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CHAPTER 1

Physical systems

The object of Statistical Mechanics is to describe systems with a huge number of
particles. In this course, we will consider a classical gas of particles, a quantum gas of
particles, and classical spin systems. In this chapter we describe the mathematical setting.

1. Classical gas

Let N be the number of particles in a domain A € R%. The dimension d is typically
equal to 3. A is a bounded set with piecewise smooth boundary. Each particle has position
¢ € A and momentum p; € R?. Physical states are described by an element of the “state
space”, which is here given by

Oan = (A x RON =~ RIV x AN, (1.1)
Particles interact via an “interaction potential”, i.e. a function U : R? — R. Typically,

U is spherically symmetric; in this chapter we also suppose that it is differentiable. The

energy of (p,q) € Qz n, with p = (p1,...,pn) and ¢ = (¢1,...,qn), is given by the
Hamiltonian function:

Hp.a)=Y 5o+ > Uls—q) (1:2)

with m the mass of the particles (we suppose that each particle has same mass). The state
of the system depends on time, i.e. p(¢) and q(¢) depend on ¢t € R;. The evolution of the
system satisfies a differential equation, the Hamilton equations:

9% = Vpl(p, @), 1.9

d
—p(t) = -V H

with intial condition (p(0), g(0)) = (py, go). Hamilton equations are equivalent to Newton

equations (ifg = B iﬁi = m%i%i = F;, where F; = =3, Vg, U(q; — g;) is the force
exerted on ¢ by all other particles.

Hamilton equations are important conceptually, and they have interesting mathemat-
ical aspects. They play a role in “kinetic theory”, a domain of statistical mechanics that
studies the behaviour in time of large systems. Hamilton equations are irrelevant in the

study of equilibrium systems, which will be our concern.

2. Quantum gas

A discussion of the origins, motivation, and justification of Quantum Mechanics goes
beyond the scope of this course. Here, we only review the mathematical setting.

Let A be the domain, i.e. an open bounded subset of R%. A quantum particle in A
is described by a “wave function”, i.e. a complex-valued square-integrable function v in
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[§ 1. PHYSICAL SYSTEMS

the Lebesgue space L?(A). Recall that L?(A) is a (separable) Hilbert space with inner
product

(V) = [ Dahpta)de. (1.4)
N |4(x)|?dz is the probability of finding the particle in A C A, and ||1||z2 = 1. A system

of distinguishable quantum particles in A is described by elements of the Hilbert space
LQ(A)®---®L2(A) :LQ(AN). (1.5)

N times

The tensor product in the left side is the physically correct state space; it is isomorphic
to the Lebesgue space on the cartesian product AY. The latter is mathematically more
convenient and we will use it from now on.

A major physical fact is that identical, indistinguishable particles are described by
either symmetric functions (“bosons”), or antisymmetric functions (“fermions”). Recall
that a function ¢ € L2(AY) is symmetric if

¢($w(1)7---a9€7r(1v)) :w(xlw"amN) (16)

for any permutation m € Sy, where Sy is the symmetric group of permutations of N
elements. A function is antisymmetric if

P(@r1), - Tr(vy) = sgu(m) (21, TN) (1.7)

where sgn(7) denotes the sign of 7. We denote L2, (AY), resp. L2 ..(A"Y), the symmetric,

sym anti
resp. antisymmetric, subspaces of L?(AY).

Many physical particles are fermions: electrons, protons, neutrons, ...Photons are
bosons. Atoms with an even number of nucleons are bosons, notably “He (2 protons and
2 neutrons). Atoms with an odd number of nucleons are fermions.

Observables in Quantum Mechanics are described by self-adjoint operators. The op-
erator for energy is called the Hamiltonian, and it is given by the so-called Schrodinger

operator

| X
_TnZAi—i_ Z Ulx; — ;). (1.8)
i=1

1<i<j <N
Here, A; is the Laplacian for the i-th coordinate:

Ai(x,... xN Za 7 (w1, .., TN), (1.9)

and U(z; — x;) is understood as a multiplication operator. H is an unbounded operator
and we need to specify its domain. If we choose Dirichlet boundary conditions, the domain
of H is the following Sobolev space:

DH)={y € H?(AN) s ap(zy,...,xy) =0 for (z1,...,2N) € BAN}. (1.10)

Recall that H?(AY) is the space of all L? functions that have weak first and second
derivatives, that are L? functions.

The evolution of a quantum system is determined by the Schrodinger equation: If
Y(t) € L? is the state at time ¢, then

0
i (t) = Hib(t). (1.11)
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Another way to write this equation is
B(t) = ¢ p(0) = U(E)(0). (1.12)

The unitary operator is called “evolution operator”.
The expectation value of an observable such as the energy, represented by the Hamil-
tonian H, is given by (v, H1).

3. Classical lattice systems

Originally, spin systems were introduced to describe electrons in condensed matter. In
a crystal, atoms are arranged in a regular way (lattice). The negatively charged electrons
are attracted to the positively charged ions because of Coulomb forces. Electrons carry a
“spin”, that can be thought of as a small magnetic field.

The simplest spin system is the Ising model, which was proposed by Lenz to his PhD
student Ising (his thesis appeared in 1925). Let A be a finite subset of the cubic lattice
7%, supposed to describe the locations of the atoms. At each site z € A is a “spin” o,
that takes values +1, representing the two possible states of an electron. Precisely, the
state space is

Qp = {1, +1}* = {(02)en : 02 = £1}. (1.13)

We use the notation o = (04)zen. As in the classical gas, the Hamiltonian is a func-
tion on the state space. The Hamiltonian for the Ising model involves nearest-neighbour
interactions, and it is defined by

H(o)=-J Z axay—hZUz. (1.14)
{z,y}CA z€EA
lz—y|=1
Here, J is a parameter that represents the strength of the interactions, and h is a parameter
that represents the external magnetic field.
Classical spin systems have no dynamics; the Hamiltonian is not associated to an
evolution equation. This will not prevent us from studying their thermal properties!
This model can be generalised by considering a different set of spins. Let o, € §¥,
where S” denotes the v-dimensional unit sphere. That is, o, is a (v + 1)-dimensional unit
vector. The Hamiltonian is now

H(o)=—-J E Op - Oy — E h-og. (1.15)
{z.y}CA zeA
lz—y|=1

Now h € R¥TL. These models have different names for different values of v:

v=0: Ising;
v=1: x-y model
v=2: (classical) Heisenberg.

Exercise 1.1. (a) Check that Lgym(AN ) and L2 .(A") are Hilbert spaces (using the fact
that L2(A%) is complete).
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(b) Define the operators Py : L>(AN) — L?(A"N) by

1
P+7,/J(l'1, cee ,1’]\[) = ﬁ Z 1/1(3%(1)7 v 7x7r(N))7

TESN

1
P_y(z1,...,2N) = NI Z sgn () Y(Tr(1), - - Tr(n))-

’ TESN
Show that Py are orthogonal projectors, that P P~ = P_P, = 0, and that

P+L2(AN) = LgymLZ(AN)v
P_L*(AN) = L2, L3(AN).

anti



CHAPTER 2

Boltzmann entropy

There are many notions of entropy: thermodynamic entropy, Boltzmann entropy (in
statistical mechanics), Shannon entropy (in information theory), Kolmogorov-Sinai en-
tropy (in dynamical systems), ... The relations between different entropies is not obvious.
Here we will consider the first two, and see that the Boltzmann entropy is a formula that
allows to derive the thermodynamic entropy starting from the microscopic description.

1. Thermodynamic systems

The origins of thermodynamics go back to the XIXth century and the industrial revo-
lution. This was the age of steam engines, which convert heat energy into work. The law
of conservation of energy implies that no more work can be produced than heat is avail-
able. The challenge was to design an engine that could convert all the energy obtained by
burning coal into work. But physicists came to realize that the efficiency of steam engines
was not only limited by technical nuisances such as losses due to friction, but there were
fundamental constraints as well. A new basic quantity emerged, that is hard to grasp
although it is present in everyday life: the entropy.

Everybody has thought about the following question: Why do we remember the past
but cannot foretell the future? But did anyone think about this one: Why do we eat baked
food rather than raw material? Thermodynamics provides important elements of answer.

A simple thermodynamic system, such as a gas in equilibrium, is described by a finite
number of extensive parameters such as the energy FE, the volume V', and the number of
moles (or the number of particles) N. The state space of a simple thermodynamic system
is a convex subset 3 C R". Here, we always consider n = 1,2, 3, and we use the notation

(E,V,N) € 3.
A composite system consists of several simple systems; its state space is 3 = ¥; x
Yo X ... with ¥; a convex subset of R"”. The subsystems can be made to interact, and

to exchange energy (“thermal contact”), or volume (“piston”), or particles (“permeable
membrane”). The total energy (i.e. the sum of energies of each simple subsystem), total
volume, and total number of particles are constant.

The second law of thermodynamics is one of the deepest and most amazing law
of physics. We state it here in its simplest mathematical version. We consider thermody-
namical systems described by parameters (E,V,N) € ¥ C R3,
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There exists a function S, called the entropy, with the following properties:

e In a simple thermodynamic system, the entropy is a differentiable,
concave, extensive function of E,V, N; it is increasing in E and V.
e The entropy of a composite system is the sum of entropies of each
simple subsystem.
o [If two systems X1 and Yo are brought into contact and allowed to
exchange enerqgy, then the total entropy will be
BBy
E{+E\{=FE1+E;
This equation generalises to more than two subsystems, and when
more than one quantity is exchanged.

For a simple system, extensivity means that S(aF,aV,aN) = aS(E,V,N) for any
a > 0. It follows from the second law that S(E,V, N) is invertible with respect to E, and
that the inverse function E(S,V,N) is differentiable, convex, extensive, increasing in S
and decreasing in V. This allows to define the following physical quantities, some of them

sounding familiar!

oF

e the (absolute) temperature 7' = W‘VN;

e the pressure p = —g—g‘SN;
e the chemical potential u = %‘SV'
This is elegantly written in differential form notation

|dE =TdS —pdV + pdN.| (2.1)

Suppose that two systems are brought in “thermal contact”: they can exchange heat,
but geometric variables are held fixed and there is no exchange of work (we also suppose
that numbers of particles in both systems are constant). By the extensivity of entropy,
we have

S(El,Ez) = Sl(El) + SQ(EQ)
By the second law, we maximise S keeping the total energy £ = F; + E5 constant. We
get the condition

d dSy
dE; (B, 1 dE,

In other words, the condition for equilibrium is 77 = T5! (We can easily check that it
a5 _ 425 425
dEZ ~ dE? T dE2

corresponds to a maximum; the second derivative is < 0 by concavity

of S and S5.)

Consider now a (composite) system that consists of two gases exchanging heat and
work:

U, i U, Vs

The total energy F = E1 + E> and the total volume V = V; + V5 are constant. What
is the final equilibrium state? A method is to solve the evolution equation, and to look at



2. BOLTZMANN ENTROPY FOR THE CLASSICAL GAS 11

the behavior of its solution as the time goes to infinity. It is usually impractical, however!
Another method is provided by the second law. We maximize

Sl(El, Vl) + SQ(EQ, VQ) = Sl(El, Vl) + SQ(E —FE,V - Vl).

Setting the derivative with respect to E; to zero yields T% — T% = 0: the temperatures are

equal. Setting the derivative with respect to Vi to zero yields % — % = 0: the pressures

are equal. This solution is amazingly simple.
This can be generalized to arbitrary composite systems. Using Lagrange multipliers,
we need to maximize the functional

SUE} {Vih,a. ) = Y SiEL Vi) —a) Ei—B8Y Vi
=1 i=1 =1

Then 5% = T% — a = 0: all temperatures are equal; and 25 = 2 — 5 = 0: all pressures

av; T T,
are equal.
The same argument extends to systems that exchange particles. A further condition
for equilibrium is that chemical potentials are equal.

2. Boltzmann entropy for the classical gas

Let X[q4(-) denote the characteristic function in the interval [a, 8], i.e.

1 if s € [a,b],
Xia = 2.2
[ ’b](s) {0 otherwise. (2:2)

DEFINITION 2.1. The finite volume entropy of the classical gas is
1
S(E, A, N) =log dp/ dg Xjo, g (H (p, q))-
P JRaN AN

Thus the entropy is equal to the logarithm of the volume of the set of (p,q)’s in
the phase space where the Hamiltonian H is less than E. In the expression above we
dropped physical constants. The correct physical expression would have kg in front of the
logarithm, and the term inside the logarithm should be made dimensionless. On could
introduce a factor h=%, where the constant h has dimension momentum-distance (one
can choose Planck constant). These constants do not play any mathematical role, so we
ignore them.

The justification of the formula for S is tricky, and noone has explained it fully and
convincingly. Let us nevertheless make a few considerations.

Suppose the state space has been discretised:

RY A

The mesh sould be small so we are close to continuum. Let A be some positive number.
Given F and N, let

W(E,A,N)=#{(p.q) €U n:E—-A<H(pq)<E}.
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(W depends on A and on the mesh of Qp y as well.) We expect W to be related to the
entropy. Consider a composite systems with two subsystems and parameters F1, A, Nq
and Esy, Ao, No. We have

W (E1, A1, Ni; Eo, Ay, No) = Wi(Eq, Ay, Ny) - Wa(E2, Ay, Na).

Since the entropy should be additive (extensive), it is natural to consider S = log W. Now
suppose the two systems can exchange some quantity, say the energy. Then E; and Es can
vary but E = E1 + F» is fixed. The most probable choice for F; is that which maximises
W1 (E1)Ws(E — E4). Equivalently, it maximises S1(E1) + So(E — Ep). Beside, a law of
large numbers is at work, that suggests that non optimal choices occur with ridiculously
small probability. Thus the law that physical systems reach the maximum entropy is
probabilistic in nature. Deviations are in principle possible, but they never happen in
systems with about 10?3 particles.
Let us make some comments on the definition of Boltzmann entropy.

e Allowing the value —oo, S(-, A, -) is well defined for any (E, N) € R x N. We can
extend it to R xR by linear interpolation, and to R? by setting S(E, A, N) = —co
for negative N.

e At this stage, we only need that H be a measurable function Qy y — R U {oo}.
This allows “hard-core potentials”.

e We will see later that we could replace X|o z(H(p,q)) with X(g_a g)/(H (P, q)),
and the result does not quite depend on A.

e The entropy does not quite satisfy the second law of Thermodynamics, because

— S should be proportional to the volume of A, but it actually depends on its
shape;

— S is not differentiable in IV;

— concavity may not hold.

In order to get the second law of Thermodynamic, we need to consider large domains
such that finite-size effects, boundary corrections, and the integer nature of the number of
particles, disappear. The parameters F and N need to diverge at the same speed as the
volume V' = |A|. We therefore introduce the following average quantities:

e the energy density e = E/V;
e the (particle) density n = N/V;
e the entropy density sa(e,n) = +S(Ve, A, Vn).
A fundamental result in mathematical statistical mechanics was proved in the ’60’s by

Ruelle and Fisher: The function s; converges as A goes to R? in a suitable sense, and the
resulting function behaves well. In order to formulate this result, we need a few definitions.

DEFINITION 2.2. A potential U(q) is stable if there exists a constant B such that for

any N and any positions qi, . ..,qn € R, we have the inequality
Z U(qi—qj)> — BN.
1<i<j <N

Clearly, nonnegative potentials (U(q) > 0) are stable. Systems with unstable potentials
collapse at low energy, in the sense that particles prefer to occupy a small area in order to
get huge negative energy, instead of spreading in the whole of available space.

DEFINITION 2.3. A sequence of domains (Ap), Am € R?, converges to R? in the
sense of Fisher if
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e lim |A,,|=o0;
m—0o0
e ase— 0,
sup |asdiamAmAm|
m A

where 0, A = {x € R? : dist (z,0A) < r}.

THEOREM 2.1. Suppose that U is stable with constant B, and that it satisfies |U(q)| < |q|™"
for |q| > R, with n > d. There exists a concave function s(e,n) : R?> — RU {—oo} which
is increasing in e, and is —oo if e < —Bn orif n < 0. If (e,n) belongs to the interior of
the essential domain of s, then

— 0,

sle,n) = lim A ]

S A (€ms n )

for any (A,) that converges to R? in the sense of Fisher, and any (em,nm) that converges
to (e,n).

Recall that the essential domain of s is the set of (e,n)’s where s(e,n) > —oo.

Theorem 2.1 establishes most of the claims of the second law of Thermodynamics —
one should still claim that s(e,n) is differentiable, but noone has managed to prove it so
far.

3. Proof of Theorem 2.1 in special case

We prove Theorem 2.1 in a slightly restricted situation. Namely, we suppose that U
has finite range, i.e. that U(q) = 0 for |¢| > R. By a change of variables, we can suppose
that R = 1. The function S(E, A, N) is strictly decreasing in E. It can be inverted, and
the inverse function E(S, A, N) satisfies

E(S,A,N) =sup{E : S(E,A\,N) < S}. (2.3)
Let ep(s,n) = ﬁE(!A]s,A, |A|n). Qualitative graphs of sy and ey are depicted in Fig. 1.

ep is a nicer function than sj because it is bounded on compact intervals. It is easier to
prove that ey converges to a suitable limit, and then to use this result for sy.

sa(e,n) / ea(s,n)
—Br‘z ¢ s
//
—BnT

FIGURE 1. Graphs of sy versus e, and ep versus s, for fixed n. sp is —oo
for e < —Bn. It is clear that ep(s,n) > — Bn.
We start by showing that S(E, A, N) satisfies a certain subadditive property.

PROPOSITION 2.2. Suppose that U(q) = 0 for |q| > 1. Let Ay,..., A, be disjoint
bounded domains in R? such that dist (A, Aj) > 1 if i # j. Then
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m m

(a) S(ZEi» ,L_nlei,ZNi> > iS(E@Ai,Ni)'
i=1 N i=1 i=1

(b) E(i Si,_(nJlAi,iNi) < iE(SZ-,Ai,Ni).
i=1 n i=1 i=1

PROOF OF PROPOSITION 2.2. It is enough to prove it for m = 2. In Definition 2.1 we
restrict the integrals over dqi,...,dgy so that there be Ny particles in A; and Ns in As.
Multiplying the integrals by the combinatorial factor (]X}T]yz,)!, we can integrate so that

1!Na!

the first Ny particles are in A1, and the last Ny in As. This gives

1
S(El + Fo, Aq UAQ,Nl + Ng) > log/ dpl/ dp2
N1INo! Jpan, RAN2

/ANl dq, /AN2 dQQX[O,E1+E2}(H((P1aP2)a(‘ha‘b)))- (2.4)
1 2

Now, because the domains are separated by a distance larger than range of the interaction
potential,

H((PhPQ)v(Qh‘b)) :H(P17Q1)+H<P27QQ>- (2-5)
It follows that
X(0,B1+E2) (H (P15 P2), (915 92))) 2 Xpo,5,) (H(P1,01)) X0, (H (P2, @2))-  (2.6)

Indeed, if the right side is one, so is the left side. Integrals can be now splitted so as yield
S(E1,A1,N1) + S(E2, A2, Na), which proves (a).
For (b), we use (a) and we get
E(Sl + SQ,Al @] AQ,Nl + Ng) = sup{E : S(E,Al U AQ, N1+ NQ) < Sl + SQ}
< sup{E : S(E/,Al,Nl) + S(E — E/,AQ, Ng) <51+ SQ}

This holds for any E’. Choosing E' = E(S1, A1, N1), so that S(E’, A1, N1) = Si, the claim
(b) follows. O

We now consider a special sequence of domains converging to R?, with cubes C}, of
length 2% — 1. Their volume is approximately 2%. It allows to construct a candidate for
the limit of ey.

PROPOSITION 2.3. Let Q be the set of points (s,n) such that 2%n € N for some integer
k. Then
2k (295 Oy, 29%n)
converges pointwise to a function e(s,n) : Q — RU —oo. This function is convex on Q.

Since @ is dense, e can be extended to a convex function on R x R,. The extension
is unique except on the boundary of its essential domain. Setting e(s,n) = oo for n < 0,
we get a convex function on R2.
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PRrOOF. Since E(-,C),N) > — BN, we have 27%E(-,C},2%n) > — Bn. And from
Proposition 2.2 (b),

9= dm+D) podmilg Ay, 28m ) < 27dmp(29ms A, 29mp). (2.7)

Thus the sequence in Proposition 2.3 converges as m — oo, and we denote by s(e,n) the
limit (it may be +00). Let (s1,71), (s2,n2) € Q. Again by Proposition 2.2 (b), we have

<27 B2 sy Ay, 29 y) 4+ 279 B(29M sy, Ay, 29 g). (2.8)

As m — oo, we get e(%sl + %82, %nl + %ng) < %e(sl, ny)+ %6(82, ngy). This does not suffice

to prove convexity. But e(s,n) is increasing in s, and n belongs to 279"N. Then e(s,n)
is convex on Q. O

PROPOSITION 2.4. Suppose that (A,,) converges to R? in the sense of Fisher, and that
(Sm,m) — (s,n) with (s,n) in the essential domain of e(s,n). Then

1
lIm ——E(|Am|Sm, Am, [Am|nm) = e(s,n).

m—00 [Apy|

PROOF. First, we show that, if (A,,) goes to R? in the sense of Fisher, then
1
limsup ——en,, (Sm, nm) < e(s,n). (2.9)

The strategy is illustrated in Fig. 2 and consists in using superadditivity to compare the
energy for A,, with that for cubes inside A,,.

F1GURE 2. The large domain A,, contains M smaller cubes Cj.

Fix k, and suppose that R is paved with translates of cubes of length 2*. The volume
of cubes inside A, is at least |A,| —[0, /gox Arn|- The number of cubes M satisfies therefore

| Am| < ’a\/EQkAm‘ [Am|
1 ) <M< B 2.10
2dk ’Am‘ 2dk ( )
Let ng > nin Q. We put 2%ng particles in M’ cubes, where M’ is the largest integer such

that

M'2%ng < A |12 (2.11)
From (2.10) and (2.11) we have M’ < M. We also have M’ > % — 1. The remaining
|Ar |1 — M'2%ny < 290 particles are put in the remaining M — M’ cubes.
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By Proposition 2.2 (b), we get
M’ M — M
en,, (Smynm) < —E(2%s, Cy, 2%ng) + ————27
A [Amm|

The last term in the right side is a bound for the energy of the remaining cubes; c(s)
depends on s only.

Now we take the liminf with m — oo. Because of properties of Fisher convergence,
the right side becomes

noc(s). (2.12)

£2_dkE(2dks Ci, 2% ng) + [(2k>dno - n}c(s)
o k) ok 1 '

For the last term, we used
MMy 20 a0 mm, 2%
| A 2k — 1 no  |Aml

Next, we take the limit £ — co and we get

2dk

Ee(s, no) + [no — nje(s).
ng

Finally, we let ng — n. This proves (2.9).

There remains to show that the liminf is bounded below by e(s,n) as well. A funny
argument allows to combine Proposition 2.2 (b) and (2.9). Because of the Fisher limit,
there exists ¢ > 0 such that for any m, we can find k£ and a translate of C}, that contains
Ay, such that

Al
[Cif =%
Let A be the set of points in Cj at distance larger than 1 from A,,. As m — oo, we have
k — oo and |Cg| ' (|Awm| + |A]) — 1. Let ng of the form 279 N. Since E is decreasing
with respect to the domain, and using Proposition 2.2 (b), we have

E(2%s,Cy,2%n0) = E(|Am|Sms Ay | Am|nim) + B(2%s — [Ap|sm, A, 2%ng — | A |10m,).
Then
liminfep,, (Sm,nm) = hmlnf[’ Gl |Ck| T E(2% 5, Cy, 2% ng)
W
1Al

We can use (2.9) for the second term of the right side. For any € > 0, there exists ng close
to n and m’ > m such that

A7 E (2% — |Am|sm,A,2dkn0—|Am|nm)] (2.13)

[Crl = [A]

liminfen,, (Sm, nm) = [e(s,n) — e]. (2.14)
m—ee [ A |
This completes the proof since lim % =1. O

Finally, we show that Theorem 2.1 follows from Proposition 2.4. The claim of the
proposition can be summarised as follows. Suppose that e, Sy, nm satisfy

Em = eA(Smanm) = Sm = SA(emanm)7

and that s,, — s and n,, — n. Then ¢,, — e.
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Consider ey, Sm, nm related as above, with e,, — e and n,, — n. If s, /% s, there
exists a subsequence my, such that s,,, — s’ # s(e,n). By Proposition 2.4, we have
em, — e(s’,n) # e, contradiction.

We have now proved the second law of thermodynamics! (Except for the differentia-
bility of the entropy.)

4. Boltzmann entropy for the quantum gases

Recall that the state space for N bosons (resp. N fermions) is the Hilbert space
Lgym(AN ) (resp. L2, .(AN). The Hamiltonian is

anti
N
H:—ZAi—i— Z U(x; — ;).
=1

1<i<j <N

We suppose that U is continuous and bounded. And as in the classical case, we also
suppose that U(-) is stable, i.e. there exists a constant B such that

> Ulzi—x;) > - BN. (2.15)
1<i<j <N

This inequality can be understood either as an operator inequality, or as an inequality for
any xi,...,xn. Both are equivalent.

We choose the domain of H to be H3(A), which corresponds to Dirichlet boundary
conditions; H is a self-adjoint unbounded operator. But since —A > 0, H is bounded
below. It is proved in Appendix B that the spectrum of H is pure point. We actually

consider the restriction of H on either Lgym or Lfmti. We denote )\gs) < )\gs) < ... dts
eigenvalues with multiplicity in Lgym; same with )\gﬁ) in LGti.

DEFINITION 2.4. The Boltzmann entropies of the Bose and Fermi gas are defined by

S (E,A,N) =log#{m: \¥) < E},

S_(E,A,N)=log#{m: \® < E}.
The (thermodynamic) energies are defined by
E+(S7A7 N) = Sup{E : S+(E7A7N)

E_(S,A,N) =sup{E : S_(E,A,N)

h
}.

The functions Si are piecewise constant and increasing in E. It may be convenient to
consider the continuous functions obtained by linear interpolation. The resulting functions

are strictly increasing, and EL are the inverse functions.
The next proposition is similar to Proposition 2.2 in the classical case.

<S
<S

PROPOSITION 2.5. Suppose that U(q) = 0 for |q| > 1. Let Ay,..., A, be disjoint
bounded domains in R? such that dist (A, Aj) > 1 ifi # j. Then

(a) Si(ZE“Z@lA“ZNI) 2 Zsi(EquaNz)
i=1 =1 =1

) (35 U M) < 3 Basi A V).
=1 =1 =1
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PrROOF. We show (a) only because (b) follows from (a) exactly like in Proposition 2.2.
The case m = 2 is enough. We also restrict to the symmetric case, as the antisymmetric
case is similar. In the following, we set A = Ay UAs and N = Ny + Ns.

Given ¢ € L2, (AM) and ¢’ € L2, (A™?), we define the function ¢ ® ¢’ € L2, (A")
by

e (x1,...,xN) = p(x1, .. 2N (T1, - TN,)- (2.16)
It is checked in the exercises that Py ® ¢’ # 0 whenever ¢, ¢’ # 0. Now let o, and A,

be the eigenvectors and eigenvalues of H in Lgym(AiV 1), and ¢), and X, in Lgym(Aév 2). We
have

N
Hom @@ ==Y Aigm @+ > Umi—z)om @ ¢,

i=1 1<i<j <N
N N
= (— > Aicpm> Q @, + om ® (— > Ai%) + Y Ui —2)em @ ¢,
i=1 i=N1+1 1<i<j <M
+ Z U(zi — ) pm ® @) + Z U(zi — z5)pm ® ¢,
Ni+1<i<j <N 1<i <M 5
Ni+1<j<N N

= (Hom) @ ¢, + om @ (Hel,)

= (Am+ X)) om @ @,
(2.17)

The same holds if ¢, ® ¢/, is replaced by Pi¢,, ® ¢, because HP, = P, H. This shows

that we can construct eigenvectors in L2, (A™) from vectors in Lgym(A]lV ') and Lgym(AéV 2).

Let my (resp. mg and mj2) be the number of eigenvalues in Lgym(Afh) (resp. Lgym(AéVQ)

and L2 (A")) that are smaller than F; (resp. Eo and Ej + E5). From the considerations

sym
above, we see that

mig =2 Mima. (2.18)

Since the Boltzmann entropy involves a logarithm, the superadditivity property follows.
O

Exercise 2.1. Consider the function
3 FE %4
E. V.N)= -Nkpglog — + Nkglog —.
S(E,V,N) 5 k‘BogN—l— k‘BOgN

(a) Check that S satisfies all properties of a simple thermodynamic system, as stated
in the second law.

(b) Derive the ideal gas law pV = NkpT.

(c) Show that E = 3NkgT.
Comments: It was observed in the XIX-th century that many gases display similar be-
haviour. Physicists found the ideal gas law (b) and the law (c). Only later did they fully
realise the role of the entropy, and did they compute it for the ideal gas (the function S
above). The factor 3 in (c) is for monoatomic gases (such as Ar). For diatomic gases (Na,
0,), it is 3.

(d) Suppose that pV = NkgT, and that E = %N kgT. Find all compatible entropies.
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Exercise 2.2. A gas of N particles is in a container A, divided in two equal parts A; and
As. Suppose that particles are independent of each others, and that they can be in either
subdomain with equal probability. Argue mathematically that, at any given time, the gas
is evenly distributed between the two domains.
(a) Introduce a probability space and formulate the question in mathematical terms.
(b) Invoke suitable theorems of probability theory in order to answer the question,
and discuss the physical interpretation.

Exercise 2.3. Let A be an open bounded domain in R%, and let A,,, = {mx : z € A} be
the scaled domain. Show that, as m — 0o, Ay, / R? in the sense of Fisher.

Exercise 2.4. Show that Theorem 2.1 implies that sp,, (e,n) converges to s(e,n) uni-
formly on compact sets, in the interior of the essential domain of s.

N p}
2m

Exercise 2.5. Consider noninteracting particles, i.e. U(q) = 0 and H(p,q) = >_
Compute s(e,n). Stirling inequality may be useful; for any N,

V2rNNN e ™V (1+ o) S N1 < V2rNNY e M (1 + 3y + z5av)-
Compare the result with the entropy of the ideal gas.

Exercise 2.6. Prove that S (FE, A, N) are increasing in A, in the sense that
S.(E,A,N) < S+(E,N',N)

if A € A’. Then prove that F, are decreasing in A. Hint: the minimax principle may be
useful.

Exercise 2.7. Recall the definition for the function ¢ ® 1 in L?((A; U A2)™M+N2). Prove
that, for any ¢, € Lgym(Ajlvl) and ¢, € Lgym(AéVQ), we have
NyIN,!

(Pro® ¢, Piyp ® w/)LQ((A1UA2)N1+N2) - (N1 + No)!

(()07QZJ)LZ(AiVI)(SOI?l/}/)LQ(Aé\b)‘






CHAPTER 3

Free energy and pressure

1. Legendre transform

Convexity is a fundamental property of thermodynamic potentials and it is no surprise
that the Legendre transform plays an important role, as it maps convex functions to convex
functions. Recall that a function f : D — RY is convex if, for any z,y € D and any
a € [0,1],

flaz+ (1 —a)y) <af(e)+ (1 —a)f(y). (3.1)
Here, the domain D of f is assumed to be a convex set. We need to allow functions to
take the value +00. Let Degs(f) be the essential domain of f,

Dess(f) = {2 € R" : f(2) < 00} (3.2)

One can show that any convex function is continuous in the interior of its essential domain
(exercise).

The Legendre transform of a function f : R — RU{oo} is the function f*:R" —
R U {oo} defined by

) = swp [y — f(@)]. (3.3)
IGR"
The geometric interpretation in one dimension is illustrated in Fig. 1.
f(z)

|
~
*
—
<
S~—
|
I
8
*
<
+
~
—~
8]
1%
N

F1GURE 1. Geometric interpretation of the Legendre transform.

The Legendre transform of any function is convex:

I (ay +(1- a)z) = sup [m . (ay +(1- a)z) — f(a:)}

z€eR™
:;élﬂgl[ax-y—af(x)—|—(1—a)x-z—(1—a)f(x)}
Sasup [eoy = f(@)] + (1= ) sup |22~ f(@)

= af*(y) + (1 —a)f*(2).

21
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Further, we can check that f** = f whenever f is convex. f** is the convex hull of f
otherwise. Linear pieces become cusps and conversely; this is illustrated in Fig. 2.

slope x1

FIGURE 2. A convex function and its Legendre transform. f has an hori-
zontal asymptote as x — —oo, and a linear piece with slope y; between
and xa. f*(y) = oo for y < 0 and it has a cusp at y;; its derivative jumps
from z1 to xs.

Suppose that f is C! and that 2* = z*(y) is a maximizer for (3.3). It satisfies the
equation y = Vf(2*), and we have f*(y) = (*,y) — f(z*). Suppose that f* is also C; it
follows from this equation that

fla)y=y <= [y ==

2. Equivalence of ensembles

The thermodynamic behaviour of a system is given by a thermodynamic potential,
such as the entropy S(F,V,N). It is a concave function, and its negative is convex. The
Legendre transform is a bijection between convex functions. Thus the Legendre transform
of the entropy contains all the thermodynamic information, but in different variables.
Physicists and chemists have understood a long time ago that thermodynamic systems
can also be described by the “free energy”, or the “enthalpy”, or the “grand potential”.
We will see in this chapter that Legendre transforms of the entropy can be defined in
terms of microscopic quantities. The formulse turn out to be easier to deal with, as will be
illustrated by the computation of the pressure of the ideal classical and quantum gases.

The three basic quantities are the microcanonical, canonical, and grandcanonical par-
tition functions. All three involve microscopic variables. The microcanonical partition
function X (F,A, N) depends on energy and number of particles. The canonical par-
tition function Y (3, A, N) depends on temperature and number of particles. Actually,
it is convenient to use the inverse temperature 3 as the variable, instead of the tempera-
ture. The grandcanonical partition function Z(j3, A, 1) depends on temperature and
chemical potential.

The microcanonical partition function of the classical gas is

1
X(E,A,N) = — dp [ dgXpg(H(p,q)). (3.4)
N! Jran AN

For a quantum gas, it is
X(E,A,N) =#{m: \,, < E}, (3.5)

where the \;,’s are the eigenvalues of the Hamiltonian.
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The canonical and grandcanonical partition functions are defined by

Y(6,A,N) =7 / h X(E,\,N)e PEAE, (3.6)
Z(B, A, )= Y Y(B,AN)eHN. (3.7)
N >0

The corresponding thermodynamic potentials are the entropy S = log X, the Helmholtz
free energy F = —% logY, and the pressure pV = %log Z.

Let us mention an equivalent expression for Y. It follows from the definitions above,
and constitutes the usual starting point for computations.

1
Y(B,A,N) = / dp/ dq e PH(Pa) (classical gas) (3.8)
N! Jran AN
Y(B,A,N) = Trpz, (an) e PH (quantum gas, bosons) (3.9)
Y(B,A,N)=Trp2 L(AN) e PH (quantum gas, fermions) (3.10)

These quantities are related with each other as follows.

THEOREM 3.1. We suppose that the potential U 1is stable and that
|U(q)| < |q|=%" for large enough q, with n > 0. Let (A,,) be a sequence
of increasing domains that converges to R% in the sense of Fisher. Then
the following thermodynamic limits exist:

(a) For any B,n >0, and any n, — n,
1
lim — logY (B, Apm, |Amm|nm) = f(B,n),
m—oo | A
where f is given by a Legendre transform of s, namely
f(B,n) = inf [e - %s(e, n)]
(b) For any B > 0 and any pu,

1
lim ————lo ZﬂvAmv =D ﬂ) )
o log Z( p) = p(B; )

where the pressure p is given by a Legendre transform of f,
namely

p(B, 1) = sup|un — f(B,n)|.

n>0

Here we view the formulee for S, F, and p, as three aspects of a unique notion that
finds its motivation in Boltzmann entropy. Physicists tend to consider these situations to
be different, and they have named them “ensembles”. The microcanonical ensemble is a
system with fixed energy, volume, and number of particle. The canonical ensemble is a
system where volume and number of particles are fixed, but energy is allowed to fluctuate;
the probability for a given state (p, q) is weighed with the “Gibbs factor” e #H P And
in the grand-canonical ensemble, the number of particles is also allowed to fluctuate with
weight e . Theorem 3.1 is then known as “equivalence of ensembles” since it shows that
the three paths from the microscopic world to the macroscopic one are equivalent.
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PrROOF OF THEOREM 3.1 (a). Let us introduce the notation sy (A, n) = ﬁS(IMu,A, [Aln)
and fa(B,n) = \THF(ﬂ,A, |Aln). We have

1 (0.9]
Ia,. (B, nm) = ——=———log | 8| Am / e~ 1AmllBe=sam (enm)] qe| 3.11
(B,1m) = = g log | BlAm] | (3.11)
We define f(3,n) as the Legendre transform of s(e,n). Now we show that
limsup fa,, (8, mm) < (8, n). (3.12)

Given £ > 0, there exists an interval (a,b) where e — %s(e,n) < f(B,n) + 3¢ for all
e € (a,b). And because of sy, (e,n) converges uniformly to s(e,n) on compact sets, we
have, for m large enough, e — %sAm (e,nm) < f(B,n) + ¢ for all e € (a,b). Then

L " o Blmlle s (enm)]
m) < — log| 3| A, mleTEEAn e g
Frn(Bonn) < = i log [l [ e ]
1
< - 1 A (b — —BlAm|[f(B:n)+e] 1
T og| Bl Aml(b — a)e ] (3.13)
= Tog[BlAn|(b— )] + F(5,m) + <.
Bl Am|
Taking the limits m — oo and € — 0 yields the result.
We now control the liminf in the same manner. Recall that s(e,n) = —oo if e < —Bn,

and that sp, (e,n) is less than the entropy of the ideal gas with energy e + Bn (see the
exercise). Then, for any parameter A,

1 A 0o
Fa (B, mm) = — 10g{ BlAm| [ / e~ IAmlBe=sa, (emm)] o 4 / o Aml[Be—sa,, (€mm)] de} }
ﬁ|Am| —Bn A
< (A+Bn) e=BlAmILf(B.m)—e] < [ o dAAmIa g,
(3.14)

The bound for the second integral follows from s(e,n) < Snlog(e + Bn) + const (the
constant depends on n). It holds provided A is large enough. We obtain

1 1 1
log{ﬁ Am|| A+ Bn+ PIAnlf B~ o=358AmlA }
EreRd G TOIAn ]

We can suppose that A > 2f(3,n). The contribution of the logarithmic term vanishes in
the limit m — oo, so that liminf f(3,n,,) > f(8,n). O

fAm(ﬁvnm) 2 f(ﬁ,n)—g_

The proof of the second claim is essentially the same.

PROOF OF THEOREM 3.1 (b). Let us define the pressure by the equivalent expression

—p(B, ) = 16115 le — pn — %s(e, n)]. (3.15)
The proof for
1

can be established as the one for the limsup of fp, , by using uniform convergence of
SA,, on compact domains, and by restricting the integral over e and the sum over N on
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a domain around the infimum of e — un — %s(e,n). For the lower bound for the liminf,
recall that s(e,n) = —oo for e < —Bn or n < 0. Then

— e— nfls e,n
Pan (8 1) = gri—log EEDS / e~ PMhmllepn=goanteml] (3.17)

N>0

ﬂIA

We set n = Viv—m‘ Thanks to the upper bound involving the entropy of the ideal gas, we
have
Be — Bun — sp,, (e,n) = Be — Bun — 3nlog(e + Bn) + 3nlogn + const n
> 3 8e + Bn. (3.18)

The last inequality is true provided either e or n is large enough. We estimate the expo-
nential in (3.17) using (3.15) if 0 < N < K and —Bn < e < A, where K and A are some
fixed parameters. When either N > K or e > A we use (3.18). We obtain

Am (By 1) < log{ﬂ!Am\[ (A + BK) PIAmllp(B.)+]

+ E / de ]1{N>K or e>A} e_mAm'[%e—i_n] :| } (319)

N >0

B\Aml

If K and A are large, the last term is less than ePIAmP(B.1) for all m. Then

PAn (B, 1) < p(B, 1) + € + = log[B|Am|2K (A + BK)]. (3.20)

BIAmI

Taking the limits m — oo and € — 0 give the result. O

Exercise 3.1. Show that the expressions (3.6) and (3.8)—(3.10) for the canonical partition
function are equivalent.

Exercise 3.2. Suppose that U(q) is stable with constant B. Show that S(E, D, N) is
less than the entropy of the ideal gas with energy E + BN instead of E.

Exercise 3.3. Let f be a continuous function [a,b] — R. Prove Laplace principle:
1 b
lim —1lo / N@ 4z = sup x).
Noow N 08 a a<x<bf()

Exercise 3.4. Links with the theory of large deviations. Recall that a sequence of
random variables X, satisfy a principle of large deviations if there exists a rate function
I:R — [0, 00] such that for any Borel set B,
1
lim —log Prob(X,, € B) = — inf I(x).
B 108 Prob X € B) = = Ja 1)

Comment between the similarities between large deviations and the equivalence of ensem-
bles.






CHAPTER 4

Quantum ideal gases

By definition, a gas is “ideal” when particles do not interact, i.e. when U(q) = 0. We
have seen that the entropy and the pressure of the classical ideal gas can be computed
exactly. Despite the simplifications, we obtained an interesting result, namely the ideal
gas law.

Quantum gases (fermionic and bosonic) are a bit more difficult, and only the pressure
can be computed exactly. One can nevertheless get the free energy and the entropy by
taking Legendre transforms. The ideal Fermi gas is very important to condensed matter
physics, with electrons in the role of the fermions. The ideal Bose gas undergoes a phase
transition, with a critical temperature given by an exact expression. This Bose-FEinstein
condensation, as it is called, is relevant to the study of superfluids and superconductors. It
was understood by Einstein in 1925 and experimentally observed only 70 years later. This
is a striking success of theoretical and mathematical physics, underlined by the awarding
of the 2001 Nobel prize of Physics to the experimentalists. More importantly, it involves
an interesting mix of Fourier analysis and operator theory, with a bit of combinatorics and
probability theory.

1. Occupation numbers

We need to work in the symmetric and antisymmetric subspaces of L2(A™); physicists
have devised the convenient notion of occupation numbers, that provides a convenient
description of the respective bases. We start by reviewing this notion.

The Lebesgue space L?(A) being separable, it has countable orthonormal bases. Let
(0r)ker be such a basis, where I is a countable index set. One can form a basis for L?(AY)
by considering (¢g)pcn, with

() = Pty oy (T15 -+ TN) = @1y (21) -+ iy (TN)- (4.1)
Let ?X? denote the set of “occupation numbers”, i.e. of sequences (ng)xes of nonnegative
integers such that Y, ;ny = N. Given n = (n;) € N}y, we define the function
Pn(®) = Pyog(x). (4.2)
Here, k is any element in IV such that, for any k € I, we have

The right side of (4.2) does not depend on the explicit choice of k as long as it satisfies
the relation above, because

Pipp(x) = % Z gok(w(x)) = % Z @W—l(k)(w). (4.4)
" meSN " meSN

Here, we set 7(x) = (Zx(1),- - -, Tr(n)), and similarly for k. One can check that k and K
define the same occupation numbers iff the is a permutation 7 such that k = 7(k’). In

27
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addition, a calculation reveals that

.~ 1
(Pny Prr) = ﬁén,n/ an!- (4.5)
’ kel

Let ¢n = @n/||Pnll- The relevance of occupation numbers lies in the fact that
(on)nensm

is an orthonormal basis for L2, (AY).

The structure is similar with antisymmetric functions. We define

1
() = Pgi(@) = 17 D sen(m) g1 (@). (4.6)
TESN
Here, k = (k1,. .., ky) satisfies the relation (4.3). If k and k' are related by the permuta-
tion 7, i.e. k = m(k'), then ¢g = sgn(m)py. Thus we should be more precise in (4.6), by
requiring e.g. that k = (ki,...,kn) be the vector in IV that is compatible with n, and
such that k; < k; for 4 < j. This vector is uniquely defined.
The analogue of Eq. (4.5) in the antisymmetric case is

0 if m = 0,1 VE,

. (4.7)
0 otherwise.

(@nu @n’) - {
We define ./\/’f‘r]‘\t,‘ as the set of sequences (ny)rer such that ngy = 0,1, and ), ny = N. Let
@n = N!¢,. Then the functions

(Spn)nej\/'f‘"}\t,i
(AM).

form an orthonormal basis for Lfmti

2. Computation of the pressure

We have seen that the pressure is given by an infinite volume limit along a sequence
of increasing domains that converge to infinity in the sense of Fisher. As any sequence
gives the same limiting function, we can choose the one that suits us the most. Let A be
the cubic box in R? of length L. Let A* denote the “dual space”, A* = %Zd. For k € A*,
let ¢ be the Fourier function

on(x) = e¥he (4.8)
It is well-known that (pg)rea+ is an orthonormal basis for L?(A). Notice that A* is
countable, so that all considerations of the previous section apply.

In absence of interactions, the Hamiltonian is given by H = — Zfi 1 Ay with A; the
Laplacian. This is an unbounded operator, and we choose the extension that corresponds
to periodic boundary conditions. The domain is the set of L? functions 1 with weak first
and second derivatives in L?, and such that

1/1(0,3:2,...,:13]\[):w(L,xQ,...,xN), (49)

and the same in the directions 2,..., N, and the same with first derivatives. Because of
this choice of boundary conditions, the Fourier functions of Eq. (4.8) are eigenvectors of
—A with eigenvalues |27k|?. Then, in both the symmetric and antisymmetric subspaces
of L?(AY), the functions ¢, are eigenvectors of H with eigenvalues

Ap = Z ng|2mk|?.
keA*
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The pressure of the ideal Bose gas is thus equal to

pa(B, 1) log Z oBnN Z o Bk nl2mk]? (4.10)
N2>0 nGNi?&

The expression for the ideal Fermi gas is identical, except that the last sum is over n €
f\‘?t}\, Using >, ni = N, we observe that the sum over n factorises according to the
Fourier modes, namely

pa(B,p) = log H [ Z e |2”k|2_”)"’“} (4.11)
keA* ng >0
The pressure is infinite for p > 0. For u < 0 we can sum the geometric series, and we get
_ 2
PA ) = 5 Y log(1 - e AEsH) 412)
keA*

As L — o0, the right side converges to a Riemann integral, and we get

p(B.p) = —;/ log(1 — e P2mH* =)y g (4.13)
R4

This is the pressure of the ideal Bose gas. One gets another expression by replacing the
logarithm by its Taylor series, —log(l —z) = >, >z /n. After integrating Gaussian
integrals, we obtain

1 eBun
P 1) = By 2 T (4.14)
p(B.1 Argp

o

(a) (b)

Ficure 1. Graphs of the pressure and the free energy of the ideal Bose
gas for d > 3. The free energy is nonanalytic at p = pc.

The qualitative graph of p(3, 1) in dimension d > 3 is displayed in Fig. 1. Its Legendre
transform gives the free energy f(3, p), with p the particle density. The latter is nonana-
lytic at p = pc(), where the citical density is equal to the derivative of p with respect to
p at p = 0—. From (4.14), we find

pe(B) = (4mB)~2¢(9), (4.15)

with ((s) = >_, 5 n~° the Riemann zeta function; ((3) =2.618...
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The situation is different for the ideal Fermi gas. The pression is given by Eq. (4.11),
except that the sum is over ng = 0,1 only. After taking the limit . — oo, we get

p(B, ) = ;/ log (14 e 24— ) ;. (4.16)
Rd

It is an analytic function of § > 0 and p € R, and there is no phase transition.

Exercise 4.1. Give a qualitative plot of p(Su) as function of u, for dimension d = 1,2.
Then plot its Legendre transform f(f3, p). What is the difference compared to dimensions
d> 37



CHAPTER 5

The Ising model

1. Ferromagnetism

The discovery of magnetic materials predates the invention of writing. Humans were
fascinated by the attractive or repulsive forces between magnets and they assigned magical
and esoteric values to these objects. Later the Chinese discovered the Earth’s magnetic
field and use magnets as compasses. Starting with the XVIIth Century, electric and
magnetic phenomena were scientifically investigated. The corresponding chemical elements
were identified and such properties as the dependence of magnetization on temperature
were measured.

When placed in an external magnetic field, some materials create a magnetic field of
their own. It points either in the same direction (“paramagnetism”) or in the opposite
direction (“diamagnetism”). Ferromagnetism is the ability of a paramagnetic material
to retain spontaneous magnetization as the external magnetic field is removed. The
only ferromagnetic elements are iron (Fe), cobalt (Co), nickel (Ni), gadolinium (Gd), and
dysprosium (Dy). In addition, there are composite substances. The current understanding
is far from satisfactory. It is clear, however, that ferromagnetism involves the spins of
electrons of the outer layers.

Element | Atomic Nr | Electronic structure | Curie temp. [K] B
Fe 26 [Ar] 3d° 452 1043 0.33-0.37
Co 27 [Ar] 3d7 4s? 1388 0.33-0.37
Ni 28 [Ar] 3d® 452 627 0.33-0.37
Gd 64 [Xe] 4f7 5d' 652 293 0.33-0.37
Dy 66 [Xe] 4f10 5d° 652 85 0.33-0.37

TABLE 1. Ferromagnetic elements with some of their properties. The elec-
tronic structure of argon is 1s? 2s? 2p% 3s? 3p%, and that of xenon is [Ar]
3d1Y 452 4p% 4d'0 552 5p%. The last column gives the critical exponent 3
for the magnetization.

Spontaneous magnetization always depends on the temperature; the typical graph of
M(T) is depicted in Fig. 1. The critical temperature is called the Curie temperature
and varies wildly from a material to another. As T' " T., the magnetization goes to 0
following a power law, M (T) ~ (T. — T)”, where (3 is called a critical exponent. There
are other critical exponents, for instance for the magnetic susceptibility. Contrary to the
Curie temperature, critical exponents are nearly identical in all ferromagnetic materials.
It is believed that they depend on such general characteristics as the spatial dimension,
the broken microscopic symmetries, etc..., but not on specific characteristics such as the
actual type of the lattice or the form of the interactions (nearest-neighbor only, or with
longer range). This phenomenon is called universality.
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M(T)

Te

T

FIGURE 1. Spontaneous magnetization as function of the temperature in
a typical ferromagnetic material.

2. Definition of the Ising model

The Ising model is a crude model for ferromagnetism. It was invented by Lenz who
proposed it to his student Ernst Ising, whose PhD thesis appeared in 1925. It can be
derived from quantum mechanical considerations through several educated guesses and
rough simplifications.

It is an extremely interesting model despite its (apparent!) simplicity. There are
several reasons for the great attention that it has received from both physicists and math-
ematicians:

e It is the simplest model of statistical mechanics where phase transitions can be
rigorously established.

e Ferromagnetic phase transitions are “universal”, in the sense that critical expo-
nents appear to be identical in several different situations. Thus, studying one
model allows to infer properties of other models.

e The Ising model has a probabilistic interpretation. The magnetization can be
viewed as a sum of Bernoulli random variables that are identically distributed,
but not independent. The law of large numbers and the central limit theorem
take a subtle form that is best understood using physical intuition.

The Ising system describes spins on a finite lattice A € Z¢. Here, we will always
consider A to be a cubic box centered at the origin. By |A| we denote the number of sites
in A. Spins are little magnetic moments that can take two possible values, +1 or —1; they
are often refered to as “spin up” and “spin down”. A spin configuration o is an assignment
or = +1 to each © € A. The state space 2, is the set of all possible configurations, i.e.

Qp = {—1,1}A,
We define the total magnetization M to be
M(o) = Z Og.
zEA
The energy of a configuration is given by the Hamiltonian function
H(o)=— Z 020y.

{z,y}CA
lz—y|=1

The Hamiltonian is thus given by a sum over nearest-neighbors, the value depending on
whether the corresponding spins are aligned or anti-aligned. Its origin lies in quantum
tunneling effects between electrons on a lattice of atoms (“condensed matter system”).
The absence of dynamical variables may come as a surprise, in a model that is ultimately
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related to heat phenomena. But this is similar to the classical gas; after integration of the
momenta, only static variables remain.

The most energetically favorable configurations are the constant configurations o, = 1
and o, = —1, that corresponds to full magnetization (in the “up” or “down” direction).
These are the “ground state configurations”, and the “ground state energy” is equal to
—|Ald, up to an irrelevant boundary correction.

Actually, there is another interpretation of the Ising model that is worth mentioning.
Namely, it represents a gas of “lattice particles” whose positions are restricted to the sites
of a lattice, with no more than one particle at each site. Thus o, = 1 if the site z is
occupied by a particle, and o, = 0 if z is empty. Magnetization and number of particles
are related by M = 2N — [A|, and N =0,1,...,|A|.

The microcanonical partition function again measures the number of available states
for given energy and number of particles (magnetization in the magnetic interpretation).
Namely, we define

X(E,A, M) = #{a €Qn: M(o) =M and H(o) = E} (5.1)

We will always suppose that M takes values —|A|,—|A| + 2,...,|A|, and that E is an
integer between —d|A| and d|A|. The finite volume Boltzmann entropy per site is then

sa(e,m) =log X(|Ale, A, |Alm). (5.2)

A major difference with the classical gas is that X (E, A, M) is decreasing with respect
to F when F is large, and it is zero when E > d|A|, for any M. Consequently temperatures
are negative for E large. This is clearly unphysical, a result of the lattice which puts a
bound on the maximum energy of the system. However, this regime is worth considering,
because it amounts to studying the negative of the Hamiltonian, —H (o), which is known
as the Ising antiferromagnet. The ground state configurations for —H (o) are the two
“chessboard configurations”. The Ising antiferromagnet differs from the ferromagnet in
many aspects.

The canonical ensemble involves variables 8 and M. It is not much used, so we do not
introduce it. The grand-canonical ensemble, on the other hand, is very convenient. The
partition function is

Z(B, A h) = > e PHE)TAME) (5.3)
SN
Here, 3 is the inverse temperature, and h is the external magnetic field. The logarithm
of the grand-canonical partition function normally gives the pressure. But people usually
considers the negative of the pressure:
1

QA(57 h) = _M

It is always called “free energy”, although the free energy really should be the logarithm
of the canonical partition function with parameters 3, m.

The existence of the thermodynamic limit, and the equivalence of ensembles, can be
proved in a similar way as for the classical gas in the continuum — the lattice case is
actually simpler. So we state the result without proof. Here, the limit A  Z¢ is in the
sense of Fisher, see the definition in above chapters; it has straightforward generalization
to the case of the lattice.

log Z(B,A, h). (5.4)

PROPOSITION 5.1. Consider A, / Z% in the sense of Fisher. Let e, — e such that
|Anlen € Z, and my, — m such that |A,|my, is of the form —|A,|+2k, k e N. If —d < e < d
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and —1 < m < 1, the function sp, (en,my) converges pointwise to s(e,m) (which takes
finite values). If |e| > d or |m| > 1, s, (un, my) goes to —oo. The function s(e,m) is
concave in (e,m).

The function qp, (B, h) converges to q([3,h), which is finite for any B, h. The function
Bq(B,h) is concave in (B, h).

Finally, entropy and free energy are related as follows:

q(B,h) = inf(e — hm — %s(e,m)); (5.5)
e,m

s(e,m) = iﬁn}gﬁ(efhqu(ﬁ, h)). (5.6)
The model possesses several symmetries. The most important is the “spin-flip” sym-
metry: Let & be the configuration where all spins have been reversed, i.e. 7, = —o,. Then

H(G)=H(o) and M(c) = —M (o). It follows that
sa(e,—m) = sp(e,m),  and  qa(B,—h) = qa(B, h). (5.7)
These properties clearly extend to the infinite volume functions s(e, m) and ¢(3,h). An-
other symmetry is obtained by flipping the spins on a sublattice. Namely, let 6, = —0, if x

belongs to a “white” site, and 7, = o, if x belongs to a “black” site. Then H(c) = —H (o).
There is no simple relation for M (o), but we consider h = 0 when it plays no réle. This
symmetry implies that

Z(—B,A,O) = Z(ﬁ,A,O) and q[\(_ﬂ70) = _q/\(ﬁao)' (58)

In the grand-canonical ensemble, one easily finds that

S M) (i)~ (o)]
_ O B = B A = E, (M(U)). (5.9)
oh 5 S eq, o PH@-RM@)] A

It is therefore natural to understand the derivative of ¢ with respect to h as the magnetiza-
tion per site. Rather than the finite volume expression above, we would like to understand
the properties of

0
m(Bh) =~

Notice that ¢ is not necessarily differentiable; m(/3, h) may be discontinuous.

(5.10)

3. One dimension — Exact computation

We can derive a close-form expression for the grand-canonical potential using the
method of “transfer matrices”. Here, we take for A the set {1,2,..., N} with periodic
boundary conditions. With o,0’ = 41, we define

Ay = exp{ﬁaa' + ﬁh%"/}

It is convenient to view A as a 2 X 2 matrix, namely
B+8h —B
e e
A= .
< e_ﬂ eﬁ_5h>
For any configuration o € {—1,1}", we then have

e~ BlH(o)—hM(o)] _ Ay oo Aopos - A A

*fON-1,0N“TON,01"
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Summing over all o9,...,oN yields (AN)UI,UI. If we now sum over o1, we get the trace of
AN so that
Z(B,A,h) =Tr AN,

One easily finds the eigenvalues of A,

A+ = e cosh(Bh) + \/625 sinh?(3h) 4 e=26.

As N — oo, % log Tr AN converges to the logarithm of the largest eigenvalue A, (Why?).
We thus find an expression for the thermodynamic potential of the one-dimensional Ising
model, namely

q(B,h) = —% log{ e? cosh(Bh) + \/ew sinh?(Bh) + e~28 }
The magnetization can be found by differentiating with respect to h, and we get
sinh(8h
m(@.h) = SR
\/sinhQ(ﬁh) + e=4P

Both ¢ and m are smooth functions of 6 and h. This shows the absence of phase transition
in one dimension. This was found by Ising, who then argued that no phase transition
should ever occur in higher dimensions. As we will see, Ising was completely wrong!

4. Two dimensions — A phase transition!

Contrary to the conclusions drawn by Ising in his PhD thesis, the two-dimensional
model does exhibit a phase transition. Indeed, Peierls showed in 1936 that the magneti-
zation is discontinuous as a function of the magnetic field, provided that the temperature
is small enough. This is a fundamental result, but it failed to be appreciated at the
time. It reached mathematical rigor in the 60’s thanks to Griffiths and Dobrushin. On-
sager suceeded in 1944 in deriving a close-form expression for ¢(/3,0); it is non-analytic at
B = %log(l + \/5) Later, Yang obtained the spontaneous magnetization, and found in
particular that the critical exponent 3 is equal to 1/8.

q(8,0) (B, h)
J h
—  |d

B> pe
g

— [/

(a) (b)

FIGURE 2. (a) ¢(f3,0) is odd with respect to 3. (b) ¢(8, h) is smooth with
respect to h when (3 is small, but it exhibits cusp for § large.

—d

Here we state and prove a theorem based on Peierls ideas. It actually holds for all
dimensions greater or equal to 2. It states that ¢(3,h) is not differentiable at h = 0,
provided 3 is large enough.
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THEOREM 5.2. Let d = 2. There exists By < oo such that if 8 > Bo, the
magnetization m((3, h) has a jump at h = 0:

D_y q(ﬁv 0) >0> D+hQ(,8,0)

The proof of this theorem involves three results, stated below as lemmas.

e (3, h) is equal to the thermodynamic limit of a finite volume expression involving
“+ boundary conditions”, that we denote ¢p (3, h).

e Derivatives of ¢(3, h) can be estimated using derivatives of ¢p (8, h).

e The derivative of ¢p (8, h) involves the expectation of a spin at a given location.
We use Peierls argument to find a suitable lower bound.

Let us introduce the Hamiltonian H with 4+ boundary conditions. In addition to sum-
ming over all nearest neighbors inside A, we add interactions between spins inside A with
their nearest neighbors outside A, where the spins are taken to be +1. Mathematically,

the definition of H; is
Y oo Y o

{z,y}CA zEN,yeA®
lz—y|=1 le—y|=1

The spin flip symmetry has been broken, and the only ground state configuration is o, = 1.
We can define Z, (3, A, h) to be as Z(8, A, h) in (5.3), but with H, instead of H. Next
we define the finite volume thermodynamic potential g+ by

qr+ (B, h) = log Z4 (B, A, h).

ﬂ\l\!
LEMMA 5.3. As A /' Z% (Fisher), qx +(B,h) converges to q(j3,h).

ProoF. We prove it for general dimension d. Let JA denote the sites in A that are
located at distance 1 from A°. Hamiltonians H and Hy differ just by a boundary term,
so that for any configuration o,

H(o) —2d|0A| < Hy(o) < H(o) + 2d|0A].
Using this inequality in the partition functions Z and Z,, we obtain
Z(8,A,h) 2PN > 7. (3 A, h) > Z(3,A, h) e 24BI9A]
Then

[OA] |OA]
ﬁ!AI Al ﬁ!AI Al

Both the left and the right sides converge to ¢(3, h). So does the middle side, too. O

log Z(8, D, h) — 2d"—

<qa+ (B, h) < log Z(3, A, h) + 2d——

The next lemma about sequences of concave functions allows to compare g and ga (5, h).

LEMMA 5.4. Suppose that f,, are concave, C' functions R — RU{—o0}, that converge
pointwise to f: R — RU{—occ}. Then f is concave, and

lim inf £/ (z) > LEth =)

n—oo

for any h >0
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Proor. Concavity of f is trivial. Since f, is concave, we have
fi(2) = sup Lot iate),
h>0
Recall the general property
lim inf (sup aij) > sup (lim'inf aij).
7 ] ,] 7
As a consequence,

liminf f (z) > sup f(ac+h});f(w) > f(x+hf); f(z)
n—oo h>0

for any h > 0. O

We use the lemma with f = ¢ and f,, = qa 4. The derivative of ga 4 with respect to

h is equal to
1

0
< =S Ea (o),
ahQA,+(5, h)’hzo A 2 A+ (02)

where the expectation value of the “random variable” o, is given by

S 0s e—BH (o)
Exi(02) = S e PHL(9)

Notice that F) (o) depends on 3 and A, although the notation does not show it. We use
now the “Peierls argument” to obtain a lower bound on E) (o) that is uniform in A and
T.

LEMMA 5.5 (Peierls argument). Let d = 2. For any A and any © € A, we have the
lower bound

1 _
EA7+(O':£) > 1—§ Z n3"e Zﬁn.
n=4,6,8,...

The result makes sense if § is large enough, so that the bound is strictly positive.

PRrROOF. Following Peierls, we introduce contours separating regions of + and — spins,
as shown in Fig. 3. A configuration o uniquely determines a set of non-intersecting contours
(o) = {m,...,7}, that consist of bonds in the dual lattice. Conversely, a set of contours
determines a configuration. The Hamiltonian H (o) can be expressed in terms of contours
as

H, (o) Z [(1 — 0,0y) — 1]
{zy}
le=yl=1 (5.11)

n
=2 |yl = Ca.
=1

Here, || denotes the length of the contour ; Cp &~ 2|A] is the number of the bonds of D,
including the bonds between A and A°. It does not depend on o.

Consider 1 — 0,. It takes value 0 if the number of contours enclosing x is even, and
value 2 if this number is odd. Its expectation value is then bounded by

—BH4 (o —BH4 (o
ZO’ZH’}/OCE € BH+(2) < QZ ZU:F(O’)E’Y € +()

Ba(l —0a) <2 S e FH(0) S, e FHL(0)
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F1cURE 3. A configuration with 4+ boundary conditions, and its four contours.

The last inequality is strict because of configurations with n contours enclosing z, that
are counted n times in the right side.

Given a contour v and a configuration o with I'(0) 3 ~, we define the configuration
& where all spins inside v have been flipped. This operation erases the contour =, i.e.
I(5) = I(0) \ {7}, and

He(0) = 2| + Hy ().
Let €y be the set of configurations of the type &; precisely,
AN={0c€Q) 10, =0, V{z,y} €7}

Here, the notation {z,y} € v means that the nearest neighbors z,y lie on opposite sides
of . Because ¥, C Q,, we obtain

| |ZU€Q/ e_BH‘F(U) | |
_ —26ly A —2Bly
Exy(1—0,)<2) e > AT < 2) e :
’YOZ‘ O'EQA ’YOI

The sum over contours enclosing a given site can be estimated as follows. We sum
over its length n = 4,6,8,.... The contour necessarily contains one of the 5 — 1 vertical
bonds situated to the right of . The number of contours containing a given bond is less
than 3”2, We then obtain the expression stated in the lemma. O

The proof of Theorem 5.2 then follows: By Lemmas 5.4 and 5.5, we have

h) — 1 1

) =4(0) i — Y Eailow) < —142 S n3te ¥,
h n—oo  |Ay| ’ 9

€A, n=4,6,8,...

For 8 large, the right side is strictly negative.

Exercise 5.1. The Blume-Capel model describes “spin 17 particles. The state space for
the one-dimensional model is Q5 = {—1,0,1}", and its Hamiltonian is

N
H(O’) = — Zo-io-i+1.
=1

(We use periodic boundary conditions, where oy is identified with o1.) Compute the
grand-canonical free energy using the transfer matrix method.



CHAPTER 6

Equilibrium states

In this chapter we introduce and discuss the notion of Gibbs states, or equilibrium
states, in the context of classical lattice systems. We actually restrict ourselves to the
Ising setting where spins can take just two values, £1, but the extension to arbitrary
compact measurable spin spaces is not too difficult.

1. States

Let Q = {1, 1}Zd. We consider the discrete topology on {—1,1} and the product
topology on 2. Then € is compact (Tykhonov’s theorem).

DEFINITION 6.1. For finite A C Z% and op € Qn, let A(op) be the cylinder set
Alop) ={o' € Q: 0, =0, Vo € A}.

Cylinder sets are open, and they generate the product topology. In addition, one
can check that the o-algebra generated by the cylinder sets is also the Borel o-algebra
generated by the product topology. We let ¥, denote the o-algebra generated by the
cylinder sets A(ops) with A’ C A, and ¥ the o-algebra generated by all cylinder sets.

Let C(Q2) = C(£,R) denote the space of continuous functions on 2. Also, let Cx(12)
the set of functions that depend on spings of A only (they are necessarily continuous if A
is finite), and define the space of local functions by

Cioc() = U CA(Q). (6.1)

Acz?
finite

Functions in Cy,c depend on finitely many spins.

DEFINITION 6.2. A state is a positive, normalised, bounded, linear functional on
().
That is, p: C(2) — R is a state if it satisfies
o (linear) p(af + Bg) = ap(f) + Bp(g) for any a, 8 € R and any f,g € C(Q);
e (positive) p(f) = 0 whenever f(o) > 0 for all o € Q;
e (normalised) p(1) = 1, where 1 denotes the constant function 1(o) = 1;
e (bounded) [p(f)] < C||f]|co for some C < oo that is independent of f.
Recall that C(2) is a Banach space with respect to the sup norm, and that linear
functionals are continuous iff they are bounded. Thus states are also continuous. Rather

than linear functionals, we will work with measures. A measure clearly defines a state,
but the converse is also true:

THEOREM 6.1 (Riesz-Markov representation theorem). Let X be a compact topological
space, 3 the Borel o-algebra, and p a state. There exists a probability measure p on (X, )

such that
~ [ f@)uta)
39
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forall f € C(Q). If X is a locally compact Hausdorff space, the measure is unique.

The space of continuous functions on €2 is big, and it helps to know smaller, dense
sets. It turns out that the functions of finitely many spins are dense; it is a consequence
of the following extension of a well-known theorem, that usually states that polynomials
are dense in the space of continuous functions.

THEOREM 6.2 (Stone-Weierstrass). Let X be a compact Hausdorff space. Let B a
subalgebra of C(X,R) that contains the identity function, and that separates points (i.e.
Va,y € X, x #y, there exists f € B such that f(x) # f(y)). Then B is dense in C(X,R)
with respect to the sup norm.

See Folland’s Real Analysis, Corollary 4.50, for a proof. Here, the subalgebra B is a
set of continuous functions such that af + 8¢ and fg belong to B whenever «, 5 € R and
f,g€B.

Since states can be identified with measures and conversely, we can simplify the no-
tation and always use the symbol for the measure. Thus u in the sequel will be either a
measure on (£2,Y), that is determined by its value on cylinder sets. Or it will be a linear
functionals on C(Q2), that is determined by its value on local functions.

2. Gibbs states and DLR conditions

In the previous chapter we encountered the finite volume expectation with + boundary

Condilions
Z 5 gfﬂH_;_ oA
oAESIN T (on)

ZO’AGQA e—BHi(on)

This suggests that measures that corresponds to equilibirum states should be of the form
e PH  However, this makes sense for finite domain only; but interesting and clean math-
ematical statements need infinite volumes.

We therefore consider a measure p on (2, ), and wonder whether it is somewhat given
by e " . The correct answer is to see whether u satisfies the “DLR equations”, named
after Dobrushin, Lanford, and Ruelle. In words, we restrict p to a finite domain using
conditional expectation, and check that within this domain it is of the form e #H .

If u(A) > 0, we can define the conditional measure u(-|A) by

n(AN B)
1(A)

EA,+(036) =

u(B|A) = (6.2)

for any B € X..

DEFINITION 6.3. A measure p on (2, %) satisfies the DLR equations for (3,h) if, for
any finite A C Z% and any w € Q, we have
b M(Awa,\) > 0;
o for any B € X\,
1 h
B Aw — *ﬁHA,w(U)
lu( | BA) Zw(ﬁ,A, h) Z €

oAEQA
Here and from now on, the Ising Hamiltonian H k » 1s defined by

Hk,w(a) =— Z O20y — hZUx — Z T2Wy. (6.3)

{z,y}EA TEA rENyeA®
j—y|=1 ja—y|=1
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Recall that OA is the set of points in A€ that are at distance 1 from points in A. The
configuration w is the boundary condition.

We call a measure that satisfies the DLR equations a Gibbs state, and we let G(3, h)
denote the set of Gibbs states for given inverse temperature 3 and magnetic field h. Several
interesting properties are reviewed in the exerxcises. Namely, the set of Gibbs states for
given (8, h) is never empty and it is convex.

3. The question of phase transitions

A major question in statistical mechanics is the existence of phase transitions. This is a
sudden change in the properties of the system under a small change in external conditions.
The most common examples are the transitions solid-liquid and liquid-gas in substances
such as water. For a temperature slightly below 0°C, water molecules form a solid (ice);
slightly above 0°C, they form a liquid (water). Such a transition in a continuum gas of
particles has never been mathematically established. But results have been obtained for
lattice systems such as the Ising model.

A phase transition manifests itself in several ways. One way is the non-analyticity
of a thermodynamic potential. (We have discussed the free energy of the ideal Bose
gas, and the Bose-Einstein condensation.) Another manifestation concerns the number of
equilibrium states. When there are more than one, there is “phase coexistence”. Think
of water at 0°C, ice and water can coexist.

4. A review of rigorous results for the Ising model

Interesting results have been obtained for the Ising model. We have already proved
that the free energy q(/3, h) has discontinuous first derivatives with respect to h at h = 0,
when [ is large enough. This follows from the Peierls’ argument. This method can also
be used to show the existence of more than one Gibbs states; this is actually done in the
exercises.

One dimension. ¢(3,h) is analytic in § > 0 and h € R, and there exists a unique
Gibbs state.

Two dimensions. There exists a critical (inverse) temperature, 8. = 3 log(1 + v/2).
The free energy is analytic for (3, h) in the domain

D =R, x R\[ﬁc,oo) x {0}.

In addition, ¢(3,0) is C! in 3, and ¢(83, h) has discontinuous derivatives with respect to
h at h = 0 when 8 > .. The set of Gibbs states G(3, h) contains a unique element if
(B,h) € D. For 3 > (. and h = 0, there exist two different Gibbs measures p4 and p_
such that

g(ﬁa O) = {a:qu + (1 - a)lu* RS [07 1]}
(This set is convex indeed!)

Three dimensions. There exists one (or more?) phase transition, but the critical
temperature is not known explicitly. One can be ascertained is that there exists 0 < 51 <
B2 < oo such that

e (3, h) is analytic for (5, h) in domain Ry x R \ [, 00) x {0}.
e ¢(f3, h) has discontinuous first derivatives with respect to h at h = 0 when 3 > fs.
e |G(B,h)|=1if B < 1, orif h is large enough.
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e There are infinitely many Gibbs measures for 8 > (32 and h = 0. More precisely,
G(,0) is a simplex with infinitely many extremal points.
The last property is definitely different from the corresponding one in two dimensions,
where the set of Gibbs states is a simplex with just two extremal points.

Exercise 6.1. Show that the collection of cylinder sets forms a semiring.

Exercise 6.2. Show that the set Cj,.(€2) of functions of finitely many spins satisfies the
assumptions of Theorem 6.2, and is therefore dense in C'(2).

Exercise 6.3. Show that G((3, h) is a convex set.

Exercise 6.4. Let (A,,) be an increasing sequence of sets converging to Z?, i.e. for
any finite A, there exists M such that A,, D A for all m > M. Let (w,,) a sequence a
configurations. Suppose that, for any cylinder set A(cy), the following limit exists:
. 1 N —BH! (o) _

dm iy 2 M) e e = u(A(on).
U;\MEQAm
(a) Show that y is a measure (use Carathéodory-Fréchet theorem).
(b) Show that p satisfies the DLR equations.

Exercise 6.5. Show that G(3,h) # () for any 3, h. This can be done as follows.

(a) Consider a sequence of increasing domains A,, and configurations w,,. By a
compactness argument (Cantor’s diagonal argument), one can construct a subse-
quence (myg) such that

. 1 —ﬁHhm wom, (@)
O Zor Bo ) Do Lugy(o)e e

o Q
Amk € Amk

exists for any cylinder set.
(b) Use the previous exercise to conclude that this defines a measure, and that it
satisfies the DLR equations. This measure is an element of G(3, h).

Exercise 6.6. Let 3 = 0, and describe in details the set of Gibbs states G(0, h).

Exercise 6.7.
Show that G(3,0) contains more than one element if 3 is large enough. For this, use
certain results obtained by the Peierls’ argument.



APPENDIX A

Elements of linear analysis

1. Hilbert spaces

A Hilbert space H is a linear space with an inner product (-, -), which is complete with
respect to the induced norm. Hereafter we consider only complex Hilbert spaces, where
the field of scalars is C.

A central notion in analysis is that of convergence of limits. Here, two notions are
natural and useful:

e () converges to x strongly if

lim ||z, — x| = 0.
n—oo

e (x,) converges to x weakly if

lim (y,zn) = (y,z)

n—oo
for any y € 'H.

Strong convergence implies weak convergence, but the converse is not true in infinite
dimensional spaces.
Two vectors z,y are orthogonal if (z,y) = 0. The orthogonal complement M~ of
M CHis
ML:{xE’H:(y,x):OforallyGM}. (A1)
One can show that M~ is always a closed subspace.
THEOREM A.l. (Projection Theorem)

Let M be a closed subspace of H. For any x € H, there exists unique vectors y € M
and z € M+ such that

r=y+z.
In other words, we have H = M & M. In addition, we have Pythagoras theorem,
l* = [yl + 1|2/

The space H* of bounded linear functionals on H is a linear space. Each y € H
generates a linear functional, by setting f(z) = (y,x). Riesz theorem states that any
bounded linear functional is of this form.

THEOREM A.2. (Riesz Representation Theorem)

To any f € H* corresponds a unique y € H such that f(z) = (y,z) for all x. In
addition, ||| = |l

A sequence of vectors (ey,) is an orthonormal basis for H if (e, €n) = Om.n, and if any
x € 'H can be written
x = Z (en,x)ep.

n>1

43



44 A. ELEMENTS OF LINEAR ANALYSIS

The meaning of the infinite series is that || ZnNzl(en,:ﬂ)en —z| — 0as N — oo. Then

I2]1” =3 > 1 1 (ens @) .
The cardinality of the basis gives the dimension of H. It is countable iff H is separable.
2. Operators

An operator A is a linear map D(A) — H, where the domain D(A) is a dense subspace
of H. The norm of an operator is

Ax
|A] = sup u: sup ||Az|. (A.2)
zen(a) 1zl zepiay
x#£0 lzll=1

A is bounded if ||A]] < oco. One can show that A is bounded iff it is continuous. A
bounded operator has a unique extension to an operator A defined on the whole of H, i.e.
D(A) = H. Thus we can always suppose that D(A) = H if A is bounded. A is unbounded
if ||A|| = co. In this case A cannot be extended to the whole of H.

An operator is symmetric if

(Az,y) = (z, Ay) (A-3)
for all z,y € D(A). If A is bounded, its adjoint A* is the operator that satisfies
(A%, y) = (y, Az) (A.4)

for all z,y € H. The adjoint exists and is unique, thanks to Riesz representation theorem.
In addition, [|A*|| = ||A]|.

In order to define the adjoint of unbounded operators, we need to discuss the domain.
We want A* such that (A*z,y) = (z,Ay) for any y € D(A), and for as many z’s as
possible. Thus we define

D(A*) = {z: 32 € H such as (z,y) = (z, Ay) for all y € D(A)}. (A.5)

When 2 exists it is unique, and we define Az* = 2.

If A is symmetric, then D(A*) D D(A). We say that A is self-adjoint if A is symmetric,
and if D(A*) = D(A). Notice that bounded operators are symmetric iff they are self-
adjoint.

Two kinds of bounded operators play an important role, the projectors and unitary
operators. P is a projector if P2 = P. Notice that ||P|| = 1, provided that P # 0. The
projected subspace M = {Px : © € H} is closed (indeed, if (x,) is a sequence in M that
converges to x, then ||Pz, — Pz| < |z, — z| — 0; but Px,, = x,, so Pz = z). It is an
orthogonal projector if it is also symmetric. U is unitary if ||U(z)|| = ||z|| for any = € H.
It follows that ||U|| = 1 and U*U = UU* = 1, so that U is invertible and U~ = U*.

3. Spectrum

The resolvent set p(A) of A is the set of complex numbers « such that A — al is
bijective (one-to-one and onto). The spectrum o(A) is 0(A) = C\ p(A). a is an eigenvalue
for A, and x is an eigenvector, if

Az = ax. (A.6)

Then a € 0(A). But the spectrum of operators in infinite dimensional Hilbert spaces can
contain more than eigenvalues. The spectrum decomposes into:

0(A) = op(A) Uoc(A)Uo(A). (A.7)
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The respective definitions of these sets is as follows. Notice that they are disjoint, and
that their union yields o(A) indeed.

e The point spectrum o,(A) is the set of all @ € C such that A—al is not one-to-one.

e The continuous spectrum o.(A) is the set of all & € C such that A — ol is
one-to-one but not onto, and ran(A — o) is dense.

e The residual spectrum o,(A) is the set of all @ € C such that A— a1 is one-to-one
but not onto, and ran(A — 1) is not dense.

Notice that op,(A) is the set of all eigenvalues of A.

PROPOSITION A.3. The spectrum of a self-adjoint operator A is real and closed, and
or(A) = 0.

The definition for the continuous spectrum is rather abstract. Heuristically, it is the
set of “almost eigenvalues” for which there “almost” exists an eigenvector, such as a Dirac
or a Fourier function with unbounded support. It is useful to make this intuition more
precise. A sequence (zy,) is a Weyl sequence for A and « if

o 1, € D(A) and ||z,|| =1 for all n;
e 1, converges weakly to 0;
e (A — al)z, converges strongly to 0 as n — oc.

PROPOSITION A.4. Let A a self-adjoint operator. Then o € o.(A) iff there exists a
Weyl sequence for A and c.

We conclude this chapter with a version of the minimax principle.

PrOPOSITION A.5. (Minimax Principle)
Let A be a self-adjoint operator on H. If M C D(A) is a finite-dimensional subspace,
define

AMM)= sup (z,Ax).
zeM, ||z||=1
Then form =1,2,..., define
= inf A(M).

m =
MCD(A),dimM=m
Then

(a) A\ # —o0 iff A is bounded below.
(b) If Ay # —o0 and A\, — o0, then the spectrum of A is pure point, and the \p,’s
are the eigenvalues repeated with multiplicities.

Notice that since A, — oo, all eigenvalues have finite mutliplicity.
PROOF. (a) is obvious. For (b), we know from Proposition A.3 that o(A) =
op(A)Uoc(A). If a € 0.(A), by Proposition A.4 there exists a Weyl sequence (yn).
One can show that span{y,} has infinite dimension (otherwise, the y,’s cannot be
normalised and converge weakly to 0). We also have

(ynqun) < « + C

with C' independent of n. Then A(M) < a + C for any M in span{y,}, so that
Am < a+ C for all m. This proves that o(A) = o, (A).

Let au, be the eigenvalues in increasing order with multiplicities, and z,, the corre-
sponding eigenvectors. It is clear that \,, < a,, for all m.

In order to get the converse inequality, let us first remark that the closure of the
span M of the set of eigenvectors is the whole of H. Indeed, if y belongs to M, then
(zm, AY) = @m(Tm,y) = 0,50 Ay € M. One can then consider the restriction A of A
on ML, and define :\m as above. Necessarily, S\m > Am, SO :\m — 0o and we conclude
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that the spectrum of A is pure point. A has eigenvectors, which are eigenvectors of
Ain M=, There is a contradiction with the definition of M, so M+ = {0}.

Choose n and € > 0. By the remark above, there exist vectors yi,...,y, that are
orthonormal, are finite linear combinations of the x,,’s, and are such that

)\n 2 (yn7Ayn) —E.

One can check that the smallest value for the right side is given by y; = z;; this
implies that A\, > a, for any € > 0. O



APPENDIX B

Elements of Lebesgue spaces

1. The Lebesgue space

We consider the Lebesgue space L?(Q2) of functions 2 — C, where € is an open subset
of R™. € is not necessarily bounded. The inner product in L?(f2) is given by the integral

(f.9) = /Q F@g(a)ds (B.1)

with dz the usual Lebesgue measure. The proper definition of the Lebesgue space can be
done in two different ways.

e Let Cp(f2) be the space of continuous functions with compact support. The
inner product (B.1) is defined using the Riemann integral. Then L?((Q2) is the
completion of Cj in the induced norm.

e From measure theory, €2 can be equipped with the Borel o-algebra and the
Lebesgue measure. The space of functions such that [ |f|* < oo is almost our
Lebesgue space. Almost, because || f|| = 0 implies that f = 0... only up to a set
of measure zero. One then defines two functions to be equivalent if they coincide
up to a set of measure zero, and the space L?(Q) is the set of equivalence classes.

The two definitions are equivalent in the sense that the two spaces are related by a Hilbert
isomorphy. As usual in analysis, we refer to elements of L?(Q) as functions. The following
proposition shows that Lebesgue spaces are well behaved.

PROPOSITION B.1. L2(Q) is separable, and the set of infinitely differentiable functions
with compact support is dense.

If A is a subset of €, a function f € L?(A) can be considered to be in L?(f2), by
assigning the value f(x) = 0 for z € Q \ A. Let X, denote the characteristic function on

A, ie.
1 ifzeA

Xa(x) = ’ B.2
A(@) {0 if x ¢ A. (B2)

We can define a projector Py : L?(Q) — L%(Q) by
(Paf)(x) = f(z)Xa(2). (B.3)

Let 2 = R™. The Fourier transform of an integrable function is defined by
Fk)= [ flz)e ¥k qy. (B.4)
R

We have HfH = || f|| (Plancherel theorem), so this operation is unitary. Unitary operators

are bounded hence continuous, so the Fourier transform extends uniquely to the whole of
L?(R™). The inverse operation is

fla)= [ fk)e***dy. (B.5)
Rn
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A function f € L?(2) has a weak derivative if there exists a function f’ € L?(f2) such
that

[F@r @ = - [Faswa, (B.6)

for any smooth function ¢ € C§°. If f’ exists, it is unique. It generalises the usual
notion of derivative (think of integration by parts!). The space of L? functions that have
a weak derivative in L? is the Sobolev space H'. One can introduce the Sobolev norm

| fll g = \/HfH%Q + || f"||22. Then H' is complete with respect to the H' norm.

2. The Laplacian

If f € Cy(Q) is twice differentiable, we can define the action of the Laplacian by taking
the second derivative:

Z 8JCQf (B.7)

One easily checks that A is unbounded. It is symmetric but not self-adjoint, because
the domain of the adjoint is strictly bigger. One obtains the Laplacian with Dirichlet
boundary conditions by choosing D(A) to be the Sobolev space HZ() of L? functions
that have weak first and second derivatives in L?, and such that f(x) = 0 for = in the
boundary of Q. (To be precise, Hg is defined as the completion of C§° in the H 2 norm,
[PAIVTERS \/\If\liz + /172 + 1f71172)- Then A with D(A) = H?(Q) is self-adjoint.

The interesting operator for quantum mechanics is —A; one can check that it is
bounded below, —A > 0. Some properties are established in the exercise.

We conclude the chapter by am interesting result about the sum of eigenvalues of the
Laplacian with Dirichlet boundary conditions, in arbitrary domains. It is due to Berezin
(1972) and Li and Yau (1983). The clear proof below can be found in Analysis of Lieb
and Loss.

THEOREM B.2.
Let A C R™ be an open set with finite volume (Lebesgue measure) |A|. Let o1, ..., 0N
be orthonormal functions in H}(A). Then

n N2 o x —2/n
/\vmdx e () A

with |S*~Y| the measure of the (n — 1) dimensional unit sphere (|S'| = 27, |S?| = 4m).

Notice that if ¢ € HZ(A, we have (p, —Ap) = [|Vp|*>. Thus the theorem indeed gives
a lower bound for the sum of eigenvalues of —A. The eigenvalues must go to infinity, since
the rigth side goes to infinity faster than N.

PROOF. Hg(A) is the closure of C§°(A) in the H' norm, so it is enough to prove
the theorem for C§° functions. A function ¢ € C§°(A) can be extended to a function
in C§°(R™) by setting ¢(z) = 0 for « ¢ A. Using the Fourier transform, we have

N
> [19eilde = [ ko
j=174 R

with p(k) = Zj\rzl |@(k)|?>. By Plancherel, [ p(k)dk = N. Let e) denote the Fourier
function ey (z) = €*™* X5 (z). Then

Bi(k) = / 2% o) = (ex, 1),
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and p(k) =3, l(ex, 9;)|* < |lex]|* = |A|. The inequality is Bessel’s. We get a lower
bound by taking the infimum over all functions p that satisfy the properties we just
established, namely

N
V;|2dz > inf 2rik|?p(k)dk.
Z/A‘ wil de > ogp(k><|A|/‘ (k)
Jj=1 [ p=N
The mininum is realised by a function that takes maximum value when p is minimum,
and is otherwise zero. Precisely, the minimiser is

p(k) = [AXj0,r (IK]),

with 7 chosen so that [ p(k) = N. A calculation reveals that r™ = nN/|A|[S" |, and
the theorem follows. d

Exercise B.1. Check that the operators Py and P,, P_ are orthogonal projectors.

Exercise B.2. Let f ¢ L2, (AM) and g € L2, (A"Y), and define the function f ® g in

sym sym
L2(AM+N) by
(f X g)(l‘l, ey l'M—&-N) = f(.i?l, . ,:L‘M)g(xM_H, ey xM+N)-
Check that, if f,h € Lgym(AM) and g,k € Lgym(AN), we have

M!N!
(P+f X g, P+h b2y k)L2(AM+N) = m(fa h)LQ(AM)(ga k)LQ(AN)‘

Exercise B.3. Let A C R™ a cube of size L, and let the “dual lattice” be A* = %Zd.

2mik-x

(a) Show that the Fourier functions e; = e , with k£ € A*, form an orthonormal

set.
It can be shown that they actually form an orthonormal basis.
(b) Show that the e;’s are eigenvectors of —A with eigenvalue g5, = 472 |k|?.
(c¢) Conclude that

o(=A) =0c.(—A) ={ep : k € A*}.

Exercise B.4. Let a; < as < ..., resp. 01 < (B2 < ..., the eigenvalues of —A with
Dirichlet boundary conditions in L?(A), resp. L%(€2). Show that, if A C Q, we have

oy 2 B,

for any m. Combining this result with the previous exercise, conclude that «,, — oo for
any bounded A.

Exercise B.5. Show that the Laplacian on L?(R") with Dirichlet boundary conditions
has continuous spectrum only, more precisely:
0(A) = 0c(A) = (—00,0].

To prove this, notice that Fourier functions e?™¥? are eigenvectors, but they are not L2

functions. This suggests to construct Weyl sequences that “converge” to these functions.






APPENDIX C

Elements of measure theory

DEFINITION C.1. A collection ¥ of subsets of a set X is a o-algebra if
e X, Xey;
o [fA€X, then A° € 3;
° IfAl,AQ,"' (S E, then Un}lAn €.

Thus a o-algebra is a collection of subsets that is closed under taking complements and
under coutable unions and intersections. The elements of 3 are the measurable sets. If
(X,T) is a topological space, the Borel o-algebra is the o-algebra generated by 7 (i.e.
the smallest o-algebra that contains the open sets).

DEFINITION C.2. A measure on (X,Y) is a function u: ¥ — [0, 00| that satisfies

o pu(0)=0;
e for any disjoint Ay, Ag,--- € 3, we have

p( U A) = D u(dn).

n>1

The latter property is the “sigma-additivity”, or “countable additivity”. A triplet
(X,%, ) is a measure space. A measure is finite if u(X) < co. It is o-finite if X is
the countable union of sets with finite measure. If, in addition, u(X) = 1, then p is a
probability measure. This extra assumption may seem harmless but it actually opens
a new domain of mathematics!

“Probability theory is a measure theory... with a soul.”
(Kolmogorov or Kac?)

It is often difficult to prove that a given set function is a measure. One gets considerable
help from the Carathéodory-Fréchet extension theorem. It is then enough to show that the
set function is defined and o-additive on a much smaller set than a o-algebra: an algebra,
or a semiring. An algebra is like a o-algebra, except that it is closed under finite unions
and intersections. A semiring is an even smaller set. The definition may seem technical,
but it has useful applications.

DEFINITION C.3. A collection X' of subsets of X is a semiring if
e feX;
o if Ay, ..., A, X, then N A € X
o if A, A’ €Y, then there exist disjoint Ay,..., A, € ¥ such that

AVEN

We say that the set function p : 3’ — [0, 00] is countably additive if, for any disjoint
A1, Ay, -+ € ¥ such that U;4; € ¥/, we have pu(U;4;) = >, p(A;). Tt is o-finite if X is
the countable union of sets A; € ¥ with p(A;) < oco.
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THEOREM C.1 (Carathéodory-Fréchet extension theorem). A countably additive set
function on Y, with ¥ either an algebra or a semiring, can be extended as a measure on
the o-algebra generated by Y.

If the set function is o-finite, the extension is unique.

A function f : X — R is measurable if f~1(B) € X for any Borel set B C R. Then
[ f(z)du(z) is well-defined as a Lebesgue integral. If X is a topological space and X is
the Borel o-algebra, then continuous functions are measurable, as well as sums, prod-
ucts, compositions, and limits of measurable functions. In probability theory, measurable
functions are called random variables.



