CHAPTER 3

Equilibrium States

3.1. States for finite systems

We start by describing states for finite systems, i.e. systems with finitely
many sites. Later we will consider states for infinite systems with no reference
to a Hilbert space. But for now we have a Hilbert space H (whose dimension is
possibly infinite) with an inner product (-,-) and norm |jv| = (v,v)"/2. We let
B(H) be its space of bounded operators, i.e. the space of linear maps A : H — H
which have finite operator norm

| A]l = sup [|Av]|/[[v]]. (3.1)
veEH

An operator A € B(H) is called positive-semi-definite if it can be written A =
B*B for some B € B(#). One can show (using the spectral theorem) that this
is equivalent to (v, Av) > 0 for all v € H.

A state on H is a positive, normalised linear functional on B(H); that is, it
is a map () : B(H) — C that is

(i) linear: (sA+tB) = s(A) +t(B) for all s,t € C and A, B € B(H);
(ii) positive: (A*A) > 0 for all A € B(H);

(ili) normalised: (1) = 1.

One can check that the operator norm [[(-)|| = supepsy) [(A)]/[[All of any
state (-) is 1. It turns out that states on Hilbert spaces can be represented by
density operators, a very useful property. A density operator p is a trace-
class (meaning that Tr|p| < oo) positive-definite hermitian operator such that
Tr p = 1. Given a density operator, there corresponds the state

(A) =TrpA. (3.2)

The converse is also true, that is, each state is represented by a density operator.

ProposITION 3.1 (Riesz representation of states). Let (-) be a state
on a Hilbert space H. Then there exists a unique density operator p such

that (A) = Tr pA for all A € B(H).

In the case when H is finite-dimensional, the density matrix p can be defined
using the matrix elements p; ; = (|7) (i) (with respect to some orthonormal basis)
where we use the Dirac notation (1.3).
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34 3. EQUILIBRIUM STATES

In the infinite-dimensional case, we consider the subspace By(H) C B(H) that
consists of bounded operators with finite Hilbert—Schmidt norm

| Allas = VTr A*A. (33)

This norm derives from the inner product
<A, B>HS =TrA*B, A B € BQ(H) (3.4)

One can check that By(H) is complete with respect to the Hilbert—Schmidt norm,
and is therefore a Hilbert space. It is dense in B(#). Since [|A|| < ||Allns we
have By(H) C B(H) and a bounded linear functional on B(#) is also a bounded
linear functional on By(H). We prove Proposition 3.1 using Ba(H).

PROOF OF PROPOSITION 3.1. The standard Riesz representation theorem
implies that By(H) is self-dual, that is, every linear functional (-) : Bo(H) — C
is represented by a unique operator p such that

(A) = (p, A)us = Trp*A. (3.5)

for all A € By(H). We check that if (-) is a state, then p is a density operator.
We have for all ¢ € H with ||| =1 that

(p,p*0) = Tr Pyp* = (P,) = (P2) > 0. (3.6)
(Here, P, denotes the projector onto ¢.) Then p* is positive-definite; it is there-
fore hermitian (Exercise 3.1) so p > 0 as well. Next, let (¢;)3°, denote an or-
thonormal basis of H and P, the orthogonal projector onto the span of ().
Since P, € By(H), we have
Trp= lim TrpP, = lim (P,) < 1. (3.7)
n—oo

n—oo

The latter inequality follows from (1 — P,) > 0 since 1 — P,, > 0. Then p is a
trace-class operator with ||p||; < 1.

If (A,) is a sequence of operators in By(H) that converges to A € B(H), we
have from Holder’s inequality (Proposition A.1) that

Tep Au = TepA| < lo(An = Al < ol 4w — Alle < 40— Al 63
Then (A) = TrpA for all A € B(H). Finally, the relation (1) = 1 implies that p
is a density operator. ([l

Note that the “Gibbs state” (A)apn = ZAlﬁhTrAe’BHA»h of (1.39) is in-

deed a state in the sense of the definition above (the Hilbert space H, is finite-
dimensional). The only condition which may not be obvious is the positivity, see
Exercise 3.5.

The set of states is convez: If ()1, (-)2 are two states, the convex combination
t(-)1 + (1 = ¢)(-)2 is also a state for all ¢ € [0,1]. A state is mixed if it can be
written as a convex combination of distinct states. A state is pure if it is not
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mixed; in other words, pure states are the extremal points of the convex set of
states.

Given ¢ € H with ||¢|| = 1, the corresponding projector P, = |¢)(1] is a
special case of a density operator, hence it gives a state. It is perhaps expected
that this state is pure, and that all pure states are represented by projectors.

PROPOSITION 3.2. A state is pure if and only if its density operator is
equal to P, for some ¢ € H.

(That ||¢]| = 1 follows from the properties of states.)

PRroOF. The density operator p of the state is hermitian and it can be written
as

p=> AP, (3.9)
=1

where the ;s form an orthonormal basis of eigenvectors. This can be viewed as
a convex combination of density operators. This shows that if p is not equal to a
projector, then the corresponding state is mixed.

It remains to show that if p = P, is a projector, then the state is pure. Assume
that (-) = t(-)1+(1—1t)(-)2 with ¢ € (0,1). By Proposition 3.1, there exist density
matrices pq, pa such that (-); = Trp;- for i = 1,2. Then

P, =tp1 + (1 —t)pa. (3.10)
We have
1=Trp=TrP,=TrP2=TrP,(tp1 + (1 —t)ps)
=, pp) + (1 =t){p, pap) <t +(1—1t) =1

In the last inequality we used that for any density matrix p and any vector ¢, we
have that (p, pp) < ||¢|* as can easily be checked. Equality holds here only if
p is the projector onto the subspace spanned by ¢. Since equality must hold for
both p; and p, in (3.11), we conclude that p; = p, = P, = p as claimed. O

(3.11)

3.2. Gibbs states in Hilbert spaces

We now discuss equilibrium (or Gibbs) states in the context of a Hilbert
space H. The main example is H = Hp. Let H = H* € B(H) be a Hermitian
operator, which we call a Hamiltonian. Since it is Hermitian, H has only real
eigenvalues. For § > 0, we define the Gibbs state with Hamiltonian H (at
inverse temperature ) as the state (-) g s with density matrix

1
p= Z—ﬁe’ﬁH, Zg="Tr e PH (3.12)
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Explicitly,
(A pp = LT].rAe’BH. (3.13)
Zp
The normalizing factor Zg is called the partition function. The Gibbs state
arises through the following four characterizations. Each of the four character-
izations carries over to infinite systems, with suitable adjustements, as will be

discussed in later sections.

PROPOSITION 3.3. The Gibbs state (-)g s is the unique state (-) = Tr - p
satisfying any of the following four conditions:
(a) Tangent condition: Let Fg(H) := —%Tr e PH . Then Fs(H +
A) < F(A) + (A) for all A= A* € B(H).
(b) Gibbs variational principle: The density matriz p minimizes the
function Fg(p) := Tr Hp + 5Tr plog p.
(¢) KMS condition: Define the time evolution

oy (A) = e Ae™H teC. (3.14)

Then (AB) = (B aig(A)) for all A, B € B(H).
(d) RAS condition: For all A € B(H) such that (AA*) > 0,

1 (A A)
; (AR

We now make some remarks on each of these conditions.

The first two conditions are common also in classical statistical mechanics,
while the last two are mainly encountered for quantum systems.

In the tangent condition, note that Fj(-) is a concave function: Fz(6H + (1 —
0)K) > 0Fs(H) + (1 —0)F3(K) for 6 € [0, 1]. The condition may be interpreted
geometrically as saying that (-) defines a supporting hyperplane at H.

In the variational principle, the expression to be minimized may be written
as U —T'S where U = Tr Hp is the energy and S = —Tr plog p the entropy in the
state p (and T = % is the temperature). This form is common in thermodynamics.

(A*[H, A]) > = (A" A} log 519

The condition also extends naturally to the ground state (zero temperature)
case [ = 0o, where the problem becomes to minimize Tr Hp. It is not hard to see
that this is achieved by any density matrix p which is restricted to the eigenspace
for H with lowest eigenvalue. We can write this as p < Ppg, where Ppg, is the
projector onto the latter eigenspace.

In the KMS condition (named after Kubo, Martin and Schwinger) the evo-
lution operators ay, t € R, are related to the Heisenberg framework of quantum
mechanics. Note that we need to allow complex values of the ‘time’ parameter ¢.

Finally, the RAS condition (named after Roepstorff, Araki and Sewell) also
extends straightforwardly to the ground state = oo, where the condition be-
comes (A*[H, A]) > 0. The intuition becomes clearer if we take (-) to be a pure
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state with density matrix p = |¢)(¢| with |¢) a unit eigenvector for H satisfying
H|¢) = e|¢). The condition becomes

(Ad|H|A)

°= {adlAg)
In the right-hand-side, |A¢) is a perturbation of |¢), and the condition says that
the average energy in the pure state associated with |A¢) is higher than in the
state associated with |¢).
We prove part (c) of Proposition 3.3 here, leaving the other parts for the
exercises.

PROOF OF PROPOSITION 3.3(C). If p = e P /Z5 then using the cyclicity
of the trace

1 1 1
<AB> =_—Tre ™ AB= _—TrBe P A= _—TrePH B(e—BH AeﬁH)
i Zs Zg (3.16)
= (Bayp(A)).

So the Gibbs state is indeed a solution.
Next, let p be the density matrix of a state that satisfies the KMS condition.
We have for all A, B € B(H),

Tr(pA)B = Tr pB(e P AeP) = Tr (e PH AP p)B. (3.17)

Since this holds for all B € B(#H) (including B = |i)(j| for an orthonormal basis),
we have that
pA = e PH APH ) (3.18)

for all A € B(H). Choosing A = e’ we get e’ p = pe | s0 p commutes with
e?H . Now observe that (3.18) implies that pe’ commutes with all A € B(H).
Then pePf is proportional to the identity and p must be equal to the Gibbs
operator. [l

3.3. Infinite volume Gibbs states

The goal of statistical mechanics is to describe the “bulk properties” of the
system, far away from its boundaries. The large system is approximated by an
infinite regular graph, the “lattice”. For simplicity we consider Z<, although all
of the setting and many of the properties hold more generally. For an infinite
system one cannot define equilibrium states using a density matrix, instead we
proceed using appropriate analogs of the properties in Proposition 3.3 to define
them. To prepare for this, we need some definitions.

At each site x € Z¢ is associated a Hilbert space H,. We write n = dim H,,
which we assume to be finite and independent of z. For X € Z¢ we let Hyx =
®zexH, and we let Ay = B(Hx) denote the algebra of bounded linear operators
on Hyx. We consider two norms on Ax. First, the usual operator norm ||Al =
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SUP,ery [1A@]l/ll¢ll. Second, the Hilbert-Schmidt norm [|Al[; = vtr A*A, where
tr denotes the normalised trace

1
trA = Tr A Tr A. (3.19)

RN

1
dim HX
If X CY € Z9 there is a natural injection ¢ : Ax — Ay defined by
tA=A® Iy\x. (3.20)

Notice that [[tA]| = ||A|| (Exercise 3.2) and ||tA||2 = ||Al|2 (because of the nor-
malised trace). Then we can view Ax as a subalgebra of Ay. We define the
algebra of local observables as the inductive union

Ao = \/ Ax. (3.21)

Xezd

If A € A, then there exists X & Z¢ such that A € Ax. Finally, we let A denote
the completion of A, with respect to the operator norm; this is the algebra of
quasi-local observables. = We also let A, denote the algebra of hermitian
quasi-local operators.

From the definition of A above we see that a local operator can be represented
by several distinct elements, since A € Ax has a counterpart ((A) € Ay for all
Y D X. If we define a map « on operators A € Ay, simultaneously for all
X € 74, we need to check that it is consistent, namely that a(A) = a(.(4)).

We denote by 7, the lattice translation by x € Z?. The action of 7, is intuitive
but let us define it formally. First we view 7, as a linear map between Hx and
Hx o for any X € Z% such that

Tz Qyex Py = DyeX Py+a (3.22)

for any set of vectors (y,) in Ho. This extends by linearity to all vectors of Hx.
Notice that ;! = 7_,. Then we define 7, as the linear map Ax — Ax., whose
action on the local observable A € Ax is

(7oA = T AT, 1), Vo € Hxiq- (3.23)

We dismiss the tilde from now on and we write 7, for translations of vectors and
of operators. Notice that for any A € Ayx_, and B € Ax we have

(1.A)B = 7,(A(7, ' B)), (3.24)
indeed for ¢ € Hx
[Tx(A(Tm_lB))]gO = TxA(Tx_lB)Tx_lgo = TIATZ,_lB(TxTx_lgO) = [(1,A)Blp.  (3.25)

An interaction is a collection of local self-adjoint observables indexed by
finite subsets, ® = (®x)yeze. We only consider translation-invariant interactions,
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i.e. we assume that ®x,, = 7,®x for all X € Z¢ and all x € Z?. Interactions
form a (real) linear space and we consider the following norms:

| Px||
Il = Z X

X30

(3.26)
||¢>||T:Zerlx‘ ||| for r > 0.
X30
We denote by Z and Z, the corresponding Banach spaces of interactions.
The Hamiltonian in a finite domain A € Z< is
Hf = Z dy. (3.27)

XCA

In the finite domain A € Z? the Gibbs state for the interaction ®, at inverse
temperature (3, is defined as before: it is the linear functional <’>2/3 c Ay = C
given by
<A>?\)B = mTrAe_ﬂHg : (3.28)

where Zy 5(®) = Tr e PHY

We want to extend this notion to the infinite lattice Z¢. There is no Hamil-
tonian on the infinite lattice. In fact, we also avoid the Hilbert space for Z¢ since
it would be an infinite tensor product and would not be separable; this would
cause many pathologies. The way out is to extend the linear functionals from A,
to A, the space of quasi-local observables.

DEFINITION 3.4. A state (-) is a normalised, positive linear functional
on A. That is, (-) satisfies
(i) (sA+tB) = s(A) +t(B) for all A,B € A and s,t € C.
(i) (1) = 1.
(i11) (A*A) >0 for all A € A.
We write € for the set of states. A state is called translation-invariant
if (A) = (1, A) for all x € Z°.

All states have norm 1 (Exercise 3.2).
In the following subsections, we summarize the definitions for equilibrium
states in Z¢, and how they are related.

3.3.1. Gibbs states as cluster points. The first notion of infinite-volume
Gibbs states is to simply define them as limits of finite-volume Gibbs states. By
the Banach—Alaoglu theorem the set of states is compact in the weak-* topology
(that is, the topology of pointwise convergence of linear functionals). In plain
words, this means that from any sequence of states ({-),), we can extract a
subsequence (ny) such that (A),, converges for any A € A.

k
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DEFINITION 3.5 (State as cluster point). Let & € Z, and let ¥, be a

sequence of interactions in I such that ||V,| — 0 as n — oco. Let A, =
{—n,...,n} and for A € Ay, let

1
A =
(A0 Zn,5(®+V,)

The cluster points of the sequence ((-)} g)n>1 are infinite-volume Gibbs
states for the interaction ®.

¢+wn

Tr Ae PHa

While useful in many concrete situations, the set of cluster-points lacks rele-
vant mathematical properties. For this reason, we consider four other definitions
which are analogs of the properties in Proposition 3.3. Due to lack of time and
space, many proofs are omitted.

3.3.2. Gibbs states as tangent functionals. The finite-volume free en-
ergy in the domain A € Z? is defined as the following function of interactions:

1
fa(@,5) = B‘A’ logTr e L) G m[\‘ log dim H 4. (3.29)
(We have added the term BI a7 logdim #H, so that we have
fa(®,8) = log tr e~ %, (3.30)

ﬁ\/\!

where we instead use the normalized trace tr (3.19). This is convenient for the
connection to the variational principle.) The following property is important and
follows from the Golden—Thompson and Hoélder inequalities.

PROPOSITION 3.6. The free energy fa is a concave function of the inter-
actions.

DEFINITION 3.7. A sequence of finite domains (A,)n>1 converges to Z¢ in
the sense of van Hove if

(i) it is increasing: N,y1 D A, for all n;
(ii) it invades Z%: Ups1 A, = Z%;
(111) the ratio boundary/bulk vanishes: |E|9AA|| —0asn— o0, Vr.
Here, the r-boundary is 0,A = {x € A°: dist(z,A) <r}.

We now state (without proof) one of the major results in statistical mechanics,
namely the existence of the infinite volume free energy.
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THEOREM 3.8. Assume that ® € Z, i.e. || < co. Then the limit

exists and is the same along all van Hove sequences A, 1 Z. It is a
concave function of the interactions.

We use the infinite-volume free energy to define infinite-volume states. The
definition is restricted to translation-invariant states. Let us introduce

1
Ay = E |X—|\IIX. (3.31)
Notice that [[Ag|] < ¥

DEFINITION 3.9 (States as tangent functionals). A translation-invariant
state () on A is an equilibrium state for the interaction ®, in the sense
of tangent functionals to the free energy, if

f(@+7) < f(®) + (Auw)
for all V € T.

To motivate the use of Ay, note from Proposition 3.3 that () = (-)} ; satisfies

Ja(@+ 0, 8) < fa(®,8) + <ﬁH}f) (3.32)

For a translation-invariant state (-) we have <\_11\|HXI> = (Ayg).

We denote by G2 the set of translation invariant states on A that are tangent
to the free energy at ® in the sense that they satisfy Definition 3.9. This definition
is more general than that of states as cluster points:

PROPOSITION 3.10. Any translation-invariant cluster state for ® (Defini-
tion 3.5) is tangent to the free energy at ® (i.e. satisfies Definition 3.9).

3.3.3. The variational definition of Gibbs states. We now introduce
the entropy of states on the quasi-local observables A. This is a function on
finite subsets of Z?, that are defined using the von Neumann entropy of the
corresponding density matrices.

Recall that we defined the von Neumann entropy S(p) of a density matrix p by
S(p) = —Trplog p. If (A;)i>1 are the eigenvalues of p, then S(p) = — >, A;log \;.
The formula also applies when some eigenvalues are 0, using 0log0 = 0, and it
applies to all positive semi-definite matrices, not only density matrices.

Since we consider sequences A € Z, it is important to note that the trace
Tr actually depends on A, so we write here Tr . For example, the trace of the
identity operator 1 depends on which H we view it as acting on: Tr A1 = dim H,.

1

For this reason, we instead use the normalized trace tr = mTr A, introduced
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in (3.19). Then for A € A, the trace tr A does not depend on which H, we
view it as acting on. With respect to the normalized trace, a density matrix is
positive semi-definite and satisfies trp = 1, so (if p € Ay) Trpp = dim H,.

For notational convenience, here we write p rather than (-) for states. Let p
be a state on A. For A € Z9, we let py be the density matrix (with respect to
normalized trace) of the restriction of p to A,. We define the entropy in A € Z¢
to be

sa(p) := —tr pp log pa. (3.33)

Note that sy(p) = SA(dimlHApA) — log(dimH,), where Sy(A) = —TryAlog A

is the usual von Neumann entropy in A, and
respect to Tr .

For a translation-invariant state p we can define the infinite-volume mean (or
specific) entropy by

mp/\ is a density matrix with

) 1
s(p) = im —su(p). (3.34)

PROPOSITION 3.11. Let p be a translation-invariant state on A.

(a) The limit (3.34) exists along any van Hove sequence of domains
and 1s the same along all such sequences.
(b) The functional s is affine: s(tp+(1—1t)p') =ts(p)+ (1 —1)s(p).

Let p be a translation-invariant state on A. We define the infinite-volume
free energy functional by

F7%(p) = p(As) — 5s(p), (3.35)

where Ap = > o ‘71|®X is defined in (3.31). We have that f%?®(p) is affine in
® and in p.

Recall that f(®, ) = — limpyza ﬁ logtr y e PHY is the free energy density.
While f(®,3) is a function of the interaction ®, the functional f#%(p) depends
also on a state p

DEFINITION 3.12. Let p be a translation-invariant state on A. Then it is
called a Gibbs state for the interacton ®, in the variational sense, if it is
a minimizer of f%®(-) over all translation-invariant states.

The following result explains the connection between the free energy f(53, )
and the free energy functional f%®(.), and establishes the equivalence of the
definitions of Gibbs states in terms of tangent functionals and the variational
problem:
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THEOREM 3.13 (Gibbs variational principle, infinite volume).

(a) The free energy is equal to the minimum of the free energy func-
tional:

f(B,®) = inf [*%(p).
PEC ;.

The infimum is over all infinite-volume translation-invariant
states on A.

(b) The minimisers are Gibbs states: If p is a translation-invariant
state, then

(B, @)= f"%(p) <<= [f(B,2+T)< f(B,P)+p(4dy) VVET

3.3.4. The KMS definition of Gibbs states. We now turn to the KMS
definition of equilibrium states. An advantage of this definition is that, unlike the
tangent- and variational definitions, it is not restricted to translation-invariant
states.

Given an interaction ® € 7 we consider the family of evolution operators ozj{\’,t,

with + € C and A € Z%, that acts on local operators of A, as in (3.14):
® _ NitHY —itHy
ay(A) = s Ae A (3.36)

We now address the question of the existence of the infinite-volume limit of o ,.
We will need to consider complex times, but our strategy will be to prove the
existence for real ¢t and then extend to complex ¢.

PROPOSITION 3.14 (Infinite-volume limit of the evolution operator). As-
sume that ® € T and t € R. There exists a x-automorphism af : A — A
such that

/{imd o (A) —af(A)|| =0 for all A € A (3.37)
NZ ’
Further ||a®]| = 1 and of satisfies the group property

ol (A) = a? (o) (A)) forall Ae A, s, t e R.
In case clarification is needed, o is an homomorphism in the sense that it
is linear and af (AB) = af(A)a?(B). It is an automorphism since it is also a
bijection, and a *-automorphism since o (4)* = o (A*) when t is real.
From the proof it follows that (3.37) actually holds for complex ¢ with |Im¢| <
araq,> Provided 1P|, < oo (recall (3.26)). We get a bound on the norm of

a} (A) in (3.45). We need the multicommutator (“Lie-Schwinger”) expansion.
Let ads(B) = [A, B] denote the “adjoint endomorphism”.
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LEMMA 3.15 (Lie-Schwinger multicommutator expansion). Let A and B
be two operators on the same finite-dimensional Hilbert space. Then

- I .
e Be™ :ZmadA(B).

n>0

PROOF. We show that ¢4 Be™*4 and ), 2rad’j(B) satisfy the same differ-
ential equation. First,

d

sA —sA sA —sA
L © Be =[4, e Be . (3.38)
Second,
d Z iad” (B) = Z L71ad (ad”_l(B)) = [A Z iad”(B)] 3.39
ds n>0 n' ! N n>1 (n o 1)' ! . N ’n>0 TL' . ‘ o

U

PROOF OF PROPOSITION 3.14. The proof consists of the following steps.

(1) We first assume that |||, < oo for some r > 0. The set of such ¢ is dense
in 7.

(2) For |t| < sTey > We then show that (a} ) aeza is Cauchy for each fixed A € Ajq.
We denote the limit o (A).

(3) For t € R, we have [|a} ,(A)[| = || A] for all A, so [af| = 1.

(4) We use the group property to extend o to the whole real line.

Let A € By for some Y € Z?. We show that (Oéf’t(A))A@Zd is Cauchy. By
Lemma 3.15, we have

od(4) =3 W ()

n! A
= (3.40)
(it)" .
=2 oy D [Px [Pxy s [Pxn AL
n>0  X1,..,Xp,CA

We show that this series converges absolutely for small [t|. In order for the
commutators to differ from zero, the sets must satisfy

XiNnY #10,
XoN(X7UY) #0,

(3.41)
X, N(XjU---UX, UY)#0.

The sum over such sets can be realised by first summing over sets that contain
the origin, then by summing over translations so that (3.41) is satisfied. One
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needs to divide by the cardinality of the set in order not to over-count. Then

o, (4) =3 W 2 (H|X|)

n>0 T X1,.,X020

(3.42)
Z [q)Xn+56n> [(I)Xn—1+l“n—17 ce [q)XeruA} - H
Z1,..., o0 €LY
Xi+x; CAVi
For given X1, ..., X, there are no more than
|Y| - | X1| possible choices for zy,
(|Y'] 4 |X1]) - | X2| possible choices for ,
(3.43)
(Y] + | X1|+ - + | Xn_1]) - | X, possible choices for z,.
We get
o1
Z H’X| Z [(I)XnJrIn?"'[q)XlJrfL‘nA]"‘]
X1, Xn Ni=1 Y xy,. o
<flAf2r ST (Xl Xl YD) [ ex ) ¢4

X1,...,Xn30 i=1
< ||A| erlYl nu(M)"
T

We used ¢ < nlr~"e"¢, which is obvious from the Taylor series of €™ . The factor
2" is due to the n commutators. It follows that o t(A) is absolutely convergent

whenever [t| < srar; |®||, < co. Notice the bound

: 212,
o ()] < g e (1120 (3.5

for all A € Ay . It is uniform in A but not in Y.
If A’ D A, we have

(it)"
ab (A) —af,(A) =D - > [@x [Pxyrs - [Pxn AL 3a6)
n>0 XlL]X;ié?\Y

The second sum is over sets in A’ that satisfy the constraint (3.41) and whose
union is not contained in A. For small |¢|, it follows from the absolute convergence
of the series that (3.46) is as small as we want by taking A large enough Hence
(a} ,(A))a is Cauchy, and it converges since A is complete. We define o (A) to

be equal to the limit. The map af is then easily seen to be a homomorphism.
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For t € R we have [|a},|| = 1 which extends to . Since o is bounded

on A, it is continuous and can be extended to all of A. Now assume that
la}, —af| = 0 and o}, — of | = 0; we define af,, = af o of and we have,
for all [|A|| =1,

loy o4 (A) — g, (A < lloy (o3 (A) — o () ]|+ [I(ay s — ad) (o (A))]

<llaye — o'l + lloy . — oZ Il

(3.47)

which goes to 0 as A {} Z% This allows to extend af to the whole real line.
Finally, if z =t + i with || < 55—, we have

2[| @l
a;{\),t—FiB(A) = a;{\),t (a;{\),iB(A)) - 0‘? (041%(14))- (3.48)
This allows to define af, ;5 = af o of. O

In order to state the KMS condition for infinite volume states, we rely on
complex analysis to extend the definition of af from t € R to t € C. More
precisely, we rely on an extension of complex analysis that involves maps from C
to an algebra of bounded operators. Convergent series can be defined in the same
way, so the notion of analytic functions and their extensions still makes sense.

Consider a function f € C®(R), the space of smooth functions R — C with
compact support, and set

~ 1
f(Z):E

Then fis analytic in the whole complex plane (it is “entire”). Given A € A and

f e Cx(R), let

/ e®* f(€)dE, zeC. (3.49)
R

A= /Rf(t)af’(A)dt. (3.50)

Then A= {A;: Ac A, f € C*(R)} is a dense subspace of A (sometimes called
Paley-Wiener operators). For Ay € A and z € C we define

a?(Ay) = f(t — 2)a®(A)dt. 3.51
*(4g) = [ Fe=2)aP(ayar 551

Thus a?(A;) = A, € A, where f, € CZ(R) is the function given by f.(t) =
et f(t). Note that (f.)y = f.4w. To summarize:

PROPOSITION 3.16. With the definition (3.51), a® maps A to A and

satisfies the group property of o oy = af,,, for all z,w € C.
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DEFINITION 3.17. We say that the state (-) on A satisfies the KMS
condition for the interaction ® € I at inverse temperature (3 if for all
Ae A and all B € A, we have

(AB) = (Bozf%(A)). (3.52)

Equz’valently, we have for all A,B € A, and all functions f such that
f e, that

[rowtna= [ je-pBaiane. o

We write ng for the set of states satisfying the KMS-condition for ® at inverse
temperature 5. Notice that the states (-) € gg’ are not assumed to be translation-

invariant (even though the interaction ® is). For translation-invariant states, the
three definitions agree:

PROPOSITION 3.18. Let (-) be a translation-invariant state on A. Then
(-) satisfies the KMS-condition if and only if it satisfies the tangent- and
variational definitions.

Let S denote the strip S = {z € C: 0 < Imz < f} in the complex plane.
Another common formulation of the KMS condition is the following:

PROPOSITION 3.19. A state () is a KMS state on A if and only if for each
A, B € A there is a continuous, bounded function F' = Fyp : Sg — C
that is analytic in the interior of the strip Sz and satisfies for all t € R
that

(Aog(B)) =F(t),  ({of(B)A)=F(t+ip).

PROOF. First assume that (-) is a KMS state. If A € A and By € A, set
Fap,(z) = (AaZ(By)). Then Fyp,(z) is indeed analytic (indeed, entire) and it
satisfies the first identity by definition. As for the second identity, we have using
(3.53) and the group property:

Fap, (t+i8) = (Al s(B))) /f s—t—iB)(Aa®(B))ds
/fu—lﬁ (Aal(a( du—/f (B))A)du (3.54)
_<at /f du)A> Oét Bf)A>

This extends to arbitrary B € A by continuity. Indeed, if By, — B, then
a(By,) — af (B) and (Ao (By,)), (a (By,)A) converge. Further, the functions
Fy 5, (z) converge by the Phragmén-Lindelof theorem.
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We now establish the other implication. If A € A and B € A, the function
z — (Aa?(B)) is entire. We have (Aa?(B)) = Fap(z) for all z € R. The
identity is then also valid for z in the strip, so that

(Aa3(B)) = Fap(iB) = (BA). U

3.3.5. The RAS definition of Gibbs states. Finally, the RAS-condition
extends straightforwardly from finite to infinite volume. Recall that if A € A,
then there exists A € Z? such that A € A,. Then, for any A € Z? such that
A C A, we have

[H§7 A] = [Hz(f? A]? (3.55)
since terms in the Hamiltonian corresponding to sets X which do not intersect
A commute with A. For convenience, we write simply [H?, A] for the common
value of [HY, A] for all large enough A.

DEFINITION 3.20. A state (-) on A satisfies the RAS condition for the
interaction ® €  and inverse temperature 3 if

(A*A)
(AA*)

(AT[H®, A]) > %<A*A> log

for all A € Ay such that (AA*) > 0.

THEOREM 3.21. A state on A satisfies the RAS condition if and only if
it satisfies the KMS condition.

An advantage of the RAS-condition is that it gives a definition of ground-
states by taking f — oo:

DEFINITION 3.22. A state (-) on A is called a ground state for the
interaction ® € T if

(A"[H®,A]) 2 0
for all A € Aje.

3.4. Extremal Gibbs states

The goal now is to understand better the structure of the set of (translation
invariant) infinite-volume Gibbs states for a given interaction. We see in this
section that it is a convex set, that extremal points enjoy special properties, and
that any Gibbs state can be written as a convex combination of extremal states.
It is remarkable that these properties can be established in a large class of systems
without identifying the actual Gibbs states.

It is easy to see that if (-)™, (-)® € & are two states, then the convex com-
bination t(-)® + (1 — ¢)(-)®, t € [0,1], is also a state: the set & of states is
convex. It is also not hard to check that the set of equilibrium states gg’ and the
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set of translation-invariant states G2 | for a given interaction ® € Z, is convex.
Indeed, the tangent functional property, the variational principle, and the KMS
and RAS conditions are all preserved by taking convex combinations. Recall that
E2GyDG%.

DEFINITION 3.23. An element x of a convex set X is called extremal if
it cannot be written as a convexr combination txy + (1 —t)xq, t € (0,1),

of distinct elements x1,xo € X. In particular, this definition applies to
elements of €, G§ and G, .

Another relevant property of states is to have short-range correlations.

DEFINITION 3.24. A state (-) is said to have short-range correlations

if
lim su AB) — (A)(B)| = 0.
Athﬁeﬁie“ ) — (A)(B)|
Bl|=1

It is said to be mixing if for all A, B € A we have
lim ({A7,B) — (A)(r,B)) = 0.
[lf| —o0

Clearly short-range correlations implies mixing. For translation-invariant
Gibbs states we will see that they are actually equivalent. In the definition
of short-range correlations we may assume that the operators B are Hermitian:
if the limit is 0 when restricted to Hermitian B then, by considering B + iB’, it
follows that the limit is 0 for all B.

Finally we introduce a notion that is reminiscent of ergodic measures in dy-
namical systems, which are equal to the time averages. Here the time evolution
is replaced by space translations. We consider the averaging operator m,, whose
action on A € A is

my(A) = v Z T A. (3.56)
z€{l,...,n}d
For translation-invariant states we always have (m,(A)) = (A). Notice that

mn(A) € A for finite n but the limit n — oo does not exist in general.

DEFINITION 3.25. A translation-invariant state (-) is ergodic if
limsup ((m,(A) — (A>)2> =0
n—oo
for all A € A.

A pleasing aspect of the theory of translation-invariant states is that these
properties of states (extremal, short-range correlations, ergodic) are all equivalent.
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THEOREM 3.26. Let (-) € G2 . The following properties are equivalent.
(a) {-) is extremal in G®.
(b) () is extremal in €.
(c¢) (-) has short-range correlations.
(d) () is mizing.
(e) () is ergodic.

Note that we restrict to translation-invariant Gibbs states. Without translation-
invariance, the equivalence of (a), (b) and (c) should still hold.

Proor. We prove that (b) = (a) = (¢) = (d) = (¢) = (b).

(b) = (a): The contrapositive is clear; indeed, if the state can be decom-
posed in distinct states in G®, it can also be decomposed among all states.

(a) = (c): We show the contrapositive, namely that if (-) does not have
short-range correlations, it is not extremal in the set of KMS states.

Since (-) does not have short-range correlations, there exist quasilocal observ-
ables A and B, with B, € Axe where A, 1+ Z¢ and ||B,|| = 1, such that

liminf [(AB,) — (A) (B,)| > 0. (3.57)
n—oo

As pointed out above, we can assume here that the B, are Hermitian. We
can further assume without loss of generality that A, B, € Aj., and by adding
constants and multiplying by constants we can also assume that 411]1 <B,< %]l.

By extracting a subsequence, we may assume that 6 = lim, . (B,) exists.
By further extracting a diagonal subsequence (using separability) we can assume
that the following limits exist:

(B (B

(YO = lim
noe (Ba) - nvee 0 (3.58)
e LA B ) (B

n—oo | — <Bn> n—00 1—-86

It is not hard to verify that (-)®" and (-)® are Gibbs states (Exercise 3.13). We
also have

() =600+ (1—-0)(-)*. (3.59)
It remains to check that these states are not all identical. With A the operator
in (3.57), we have

(A = lim A5

A 3.60
nSoe (B 7 (4), (5:60)

80 ()W # ().
(¢c) = (d): This is obvious.
(d) = (e): Let A € A. For every € > 0 there exists R such that

|<AT1A> — <A>2‘ <e (3.61)
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for all ||z|| > R. Then

(mn(A)?) — (4)? = 3 > ((A7,A) — (A)%)
z,ye{l,...,n}td
1 1 (3.62)
=— . (mAnA) -+ > ((ndnd) - (4))
z,ye{l,...,n}¢ x,ye{l,...,n}¢
lz—yll<R lz—yl>R

The first term is less than 2||A||?>n~¢(2R)? and it vanishes in the limit n — oo.
The second term is less than . It follows that

lim [(m,(A)*) — (4)*| < e (3.63)
n—oo

for any € > 0.

(e) = (b): We prove the contrapositive, namely that if the state is not
extremal, it is not ergodic. If the state (-) is not extremal, it is possible to find
()@ and (-)® such that (-) = ()™ 4 1()® and with (A)® # (A)® for some
hermitian A € A. Recalling that (s + ¢)? < 2s? 4 2t? if s # t we have, for all n,

(A)2 =(L(A)® + L(A)®)? < L((AW)* + 1((4)®)°

< (Bma (D + S, (A2 = m, (A2 o
The second inequality holds because the variance is nonnegative:
0 < ((ma(A) = (4))%) = ((ma(A)?) — (A)™. (3.65)
Taking n — oo in (3.64) we get
liiri}g}f(mn(/l)% > (A)2. (3.66)
Because of the strict inequality the state (-) is not ergodic. 0

3.5. Decomposition of states

We now show that any equilibrium state is a convex combination of extremal
states. Since G® C A*, and A* is a Banach space with the usual operator norm,
the set of Gibbs states is a metric space. It is also a measurable space with the
Borel g-algebra (the one that is generated by open sets).

THEOREM 3.27. Let ® € Z and (-) € G, . There exists a measure p
on G®, that is concentrated on the extremal states of G®, such that for all

A e A, we have
)= [ Au().

If the measure is concentrated on GE. . it is unique.
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Theorem 3.27 is based on Choquet’s theory, whose main result can be formu-
lated as follows.

PROPOSITION 3.28 (Choquet). Let K be a metrisable compact convex set
and k € K. Then there exists a probability measure p on K such that

(a) 1 is concentrated on the extremal points of K
(b) For any affine function f : K — R we have f(k) = [, f(

PROOF OF THEOREM 3.27. We can apply Choquet’s result to K = G®. For
A € A we consider the affine function fa(y) = v(A4), v € G®. The existence of
the measure in Theorem 3.27 then follows immediately from Proposition 3.28.

There remains to establish uniqueness. Let () be a state and p a measure on
G® v such that (-) = [ v(-)u(dy) and where y is concentrated on extremal states.
We check that the - expectatlon of any continuous function depends solely on
the state. Then p is indeed unique.

Recall the Stone-Weierstrass theorem (continuous functions can be approxi-
mated by polynomials); it is then enough to check expectations of polynomials.
Let fa,,..., fa, be functions as above, for some A, ..., Ay € A. Then, since the
measure [ is concentrated on extremal states with short-range correlations, we
have

WFan e far) = /K YA . A Au(d)

= lim [ y(mn(A1)) ... 7(ma(Ar))p(dy)

nweo JK (3.67)
= lim | y(ma(A1)...m,(Ag))p(dy)
n—oo K
= lim <mn Ay) .. mn(Ak)>
n—oo
The last term does not depend explicitly on g, but solely on the state. ([l

REMARK 3.1 (On the variational characterisation). In Theorem 3.13,
Gibbs states p are characterised as the minimisers of the free energy func-
tional f>®(p). Note that the latter is an affine function of states. The
mainimum of an affine function on a convex set is attained at an extreme
point. Thus, in the infimum in Theorem 3.13, we can restrict to extremal
states p.
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3.6. Exercises
Here H always denotes a separable Hilbert space, possibly infinite-dimensional.

EXERCISE 3.1.

(a) Show that any A € B(H) can be written as A = B 4+ iC where B,C €
B(H) are Hermitian.

(b) Show that the operator norm (3.1) on B(H) satisfies |AB|| < ||A]|||B||
for all matrices A, B.

EXERCISE 3.2. Consider a state (-) on B(H) and A, B € B(H).

(a) Show that (A*) = (A).
(b) Prove the Cauchy-Schwarz inequality, |{A*B)|* < (A*A)(B*B).
(c) Show that [{A)]*? < (A*A). Deduce that ||{-)|| = 1.

EXERCISE 3.3. Consider a tensor product H1®Hsy of two Hilbert spaces. Show
that

(a) [[v@w| = ||v||||lw| for allv e Hi, w € Hay
(b) |A® Bl = ||A||B|| for all A € B(H,), B € B(Hs).

Deduce that ||t A|| = ||Al| where ¢ is the injection given in (3.20).
EXERCISE 3.4 (Bloch sphere). Let ¢ = (¢, 0@, 0®) denote the Pauli ma-
trices and @ = (a1, az, a3) a vector in R®. Consider the matrix
X=1i1+a-q).

(a) Find the eigenvalues of X in terms of @ and use this to determine conditions
on a under which X 1is positive definite.
(b) Show that any 2 x 2 density matriz X can be written this way.

(c) Now suppose Y = %(]H—E-E). Write Tr (XY) in terms of @ and b, and using
this (or otherwise) prove the inequality

1Yz + Toyr < Tr (XY) < iy + 22y
for arbitrary positive definite 2 X 2 matrices X, Y where x1 > x5 > 0 are the
eigenvalues of X and where y; > yo > 0 are the eigenvalues of Y.
EXERCISE 3.5. Show that A — (A)y 3 = ﬁﬁTrAe_ﬁH satisfies the definition
of states on a Hilbert space H.

Exercises 3.6, 3.7 and 3.7 establish the remaining parts of Proposition 3.3.
We let H be a Hilbert space and H = H* € B(H).

EXERCISE 3.6 (Tangent condition). Let F3(H) := —%Tr e P Show that the

Gibbs state (-)p p is the unique state such that Fg(H + A) < F3(A) + (A) for all
A= A" € B(H). You may assume the concavity of Fa(-).
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EXERCISE 3.7 (Variational principle). Show that e #% /Tr e PH s the unique
density matriz p which minimizes the function Fz(p) := Tr Hp + %Trplog .

EXERCISE 3.8 (RAS condition). Show that the Gibbs state (-) g g is the unique

state such that
(A"A)
(AA*)

(A*[H, A]) > =(A*A) log (3.68)

1
g
for all A € B(H).

Hints: To show that the Gibbs state satisfies RAS, use the inner product

A, B (A, B)s = (a_is(A")B) = (A*ais(B)) (3.69)

(you may assume that this is an inner product) and show that the function f(s) =
(A, A)s is log-convex. For the other direction, consider the RAS-inequality for
A =1+ tB with t small and show that H commutes with the density matriz.

EXERCISE 3.9. Use Proposition 3.3(b) to show that, for any translation-
mvariant state p,

72(p) > f(2,8).
EXERCISE 3.10. Show that A+ tr A is the unique Gibbs state at 3 = 0.

EXERCISE 3.11. Prove that a state () satisfies the KMS condition if and only
if (A*A) = (Aaup(A*)) for all A € A.

EXERCISE 3.12. Use Liouville’s theorem to show that if a state (-) satisfies

the KMS condition, then it is invariant under the time evolution given by o, i.e.
(af(A)) = (A) for allt € R.

EXERCISE 3.13. Let (-) be a KMS state, A, ft Z% and let B, € Axc be
positive semidefinite operators such that the limits 0 = lim,_,.(B,) > 0 and
() = lim, 0o (- By) /(By) exist. Show that (-)' is a KMS state.

Hint: use the fact that for any local observable C' we have [C, B,] = 0 for n
large enough and check the RAS condition.

EXERCISE 3.14. Let (-) € GP® be a Gibbs state and let U be a unitary matriz
such that for each X € Z¢ we have

QRuiex R U, = 0.

zeX zeX

Define a state (-)' by, for each A @ Z* and each A € Ay,

(A = (QU:AQU.).

FASIAN zEA

Show that (-) € GP®.



3.6. EXERCISES 55

BIBLIOGRAPHICAL REFERENCES

The topics of this chapter are covered in the books of Ruelle [27], Israel [20],
Simon [28]. We are grateful to Mathieu Lewin for sharing his notes on the RAS
condition [22].



