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We consider gapped systems governed by either quantum or Markov dynamics, with the low-lying
states below the gap being approximately degenerate. For a broad class of dynamics, we prove that
ground or stationary state correlation functions can be written as a piece decaying exponentially in
space plus a term set by matrix elements between the low-lying states. The key to the proof is a local
approximation to the negative energy, or annihilation, part of an operator in a gapped system.
Applications to numerical simulation of quantum systems and to networks are discussed.
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The relation between energy and length scales is cen-
tral to our understanding of physics. We intuitively asso-
ciate low energies with long wavelengths. For many-body
systems, at a quantum critical point, where the energy gap
vanishes, we expect to see long-range correlations [1].
Conversely, experience teaches us that a gap in a quantum
system implies a finite correlation length.

Such a result is well known for noninteracting systems;
for example, a defect in a perfect crystal may give rise to
localized modes lying within a band gap. The basic result
shown in [2] is that for a large class of short-range many-
body Hamiltonians this result still holds: if there is a gap
between the ground and first excited states, then the con-
nected correlation function of two operators decays ex-
ponentially in space with the correlation length ¢
bounded by a characteristic velocity divided by the gap,
AE. We note that this contrasts with the possibility of
having an infinite entanglement length in a gapped sys-
tem, as is studied in the field of quantum computation [3].

In this Letter, we extend this result to a more general
class of systems. We consider the case of a quantum
system with some number of almost degenerate low en-
ergy states, all within energy AFE),, of the ground state
energy, with the rest of the spectrum having an energy at
least AE above the ground state. Then, we prove that the
correlation functions include an exponentially decaying
piece with correlation length £, plus a piece which in-
volves matrix elements between the states below the low-
lying states. The results in this Letter apply to finite range
lattice Hamiltonians, with some technical conditions
required to bound the group velocity on the lattice, as
discussed more below. This set of systems includes short-
range lattice spin systems, lattice fermion systems, and
lattice hard-core boson systems. This result provides a
general proof of Kohn’s idea of ‘“‘nearsightedness’ [4] for
this class of systems and thus may have important appli-
cations in O(N) methods for simulating quantum systems.

Proofs of some of the results used in this Letter can be
found in [2]. After giving the basic results, we discuss a
wide variety of applications: to systems with a band
structure, to classical Markov processes, and to systems
on general networks.
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Consider a given connected correlation function, (AB),
where A, B are operators and (- - -) denotes the ground
state expectation value. Using a spectral representation,
we have (AB) = 3 i —xp, AoiBio + X.g=arAoiBio, Where
i represents different intermediate states and O is the
ground state. Define (A, );; = A;; if both E; and E; are
less than or equal to AE,,,,, while (4),,);; = 0 otherwise.

In this Letter we determine which correlation func-
tions may be long range, given the structure of low energy
states. The basic result is that for a pair of operators A, B
separated by distance [, for vanishing AE,,,,

(AB) = ({Atow, Biow}) + Olexp[—1/£)). (D

A quantum Ising system with a transverse field is a
good example system to apply this result: H =
IY 4. j=15iS5 + BY ;S], where S{ are the spin operators
on site i for a = x, y, z and where d(i, j) is some metric on
the lattice. In the paramagnetic phase (B/J sufficiently
large), the system has a unique ground state with a gap to
the rest of the spectrum and so Eq. (1) implies that all
connected correlation functions decay exponentially. In
the ferromagnetic phase (B/J sufficiently small), the
system has two almost degenerate low energy states and
again has a gap to the rest of the spectrum. Operators such
as S¢ have long-range correlations in the ferromagnetic
phase, due to matrix elements of these operators between
the two low-lying states. Correlation functions of opera-
tors which do not couple the low-lying states, such as
energy-energy correlation functions, are exponentially
decaying.

States above the gap.—Define

1 e 1
AT = — dtA(t) ——, 2
27T4/;oo ()ilt+6 ()

where A(r) = exp(iH )Aexp(—iFH 1). Then, (A");; =
A;;O(E; — E;), where O is a step function: ®(x) = 1 for
x>0 and O(x) = 0 for x <0, while ®(0) = 1/2. Thus,

A” includes only the negative energy matrix elements of
A. We may define a similar O for any operator O.

© 2004 The American Physical Society 140402-1



VOLUME 93, NUMBER 14

PHYSICAL REVIEW

week ending

LETTERS 1 OCTOBER 2004

Define Apjgp, = A — Ajoy- Then,

(AB> = <A10wBlow> + <Ah_1ghB> = <A10wBlow> + <[A}Tigh’ B]>;

3)
since (BAy;,,) = 0. Here, we may view A" as a creation
operator and A~ as an annihilation operator.

The basic idea of the proof in this Letter is that we will
find an approximation to A~ such that we can bound both
(i) the error involved in the approximation and (ii) the
commutator of the approximate operator with B. By
bounding both these terms, we are able to bound
<[Al;gh, B]); the reader will see later that these two con-
siderations correspond to bounding terms in Eq. (8) be-
low. The approximation is defined by

A(r) = A(t) exp[ —(tAE)*/(29)], )

- 1 - 1
AT =— | ditA(z , 5
277[ ()iit+6 )

where ¢ will be chosen later. In general, we may define
0, O™ for any operator O.
Then (A+)” = Al]®q(El - E,), where

0,(0)= "o (/2ma/ AE)expl—qlw — o'/ CAE)]
(6)

The function @)q is equal to an error function; for large ¢
it approximates the step function 0.

Finite group velocity.—Since A and B are separated in
space, they commute. Suppose operators A, B are sepa-
rated in space by a distance /, meaning that [ is the
shortest distance between any two sites i, j, such that
some operator on site i appears in A and some operator
on site j appears in B. Then, one expects that the com-
mutator of the operators A(r) and B will be small for some
range of times ¢, with |¢| less than or equal to [ divided by
a characteristic velocity of the system. This is a bound on
the group velocity [5], and the finite range of the
Hamiltonian will be essential in proving it (as an ex-

ample to which this result does not apply, a system with
|

A BDI=5- | [ drespl—(AER/0)M(AG) B

1 V27q )
=—JlallBll| 2 oI (e sER/Cg) |
3 IANBI| 2t +2 7 e

In Eq. (9), for |t|<c,l, we have used exp[—(tAE)>/
(29)K[A(), B)]) = lI[A(2), B]ll and Eq. (7), while for |¢| >
c;l we have used exp[—(tAE)*/(2¢9)I[A(?), B)]) =
2exp[—(tAE)?/(2¢)]IIAlllIBI| and have performed the in-
tegrations using these bounds.

Next, we consider the second pair of terms on the right-
hand of Eq. (8). From Eq. (6) it follows that, for |w| =
AE, |0,(w) — O(w)| = exp[—q/2]/+2mq. Thus, if ¥,)
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long-range Coulomb forces in two dimensions has an
unbounded plasmon group velocity diverging as 1/,/g
for small wave vector q).

Specifically, we consider any lattice Hamiltonian
which can be written as a sum H =, H', where i
ranges over lattice sites and where we require that
(i) the commutator [, O] =0 for any operator O
which acts only on sites j with d(i, j) > R, where R is
the range of the Hamiltonian, and (ii) the operator norm
[|#H|| = J, for all i, for some constant J. Then, it was
shown in [2,5] that there exists a function g(z, [), which
depends on J, R, and the lattice structure, such that

ILAG), BOYI = IANIBIYY g(z ;) = IIAINIBIC(), (7)
7

where the sum ranges over sites j which appear in opera-
tor B, and [; = d(j, i) is the distance from j to the closest
site { in the operator A, and where we define C(r) =
> ;g(t,1)). It was shown that there exists some constant
c; such that g(c,l, I) is exponentially decaying in [ for
large [ [2]. Further g is symmetric in ¢ so that g(z, [) =
g(=t, D) and g(t, 1) = (t/")g(, ) for t <¢ and t, ¢/ > 0.
Thus, g(¢,[) is monotonically increasing in ¢ for ¢ > 0.
Hence, for 1 = ¢;1, ||[A(2), B(0)]l| is exponentially decay-
ing in / for large [. We define v = ¢! as a velocity of the
system; dimensionally, v « JR, with a lattice-dependent
constant of proportionality. In a later section, we discuss
the applicability of this result to systems on general
graphs, or networks.

Commutator—To evaluate the commutator in Eq. (3),
we use

<[A[Tith B]) = <|:A~_’ B]> + (<[A}:igh’ B]> - <[A};g}p B]>)
~([Aiow B ®)

Here, A{igh is defined by starting with Ay, and then
multiplying by exp[—(tA)?/(2¢)], following Eq. (4),
and finally taking the negative energy part. Thus,
Apigh T Ay =A™

First we bound the first term on the right-hand side of
Eq. (8). We have

1
—itt+e

| +2L ‘ f drexp[ —(tAE)*/(2q) K[A(1), B])
7| Jld>eyl

(€))

\
is the ground state wave function, |<‘I’0Ah_igh—

<q’04ﬁgh| = ||Allexp[—¢/2]/v2mq, and also |Ag;,, Vo) —
Apign Vol = llAllexp[—gq/2]/+/27q. Then,
expl—q/2]

[ Agign B — ([Anign, BDI = 21IAIlIIBII o

(10)
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Physically, Eq. (10) is a kind of uncertainty relation: the time integral in Eq. (4) extends over a time of order ,/gAE -1
and thus provides an approximation to energies of order AE/./q.
Almost degenerate low energy states.—Suppose AE,,, is very small compared to AE. Then, for w = AEo, 0,(®) is

close to 1/2: |0,(w) — 1/2| = \/q/2m(w/AE). Thus, [{[Ag,, BD) = 3{[Aww, BDI = 2l A1yl Bioyll X g/ 27 (0 /AE).

Then, from Egs. (3) and (8)—(10) above, it follows that

_ _1 - Cler) Va B > exp[—q/2]
|<AB> <A10wBlow> ) <[A10W) Blow]>| — 2”A”B”( o + 27TAEC]Z CXP[ (CllAE) /(261)] + ,—27761 >
+ 2||A10W”||B10W” q/ZW(AElow/AE) (11)

Equation (11) is valid for any g. Picking g = ¢;IAE to get the tightest bound, we have

\<AB>— Ao Bios} \snAnan 20(ey /@) + =SB | 1 2] A Bl e TAE /27 A By / AE).
2 Nx

The first term in brackets in Eq. (12) is exponentially
decaying in [ with some correlation length £.-. The sec-
ond term in brackets decays exponentially with correla-
tion length 2/(c;AE). Thus, we define the correlation
length £ to be the minimum of &. and 2/(c;AE). For
AE,,, taken to be zero, we have Eq. (1).

Low energy commutator—We can also bound the ex-
pectation value {[Ajoy, Biow ). Define A = AE/\/27q X
%% dtA(f). Then, we can bound the commutator: |[([A°,
Bl = AE/\/W{fhKclzdtC(t) +1 f|t|>clldt<[A(t)’ Blht=
ANIBI{/c IAE/27C(c 1) + 2e~<1!AE/2} Next, consider
the difference {([A°, B]) — {{Ajow Biow]). This equals
(([A?ow’ B) - <[A10W’ Blow]>) + <[A~gigh’ B]) EXpliCit compu-

tation with a spectral representation gives |<[AZ?OW, B])—
<[A10w: Bl~0w]>| = 2||A10W|| “Blow” (eiq(AE]OW/AE) 2 — 1)7
while (A}, BDI = 2||A||B|le~<1*AE/2 Combining these

bounds with the bound on [{{A°, B])| gives

A7 BO) ~ (Ao (~i7)Bion O] = ¢80 S AIIBIC(e1D) + (24

(12)

[{CA1ows Biow DI = IANIBILy ¢ IAE/27rC(c, 1) + 41 AE/2]
+2”A10w ” ”Blow ” (e_q(AEIOW/AE)Z/Z - 1)
(13)

Thus, for AE,, = 0, we find that |({Ayw, Biow )| is ex-
ponentially decaying in /.

Operators at different times.—We finally extend the
result Eq. (12) to correlation functions (A(—i7)B(0)),
with 7 real and 7 > (. Define

A*(+ir) = % fdzA(t)

by —it + 7. In this case, we find that Eq. (9) still holds
as a bound for [{{A~(—i7), B])|. One may also show that,
for 7=¢q/AE, [([Apg,(—i7), B]) —exp[+7?AE?/(2)] X
([Apign(—i7), BRI = 2llll[Blle~4/2.

With the given ¢ = ¢;IAE the above bounds show that
for 7 = ¢,

(14)

*Tit+ 71

2
AllllB —c,AEL/2
m)” 1Bl

+ Az, (—i), B]>I} (15)

To bound the last term in the above equation, we use
”Alow(t) _Alow(O)” = tAElow”Alow”- Define z :~(27T)71 X
[ drexpl—(AE)/(2g)]/(~it + 7). Then, |([Ay,(~i7)
B]) - Z<[Alow: Blow]>| = 77'_1 fdttAElow”Alow””Blow” X
exp[—(rAE)?/(2q))/(—it + 1) = \2q/ 7l Aoy 1By Il ¥
(AEy,/AE). Thus, for AEy, = 0, [([Aj,(—i7), BD| is
exponentially decaying in [, following Eq. (13).

Band structure—These techniques can also be applied
to problems with a band structure. All of the results above
can be generalized to fermionic operators A, B by inter-
changing commutators and anticommutators throughout.
Consider a free fermionic theory, with spectrum with two
bands separated by a band gap 2AE. Then, we can shift
the zero of energy so that the spectrum has some set of
states with energy at most —AFE and another with energy
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\
at least AE. Then, if A = z//;r is the fermionic creation
operator at some point i, we can define an operator A~
which approximately projects l,[f;»r onto the lower band. At
the same time, A~ will be exponentially localized around
point i, so that [[{A~, O}l = O(exp[—(c,IAE)?*/(2q)]) +
O(C(c,1)), if the fermionic operator O acts only on a site j
with d(x, j) = I. This approximation may be useful for
computing the density matrix in these systems[6]: if
the chemical potential is such that all states are filled
up to zero energy, then p(i,j)E(c,//;ﬁ//j):({Aiz//j})z
SER2

Markov processes.—The above locality results can also
be carried over to systems which obey continuous time
dynamics, following [2], where we have a transition ma-

140402-3



VOLUME 93, NUMBER 14

PHYSICAL REVIEW

week ending

LETTERS 1 OCTOBER 2004

trix T;; and a probability p; of being in state i, so that
d,p; = > ;jTijpj- By conservation of total probability, we
have }";T;; = 0, guaranteeing that 7" has at least one zero
eigenvalue. Let this stationary state with zero eigenvalue
have right eigenvector p? and left eigenvector I;; here,
I, =1 for all i.

Suppose all eigenvalues of T are real (this includes all
systems for which the stationary state obeys detailed bal-
ance). All eigenvalues of T are nonpositive. Then, assume
that there are some number of eigenvalues A; of T with
0= A; = — A}, while all other eigenvalues A; have A; =
—A, with A > A,,,,. For each quantity to be measured,
A, B, ..., define (A) = ZiAip?. We can introduce for
each quantity a diagonal matrix given by Aii = A;, and
Aij =0 for i+# j. Then, (A(t)B(0)) = IT exp[—Tt] X
Aexp[Tt]Bp°® = ITA(t)Bp°. We have left off the indices
on the vector I, p and on the matrices A, B, exp[*=Tt];
the product is evaluated following the usual rules of
matrix multiplication. We can continue these definitions
of A(7) to imaginary time and define A(it) = A(it) X
exp[—(tA)?/(2q)] while A" =L [dtA(it)(Fit + €)'

Assume that T can be written as a sum of matrices 77,
with finite interaction range R and bound ||T*|| < J for all
i. With these preliminaries, all of the above manipula-
tions can be carried out for Markov processes. In particu-
lar, <AB> = <(1/2){A10w: Blow}> + @(CXP[_Z/f])

Networks.—Recently, systems on general graphs or net-
works have been studied much [7]. Example systems
include the random graph and the small-world network
[8]. Locality is an important question in these systems,
for community detection, for example [9,10]. In a small
world, the presence of long-range jumps can completely
destroy locality above some length scale so that all criti-
cal behavior is mean field [11].

Following [2], the bound Eq. (7) holds for any graph for
which all sites have a bounded number of neighbors
(counting a neighbor as any other site within distance
R) and for which |T/| = J for all sites i. This includes a
large class of interesting networks, such as the small-
world network. However, another large class of interest-
ing networks, the scale-free networks, has an unbounded
coordination number. In many of these cases, JH (or T)
can be written as a sum of operators lying on bonds which
have bounded operator norm. Then, we can add to the
graph a set of additional sites which lie on these bonds
between sites on the original network, calling one of new
these sites (i, j) if it lies on the bond between i and j.
Then, we can let H = z“,j)}[(i'j), with || H )| < J.

However, we still must deal with the unbounded num-
ber of neighbors. The range of one of these bond
Hamiltonians is such that (i, j) is within range R of
(i, k) for all j, k which neighbor i, so that we cannot bound
the number of neighbors within range of a given bond
(i, j). However, if the given scale-free networks is loop-
less, inspection of the proof in [2] shows that Eq. (7) still
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holds. Thus, we claim that for networks with either
bounded coordination number and bounded JH "’ or loop-
less networks with bounded {7, the result Eq. (1) is
valid.

As an example, consider the contact process for
epidemic spreading [12] on a small-world network.
Away from the critical point, in the endemic phase, the
Markov process governing the dynamics of this process
has a gapped transition matrix. Then, a correlation func-
tion of the number of infected individuals on a site i
with the number on a site j decays exponentially as
exp[—d(i, j)/ €], where d(i, j) is the shortest path distance
from i to j.

Discussion.—The result we have shown is expected on
physical grounds. In a gapped system, the correlation
function can be written as in Eq. (1): an exponentially
decaying piece, plus a piece determined by matrix ele-
ments between the low-lying states. In the quantum Ising
system of the introduction, the local operator S5 has
nonvanishing matrix elements between two low-lying
states. In a fractional quantum Hall system with a topo-
logical degeneracy and a gap to the rest of the spectrum
[13], the matrix elements between the low-lying states are
small for all local operators, so all correlation functions
decay exponentially. Finally, in the spin-1/2 antiferro-
magnet on the Kagomé lattice, which appears to have a
divergent but subextensive number of low energy spin
singlets lying below a finite gap [14], only singlet opera-
tors may have long range correlations.
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