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1 Basic definitions

In this course, both cassical and quantum lattice systems are defined on the standard
lattice Z¢ C R? in spatial dimension d. This infinite lattice contains many finite
sublattices A C Z4, |A| < oo, like A = Ay = {2 = (21,...,2q4) € Z¢ | |z < 1Vi},
where [ € N. An expression like limy;z« F/(A) then simply means lim;_,o F/(A;).

The following material may be found in far greater detail and mathematical
rigour in [6, 7, 13] (classical theory) and [4, 11, 12] (quantum theory).

1.1 Classical spin-like systems on a lattice
1.1.1 Degrees of freedom and local observables

We write E for the “phase space” per site x € Z?. This is typically a finite set,
like £ = {—1,1} for the Ising model (in arbitrary dimension d). Each possible
configuration of the “spins” on A is given by a function s : A — E. We write B
for the set of all such functions, or “spin configurations”; this is the “phase space”
of the system defined on A. It makes perfect sense to have EZ* = {s : Z¢ — E} as
well. We often write s, = s(x), or s; = s(i).

A classical observable localized in A is a function f : EA — R. We write A(A)
for the set of all such functions. This is a vector space, since we can define f + g by
(f+9)(s)=f(s)+g(s)and tf, t € R, by (tf)(s) =tf(s), and even a commutative
algebra, since we can define fg by (fg)(s) = f(s)g(s). This makes sense for A = Z<,
so that A(Z?) is the set of all functions f : EZ° — R (N.B. A(Z%) # A below!)

The following construction is extremely important:!

if A C A/, there is a natural embedding A(A) — A(A').

Indeed, if we write f' € A(A’) for the image of f € A(A), we put f'(s') = f(s),
where s = s/, is the restriction of s': A" — E to A (so that s : A — E as required).
Seen as an element f’ of the larger A(A’), elements f of A(A) are characterized
by the property that f’(s') = f/(s”) for all s, s” € EY that coincide on A. Thus
observables in A(A) are only sensitive to spin configurations inside A.

We now define the so-called algebra of local observables

A= UACZd,|A|<ooA(A) (1.1)

as the set of all functions f : EZ° — R that lie in some A(A), |A| < oo, where we
regard A(A) as a subset of A(Z?) under the above embedding A(A) — A(Z%).

'Mathematically, what happens here is this: a (continuous) map ¢ : X — Y induces a pullback
*: C(Y,Z2) - C(X,Z), where C(X, Z) denotes the set of (continuous) functions from X to Z
(whatever it is), defined as ¢*f = f o, or (¢*f)(z) = f(p(x)). We apply this idea twice:

1. X =AY = AN where A C A, o : A — A’ is inclusion, and Z = E. In that case,
©* : BN — EM s just restriction to A, that is, ¢*s = s|a- We write o™ = 7.

2. X =FE",Y = E» and Y EMN — EM s the restriction map r of the previous point. Taking
Z =R, the pullback r* : A(A) — A(A’) is just the map A(A) — A(A’) in the main text!
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In other words, we have A C A(Z9) as the subset of local observables, and
f € A(Z%) lies in A iff there exists a finite sublattice A C Z? such that f(s) = f(s)
for all spin configurations s, s’ : Z? — E that coincide on A, i.e., for which sy = STA.

Of course, in that case f also lies in all A(A), for A C A’ C Z% and || < c0.?

As an interesting example, take d = 1, replace Z by N for convenience, and
take £ = 2 = {0,1}. Then 2~ is the set of all binary sequences, and the “local
observables” among the functions f : 2 — R are those functions that depend on
finitely many bits only (that is, f € A iff there exists a finite subset S C N such
that f(s) = f(s') whenever s; = s} for all i € S).

1.1.2 Hamiltonian

Hamiltonians are typically well defined only for finite sublattice A C Z%; for example,
for the Ising model we have

ha(s) = —J Z 55 — BZ Si, (1.2)
(i5)a

(IS

where J > 0, B > 0, and the sum over (ij)5 denotes summing over nearest neigh-
bours in A. Clearly, replacing A by Z¢ would make hyza(s) infinite for most s. Hence
we would like to define some local Hamiltonian hy € A(A) for each finite A. To do
so uniformly in A, we first define an interaction ® as an assignment X — ®(X),
where X C Z% is finite and ®(X) € A(X). If X C Y and we wish to regard ®(X)
an an element in A(Y) through the inclusion A(X) C A(Y'), we sometimes indicate
this explicitly by writing ®(X)y € A(Y). We then define hy € A(A) by

ha =Y ®(X)y, (1.3)

XCA

where the the sum is over all subsets X of A. This looks like a large sum, but
in practice only a few subsets X contribute. For example, to reproduce the Ising
Hamiltonian (1.2), we put ®(X) = 0 whenever X has more than two elements or
when X is a pair of “not nearest neighbours”; the only nonvanishing terms are
®({i}): s — —Bs;, and ®({7,j}) : s — —Js;s; if i and j are nearest neighbours.
The prescription (1.3) only involves spins inside A; in the literature, this is called
a Hamiltonian with free boundary conditions. Another, perhaps physically more

2If we identify EZ" with the infinite Cartesian product [], .z« E and equip the latter with the
product topology (in which it is compact for finite F), then A C C (EZd, R), and A is even dense
w.r.t. the supremum-norm || f||oc = sup,  pza [f(s)| on C’(EZd7 R). The fact that this norm is finite
for each f € A follows because f is continuous and EZ" s compact, but it may also be seen
directly: provided f € A(A), the number of spin configurations s for which f(s) can vary is finite
(viz. |E|IM), since f only depends on the spins inside A. So the supremum is not really taken
over an infinite numer of s € EZUl7 but only over a finite number s € E*. This suggests taking
the closure of A in the sup-norm, an operation which slightly enlarges A and yields the quasilocal
observables Ag. Mathematics freaks will be interested to know that the complexification of the

latter, namely C’(EZJ, C), is a commutative C*-algebra.
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realistic possibility is to fix a spin configuration b € EZ*, and define h% € A(A) by

hh = > d(X)%. (1.4)

XCZ4| X |<00,XNAHD

This involves some new notation ®(X )4, which means the following. In principle,
P(X) € A(X) is a function on EX. We now turn ®(X) into a function ®(X)4} on
E* (so that hb is a function on E* as required): for given s : A — FE and given
b:Z% — E we define s’ : X — E by putting s’ = s on X N A and s’ = b on the
remainder of X (which is X N A¢, with A® = Z\A). Then

O(X)i(s) = R(X)(s). (1.5)

Physically, this simply means that those spins outside A that interact with spins
inside A are set at a fixed value determined by the boundary condition b. For
example, consider the Ising model in d = 1. If we take A = {2, 3}, then from (1.3)
we obtain hy = —Jsgs3 — B(sg + s3); spins outside A do not contribute. From (1.4),
on the other hand, we obtain h = hy — J(bysy + s3bs). Although the boundary
condition b is arbitrary, one may think of simple choices like b; = 1 or —1 for each 1.

For later use (and greater insight), we rewrite (1.4) as a difference between
Hamiltonians with free boundary conditions. To do so, for given finite A we pick
some finite A’ D A large enough that it contains all spins outside A that interact
with spins inside A (provided this is possible). Writing hs (s|b) = h4(s), this yields

ha(s|b) = ha(s,b) = hana(b) (1.6)
= Y X u(s,h)— > BV )analb). (1.7)
X'cA YCAN\A

Analogous to (1.5), the notation ®(X")s/(s,b) here means ®(X")/(s'), for the func-
tion s’ : A’ — E that on A C A’ coincides with s : A — E, whilst on (A'\A) C A’ it
coincides with the restriction of b to A’\A. Thus we may also write

hA(S’b) = lim (hA/(S, b) — hA/\A(b)), (18)

A’TZd
realizing that neither hza(s,b) nor hza s (b) makes sense.
Exercise 1.1 Write down ha(s|b) for the Ising model in arbitrary dimension.

Exercise 1.2 Define periodic boundary conditions for local Hamiltonians defined
by arbitrary interactions ® and special sublattices of the form A = A;.

For example, the Ising model in d = 1 would have local Hamiltonians with periodic
boundary conditions of the type

n—1 n
h[{)?; ..... n}(s) = J(s18n + ZSiSiJrl) - B Z Si- (1.9)
i=1 =1



1 BASIC DEFINITIONS )

1.2 Quantum spin-like systems on a lattice
1.2.1 Hilbert spaces defined by lattices

The quantum analogue of the (finite) classical phase space E per site is a (finite-
dimensional) Hilbert space H; e.g., for the Ising model, we simply have H = C2.
For finite A, the quantum analogue of the space E* is the tensor product

where H, = H for each x. We will define the tensor product assuming that
dim(H) < oo, starting with the “classical” function space H* = {¢) : A — H}.
Each ¢ € H" defines a map 1 : H* — C by?

P(p) = [ [ (@), (@) (1.11)

reA

Such maps form a complex vector space, since we may add maps @ZA)l and 1[}2 by putting
(V1 + P2)(p) = ¥1(p) + Ya(p), and for z € C we define 29 by (29)(p) = 2¢(p).
This vector space is called H(A). To turn it into a Hilbert space, we first define an
inner product on the ‘basic’ maps by

(1, b2y = [ [ (@), (@), (1.12)

TEA

and subsequently extend this to all elements of H(A) by (sesqui)linearity.

It is convenient to write ®,ca1(x) for 1, so that the elements of H (A) are linear
combinations of the former expressions. Indeed, we obtain an orthonormal basis
of H(A) by letting ¢(x) vary over an arbitrary orthonormal basis of H, for each
z € A. If H= C", this yields n/*! basis vectors, so that, recalling the fact that the
dimension of a Hilbert space equals the cardinality of some orthonormal basis,

dim(H(A)) = dim(H)M. (1.13)

The following exercise is very important for the physical interpretation of H(A). In
preparation: for any countable set S, define a Hilbert space ¢*(S) as the space of
functions f : .S — C that satisfy >, ¢ [f(s)]* < 00,* with inner product

(fr9) = F(s)g(s). (1.14)

Exercise 1.3 Suppose |E| =n, so that we may assume E ={1,2,...,n} =n, and
suppose H = C". Show that H(A) as in (1.10) is unitarily equivalent to (*(E™).

Under this equivalence, elements of H(A) may be interpreted as “wavefunctions”
whose argument is a classical spin configuration s € E* (that is, s : A — E).

30ur inner product is linear in the second variable, and (¢, %) = (p[h). Also, (¢, a) = (pla|y).
4This convergence condition is irrelevant if S = E® with |A| < oo, in which case S is finite.
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1.2.2 Local quantum observables

We define the algebra of quantum observable localized in A as
A(N) = B(H(N)), (1.15)

where B(K) stands for the algebra of all bounded operators on some Hilbert space K;
in the case at hand, H(A) is finite-dimensional, so that any operator (= linear map)
is bounded. As in the classical case, whenever A C A’, there is a natural embedding
A(A) — A(N'), given by “adding unit matrices”. More precisely, B(H (A)) may be
constructed just like H(A) itself, i.e., by starting with B(H)*. Any a € B(H)*,
that is, any map a : A — B(H), defines an operator @ on H(A) by first defining its
action on elementary tensors by

i) = ®penalz)(z), (1.16)

and extending linearly to arbitrary vectors in H(A). We may write ¢ = ®,epa(x)
and reconstruct B(H(A)) as the complex vector space spanned by all such ele-
mentary operators. Our injection B(H(A)) <— B(H(A')), then, is given by linear
extension of G +— a’, where @' (2') = a(x) whenever 2’ =x € A C A/, and @'(2') = 1
otherwise. In other words, we expand ®gcpa(x) in A(A) to @uepd’ (2') in A(A) by
adding unit matrices at all ' € A"\A. The classical definition (1.1) of the algebra
A of local observables may then be repeated literally, mutatis mutandis.’

In the classical case, we say that an observable f € A(A) is positive if f(s) >0
for each s € E*. Since A is the union of all the A(A), this also defines positivity of
classical observables in A. Similarly, we have a notion of positivity in the quantum
algebra of observables A(A), saying that a > 0 iff (¢, ay) > 0 for all p € H(A).
This notion propagates into A, too. Also, in both the classical and the quantum
cases each A(A) has a unit: in the classical case this is the function 1 : s +— 1 for all
s, which survives all inclusions so as to become the unit of A. In the quantum case,
the operator ®,cpa(r) with a(z) =1 for each x is the unit of each A(A), persisting
to A. The key difference between classical and quantum theory, of course, is that
in the latter case the algebras A(A), and hence also A, are noncommutative.

The definition of interactions and local quantum Hamiltonians is exactly the
same as in the classical case, now using the quantum meaning (1.15) of A(A). For
example, the Hamiltonian of the quantum Ising model (in transverse magnetic field)

hy=—J> oio;—BY o, (1.17)
(i5) A

ieA
really means the following: a single term like o7 stands for the operator Qxepa(k)
in H(A) which has a(i) = o® (i.e., the first Pauli matrix) and a(k) = 1 for all
k # i. Similarly, 070 denotes the operator ®epa(k) in H(A) which has a(i) = o7,
a(j) = 0%, and a(k) = 1 for all j # k # . As we have seen, such elementary
operators may be freely added to obtain further operators in B(H(A)), and the
local Hamiltonian Ay is a shining example of this.

5Tn the quantum case, one may also define a norm on A by using the operator norm on each
A(A) C A. Unlike each A(A), the ensuing A is not complete in this norm, and, as in the classical
case, it may be completed into the C*-algebra of quasi-local observables.
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1.3 States

We start with the ‘usual’ definitions for finite systems, and later generalize these to
infinite systems, using the above formalism. This generalization is strictly necessary
for the study of phase transitions, since these cannot even occur in finite systems.

1.3.1 Ground states of finite systems

A ground state of a classical system of the type studied above, restricted to a finite
lattice A C Z¢, is simply a spin configuration s, € E?* that minimizes the local
Hamiltonian hy, cf. (1.3), or its counterpart (1.4). That is, we must have

hA(So) S hA(S) (118)

for all s € E*. For example, the Ising model (1.2) has a unique ground state for
B > 0, namely so(z) = 1 for all z € A, whereas it has two ground states si for
B =0, given by s3(z) = %1 for all x.

Similarly, a ground state of a quantum spin-like system on a finite lattice A is
given by a unit vector ¢y € H(A) that minimizes the quantum Hamiltonian ha, ie.,

(Yo, hatbo) < (0, hat)) (1.19)

for all unit vectors ¢ € H(A). Equivalently (at least for finite-dimensional H(A)),
1 is an eigenstate of ha with the lowest eigenvalue.

We will see later on that the quantum Ising model has a unique ground state for
0 < B < B, but for B = 0 the model is essentially classical (since all operators in
the Hamiltonian commute) and hence it has two degenerate ground states.

Exercise 1.4 Write down the ground states of the quantum Ising model for B = 0:
both as vectors in H(A) and as vectors in (2(E™); cf. Evercise 1.5.

1.3.2 Mixed states

For the purposes of statistical physics the notion of a state has to be revised. Ac-
cording to Ludwig Boltzmann (or, mathematically speaking, David Ruelle), a state
of a classical system (in the above sense) localized on A is a probability distribution
on EA i.e., a function p : EA — [0, 1] (or, given (1.20), p > 0 pointwise) such that

> p(s)=1. (1.20)

scEA

Let us note that a point so of E* yields a probability distribution p,, = d,, on E*,
defined by &,,(s) = 0 if s # so, and d,,(so) = 1. Writing P(E™) for the set of all
probability distributions on E?, we therefore have an embedding

EN — P(EY), 80 0. (1.21)

States of the form J,, are called pure, all other states being mized.
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Similarly, according to Lev Landau (or, mathematically speaking, John von Neu-
mann), a state of a quantum system (in the above sense) localized on A is a density
matriz on H(A), that is, an operator p € B(H(A)) satisfying p > 0 and

Trp=1. (1.22)

Since p > 0 implies p* = p, we may equivalently define a density matrix as a
hermitian matrix with non-negative eigenvalues summing up to 1.

Once again, the original notion of a state as a unit vector in H(A) is actually a
special case of the above notion, at least, if we realize that ) and zv define the same
state for any z € C with |z| = 1 (that is, states are defined only “up to a phase”).
Namely, we may pass from a unit vector ¢ to a density matrix

p=[v){¥l, (1.23)

where the general expression of the form [¢) (], for vectors ¢ and ¢ in some Hilbert
space K, denotes the operator on K that maps a vector x to (¢, )% (here physicists
would probably want to write ) for ¥, etc., so that, quite neatly if not tautologically,
|1) (] maps |x) to [)(¢|x)). The expression (1.23) is just the orthogonal projection
onto the (one-dimensional) linear span of 1, and hence density operators p of this
type are characterized by the equation p* = p (abstractly, a projection on a Hilbert
space K is an operator p satisfying p?> = p* = p, and the dimension of its image is
dim(pK') = Trp, so that a density matrix that is simultaneously a projection must
have one-dimensional range).

For reasons to become clear later, we denote the set of all density operators on
H(A) by S(H(A)). We also write PH(A) for the set of rays in H(A), i.e., the set of
unit vectors up to a phase. The construction (1.23) then yields an injection

PH(A) — S(H(A)), (1.24)

which is the quantum counterpart of (1.21). Once again, states of the form (1.23)
are called pure, all other states being mixed. Here is a nice illustration.

Exercise 1.5 1. Show that any density matriz on C? can be parametrized as

P 1+2 -y
p=ien =410 5T, (1.25)

where (z,vy,2) € R3 satisfy x* + y* + 2% < 1 (these form the three-ball B?).

2. Show that the pure states, i.e., the density matrices of the form (1.23), exactly
correspond to the case % +y* + 2% = 1.

This example falls into place if we use some convexity theory (due to Hermann
Minkowski). A convex set C'in a (real or complex) vector space V is a set for which
the line segment between any two points in C' entirely lies in C'. In other words, C'is
convex if the following condition holds: if p € C'and 0 € C, then tp+ (1 —t)o € C
for all t € [0,1]. Examples: C =[0,1]in V=R, C = B*in V =R3.



1 BASIC DEFINITIONS 9

Exercise 1.6 1. Show that the classical state space P(E™) is convex.
2. Show that the quantum state space S(H(A)) is conver.

The extreme boundary 0.C of a convex set C'is the set of all extreme points w € C,
defined by the following condition: if w = tp 4+ (1 — t)o for some 0 < ¢ < 1 and
p,o € C, then p = 0 = w. In other words, an extreme point cannot lie on a line
segment inside C' (except as an endpoint). As first proposed by von Neumann, in
physics the pure states are precisely the extreme points of the state space. This idea
is justified by seeing pure states as states about which we have maximal information;
mixed states, on the other hand, are obtained by combining pure states with weights
corresponding to (subjective) probabilities. Indeed, iterating the definition of a
convex set it follows that if points w; lie in C' (i = 1,...,n) and probabilities p; €
[0,1] sum to 1 (as they should), then ). p;w; lies in C. Conversely, one may ask if
all points in some convex set may be written as weighted sums of pure states. This
turns out to be the case if C' is compact, and if we allow suitably convergent infinite
sums in the mixing operation. Clearly, under these conditions the pure state space
cannot be empty.

Exercise 1.7 1. Let M5(C) — C be the set of 2 x 2 complex matrices. Fach
density matriz p on C* defines a map w : My(C) — C by

w(a) = Tr (pa). (1.26)

(a) Show that w is linear (trivial), that w(1) = 1 (almost trivial), and that
w(a) >0 for alla > 0 (easy).

(b) Conversely, show that any linear map w : My(C) — C that satisfies the
latter two conditions is necessarily of the form (1.26), where p is some
density matriz on C2.

This exercise leads to a unified picture of states of classical and quantum systems.
We start with the algebra of observables A, or any local subalgebra A(A) thereof, and
define a state as a linear map w : A — R (classically) or w : A — C (quantummy)
that satisfies the two conditions in the previous exercise, i.e. w(1) =1 and w(a) > 0
for all @ > 0. It immediately follows that the set of all states thus defined is convex.”

The physical interpretation of a state is simply that w(a) is the expectation value
of an observable a € A in the state w; in other words, a state is now regarded as
a rule that tells any observable what its expectation value is. In classical physics,®
the Riesz—Markov Theorem of measure theory shows that this notion of a state is

6This is the Krein—Milman Theorem from functional analysis. A simple example of a convex set
with empty extreme boundary is the three-ball without its boundary, which indeed is non-compact!

It is also compact as a subset of the dual space A* of continuous linear functionals on A, but
only if A* is equipped with the so-called weak-star topology.

8Here it is crucial that classical observables in A are localized, which implies that they are
continuous functions on EZ* Otherwise, the Riesz—Markov Theorem does not apply.
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equivalent to the one we had, i.e., any state w is given by a probability distribution
p, according to

w(f) =Y p(s)f(s) = (N (1.27)

scpzd

In quantum physics, a generalization of Exercise (b) above shows that for finite-
dimensional Hilbert spaces the new notion of a state just recovers the old notion
of a density matrix, in that any state is given by (1.26). The true value of our
new definition of a state emerges for infinite quantum systems: since (unlike its
subalgebras A(A)) the algebra A of local observables no longer acts on any Hilbert
space, the whole notion of a density matrix becomes obscure.

1.3.3 Equilibrium states of finite systems

Arguably the most interesting states in physics are equilibrium states, defined with
respect to some temperature 7' (whose deeper mening shall remain obscure in these
notes). We first defines such states locally, i.e., in a finite lattice A C Z.

Classically, given an interaction ® and the ensuing family of local Hamiltonians
ha, we define the local energy for each A as a function £ : P(E®) — R of the
classical states on E™, i.e., of the probability distributions on E*, by

Exp) = 3 pls)ha(s). (1.28)
s€EEA
Of course, this is just the expectation value of the Hamiltonian in the state p, cf.
(1.27). The local entropy Sa : P(E*) — R is a more subtle concept; rather than the
expectation value of some (local) observable, it yields a property of the probability
distribution itself. With Boltzmann’s constant kg, we have

Sa(p) = —kp > p(s)In(p(s)). (1.29)

Note that Sx(p) > 0, with equality iff p is a pure state.
Finally, the local free energy Ff : P(EM) — R is then defined as

Fl =&\ =TS, (1.30)

where 3 = 1/kgT. A local equilibrium state, then, is a probability distribution pﬁ
that minimizes the free energy (for fixed 7). Boltzmann’s solution is given by

Pals) = (Z3) e, (1.31)
Zy o= ) el (1.32)
s'cEA

Exercise 1.8 Show that ]—"f(p) > —371In Zf for all p, with equality iff p = pﬁ.

Here “for all p” of course means for all p € P(E*). It follows that there is a unique
local equilibrium state for each T', with ensuing free energy in equilibrium

FY=Fi(p}) =-p"InZ}. (1.33)

Note that none of the above expressions makes sense for A = Z<, but one might
hope that the corresponding intensive quantities (like fi = F¥/|A|) have a limit.
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The corresponding quantum-mechanical expressions are the same, mutatis mu-
tandis. In particular, the energy &y, entropy Sy, and free energy Fy F9 are now func-
tions on the space S(H(A)) of the density matrices on H(A). We have

En(P) = T (pha); (1.34)
Salp) = —kpTr(plnp); (1.35)
FY = &n—TS, (1.36)
70 = Trefha, (1.37)

If we define a local equilibrium state as a density matrix ,6/6\ that minimizes the free
energy (for fixed T), the unique solution is given by the density matrix

P = (Z3) e . (1.38)
Exercise 1.9 Show that ﬁf(ﬁ) > —31ln Zf for all p, with equality iff p = ﬁi.

What remains to be done, however, is to define ground states and equilibrium states
for infinite systems.

1.3.4 Ground states of infinite classical systems

The classical case is easy: with local Hamiltonians hy (or hY}, in case of a fixed
boundary condition b) defined by a single interaction ® according to (1.3) (or (1.4)),
a ground state for ® is simply a point sy € Ezd, i.e., a function sq : Z¢ — E, whose
restriction (so)ja to A minimizes hy (or hY), for each finite A C Z%. In the Ising
model in any d with B = 0 and free boundary condition, this gives the usual two
ground states (in which all spins are either “up” or “down”).

Some authors (e.g., [6], however, use a slightly different notion for Hamiltonians
(1.3) determined by free boundary conditions: they say that sq € E¥ is a ground
state for a given interaction ® if, writing A}’ for (1.4) with b = s¢, the condition

R (s0) < hY(s) (1.39)

holds for all finite A C Z¢ and all s € EZ" that coincide with so outside A. In other
words, sq itself acts as its own boundary condition b and this boundary condition is
fixed for all s that compete with sy in minimizing the local Hamiltonian h?\zso. This
definition opens the possibility of domain walls. For example, in the Ising model in
d = 1 with B = 0, this definition admits ground states in which infinite chains of
“spin up” alternate with infinite chains of “spin down”, and similarly in higher d.
Ground states may not exist and if they do, they may not be unique. Let us,

therefore, briefly look at the set of ground states (for some fixed interaction). If this

(1)

set has at least two elements, say s’ and s(()g), then for any ¢ € (0,1) we may form

the mixed state py = ts(() ) 4 (1— t)s((f), reinterpreted as a probability distribution
on E%" assigning probability ¢ to sy = 8(() ), probability (1 —¢) to s = 582), and
probability zero to all other points of E%, Restricting ourselves to free boundary

conditions for simplicity, this state satisfies

<h/\>po < <h/\>p (1-40)
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for all probability distributions p on E”'. Hence we may relax the definition of a
ground state so as to admit mixed states, i.e., probability distributions p on EZd,
and say that py € P(EZ") is a ground state if (1.40) holds for any p € P(EZ’). It
follows that the set G(®) of ground states of a given interaction ® is a convex set,
whose extreme points are the “pure ground states”. The above discussion suggests
that these are pure states according to our original definition, that is, we would like
to identify 9,G(®) with G(®) N, P(E%") = G(®) N EZ’. Under suitable hypotheses
on & this is correct, and we may unambiguously talk about “pure ground states”.

1.3.5 Ground states of infinite quantum systems

The above definition of a classical ground state suggests that also in the quantum
case we may define a ground state of an infinite system as a state w whose localization
wp to any finite volume |A| < oo (i.e., wy is the restriction of w : A — C to
A(A) C A) is a ground state for hy. Surprisingly, such a naive definition would be
inappropriate because of the superposition principle.

For example, we will see later on that in any finite volume A and 0 < B < B,,
the quantum Ising model (1.17) has a unique ground state ¥, as opposed to the
case B = 0, where it has two degenerate ground states ¥#=° namely the obvious
ones with either all spins up or all spins down. Seen as states in the Hilbert space
(2(EM), the functions =0 are given by =0 = ¢, i.e., UF=0(s) = 0 for all s # s,
and WP=0(s;) = 1, where sy (x) = +1 for all z € A. Roughly speaking, UF peaks
above both s, and s_, like the wave function of the ground state of a symmetric
double well potential, or, indeed, like the state of Schrodinger’s Cat.

However, in infinite volume the symmetry between s, and s_ (or the one o7 —
—o7 in the Hamiltonian (1.17)) will be broken, so that, as in the finite-volume model
with B = 0, there are two different ground states, one with all spins up and the
other with all spins down.? The point, then, is that the restriction of either of those
states to finite A obviously fails to be of the above “Schrodinger Cat” form, so that
it cannot be a ground state of ha.

The correct definition of a ground state relies on the existence of the Heisenberg
equation in infinite volume. Recall that in finite volume, this equation reads

da(t)

= ilha, a(t)]. (1.41)

Setting ¢ = 0, this defines a map 6, : A(A) — A(A) by 6x(a) = i[hy, a], which is a
so-called derivation.'® We now assume that for each a € A (i.e., a € A(A) for some

90mne way of seeing this is that tunneling between the two classical ground states in finite A is
suppressed by ~ exp(—|A]).

0For any algebra A, a derivation is a linear map § : A — A such that §(ab) = §(a)b + ad(b). In
classical physics A is a commutative algebra of functions on phase space, and the derivative (w.r.t.
either time or some spatial variable) provides an example of a derivation. In quantum physics, as
first recognized by Dirac, taking the commutator defines a derivation, as in §(a) = ilh,a]. The
factor ¢ is useful in case that h* = h, because in hat case we have §(a*) = d(a)*. Such a derivation
is called symmetric, hermitian, or self-adjoint.
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finite A) the following limit exists:

— i lim [hy. al. 1.42
d(a) ZAIT%[hAya] (1.42)

If the interaction ® has short range, in that spins within A only interact with a finite
number of spins (within A or elsewhere), this will be certainly by the case, because

More precisely, this locality property somewhat symbolically states that if a € A(A4)
and b € A(Ag), then [a,b] = 0. Indeed, although the sum in (the quantum analogue
of) (1.3) has increasingly many terms as A T Z%, for fixed a € A(A) in (1.42) only
finitely many terms will contribute to the commutator.

Exercise 1.10 Prove(1.43) from the definition of A(A) = B(H(A)).

If the limit in (1.42) exists for some interaction ® and ensuing local Hamiltonians
ha, we define a ground state as a state wg : A — A that for all a € A satisfies

—iwp(a*d(a)) > 0. (1.44)

To justify this definition, let us assume we have a Hamiltonian h on some finite-
dimensional Hilbert space H. By adding a constant if necessary, we may assume

~

that its lowest eigenvalue of h is Ey = 0, so that h > 0 in the usual sense that

(¥, hap) > 0 (1.45)

for all ¢ € H. If some unit vector v, satisfies
hapy = 0, (1.46)

so that it is a ground state in the usual sense, then by (1.45) with ¢ = at)y and
(1.46) the associated state (in the algebraic sense)

wo(a) = (Yo, atho) (1.47)

has the property

—iwp(a*d(a)) = (1o, a*(ha — ah)y) = {(arhy, haty) > 0.

Exercise 1.11 Show, conversely, that for any unit vector ¢ € H that does not
satisfy hi) = 0, the associated state w(a) = (1, ayh) fails the condition (1.44).

Finally, we note that the discussion on the set of classical ground states in §1.3.4
may be repeated almost verbatim: the set of ground states of a quantum system is
a compact convex set, whose extreme points are pure states under reasonable con-
ditions on the interaction. As we shall see, this is no longer the case for equilibrium
states, where the extreme points correspond to “pure thermodynamic phases”.
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1.3.6 Equilibrium states of infinite classical systems

Neither the local Hamiltonians (1.3) nor the local partition functions (1.32) have a
limit as A T Z% The correct way to define equilibrium states of infinite classical
systems was given in 1968 by Dobrushin and independently by Lanford and Ruelle.
To explain their solution, we need to recall conditional probabilities. So far, we
have used probability distributions p on S = E® or S = EZd, which associate a
number p(s) € [0,1] to each s € S, subject to the condition ) p(s) = 1. More
generally, a probability measure on a discrete set S is a function P : P(S) — [0, 1]
(where P(S) is the power set of S, i.e., the set of all subsets of ), satisfying

P(S) =1; (1.48)
P(AUB) = P(A)+ P(B) if An B =0 (S finite); (1.49)
P(UiAy) = P(A) if A0 Ay = 0 (i # 5) (S infinite), (1.50)

where (4;); is any countable family of subsets of S. Here s € S is often called an
outcome (of some stochastic process), whereas A C S is called an event. Clearly, a
probability distribution p on S gives rise to a probability measure P on S by

P(A) = p(s), (1.51)
s€EA
whilst a probability measure P on S induces a probability distribution p on S by
p(s) = P({s}). (1.52)
If P(B) > 0, the conditional probability of A given B is defined by
P(ANB)
P(B)
Now take some finite A C Z?, and pick a spin configuration s : A — E as well
as a boundary condition b : A° — E. These defines events s C EZ" and b ¢ EZ" by

s = {s"cE"| S|y = 5} (1.54)
b = {s" € E¥ | =b}, (1.55)

P(A|B) = (1.53)

whose intersection s b = {s'} consists of the single spin configuration s’ : Z¢ — E
that coincides with s on A and coincides with b on A¢, or 51 A = s and 51 Ae = b.
Dobrushin, Lanford, and Ruelle, then, proposed that an equilibrium state of an
infinite (spin-like) system is given by a probability distribution p® on E%" whose
associated conditional probabilities for any finite A, s, and b as above, are given by

PP(s|b) = (Z°(b))~"e ), (1.56)
where PP is defined in terms of p® by (1.51), ha(s|b) is given by (1.8), and
Z0(b) =Y e, (1.57)
seEA

Exercise 1.12 Let A’ D A be finite, but large enough that spins in A do not interact
with spins outside A'. Show that the probability distribution p/ﬁ\,, defined as in (1.31),
satisfies (1.56) if Z¢ is replaced by N in the explanation after (1.53).
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1.3.7 Equilibrium states of infinite quantum systems

Attempting to define an equilibrium state of an infinite quantum system as a state
whose restriction to finite volume is an equilibrium state of the ensuing finite system
is unsatisfactory for the same reason as for ground states. The correct definition
once again relies on the possibility of defining dynamics in infinite volume, but now
we assume that for each a € A the limit
a(t) = lim e e~ (1.58)
A1Zd
exists. Although mathematically speaking this condition is slightly different from
the existence of the limit in (1.42), as before (and for the same reason) it is satisfied
by short-range interactions. We assume this is the case, so that a(t) exists.
Roughly speaking, a KMS-state (named after Kubo, Martin, and Schwinger) on
A at fixed inverse temperature 3 € R is a state w : A — C that for all a,b € A and
all t € R satisfies
w(a(t)b) = w(ba(t +1i3)). (1.59)

This definition is correct for finite systems i.e., for A(A) instead of A, but for infinite
systems the following more precise formulation is needed: A KMS-state at inverse
temperature 3 € R is a state w on A with the following property:

1. For any a,b € A, the function F,; : t — w(ba(t)) from R to C has an analytic
continuation to the strip Sz = {z € C | 0 <Im(z) < 8}, where it is holomor-
phic in the interior and continuous on the boundary 055 = RU (R + if3);

2. The boundary values of F,; are related, for all t € R, by

Foo(t) = w(ba(t)); (1.60)
Fup(t+iB) = wla(t)b). (1.61)

This precise definition shows a typical phenomenon for quantum statistical mechan-
ics: time is no longer real, but takes values in the strip Sg. For 8 — oo, ie, T — 0,
this strip becomes the entire upper half plane in C. In the opposite limit § — 0, or
T — o0, a KMS-state obviously becomes a trace, in that w(ab) = w(ba).

Exercise 1.13 1. Define a state o, on A(A) = B(H(A)) by
wi(a) = Tr(pha), (1.62)
where the density matriz ,6/’6\ is given by (1.38). Show that w/ﬁ\ satisfies (1.59).

2. Conwversely, show that ,6/’6\ s the only density matrix whose associated state
(1.26) satisfies (1.59).

3. For arbitrary operators a and b and state w, define

Lap(t) = iw(la(t),b]); (1.63)
Curlt) = w(la(t),bl), (1.64)
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where [a,b], = ab+ ba. Prove the fluctuation-dissipation theorem:!!

If w is an equilibrium state (i.e., a KMS-state) at inverse temperature (3, then
Lap(w) = i tanh (L fw)Cop(w), (1.65)

where the Fourier transform f of an arbitrary function f of t is defined as

f(t) = / dt e f(t). (1.66)
It follows from this exercise that for finite systems the KMS-condition is equivalent
to the condition that a state minimizes the free energy, so that the KMS-condition
characterizes thermal equilibrium states. As first proposed by Haag, Hugenholtz,
and Winnink in 1967, the KMS-condition defines thermal equilibrium states also
in infinite systems, where the free energy is infinite. This definition has proven its
values in all subsequent studies of physical models. It has also led to the correct def-
inition of pure thermodynamic phases, namely as the extreme points of the compact
convex set of KMS-states Kz (at fixed temperature).'?

The original relationship between equilibrium states and the free energy remains
valid for infinite systems, in the sense that KMS-states minimize the intensive free
energy f% : S(A) — R (where S(A) is the (compact convex) set of all states on A),

given by
f7(w) = lim 1 Fl(wia) (1.67)
aze [A]T AV

where Ff is given by (1.30), and we assume that the limit exists. Consequently, if
WP is any KMS-state, and

FV=—p'n 2%, (1.68)
we have 1
8. i _Fﬁzf’B By 1.
7= lim, e P = P) (1.69)

There are many other characterizations and good properties of KMS-states, for
which we refer to the literature [4, 11, 12].

U Through the linear response theory of Kubo, the function Lg; is related to the influence of “dis-
sipative” external influences on the system, whereas Cy; is the two-point function for equilibrium
fluctuations. The fluctuation-dissipation theorem is even equivalent to the KMS-condition.

12In contrast to ground states, extreme points w € 9. K are never pure states.
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2 Answers to selected exercises

Exercise 1.3. We first recall that if some Hilbert space K has an orthonormal basis
(es)ses, (assumed to be finite or at most countable), then there is a unitary operator
U: K — (*(S). Indeed, we simply define U by linear extension of Ue, = d,, where
d5(t) = 0. In other words, U(D", g ¢ses) = ¢ with ¢(s) = ¢,, where Yo |c]? < o0.

Let K = H(A) and S = E*, with E = {1,2,...,n}. In terms of the standard
basis (e1,...e,) of H=C" (any other basis might be used here, too), S now labels
the specific orthonormal basis (es)ses of H(A) defined by e, = ®genes(r), where
es(r) = ey(y); recall that s € S is a function s : A — E.

Combining everything, we see that U : H(A) — (?(S) defined by linear extension
of s — 6, or, explicitly, U(D_ . pa Cs ®qzen €s(x)) = ¢, with ¢(s) = ¢, is unitary.

Exercise 1.8. We need to show that ff(p) > 7l Zf with equality iff p = pﬁ,
or, using (1.30), (1.28), and (1.29), that

Z p(s)(ha(s) + 3 'Inp(s)) + 3 '1n Zf > 0. (2.70)

seEEA
Using (1.31), for each s € E® we obtain
ha(s) = =6 In Z7 — B~ Inpl(s). (2.71)

Substituting this in (2.70), using >, p(s) = 1, omitting the ensuing prefactor 51,
and noting that pf} (s) > 0 for all s, the inequality (2.70) to be proved becomes

Z p(s)In ( Z;(;))) > 0. (2.72)

sEEA pA S

Hence we need to prove the inequality

Z Pa(s) - <LS>)> In <&> > 0, (2.73)

SEEA pﬁ<5 pﬁ(s)

with equality iff p(s) = pj(s) for all s.

Let us now note that the function f(z) = xlnx is strictly convex for all x > 0,
that is, for any finite set of numbers p'(s) € (0,1) with > p'(s) = 1 and any set of
positive real numbers (z4)s > 0, we have

Do) () = FOQ o (s)s), (2.74)

with equality iff all numbers x4 are the same. Applying this with p'(s) = pi(s) and
z, = p(s)/p(s), so that p/(s)zs = p(s) and hence Yo P (s)rs =Y, p(s) =1, which
makes the right-hand side of (2.74) vanish since In(1) = 0, finally leads to (2.73).
Equality arises iff p(s)/pf(s) equals the same numer ¢ for all s; summing over all s
forces ¢ = 1, so that one has equality iff p(s) = pﬁ(s) for all s, as desired.
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3 Mean Field Theory

Exercise 3.1 1. Check (3.8) on p. 25 of Parisi.

2. Verify Parisi’s assertion that the free energy ® = ®(m;) in (5.8) is minimized
iff mi =m for alli € A, for a suitable m € [—1,1]. Here Parisi’s ®[P] is our
Fx(p)-

3. From this result, assuming that m; = m for all © € A, verify that for small m:

T
f(B,h) = —hm+ (AT — DJ)ym* + Em4 + O(m®). (3.75)
Parisi’s (3.16) is the Bogoliubov inequality for the exact free energy:
F < Fy + (h — hg)o, (3.76)

where (for fixed A and (3) for the sake of readability we have omitted all suffixes A
and (3, so that F equals F as defined in (1.33), (1.31), and (1.32), F, is defined by
(1.33) with A in (1.31) and (1.32) replaced by any “trial Hamiltonian” hg, and

(a)o =Y _ po(s)a(s), (3.77)

sEEA

with py as defined in (1.31) and (1.32) with, once again, h replaced by hg.

Exercise 3.2 Show that Fy + (h — ho)o = Fr(po), cf. (1.30), and argue that (given
theses lecture notes) Parisi’s convezity proof of (3.76) is unnecessary.

4 Low- and High-Temperature expansions

4.1 Low T

To begin with, we take the Hamiltonian for the Ising model in zero external field:

ha(s)=—J ) sis;. (4.78)
(i5) A

Introducing the set B(A) of all nearest-neighbour pairs within A, we typically write
b for some specific pair {i,j} € B(A), and accordingly, s(b) = s;s;. Also, define a
map 7 : E* — P(B(A)), where P(X) is the power set of some set X (that is, the set
of all subsets of X; N.B. we write |X| for the number of elements of a set X), by
v(s) ={be B(A) | s(b) = —1}. (4.79)

We may then rewrite the partition function (1.32) in finite A C Z” as

Zﬁ _ Z e~ Bhals) — Z BT Dty p 555 — Z B Xven(a) 5(0)

sEEA seEA seEA
— Z B Lvenn) (5(0)=14+1) _ BIIB(A)] Z B Xven(n)(5(0)—1)
seEA seEA
—  BIDIA Z e~ 28I ()l — 9B DIA Z 26718l (4.80)

seEA Bey(EM)
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With ¢ = exp(—4/3J, it follows from (4.80) and (1.69) that, taking into account the
empty set B = (), the intensive free energy is given by

=—JD -3l In |1 B2 4.81
£ 67 lim, 7o A| n |1+ Z (4.81)
Expanding the logarithm as In(1 + z) = = — 2?/2 + 23/3 — -+ yields the low-

temperature expansion of the free energy. This expansion is difficult, because the
sum over B interferes with the power series expansion of In.

Exercise 4.1 1. Reproduce Parisi’s (4.6) on p. 48 from (4.81).

2. Generalize the derivation of (4.81) for Hamiltonians of the form

Z J(b (4.82)

beB(A

where J : B(A) — R is some function.

4.2 High T

It is instructive to start with a naive high-T" expansion for the Ising model, that is,

Zy = Y M =N H ePIsisi (4.83)

seEA s
n' %y
s (ijya n=0 s beB(A

=zzn”” z Tar S

s VeNB(A) b s xEA
_ 2\A|Z (s

Here v(z) = Y. %, the restricted sum Y, is over all configurations v : B(A) — N
for which v(x) is even for each z € A, and the final sum is over all topologically
different graphs G in A with associated weights w(G) and length |G|. In this case, a
graph is just a collection of lines drawn between nearest-neighour vertices (ij) of A,
subject to the rules that any number v;;y € N of lines may be drawn (including zero),
and that the number of lines terminating at each vertex ¢ must be even (including
zero). The weight w(G) is the product of [],.; #! and the number of distinct ways
a graph of the given topological type may be drawn inside A.

For example, the empty graph has weight w(()) = 1. The graph o = o consisting
of two lines between some nearest-neighbour pair has weight w(o = o) = L D|A].
The idea, then, is that for high 7' (= low () only small graphs (i.e., graphs for which
|G| is small) contribute significantly to the expansion (4.84).

Sy
J)= _2|A|Z )(BJ)l. (4.84)

p V!
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Exercise 4.2 1. Compute the coefficient of 3* in Zf in any D.
2. Compute the free energy to order $* and verify that In Zf ~ |A| to this order.

A simpler high-T expansion for the Ising model arises if we introduce the variable
t = tanh(5J), cf. [?, ?]. The result is

Z5 - 27 (cosh(B.])) PN = Z/: o = Zw(g)tm. (4.85)

ve2B(A) g

where 2 = {0, 1}, so that this time only graphs consisting of single lines between
nearest-neighour vertices contribute, still subject to the rule that v(x) (i.e., the
number of lines terminating at vertex x—now either zero or one) be even for each
x € A. This implies that only closed paths contribute, and w(G) just counts the
number of ways G may be drawn. Apart from the empty graph, this process starts
at |G| = 4, for which only one type of graph exists, namely the elementary square or
‘plaquette’. For order |G| = 8 and higher, both connected and disconnected graphs
contribute (even to the free energy).

Exercise 4.3 Compute (4.85) to order t*, compute the corresponding free energy to

order 3*, and verify consistency with the previous exercise.

4.3 Gaussian model

See Parisi [?], §4.2.

Exercise 4.4 1. Find the ‘critical’ value of B for which the N x N (N = |A])
matrix A =1 — (8J defining the Gaussian model loses positive definiteness.

2. Prove the last equation in (4.14), p. 50, of Parisi.
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5 Renormalization Group

Theory: Mussardo Ch. 8.

Exercise 5.1 This exercise is about the classical Ising model in D = 1, with the
usual variables s; = £1,i=1,... N (assumed even), K = 3J and h =0, so that

_BhN =K Z SiSi+1- (586)
1. Show that
Z e_ﬁhN(S) = eiﬁh/N/2(S,)7 (587)
s;==1,ieven
where

N/2
—Ohinga(s) = D (K'sisiy, + K +1n(2)), (5.88)

=1

and, in terms of L = exp(2K), so that L € [1,00] as K € [0, 0],

LI

L+ LY. (5.89)

2. Show that the fixed point L, =1 (i.e., L' = L) is attractive, whereas the fized
point L, = oo is repelling (so that the renormalization flow is from L = oo
towards L =0, or from T =0 to T = o0).

3. Assuming N/3 € N, repeat this analysis summing over all spins except nos. 2,
5,8, 11, ..., using periodic boundary conditions (in other words, of each block
spin of three, keep the middle one and sum over the rest). Show, e.g., that

N/3
~BHyys(s") = Y (K'sisiy + g(K), (5.90)
=1

for suitable g(K), where this time, writing M = tanh(K), we have
M = M3, (5.91)

4. Assuming N/(2l + 1) € N, generalize the previous approach from block spins
sized 3 to block spin sized 2l + 1, 1 € N. The result looks like (5.90), but with

M' = M (5.92)

Exercise 5.2 For general coupling constants K = (Ki,...,K,), write the RG
transformation induced by a block spin consisting of b original spins by K' = Ry(K).
For some fized point K, that is, Ry(K.) = K., denote the eigenvalues of the n x n
matriz Ry(K.) by \i(b). Show that \;(b1)A;(b2) = Ai(b1b2), so that X\;(b) = b¥i for
some ‘critical index’ y; (all critical exponents are expressible in terms of these y; ).
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6 Exact solution of the quantum Ising chain

6.1 Fermionic Fock space and CAR

Let H be a Hilbert space and let F__(H) be the corresponding fermionic Fock space,
ie.,

F_(H) =& H", (6.93)
where H®Y = C, and for n > 0 we have
e — p gen (6.94)

is the totally antisymmetrized n-fold tensor product of H with itself. Here the
projection P™ : H®" — H®" is defined by linear extension of

1
(n) _ E :
P f1®“'®fn—a G(W)fﬂ(1)®"'®fﬂ(n)v (695)

TESy

where Sy is the permutation group on n objects and e(w) is +1/ — 1 if 7 is an
even/odd permutation. On the usual Fock space

F(H) = @ H®", (6.96)
for each f € H we define the usual annihilation operator a(f) by linear extension of
()@@ fo=vVnlf,)a® @ fu, (6.97)

for n > 0, with a(f)z = 0 on H®® = C, with adjoint a(f)* = a*(f) given by
A(NH@ @ fu=Vn+t1f@ i@ @ fa. (6.98)

Exercise 6.1 Show that (V,a"(f)®)r) = (P, a(f)V) gy for all @,V € F(H).

For each f € H, we then define the following operators on the fermionic Fock space:

o(f) = Poa(f)P-; (6.99)
&(f) = P.a*(f)P.. (6.100)
Exercise 6.2 Show that ¢*(f) = c(f)* and prove the anticommutation relations
[c(f), (@) = (fr9)u- L (6.101)
[c(f),c(g)]+ = O; (6.102)
[c"(f),¢"(9)l+ = 0. (6.103)
Of course, choosing an orthonormal basis (e;) of H and writing c(e;) = ¢; etc. yields
[Ci, C;]—l— = 5ij : 1, (6104)
lci,cily = 0; (6.105)
[c;,cily = 0. (6.106)

The algebra CAR(H) of Canonical Anticommutation Relations over H is the opera-
tor algebra (technically, the C*-algebra) generated by the operators ¢(f) and ¢*(f),
feH,on F_(H).
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6.2 Jordan—Wigner transformation
The following fact is of great importance.
Proposition 6.3 If dim(H) = N < oo, then
F_(CN) =g  H®" =~ C?", (6.107)

and

CAR(CN) = My~ (C). (6.108)

Exercise 6.4 Prove (6.107) by a dimension count and prove (6.108) wvia Schur’s
Lemma: if A C My(C) is an algebra of matrices (i.e., A is closed under linear
operations, multiplication, and taking adjoints) containing the unit, then A = My(C)
iff the only matrices that commute with all a € A are multiples of the identity.

This result is important to us, because also

QVC? =~ ", (6.109)

so that by Proposition 6.3,
F (CY) = aNC% (6.110)
CAR(CY) = M,~(C). (6.111)

This is already nontrivial for N = 1, in which case F_(C) = C?, and, with a = a(1),

0 = o = ((1) 8) (6.112)
@ = a+:(8 (1)) (6.113)

gives a realization of CAR(C), with the usual notation o = 1(o® £ ig¥).

To generalize this to arbitrary N > 1, we put a copy of the Pauli matrices on
each site i of a chain N = {1,2, .., N}, denoted by o, p=0,1,2,3, with 0° = 1.
Following [8], for each i = 1,2, . N — 1 we then deﬁne operators

¢ = e"Xinio g (6.114)

¢ = e XN gt (6.115)
along with ¢; = oy and ¢} = 0. Since

i = aja; = ( (1] 8 ) : (6.116)
the inverse transformation is given by

a = e ™Xi= ic}‘%c (6.117)

al = ceniimge (6.118)

1
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More concretely, since the operators a;r

micto™ -1 0
e _( ; 1), (6.119)

the so-called Jordan—Wigner transformation (6.114) - (6.115) is simply given by

.o — ﬁ(_ol ?)]((1) 8) (6.120)

J=1

G = ﬁ(_ol (1))]-'(8 é) (6.121)

J=1

o, commute for different sites j, and

Exercise 6.5 1. Defining

v 1/2 V12 (6.122)
172 /12
and subsequently uyy = @N u;, show that
u N)hNuz(N) = th, (6123)
where
N
hy = —JZO‘Z ol —TY of (6.124)
i=1
N
Wy = —JZ@ of —TY af. (6.125)
i=1
2. Show that

Wy = II'N-— FZCCZ Ly ey +ein)  (6.126)

@‘MZ

+iJ(ey —en)(e +a)le 7”2] 199+ 1), (6.127)

For large NV, the term on the second line can be neglected (as it is bounded, unlike
the first) [8]. So we now show how to diagonalize quadratic fermionic Hamiltonians

of the type
N

hy =Y (Aycie; + 1By(cic; — aicy)) (6.128)

i,j=1

where A and B are real N x N matrices, with A” = A and BT = —B. This is done
by a so-called Bogoliubov transformation, whose abstract theory is as follows.
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6.3 Bogoliubov transformation

The passage (6.129) - (6.130) from operators ¢, ¢* satisfying the CAR, to new op-
erators 1, n* that also satisfy the CAR, as expressed in the following theorem, is
called a Bogoliubov transformation.

Theorem 6.6 Let u and v be operators on a Hilbert space H, where u is linear and
v is anti-linear (i.e., v(AV) = \v(¥) for A € C and ¥ € H). Let c(f) and c*(f) be
the operators (6.99) - (6.100), satisfying the CAR (6.101) - (6.103). Define

n(f) = cluf)+c(vf); (6.129)
n'(f) = @f)+cf). (6.130)

Then the canonical anticommutation relations
()@l = (figu L (6.131)
(), n(g)l+ = 0; (6.132)
" (f):n*(9)l+ = 0. (6.133)

hold if and only if u and v satisfy

w4+ vu* = v'u+u'v = 0; (6.134)
wu+ v =uut + vt =1 (6.135)

Exercise 6.7 Prove this theorem.

Taking into account that c(f) is antilinear in f, whereas ¢*(f) is linear, with respect
to a base (e;) of H the Bogoliubov transformation (6.129) - (6.130) looks like

n = Z(Hjicj—i_vjic;); (6136)
J
J
6.4 Dynamics

With H = CV and ¢, := c(ex) and ¢} = c*(eg), defined in terms of the usual
orthonormal base (e;,)~_, of CV, take the free Hamiltonian i on F_(C¥) defined by

N
h=> excick, (6.138)

where €, > 0 for each k. Note that this is the second quantization of the single-
particle Hamiltonian A" : C¥ — CV given by (linear extension of) h(Ve, = e4ey.
In this simple situation, the Heisenberg equations of motion for ¢ and ¢* can be
easily solved, with the result that for arbitrary f € CV we have

c(f)(t) = efe(f)e = c(e™ f); (6.139)
E(f)(t) = e (fleth = (e f). (6.140)
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In other words, we have

() = e(f(1)), (6.141)
where f(t) solves the (anti) Schrédinger equation (—i instead of 7)
_ﬁd_(p _ 0, (6.142)

with initial condition f(0) = f. As a special case, we obviously have

a(t) = e "Ry (6.143)
ci(t) = e (6.144)

This remains true if H is infinite-dimensional, as long as the Hamiltonian h on
F_(H) is the second quantization of some self-adjoint single-particle Hamiltonian
M . H — H (possibly even unbounded). One way to define what this means is:

Exercise 6.8 Given some self-adjoint single-particle Hamiltonian h") : H — H
(assumed bounded for convenience), show that there is a self-adjoint operator h :
F_(H) — F_(H), unique up to an additive constant, such that (6.139) - (6.140)
hold. Also show that (6.138), (6.143), (6.144) is a special case of this construction.

However, most fermionic Hamiltonians are not in this form, even if they are quadratic
in the ¢ and ¢*. In that case, h is diagonalizable by a Bogoliubov transformation,
which means that there is a different fermionic Fock space (i.e., the one for which
|0), the unit 1 of H®® = C) satisfies n(f)[0) for all f € H) on which h is the
second quantization of some h(!). The simplest formalism to accomplish Bogoliubov
transformations for infinite-dimensional H is as follows.

6.5 Self-dual formalism

The self-dual formulation of the CAR, due to Araki, treats ¢ and ¢* on equal footing.
The advantage of this formalism is that formulae like (6.139) - (6.140) hold even if A
is not (already) of the form (6.138). The basic trick is to double H into K = H® H,
with elements written h = (f, g) or h = f+g, indicating that f lies in the first copy
of H, whereas g lies in the second. The inner product in K is given by

(hi,ho) i = (f1, fo)m + (91, 92) - (6.145)

We also need a conjugation on H, that is, an antilinear map J : H — H satisfying
J*=J and J? = 1. For H = (*(Z), the simplest example is

Jfi=fi. (6.146)

However, on

H = L*([-m, 7)) (6.147)

it turns out to be appropriate to use the Fourier transform of (6.146), which is

A A

JU(k) = (k). (6.148)
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We then introduce the “field” (often called B instead of ®)
®(h) = " (f) + c(Jg), (6.149)

which is linear in h = f+g¢, because the antilinearity of ¢(f) in f is canceled by the
antilinearity of J. This yields

[@%(h1), ®(h2)]+ = (h1, ho) K, (6.150)

but generally [®*(hy), P*(ho)]; and [®(hy), P(hs)]; do not vanish! Indeed, in terms
of the antilinear operator I' : K — K, defined by

0 J
I'= ( 70 ) (6.151)
we have
O*(h) = ®(h)" = O(T'h). (6.152)
If we identify f € H with f+0 € K, we may reconstruct ¢ and ¢* from ® through
() = @) (6.153)
c(f)y = O(Tf). (6.154)
The self-dual formulation of Bogoliubov-transformations is now extremely elegant,
as follows: for any unitary operator S on K that satisfies [S,T] = 0, we define a
Bogoliubov-transformed field
d5(h) = P(Sh), (6.155)
with associated creation- and annihilation operators (where H > f = f+0, as above)
cs(f) = @s(f) (6.156)
cs(f) = P5(f) (6.157)
Exercise 6.9 Show that S necessarily has the form
v vJ
S = ( Jo Jud ) , (6.158)

where w : H — H s linear and v : H — H is antilinear, and u and v satisfy (6.134)
and (6.135). Subsequently, prove that cs(f) and c5(f) coincide with n(f) and n*(f)
in (6.129) and (6.130), respectively.

6.6 Diagonalizing the Hamiltonian

The point of all this is that we can now diagonalize the N — oo limit of the
Hamiltonian (6.128), or rather, for a two-sided chain (assuming N even)

N/2—1

hy = Y (Aycicj+ sBylcic; — ccy)) (6.159)

i,j=—N/2
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This limit exist in the sense that, for H = ¢? and any a € CAR(H), the derivation

d(a) =1 lim [hy,a] (6.160)

N—oo

is well defined, whilst also the Heisenberg-picture time evolution

a(t) = lim e~ gethy (6.161)

N—oo
exists. Combining this, the operator Heisenberg equation

da(t) .
i ZA}EI;O[hN,a(t)] (6.162)

is well defined and has a unique solution (6.161) subject to a(0) = a. The point is:
Exercise 6.10 Show that for any h € K one has (cf. (6.141) - (6.142))
O(h)(t) = (h(t)), (6.163)
where h(t) solves the ‘doubled’ (anti) Schrédinger equation
dh(t)

—i—= =hh 6.164
T D ( )
with initial condition h(0) = h. Here the ‘doubled” one-particle Hamiltonian operator
hy © K — K s given b
D given by
Q A B
hp _<—B —A)’ (6.165)

where A : (*(Z) — (*(Z) and B(*(Z) — (*(Z) are the obvious extensions of the
N x N matrices A and B to operators on (*(Z) (assuming the entries A;; and B,

are defined whenever (i,7) € Z X 7).

Exercise 6.11 Recall the finite-N Hamiltonian for the quantum Ising chain:

N/2—1

hiy=—= Y (0707, +)d}). (6.166)
j=—N/2

where we (conventionally) have put J =1 and interchanged the x- and z-azes.

1. Show that for this Hamiltonian

A = L(S+S5) -\ (6.167)

B = (S-S5, (6.168)

where S : (*(Z) — (*(Z) is the shift operator, defined on a sequence (f;) by
Sfi = fi+n (6.169)
Sf = fi1 (6.170)

Note that in terms of the standard basis (e;) of (*(Z) we have Se; = e;_1 and
S*€j = €j41-
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2. Show that a Fourier transformation U : (*(Z) — L*([—m,7]), given by

Uk =fk) = > e vy (6.171)
jEz
Wiz = [ e, (6172
diagonalizes A and B to A, B : L*([—n,x]) — L2([—m,7]), given by
A(R) = ((cosk) — Ni(k) (6.173)
Bi(k) = —isinkd(k). (6.174)

3. For fixed k, show that the eigenvalues and eigenvectors of the 2 X 2 matrix

~( (cosk)—A —isink
My = ( isink  —(cosk —\), (6.175)

are tey, with

er = V1+ A2 —2\cosk. (6.176)

4. Show that the unitary 2 X 2 matriz

_ Uk Vg .
U, = ( I ) ; (6.177)
up = Npsink; (6.178)
vy = iNg(ep + A —cosk), (6.179)
N, = (14 (ex+ N2 =2(ex + \) cos k)12 (6.180)
= (sin®k + (e + X — cos k)?) "2, (6.181)

diagonalizes My, in the sense that
UM, = Y (6.182)
MU= ) _

5. With K = H& H, where H = L*([—m,7]), we now turn My and Uy into
multiplication operators M and U on K in the obvious way, so that

oy 121 B - u v

with A and B defined by (6.173) - (6.174), and up(k) = upo(k), ete. Prove

-1 . g 0
U-'MU = ( 0 . ) (6.184)

~

where ¢ - H — H is the multiplication operator defined by eb(k) = epip(k).
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6.7 Ground states for the CAR-algebra

The fermionic Fock space F_(H) has a special state |0) for which (0|0) = 1 and
c(f)|0) = 0, and all states in F_(H) are obtained by repeatedly acting on |0) with
the ¢*(f) and taking linear combinations (and limits). More abstractly, the unit
vector |0) defines a state wy : CAR(H) — C on CAR(H) in the abstract sense by

wo(a) := (0]al0), a € CAR(H). (6.185)

This state turns out to be a ground state for the simple time-evolution given by
(6.143) - (6.144), or, equivalently, for the limiting dynamics defined by the finite-
volume Hamiltonians (6.138) (though the sum should run as indicated below).

Exercise 6.12 1. With hy = ivz/i—;p excicr and 6(a) = i[hy,a] as a deriva-
tion § : CAR(CN) — CAR(CY), show that wy is a ground state a la (1.44).

2. Show that there exists no other pure ground state on CAR(CY), and hence no
other ground state whatsoever. You may use the fact that the construction

¥(a) = (Va, ¥), (6.186)
for some unit vector ¥ € F_(H), yields all pure states on C AR(C™).

Now let N — oo, that is, replace CV by the Hilbert space £%(Z) of square-summable
sequences of complex numbers. In that case, the algebra C AR(¢?) and the fermionic
Fock space F_(¢?) are still perfectly well defined, but a Hamiltonian like (6.138) will
generally be unbounded. Nonetheless, the derivation

d(a) == z']&im [hy,al, (6.187)

is well defined, but only on operators a that are finite sums of products of finitely
many ¢’s and ¢’s. Of course, in this case (1.44) should only hold on such operators.

Exercise 6.13 Repeat the previous exercise for this situation.

From the point of view of the self-dual formalism, the above discussion merely covers
the case where hg) is already diagonal on K = H & H. In that case, the state |0)
is characterized by the property ¢(f)|0) = 0 for all f € H. In general, however, we
need to deal with the case (6.165). According to the previous two sections (especially
(6.184), (6.158), and (6.146), and Exercise 6.9), the ground state is now given by
(6.185), where this time the Fock space vacuum state is characterized by 5(f)|0) = 0

for all f € H, with n(f) = [* 2%y, f(k) (and hence n*(f) = [T %y f(k)), where

—7 27 —7 27
~ Ak *— A% — A
Me = UpCk + VECTy; MelkCr + UpCg; (6.188)
A —ijk . . Ak ijk
G = E e ey G = E e, (6.189)
jez jez

with uy, vy given by (6.178) - (6.179). It follows that n(f).n*(9)]« = (f,§) (inner
product in H) and [n=(f),n*(g)]+ = 0, so that also

) = {0l (@)I0) = (f.4): (6.190)

wo(n™(S)n(g)) = (Ol"(f)n(9)|0) = 0. (6.191)
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6.8 The GNS-construction

Algebras like CAR(H) and ®@" M;(C), also for dim(H) = oo and N = oo, are exam-
ples of so-called C*-algebras. In what follows, we will not give a formal definition of
such algebras but just use the facts that one can add and multiply the elements of
such algebras (which are to be thought of as operators), and that they have an invo-
lution a — a*, which is an abstract version of the hermitian conjugate for matrices
or, more generally, for operators on Hilbert space. In a more mathematical account,
the fact that a C*-algebra forms a Banach space plays a role, which is responsible
for the fact that C*-algebras can always be realized as algebras as bounded opera-
tors on some Hilbert space. In any case, C*-algebras make sense without reference
to a Hilbert space, although their construction or definition typically starts from
some Hilbert space, like the fermionic Fock space F_(H) for CAR(H), or @ C? for
@Y My(C) (where N < o0). As will be clear from what follows, in many respects
C*-algebras behave like groups, in that they are defined abstractly, upon which one
may look for concrete representations on vectors spaces, notably on Hilbert spaces.

Definition 6.14 A representation of a C*-algebra A on a Hilbert space H is a
linear map 7 : A — B(H) such that w(ab) = w(a)w(b), and w(a*) = w(a)*, Va,b € A.

o A representation m: A — B(H) is called cyclic if there is a vector Q € H for
which 7(A)Q = H;'3 in other words, each W € H is the limit of a sequence
7(a,)Q in H, where a, € A. In that case, Q) is called a cyclic vector for m.

Physically, the idea behind cyclicity would be that each state arises by ‘filling up’ the
ground state 2 with ‘excitations’ m(a)f2. There is a beautiful connection between
cyclic representations of A and states on A, given by the GNS-construction.'* In
quantum physics, this construction provides the bridge between the usual Hilbert
space formalism and the abstract C*-algebraic approach, so it is quite important.

Theorem 6.15 Let w: A — C be a state on a C*-algebra A. There exists a cyclic
representation m, of A on a Hilbert space H,, with cyclic unit vector ), such that

w(a) = (Q,, 1, (a),) Va € A. (6.192)

The idea is to construct H, from A and subsequently define 7, by left-multiplication:
1. Define a sesquilinear form (—, =)o on A by

{a,b)o := w(a*d). (6.193)

This form almost defines an inner product on A, except that it may not be
positive definite (i.e., it might be that w(a*a) = 0 for some a # 0, so that
{(a,a)y = 0). Hence we remove the null space

N, ={a€ A|w(a"a) =0} (6.194)

13Here 7(A)Q is the closure of the linear span of the subset {m(a)¥,a € A, ¥ € H} of H.
4Named after three founding fathers of the field: .M. Gelfand, M. Naimark, and I.E. Segal.
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by forming the quotient A/N,. The form
(la], [B]) := w(a™b) (6.195)

on A/N, (where [a] is a modulo elements of the null space N,) is positive
definite by construction and hence defines an inner product (—,—) on the
complex vector space A/N,,. The Hilbert space H,, then, is the completion of
A/N, in the corresponding norm.

2. The representation m,(A) is initially defined on A/N,, C H, by
7.(a)[b] := [ab]. (6.196)

It is trivial that m, is linear and satisfies 7, (ab) = m,(a)m,(b); to prove that
mu(a)* = m,(a*), take inner products with vectors [b] and [¢] in A/N,. The
technical point of the proof, which we omit, is that each 7, (a) is well defined
and bounded on A/N,, so that it may be extended to all of H, by continuity.

3. If A has a unit, which is the case in all our examples (but which is not part
of the official definition of a C*-algebra), define €2, = [1]; then (6.192) follows
by a simple computation:

(Qu, mu(a)Qy) = ([1], [al]) = w(1%al) = w(a).

We will usually drop the index w and also omit the symbol 7 = 7, so the the w-
dependence of the entire construction is hidden in the definition of the inner product
on H. If we don’t bother about the fact that for infinite-dimensionla H, the space
AQ is just dense in H (and so strictly speaking does not coincide with H), we can
write vectors in H as bS) for some b € A, so that the representation of A on H is
just given by a(b)) = abf?, and the inner product on H is simply

(a2, bQ) = w(a™b). (6.197)

For example, take A = M,,(C), with a state necessarily of the form
w(a) = Tr (pa), (6.198)
for some density matrix p (as we have seen). Writing N for N, etc., it follows that
N ={ae A|Tr(pa*a) = 0}. (6.199)

Exercise 6.16 In this example, assume for simplicity that p = > | Ni|e;){e;| with
respect to the standard basis (e;) of C" (otherwise, change basis), Compute N, A/N,
and the representation w(A) on A/N in the following special cases:

1. \j =1 for some j, so that p = |e;)(e;| is pure;

2. \; > 0 for all i (as in an equilibrium state p = Z ' exp(—pBh), where Z =
Tr exp(—pBh) for some Hamiltonian h : C* — C").
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6.9 Irreducible representations and pure states

As for group representation, there are natural notions of equivalence and irreducibil-
ity for representations of C*-algebras.

Definition 6.17 Two representations m : A — B(Hy) and m : A — B(Hs) are
called equivalent (m; = 7y) if there is a unitary operator u : Hy — Hy intertwining
m1 and o, in the sense that my(a) = um(a)u* for all a € A.

Exercise 6.18 Show that (for fired A) = is an equivalence relation, in that:
1. m =2« for each representation m;
2. If m = mo, then mo = mq;
3. If 1 =2 my and my = w3, then m = 73.

Definition 6.19 A representation w : A — B(H) is called irreducible when H
has no nontrivial closed subspaces stable under w(A). In other words, if K C H is a
closed subspace such that m(a)V € K foralla € A, WV € K, then K =0 or K = H.

If 7 is not irreducible, then we do have such a subspace K, and since 7(a*) = 7(a)*
it follows that also K= is stable under 7. Thus we may reduce H = K & K=,
with 7(A)K®) ¢ K&, For example, the defining representation of A = M, (C) is
irreducible, but its restriction to the algebra D,, of diagonal matrices is not: each
subspace C - ¢; is stable under D,,.

Exercise 6.20 Show that if m; = mo and my is wrreducible, then so is ms.
The following result is analogous to Schur’s Lemma in group theory.
Theorem 6.21 The following conditions on 7 : A — B(H)are equivalent:'®

1. 7 is irreducible;

2. Fach nonzero vector Q2 € H 1is cyclic;

3. m(A) = C-1, or, equivalently, m(A)" = B(H).

To get some idea of the proof, if 7(A)" # C-1, then by advanced (functional) analysis
m(A)’ contains a nontrivial projection p, and hence the image K = pH of H under
p is stable under A. This proves =3 = —1 and hence 1 = 3.

There is a beautiful characterization of irreducibility of GNS-representations,
which in the theory of phase transitions will be the main technique (in combination
with the previous theorem) for proving that some ground state is pure or mixed.

5Here the commutant M’ of a collection M of bounded operators consists of all bounded
operators that commute with all elements of M, and the bicommutant M" is simply the iterated
commutant (M').
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Theorem 6.22 The GNS-representation m,(A) is irreducible iff w is pure.
Equivalently, w is mized iff there exists an operator b # -1 on H,, that commutes
with all operators m,(a) on H, (informally: bacf) = abc) for all a,c € A).

Corollary 6.23 A state w on A is pure iff m,(A) =C- 1.

We just prove the easy direction of the corollary: if m,(A)" # C- 1, then w is mixed.

So suppose the commutant 7, (A)" is nontrivial. Again by functional analysis, it
then contains a nontrivial projection p, € m,(A)" (so py # 1 and py # 0). It then
follows that p, €, # 0: for if p, €, = 0, then ap,Q, = p,af), =0 for all a € A, so
that p, = 0, since 7, is cyclic. Similarly, p_€Q, # 0 with p_ = 1 — p,, so we may
define the unit vectors

Qi = piQW/HpiQwH7 (6200)
and the associated states
we(a) == (Qq, mu(a)y) (6.201)
on A. This yields
w=w;i+ (1= Nw_, (6.202)
with
A= HQ,H2 (6.203)

Since A # 0,1 and w, # w_, it follows that w is mixed. The associated reduction is
effected by writing

H = H.oH_; (6.204)
Hy = piH, (6.205)
in that A (more precisely, 7,(A)) maps each subspace H. into itself. Q.E.D.

Exercise 6.24 Continue the previous Fxercise 6.4:

1. Prove that the state p = |e;){e;| on A = M,(C) is pure by computing the
commutant of the corresponding (GNS) representation;

2. If \i >0 for alli in p =31 Nle;){ei|, prove that p is mized by computing
the commutant of the corresponding (GNS) representation.

Exercise 6.25 Continue the previous Fxercise 6.16: prove that the defining rep-
resentation of CAR(H) on the fermionic Fock space F_(H) is irreducible, for any
Hilbert space H (and not just for H = C" ).
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6.10 Zs-actions

The £ notation above is explained by passing from the projections p. to the operator
w=p;—p-, (6.206)

so that
w* =w; w?=1. (6.207)

In particular, w is unitary. Conversely, if some unitary w satisfies w? = 1, then
pr=31(1+tw) (6.208)

are projections satisfying py + p_ = 1, giving rise to the decomposition (6.205).
Group-theoretically, this means that one has a unitary Zs-action on H = H,,, in
which the nontrivial element of Zs = {—1,1} is represented by w. The decompo-
sition (6.205) then simply means that Z, acts trivially on H, (in that both group
elements are represented by the unit operator) and acts nontrivially H_ (in that the
nontrivial element is represented by minus the unit operator).

Thus instead of a projection p € m,(A) , one may equivalently look for an
operator w € m,(A)" that satisfies (6.207).

Where group actions (i.e., unitary representations) on Hilbert spaces should be
familiar, it may be less familiar (but equally useful) to consider group actions on
(C*) algebras. Such actions are defined in terms of so-called automorphisms.

Definition 6.26 An automorphism of A is an invertible linear map 6 : A — A
satisfying 0(ab) = 0(a)0(b) and O(a*) = 0(a)*.

For example, if u € A is unitary, in that wu* = v*u = 1, then 0(a) = uau* defines
an automorphism (check).

Definition 6.27 A Zy-action on A is an automorphism 0 : A — A with 6% = id.

Similarly to the Hilbert space decomposition (6.204) under a Zs-action, an algebra
A carrying a Zs-action decomposes as

A = A d A (6.209)

AL = {a€Al|0(a) ==+a}. (6.210)

Here the so-called even part A, is a subalgebra of A, whereas the odd part A_ is
not: one has ab € A, for a,b both in either A, or A_, and ab € A_ if one is in A,

and the other in A_. For example, if A consists of all bounded operators on some
Hilbert space H and w : H — H is a untitary operator satisfying w? = 1, then

0(a) = waw™ (= waw) (6.211)

defines a Zy-action on A, where A, and A_ consist of all a € A that commute and
anticommute with w, respectively, that is,

AL ={a€ Al aw F wa=0}. (6.212)
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As another example, take the Fermion algebra

F = CAR(*(2)), (6.213)
generated by the operators c , J €L, ¢ = ¢, cj = ¢}, subject to the usual CAR
[cf,J] —523,[Z,J]+—O Herewemaydeﬁne@ F—>Fby

0(c;) = —c;, j €, (6.214)

extended to all a € F by the defining properties of an automorphism (which, for
example, imply 6(1) = 1). In this case, F, (F_) is just the linear span of all products
of an even (odd) number of cji’s

There is some sort of a converse to the construction (6.211) of a Zs-action.

Theorem 6.28 Suppose A carries a Zs-action 0 and consider a state w : A — C
that is Zg-invariant in the sense that w(f(a)) = w(a) for all a € A. We write this
as 0w = w, with 0*w = wo 6. Then there is a unitary operator w : H, — H,
satisfying w? = 1, wQ = Q, and and wr,(a)w* = 7,(0(a)) for each a € A.

Informally: waw* = 6(a) on H. The idea of the proof is to define w on vectors of
the type b2 = 7, (b)€2, (and thence on all vectors in H by continuity) by

wb) := 6(b). (6.215)

Taking b = 1 already gives w2 = 2, and w? = 1 (and hence invertibility of w, in
that w™! = w) follows from 6 = id. Finally, unitarity follows from the computation
(wald, wb€) = (0(a)2,0(0)Q2) = (2, 0(a)"0(b)<2) = (£, 6(a")0(b)$2)

= (Q,0(a"D)Y) = w(0(a’d)) = w(a™d) = (a2, bQ2).

In this situation, we obtain a decomposition of H = H,, according to (6.204), where
the projections py are given by (6.208), so that, equivalently,

the bar denoting closure. In terms of the decomposition (6.209), it is easily seen that
each subspace H is stable under A, whereas A_ maps Hy into Hy. We denote the
restriction of 7, (A4 ) to Hy by w4, so that a Zs-invariant state § on A not just gives
rise to the GNS-representation 7, of A on H,,, but also induces two representations
7y of the even part A, on Hy. This leads to a refinement of Theorem 6.22 [3]:

Theorem 6.29 Suppose A carries a Zo-action 0 as well as a Zo-invariant state
w: A — C. With the above notation, suppose the representation m,(Ay) on Hy
is irreducible. Then also the representation m_(Ay) on H_ is irreducible, and there
are the following two possibilities for the representation m,(A) on H=H, & H_:

1. m,(A) is irreducible (and hence w is pure) iff m+(Ay) are inequivalent;

2. m,(A) is reducible (and hence w is mized) iff 71 (Ay) are equivalent.
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The proof of this theorem is much more difficult than one would expect (given
its simple statement), so we restrict ourselves to the easy steps, as well as to two
examples illustrating each of the two possibilities. To start with the latter:

1. A= My(C), with
0(a) = o3a0s; (6.217)

note that o3 = 1 and o} = 03. Then

Ay = {( Zg zO_ ) 2y € C} = D»; (6.218)

o 0 21
A = {(ZQ 0 ),21,226((:}, (6.219)

where we have introduced the notation D,, for the algebra of diagonal n x n
matrices. Take 2 = (1,0), with associated state

w(a) = (£, af), (6.220)

where a € M,(C). It follows from Exercise 6.16 that the associated GNS-
representation 7, (A) is just (equivalent to) the defining representation of
My (C) on H, = C? in which the cyclic vector €, of the GNS-construction is
itself. Since 052 = Q, the state defined by (6.220) is Zy-invariant, and the uni-
tary operator w in Theorem 6.28 is simply w = o3. Hence the decomposition
(6.204) of H = C? is simply C2 =C @ C, i.e.,

H, = {(z0),z€eC}; (6.221)

H_ = {(0,2),z € C}. (6.222)

Do check that Hy = AL). Identifying H. = C, this gives the one-dimensional
representations 74 (Ds) as

Ty ( ZO+ 0 > = 2, (6.223)

zZ_

which are trivially inequivalent. Hence by Theorem 6.29 the defining repre-
sentation of M(C) on C? is irreducible, as it should be.

2. A= DQ, with
O(diag(zy, z_)) = diag(z_, zy), (6.224)

where we have denoted the matrix in (6.218) by diag(zy, z—). This time,
Ay = {diag(z,+z),z € C}. (6.225)

We once again define a Zs-invariant state w by (6.220), but this time we take

Q:%(i) (6.226)
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Hence
Hy ={(z,%£2),z € C}.. (6.227)

We may now identify each AL with C under the map AL — C given by
diag(z, £2) +— 2. Similarly, we identify each each subspace Hi with C under
the map Hy — C defined by (z, £2) — z. Under these identifications, we have
two one-dimensional representations 74 of the algebra C on the Hilbert space
C, given by m1(z) = 2. Clearly, these are equivalent: they are even identical.
Hence by Theorem 6.29 the defining representation of Dy on C? is reducible,
as it should be: the explicit decomposition of C? in Ds-invariant subspaces is
just the one (6.221) - (6.222) of the previous example.

Exercise 6.30 Check all claims in these examples and understand every step.

The first numbered claim of Theorem 6.29 is relatively easy to prove from Theorem
6.22. Suppose 74 (A4 ) are inequivalent and take b € m,(A)": we want to show that
b= \-1 for some A € C. Relative to H = H, & H_, we write

b= ( Zj Zf: > : (6.228)

where the four operators in this matrix act as follows:
b,,:H  —-H by :H —H. b, :H —H b _:H — H_. (6.229)

Since Ay C A, we also have b € m,(A;)". The condition [b,a] = 0 for each a € A,
is equivalent to the four conditions

byt 7 (a)] = 0; [b——, 7_(a)] = O; (6.230)
my(a)by_ =by_m (a); m7_(a)b_y =b_ 7 (a). (6.231)

We now use the fact (which we state without proof) that, as in group theory, the
irreducibility and inequivalence of 7my(A,) implies that there can be no nonzero
operator ¢ : H, — H_ such that ¢y (a) = 7_(a)c for all « € A, and vice versa.
Hence by =0 as well as b_, = 0. In addition, the irreducibility of (A, ) implies
that b,y = Ay -1y, and b__ = A_ - 1y,. Finally, the property [b,a] = 0 for each
a € A_ implies Ay = A_. Hence b = -1, and 7, (A) is irreducible.

To prove the second numbered claim of Theorem 6.29, let 7, (A} ) = 7_(A), so
by definition (of equivalence) there is a unitary operator v : H_ — H, such that

vr_(a) = 74 (a)v,Va € A, (6.232)
Extend v to an operator w: H — H by

w = ( f* 0 ) . (6.233)

It is easy to verify from (6.232) that [w,7(a)] = 0 for each a € A,. To check
that the same is true for each a € A_, one needs the difficult analytical fact that
w is a (weak) limit of operators of the kind 7(a,), where a, € A_, which also
implies that w*n(a) € w(A4)". Since 7(AL)" = 7(A;) and w € w(A,), we obtain
[w*m(a), w] = 0 for each a € A_. But for unitary w this is the same as [w, 7(a)] = 0.
So w € m(A), and hence 7(A) is reducible by Theorem 6.22. Q.E.D.



6 EXACT SOLUTION OF THE QUANTUM ISING CHAIN 39

6.11 Irreducible representations of the CAR

In determining the ground state(s) of the quantum Ising chain, we will apply The-
orem 6.29 to the algebra F' = CAR(H), for H = (*(Z). This application relies on
some knowledge of the representation theory of F' [1, 5|. For the moment we leave
the Hilbert space H general, equipped with a conjugation J : H — H (i.e., J anti-
linear, J2 = 1, J* = J), with associated Hilbert space K = H & H with conjugation
I': K — K given by (6.151). An interesting class of pure states arises as follows.

Theorem 6.31 There is a bijective correspondence between projections P : K — K
that (apart form the defining properties P?> = P* = P) satisfy

rel=1-P, (6.234)
and states wp on F' that satisfy
wp(®(h)*®(h)) = (h,Ph) Vhe K. (6.235)

Such a state wp is automatically pure (so that the corresponding GNS-representation
7p is irreducible), and is explicitly given by

wp(@(hn) -+ D(hans1)) = O (6.236)
wop@®() - B(s)) = 3 () [[(Pheosy Theoyv)y (6237)
TESon j=1

where the sum X' is over all permutations w of 1,...,2n such that w(2j —1) < m(27)
and m(1) < m(3) <--- <mw(2n — 1), and €(m) is the sign(ature) of .
Note that (6.235) is a special case of (6.237) because of (6.152). States like wp, which

are entirely determined by their two-point functions, are often called quasi-free.*®

Exercise 6.32 Introduce the projection Py onto the first copy of H in K, given by

j ( - ) . (6.238)

1. Using (6.149), show that wp,(a) = (0|a|0), where c(f)|0) =0 for all f € H.

2. For a unitary operator S on K with [S,I'] = 0, show that wgp,s-1(a) = (0]a|0),
where this time the ‘vacuum’ state |0) is characterized by n(f)|0) = 0 for all
f € H, in which n(f) is the annihilation operator Bogoliubov-transformed by
S, as in Fxercise 6.158.

3. Take S as in (6.158), where u and v are defined (for given dynamics) as in
FEzercise 6.11, so that the associated unitary operator U in (6.182) diagonal-

izes the (Fourier-transformed) single-particle Hamiltonian hg) . Show that
SPyS~t = E., the projection onto the positive-energy space for hg) in K.

4. Finally, conclude that wg, equals the ground state wy of 6, as in (6.187) etc.

6There also exist mixed quasi-free states, in which the role of the projection P is played by
some positive operator 0 < § < 1. These occur, for example, as equilibrium states.
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6.12 Proof of phase transition

To study the phase transition of the quantum Ising chain, we need to take the limit
N — oo. This turns out to be problematic for the one-sides chain N: although
the bosonic algebra ®;enMs(C) and its fermionic counterpart CAR((*(N)) are well
defined, and are isomorphic through the Jordan—Wigner transformation (6.114) -
(6.115), the limiting dynamics has no simple form on either A or F.!” However, the
quantum Ising model on the two-sided chain Z can be solved [3]. This comes with
a price, though: in order to define the Jordan—Wigner transformation (6.114) as an
isomorphism between A and F, where

A = ®jezMs(C); (6.239)
F = CAR((*(7)), (6.240)

we would need to start the sums in the rifght-hand side of (6.114) - (6.115) at
J = —oo. At first sight this appears to be impossible, though, because operators like
exp(mi Z;;l_oo 0,07 ) do not lie in A (whose elements have infinite tails of 2 x 2 unit
matrices). Fortunately, this problem can be solved by adding a formal operator T" to
A, which plays the role of the “tail” exp(mi 20 O'»+O';). This formal expression

. Jj=—c0 g
suggests the relations

T = 1; (6.241)
T = T; (6.242)
TaT = 60_(a), (6.243)

0_(07) = —o; (<0); (6.244)
0_(o;) = o7 (j>0); (6.245)
0_(05) = 0o;(j € (6.246)
0_(0)) = oj(j €), (6.247)
where ¢° = 1,. Formally, de define an algebra extension
A=A®A-T (6.248)

with elements of the type a + bT, a,b € A, and algebraic relations given by (6.241)
- (6.242). That is, we have

(a+bT) = a +6_(b")T: (6.249)
(a+0T) - ( +0T) = ad +b0_(b") + (ab' + bO_(a"))T. (6.250)

17The reason for this is that the Fourier transform of ¢?(N) is the Hardy space H?(—m, ) of L2-
functions with positive Fourier coefficents, instead of the usual L?(—, 7). Unlike L2, The energies
€ of the fermionic quasiparticles do not define a multiplication operator on H?(—m, 7).
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The correct version of (6.114) - (6.115) may now be written down as

= TeFE=io % gt (i< 1); (6.251)

& = Tof; (6.252)

C?: = T6$mzj 1 J 7 o':t (Z > 1), (6253)
with formal inverse

of = TetFEi=iG ek (i< 1); (6.254)

Uli = Tct, (6.255)

gl?t = Te imza 1 J 7 o'i (Z > 1)7 (6256)

where this time we regard T" as an element of the extended fermionic algebra
F=F@F. T, (6.257)

satisfying the same rules (6.241) - (6.243), but now in terms of a “fermionic” Zo-
action §; : ' — F' given by extending the following action on elementary operators:

0_(c;) = —¢ (j <0); (6.258)
0_(c;) = ¢ (j>0); (6.259)
0_(c3) c; (j € Z); (6.260)
0_(c)) = ) (jei). (6.261)

Because of T', the Jordan-Wigner transformation fails to give an isomorphism A =
F, but it does given an isomorphism A = F. More importantly, if, having already
defined the Zs-action # on F' by (6.214), we define a similar Zs-action on A by

0(c7) = —o; (j L) (6.262)
0(c;) = oj(j €Z); (6.263)
0(c)) = o) (j ), (6.264)

and grade A and F by the latter, i.e., by 0 (see (6.209), and analogously F' =
F. @& F_), we have isomorphisms

A = FT, (6.266)
A~ F,aFT (6.267)

For given dynamics (6.159), suppose w{' is a Zy-invariant ground state on A. Then

wi' also defines a Zo-invariant ground state wl” on F by (6.265) and wf (f) = 0 for

all f € F_. Conversely, a Zy-invariant ground state wl on F defines a state wi on

A by (6.265) and w;'(a) = 0 for all a € A_. But F has a unique ground state, so:

e Either wy is pure on A, in which case it is the unique ground state on A;

e Or wy is mixed on A, in which case wy = (wg + wy ), where wi are pure but

transform under the above Zy-action 6 as wi o § = w .
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Theorem 6.29 gives a representation-theoretical criterion deciding between these
possibilities, but to apply it we need some information on the restriction of Zs-
invariant quasi-free pure states on F' to its even part F; [3]. The abstract setting
involves a Zs-action W on K that commutes with T' (so that W is unitary, W? = 1,
and [I'; W] = 0), which induces a Zy-action 6 on I’ by linear and algebraic extension
of 0(®(h)) = ®(Wh). A quasi-free state wp, defined according to Theorem 6.31 by
a projection P : K — K that satisfies (6.234), is then Zs-invariant iff [W, P] = 0.

In our case, this simplifies to 0(®(h)) = —®(h), so that W = —1, and every
projection commutes with 7. In any case, we have [2, 5]:

Lemma 6.33 Given some Zo-action W on K, as well as a projection P : K — K
satisfying (6.234), such that [W,T'] = [W, P] = 0:

1. the quasi-free state wp of Theorem 6.31 is Zg-invariant (i.e., wp o 0 = wp);

2. the corresponding GNS-representation space Hp = H,, for F' = F, @& F_
decomposes as Hp = Hj @ Hp, with H5 = F.Qp. Each subspace Hp is
stable under np(Fy), and the restriction 75 of m(F\) to HE is irreducible.

Theorem 6.29 then leads to a lemma, which also summarizes the discussion so far.

Lemma 6.34 For given Zy-invariant dynamics, let wl’ be the (unique, Za-invariant)
ground state on ' = F, & F_. Under F, C F the associated GNS-representation
space Hy decomposes as Hy = Hy & H, , with HS—L = F.Qy, and we denote the
restriction of mo(Fy) to Hi by 5. Then my (F) are irreducible.

We regard wl also as a state wl on Fy ® F_T by putting wl'(a) = 0 for all
a € F_T, and similarly as a state w§' on A by invoking (6.265) and putting wi'(a) =0
foralla € A_. Let Hl = HL ® HT be the GNS-representation space of F & F_T
defined by wl, where HY = F,.Q and HY = F_-TQ. Here H' and HT are stable

under Fy; we denote the restriction of Fy to HL by 7L, so that 7r+ =N

1. Then wé“ is a ground state on A. Any Zs-invariant ground state on A arises
in this way (via F), so that there is a unique Zs-invariant ground state on A.

2. The state wy is pure on A iff the irreducible representations w1 (F.) (orng (Fy))
and T (Fy) are inequivalent.

It turns out to be difficult to directly check the (in)equivalence of 7% (F,). For-
tunately, we can circumvent this problem by passing to yet another (irreducible)
representation of F,. We first enlarge F' to a new algebra

F=F®&FT=F,®F. ®F,T&F.T, (6.268)

and extend the state wl on F to a state @y on F by putting wo(FT) = 0, so that
wo is nonzero only on Fy C F F. Let 7 be the associated GNS- representation of F

on the Hilbert space Hy=F Q. Under 7 (F) this space decomposes as

Hy=F.Q® F Qo® F . TQ0 ® F_-T, (6.269)

with corresponding restrictions 74 (F, ) and #1(F, ); more precisely, 74 is the restric-
tion of #(F,) to Fy€y, whilst 77 is is the restriction of #(F,) to FLT . Clearly:
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o 7.(F,) is the same as 7 (F);
o 71 (F,) is just our earlier 77 (F,);
e 71 (F}) has not been encountered before.

To understand the latter, we rewrite (6.269) as

Hy = Ho® H!: (6.270)
Hy = F Q& F_Qy=F Qy® F_Qp; (6.271)
HY = F.TQy® F_Ty, (6.272)

the point being that 7(F') evidently restricts to both H, and ]:IOT We know the
action of #(F) on Hy quite well: it is the representation induced by the ground
state wy. As to HJ, we define a state 0l on F by

~ ~ A A

&g (@) == (7(T)Qo, 7(a)7(T) Q) 5. = (Q0, 7(0-(a))$20) g1, (6.273)

0

where the second equality follows from (6.243). Comparing H, and Hy, forallb e F
(and hence especially for b = 6_(a)) we simply have

~

(€0, 7(5)Q0) g, = @0(b) = wy (1), (6.274)

so that &l = wl'of_ = 6* wl'. Consequently, if we decompose the GNS-representation
space Hy- ,r of mge ¢ (F) as Hp- yr = H. @ H,. r, then 7] (F}) is (equivalent to)
- - - —Wo —@o
the restriction of my. ,» (F}y) to H. .. Therefore, the representation 7 (F') restricted
- —Wo
to HI is (equivalent to) the GNS-representation Tg- o (1), so that in turn TL(Fy) is

(equivalent to) my- ¢ (FY), restricted to Hy. . Hence, further to (6.270) - (6.272),
#(F) 2 myp (F) @ e i (F). (6.275)

The point is that for the quantum Ising chain Hamiltonian (6.166) we have:

Lemma 6.35 1. For each A # £1 we have m,¢(F) = - ,r (F).

2. If this holds, then the representations wg (Fy) = wig(FJr) and 7T (F,) are

inequivalent iff the representations © . (F,) and 7T;;

F #(F.) are equivalent.

8. For each \ # +1 the ground state wi' is pure on A iff the representations
T,r (Fy) and g ,r (FL) are equivalent.

The first claim follows the fundamental Theorem 6.37 below. The third follows from
Lemma 6.34 and the previous claims.

Exercise 6.36 Prove the second claim by repeatedly applying Theorem 6.29 to ﬁ(ﬁ)
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Given this lemma, the real issue now lies in comparing T and my. ¢, both as

representations of F' (as they are defined) and as representations of F';, C F. This
can be settled in great generality by first looking at Theorem 6.31 and Exercise 6.32,
and thence realizing that

Tur = TE,; (6.276)

Wing = TW_E,W_- (6277)

Here W_ : K — K is the Zs-action on K defining the Zs-action 6_ on F' as

explained above Lemma 6.33; specifically, W_ is the direct sum of two copies of

w_ : *(Z) — (*(Z), defined by w_(f;) = f; ( > 0) and w_(f;) = —f; ( <0).
Subsequently, we invoke a basic result on the CAR-algebra [1, 2, 5].

Theorem 6.37 Let P and P’ be projections on K that satisfy (6.234). Then:
1. 7TP<F) = 7Tp/(F) Zﬁp - P S BQ(K),
2. mh(Fy) 2 ah(Fy) iff P— P € By(K) and dim(PK N (1 — P')K) is even.

Here By(K) is the class of Hilbert—Schmidt operators on K, which consists of all

compact operators a on K for which ). p; < oo, where the p; are the eigenvalues

of a*a. ‘Morally’, the first condition indicates that P and P’ should differ only by

a finite-dimensional part, but formally this statement is only literally equivalent to

the states condition if [P, P'] = 0. In any cae, if the first condition is satisfied, the

dimension in the second part is finite, so that one may indeed say it is even or odd.
From Lemmas 6.34 and 6.35 and Theorem 6.37, we finally obtain:

Theorem 6.38 The unique Zo-invariant ground state wy of the Hamiltonian (6.166)
is pure (and hence forms the unique ground state) iff both of the following hold:

B, — W_E.W_ € By(K); (6.278)
dim(E, KN (1 —-W_E,W_)K) is even. (6.279)

This is true for all X with |\ > 1. If , on the other hand, |\ < 1, then wy =

Hwd 4wy ), where wi are pure and transform under the Zy-action 6 as wy of = wy .

The computations establishing this final result are formidable, and we refer to [3].
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6.13 Classical Ising model in d =2
6.13.1 Motivation from quantum theory

In general, a quantum lattice model in dimension d at inverse temperature 3 =
(kpT)~!, defined on A C Z¢ C R% can be mapped into a classical lattice model
in dimension d + 1 on A x Ay, where the additional dimension Ay is contained in
the interval [0, 5] (this includes the limit 5 — oo, in which case thermal averages
give ground state averages). This mapping becomes exact in the limit where Ay
approaches [0, ], in that the lattice spacing in Ag is taken to be a and one takes
the double limit @ — 0, Ay — N, with a|Ag| = . For example, take the quantum
Ising chain (6.124), where d =1 and A= N ={1,..., N} ie,
N N
hy =—JY oioi,, —TY of. (6.280)
i=1 i=1
Here we take periodic boundary conditions, so that syy; = s;. Using the Trotter
product formula for (noncommuting) matrices A and B, i.e.,
eMB = lim (eA/LeB/L)L, (6.281)

L—oo

in terms of a = /L (so that L = |Ag|) we obtain
Tre Phv = lim Tr ((e“FZi 77 ) 2 Uf”iZH)L) : (6.282)

L—o00,a—0,aL=0

where the trace is taken over the Hilbert space ®VC2. In each copy of C? we use basis
states e, = (1,0) and e_ = (0,1), so that we can speak of e,, for m = {+1} = 2,
with corresponding basis vectors e, = ®N  e,, of @VC?, defined by s € 2% or
s: N —2 ors=(s;)X, (cf. §1.2.1). Writing e, = |s) = |s; - - - sy), we have

Te(T") = > (s(IT]s(2))(s(2)|T|s(3)) - -- (s(L)[T[s(1)),  (6.283)

s(l)e2N...,s(L)e2v

where each |s(j)) runs over all basis vectors of @ C?. Using the identity
(m|e®" " |m’) = \/sinh(K*) cosh(K*)eX™™ (6.284)
where K and K* (which will be K* = ha) are related by

e — e K7
K* = arctanh(e ?*) & K =-1lIn (—) , (6.285)

el” + e~ K”
the expression (6.282) becomes
—Bhn  _ : : L2 R (s)
Tre = quo,(lzlg(l),ang(smh(ha) cosh(ha)) Z e~ (6.286)
seaNxL
N L
hf\(fi:LQ(S> = Z Z (K(a)sijsiji1 + J(a)sijsiyij) (6.287)
i=1 j=1
where K (a) is given as K in (6.285) with K* = ha, and J(a) = Ja. This is a certain
limit of the partition function of the classical Ising model in d = 2, with anisotropic
couplings (that is, K(a) # J(a)). This motivates a general study of this model.
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6.13.2 Hamiltonian, partition function, and transfer matrix

The variables of the classing Ising model in d = 2, defined on a rectangular lattice
A= N x L, are s € 2¥<L_but it is useful to treat each direction differently and
regard s as a function s : N — 2L, In other words, we use the canonical isomorphism
ML o (L) (6.288)
given by s(i,7) = s;; < si(j). So from now on, s will be a function N — 2%, and
instead of s(i) we write s; € 2%, In terms of these, the Hamiltonian is given by

N
hy7(s) = Z(HI(\[T),)I,(Si)_FH](\T{)[,(SiaSi—&-l)); (6.289)
=1
L
HO(5) = =2 si(i)si(i+1); (6.290)
j=1
L
H{(sis) = =Dy si(d)sk(): (6.201)
j=1

Here the idea is that H](\?)L incorporates the vertical nearest-neighbour interactions,

which take place within a single column, whereas H](\f)L takes care if the horizontal
nearest-neighbour interactions, which take place between different columns. In this
way, the model already looks like a one-dimensional Ising model, in which, however,
the s; take values in 2& rather than in 2. As a case in point, let us recall that
the transfer matrix T of the classical one-dimensional Ising model (with periodic
boundary conditions), with Hamiltonian

N
W=t = =T sisi, (6.292)
i=1
is given (in terms of the usual coupling constant K = (3J) by
GK G_K Ks;

T = oK oK & T(sg,s5) = €%k, (6.293)
where we label the matrix entries by s;, sp = (1, 1) instead of i, j = (1,2). Since
N

L | ) (6.204)
i=1
the partition function is now given by
Zn=Y T =T (TY), (6.295)
sl

so that the free energy density is

1 1 1
=__ ] _ S +
fs= 3 ]\}gnoo NZN 3 In(A™), (6.296)
where AT is the largest eigenvalue of T' (which, by the Perron—Frobenius Theorem
of linear algebra, is real and nondegenerate; it comes out as AT = e + ¢7K).
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We return to the two-dimensional classical Ising model, and define the 2% x 2&
transfer matrix by specifying its matrix elements as

Ty (55, 85) = exp —03 <;H§3§(si) + H, (i, 51) + %H}SL@@) , (6.297)

where the labelling is by s;, sp € 2L rather than by 4,5 € {1,...,2L}. This yields

N
eI = T Tulsivsin): (6.208)
=1
Inp = Z e’ﬂhfgﬂ:Tr(Tév), (6.299)
se(28)”

so that (cf. the one-dimensional case) the free energy density may be computed as

1 1 .1

where A7 is the (necessarily real and nondegenerate) largest eigenvalue of T, So we
need to compute the spectrum of 77, and select the largest eigenvalue, as L — oo.
6.13.3 Computing the largest eigenvalue

This computation is originally due to [9] and may also be found in detail in [5, 13]:

1. Use the isomorphism C2?" = ®LC? to rewrite T}, as an operator on ®=C?2
(specifically, in terms of the Pauli matrices o (j =1,...,L, p=1,2,3);

2. Using the isomorphism ®*C? & F_(CF), rewrite T}, in terms of the fermionic

operators c;t (using the Jordan—Wigner transformation);

3. Diagonalize the latter using a Fourier- and a Bogoliubov-transformation.

The first step is implemented using 77(s;, sx) = (es;|T1]es, ). Corresponding to the
three terms in (6.297), and with some foresight, it is convenient to factorize 77, as

T, = (2sinh(2K,))%25;*V,,8)2, (6.301)

upon which the first step gives (exercise!)

Vp = eKiXiaiel. (6.302)
S, = efeXioioin (6.303)

Secondly, the Jordan-Wigner transformation yields (exercise!)
V, = e 2KiTia(Ge-y). (6.304)

S = e KT (G atern)(e—e)= (=DM (ef+er) (e —er) (6.305)
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where the fermion number operator N is given by
N =Y cl. (6.306)

Defining W = —N, we have W* = W an T/V2 = 1, so that the fermionic Fock space
decomposes as F_(CF) = F_(C*)* @ F_(C*)~, where F_(C")*/~ has an odd/even
number of occupied states. Since [SL, W] 0, also Sy =S} @® Sy, where

AQ_‘

SE =e k2 Zf=1(c§+1+cf+1)(c§—ci)7 (6.307)
where c; 1 = Fcy. For the plus sign, the Fourier transform is just given by
1 -
ék) = —=> ek ; (6.308)
\/z JEZL
1 -
¢; = —= » eFe(k 6.309
e Dl (6.309)
kEZy,
where Z;, = {1,..., L} (at least initially, see below) is now seen as an abelian group
under addition modulo L, with dual group,*®
Zy, ={k=2mn/L,ncZ} (6.310)

In the limit L — oo this yields k& € [0,27], but (assuming L is even) it is more
convenient to shift Z; by —1L, so as to have

Zp={-1L+1,...,0,...,sL}. (6.311)

This time, k takes the values {—m +27/L,...,0,...,m — 27 /L, 7}, where each step
has size 27 /L, with limit [—m, 7] as L — oo.

For the minus sign in (6.307), the Fourier transform is defined by the same
formulae, but to achieve antiperiodicity c;.1 = —cp, the set 7y = ZJLF is replaced by

Z; ={k=2n—1)n/L,neZ}, (6.312)

so that k € {—m+n/L,...,m —m/L}, again in steps of 27/L; note that k = 0 does
not occur. We now 1solate the positive parts Nt = Zi NN of Zi (where N includes

0, so that 0 € Z7), and for each k in either NY\{0,7} or N we define

Sp(k) = exp{2Ks[cos(k) (& (k)e(k) + & (—k)e(—k) — 1) (6.313)
isin(k) (& (k)& (k) + (k)e(—k))] ) (6.314)
Vi(k) = exp{-2Kj(e"(k)c(k) + ¢ (—k)é(—k) — 1)}. (6.315)

18The dual group G of a (locally compact) abelian group G consists of the characters on G, i.e.,
the one-dimensional representations x : G — T, where T C C is the unit circle. As the name
suggest, the dual group is itself a group under (x - x’')(9) = x(9)x'(9). In our case, G = Z, and
each k € Z, labels a character Xk (j) = exp(ijk). In our case, Zr, is just a reparametrization
of Zy, itself. The Schur orthogonality relations for compact groups then immediately yield useful
relations like (1/L) Z _,exp(ijk) = 0k, and (1/L)> 7 _ nt2n/1 €XP(ijk) = 6;0. These, in turn,
give the inversion formula (6.309).
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For k£ = 0 and k = 7, however, in order to avoid double counting below, the factors
2 above are to be omitted, so that at £ = 0 and k = 7 we have

Sp(k) = exp{Ks - cos(k)(2¢*(k)é(k) — 1)} (6.316)
Vilk) = exp{—Ki(2¢(k)é(k) — 1)) (6.317)

The point, then, is this: since also [Ty, W] = 0, we have Ty, = T} & T , with

Ty = (2sinh(2K0))"” ] Tu(k); (6.318)
keNE
Tr(k) = Sp(k)Y2Vi(k)Sp(k)?, (6.319)

compare (6.301). Within the product in (6.318), all factors 77, (k) mutually commute,
so that the set o(T7) of eigenvalues of T}, also decomposes and then factorizes as

o(Ty) = o(TF)Uoe(Ty); (6.320)
o(Tf) = (2sinh(2K1)"? T] o(Tu(k)). (6.321)

NES
keNE

To compute o(T5), the operators (6.319) need to be diagonalized. As we see from
(6.316) - (6.317), for fixed k the operator T7,(k) is just a 4 x 4 matrix for all k except
k = 0, , for which it is merely 2 x 2 (namely, each pair of fermion operator ¢*(k)
acts on a two-dimensional space, so that operators involving ¢*(k) as well as é(—k)
act on a four-dimensional space). A lengthy but straightforward computation, which
may be accomplished either through the Bogoliubov-transformation mentioned in
step 3 above [9, 5], or directly [13] (using a few tricks), yields

H o(Tr(k)) = { exp — Z ex(ng —3) | | i € {0, 1}, Z ny odd/even » ,
keNT/~ keZ /™ ke~

(6.322)

where, for K1 = Ky = K (do the general case yourself!), the ‘energies’ are given by

e, = arccosh(cosh(2(K™* — K)) + 1 — cos(k)), (6.323)
where the sign ambiguity is resolved by the rules [5, 13]
e ¢y = 2(K* — K) (which may have either sign, determined by the value of K);
o ¢ >0 for all k£ # 0 (so that e_p = ex).

We have now computed the entire spectrum of 717, but we are really just interested
in the largest eigenvalue A\f as L — oo, see (6.300). There are two cases:
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1. If &g > 0, ie., if K* > K, then the supremum S\JLF of the set in (6.322) is
obtained at nj, = 0 for all £, which implies that ), n; = 0 is even, and hence
(A7) = § Xoyez; e comes from o(7y). Then

LEEOZ Z €k —/ —5k (6.324)

k627

N

1
lim 17 In(A})

L—oo

2. If g9 < 0, ie., if K* < K, the supremum lies at ng = 1, ny, = 0 for all k # 0,
in which case 3", n, = 1 is odd, and hence In(\}) = §(|50| + Zkezj\{o} 5k)
comes from o (7;"). However, because limy, o e = |go] (see [5, 13]), the limiting
expression (6.324) is exactly the same for this case.

So in both cases we obtain Onsager’s famous expression for the free energy of the
classical Ising model in d = 2 for K; = K, and vanishing external field, viz.

FolK) = —— (ln(sinh(QK)) + / %ek([()> | (6.325)

20 2m

This gives a phase transition at K = K*, at which point f3(K)” diverges. So the
first case K* > K corresponds to T' > T, with a unique thermal equilibrium state,
whereas in the second case K* < K, ot T' < T, there are two thermal equilibrium
states (this conclusion follows from a detailed analysis of the type given earlier for the
quantum model in d = 1, though now classically, see [5]). As a first indication of this
phase structure, note that in the first case sup o(7; ) as computed above continues
to be above supo(T;") even as L — oo, whereas in the second case these suprema
asymptotically coincide. Identifying the limits of the corresponding eigenvectors of
T, with equilibrium states then yields the claim. See [5] for a detailed argument.

Exercise 6.39 1. Verify all computations in this chapter.
2. Eaxtend the results to the case Ky # Ks.

3. Extend the results so as to include an external field.
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