with a §-function. But
you immediately realize how hard it would be — even once you have given a meaning to the formal
expression for the §(m(x) — o) by a suitable coarse-graining in space — to calculate such restricted
partition sums. So, we go through to a different route, which we have also used in the fully-connected
Ising ferromagnet: the Gaussian integral transformation.

Consider again the partition function of the classical Ising model, written explicitly

Configs Configs

7 = Z e_ﬂH[E] — Z elBZ(R,R’) Jr,rR/OROR/ B >R hROR . (7'50)

The whole difficulty comes from the interactions present in the “quadratic terms”, which are only
“deceptively quadratic’ since the relevant variables are discrete, og = £1, and not continuous variables
on which to integrate (like in a Gaussian integral). But here the very useful Gaussian identity comes

+oo dy y2 +sy as?
e 2T =g 2 | 7.51
/—oo V 2ma ( )

with a > 0 (otherwise, the Gaussian integral diverges), and s any variable (including a complex one).
This identity follows from the simple Gaussian integral by completing the square. '' More generally,

to rescue us:

for many variables, you can prove, by diagonalising and reducing to one-dimensional integrals, '? the
following generalisation of the previous identity:

10The integrals appearing below are functional integrals, for which we will give a more precise definition later on, by
specifying the integration measure in the case of periodic functions in a finite volume V.

2
11If you need to get to e_%, still with @ > 0, you need to explicitly invoke complex numbers, setting s — is and
writing:

—+oo 2 2
7dy e_gia-‘_iSy —=e ag
- b
—co V2ma

an identity that is also useful when you are dealing with Fourier transforms. Nevertheless, care should be exercised
when using such complex extensions in Quantum Monte Carlo, as they typically introduce severe sign-problems
(indeed, phase-problems).

123ee derivation in Negele-Orland, Ref. [35].
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Gaussian identity. If A is a positive definite symmetric real N x N matrix, then

—aY ATIYESY — o3s As (7.52)

;/d o
V(2m)N det A Y

Here we adopted a compact notation, writing for instance s™As = 3. s;A4;5s; and s -y =
> ;i SiY5- Once again, the variables s; can be anything: for us, in a moment, they will be the
Ising discrete variables og.

This is the strategy behind the so-called Hubbard-Stratonovich transformation introduced in the
late 1950s to similarly transform, in a many-body context, quartic interaction terms into quadratic
ones, at the expense of integrating over a fluctuating auxiliary field variable. More precisely, suppose
you have a fermionic Hubbard model

K

H=—tY" > (e ¢, +He)+UY i, =K+V, (7.53)
(Jg’)y o=11 J

<

and you apply a Trotter decomposition to the imaginary time propagator:

_ATH _ATy X _ATY)
eATH:e 2VeA'rl(e 2V.

Then, the quartic term present in the interaction can be transformed, using fz?o = o, as follows:

A 9, ATU -~ - ATU ~ ~ 2 ATU 3 2
e~ TV o7 TT Xty = o th (=R )T =S 2 (Rt ))

ATU ATU

= ST XAyt — RN (7.54)

Next, you rewrite, using a Gaussian identity:

—+o00 d
- L2 xX; 2 - -
o3 (i —7,0)" — / S o375 VI (R —1y))
_ V2T
oo

where g = A7U/2 > 0. Hence, the propagator involving the interaction term is now rewritten as:

e
oo V2T

which involves a much simpler quadratic fermion term, at the cost of having introduced, for every
lattice site, an auxiliary (real) variable z; over which we need to integrate. Notice how crucial it is
that g = A7U/2 > 0. ¥ This procedure is at the root of Auxiliary Field QMC, as explained in the
course by Prof. Sorella.

L 400
AT Y ATU 77 dz; 2 (A A
G_TTV — e~ =N I | J —%wje\/ﬁm](n”—nji) 7
Jj=1

Returning to our classical Ising case, let us ask: do we have a positive-definite matrix appearing in
the Ising weight of Eq. (7.50)? Observe that we can write: '*

1 1 1 1
B Z Jr,R/OROR! = 5 Z orKrrOr — 3 ZKR,R = §O'TK0' -3 TrK,
(R,R/ R,R/ R

with
Kaw =BJar =Kpr for R#R’. (7.55)

131n the present case an even simpler discrete Gaussian identity can be used:

. . 2 . .
3= p? _ L S i (P =15,)
2 o;j=%1

where cosh A = e9/2.
MRecall that (r,R’) is the prescription to sum over pairs with r’ # r and only once.
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Since the diagonal elements Ky r do not appear in the original Ising weight, I have added and
subtracted them, with the last trace-term. Now, you might be tempted to think that, no, K is
not positive definite, because even for a nearest-neighbour ferromagnetic model in d = 1 you have
that K is given by:

0 1 0 1
10 1 0
K=23J
00 - 1 0 1
10 -+ 0 1 0

and you will immediately recognise that it has eigenvalues 2(5J) cos (¢ga), with the usual wavevectors
q of one-dimensional PBC boundary conditions: this is essentially, the tight-binding exercise you have
repeatedly done. In general, there are negatives and positive eigenvalues. But, since the spectrum of
K is limited from below, I can always add — and this statement is now general — a suitable constant
on the diagonal of K such that all its eigenvalues become positive. This constant added to the diagonal
of K will be exactly cancelled by the TrK term, hence I can freely do that and consider K to be positive
definite.

Hence, I will now proceed by using the Gaussian integral identity in Eq. (7.52), rewriting:

e%ch Ko

1 1., Tpe—1
- —5yY K 'yt+oy
\/(27T)NdetK/dye i

K 1T
Y3

where the second form is obtained by substituting y = Kt and taking account of the Jacobian of
the transformation. ' Here [dy = [T], dyw, and similarly [dy = [T], dir, and the integrals are
extended from —oco to +00. The two forms are equivalent, but we will use the second to deduce the
following expression for the partition function:

Configs detK T
— 1Tk — 3% Kyp+o-(Ky+ph)
7 = i fave
detK
b a1 T o (S )
™
R R’

o e*SO /d'l,b e*%’lpTKd’ eZR log cosh (ZR’ KR,Rlde/JrﬂhR)

N 1
So(T) = —Nlog2+ 5 log 27 + i(TrK —logdetK) . (7.57)

Notice that in the second line we have explicitly performed the sum over the configurations, since o
now appears linearly in the exponential weight, expressing the result in terms of the hyperbolic cosine:

Configs

Z oo (y+5h) _ H (2 cosh(yg + BhR)) .

Hence we have expressed Z in terms of the 1) as the following multidimensional integral:

15Notice that:
YKty = ¢ TKIK T Ky = 97Ky
where we have used that KT = K. The Jacobian of the change of variables y = K1 is:
dy = |det K| dyp = (detK) dep ,

since K is positive definite.
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The functional integral for Z.

N

Z = e*S"/[HdwR} e Sl¥:h]

R

(7.58)
St h]

%wsz - XR: log cosh (; Ker trs + BhR)

With these conventions, we still have an exact expression for the partition sum, and the prescrip-
tion for calculating the averages of observables is evidently:

<o> _ / [ﬁ[d%} e_S[d”h](o) . (7.59)

e~ 50
A

In a totally equivalent way, you might shift the external field from the hyperbolic cosine into the
quadratic term by setting K¢ = Kty + Sh, hence changing variables from ¥ — ¢ = 1) + 3K~ 'h.

i)
An equivalent form of functional integral for Z.
N ~
z = e,SO/ [ [Ldon] e=Sten
R
Slg,h] = S[¢— K 'h,h] . (7.60)

= %(¢TK¢ —2B8¢-h+ 52hTK_1h) - Z log cosh (Z KR,Rf¢R’)

Recall now that the average magnetisation (o) can be obtained by a derivative of Z with respect
to hg. From the form of Z in Eq. (7.58) we immediately deduce that:

10Z _ _g 5 —5S[,h]
B = e 0/ [chR] e Al tanh (ZKRVR”Z)R, +5hR> - (7.61)

Interestingly, from the second form of Z in Eq. (7.60) we would deduce:

107 N

Bohe e / {Hd%} o~ Slo-t (¢R752(K*1)R,R,hw)

R
N

e,go/ {Hdiﬂn} o= Stwbl (7.62)

R

where in the second line we have shifted back our variables to ¥ = ¢ — 3K~ 'h.

The local order parameter. From comparing the two expressions in Egs. (7.61)-(7.62) we
immediately conclude that the local order parameter is given by the average of the field ¥r and
is also expressed as:

(on) = %ZSTZR = (¢pg) = <tanh (Z Keer/ s + BhR)> . (7.63)

R’
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If you compare this expression to the mean-field relationship Eq. (7.18) which we report below
mg = tanh (ﬂ Z JR,R’mR’ + 6hR> )
Rl

you immediately realise — recalling that Kg r- = SJr g’ — that our exact Gaussian-integral relation-
ship reduces to the mean-field one when you approximate the average of the hyperbolic tangent of g/
with the hyperbolic tangent of the average of g/ :

ma = () = (tanh (3 Kewthwr + Bl ) ) 25 tanh (D Ke (V) + B )

So, the machinery we have built is in principle capable of going beyond mean-field systematically,
accounting for fluctuations, which are responsible for the modification of the mean-field critical ex-
ponents. To do so, however, we have to further massage our expressions to make them more “field-
theory-like”.

Shifting h to the quadratic term. As a first step, we use the functional form of Z in Eq. (7.60),
where the external field is in the quadratic term, by changing variables 1 — ¢ = 1 + SK~'h, which
we report here for convenience:

] o

%(¢TK¢ + BQhTK—lh) —ph-¢ — zR:log cosh (; KR7R/¢R/)

Z

(7.64)
Sl¢,h]

where we have omitted the tilde from S[¢, h], as we will do from now on.

4th

Expanding the non-linear term. Next, we expand the non-linear term up to order, and observe

that a quadratic term originates from this expansion:

1 1
log coshu = §u2 - Eu‘l +0(u®) .

Hence:

fZIOgcosh (Z KRyR/(,bR/) = —% Z (Z KR,R’¢R')2 + %2 Z (Z KR7R/¢R,)4 4.

R/ R/

16

Reassembling terms, we can rewrite the action as:

2
Slg.h] = 56" (K—K) & + THKh — fh- ¢ + Sulg]. (7.65)

where the non-linear term starts with the following quartic contribution:
1 4
Sn1[¢7 h] = E 2 (; KR,R’¢R') NI (7.66)

16Observe that, due to the fact that K = KT:

Z <Z KR,R/¢R’)2 = ¢TK2¢ .
R R’
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Fourier transform. We now exploit translational invariance — assuming we have a translationally
invariant Ising model on some Bravais lattice — to express quantities in momentum space, through
the usual lattice Fourier transform (see Eq. (7.32)):

¢la@) = Y one R
) , (7.67)

ol —00 d iq-
b = NZ¢> st [ 8 bl e

where a? = ). denotes the volume of the direct-lattice (Wigner-Seitz) unit cell, and the last step
applies when we want to take the thermodynamic limit N — co. '7 It is simple to show that

O K = Z PrKpr Pr = 2 Z Z el RK weld ’ é(q ZK —q)
R,R’/ q,q9’ R,R’
N—oc0 d dq
— a K (a)¢(a)¢(—a), (7.68)
nz (27)
where we have introduced the lattice Fourier transform of the interaction matrix:
L& iq(R—R’) N0 d dg iq-(R—R’)
KR,R/ = N ZK(q)e — a (ZW)dK(q) e
a BZ (7.69)
K(q) = Z Ko,r e laR
R
Similarly, one can transform the other quadratic term:
1 BZ N dq
K0 = 1 S IK@P s(@o(-a) o [ SLR@P dld-a), (110
2 . )
the linear field term: '8
1 BZ N dq
> hutn = 5 S s(@h(-a) ¥ ot [ Shoi@h(-a) . (7.72)
2 4 2 (27)
and the quartic term:
4 1 BZ
> (Z KR,R/¢Rf) = 5 2 Kilanaa)é(a; - a)éla; + a)o(ar)o(ay)
R R’ q;,92,9

Noge  ad / %m%q%qwmz—q>¢<q1+q>¢<q1>¢(q2>, (7.73)

where the 4"-order coupling reads:

Ki(qy,q2,9) = K(qy —q)K(q; + q)K(q;)K(q,) - (7.74)

Long-wavelength expansion. Recall that the small q expansion of the interaction matrix reads:

K(q) = K(0)(1 - R3¢*+---) with K(0) = 2B8J = T?O (7.75)

17Notice the asymmetric factors of 1/N, which are indeed ideal if you want to take that limit.
18For the quadratic field term you get:

h"K'h= — ZK (@) h(@)h(—q) "=5° o /BZ (;f;dK’l(q) h(a)h(-a), (7.71)
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where T? = 2J/kp is the mean-field prediction for the critical temperature. Setting K(q) — K(0) is
safe in the quartic term: technically, the g-corrections will be irrelevant in the RG sense.

Some care has to be devoted to the expansion of the quadratic-¢ term, where the ¢? contributions do
not cancel in the calculation of K(q)—|K(q)|?, generating a surviving ¢?-term that can be interpreted
as the Fourier transform of the squared gradient (V)

K(q) - K@ — a(T)+s(T)¢* (7.76)

where the coefficient a(T) o (T — T?) changes sign and becomes negative below 70°. 9

Fourier space integrals. By switching to Fourier transforms, we have also to modify the
integral, previously an N-dimensional real integral [, d¢g. Recall that there are N g-vectors
in the BZ, but ¢(—q) = ¢*(q). Hence in principle, we should integrate on only half of the wave-
vectors, but with complex ¢(q). Nevertheless, extending the integral to all q in the BZ can just
be accounted for by an overall factor of 2, which is irrelevant when calculating averages. The
second aspect has to do with the notation. We will denote the complex integral as follows

/dz*dz f(2) def /dxdy flx+iy),

so that, for instance, the basic Gaussian integral (with a > 0) is now:

/ de*dze= 0 = / dzdye*@*+v) = T (7.77)
a

which generalises, for a general positive definite Hermitean “ matrix A to:

N

/f[ [dz;"dzi} e 5AE = d(:c(A) . (7.78)

It is enough that A has a positive definite Hermitean part.

i
The ¢* action in momentum space. What we have obtained is, essentially, a ¢* field theory,
which can be tackled with field-theoretical RG techniques.
Z = =500 / [T de* (@de(a)| e Slen
a
S[é,h] = S3[@] + Sp[, h] + Su[¢]
S2l6) = 50 | 39830% (@) (1) + 1(D) ) ola)
’ 2" Ju, 2m)¢
Soh] = ~sa’ [ SSo@ht-a)+ st [ SR @h(@h(-a
nz (2m)¢ nz (2m)4
A dq,dq,d
Sule] = Ja*¢ [ S8 (q, - q)ota + a)olay)o(a) +
4 BZ (27T)
with A = K4(0)/3.
19You get:
0 _ 0 0 0 _
a(T) = Te (TT2 ) and &(T) = R? Te (277:62 7
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7.3. Problems

Problem 7.1. Carry out a mean-field calculation for the g-state Potts model. Write your variational

. 1—=x
po=1]] ($50R,1 to—7 (1- 5aR,1)> ,

R qi

density matrix as:

I corresponds to all states being equally probable, while

where x is a variational parameter (x = ¢~
r>q !

the transition is of first order.

signals order, with a preference for og = 1). Do a Landau expansion, and show that for ¢ > 2

Problem 7.2. Carry out a mean-field calculation for the classical XY model.

Problem 7.3. The fully-connected quantum Ising ferromagnet. Consider the fully-connected
Ising model with j = 1--- N spins in presence of a transverse field term:

g N 9 N
T ~Z € AT
== (307) —nyer (7.79)
j=1 j=1
Assume N even.
1) Introduce now the total spin operator S = %Z] 0, and express H in terms of S. and S,.

Does the model commute with the (squared) total spin operator S2? What is the maximum
allowed value of the total spin quantum number S? How many states belong to the subspace of
maximum spin?

2) How would you represent the Hamiltonian as a matrix in the subspace of maximum spin? What
is the dimension of such a matrix?

3) Diagonalise the Hamiltonian in the subsector of maximum spin. Find the quantum critical point
ht/J.

Problem 7.4. The p-spin fully connected classical Ising ferromagnet. As a generalisation of
the classical fully-connected Ising ferromagnet, consider its p-spin version:

1% N 1%
J JN [ 1
=g |2 ==% (w2 (7.80)

with integer p > 2.

1) By using the same considerations as in the p = 2 case, show that the free-energy density of the
model can be written as:
J kT

fm,T) = ——mP

5 [2log2 — (1 — m)log(l —m) — (1 4+ m)log(l +m)] .

A plot of the free energy density for several values of the temperature is reported in Fig. 7.4.

2) The absolute minimum of the free energy is the average equilibrium magnetization (m), which
is the order parameter of the phase transition: for T' > T., (m) = 0 and the system is in the
disordered paramagnetic phase, while for T" < T, (m) # 0 and the phase is ferromagnetic.
Calculate numerically, by minimizing Eq. 7.81, T, for p =3 and p = 5.

Answer: T.(p=3)~0.74 , T.(p=5)~0.725 .
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0.1 - T . T . ;
Classical free energy, p=3 T>T,
0.05 r A
S atfl N == il I=Te
= 0 = i 1
E .
= l
l
-0.05 | !
i T<TC
mg|
-0.1 : : : o : :

Figure 7.4.: Free energy density, versus magnetization, of the classical system for p = 3, at temperature
above, equal and below T.. Notice the position of the barrier mp and its height Af for a value of the
temperature T < T¢, and the presence of the ferromagnetic unstable minimum even for 7" > T¢.

3) An interesting feature of the classical free energy is that for p > 2 it has a minimum in m = 0 for
any finite temperature T, meaning that the paramagnetic state survives as a metastable state
down to T'— 0. Compute the height of the barrier

Af(T) = f(mp,T) - f(0,T) .

Since we are looking at the free energy density, it follows that the barrier is extensive in the
system size N. 20

Answer: You should get: Af(T):%(p—l)(%)ﬁ .

Problem 7.5. Mean-field for the transverse-field Ising model. Consider the transverse-field
Ising model
Hypna = —J Y 6365, — h™> ob. (7.81)
(R,R’) R

Make a mean-field variational Ansatz of the factorized form:

Hy=-> h) 6%, (7.82)
R

where the various hY, (effective magnetic fields, but now wectors) are used as variational parameters.

Our Ansatz for the density matrix is site-factorised and given by: 2!
. e~BHo 1 . ) n’
pPo = m = H 5 <1R +mpg - O'R) with mg — ﬁ tanh(ﬁ'hg ) 5 (783)
R R

where the my can be equivalently regarded as our set of variational parameters. Write the mean-field
equations and determine the phase diagram as a function of 7" and h™t.

20Tf the system is in the paramagnetic metastable phase, with T < T., the probability of overcoming this extensive
free-energy barrier will be roughly given by e ANAS = e~ "MV which is indeed exponentially suppressed for large
N, with a temperature-dependent rate v(T') = Af(T)/T which vanishes only at T" = 0.

21Recall that if |n| = 1, then ™% = 1cosha + n - & sinha.
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8. The XY model in two dimensions

The purpose of this chapter is to give you an overview of a very important two-dimensional classical

model, the XY or planar model, where no local order parameter exists — essentially, due to the
continuous rotational symmetry and a classical version of the Marmin-Wagner theorem — and yet

there is a remarkable phase transition: the Kosterlitz-Thouless transition, with a whole line of critical

points where the correlation exponent changes continuously.

I will cover, this year, only the introductory material of Sec. 8.1, leaving the remaining material

to your self-study, if interested. This material shows how deeply connected is this problem to many
other interesting two-dimensional models — including discrete height models and the Coulomb gas

problem — arriving at a point from which, in principle, one could set up an RG analysis. Reference
for this chapter is the review paper by Kogut [33].

8.1. General and preliminary considerations

The classical XY model. Given classical planar spins, i.e., two-dimensional vectors of unit
length Sx at each site x of a square lattice, the classical Hamiltonian is given by:

Hyy = —Jg;) (sx S — 1) - Jix:y;g (1 — co8(Oxro, — 9x)) . (8.1)

Here (x,x’) denotes a sum over nearest-neighbor lattice sites, x' = x + e, with e; = a(1,0) and
e> = a(0,1). The second expression follows from the standard parameterisation of a unit vector

Sx = (cos Oy, sinfby) . (8.2)

The partition function is:

Z = | T[] et (53)
0

X

We assume a system with N = L? lattice sites with periodic boundary conditions (PBC).

The most important physical quantities we will need to calculate is the spin-spin correlation function

for two distant points x; and Xs:

(Sx, - Sx,) = (cos(bx, — bx,)) = = (<ei(9"1*9xz)> T cc) : (8.4)

Two-point correlation function. The crucial average we will need is therefore:

. 1 2m ,
(0, —0sy)\ _ / “—[ d@x} (O, —Oxg) o~ BHxx [{0x]}] 8.5
e 1 2 e e . .
< > ZXY 0 2w ( )

X
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L Figure 8.1: The XY model. An LxL
: square lattice is shown, with periodic
boundary conditions: the dashed bor-
ders should be identified with the oppo-
site border, making the geometry that

x+e a torus. The two nearest-neighbor vec-

tors e; and ez are shown in blue. At
each lattice site x a planar spin (classi-

X Xt e; c:.axl unit vector on the plane) 1s.un1quely
given by the angle 0x formed with the x-
axis: Sx = (cosfx,sinfyx). Three spins

at nearest-neighbor sites x, x + e; and

x + ez are shown as thick red arrows (all

es other spins are omitted for clarity).

1 e L

The ground state has all spins aligned in a given (arbitrary) direction, which we can fix by convention
to be O, = 0. It is useful to introduce the discrete lattice “derivative”

Auex = 9x+eu - 6)x ) (8~6)
which appear in the argument of the cosine function in Hyy .

It is quite natural to think that at small T" the configurations dominating in the partition function
are those for which A, 0y are small, and that it would be legitimate, at low T', to approximate Hxv
with the so-called spin-wave term

He ™ =250 3 (M) (8.7)

x v=1,2

where now 6, € R. This spin-wave approximation does violence to the 2mw-periodicity in A, 0x of the
original H~, but it has the advantage of being easily solvable.

Discrete Laplacian. The discrete Laplacian operator can be defined as:

, = x’ ,x+e, x',x—e, — 40x’ x
Lo = 2 (Swre, + 0o, — 20x)
e (8.8)
Z I—x,x’ex/ = Z <0x+ey + ex—e,, - 20x)
x/ v=1,2

In terms of the discrete Laplacian we can rewrite:

Z Z (Auex)2 = - Z@x I—x,x’ Oy s (89)

x v=1,2 x,x’

in close analogy with the standard integration by parts rule [dx V| = — Jdx ¥* V21 used
when transforming the kinetic energy in quantum mechanics.

Hence, we see that the spin-wave partition function involves gaussian integrals provided the domain
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= G L o~ = T o~

i U . G

= — ~ - VW P —_ ey -

e U U R G

- - —_— = T —_— =

S ~~ Figure 8.2: The XY model.

A spin-wave excitation. Here

i SN U G P - .
Ox = Acos(z=x), with x = (z,y),

i . and A =0.3.

i T i i

i i

- - —_ T ~ —_— =

gl G E g NE

of 04 is extended to the whole real axis:

Z. K] = /M[Hdex} e~ BH[{0x}] = /_M{Hdex} 0™ 5 Do bx (“lo) b (8.10)

where K = fJ is the dimensionless coupling. Correspondingly, the two-point correlator reads:
, 1 [T
<e7'(0x1 _9x2)> —
sw Z oo

sw —

{Hdex} i —0x5) =5 T s Ox (Lo ) s (8.11)

¢

We rewrite here the gaussian integral identity we will need to use, see Eq. (7.52) or (7.56), for
convenience:

Gaussian integral identity. If A is a positive definite symmetric real N x N matrix defined
on the lattice, then

oo 2m)N -1
/ [ dﬁx] efOe=20" A0 _ %e%fTA £ (8.12)

— 00

where f-0 = Y fx0x, and 6" AO = Zx)x, OxAx x/0x. All prefactors cancel in calculating the
averages:

+ 9 _1gT
wr [0 %2780

(") =
f:r;o [ Hx d9x] e— 30T A0

(8.13)

Within the spin-wave approximation, we need gaussian integrals which involve the (positive definite)
matrix

A = K(—L)xxr with K=38J. (8.14)
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The Green’s function. To carry out the calculation, we need to invert the discrete Laplacian,
in terms of what is known as the lattice Green’s function, or propagator:

Z(_L)x,x”Gx”,x’ = Ox,x’ — (A_l)x,x/ = K_l Gx’x/ . (815)

x!!

The actual inversion is best performed in Fourier transform, exploiting translational invariance and

convolutions. The lattice Fourier transform of Gx x» = Gx_x is defined, as usual: 1

Gla) = 3 Geoe™®

L (3.16)
Gro = = Gla)eo
a
and similarly for the lattice Laplacian
L(q) = Z Lyxoe "4* = Z 2(cosq-e, — 1) . (8.17)
x v=1,2
Notice that L(q = 0) = 0. Moreover, the Fourier transform of the convolution implied by the matrix
inversion, L(q) G(q) = —1, gives: 2
1

1
- _ . 1
Gla # 0) L(q) 4—2cosqg-e; —2cosq- ey 1)

Green’s function of Poisson’s equation on the continuum. Probably more familiar to you is the
concept of Green’s function for differential operators on the continuum. Certainly familiar from
electrostatics, and relevant in this context, is the Green’s function associated with the Laplacian
operator, simply a singular solution of the associated inhomogeneous (Poisson’s) equation with a
Dirac’s delta function: °

1

V3G (x) = —6(x) — G(q) = aF

(8.21)

Here G(q) denotes the Fourier transform of G(x), obtained immediately by Fourier transforming the

differential equation in real space. In three dimensions this gives the well-known Coulomb potential:
d3q eiq-x 1

G(x) = / ( = in 3d. (8.22)

21)3 |qf?  dmlx]

In two dimensions, however, which is the case we are interested in, the same G (q) leads to a logarithmic
Coulomb potential:

d?q efax 1
G(x) = = ——log|x in 2d . 8.23
(9= [ Gy g = 27 Vo5 (5.23)
Here q = %(nh n2) are wave-vectors in the first Brillouin Zone (BZ) of the reciprocal lattice: N = L? of them, since
n; =0,---,L—1

2The fact that G(q) is formally divergent for q = 0 forces us to some extra care in the Fourier expressions in Eq. (8.16).
We will see below that the quantity Gx,0 — Go,o is perfectly well defined, although the individual terms are not,
since:

1 BZ )
Gx,0 = Goo =+ > G(a) (e r* —1). (8.18)
a

30nce the Green’s function is known, you can determine the solution of any inhomogeneous equation. In the Poisson’s
equation of electrostatics VZp(x) = —551p(x), since p(x) = [ dx’p(x')§(x — x’) knowing that, in three dimensions

the solution of V2G(x) = —d(x) is G(x) = #‘x‘ immediately gives the solution for a general p(x):
1 /
p(x) = /dx/ P . (8.20)
4meg |x — x|
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For a direct proof of this, observe the interesting fact that f(z) = logz = logr + i is analytic with
a branch cut at Rez € (—o00,0]. Hence, both its real part logr = log|x| and its imaginary part
0 = arctany/x are harmonic functions (solutions of the Laplace equation) away from the branch cut.

Interestingly:
X 1

Joe x| — — L (ya). 24
V log |x| B and A\ \x|2( Y, x) (8.24)

You can easily convince yourself that
V?log |x| = 276(x) and V230 =0. (8.25)

The phase 6 appearing in z = re? will play an important role later on when discussing vortices.

Low-T spin-spin correlations. Returning to our problem of calculating the long-distance behaviour
of spin-spin correlations, take xo = x and x; = 0, assuming x to be distant from the origin, hence
x| > a. To calculate (e?®<=%)) e set fr = i(0x x — 0xr.0) in Eq. (8.13), obtaining:

(ei0=—00)y  — o7 (Gx0—Go,0) (8.26)

We now aim at calculating the large |x| behaviour of this correlation function, assuming that a <
|x| < La. A continuum approzimation is therefore very reasonable. From Eq. (8.19) we would get

1

(8.27)

Hence, we recovered the Fourier transform of a Coulomb potential in two-dimensions. This suggests
that:

1
Gx,0 — Go,o ~ ~ox log(|x|/a) + const for a < |x| < La . (8.28)

Using this, we finally obtain:

. 27
(ei0x=00))  ~ ¢~ zmrc los(lxl/a) — (a> for a < |x| < La. (8.29)

Spin-wave calculation of spin-spin correlations. Summarising, based on the spin-wave
approximation we expect that at low temperatures the spin-spin correlations decay as a power-law
with a temperature dependent exponent n(T):

n(T)
1 kpT
a) _ B (8.30)

(Sx - So)ew ~ < with nT) =5 =57 -

x|

High-T behaviour. On the other hand, the high-T' expansion suggests that spin-spin correlations
should decay exponentially in |x| for sufficiently large T. To show this, consider the calculation of

0

x x/ v=1,2

For high-T, K = J is small, hence we can expand the exponential and write:

H H i cos(bxr e, —0xr) — H H (1+ Kcos(Oxrqe, —Ox)+ ).

x/ v=1,2 x/ v=1,2
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Take now, for simplicity of notation, x = ne;. Since fozﬂ%ewx = 0, the first (largest) term in the

product which gives a non vanishing contribution must contain a whole string of e H0x
the two points x = ne; and x = 0:

2m _ n_l i(0je1 =0(j+1)ey) K"
/ {H %} oi(One; —bo) H (Ke 1 +c.c.> _
0 2o

- 2 on -

+e ~0x') joining

Hence we conclude that for large-T"

<ei(9ne1 —90)) e—nlog(2/K) )

high—T =~ (8.32)
Spin-spin correlations at high-7T. Summarizing, at high-T we have:
) 1 1
(e'x=00)) iy, o o IXI/E(D) with £(T) . (8.33)

- log2/K B log(2kpT/J)
This suggests that two distinct phases must exist. But the low-temperature phase is not charac-

terized by the usual local order parameter, since (Sx) = 0, consistently with the Mermin-Wagner

theorem, which forbids order at finite T in two dimensions, due to the continuous rotational
Symimetry.
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The role of vortices. Let us add some interesting physical insight that Kosterlitz and Thouless put

forward in 1973. One important aspect of the low-temperature picture that the spin-wave approxima-
tion completely misses is the possibility of singular (vortex) solution of the Laplace equation, Imlog z,
with a definite winding around the origin. * More specifically, let x = (x,y) be seen as a complex

41t is easy to realise that, for instance the function Imlog 2P = parctan(y/z) = 0p(x) has a gradient which whirls
around the origin:

V260, =0
Vo,(x) =p ( —Y i ) =

—_— (8.34)
22 +y? 22 +y? Vo, -dl = 27p

T

A vortex corresponds to p = 1, the anti-vortez to p = —1. One can show that V A V0, = 2wpd(x), similarly to the
magnetic field generated by a very long and thin solenoid in the origin.
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variable z = z + iy = re? with r = \/22 + y2 and (x) = arctan(y/z), and take at each point x a
unit vector Sy orthogonal to x, hence forming an angle 6, = 6(x) + Z with the x-axis, as shown in

2
Fig. 8.3. Interestingly, from 6(x) = arctan(y/z) you deduce

1

Vo(x) = < —Y * ) — IVOx)? = iR (8.35)

x2 + y27 22 + y2
Notice that V#(x) is reminiscent of the vector potential associated with a very long thin solenoid
orthogonal to the plane in the origin. To estimate the energy cost of such a vortex configuration

observe that:
11

e

D20 S Suvo) = ;Z Abuf? ~ S VO
where we substituted the finite difference derivative with a continuum derivative and used Eq. (8.35).
Hence a total contribution of a vortex to the “action” (energy) can be estimated, in the continuum
limit, to be:

J

La La
J 1
Hﬂszg/ fﬂvmmf:§/‘¥x§—:wﬂ%L. (8.36)

One might erroneously think that since this energy diverges for L — oo, vortex contributions can
be effectively neglected. But Kosterlitz and Thouless argue, on the contrary, as follows. Let us
estimate the free-energy contribution due to vortex configurations, taking into account that there is
a configurational entropy S,..... = kplog L? associated with the fact that you can put the centre of
the vortex in any of the L? sites of the lattice. Indeed, you can estimate the extra contribution to the
partition function as follows:

1—vortex

Zvortcx — Z e*ﬂH[evortex] — L267BH[9vortex] — e*ﬂ(H[evortex]*kBTlog L2) = e*ﬂFvortex (837)
Config
where:
Froier = H[B o] — TSyoreer = Jlog L — kpTlog L? = (wJ — 2kgT)log L . (8.38)

This simple estimate shows a remarkable fact: vortices can be neglected only if (7J — 2kgT) > 0,

while for 7
@T>@ﬂ:%ﬂ (8.39)

you expect that, since F,.. — —oo for L — 0o, entropy drives a proliferation of vortices! Remarkably,
this picture is quite faithful, as more detailed calculations show.
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i
The Kosterlitz-Thouless picture of the two phases of the XY model. At low-T the

spin wave theory is essentially correct. Spin-spin correlations have a power-law decay with a
temperature-dependent correlation exponent

kT

= (T = % . (8.40)

a 1D
(Sx - Sp) ~ <|x|> with n(T)
Free vortices do not exist, although bound states of vortex-antivortex do exist, they do not
disorder the system efficiently. As T increases, the vortex-antivortex bound states get larger and
larger, until at T, they unbind, disordering the system for 7" > T,, with exponentially decaying
spin-spin correlations:

(Sy - Sg) ~ e~ IXI/&(D) for T>T.= —. (8.41)
2kp
The critical temperature is such that:
wJ 1
kpT. = > — n(Te) = 1 (8.42)

Alternatively, S.J = 2/m. For T > T. one might say that the state is a vortex condensate of
“indefinite global vorticity”.

8.2. From the Villain model to the Coulomb gas

The crucial term appearing in the partition function reads (recall K = 8J):

o BHxy[{0x}] _ H H e—K(l—cos(9x+eV—9x)) . (8.43)

x v=1,2

On each link of the dual lattice associated to the two points (x,x+e,) we do have a periodic function

of the form eX ¢5(2v%x) for which we can use a Fourier series expansion:
eK cosf Z einOIn(K)
nez
Tde
I(K) = / — gTind oKcost (8.44)
_p2m

Indeed, the Fourier component I,,(K) is a special function: the n-th Bessel function of imaginary

5

argument, also known as modified Bessel function.

In the limit in which K is large, the function X% has a large maximum, equal to e, at all
0 = 2mm with m € Z, and one way to keep track of the periodicity in 6 is to expand as usual
cosf =1-— %92 + -+ in the exponent but to “periodically replicate” the resulting Gaussian as follows:

eK0059 — eK Z e*%(9*27"m)2 . (845)
meZ

5The integral representation of the ordinary Bessel’s function Jy, () is
J (1,) _ /W i@ ein967iz sinf __ i /Tr % eineefia:cose
n - =
_x2m —x 27T

The modified Bessel function is defined as:

In(2) = i~ Jn (iz) = /W 40

27

ezneex cos 6 .
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This is an approximation — akin in some way to the spin-wave approximation —, which is quite
good for sufficiently large K, and with the extra advantage that you do no violence to the periodicity.

Keost when K is large, which follows

But there is another route to obtaining an expression for e
directly from the Fourier series in terms of the modified Bessel’s function, once you realize what is the

asymptotic expression for I, (K) valid for large K.

Exercise 8.1. The large = asymptotic expansion of I,,(z). Consider the integral representation

ﬂ-da —inf _x cos
In(:r):/ 5 0 greost

of I,(z), which we report here:

Observe that the maximum of the integrand in I,(x) is for § = 0, and this dominates the integral
for large x. Expand the cosine and argue, by performing the Gaussian integral that emerges, that for
large x the asymptotic expansion of I, (z) is given by:

1 "'L2
I,(z) ~ e’ = for z>1. (8.46)

V21w

By inserting this asymptotic expansion of I,,(K), valid for large K, into the exact Fourier series
representation you would write that:

K cos 9 +m9
e E e K for large K . 8.47
\/ 2rK 8 ( )

nezZ

It is remarkable that these two seemingly different approximations of e <3¢ for large K indeed
coincide. To appreciate this fact, and its consequences, we need to introduce an important tool that
we will use repeatedly: the Dirac-comb identity and the associated Poisson’s summation formula.

Poisson’s summation formula. We are all very used to the Dirac’s identity

5($> _ / % ezkx _ / dk ekax )
—0o0 —oo

Quite amusingly, if the integral over k is substituted by a sum at integer values k = 27wm the
Dirac’s delta on the left hand side gets periodically repeated and the so-called Dirac-comb (or
periodic delta-function) identity emerges:

> dw—n)= ) et (8.48)

neZ meZ

This identity, upon integrating over an arbitrary function g(z), leads to the remarkable Poisson’s

=3 / dz > g () (8.49)

nGZ meZ

summation formula:

which relates the sum of the function evaluated at integers n with a sum of the Fourier components
at k = 2mm of the same function.

Let us now apply Poisson’s summation formula to a Gaussian function

1 _e® 0

— IK
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We get:
1 —% _ing /oo 1 —i—&-iw(?ﬂ’m—e)
—_— e 2Ky = dr ———e 2Kv
ok, 2. > K,
neZ me”Z
= Y e, (8.50)

me”Z
where the second line follows by performing the Gaussian integral. ¢

The Villain’s identity. By changing n — —n we rewrite the identity we just derived as:

Ky 2 1 _n? i
77(0727”77,) — 5K +ind 852
2 e VoK, nzeze ’ (8.52)

meZ

V2K,

This identity is valid for all values of K,,. We will mostly use it in the first form, but the second

1 e
= 7(14—2 E e 2Kv cosn@) .
n=1

is also inspiring.

In particular, taking K, = K > 1, we see that the two large-K expressions for e <% in Eq. (8.45)
and (8.47) indeed coincide. But we can do more. Suppose that you assume K to be small, K, < 1,
rather than large. Then, the sum over n on the RHS of the identity in Eq. (8.52) can be effectively
cut-off to values of n = +1. We then have, for the RHS:

1 — -1 1 _21 5
(1+2e Y cosh +---) v ———e° Y cost

V2t Ky, 2K,
By setting
K=2e 7V <2 K !
= \% — =,
¢S VT 2log2/K

you realise that K is small when K, < 1, and that the Villain’s identity suggests an expression of
the form:

eK cos 0 ~ \/M Z e*%(ef%rmh for small K .

meZ

Hence, remarkably, a periodic Gaussian expression seems to be appropriate even when K is small. This
led Villain, in 1975, to introduce a model where e °°s?¢

repeated Gaussian.

is always approximated with a periodically

6Recall the fundamental gaussian integral

oo 22 . a
oo V2ma

196



(Lecture Notes by G.E. Santoro) 8.2 From the Villain model to the Coulomb gas

The Villain’s approximation. Villain proposed to modify the XY-model term as follows
n2 .
e—K(l—cosG) SN Rvm Z e—KfTv(9—27rm)2 — Ry Ze*m+ln9 7 (853)
meZ nezZ

where R, and K are both functions of K, chosen as to best approximate the original term, and
the second equivalent form follows from the identity in Eq. (8.52). It turns out that the choice:

1
Ry = e KIy(K)

nicely interpolates between the large-K and small-K limits we have seen before.

The Villain model. Adopting the Villain’s periodic Gaussian approximation, we trade the exact XY
term by a new model, known as the Villain’s model, which we can write in two equivalent ways. The
first is a periodic gaussian form, where we introduce an integer value variable my , € Z on each link
of the dual lattice and write the partition function as:

27r
Zy = (RV\/QTI'KV)2N Z / (e—KzV PO Zu—l,z(Auex—zwmx,M) . (8.55)

{mx v EZ}

The second form, equivalent by the identity in Eq. (8.52), requires again an integer valued variable
Nk, € Z for every link of the dual lattice, and writes the partition function as

2= [TE) (I 5 oo i)

x v=1,2ny,€Z

_ RiN/QW[H%e;}( 3 eizxzunx,xwx)ezévaZu”iw). (8.56)

0 x {nx,VEZ}

This second form is the one we will adopt to proceed with a series of further mappings which
are very instructive. Observe indeed that 6x appears linearly in the exponential. Let us rewrite, by
changing variables, the discrete equivalent of “integration by parts”:

Z Z nx,u(Auex) = Z Z nx,u(eere,, - ex) = Z Z(nxfey,l/ - nx,l/) ex
=D (Aungy) bx (8.57)

where Aynx , = Nx, — Nx—e, v is @ “backward” finite difference. Hence, the integral over x simply
imposes a local conservation law for the link integer variables ny ,:

27rd9 _
X E,, Avnx,nu Ox __ _
/0 27T e - 62,, Au”x,nuao ’

a constraint which is essentially a discrete version of a “zero-flux condition” for the integer vector field
(nx,la nx,Q):

Z Apnixy = Nx 1 — Nx—ey 1 + Nx2 — Nx—ep.2 = 0 Vx . (8.58)

v
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One way to implement the constraint is to represent the link variables ny, in terms of discrete
derivatives of an integer valued height variable hy sitting at the lattice sites, as follows: 7

Nx,1 = A2hx
— > oni, = (Ahy)?. (8.60)

Nx,2 = —A1hx v

The Villain model mapped into a discrete height problem. This series of transformations
allows us to rewrite the Villain partition function as

27
A O i

X {RX,VEZ}
S 0" TRy Lo 2y (Aha)?
{h<€Z}

e = Z 0" TRy Tx Dum1,2(Bvh)® (8.61)
{hx€Z}

Zy

The model we have arrived at is known as discrete Gaussian model, a discrete-height model
introduced to describe the roughening transition of solid surfaces, studied by Chiu & Weeks in
1976. Notice the crucially important integer constraints for the height variables hy.

The integer constraints on hy are hard to deal with. But we can bypass them at the cost of re-
introducing integrals, using once again Poisson’s summation formula. This would allow us to write
the discrete Gaussian model in three equivalent forms:

Zne = Y, 0~ TRy Tx Dum1,2(Avh)?
{hx€Z}
= 2 /M[Hdd’x} 027 S i o iy S L2 (D)
{myxez} Y7 x
= ZWL(KGY) Y et DG (8.62)
{mx€Z}

The third remarkable expression — obtained by performing the Gaussian integrals over ¢ in exactly
the same way as we did when studying the spin-wave approximation to the original XY model —,
involves the so-called Coulomb gas partition function. The Gy x which appears is once again the
discrete lattice propagator associated to the discrete Laplacian in two dimensions.

"More formally, defining Ny = 9,0 €y Aprhx, with 1 = €12 = —€2,1 antisymmetric, you can easily see that:

D Ay = e Ay bk =0. (8.59)

v,v/

Observe however that the “zero-flux condition”

x def
E Au"lx,u = g (nxfel,,u - nx,u) = E Aunxfe,,,u =0 )
v v

v

is slightly different in form from the zero-divergence condition
Z Aynx, =0.
v

Details can be found in Kleinert’s book on Gauge fields in Condensed Matter physics, Vol. 11, Chap. 4.
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o0

Zy — Zoe — Zea = Y /

{mx€zZ} *

also expressed as:

{mx€Z}

8.3. Epilogue: The RG in momentum space

|:H d¢x] e27ri Do MxPx e_ﬁ > Zu:l,Q(AV¢x)2

Loa =2, (Kle) g e_QWQKV Dt M G Mt
sw .

Summary so far. Starting from the periodic-gaussian approximation to the XY model, i.e.,
the Villain’s model, we have proceeded through a series of exact mappings:

(8.63)

where the last step follows by applying the Poisson’s summation formula to the discrete heights
model. The final Coulomb gas form, by performing the Gaussian integral over the ¢, can be

(8.64)

The Coulomb gas form is the ideal starting point for a field-theoretical analysis based on the
Renormalization Group (RG). The idea is to move to momentum space, integrate out an outer shell
of the largest momenta, to obtain equations for the renormalized model parameters. The story is
described in some detail in Kogut [33]. It might be an instructive seminar assignment for the final

exal.
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9. Ising lattice gauge theory and beyond

We have discussed broken symmetry in statistical mechanics, and the idea of a local order pa-
rameter: a symmetric Hamiltonian can give rise to states which are effectively disconnected in the
thermodynamic limit, and break the symmetry. This can happen in the ground state and, for suffi-
ciently large spatial dimensions, even at finite temperature. We have discussed already that this is
at variance with the situation typically encountered in quantum mechanics for few-particle systems,
where symmetries are not broken. A paradigmatic example is a particle in a double-well potential,
have a look again at Fig. 5.1, where the Hamiltonian is parity symmetric, and the ground state is even
and separated by a gap from the first excited odd state. As discussed, the analogy with symmetry
breaking in statistical mechanics emerges when you consider a barrier that becomes infinitely large:
the gap between the two symmetric states would become exponentially small and, to all practical
purposes, a particle sitting close to one of the two minima (broken-symmetry state) would not be able
to tunnel to the other minimum.

In this chapter, we will discuss models — gauge theories ' — which display a new type of symmetry,
a local symmetry, which cannot be spontaneously broken, much in the same way as parity is not broken
for the finite double-well in quantum mechanics. As a consequence, phases in these models cannot be
distinguished by local order parameters, which vanish due to symmetry. Topology and ground state
degeneracy will be one of the leitmotivs of the story we are going to tell. In some sense, the planar
XY model in two dimensions is nice anticipation of some of these ingredients, like the absence of a
local order parameter, and the role of topology and vortex-antivortex unbinding. But we will see that
there is more to that. The main reference for this chapter is the review paper by Kogut [33]. Very
instructive are also the videos of the lectures given at ICTP by Xie Chen (Caltech) Lecture 1, Lecture
2.

9.1. Wegner's idea: a model with a local (gauge) symmetry

To exemplify the general discussion, take a square lattice, with nearest-neighbor lattice vectors
e; = a(1,0) and ez = a(0,1). The vertices of the square lattices are denoted by x: each is connected
to d = 2 neighbors, x + e; and x + e, by d = 2 links, on the edges of the plaquette defined by the
four vertices x, x + €1, X + €1 + e, X + eo, and with center at x,, see Fig. 9.1.

1To all practical purposes the word “gauge theory” will be used here to mean “a theory with a local symmetry’
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Link and plaquette notation. We will use the following shorthand notation for the links:
x, £l +— (x,x L e1) x, 12— (x,x L €3) . (9.1)

Notice that the same unoriented link can be labelled in two ways, for instance x,—1 =x —eq, 1.
With this notation, the four links around the plaquette at x,, see Fig. 9.1, would be denoted as:

Elzx,l 62:X+61,2 63:x—|—e1—|—e2,—1 €4=X+827—2. (92)

Correspondingly, we define the product of four 6% operators sitting at those links as:

~

Zx, = 651 652 653 &Z . (9.3)
O O O
O O O
O O O
X + eo 3 X+ e| +eg
—O—€¢—O0—4——0
igure 9.1: A portion of a square lattice, with a pla-
Fi 9.1: A i f latti ith a pl
quette highlighted in red (the meaning of the arrows
©) @) X Q L Q will be clarified later on). Spins are sitting on the edges
of the lattice, denoted by circles. The centre of the pla-
Y Y A\ > O quette is denoted as X..
~x ~ X+ e;
b
O O O
O O O
O O O

The spins are now placed on the four links around each plaquette, and you write the model as a
four spin interaction:

H=-J]Y 6} 65,6060, =-J> Zx. . (9.4)

Consider now the following operator éx, defined at each internal vertex x of the lattice as:

~

AT AT AT ~x A o~z A Az
Gx = 0% 10%20% —10%,—2 = Gx05%,Gx = —05, v==1,+2, (9.5)

xr

where we used 6*676% = —¢*. In words: @x flips all spins on the links touching x.

o

Internal, boundary, and corner vertices. When periodic boundary conditions (PBC) are
chosen, all vertices are “internal”, and they have 4 links. We will discuss later on the case of open
boundary conditions (OBC), where 4 vertices sit at the corners, and have stars with two links
only, while the other boundary vertices have stars with three links. Correspondingly, the operator
(Alx has a reduced number of 5*.

It is easy to prove that @x commutes with H for all x: 2

Gy, H =0 vx . (9.6)

2To prove this, observe that @i = 1, so that we need to show éxﬁ@x = H. Take now a plaquette term in the
Hamiltonian: if x does not touch that plaquette, the commutation is trivial. The only non-trivial commutation
occurs when x is any of the vertices of the plaquette. But then, since 676%6% = —67, you flip exactly two spins on
the edges of the plaquette, and the two minus signs produce an overall +1.
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The set of links touching x, which enter in the definition of @x is defined as the “star” at x:

star(x) = {{ =x,+v with v =1,2]/¢ € lattice} = Gy = H 6y . (9.7
Lestar(x)

This definition works in principle also for the possible boundary sites of systems with OBC, as we will
illustrate further below.

Ox,2
,—1 x,1
) ) AT AT AT AT . . 1 .

~ X A Gx = 6%,10%,20%,_10% _o flips the four spins sitting at the blue circles on
the links that enter x.

Figure 9.2: An internal vertex at x and the four neighboring links in
a d = 2 dimensional (square) lattice, defining the star(x). The operator

)

)X7 —2

One thing we need to discuss is the boundary conditions on the lattice. One standard choice is
periodic boundary conditions (PBC), as illustrated in Fig. 9.3 (left). An alternative choice, breaking
translational symmetry, is open boundary conditions (OBC), illustrated in Fig. 9.3 (right). We will
later discuss the important role of boundary conditions concerning the topological aspects of the model
and ground-state degeneracy.

[opeL reTer

)
—/

0,
T
=

O

T

PBC OBC

)
—/

§TETETET

@

@

D

'
R A S
z ®

@

D
tolotolsd

i

Figure 9.3.: A sketch of d = 2 (square) lattice, with L, x L, plaquettes. Here L, = 3 and L, = 4. The
+ denote spin components along the z-axis, i.e., in the standard configuration basis. Notice that on many
plaquettes the operator Zx* has eigenvalues —1: these plaquettes are called frustrated. Left: The PBC case.
The dotted circles denote spins on links on the upper and right boundary, which are also drawn dotted: the
spins, links, and vertices on those dotted boundaries should be identified with the corresponding ones on the
“opposite” lower and left boundaries. Effectively, the model is defined on a 2-torus. All vertices (Nv = Ly X Ly
as well) correspond to “stars” with four links. Right: the OBC case. Here the corner vertices have stars
with two links only, and the boundary vertices have stars with three links. Also, the spins on the boundaries
are free. The configuration shown is almost identical to the PBC one on the left, except for the action of two
Gx operators: one at the upper corner x., and one on the right boundary vertex x;. You should remark that
character of the plaquettes is not changed, consistently with gauge invariance. But the parity of the number
on + and — along vertical and horizontal lines is affected.
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The previous construction easily generalizes on higher dimensional hyper-cubic lattices. On a d-
lattice we have d nearest-neighbor vectors e, with v = 1,--- ,d. Each site x has 2d links (edges)
attached to it, which we denote by x, +v. As before, x, —v <> (x,x —e,) <> x — e, v. The plaquettes
are always squares bounded by four edges. For each vertex x, you can uniquely define a plaquette
by choosing a direction v = 1,--- ,;d — 1 and a second direction v/ > v: hence you can do that in
(;l) = d(d — 1)/2 ways. Boundary vertices in systems with OBC would have a different number of
associated plaquettes, but we write our model for PBC, for simplicity of notation.

i
Wegner’s Ising lattice gauge theory (LGT). For a hyper-cubic lattice in d-dimension, the

classical Ising LGT model would read:
R d-1 d d—1 d R
L5 3 ST RTET) 35 D) LA 3)
x v=1lv/'>v v=1 u’>ux;w’
where X:V/ is the center of the square plaquette surrounded by the four links labelled
plag(x? ) = {ti=x,v; L=x+e, vV ; ls=x+e,+e,,—v; lh=x+e,, v}, (9.9)
and the four spin interaction is:

- O AZ AZ AZ AZ ~AZ
Zwo =67, 67,6507, = |[ oi- (9.10)
teplag(xy¥’)

You define the “star” at x to be set of all 2d links touching x:
star(x) = {{ =x,v with v==+1.--+£d}. (9.11)

The flip operator which commutes with H at each vertex x (see Fig. 9.4) is defined as:

d
Ge =] (f}i’iu&i—u) = I et - [Gx, H) = 0 vx . (9.12)
v=1

Lestar(x)

Figure 9.4: The vertex at x
and its 6 neighboring links in
G‘) @ a d = 3 dimensional cubic lat-
w T tice, the star(x). The opera-

@ = e yy @ tor Gx flips the 2d = 6 spins
+
9

S

X sitting at the blue circles on

— the links that touch x, as ex-
@ (_ emplified with a local config-
uration of spins.

It is worth stressing that the presence of such an extensive set of commuting operators implies an
exponentially large degeneracy of each configuration. On a hyper-cubic lattice with Ny vertices x
— hence Np, = dNy links (or edges) on which the spins sit — there are Ng = 2Vt = 29N possible
different configurations. Denote by |C) any such configurations. ® You can apply to |C) any product
of symmetry operators éx, obtaining symmetry-related configurations |C’). More precisely, you can
define an equivalence class of configurations induced by the local symmetries

[C] = {\C’) = [[ Gixl0)  with  nx=0, 1} . (9.13)

xeV

z

3We use a ket notation for the configurations, although they are computational basis states, i.e., eigenstates of ks

hence for all practical purposes classical Ising configurations.
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All such configurations |C’) are guaranteed by symmetry to have the same energy, which we denote
as:
H[C] = (C'|H|C") vC' € [C] . (9.14)

It is quite clear that the number of elements Ngayge in the class [C] of gauge-related configurations is
totally independent of the configuration C you started from. * Hence, the partition function is given

by
Zier = Zeiﬁ CIHIC) Ngauge Ze pHIC) (9.15)
[C]
Now consider any (diagonal) operator which is gauge invariant, i.e., such that

o[C] = (C'|0|C") vC' € [C] . (9.16)

For such gauge-invariant operators, we might just sum over an element of the class, as the common

Z O[Cle~FHICI
(0) = . (9.17)

DN

(€]

factor Ngauge cancels off:

9.2. Elitzur theorem: gauge symmetry cannot be spontaneously
broken

Elitzur’s theorem states that the local gauge symmetry cannot be spontaneously broken. This
implies that a local order parameter calculated by the expectation value of local non-gauge-invariant
objects must vanish. We exemplify this with the local magnetization (6% ,) in the Ising LGT case,
indeed the most obvious “candidate” local order parameter.

To calculate it, we use the device of adding a small external longitudinal field h, which is then sent
to zero after the thermodynamics limit is taken. Hence, we take the Hamiltonian to be:

- _']Zat’l &32 0'53 0.[4 hzz Ox,v > (918)

x v=1

Ho
where ﬁo is the gauge-invariant Ising LGT term, and the corresponding partition function is:

Zy =y e PHC] with Hy[C] = Ho[C] - h Y _(C|63,/]C) (9.19)

x/, v’

where |C) denotes computational basis states (eigenstates of %), hence classical Ising configurations,
to all practical purposes. The expectation value we need is:

. 1 . .
(Oxwin = Z*}L§:<CIUX,VIC>e PHRICT (9.20)
C

40One should be careful in counting this number, since erv Gx =1fora system with PBC. Hence, for each configu-
ration associated to {nx} we have that

i) = [T Gwxio) = T] G« I] Gxlo) = [ G ™Ic) -

xeV xeV xeV xeV

Indeed the number of different configurations is Ngauge = 2Nv =1 What happens in the OBC case?
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Now observe that @L&fmjéx = —0%,,- Hence:
1 ~ PN 1
(050 = 5 > (= (CIGLE%, GulC) ) e = 57 (= (il C) ) e 1D,
h g h "¢

where we defined the “locally (at x) flipped” configuration |Cyx) = Gyx|C). Recall that star(x) =

‘~

{x,£v} is the set of 2d links around the vertex x, all flipped by Gx. It is simple to show that

star(x)
Hy[C] = Hp[Cx] + 2h(Csc|1nx| Cxc) with M = Y 6 (9.21)
Since summing over the configurations C is totally equivalent to summing over the Cx, we can even-
tually write:

1 .
Gihe = 3 (- (Clog 1) e
C
- —<&; Ve—whmx> . (9.22)
' h
Hence, we can finally write the following inequality:
20(6%0n] = | (55, (1 = e72=)) | < [(65,), ] = 1)| =% 0. (9.23)

The importance of local symmetry. Remark the difference with what global symmetries
would do in statistical mechanics. There, a uniform field brings an extensive contribution in the
Boltzmann weights, and the thermodynamical limit might lead to symmetry breaking. Here, the
thermodynamical limit is innocuous, since only a finite (small) number of terms are involved in
the local symmetry transformation.

9.3. Gauge invariant objects: the Wilson loops

The plaquette operators Z\x* are not the only gauge-invariant objects you can think of. Indeed, any
product of plaquette operators is also gauge-invariant. Indeed, see Fig. 9.5, take any closed contour
C on the lattice — the contour running along the edges (or links) — and define the following Wilson
loop operator:

Ze =] o - (9.24)

The smallest such contour is a plaquette plagq(x.), and for these, you recognise the well-known pla-
quette operators:

ZG:plaq(x*) = Zx* .

If you keep multiplying by a neighbouring plaquette operator, you notice that the internal links
disappear since (67)? = 1, and only the outer contour remains.

The Wilson loop operator. The Wilson loop operator can be equivalently written as:

Ze=Joi= [ 2%-.- (9.25)

leC X inside €

You can also consider contours € that are made of closed but disconnected pieces, in principle.
As each plaquette can have eigenvalues +1, the value of Ze on a given configuration C — or,
better, on the class of gauge-related configurations [C] — is also +1.
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9.3 Gauge invariant objects: the Wilson loops

1 O

)
/

)
/

Figure 9.5: The Wilson loop. The
closed contour € (red thick line) contains
links ¢ and the Wilson loop operator is
dAeﬁned by Ze = [lecedi- Equivalen/t\ly,
Ze can be seen as the product of all Zx,
plaquette operators where x. is inside
the contour C. Here the area inside the
loop is Ae = 6, while its perimeter is
Pe = 14. Notice, however, that the
generic situation for large loops is pre-
cisely opposite, with Ae > Pe.

Recall that, so far, the Ising LGT is a classical model, with many degenerate configurations. En-
ergetically, it is favourable to have as many possible plaquettes with eigenvalue +1, as these have

energy —J, while frustrated plaquettes — having Zx, = —1, due to an odd number of spin | — pay

an energy penalty +.J. But entropy plays a role.

We will now show that the classical modal has, for d > 2, two distinguishable phases. We will do
that by analysing the characteristic behaviour of the statistical average of the Wilson loop operator

Ze.

~

(Ze) = e—xp(B)Pe

(Ze)

e X4 (B)A(?

e—xp(B)Pe

~

high T

low T

(Ze) = e xa(B)Ae

Area (high-T) versus perimeter law (low-T). We can easily convince ourselves that

(9.26)
(for d > 2)

where Ag is the area (in units of a?) of the minimal surface enclosed by the contour C, and P is
the perimeter (in units of a) of the contour, i.e., the number of links belonging to C.

Figure 9.6: The temper-
ature phase diagram of Z,
LGT ford >2. At T =0

T

> T the Wilson loop is triv-

ially (Ze¢) = 1. Explain
why.
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9.3.1. High-T expansion and the area law

The high-T expansion starts from the realisation that, since Z(* has eigenvalues +1 you can equiv-
alently write: ~
P % = (1 + Zx, tanh 3J) cosh BJ (9.27)

hence: ~

e PH = (cosh f.J)Nviea H (1+ Zx, tanh 3J) . (9.28)
The thermal average we need, observing that the cosh fJ cancels off with the partition function, is
given by:

> (ClZe [ (1 + Zx. tanh 8.7)|C)
= C p
(Ze) = — . (9.29)
> (CIT] (1 + Z, tanh BT)[C)

C X

For high-T', hence small 3J, the tanh SJ produces small factors. For the partition function in the
denominator, we can evidently set, to lowest order Z = N¢(1+ - --), where N¢ is the number of spin
configurations, and the dots (---) indicate terms that vanish for 5J — 0. Looking at the numerator,

the 2@ brings about unpaired 6% operators, which give zero contribution upon averaging over the

z
X,V

configurations, (6% ) = 0. The only escape route is that the plaquette terms contribute 6* operators

iy

that can ezractly match those appearing in Z\e, since we can then use (6%)2 = 1. But recall that
Eq. (9.25) tells us that:
Ze= ] 2. -

x4 inside C

Hence we need to invoke a factor 2,(* tanh 5J for all x, inside C in order for perfectly match the 6*
into innocuous (6%)2. Hence, the largest term (with minimal number of tanh 3.J) contributing to the
average will be

(Ze) = (tanh BJ)AC 4 ... = e~ los(tanh BN Ae | (9.30)

Convergence of the high-T series. An important point is that the methods typically used
to prove that high-T" expansions have a finite radius of convergence do apply for the present case
as well. So, we can safely tell that, for sufficiently large T', the average of the Wilson loop shows
an area law. The leading term of the prefactor function x4(8) in Eq. (9.26) is indeed given by
log(tanh 3J)~!, as predicted by Eq. (9.30).

9.3.2. Low-T expansion for d > 2 and the perimeter law

The low-T expansion is slightly more subtle: a naive approach would fail to appreciate that the
d = 2 case is rather special.

We start by noticing that classical ground state is the class of configurations where all plaquettes are
unfrustrated, i.e., they give Zx* — +1. The large degeneracy associated with the gauge freedom can be
safely organized by working with class representatives, so that [Clgs = | 4 -- - +). is the configuration
with all spins pointing up in the z-direction, and

3 (ClZee )
2 _ [C]

Y (Cle?[C)

(€]

(9.31)
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Each frustrated plaquette brings an increase in energy of 2J, so that a reasonable thing to do, at
low-T', is to start considering configurations with a single flipped spin, [C],_n;p, which makes 2(d — 1)
plaquettes to become frustrated, hence:

HICh_fiip = = (Npag = 2(d — 1)) J +2(d = 1)J = Egs +4(d —1)J ,

where Egs = —JN,., is the classical ground state energy. As usual, Eg will drop off from the
calculation of the average, cancelling with the partition function denominator.

The second important fact is that, while the denominator of (9.31) is blind to details, and simply
gives:

d—1)8J

Denominator = 1 + Ny, e~ + higher flip contributions ,

where Ny, the number of links, simply counts the number of possible configurations [C],_g;,, the
numerator is more subtle: it distinguishes configurations in which the flipped spin is not on €, Ny, — Pe
in number, for which 2(3 — 41, from those in which the flipped spin is on C, Pe in number, where
Pe is the perimeter of the loop. Hence:

Numerator = 1 + (N, — 2Pg) e~ *4=157 | higher flip contributions .

Higher-order flip contributions are more difficult to calculate. If the various flip terms were inde-
pendent and we could neglect excluded volume effects, one might write the n-flip contribution to the
numerator simply as

1 n
Numerator, _g;,, ~ = ((NL —2Pe) e—4(d—1)ﬁJ) 7
n!

and similarly for the denominator. Within such approximation, we can sum up all terms by recognising
a Taylor expansion of the exponential:
R ()}{_2Pe)074(d71)597 B B
<Ze> ~ e W _ e_28 4(d 1)13JPe ’ (9.32)
hence the perimeter law. A careful analysis performed by Wortis in 1972 shows that this is indeed
the leading term in the function xp(3) of Eq. (9.26).

(i)
The low-T physics. This clearly shows that for d > 2, where the previous analysis applies, the

model must have two phases: a high-T' (disordered) phase where the area law applies and larger
loops are less abundant, and a low-T phase where the perimeter law applies. At high-T loops
tend to be more compact: since Ae is generally larger than Pe, at least for generic large loops,
this makes perfect sense.

9.3.3. The peculiar d = 2 case

The d = 2 case is rather peculiar, as you can appreciate also from the energetics of 2 spin flips.
Observing Fig. 9.7 you see that, starting from the reference configuration (all spins up) a string of
flipped parallel links of any length creates only two frustrated plaquettes in d = 2. Even more: if the
system does not have PBC on the y-direction, you can even move the string of flipped spins to the
lower boundary: then, only a single frustrated plaquette survives!

o

The role of cheap fluctuations. You realise that this low cost of defects compared to the
large entropy gain in creating them anticipates the fact that the model is always disordered at
any T > 0, hence a single phase with area law average Wilson loop should be expected. This is
indeed the case, as one can realise in several instructive ways.
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Figure 9.7.: Left: Starting from the reference configuration (all spins up) a string of flipped parallel links
of any length creates only two frustrated plaquettes — denoted by f — in d = 2. Notice that this is peculiar
of the d = 2 case, as the plaquettes coming upward, out of the plane, for instance in d = 3, would still be
frustrated! Right: If the system does not have PBC on the y-direction, you can even move the string to the
lower boundary, and only a single frustrated plaquette survives. The 4+ denote spin components along the
z-axis, i.e., in the standard configuration basis.

Mapping the d = 2 Ising LGT into uncoupled classical Ising chains. We now show that we can
indeed map the d = 2 classical Ising LGT into a system of uncoupled chains of ordinary classical Ising
models. To do that, we adopt the strategy of fixzing a particular gauge for the equivalent configurations.

The temporal gauge. More precisely, we fix all the spins on the vertical links to be +1:
6; — +1 with {=x,2 Vx. (9.33)

This is known as temporal gauge [33]. ¢

*We will see later that, for a system with PBC, this implies a precise choice of a topological sector for the model,
more precisely those where the non-contractible Wilson loop operator Z,, in the “temporal direction” is +1.

Consider now the plaquette operators Zc*‘ Since the two vertical bonds are fixed to be +1, we can
equivalently write

~

Zx

~Z Az
O—x,laereg,l .

*

Hence, the plaquette terms reduce to pairs of spins on parallel links in the vertical direction,

ﬁQd—ILGT = _JZ/Z\X* — _Jz&i,l&i+e2,1 ) (9.34)

X x
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Figure 9.8.: Mapping d = 2 Ising LGT into uncoupled d = 1 ordinary Ising chains. Left: Choose a
gauge — the so-called temporal gauge — in which the spins on the vertical links are all fixed to be +1. The
spins on the horizontal links can be anything they want and are not indicated. Right: Ignore the pairs of
parallel 4+1 spins on the vertical links altogether. The plaquette coupling becomes a simple nearest-neighbour
ferromagnetic coupling —J (denoted by a dashed red line) along all the vertical uncoupled chains.

and we have mapped the d = 2 classical Ising LGT into decoupled classical Ising chains, as shown in
Fig. 9.8.

9.4. Introducing quantum fluctuations

Let us now move to a quantum model, introducing a transverse field term.

The quantum Ising LGT model. For a hyper-cubic lattice in d-dimension, the quantum
Ising LGT model reads:

H=Hywor=—h1y 67—J> Z, (9.35)
14 X

Quite importantly, since 6% commutes with @x, the model is still gauge-invariant:

Gy, H =0 Vx . (9.36)

We can introduce other gauge invariant objects in the problem, which turn out to be build out of
products of Gy.
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(i ]
Contractible ’t Hooft loop operators. Let us define, on the dual lattice defined by the

plaquette centers, a contractible loop v* that cuts orthogonally links on the lattice, and the
associated 't Hooft loop operator
X = ][ &t (9.37)
0L ~*
You can show that these objects can be written as products of éx, hence they are symmetries,
but not independent from the @x:

X, = II & — (X, H =0 VAt (9.38)

x | star(x) L v*

Figure 9.9: Two contractible loops v* on the
dual lattice, and the associated ’t Hooft loop

operator cutting orthogonally a number of links
(thick black links). On the right, the smallest
loop, where X+ = Gx. On the left, a larger

=== loop where X« is a product of three Gx: no-
tice the internal links denoted by dotted thick
lines, which are cancelled due to (67)% = 1. In-

cidentally, you can view the two loops shown as

a single contractible loop v* made of two dis-

joint loops.

Let |1)gs) denote a ground state of the model, with energy Eqs. Gauge symmetry implies that:
A (Gults)) = Gl ) = Es (Gclits)) (9:39)

Moreover, since @,2( = 1 you expect that, for a translationally invariant ground state, the eigenvalue
of Gx can only be a sign independent of x: Gx|thgs) = %|1gs).

Ground state value of CAT'X. We will now argue that

Gxlthgs) = |tgs) VX (9.40)

a condition that defines the ground state sector(s) of the Hilbert space.

To begin, we have to discuss possible degeneracies of the ground state in the two possible phases
that we expect to be present in the model. We do so in the two limits hy — 0 and h; — oo.

9.4.1. The small i, phase

For h, = 0 the classical ground states are highly degenerate, due to the large number of ways in
which you can arrange unfrustrated plaquettes. Let us discuss better the question of the boundary
conditions, particularly relevant at this stage.

Classification of topological sectors for PBC systems. For the model with PBC, there is a very
remarkable property that emerges when you try to classify the classical ground state configurations.
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AFBT/T

Figure 9.10: The generic
phase diagram of Zs quantum
LGT for d > 2. The mean-
ing of the words “deconfined”
and “confined” will be clarified
later on: it is related to the

potential energy of two static
Confined excitations implanted on the
ground states. For d = 2 the
deconfined phase is strictly

Deconfined

~

(Ze) = e—xrPe

0 QCP

~

(Ze) = e~ Xxade only at T'= 0.
» /]

We start from the class representative where all spins on all links are |+), which we denote by |Cqp):
Coo) = |[-)=M .
The other elements in the class can be obtained by applying elements of @x, as discussed.

But some configurations will never be reached in this way: they are topologically distinct from |Cop).
To shed light on this fact, let us consider an extension of the Wilson loop operator where the loop is
now non-contractible, i.e., goes around the torus.

i
Non-contractible Wilson and ’t Hooft loop operators. We define 5 to be a closed straight

contour of links that goes through the boundary in the direction ey, and define the associated
Wilson loop operator
Zy=Z, =[] 6. (9.41)
Leys
On the dual lattice, we define 75 to be a non-contractible loop that cuts a line of parallel links
along the direction e; — hence, running on the dual lattice defined by the plaquette centers —
and the associated 't Hooft loop operator

X=X, =[] of- (9.42)
£Llys

In words, see Fig. 9.11: )?7; creates a line of spin-flips on all parallel links in the direction es.
By switching ey <+ e;, similar definitions can be given for v; and 77, and associated operators
Z1 =2y, and X; = X%*.

Since éx always flips spin in pairs along any direction, while obviously commutes with 6%, it is
easy to show that:

GLZ,Ge =7, and GIX,Gx = X, VX . (9.43)

However, since 2 and 75 necessarily share a single link ¢ where 676767 = —67 (and similarly for v,
and ~}) you must have that:

22)?2 = —2222 and 215(\—1 = —)?121 . (944)
On the contrary, v; and 3 share no link (and similarly 5 and ~;) hence:

21)?2 = 2221 and 225(\—1 = )?122 . (945)
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° The two non-local Qbit operators. Summarizing, the four operators (21, )?1) and (22, )A(g)
both realise the Pauli algebra:
{Z1, X1} =0 {Z5, X2} =0, (9.46)
while they mutually commute:
[Z1,X5] =0 [Z2,X1] =0. (9.47)

Figure 9.11.: The configurations |Co1) (left) and |C11) (right) in a PBC system. On the left, v2 (red solid
line) is the non-contractible Wilson loop in the direction of ez, associated to 272, and ~5 (black dashed line)
is the non-contractible t’Hooft loop cutting parallel links in the direction of ez, associated to )?75. On the
right, the corresponding 1 and 77 in the other direction are shown. Here + denote spin components along
the z-axis, i.e., in the standard configuration basis. The dotted circles denote spins on links on the boundary.

The 00 sector.) Observe that 21|C00> = |Cqop), and 22|COO> = |Cpo), a property that, by gauge
invariance holds true for all gauge-related configurations:

Z,|Cho) = |Cho) and Z5|Cho) = |Cho) - (9.48)

The 01 sector.) Now apply X5 to |Coo), obtaining a configuration |Co;) as shown in Fig. 9.11 (left):
|Co1) = X2|Coo) -

By gauge invariance, the same relationship holds for all gauge-related configurations |Cj,) and
|Ch1). Hence, due to Egs. (9.44)-(9.45):

21|C(/)1> = |061> and 22|C(/)1> = _|C(/)1> . (9.49)

The 10 sector.) Similarly, for a configuration
|Cro) = Xl‘COO>
with a line of horizontal links all flipped to —1 but going upwards and all gauge-related partners:

21|C£0> = _|C£0> and 22‘010> = |Cio> . (9.50)
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The 11 sector.) Finally, there is a fourth possible reference configuration
|C1) = X2X1[Coo) |

shown in Fig. 9.11 (right), where two lines of parallel flipped spins —1 run along the sample in
the two directions. For this, and its gauge-related partners:

21|C{1> = *|Oil> and 22‘Ci1> = *‘Ciﬁ . (9.51)

This discussion implies that the classically degenerate configurations, on the PBC geometry of a
torus, are divided into four classes which are not related by the application of local gauge-symmetry
elements, and rather distinguished by a non-local quantum number: the eigenvalues of two non-
contractible Wilson loops going through the boundaries, 21 and 22.

o

OBC vs PBC. Notice that this is peculiar of the PBC system. In the OBC case, the presence
of boundary star elements with two or three links allows changing the parity of the number of —1
spins along vertical or horizontal lines! You can convince yourself of that by a close inspection of
Fig. 9.3 (OBC). Moreover, for a system on the sphere, for instance, all loops would be contractible,
and the topological feature we described would not hold.

We might think of doing degenerate perturbation theory in the limit h; — 0 within each degenerate
topologically distinct sector of configurations at h; = 0. Notice that a single spin-flip term, for
instance, &£72|Coo>, does create two frustrated plaquettes, leaving the sector you started from. But to
4*'_order in perturbation theory, you might flip the 4 spins on the links ¢ € star(x) and return back
to the state éx|COO>, with a negative off-diagonal matrix element —ah?* /J2. The calculation is a bit
hard to do in practice. But it suggests that by the Perron-Frobenius theorem, a positive superposition
of all gauge-related states of the form:

> i ( TT G ICoo) with  ne=0,1,

{nx} xeV

with positive wave-function 1y, y > 0 should describe the ground state for finite small hy > 0.
Translational invariance, finally, suggests that the wave-function ¢, > 0 is uniform over all possible
{nx}, hence:

~

W) = <= (T]6)ico = T (<55 icw)

{nx} x€V xeVv

contractible

= L X

The equality of these three expressions needs a few comments. The first comes from the simple

[[o+60=T (X ) =Y (T ).

xEV xX€EV  nx=0 {nx} x€V

(9.52)

relationship:

The second, with its conspicuous normalisation coefficient which reminds us that Ngayge = 2Nv—1 g
due to the following consideration. For every bipartition V = A + A of the lattice of vertices you have

that
(Me)([e)-Ter = ([6)-(I16)

This implies that, given a configuration with a certain {ny}, with nx = 1 for x € A, the configuration
with {7ix }, where fix = 1 — ny is precisely the same, since fixy = 1 for x € A. Hence the configurations
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are included twice in the first two expressions. Imagine now that you keep only one of those pairs of
identical configurations, pretending that the number of vertices in A is, for instance, not larger than
the complement, |A| < [A]|. ° Observe that

H Gy =Xy,
XEA

where v* is a contractible 't Hooft loop, possibly made of several disjoint loops, as in Fig. 9.9.
Summing over all possible contractible v* you get all possible gauge related configurations — notice:

without replicating them twice —, hence the normalisation that you need is now 1/4/Ngayge, With

_ 9Nv—1
Ngauge*2 Voo

A similar construction holds for the other topological sectors, leading to 4 possible ground states,

which we could write as follows: ©

[Woo), [Wio) = )A(l|\1’00> s Yor) = )?2|‘1’00> s ) = )?1)?2|‘I/00> . (9.54)

These four states, totally degenerate in the limit A, — 0, can be distinguished by a non-local order
parameter: the expectation value of non-contractible Wilson loop operators. Indeed, observe that

Z1|Woo) = [Woo) and Z[Wo0) = [Woo) » (9.55)
sunply because Z; and Zo commute with every possible Gx, and Z1 /2|Coo> |Coo). However, recall
that Zl anticommutes with X1, and similarly Z2 anticommutes with X2 Hence:

The expectation values of non-contractible Wilson loops. If |¥,, ,,) with v1,v2 = 0,1
denotes the four possible ground states, obtained with
[, ) = X7 X5 Wo0) (9.56)

it is simple to show that:

ZV|\IIU1702> = (_1)UV‘\IIU1,U2> - <\I’U1,U2|ZV“1/U1,U2> = (_l)vy : (957)

Kitaev (toric code) model. We will later discuss a model, introduced by Kitaev, based on precisely
the ingredients discussed so far, which is exactly solvable. It might be viewed as the effective Hamil-
tonian inside the subsector of unfrustarted plaquettes, obtained for h; — 0 in 4th order perturbation
theory:

Heg = —heq Y Gx—J > Z, . (9.58)

Observe that all individual terms appearing in this Hamiltonian now commute, hence you can find
states that are simultaneous eigenvectors of

Gylv) = [v) vx and 7.

¥) =1¢) V.. (9.59)

We will discuss at some length the physics of this model in a short while. For the time being, let us
analyse the other limit h; — co.

5When |A| = |A|, you decide arbitrarily which of the two you keep.
6The explicit expression in terms of configurations is simple, since X7 and X5 commute with all G, hence, for instance,
recalling that X1|Coo) = |C10):

G

- ~ 1+
[¥10) = X1|¥o0) = G* )|1Cio0) = IC10)
v 2 (e = THEE)
1 contractible =N
= = ; X,+|Cro) - (9.53)
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9.4.2. The large h, phase

The ground state for h; — oo is the simple product state with all spins now aligned in the z-
direction:

. 1
¥ e = [T 1o with  +@)e = —=(1Hhe + 1)) - (9.60)
V2
It is evidently non-degenerate. Smce 67|+, x)e = |+, x)¢, you deduce that, as anticipated:

éxlq}g5>hL%oo = |\Pgs>hL~>oo . (9.61)

Obviously, on such a state, the expectation value of any Wilson loop operator vanishes exactly:

(Vas Ze | Waehn, 200 = 0. (9.62)

We will adopt a convenient graphical representation for links in the states |+, )¢ of 6*: We denote
by a dotted line a link in |+, z)s, and by a solid line a link in |—, x),.

Let us consider now excited states in the limit h; — oo (or, equivalently, putting the plaquette
coupling J = 0). The lowest excited state has a single link (anywhere in the lattice) in the state
|-, x)¢, shown in Fig. 9.12 (right), with an energy cost AE = 2h . Notice that 67|+, x), = |—, x), is
the operator that creates such an excitations.

. eerraas wemrraans prmeenns . : . Nrerrasanranenas . . . Figure 9.12: Left: The

bbb b EE rownd state N

O CIRR : EPN At B R C SRR, i with all links in state

: : : : : : : : : : |[+,z) (dotted lines).

eeeees N eeees feeeees IR ; eeeees N Feeeeees R i Right: The lowest-energy

X2 excited states where two

violations of @x = 1

Fasnanas feananns Seenannas Beasnaas feasanas .., Fasnanas feesanaadnnnnnnns Basnanas P . appear at the vertices

denoted as x; and xo,

B R AR C fevennns : B R A B R : and a single link (the full

: : : : : : : : : : : : blue line) is in the state
Feeeeee e R feeeenns R : eeeenas R S feeeeee R I mx) =60+ 3

One might analise all possible vertex configurations, 2* = 16 in total, to quickly discover that 8
of them indeed satisfy Gx = 1 because an even number of full lines enter the vertex. The 8 vertices

satisfying Gx = 1 are shown in Fig. 9.13.

_I_ ........ i _I I_

Figure 9.13.: The 8 vertices for which the constraint Gy = 1 is satisfied.

One might further consider excited states where the vertices with @x = —1 — which we will consider
are charge excitations on the background of vertices all satisfying @x = 1 — are placed further apart,
at two distant points x; and xo, as in Fig. 9.14. To create such an excitation, one just needs to
consider a Wilson open string vy(x1,x2) connecting the two points, applying the operator

Zyxixa) = | 0 - (9.63)

Ley(x1,x2)

The energy cost of such configurations (still assuming h, /J — 00) over the ground state is now:

V(x1,%2) = Fx, x, — Egs = 2h 1 ||X2 — X1||vann (9.64)
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Figure 9.14: The excited state where two violations of Gy = 1
appear at the vertices denoted as x; and x2, with the Wilson open
string y(x1,x2) containing the links joining these two points in the
state |—, x) (full blue line). Here ||x2 — X1||mann = 4, and the energy

cost of such a configuration is V(x1,x2) = 8h .

Confinement. The fact that two excitations (charges) placed at two points x; and x2 pay an
energy cost
V(x1,%2) = o||xa — x1]]| (9.65)

proportional to the distance between the two points is a phenomenon known as confinement.
In the simple case shown above, a string of reversed links |—,z) (full blue lines) joins the two
excitations, and the energy cost scales linearly with the length of the string.

9.5. Kitaev’'s Toric code model

o
Toric code model. On a d = 2 square lattice with PBC in both directions, Kitaev’s toric code

model reads: ¢

Hye =~y Gx— > Zy, (9.66)

*Kitaev calls As our @x, s being a “star” associated to a site (or vertex) of the lattice, and B, our Zx* , p being
a “plaquette” associated to the center of the lattice squares. Since the two terms commute a common choice of

parameters is to set hx = Jx = 1, the energy unit.

We will now describe the ground states of Kitaev’s model, in a way that will provide an alternative
route to the description of the four topological states, see Eq. (9.56), discussed in Sec. 9.4.1.

9.5.1. The ground states

As observed several times, [éx/7 2,(] = 0 for every possible x’ and x,. This means that the ground
states correspond to finding the common eigenstates of Gx and Zy, with eigenvalues +1:

ax|¢gs> = [thgs) VX and Z.

Vgs) = |tgs) VX (9.67)

"Recall that if x = (z,y), then

[1%||Mann = || + |y] ,

1
a particular case of a larger classes of distances ||x||n = (|z|™ + |y|™)» which includes the Euclidean distance for
n = 2 and the Manhattan distance for n = 1. In the limit n — co we would obtain ||x||cc = max(|z|, |y]|)-
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Constraints and counting of ground states. Since @i =1 and 2,2( = 1, clearly both
operators can have only eigenvalues £1. The total number of states in the Hilbert space is
22L% — 4NV where Ny = L? is the number of vertices, the factor 2 coming from the two links at
each vertex. Imposing each of the constraints, for instance éxW) = |¢), reduces by a factor 2
the number of states. One might think that there are 2Ny constraints implied by Eq. (9.67), one
for each vertex x and one for each plaquette x, (the number of plaquettes is equal to Ny in two
dimensions). But in reality, since [ ], Gy =1 and [, Zy, = 1 we have only (Ny — 1) constraints
for the vertices and (Ny — 1) constraints for the plaquettes. Hence, we expect

4NV

SNV —ToNy—1 — 4 ground states .

To write the ground states explicitly, we start from the reference state |+, z) = [[, |+, z)¢ with all
links on the spin state |4, xz). As remarked, it satisfies éx|+,x> = |+, z), but there are many more
configurations that satisfy such constraints everywhere. Indeed, you can “glue together” the 8 types
of vertices in Fig. 9.13 in such a way that no vertex of the wrong type, with an odd number of solid
lines, is present. A moment’s reflection should convince you that we need to impose that full lines
always close into loops €. Since a full-line link is created by the application of 67 on the state |+, z),
you immediately realise that such a closed-loop of full lines is precisely associated with the Wilson
loop operator 2@.

States satisfying éx =1 everywhere. You immediately conclude that any state
€) = Ze|+, ) = Gxle) =1e) (9.68)

where C is a closed loop of full lines on the lattice, possibly made of several disconnected sub-loops.
The simple reason for this result is that, as previously remarked, the Wilson loop operators are
gauge invariant, [@x, 2@] = 0, and, trivially, éx|+, x) = |4, z). All these states |C) are completely
degenerate, for Jx = 0, and have energy — Ny hy.

Let us now consider the effect of the other term, —JKZ(*. As discussed, 2,(* = Z\e:plaq(x*), the
smallest closed loop C in the lattice: the plaquette. Hence, by applying Z{* to a loop configuration
|C) you obtain another loop configuration |C') differing from |C) by a single plaquette loop. All in all,
you realise that the best thing you can do to gain energy — recall Perron-Frobenius — is to create a
superposition of all loop configurations with a uniform positive coefficient

~ 1 ~
[B0) :NZ(;Z@H,@ = W%:Zelﬁx), (9.69)

with a suitable normalisation coefficient, which we will soon show is N = \/% Let us get to this
2V
result by the following explicit route.

Consider the alternative writing

oo} = [T (<2 ) ) = == 3 T1 28 ) (9.70)

X Nx, } Xx

with ny, = 0,1 on each plaquette. Arguments entirely identical to those of Sec. 9.4.1, based on the
fact that Hx* Zx, = 1, show that all configurations are indeed included twice. The fact that, given a
bipartition A U A of all plaquettes, we have

H Zx* :2(3

x4, EA

219



Ising lattice gauge theory and beyond (Lecture Notes by G.E. Santoro)

completes the proof that Egs. (9.69)-(9.70) are equivalent.

The other ground states are obtained by applying non-contractible Wilson loop operators to |®gg):

The four ground states on the 2-torus. Define, for v;,v9 = 0,1, the four (degenerate)
ground states
|(I)171,U2> = Z52Zf1|‘1)0,0> . (971)

The non-contractible 't Hooft operators act now as non-local order parameters:

XV|(I)7J1,U2> = (_1)vu|q)v1,vz> = <q)v1,v2|XV|q)v1’v2> = (_1)% . (9~72)

As you see, the previous description mirrors that of Sec. 9.4.1, with a rotation from 6% to 6.

Obviously, on such states, the expectation value of any Wilson loop operator is exactly 1:
<\DgS‘Z€|\PgS>hL%0 = <\IIU1,U2|ZG|CI)U1,U2> =1, (973)

for the very simple reason that any 2@ can be written as a product of Ex*, and all of these have
eigenvalues +1 on the ground states.

9.5.2. The excitations

Let us now discuss the excitations of Kitaev’s toric code model. We will be very sketchy. For a
more in-depth discussion, see the videos of the lectures given at ICTP by Xie Chen (Caltech) Lecture
1, Lecture 2.

Electric (charge) excitations. As before, electric charge excitations are associated with violations
of the vertex constraint éx = 1, at two or more vertices. Consider, for simplicity, the case where
éx = —1 at the two vertices x; and x5. This excitation is created by a Wilson open string 27, with
~(x1,%2) the open string joining x; to x2. Consider the associated excited state

|\Il>e<1,x2> = Z’Y(x17x2)|<b00> .

Evidently, the —JKZ(* terms are totally unaffected by the Wilson string (they commute), while the
two vertices with Gx = —1 imply an energy cost, over the ground state energy, of:

‘/YE(X]_7 X2) = 4hK VXl7 X9 . (974)

Interestingly, this energy cost is totally independent of the distance ||x2—x1]|| between the two “charges”.

Deconfinement. The fact that two excitations (charges) placed at two points x; and xo pay
an energy cost
lim  Vi(x1,%x2) = Voo < 400 (9.75)

[[32 =31 || =00
which saturates to a finite value when the distance between the two points goes to infinity is

a phenomenon known as deconfinement. In the Kitaev model, deconfinement is extreme, since
Ve(x1,x2) is totally independent of the distance.
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Magnetic (flux) excitations. Symmetrically, one might consider two “magnetic” excitations corre-
sponding to two frustrated plagquettes. The simplest such excitations are created by applying 67 on a
given link, obtaining the state

[W7*) = 67Poo)

While the —hkéx is unaffected (because they commute), this makes the two neighbouring plaquettes
x! and x2, sharing the link /¢, frustrated because of the anti-commutation:

Z,126F|®o0) = —67 Z,1.2|®oo) = —5F|Poo) -

Hence this excitation costs an energy +4Jx (indeed, +2Jx for each frustrated plaquette). This can
be easily generalised, once again by considering an arbitrary 't Hooft open string v*(x!,x?2) joining
two arbitrary plaquettes x! and x2. The associated excited state is

‘\I/xl x2> =

( II U[>|<I>00 = V(xhx?) = 4 vx!,x2 . (9.76)
01 ~*

X LLRE (RRTF]
* Figure 9.15: On the background of the ground state |®go) (grey

« thin lines), the two frustrated plaquettes obtained by applying 67

on the full (black) links. The dotted line denotes the 't Hooft open

string v*(x+,x2) connecting the centers of the plaquettes.

""":é"""

(RN} IIIX

Once again, the proof of this is very simple, and relies on the anticommutation of Exi*Q with
X’Y(xi,xf) due to the single link in common between each of the plaquette operators with the 't Hooft
string. The independence of the energy cost of the excitation from the distance ||x! — x2|| tells us,
once again, that the toric code ground states show an extreme deconfinement also for the magnetic
excitations.

9.5.3. Summary of the phase diagram for d = 2.

Here is a summary of the phase diagram expected for the d = 2 Ising quantum LGT in a transverse
field. In the limit A, /J — 0 the physics is described by the Kitaev model: the deconfined phase has
topological properties, with four ground states on the torus. In the limit h, /J — oo the physics is
described by the simple product ground state |+, z).

kgT/J Figure 9.16: The phase dia-
gram of Zs quantum LGT for

d = 2. From the duality map-

R R ping we know that the quan-
(Ze) = e~xrPe (Ze) = e xade tum critical point (QCP) has
the exponents of the d = 2

Deconfined Confined >N, /] Transverse Field Ising Model:
e———— QCP > the best numerical estimates
Kitaev limit hy, — oo limit give (hy/J)c =~ 0.33.
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9.6. Path-integral of quantum Ising LGT model

The quantum Ising LGT model at finite T can be mapped, through the usual Suzuki-Trotter path-
integral, into a classical model in d + 1 dimensions. To simplify the notation we will illustrate the
case for d = 2. Figure 9.17 shows a single plaquette in d = 2 with one its “Trotter replicas” along the
imaginary time direction. Notice that spins are on links that are horizontal, and horizontal plaquettes,
which we denote as x.?, are only involved in the LGT interaction.

Path-integral representation of the quantum Ising LGT in a transverse field. The
effective classical partition sum of the quantum Ising LGT in a transverse field is the following
classical effective action S[o] in (d 4 1)-dimensions

Ny Ny
t
€ D0 D7 Ot Otay Oty Oty = K Y0 Y 0t nOtnean

Sle] =
ny=1 x ng=1 ¢
Zg = lim E e Sleven] = i E o5l
N;—o00 Ni—o00
o, oy, .

As before the relevant transverse (time-like) coupling K* is ferromagnetic and is given by:

1
Kt = —§logtanh(ehl)>0
(9.77)
Ar _ B _ 1
¢ T Th =N, ksTN,

Notice that at each x there are vertical links ¢ = (x,x + e3) on which there are no spins required by
the Trotter path-integral. Such vertical links define two new plaquettes, which we denote as x.* and
x2%. If you introduce the spins on these links ¢ of the two plaquettes along the temporal directions,
fixing them to 6; — +1, you can promote the two-spin interactions in the temporal direction into
four-spin plaquette interactions.

S[o’] = — Z (Ksz\xiz + Ktzxy + Ktéxzs) (9.78)

X

where the “spatial coupling” K*® = eJ is different from the “temporal coupling” K*.

4t

o]

Figure 9.17: A single plaquette of a d = 2 LGT (spins
on the empty circles), with its “Trotter replica” along the
“imaginary time” direction. Notice that the Suzuki-Trotter
path-integral would couple only pairs of spins along the
x13 imaginary-time directions: the solid circles denote the po-
sitions of spins that are not present in the Suzuki-Trotter

o L sy classical model. With the usual trick of “fixing the tempo-
ral gauge” you can introduce 67 — +1 at all such vertical
* links ¢, so that the Suzuki-Trotter classical model becomes a

classical anisotropic LGT in d + 1 = 3.

@)
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9.7 Duality for the quantum Ising LGT in two dimensions

9.7. Duality for the quantum Ising LGT in two dimensions

Consider the quantum Ising LGT in d = 2. We saw that it is “equivalent”, given the path-integral
mapping, to a classical Ising LGT in dimension d+ 1 = 3. We will now see that, in a specific subsector
where the ground states live — that of states |¢)) for which Gy|i) = [¢) for all x — a nice duality
mapping can be shown to exist with an ordinary transverse field quantum Ising model in the same

dimensionality d = 2.

The duality mapping is illustrated in Fig. 9.18. Taking x = nie; + nges, it is defined as follows:

Az ~ AT
Tx* - H Oy = foneg,l
(lyi(x)  n=0 (9.79)
AT T Az oAz oAz Az
Tx, = Zx. = 0f, 04,04, 0,

Notice the (open) 't Hooft string ~*
plaquettes: it starts from the lower horizontal link and goes up to x., cutting several horizontal links
below x,. We start understanding the first equation for 77 . Since (6%)? = 1, you deduce that

Less trivial is to understand 72 72

Xy ' Xp—e1”
~
Gx =1

Similarly:

~
GX762

Figure 9.18: The duality mapping.
In d = 2 the quantum Ising LGT can be
mapped into the transverse field quan-
tum Ising model in the same dimension
d = 2. The mapping is non-local and
requires using a 't Hooft open string v*
starting from the lower edge of the sys-
tem and ending at the centre x. of a
plaquette.

(x4) on the (dual) lattice going through the centres of the

~AZ AZ

7I T =05 . (9.80)

_ AT AX ~
x—eg,2 T o—x,lo—x,flo—xf2e2,2
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Assuming open boundary conditions in the y-direction, so that the bottom star contains three links
only and

~

oz R .
Gx—nge, = 05

xr
—ngeg,2Ux—7L2e2,10x—n2e2,—1 ’

and proceeding iteratively until the lower edge is reached you deduce that:

na
Ar P AT — 22z az
Ux,2 - H o'x—neg,l O-x—neg,—l =Tx,Tx,—e; - (981)
n=0
Hence, we have proved that:
AT _ 2z gz
Ux,l - 7—x,ﬁ Tx* —es
(9.82)
AT _ 2z gz
0x,2 - 7-x* 7-x,ﬂ —e;

for all x of the lattice. A moment’s reflection shows that all the 6 on the independent links of the
PBC lattice have been mapped in this way into products of nearest-neighbour 7% on the dual lattice.
Also, our assumption of OBC was not essential at all: indeed, you can prove that Gx = 1 at all X,
including the lower edge which, with PBC, has stars with 4 links, including the top vertical link.

Concerning 7% , let us understand why we need the four plaquette 6*. The reason is that we need
that 7 anti-commutes with 77— indeed, they share a single link — but commutes with all the
other 7%, notably, with the neighbors: 77 8

Z e

z L2
oI and 7.

—es’ Tx,—ey> X.+er”

e
Mapping the two models in d = 2. Hence, the mapping tells us that, in the subsector with

Gx =1, the quantum Ising LGT maps as follows:
ﬁd:27Q71LGT = —hy Z(&;l + 5';2) - JZ Ex*

LY (A e H TR o) =T Y e = Himo e - (9.83)

Notice that the couplings have been reversed: J now plays the role of a transverse field, while h

is the nearest-neighbour coupling.

Interestingly, as a consequence of PBC:
[[%. =1 s [ =1. (9.84)

This shows that the d = 2-TFIM has 2Vv~! states: those which are Z, symmetric. Let us see how
many degrees of freedom we can count for the original spins. Starting from 2Ny links, hence 4™V
states, we have imposed Ny — 1 constraints due to the CAv'x =1 — recall that [], @x = 1 reduces by 1
the constraints. Hence, we arrived at:

= states .

These two counting of states, for the TFIM on the dual lattice, and the original LGT model with
constraints, differ by a factor of 4. The reason is that there are two extra constraints on the original
LGT which are effectively in place. Indeed, you can show that the mapping implies that the two
non-contractible 't Hooft loop operators are constrained to be:

Xy;=]]et=1 and Xs=[]o6s=1, (9.85)
L1~y JARY

(501

which brings the total number of states, consistently, to 2Vv—1,

81t is simple to show that [Z —eyrT%,] = 0 (they share no links), [ |, ,7%,] = 0 (they share two links), and
£ 2

~Z ~x ] 3 ~Z ~xo ) ~z ~zZ sT ) — ;
[7Z, +e,» %,] = O (they share no links). Moreover, {77 _, 7% .7%, } =1, and {7 . 7%, ,7% } = 1 because again

they share a single link (the vertical sides of the plaquette).
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9.8. U(1) lattice gauge theory

We now consider a more general case in which the variables at each link are phase factors e

0,

rather than Ising spin variables 67. This changes the symmetry group from Zy, = {1,—1} to U(1).

We will later show, in Secs. 9.8.2 and 9.8.3, the connection of this U(1) lattice gauge theory with
electromagnetism.
O O O
A A\ A\
O O O
X+ e e et Ix ey + ey
—O——«—0O y \ O
05 Figure 9.19: A portion of a square lattice, with a
, ) plaquette highlighted in red (the meaning of the arrows
O e 2 Qly X £ Qelfxrerz O will be clarified later on). U(1) variables are sitting on
A the edges of the lattice, denoted by circles. The center
/\ Y A\ > O of the plaquette is denoted as x..
~ o x ~ X + e;
etfx,1
O O O
) ) )
O 9, 9,
(i)

The variables on the link and the plaquette operator. With reference to Fig. 9.19, the

variable we put on each link is a U(1) phase variable e?% . Here, the arrows will play a role. On

the two links /3 and ¢4 the arrows go into direction —e; and —es, respectively, so that the system
of arrows around the plaquette forms a closed-loop going counterclockwise. We will assume that:

etfxteites, 1 = g7 Wxtes1 and eifcten,—2 = @7ifx2 (9.86)

More generally, link variables going into opposite directions are complex conjugate of each other:
eifxten.—v = 7 W0xw (9.87)

With these definitions, the product of the link variables on the plaquette — the analogue of 2,(*

— is take to be:
ei(9x,1+9x+e1,2*9x+e2,1*9x,2) _ ei(AlexJ*AZ‘gx,l) — elFif (988)

where we introduced, as usual, the discrete lattice derivatives:

A19x,2 = 9x+el,2 - Hx 2 and A29x,1 = 0x+92,1 - 9x,1 ) (989)

s

and the discrete curl:
F3? = A1Oxo — Aol y . (9.90)

The classical part of the Hamiltonian, in the d = 2 dimensional case, would be obtained by taking

the Hermitian combination of the plaquette variables, involving the cosine:

H=Js) (1 — cos F;f) . (9.91)

X

We now have to look for the analogue of 6%: an operator that does not commute with the phase
variable e¢. A very natural choice is to consider, on each link, the “momentum conjugate” to 6y,
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essentially an angular momentum:

IA/E — —Zi — [9@7IA/@/] = Zé‘g o . (992)
06, ’

This commutator resembles the canonical commutation rule of position and momentum in one dimen-
sion but is a bit disrespectful of the angular nature of the variable 8, which would better be involved
in the U(1) form e?¢. A simple calculation, however, shows that:

Canonical commutation relation between phase and momentum.
[Lg,et0e) = £eF0e (9.93)
Quite amusingly, like the z-component of the ordinary angular momentum, Ly has integer eigen-
values m € Z, with eigenfunctions ¢’™?, and is such that:
eitLegifeo=iole _ oi(6et9) (9.94)

Consistently with Eq. (9.87), we will assume that:

LereV,fV = _Lx,u . (995)

Concerning the “local symmetry” CA;X, it should be an operator built from the “momenta” on the
star at x, the links touching the vertex x. We take, again in d = 2 for simplicity, and recalling that
.i/x’,,, = _-i/xfey,uz

éx _ e*i/\x(ﬁx,l+fzx,2+ﬁx,—1+ﬁx,—2) — e*iAx(fzx,1+ﬁx,2*ﬁx—e1,1*ﬁx—e2,2)
R R . . 9.96
GA = H Gx = e_izx Ax Ei:l Ay Lx,y = ei Zx Z€=1(AVAX)LX,U , ( )
X
where Ay is an arbitrary real function defined at all the lattice points x, and
AVLx,l/ = Lx,u - foel,,l/ ) (997)

denotes the backward finite difference. The last equality expresses the discrete analogue of integration

by parts:

SN A(BvLyw) = DD Aslww = Lx—eyn) = DY AL — D> Asye, Ly
= Z Z(Ax — Axte,)Lxy = — Z Z(Aqu)ﬁx,y . (9.98)

Gauge symmetry. Consider now a link variable, e?’*» with v = 1,2, and calculate how it is
transformed by the unitary operator GA. We get, using Eq. (9.96) and (9.94):

GAewxﬁ"le — (A A) Ly g0, g=i(AAx) Doy — i(Bxv+A0AK) (9.99)

We see here the analogue of gauge symmetry in electromagnetism. If we identify 0« , +— A, (x),
where A, is the vector potential — more details on this identification later on, in Secs. 9.8.2 and
9.8.3 — the transformation induced by Gy is the discrete analogue of the usual gauge transfor-
mation:

Ay (%) = Ay(x) + O A . (9.100)
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As on the continuum, you can immediately verify that the (discrete) curl is left unchanged by the

gauge transformation:
~ L 12 A~ S al2
Gre P21 = oifl2 | (9.101)

We now introduce the squared momentum term in the Hamiltonian, to get a quantum model:

2
H=2E5 S i2, 405 Y (1 cos ). (9.102)

x v=1 Xy

U(1) lattice gauge theory. The generalisation to a higher-dimensional case is quite clear. For
a hypercubic lattice in d dimensions, we have plaquettes xZ"/ in the planes identified by e, and
e,/, where it is enough to consider v’ > v. We write, taking Jg = Jg? and Jp = J/g*:

2 d
DI EASHSDS (1-cosiz) . (9.103)

x v=1 v=1v’ >wa

where g2 is a dimensionless coupling constant. This form of the couplings will be clarified later
on. Here F;(’*’/ — an antisymmetric tensor — denotes the discrete curl on the plaquette x¥ v

EV = Ayl — Dby . (9.104)

The gauge symmetry is implemented by

éx — e_iAx Zg=1(i’x,u_£xfey,u) — e_iAx Eg=1 Auifx.u
. . 9.105
I | (RPN - SR S (9.105)
and reads:
eifer 5 Grelxr Gt = e/fer T v (9.106)

9.8.1. Path-integral for U(1) LGT

First of all, notice that we wrote our model as a quantum model in d-dimension. Once again, we
can write an imaginary time path-integral, to map this quantum model into a classical U(1) LGT in
d + 1 dimensions: as usual, with very anisotropic couplings. I will be very brief, referring to Chap. 6
for most details, concentrating on the essential ingredients, which help understand the curious choice
of the couplings: Jr = Jg? as opposed to Jg = J/g.

The idea is to use a configuration basis for the Hilbert space, expressed in terms of the #-variables
for which the plaquette terms are “diagonal” (we keep calling them 7 ), while the L? terms induce off-
diagonal couplings between the various “Irotter replicas”, and we denote them as X. Schematically,
H=X+ 2, and we use N; Trotter replicas, so that A7 = 3/N;, and € = A7r/h. The usual lattice
points x = ijl:l n,e, are now extended, with an extra vector e; = ey which we associate to the
direction index “0”. The lattice points in the Trotter replica n, = 1,--- , N; are associated to X +n;e;,
and have link variables e?¥x+ne.v with v = 1,--- ,d. We collectively denote by 0,,, all link variables
in the nyth-Trotter slice. Then the quantum partition function reads:

Zq lim / /d9 -dfy, <91| —5Zg—eX —§Z|QNt> o 0,6 §Zg—cXg §Z|Qnt>

Ni—o0

: <Q2|e_§ze_5)?e_§2|ﬁl)) . (9.107)
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eW0x+(ni+1)e;.v e~ Wxt(ng+1)es v

)
A\

t 1 —1 .
emporal gauge e 7’9X+’Lteta0 = 1 el@xﬁ»ntefﬁ»ey.() = 1

)
J

et0xtniep.v et0xtniep.v

Figure 9.20.: Left: A single link in the direction e, at site x in the two neighboring Trotter replicas at n.
and n; + 1. Right: The plaquette F*° after having inserted link variables in the “time direction” complying
with the temperal gauge prescription.

The plaquette terms in the ordinary “spatial directions”, included in Z , contribute diagonal factors
originating from:

_ e (1—cos(FvY K (1- vv! K J
e gé(l (F ))‘Qnt> =e g? (1 COS(F ))‘0 > € (9108)

) where — = —.
" 9 ¢
Let us now concentrate on the kinetic term propagator (0, _H\e’d? |0,,,) which involves indepen-

dent links in the two Trotter replicas. The basic ingredient we need to evaluated, for each link, is
[

2 .
(Oyle 7L |6¢). Here 0y is a shorthand for the link variable at ¢ in the Trotter slice 1y, Ox4n,e,,. — Os,
and similary, for the neighboring Trotter replica link, Ox{ (n,4+1)e,,» — 0. Let us define a shorthand
for the dimensionall coupling b = eJg?, which is supposed to be small. To calculate the propagator,

let us insert the eigenstates |ng) of Ly, with (A|n,) = \/12—6””9, obtaining:

. . 1 o
<92|e_%L5|9z> = Z <92|e_%L?|ne><m|95> o Z o= 572 gine(0,—0¢)
ne€Z ngeZ

Le_%(l_cosw;—ez)) : (9.109)

V2mh

where the last step follows from the discussion on the Villain’s periodic gaussian approximation.
To form ordinary plaquette terms involving the Trotter-replicas, we need, as in the Ising LGT case,
to introduce extra link variables on the links going into the imaginary time dimension, for which we

Q

9

assume the temporal gauge, as indicated in the right part of Fig. 9.20. Denoting by v = 0 the links in
the imaginary-time (Trotter) direction, we set e ~"x+ne:.0 = 1, where e; = eg is the lattice vector in
the time-dimension, and similarly e?’<+n:et+ev.0 = 1. Then, the imaginary-time propagator generates
a coupling of the form:

e7g2 7

- LS =75z (1—cos(F° — & (1—cos(F")
<0x+(m,+1)e,,,y|e 2 x’"|9x+ntet,u> — e ngZ( cos(F"7)) X0 =e 97 o8 |x:0 7 (9111)
where we introduced the classical coupling 952 =<5 J192 in the imaginary-time direction. To summarise,
we have:
Zq = Nltigloo/"'/dgl”'dQNt e~ 5100, ]
-1 d_ g (9.112)
S = ZZ?Z(l—COSF,’(’f).
v=0v'>v 7V xl*uzl

9You should compare this calculation with the analogue one you would carry out in the case of variables on the real line,

where the result follows from a simple gaussian integral. Indeed, if p = —i0; denote the dimensionless momentum
operator, then:
" +oo )
(x'|e7%p2\x) :/ %efgkze’k(z/fz) = ;4372%@/7“”)2 . (9.110)
oo 2T V2mb
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where the couplings are highly anisotropic, with gy = g, and g,—1...q = g5 and: '°
1 K 1 K
eJg? 9z 9 geGs
eJ K gr
-~ = = eJ = =—
9? 9z 9s

9.8.2. Connection with electromagnetism

Let us pursue explicitly the analogy between this U(1) lattice gauge theory and electromagnetism.
At cost of being dismissed as “inelegant”, I will here present a description of how to discretise the
Hamiltonian of a free electromagnetic field in three-dimension in SI units, with all g and & explicit.

We start from the quantum Hamiltonian of the electromagnetic fields alone — in absence of charges
— in a volume V of the three-dimensional space, with periodic boundary conditions, for simplicity.
The Hamiltonian is:

~ . 2 .2 L 1
H., = E/de<E (%) + *B (%)) = kz,shwk(al’sak’s +5) (9.114)

where the (transverse) electric and magnetic field operators read:

- ) | hwy x ~ v ikexa
E(x) =1 Z 20V (ek,selk xak7s ~ €k,sC e xaLs)
k,s 0
B “VxA=—i h k ikex k x L —ikxat
(x)=VxA= zz YoV X €x,se" 7 ay  —k X € e ay
k,s

Here the ey s denote the two transverse polarisation vectors of the quantum radiation field. With the
11

(9.115)

same ingredients, you write the transverse vector potential operator as:

A h ikex A x  —ikxat
A(x) = kz; \/ m(ek,se k ay ¢+ €i € k aLs) . (9.118)

The commutation properties of the fields can be written as:

. . h
[E,,(x), Ay/(x’)} =i, 0(x — %), (9.119)
Voo €0
as you can easily verify from the canonical commutations [dk,s7 &L_s,] = Ok k' 0,5/ -

10The dimensionless common factor K might be absorbed in g, and gs, but we keep it there so that you can rescale
both couplings by a common factor, keeping their ratio fixed.
1 Observe that the (free) Heisenberg evolution operator Ay (x,t) is given by:

A h kX —iwict ~ ik Xyt -
Ayn(x,t) = Z T (ekyseZk * Zwktak7s + € ek xJ”“’ktaL,S) (9.116)
k,s
so that the expression for E and B follows from:
. A . "
E:_E and B=VxA. (9.117)
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Now take the U(1) lattice gauge theory, in d = 3, which we rewrite here:

H = J—QQZiﬁQ —i—iZZ(l—COSﬁwul)
- 2 X,V 92 Xy

x v=1 v<v’ x:",
3
~ ‘]792 SN+ é 3 (F;;f'>2 . (9.120)
x v=1 v<v’ x;”’/

where in the second equation, we expanded the cosine up to the second order. Now consider the
following identification of variables:

ei’x,u = _anzEX,l/ B 1
ae — |:Ex,1/a Ax’,l/’i| = Zl*ém/'?é‘x,x’ 3 (9121)
Hx,u = %Ax,u €0 “

which shows that Eq. (9.93) gives the correct discretisation of the canonical commutation relationship
of E and A in Eq. (9.119).

The first equation in Eq. (9.121) suggests, recalling that Ex,y has integer eigenvalues 0, +1, +2,-- -,
that the discrete fluz of the electric field across a square of area a? is an integer multiple of e/,
consistently with the Poisson’s equation on the continuum é p=V- E and Gauss’ law. The second
equation, which will be better understood in Sec. 9.8.3, suggests that:

- ae - p a’e - -
B = Al = Al = (B Ay = Ade, ) — 25 (0,40 — 0,4, (9.122)
Hence the natural identification for the anti-symmetric field tensor is: 2
o ae 5 . P
FYY = AyOx — Apily,, — YBM(X* ) W, v, v ciclic . (9.124)

Notice that, while the electric field and the vector potential stay on the links, the magnetic field
should be imagined associated, and orthogonal, to the centre of the plaquettes: B in the centre of
x12, etc. Notably, in d = 3 the anti-symmetric tensor F,’(’f/ has exactly three components, which can
be identified with the three components of the magnetic field. Also, if you recall that ¢9 = h/e is
the magnetic flux quantum, you realise that F,Z*"/ = 2m¢/po, where ¢pp = aQBH is the magnetic flux

through the plaquette.

7 Figure 9.21: The basic cube of the 3d lattice with the three plaquettes
centers at x.? (the xy plane), at x:* (the xz plane), and at x>° (the

e = === Ot
0]

Y

K yz plane), with big arrows denoting the magnetic fields. Notice the

closed loop arrows around the plaquettes, associated to the link vari-
. .ea A ~ ’
A ables €t = % A¢ which define the antisymmetric tensor F*" with
. 2 A ~
the convention of Stokes’ theorem. This forces F3! = “—heBg = —F13,

/ 4 as signalled by the red arrow.

|
N,
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7,
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12Explicitly, this means:

By F3l = —— By = 13, (9.123)
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9.8 U(1) lattice gauge theory

Now take the electromagnetic field Hamiltonian, and discretise it into cubes of volume a2, with

Exﬂ, on the links, and Bu orthogonal to the plaquette centers:

: 3 2 3
o o B2, + 222 13’2( )
= EOCL ( ) g; 2, EOCG/ (a2 ) V<ZV ; FVV
3
3 h l/V
- 250 ZX:;L 6;22 KZ; Z (B (9.125)

i
The couplings in electromagnetism. This shows that the choice for the coupling ¢? and
unit J to account for the electromagnetic Hamiltonian is:
2 2
2 € . e 1
= — =dna with a= R — 9.126
eohe dreghe 1377 ( )
where « is the fine-structure constant, and:
he e? J  eoc?h?
J=— = Jg? = — and - = 0 5 (9.127)
a €oa g e?a

9.8.3. Interaction of em fields with charges

It is interesting to pursue the example of electromagnetism, to understand how the “gauge field” —
out of methaphore, the electromagnetic fields with their gauge freedom — interacts with the charge
of electrons. We start again from the continuum description, writing the full Hamiltonian in the
transverse gauge we have used so far, as:

ﬁ - ﬁxl)atter+e1n + ﬁen)
N 1 . t o
Hiiorpom = — d AU AU
i = 3 [ax (b4 eA)T,00) (6 + cA)T, () 0.1
1 - P L
= 5 Z/dx (p\Ilg(x)) . (p\I/J(x)> — /dx A(z) - J(x)
Here the kinetic coupling involves the kinetic momentum inside the current operator J:
ix) — — N (¢t o AND oA 0
309 = = 3 (B 6010+ AT, 00) + (10 + )T, ) T, )
7 , (9.129)
A e -
=1J —A(x)p
o) + = A(x) p(x)
where Jo and j(x) are the electronic current and charge density operators:
j _ N (s (e N
B0 = 5 3 (H00 (pE,00) + (p,60) B,
(9.130)
px) =

—e > Uh(x)¥
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The previous coupling term, written for simplicity in the non-relativistic approximation, involves the
substitution of p — (p + eA) in the kinetic momentum, and is known as minimal coupling. Its great
virtue is that of respecting gauge invariance. Indeed, by transforming together the vector potential A
and the electron field operator (I\/U:

A - A(x)+VAKx)
Gauge transformation : (9.131)

U, = O_(x)=e AT _(x)

you immediately verify, using p = —iAV, that:
P+ eA)U, — (Pp+e(A+VA) e FAU_ =e 7P +eA)T, . (9.132)

This immediately implies the gauge invariance of the kinetic coupling f]mam#m, and of the current
operator J. The gauge invariance of the charge density p(x) is obvious.

The gauge transformation can be implemented by a unitary operator
Uy = ek Jax (A)p()+e0VAE) _ ok Jdx AG) (p(x) 20 V-B) ’ (9.133)

where the second form follows from the divergence’s theorem (essentially, integration by parts), as-
suming the boundary term to vanish:

OZ/de-(AE):/deA-E—I—/dxAV~E.

It is simple to show, using the canonical commutation relationship Eq. (9.119), that indeed: '3
UrA, U = A, + 0,A . (9.134)
Moreover, one can easily argue that: '#
Up¥, (x) U5t = e #2000 (x) . (9.135)

Let us now discretise the coupling term, assuming the usual tight-binding approximation. For
simplicity, we assume a lattice describing a crystal, with a single electronic (Wannier) orbital at each
lattice site. '° We denote by é;’g the operator that creates an electron with spin ¢ in the orbital
localised at lattice site x, and by wx(y) the corresponding Wannier’s orbitals. This amounts to
approximating the field operator as:

T, (y) = D> wly) éyq - (9.136)

In this rather drastically restricted basis set, we would express the Hamiltonian

d
Hsierron = 3 D00 (e F Al b + Hec) | (9.137)

o x v=1

L fdxegVAE _ O

13The p term has no influence. As for the other term, consider the first form Ut =e e and observe

that the CCR Eq. (9.119) implies (by induction):
[A(x),0"] = n(d,A)0" = [Av(x), £(O)] = (8.0)(0)

for any f(o) that can be Taylor expanded. Applying this to f(O) = eo, you immediately deduce the result
e_OAVeé = A, + O, A.

14 Avoid trying the commutator route. Rather, verify that the equality is satisfied on any Fock state where the state
|x, o) is occupied or not.

15The orbitals are assumed to be orthogonal, which makes the second quantisation formalism easier.
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(Lecture Notes by G.E. Santoro) 9.8 U(1) lattice gauge theory

where hy , represents the amplitude for the electron to hop, conserving its spin, from orbital wx to
some neighbour wy e, on the lattice, the so-called hopping integral. '° The phase factor containing
the vector potential is perfectly gauge-invariant. If you change the vector potential with the discrete
analogue of the gauge transformation:

a/lx,l, — a/lx,l, + A A == S S T ,
then the hopping Hamiltonian is gauge invariant provided you perform a gauge transformation on the

electronic operator as well:

~ e A A
Cx,cr —e h xcx,a )

equivalent to reabsorbing the gauge phase factor in the Wannier orbital wy.

Peierls’ substitution. This way of introducing the vector potential in a tight-binding Hamil-
tonian by modifying the hopping amplitudes with a phase factor is known in the literature as
Peierls’ substitution: ,

Bt x = Dl o = I i @700 S AL (9.139)

where the line-integral is calculated on a straight line connecting x to x’.

“For an elementary justification of the Peierls’ substitution, see for instance Feynman’s Lectures on Quantum
Mechanics, Chapter 21.

Very often, the Peiers’ substitution is used in a context where the magnetic fields are assumed to
be classical fields. This is the case, for instance, in the Hofstadter model, or Haldane’s model. Here,
we are considering models in which the gauge field has its dynamics, and responds to the motion of
the electrons: a much more difficult problem.

The Peierls’ minimal coupling phase factors shed light on the identification 6y, = %A&U discussed
in Eq. (9.121). As a consequence, the gauge transformations for 6x , and that for Ay, are related by
a factor 7:

Ay . (9.140)

Also in the lattice case, the gauge transformation can be implemented by a unitary operator,
obtained by discretising the continuum Upy:

Uy — e 5 2x (Ax(=e)ngte0a® 5, (AvAx) Bxw) 0% T A o= 5520 T, 2, (A Ax) B,
ol Tn Mty o= 100" 3 30, (AVAY) By
= el T A i X T (DAY L
= TN Gy (9.141)

where we used the identification of variables in Eq. (9.121). This shows the explicit connection between
the gauge transformation unitary operator and the gauge symmetry G o discussed previously.

Notice that, in presence of charges, the extra term e’ 2-x Al appears, responsible for enforcing the
Gauss’ law: the electric field flux through a closed surface has to match the charges inside the surface.

16For reference, when a one-body potential v(y) is present:

hx,v = /dy W te, (¥) (% + v(y))wx(y) . (9.138)

In the main text, we considered only kinetic energy, v = 0, and the hopping integral is independent of the site x and
link direction.
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9.8.4. A few extra remarks

Elitzur’'s theorem and Wilson loops First of all, Elitzur’s theorem can be generalised: gauge sym-
metry cannot be spontaneously broken. The Wilson loops also have a very obvious counterpart: for
the U(1) case, you define the Wilson loop operator as:

We = [ e = e'®e (9.142)
lec

As before, the generic situation is that two different phases are present: a phase where the area law
applies and one in which the perimeter law holds. In turn, this is connected with the concept of
confinement: charges are bound by a linear potential in the confined phase.

Figure 9.22: The generic phase
diagram of U(1) quantum LGT
for d > 2. For d = 2 the de-
confined phase is strictly only at

Confined T=0.

Deconfined

<W€> — e~ xrPe </W\G> — e~ Xxa4e

0 QCP

» >

Connection between area law and confinement This connection is described by Kogut [33][Sec. VIB,
p. 693]. The basic idea is simple to understand in the strong coupling limit g — oo. There, the
ground state has f/4|77,g = 0) = 0 on all links. The subsector where the ground states live is that in
which G Alt)) = |¥). The presence of two (static) extra charges of opposite sign forces a violation of
the Galy) = |¢) constraint, as implied by Gauss’ law. In the g2 — oo, this requires a line where
ﬁg|ng = 1) = |ny = 1) on all links between the two opposite charges, hence an extra energy:

Jg

V(X27X1) = 2

[|x2 — x1]|mann - (9.143)
More generally, one can show a connection between the potential between the two charges and the area
law, see Kogut [33][Sec. VIB, Egs. 6.37-6.42, p. 693]. When the perimeter law holds, the potential
between two opposite charges saturates to a finite value as ||xa — x1|| = oo. The approach to that
limit is exponential if the propagator of the gauge field is gapped, while a Coulomb’s law emerges for
a gapless propagator, as appropriate for QED in d = 3.

The special d = 2 case. One can prove that the classical U(1) LGT in d = 2 is always disordered
(confining), as equivalent to one-dimensional XY models. See Kogut [33][Sec. VIB, p. 693].

From U(1) to Z,. There are several special cases where the full U(1) symmetry is made discrete,
and the basic group is that of a “clock” with n states: the angles 6, on each link are restricted to
the n independent multiples of 27’; on the unit circle. The Z; case is equivalent to the Ising case we
described previously.
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A. Problems and complements:
Introduction

A.1l. The Galton’s board and the binomial distribution

Figure A.1l.: (Left) A Galton board at the Mathematikum exhibit in Giessen. (Right) A scheme of the game.
At the apex of each hexagon, where the red dots are shown, the ball can go to the right (with probability p;)
or to the left (with p—). The red path with an arrow (and the red letters p+) indicate a possible path (and a
choice of where to turn) for a ball entering the board from the top.

Problem A.1. Consider the Galton board in Fig. A.1. A ball inserted at the top has a probability
p+ = 1/2 of going to the right, at the top hexagon bifurcation, and p_ = 1/2 of going to the left. We
assign a variable o0y = +1 to the event “going to the right”, and o7 = —1 to “going to the left”. The next
level has two hexagons. Whatever was the path followed in the first level, there is again a probability
p4 of “going to the right” (here we say that oo = +1), and p_ of “going to the left” (6o = —1). And so
and so forth at each of the “levels” below, until level N, with the corresponding oy = +1. Below the
last row of NV hexagons, there are N + 1 final long tubes collecting the various balls that are inserted
in the board from the top. Let us number the tubes with an integer Ny = 0,--- , N, where Ny =0
denotes the one at the extreme left, and Ny = N that at the extreme right. A ball ends-up in the
N4 = 0 tube only if the path it follows is all made of left turns, i.e., 0; = —1 for ¢ = 1--- N: this will
happen with probability p’¥. Similarly, the ball ends-up in the N, = N tube by making only right
turns, i.e., 0; = +1 for i = 1--- N, which happens with probability pﬂ\_’.
Show that the ball ends-up in the generic N -tube with probability:
P(N4,N) = ( N ) pyt NN
Ny

Indeed, you recognise that the board has exactly the structure of a Pascal triangle.! Correspondingly,

1To the Ttalian students this is better known as Triangolo di Tartaglia.
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the Newton’s binomial formula would tell us that this probability is correctly normalised :

No/N
N. N-—N.
L=(p++p-)" = Z <N+>p++p— T

N4=0

A moment’s reflection will convince you that you can think of the successive o; = + at each of
the levels i = 1,--- | N of the board, as a flip of a coin. The “path” (o1,--- ,0n) can be seen as the
outcome of an experiment consisting of a sequence of N coin-flips, and N, is the number of times
you got Head (o; = +1). In a totally equivalent way, you can think of this problem has a Drunkard’s
walk in one dimension, o; = +1/ — 1 meaning a step to the right/left. There is no reason to restrict
ourselves to p; = p_ = 1/2, as you can always think of having a “bias” in the game, making py # p_.

Let us formalise the problem in terms of probability distributions. Call P;(o;) the probability
distribution of each single o;:

Py(0i) = p40o, 41+ P05, -1 - (A1)
A full “configuration” (a “microstate”) (01,09, - ,0n) has a probability distribution
P(O’h"' ,UN):Pl(Ul)Pl(UQ)"'Pl(UN), (A?)

where this factorisation follows from the fact that the o; are independent and identically distributed
(i.e., the same P; for all ;).

Since there is an extremely large number of microscopic configurations, 2%V, one is usually interested
in the probability distribution of appropriate “macroscopic observables”. In the present problem,

macroscopic “observables” might be

N

N
1
Ny = 3 ;(1 +0y) and M= ;Uz‘ =Ny —N_. (A.3)

It is simple to realise that the distributions for the observables are obtained from the full distributions
of configurations by imposing a “constraint” in the form of a Kréneker (of Dirac, in the continuum
case) “delta”. ? In the present case, show that you can write: *

Pu,(NoyN) = 37 Plon,,0n) On, 15 (1400
01, ,ON

B N\ N, NoN,
= <N+>p+ p_ . (A4)

The reason why we insist in writing the binomial distribution in an apparently more complicated
way, in terms of a constrained sum, will be apparent in a short while, when we will discuss how to
deal with such “delta-functions” by Fourier/Laplace transforms.

A.2. From the binomial distribution to the Gaussian

Problem A.2. Consider the binomial coefficient:

N _ N! _ Jlog Nl—log Ny!—log(N—N4)! — Q(N N)
TNIN N € =20 )
N.) NN —Ny)!
2In general, the probability distribution of an observable A(zx1,--- ,2x) will be given by

Pa(A) = /d:pl-wdmNP(m,n- o) S(A@L, - an) — A) .

3We used here a slightly pedantic notation which distinguishes the “observable” N from the values N4 it can attain,
and indicates that the distribution depends also on N. Often, when no ambiguity arises, we will simplify the notation
to P(N4, N).
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(Lecture Notes by G.E. Santoro) A.2 From the binomial distribution to the Gaussian

Here we introduced the notation Q(N4, N) to refer to the “number of available microstates” with a
given value of Ny. It is known that a good approximation for the factorial is given by the Stirling

formula:

1
logN!:NlogN—N+1ogv27rN+O(N> . (A.5)

By defining Ny = Nny, where ny € [0, 1] is the “fraction” (or density) of o; = +1 spins, show that:

logQ(Ny,N)~ N[—nilogny — (1 —ny)log(l —ny)]—logv/2rNny (1 —ny) . (A.6)

8

Here, we have stressed that there is an “extensive” part of the log {2, proportional to N, and much
smaller corrections. * The extensive part of log§) will be defined to be the statistical entropy, here
simply:

8(ny,N)=N[—nilogny — (1 —ny)log(l —ny)] . (A7)

Using this, show that the full binomial distribution can be approximated as:

P(N,,N) ~ 1 eNl=n+logni—(1—ny)log(l-ny)] (—N[-nylogps—(1-ny)logp-] (A.8)

2rNni (1 —ny) prrpz_vaJr

QN:.N)

Analyse the maximum of this probability distribution, and argue that it comes from a competition

80 80
NP(n,,N) NP(n,,N)
60 | 60 |
40 | 40 |
| Jfk | J k
0 : 0
0 0.25 0.5 0.75 1 0 0.25 05 0.75 1
n,=N,/N n,=N,/N

Figure A.2.: Plot of NP(ny,N) versus ny = Ny/N for N = 10%,10%,10*. Left: p; = p_ = %; Right:
P+ = 0.6.

between the entropy contribution, which would favour n, = 1/2; and an “energy-related” term (more
about this later on) which depends on the possible bias for p;. To find the maximum, simply calculate
the derivative with respect to n of the quantity appearing in the exponential, and show that:

W p (A.9)
which is quite simple to understand: the most probable number of occurrences of +1 spins is Np,..
Calculating the second derivative, one can actually provide an expansion around the maximum. Show
that this leads to the following Gaussian form:

1 _(ny *P+)2

P(N4,N) ~ e N (A.10)
2rNp+(1—py)

4The term —log+/27Nn4 (1 —n4) plays a role in the normalisation of the distribution, but is not important in
determining neither the peak nor the width of the distribution.

239



Problems and complements: Introduction (Lecture Notes by G.B. Santoro)

where the width of the Gaussian is given by °

p+(1—py) '

2 _
oN = N

Do some plots and reproduce the results shown in Fig. A.2.

This result — originally derived for the binomial distribution, I believe, by de Moivre — represents
an instance of a very important and general law of statistics, known as the strong form of the law of
large numbers.

If you think that a relative error scaling like 1/v/ N is not that impressive, think a bit about what
happens when N = 10?4. By making a coin flip experiments with that value of N you would determine
that the average number of Tails is

ny ~0.5+0(10712%),

a rather fantastic precision, don’t you agree? % Statistical mechanics lives on such large numbers.

A.3. Fourier and the strong form of the law of large numbers

Problem A.3. Let us see how the strong form of the law of large numbers emerges in the limit
of N — oo. The calculation we are going to perform uses Fourier transforms, but it is also very
instructive to rederive similar things by using Laplace transforms, as shown below. Consider, again
in the binomial case, the distribution for the magnetisation M = . ¢;, which we can write as:

Pu(M,N)= Y Pi(o1)- Pi(on) dary, o, - (A.11)

01, ,ON

Let us generalise this expression a little bit, and imagine that P;(z;) is an arbitrary probability
distribution for the single variable z;, which could be a continuous variable (the discrete case is easily
recovered from the continuous one). Let us call X = . x; the observable related to the sum of the
independently distributed measurements of the variables x;. We can write its distribution as:

—+oo

PX(XJV):/

— 00

dzy---dey Pi(xy)--- Pi(an) 5(X_in) J (A-12)

where the §(-) denotes the Dirac’s delta. To cope with the Dirac’s delta, take the Fourier transform
of the distribution, and show that:
Px(k,N) = / dXe "X Py(X,N)

— 00

[ / +Oodx1P1(x1) e—i’mr - [ﬁl(k)]N . (A.13)

— 00

5Note that, as it is, this distribution is approximately normalised as
N
> P(Ny,N)~1.
N;=0

To make it approximately normalised in terms of the continuous variable n4, and with integrals instead of discrete
sums, you need to multiply it by N, writing:

1 _(ny-py)?
P(ny,N)~ NP(Nny,N) ~ e %
2#0?\,

6 Atomic clocks have precisions ranging from 10710 to 1014,
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Notice how simple is the Fourier transform of the distribution for the sum of the variables: due to
the factorisation of the probabilities, and taking advantage of the Dirac’s delta function, you simply
get the Fourier transform of the single-variable distribution P;(x1), to the power N. If you want to
recover the original distribution, you simply have to Fourier transform back:

+o00 dk . . N +o00 dk _ ]
Px(X, N) :/ ﬁesz |:P1(k‘):| :/ %eN[logPl(k)-‘rzkm] ) (A14)

— 0o —00

where we have introduced the rescaled variable x = X/N, related to the average of the individual
measurements (), z;)/N, in order to single-out a common (and large) factor N in the exponential.

Show that: R
P,

+oo
o = (—z)”/ dz 2™ Pi(z) = (—=9)" (z") .

— 00

k=0

which justify the name of moment generating function for 2 (k).

Even more remarkable is the action of log P (k), which is known to generate the so-called cumulants
of the distribution (do a search on the web for the linked cluster theorem). Show that 0 log Py (0) =
—i(z), while the second and third derivatives indeed give the variance o2 and the skewness v* of the
distribution P (z):

2 o Al
aéngP = (=)*[(2*) = (2)’] = —0?
k=0
®lo A1 o .
a;TgBP = Z[<l‘3> - 3<l’2><l’> + 2<$>3] = Z'yd . (A15)
k=0

Expand now the log 131(143) around k = 0, and change variable to ¢ = kov/N to show that cumulants
higher than the second become irrelevant for N — oo, and conclude that:

1 _ @ (@)?
PX(NZ‘,N) ~ We 2012\7 5 (Alﬁ)

i.e., once again a Gaussian of width oy = i decreasing as 1/v/N. 7

A.4. The Energy comes into the game

Problem A.4. A simple rewriting of the ingredients of our binomial distribution shows that indeed
the probabilities p1 are related to the “energy” of a configuration, while the “entropy” takes care of

the binomial coefficient. Let us see why. Since p; and p_ are such that p, + p_ = 1, show that you
can always parameterise them by
+8h
€ : —Bho
P+ = with lez:eﬁ .
1 o=+
Next, show that you can rewrite:
—BH(o1,,0N)
Ny N_ €
P(oy,---,on)=ptp. = ——— (A.17)

Z

"Recall that, once again, as a function of the rescaled variable z we would require the normalisation 1 =
N [dzPx(Nz, N). Hence the properly normalised distribution, as a function of z, would be:

,(w—<;~>>2
e 20N

1

/ 2
2moyy

Px(z,N) = NPx(Nz,N) =
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where

N
H(oy,---,on) = —h» oi=—hM

i=1

7 = Z{V = Z e_ﬁH(al’m’o—N) . (AIS)

We could go on and reformulate the whole problem of the Galton’s board and the binomial distribution
in terms of non-interacting Ising spins in a magnetic field.

A.5. Laplace and the saddle-point method

Problem A.5. Here we will learn a third way of approaching the calculation of the binomial distri-
bution P(N,, N), which illustrates the use of the Laplace transform and gives a rather clean example
of the use of the saddle-point technique. Many of the steps we will do are almost identical to those
taken in the derivation of the law of large numbers, but the use of Laplace transform is rather ideal
for later purposes, as well as the discussion of the saddle-point method. Start again from the binomial
distribution function

P(Ny, N)= Y Ny 15 (4o Pr(01) - Pi(on) (A.19)

01, ,0ON

and perform a discrete Laplace transform ®

P(s,N) ¥ e=*N+ P(N,,N) =
N, =0
N _él+ni —61+”1

= Z H {Pl(az) e P } :H Z Pi(o;)e 72 | =
o1, ,0N 1=1 i=1 Lo;==*1
N —_a

= [Llpse+p ] =Nl tr), (A.20)
=1

Here s is the Laplace variable, complex in general: Laplace transforms are usually very generously
analytic functions in the complex half-plane to the right of any singularity. In the discrete case we
have here, there is has a peculiarity. Indeed, you can verify that

P(s,N) = P(s + 2mi, N) ,

hence we can restrict s to the complex strip with Ims € [—m, 7] and even identify the two sides of
the strip, i.e., we have a “cylinder” rather than a plane. Now we should return back by taking an
inverse Laplace transform. Here, at variance with the Fourier transform which is very symmetric, the
inverse Laplace transform requires an integral in the complex plane. In the general case of continuous
variables this is known as Mellin’s or Bromwich integral (see for instance Wikipedia), and we will
encounter it explicitly when discussing the ideal gas case. Here we must use its discrete variant, which

8The Kronecker deltas would require that I calculate the transform as a sum, rather than an integral. Alternatively,
you can transform all the discrete variables, o; and N4, into continuous variables, all zai into integrals, and all
Kronecker deltas, including those in the P;(0;), into Dirac deltas.
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has the form: ?
P(N.,N) = / T ds o P(s,N)
" B c—im 2mi ’
9(s)
ct+im s
_ / ds N[sny +log(pre™* +p_)] 7 (A.22)

c—im 211

where, as usual, we have introduced the rescaled variable ny = N;/N € [0,1]. The contour of

integration deserves some comments. As usual with complex integral (recall Cauchy theorem), the
shape of the contour can be very flexibly changed, as long as you do not cross any singularity. Here
the contour should start at a point ¢ — ¢ and end at ¢+ imw, where ¢ is such that you stay to the right
of any singularity, in the strip-region where the Laplace transform is analytic. For arbitrary contours,
and large N, the integrand oscillates in a tremendous way. Consider the function g(s) multiplying N
in the exponential:

g(s) = snq +log(pre™ +p-) . (A.23)

Show that it has a horizontal branch-cut at (z, +im) with « € (—o0, s.) where

is the end-point of the branch cut. You better never cross it with your contour. But the interesting
feature is that g(s) has also a stationary point where g'(sg) = 0. Since

—S

pie

"(s)=ny — —-
q'(s) + pe— +p_

a simple calculation shows that the stationary point is located at: '°

1-— 1-— 1-—
S D - G 1 S, S G S P s (A.24)
ny  1—py ny  1—py Ny

€

An important property is that this stationary point cannot be a maximum (or a minimum) of g(s),
because analytic functions cannot have maxima or minima. Hence, the stationary point must be a

9The discrete Laplace (DL) transform is a close relative of the Z-transform (see Wikipedia) so defined

oo

f2() €3 fm)zm

n=0

Indeed, by setting z = e® you get:

fa(e®) =" e f(n) = fou(s)
n=0

and quite generally you have that fpr, (s + 2mi) = fDL(s). Hence you can restrict s to the “cylinder strip” with
Ims € [—7, w]. The inverse of the Z-transform follows quite easily from the Cauchy residue theorem:
fm) = ¢ Z gy e
e 2mi

where € is a circle enclosing the origin and staying in the region of convergence. Indeed, the factor 2”1 is such that

f(n) appears as a residue, in the form @ The “shape” of the circle € can be deformed at will, within the region

of convergence. The transformation s = log(z), which results in ds = dz—z, is such that you can write the inverse

Laplace formula as:

ctim ds .
sy = [ SR e o) (A-21)
c—im e

where c is related to the real part of the logarithm of the radius of the “circle” €. Again, there is a large freedom in

the choice of ¢ and in the shape of the contour connecting the two points ¢ — iw and ¢ + i7 on the “cylinder”.
10Notice that the stationary point is to the right of the branch-cut end-point for n4 < 1/2, and to the left of it for

ny >1/2
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saddle-point. ' Consider now the behaviour of g(s) close to its stationary point at sq. Show that:

g"(s0) =ny(1—ny),

and, hence, expand

’Il+(1 — n+) (
2

from which you appreciate that the saddle point is a minimum when approached along the Re s-

direction, but a mazimum along the Im s-direction. Notice also the remarkable fact that

g(s) = g(s0) + s—s50)2 4,

9(s0) = [-nylogny — (1 —ny)log(l —ny)] +[nylogps + (1 —ny)logp_], (A.26)
/N

which should ring a bell, if you go back and look at Eq. (A.8). Now split the contour « into three
pieces: the all-important central part g going straight-up across the saddle-point, parameterized by
s(t) = so + it with t € [—tg, to] (take tg < 7 so that you do not hit the branch cut), plus two other
L-shaped little pieces 47 and ~ joining 7o to the points ¢ —ioco (below) and ¢+ ioco (above). 12 Show
that the part going straight-up through the stationary point contributes:

t
/ EeNg(S) _ /(J ﬁeNg(So)—Nwﬁ-&-O(ﬁ)
vy 270 _ty 2T

eNg(SO) \/ﬁto dy o
V2rN J_ N, V27

where we have changed variable to y = v/ Nt. In the limit of large N, when the limits of integration
are extended to +oo and the Gaussian integral explicitly performed, show that you get:

/ E eNa(s) ~ eMolro) (
Y

. 2mi - V2rNny (1 —ny)

So, our beloved Stirling-generated expression for P(Ny,N) in Eq. (A.8) comes straight from the
saddle-point integral!l The two other contributions to the integral, f,” o eN9(s) | with their wildly

0 o1 /VR) | (A.27)

N
o0

)

P(N.,N) (A.28)

oscillating phase for N — oo must give very small corrections to the inverse Laplace transform!

1A simple way to appreciate this is that the very fact that the derivative g’(s) exists, and is independent of the
direction, implies that if you write g(s) = u(z,y) + iv(z,y), then v and v verify the Cauchy-Riemann conditions

du _ 4 ov
{ gv _ 5u . (A.25)
oz — oy

These conditions, in turn, imply that both u(z,y) and v(z,y) have zero Laplacian: V2u = Vv = 0.
121f no < 1/2 you have that sp > s. hence you do not cross the branch cut even if you set to = 7. In this case the
extra contour pieces 7N and 7| are not necessary, as you can set ¢ = sg.
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B. Problems and complements:
Thermodynamics

B.1. Convexity and concavity: a few ideal gas calculations.

It is appropriate to collect here a few basic facts about convexity, which are somewhat useful. First,
the general definition. A real function F(z) is convex (~—-convex) if, for any two points 21 and x5 in
its domain,* and any \ € [0, 1], we have that:

FAze 4+ (1 —XNzx1) < AF(x2) + (1 = N F(z1) . (B.1)

$1+>\(127I1) F(:El)Jr)\(F(Ig)*F(:El)

The function is strictly convex if the equality occurs only at the two end-points. These definitions
apply both in the one-dimension case, as well as for x € R™, as long as the domain in which F' is
defined is itself a convex set. In the one-dimensional case, applying Taylor’s theorem one can show
that convexity is equivalent, ? if the function is continuously differentiable, to F"'(x) > 0. Consider
now the n-dimensional case. Let gy, 4,(A) be the one-dimensional restriction of F' to the segment
joining any two points x; and xs:

9(\) = F(Azg + (1 = A)a)

where we have shortened the notation to g(\). Quite clearly g(\) is convex in [0, 1] because F is
convex:

g(A) < Ag(1) + (1= A)g(0) .
Hence it must be true that ¢”(\) > 0. By calculating the second-derivative explicitly we get:

M= [azF(y)} (22 — 21); (22— 21); 2 0.

ij Fyi0y; y=Azg+(1-N)ay

This means that the Hessian of F(z) must be (semi)-positive definite. Notice that a strictly convex
function has F”’(z) > 0 but the converse is not true: for instance, F(x) = z? is strictly convex, but
F"(0) = 0.

A very important property of (continuously differentiable) convex functions is that they “stay above”
their tangent at every point. To show this, simply expand the definition for small A, obtaining

F(21) + AF'(z1) - (20 — 1) + O(N?) < F(x1) + MF(x2) — F(21)) .

Hence, we get that
F'(z1) - (w3 — 1) + O\) < F(xg) — F(x1) -

But since this is true for arbitrary small A\, then we conclude that:

F(mg) ZF(.Tl)-f—F/(Q?l)-(fL'Q—LL'l) . (B2)

INotice that the domain itself must be a convex set, i.e., it must contain Azg + (1 — A)z1
2In the proof one uses Taylor’s theorem on the remainder.
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Notice that, for fixed x1, the right-hand side expresses the tangent (more generally, the tangent plane)
at x1. Notice also that if F'(x1) = 0, then F(z3) > F(x1), i.e., for a convex function, a stationary
point is automatically a minimum.

Finally, it is worth mentioning that convex functions satisfy a useful inequality, known as Jensen’s
inequality, which “generalises” the defining property of convexity: given N points z; and “probability
weights” p; > 0 with ), p; = 1, then

F(Zpiwi) < ZPiF(mi)~ (B.3)

The proof is quite simple: try it. Finally, a function F(z) is concave (or —~-convex) if the function
—F(z) is convex. For concave functions the various inequalities have a reversed direction.

Problem B.1. The ideal gas entropy and energy.

1) Calculate the Hessian matrix of Siqea1(F,V, N), in particular the 2 x 2 Hessian with respect to
(E,V), and interpret the various derivatives in terms of physical quantities.

2) Calculate the Hessian matrix of Fiqea1(S,V, N), in particular the 2 x 2 Hessian with respect to
(S, V), and interpret the various derivatives.

Problem B.2. Equilibrium in ideal gases.

Consider two ideal gases making up the two subsystems 1 and 2 in the previous thermal equilibrium
problem, and take the entropy of each subsystem to be given by the ideal gas entropy in Eq. (1.66)
which I rewrite below with the standard factor of kg in front:

3

eV [(dmmeE 2
E.V.N)= Nkplog —

S( 7‘/7 ) kB OgN<3h2N)

(B.4)
Do a 3D plot the total entropy as a function of the two variables E; and Es keeping all the other
variabels fixed:

Stot (E1, Ea) = S1(Ey, Vi, N1) + Sa(Ea, Vo, Na) .

Consider now the constraint Fy + Fs = E and draw the restriction of Siot to such a line in the
(E1, E9)-plane. Find the maximum. Verify that it is exactly what the Lagrange method tells us.
Consider some explicit numerical cases, to practice a bit: for instance, you could take Argon particles
(Ar mass is 40 times the proton mass) to constitute the two ideal gases, 1 mole in system 1 and, say,
2 moles in system 2, while h in the previous entropy formula is taken to be Planck’s constant (this is
not really relevant for most of the exercise, but useful if you want to calculate actual total entropies).
We will later on derive the ideal gas equations of state from the entropy function, but for the purpose
of this exercise, I assume you already now everything about ideal gases. Argon boils at 87.3 K, so
let us stay away from such “low temperatures”, and assume that initially system 1 has a temperature
of Ti* = Ty = 273.15 K, while system 2 is at Ti* = 373.15 K. (You can choose whatever values you
want, as long as you stay, realistically, much above 87.3 K: this is just to fix some numbers.) What
is the total energy E of the system (in Joules)? Take the (fixed) volume of the contaniner 1 to be
Vi = Vp = 22.717 dm?: if you calculate the corresponding pressure using the ideal gas equation of
state pV = NkgT you should find that system 1 has an initial pressure py = 10° Pa (slightly below
atomsferic pressure). For simplicity, assume that Vo = V;: what is the initial pressure of system 27
Now let thermal equilibrium to be established: calculate the final common temperature T of the
two gases, the final total energy of each of the two parts, as well as their (unequal) final pressures.
Calculate the initial and final entropy of the system.
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Problem B.3. In the same setting of Problem B.2, assume that the system has reached thermal
equilibrium, and now allow the piston separating the two containers to move. What are the final
pressures and volumes of the two containers? Did the final temperature change? What is the final
total entropy at equilibrium?

B.2. The van der Waals equation of state

Recall that, as said mentioned in the lecture notes, one can invent an entropy function of the form:
Svaw(E,V, N) = Nkg log [Ac(u —b) (5 n 9) } (B.5)
v
whose equations of state lead to the van der Waals isotherms:

p= - . (B.6)

Here, as usual, v = V/N and e = E/N, while A, is a constant with dimensions [Length] —3[Energy] .
For a monoatomic gas you can take ¢ = % and an explicit form of A 3 can be obtained in terms of the
mass m of the atoms and Planck’s constant h form the ideal gas limit:

—e% 4mm 2
N 3h2 '

b and a are the van der Waals constants, which have been measured by fitting experimental data on
many gases (see Wikipedia page). The values usually reported are referred to a mole of gas, N = Ny,
and are more precisely given by a,, and b, in:

A

[N

RT _am
V—b, V2’

p:

where V' = N,v is the molar volume, R = kg N4 the ideal gas constant, a,, = Nfla and b,, = Nab. 1
report in the following table the molar van der Waals constants for He, Ne, and Ar.

Gas | a,, (in Pam®) | b, (in m3)
He | 0.00346 23.7 1076
Ne 0.0215 17.1 -1076
Ar 0.1373 32.0 -107¢

In the first problem below, more traditional, you should start practicing with the form of the
isotherms predicted by Eq. (B.6). In particular, you should find that there is a temperature, the
critical point temperature 7., in which the high-temperature ever-decreasing isotherms first develops

an inflection point:

2
@l _, Ipl _y,
(%TC 8U2TC

which physically signals that the isothermal compressibility xp diverges.

Problem B.4. The van der Waals isotherms.

1) Solve the equations for the inflection point of the critical isotherm to find 7., p., and v, in terms
of a and b.
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2) Make a small table showing the numerical values of the critical parameters for He, Ne, Ar. Add
to the table, for later use, the numerical value (in eV) of the energy-scale parameter ey = p.ve.

3) Switch to dimensionless variables p = p/pe, © = v/v. and T = T/T. and re-express the vdW
isotherms in terms of the dimensionless variables.

Answer: You should get: ﬁ:%—ﬁ% .

4) Determine the lowest temperature Tlow at which the isotherms predict a non-negative pressure.
For T < Tiow the van der Walls isotherms make non sense at all. Plot a few isotherms in the
range T € [Tiow, 1], including 0.9 and 0.95.

We want now to understand how to make sense of the isotherms below T., which show unphysical
regions of negative compressibility. The procedure outlined below leads to the well-known Maxwell
construction, in a way that clearly shows the role of the convex envelope of tangents in the relevant
thermodynamic potential. For that purpose, we will make use of the Ansatz for S(E,V, N) which we
have presented above (see Callen’s book for an explanation of how to get to that form). We should
make clear that this form is far from perfect (we will see that it leads to several inconsistencies, in
particular the absence of latent heat) but still useful to practice with. To start with, let us rewrite
the expression for Syqw(E,V, N) in terms of the entropy per particle s = S/N:

s(e,v) = kplog [AC(U —b) (5 + %)C} .

Obviously, we always assume that v > b. Next, proceed us suggested below.

Problem B.5. The van der Waals potentials.

1) Invert the expression for s(e,v) to express (s, v). Calculate the two equations of state

o oy O
0s P, 0= "5,

and re-derive the van der Walls isotherms. Notice that T' as a function of s shows no sign of a
phase transition (latent heat).

T(s,v) =

2) Invert T'(s,v) to find s(T,v) and then the free-energy per particle f(T,v) = F/N:
f(T,v) =¢e(s(T,v),v) — Ts(T,v) .
Answer: You should get: f:ck:BTf%fck:BTlog(ckBT[Ac(vfb)]%) .
3) Express f(T,v) in terms of dimensionless variables T=T /T. and 0 = v/v,, ~with the overall

energy-scale g = p.v., and plot the result versus v for the same temperatures T' € [Tlow, 1] used
previously. Notice that f(T,v) is not convex in v (as it should), while it is concave in T

Answer: A convenient form is: f:%’{Sc’f(lflog 8“;0 [Acb]%>7%—8T log T(Bﬁfl)} .

4) To make f(T,v) convez in v, we should construct the convex envelops of the tangents to the curve.
This implies drawing a common tangent to f(7',v) through two appropriate points v1(7") and
vo(T). Show that the two points v; and vy > v; should satisfy the two equations:

_of| _of
P= %0 T v

and f(T> Ul) - f(Ta v2) ZP(Uz —v1) .

U1 V2

Justify geometrically the reason why these conditions univocally define the common tangent
which makes the function convex.
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5) Consider the function ®(7,p,v) = f(T,v) + pv and show that the conditions for the common
tangent to f(7,v) can be conveniently rewritten as:

00| 00

55| ~ 0| 0 and ®(T,p,v1)=®(T,p,v2) . (B.7)

V1 V2

In other words, vy (T, p) and vo(T,p) are two minima of the function ®(T,p,v) for fixed T and
p, and the correct values of v; and ve are obtained for the unique value of p(T) for which the
corresponding minimal values of ® coincide.

6) The function ®(T,p,v) = f(T,v) + pv can be regarded as a kind of generalized Gibbs potential,
with a typical double-well structure when you plot it versus v: the actual Gibbs potential per-
perticle is pow (T, p) = ®(T, p, Viow (T, p)) corresponding to the absolute minimum of ®(T, p,v).
One could even think of the other minimum of ® as the Gibbs potential of the metastable phase
tnigh (T, p) = (T, p, vnign(T',p)). If we denote by py(2)(T,p) = (T, p,v1(2)(T,p) the chemical
potentials of the two “phases”, we can say that the transition point p(7) is such that:

This uniquely defines the phase-transition line p(7T') in the (T, p) plane, a line terminating at the
critical point (T, p.). Determine numerically the phase-transition line p(T'). Convince yourself
that the isotherms of the resulting convex f(7',v) show now a plateau region where p = p(T) is
independent of v in the whole interval [v1 (T, p(T)), v2(T,p(T))].

7) Draw the vdW isotherm for T = 0.95 together with the thermodynamically stable isotherm con-
structed as indicated above, and show that the construction indeed guarantees that the stable
isotherm determines two regions of equal area in the unstable isotherm.

One final comment before we finish: unfortunately our Ansatz for S,qw has lead to an entropy

which shows no latent heat across the p(T") line. This is an inconsistency of the Ansatz.

B.3. The Clausius-Clapeyron equation

The phase diagram of a substance can be quite complex. Fig.B.1 shows a sketch of the equation of
state of a substance showing solid, liquid and vapour phases, with projections of the relevant lines on
the (T, p), (p,v) and (T, v) planes. Fig. B.2 below shows more realistic (p, T") phase diagrams for COq

pressure P

molar volume v

Figure B.1.: Sketch of the equation of state f(T,v,p) = 0 of a substance showing solid, liquid and vapour
phases. Figures taken from Arovas.

and water. A remarkable feature that you should notice is that the slope of the p(T') transition line
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Figure B.2.: Phase diagrams in the (p,T’) plane for CO2 and water (figures taken from the web).

for the liquid-gas transition is similar in both cases, while the corresponding line for the solid-liquid
transition is different. Fig. B.3 below makes the point more clear.

The Phase Diagrams of H20 and CO2

Pressure (atm) —-

Pressure (atm)

0099 100

J -56.6
Temperature (°C) —~ Temperature (°C) —

Figure B.3.: Phase diagrams in the (p,T") plane for CO2 and water, showing in more detail the different
slope of the p(T') line for the solid-liquid transition (figure taken from the web).

Now question is what determines the details of the slope of the p(T') transition line. We will see that
the answer to that question involves the concept that at the transition line, the chemical potentials
of the two phases coincide, u1 (7T, p) = p2(T,p). Consider now the sketch of p(T') in Fig.B.4, with the

Figure B.4.: A sketch of the p(T) line (figure taken from Callen).

two points A — B on the coexistence line belonging to phase “1”, while A’ — B’ are the corresponding
points at the same p and T', but for phase “2”. We distinguish those points because, while the intensive
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parameters are the same, both the entropy s and the volume v are discontinuous across the transition
line, indicate them by s;(T'a(p),pa()) and vi(Ta(p),Pa(p)) With i = 1,2. Let Ap = pp — pa and
AT =T — T4, which we assume to be very small.

Problem B.6. Show that the slope of the coexistence line p(T') is given by:
A Ap s(TpT) - s(Tp(T) As _1AQ
dl' aT—=0 AT  v(T,p(T)) —vi(T,p(T)) Av T Av’

where AQ is the latent heat at point (T,p(T")), and Av the corresponding discontinuity in the molar
volume.

(B.9)

B.4. Manipulating partial derivatives in thermodynamics

The algebraic manipulations involving partial derivatives are particularly nasty in thermodynamics,
essentially because all variables can be promoted to become functions, and the resulting transformation
of derivatives can be non-trivial. These manipulations are greatly simplified by using the following
results on Jacobeans. Let f;(x) with ¢ = 1---n be functions of the n variables x = x1---x,,. We
denote the following Jacobean determinant as:

Ofh  Ofr ... 9N
oz Oxo Oy,
Ofa Of2 .. Of
8(f1,f2,"' afn) — det oz Oxa oy, (B 10)
8(x17$27"'axn : . . ’ ’
Ofn  Ofn ... Ofn
ox1 Oxo Oy,

We assume that such a determinant is different from zero, which guarantees a non-singular nature of
the mapping x — f(x). The Jacobean determinant has the following three basic properties:

)
O(fr, fas- s fu)  O(f1, for -5 fn) 01,92, 5 Un) (1)

8(&71,1’2,"' ;xn) B 3(y17y27"' ayn) a(xlax%"’ 7In)

a(fl?an"'mfﬂ) _ <8(:c1,:c2,~-~,:vn)>l B
Oy, w0, xn)  \O(f1.for s fn) (2) (B11)
a(flaf%f?n"' 7fn) 778(f27f13f37'” afn) (JS)

3($1,x2,x3,--- axn) B 8(.’171,I2,$3,"' ,.’L‘n)

J1 follows from the chain rule of calculus and from the fact that the determinant of a product of
two matrices is the product of their determinants. J2 follows from the inverse function theorem. J3,
finally, follows from the alternating nature of the determinant, and can be generalised to an arbitrary
permutation of the f;, or of the x;. The properties that make this concept particularly useful in the
calculations are the following two (convince yourself of them) :

(o) _Muraend g

axl 5 Tm a(xh X, ,.’En) (B 12)
8(f17f2) _ a(f17f27$3a"' 7xn) (P2)
6(3@1,332) 8('7313‘1:27:1:37“' ;xn)

P1 allows to transform a single partial derivative into a Jacobean, so as to be able to apply J1-J3.
P2, similarly, allows to add other variables to a smaller Jacobean, to be used in the calculations.

Let us apply these mathematical results to thermodynamics. The first simple application is the
relationship between inverse functions:

<5f1) p1 Olf1, 20, ,Tn) g2 (3(%»%2"" 7%))1 P (%)1 (B.13)
833‘1 a(xl,xg,--~ ,J,‘n) 8(f1,.’132,"' ,a:n) 8f1 ’ '

T Ty T2 Ty
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Next, we show how to get the triply product identity:
(6f1> p1 9(f1, f2) o O(f1, f2) O(f1,21)
2

dr1 )y, Ow1, f2)  O(fr,x1) Oz, fo)
J3 _8(f17f2) d(z1, f1) Pl (8]”2) <8fl> (B.14)
I fr,21) O(z1, f2) Ox1 J;, \0f2 ), .
Contrast this non-trivial identity with the more standard chain-rule result:
(afl) 1;1 8(f17x25"' ,l’n) ]:1 8(f17$2,"' 7$n) 8(y1a$27"' 7:1:77,)
8I1 Lo, Tn a(zlam27"'7xn) 6(91,$2,"'7xn) 8(x1,x2,~~',xn)
r1 (Of1 Oy
= — — . B.1
(3111 >12,-~,xn <5$1>z2,..,zn (B15)

To get a feeling for the power of the technique, consider the following problem. Suppose someone
asks you to show that:
OE\ _ (DE\ _(DEY (05 (05" (B.16)
or)s \or), \ov).\or),\ov ), ° '

Problem B.7. By using the Jacobean properties show that:

-1
% _ 8(f17f2) % . (B.17)
8.’171 fa 8(3:1,3:2) 8902
Apply the identity with f; = E, fo = S, z1 = T, xo = V to establish the previous non-trivial
relationship.

How would you do that?

Assume that you have a thermodynamical potential F(x) and write its differential as:
dE = fidey + fodwg + - =Y fi(x)da; (B.18)
i=1

where f;(x) = 0,, E(x). If you consider

8(f17f2) _ 851:61E 83211E
m_det 2 E g ) (B.19)

you recognise that this is simply the determinant of the (partial) Hessian of E. A remarkable and
incredibly useful identity emerges if we interchange x; and fs:

I(f1,71)
I(f2,x2)

To prove this identity, we apply the Jacobean machinery as follows:

o(fi,z1) o 9(f1,z1) O(x1,72)

a(fz,ivz) B 8($1,332) 5(f27$2)

g3 Oy, fi) 0wy, 23) g2 O(x1, f1) (5(f27$2)>_1
8(561,%2)

-1, (B.20)

8(1'1,1'2) 3(f2,x2) 8(1'1,1'2)

P1 822 fl 822$1E
- __élElfé - __692 l; - __1 ’ (13.21)

T1T2

where the last equality follows from the equality of mixed second derivatives of E, which we assume
to hold, given a sufficient regularity of F(x).
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Let us apply this identity to the case of a simple homogenous fluid, where d£ = T'dS —pdV +---.
Hence, we get:

(T, S)

- AT, )
V) L T V)

If you recall that the Mazwell relations originate from the equality of the mixed second derivatives of

=1. (B.22)

a thermodynamical potential, you should not be surprised to learn that the identity just shown leads
directly to the Maxwell relation for the energy (ME). Indeed:

L _OT.S) _AT.5) AS.V) __4(S.T) <a<p, v>>‘1 _ (s
op,V)  9(S,V) a(p,V) a(S, V) \a(S,V) ( o ) ’
1%
from which you easily derive:
) dp B oT
. () () @2

Similar techniques will lead to the Maxwell relations for the other thermodynamic potential.

Problem B.8. Try to prove the following identities:

1. Show that
(2) (), >
which requires the Maxwell relation for the free-energy F' = E —T'S.
2. Show that oF ov ov
(%), (&), (%), (52)

which requires the Maxwell relation for the Gibbs free-energy G = E —T'S + pV'.

3. Show that, if H = FE + pV is the Entalpy:

(), (), (),

which requires the Maxwell relation for the free-energy.

4. Show that
oV

(%I;)T =-T (aT)erV. (B.27)

Which Maxwell relation is behind this identity?

Finally, let us consider an application of these techniques to show the following relationship between
specific heats.

Problem B.9. Consider the specific heat at constant p, Cp, = T (g—;)p, and that at constant V,
C,=T (%)V' Show that:

(3%), o2
Cp,—C,=-T L —vr 2L, (B.28)
oV KT
( 9p )T
where o, = % (%)p is the coefficient of thermal expansion (at constant pressure), and kp =

f% (%—V) is the coefficient of isothermal compressibility.
P/
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C. Problems and complements: Statistical
Mechanics

C.1. A micro-canonical master equation: the approach to
equilibrium

Rather than going through the Boltzmann’s equation and H-theorem, a traditional topic which you
can find in many books (see for instance Huang), I prefer to illustrate to you a somewhat related
micro-canonical master equation approach that sheds some light on some of the issues involved in the
way a system approaches its “equilibrium” and maximizes entropy. For that, I took inspiration from
some remarks contained in the final chapter of Callen [3], with appropriate modifications.

I must stress that, while the usual Boltzmann equation addressed the distribution f(q,p,t) in the

single-particle phase space (q,p) € R%: !

o p 0 P (of
<8t+m.3q+F.8p>f(q’p’t)_(&)COH’ (C.1)

we will rather start directly from the Liouville’s equation for the distribution p(q, p,t) in the many-
particle phase space (q,p) = (q;," -+ ,dy, Py, ,Py) € ROV:

2 pla 1) = (H(@.p). pla b0}, (€2

where {f, g}, = Oqf - Opg — Opf - Oqg denotes the Poisson’s brackets. To make the notation more
compact we will again use the abbreviation = = (q, p) for the generic point in phase-space. One should
observe that, while the Boltzmann equation contains non-linearities through the so-called collision
term, the Liouville’s equation is linear in the distribution p(z,t), with all non-linearities appearing
through the Hamiltonian H (x). Let us coarse-grain the micro-canonical phase space Q(F) into a very

large number N, ~ e™V5(F) of small phase-space cells (e.g., of volume h3N) C;, with j = 1- N,. Let

Pyt = [dple.t) X, (@), (©3)

be the probability of finding a many-particle trajectory in cell C; at time ¢: here X () is the char-
J
actheristic function of the cell C;. It is physically reasonable, although mathematically not rigorous,

INotice that the non-linearities enter in the Boltzmann equation through the collision term, see Huang for a detailed
exposition. F is the external force acting on the system, which you might include, if it can be derived from a
potential, in the Hamiltonian of the system.
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that we can write a first-order-in-time (linear) master equation for the P;(¢) in the following form: *

Pt) = 3, T, Py(t) - (Z_j/ Tj’z) Pi(t)
= 2T bt . (.4)

P = TP

where the second form uses a shorter vectorial notation. Here ﬁ-j = ﬁ-ej > 0 is the (positive) rate of
making a transition from cell j to cell i # j, and you should observe that the diagonal term T“ gives
contributions that cancel and can be set to zero without loss of generality, T;; = 0. In the second
form, we have grouped the two terms, describing transitions into C; and transitions out of C; into a

single matrix T;; defined in this way:

T i #£ ]
- ~ #i
Tij = EJ — 6ij Tj’i = ~ R L. (C5)
Z _ E T —
3’ - J ? J
J

One very general property of the matrix T, which is required by the fact that the total probability
has to be conserved (i.e., >, P, = 0) is that:

> Ti;=0 V. (C.6)

A real matrix with positive off-diagonal elements such that, for each column, the sum over the rows
vanishes, as expressed by Eq. (C.6), is called a stochastic matriz. ® One further property which we
will require is that the matrix T does not single-out invariant subspaces: it has no invariant cycles
and is 4rreducible. * Technically, starting from any cell j you can reach any cell ¢ by an appropriate
power of T:

Vi,j 3k such that [T’“L_j £0.

Notice that, in general, Zj Ti; # 0, and the matrix T is not symmetric. Recall that all the cells
corresponds to the same energy: they live in the micro-canonical shell. ° Suppose that the Hamiltonian
dynamics of our system is time-reversal invariant, which is rather generally true in absence of external
magnetic fields. Recall that time-reversal invariance leaves the positions unchanged, but reverses the
momenta. A standard Hamiltonian with quadratic momenta would hence be time-reversal invariant:

H(q,—-p) = H(q,p)-

2Since the resulting master equation is in essence Markovian, what is implied is some time-coarse-graining and a

Markovian assumption on the dynamics. Notice, however, that the usual Markovian nature of similar master
equations originates from having integrated away other degrees of freedom in a stochastic framework. Here, we are
just coarse-graining in space the Liouville’s equation of a closed dynamical system. These aspects are rather subtle.
If you consider the entropy of the phase-space distribution p(z,t), you can easily show that the Liouville’s equation
conserves such an entropy. This is the classical analogue of the fact that S = —kp Tr[p(t) log p(t)] is constant (does
not depend on t) if p(t) evolves unitarily according to the von Neumann equation. Matteo Wauters tells us that the
procedure of coarse-graining a partial differential equation to transform into a set of ordinary differential equations
is well known in mathematics, and introduces subtle “diffusive terms” that make the coarse-grained time-evolution
of the system non equivalent to the continuous one: even non-ergodic problems might be transformed, in that way,
into completely “mixing” master equations. This, I believe, is at the roots of the fact that the entropy associated to
the Markovian master equation we will write increases with ¢.
30ne often deals with discrete-time processes, for which we would write:

P(t+ At) = (1+ AtT) -P(t) = M- P(t) .
M

Clearly, the At can be chosen in such a way that M has non-negative elements. The stochasticity condition reads
now y_, M;; = 1.

4For a short introduction to the theory of Markov chains see Sethna [4] or the book by van Kampen.

5Callen states that time-reversal invariance in the micro-canonical shell implies that T;; = T;;, but that is too swift a
conclusion, I believe.
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Momentum
before reversal

Momentum \
Momentum before reversal
after reversal \

\

at t=+6t

Momentum
after reversal

(@) (b)

Figure C.1.: Figure taken from Sakurai’s book Modern Quantum Mechanics, illustrating the idea behind
Time Reversal (TR) invariance, with a classical-like trajectory picture. (a, Left) The TR operation (inversion
of momenta/spins) is applied at time ¢ = 0 to a state, and then the system is evolved for a time +d¢t. (b,
Right) The system is propagated backward in time, up to time —dt, and then the TR operation (inversion of
momenta/spins) is applied. The two states coincide if the system is TR-invariant.

We therefore make a specific choice of our phase-space cells which is “time-reversal compliant”, by
splitting the phase space into two big regions, R, U R_, and imposing that for every cell i € R,
there is a time-reversed cell i with reversed momenta belonging to R_, and viceversa. The crucial
consequence that time-reversal implies for our transition-rate matrix is that

Ti;=T; (C.7)

RIR *

With the splitting of cells we have chosen, we can rewrite our master equation Eq. (C.4) as follows:

B = ) (TyPi+Ti,P)
. IR . (C.8)
P = > (TiniPi+ TinjnPis)

JERL

If you define the two block matrices A;; = T;; and B;; = Ty, where ¢, j € R4, then you immediately
realize that time-reversal invariance, via Eq. (C.7), implies that:

<§R>:<éiT>'<§R>:K'<ER) (C.9)

The notation we have used is as follows: P and Py are two L = %—dimensional vectors with elements
(P); = P, and (PR); = Pij, for i € R, ; the matrices A, B = BT and C = C” are % X % =LxL
square matrices with elements A;; = T;j5, Bi; = Tij,, Cij = T4y, for i,7 € Ry. The matrix K is
N, x N, = 2L x 2L, with the blocks written in terms of A, B and C. It is straightforward to realize
that the matrix K is stochastic, exactly as the general matrix T must be: ©

D Kij=0 Vj. (C.10)

6Indeed, if j € R4 then

DK = 3 (Wi +[Clig) = 3 (Tig+ Tipg) =3 Tig =0,

iERY PERL

and similarly for jgp € R_. These requirements fix some constraints on A, C, and B.
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Notice that this implies that K has the vector (1,---,1) as left eigenvector, with eigenvalue 0:

a property generally shared by all master equations (recall that it is related to the conservation of the
total probability). The non-trivial consequence of time-reversal symmetry, is that the matrix K has
also a vanishing sum-of-columns, for each row, while still being non-symmetric in general:

D Kij=0 Vi. (C.11)
J

To prove this, simply observe that for i € R, :

D K= (Ti+Ti) = Y (Tjpin +Tjin) = > Tjin =0.
i

JERL JERL J

Notice that in the second equality we have used the time-reversal property T;; = T;.;, and T;;, =
Tjip- The final equality follows from the fact that sum-of-rows >, T;i, = 0, because T is stochastic.
A similar conclusion holds for i € R_. Hence a stochastic K which respects Time-Reversal-Invariance
(TRI) is automatically doubly stochastic, that is also the sum-of-colums is zero. Here is an explicit

example with a 4 x 4 matrix: 7

14 7 | 4 3

2 =211 3 16

K= 12
3 9 | -14 2 (C.12)
9 5) 7T =21

Notice that K is non-symmetric, but doubly stochastic.

The remarkable consequence of Eq. (C.11) is that K has the right eigenvector (1---1)T with zero
eigenvalue:

K-|: |=o0.
1

My guess (I still do not have a full proof of this statement, see discussion and problem below) ¢ is
that the equal-population vector
1
Pa— — | :

N. | - ’

1
is the ¢ — oo limit of the solution of our micro-canonical time-reversal-invariant master equation for
any initial P;(0).

The difficulty I still have is that, while (1,--- ;1) is both a left and a right eigenvector, the matrix
K is still non-symmetric. The standard approach to such master equations is to assume what is called

the detailed balance condition
KijP;q =K;;P{Y Vi, j. (C.13)

Detailed balance is a sufficient condition to reach equilibrium, which is also very useful to reduce
yourself to a standard symmetric eigenvalue problem. In our case, detailed balance would imply

"You realize that the number of parameters in the choice of A, B and C is L(2L + 1), and the number of constraints
for imposing stocasticity is 2L, hence the number of free parameter for a TRI stochastic matrix is L(2L — 1). For
L = 2 you get a 6-dimensional space.

8 A symmetric stochastic matrix is automatically (trivially) doubly stochastic.

9Sethna in [4][p.170] says that there is a proof also for the general non-symmetric case, but he does not give a reference
for that.
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that the matrix K is symmetric, K;; = K;;, which is not our case. Hence, we cannot assume
detailed balance. ! To show the simple consequences of having a symmetric K, let us assume
for a while that this is indeed the case. Then, the Perron-Frobenius theorem [1], see for instance

https://en.wikipedia.org/wiki/Perron-Frobenius_theorem, would imply that the equal popu-
lation vector we have discovered (which has all positive components) is the unique eigenvector with
maximum eigenvalue Ey = 0, all the other eigenvectors P having negative eigenvalues —F). Hence,
if you expand your initial vector P(0) in terms of the eigenvectors:

P(0) =P“+ ) c\Py,
A>0

you can immediately solve the master equation as:

P(t) =P+ Z C)\e_EAt P, .
A>0

Hence, we would immediately conclude that, indeed, the final ¢ — oo probability distribution is the
one associated to the Ey = 0 eigenvalue (equal population over all cells). A similar result should hold
for the general non-symmetric K we are dealing with, but I do not have a reference for that.

Returning to Boltzmann, you might have heard about his famous H-theorem. Essentially, Boltz-
mann introduced a function, which is strictly related to the entropy of a probability distribution which
we have already encountered, which would read in the present case as:

ZP (t)log P;(t) = —S[{P;(t)}] . (C.16)

The content of Boltzmann’s H-theorem is that H is a non increasing function of time:

dH

- <0 (C.17)

Let us see how this result comes about. Take the derivative of H(t):

dH

3 - ZR (log P, + 1)) Z'&~° ZR’ log P;

= Y KyPjlogP ™ ‘J’(’ZK”P (log P, — log P;)

ij ij

= iszj (log P; — log P;}) ZKWP (log P; — log P;)
ij 1j

1
= _§Z(Kjipi_Kiij) (IOgPZ—lOgPJ)

1
= 5D (KiP —Ki;Py) (log P; —log ) . (C.18)
i#]

10The detailed balance assumption is very often adopted in the theory of Markov chains and is at the basis of the proof
that, for instance, a Metropolis Monte Carlo will sooner or later sample the correct equilibrium distribution. To see
how detailed balance allows symmetrization, observe that the new matrix:

Hlij = pa (C.14)
NG

is symmetric, as implied by Eq. (C.13). Hence, by working with the new vector 1; such that P; = ,/P?q i, you
transform the master equation into an imaginary time Schrodinger equation of the form:

—thi = _[Hlij v - (C.15)
5

You can prove that the spectrum of H is reversed with respect to that of K, in particular H has eigenvalues E) > 0,
while the eigenvectors are related in a very simple way.
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And now comes the final part of the proof, which is I still miss in the general case of a non-symmetric
K;;. Indeed, if we have a symmetric K;; = K;;, then you can rewrite:

dH 1

E:_izK”’ (P, — P;j) (log P; —log P;) <0, (C.19)
i#]

where the final result follows from the fact that (z — y)(logz — logy) > 0 and K;; > 0 for i # j. At

equilibrium H(¢ — o0) would then attain its minimum value given by H = —log N.. Once again, a

crucial missing step is to prove that the same result holds even when K is not symmetric, as in our

case.

Assuming that the result holds true, which I am quite convinced, notice how the microscopic
reversibility of the motion implied by time-reversal invariance, is in no way in contradition with the
fact that H(¢) is a decreasing function — or, equivalently, that entropy is an increasing function — of
time.

Problem C.1. A micro-canonical time-reversal invariant master equation without detailed
balance. Generate three random L x L (L an integer parameter of your choice) matrices A, B =
BT, C = CT non-negative elements except for the diagonal elements of A, impose the stochasticity
constraints such that in such a way that the 2L x 2L matrix K

A B
(e x ),

is stochastic: ). K;; = 0. Verify that the resulting K is automatically doubly-stochastic, i.e., > ;Kij =
0. Verify that (1,---,1) is both right and left eigenvector of K with eigenvalue 0. Show that, starting
from any initial condition P(0), the master equation

P(t) =K-P(t)

converges towards the equilibrium solution P*4 = ;L (1,..- 1), Try different choices of A, B, C.
Verify if and when the Boltzmann H-theorem holds.
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