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1. INTRODUCTION

Non-relativistic quantum mechanics describes atoms, molecules, and both small and large sys-
tems composed of atoms and molecules. Its validity is well-established in a range of conditions
that includes room temperature and atmospheric pressure as well as near-zero temperatures and
low densities. The traditional way in which quantum spin systems arise is by a reduction of the
Hilbert space of states for each atom or molecule to a finite-dimensional subspace. Such a reduc-
tion can often be justified on physical grounds. Other ways in which quantum spin models arises
is as a truncation of a lattice quantum field theory for the purpose of numerical simulation. More
abstractly, quantum spin systems describe collections of qubits in quantum information theory.
Finally, quantum spin systems are also used as toy models in some theories of quantum gravity.

While there certainly are situations where a quantum spin system description would be inade-
quate, for example in conditions where relativistic effects are important, it is fair to say that almost
all interesting features of quantum many-body physics are found in quantum spin models. These
include the complex dynamics due to interactions between the components (be it particles or spins),
the possibility of phase transitions, the important role played by symmetries and spontaneous sym-
metry breaking, the unique behavior typical of quantum phases of matter such as Bose-Einstein
condensation and superfluidity, superconductivity, the integer and fractional quantum Hall effects,
topological order, exotic quasi-particles called anyons etc. Quantum spin models provide the sim-
plest framework in which all these phenomena can be studied in detail. It is also the setting that has
proved to be most amenable to rigorous mathematical analysis. In fact, research on quantum spin
systems has led to significant new development in functional analysis (e.g., the theory of operator
algebras) and representation theory (e.g., quantum groups).

We have two goals in these lectures. The first is to provide a basic introduction to the mathemat-
ical framework for the rigorous study of quantum spin models and to introduce the most important
models. The second goal is to discuss in sufficient detail some of the most important directions of
research on quantum spin models today so that the course provides a foundation for graduate level
research in quantum spin systems.

2. QUANTUM SPIN SYSTEMS

2.1. Spins and Qudits. In these lectures, by spin we will be referring to any quantum system with
a finite-dimensional, complex Hilbert space of states, i.e. C%. This could be the space of physical
spin states of a particle, atom, or molecule. For example, electrons are spin 1/2 particles, meaning
that in addition to its translational degrees of freedom, an electron also has a spin state described
by a vector in C2. In other examples this finite-dimensional Hilbert space may be a subspace
of an infinite dimensional Hilbert space, spanned by the most relevant states for the problem at
hand. The finite-dimensional approximation may provide a convenient, more tractable description
of the systems of interest, perhaps corresponding to finitely many orbitals in a molecule, or may
be introduced for the purpose of simulating the system on a computer. The basic unit of quantum
information, the qubit, has a two-dimensional state space. The d-dimensional generalization of a
qubit is called a qudit.

We will commonly denote by H the complex Hilbert space of states of a quantum system, by
(+,+) the inner-product, a sequilinear form, which is linear in its second argument and anti-linear
in the first, following the convention standard in the physics literature. The norm induced by this
inner-product is denoted by || - ||.

Unless stated otherwise, we use the standard inner product on H# = C¢, given by

d
(2.1) (u,v) = Zuﬁvi.
i=1
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To emphasize the relation with physical spin, one often writes the dimension d as d = 25 + 1 for
half-integer values of the spin S = 0,1/2,1,3/2.... The smallest non-trivial dimension, d = 2,
corresponds to spin 1/2, S = 1/2. Common notations for a choice of orthonormal basis in C? are

{10), 10}, {l4):[=)}, and {[ + 1/2),[ = 1/2)}.

2.2. Observables. The algebra of observables of a quantum system with Hilbert space H is the
set of all bounded linear operators on #, denoted by B(H). In the physics literature, the term
observables usually refers to the self-adjoint elements of B(#). Since the algebra structure of B(H)
will be useful, we will refer to B(#) as the algebra of observables and single out the self-adjoint
observables when necessary. The default notation for the algebra of observables will be A.

For a qudit we have H = C? and, hence, A = B(H) = My(C), the set of dx d matrices with entries
in C, which we will also write as M. Self-adjoint observables A € A, i.e. , A such that A* = A,
have real spectrum. In this case, the spectral values, spec(A) C R, correspond to measurable values
that can be the outcome of a physical experiment.

Let us consider the case of d = 2. In this case, the Hilbert space is H = C2, and the set of
observables is A = Ms. It is convenient to have a basis for the set of observables. One such choice
are the identity matrix and the three Pauli matrices:

e R L RN B )

In general, the observables A = M, can be equipped with an inner-product
(2.3) (A,B)ys = Tr(A*B) for all A,B € A,
where Tr denotes the trace. This inner product is often called the Hilbert-Schmidt inner product.
With respect to %(, yus, the spin matrices 1| are orthonormal. The associated norm is the

Hilbert-Schmidt norm. Note, however, that standard norm on observables is the operator norm on
B(H), defined by

14y
2.4 All = =7,
24) L

2.3. States. A state of a quantum system with algebra of observables A, which for now is given
by B(H) for some Hilbert space H, is a normalized, positive linear functional on A. This means w
is a state if it is a linear map w : A — C that satisfies

(2.5) w(A*A) >0, for all A€ A, and w(ll) = 1.
For A € A, w(A) is the ezpected value or expectation of the observable A in the state w. The

expectation of self-adjoint observables is real and, in general, we have w(A*) = w(A). The variance
of A, Var(A), is given by the familiar formula:

(2.6) Var(A) = w((A — w(A)D)*(A — w(A)1)) = w(A*A) — |w(A)]%
For any unit vector ¢ € H, one can define a state wy, on B(H) by

(2.7) wy(A) = (v, Ay) for all A € A.

States of this form are called vector states. An alternative expression for wy, is

(2.8) wy = TrPyA,

where Py, denotes the orthogonal projection defined by

(2.9) Py(9) = (0,600, ¢ €.

It follows from the definition of state given above that the set of states on A is convex. The
extreme points of this convex set are called the pure states. In the finite-dimensional case, i.e.
A = My, the pure states are precisely the vector states and all states are finite convex combinations
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of vector states, i.e. , for any state w, there are ty,...,t, > 0 and unit vectors ¢ ..., ¥, € H, such
that

n
(2.10) W= tiwy,
=1

It follows that there is a non-negative matrix p € My such that

(2.11) w(A) =Tr(pA), forall Ae My,
with
(2.12) p=> tiPy,.

i=1

Matrices p of the form are non-negative and, since the ¢; are the coefficients in a convex
combination, Trp = """ | ¢; = 1. Non-negative matrices of unit trace are called density matrices.

As an example, we now describe the set of density matrices in the case A = Ms. p € Ms is a
density matrix if and only if

(2.13) p= (; . T)

for some r € [0, 1] and p € C satisfying
(2.14) > <r(1—r)

Another useful parametrization of the 2 x 2 density matrices is obtained by expanding then in the
orthornormal basis with respect the the Hilbert-Schmidt inner product given by the Pauli matrices

and the identity, i.e. (2.2)):
1
(2.15) pzi(]l%—f-c?)

where & = (11, 29, 23) € R? with |Z] < 1 and we have denoted by
(2.16) TG =ux10" 4 220% + x30°

This provides a bijection between the set of all density matrices in M, and the unit ball in R3. The
extreme points of the unit ball correspond to the pure states, and are in one-to-one correspondence
with the unit vectors & € R3 : |Z|| = 1. This set is often referred to as the Bloch sphere.

2.4. Dirac notation. The Dirac bra- and ket notation is very commonly used in quantum mechan-
ics and quantum information theory. It is popular because it provides a convenient way to present
the most frequently encountered operations in Hilbert space. Here, we only give a brief account
of the Dirac notation in the case of finite-dimensional Hilbert spaces. Many aspects generalize
without significant change to the case of infinite-dimensional spaces. We do not consider here the
more liberal usage of the Dirac notation encountered in many physics texts, where it is extended
beyond the Hilbert space context into distribution theory.

Let H be a finite-dimensional Hilbert space. With each ¢ € H we can associate two linear maps,
which we denote by |¢) and (¢|.:

(2.17) ) :C = H,z— z¢, (¢|:H—C:— (p,).

In fact, since the linear maps define above depend linearly and anti-linearly on ¢, we can consider
| ), pronounced ket, and ( |, pronounced bra, as linear and antilinear maps themselves:

(2.18) [):H—= LCH),p— o), (|:H—LH,C),¢+— (&

( | is the antilinear map identifying H with its dual space H*, as guaranteed by the Riesz Represen-
tation Theorem. Since H = C?, with d = dim(#), we can identify |¢) with column vector of length



6

d, and (¢| with a row vector of length d, and consider these vectors as the matrix representation of
the linear maps defined in (2.17)).
For any pair ¢1, 2 € H, we can define a rank-one linear map H — H by

(219) w — <¢2,¢>¢1.

It is easy to see that this rank-one map is the composition of a |¢1) and (¢2|, which justifies the
following elegant notation for it:

(2.20) [91)(D2|(¥) = |$1)({P2, ) = (d2,¥) 1.

It is now convenient to use the notation v and |¢) for vectors interchangeably, and to use an
alternate notation for the inner product as well:

(2.21) (6, 0) = (| ) = (d]|v).
Labeled sets of vectors, such as, e.g. , an orthonormal basis {ey,...,e4}, can be written in Dirac
notation using just the labels if this does not lead to confusion: {|1),...,|d)}.

Using the Dirac notation, orthonormality and completeness of the basis we can expressed by the
following two equations:

d

(2.22) (i 17y =6ijo D_li)(il = 1.
=1
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2.5. Finite Quantum Spin Systems. The observables of the quantum systems we have consid-
ered so far are given by the elements of B(#), the bounded linear operators on a complex Hilbert
space. For a finite quantum spin system, H is finite-dimensional and the algebra of observables is
the algebra of d x d matrices with complex entries, My, where d is the dimension of the Hilbert space.
More generally, one can consider quantum systems with an infinite-dimensional complex Hilbert
space. The algebra of observables will then consist of elements of B(#), the bounded linear opera-
tors on H. B(H) is complete with respect to the metric topology derived from the operator norm
defined in ([2.4). It is straightforward to check that the operator norm satisfies [|AB|| < || A|||| B,
for all A, B € B(H), which in particular implies that the product of observables is continuous in
the norm topology. The completeness and the continuity of the product make B(#) into a Banach
algebra.

The operation of taking the adjoint of an operator A, denoted by A*, is an anti-linear involution,
meaning (A*)* = A, (A+ B)* = A*+ B*, and (zA)* =ZA*, for all A, B € B(H) and z € C, and is
an algebra anti-morphism: (AB)* = B*A*. One readily checks that ||A*|| and ||A*A| = | A%

M, and, more generally, B(H) are examples of C*-algebras, which we introduce in the next
section.

2.5.1. C*-algebras. A C*-algebra is a Banach algebra equipped with an involution, denoted by s,
satisfying some special properties.

Definition 2.1. Let A be an associative algebra over C that is equipped with a norm || - ||. If A
is complete with respect to this norm and
(2.23) IAB|| < ||A||||B]| for all A,B € A,

then A is called a Banach algebra. A Banach algebra A is called unital if it has an identity element,
which we denote by 1 € A.

In this book the term algebra, unless explicitly stated otherwise, will always refer to an associative
algebra over the complex numbers with a unit, which will routinely be denoted by 1. We will also
assume that the algebra we consider are non-trivial, i.e. ., are not equal to {0}.

Definition 2.2. A C"*-algebra A is a Banach algebra with an anti-linear involution, which we will
denote by x*, satisfying the following properties:

i) (AB)* = B*A* for all A,B € A

ii) ||A*|| = ||A|| for all A € A (This implies that the % operation w.r.t. the norm || - ||.)

iii) [|A*A|| = ||A||? for all A € A. (This is called the C*-property.)

If the C*-algebra A has a unit, denoted by 1, it is called unital. It follows from the properties
stated the unit is unique, that 1* = 1 and, if A # {0}, that ||1|| = 1.

If A and B are two C*-algebras, a x-morphism (often simply called a morphism) = : A — B is
an algebra morphism that preserves the involution, i.e., 7(A*) = w(A)* for all A € A. A morphism
m: A — B is called unit preserving if 7(14) = 1g.

A representation of a C*-algebra A on a Hilbert space H is a unit preserving morphism 7 : A —
B(H). A representation 7 is called faithful, if ker m = {0}, i.e. , if it is a x-isomorphism between A
and 7(A). A morphism 7 : A — A is called an automorphism if 7 is invertible.

A state w on A is a linear mapping w : A — C that is non-negative and normalized, i.e.
w(A*A) >0, for all A € A, and w(1) = 1.

In the finite dimensional case, i.e. A = My, we already discussed that states are in one-to-one
correspondence with density matrices. If H is infinite-dimensional, density matrices p, defined as
positive operators of trace-class such that Trp = 1, also define states on B(#), by the formula
w(A) = TrpA, but there are states on B(H) that are not of this form.

Let A be a C*-algebra. A € A is called self-adjoint if A* = A. The set of all self-adjoint elements
in A will be denoted by Ass. A € A is said to be positive, denoted by A > 0, if there exists B € A
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such that A = B*B. This notion of positivity allows one to define a partial order on As,, i.e. for
any A, B € Ag,, we write A > B if and only if A — B > 0.

For the derivation of the following important properties see Appendix A, or consult a text on
operator algebras such as [10], [71], or [37].
i) For any A, B € Asa,

(2.24) A>B = C(CrAC>C*BC forall C e A.
ii) For any A > 0, A < ||A||1, and as a consequence, for any state w, we have that
(2.25) o = sup “EL iy — 1.
azo 1A
iii) Similarly, for a morphism 7, we also have that
(2.26) Il = e (D) =1 if = £ 0,
iv) Let A be a C*-algebra and w be a state on A. The mapping from A x A to C given by
(2.27) (A,B) —» w(A*B)
is a sesquilinear form. As a consequence, we have a Cauchy-Schwartz inequality:
(2.28) lw(A*B)|? < w(A*A)w(B*B) forall A Bec A.
v) Let A be a C*-algebra and w be a state on .A. The bound
(2.29) W(A*BA)| < w(A" A)|B]
holds for all A, B € A. As a consequence, for all A € A with w(A*A) # 0,
(2.30) wa(B) = m forall Be A

defines a state wa on A. This is the quantum analogue of starting with a measure, e.g. dx on
[0, 1], considering a non-negative function p with fol pu(x)dr < oo, and defining a new, normalized
measure via

p(x)
fol p(z)dx

2.5.2. Composite systems. Any two quantum systems described by Hilbert spaces H; and Ho can
be considered as one, composite system. The Hilbert space of the composite system is given by
the tensor product of H; and Ho. The simplest way to describe the tensor product of two finite-
dimensional Hilbert spaces, say with dimensions n and m and inner product (-,-); and (:,-)s,
respectively, is as the span of an orthonormal basis of simple tensors defined as follows. Let
€1,...,en and fi,..., fi, be orthonormal bases for H; and Hs, then H = H1 ® Ho is defined as the
linear span of nm orthonormal vectors denoted e; ® f;, 1 < ¢ <n,1 < j < m. The tensor notation
is extended by linearity to identify ¢1 ® ¢o € H1 @ Ha, for any ¢1 € Hi,¢p2 € Ha. Such vectors
are called simple tensors. From the orthonormality of the basis it then follows that the the inner
product is uniquely determined by the following formula for simple tensors:

(2.32) (91 ® d2,¥1 @ 2) = (d1,91)1(b2, V2)2

There are several ways to define the tensor product for infinite-dimensional, Hilbert spaces Hi and
Hs, all of which lead to a Hilbert space H with the following properties: (i) there is a bilinear
bijection of H; x Hso into a subset of H (the set of simple tensors), (ii) the inner product of simple
tensors factorizes as in , and (iii) the linear span of the simple tensors is dense in H, which
is unique up to unitary equivalence. See, e.g., [8,/65], for the details of a construction of the tensor
product of two arbitrary Hilbert spaces. It is straightforward to extend the notion of tensor product
from two to any finite number of Hilbert spaces.

(2.31)
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The combination of two (or more) spins, meaning, considering a physical context in which both
exist, is described as a composite systems using the tensor product of the Hilbert spaces of the
individual systems.

Let us start by considering two spins, with Hilbert spaces of dimension d; and ds. The Hilbert
space for the composite system is then:

(2.33) H=H; @ Hy = Ch®

Such a system is often referred to as bipartite. The algebra of observables is again given by B(H),
and it can also be obtained as a tensor product since

(234) Md1d2 = Md1 ® MdQ,

where My, ® My, is the linear span of the tensor products of two matrices A = (a; ;) € My,, and
B = (b].“l) S MdQ, defined by

(2.35) A® B = (Cigyj1), with ;g1 = aijbe.

Systems 1 and 2 are called subsystems of the composite system. One can identify their algebra of
observables with subalgebras of My, 4,. E.g., My, = My, ® 1o C My, @ My,.

One way to appreciate the uniquely quantum (versus classical) behavior of states is to consider
marginals of pure states. Pure states of a classical bipartite system with a finite state space
Q = Q1 x Qg, are given by Dirac measures concentrated in a point (£1,£2) € . The marginals of
classical pure states are then Dirac measures in the points &; € €);, which are also pure. In contrast,
what distinguishes quantum from classical structure states (quantum probability versus classical
probability) can be seen as exactly the property that any state of system 1 is the marginal of a
pure state on for composite system containing system 1 as a tensor factor |15].

The marginals of a pure state for a bipartite quantum system given by a unit vector ¥ € Hi ®Ha,
are pure iff the pure state is separable, i.e. , 1 is a simple tensor [66]. The marginals of the Bell states
coincide with the maximally mixed state described by the density matrix %]12 (see the Example
below).

Considering the marginals of a state of a bipartite system is simply considering its restrictions
from A; ® Ay to the subalgebras A; ® 1 and 1® As. In the case of finite-dimensional state spaces,
all states are uniquely represented by a density matrix. Hence there is a corresponding well-
defined operation on density matrices describing the restriction process. For all density matrices
p € Mg, ® Mg, there is a unique density matrix p; in My, , such that

(2.36) Trp(A® 1) = Trp1 A

The map p — p1 is often denoted by Tre and is called the partial trace.
Example: Take di = dy = 2. Denote by {|0),]1)} an orthonormal basis of C2. Let ¢ €
H1 ® Ha = C2 ® C? be the normalized vector

1
(2.37) V=7

Note that v is a maximally entangled state. For A € A;, A® 1 € A. The restriction (or marginal)
of the state defined by 1 is easily calculated:

Trlp)(Pl(A® 1) =
(2.38) =

(10) @ 1) +[1) ©10))

(. (A® 1))
5 (01410) + (1] 4]1)) = JTrA
Hence

(2.39) Tro) (0] = 311
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Vector states given by simple tensors are product states. More generally, a state w on an algebra
of observables of the form A = A; ® As, is called a product state if there exist states wy; on A; and
wg on Ay, such that for all A; € A; and Ay € Ay, one has w(A; ® Az) = wi(A1)wa(A2).

Definition 2.3. A state on a tensor product algebra A; ® As is called separable if it is a convex
combination of product states. A state is called entangled if it is not separable.

If d1,ds > 2 not all vectors ¢ € H can be written as ¥ = 11 ® 12, and only those that are of
this form define separable states. A vector state is either a product state or entangled. There is
no analogue of entangled states for classical systems. Quantum information theory is of interest
exactly due to the existence of entangled states.

One of the most commonly used measures of entanglement for a bipartite system is the entan-
glement entropy. For a pure state given by a unit vector ¢ € H; ® Ha, the entanglement entropy,
Sg(v), is defined as the entropy of the restriction of the state to either one of its subsystems (the
value is the same for both subsystems). Concretely:

(2.40) Sp(¥) = —Trp1log p1, with p1 = Tra, [¥)(¥)].

For a general state given by a density matrix p, the entanglement entropy is defined by the following
minimization problem:

(2.41) Sp(p) = mf{> t:Sp(hi) | p =Y tiln) (i}

which is an infinum over all decompositions of p as a convex combination of pure states. This mea-
sure of entanglement is also called entanglement of formation, because of an equivalent operational
definition [52]. One can easily check that Sg(p) = 0 iff p is separable. The maximum value of Sg
is min(log dy,log dy), and it is easy to construct states that attain this maximal value. Such states
are called mazimally entangled. In the case di = do = 2, the maximally entangled states are the
so-called Bell states of the form (e; ® f1 +ea® f2)/v/2, for two arbitrary orthonormal bases {e1, e2}
and {f1, fo} of C2.

2.5.3. Dynamics. One to the most important observables of any quantum spin system is the Hamil-
tonian, which has the physical interpretation of the total energy of the system. For a system
consisting of N spins, the Hilbert space is

N
(2.42) Hy = Q) H;
j=1

and the algebra of observables is
N
(2.43) Ay =) A;
j=1

where A; = B(H;). The Hamiltonian is a selfadoint element H* = H € Ay. Its importance stems
from its role as generator of the dynamics of the system. For any pure state of the system at time
t = 0, given by ¢ € Hy, the state at any time ¢t € R is given by the solution of the Schrodinger
equation:

P () = Hp(r) with (0) = v,

As is well-known, the solution of this vector-valued linear equation is given by
(2.45) Y(t) = Uphg, with Uy = e H,

Since H is self-adjoint, U; is unitary for all ¢ € R and it is easy to see that U = U_;, and that
UUg = Upys, t,s €R, dce. , {Uy | t € R} is a one-parameter group of unitaries.

(2.44)
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Denote by po = |¥g)(1bg]. Then the density matrix corresponding to the solution of (2.44)), i.e.
(2.49), is

(2.46) p(t) = () (W (t)| = UrpoU; -
This is the solution of the operator-valued equation

.d .
(2.47) ip(t) = [ p(t)] with p(0) = po

This is sometimes called the Schrodinger-Liouville equation. It has a unique solution p; which, for
an arbitrary initial density matrix pg, is a density matrix for all ¢.

The dynamics of a finite spin system can equivalently be described in the so-called Heisenberg
picture, by evolving the observables rather than the states. This change of perspective is particularly
useful in the context of infinite systems because, while there is no a priori infinite volume Hilbert
space, there is a well-defined observable algebra for the infinite system (see following lectures). The
equivalence of the Schrodinger and Heisenberg descriptions of the dynamics is established by the
following relations:

(2.48) wpt)(A) = Trp(t)A = TrUpoU; A = TrpoU; AU = wp, (U AUL),
for any observable A € A. This justifies the following definition of time-evolved observables:
(2.49) A(t) =UjAU; forany Ae A andteR.
These time-dependent observables satisfy the Heisenberg equation:
d
(2.50) %A(t) = i[H, A(t)] with A(0) = A,
and (2.48)) becomes, for any A € A,
(2.51) Trp(t)A = TrpoA(t).

Example: The Quantum Heisenberg Model, introduced by Heisenberg almost a century ago [35].
To each z € Z associate the single-site Hilbert space H, = C2. For any finite interval A = [a, b] C
Z, consider the Hilbert space

b
(2.52) Ha=Q)C?=c*""
r=a
and the corresponding observable algebra
b
(2.53) Ap = ®M2 = Mop—at1
r=a

To each i = 1,2,3, and any = € A associate a self-adjoint observable oi € A\ by setting
(2.54) =1  -@ledele o1

where the only non-trivial operator, o’ above, occurs in the xth factor of Ax. The quantum
Heisenberg Hamiltonian on volume A is then the self-adjoint observable

b—1
Hy = —JY &p Gop
i=a

b—1
(2.55) = —J Z (onohiy + ool g+ a;‘ﬁafgﬂ)
r=a

with J € R a parameter.
If J > 0, this is called the (quantum) ferromagnetic Heisenberg chain.
If J < 0, this is called the (quantum) anti-ferromagnetic Heisenberg chain.
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In the Exercises you are asked to prove some basic properties of the Heisenberg chain with
periodic boundary conditions.
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3. APPENDIX: C*-ALGEBRAS

It this appendix, we review some of the basic properties of abstract C*-algebras. These prop-
erties are familiar when the C*-algebra is a subalgebra of B(#), for some Hilbert space H. Since
the algebra of observables of an infinite quantum spin system, introduced in ?7, is a priori not
represented on a Hilbert space, it is important to understand the basic properties of abstract C*-
algebras. This appendix is based on Sections 2.1-2.3 - of [10], to which we refer the reader for
complete details and further information.

3.1. C*-algebras. A complex vector space A is an associative algebra if it is equipped with a
bilinear product, i.e. to each pair A, B € A there corresponds a unique element AB € A, in such
a way that:

i) A(BC) = (AB)C for all A,B,C € A,

ii) A(B+C)=AB+ AC for all A,B,C € A,

iii) aB(AB) = (aA)(BB) for all a,5 € C and all A, B € A.
If an algebra A contains an identity element, i.e., 1 € A such that 1A = A = All, forall A€ A, A
is called unital. A subspace B C A that is also an algebra with respect to the operations of A is
called a subalgebra of A.

An associative algebra A is a x-algebra if it has a map A — A* with the properties:

i) (A*)* = Afor all A€ A (* is an involution),

ii) (AB)* = B*A* for all A, B € A (* is an antimorphism),

iii) (0 A + BB)* = @A* + BB* for all o, 3 € C and all A, B € A (* is antilinear).
Here, and below, we will denote by Z and |z| the complex conjugate and modulus of z € C,
respectively. A subset B of a x-algebra A is called self-adjoint if A € B implies A* € B.

An algebra A is called a normed algebra if there is a mapping || - || : A — R with the properties:

i) ||A]l > 0 for all A € A and ||A]| = 0 if and only if A =0,

i) ||aA|l = ||| Al for all « € C and all A € A,

iii) ||[A+ B| < ||Al| + || B]| for all A, B € A,

iv) |AB|| < ||A]|||B]| for all A, B € A.
For any A € A, the quantity || A|| is called the norm of A. The norm on a normed algebra A defines
a metric topology on A, called the uniform topology or norm topology, and if A is complete with
respect to this topology, then A is called a Banach algebra. A x-algebra A is a normed x-algebra
A if one has || A*|| = ||A]| for all A € A. A normed x-algebra is a Banach x-algebra if it is complete
with respect to its norm topology.

The main object of interest in the section can now be defined.

Definition 3.1. A C*-algebra is a Banach x-algebra A with the property that

(3.1) |A*A| = ||A|*> for all A € A.
The condition ({3.1)) is called the C*-property. It is easy to see that (3.1]) implies the x property
of the norm: ||A*|| = ||AJ| for all A € A. Here are some important examples.

Example: Let H be a complex Hilbert space and denote by A = B(H) the set of bounded linear
operators over H. With the * operation given by the adjoint operation and the norm corresponding
to the operator norm, A is a C*-algebra. O

Example: Let X be a topological space and let C(X) denote the space of bounded and con-
tinuous complex-valued functions on X. C(X) is a an commutative algebra for the pointwise
multiplication of functions. Equipped with the supremum norm and the x-operation given by
complex conjugation, C'(X) becomes a C*-algebra. O

Example: Let H be a complex Hilbert space and denote by C C B(H) the set of compact
operators over H. One easily checks that any uniformly closed subalgebra of B(H) that is also
a self-adjoint subset, is a C*-sub-algebra of B(#). This is the case with the algebra of compact
operators C. Note that 1 ¢ C. O
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The following theorem shows that, as in the last example, any C* algebra can be regarded as a
closed subalgebra of B(H) for some Hilbert space H.

Theorem 3.2. Any C*-algebra A is isomorphic to a norm-closed self-adjoint algebra of bounded
linear operators on a Hilbert space H.

For a proof of this theorem see, e.g., [10, Theorem 2.1.10].

The availability of an identity in a C*-algebra describing the observables of a physical system is
important. Let A be a C*-algebra. If A has an indentity, it is necessarily unique; if both 1 and 1’
are identities, then 1 = 11’ = 1’. It is easy to verify that 1* is an identity, and hence we must have
1* = 1. Moreover,

(3.2) ) = 272 = [[0f* and [A[ = [[2A] < [2]]A]l.

Thus either ||1|| =1 or A = {0}, which is a trivial case we shall ignore; we will always assume that
||| = 1. A C*-algebra A with an identity is called a unital C*-algebra.

It is not the case that all C*-algebras possess an identity. As mentioned above, the C*-algebra of
the compact operators on a Hilbert space ‘H has an identity if and only if H is finite-dimensional.
In general, it is possible to adjoin an identity to any C*-algebra. We briefly describe this procedure.

Let A be a C*-algebra with no identity. Consider the collection of pairs

(3.3) A={(a,A):acCand Ac A}.

Equip A with the vector space properties

(3.4) (, A) + (B,B) =(a+B,A+ B) and «(f,B)=(af,aB)
In addition, declare a product and involution by setting

(3.5) (a,A)(B,B) = (aB,aB+ A+ AB) and (a,A)" = (a,A")
One can check, see also Proposition 2.1.5 in [10], that the quantity

(3.6) (e, A)| = sup{l|aB + AB|| : B € A, |B|| = 1}

defines a norm on A and with respect to this norm, A is a C*-algebra. The algebra A can be
identified with the C*-subalgebra of A formed by the pairs (0, A). A is often called the C*-algebra
obtained by adjoining an identity to .A. The notation A =: Cl 4 A and similarly (o, A) =: ol + A
is common.

With this construction in mind, we will only work with unital C*-algebras in these notes.

3.2. Spectral theory in a C"*-algebra. The goal of this section is to provide quick introduction
to the basic facts of spectral theory in a C*-algebra. For more details and more general statements,
we refer the interested reader to, e.g., [10, Section 2.2.1]. Unless otherwise state, we will assume .4
is a unital C*-algebra..

An element A € A is said to be invertible if there exists an element A~! € A, called the inverse
of A, which satisfies

(3.7) AAT = ATTA=1.

One readily checks that if A is invertible, then the inverse is unique. A number of other properties
also immediately follow:

i) If A is invertible, then so is A~! and (A~!)~! = A.

ii) If A is invertible, then so is A* and (A*)~! = (A~1)*.

iii) If A and B are invertible, then so is AB and (AB)™!' = B~1A~1.

Definition 3.3. The resolvent set of an element A € A, denoted by res4(A), is the set of all A € C
for which A1 — A is invertible. The spectrum of any A € A, denoted by spec 4(A), is then defined
to be the complement of res4(A) in C. Given A € A and X € resy(A), the inverse (A1 — A)71 is
called the resolvent of A at .



15

For a non-unital C*-algebras A, one can still define the notion of spectrum by setting spec 4(A) :=
spec j(A), where A is the unique algebra obtained from A by adjoining an identity.
For all A € A and any A € C with ||A| < |)|, it is easy to see that

(3.8) % g;) (f) '

defines a norm-convergent sum. It is then readily checked that this element is the inverse of A1 — A.
Hence, A € res4(A) and thus spec 4(A) is a bounded subset of C; namely

(3.9) spec(A) C{ e C: A < [|A]}.

Straightforward manipulations with Neumann series, defined similarly to , allow one to show
that for any A € A, resa(A) is open, and thus spec 4(A) is closed. One readily verifies that the
mapping A — (A — A)~! is continuous on res4(A). It is also important to observe that for every
A € A, spec4(A) is non-empty. This fact is a consequence of the next result.

First, an important definition. For any A € A define the spectral radius of A by

(3.10) p(A) = sup{|A| : A € specy(A4)}.
Proposition 3.4. For any A € A, one has that
(3.11) p(A) = lim [|A™|V" = inf | A"V < ||A] .

In particular, the above limit exists and if the righthand side of vanishes, then 0 € spec(A).
Therefore, the spectrum of any A € A is a non-empty compact set.

A proof of this result can be found, e.g., in [10, Proposition 2.2.2].

One can characterize the spectrum of certain special classes of elements A € A. An element
A € A is said to be normal if A*A = AA*, and A € A is called self-adjoint if A* = A. The set of
all self-adjoint elements of A will be denoted by Ag,. It is often useful to observe that each A € A
can be written as a linear combination of self-adjoint elements:

* *
A+ A and Ay — A—‘A
24
and A; and Ay are commonly referred to as the real and imaginary parts of A respectively.

An element A € A is called an isometry if A*A = 1, and A € A is said to be unitary if
A*A=1=AA".

The following statement collects some facts proven, e.g., [10, Theorem 2.2.5].

(312) A=A +1Ay with A1 =

Theorem 3.5. Let A be a unital C*-algebra.
i) If A € A is normal, then p(A) = || A|.
ii) If A € A is unitary, then

spec 4(A) C{A e C: |\ =1}.
iit) If A € A is self-adjoint, then
spec4(A) [ All [[A]]].
iv) For any A € A and any polynomial P,
spec4 (P(A)) = P (spec 4(A)) -

Two important consequences follow now from the results previously stated.

First, if A is a x-algebra and there exists a norm on A with the C* property and with respect to
which A is closed, then this norm is unique. Hence the norm on a C*-algebra is unique.

Next, let B be a C*-sub-algebra of some C*-algebra A. Then, for any A € B,

spec 4 (A) = specg(A)
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Thus, there is no ambiguity in the definition of the spectrum of an element A in a C*-algebra, and
so we may simply write spec(A) 4 = spec(A).

3.3. Positive elements. In this section, we review some of their basic properties of positive ele-
ments a unital C*-algebra A. As we shall see, the cone of positive elements introduces a partial
order on A.

Definition 3.6. An element A € A is said to be positive if A is self-adjoint and spec(A) C [0, 00).
We will denote by A, the set of all positive elements A € A.

As a consequence of Theorem iii), we actually know that if A € A is positive, then
spec(A) C [0, [|A]].
In fact, since it is easy to verify that
spec(Al — A) = A —spec(A) forallAe Cand A€ A,

we immediately conclude that

(313) A€A+ = HAHI[—AEA+
Similar arguments allow one to prove that if A € Ag,, then A is positive if and only if
A
(3.14) 1-—|l<1.
IA]

Positive elements allow for the definition of a square root, which is an important building block
for developing functional calculus in C*-algebras. A first result in this direction is the following.

Theorem 3.7. [10, Theorem 2.2.10] A € As, is positive if and only if A= B? for some B € As,.
In fact, for each A € A, there is a unique B € A, for which A = B2.

Given the above result, we can now make the following definitions. For any A € A, the square-
root of A, which we denote by A2, is defined by A2 = B, where B € A, is the unique element
described in Theorem [3.7| above. Moreover, for any A € As,, it is clear that spec(A?) C [0, ||A]/?],
combine e.g. Theorem [3.5iii) and iv). Thus A% € A, , and so we may therefore define the modulus
of A, which we denote at |A[, by setting |A| = (A42)1/2.

The following fact is a useful observation about the set of positive operators.

Proposition 3.8. The set Ay C A of positive elements is a uniformly closed convex cone satisfying
Ay N (=Ay) ={0}. Moreover, if A € Asa, then with Ay = (|A| £ A)/2 one sees that

7’) A:t € A+;
Qi) A=A, — A,
iii) Ay A_ = 0.

The elements Ay are the unique elements with these properties.

A proof of Proposition can be found e.g. in [10, Proposition 2.2.11]. The decomposition for
A€ Aga,ie. A=Ay — A_ in ii) above, is called the orthogonal decomposition of A.
The following fact is crucial.

Theorem 3.9. A € Ay if and only if A= B*B for some B € A.

A proof of this result can be found in [10, Theorem 2.2.12].

Given Theorem one can now extend the notion of modulus to all A € A. In fact, for any
A € A, it is clear that A*A € A,. In this case, we define |A| = (A*A)'/? to be the modulus of A.
Moreover, if A € A is invertible, then an analogue of the polar decomposition holds:

(3.15) A=U|A| with U= AJA|™!

and one can check that the U given above is unitary. One final result on decompositions is occa-
sionally of use.
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Lemma 3.10. Fvery A € A can be written as

4l

4
(3.16) A= ZajUj where each aj € C satisfies |aj| < 5

Jj=1
and each Uj 1is unitary.

The proof of the above follows from and the observation that for any A € Ay, with
||A|| <1, one can readily check that
U +U-

2

Using the fact that A4 is a convex cone, one can introduce an order relation on the self-adjoint
elements of A. If A, B € As,, we write that A > B,or B< A if A—Be€ A,.

The following proposition identifies some important features of this partial order.

(3.17) A= with unitaries Uy = A+ i/ 11— A2,

Proposition 3.11. Let A be a unital C*-algebra.
i) I[fA>0 and A <0, then A= 0.
ii) If A> B and B> C, then A> C.
iit) If A >0, then ||A||1 > A.
i) If A> B >0, then C*AC > C*BC > 0 for all C € A.

3.4. Representations. It is often useful to consider mappings between C*-algebras that preserve
the structure. These are x-morphism. A particularly important sub-class of these are the represen-
tations. We introduce these notions in this subsection.

Definition 3.12. Let A and B be unital C*-algebras. A mapping 7 : A — B is called a *-morphism
between A and B if it satisfies:

i) m(aA+ BB) = an(A) + fn(B) for all , 8 € C and A, B € A,

ii) 1(AB) = w(A)n(B) for all A,B € A,

iii) w(A*) = w(A)* for all A € A.

Remarks:

1) The phrase morphism may refer to mappings satisfying only properties i) and ii) above.
Property iii) makes 7 a *-morphism. We only consider *-morphisms below.

2) A x-morphism 7 : A — B is said to be unit preserving if 7(14) = 1p.

3) Any #-morphism 7 from A to B3 necessarily preserves positivity in the sense that: = : A, — By.
Indeed, for any A € A, A = B*B and hence,

m(A) =7(B*B) = n(B*)n(B) = n(B)*n(B) € B; .
The following proposition demonstrates that *-morphism are bounded, hence continuous.

Proposition 3.13. Let A and B be unital C*-algebras. Any x-morphism 7w : A — B is bounded,
in fact

(3.18) lm(A)|| < ||A||  for all A € A.

In addition, the range of w, namely w(A) := {w(A) : A € A}, is a C*-subalgebra of B.

Proof. We begin with the following observation. Let P = 7(1l4). It is easy to check that P € Bg,
and moreover, P?> = P, i.e. P is a projection. As a consequence, B = PBP is a C*-subalgebra of
B. On this C*-sub-algebra, P acts as the identity, and it is also the case that 7(A) C B'.

Now, it is sufficient to check (3.18)) for A € Ag,. In fact, suppose this bound holds for all A € Ag,.
Then, for any A € A,

(3.19) Iw (AP = [[m(A)*x(A)]| = (A" A)| < [|[A*A]| = || Al
where we have used the C*-property in both A and B’.
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Now, suppose A € Ag,. It is clear then that 7(A) € BL,, i.e. 7(A)* = n(4*) = n(A). Using

Theorem i), the norm of m(A) can be calculated using the spectral radius, i.e.,

(3.20) [ (A)[| = p(m(A)) = sup{[A[ : A € spec (w(A))}.
One readily checks that
(3.21) spec (m(A)) C spec4(A4),

and therefore,
(3.22) [ (A)]| < sup{|A]: A € spec4(A)} = [| Al

since A € Aga. An argument for the remainder of this proof can be found in [10, Proposition
2.3.1]. O

Let A and B be unital C*-algebras. A *-morphism 7 from A to B is said to be a *-isomorphism
if it is one-to-one and onto. Clearly 7 is a *-isomorphism if and only if ker(7) = {0}, where

ker(r):={Ae€ A:n(A) =0}.

Definition 3.14. Let A be a C*-algebra. A representation of A is a pair (H,n) where H is a
complex Hilbert space and 7 is a x-morphism from A to B(H). The representation (H, ) is said
to be faithful if and only if 7 is a x-isomorphism from A to m(.A), i.e., if and only if ker(7) = {0}.

If A is a C*-algebra and (H,7) is a representation, then # is called the representation space;
the operators w(A) € B(H) are called the representatives of A, and 7 is often referred to as a
representation of A on H.

Proposition 3.15. Let (H, ) be a representation of a C*-algebra A. The representation is faithful
if and only if it satisfies each of the following equivalent conditions:

i) ker(m) = {0},
i) || (A)|| = || Al for all A € A,
iii) for all A€ Ay, A#0, we have m(A) > 0 and 7w(A) # 0.

A proof of this result can be found in [10, Proposition 2.3.3].

Definition 3.16. Let A be a C*-algebra. A x-isomorphism 7 from A to A is called an automor-
phism on A.

An immediate consequence of Proposition [3.15] and Definition is the following.

Corollary 3.17. Let A be a C*-algebra and T be an automorphism on A. T is norm-preserving,
i.e.

(3.23) I7(A)]| = Al for all A€ A,

3.5. States. Another notion of crucial importance for the theory of C*-algebras is that of states.
States are essential, of course, also in applications to physical systems. Again, let A be a unital
C*-algebra.

The dual of A, which we denote by A*, is the collection of all continuous linear functionals over
A. For any f € A*, we define the norm of f to be

(3.24) [f]] := sup{[f(A)[ : A € A and [|A[| = 1}.
Definition 3.18. A linear functional w over A is said to be positive if
w(A*A) >0 forall Ae A

A positive linear functional w over a C*-algebra A is said to be a state if |Jw|| = 1.
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Recall that A € A, if and only if A = B*B for some B € A. Moreover, for A,B € As,, A > B
if and only if A — B € A;. It follows that w(A4) € R if A € Ag,, and A > B implies w(A) > w(B).

States and representations are intimately connected. To see this, let A be a unital C*-algebra,
and let (H, ) be a representation of A. For any non-zero €2 € H, define

(3.25) wo(A) = (Q,m(A)Q) forall Aec A.
It is clear that any such wq is linear on A. In addition,
(3.26) wa(A*A) = (Q,7(A*A)Q) = |[7(A)Q|*> >0

and so wq is positive as well. If |Q|| = 1 and 7 is non-degenerate, then one can check that ||wq| = 1.
In this case, then wq, is a state on A. States of this type are called vector states of the representation
(H, 7). In fact, one can prove that every state over a C*-algebra is a vector state in a suitable
representation 77.

The following lemma underlies the most basic properties of states .

Lemma 3.19 (Cauchy-Schwarz). Let w be a positive linear functional over A. It follows that
i) w(A*B) = w(B*A) for all A,B € A,
i) |w(A*B)|? < w(A*A)w(B*B) for all A,B € A.

Proof. Let A, B € A and A € C. By positivity of w

(3.27) w((M+B)*(AMA+B))>0.
Using linearity, one finds that this is equivalent to
(3.28) IANPw(A*A) + Aw(A*B) + M\w(B*A) + w(B*B) > 0

The necessary and sufficient conditions for the positivity of this quadratic form on A are exactly
the conditions given above. O

There are a number of immediate and important consequences.

Corollary 3.20. Let w be a positive linear functional over A. It follows that

i) w(A*) =w(A) for all A € A.

i) w(ll) = J|w|| = sup{w(A*A) : |A]| = 1}.

i) |w(A)|? < w(A*A)||w|| for all A € A.

i) [w(A*BA)| < w(A*A)||B|| for all A, B € A.
Proof. The proof of i) follows from Lemma i) by taking B = 1. To see that the first equality
in ii) is true, observe that
w(1)
]
where we have used uniqueness of the identity, i.e. that 1* = 1, and non-triviality of A, i.e. that
||| = 1. It is also clear that, for any A € A
(3.30) w(A)]? = [w(@*A)]* < w(Dw(A*A)
where we have applied Lemma ii). If we further assume that A € A satisfies ||A|| = 1, then
(3.30) implies
(3.31) ol < w(D)wl]
where we have used that ||A* Al = ||A||> = 1. If ||w]|| = 0, then (3.29) shows that w(1) = 0 as well.
Otherwise, w(1) = ||w|| now follows by combining the inequalities proven in (3.29) and (3.31)). The

claim in iii) now follows from (3.30)). In fact, the second equality in ii) also follows from (3.30]).
Finally, iv) follows from the application of ii) to the positive functional B — w(A*BA). O

(3.29) 0 < w(l'1) = w(ll) = < ]|
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Note that iv) implies that, for any A € A with w(A*A) # 0,

w(A*BA)
.32 B)y=——~*
(3:32) walB) ="
defines a state wa on A. This is the quantum analogue of starting with a measure, e.g. dx on

O, 1 s considering a non-negative function 1% with ! HAT dx < 00, and defining a new, normalized
g g 0 g
measure via

forall Be A

3.33 ﬂdw
539 fol p(w)da
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4. GENERAL FRAMEWORK FOR FINITE AND INFINITE QUANTUM SPIN SYSTEMS

The general framework introduced in this chapter will allow us to consider infinite quantum
spin systems as C*-dynamical systems. In particular we will construct the dynamics for infinite
quantum spin systems as a strongly continuous one-parameter group of automorphism of the algebra
of quasi-local observables. We start by studying the dynamics of finite quantum spin systems.

4.1. The Dynamics of Finite Systems. Let A be a finite set. For each x € A we have a quantum
system described by a finite-dimensional Hilbert space of dimension d, > 2. These are the ‘spins’
that form the spin system. The Hilbert space for the finite spin system is then

(4.1) Ha =) C.

€A

The algebra of observables of the systems is

(4.2) Ax = Q) Mq,.
€A

Due to the tensor product structure, for any A; C A, the collection of observables 4j, may
be regarded as a subset of the observables in Ay by identifying A € Aj, with A ® Ty, €
Ap, @ Apya, = Ap. With this in mind, we will consider Ajx, as a subalgebra of A,.

An interaction @ is a mapping ® : P(A) — Ap (where P(A) denotes the set of all subsets of A)
with the property that: For each X € P(A), ®(X) € Ax and ®(X)* = ®(X). For any Z C A, the
Hamiltonian corresponding to ® in the volume Z is given by

(4.3) Hz= > &(X)
XeP(2)

Example An interaction, ® g, for the Heisenberg spin chain on an interval [a,b] C Z is given by

o —J0_"j0_"j+1 ifX:{j7j+1}
(4.4) ®n(X) = { 0 otherwise
and therefore we have
b—1
(4.5) Hop= Y. @u(X)=-JY &djn
XeP([a,b]) Jj=a

as in (2.55)) above.

The Heisenberg dynamics, which we will denote by 7/, generated by the Hamiltonian Hj (cor-
responding to the interaction ®) is an automorphism of the algebra A, defined as follows:

(4.6) MA) = UL (t)AUA(t), for all A € Ay,
where Uy (t) is the unitary operator
(4.7) Up(t) = e MHA ¢ A,

The automorphisms TtA provide the solutions to the Heisenberg equation for the time-evolution of
observables:

(4.8) LAY = ilHp, 7 ().

a’t
Often, we consider finite volume subsystems of some infinite system of spins labeled by a count-
able set I'. A common situation is a spin systems defined on the lattice Z”.
A typical model will be defined by specifying a global interaction ® which is a mapping

(4.9) ®:Py(2) = | An,

n>1
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with Py(Z") being the set of finite subsets of ZY and the union of the observable algebras is
defined inductively using that Ay, C Aj,,,. (Under the additional assumption that the sequence
is exhaustive, i.e., Up,A,, = Z", this union is independent of the chosen sequence.) The same
conditions on the interaction, i.e., ®(X)* = ®(X) € Ax apply. We often investigate properties of
finite-volume Hamiltonians corresponding to this fixed interaction:

(4.10) Hy=Hy, = Y ®X)
XeP(An)
For the dynamics, it is clear that if Ay C A, then

(4.11) M(A) € Ay, for any A € Ay, and all ¢ € R.
However, it is generally the case that
(4.12) MA) ¢ Ap, for any A € Ax, and t # 0.

Let’s examine this further in the context of a one-dimensional systems with nearest neighbor
interactions, such as the one-dimensional Heisenberg model. Let Hpy denote the Hamiltonian for
such a system on [—N, N] C Z:

N-1
(4.13) Hy= Y hjjer with hjju = —J3; G € A
j=—N

The corresponding Heisenberg dynamics, i.e. 7{¥(-), can be defined by the series for the exponential

of its generator i[Hy,-|:

. it)?
(4.14) 7N(A) = N 1(A) = A+ it[Hy, Al + (221) [Hy,[Hy,A]| + -+, forany A€ Ay .

To gain some insight in the structure of the dynamics, consider A € Ay i.e. an observable that
acts non-trivially only at the origin. Then, using the local form of the Hamiltonian, i.e. (4.13)),
and the fact that observables with spatially disjoint support commute, we find that the first order
term is

(4.15) [HN,A] = ([h—l,(b A} + [h()’l,A]) S A{fl,O,l}'

A similar calculation shows that

(4.16) [Hy, [Hn, A]] € Af—2,-1,0,1,2}

and in for general n > 0,

(417) ([HN, ])n(A) € A[— min(n,N),min(n,N)]-

As a consequence, if we take B € Ay, for some z € [—N, N], one readily sees that
(4.18) [ (4), B] = O(|t),

suggesting that, for A € Aygy, the commutator of N (A) with B € Az}, is small for ¢ small and z
large. One observes, however, that direct analysis of the series expansion does not look appealing
due to the fast growth in n of the number of terms that contribute at order n. In any case, we are
interested in an explicit estimate for the norm of commutators of this type. The following Lemma
shows how such estimates could be used.

Lemma 4.1. Let Hy and Ha be two complex Hilbert spaces. Suppose that, fore >0, A € B(H1®Hz2)
satisfies

(4.19) 1[4, 1@ B]|| < €||B],
for all B € B(Hza). Then there exists A’ € B(H1), ||A'|| < |4, such that
(4.20) A @1— Al <e
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So, if A € B(H1 ® Hs) has a small commutator with all B € B(Hz), then A is well-approximated
by observable in B(H1), i.e., one with support in the complement of the support of the B’s.
If dim(H2) < oo, the local operator in the statement of the lemma can be taken to be

1
4.21 A= ——TrA
( ) dim(H2) 2

where Try denotes the partial trace over Hs.
Proof of Lemma in the finite-dimensional case: If dim Ho < 0o, a simple application of Schur’s
Lemma shows that, for B € B(H3),
1
(4.22) —TrB = / U*BU dU,
dlm(HQ) U(Hz2)

where U(#H2) is the unitary group and dU is the normalized Haar-measure on U(#H2). From this
expression, we see that A" as defined in (4.21)) can be expressed by

(4.23) A’®Il—/ (1@ UHA(LI®U)dU
U(Hz2)

Then,

(4.24) Nol— A= / (e U9AIeU) - (1o U%) (1o U)A} dU,

U(H2)

and so

(4.25) [A"® 1 - Al S/ (M@ UY)[A, (T U)]||dU < e
U(H2)

since ||U|| < 1. This completes the proof for the case of finite-dimensional H2. For a proof in the
case of arbitrary Hilbert spaces and further discussion see [50]. t

In our analysis of commutator bounds we will use solutions of Schrodinger equations with time-
dependent Hamiltonians, or so-called non-autonomous quantum systems. This is of course an
interesting subject in its own right. Here, we limit ourselves to the simplest situation: that of a
norm-continuous function ¢t — H(t) € B(H). We are interested in the initial value problem

S0 = i@
(4.26) P(0) = Yy €H.

Existence and uniqueness of the solutions follows from standard results for differential equantions.
The following construction shows that the solution can be expressed in terms of a family of unitary
operators on H, which, for reasons that will become clear later, we will denote by U(t,0). U(t,0)
is given by the following absolutely convergent series, called the Dyson series or sometimes ‘time-
ordered exponential’:

(4.27) U(t,0) = 11+nzl(—i)n /0 it /0 dts- - /O dt H(0)H(ts) - H (k).

It is straightforward to verify that

(4.28) %U(t,o) — LHWU,0), U(0,0) =1,

which immediately implies that ¢(¢) = U(t,0)1(0) solved (4.26]), for all )9 € H. By taking adjoints
of both sides of (4.28) we obtain a similar equation for U(¢,0)*:

(4.29) %U(t,o)* U0 H(E), U(0,0) =1,
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Using and we find that the derivative of U(t,0)*U(t,0) vanishes for all ¢ € R, and
we conclude that U(t,0) is unitary as claimed. Therefore, for s,¢ € R, we can define a unitary
Ul(t,s) = U(t,0)U(s,0)*. Tt is easy to verify that U(t, s) satisfies U(t,s)* = U(t,s)~! = U(s,t) and
the cocycle property: U(t,s)U(s,r) = U(t,r), for r,s,t € R.

The Heisenberg dynamics of observables can then be given in terms of a co-cycle of automor-
phisms 7; s defined by

(4.30) Tes(A) =U(t,s)*AU(t,s), A € B(H).
The automorphisms satisfy the equation
d
(4.31) S Te0(A) = im0 ([H(1), A]) = i[7e0(H (1)), Te0(A)]).

4.2. Infinite Systems. We already indicated that one is often interested in families of finite
systems defined on finite subsets A of an infinite set I, with an interaction ® defined on Py(T'),
the finite subsets of I'. This will be the starting point for the definition of infinite quantum spin
systems.

Let (I',d) be a countable metric space. We will impose certain regularity conditions on (I, d).
An example to keep in mind is Z” with the usual graph (i.e., the ¢!) distance. To each = € T, we
associate a finite-dimensional, single-site Hilbert space of states H, = C%. As before, the algebra
of observables at the site x will be denoted by A, = B(H;) = My,. For any finite volume A C T,
we then have

(4.32) Ha=QRHe and Ay =) A,
xEA zEA

As we have seen, if Ag C A are two finite subsets of I', then Ap, C Ap. It therefore makes sense
to consider the union over all finite subsets of I':

(4.33) Arc = | Aa.
ACT

The C*-algebra of all quasi-local observables is the norm completion of A}S’C:
Il

(4.34) Ap = Af°
An interaction ® is a map from the finite subsets of I to AFC, O :Py(l) — AIFOC, that satisfies
(4.35) O(X)" =®(X) e Ax for each X € Py(I').

The Heisenberg dynamics associated to this interaction is then defined for any finite A C I' in terms
of the self-adjoint finite-volume Hamiltonian

(4.36) Hy= ) @(X),

XCA
For each A € Py(T"), the finite-volume dynamics is given by

(4.37) MA) = A Ao A for any A € Ap and t € R.

So far, we have a family, labeled by A € Py(T"), of one-parameter groups of *-automorphisms on
Ap. We are interested in a framework where it makes sense to consider infinite systems describing
bulk matter. Note that one can regard the 7/* as automorphisms defined on A/, with A C A/, .Alf"c,
or Ar, for which Ay is an invariant subspace. Therefore, it makes sense to consider the convergence
of 7/ as automorphisms on Ar as A /T

A convenient way to express sufficient conditions for the existence of the infinite-volume limit of
the dynamics (and other quantities), is by means of a function F' : [0,00) — (0, 00), which we will

refer to as an F-function if it satisfies the following properties:
i. Non-increasiing: for 0 < r < s, we have F(r) > F(s);



25

ii. Uniform integrability:

(4.38) |F|| = sup Y F(d(z,y)) < oo
zel’ yel'
iii. Conwolution condition: There exists C'r < oo such that for any z,y € I’
(4.39) > F(d(w,2))F(d(z,y)) < CpF(d(x,y))
zel

For example, if I' = Z¥, then for any ¢ > 0, one can take
(4.40) F(r) = (14 r)" @9
which is clearly, uniformly integrable. Moreover, it is easy to check that the convolution property
holds with
(4.41) Cp = 27| F|

works in ((4.39).
It is also convenient to observe that if F' is an F-function on (I',d) - as described above, then
for any a > 0,

(4.42) Fy(r)=e *"F(r)

also satisfies the required properties required i-iii) above (i.e. Fy is also an F-function on (T',d))
with || Fy|| < ||F|| and CFg, < Cp.

In terms of any F-function on (I',d), we can define a Banach space of interactions ® with the
norm

(4.43) 12llr = sup = —5 E (X
z,yel’ XCT:
z,yeX
Then, Bp(I') = {® | ® is an interaction s.t. |®||r < co}. This norm || - ||, often referred to as an

F-norm, expresses the decay of the interaction strength at long distances: for each pair of points
z,y € I', the sum over all interaction terms which involve this pair must decay faster than F', in
the sense that for any x,y € I', we have

(4.44) Yo X))l < @l FF(d(,y)).
syex

A commonly used bound for the total interaction energy per spin is

(4.45) |H‘I>|Ho—sup > qu’ Xl

D xS X1
IEX

and is an easy exercise to show [|®[|, < || F||||®||r. We then also have the frequently used bound

(4.46) sup > [ @(X)]| < [|F)[|®]
€L xepy(r)
zeX

5. LIEB-ROBINSON BOUNDS

We will now state and prove a version of the quasi-locality estimates known as Lieb-Robinson
bounds. Lieb-Robinson bounds can be expressed a number of different forms, and the precise
manner typically depends on the application one has in mind. Often one is considering a dynamics
generated by nearest neighbor interactions. In this case, it seems intuitively clear that the spread
of the interactions through the system should depend on the surface area of the support of a local
observable, not its volume.
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Let A € Py(I"). For any X C A, we will denote the surface of X in A by

(5.1) SAX)={ZCcA:ZnX#Dand ZN(A\X) #0}
and set S(X) = Sp(X) for brevity. The ®-boundary of a set X € Py(I") is then defined to be
(5.2) 9pX = {z€ X :3Z€S(X) withz € Z and (Z) £0}.

It is clear that for general ®, 0 X = X, but if ® is finite range and X is sufficiently large, we have
that 0p X is a proper subset of X.
A Lieb-Robinson bound may be stated as follows.

Theorem 5.1 (Lieb-Robinson Bound [?,[34,44,51]). Let ® € Br(I'), X,Y,A € Py(T'), such that
X,NY = 0. Then, for all A € Ax and B € Ay, we have the estimate

2]l Al
F
holds for all t € R. Here the quantity D(X,Y) is given by

(53) H[TtA(A)vB]H < <e2||‘I>HF Crlt] _ 1) D(X, Y)’

(5.4) DX, Y)=min¢ > > F(dz,y), Y > F(d(z,y))

zeX y€daY €0 X yeY

Before we prove this bound, a number of comments are useful in interpreting this theorem.

First, one always has the trivial bound ||[7*(A), B]|| < 2||A||||B||. This trivial estimate is usually
better when |¢| is large and also holds when X NY = ().

Next, if ® is exponentially decaying, i.e. there is @ > 0 for which ® € B, (I') with F,(r) =
e " F(r), then

D(X,Y) < min Z Z F(d(z,y)), Z Z F(d(z,y)) b e~ 2dXY)
z€X y€0aY z€0p X yey
(5.5) < min{|9X], |06 Y|} || F|le9*Y)

In this case, the bound (j5.3)) implies

2 1Al B | F . —a |d(Xx,y)=22laCa
(5.6) Il (), Bl < W min {|9p.X |, [9pY [} & 10OV -2 ],

a
If @ is finite range on Z", then ® € Bg, (Z") for all a > 0. For ® € Bp,, with a > 0, (5.6) can be
interpreted as a bound on the velocity of propagation given by

_ 2]@]uCa
oo,

It is also important to observe that for fixed local observables A and B, the bounds above,
and similarly if applicable, are independent of the volume A € Py(I"). This will be key in our
proof of the existence of the infinite-volume dynamics.

Finally, we note that the bound above only depends on the minimal cardinality of ®-boundaries.
Hence, one may still obtain useful estimates even in cases where one of the corresponding observables
has support growing with the volume A.

In the proof of Theorem we will use the lemma below, which provide a simple estimate for
the growth of solutions of a class of differential equations in a Banach space. In this lemma the
derivative is to be interpreted as a limit in the Banach space norm and the integrals in the proof
may be interpreted as Riemann or Bochner integrals.

(57) VP,a
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Let X be a Banach space and let I be a finite or infinite interval C R. Suppose A : I — B(X)
be a continuous function with values in the bounded linear operators on X considered with the
operator norm, and denote by z(¢) the solution of the differential equation

(5.8) Bue(t) = A(t) z(t)

with initial condition x(tp) = z¢p € X. We say that the family of operators A(t) is norm-preserving
if for every xg € X, the mapping v : X — X which associates xop — x(t), i.e., y(xo) = x(t),
satisfies

(5.9) | ve(zo) || = ||zo|| foralltel.

Some obvious examples are the case where X is a Hilbert space and A(t) is anti-hermitian for
each t, or when X is a x-algebra of operators on a Hilbert space with a spectral norm and, for each
t, A(t) is a derivation commuting with the x-operation.

Lemma 5.2. Let A(t), fort € I C R, be a family of norm preserving operators on a Banach space
X. For any continuous function b : I — X, the solution of

(5.10) dy(t) = Alt)y(t) + b(t),
with boundary condition y(to) = yo, satisfies the bound

max(to,t)
(5.11) o) = ) | < [ ) s,
min(to,t)
Proof. For any t € R, let x(t) be the solution of
(5.12) Ox(t) = A(t) x(t)

with boundary condition x(0) = xg, and let 44 be the linear mapping which takes xy to x(¢). By
variation of constants, the solution of the inhomogeneous equation ([5.10)) may be expressed as

(5.13) o) = (w+ [0 s )

The estimate ([5.11)) follows from ([5.13) as A(t) is norm preserving. O

Proof of Theorem [5.1: We prove (5.3)) in two steps. First, we use Lemma to establish a basic

inequality, see (5.20)) below. Next, using properties of the F-function, iteration of (5.20)) yields (5.3])
as claimed. Without loss of generality we may assume that X, Y C A.

First note that, the roles of A and B, and hence the roles their respective supports, X and Y,
can be interchanged. This is due to the automorphism property of the dynamics, which gives

(5.14) I[7%(B), Alll = |I7* (72(B), A]) || = ll[7*(4), Bl

and the argument below can be applied to the left hand side of ([5.14]).
Therefore, without loss of generality, we can assume that

(5.15) DX,Y)= > Y F(dxy))
€I X yeY

To prove (5.20f), consider the function
(5.16) F) = [ (75(4)) . B],

where A and B are as in the statement of the theorem. Note that the inner dynamics, 7% (A),
corresponds to evolution by the local Hamiltonian Hy, as defined e.g. in (4.3), with X being the
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support of the observable A. It is straightforward to verify
£y = i[r ([Ha — Hx,7%(4)]) , B]
=i Yy [[#@2), 7 (7(A)],B]

ZeSN(X)
(5.17) = i Y [F@2). f0] —i Y [#ENA), 7 (2(2), B]] .
ZeSA(X) ZeSn(X)

where for the last equality we used the Jacobi identity. The first term in (5.17)) above is norm
preserving, and therefore, Lemma [5.2] implies that
max{0,t}

(5.18) 17 (7 %(4)), BII < II[A, B]ll + 2|1 Al Z / [l7}(®(2)), B]|| ds.

78 min{0,t}

To ease notation, we will assume that ¢t > 0 for the remalnder of the argument. Changing the sign
of t is equivalent to changing the sign of ® and therefore leaves the estimate unchanged. For any
Z € Py(T'), introduce the quantity

AA), B
(5.19) oM zet) = sup NI BIL
AcAy: Al
A#0

Since supp(tX,(A)) € X and |[7X(A)|| = ||A|| (both for all ¢ € R), the inequality (5.18) clearly

implies

t
(5.20) CR(X;t) < CR(X;0) +2 ) ch(Z)H/ CA(Z;s)ds
ZESA(X) 0
Note: it is clear from that single-site interaction terms, i.e. those of the form ®({z}) for
some z € I', do not contribute to this locality estimate.
The claim in now follows from by iteration. In fact, it is clear from the definition,
see , that for any finite Z C A,

(5.21) C5(Z;0) < 2| Bl 6y (2)
where dy is defined by
[ 1 ifZnY #0,
(5.22) ov(Z) = { 0 otherwise.
To prove (5.3)), let N > 1. Tteration of ([5.20} using ) yields
(5.23) Cp(X;t) <2||B| ( Z ) + Ry (t)
where

(5.24) = oo > HH@ oy (Zn)

Z1€SA(X) ZQGSA(Zl) ZnGSA(Zn—l)

and

CEURELED DD SENTED DI A A

Z1€SA(X) Z2€SA(2Z1) ZN+1ESA(ZN)

N+1
(5.25) X HH‘I)(ZJ)” Cg(ZN+1;SN+1)dSN+1dsN---d81
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The remainder term Ryy;(t) is estimated as follows. First, we bound Cg(Z N+1; SN+1) with
2||B|| using its definition (5.19). Next, we note that the sums above are over chains of sets
(Zl,ZQ, s ,ZN+1) which satisfy Z; N0 X # @ and Zj N Zj_l #* B for 2 < j < N + 1. Therefore,
there are points wi, wa, - -+ ,wy4+1 € Awithw; € Z1N0s X and w; € Z;NZ;_1 forall2 < j < N+1.
A simple upper bound on these sums is then obtained by estimating

EEUNEED VHED SRR SENNEED DD >

Z1E€SA(X) Z2eSp(Z1) ZN+1€SA(ZN) w1 €0 X W2,...,wN42EA Z1,- Z N1 CA:
wk,wk+1€Zk,k:1,...,N+1

where we have used that the last set Zy 11 must contain more than one point since Zn 1 € Sp(Zn).
By (4.44)

(5.27) Yo 2@l < 2] F(d(wy, wyr1))

ZkCA:
Wi, Wk 41E€E Lk

and the convolution property, we find that

(2t)N+l N+1
Rnia(t) < 2’|B||'m Z Z Z HH(I)(ZJ)

' Z1€SA(X) Z2€SA(Z1) Zny1€ESA(ZN) \J=1

N+1

@t @] p)N !
S LR o= D DINED DI | R C TN
w1 E€0p X wa,...,wN4+2EA k=1
2|B|| (2t||®||pCp)NFT

(5.28) < IB]] . 2r]12]rCr) Z Z d(w1, wN+2))

Cr (N +1)!

w1 €0 X WN2EA

Since F' is uniformly summable and X is finite, this bound clearly shows that Ry.1(t) goes to 0
as N — oo. We have proven that

(20)"

(5.29) CAX1) < 21BIS an -
n=1

The coefficients a,, are bounded similarly. In fact, using the additional constraint that the final
set Z, must intersect Y, we find that

@
YyeY €0 X
and therefore,

(5.31) Cp(xit) < 2L (eeimiee 1) $° S P

F YeY x€Ip X
]

In combination with Lemma the Lieb-Robinson bounds of Theorem show that the time
evolution of a local observable with support in X € Py(I'), yields an observable which, up to a
small correction, is localized in a larger but still finite region. More precisely, for X € Py(T"), and
with [|®]|, < oo, for some a > 0 and vg 4 is the quantity defined in (5.7)), define

Xoaltl+7r)={z el |dxz,X) <vpqlt|+r}.
Then, for A € Ax, define

(TtA(A))X(vq)’a|t|+T) = TrHA\X(U¢7a|t\+r)TtA(A)'
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Then (7*(A)) x (v t}+r) € Ax(vaalti+r) C Ar and

2[|All1X] -
A A
173" (A) = (73" (A)) x40 | < ——5— [F1e™"

a
This observation, and the fact that the bound above is uniform in A, is a clear indication that
the dynamics of local observables under the interaction with the infinite system on I', should be
well-defined. We prove that this is indeed the case in the next section.

5.1. Existence of the Dynamics. Lieb-Robinson bounds can be used to establish the existence
of a limiting dynamics for interactions ® € Br(I"). To see this we will consider limits of the finite
volume dynamics along increasing, exhaustive sequences {A,}, i.e., for all n > 1, A, € Py(I),
A, C Ap41, and for any z € T, there exists an n > 1 for which z € A,,.

Theorem 5.3. Let ® € Bp(T'). Along any increasing, exhaustive sequence {A,} of finite subsets
of ', the norm limit

(5.32) 7(A) = lim 7" (A)

exists for allt € R and A € A{S’C. The convergence in is uniform for t in compact sets,
and moreover, it is independent of the choice of exhaustive sequence {A,}. The collection {T;}ier,
which we denote by the infinite volume dynamics corresponding to ®, defines a strongly continuous,
one parameter group of x-automorphisms on Ar.

Proof. Let A € AX° and denote by X = supp(A4) € Py(T'). Take m > 1 large enough so that
X C Ay,. For any n > m, we have that,

(53 ) =) = [ (e () ) as
and since
(5.34) % (TSAn (ﬁ‘_rg (A)) ) = jrhn ([HAn - HAm,TtA_W;(A)D ,

it is clear that for ¢t > 0

(5.35) It (A) =)l < Y I[r (A), 2(2)]|| ds.
ZeSp,, (Am)

(Again, analogous results hold for ¢ < 0.) The estimate continues by dividing the above sum on Z:

t
I (A) = 7 (A < 24l > @@+ > /H[TSA”“(A),@(Z)HIdS
Zesy,, (Am): zeSy, (Am): 0
ZNX D ZNX=0

241ty Y o 2@

z€X 2€Ap\Am ZCAn:
n\ mx,ze%

IN

(5.36) +2HCAH/O(€2”(I)”FCFS—1)dS Soole@)ll Y. Fdx,z))

ZeSy,, (Am): reX,z€Z
ZNX=0
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where we have used Theorem [5.1] on the second sum above. Observe that

Yo lle@ll Y, Flz) < Y Y Y Fldez) ) |22

ZeSp,, (Am): xeX,2€Z 2€X 2/ €Ap\Am 2E€EAR ZCAn:
ZNX=0 z,2'€Z
< Rle >, Y. D Fld(w,2)F(d(z,2)

z€X 2/'eAp\Am 2EAR

Cllelr . > Fldx,2))

z€X 2/ €Ap\Am

(5.37)

IN

Altogether then, we have shown that

(5.38) mAn<A>—TtAm<A>\szrmuu%(/@ eZ”‘I’”FC’”ds>Z Y. Fd(x,2))

z€X z€A\Am

This proves that the sequence of finite volume evolutions is Cauchy and hence convergent; at least
on AIFOC. The remaining claims follow by elementary arguments. In particular, see the Exercise 15
of Sections 1-3. O

By general arguments of semi-group theory (see, e.g., [11][Proposition 6.2.3]), the strongly con-

tinuous, one-parameter group of x-automorphisms {7 };cg is generated by a closed operator ¢ in the

following sense. For all A € Al°°, using an estimate in terms of || ®||r, one can show the existence

of the limit in Ar:

(5.39) d(A) = lim [Hy, A.
A—T
and ¢ is the closure of this operator, meaning the domain of the generally unbounded operator ¢,

dom(d), contains AR as a core. For A € dom(d), we have
d

(5.40) 5Tt (A) = 0(re(A)) = im(3(4)),

and it is customary to write 7 = eitd
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6. GROUND STATES AND EQUILIBRIUM STATES

For a quantum spin system associated with a finite set A, the Hamiltonian Hy = H) € A, is
a self-adjoint operator acting on a finite-dimensional complex Hilbert space Hp. Its spectrum is a
finite set of real eigenvalues and a ground state is defined to be any state wg that minimizes the
energy, i.e. , such that

(6.1) wo(Hp) = min{w(Hy) | w a state on Ay }.

It is a simple exercise to show that ground states of finite quantum spin systems are exactly those
states that have density matrices with a range that is a subspace of the eigenspace corresponding
to the smallest eigenvalue of Hy. The ground state of the system is unique if and only if this
eigenvalue is simple.

For a finite quantum spin system with Hamiltonian Hjp, thermal equilibrium at inverse temper-
ature § € [0,00) is the unique state, the Gibbs state, given by the density matrix pg defined as
follows:

(6.2) pg = ie_ﬁHA, Zg = Tre PHA,
Zg

In the sections below we derive some basic properties and equivalent characterizations of ground
states and equilibrium states, which will be useful to formulate these concepts in the infinite system
setting.

6.1. Ground States. Let Ey(A) denote the smallest eigenvalue of the Hamiltonian H on a finite-
dimensional Hilbert space Ha. In this context Eg(A) is the ground-state energy, and any state w
on Ay such that w(Hy) = Ey(A) is a ground state. In the following proposition it is shown that
the set of all ground states for the system with Hamiltonian Hy is the set of all states satisfying
w(A*[Hp, A]) > 0, for all A € Ay, and that this property is inherited by limits of sequences of
ground states of finite-volume systems defined on a sequence A,, € Py(I"), defined by an interaction
¢ € Bp(I'), for any F-function F.

It is clear that to any sequence of finite volumes {A,} with A,, — T, there correspond one or
more sequences of ground-states wy,. Using the Banach-Alaoglu theorem, it is easy to see that
each of these sequences has an accumulation point (and a convergent subsequence).

Note that there is no simple definition of a limit of the Hilbert spaces H,,,, nor of the Hamil-
tonians Hy,, but it makes perfect sense to consider the limiting states on A, and, by unique
continuous extension, also on Ar. This provides a good option for defining ground states for the
infinite volume T.

Proposition 6.1.

(i) Let w be a state of a system with Hamiltonian H on a finite-dimensional Hilbert space H,
i.e. , suppose that the range of the density matriz p of w is a subspace of the eigenspace of H
corresponding to its smallest eigenvalue Ey. Then we have

(6.3) w(A*[H,A]) >0, for all A € B(H).

Conversely, every state on B(H) satisfying is a ground state of the system.
(7i) Let {A,} be an exhaustive sequence of finite volumes in I'. For each n > 1, let wy, be a ground
state of Hy,,. If

(6.4) wn(A) = w(A)  for all A e Ak°
and
(6.5) oa, (A) == [Hp,, Al = 0(A)  for all A e AKC

in the strong sense (i.e. in norm), then w is a state on AR satisfying

(6.6) w(A*5(A)) >0, for all A € AKXC.
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Proof. (i). Observe that
w(A*[H,A]) = TrpA*[H, 4]
(6.7) = TrpA*HA—-TrHpA*A = TrpA*(H — Ep1)A > 0

where we have used Hp = Egp and Hp > Eyl.

To prove the converse, assume that there exists 0 # ¢ € ranp such that Hy # Egy and consider
A = |1po) ()| where g # 0 and Hvg = Eptbg. An easy calculation shows that w(A*[H, A]) < 0.
Therefore, w does not satisfy .

(ii). To study the limit n — oo, we write

w(A0(A)) — wa,, (A4, (4))
(6.8)  =w(A"(6(4) = 0a,(A))) + (w —wa,) (A" (64, (A4) — 6(A))) + (w — wa, ) (A"0(A)).

The limit of the first terms vanishes because of (6.5) and the fact that states are bounded linear
functionals of unit norm. For the last term, for each € > 0, pick B € A%¢ such that || A*§(A)—B|| < ¢
and use this to see that
(6.9) limsup |(w — wa,, )(A*0(A))] < 2e.

n
Since € is arbitrary, we can conclude that also the third term of vanishes in the limit n — oo,
and the claimed result follows. O

Note that there are in general many sequences Hp, such that holds with the same generator
0. The limits of ground states of each such sequence of finite-volume Hamiltonians will all satisfy
and it will make sense to consider them all as ground states of the C*-dynamical system
(Ar, {rr = ¢ | t € R}). Therefore, we adopt the following definition.

Definition 6.2. Let A be a C*-algebra and {r; = ¢® | t € R} be a strongly continuous one-
parameter group of automorphisms of A. Then, a state w on A is a ground-state for 7 if

(6.10) w(A*§(A)) > 0 for all A € dom(s).

Note that it suffices to require (6.10)) for A in a core for 4. In the context of quantum spin systems
defined by an interaction ® € Bp(I'), a convenient core for J is given by the local observables A}
The next proposition shows that ground states are time-invariant, i.e. , wo7 = w, for all t € R.

Proposition 6.3. Let A be a C*-algebra and {m; = €™ | t € R} be a strongly continuous one-
parameter group of automorphisms of A. Then, the following three conditions are equivalent:

i.woT =w, forallt € R;
ii. w(6(A)) =0, for all A € dom(d);
iii. w(A*6(A)) € R, for all A € dom(9).

We leave the proof of this proposition as an exercise for the reader. (Hint: w(d(A*A)) =
2iIm[w(A*§(A))].)

6.2. Thermal Equilibrium, the Free Energy, and the Variational Principle for Gibbs
States. For a finite spin systems, the thermal equilibrium state at inverse temperature 8 € [0, 00),
can be defined as the minimizer of the free energy functional. This provides a definition of equilib-
rium states analogous to the definition of ground states as those states that minimize the energy.
As we shall see, ground states correspond to zero temperature, i.e. , 5 = +00.

In order to define the free energy functional, we start with von Neumann’s definition of the
entropy, S(p), of a state defined by a density matrix p:

(6.11) S(p) = —Trplog p.



34

Here plog p is defined through the functional calculus with the continuous function xlog z : [0, 1] —
R. When H is finite-dimensional the entropy is finite for all p and satisfies the bound

(6.12) 0 < S(p) <logdimH,

the proof of which we leave as an exercise.
Let H = H* € B(H) be the Hamiltonian of a finite quantum spin system. The Gibbs state at
inverse temperature 5 € (0,00) for the system with Hamiltonian H is defined by the density matrix

1
Z(P)

The normalization factor Z () is called the partition function. We will denote the Gibbs state by

wg. The parameter 3 corresponds to the temperature 7' in the sense that 3 = (kpT)~!, where kp

is Boltzmann’s constant. Thus 7" = 0 corresponds to 5 — oo, and in turn to the ground state.
For B € (0,00), the free-energy functional Fp is given by

(6.14) Fs(p) = TrpH — 37'5(p).

(6.13) pg = e P with Z(8) = Tre PH.

Proposition 6.4. pg is the unique density matriz that minimizes Fg, i.e. , for all density matrices
p we have

(6.15) Fs(pg) < Fp(p), and Fs(p) = Fs(pg) = p = ps-

Using this proposition, the minimum value of Fj is easily seen to be given by f(8) = —3~!log Z(3)
and is called the free energy of the system at inverse temperature 5.
The proof of this proposition follows from a simple application of the following lemma.

Lemma 6.5 (Klein [58], Ohya-Petz [53]). Let A and B be two non-negative definite matrices
satisfying 0 < A, B < 1 and such that ker B C ker A. Then

1
(6.16) TrA(log A — log B) > Tr(A = B) + 5 Tr(A - B)?

Proof. The function f(x) = —zlogz, x > 0, continuously extended such that f(0) = 0, is easily
seen to be concave. In fact f € C?((0,00)) with

(6.17) @) = —

X

By the Taylor Remainder Theorem and the expression for f”, it follows that for all  and y such
that 0 < x < y < 1, there exists a £ such that x < & <y and

(615) F) = @) = (= 0 () = =52~ )2F(€) 2 5 (e )

As A and B are non-negative definite, they are diagonalizable. Denote their eigenvalues by a; and b;,
and the corresponding orthonormal eigenvectors by ; and ;, respectively. From the assumptions
it follows that 0 < a;,b; < 1. Using the spectral decompositions of A and B, i.e.,

(6.19) A = ) ailea (el

(6.20) B = Zbi!¢i><¢z‘|

(6.21) Z i) (il Z |[i) (i = 1
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we see that

1
TrA(log A —log B) = Tr(A = B) — S Tr(A — B)?

= S Tl il (] [f(A) +F(B) + (A~ B)f/(B) — L(A?+ B - 2AB)}

]
1
= STl el [~ )+ 1) + (a5~ 007 09 — (a0
]
>0
where the last inequality follows from applying (6.18) term by term. O

Now to prove Proposition we can apply Lemma [6.5 with A = p, where p is an arbitrary
density matrix, and B = pg. Note than ker B = {0}. This gives
e PH

(6.22) B(fs— F(8) = Trplogp—Trplog (Z(ﬁ)>

1
(6.23) > STr(p—ps)* 20

If the RHS vanishes, we have p = pg. Hence the minimum of Fjy is uniquely attained for p = pg.

6.3. The Kubo-Martin-Schwinger condition. Again, we consider a finite-dimensional Hilbert
space H, and a Hamiltonian H = H* € A = B(H). Denote the Heisenberg dynamics by 7. Since
H is bounded it is straightforward to define the analytic continuation of 74(A) for all t € C. A state
w on A is called a 8-KMS state if, for all A, B € A, it satisfies

(6.24) w(Aris(B)) = w(BA).

Proposition 6.6. w is a B-KMS state if and only if w = wg, i.e. , the KMS state coincides with
the Gibbs state.

Proof. First, the KMS property of the Gibbs state follows from a simple computation using the
dynamics and the cyclicity of the trace:

(6.25) Tre_BHAeitHBe_itH’t:iﬁ = Tre PH Ae PH BePH = Tre PHBA.

For the other direction, we use an orthonormal basis of eigenvectors of H, |1),...,|n), with eigenval-
ues Aq, ..., Ap. The S-KMS property of state with density matrix p with A = |i)(j| and B = |k)({|
then reads

(6.26) Trpli)(jle” M) (1| = Trp|k)(1]3) (i,
which translates into
(6.27) kg (l ] p | iye? M=) =505 | p| k).

since p is a density matrix, at least on of its diagonal matrix elements is non-zero, say (i | p | 7) > 0.
With [ = 7 and k # j, the above relation implies that p is in fact diagonal in the eigenbasis of H.
Finally, with | = ¢ and k = j, we obtain that there is a constant c such that

(6.28) (i | p|i)yePr =c.
It follows that p is the Gibbs state. U

Note that the arguments in the proof of this proposition rely on the finite-dimensionality of the
Hilbert space.
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6.4. The Energy-Entropy Balance inequalities. A third criterion for thermal equilibrium is
expressed by a family of inequalities called the Energy-Entropy- Balance (EEB) inequalities. Again,
for now we only consider finite systems and define §(-) = [H, -]. Then, we say that w satisfies EEB
at inverse temperature g if, for all X € A
X*X

(6.29) w(X*[H, X]) > B w(X*X)log <ZEXX§> for all X € A.

Our next goal is to prove that, for a finite system, the EEB inequalities uniquely characterize
the Gibbs state. First we prepare some auxiliary material that is also useful more generally.

The formulation of the EEB inequalities uses the function f : [0,4+00) x [0, +00) — (—00, +00]
defined by

xlog% ifx,y >0
(6.30) flz,y) =120 ifz=0,9>0
400 ifx>0,y=0

In the following, whenever we write something of the form xzlog(z/y), we mean f as defined
above. We will use the following elementary properties of f.

Proposition 6.7. The function f defined in has the following properties:
(i) f is lower semicontinuous.

(ii) f is jointly convex in (x,y).

(iii) f is homogeneous of degree one. i.e., for all A > 0,

fAz, Ay) = Af(x,y)
(iv) For all finite sequences of non-negative numbers t;, x;,y;, i = 1,...,n, one has

FO tiws, Y tiy) < tif (@i, i),
We leave the proof of this proposition as an exercise for the reader.

Theorem 6.8 ( [25,26]). Let w be a state on A. The following are equivalent conditions:
(i) w is the Gibbs state corresponding to H and inverse temperature 3.
(ii) For all X € A one has

w(X*X)
w(X X*)

It is worth noting that the equilibrium condition expressed by the EEB is equivalent to the KMS
condition in the general context of C*-dynamical systems (see |11][Theorem 5.3.15]).

In the context of finite quantum spin systems, the theorem says that the Gibbs state satisfies
the inequalities for all X € A, and that it is the only state that does so. We will derive
this property from the variational principle following a common procedure: we will define suitable
curves in the space of all states that pass through the Gibbs state, or emanate from it, and compute
and estimate the derivative of the free energy functional along these curves. The EEB inequalities
will follow from expressing that the state w minimizes the free energy functional. The converse
direction will be proved by explicit computation. In order to define curves in the space of all states
we use a class of semigroups on A described in the next section. Their definition and essential
properties are as follows.

Let X € B(H). Define Lx : B(H) — B(H), by

Lx(A) = X*AX — %(X*XA +AXTX)

(6.31) Bw(X*[H, X]) > w(X*X)log = F(w(X*X),w(XX"))
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Clearly, as ||Lx(A)|| < 2||X|?||All, Lx is a bounded linear transformation on the Banach space
B(H). Therefore, we can define

n(A) = X (4)

(7¢)t>0 is a semigroup with the following properties: (1) = 1, and :(A) is positive for all ¢ > 0
and A > 0. For a prove of this and other important properties see, e.g., the lecture notes by Michael
Wolf [70]. A map ~; with this property is called a positive map and Lx generates a semigroup of
such maps. From these properties it immediately follows that, for all ¢, there is a unique density
matrix p; such that

Trpi A = Trpy(A)

pt is obtained from p by application of another semigroup of positive maps, 7/, which are the
adjoints of 44 with respect to the Hilbert-Schmidt inner product on B(H). Its generator is given by

* * 1 * *
Lx(p) = XpX _i(X Xp+ pX*X).

In the finite-dimensional context, - is a well-defined bounded linear transformation on 4 for all
t € R. The norm of it, however, diverges as t — —oo. So although we have curves p;, in the space
of density matrices defined for all ¢ € R, we will only use ¢ > 0. In infinite-dimensional situations
v¢ is in general not defined for ¢ < 0.

Proof of Theorem[6.8 The proof of the EEB inequalities consists in deriving the following two
relations:

TrpH — TrpgH
m =

(6.32) ltiw " wg(X*[H, X])
. S(pt) = S(ps) N wp(X*X)
(6.33) lgf(r]l - > wg(X*X)log s (XX")

Here, pg = po, and wg(A) = TrpgA. The EEB inequalities then follow from the Variational
Principle. Since

Fa(pt) — Fz(pg) 2 0

and therefore, for all ¢ > 0, we must have

TepeH —TrpsH _ 1.5(pe) = S(pp)
t -3 t
Below we take the limit ¢ | 0, compute the LHS and prove a lower bound for the RHS. The resulting
inequalities will turn out to be the EEB inequalities.
The derivative of the energy is easy to compute:
d

1
Swu(H)| g = (L (H)) = Trpp X HX — S Trpp(X* X H + HX"X)

We are interested in the derivative in p = pg. As [pg, H] = 0, the last two terms are equal and can
be combined. The result is (6.32).

For the entropy term we will need to differentiate operator valued functions of the type log A;.
This is non-trivial. Usually the log function is defined by its series expansion around 1. To compute
the derivative we will use the identity

<l 1 1
logz = — = dt
o L1+t z+t
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for x > 0. So, for invertible A; > 0, we consider

d d [®] 1 1
—logA; = — - d
at B dt J, [1+s At+s} °

_ /OOO(At +s)! <;At> (A +5)ds

Here, we used the operator identity A=!(B — A)B~! = A~! — B~! to compute
d d
—(A) P = A7 (=4 ) A
a4 t (dt t> t
When we apply this to —S(p;) we get
d < 1 1
Trp—1 = T —Lj —dt
rpdt ngt‘t:O rP/O o1t X(P)p+t

= Trpp~ ' Li(p)

= TrLx(p)
Now we can compute the derivative of the entropy term:
d d d
%S(pt)‘tzo = _Trﬁpt‘tzo - Trpt% 1Og(p'f)‘tzo
—TrLx(p)logp — TrLx (p)
= —TrLx(p)logp
where we used that TrL% (p) = TrpLx (1) = 0.
Now we have to estimate (6.34). We will prove that
1 1
—TrpLx(logp) = —TrpX*(logp)X + §TrpX*X log p + §Trp(log p)X*X

v

f(TrpX* X, Trp X X™)
where f is the function defined in . To this end we use the spectral decomposition of p:
p="> pildi)(dil o
Using this we can write the LHS of the inequality as follows:
= pildi, X7¢5) log pj (5, X i) + Y _ pilog pi (i, X*5) (65, X 1)
ij ij

If we let a;; denote the matrix elements (¢;, X ¢;), this can be written as
> fpi pi)lais|?
ij
Property (iv) of Proposition [6.7| then yields
~TrpLx(logp) > fO_ pilaiil,)  pjlai?)
ij ij

= f(TrpX*X, TrpXX™)

This concludes the proof of (i) = (ii) in Theorem

The opposite direction proceeds by solving the EEB inequalities. Suppose the Hamiltonian has
eigenvalues \; and an orthonormal basis of eigenvectors ¢;. We will use the basis Ej;; for the
matrices:

Eij = |¢i)(diloj, Ei; =Ej, EijEgy=0;Ey
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The spectral decomposition of the Hamiltonian can then be written as
H=> \Ej.
i

First, we note that if w satisfies (6.31]), then the corresponding density matrix commutes with the
Hamiltonian. This follows from the fact that the inequalities imply that, for all X,
TrpX*HX — TrpX*XH € R
and, as
Im TrpX*HX — TrpX*XH = Tr X" X|[p, H]
for arbitrary X € A, this implies [p, H] = 0. Hence, p has a spectral decomposition of the form

p= Z piEii
)

Now, take X = E;; in the EEB inequalities. Then [H, X] = (A\; — A;)Ej;, and the EEB inequality
becomes:

,3()\, - )\j)Tl"pEjj > f(Tl"pEjj,TrpEii)
By calculating the expectations this is

o
(6.34) BN = Njpj > fpj, pi) = pjlog p%

We will first show that (6.34)) implies that p; > 0, for all i. Suppose that for some i, p; = 0, and
that p; > 0 for some j, which must be the case since p is a density matrix. Then, the RHS of (6.34])
equals 400, while the LHS is finite. We conclude that p; > 0 for all i. Therefore we can divide

both sides of (6.34) by p; to obtain:
B(hi— Aj) = log%

7
By interchanging the roles of ¢ and j in this inequality we see that the following equalities must

hold for all ¢ and j:
0
B(Xi = Aj) = log =~

Pi

or, equivalently
pi = constant x e*ﬁ/\i,

where the constant is fixed by the normalization of p. This completes the proof that pg is the only
density matrix satisfying the EEB inequalities for a fixed H and § > 0. U
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7. INFINITE SYSTEMS AND THE GNS REPRESENTATION

There is a close connection between representations and states of a C*-algebra. The key to this
connection is the so-called GNS construction, attributed to Israel Gelfand and Mark Naimark and,
independently, Irving Segal, whose initials provided the name. The GNS constructions associates
with each state w on a C*-algebra a canonical representation, which is unique up to unitary equiv-
alence. We will discuss the GNS representation in its general setting first, and then apply it to the
context of quantum spin systems. In particular,in the case of ground states of infinite quantum
spin systems we obtain a representation in which the dynamics is generated by a densely defined
self-adjoint operator (the GNS Hamiltonian) which is bounded below and of which the ground state
is given by an eigenvector of the smallest eigenvalue.

7.1. The GNS Construction. Let A be a unital C*-algebra. A representation of A on a Hilbert
space H is a linear mapping 7 : A — B(H) for which:

i) m(1) =1

i) m(A*) = w(A)*

iii) 7(AB) = n(A)w(B).

All C*-algebras appearing in this book are assumed to have an identity, generically denoted by
1, and all representations of a C*-algebra on a Hilbert space will be assumed to map the identity
into the identity operator on the Hilbert space.

A vector 2 € H is called cyclic for a representation 7 if

(7.1) Do={m(A)Q: Ac A} CH
is a dense subspace of H. A representation 7 is said to be cyclic if there is a cyclic vector for it.

Theorem 7.1 (GNS construction). Let w be a state on a C*-algebra A. Then there exists a Hilbert
space H,,, a representation w, of A on H,,, and a vector Q,, € H,,, which is cyclic for w, and such
that

(7.2) w(A) = (Q, 1, (A)Q)  for all A € A.

Moreover, the triple (Hy, 7, Q) s uniquely determined by w up to unitary equivalence. In other
words, if there are two such cyclic representations (Hy,m1,Q1) and (Ha,ma, Q) for the same state
w, then there exists a unitary mapping U : H1 — Hao for which

(7.3) Qo=UN and m(A)=Um(A)U" forall Ac A

The unitary U with these properties is itself unique.

Proof. First, we construct the Hilbert space. This is done in two steps. Note that
(7.4) (A,B) = w(A*B)

defines a sesquilinear form on A. Thus, (A, (-,-)) is a pre-Hilbert space.
In general, this sesquilinear form may be degenerate; in which case it does not define an inner
product. To remedy this, set

(7.5) I={AecA:w(A*A) =0}

These correspond to the vectors with zero norm. One readily checks that I is a left ideal of A.
This means that I is a linear subspace of A for which given any A € A and any B € I, the product
AB € I. In words, I is invariant under left multiplication by elements in A. To see this, we use
A*A < ||AJ]?1. Since, for B € I, w(B*B) = 0, we then have

(7.6) 0 < w((AB)*(AB)) = w(B*A*AB) < w(B*B)||A|I> =0

and thus AB ¢ 1.



41

Let Hg be the quotient .4/I, which is the set of equivalence classes in A defined by I:
(7.7) Ypa={AcA: A=A+ A forsome A eI} = A+1

As a quotient of a complex vector space by a subspace, Hg is a complex vector space, and we define
a sesquilinear form in it by

(7.8) (Ya,¥B) = (A, B) = w(A*B)

for all equivalence classes 14 and ¢ p. It is clear that this form is well-defined: If A=A+ A and
B = B + B’ for some A’, B’ € I, then

(7.9) w((A)*B) = w(A*B) + w(A*B') + w((A")*B) + w((A')*B') = w(A*B)

since the last three terms in the middle expression above vanish by Cauchy-Schwarz.

By construction, we now have a non-degenerate inner product space Ho. We define H,, to be
the Hilbert space obtained by completion of H.

The next task is to define the representation m, of A on B(H,). Observe that, again by con-
struction, {¢4 : A € A} is dense in H,,. In this case, for any A € A, m,(A) € B(H,) will be
uniquely defined if we define it on this dense subspace and show that

(7.10) [l (A) | < [|Al
For any A € A, define a mapping m,,(A) on Hg by setting
(7.11) mw(A) s = Yap
This is well-defined because I is a left-ideal:
(7.12) Tw(A)Byp = Yapiap = ap since AB' € I.
Since
(7.13) ate + BYp = Yac+sD
linearity of m,(A) is also easy to check. Moreover,
(7.14) 1Mo (A)eBl* = (Yap, Yap) = w(B*A*AB) < || A|*w(B*B) = [|Al*[lv5 |

which proves that |7, (A)]] < ||A|| on Hy. We will continue to denote by m,,(A) the unique bounded
extension of this mapping to all of H,. One easily checks that m, is a representation:
To(1)Yp = ¥B
(M (A%)p, Yo) = w((A"B)"C) = w(B"AC) = (¥, mu(A)c)
Tw(A1A2)YB = YA, 4,8 = Tw(A1)Va,8 = Tw(A1)Tw(A2)VB.
Finally, 17 is a cyclic vector with the desired properties. It is cyclic because
(7.15) {ru(A)Qy : Ac A} ={ya: A€ A}

is dense by construction of the Hilbert space. The desired relation with the state w follows from
the definition of the inner product on H,:

(7.16) (Qu, o (A) ) = (Y1, 94) = w(A).

This completes the construction of a GNS triple (H,,, 7w, 2).
To prove the uniqueness statement, suppose there are two GNS triples, (H1, 71, Q1) and (Ha, 72, Q2),
with

(717) <Ql, 7’['1(A)Ql> = w(A) = <QQ,7T2(A)QQ> forallAec A
In this case, define a mapping U : H1 — Ho by setting
(718) Um (A)Ql = WQ(A)QQ for all A € A.
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Since €2 is cyclic, and due to ((7.17)), this defines an isometry U on a dense set of vectors in Hi;
we will continue to denote by U the unique linear extension of this mapping to all of H;. Observe
that

<U7T1(A)Ql,U7T1(B)Ql> = <7T2(A)QQ,7T2(B)QQ>
= <QQ,W2(A*B)WQ>
(7.19) — W(A"B) = (m (A, m (B)Q).

This shows that U is an isometry. Since ranU is dense, it follows that U is unitary, i.e. U*U =
UU* = 1. It is straightforward to check the remaining properties of U. O

The uniqueness property of the GNS triple for a given state w, which we henceforth denote by
(Hy, 7wy ), has an important consequence.

Corollary 7.2. Let A be a C*-algebra, w a state on A and o an automorphism of A that leaves
w invariant, i.e. , such that woa =w. Then, « is implementable in the GNS representation of w.
Explicitly, there exists a unique unitary U € B(H,,) such that for all A € A we have

(7.20) mo(a(A)) = Un, (AU, UQ = Q.

Proof. If (Hy, 7w, Q) is a GNS triple for w, one can immediately check that (H,,, 7, o o, Q) is a
GNS triple for w o a. By Theorem the existence and uniqueness of a unitary operator U on
‘H,, with the desired properties is then guaranteed:

(7.21) UQy, =Qy, mu(a(A)=Un,(A)U™.
U

As a first application of this corollary, we explore its consequences for ground states, which are
invariant under the automorphisms 7; describing the time evolution (see Proposition .

Let w be a ground state. From Corollary we then have, for each ¢ € R, a unique unitary U,
on H,, implementing 7; (for consistency with the standard conventions in the quantum mechanics
literature, we interchange the roles of U; and U;". Concretely, we have

(7.22) Uy =Qp and Ufn,(A)Up = m,(1e(A)) for all A € Ar.

Using the uniqueness, one sees that the group property of the 7 carries over to the U;. and the
continuity for the norm on A of t — 74(A) implies that ¢ — Uyt is continuous for all ¢ € H,,. This
is the strong continuity property of the one-parameter group of unitaries. To verify this, consider,
for all A € A,

U 7 (A)Q — 1o (A) Q|| = U7 (A)UrU; Q= 7o (A) 0|
= |7 (1(A4)) Q20 — 7o (A) Q||
(7.23) = [Imw(re(4) = A)Q|.

The last quantity vanishes as ¢ — 0 by the strong continuity of 7.
Using Stone’s Theorem we now conclude that there is a densely defined self-adjoint operator
H,, acting on (a dense subset of) #,, for which

(7.24) Uy = e” e,

We are now back to quantum mechanics on a Hilbert space, i.e., the Schrédinger picture in which
one studies self- adjoint operators on a Hilbert space.
Note that using

(7.25) Uy, = Qo
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and the ground state property of w, we have that

0<W(ADA) = ATy
1d .
= AT A
= %%(ﬂ'w(z‘l)ﬂw,Ut*ww(A)UthHt:O
(7.26) — (o (A)Q, Homo (A

and hence H,, > 0. This means that in its GNS representation a ground state is represented by an
eigenvector of the Hamiltonian H,, with eigenvalue 0, which corresponds to inf specH,,.

For the readers’s convenience, we include a statement of Stone’s theorem here. See, e.g., [57]
or [65] for a proof.

Theorem 7.3 (Stone’s Theorem). For allt € R, let Uy be a bounded linear operator on a Hilbert
space H. Then, {Uy | t € R} is a strongly continuous one-parameter group of unitary operators if
and only if there exists a densely defined self-adjoint operator H with domain D(H) such that

(7.27) Uy = e

Moreover,

(7.28) D(H) = {4 € H | 36 € H such that lim |t~ (e Hap —1p) — ¢|| = 0}.
_)

7.2. Ground States and Equilibrium States for Infinite Systems. Let us summarize the
basic mathematical elements describing an infinite (or finite) quantum spin system. Associated
with the points of a countable metric space (I',d), often referred to as the “lattice”, are finite-
dimensional complex Hilbert spaces H,. We introduced the algebra of local observables Alli’c and
the C*-algebra of quasi-local observables, Ar, which is the norm completion of A{i’c. We defined
spaces, denoted by Bp(T, of interactions ® : Po(I') — AW, in terms of the so-called F-norms
|| - ||F. For each such ® there is a strongly continuous one-parameter group of automorphisms of
Ar, {1 | t € R}, describing the dynamics of the system. There is a densely defined generator ¢, for
which AK° is a core, and such that 7, = €.

Equilibrium states at inverse temperature 8 € [0,00), and ground states (f = o0), can be
characterized in terms of J as follows. Let Sz be the set of states on A that satisfy the following
conditions:

i. For 8 = oo, the set of ground states Sy consists of those states w such that
(7.29) w(A*0(A)) >0, forall Ae Ay

ii. For € (0,00), the set of equilibium states at inverse temperature 3, Sg consists of those
states w such that

N 1 . w(A*A
(7.30) w(A*9(A)) > EW(A A)ln [wEAA*i] , forall Ae A
iii. For 8 = 0, describing infinite temperature, we have a unique state wg such that
(7.31) wo(A*A) = wo(AA"), forall A€ Ae.

Note that wp does not depend on 4. It is called the tracial state and, in fact, satisfies wo(AB) =
w(BA), for all A, B € Ar.

One can show that for all 5 € [0, 00] the set Sg is a convex subset of the set of all states on A,
meaning that if wi,ws € Sg, then twy + (1 — t)wp € Sg for all t € [0, 1].

The following bit of terminology about convex sets will be useful.

Let C be a convex subset of a real vector space V. The point ¢ € C is said to be an extreme
point of C if it is not a non-trivial convex combination of points in C, i.e. if ¢1,co € C' and there
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is some t € (0, 1) for which ¢ = tc; + (1 —t)co, then ¢1 = ¢; = ¢. We will denote by £(C) the set of
all extreme points in C.
If ¢1,co € C then the segment between ¢y and co is the set

(7.32) {tcl + (1 — t)CQ it e [0, 1]} cC

C is said to be a simplex if for all ¢ € C, there exists a unique set of points ¢; € £(C),i=1,...,n,
and t; € (0,1) with >, ¢; = 1, such that Y 1" | t;c; = ¢. Strictly speaking, this only defines finite-
dimensional simplices. Working with infinite-dimensional simplices involves a choice of topology
and possibly measure theory to generalize to convex combinations of infinite sets of points.

A set F' C C is said to be a face if it is convex and whenever f € F' and f = tc; + (1 — t)cg for
some c1,c2 € C' and t € (0,1), then te; + (1 — t)eg € F for all ¢t € [0, 1].

The set of all ground states of a given dynamics, S, is a face in the set of all states. The
extreme points of Sy are pure states, i.e., they are also extreme points in the set of all states.

In contrast, the set of all equilibrium states for a system at 5 € (0,00), Sg, is a simplex in the
set of all states. The extreme points are factor states, a notion we define in the next paragraph.
They are not pure states.

Let w be a state on a C*-algebra A. Consider the GNS triple associated to w, namely (H,, 7, Q).
Recall that

(7.33) w(A) = (Q,, 7, (A)Q,) forall Aec A

and 7, (A) C B(H,) is a sub-algebra.
The commutant of 7, (.A) is defined by

(7.34) mw(A) ={B € B(Hy,) : [B,m,(A)] =0 for all A € A}.
The bi-commutant is then

(7.35) Tu(A)" = (mu(A))".

A famous theorem of von Neumann’s states that

(7.36) Tw(A) =7, (A",

i.e. the bi-commutant of 7, (A) is the closure of m,(.A) in the weak operator topology on B(H,).
The center of a representation 7 is:

(7.37) Zr, =7m(A) Nnw(A)"
A state w is said to be a factor state (also know as a primary state) if and only if
(7.38) Zr, = (A Nm,(A)" =C1

The GNS representation of a pure state w is irreducible, meaning that m,(A) = CI. It follows
that m,(A)" = B(Hy).
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8. SYMMETRY, EXCITATION SPECTRUM, AND CORRELATIONS

As before, let (T',d) be a discrete metric space with an F-function F. Let {r; | ¢t € R} be the
dynamics generated by an interaction ® € Bp(T') for a quantum spin system on I'. An automor-
phism a on Ar is called a symmetry of the C*-dynamical system (Ar,7;) if it commutes with the
dynamics, i.e., ;o = awo 1y, for all ¢ € R. It is easy to see that the symmetries of (Ar,7;) form a
subgroup of the automorphism group of Ar.

Two important classes of symmetries are the so-called point symmetries, or lattice symmetries,
and gauge symmetries. As an example of the first class, consider quantum spin systems on I' = Z”,
with the lattice distance d, and with H, = C", for all x € Z". In general, .AII?C is generated
as an algebra by the collection of single-site algebras Ay, z € I Automorphisms of Ar are
therefore uniquely determined by their action on the one-site algebras. In the situation at hand,
Agz) & My, for all z € Z¥. Then, given these identifications, there is a unique automorphism 6, on
Agzv that maps Ajggy into Ay,y. The automorphisms 6, is called the translation by z, and z + 0,
is a representation of the additive group Z" into the automorphisms on Azv. In the same way,
any bijection of I' can in principle be a symmetry of a quantum spin system defined on I'. E.g.,
7%, in addition to the lattice translations, also has rotation and reflection symmetries that can be
represented on Ar as automorphisms.

Continuing with the important example of I' = Z”, we will say that an interaction ® : Py(Z") —
Ale¢is translation invariant if for all z € Z¥, and X € Py(Z"), 0,(®(X)) = ®(X + z). Tt is easy
to see that if 7 is defined in terms of a translation invariant interaction, then the translations will
be symmetries of the dynamics, i.e., 7z 060, =60, 07, fort € R,z € Z".

The second class, the gauge symmetries, are generated by unitaries acting on H,. For any
quantum spin system with algebra of quasi-local observables Ar, suppose we have a unitary u, €
Ay, for all z € T'. Tt is then straightforward to show that there is a unique automorphism « on
Ar such that a(A) = ujAu,, for all A € Ag,y. Given a group G, if for all z we have a unitary
representation g — u,(g) of a group G on H,, the corresponding oy give a representation of G as
automorphisms of Ar.

The Heisenberg model introduced in has a gauge symmetry given by a representation of
SU(2). For the spin 1/2 model, n = 2, and SU(2) acts on C? by its fundamental representation:
for every u € SU(2), A € M, a,(A) = u*Au. For the spin-S Heisenberg model, the unitaries
are given by the 25 + 1-dimensional irreducible representation of SU(2). For a summary of the
unitary representations of the Lie group SU(2), see Appendix @ Symmetries that are given by a
representation of a Lie group (of dimension > 1), are often referred to as continuous symmetries.

If o is a symmetry of (Ar,7;), with the property that a(A°) C Al the generator & of the
dynamics 7 = €™ will also commute with . Since under the above assumption, we have a(A) €
dom(6), for all A € Al°, we can differentiate the identity a(7;(A)) = 74(a(A)) and obtain

(8.1) aoT(i0(A)) = (id(a(A))).

After applying 7_; to both sides of this equation and using the fact that « is a symmetry of the
dynamics, we get

(8.2) a(6(A)) = 6(a(A)), for all A e AkC,

Note that both point symmetries and gauge symmetries leave AFC invariant, hence 1j holds for
these types of symmetries. Using this property it is easy to verify that the sets Sg, 8 € [0, 00,

defined in Section will be invariant under such symmetries of (Ar,7¢). That is, Sg is invariant
as a set, meaning

(8.3) Sp={woa|we Ss}.

If, moreover, we have w o o = w, for all w € Sg, we say that the symmetry « is unbroken. In
the opposite case, i.e., if there exists w € Sg such that w o a # w, we say that the symmetry « is
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spontaneously broken. Spontaneous symmetry breaking at some [ < oo signals a phase transition.
Spontaneous symmetry at any value of 5 has important physical consequences and it is a central
concept to many phenomena in condensed matter and particle physics.

In the next section we will consider systems on Z* with H, = C", for all x € Z" and a continuous
local symmetry that commutes with translations. Explicitly, this means that for all s € R, we ag
is of the form

(8.4) as(A) = <® u(s)*) A <® u(s)> , for all A e Ax,

zeX zeX

where u(s) = ¢/ with J = J* € M,,. There may be more than one such continuous family of .
The SU(2) symmetry of the Heisenberg model is an example of this situation.

Both the notion of gapped excitation spectrum and the concept of spontaneous symmetry break-
ing are most conveniently formulated for infinite systems. The spectrum of a finite quantum spin
system is a finite set of eigenvalues. One usually associates the smallest eigenvalue with the ground
states, but in some cases it is appropriate to consider one or more additional eigenvalues as corre-
sponding to ‘the ground state’ as well. Also, there is no simple relationship between the degeneracy
of the ground state eigenvalue and the number of distinct ground states in the thermodynamic limit.
A illustrative example is the AKLT chain, which has a four-dimensional eigenspace belonging to the
ground state eigenvalue, yet, there is a unique thermodynamic limit of those states [4]. Numerical
calculations have shown that the spin-1 antiferromagnetic Heisenberg chain has a pair of eigenvalues
corresponding to a very similar four-dimensional space of states that converge to a unique ground
state in the thermodynamic limit [39]. For similar reasons, spontaneous symmetry breaking, which
leads to multiple ground states in the thermodynamic limit, may be ‘hidden’ in a unique ground
state in finite volume. This occurs in the antiferromagnetic Heisenberg models on finite volumes of
even size in two and more dimensions [42].

All these ambiguities disappear in the thermodynamic limit. E.g., the excitation spectrum above
a ground state w is simply the spectrum of its GNS Hamiltonian H,,, which is non-negative and
the ground state is represented by an eigenvector with eigenvalue 0. The spectral gap v can then
be defined as follows:

(8.5) v =sup{d > 01 (0,0) NspecH, = 0},
with the convention that we put v = 0 if the RHS is the empty set.

8.1. The Goldstone Theorem. The Goldstone’s theorem in quantum field theory shows that the
spontaneous breaking of a continuous symmetry breaking is always accompanied by the appearance
of a massless particle, i.e., a gapless excitation or Goldstone mode [28,129,38]. As we explained
before, spontaneous symmetry breaking is indicated by the existence of w € Sg that are not invariant
under the symmetry. In statistical mechanics, spontaneous breaking of a continuous symmetry in
the ground state of a translation invariant system also implies a gapless excitation spectrum, while
at positive temperature the symmetry breaking precludes fast (integrable) decay of correlations [43].

The Goldstone Theorem requires translation invariance. In order to keep the presentation of
the basic argument here as simple as possible, we will limit the discussion to translation invariant
quantum spin systems Ar with I' = Z¥ for some v > 1. It is possible to generalize Theorem
e.g. more general lattices can be considered, and it is also not crucial to assume full translation
invariance. See the remarks following the proof of Theorem for pointers to several generaliza-
tions.

Let (Azv,7:) be a C*-dynamical system with dynamics 7; generated by ® € Bp(Z"). Note: To
be precise, translation invariance will be assumed of the ground state, however, the interaction ®
need not be translation invariant. Let as be a continuous, locally-generated symmetry on Azv. In
particular, this means that there is J§ = Jo € Ayoy and for any z € Z", one defines J, = 0,(Jo) €
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Ayzy where 0, denotes translation by . In terms of these local operators, oy is the one-parameter
group of automorphisms of Az» defined by

(8.6) ag(A) = ¥ Xalr g™ Xas for all A € Azy and s € R.

Let w be a translation invariant ground state of (Azv,7), i.e. w satisfies the ground state
condition

(8.7) w(A*§(A)) >0 for all A€ D(9)
and also translation invariance
(8.8) w(0,(A)) =w(A) for every A€ Azv and x € Z

In one formulation of the Goldstone’s theorem one assumes that a translation-invariant ground
state satisfies the following inequalities for a constant v > 0:

(8.9) yw(A*A) <w(A%0(A)) for all A € D(§) with w(A4) =0,

This property implies that (i) w is a ground state; (ii) that ker H, = CI; and (iii) there is a
gap in the spectrum of H, above the ground state. If the ground state is unique, this property
is actually equivalent to the existence of a spectral of size > . The theorem then states that
these assumptions imply that the continuous symmetry is unbroken, which is the contrapositive
of the more frequently encountered statement that continuous symmetry breaking implies gapless
excitations (massless particles).

Theorem 8.1 (Goldstone for ground-states [43]). Let (Azv, ) be C*-dynamical system over Z¥
with ¢ generated by an interaction ® € Bp(ZY). Let as be a continuous gauge symmetry of the
dynamics, i.e., as is of the form (77)

(8.10) asoTy =T 0as forall s,t €R.

Let w be a translation invariant ground state of (Azv,T:), for which there exists v > 0 such that
(8.11) v w(A*A) < w(A*S(A))  for all A e ARC with w(A) =0.

Then, w is invariant with respect to ag, i.e.

(8.12) w(as(A)) =w(A) forall A€ Azv and all s € R.

Before we start the proof of this theorem, we derive a lemma that exploits the assumption that
the interaction ® has a finite F-norm.

Lemma 8.2. Consider a C*-dynamical system (Azv,T;) with dynamics . = €™ generated by
® € Bp(Z"). For any A € A%S,

(8.13) Sup > 11162(4), (6, (A))][| < 4 AP F[[|] 7| X | (2diam(X) + 1),
ze yyeZ”

and moreover, for d > diam(X), we have the esitmate

(8.14) sup Y [[[62(A), 5(8, (ANl < 4[| A7 [ @ X > F(ly']),
T€LY | qv. y €LV
ly—z|>d ly'|>d—diam(X)

which implies that the quantity vanishes as d — oo.

Proof. Let A € A% and denote by X = supp(A) € Py(Z"). To ease notation, for any y € Z" we
will set

(8.15) Ay =0y(A) € Ax, where X, ={z+y:2€X}cPy(Z").
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Observe that for any fixed = € Z”

(8.16) DA SAI< Yo D I[As [2(2), Al

yezLr YEZLY ZEPy(ZV):
ZNXy#0

For those y € Z" such that X, N X, # 0, we estimate the above as

S Y @A < g4 Y Y Y (e2)

YyELY:  ZEPy(ZV): yer’:  z€Xy ZePy(Z¥):
XyNXz#D ZNX,#0 XyNXo#0D 2€7

(8.17) A AIPIF (2] p| X (2diam(X) + 1)",
where we estimated the number of y such that X, N X, # 0 by the cardinality of the ball, centered

at the origin, having radius equal to the diameter of X.
For the remaining y, we have

S S MA@ AN < a4 S Y Y S e

IN

yELY:  ZEPG(ZV): yer’:  z1€Xy 22€ Xy ZePy(ZV):
XyNXz=0 ZNX,#0 XyNXz=0 21,22€Z
< AlAPIele Y > Y] Fla— =)
yezv:  z1€Xy 22€ Xy
XyNXz=0
< 4 API@le Y D> > Fllar —x2+y — )
r1€X 226X yezv
(8.18) < A AP(®)FIFIIIX]?

Both estimates in and (8.18)) are independent of x, and it is straightforward to show they
both are bounded above as in

The proof of is similar. In fact, let A be as above and take d > diam(X). In this case,
any y with |z — y| > d satisfies X, N X, = (). Hence, estimating as in we find that

> A4 < 4lAlPelle D> Y Y Fllai—wa+y—=))
yELY: yez’: x1€X wo€X
ly—=z|>d ly—=z|>d
(8.19) < 4lAlPlexp Y. FY)
y/ezv:
|y’ |>d—diam (X)
Since F' is uniformly integrable, this proves (8.14)). O
Proof of Theorem [8.1. We will prove that wo as; = w, for all s € R by showing that, for all A € Ar
d
(8.20) d—w(as(A)) =0, for all s € R.
s

Since the strictly local observables are dense in Ar, it suffices to show this for A € A{?C. For local
A, say Ae Ax, X € Py(T'), we have

d .
(8:21) Ze(as(A) = (|, (as(A))]).
Since «ay is an automorphism leaving Ax invariant, it follows that it is sufficient to show
(8.22) w([Jx,A)]) =0, for all X € Py(T'), and A € Ax.

We prove ([8.22)) in two steps. First, by averaging over translations, we establish an upper bound,
see (8.25)) below. Next, we analyze the factors in our upper bound and see that this bound goes to
zero as we average over more and more translations.
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As a consequence of the translation invariance of w and the commutation of the translations and
the symmetry, for any finite A C Z", we have that

1
(8.23) w([Jx, A ([Jx,, 0 [JA, O w([Ja, AA]),
- = 7]
where we have set
(8.24) Ay =) 0,(4), and Jh= > ..
zeA z€supp(An)

We will now prove the upper bound
1 4 1 1
(8.25) w([Tx, A))I? = WIW([JA,AA])!2 SR o] w([Ja,0(Ja)]) - WW([AAﬁ(AA)])

valid for any A € Py(Z"), and v > 0 is the constant appearing the in the assumptions of the

theorem.
To prove (8.25)), we start by noting that due to the commutator

(8.26) w([Ja, An]) = w([Ja, A)
where
(8.27) B=B—w(B)1 forany B € Az

Next, using Cauchy-Schwartz of both observables, we get

(8.28) w([Ta, An)I? < 4w (T3 Ja) - w(AR An)
For any local observable B, the time-invariance of the state implies
(8.29) w(0(B)B*) + w(BJ(B*)) =w(6(BB*)) = 0.

For any local observable B, w(B’) = 0. Using the assumption 1} 1 , and the ground state
property, we obtain

w(B*E)Siw(B*é(B)) = (B 0(B)) +w(3(B)B)
_ »1y“’<[3*’ 5(B))) - w(Bs(B"))
1 * 7w *
(8.30) < ;wuB,ch)D (B, 5(B))

Using this bound for B = Jjy and B = Ay in (8.28)) yields (8 as claimed.
For the second step in the proof, we use Lemma B2 to further estimate the right-hand-side of
(8.25)). For the second factor in the right—hand—side of m, note that

. w([An,0(Ap)]) < Z > lw ([ 0y(A))]) |
[A] [A] |xeAyeA
(8.31) < sup Y 6. (ANJI
TELY yezy

which is finite by Lemma This bound is independent of the set A and the support of the
observable A.

Finally, we argue that the first factor in the right-hand-side of tends to zero for a suitable
choice of sets A which grow to Z”. To prove this we will need to use the assumption that the
dynamics and the symmetry commute, i.e. .
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Let us denote by Jx = supp(Ja). It is clear that
(8.32) W(la 6D = Y w(le 8D = Y X (@)xan @) (e, 6(Jy)])
RIISNIN x,yeLY

with x 7, being a characteristic function. Note that by using again the time-invariance of w, we
have w(J;6(Jy)) = —w(d(Jz)Jy). Therefore,

(8.33) w([Jz; 0(Jy)]) = w([Jy, 6(Je)])
We now apply (8.2]) to the observables .J, and once more the time-invariance of w:
(8.34) w(os(0(Jy)) = w(d(as(Jy)) = 0.
By taking the derivative with respect to s, in s = 0, of this equation, we obtain
(8.35) > w(Je,6(J)]) =0, for all y € Z".

hil<y/d

Note that Lemma guarantees that the sum above is absolutely summable. Now, using (8.33))

and (8.35)), we can re-write (8.32)) as

(8.36) w([Jn,6(Ja ~— 9 Z IXn (@ XJA(y)‘QW([Jrv(S(Jy)])

z,YyeLY

from which we derive the following bound

(8.37) w([Tas 8D < D D ([ e 8(y)D)I-

ISV ISy

Up to this point, the support of the observables being considered has played a minor role. To
complete the argument, we now make this more explicit. Recall that the original self-adjoint
observable A was assumed local. Let us denote by X = supp(A). Without loss of generalty, we will
assume that X is a cube with side-length ¢ > 0, hence |X| = (¢ + 1)”. It is convenient to choose
the finite set A, as in above, to also be a cube, e.g. with side-length L > 0. In this case,

(8.38) Jr = supp(Jp) = supp(Apx) satisfies |Ja| = (L+¢+1)".
Consider L > 1 large and fix an integer d, independent of L, satisfying ¢ < 2d < L. Set
(8.39) T = {x e Jy : dist(z,0T7) > d} and TP = Jp\ T,

It is clear that

(8.40) S wJay 6N < [TR| - f(d)  where )=sup > ||[Ja6(J)

v
mejmt yEJA TEL "
lz—y|>d

For the remaining boundary terms, we have that

(8.41) S (e 6(I)DI < |TRY - C - with €= sup Y [[Ja, 6(J)]]

ce TP YETR o€ yenv

C is guaranteed to be finite due Lemma [8.2] Combining these estimates, we have then that

(8.42) nmsup‘bw(wmaumm < f(d)

L—oo

Taking now d — oo, we complete the proof. O



51

The set of ground states of the spin-1/2 ferromagnetic Heisenberg model on Z" is spanned by the
translation invariant pure product states, i.e., states determined by a unit vector ¢ € C? through
the formula,

(8.43) w(A) = (X ¢, A ) ¢), for all , X € Py(Z"), A € Ax.

zeX zeX

Clearly, the SU(2) symmetry of the model is spontaneously broken in the ground state. To illustrate
the Goldstone Theorem, take for example ¢ = |+), the unit eigenvector of o with eigenvalue 1.
The GNS representation is easy to construct with H,, the separable Hilbert space with orthonormal
basis {{x | X € Po(Z")}. Qu = &y and can be thought of as the formal tensor product @,z |+)
and the representation m, can be constructed starting from

e )&y g X
Tl )Ex = {0 ifreX

It is then straightforward to show that H; = span{{,, | z € Z"u} is an invariant subspace for H,,.
A simple calculation shows that spec(H,, [y,) = [0, ¢|, with ¢ > 0, and hence H,, is gappless.

8.2. The Exponential Clustering Theorem. let (Ar, ;) be a C*-dynamical system with Ap the
quasi-local algebra corresponding to a quantum spin system over I' and 74 the dynamics generated
by an interaction ® € Bp, (T'), where Fy(r) = e “" F(r), and a > 0.

The Exponential Clustering Theorem concerns a situation complementary to the gapless states
associated with spontaneous breaking of a continuous symmetry considered, as implied by the Gold-
stone Theorem of the previous section. Briefly, The Exponential Clustering Theorem states that
if there is a spectral gap above a ground states, then correlations in this state decay exponentially
fast with the distance. The natural setting for this type of result is again systems on a infinite set
(T',d). Translation invariance plays no direct role, however, and is not a condition of the theorem.

More precisely, let (Ar, 7¢) be a C*-dynamical system with Ap the quasi-local algebra correspond-
ing to a quantum spin system over I" and 7; the dynamics generated by an interaction ® € Bg, (T").
Assume that this system can be represented by a Hamiltonian H on a Hilbert space H. This
means that we assume there is a representation 7 : Ar — B(#) and a (densely defined) self-adjoint
operator H on H for which

(8.44) m(1i(A)) = e rx(A)e ™™ forall Ae ArandteR.

We will further assume that H > 0 and has a spectral gap v > 0 above 0, as defined in (8.5]). Let
Py denote the orthogonal projection onto ker H. For the remainder of this section, we will always
work in this representation and we simplify the notation by writing A instead of w(A).

Theorem 8.3 (Exponential Clustering). Let a > 0 and take ® € Bp,(I'). Suppose that the
dynamics corresponding to ® on I' can be represented by a Hamiltonian H with a gap v > 0 above
the ground state energy, as described above. Let Q0 be a normalized ground state vector for H;
i.e. satisfy HQ = 0 with ||| = 1. Then, there exists a constant pu > 0 such that for any local
observables A € Ax and B € Ay with X, Y C V and d(X,Y) > 0 satisfying PyBQ) = PyB*Q =0,
the bound

2;2
—pd(X,Y)( 1+—2L2
(8.45) (2, ATa(B))] < C(A, B,y)e ™ (i)
is valid for all non-negative b satisfying 0 < by < 2ud(X,Y). One may take

ay
8.46 S ) —
(8.46) ST F Y A
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as well as a constant

1 2|| Fq
, 2Rl

A4 AB = ||A|l||B
(847)  C(A,B.9) = 4] B AXT e

1+ min (|9 X, |8Y]) | -

Note that in the case of a non-degenerate ground state, the condition on B is equivalent to
(Q, BQ) = 0. In this case, the theorem with b = 0 becomes

(8.48) (Q, ABQ) — (Q, AQ) (Q, BQ)| < C(A, B, ~) e HXY)

which is the standard (equal-time) correlation function. For small b > 0, the estimate (8.45)) can
be viewed as a perturbation of (8.48]). Moreover, for b > 0 large, there is a trivial bound

(8.49) (@, Arn(B)Q)] < A |1Bl| e,

Proof. The proof of this result has two main steps. First, using techniques from complex analysis,
we reduce an estimate on the quantity of interest to that of an integral over the real line. Next, we
carefully analyze the resulting integral.

Step 1: We begin by noting that for any z € C with Im[z] > 0, the function f with

(8.50) f(2) == (Q, AT, (B)Q) = / h ¢*E d (A*Q, PpBQ)

The final equality above uses the spectral theorem for the self-adjoint operator H and the fact
that that B projects off the ground state, i.e. PyBf) = 0. This integral representation of f clearly
demonstrates that f is analytic in CT, i.e. those z € C with Im[z] > 0, and moreover, f has a
continuous (and bounded) boundary value on the real axis. Our first goal is to now estimate | f(ib)]
for b > 0 as in the statement above. The case b = 0 will follow by a limiting argument.

Let b > 0. For any T > b, denote by I'r the semi-circular contour in the upper-half plane
which passes through the points —7, T, and ¢T. A simple limiting argument, using that f has a
continuous boundary value, shows that

, 1 f(z)
8.51 b) = — dz .
(8.51) 1) = o Jo 2=
The first step in the proof is completed when we demonstrate that the piece of this contour
integral that extends into the upper half plane is vanishingly small, i.e. we claim that

1T of)

.52 QA (B)QY)| = b)| < i
(5.52) (9. ATa(B)) | = [£)] < tmsup |5 [

T—o0

This follows from two observations. First, given (8.50)), it is clear that
(8.53) |f(e7T)| < HAHHBHe’TVSi“(e) for all 6 € [0, 7] .

al

Lastly, the integral over the arc, e.g. when T" > 2b, can be bounded by
AllllB Q .
(854) w / e—T’YSln(e) da
T 0

which clearly goes to zero as T' — oo by dominated convergence. This proves . We note that
while is true for any value of b > 0, we will have to choose b > 0 sufficiently small later in
the proof; see the comments following below.

Step 2: We now estimate the integral over the real line. Let o > 0; this is a free parameter which
will be judiciously chosen later. It is convenient to write

(8.55) F(t) = e’ [f(t)e—at2 + () (eabQ —e—aﬁ)} .
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With this in mind, the pre-limit integral on the right-hand-side of (8.52)) can be estimated by

f —at2
omi / Ct—ib

We will bound the absolute value of each of the integrals appearing in (8.56|) separately; the prefactor
e=” will be an additional damping made explicit by the choice of .
To bound the first integral appearing in (8.56[), we further divide the integrand into two terms.

Note that

ab? —at?
1 [T f(t) (e —e
(8.56) e~ + et 5 / ( )dt .
T

r t—ib

(8.57) F) e = (Q,7(B)AQ)e " + (Q,[A, 7(B)] Q)e .
Appealing again to the spectral theorem, we have that

1 T <Q Tt( )AQ —at? fztE fatQ
8.58 — ’ dt = ————dtd{PgB*Q, AQ
(8.58) 270 J_p t —ib / 2mi / t —ib (P A,

using that PyB*2 = 0 as well. An application of Lemma stated below, now yields that

1 T ~itE ,—at?
8.59 lim — —dt =
( ) T 500 27 _pr t—1b 2y/ma Jy

_(wtB)? I
e dw S 56 4047

since each of £ >~ > 0, a > 0, and b > 0 hold. Altogether, this proves that

1 (T (Q,7(B)AQ) e Al[B] _+2
(8:60) s | L | (2 7(B)AQ) e dt‘ g [ o] e
T

T—o0

27i t—1b 2

For the integral corresponding to the second term in (8.57)), we use the bound

1 (T, [An(B)] Q) e L [[AnB) —ae
/T dt§27r/ooe dt,

.61 —
(8:61) t— b ]

21

which takes advantage of the fact that b > 0. To complete the estimate of the integral on the right-
hand-side of (8.61]), we introduce another free parameter s > 0. For values of [t| < s, we estimate
with the Lieb-Robinson bound, i.e. Theorem ?7, and for |t| > s the gaussian factor dominates the
integral. A short calculation shows that the right-hand-side of is bounded from above by

2||AIBI 2| C. [A[[ B[ _qs2
8.62 NP (X, Y ( @]l as_1> HANTBI —as>
(562 r @]l C, P t e €

This completes the bound of the first integral appearing in (8.56)) in terms of two free parameters
s> 0and a > 0.
We now turn to the second integral in (8.56|) and claim that if 2ab < 7, then

T ( eiatz) [AIIB] 22
. I dt| < I
(8.63) TP 9 /T t—ib =y ¢

To prove this, first insert (8.50)) into the integrand above and see that

1 T f(t) (6(162 —at2 T 6ztE e—oth)
8.64 — dt dt d{A*Q), P BS)
(8.64) ' / / 2772/ t —ib (A7, P By

21t J_p t—1b
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The inner integral on the right-hand-side above can be re-written

itE ( ab? —at? . 2
1 T € (e —e ) 1 T itE ,—at
. / dt = eV Hp(E;ib) — — / S

211 -T t — b 21 T t—1ib
1 ° (w—5)?
= e P / e MWe T da dw
2\/71'0[ 0
(8.65) et (HT(E; ib) — e—E”) “Ri— Ry

where we have introduced the notation of Lemma For positive E, a, and b, the equality

‘ 2y J_ o B
holds; this can be seen e.g. by continuation and evaluation of (8.73) at t = ib. Moreover, since
E > #, the first two terms on the right-hand-side of (8.65)) can be estimated by

1 0 (w—5)2 12
(8.67) s [ T < ek
if 2ab < «. Using the bounds established in Lemma (8.63) now follows by an application of
dominated convergence.

All of our estimates above combine to demonstrate that the right hand side of (8.52)) is bounded
by

2 2D,(X,Y) 1
3.68 AllllB 1e 4 2Za\ ) ( 2||®llaCas _ 1) as
(5.68) A [ + 2080 (o T
if o satisfies v > 2ab. The choice a = v/2s yields:

e 2 2D,(X,Y) 5

8.69 All[IB e [1 - + = e(2ll¢lla6‘a+2)s}
(3.69) PN Vs * e
As is demonstrated in (??), Dq(X,Y) decays exponentially as e~%UX-Y) In this case, if we choose

s to be the solution of the equation

(8.70) 5(2[1@)la Ca + 7/2) = ad(X,Y),
then we have proven the result. Notice that we have chosen « in terms of s, which is defined
independently of b, thus the condition v > 2ab will be satisfied for sufficiently small b > 0. O
In the proof above we used the following lemma. We use the following notation.
(8.71) Ct ={z€C:Im[z] >0}.
Lemma 8.4. Fira >0, E € R, and z € C*. One has that
1 T _iEt ,—at? 1 0o (w— )2

(8.72) lim — / £ ° = / ¢ o= U1 du.

T—oo 2mt J_ 7 t—2 2ymac Jy

Moreover, the convergence is uniform with respect to z in compact subsets of CT.

Proof. For any a > 0, it is easy to check that

_ (w—E)>

1 Rl , 2
(8.73) — / eWle™ "da  dw = ePe™" forallt,E €R.
2yra J_o

Up to appropriate normalizations, this is just the observation that the Fourier transform of a
gaussian is a gaussian. Given z € CT, it is now clear that for any 7' > 0,

1 T iBt g—at? 1 00 (w—E)2
8.74 — dt = Hr(w; T 4a d
( ) 2t J_p t—2z 2T /_OO rw;z)e v
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where we have denoted by Hr(w;z) the function

1 T ei'wt

(8.75) Hp(w;z) =

= — dt forany T >0 and z € C*.
2t J_p t—z

Rewriting the integral on the right-hand-side of (8.74)), we find that

1 /OO Ho(w; 2) JwZEP i 1 /Oo iwz 7(sz>2 dw+ Ry + R
wiz)e  da dw= e e 1 dw
2/ma ) o T 2y/ma J ! 2

where we have labeled by R; and Rs the integrals

1
2\/mo
respectively.

We now show that: for fixed @ > 0 and E € R, the above integrals R; and Ry go to zero as
T — oo. To see this, we inspect the function Hp(w;z). There are two cases to consider.

Let w > 0, i.e. we estimate R;. With z € C™ fixed, take T' > 0 large enough so that 0 < 2|z| < T.
In this case, integration about the rectangular contour I'p with corners:—1', T', T +4T, and —T +¢T
produces:

_(w-5)? 1

H . _iwz «  d d
/0 (Hr(w;z) — e"?) e 3 w  an N

_ (w—E)?

0
/ Hp(w;z)e™  4a  dw

(8.76)

/
dz' = e

(8.77) —

2mi Jp, 2 — 2

and consequently the bound

; 2 |1
8.78 H 1z) —eF < = | — (1 - —wT —wl |
( ) ‘T(U)Z) € ‘_TF|:’LUT( e )+e }
For w < 0, a similar rectangular contour, now in the lower half plane, can be integrated to yield
2 1
8.79 H : < = (1_ —\w\T) —|wlT |
(8.79) |[Hr(w;2)] < ~ LwlT e +e

The claimed result, including the statement regarding uniformity, now follows from an application
of dominated convergence. ([l
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9. APPENDIX: LIE GROUPS AND LIE ALGEBRAS

A Lie Group G is a group G with a compatible structure of a smooth (real or complex) manifold.
For compatibility, it is assumed that the product and inversion mappings are smooth.

Many interesting Lie Groups, and the focus for most of these notes, are matrix Lie Groups which
are subgroups of GL(n,R), resp. GL(n,C), here denoting the set of real, resp. complex, n X n
invertible matrices. Two key examples are

(9.1) SO(n) = {A € GL(n,R) : AA" = 1 and det(A) = 1}
and
(9.2) SU(n) ={A € GL(n,C): AA* =1 and det(A) =1}

both defined for any integer n > 2.

A Lie Group G is compact if G is compact as a manifold. A Lie Group G is connected if any two
points in G can be linked together by a continuous curve in G.

In general, a Lie Algebra g is a vector space g , over a field F € {R,C}, equipped with a
mapping |-, -] : ¢ X g — g which satisfies:
i) [ax + By, z] = alz, z] + By, 2] for all z,y,z € g and all o, f € F.
i) [x,y] = =y, ] for all z,y € g.
iii) [z, y], 2] + [y, 2], ] + [[2, 2], y] = O for all z,y,z € g.

If g is a Lie Algebra, then the mapping [-, -] described above is called the Lie bracket associated
with g .

If G is a Lie Group, then the Lie Algebra g associated to G is, T3(G), i.e. the tangent space of
G at the identity 1 € G. The corresponding Lie bracket, i.e. [z,y] for z,y € T3(G), is the standard
vector field commutator of the vectors  and y pushed forward by left-multiplication, i.e.

(9.3) [z,y] = [Lz, Ly]y for all z,y € T4(G).
It will be important to keep the following examples in mind.
(9.4) SU(2)={A € GL(2,C): AA* = 1 and det(A) =1}
One readily checks that
(9.5) SU(2) = {A = <fu ‘Zw> : (z,w) € C2 and |22 + |w|? = 1}

In fact, it is easy to see that any matrix A with form given by (9.5) is in SU(2). Conversely, if

A € SU(2), then
00 T I B G EVRE I

and thus A has the form of (9.5)). With (9.5), it is clear that SU(2) is equivalent to the unit sphere
in C2. Since the unit sphere in C? is equivalent to the real 3-sphere, i.e. the unit sphere in R?, the
same is true for SU(2). In fact, let us define the Pauli matrices

1 _ 01 2 0 — 3 1 0
(9.7) U—(l O)’ U—(Z. 0), and a-(o _1>.

Observe that any A € SU(2) can be written as:
3 3
(9.8) A=xol+1 Z$j0j for some real x; satisfying 1 = Z:UJQ ,
j=1 j=0
where we have taken A with the form of and written z = xg + ix3 and w = —x9 — ixy. This
smooth invertible map between SU(2) and the 3-sphere demonstrates that SU(2) is connected. It
is also clearly compact.
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Let us now consider SO(3). The group SO(3) is easily seen to be generated by the following
three matrices:

(9.9)
1 0 0 cos(#) 0 sin(0) cos(f) —sin(d) O
R1(0) = [0 cos(f) —sin(f) | ,Ra(0) = 0 1 0 ,R3(0) = | sin(f#) cos(d) O
0 sin(f) cos(d) —sin(f) 0 cos(f) 0 0 1

with § € [0,27). This can be argued as follows. As a matrix over the complex field, any A € SO(3)
can be diagonalized, since every such A is normal. By orthogonality, any eigenvalue of A must have
unit modulus. If all eigenvalues are real, then there are only two choices: all are 1 or 2 are -1. As
the entries of A are real valued, any complex eigenvalues must come in conjugate pairs. Since the
product of all the eigenvalues is 1, we conclude that A must have an eigenvector corresponding to
eigenvalue one. Using the standard basis vectors to extend this normalized vector to an orthonormal
basis, we see that any A € SO(3) is unitarily equivalent to a matrix as in above.
Consider the mapping f : SU(2) — SO(3) given by

(9.10) F(A); = éTr[aiAojA*]

One can check that this mapping is indeed into SO(3). In fact, it is onto, f(—A) = f(A), and this
mapping is in fact 2 to 1. Moreover, f(AB) = f(A)f(B), i.e. f is a group homomorphism.

Note: we have parametrized the matrices in above so that R;(0) = 1 for all j =1,2,3. It
is easy to see that

00 0 0 0 1 0 -1 0
(9.11) Ri0)={0 0 1|, Ry0)=[0 0 0| R0 =([1 0 0
01 0 ~10 0 0 0 0

The matrices form a basis for the corresponding Lie Algebra so(3) .

9.1. Representations of Lie Groups and Lie Algebras. In this section, we will consider some
of the general theory of finite dimensional representations of both Lie Groups and Lie Algebras.
Again, most of the focus will be on matrix Lie Groups and their associated Lie Algebras. Through-
out this section, we will denote by V' a finite dimensional vector space over a field K € {R,C}. By
L(V'), we will denote the set of all linear transformations from V to V. By GL(V'), we will denote
the set of all invertible linear transformations from V to V.

Definition 9.1. Let G be a Lie Group and V be a finite dimensional vector space over K. A
representation II of G acting on V' is a mapping II : G — GL(V') which satisfies
(912) H(glgg) = H(gl)H(gg) for all 91,92 € G.
The dimension of the representation II is defined by dim(II) = dim(V).

It follows immediately from this definition that:

i) II(1) = id, where id is the identity map on V.

i) I(g~') = (II(g))~! for all g € G.

iii) If I1 : G — L(V) satisfying II(1) = id and (9.12)), then II is a representation of G acting on
V

The definition of representation for a Lie Algebra corresponding to a Lie Group is similar.

Definition 9.2. Let g be a Lie Algebra and V a finite dimensional vector space over K. A
representation m of g acting on V' is a mapping 7 : ¢ — L(V') which satisfies

(9.13) m([z,y]) = [7(z),n(y)] forallz,ycg.
The dimension of the representation 7 is defined by dim(w) = dim(V').
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Examples:

1) For any Lie Group G and any vector space V, the trivial representation is the mapping
II(g) = id for all ¢ € G. For g a Lie Algebra, the trivial representation of g is defined by
m(x) =0 for all x € g.

2) If G is a matrix Lie Group, i.e. a sub-group of GL(n,R), resp. GL(n,C), then with V = R",
resp. V = C", the mapping II(g) = ¢ for all g € G is called the fundamental representation of G.
In this case, one can also define the fundamental representation of the corresponding Lie Algebra,
and it is w(z) = x for all z € g.

3) Let G be a matrix Lie Group and g the corresponding Lie Algebra. The mapping Ad : G —
GL(g) defined by

(9.14) Ad(g)z =gzg™ ! forallge Gandz g

is a representation of G on g . This is called the adjoint representation of the Lie Group GG. There is
an analogous representation of the Lie Algebra g acting on g which is the mapping ad : ¢ — L(g)
given by

(9.15) (adz)(y) = [x,y] forall x,y € g.

Proposition 9.3. Let G be a matriz Lie Group. If Il is a representation of G acting on V', then
there exists a representation m of the corresponding Lie Algebra g , also acting on V, defined via

d
(9.16) m(x) = 7 (IT (exp(tx))) [¢=0 for allz € g.
m is said to be the representation of ¢ induced by II.

Example:
For any matrix Lie Group G, the adjoint representation Ad, see (9.14)), induces the adjoint
representation ad, see (9.15)). In fact,

(9.17) % (Ad(e")) |s=0 = ad(z) forallz €g.

There is a (partial) converse of Proposition

Proposition 9.4. Let G be a matriz Lie Group, and let w be a representation of the corresponding
Lie Algebra g acting on V. The mapping

(9.18) II(g) = ™ ®  defined for all g € G with g = €”,
defines a representation II of G on V.

Since 1 € G satisfies 1 = €°, it is clear that the above is well-defined for all « near 0. For this
reason, the mapping II is said to be the representation locally induced by 7.
The following is an important definition.

Definition 9.5. Let II be a representation of a Lie Group G on a finite dimensional vector space
V over C. If II(g)II(g)* = id for all g € G, then II is said to be a unitary representation. Similarly,
let m be a representation of a Lie Algebra g on a finite dimensional vector space V over C. If
m(z)* = —m(z) for all x € g, then 7 is said to be an anti-hermitian representation.

Proposition 9.6. Let G be a matriz Lie Group and g the corresponding Lie Algebra.

a) If 11 is a unitary representation of G on V', then the induced representation m of g on V is
anti-hermitian.

b) If m is an anti-hermitian representation of g on V, then the (locally) induced representation I1
of G on'V is unitary.

The following definition applies to representations of Lie Groups and Lie Algebras. In general,
we will denote such a representation by p.
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Definition 9.7. Let p be a representation of G, which may either be a Lie Group or a Lie Algebra,
acting on a finite dimensional vector space V. If W C V is a subspace and p(g)w € W for all g € G
and w € W, then W is said to be a p-invariant subspace. A representation p is said to be reducible
if there exists a non-trivial p-invariant subspace, i.e. a p-invariant subspace W C V' with W # {0}
and W # V. If the only p-invariant subspaces of V' are {0} and V, then p is said to be irreducible.

Proposition 9.8. Let G be a matriz Lie Group and g the associated Lie Algebra.

a) If 11 is a representation of G acting on 'V and W is a Il-invariant subspace, then W is also an
m-invariant subspace of V', where w is the induced representation of g acting on V.

b) If w is a representation of g acting on'V and W is a mw-invariant subspace, then W is also an
[I-invariant subspace of V', where I1 is the (locally) induced representation of G acting on V.

Definition 9.9. Let p be a representation of G, which may either be a Lie Group or a Lie Algebra,
acting on a finite dimensional vector space V. p is said to be totally reducible if there exists a
direct sum decomposition of V' into subspaces {Wj};?:l, i.e.,

(9.19) V=W aeWya. - -&W;
with each W; being a p-invariant subspace for which p; = p|w; is irreducible.

Note that if p is a totally reducible representation on a finite dimensional vectors space V', then
there is a basis of V' for which

(9.20) plg) =

i.e. p acts block-diagonally.
Proposition 9.10. Any finite dimensional unitary representation is totally reducible.

Proof. Let II be a unitary representation of a Lie Group G acting on a finite dimensional vector
space V over C. If II is irreducible, we are done. Otherwise, there exists a non-trivial II-invariant
subspace W C V. We can write V = W @ W+ and note that if x € W', y € W, and g € G, then

(9.21) (I(g)z,y) = (x,11(9)*y) = (x,1(g)'y) = (x, (g ")y) =0

where the last equality follows since W is Il-invariant. This proves that W is also a Il-invariant
subspace. Iterating this argument to the restrictions of II to these (finite dimensional) subspaces
produces the desired result. ]

On equivalent representations:

Definition 9.11. Let p; be a representation of G, which may either be a Lie Group or a Lie
Algebra, acting on finite dimensional vector spaces V. For any invertible linear transformation
T : Vi3 — Vs, then the mapping

(9.22) p2(g9) =Tp1(9)T!

defines a representation of G on V5. Representations of this type are said to be equivalent repre-
sentations.

It is easy to check that if II; and Il are equivalent representations, then the corresponding
induced representations 7wy and me are equivalent as well. Similarly, if m; and 7y are equivalent,
then the locally induced representations II; and Ils are also equivalent.
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Lemma 9.12. Let p; and pa be two irreducible representations of G acting on vector spaces Vi and
Vo respectively. If there exists a linear transformation T : Vi — Vo for which

(9.23) Tpi(g) = p2(9)T  for all g € G,
then either p1 and pa are equivalent representations or T = 0.

Proof. Tt is easy to check that ker(T') C V; is a pi-invariant subspace and similarly ran(7") C V5 is
a po-invariant subspace. The claimed result follows. (|

Lemma 9.13. Let p be an irreducible representation of G on a finite dimensional vector space V
over C. If T :'V =V is linear and

(9.24) Tolg) = plg)T for all g € G,
then T = A\id for some A € C.

Proof. As alinear operator on a finite dimensional vector space over C, T  has at least one eigenvalue
A € C. The non-empty eigenspace U), is clearly a p-invariant subspace. O

On tensor products. Fix a Lie Group G. For j = 1,2, let 1I; be a representation of G acting on
a vector space V;. Consider the vector space

(9.25) V=VaW
For any g € G, we define a linear mapping II(g) : V' — V by setting
(9.26) II(g)v1 ® v = (1 (g)v1) ® (H2(g)v2)

e.g. on a collection of basis vectors, and extending by linearity. The mapping II is a representation
G, it is called the tensor product representation, and it is often denoted by II = I1y ® ITs. Similarly,
if m1 and 79 are representations of g acting on vector spaces V7 and V5 respectively, then 7 defined
by setting

(9.27) m=m ®id +id ® m

is a representation of g acting on V = V] ® V5. In fact, if II; and Il are representations of a
matrix Lie Group acting on V; and V5 respectively, then the induced representation of II = II; ® II
actingon V =V ® V5 is given by 7 = m ® id 4 id ® ms.

9.2. Irreducible Representations of SU(2). The Lie Algebra corresponding to SU(2), which
we denote by SU(2) , has as basis vectors:

i 0o -4 i 5 (0 =1 i 3 (=10
(9.28) Ty = ——o' = ( - 2) , Th=—=0"= (1 2) , and T3=—-0°"= 2 ).
2 ~1 0 2 1o 2 0 i

Let m be an irreducible representation of SU(2) on a finite dimensional vector space V with
dim (V') = n. Define linear mappings

(9.29) J3 = iﬂ'(Tg) and J:t = (7T(T1) + ’iﬂ'(TQ)) .

7
V2
The commutation relations
(9.30) [J3,Je] =xJy and [Ji,J_]=J3

are easily checked.
Since V is a complex vector space, it is clear that J3 has at least one eigenvalue A € C. Let us
denote a corresponding (non-zero) eigenvector by ¢. One readily calculates that

(9.31) J3(J2)¥¢ = (Nt k)(JL)k¢ for any integer k > 0.
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The mappings J+ are called raising and lowering operators. The eigenvalues of J3 are called weights.
The above calculation shows that either (J.)*¢ = 0 or it is an eigenvector of .J3 with eigenvalue
Atk

Consider the sequence of vectors {(J4)*¢}3°, C V. The non-zero vectors in this sequence are
eigenvectors of J3 corresponding to distinct eigenvalues, and therefore, linearly independent. Since
the vector space V is finite dimensional, there must exist a number j > 0 for which (J; )¢ # 0 but
(J1)’T1¢ = 0. The corresponding eigenvalue of J3, which we denote by Aj, is called the highest
weight of the representation . It is convenient to relabel ¢ = (J; )7 ¢ # 0.

Mimicking the above calculation, we find that

(9.32) J3(J_)fp = (\; — k)(J_)¥p  for all integers k > 0.

Again, these are either 0 or linearly independent eigenvectors of J3. Using again that V is finite
dimensional, there is a number m > 0 such that 0 # (J_)™4, but (J_)™*' =0. Fork =0,--- ,m,
denote by v, = (J_)*1. Note that 109 = ¢, and for all 0 < k < m, ¢y # 0 and J3ihp = (A\j — k)¢k;-

We will now prove that 2)\; = m. Recall the integer m > 0. Consider the case m = 0. In this
case, there is a non-zero vector 1) = vy that satisfies Jy1¢p =0 = J_1). As a result,

(9.33) N =Jdsp=[Jp, JJp=0 = 2\=0=m
Now, if m > 1, then it is easy to see that for 1 < k <m

Tipp = Je (T obo = ([T, J-] + J-J4) (J-)F g
= (T o + T (s J-] + T T1) (J-)F 4

k—1
= > (J) T(J)
=0
(9.30) = k(=50 -D) v

where we have used (9.32]) and that, by construction, Jy¢y = Jy1» = 0. Since we also have that
J_my, =0, we find that

0=JyJ tpm = ([J4, J-] + J-Js) b = ()‘j —m)m + J_J P,
= [()\j —m)+m <)\j - %(m - 1))] Pm

(9.35) _ %(m +1)(2); — m)in

Since 1y, # 0, we have then that 2\; = m as claimed.

We now claim that the vectors {i3.}}", form a basis of V' and that the highest weight vector
1o = 1 is unique up to normalization. Consider the subspace V' C V spanned by these vectors.
This is easily checked to be a non-empty w-invariant subspace, and hence V' = V since 7 is
irreducible. As a consequence, we have also proven that J3 is diagonalizable on V and that each
eigenspace is one-dimensional. Moreover, n = dim(V) =m +1 = 2); + 1.

To see that the highest weight vector is unique, suppose that ¢ is an eigenvector of Js with
J3p = pp and Jy @ = 0. As the vectors {1, }]", form a basis of V, it is clear that

(9.36) o= crtr
k=0

We also showed above that the eigenspaces of J3 are one-dimensional. Thus there is some 0 < kg <
m for which ¢ = cpy¥r,. If kg = 0, we are done. Otherwise, we have that

(9.37) pp = J3p = ciy(Nj — ko), = (Nj —ko)p = pu=X;— ko
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We also know that
1 1
(9.38) 0= J+<,0 = Ck0J+1/)ko = CkokO <>\j — i(k‘o — 1)> ¢k0—1 = )\j = 5(1@‘0 — 1)

But we know that kg < m = 2\;. Thus 2\; = kg — 1 < 2); — 1 an obvious contradiction. We
conclude kg = 0 and we are done.

9.3. Tensor products of representations. Let m; and 7y be two irreducible representations of
SU(2) on vector spaces V() and V(?). We will consider the representation

(9.39) T=m @1+ 1® m

acting on V = V) @ V@ Our goal is to decompose V into irreducible representations of m,
i.e. write V as a direct sum of m-invariant subspaces with the property that on each 7 acts as an
irreducible representation.

We begin with some notation. As before, for k = 1,2, set

(9.40) I = i, (T5)  and JE_J“)\% (m(Th) % im(T))

On V we define

(9.41) J=JYe1+10J? and Ji=JPel+1esP
The commutation relations

(9.42) [J3, J:t] = :|:J:|: and [J+, J_] = J3

are easily checked.
Let us now suppose that dim(V(*)) = 24, + 1 for k = 1,2. Denote by {wﬁlf)} the sequences of

eigenvectors of Jék) constructed previously, i.e.

(9.43) TFp®E = mp® for all — j, <m < .
It is clear that vectors of the form

(9.44) Wy = P @ )

form a basis of V' and moreover, one readily checks that

(9.45) J3Wn = (m+n)Vp,

Let us denote by E) the eigen-subspace of V' corresponding to the operator J3 and the eigenvalue
A. By construction, it is clear that dim(Ej, 4;,) = 1. In fact, one also sees that

(9.46) dim(Ej, +j,—) =k+1 forall 0 <k < gy + jo — |51 — Jo
This is because there are k + 1 ways to write the vectors above in such a way that the sum of their
eigenvalues is this number . . . The collection of these eigenspaces does not exhaust the whole of

V', but they will be sufficient for our purposes.

We find this direct sum decomposition algorithmically. We start with the highest weight vector,
ie. Wy j,. This vector is the unique vector, up to normalization, in the eigenspace of J3 corre-
sponding to ji + jo. Iteratively applying J_ to this vector, we produce 2(j; + j2) + 1 vectors in
V' that are eigenvectors of J3 with eigenvalues m with —(j; + j2) < m < j; + jo. The subspace
spanned by these orthogonal vectors, which we will denote by V}, 4;,, is a m-invariant subspace of
V on which 7 acts an irreducible representation. Take V' = V]f e

Now consider A\ = j1 + jo — 1. If 1 < j1 + jo — |j1 — Jjo|, then the dimension of the eigenspace
of J3 corresponding to A; is 2, using . One of these vectors was constructed in the previous
argument and hence it lies in Vj, 4 ;,. Since the dimension of the eigenspace is 2, we are guaranteed
that there exists a linearly independent vector in V'’ which is also an eigenvector of .J3 with eigenvalue
A1. Using it and iteratively applying J_, we find 2(j; + j2 — 1) + 1 orthogonal vectors in V' - each
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eigenvectors of J3 with prescribed eigenvalues. The subspace spanned by these vectors, which we
will denote by Vj, 1,1 is m-invariant and 7 acts on this subspace as an irreducible representation.
Relabel V' = (Vii+jo © Vj1+j2—1)L'

Now, by way of induction, let Ay = j1 + jo — k and assume that we have continued as above k
times. If k < j1 + jo — |j1 — j2|, then the eigenspace associated to J3 and eigenvalue A is k + 1
dimensional by . By way of induction, we have already selected k linearly independent vectors
in this subspace. In this step, we select the remaining vector. We apply J_ iteratively and obtain
2\, + 1 orthogonal vectors which span the m-invariant subspace V), .

This procedure cannot be continued beyond k = ji + jo — [j1 — j2|. At that point, we have a
subspace of V' with dimension

G1+7a 1472 Ji+j2—lj1—J2|
S odim(Vi) = Y 2%k+1 = > Qi —pl+0+1)
k=|j1—jz| k=|j1—J2| £=0
(9.47) = (21 +1)(2j2+ 1) = dim(V)

and therefore, we have decomposed all of V.
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10. Four EXAMPLES

The phenomena we studied in the general theorems and discussion in the previous chapters,
spontaneaous symmetry breaking and long-range order, gapped versus gapless excitation spectrum,
and the decay of correlations, are well-illustrated by the ground states of the isotropic ferromagnetic
Heisenberg model (Example 1), the ferromagnetic XXZ model (Example 2), and the AKLT chain
(Example 3). Later we will also discuss the Toric Code model to illustrate the concept of topological
order (Example 4). All these models are examples of so-called Frustration-Free models, a property
we will exploit in more detail in the next chapter on Matrix Product States and their Hamiltonians.

10.1. Example 1: the isotropic Heisenberg model. We start with the isotropic ferromagnetic
spin 1/2 Heisenberg model on Z", introduced by Heisenberg [35], which presents a good illustration
of the gapless excitation spectrum implied by Goldstone’s Theorem in the presence of spontaneous
breaking of a continuous symmetry, in this case SU(2).

At each z € Z?, we have a spin 1/2 system with Hilbert space Hizy = C2. The interaction is
between nearest neighbors only and is given in terms of the Pauli matrices by

(10.1) h=—(c'®d'+ 0’002+ ®0c%) = (1—-2T) € My ® My,

where T denotes the transposition operator determined by T'(u ® v) = v ® u, for all u,v € C2. For
every finite A C Z¥, the Hamiltonian is given by

(10.2) Hy= > (1-2T,,)
z,yEA
lz—y|=1
For example, one can take A = [a1,b1] X -+ X [ay,by], with a; < b; € Z, i = 1,...,v. It is quite

obvious from the form Hamiltonian that all states symmetric under arbitrary permutations of the
sites in A, will be a ground state of Hy. If A is connected (in the nearest neighbor sense), the set
of transpositions T , for all nearest neighbor pairs z,y € A, generate the full permutation group.
In this case the ground state space of Hp is exactly the subspace of Ha consisting of all symmetric
vectors. Let Fo(H) denote the smalled eigenvalue of H. Then,

(10.3) Eo(Hy) = —#{{z,y} | z,y € A, |z — y[}.

It will be slightly simpler to work with the non-negative definite Hamiltonian

(10.4) 05 iy = 5(Hy— Bo(H)) = 37 (1= Ty),

z,yEN
lz—y|=1

which obviously has the same ground state space and has Hy.
For all u € SU(2), we have [T,u ® u] = 0, and hence Hp (and Hy) commute with

(10.5) Up =@ u.
zEA

As a consequence, the Hamiltonians also commute with the third component of the total magne-
tization or, equivalently, with the following operator Ny which counts the number of down spins
(minus signs):

(10.6) Ny=) (1-03))2.
zEA

specNy = {0,1,...,|Al}, and there is one symmetric state in each eigenspace of Nj. Hence,
dimker(Hy) = |A| + 1. For n = 0,...,|A|, let H(™ denote the eigenspace of Ny belonging to the
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eigenvalue n. This is the space of states with n down spins. A basis for this spaces can therefore
be labeled by the possible sets of n sites (the positions of the down spins) in A. Hence,

(10.7) dim(H{V) = <|2|).
7—[5\0) is one-dimensional and spanned by the vector @, ., [+). Let w, denote the corresponding
vector state. On each Ay, wy is uniquely determined by the property w(o3) =1, for all z € A. Tt
follows that this also determines wy uniquely on Agzy.

Since wy is a product state its GNS representation is easy to construct. As GNS Hilbert space we
can take £2(Py(Z")). Let {éx | © € Po(Z¥)} denote the standard orthonormal basis of £2(Py(Z"))
given by Kronecker delta functions. The finite subsets X € Py(Z") are the locations of a finite
number of down spins. In wy, the are zero down spins and this state should therefore represented
by = &y. This can be verified with the following defintion of the representation 7:

e )Exupy g X
(10.8) Tw(og )éx = {0 freX”

The morphism property of 7 implies that it is uniquely determined by its action on o, z € Z",
and one can easily derive its action on arbitrary local observables. For instance, 7(o;}) = (o} )*,
m(o}) = w(of)m(o,) — w(oy )w(o]), ete.. Since we have m([],cy 0z ) = &x, it is clear that
7(AX)Q is dense in H. Therefore (H,,) is the GNS triple for w. .

In the GNS representation of wy, the number of down spins of the infinite system is represented
by the densely defined self-adjoint operator N, for which W(AIZOS)Q is a core, and for which the
standard basis vectors {x are eigenvectors with eigenvalue n = | X|. The corresponding eigenspaces
H (™) are invariant subspaces of the GNS Hamiltonian H,, .- The latter is easily see from the explicit
definition of H,,, on m(A¥S)Q as follows. For each X € Z, define X = {y € Z" | d(y,X) < 1}.

Then, for all finite X, X is finite, and for all A € Ay, we have
(10.9) H, m(A)Q = AliI% [T(HA),m(A)|Q = [1(Hx), 7(A4)]Q = Z 2(1—-T,,)m(A)Q,
_) v

w,yey
|z—y|=1

where, by slight abuse of notation, T, , = 7(T,,) is the transposition of the states at « and y
acting as a unitary operator on #H, and we have used T} ,{) = 2, for all z,y € Z". Clearly, the
spaces H(™) are invariant under the Ty, and therefore also invariant subspaces of H,, . So, we have
spec(H,, [4m)) C spec(Hy, ). Now, H) = span{{(,y | x € Z¥} = (*(Z¥), and it turns out that
H,, [0 can be represented as a familiar operator on ?%(Z"). To see this, calculate the matrix

elements in the orthonormal basis {&;,} }:

-2 iflz—y|l=1
(10.10) <f{$}, Hw+§{y}> =4dv ifxz=y
0 else

Up to trivial constants, these are the matrix elements of the discrete Laplacian on Z”. Its spectrum
is the interval [0, 8v], and is absolutely continuous. Therefore, H,  has no gap above the ground
state, as implied by the Goldstone Theorem. The generalized eigenfunction corresponding this
part of the spectrum are called spin waves. Considering the positions of the single down spin in
the subspace H() as the coordinate of a particle, the corresponding generalized eigenfunctions
are plane waves on Z". Dyson pointed out that the generalized eigenstates of the Heisenberg
ferromagnet in the subspace H(™ can be regarded as describing n such particles with boson statistics
which satisfy a hard-core condition (at most one particle can occupy any give site) and a nearest
neighbor interaction. He also showed that the spin-S Heisenberg ferromagnet in the ground state
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representation can be described in a similar way as bosons and that the interaction would become
weaker with increasing S [18l[19]. Recently, Correggi, Giuliani, and Seiringer gave a rigorous proof
that the approximation by free bosons is at least sufficiently good to predict correct low-temperature
asymptotics of the free energy density of the Heisenberg model for any S [16].

10.2. Example 2: the XXZ model. The spin 1/2 ferromagnetic X X Z model depends on a real
parameter, A, which is often called the anisotropy. It is defined in terms of a nearest neighbor

interaction and coincides with the isotropic Heisenberg model for A = 1. The XXZ nearest
neighbor interaction is given by
(10.11) KA = —(oc' o' + 02 ® 0%+ Ad® ©0°) = kM) — (A —1)0° ® o°.

We already studied the ground states of the isotropic model with interaction h(!) in the previous
section. It is quite immediate that, for all A > 1, there are exactly two of the ground states of the
isotropic model that are simultaneous eigenstates belonging to the smallest each of the additional
terms of the form —(A — 1)0® ® o2, namely the states with all spins up and all spins down. Let
wy and w_ denote the corresponding states on Az». The X X7 model has a continuous symmetry,
given by the rotations about the third axis, described by the group U(1) (or SO(2)). This symmetry
is, however not broken in the ground states of the model. The model has a discrete symmetry that
is spontaneously broken: a Zy symmetry represented by the automorphism « defined by

(10.12) a(A) = (R) oA o), for all A € Ax, X € Py(Z").

zeX reX
One can show that the GNS Hamiltonian of wi have a spectral gap above their ground state equal
to 2(A —1). As the Goldstone Theorem predicts, the continuous U(1) is unbroken.

10.3. Example 3: the AKLT model. The AKLT model was introduced by Affleck, Kennedy,
Lieb, and Tasaki [3,4]. It is a spin-1 chain, so H, = C3, for all x € Z, with an SU(2)-invariant
nearest neighbor interaction. Its Hamiltonian for a finite chain of length L > 2 is given by

L-1
(10.13) Hyp=> ( 1+ s +Say1+ = (s -S4t ) ZP,,EZH

r=1

Here, S = (S',52,5%) is the vector of standard spin-1 matrices, and ng 2“ € A{zoq1y is the

orthogonal projection onto the 5-dimensional subspace of C? @ C? corresponding to the spin-2
irreducible representation of SU(2) contained in the tensor product of the two spin-1 representations
acting on the sites x and = + 1.

In the limit of the infinite chain, the AKLT chain has a unique frustration-free ground state
and there is a non-vanishing gap in the spectrum above the ground state. The correlation length,
which is guaranteed to be finite by the Exponential Clustering Theorem, can be compute explicitly:
¢ =1/log3. Affleck, Kennedy, Lieb, and Tasaki proved these properties are proved in [4] model and
thus demonstrated the existence of the so-called Haldane phase in quantum spin chains, predicted
by Haldane based on his analysis of the large spin limit [31].

The exact ground state of the AKLT model has a special structure in which the correlations are
generated by entangled nearest neighbor pairs and were called Valence Bond Solid states (VBS)
in [3]. The construction of the ground state of the AKLT chain shows a close similarity with the
Quantum Markov Chains constructed by Accardi [1]. Inspired by this similarity Fannes, Nachter-
gaele, and Werner introduced Finitely Correlated States (FCS) [21] and proved that FCS provide
the exact ground state of a large family of spin chains, including the AKLT model, with similar
properties. Matrix Product States (MPS) are a special case of FCS, and have proved to be a very
useful tool in the study of quantum spin chains. Because of the matrix product structure of the
formulas for the AKLT ground state given in [23], the name Matrix Product States was proposed
in [41].
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v u

FiGURE 1. The distinction between stars and plaquettes becomes obvious by con-
sidering the spins to reside on the edges than rather than the vertices of a square
lattice.

The ground state of the AKLT chain has only short-range correlations and no long-range order.
Nevertheless, this state has a long-range structure that can be regarded as the one-dimensional
analogue of Topological Order (see Example 4). This structure was discovered by den Nijs and
Rommelse, who called it String Order [17].

There are several interesting generalizations of the AKLT model and its MPS ground state,
including to higher dimensions, some of which we will discuss later on.

10.4. Example 4: the Toric Code model. The following example of a two-dimensional model
which exhibits Topological Order was introduced by Kitaev [40]. One can associate the variables
with the sites of the standard square lattice, but it turns out to be more convenient for the discussion
of this model to associate the variables with the edges of a (different) square lattice. See Figure
The Hamiltonian contains two different types of four-body terms:

(10.14) Hy=) (1-A)+> (1-B,),
sCA pCA

where s stands for ‘star’, meaning the four edges, labeled r, ¢, u, v, meeting a vertex, and p stands
for ‘plaquette’, meaning four edges, labeled a,b, ¢, d, forming an square (see Figure ). The corre-
sponding terms in the Hamiltonian are defined as follows:

_ 1111
As = o,0.0,0,
_ 3.3 33
B, = o,o,0.0).

This model has the remarkable property that when defined on a finite lattice embedded in a
closed two-dimensional manifold (e.g., a 2-torus) the ground state space has dimension 49, where
g is the genus of the manifold (¢ = 1 for the 2-torus).



68

11. FRUSTRATION FREE MODELS

In the past decade, much of the progress in our understanding of the ground state problem of
quantum spin models was achieved by studying so-called frustration free interactions. An interac-
tion @ : Py(T) — Ajoc, is frustration free if for all A € Py(T") we have

(11.1) inf spec (Z @(X)) =) inf spec(®(X)).
XCA XCA

Equivalently, the frustration free property can be expressed by stating that the finite-volume Hamil-
tonians Hy = )y ®(X) and each of the terms ®(X) appearing in it, have a common eigenvector
belonging to their respective smallest eigenvalues. While this requirement is generically not ful-
filled, there is a remarkable range of quantum spin models, which model interesting physics, that
do satisfy it. The frustration free property has turned out to be very helpful in the study of a
range of problems. General results about the existence of a non-vanishing spectral gap in the
thermodynamic limit and proving that a spectral gap above the ground state is stable under arbi-
trary perturbations of the interaction ®, have so far only been proved for frustration free models.
Understanding these questions first in the frustration free context, we expect, will prove to be an
important step toward obtaining more general results.

Although the ferromagnetic Heisenberg model, introduced by Heisenberg in 1928 [35], is frustration-
free, and other frustration-free models have been introduced a long time ago (e.g., the Majumdar-
Ghosh model in 1969 [46-48]), frustration-free models as a class have been considered only more
recently. The starting point for a wave of new developments was the introduction of the AKLT
model by Affleck, Kennedy, Lieb, and Tasaki [3,/4], which is frustration free. The AKLT model
played a pivotal role in more than one way. Not only was it a breakthrough by itself in establishing
rigorously the existence of the so-called Haldane phase of quantum spin chains, it allso set in mo-
tion a series of fruitful new directions in the mathematics and physics research on quantum lattice
models.

The AKLT model is a translation-invariant spin-1 chain with an SU(2)-invariant nearest neighbor
interaction. For a finite chain of L spins the Hamiltonian of the AKLT model is given by

L
1 1 1
(11.2) Hyp=)Y <3]1 + 580 Sas1 + é(sw : Sx+1)2> ;

r=1

where S, denotes the vector of the 3 x 3 spin-1 matrices acting at the xth site of the chain, which
generate the three-dimensional unitary irreducible representation of SU(2). See Appendix @] for the
definitions and elementary properties of representations of SU(2). In [4] the authors prove that, the
limit of the infinite chain, the ground state is unique, has a finite correlation length, and that there is
a non-vanishing gap in the spectrum above the ground state, thereby demonstrating the existence of
the Haldane phase of the isotropic spin-1 chain predicted by Haldane [30,31]. This was a milestone
result but the impact if this work and the AKLT model in particular, turned out to reach much
further. Soon, it was realized that the exact ground state of the AKLT chain could be viewed as an
example of a suitable generalization of the Quantum Markov Chains introduced by Accardi [1}2].
This led to the introduction of Finitely Correlated States (FCS) [21,23,[24], and the definition of a
large class of frustration-free quantum spin models in one and more dimensions. Matrix Product
States (MPS) is the name given to the subclass of Finitely Correlated States most relevant for
the ground state problem in one dimension. An alternative representation goes under the name
Valence Bond States (VBS), which is the term used in [4] for the particular SU(2) invariant states
constructed in that work. Examples of higher-dimensional VBS states already in the same paper
and a general construction was given in [21]. Later, the construction was applied with considerable
success to the study of concrete problems in two dimensions and renamed Products of Entangled
Pairs (PEPS) in [63] which are, in turn, a special case of Tensor Networks [54].
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Around the same time with the development of Matrix Product Sates, Steven White introduced
his Density Matrix Renormalization Group method for the numerical computation of the ground
state and low-lying excitations of quantum spin chains [68}/69]. The method immediately yielded
very accurate results, e.g., for the spectral gap of the spin-1 antiferromagnetic Heisenberg chain
and the AKLT chain [67]. The latter is easily understood since the exact ground state of the
AKLT chain is a fixed point of the DMRG iteration [55]. By now we also understand why the
DMRG method works well for one-dimensional problems more generally, especially for models with
a non-vanishing gap, as is in the case for any Hamiltonian in the Haldane phase [5,20,132,|55].

The AKLT chain is frequently used as a testing ground for new concepts in many-body physics
and quantum information theory. Well-known examples are string order [17], localizable entangle-
ment [56], and symmetry-protected topological order [14,27,59./62]. The model has been generalized
in different directions: from spin 1 to higher spin [6], from one to two and more dimensions, from
SU(2) and O(3) to SU(n) and O(2n + 1) [61], etc. As already mentioned, the construction of the
exact ground state of the AKLT chain led to the study of a large class of frustration-free models,
which in turn provided a fruitful starting point for understanding gapped ground states, entan-
glement in many-body states (including the so-called Area Law), the development of numerical
algorithms for calculating correlations, the spectrum of excitations, the dynamics, form factors
etc., and the study of the complexity of the computational problem of finding the ground state of
a quantum spin system and of estimating the spectral gap above it.

In the next section, we present the ground state of the AKLT chain in some detail. This will
serve as a solid foundation for the general discussion of frustration free modes in the rest of this
chapter.

11.1. The AKLT chain. The most general translation invariant spin-1 chain with an SU(2)-
invariant nearest neighbor interaction is of the following form

L
(11'3) H[l,L} = Z (JO]1 + 1S, - Sx—‘rl + JQ(SJ: : Sx-‘rl)Q) :
=1
By a shift and a scaling of the energy, which has no consequences for the ground states, the
three coupling constants can be taken to be Jy = 0,J; = cosf, Jy = sinf, with 6 € [0,27). The
conjectures ground state phase diagram is depicted in Figure The angle 6 corresponding to
the AKLT chain is given by tanf = 1/3.
It is simple exercise using the irreducible representations of SU(2) to show that the AKLT
interaction is the orthogonal projections onto the spin-2 subspace of a pair of spins:

1 1 1 2 @)
511 + §Sz Spp1 + E(Sw “Sat1)” = Prlppa-

It follows that ker Hy o) = DO g DM « C3®@C3. Therefore the space of ground state of the AKLT
chain of length 2 is 4-dimensional and is given by the spin 0 and spin 1 vectors in the tensor product
of two spins. It will turn out that ker Hy; o] is 4-dimensional for all L > 2. In particular the ground
state energy vanishes for all finite chains and the model is frustration free. To construct the ground
states of the AKLT chain, one has the choice between the VBS, FCS, and MPS constructions
mentioned above. As we will demonstrate below, these are three equivalent approaches that each
highlight particular features of theses states.

From the decomposition D) @ D(1/2) =~ D/2) ¢ DB/2) it follows that there is an isometry
V : C? — C3 ® C?, unique up to a phase, such that

(11.4) VDY (g) = (DW(g) @ DU/ (g))V, for all g € SU(2).

One says that V intertwines the SU(2) representations D1/2) and DM@ D(1/2) With respect to the
standard orthonormal basis of C2 and C? ® C? consisting of eigenvectors of the third component
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Sutherland SU(3)

AKLT

Bethe Ansatz

[ J
Potts SU(3)

H=3,J1S; - Sps1+ J2(Se - Szi1)?

F1GURE 2. The conjectured phase diagram of the translation invariant spin 1 chains
with SU(2)-invariant nearest neighbor interactions.

of the spin: [1/2;m), and |1,1/2;m1,ms), the matrix elements of V' are given by the familiar
Clebsch-Gordan coefficients:

Vim) = Z (1,1/2;my,ma | 1/2;m)|1,1/2;m1, mo).

my,m2
mi+mo=m

With the standard normalizations, V*V = 1, i.e., V is an isometry.
For a, 3 € C?, and n > 2, define wgg € H1,n by

(11.5) B = (18" @ (B (1@ - 1,@V) - (I ® V)V]a).
n—1

By using the interwining property of V' n times, we find
(11.6) (D)
= (I§"® (D25 (DY @ ... DM @Dy ... Vla)
S

= (12" (DY )Mz @ - T3@V)--- (I3 0 V)V| D).
N———

n—1

This means that SU(2) acts on the space {wgg | a,f € C?} by the representation (D1/2)* @
D1/2) =~ DO g ) In particular this proves that

(11.7) PPy =y,

for all a, B € C2. Next, we will derive the MPS representation of the states 1/1((;2 and use it to show,
in Proposition below, that

(11.8) span{wgg | a, 8 € C?} = ker Hpp ),

thus determining the ground state space of finite chains.
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1, by

Vi) = Z 1) © vilev).

Explicitly:
_ 0 0]
2
g 0
U1 _\/I 0

(11.9) V=|w |= 5

0 /i

v_1 3
0 -3
. 0 0 -
One easily checks:
(11.10) (11, yin | wg;)> = (B | v, - viy|ay = Tr|a)(B|vi, - - viy
In other words
(11.11) P = ST Tlla)(Blui, - viliv - in)-
i1 yeerin
It therefore makes sense to extend the vectors ¢ linearly to a map ™ : My — Hi1m):
(11.12) P (B) = > Tr[Buj, - vili1, ..., in), B € M.
T1yeenyln
The following is then obvious:
span{uy | a, 8 € €} = {0V(B) | B € Mo},
and we define G, = {¢™(B) | B € My}. We can now prove the inclusion
(11.13) Gn C kerH[l n)>
by a direct computation. Let x =1, .. — 1, and compute the expectation of ng :2“ € Apy ) in
a state (" (B):
(w™(B), P2, 0™ (B))
= Z Tr[Bvin T vil]Tr[ijn T Uj1]

,,,,,

,,,,,

.....

By linear extension we see from (|11.7]
the sum above vanishes. This proves
proposition.

Proposition 11.1. For alln > 2 we

7Jn|]1[1:p 1] ®P( )®]1:B+2n|.]17---

Z <¢(2) (vi, , -

, Jn)
POy (-

vy Buj, v, ,))

’ Uthin o 'Uiz+2)7

that PP¢(3)(C) = 0, for all C € M. Hence, each term in
11.13)). The other inclusion is proved as part of the following

have

ker Hyy ) = {4 (B) | B € My}
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Proof. We start by showing that
dim{y?(B) | B € My} = 4.
To see this, recall the action of SU(2) on the MPS vectors (11.7)):
(DD @ DWYy)(B) = ) (D1/2))y*Bp1/2)),

Therefore, unless these vectors turn out to vanish, ¢(2)(]1) is a singlet and w(Q)(ai), 1=1,2,3, is
a triplet representation of SU(2). These are mutually orthogonal and the claim can be proved by
showing they are non-zero. This follows by a straightforward computation using the definitions.
E.g.,
YA M) = Tr(v_qv1)|1,=1) 4+ Tr(v0)?|0,0) + Tr(viv_1)| — 1,1)
2

Therefore the singlet vector is non-zero. A similar computation shows that the triplet vectors are
non-vanishing too. This also shows that the map B — 1/J(2)(B) is injective. Furthermore, we can
now show, by induction on n, that the maps (™ : My — H1,n) are injective for all n > 2. To do
this, note that if 1)() is in injective, there exists a constant ¢,, > 0 such that [ (B)||> > ¢, TrB*B.
Using the definition (11.12) we can then estimate [|»("*1)(B)| as follows:

DB = > Y, TeBvivi,--val?

In41 015me050n

= > 1™ (Bui, )P

In41

> e Z Tr(Bv;, )" B,

in+l

= ¢, Tr Zvinﬂv;‘nﬂ B*B.
7:n+1
Using the explicit form of the matrices v;, (11.9)), one easily checks that the sum in the square
brackets equals 1. Since ¢, > 0 by the induction hypothesis, this proves that (**1) is injective.
As the next step in the proof we show that

(11.14) ker Hjj 31 = (G2 ® C*) N (C* ® G2) = Gs.

The first identity follows directly from what we have proved so far and we already proved the
inclusion of G3 C ker H; 3 in 1' We have shown above that 3 is injective and, hence,
dim G5 = 4. Therefore, we will have proved our claim if we show that dim ker H|; 3y < 4. We do this
by considering the decomposition of Go ® C? into irreducible representations of SU(2), and the fact
that for any ¢ € ker Hy; 3, we have ¢ € Go ® C3 and 1® PPD¢ = 0. Gy = Wy & W, where Wy is a
singlet and W7 is a triplet for SU(2). Therefore, in the decompostion of Go ® C3 into irreducibles,
we will have two triplets, one singlet, and one copy of the spin 2 representation. Using the methods
explained in Appendix[J] one easily finds that the highest weight vector in that spin 2 representation
is given by &9 = [1,0,1) — [0,1,1). One easily checks that (1® P®)&y # 0. Since there is only
one spin 2 representation in the subspace Gy ® C3, it must therefore be orthogonal to ker H, [1,3]-
Similarly, one shows that the spin 1 highest weight vector &7 = [1,—1,1) —[0,0,1) + | — 1,1,1)
satisfies (1 ® P(®)&1; # 0. Therefore, since there are only two copies of the spin 1 representation
on Go ® C3, at most one can belong to ker H (1,3 Taking this together, we see that ker H 3 can

contain at most one singlet and one triplet representation and no representations of higher spin. It
follows that dim ker Hy; 33 < 4, thus completing the proof of (11.14)).
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For the final step in the proof of the proposition, we will show the following intersection property
of the spaces G,: for £, > 0,m > 2,

(11.15) (Germ ®@ Hpp) N (Hig © Gmsr) = Gegmetr-

It will be convenient to use multi-indices i = (i1,...,%), j = (j1,---,Jm), k = (k1,...,Jr), and to
let v; denote the product v;, - --v;, ete. Then, for ¢ € (Gorm @ Hpy ) N (Hpg © Gmr), we have
Ci, Dy € Ms, such that

(11.16) o= liyeymt(C ZW*“‘ (Dx) @ [k).

By expanding both expressions using and equatlng coefficients, one finds
0 = TrCivjuk — Tervivj = Tr [ukC; — Dyvi] vj.
This means that for all i,k 1™ (vC; — Dyv;) = 0. By the assumption m > 2, hence (™) is
injective and hence
(11.17) v Ci — Dyvy = 0, for all i, k.

Multiplying this relation from the left by v); and summing over k, we find
Z (vgvk)C kaDk )vi.
k

By the isometry property of V', we have ), (vivk) = 1, and therefore
Ci = Bu;, with B=Y v Dy.
Kk
Inserting this expression for Cj into (11.16|) gives

¢ — q)z)(f—s—m—l-r) (3)7
which completes the proof of (|11.15]).
We can now finish the proof of the proposition by combining the properties proved above:
n—1

ker Hyy ) = ﬂ Hi1o—1] ® G2 @ Hizion)
z=1

n—2
= ﬂ Hie-1] ® (G2 @ C*NC® @ G2) @ Hppysm
=1
n—2
= [ M1 © 93 © Hiprsm
=1
n—3
= ﬂ Hi1,0-1) ® G1 @ Higran
=1

= gn
where we have used ((11.14)), (11.15]), and the conventions that Hy = C and [a,b] =0 if a >b. O

The intersection property is ‘visualized’ in the Valence Bond Solid representation of the
ground states of the AKLT chain. This representation can be derived from the expression
by noting that, up to a normalization constant C, the intertwining isometry V' can be expressed as
follows: for all u € C?

Vu=(PT®1)(u® g¢),
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where ¢ € C? ® C? is the antisymmetric vector (i.e., the singlet state) and P* : C2 ® C? — C? is
the projection onto the symmetric states, which represent the triplet of spin-1 states.

(n) _ + oo +
Yoy = |PTe--- 2P e |lescs--ad

n n

_ + oo Pt _
= +|Ptg---@P o) PR ¢ ®oR| —B)
n n—1

= VBS

Remark by bazn: VBS should be replaced by a visual representation of the VBS state as it routinely
appears in the literature End of Remark.

To study correlation functions and the thermodynamic limit, the representation of the ground
states as Finitely Correlated States is very convenient.

Since

W = 37 (B v, v )iy ins

we have for Ay,..., A, € Ms:

WA ® - ® AplY)
= D (Aig - (An)ingu (B vi, - vi[) (B | ), -+ v, )

g
VAREEEY) In
= > (A (An)iga [ 0505 1B)(B | vg, - vjy )
i1,nin
Tlsees Jin
= D (A (An)in s
i15ein—1
J1s In—1

x{a ol oof | Y (An)ingn 05, 1B)B0j, | Vjusy - vl @)

in,Jn
It is now convenient to define for all A € M3, a map E4 : My — My by

Ea(B) =Y _ AjjvfBvj =V*(A® B)V.
]

In terms of these maps we can write the expectations of general tensor product observables in a
compact form:

WAL ® - @ 400)
= Y (Wi (A)in s (e [ 0f - vf [Ba, (IBY(BD]vj, ., -+ vjy )

iyin—1
VAREEER) In—1

= (a|Eg 004, (I8){B])]e).

This expression makes the calculation of the thermodynamic limit very transparent. Adding ¢ + 1
sites to the left and r to the right of the interval [1,n] gives the following expression for the
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(b+n+r)

expectation of A=1%®@ 4, ® - - ® A, @ 1®" ¢ A{—t41,n+,) in the vector state 1,

<¢é€;n+r)‘Awé€;n+r)>

= (a| E{ oEg, 0--- 0 Ea, o E5(18) ()]
= Tr|a)(afES 0 B, 0+ o Ea, o E5(6)(8))
— TH(ED) () (a)Ea, o 0 Ea, o E5(|8)(5])

Here, (EI) denotes the transpose of EI with respect to the Hilbert-Schmidt inner product on M.

The map Eq is called the transfer operator and its spectral properties control the limits limy .o
and lim, . Using (11.9) or (11.4) it is straightforward to verify the following diagonalization of
Eq:

. 1 .
E(l) =1, Ey0') =—30" i=1,23.
Since, for B € My

we have ) ) .
By(B) = 5(TeB)1 - 5B — J(TrB)1],

and therefore

p 1 2 1\? 1 2
(1L.18) BL(5)60) = 5181° + (3 ) 019181 - S18IP
This implies
lim (o] B§ 0By, 0+~ o, 0 B5(8)(8D)lo)

£—00,r—00

2 2
1
_ WMQH)EAI o041
(11.19) =wlhi® 0 4n),

where w is a translation invariant pure state on Az uniquely determined by the above expression
for simple tensor observables.
Define Q : My — M by

Q(B) = %(TrB)Il.

(11.18]) then implies
2
D _ -
B -l <
By taking Ao = ---A,_1 = 1 in (11.19), we obtain the following estimate for the two-point
correlation function of w:
1
WA @ 1@ @ 1® Ay) —w(A)w(dn)| = |JTiE, o (B — Q) oKy,
C
< ||A1|H|An”37~

Thus we have shown exponential decay of correlations in the state w. Next, we show that w is the
unique zero-energy ground state of the AKLT chain.

Proposition 11.2. w defined by (11.19) is the unique state on Az such that w(ngzH) =0, for all
T € 7.
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Proof. Any state n on Ayz is uniquely determined by its restrictions to the subalgebras Ay, a < b.

Let pp,,p) denote the density matrices of 1 restricted to Ay n(PQEZm)_H) =0, forz=a,...,b—1,
implies that ranpy, ) C Gp—ar1. From (11.19) and Proposition it then follows that, for all
ay <by €Z, Aq,,- .., A € Ms, we have

N(Aa, ® -+ @ Ap,)
— GEIPM Trp[a,b]]l[a,m—l] (039 Aal R ® Ab1 (] Il[bﬁ-l,b}

b— oo
= W(Aal - ® Ab1)7
proving the claim. O

So far, we have proved that the AKLT model has two of the three characterizing properties of the
Haldane phase: it has a unique ground state and a finite correlation length. The third property,
the non-vanishing spectral gap above the ground state, can be proved by further exploiting the
structure of the ground states of the model. In order to avoid too much repetition, we will do this
in the more general context of arbitrary quantum spin chains with a finite number of ground states

that are of the MPS form (11.11]).
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11.2. Frustration free spin chains with a unique Matrix Product ground state. We
begin our discussion of general frustration free models in one dimension by stating a result about
the structure of the ground states of frustration free spin chains. This will serve as motivation to
analyzing in some detail the spin chains with unique MPS ground states and also set the stage for
studying some interesting generalizations, such as models with multiple ground states, examples of
frustration free chains for which the product structure is not expressed in terms of matrices but
in terms of operators on an infinite-dimensional Hilbert space, and frustration free models in more
than one dimension.

We start by considering spin systems on Z* = {1,2,---}, i.e., a half-infinite chain, with a d-
dimensional Hilbert space H, = C%, at each site z € Z*. We assume that 0 < h € B(C? ® C%) is a
frustration free nearest neighbor interaction. By this we mean that the finite-volume Hamiltonians

L-1
H[I,L] = Z hx,erla
=1

where hy ;11 = h € Ap ,41], have a non-trivial kernel for all L > 2. Let G = kerh C C¢ @ Ce
Then the frustration free property is equivalent to

L—1
(11.20) (Ce - aClageC!e--@C #{0}, foral L>2
—— —
z=1 z—1 L-1—x

The set of states n on Az+ such that n(hg z41) =0, for x = 1,..., L —1, has weak-* limit points.
Any such limiting state w satisfies w(hy z11) = 0 for all z € ZT. We will call such states zero-energy
states and, since they are defined as limits of finite-volume ground states, they are ground states in
the sense of Definition The set of zero-energy states is a face in the set of all states, meaning
that any pure states appearing in the decomposition of a zero-energy state are also zero-energy
states. This shows that the set of pure zero-energy states on Ay+ for a nearest neighbor interaction
h > 0 such that G = ker h satisfies ({11.20)), is non-empty. We have the following theorem about the
structure of such states.

Theorem 11.3 ( [22]). Let 0 < h € B(C? ® C%) such that G = ker h satisfies , and suppose
w is a pure state on Az+ such that w(hgz41) =0, for all z > 1. Then, given an orthonormal basis
{liY | i=1,...,d} of C%, there exists a Hilbert space K, a unit vector Q € K, and a set of operators
Vi,--, Vg € B(K) for which:

i) K is the closed linear span of

{Vip - Vi, | iq, i € {1,-- - ,d} and n > 0}

i) N ViV, =1.
iit) For allm > 1,i1,...,0n,j1,---,Jn € {1,...,d}, we have

(11.21) w(lir, - sin) (G dnl) = (Vi - VRV, - V3 )
iv) For every i) = szzl Vi ili,7) € G, we have
d
(11.22) > iViVi=0.
ig—1

v) Define the operator E : B(K) — B(K) by

d
(11.23) E(X) =) ViXVi, forall X € B(K).
=1
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Then, for any X € B(K), B(X) = X if and only if X = A1 for some X € C.

In order to make the connection with the structure of the ground states we found for the AKLT
model in the previous section, consider X = C2, and define the maps E4 : B(K) — B(K), for
A€ My, by

d
EA(X) = GAjVFXV; =V*(A® X)V, forall X € B(K),
ij=1
where V : K — C¢ ® K is the isometry defined by

d
V=Yl Vip.
=1

Then,
(11.24) w(A1 @+ ® Ap) = Tr|Q(QEs, 0+ 0 Eg, (D).

Since the space K for the AKLT model is finite-dimensional, the operators V; and and the
transfer operator [ are represented by matrices. Properties very similar to the ones we proved for
the AKLT model in Section follow from the product structure whenever dim K < oo without
further assumptions. This will be shown in the next section. We will also prove a general result
about the spectral gap of models with matrix product ground state.

11.3. Some properties of translation invariant matrix product states. In this section we
derive some general properties of states of a form very similar to under the additional
assumption that &k = dim K < oco. This is the case of Matrix Product States (MPS). The operators
Vi are now k X k matrices. Under the assumptions of Theorem m the transfer matrix £ has a
simple eigenvalue 1. Its transpose, 7 then also has a simple eigenvalue 1 and the Perron-Frobenius
theory for completely positive maps (see Appendix ?7) then implies that there is a unique density
matrix p € My, such that ET(p) = p. Regarding p as a positive linear functional on My, we can
express this by the relation

(11.25) p(E(B)) = p(B), B e M.

By replacing |2) (€| by pin ((11.24)), we get expectations w(A;®- - - A, ) that are translation invariant.
Indeed, using E(1) = 1 and ((11.25) it is straighforward to verify that

(11.26) WAI® - QA)=w(l® A ® - ®A,) =w(A ®- ® A, ® ).

The positivity and normalization also follow directly from the definition. Therefore, the finite chain
expressions

(1127) W(A1®®An) :TI"PEAl O"'OEAn(]l)‘

define a unique translation invariant state on Ay.

In addition to the assumption that 1 is a simple eigenvalue of E, we will also assume in this section
that all other eigenvalues of [ have modulus strictly less than one. This situation is referred as
a transfer matrix with ¢rivial peripheral spectrum or, equivalently, that E is primitive. (see [70]).
Figenvalues of absolute value 1 other than a simple eigenvalue 1, in general correspond to states
that are not pure but have a non-trivial decomposition into pure states.

If p is not faithful and has support projection P, then one can construct the same translation-
invariant pure state by replacing V; with Pv; P, i = 1,...,d (see [21]). In the sequel we will assume
that P = 1, i.e., that p > 0, or work with the modified v; if, originally, P # 1. In particular, the
smallest eigenvalue of p is then strictly positive.
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For any faithful state p, i.e., a density matrix with trivial kernel, we can define a non-degenerate
inner product on My by
(11.28) (A,B), =TrpA*B for all A, B € M,

and let || - ||, denote the corresponding norm. Let pmi, = minspec(p). Since p is finite-dimensional,
we have pmin > 0. It follows that the norm || - ||, is equivalent to the Hilbert-Schmidt norm on Mj,

|All2 = VTrA*A, ie.

(11.29) |A|2 = Tr[A*A] < Tr [”A*A] = pl A2 for any A € M.

Pmin min

As in the case of the AKLT model, the trivial peripheral spectrum of E implies that there exists
C >0and X € (0,1) such that

(11.30) a(n) := )

B — 1) (el < ox.
Since E(1) = 1, we have

(11.31) ‘

B+~ 1)pl]| = B0 (B — 1o < |

B — 1)l

and therefore a(n) is monotone decreasing in n.
The following maps I'y, : My — H[y ) generalize the maps Y™ (.) of the AKLT model:

(11.32) Tw(B) = Y Tr[Bvi,--vilit,... in), B € M.
ilv---vin
These are the Matrix Product Ground states for finite chains of length n. We will now study the

vectors I',,(B) and the linear subspace spanned by them in some detail. We begin with a lemma
that estmates the inner product of two such vectors.

Lemma 11.4. For any B,C € My,

k
(11.33) [(Tn(B), Tn(C)) — (B, )| < ka(n)||B*|[2[|C7[]2 < mina(n)llBHpHCllp
Proof. Recall .
(Tn(B),Tn(C)) = > Tr[Bui, --v;] - Tr[Cv;, -+ vy)]

i1, in
= Z Trlv;, - -vj B*]Tr[Cu;, - - - vy,
i1, in
= D Y lafl -0 Bla) - (BICy,, - 03y |58)

a,B i1, 5in

= > (a|E"(B*|a)(8]C)|5)

a,8
(11.34) = > (o] [L){pl (B*a){BIC) 8) + Y _(a (I@” - \]1><p|) (B*|a){(BIC) |5),
a8 a8

where we have used the indices o and § to denote summation over the orthonormal basis of CF.
Now the first term above is clearly

(11.35) > (al18)Tx[p(B*|a)(8]C)] = Tx[pB*C] = (B.C),
a,8
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and the remainder can then be estimated by

~n * * a(n)k
(11.36) >_[[E = el 1Bl 1) < etk BIRICH: < © =Bl
a,ﬁ min
where we have used both (11.29) and (11.42)). O

It is clear that in the special case of C' = B, the above lemma yields:

k
(11.37) ICABI = 1BIE| < ~—a(w) B
and if || B[, # 0, then
T (B)I1” k
(11.38) ’ -1 < a(n)
18117 Prmin

Thus, if kp_i a(n) < 1, T, is injective. Let us set b(n) = kp_1 a(n).

Let ng be the smallest integer such that I'), is injective for all n > ng. We will refer to ng as the
injectivity length.

As the p inner product is non-degenerate, a simple consequence of this bound is that T, is
eventually injective. In fact, the following corollary is immediate.

Corollary 11.5. For any B € My, the bound

(11.39) | Bll,v/1—0b(n) <||Tn(B)| < ||Bl,v/1+b(n

holds for n sufficiently large. Here pminb(n) = ka(n) and n large means b(n) < 1.

Proof of Corollary[11.5. The bound

(11.40) ITa(B)II* = I BIlp| < b(n)II B

follows immediately from ((11.38]). If B = 0, there is nothing to prove. Otherwise, this bound can

be re-written as

T (B)]>
(11.41) —b(n) < iRz - 1 < b(n)

from which the above claim readily follows. O

This result shows that I, is injective for sufficiently large n, i.e. that there exists ng such that
for all n > ng, we have dimranl',, = k2. One can also show that, if E is primitive, regardless of the
values of A\ and puin, I'y, is injective for n > k% [70].

Let aq, ..., ay be an orthonormal basis of C*. Using Cauchy-Schwarz, we then have the following
pair of inequalities, which we will use to prove the next lemma:

(11.42) ZHB*%H<\/% ZHB*%H? VE||B*|l2 = V|| B|2 < HBHp

7j=1
for any B € Mj,.
Now consider three consecutive intervals (organized left-middle-right) with lengths ¢, m, and
r respectively. We wish to estimate the inner product of vectors ¢ € G ® (CH®" and v €

((Cd)®é ® Gmtr- If m > ng, the maps '+, and 'y, are injective. Therefore there exist unique
matrices By (k1,. .., k), By(i1,...,i) € My, such that

(11.43) o= Tom(Be(kr, ... k) @k, .. k)
k1,....kr



81

and similarly,
(11.44) =" lit,...,ie) ® Toyr(By(in,. .. ,ie)).
[SRPI Y

It will be convenient to define

(11.45) Cy = Z By(k1, ... kr)pyg, "‘UZTp’l
ki,....kr
and
(11.46) Dy = Z vj, g, By (i1, ... v)
11,0050

It will be useful to use the following notations: i = (i1,...,%),j = (j1,---,Jm), k = (k1,..., k),
where each individual index takes value in {1,...,k}. We also define v; = v;, - - - vy, vf = v, -+ - v}

107
etc.

Lemma 11.6. Suppose that m is large enough so that b(m) < 1. (Thus m > ng.) Let £ > 0 and
r>0. For every ¢ € Gopm ® (CH®" and ¢ € (CV®" @ Gpyr, we have the estimate

(11.47) (6.) = (Cos Dol < TS el
Proof.
ZTr[vajka( )1 Tr[By (i) vicv;]
J-k
(11.48) = D L (viB,(1). Pm(By(i)u)
ik
Now we apply Lemma See that
(i) = > (0§ Bo(k), By(i)ui)y| < b(m) Y [[0sBy(k) |l By (ol
ik ik

(11.49)

IN

Z lvi B (k)13 Z 1By (Doxcl3

by an application of Cauchy-Schwarz.
One now sees that

ZHvl K2 = ZTr pB, (k) vivi By (k)
(11.50) = ZTr pB( ZHB )12

where we have used that

(11.51) > v =1
i
By (|11.38)), it is clear that

(11.52) S80I < =5 S o B )

k
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and by the orthonormality of the basis |k), we have
(11.53) Z ITr+e(Bo()1* = lleoll®

The other factor is seen to be:

S IBy(udl} = ZTr [pvie By (1) By (i) vi]
ik
= ZTr [(B)) (0)Bu () By ()|
= Y180

1 : ]
11.54 < T'ar (B L L —
(11.54) S T Ei ITmr (By (1))l T b(m + 1)
where we used that Ef(p) = p.

Thus the right-hand-side of (11.49)) is bounded by
b(m)

11.55
(11.55) e T I S Ty

where we have used the monotonicity property that follows from (|11.31)).
Note also that

> (uiBe(k), Byui), = Y Tr [pBy(k) vi By(i)pp ™ vi]
ik

i,k
r|p (Zp_lvkpﬂp(k)*) (ZU?Bw(i)H
k i
(11.56) = (Cy, Dy)p

as claimed. OJ

11.4. The commutation property. Consider a frustration free quantum spin chain with MPS
ground states such as, e.g., the AKLT chain. To start, we assume that E is primitive with a unique
density matrix p that is an eigenvector with eigenvalue 1 of IET, and WLOG we can assume that
ker p = {0}, the smallest eigenvalue of p, pmin, is non-zero. Let G,, € Mf” denote the orthogonal
projections onto G,,.

Proposition 11.7 (Commutation Property). For allm > 1,£ > 0,r > 0, we have

(11.57) H(G”m ® 19) (1% @ Gmtr) — Gepmer|| < €m,
where
b(m)
11. =
- = = b))

Proof. Since Gyymir pProjects onto a subspace of the ranges of both Gy, ® 19" and 1% @ Gmatr,
we have the identity

(Gf—i-m ® ]1®T)(]1®£ ® Gm-i-r) - G£+m+r = (G€+m ® 197 — Gé+m+r)(]l®e ® Gm-i-r - G€+m+r)-

From this it is easy to see that to prove ([11.57)) is equivalent to showing that for all ¢ € Gsy,, ®
(C)®7,1p € C®* ® Gppyr, such that Goymire = Goymarty = 0, the have the following bound

(11.59) (@, D) < emllll 19]]-
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The inner product can be estimated by applying Lemma [I1.6] and using the extra information
we have about the vectors ¢ and . Since ¢ € Gy ® (C)®") there exists A € My such that
B, (k) = Avy, which allows us to determine C:

(11.60) Cp = Aveprip™" = AR") (p)p~! = A.
k

Now, Gyym+rt = 0 implies
(11.61) (Copmar(A), ) =0, for all A € M.
In combination with Lemma this gives

b(m)

11.62 A, D < —— A
(11.62) (4, Dy)pl < 7 _b(m)ll¢ll 1Al
and hence

b(m)

11.63 D < —— :
(11.63) 1Dyllp < 1= b(m) 1]l
By a similar reasoning, we find

b(m)

11.64 < ———|l¢]l-
(11.64) 1Cllp < 1= b(m)\lwll
Combining this information with Lemma proves the proposition. ([l

Proposition [11.7]is referred to as the Commutation Property of the the ground states projections
because it directly implies a bound on the commutator:

H [GZer ® ]1®r, ]1®K ® Gm—i—r] < H (GZer X ]1®r)(]1®€ ® Gm—f—r) - Gé+m+7“

+ HGE—F’VTZ-H‘ — (1% @ Gr) (G © ]1®T)H
< 2.

This property is closely related to the Factorization Property proved in [36] which, in turn, can be
seen to underly the Area Law for the entanglement entropy [33].

11.5. The martingale method and proof of non-vanishing spectral gap for quantum
chains with MPS ground states. The Commutation Property of Proposition [I1.7]in combina-
tion with the frustration freeness of the spin chains with MPS ground states we are considering
in this chapter, can be seen to imply a uniform lower bound for the spectral gap of these models.
See, e.g., [21] or [64]. The martingale method is a simple argument that relates the quantity e,
to a lower bound for the spectral gap in an efficient way [49] and is based on an idea that has
been very useful in the context of classical interacting particle models [45] and other many-body
systems [12}13].

To present the martingale method in a transparant way, it is useful to identify the crucial
properties that make it work in the context of quantum spin systems.

The ground state space of a finite chain is the intersection of the ground state spaces of shorter
chains. We will describe this as a sequence of decreasing subspaces Hy D G D Go--- D Gn,
which are the null spaces of a corresponding increasing sequence of non-negative Hamiltonians. For
n=1,...,N, H, € B(Hn),Gn = ker H,, H < Hy--- < Hy. Note however, that although the
sequence H,, n=1,..., N, will typically be associated with the system on an increasing sequence
of finite volumes, the H,, do not have to coincide with the finite-volume Hamiltonians in terms of
which the model is defined. In general, we will have constants ¢, C > 0 such that

(11.65) cHy < Hp, < CHy,

where Hp, is the finite-volume Hamiltonian of which we want the estimate the spectral gap.
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Define

H ifn =1
(11.66) By =41 nn
H,—H, 1 ifn=2... N

and let G,, and g, € B(H)ny be the orthogonal projection onto ker H,, and ker h,, respectively.
Of course, (11.66)) is equivalent to assuming that H, = > ;_, hg, and H,, will be increasing if we
require hi > 0. Furthermore, define

]1—G1 ifn:O
(11.67) En=12Gp—Gns1 ifl1<n<N-1.
GnN ifn=N

It is easily verified that the E,, are mutually orthogonal orthogonal projections forming a resolution
of the identity: S E, = 1 and E,Ey, = 8pm En.
Assumptions for the Martingale Method:

(i) There is a constant v > 0 such that h, > y(1—g,),n=1...N.

(ii) There are integers £ > 0,7 > 1, such that Exg, = gnFk, if k & [n — £{,n +r].

(iii) There exists € € [0, /¢ + 7], such that E,g,1F, < €E,,n=1,...,N — 1.

Theorem 11.8. In the setup described immediately here above, assume the Assumption (i)—(iii)
hold. Let b € Hy such that Gy = 0. Then

(6, Hy) > 2(1 = eV T+ 41wl

Proof. By assumption Eny = Gnv = 0. Hence

N-1

(11.68) 1> = 1Bl

n=0

Using this, for all n =0,..., N — 1, we have
||ETL,¢||2 = <¢a (]1 - gn+1)En7,[}> + <wa gnJrlEnT/))

N-1
(11'69) = <7/}a (]1 - gn+1)En¢> + W, (Z Em) gn+1En"7Z}>'
m=0

By Assumption (ii) and the mutual orthogonality of the projections E,,, the summation in the last
term can be reduced and we obtain

n+r
(11.70) IEnp|I* < (@, (1= gng1) Ent)) + (¢, ( > Ek> Ins1Ent)).
k=n—¢
After applying the inequality
1 2 € 2
(11.71) ereal < ollenl® + Sleal, o2 € Hoe >0,

two each of the two terms in (11.70)), we find

1
1Bl < 5o (6, (1= gasa)) + G0 Bt

2
1 c n—+r
+T@<waEngn+lEn¢> + 52<¢, (kz Ek’) w>

=n—{
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To estimate the first term of the RHS, we use Assumption (i). The second term can be combined
with the LHS. For the third term we use Assumption (iii). In the fourth term we can use the
mutual orthogonality of the F,,. This gives

2 n+r
c1 € 9 C3 9 1
11.72 1—=——)|FE - = E < —— ), h .
(11.72) =5 = g Btl = 3 1Bl < gt
=n—
We now sum over n = 0,..., N — 1, use the fact the {E,, | n = 0,...,N} is a resolution of the
identity, and recall that Fnv = Gy = 0. The result is
2
c1 € co(1+£0+r
(11.73) (o ) > 2y [1 - = U LED e
2 2co 2
We can maximize the constant in the RHS by choosing ¢; = 1—ev/1+ /¢ +rand ca =€¢/vV1+ L+ 7.
This yields the inequality stated in the theorem. O

Let us now apply this theorem to the spin chains with a unique pure MPS ground state, such
as the AKLT chain. For simplicity of the notation, assume that the model is defined in terms of a
frustration-free nearest neighbor interaction 0 < h € My ® My. Then, let m > 1 and define

(n+1)m—1

(11.74) hn= Y haai
z=(n—1)m+1

Then, we have
k=1
H[l,(n+1)m] < H,< 2H[1,(n+1)m]
En = G(n+1)m ® 1o =mm G(n+2)m ® IEWN=n-bm

Gn = ﬂ@(n—l)m ® G2m ® ﬂ@(N—n)m‘

Assumption (i) is satisfied with v given by the spectral gap of H{(,—1ym41,(n+1)m]- Since m is fixed,
and the model is translation invariant this gap is positive and independent of n. Assumption (ii) is
satisfied with £ = 0,7 = 1. For the spin chains with a unique pure MPS ground states (iii) follows
from the Commutation Property (Proposition. To see this, it suffices to express the quantities
E,, and g,+1 in terms of the ground state projection operators:

(1175) Hgn-l-lEnH = H(]]®(n71)m ® GQm)(G(n+1)m ® ]1®m - G(n+2)m)H < €m

where €,, is the quantity estimate in Proposition [11. It then suffices to note that, for two
orthogonal projections G and F, one has

(11.76) |IGE|| < e & EGE < é®E.

Other choices for the sequence H,, are possible and may provide more precise information in
some cases. E.g., if one is interested in estimating the spectral gap for finite systems with periodic
boundary conditions, it is useful to let Hy_1 be comparable to the Hamiltonian of the chain with
open boundary conditions and Hy the Hamiltonian for the system with the same Hilbert space but
with the additional term(s) that corresponds to considering periodic boundary conditions. Further
refinements of the method exist. See, e.g., [60].

The method can also be applied to some quantum spin models in higher dimensions as long as
one can find sequences of finite volumes and associate Hamiltonians such that the Assumptions
(i)-(iii) are satisfied. See, e.g., [7,9] for a few examples in two and more dimensions.
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