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Abstract: For a large class of finite-range quantum spin models with half-integer spins,
we prove that uniqueness of the ground state implies the existence of a low-lying
excited state. For systems of linear size L, with arbitrary finite dimension, we obtain an
upper bound on the excitation energy (i.e., the gap above the ground state) of the form
(ClogL)/L. This result can be regarded as a multi-dimensional Lieb-Schultz-Mattis
theorem [14] and provides a rigorous proof of the main result in [8].

1. Introduction and Main Result

1.1. Introduction. Ground state properties of Heisenberg-type antiferromagnets on a
variety of lattices are of great interest in condensed matter physics and material sci-
ence. Antiferromagnetic Heisenberg models are directly relevant for the low-temperature
behavior of many materials, most notably the cuprates that exhibit high-7, supercon-
ductivity [16].

There are several general types of ground states that are known, or expected, to occur
in specific models: a disordered ground state or spin liquid, critical correlations (power
law decay), dimerization (spin-Peierls states), columnar phases, incommensurate phases,
and Néel order. More exotic phenomena such as chiral symmetry breaking have also
been considered [21, 22].

Which behavior occurs in a given model depends on the lattice, in particular the
dimension and whether or not the lattice is bipartite, on the type of spin (integer versus
half-integer) and, of course, also on the interactions. In this paper we are considering a
class of half-integral spin models (or models where the magnitude of at least some of the
spins is half-integral). Our aim is to prove a generalization of the Lieb-Schultz-Mattis
Theorem [14]. Such a generalization was presented by Hastings in [8] and a substantial
part of our proof is based on his work. Our main contribution is to provide what we hope
is a more transparent argument which in addition is mathematically rigorous.
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The well known theorem by Lieb and Mattis [13] implies, among other things, that
the ground state of the Heisenberg antiferromagnet on a bipartite lattice with isomorphic
sublattices, is non-degenerate. For one-dimensional and quasi-one-dimensional systems
of even length and with half-integral spin Affleck and Lieb [1], generalizing the original
result by Lieb, Schultz, and Mattis [14], proved that the gap in the spectrum above the
ground state is bounded above by constant/L. A vanishing gap can be expected to lead
to a gapless continuous spectrum above the ground state in the thermodynamic limit.
Such an excitation spectrum is generically associated with power-law (as opposed to
exponential) decay of correlations. Aizenman and Nachtergaele proved for the spin-1/2
antiferromagnetic chain that if translation invariance is not broken (in particular, when
the ground state is unique), the spin-spin correlation function can decay no faster than
1/73 [3]. In other words, uniqueness of the ground state implies slow (power-law) decay
of correlations. Recently, it was proved rigorously that a non-vanishing spectral gap
implies exponential decay of correlations [9, 20]. Therefore, non-exponential decay of
correlations implies the absence of a gap. In particular, the result by Aizenman and Nach-
tergaele implies the absence of a gap in the infinite spin-1/2 antiferromagnetic chain if
the translation invariance is not broken, e.g., if the ground state is unique. This result can
be generalized to an interesting class of antiferromagnetic chains of half-integer spins
[17]. The Lieb-Schultz-Mattis Theorem has also been extended to fermion systems on
the lattice [24, 25]. All these results are for one-dimensional systems. The bulk of the
applications of the spin-1/2 Heisenberg antiferromagnet is in two-dimensional physics
and therefore, the rigorous proof we provide here, based in part on ideas of Hastings [8],
should be of considerable interest as it is applicable to higher-dimensional models.

The most common argument employed to bound a spectral gap from above uses the
variational principle. Often, the variational state is a perturbation of the ground state.
The proofs in [14] and [1] are of this kind. However, since the ground state is not known,
and no assumptions are made about it except for its uniqueness, these proofs are not a
variational calculation in the usual sense. The variational states are defined by acting
with suitable local operators A on the (unknown) ground state.

For a finite volume Hamiltonian Hj, generated by a potential @ of the type we consider
(see the paragraph including (1.7) and (1.8) in Sect. 1.2 for the relevant definitions), and
with a unique ground state, it is straightforward to show that the gap above the ground
state, yr, is bounded uniformly in L. To see this, note that for any ground state vector §2
and for any site x, there exists a unitary on the state space of x with vanishing expectation
in the state £2,i.e., U2 L £2. Since £2 is the unique ground state by assumption, U 2
is a variational state for the gap. Therefore, we have the bound

yL = (£2,[HL, Ul$R2) < ZiQfZ eI < 2[[IPlll1 (1.1)

X>x

which is uniform in the system size L. Here, |||®]]||; is as defined in (1.13). See Sect. 5.5
for the proof that such a unitary exists.

In order to obtain a better bound on the energy of the first excited state one has
to exploit the few properties assumed of the ground state, such as its uniqueness and
symmetries. Furthermore, one must show that any proposed variational state has a suffi-
ciently large component in the orthogonal complement of the ground state. In Sect. 2.2,
we propose a variational state for finite systems of size L and then demonstrate the
relevant estimates, as mentioned above, in Sects. 3 and 4. It is interesting to note that
the energy estimate we obtain will itself contain the spectral gap of the finite system in
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such a way that assuming a large gap leads to an upper bound less than the assumed gap.
From this contradiction one can conclude an upper bound on the finite-volume gaps.

Our results apply to a rather general class of models, which we will define pre-
cisely in the next section. The application of our general result to spin-1/2 Hamiltonians
with translation invariant (or periodic) isotropic finite-range spin-spin interactions on a
d-dimensional lattice is easy to state. First, let Ay = [1, L] x V, with L even and with
periodic boundary conditions in the 1-direction, i.e., in the direction that is of even size. It
will be important that the number of spinsin V7, |V |, is odd, and satisfies | V7| < cLd 1,
for some d > 1 and a suitable constant c. Assuming that the model defined on Ay, has
a unique ground state, we prove that the spectral gap y; satisfies the bound

log L
fopi
L

yL < : (1.2)

where C depends on d and the specifics of the interaction, but not on L.

Because of the presence of the factor log L, the bound (1.2) applied to one-
dimensional models does not fully recover the original Lieb-Schultz-Mattis Theorem in
[14] or the bound proved by Affleck and Lieb in [1]. This indicates that in general our
bound is not optimal. Our proof uses in an essential way Lieb-Robinson bounds [9, 15,
20], as does Hastings’ argument in [8], and the appearance of the factor log L seems to
be an inevitable consequence of this. In fact, it is known that the standard Heisenberg
antiferromagnets with spin > 1 on the two-dimensional square lattice or with spin > 1/2
on Z4 with d > 3, have Néel ordered ground states [5, 10] and in that case one can show
that the gap is bounded by C/L (see, e.g., [11, 12]).

1.2. Setup and main result. The arguments we develop below can be applied to a rather
general class of quantum spin Hamiltonians defined on a large variety of lattices. We
believe it is useful to present them in a suitably general framework which applies to
many interesting models. Attempting to be as general as possible, however, would lead
us into a morass of impenetrable notation. Therefore, we have limited the discussion of
further generalizations to some brief comments in Sect. 1.5.

‘We assume that the Hamiltonians describe interactions between spins that are situated
at the points of some underlying set A. For simplicity, one may think of A = Z<, but
we need only assume that the set A has one direction of translational invariance, which
we will refer to as the 1-direction. We assume that there is an increasing sequence of
sets {AL}ZOZl which exhaust A of the form Ay = [1, L] x Vi, where |V | < cL4! for
some d > 1. Here each x € Ay can be written as x = (n, v), wheren € {1,2, ..., L}
and v € V7, and we will denote by (n, V1) the setof all x € A of the form x = (n, v)
for some v € Vp.

Estimates on the decay of correlations in the ground state and Lieb-Robinson bounds
on the dynamics will play an important role in the proof of the main result. Both are
expressed in terms of a distance function on A, which we will denote by d. Often, A
has the structure of a connected graph and d(x, y) is the minimum number of edges in
a path from x to y. In any case, we will assume that d is a metric and furthermore that
there is a function F : [0, co) — (0, co) satisfying the following two conditions.
Condition F1: F is uniformly integrable over A in the sense that

IF| = sugZF(d(x,y)) < . (1.3)
xXe yeA
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Condition F2: F satisfies

F@d(x.2) F @ y)
C(F) =
" x,sy“fAzezA F ()

o0, (1.4)

which means that the “convolution” of F' with itself is bounded by a multiple of itself.

F1 and F2 are restricitve conditions only when A is infinite, however, for finite A,
the constants || F|| and C(F) will be useful in our estimates. It is also important to note
that for any given set A and function F that satisfies F1 and F2 above, we can define a
one-parameter family of functions, F;, A > 0, by

F(x) := e ™ F(x), (1.5)

and easily verify that F'1 and F2 hold for F;, with || Fy. || < || F|| and C,(F) < C(F).

As a concrete example, take A = Z¢ and d(x, y) = |x — y|. In this case, one may
take the function F(x) = (1 + x)_d_s for any ¢ > 0. Clearly, (1.3) is satisfied, and a
short calculation demonstrates that (1.4) holds with

C(F) S 2d+8+1 Z 1
neZd

(L+ [n)*e o

Each x € A is assigned a finite-dimensional Hilbert space H,. For any finite subset
X C A, the Hilbert space associated with X is the tensor product Hy = &), cx Hx,and
the set of corresponding observables supported in X is denoted by Ax = B(Hy), the
bounded linear operators over Hx. These local observables form an algebra, and with
the natural embedding of Ay, in Ay, forany X; C X», one can define the C*-algebra of
all observables, A, as the norm completion of the union of all local observable algebras
Ay for finite X C A. Since we have assumed that Ay is of the form [/, r] x Vi with
r —1 = L — 1, we can define translation automorphisms 1, for n € Z, which map
A(m,VL) into A(n+m,VL) forall m € Z.

An interaction for the system is a map @ from the finite subsets of A to A such that
for each finite X C A, @ (X)* = &(X) € Ay. For given A and F, and any A > 0, let
B, (A) be the set of interactions that satisfy

@], := sup Z e _ . (1.7)
x,yeA X5x,y F)» (d(x, )’))

All interactions considered in this paper are assumed to belong to 5, (A) for some choice
of F and A > 0. The constant || @ ||, will show up in many estimates. The finite volume
Hamiltonians are defined in terms of the interaction @ in the usual way by

H; = z @ (X) + boundary terms. (1.8)
XcAp

We will always assume periodic boundary conditions in the 1-direction and arbitrary
boundary conditions in the other directions (i.e., any boundary terms in the other direc-
tions are included in the definition of @).

The condition that ||@||, is finite is sufficient to guarantee the existence of the dynam-
ics in the thermodynamic limit as a one-parameter group of automorphisms on A. In
particular this means that the limits

al(A) = L1Lm(><> a?tA) = Lli_)moo e gt HL (1.9)
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exist in norm for all ¢ € R, and all observables A € Ay, for any finite X C A. We will
often suppress the L or @ dependence in the notation ozfp L See [4, 18, 23] for more
details.

Next, we turn to a set of conditions that more specifically describe the class of models
to which the Lieb-Schultz-Mattis Theorem may be applied.
Condition LSM1: We assume that the interaction is translation invariant in at least one
direction, which we will take to be the 1-direction. This means

D (X+e)=1(P(X)), (1.10)

where, for any X C A, X + e is translation of all points in X by one unit in the
1-direction. We will consider finite systems with Hamiltonians Hj, defined with peri-
odic boundary conditions in the 1-direction. For convenience of the presentation we will
assume free boundary conditions in the other directions but this is not crucial. Since we
have assumed periodicity in the 1-direction, we can implement the translation invari-
ance for finite systems by a unitary 7 € 4 4, such that ®(X +¢e1) = T*@(X)T, for all
X C Ap.Here T depends on L, but we suppress this dependence in the notation.
Condition LSM2: The interactions are assumed to be of finite range in the 1-direction,
i.e., there exists R > O (the range), such that if X C A and X > x; = (n;, v;) for
i =1,2with [n; —no| > R, then @(X) = 0.

Condition LSM3: We assume rotation invariance about one axis. More precisely, we
assume that there is a hermitian matrix in every Ay}, x € A, which we will denote by
Sg, with eigenvalues that are either all integer or all half-integer (i.e. belonging to Z+1/2).
We also require that rm(S)%) = Sﬁ . Define, for 0 € R, the unitary U(0) € Ay, by

+meq

ve) = &) 5. (1.11)

xXeAL
The interaction is taken to be rotation invariant in the sense that for each finite X C A,
U*(@)®(X)U@®B) = @(X) forall € R. (1.12)

Condition LSM4: We assume that the S are uniformly bounded: there exists S such that
||S3 || <8, forall x € A. The following condition, which we call odd parity, is crucial:
define the parity of x, py to be O if the eigenvalues of S; are integers, and p, = 1/2
if they are half-integers. We assume that >, .y, pm.v) € Z +1/2, forall n € Z. The
simplest and most important case where this is satisfied is when we have a spin 1/2 at
each site, and |V | is odd.
Condition LSM5: The ground state of H; is assumed non-degenerate. This implies it is
an eigenvector of the translation 7" and rotations U (9). Without loss of generality we
can assume that 1 is the corresponding eigenvalue of T (if the eigenvalue is ¢'?, replace
T by e~'?T). We also assume that the ground state has eigenvalue 1 for the rotations
U@®).
Condition LSM6: We assume that there are orthonormal bases of the Hilbert spaces H 4,
with respect to which S; and @ (X) are real, for all x € A;, X C Ap. This condition
is only used in the proof of Lemma 1. Therefore, this condition may be replaced by the
property proved in that lemma.

We will also use the following quantities:

I = sup D>_ (X)) < oc, (1.13)

xeA Xox
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and

@]z := sup D 1X] D IS, 2(X)]|l < o0. (1.14)

xed X>x x'eX

It is not hard to show that the conditions F1 and F2 are sufficient to imply that |||®]||{
and |||®@]]||, are finite.
We can now state our main result.

Theorem 1. Let yy be the spectral gap, i.e., the difference between the lowest and next-
lowest eigenvalue of the Hamiltonian Hy of a model satisfying conditions F1, F2, and
LSM-6. Then, there exists a constant C, depending only on properties of A (such as the
dimension), the constants || F || and C(F), and the interaction (|| P ||,, for some A > 0,
Il1@[l1, and |||®]|]2), such that

log L
VLSCOi . (1.15)

1.3. Structure of the proof. The simplest way to present the proof is as a proof by con-
tradiction. Under the assumption that there exists a sufficiently large constant C > 0,
such that yy, exceeds (C log L) /L for large L, we will construct a state orthogonal to the
ground state with an energy difference that is boundable by a quantity that is strictly less
than the assumed gap for sufficiently large L. Thus, the proof is in essence a variational
argument. The variational state is constructed as a perturbation of the ground state, as
the solution of the differential equation proposed by Hastings [8] with the ground state
as initial condition (see Sect. 2, in particular (2.25), for this equation). The important
idea is that this equation will lead to a state which resembles the ground state of the
Hamiltonian with twisted rather than periodic boundary conditions (see Sect. 2.1 for the
definition of the twists), at least in part of the system, say the left half. In the right half
the ground state will be left essentially unperturbed. This state is defined in Sect. 2.

After the variational state has been defined, there are two main steps in the proof:
estimating its excitation energy and verifying that it is “sufficiently orthogonal” to the
ground state. In general, one may also have to consider the normalization of the varia-
tional state, but in our case the differential equation defining it will be manifestly norm
preserving. Hence, this is not an issue for our proof.

The main difficulty is that under the general assumptions we have made, no explicit
information about the ground state is available. Its uniqueness, translation, and rotation
invariance are the only properties we can use. In combination with the general assump-
tions on the interactions and the assumption on the magnitude of the spectral gap above
the ground state, however, one can obtain an upper bound on the decay of correlations
of the ground state in the 1-direction. The recently proved Lieb-Robinson bounds [9, 18,
20] will be essential to show that the effects of the perturbations we define in the left half
of the system remain essentially localized there. This allows us to compare the energy
of the variational state with the ground state energy of a Hamiltonian, Hy _g introduced
in (2.5), which, instead of twisted boundary conditions, has two twists that cancel each
other. The twisted Hamiltonian is unitarily equivalent to the original one and therefore
has the same ground state energy. We work out this argument in Sect. 3. The result is

(Y1, Hoon) — Eol < CL e™"tL (1 + corrections) , (1.16)
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where 1 is the normalized variational state we construct, and Eg is the ground state
energy. The dependence of both quantities on L is surpressed in the notation. v, C and ¢
are positive constants that only depend on properties of the lattice and the interactions.
The correction terms appearing above, and also in (1.17) below, can be made explicit
by the estimates provided in Sect. 5. They depend on the quantity y; L in such a way
that assuming there exists a constant C > 0 for which y; L > C for sufficiently large
L, they are uniformly bounded in L. Due to the nature of our proof of Theorem 1, see
below, we do not write these additional terms out explicitly.

For the orthogonality, our strategy is to show that vy is almost an eigenvector of the
translation 7" with eigenvalue —1. Since the ground state v is an eigenvector of 7" with
eigenvalue 1, by assumption, this shows that v is nearly orthogonal to yy. In Sect. 4
we obtain a bound on their inner product of the form:

(W1, Yo)| < C'LY e=<"L (1 + corrections) , (1.17)

where v/, C’ and ¢’ are positive constants similar to v, C and c.
The proof of Theorem 1 then easily follows.

Proof of Theorem 1. Suppose that yr L > C log L with a sufficiently large constant C.
In this case, the correction terms which appear in the bounds (1.16) and (1.17) above
are negligible. It is easy to see then that one obtains a contradiction for L large enough.
O

To help the reader see the forest through the trees we have tried to streamline the
estimates in Sects. 3 and 4 by collecting some results of a more technical nature in
Sect. 5.

1.4. Examples. The conditions LSM1-6 we have imposed on the models are not unrea-
sonable. We will illustrate this by considering various antiferromagnetic Heisenberg
models defined on A;, = [1, L] x Vi, where for each L, V[ is a finite set. As before, at
each x € Ay, we have a finite-dimensional spin with spin-matrices S)"C, i=1,2,3, and
we consider Hamiltonians of the form

H= > JxyS:-S,. (1.18)

X, yEAL,XF#Y

where J(x, y) € R are the coupling constants.

If V;, c 297!, withd > 1, and such V| < cL9=! for a suitable constant ¢, which
describes the case for d-dimensional systems defined on subsets of Z¢, there exists a
function F satisfying Conditions F1 and F2 as we have indicated in the paragraph con-
taining (1.6). It is also easy to see that if V7 is a fixed finite set independent of L, in
which case the system is (quasi) one-dimensional, any function F that works for the
one-dimensional lattice will suffice. All the examples we discuss below will be of this
type.

Certainly, there are still many Hamiltonians of the form (1.18) that fail to satisfy all
six conditions, but this is generally for a good reason. For example, without translation
invariance in at least one direction one can easily have a non-vanishing gap above the
ground state.

Condition LSM2, finite-range, does not need to be satisfied in the strict sense.
Sufficiently rapidly decaying interactions could also be treated. For the present
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discussion, let’s assume that the model is translation invariant in the 1-direction, and
that the interactions are nearest neighbor in the 1-direction in the sense that for any
x = (n1,v) and y = (no, u), with [ny — na| > 1, we have J(x, y) = 0.

The rotation invariance about at least one axis imposed in Condition LSM3 is essen-
tial for the type of result we prove. The models (1.18) have full rotation invariance,
so they clearly satisfy this condition. Anisotropic models of the XXZ type would still
satisfy LSM3.

In order to satisfy LSM4, we have to assume a uniform bound on the size of the
spin. Clearly, all models with only one kind of spins or a periodic arrangement of spin
magnitudes satisfy this condition. Since we already assumed translation invariance in the
1-direction, we can verify the odd parity condition by adding the magnitudes of all spins
in the “slice” (1, V). If we have only spin 1/2’s, e.g., we simply need that |V | is odd.
For the one-dimensional chains of identical spins of magnitude S, the condition requires
that § is half-integral. Haldane’s Conjecture [6, 7] predicts that for integer values of §
there exists a non-vanishing gap. There are examples of isotropic integer-spin chains
which satisfy all the other conditions and for which the existence of a non-vanishing gap
has been rigorously established, such as the AKLT chain [2]. For p-periodic spin chains
with a repeating pattern of spin magnitudes Sy, ..., Sp, LSM4 is satisfied if S +---+S),
is half-integral. Similarly, for spin ladders LSM4 is satisfied if the total spin in each rung
is half-integral.

There is a large class of models for which the uniqueness of the ground state demanded
by LSMS5 follows from the Lieb-Mattis Theorem [13]. For Hamiltonians of the form
(1.18), a simple case where the Lieb-Mattis Theorem applies is the following: if Ap
is the union of two disjoint subsets Ay 4 and Ap p of equal size, with J(x,y) < 0
whenever x and y do not belong to the same subset, and sufficiently many J(x, y) are
non-vanishing such that the graph formed by the edges with non-zero coupling constants
is connected. This is satisfied if V;, C Z9~! is connected and the Hamiltonian is the
usual nearest neighbor antiferromagnetic Heisenberg model.

All models of the form (1.18) satisfy LSM6.

The above discussion demonstrates that there is a large variety of models that satisfy
all conditions of our main theorem. In particular, all nearest-neighbor half-integer spin
Heisenberg antiferromagnets defined on subsets Ay = [1,2L] x Vp of d-dimensional
hypercubic lattice with |V | odd and such that | V7| < ¢L%, for some @ > O (it is natural
but not necessary to assume o = d — 1), have a unique ground state with a gap y;, above
it satisfying y; < C(log L)/L, for some constant C.

1.5. Generalizations. One can envision several generalizations of Theorem 1. An obvi-
ous one is to remove the condition that the interaction is strictly finite range in the
1-direction. It is not hard to see that the arguments given in the following sections can
be extended to long-range interactions with sufficiently fast decay.

One may wonder whether the assumption that L is even is essential. It is used in the
proof of near orthogonality of the variational state, which is based on investigating the
behavior under translations of the state: the variational state is close to an eigenvector
with eigenvalue —1 of the translation operator 7', whereas the ground state has eigen-
value 1. Our proof of this fact assumes that the ground state is an eigenvector of the
rotations with eigenvalue 1. For L odd, our assumptions preclude the existence of such
an eigenvector. However, it seems plausible that for odd L a slight modification of our
proof will work to show that the ground state and the variational excited state have
opposite eigenvalues for translations.
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The main applications we think of are to SU(2)-invariant Hamiltonians with
antiferromagnetic interactions. Affleck and Lieb [1] pointed out that their proof eas-
ily extends to a class of models with SU(N) symmetry. There are no obstructions to
generalizing our arguments to such models with SU(N) symmetry given by suitable
representations.

It may also be of interest to consider different topologies of the underlying lattice
and/or the twistings. Instead of cylindrical systems with periodic boundary conditions
which can be deformed by a twist, one could apply a similar strategy to systems defined
on a ball or a sphere. We do not explore such possibilities here.

Another question we do not address in this paper is under what circumstances the
trial state we construct is actually a good approximation of a low-lying eigenstate with
energy close to the first excited state, or even whether it is a state orthogonal to the ground
state and with energy bounded by C (log L) /L. We do not believe that statements of this
kind hold under the general conditions we impose. It is expected that in some cases
the true gap of the system is much smaller than the bound we prove. This is of course
not in contradiction with our result, but under such circumstances our method does not
provably construct a good variational state. There is no reason to assume that it always
would.

2. Construction of the Variational State

2.1. Twisted Hamiltonians. The main motivation behind the construction of the varia-
tional excited state is that it should resemble the ground state of the model with twisted
(as opposed to periodic) boundary conditions. Therefore, we first describe some ele-
mentary properties of a family of perturbations of the Hamiltonian, which we will call
twisted Hamiltonians for reasons that will become obvious.

Given an interaction @ which satisfies the general assumptions outlined in Sect. 1.2,
we will now define a two parameter family of “twisted Hamiltonians” to analyze. These
Hamiltonians will be defined on a finite volume A; = [1, L] x V., where [1, L] is
considered with periodic boundary conditions for some even L > 4R, where R > 0 is
the range of @ in the 1-direction. Let @, be the periodic extension of @ restrictedto Ay .
Recall that each point x € A can be written as x = (n, v), where n € {1,2,..., L}
and v € V, and we will denote by (n, V1) = {x € AL : x = (n, v) for some v € VL }.
Forany# e Randn € {1, 2, ..., L}, define the “column” rotations U, (9) by

U,0)= Q) . 2.1

xe(n, V)

Form € {1,2,..., L — 1}, we will denote by V,,(6) the unitary given by

Vu®) = Q) Un(®). (2.2)

m<n<L

The “twisted Hamiltonians” are defined to be perturbations of the initial Hamiltonian
with periodic boundary conditions defined by

H = Z DL (X). (2.3)

XCAL
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The perturbations have the following form:
Hy(m) := D" Vpu(0)* ®(X)Vin(0) — (X)), (2.4)
XCAL

for m € [R, L — R] to avoid interactions across the seam created by identifying L + 1
with 1. Note that here we use the original potential @, and not its periodic extension @, .
Clearly, if X C U, _,<; (1. VL) or X C U<y @, VL), then V,,(6)*®@ (X)) V,, (0) —
@ (X) will vanish by rotation invariance of the interaction, and therefore only those
interactions across the column (m, V) contribute in (2.4). For 0,6’ € R and m €
{R,R+1,...,L/2 — R} fixed, we define

Hpg = H+ Hy(m) + Hy (m +L/2), 2.5)

to be a doubly twisted Hamiltonian. With m fixed, we regard A as the disjoint union
of two sets

AL = A uaA®, (2.6)

where A(LW) consists of two windows, one about each column at which a twist has been
applied; namely

A = AV myua L) ad AV = ) (v, @)

In—yl<Z-R

fory € {m, m+ L/2}. Moreover, A(LS) comprises the remaining strips in Ay . Given this
decomposition of the underlying space, the twisted Hamiltonian can be written as

Hpo = HY") + H®, 2.8)
where
HS = Z DL(X), (2.9)
XC/\LI
XNA £

and Hé}g/) denotes the remaining terms in Hy ¢/ which, due to (2.9), are supported strictly
within the windows.

There are a variety of useful symmetries the Hamiltonians Hy ¢/, introduced in (2.5),
possess. Withm € {R, R+ 1, ..., L/2 — R} fixed as above, one may define

W) = ® Un(—9), (2.10)
m<n<m+L/2

for any real ¢. See (2.1) for the definition of the column rotations U,,. It is easy to check
that for any angles 0, 0’, ¢ € R, one has that

W*(¢) Hp,p0 W(p) = Hy_g 049, 2.11)

due to the (term by term) rotation invariance of the interactions. Given this relation, it is
clear that along the path ' = —0 the twisted Hamiltonian is unitarily equivalent to the
untwisted Hamiltonian, i.e.,

W(6)* Hyp,—o W) = Hoo = H, (2.12)

which, due to the periodic boundary conditions, is not true for general pairs 6, 6’.
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The untwisted Hamiltonian is translation invariant (in the 1-direction), and it is
important that the twisted Hamiltonians inherit a “twisted” translation invariance. Define

Too = T Un(©O) Uper2(6), (2.13)

where T is the unitary implementing the translation by 1 in the 1-direction. It is then
straightforward to verify that

Hyo = Te*,e’ Hp g Tyor- (2.14)
Note that under the odd parity condition LSM4 we have
Do =—T, (2.15)

which will be important in the proof of the almost orthogonality of the trial state in
Sect. 4.

If we denote by ¥ the (unique) ground state of H,i.e., Hyy = Egvo, then by trans-
lation invariance, and specifically LSM5, we have that Tyy = . Moreover, using
the unitary equivalence (2.12), we see that the ground state of the twisted Hamilto-
nian Hy g satisfies Hg _gY0(60, —0) = Eo(6, —0)y¥o (0, —0) with Eo(0, —0) = Ey
and Y0, —0) = W(0)yo. Although the twisted ground state 19(0, —0) is not trans-
lation invariant, it does satisfy invariance with respect to the twisted translations, i.e.,
T, —o0(0, —0) = Yo(6, —0). As a consequence, we have the following simple but
important property of Ej.

Lemma 1. Let Eo(0, 0") denote the ground state energy of Hy ¢.Then, the partial deriv-
atives of Eg vanish on the line ' = —0:

01Ep(8, —0) = 02 Ep(6, —0) = 0. (2.16)

Proof. First, we note that Ey is differentiable in its two variables in a neighborhood
of (0, 0) by the non-degeneracy condition LSM5. By unitary equivalence Ey is then
differentiable in a neighborhood of the line (6, —6). For ¥, ¢ € R, let E(V¥, ¢) =
Eo(y — ¢, ¥ + ¢) denote the ground state energy of Hy 4 y+4. Due to the unitary
equivalence Eq. (2.11), £ depends only on v. Hence, 94 (¥, ¢) = 0, for all v, ¢.
Under the additional assumption that the interactions @ (X) are real (LSM6), we have
that Hy oo = H_p _gr, and therefore £ (¢, 0) = £(—1, 0). Hence, £ is an even function
of ¥ and 9y £ (Y, @)|y=0 = 0. Using these properties and the fact that the partial deriv-
atives of Ep are linear combinations of the partial derivatives of £, we find that both
partial derivatives of Eq vanish on the line 8’ = —9. 0O

2.2. The variational state. Our aim is to construct a state that resembles the ground state
of Hy _gp in a region surrounding those spins that were twisted by an angle of 6, while
it otherwise resembles the ground state of H = Hy .

From the unitary equivalence (2.12) we have that E¢(6, —6) is independent of 6, i.e.,
dp Eo(0, —0) = 0. Moreover, the partial derivatives of Eq vanish on the line (6, —0), as
was proven in Lemma 1. This property, in general, allows one to derive an equation for
the ground state.

Consider a differentiable one-parameter family of self-adjoint operators H (x), x €
[a, b] C R, and let Ey(x) denote the ground state energy of H (x) with a differentiable



448 B. Nachtergaele, R. Sims

family of ground state eigenvectors ¥o(x). Suppose dy Eg(x) = 0 for x € [a, b]. Then,
it is easy to see that ¥o(x) L (9 H (x))¥o(x), from which we obtain:

po(x) = — [H(x) — Eg(x)]™" 9, H(x) Yo (x). 2.17)

For any vector 1, this leads to

& 1
s Ox = - ———d (Y, PpoH 2.18
(¥, 0x o (x)) /EO(X) E— Eo(x) (¥, PgoxH(x)yo(x)) (2.18)

o0 o0
- _/ / e ETEO g gy, PR H (x) Yo (x))
Ep(x) JO

= [ e @ o)

where Pj; is the spectral resolution for H (x) and o, is the imaginary-time evolution
corresponding to the Hamiltonian.

Motivated by this calculation, we introduce the family of operators B(A, H), where
H is a Hamiltonian for which the dynamics {o; | ¢ € R} exists as a strongly continuous
group of x-automorphisms and A is any local observable, defined by

B(A, H) = — /Oo ai(A)dt, (2.19)
0

where ¢;; is the imaginary time evolution generated by H. For unbounded Hamiltonians
H, it may not be obvious that B(A, H) can be defined on a dense domain. However, if
is a ground state corresponding to the Hamiltonian H, then B(A, H)1 exists. Moreover,
from (2.18), we conclude that

dxYo(x) = B(x)Yo(x), (2.20)

where B(x) = B (dy H(x), H(x)). Similarly, in the density matrix formalism, for

po(x) = [Yo(x)) (Yo(x)l, (2.21)
Eq. (2.20) implies that

dxpo(x) = B(x)po(x) + po(x)B(x)*. (2.22)

We will define the proposed excited state ¥ as the solution of a differential equation
analogous to (2.20). First, we need to introduce some further notation. Let H be a Ham-
iltonian for which the dynamics {«;,} exists; finite volume is sufficient. For any a > 0,
t € R\ {0}, and local observable A € A, we may define

o0 —asz

. | e ¢
Aq(it, H) = %6‘ as(A) -

oo s

ds. (2.23)
121

In addition, for T > 0 the quantity

T
Bur(A, H) = —/ Aait, H) — Ag(it, H)*dt, (2.24)
0
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will play a crucial role. In Lemma 7 of Sect. 5, we will show that when projected onto
the ground state of a gapped Hamiltonian H, the quantity B, 7(A, H) well approxi-
mates B(A, H) for a judicious choice of parameters, e.g.,a = yr/L and T = L/2; we
note that the observable A must also satisfy the constraint that its range is orthogonal
to the ground state. With this in mind, consider the solution of the differential equation
introduced by Hastings in [8]:

d0Va,1(0) = Ba,1(0) Ya,1(0), (2.25)

where B, 7(0) = B, 1(39Hp .0, Hp,—g), subject to the boundary condition ¥, 7(0) =
Yo. Note that B, 7 () is anti-hermitian, and hence any ¥, 7 (6) solving (2.25) will have
constant norm.

To be explicit, the proposed state ¥, 7(0) differs from the actual ground state of the
doubly twisted Hamiltonian Hp _y, in three essential ways. Compare (2.19) in the case
that A = 9y Hg,_g and H = He,_g with (2.24) given that A = 3(9H9,() and H = Hg’_g.
1) We have introduced a cut-off at T < oo.

ii) We have approximated the imaginary-time evolution of an observable A, «;;(A), by
Aq(it, H) — A, (it, H)*.
iii) We have replaced the observable dg Hp, g With 99 Hp 0.

The modifications i) and ii) are of a technical nature, i.e., to make the relevant quan-
tities well-defined and amenable to estimation (see Sect. 5). The motivation behind the
third replacement is an attempt to approximate the ground state of the singly twisted
Hamiltonian Hp o.

3. Energy Estimates

As is discussed in the introduction, the goal of this section is to prove an estimate of the
form

|1, HLyn) — Eo| < CLYe 7k, (3.1)

see (1.16) and Theorem 3 below, for the proposed variational state. Explicitly, we will
take Y1 = ¥, ,7(27), i.e., the solution of (2.25) evaluated at 8 = 2m, with the specific
choice of parameters @ = yr /L and T = L/2. Since the operator B, 7(0), defined in
(2.25), is anti-hermitian, it is clear that i/| remains normalized, and the bound stated
above demonstrates that if the gap is sufficiently large, y; > Clog(L)/L, then | cor-
responds to a state with small (depending on C) excitation energy. An estimate of the
form (3.1), with correction terms, can be proven based on the general results in Sect. 5.
In the proof of Theorem 1, which is a proof by contradiction, we will be assuming
yL > Clog(L)/L. Therefore, we can assume here, without loss of generality, that there
exists a constant ¢ > 0 such that y;, L > c¢ for sufficiently large L. This assumption,
which is not necessary, will simplify the presentation in Sects. 3 and 4.

3.1. Local estimates on the states. In this subsection we prove a technical result which
estimates, uniformly in 6, the norm difference between the ground state of Hyp _g and
the proposed state in the left half of the system, more precisely in the window centered
around the location, (m, V) where the 6-twist occurs. Since the restrictions of the states
to the half-systems are described by density matrices, it is natural to use the trace norm
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for this estimate. Recall that for any bounded operator A on a Hilbert space H, the trace
norm is defined by

[Alll = Trv A*A, (3.2)

assuming this quantity is finite. Using the polar decomposition for bounded linear oper-
ators, it is easy to see that, alternatively,

|Ali = sup |TrABI. (3.3)
BeB(H):
IBl=1

Recall that the density matrix corresponding to the ground state of the Hp, oy Ham-
iltonian satisfies the equation

dpo(0, —0) = B(0) po(0, —0) + po(6, —0) B(O)", (3.4)

compare with (2.22), where we have used the notation B(6) = B(A(0), Hp,—p) for the
operator B(A, H) as defined in (2.19) and the observable A(0) = dy Hp,—¢. Note that by
construction pg (6, —0) remains normalized. We will often write A(0) = A1(0) — A2(0)
where, the observables A1(0) = 99 Hp o and A2(6) = 0dgHpg are supported in the
window about the twists of angle 6 and —0, respectively. Regarding Hy ¢/ as a func-
tion of two variables, we may write A;(0) = 0; Hgp,_g for convenience. The notation
B;(6) = B(A;(9), Hy,—p) will also be useful.
The proposed state is the solution of

9 pa,7(0) = [ Ba,7(0), pa,7(0) ], (3.5)

where the operator
B, 1(0) = Ba,1(A1(6), Hp,—9)

is defined in (2.24) with observable A{(6) = 91 Hp,—¢. The parametrization we choose
isa =y,/Land T = L/2. Since the operator B, 7(0) is anti-hermitian, the solution
pa.7(0) 1s a density matrix. We will denote by Tr,c[-] the partial trace over the Hilbert

space corresponding to A(LS) U A(LW) (m + L/2). Note that the terms in the Hamilto-
nian that have been twisted by an angle 6 are supported in the complementary region

A(LW) (m). Given a gap yr > 0 above the ground state of the H = Hp o Hamiltonian,
we will be able to estimate the trace norm of the difference in the two states restricted
to A(LW)(m). We will show this by estimating dg Tr,c [,oa,T(O) — po(6, —9)].

Theorem 2. As described in the introduction, we assume F1, F2, and LSM1-6. If there
exists a constant ¢ > 0 such that y; L > c for sufficiently large L and we choose the
parameters a = yr, /L and T = L/2, then there exist constants C > 0 and k > 0 so
that

sup | Towe [0a,70) — o0, =O)][|, = € L7 7l (3.6)
0€l0,27]

for L large enough. Here C and k depend only on the interaction @ and the underlying
set A.
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We note that the assumption concerning the existence of a constant ¢ > 0 such that
yr L > c for sufficiently large L is not necessary. We impose it here for simplicity of
presentation. Without this additional assumption, one may prove an analogue of (3.6),
which contains correction terms, by inserting the bounds proven in Sect. 5 directly into
the proof given below. Since we make this assumption, it is convenient to state a lemma
which compiles many of the technical results found in Sect. 5 and applies them to the

present set-up. For this, we need two more definitions. Denote by Bg? (6) the operator
defined by B, T <A1(0), He(,u:)e)’ where the Hamiltonian He(,v‘:)g is the full Hamiltonian
Hy, g restricted to the windows about the twists, see (2.8). Lastly, set PO9 to be the
projection onto the ground state (0, —0) of the twisted Hamiltonian Hy _g.

Lemma 2. Assume Fl, F2, and LSM1-6. If there exists a constant ¢ > 0 such that
vy L > c for sufficiently large L and we choose the parametersa =y /Land T = L/2,
then there exists constants C > 0 and k > 0 for which both

sup [|Ba7(0) — B (@) < € LM fik 3.7)
0el0,27]
and
sup || (Ba,7(6) — B1(®) Pyl < C LY et (3.8)
0el0,27]

when L is large enough.

Proof of Lemma 2. Equation (3.7) follows by combining Lemma 4 and Remark 1. Using
Lemma 7 and Remark 3, one obtains (3.8). 0O

Proof of Theorem 2. The proof of Theorem 2 follows by deriving a uniform bound on

the 6-derivative of the differences in these density matrices. Specifically, the bound is
in trace norm, and the uniformity is with respect to 6 € [0, 2r].

Using (3.4), (3.5), and inserting the local operator B;’v{;) (6) for comparison, one may
easily verify that

T [ par(®) = 000, =0)] = True ([ B ). 07 ®) = po(0.-0) |)

3
+ > ri0), (3.9)
i=1

where the three remainder terms are given by
11©) = Trone ([ Bar® = B ®). par®]). (3.10)
120) = Trne ([ BV @), 006.-0) | = 21006, -0)). @11
and

r3(0) = Trpe [0100(0, —0) — 99po(0, —0)]. (3.12)
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As A1 () is supported near (m, V) and He( VK)Q contains only those interaction terms over

sets X C AEW), it is clear that Bg;) (0) is contained in the algebra of local observables
with support in A(LW) (m); we will denote this algebra by .A(m). Therefore,

True ([ B ©). pa.1©) = po(@. ~0) ) = [ B ). True (00,70) = 06, -0)) |.
(3.13)

Since B(E T) (0) is anti-hermitian, we may apply norm preservation, i.e. Theorem 7, to
3.9) and conclude that

3 0
| Teme [pa.7®) = p00, O] ||, < D /O llri @)1 db’". (3.14)

We need only bound the trace norms of the remainder terms r; (6).
As pg.7(0) is a density matrix, in particular non-negative with a normalized trace,
one has that

In®i < 2|

Bur(0) — B‘W><9>H < cr¥ el (3.15)

using Lemma 2 above.
To estimate r,(0), we note that as in (3.4),

d1po(0, —0) = B1(9) po(6, —0) + po(6, —0) B1(6), (3.16)

where 91 denotes differentiation with respect to only the first twist angle, namely 6,
which is situated near the sites (m, V7). Here we have also used that 9 Eg(6, —0) = 0,
see Lemma 1. A simple norm estimate yields that

i@l <2 (8 © - Bi©) P |
<2| Bur® = BYY®) | + 2| (Bur® - BI@®) P |. 317

Appealing again to Lemma 2, we see that r»(6) satisfies the desired bound.
Lastly, r3(0) = Trpe [ 0200(0, —0)]. Since we have shown in Lemma 1 that
d Eg(0, —0) = 0 as well, the analogue of (3.16) holds for 9>09(6, —6). Thus,

lr3@)1 = sup |[Tr[ O (Ba(®) po(6, —6) + po(6. —6) B2(6)") ||
0OeA(m):
lol=1

2 sup /0 | (Y00, —0), O it (A2(0)) Yo(6, —0)) | dz, (3.18)

OcA(m):
lo]=1

IA

where the observables O are arbitrary elements of .A(m), again, the algebra of local

observables with support in AEW) (m). Integrals of this type are bounded using Lemma 6;
see also Remark 2. Since the observables we are considering have a separation distance
proportional to L, we may estimate

3@ < € L¥ ekl (3.19)

Combining the results found on each of the remainders, we arrive at the estimate
claimed in (3.6). O
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3.2. Bound on the energy. Equipped with Theorem 2 and Lemma 2, we may now bound
the excitation energy corresponding to the proposed state.

Theorem 3. Assume F1, F2, and LSM1-6. If there exists a constant ¢ > 0 such that
yLL > c for sufficiently large L and we choose the parametersa = y; /LandT = L/2,
then there exists constants C > 0 and k > 0 so that

(Y1, Hynt) — Eo| < CL3 enik (3.20)
for large enough L. Here, we take yr1 = ¥, 7 (27).

The proof of this theorem may be understood as follows. Recall that the ground state
energy of the doubly twisted Hamiltonian is independent of 6, i.e.,

Eo = (Yo, H o) = (Y00, =0), Ho,—o¥0(0, —=0)). (3:21)

Moreover, the separation between the twists of angle 6 and —6 grows with the volume.
Locality should enable one to estimate the energy difference between performing two
twists, the ground state, and performing only one twist, the excited state. A rigorous
version of this idea is described below.

First, we recall some of the notation introduced in Sect. 2.1. We have written the
twisted Hamiltonian as the sum of two terms

Ho—o = Hy"} + H. (3.22)
It is useful to further subdivide the twisted terms as
Hy"y = H (m) + B (m + L)2), (3.23)

where HG(W) (m) contains all those interaction terms in HQ(VK)G with support in a window

about the twist of angle 6, i.e. A(LW) (m), and similarly, Higl) (m + L/2) contains all

those interaction terms in He(,wi)e with support in A(LW) (m + L/2). The untwisted terms
in (3.22) are supported in the remaining strips. We refer to Egs. (2.5)—(2.9) for more
details. It was also noted in Sect. 2.1 that

W) Hy_g W(®) = H, (3.24)

see (2.12).
Now, for any state ¥, one may calculate the expected energy due to a single twist:

. Hoow) = v 1y oy + (v (Hy" m+ L/2) + HO) )
= Eo + Ri(6) + Ry(6). (3.25)

Here, we inserted appropriate terms so that we may compare (¥, Hp o) to the ground
state energy; the remainder terms are given by

R1©) := (, H™ (m)y) — (Y06, —6), HV (m)wo(0, —0))  (3.26)
and

Ro©) = (v, (Hg" o+ L/2)+ HO) ) = o, (S m+L/2)+ H) yo),
(3.27)



454 B. Nachtergaele, R. Sims

where v is the ground state of H = Hp o. The bound
| (W, Ho.o¥) — Eo| < [R1(O)] + [Ra(6)], (3.28)
readily follows for any state .

Proof of Theorem 3. For each fixed 6, the bound (3.28) is valid for our proposed state
Va1 (6). We will estimate the resulting remainders uniformly for 6 € [0, 27 ] and thereby
prove the claimed result.

To see this, we first rewrite the remainders in terms of the density matrices of the
states restricted to the region containing the first twist. It is clear that

R1©) = Tr [ (p076) = po(6. ~0)) H"om) | (329)

= Tt | True [ 0. 0) = po(6, =0)] H" 0m) ],
where the partial traces are as defined just prior to Theorem 2. Thus
RO < 11H" )| Trie [pa,7(6) = po®. =6)] Il (3:30)
S CL3d71 e*k)/LL’

where we have used Theorem 2. In fact, from the assumptions we have made, one verifies
that

Il <2 > S 1)) < 201@llh 1A )| < cLT (331)

xeAP) (m) X3%
For the second remainder,
Ro(®) = Tr [ (pa,7(®) = po(0,0) (HSVm+L/2) + HO) |, (3.32)

we observe that the only 6 dependence is in the density matrix corresponding to the
proposed state. Using the differential equation (3.5), we find that

R©) =Tt ([Bar 0, par @] (S m+L/2) + HO))

=_Tr ( [BQ,T(G), (ng)(m +L/2) + H<S))] pa,T(e)) . (333)
The first term above is easy to estimate. Recall that the quantity Bg}p (0) is supported
in A(LW)(m), whereas Héw) (m + L/2) has support in AEW) (m+ L/2). Thus
[Ba,T(e), HY (m + L/2)] = [Ba,T(e) — B ©), H (m + L/Z)] . (3.34)
and moreover,
|7 ([Bar® = B @), BV 0n+1/2)] pur®)) |
<2 BV o+ L) | Bur© - B @) | = c1¥ e (333)

The second term may be similarly estimated. Let FI(,(’W:)Q be defined as in (2.8), excepting

that the windows are slightly smaller: of size % — 2R. Then [Eg? ©), HS1 =0, and
the argument above applies. We have bounded R,(0). O
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4. Orthogonality

We will now prove that, under the assumptions given in the Introduction, the proposed
state is nearly orthogonal to the ground state. As in Sect. 3, we again make the assumption
that yr L > ¢ > 0, for sufficiently large L.

The reasoning behind orthogonality is simple. From LSM5, we know that the ground
state is an eigenvector of the translation operator with eigenvalue 1, i.e., T¢9 = . On
the other hand, the proposed state will very nearly be an eigenvector of 75, o, as defined
in Sect. 2.1, with eigenvalue 1. Due to the odd parity condition 7>, 0 = —T and, hence,
we find that the ground state and the proposed state are eigenvectors corresponding to
distinct eigenvalues.

More concretely, it is easy to check that

(Va1 270), Y0) = (Tax 0Va,7(270), TY0) + (I = Tan0) Ya,7 270), Y0),  (4.1)

from which the estimate
1

| (Wa, 7 270), Yo)| < 5 | (T2r,0 = 1) Yo, 270 | (4.2)
immediately follows. The remainder of this section will be used to prove a bound on
| To.0%a,7(0) = Yra,70) || (4.3)

uniformly for 8 € [0, 27r]. This is the content of Theorem 4.

4.1. Observations concerning the twisted ground state. We begin with a warm-up exer-
cise involving the twisted ground state. In Sect. 2.1, we saw that the twisted ground state
is invariant with respect to the twisted translations; i.e.,

Ty, o, Vo0, —0) = Y0, —0),

and therefore

3 [ To.—9 w06, —0) — Y0, —6) ]| = 0. (4.4)

One may rewrite this derivative in the form of an operator acting on ¥y (6, —6), i.e.,
(4.4) is equivalent to

D(@)yo(0, —0) =0, 4.5)
where D(6) is given by
D) = Ty Ty o+ To—0 BOT; 4 — B@O). (4.6)

Here we have used the differential equation for (6, —0), i.e. (2.20), and the notation
from the beginning of Sect. 3.1, which will be used throughout this section.

It will be easy to see that the operator D(6) can be written as the sum of two terms,
D1(0) and D> (6), corresponding to the twists at m and m + L /2, respectively. The goal
of this subsection is to estimate || D1(0)vyo (0, —0) ||, see Lemma 3 below.

Using (2.13), one finds that

. 3 . 3
dTo,—o Ty _g = i Z Sins1,0) — Z StneL/241,0)" 4.7

veVy veVy
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One has that D(0) = D{(0) — D»(8), where

Di(0) =i > Spiw + oo BIO) Tj_y — Bi(6), (4.8)
veVy
and
20) =i D St uirpermy + Too B2O) T g — Ba(0). (4.9)
veVy

For what follows, we will denote by (A)y = (Y¥o(6, —0), AYo(0, —0)) the twisted
ground state expectation of a local observable A. We have demonstrated in Lemma 1
that

0 = 0;Eo(0,—0) = (3;Hp,—g)0 = (Ai(0))e, (4.10)
fori = 1, 2. From this, we conclude that
(To,—0 Bi(O) Ty _y )9 = (Bi(0))s = (Ai(®))s = 0, 4.11)

as well. Moreover, we similarly have that

(Di(0)s =0 as <Z Sfx’v)> <Z St v)> =0, (412
(4

veVy veVy

for any x € [1, L]. For the last equality above, we used that Yo (0, —0) = W(0)vo,
W (6) commutes with the third component of the spins, rotation invariance implies that
the total spin is zero, and translation invariance in the 1-direction.

Since D(0)yo(6, —0) = 0, we have that D1 (0)vyo(0, —0) = D2(0) (6, —6) from
which it is clear that

= (DO)"D©))o = 2(D1(0)"D1(0))e — 2(D1(6)" D2(0))o- (4.13)

As indicated above, we wish to estimate the first term on the right-hand side above. We
do so by estimating the second term. Observe that

(D1(0)*D20))e = — Z (S?mﬂ’v) S?m+L/2+1u)>
v,v'eVy
i Z / S(m v) S(m+1 v)) Qi (AZ(G))>
veVy

+ / / (oir (A1 (O))* (35 (A2(8)) — tis (T g Aa(®)T5 5) ), ds dt

+i Z/ O‘lf(Al(Q))* (S(m+L/2+l ) S(m+L/2 v’))> dt

UEVL
v /0 /0 (oir (A1 O))* (a1 (As(8)) — tis (To 6 As@)T] ) )), dsdr.  (4.14)

That each of these terms is bounded follows from our decay of correlation results found
in Sect. 5.3. In fact, we have proven the following lemma.
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Lemma 3. Assume F1, F2, and LSMI-6. If there exist a constant ¢ > 0 such that
yLL > c for sufficiently large L, then there exist constants C > 0 and k > 0 so that

ID1©)YoB. )| < CLM et (4.15)
for L large enough.
Proof. Clearly, one has that
ID1 @), —0)1> = (D1©)* D1 ®)), = (D1(O)*D2(®)),.  (4.16)

from (4.13) above. Applying Theorem 6, Lemma 6, and Remark 2, as appropriate, to
the terms found in (4.14), one arrives at (4.15). O

4.2. Orthogonality of the excited state. We are now ready to provide the orthogonality
estimate.

Theorem 4. Assume F1, F2, and LSM1-6. If there exist a constant ¢ > 0 such that
vy L > c for sufficiently large L and we choose the parametersa = y;,/Land T = L/2,
then there exist constants C > 0 and k > 0 so that

(Va7 @n), )| < CL¥ et 4.17)
when L is large enough.

Proof. As is clear from (4.2), Theorem 4 follows from bounding the quantity appearing
in (4.3) uniformly for 6 € [0, 27 ]. A short calculation, using (2.25), shows that

3 [T9.0%a.7O) — Ya,7(0)] = Ca7©O) [To.0%a,7©O) — Va,7(0)]

+Da,1(0) Ya,7(0), (4.18)
where
Ca1(0) = 3Tp0 Ty + To.0 Ba,7(0) Ty, (4.19)
and
Da1(0) = 30Tp.0 Ty + Top.0 Ba1 () T, — Ba1(0), (4.20)

are both anti-Hermitian operators. The first term on the right-hand side of (4.18) is norm-
preserving, and therefore, we need only bound the norm of the second by Theorem 7.
The norm of D, 1 (0)v¥,,1(0) will now be estimated by rewriting it in terms of quan-
tities for which we have already proven bounds. Each term will be shown to satisfy a
bound of the form (4.17).
We begin by writing

I Da,7(0) Ya,70) > = Tr[Da,7(0)* Da.7(9) pu,7(6)]

= Tr[Da,7(0)*Da,7(0) po(0, —0)]
+Tr [Da,7(0)* Da,7(©) (pa,7(®) — po6, —0))]. (4.21)
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The first term on the right-hand side above, which is equal to || D, 1(0)yo(0, —0) ||2,
may be estimated by comparing it with the vector D1(0)vy(0, —0) introduced in the
previous subsection. In fact,

I Da,7 )08, —0)|| < |D1(O) 0B, —-O)I+]| (Da,7(8)—D1(8)) Yo(6,—0)||. (422)
‘We bounded the first term above in Lemma 3. For the second, observe that

Da,r(6) = D1(©) = Ts. 4 (Ba,r(®) = Bi©®) Ty + Too (Bar ©) = B ©)) Ty

T (Ba.r (@) — BIY©) Ty + Bi0) = Bur(®),
(4.23)

from which it is clear that

I (Da,7®) — D1(®) Y06, —O)|| <2 Bar®) — B @]
+2 (Bo,r(6) — B1(®) PJ 1. (4.24)

That each of these terms satisfies the desired bound follows from Lemma 2.
For the final term on the right-hand side of (4.21), we insert and remove

D) O) = 6To0 Ty + Too BY(0) T o, — B (0). (4.25)
a local observable supported in A(LW) (m). Observe that

1D @) < 106To.0Tjoll + 21BLY @)1 < cL?, (4.26)
where we have used Proposition 2. We may write
Tt [Da,7(0) Da,7(8) (pa7(0) — po(6, —6))]
=Tr [ D@D ©) (01 ®) ~ 006, ~0)) ]
+Tt [ (Da.r©) D1 ©) = DY@ DI ©)) (pa.r ) = po6, -0)) | @27)

The first term above may be estimated by

T [ DL @) DL ) T [par @) = po6.-0)] ||

< [p{2 @7 DO [Tene [007®) = p06. -0)]],
<cL¥ekrL, (4.28)

where for the final inequality above we used Theorem 2 again.
For the second term, we rewrite the difference as

Da.1(©)* D1 @)~ D ©)* D} ) = (Dar @ ~D} ) D1 (6)

+D{©) (Dar@-D{7 ). (429
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and apply the norm estimate

|par® - DR ®)| < 2| Bur©) - BP0 (4:30)
We find that
Tr[ (Da.r ) Dar(®) = DO DY ®)) (p0r®) — po(6, ~0))]
= 4|Bur® = B O (1Dar®1 + 1D{O1), @3

which satisfies the required bound by Lemma 2 and an estimate analogous to (4.26).
This completes the proof of Theorem 4. 0O

5. Auxiliary Results

In this section, we collect a number of auxiliary results, technical estimates as well as a
few lemmas of a more general nature, which are needed for the proofs in Sects. 3 and 4.

We first recall the Lieb-Robinson bounds which are used to demonstrate quasi-local-
ity of the dynamics associated to general quantum spin systems, see Theorem 5. Then,
we observe in Proposition 1 that these Lieb-Robinson bounds may be used to compare
the dynamics of a Hamiltonian defined on a given system with the dynamics of the same
Hamiltonian restricted to a subsystem. Next, we provide in Lemma 4 an explicit bound
which applies to the specific type of interactions we consider in this work.

In Sect. 5.2, we introduce the operators B, (A, H) which play a prominent role in
our argument. We first discuss a few of their basic properties, and then use Proposition 1
to estimate the difference that arises in defining the operator with the full Hamiltonian
as opposed to the Hamiltonian restricted to a subsystem; this is the content of Lemma 5.
Lastly, we remark on exactly how this estimate will be used in the main text.

We review the Exponential Clustering Theorem in Sect. 5.3, and use it to prove a
technical estimate, see Lemma 6. Moreover, in this section we also prove Lemma 7. This
result provides an estimate on the quantity || (BQ,T(A, H)—-B(A,H )) Pyl in terms of
the parameters a, T', and the spectral gap of H, see (5.64). Here Py denotes the spectral
projection onto the ground state of H, and the bound is valid for local observables A
satisfying PhA Py = 0.

Lastly, we formulate a statement concerning solutions of certain simple differential
equations in Sect. 5.4.

5.1. Lieb-Robinson bounds. For what follows, we adopt the same general framework
for quantum spin models that was described in Sect. 1.2, including Conditions F1, F2,
and the assumption that ||@ ||, < +oo for some A > 0 (see (1.7) for the definition of the
norm || - 1).

We will use the following version of the Lieb-Robinson bound [18], which is a variant
of the results proven in [20, 9].

Theorem 5 (Lieb-Robinson Bound). Let A > 0 and take @ € B, (A). For any pair of
local observables A € Ax and B € Ay with X, Y C A, one may estimate

2Al 1B
Il (A), Bl < ”C '('Iﬂ) ” &) DD Fild(x.y), (5.1)
xeX yeY
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foranyt € R. Here {a;} is the dynamics generated by @, and one may take

2121 CulF) t] 1) ifd(X,Y) >0,

§.(t) = [ 2121 Cu(P) 1] otherwise. (5.2)

Our proof of the Lieb-Schultz-Mattis theorem relies heavily on comparing the time
evolution corresponding to a given Hamiltonian to that of the Hamiltonian restricted to
a subsystem. The errors that result from such a comparison can be estimated in terms of
a specific commutator to which the Lieb-Robinson bounds readily apply.

We begin with some notation. Let A > 0 and consider @ € B(A). For finite Ag C A,
the Hamiltonian corresponding to @ restricted to Ag is given by the self-adjoint operator

Hy = > ®(X). (5.3)

XCAo

We will denote by oet(o) the time evolution corresponding to Hy, i.e., for any local ob-
servable A, o!” (A) = ei'Ho Ae=iH0 for all 1 € R.

Proposition 1. Let A > 0 and ® € B, (A). Suppose the Hamiltonian corresponding
to @ restricted to a finite volume Ao C A is written as the sum of two self-adjoint

operators, i.e., Hy = Hy + Hy. Denoting by at(i) the time evolution corresponding to Hj,
fori =0,1,2, then for any local observable A and t € R, one has that

16 ) — M) < /Olt Jt2. P ] as. (5.4)
Proof. Define the function f : R — A by
@0 =) — oP(A). (5.5)
A simple calculation shows that f satisfies the following differential equation:
£/ = i[Ho = Hi ()] + i [Ho. (0], (5.6)

subject to the boundary condition f(0) = 0. As this is a first order equation, the solution
can be found explicitly:

t
@) = a© (/ a® (i [Hz,a§‘>(A)]) ds). (5.7)
0
Using expression (5.7) and the automorphism property of al(o), it is clear that

Lot = [ o e as 58)

as claimed. 0O



A Multi-Dimensional Lieb-Schultz-Mattis Theorem 461

To estimate the norm of the commutator appearing in Proposition 1, specifically in
the bound (5.4), it is useful to specialize the general Lieb-Robinson bounds described
above to the exact context we encounter in the present work. For example, we will be
interested in specific finite volume Hamiltonians, those defined in Sect. 2 as Hy ¢/, and
particular observables, such as A1(f) = 91 Hp,—g and A2(0) = 02Hp,—¢. Let o; be the

time evolution corresponding to the Hy o Hamiltonian, and let at(W) denote the dynamics
associated with the Hamiltonian He(vg,) which is defined in (2.8). We use the following
estimate several times.

Lemma 4. Let @ € B, (A), then there exists constants C > 0 and k > 0 for which
max  sup H [H(S), a™ (A,-(e))] H < C ok [2@=1) g=hL/4 (5.9)
i=1.29¢[0,27]

Here it is important that C and k depend only on the properties of the underlying set A

and the interaction @, they do not depend on the length scale L.

Proof. We will estimate the above commutator in the case that the observable is A (6);
an analogous result holds for A;(0). Recall that in (2.9) we wrote H (%) as a sum of inter-
action terms. Similarly, if one denotes by P, (0;Y) := V,,(6)*®(Y)V,,,(6) — &(Y),
then A1(f) may be written as

AL©) = D 9 Pu(0;Y)

YcAL

== > D V@ [S] o)) Va®), (5.10)
YcAp:  yeYy
Py (0;Y)#0

where Y, is the set of sites y € Y strictly to the right of m. Inserting both of these
expressions into the right-hand side of (5.9) and applying the triangle inequality, it is
clear that we must bound many terms of the form

[[2c0. o™ (Va@r [ 53 00 ] va®) ]| (5.11)

Term by term, we apply the Lieb-Robinson bound provided by Theorem 5, and use that
the distance between the supports of X and Y is linear in L; concretely for any x € X
andy e Y,d(x,y) >dX,Y) > % — 3R. We find that each term described by (5.11)
satisfies an upper bound of the form

CO) | PXYI LSS, @[l e /4, (5.12)
where C (1) may be taken as
ciy = 2N peumyioninsir, (5.13)
C.(F)

We need only count the number of terms. The combinatorics of the sums may be naively
estimated as follows: H® corresponds to a sum of the form

L 3L

Ft+R—1 FT+HR-1
2 0= 2 2 2 v 2 2 2. 61y
XCApL: n:%_R+1veVLX9(m+n,v) n:%_R_,,erVLXa(mHl,v)

S
XA £
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whereas for A1(6) we have that the sum

m+R
)IDIEID IS I IS 515
YcAp:  yeY n=m—R veVy Y>(n,v) yeY¥

Py (0;Y)#0

Putting everything together, we have obtained that

[, i@p]| < 2cO U@l TI@ILIVLE @R+ DER - 1) e,

(5.16)
which proves the claim. Recall,
1] = sup D [@(X)] (5.17)
xXeA Xox
and
HMWstmZMﬂmmn (5.18)
x€A X>ox x'eX
O

5.2. Approximation of the imaginary time evolution. For our proof of the Lieb-Schultz-
Mattis Theorem, we introduce an operator which, under certain assumptions, approxi-
mates the imaginary time evolution corresponding to a given Hamiltonian. In this section,
we provide several basic estimates of this operator to which we will often refer in the
main text.

Let A > 0, ® € By(A), Ag C A be a finite set, and H be the Hamiltonian corre-
sponding to @ restricted to Ag. Denote by oy, for t € R, the time evolution determined
by H. For any local observable A, a > 0, M > 0, and ¢ # 0, define

efalz M e~ as
Agm(it,H) = i /M o5 (A) P— ds, (5.19)

and set A, (it, H) = limpy— o0 Ag. m(it, H). We use the operator
T
B, (A H) = — / Ay(it, H) — Ay (it, H)* dt, (5.20)
0
to define our variational state in the main text, see (2.25). We begin with some basic

properties.

Proposition 2 (Shanti’s Bound). Let @ € B, (A), A be a local observable, a > 0, and
T > 0. The operator B, (A, H) is anti-hermitian and bounded. In particular;

|Ba,r (A, H)|| < g = (5.21)

It is important to note that the bound above is independent of the finte volume Ag on
which the Hamiltonian H is defined.
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Proof. That B, (A, H) is anti-hermitian follows immediately from (5.20). Combining
(5.19) and (5.20), one finds that

i (T [ 2,2 s
B == [ [T et e a2
T Jo J-oco se+1

from which (5.21) easily follows as
|Bas(A, H)|| < w - eas? |s|/T ;dtds < w z. (5.23)
' I 0o SZ+12 -~ 2 Va
O

In situations where the local observable A and the Hamiltonian H are fixed, we will
often write A,(it) and B, r to simplify notation. The following estimate is a simple
consequence of (5.19).

Proposition 3. Let @ € B, (A) and A be a local observable. One has that

! T AL
/ Ag(it) — Ag m(@it)dt || < m ﬁ e 4, (5.24)
0
Proof. For any t # 0,
e—at2 e—as
Aalit) — A y(it) = — / 0y (A) S ds, (5.25)
2mi Is|>M s — 1t
and therefore, one has the pointwise estimate
) . _a2 1Al o2 |7
” Aq(it) — Ag,m(it) || <e aM e M PE (5.26)

Upon integration, (5.24) readily follows. O

‘We will now prove an analogue of Proposition 1 for the quantities B, 7 (A, H) intro-
duced in (5.20). The estimate provided below is made explicit in terms of an a priori
input, an assumed form of the Lieb-Robinson bound, see (5.27) below.

Lemma 5. Let A > 0 and @ € B, (A). Suppose the Hamiltonian corresponding to @
restricted to a finite volume Ay C A is written as the sum of two self-adjoint opera-

tors, i.e., Hy = Hi + Hy. Denote by oz,(i) the time evolution corresponding to H;, for
i =0,1,2.1If for a given local observable A, there exists numbers c; > 0,i = 1,2, 3,
for which

|1 a1 = creime, (527)

forallt € R, then the following estimate holds:

Al eM?
+

| Ba.r(A. Ho) = Bar(A Hy) | < 2—Te—“M2(
ai e - M Jra b

) , (5.28)

where M has to be chosen as the positive solution of

aM? +caM —c3 = 0. (5.29)
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We note that in our applications the numbers ¢; will depend on the observables A and
Hy; in fact, they will be functions of the length scale L. We articulate this dependence
explicitly in Remark 1 below.

Proof. One may write
T
Bur(A. Ho) — Bar (A, Hy) = — / Aalit, Ho) — Aq(it, Hy) di
0
T
+ / Ag(it, Ho)* — Ag(it, H)* dt, (5.30)
0
and therefore

T
| Ba,7 (A, Ho) — Ba,7 (A, H) || < 2 H/O Aq(it, Hy) — Aq(it, Hy)dt | . (5.31)

Moreover, the integrand may be expressed as

Aq(it, Ho) — Aq(it, Hy) = Aq(it, Ho) — Aa,m(it, Ho) + Aq,m(it, Ho)
—Aa,m(it, Hy) + Aqm(it, Hy) — Aa(it, Hy), (5.32)

and for j = 0, 1, the bounds

T ||A
AL —an

< — =
- 2M Jma

follow immediately from Proposition 3. From this we conclude that for any M > 0,

T
H/ Ag(it, Hy) — Ag m(it, Hy) dt , (5.33)
0

T
| Ba.7(A, Ho) — Ba,7(A, H) || < 2 H/ Aam(it, Hy) — Ag pm(it, Hy) dt
0

2T ||A]|l omaM?

4= 0 5.34
M Jma ( )
Clearly, the pointwise estimate
—at? M (0) A)— (1 A
Aanit, Ho— At oyl < S [ B D2e B g 535
’ ’ 21 J-m |s]
follows directly from (5.19). By Proposition 1, we have that
1 ! 1
) —aP i = [ el @i dx. (5.36)
0

and by assumption (5.27), the integrand satisfies a uniform bound for |s| < M. The
implication is that for all |s| < M,

lei?(A) — P (a))|
Is|

< cje2M=—cs, (5.37)
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Putting everything together, we obtain that

2T ||A|| oM’
M 7

CzM c3 T M
Jae - / / D godr (5.38)
T 0o J-Mm

As M here was arbitrary, we chose it as the (positive) solution of the following quadratic
equation aM? + caM — ¢3 = 0. In this case,

| Ba,7 (A, Hy) — Ba,7 (A, Hy) | <

2T _ o f Al e M?
B,7(A,Hy) — B, 7(A, H) | < =—e oM | 2L 4+ = 5.39
| Ba.7 (A, Hy) — Ba.7(A, H) || < 7€ (Jﬁ - (5.39)

as claimed. 0O

Remark 1. In the main text of the paper, we will use Lemma 5 for the Hamiltonians

Hy = Hy,_g and H = HQ(W o €ach of which depends on the length scale L; see Sect. 2
for the relevant definitions. Tt is assumed that Hy has a gap y; > 0 above the ground state
energy. The local observable A will be exactly as in Lemma 4, and therefore, the numbers
¢i,i = 1,2, 3, may be taken as follows: ¢; = CL*M=D ¢y =k and ¢z = AL /4, where
again C and k depend only on the interaction and the underlying set A. In this case, we
will choose the parametrization a = y; /L and T = L /2. With this choice, the estimate
(5.28) takes the form:

sup | Bor (@) = B @) | = c124emnt (5.40)

i)
l+ ———).
6el0,27] ( L4y L
Here we have used the notation from Sect. 3 and the fact that the gap y;, has a uniform
bound from above; see (1.1) in Sect. 1.

5.3. Estimates for gapped systems. We derive two useful results in this subsection. For
the first we recall the Exponential Clustering Theorem [9, 20], and use it to prove a
technical estimate Lemma 6.

The second crucial estimate in this subsection, Lemma 7 below, applies specifically
to gapped systems. It provides a bound on the norm of the difference in the operators
B, r(A, H) and B(A, H) when restricted to the space of ground states corresponding
to H. The bound applies to local observables A which project off the ground state, i.e.
satisfy PypA Py = 0, where Py is the spectral projection of H onto the ground states, and
is explicit in the parameters a, T, and the spectral gap of H, see (5.64) below.

We will consider Hamiltonians H, of the type introduced in Sect. 5.1, with an addi-
tional feature: a gap above the ground state energy. To state the gap condition precisely,
we consider a representation of the system on a Hilbert space H. This means that there
is a representation 7 : 4 — B(H), and a self-adjoint operator H on H such that

(i (A) = e r(A)e ",

forallt € R and A € A. For the results which follow, we will assume that H > 0 and
that £2 € H is a normalized ground state, i.e., a vector state for which H§2 = 0 and
I$2]] = 1. We say that the system has a spectral gap in this representation if there exists
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8 > O such that o (H) N (0, §) = @, where o (H) is the spectrum of the operator H. In
that case, the spectral gap, y, is defined to be

y =sup{éd >0]|o(H)N (0,5 = 0} (5.41)

Let Py denote the orthogonal projection onto ker H. From now on, we will work in this
representation and simply write A instead of 7 (A).
The following result concerning exponential clustering was proven in [20].

Theorem 6 (Exponential Clustering). Fix A > 0. Let @ € B;(A) be an interaction
for which the corresponding self-adjoint Hamiltonian has a representation H > O with
a normalized ground state vector §2, i.e., HS2 = 0 and ||S2|| = 1. Let Pg denote the
family of spectral projections corresponding to H. If H has a spectral gap of sizey > 0
above the ground state energy, then there exist u > 0 such that for any local observables
Aand Bwith A € Ax, B € Ay, d :=dist(X,Y) > 0, and PyBS2 = PyB*$2 = 0, the
estimate

242

| (£2, Aait(B)$2) | < C(A,B)e_ﬂd(H“" ) (5.42)

holds forallt : 0 < t(4||@|,Cr +y) < 2)d. Here, one may choose

A By = IAIIBI [ 1+ — DD F@x. )+ L) 6w
) = — X,y .
% C xeX yeY ”Md
and
Ay
= -7 (5.44)
K=ol e vy

The above result easily leads to estimates on integrals of these ground state expecta-
tions. We state two such bounds in the next lemma, as they will arise in the proof of our
main result.

Lemma 6. Under the assumptions of Theorem 6, we have the estimates

o) e—ud
| 1@ aamr@)ar < (2udca s« ianipne ) o 5as)
0 v

and

o0 o0
/0 /0 | (82, Aatj(s+1)(B)$2) ’ ds dt
e

= [@a? ¢, By + 1A11BI (2ud + ) | fr (546)

14
Proof. Define T by the equation y T = 2 ud. We have that

T
/ | (2, Aaj;(B)2) | dt < C(A, B)T e 14, (5.47)
0



A Multi-Dimensional Lieb-Schultz-Mattis Theorem 467

and also
°° IAIINBI _, 7
/ [(2, Aaj;(B)2) | dt < ———— e V7. (5.48)
T
Combining these two bounds, we arrive at (5.45). Similarly, one may estimate
T/2 ,T/2 C(A.B T2
/ / ’ (82, Adj(s41)(B)$2) |ds dt < % e e, (5.49)
T/2 IANNBIT _,q
| (2, Adtio4n)(B)R2) | ds dt < ———— e 1, (5.50)
T/2J0 2y
and finally,
R IAINBI _) 7
| (2, Ai(s4n)(B)R) | dsdt < ———¢7". (5.51)
T/2J7T/2 y
O

Remark 2. In our applications, the Hamiltonian H = Hp _y depends on a length scale
L and has a gap y;. > 0 above the ground state energy. The support of the observables
A and B will have a minimal distance d = L/2 — 2R — 1, and moreover, B = B(0)
will either be A1(6) or Az(0). In this case, (B(0))s = 0 by Lemma 1, and therefore,
the assumptions of Theorem 6 hold. Here we have used (-)y to denote the ground state
expectation corresponding to ¥ (6, —6). It is easy to see that there exist positive con-
stants C’ and C” for which C'yy L < ud < C”L, and thus ultimately constants C and
k for which the bounds appearing in (5.45) and (5.46) may be estimated by

00 Ld B
sup / | (Aais (B()))g | dt < C ||A|||X| —e *7LL, (5.52)
0ef0,21.J0 VL
and
d+1
/ / (Ao BON)g | dsdi < C A 1X] Eme L (553)
ee[o 2n VL
respectively.

For the next lemma we will need the following basic estimate involving the decay of
certain Fourier transforms.

Proposition 4. Let a > 0 and T > 0 be given. Define a function F, t : R — C by

5 —lES —as
Fur(E) = e / —dsdt. (5.54)
2mi s — it
Forall E e R, F, 7(E) > 0 and the estimate
T _Eg2
Far(E) < 7€ da, (5.55)

is valid for E > 0. In the parameter range, E > 2aT > 0, one may also show that

r T E?
/ e Eldt — F,1(—E) < Se . (5.56)
0
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Proof. One may easily verify that for any ¢ > 0,
1 00 e—iEs e—as2
— ds =
2ni ) o S — it y 2ma /0

forall E € R, see e.g. Lemma 1 in [20]. This implies the first claim. Evaluating the
Gaussian integral yields

(w+E)2

dw, (5.57)

E
_ —fw a dw < —e 4, 5.58
2/7a /0 ¢ w=3¢ (5-58)
in the case that E > 0, from which (5.55) is clear.

To obtain (5.56), we first recall that the Fourier transform of a Gaussian is a Gaussian,
ie., forallz € C,

X

T e gy, (5.59)

[N
N"

cwm L

and therefore, by rescaling z — —~/2az, multiplying through by ¢!£% (for E € R), and
changing variables w = +/2ax + E, we have that

ol E2 e—azz _ 1 = iwz e_% dw (5.60)
2./ma ’
for all z € C.
Now, by direct substitution into (5.57), we have that
F,7(—E) = 7at2 /OO —tw 7(“’;E)2 d (5.61)
—E) = e e a w. .
a, T 2\/—

Applying (5.60), with the special choice of z = it, one sees that

/TeE’dt — Fur(—E) = / —ar? /0 e o . (5.62)
0 of 2«/_ [ee) ) '

Since w < 0 and ¢ > 0, the integrand above

_ _w _LZ (E=2at)w w2
e W, 4a — ¢ 41 e 2a e da (5.63)

satisfies a trivial bound when E > 2aT . For these values of E, (5.56) holds. O

We may now prove the main estimate for gapped systems. Recall the definitions of
the operators B = B(A, H) and B, v = B, 7(A, H) in (2.19) and (2.24), respectively.

Lemma 7. Let H > 0 be a self-adjoint operator and Pg denote the family of spectral
projections corresponding to H. Suppose H has a gap y > 0, and let A be a local
observable for which PyAPy = 0. If 2aT < y, then one has that

APyl + || A* P -t
| By —B) Po|| < Te % (” ol 2” 0”) + ey IAPo].  (5.64)
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Proof. One may rewrite the difference in these operators as
T
(Bur = 8) Po= [ (s (1) = At de Py
0

o0 T
+ / air (A)dt Py + / Aq(it) dt Py. (5.65)
T 0

Each of these terms may be bounded in norm.
For any vectors f and g, one may calculate

(f,/T Oéiz(A)dtPog)=/T (foe”"™ APyg) di

o0 o0
= / / e "Ed( f, Pp APyg) dt, (5.66)
T 14

where we have used the spectral theorem to rewrite the time evolution and the fact that
PyA Py = 0. Clearly then,

‘(f, /T i (A)dtPy g )

Likewise, one may similarly calculate

T e—at2 00 e_MZ
_/o / (as(A)f, Pog) ds dt

2 ) _ o s +it

o
< Ifl IIAPogII/ e dr, (5.67)
T

and therefore,

e vT
<

|APy]. (5.68)

o0
/ o (A)di Py
T

T
(. /0 Aality*dt Pog)

/ Far(E)d(f. Py A*Pog), (5.69)
Y

where we have introduced F, 7(E) = F, 1 (E) as in (5.54) of Proposition 4 above. The
estimate

T T 2
ok .
H/ Ag(in)"dt Py | < ze |A™ Poll, (5.70)
0

readily follows from (5.55) of Proposition 4 and the fact that 0 < y < E.
Lastly, an analogous calculation shows that

T
/o ([ lir(A) — Aq(i)] Pog)dt

00 T
:/ [/ e Elar — Fa,T(—E)} d{ f, Pg APyg). (5.71)
y 0

Thus, for 2aT < y, we may apply (5.56) of Proposition 4 and establish the bound

2

T
< Ee—% 1A Po]. (5.72)

T
H/ leir (A) — Aq(it) ] dt Py
0
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Compiling our estimates, we have proven that: if 2a7 < y, then

[APoll + 1A* Pyl
2

2 e_yT
| (Bar —B) Po| < Te™ = ( ) + y AP, (5.73)

as claimed. 0O

Remark 3. Applying Lemma 7 to the operator H = Hp _y, whose spectral projections
we denote by P9, and the local observable A = A;(0), we find that there exists a
constant C > 0 for which, along the parametrizationa = yr /L and T = L/2,
Y e
sup || (Ba,r(0) — B1(®)) PJ| < CcL? e 1+ . (574
9e[0,27] yLL

5.4. Norm preserving flows. In this section, we collect some basic facts about the solu-
tions of first order, inhomogeneous differential equations.

Definition 1. Let 5 be a Banach space. Foreach 6 € R, let A(f) : B — B be a bounded
linear operator, and denote by X (6) the solution of the differential equation

WX (O) = AB) X(O) (5.75)

with boundary condition X (0) = Xo € B. We say that the family of operators A(6)
is norm-preserving if the corresponding flow is isometric, i.e., for every Xo € B, the
mapping yp : B — B which associates Xo — X (0), i.e., y9(Xo) = X (0), satisfies

vo(Xo) | = [ Xo |l forallo eR. (5.76)

Two typical examples are the case where 15 is a Hilbert space and A (6) is anti-hermi-
tian and the case where B is a Banach space of linear operators on a Hilbert space with
a spectral norm (such as a p—norm with p € [1, +00]), and where A () is a symmetric
derivation (e.g., i times the commutator with a self-adjoint operator).

Theorem 7. Let A(0), for 8 € R, be a family of norm preserving opeartors in some
Banach space B. For any bounded measurable function B : R — B, the solution of

JY () = AO)Y©O) + B(O), (5.77)

with boundary condition Y (0) = Yy, satisfies the bound

0
1Y©®) — yo(Yo) || < /0 I B®) | do’. (5.78)

Proof. For any 6 € R, let X (6) be the solution of
93X (O) = AB) X(0) (5.79)

with boundary condition X (0) = X, and let y be the linear mapping which takes X
to X (¢). By variation of constants, the solution of the inhomogeneous equation (5.77)
may be expressed as

o
Y©) = v (Yo +/0 ()™ (B(S))dS)- (5.80)

The estimate (5.78) follows from (5.80) as A(@) is norm preserving. 0O
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5.5. Existence of local unitaries with vanishing expectation. Consider a finite system
with a Hamiltonian of the form

H = Z d(X), (5.81)
X

where @ is an interaction as defined at the beginning of the paragraph containing
Eq. (1.7). In the introduction, (1.1), we stated a simple upper bound for the spectral
gap of any such Hamiltonian with a unique ground state. The argument we gave there
made use of a one-site unitary U € Ay, with the property that (£2, U$2) = 0. In the
following lemma we show that such a unitary always exists.

Lemma 8. Let H be a complex Hilbert space of dimension at least 2. Then, for any
density matrix p on 'H, there exists a unitary U € B(H) such that TrpU = 0.

Proof. First consider the case where dim H is finite and even, or infinite. The odd-
dimensional case has to be treated slightly differently. Let {eg, e1, . . .} denote an ortho-
normal basis of eigenvectors of p, with eigenvalues p; ordered in non-increasing order.
If 'H is not separable, it is sufficient that {eg, e1, ...} contain a basis for the separable
subspace ranp. Then, a suitable unitary U can be defined as follows:

U =P leaini)eail + lexi) (enisl- (5.82)

i=0

If dim H is odd (and hence by our assumptions > 3), it is sufficient to change the first
summand in (5.82) as follows

U = aleo)leo| — aler)(er| + bler)(eol + bleg){e1| +€'?le) (er]

+EP lezi—1){eail + lexi) (i,

i>2
where a, b € C and ¢ € R, are chosen such that |a|? + |b|? = 1 and

' py = apy —apy.
This is always possible since p% < (po + p1)>.
It is straightforward to check that U thus defined has the desired properties. O
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