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Efficient algorithm for approximating one-dimensional ground states

Dorit Aharonov”
School of Computer Science and Engineering, Hebrew University, Jerusalem, Israel

Itai Arad'
School of Computer Science, Tel-Aviv University, Tel-Aviv, Israel

Sandy Irani*
Computer Science Department, University of California, Irvine, California, USA
(Received 17 November 2009; published 16 July 2010)

The density-matrix renormalization-group method is very effective at finding ground states of one-dimensional

(1D) quantum systems in practice, but it is a heuristic method, and there is no known proof for when it works. In
this article we describe an efficient classical algorithm which provably finds a good approximation of the ground
state of 1D systems under well-defined conditions. More precisely, our algorithm finds a matrix product state of
bond dimension D whose energy approximates the minimal energy such states can achieve. The running time is
exponential in D, and so the algorithm can be considered tractable even for D, which is logarithmic in the size of
the chain. The result also implies trivially that the ground state of any local commuting Hamiltonian in 1D can
be approximated efficiently; we improve this to an exact algorithm.
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I. INTRODUCTION

Finding ground states of local one-dimensional (1D)
Hamiltonian systems is a major problem in physics. The most
commonly used method is density matrix renormalization
group (DMRG) [1-6], discovered in 1992. DMRG can be cast
in the form of matrix product states (MPSs) which are succinct
representations of 1D quantum states using D x D matrices,
where the coefficients in the state can be written in terms
of products of these matrices. The number of matrices is dn,
where d is the dimension of each individual particle and z is the
number of particles in the system. The parameter D is called
the bond dimension. DMRG works essentially as follows:
The algorithm starts with some initial MPS and sweeps from
one end of the chain to the other, optimizing the entries of
the matrices at one site with the other parameters fixed. Some
versions allow optimizing over two neighboring sites at once,
which enables the algorithm to increase the bond dimension in
the course of the algorithm for improved accuracy. In all cases,
the approach is to apply local optimizations iteratively. It is thus
easy to construct examples in which the DMRG algorithm gets
trapped in alocal minimum. To illustrate this, think of a 1D spin
chain whose Hamiltonian consists of two types of interactions:
One type consists of interactions which force the spins to be
aligned; every two neighboring sites gain an energy penalty of
say 4 if they are not aligned. The other type of term gives every
spin an energy penalty of 1 if it points upward. Starting from
the all-up string, a local move only increases the energy; thus,
local update rules cannot take the system to its ground state,
the all-down string. This example can of course be handled
by randomizing the initial string, for example, or increasing
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the window size; however, it demonstrates that DMRG has a
fundamental difficulty in addressing nonlocal characteristics
of the system. It is natural to ask if there is a general algorithm
that does not get stuck in local minima as DMRG does and
provably always find a good approximation of the ground state
of a given 1D system in a reasonable amount of time.

To answer this question, we first ask what is known
regarding the analogous question in the easier, classical, case.
It was Kitaev [7] who drew the important connection between
the problem of finding ground energy and ground states of
local Hamiltonians and the well-known classical constraint
satisfaction problem (CSP). The input to a CSP consists of
constraints {H.}. on n g-state classical particles. Each H,
acts on k particles (for some constant k) and is given as
a Boolean function on the possible assignments to those k
particles; when H, = 1 the configuration is forbidden and
when H, =0 it is allowed. The problem is to determine
the maximum number of constraints that can be satisfied
or, alternatively, to minimize ZC H_.. The decision version
of this problem is to determine whether it is possible to
satisfy more than some given number of constraints. This is
one of the most well-known NP-complete (where NP denotes
nondeterministic polynomial) problems. CSP can clearly be
seen as a special case of the problem of finding ground
states and ground energies of local Hamiltonians, in which the
terms in the Hamiltonian are projections on local forbidden
configurations. This analogy has led over the past few years
to many interesting insights regarding the local Hamiltonian
problem (see, e.g., Refs. [7-12]).

Let us therefore see what the known classical results
regarding CSP in 1D can teach us about 1D local Hamiltonians
and their ground states. We recall that in the classical case,
ID CSPs (in which the particles are arranged in a line and
constraints are between k adjacent neighbors) are dramatically
easier than their higher-dimensional counterparts. While even
the 2D case is NP complete, the 1D problem can be solved
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in polynomial time. The reason for the tractability of the
problem in 1D is essentially that the problem can be divided
into subproblems, namely, the left- and the right-hand sides of
the chain, which interact only via the k particles on the border.
The fact that these particles can only be assigned a small
number of possible values makes it possible to handle the
problem by solving each subproblem separately for each fixed
possible assignment to the border particles and then gluing the
subsolutions together by picking the best choice for the middle
particles. We explain the algorithm in detail later; the outcome
is an algorithm which is linear in the number of particles in
the chain and quadratic in the number of states per particle.

Unfortunately, there is no hope of getting such a general
result for the 1D quantum problem. Aharonov et al. [10]
have shown that approximating the ground energy for general
ID quantum systems is as hard as quantum-NP. Even when
restricted to ground states that are well-approximated by MPSs
of polynomial bond dimension, the problem is NP-hard, as
was shown by Schuch et al. [13]. A related earlier result due
to Eisert [14] showed that optimizing a constant number of
matrices in the MPS representation subject to fixed values
in the other matrices is NP-hard. These results indicate that
the dichotomy between the computational difficulty of 1D
and 2D classical systems does not carry over to the quantum
setting, and it is highly unlikely that the quantum 1D problem
is tractable. Nevertheless, we show here that using the classical
1D algorithm as a template for an algorithm for the quantum
problem leads to a solution for a wide and interesting class of
local Hamiltonian problems, namely, for those cases in which
we can assume that the bond dimension is small.

A. Main result

We derive an efficient algorithm for approximating the
minimal energy of a 1D system among all states of a bounded
bond dimension D. The algorithm is exponential in D and thus
can be considered reasonable, though maybe not practical,
even for D, which is logarithmic in the size of the chain.
The algorithm also provides a description of an MPS with the
approximate minimal energy.

Theorem 1. Let H be a nearest-neighbor Hamiltonian on a
1D system of n d-dimensional particles. Let J be a bound on
the operator norm of each local term. There is an algorithm that
takes as input €, H, and D and produces an MPS |€2) of bond
dimension D, such that for any MPS |¢) of bond dimension
D with nD? > 12,

(QIH|Q) < (WIH|y) +2J D*n’e. (1

The algorithm runs in time n - poly(d,D,N), where N =
O( 144dD )D+2d D? .
€

Several remarks are in place here. First, note that the
restriction that the interactions are nearest neighbor is done
without loss of generality since any 1D system can be reduced
to a 2-local 1D system with nearest-neighbor interactions by
grouping neighboring particles together.

Note also that the running time in the preceding theorem
is phrased as a linear function in n, the size of the system,
times some fixed amount of time spent per particle. The error,
however, scales with n2. One may want to apply the theorem
to derive an approximation with a fixed additive error §, in
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which case simply set € = §n~2 in the preceding theorem to
get the running time as a function of §.

This result shows that the problem of finding bounded
bond dimension MPSs can be done in polynomial time.
Unfortunately, the running time, though efficient in theory,
is quite impractical, as even for D =2 and the error €/n>
a constant, we get a running time which scales like n'®. It
is hard to imagine that these running times are practical.
Nevertheless, it is very likely that the running time can be
improved; in particular, when solving specific problems with
certain symmetries, dramatic improvements may be possible.
Moreover, it is possible that this algorithm can be used to
boost DMRG in certain cases where it gets stuck or to create
the initial state of DMRG. All these improvements are left for
further research.

We now provide an overview of the algorithm. To under-
stand the general idea, we first recall how the classical 1D
algorithm works in detail. Consider the case of the classical
CSP on a line with k = 2, namely, the problem of minimizing
the energy function H = ", H; ;1. An optimal assignment
can be found efficiently by a standard algorithmic technique
called dynamic programming. Define the partial problem up
to the (r + D)th particle, H, = Y ._, H;;11. The algorithm
starts with the partial problem defined for » = 1 and creates
a list L, of possible assignments to the first two particles as
follows: For each of the g possible assignments o to particle
2, the algorithm finds an assignment o to particle 1 which
minimizes H;(oj,07). That optimal o; is called the fail of
0,. For each o, the algorithm keeps its tail o7 and also the
energy of this partial assignment, H;(o},03). L, thus contains
the best possible partial assignment with each possible ending.
After r — 1 iterations, we assume the algorithm has a list L,
consisting of an optimal tail oy, ...,0,_; for each of the g
possible assignments o, to the rth particle, where optimality is
measured with respect to H,_;. In other words, the algorithm
has a solution to the subproblem confined to the first r particles,
with any possible ending. To include the next particle, and
create the next list L, |, the algorithm finds the optimal tail of
each assignment o, ;. This is done by considering all items in
the list L, as possible tails for o,,; and taking the tail which
minimizes H,(o1,...,0,11). In each of the n — 1 iterations,
the algorithm checks for each of the g possible assignments
o, all g items in the list L,_;. Thus, in time which is linear
in n and quadratic in g, we can derive the final list L,,_;. The
final solution is an assignment of minimal energy in that list.

The main idea in this atricle is to generalize the preceding
algorithm to MPSs by replacing assignments to particles
by possible values of MPS matrices. Since matrices are
continuous objects, we use an € net over all possible matrices
of bond dimension D. The number of possible assignments to
one variable, g, will now be replaced by the number of points
in the € net, denoted as N. We will move from one site to the
next, keeping track of the minimum-energy MPS state, which
ends in each MPS matrix for the rightmost particle that the
algorithm has reached.

In order to carry out this idea, it must not happen that
the choice of the MPS matrix of a later iteration can change
the optimality of the partial MPS state found in an earlier
iteration. To avoid this, we work with a restricted form of MPSs
called canonical MPSs, in which the energy of each term in
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the Hamiltonian depends only on MPS matrices associated
with nearby particles. There are, however, various technical
issues we need to handle. In particular, we cannot use perfectly
canonical MPSs but only an approximated version of those,
which imposes further technicalities, and in particular, the
neighboring MPS matrices do not match perfectly (we call
this imperfect stitching). These technicalities make the error
analysis a bit subtle. Before we formally define canonical
MPSs and provide the details of the algorithm, we mention
an implication for a related problem.

B. Commuting Hamiltonians in 1D

A problem related to finding minimum-energy MPS states
is the complexity of calculating the ground energy of commut-
ing Hamiltonians in which all the local terms commute. Bravyi
and Vyalyi proved that for 2-local Hamiltonians the problem
lies inside NP [8]. For k-local commuting Hamiltonians with
k > 2, the complexity of the problem is still open. The
complexity of the 1D case was not studied before as far as
we know; an immediate corollary of Theorem 1 is that there is
an efficient classical algorithm for approximating the ground
energy of commuting Hamiltonians in 1D to within 1/poly(n).
This is because the ground state of a commuting Hamiltonian
in 1D is an MPS of constant D (this is a well-known
fact that we explain later for completeness), and therefore
Theorem 1 can be applied. In fact, the result can be improved to
an exact algorithm (up to exponentially good approximations
due to truncations of real numbers) for a certain general class
of problems. We prove the following.

Theorem 2. Given is a 1D Hamiltonian whose terms
commute. There is an efficient algorithm that can compute
the ground energy of this Hamiltonian to within any desired
accuracy € in time polynomial in n and in é If we may
assume also that the ground space of the total Hamiltonian
is well separated from the higher excited states, by a spectral
gap which is at least 1/poly(n), then the algorithm can find
both the ground energy and a description of an MPS for the
ground state exactly (i.e., up to exponentially small errors due
to handling of real numbers).

The basic idea for the exact algorithm can be illustrated
when the terms in the Hamiltonian are all projections and the
ground state is unique. Since the terms commute, the ground
state is an eigenstate of each term separately, with eigenvalue
either O or 1. We start by applying the dynamic programming
algorithm, to create a good approximation of the ground state.
From this approximation we can deduce the correct eigenvalue
(0 or 1) for each of the terms. The projections on the relevant
eigenspaces can then be applied to the MPS of the approximate
state to make it exact. One gets a tensor network of small depth,
which can be converted into an MPS again. It can be shown that
applying the projections does not increase the bond dimension
of the MPS too much with respect to the approximating state.
The details are fleshed out in the proof (Sec. V).

Handling the degenerate case is very easy; essentially, we
force the dynamic algorithm to choose one state of the various
possible states. The assumption on the spectral gap ensures
that the errors created by the e-net approximations would not
cause a confusion between the ground space and some excited
states.
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We provide an alternative proof of Theorem 2, which
also uses dynamic programming. In fact, this proof holds
for a somewhat stronger version of the theorem, in which
the conditions on the spectrum are far less restrictive. In the
algorithm given by this approach, the state is not provided
as an MPS but rather as a tensor product of two-particle
states. The construction is based on the work of Ref. [8],
in which it is proved that the ground states of 2-local
commuting Hamiltonians have this special structure. Bravyi
and Vyalyi use this structure to show that general 2-local
commuting Hamiltonians are in NP. Since 1D chains with
k-local interactions can always be made 2-local by treating
nearby particles as one particle of a larger dimension, Ref. [8]
implies that the 1D commuting problem lies in NP. However,
by exploiting the special form of these ground states, dynamic
programming can be applied to find the solution efficiently
in a very similar manner to the 1D CSP, in which the NP
witness is found using the 1D structure. Unfortunately, in this
approach too, it seems that one cannot avoid some assumption
on the spectrum of the total Hamiltonian, albeit a significantly
less restrictive one. Throughout its execution, the dynamic
programming algorithm compares various partial energies.
If these are too close, and cannot be distinguished even by
computations performed with exponentially good precision,
then the algorithm might get confused between the ground
energy and a slightly excited state. A sketch of the alternative
proof of Theorem 2, providing the stronger version of it, and a
discussion of the preceding precision issue are given in Sec. V.

We mention that this latter proof (and in particular the
observation that dynamic programming can be useful for 1D
quantum systems and not only for 1D classical systems) was
the inspiration for the current article, rather than its corollary.

C. Discussion and open questions

It is natural to ask how much the results in this article can be
improved. By Ref. [13], we know that no polynomial algorithm
exists for finding optimal approximations of polynomial bond
dimension (unless P = NP). However, the difficult instances
of Ref. [13] have a spectral gap of 1/poly(n). Hastings has
shown that ground states of 1D quantum systems with a
constant gap can be approximated by MPSs with polynomial
bond dimension [15]. However, this is too large to immediately
yield an efficient algorithm from our result. It may still be
true, however, that under the additional restriction that the
Hamiltonian has a constant gap, a polynomial time algorithm
exists, even when the bond dimension is as large as polynomial.

It is very likely that the efficiency of our algorithm can be
significantly improved even for the general case. In particular,
afactor of n would be shaved from the error in Theorem 1 if we
could use an € net which is both exactly canonical and enables
perfect overlap between matrices at neighboring particles, as
we later explain. Unfortunately, even if this can be done, the
running time for this general algorithm is still quite large.

As mentioned earlier, we leave for further research the
question of how this algorithm can be used in combination
with DMRG and how certain symmetries in the problem can be
utilized to enhance its performance time for specific interesting
cases.
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We note that very similar results to those presented in this
article were derived independently by Schuch and Cirac [16].

D. Paper organization

Section II starts by defining tensor networks, MPSs, and
canonical MPSs. In Sec. III we describe the algorithm. This
is where the € nets are defined and an algorithm to generate
them is given. Also in Sec. III, we show how they are used in
the dynamic programming algorithm. Section IV provides an
exact analysis of the error accumulated in the algorithm. The
complexity is analyzed as a function of the desired error. In
Sec. V we provide the proof regarding the approximate and
exact solutions for the commuting 1D case. We defer several
technical lemmas to the Appendix.

II. TENSOR NETWORKS AND MATRIX
PRODUCT STATES

A. Tensor networks

We start with some background on tensor networks, since
MPSs are a special case of those. A detailed introduction to the
use of tensor networks in the context of quantum computation
can be found in Refs. [17-19].

A tensor network is a graph in which we allow some of
the edges to be incident to only one node. These edges are
called the /egs of the network. Each node is assigned a tensor
whose rank (number of indices) is equal to the degree of the
node. Each index of the tensor corresponds to one edge that is
incident to that node. To each edge (or index) we also assign
a positive integer which indicates the range of the index. The
indices associated with some of the edges in the tensor network
may be assigned fixed values. The other edges are called free
edges.

We call an assignment of values to the indices of the free
edges in the network a configuration. With all the indices fixed,
the tensor at each node in the network yields a particular value.
We say that the value of the configuration is the product of the
values for each of the nodes.

The value of the network is in general a tensor, whose rank
is equal to the number of legs in the network. If there are
no such legs, the value is simply a number (a scalar). Each
assignment of values to the indices associated with the legs of
the network gives rise to a value for the network tensor. We
compute the tensor value for this assignment by summing over
all configurations which are consistent with that assignment
the value of each such configuration.

We note that often in the literature, one assigns values not to
entire edges but to the two sides of an edge separately (where
each side inherits its range of indices from the tensor associated
with the node on that side). In the evaluation of the network,
we require that the values on the two sides of one edge are
equal, or else the entire configuration contributes zero to the
sum.
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FIG. 1. MPS as a tensor network.
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Tensors will be denoted as bold-face fonts: A,I',u. Their
contraction will be denoted as an expression like AT i, when
it is clear from the context along which indices the contraction
is performed.

It is possible to restrict a tensor of rank k to a tensor of
rank k — 1 by assigning a fixed value to one of its legs. For
example, T, is the restriction of the tensor I' to the case in
which the relevant edge associated with the index « is given
some value (which, by the usual abuse of notation of variables
and their values, will also be denoted as «).

It is convenient to associate with every tensor (which can
be given as a contraction of a tensor network) a quantum state.
For example, let T’ = F‘i’ P be a rank-3 tensor. Then we define

1) E Y0 Thsla) @ 1) @ IB).

B. Matrix product states

We work in the notation of Vidal [20] for MPSs, with minor
changes. A MPS of a chain of n d-dimensional particles, with
bond dimension D, is a tensor network with a 1D structure
as in Fig. 1. Horizontal edges correspond to indices ranging
from 1 to the bond dimension D and are denoted with ., 8, . . .,
while vertical edges correspond to indices ranging from 1 to the
physical dimension d. (In our description, the end particles will
actually have a different physical dimension, denoted d.nq. This
is required due to a technical reason described in Sec. IIC.)
The indices of vertical edges are denoted with i,j,... The
figures show two types of nodes: black and white. The tensors
of black nodes are typically of rank 3 (except for the boundary
tensors, which are of rank 2), and we denote them with I'’s.
For example, when the tensor that is second from left is written

with its indices, it is denoted as F([f]a , where the index [2] in
brackets corresponds to its location in the graph. The tensors
associated with white nodes are always of rank 2 and are
denoted with A’s. They are required to be diagonal and hence
are given only one index (i.e., )\}32]). Without loss of generality,
we will also demand that the entries of A are nonnegative since
the phases can be absorbed in the neighboring I tensors.

The MPS defined by this network is |¢) =
Zjl ,,,,, in Ci| ..... i,,|il>"'|in>’ with

2: P A 2IpRIE G0

o3 a3

dmpil

.....

In the language of tensor states, |¢) is exactly the tensor
state of the contraction TIHARIPE2I. .. Al

C. Canonical MPSs

An MPS is in canonical form if every cut in the chain
induces a Schmidt decomposition (as in Fig. 2). In other
words, we can rewrite the MPS by changing the order of
summation to sum last over the index g of the jth A tensor:

=Y, 1 ILY") ® IRYY), where L' (R}f") denote the
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FIG. 2. (Color online) A description of a canonical MPS. The tensors are chosen such that cutting a MPS between the j — Ith and jth
particles corresponds to the Schmidt decomposition between the left and right parts: [¢) = ) s )L/[f;’ ! |L}3’ J) ® |RE3’ J).

contraction of the all the tensors to the left (right) of the
cut with fixed 8 and IL,[SJ]) (|R}[3”)) are their corresponding
states. Then the canonical conditions are that for all j from
2ton, Y4 = 1 and (LY'|LY") = (RYIRY") = 8,5. In
addition, for normalization, we require that the entire MPS
state is normalized, which is guaranteed by the normalization
requirement on the A1 tensors.

There is a small technical issue that needs attention: The
canonical conditions cannot be satisfied at the boundaries if
d < D. Consider for example the left boundary; there are not
enough dimensions in the Hilbert space of the left particle
for an orthonormal set of vectors |L([x2]) to exist. This issue
remains a problem even as we move away from the boundary
by one particle, as the dimension of the left-side Hilbert space
increases to d> which may still be smaller than D. There are
many ways of handling this technicality; here we choose to
assume that the particles at the end of the chain have dimension
of atleast D. This will ensure that at any cut along the chain, the
Hilbert space of the subsystems on each side have dimension
of at least D. We can achieve this by grouping s particles at
each end of the chain into a single particle, where s is chosen
to be the smallest integer such that d* > D. Denote d* as deyq,
the dimensionality of each of those end particles. Note that
deng = d* < Dd. The dimension of the rest of the particles
will remain d. We renumber the particles after the grouping,
so that the new Hj; is now the sum of the old H;;; for i
ranging from 1 to s. The term in the Hamiltonian for the last
two particles is adjusted in a similar manner. We will assume
from now on that the Hamiltonian is given in this form.

Let us now see how the canonical conditions can be stated in
alocal manner. Graphically, the second condition is equivalent
to

£l Al
— -

[
B

—-c— - - - ]

A1 pli-1]

and similarly from the other side. Here the upper part of the
network corresponds to |L£f ]), and the lower part corresponds
to (Lfgj] |. Notice that the canonical conditions imply that we
can “collapse” the network both from the left side and from the
right side. Moreover, as this condition holds at every bond, it
is not difficult to see that a necessary and sufficient condition
for an MPS to be canonical consists of the following local
conditions on (x[ﬂ,r[ﬂ,x”“]): Forevery j =2,...,n—1,

((x“’]rm)a|(x[”r[”),3) =dqp (left canonical), (3)
(UL (eI gy = 8,6 (right canonical).  (4)

Forj=1and j =n,forl <, g <D,

(e = )=
(boundary canonical conditions). (®)]

We also require that the A’s are normalized, namely, that
for every j from 2 to n,

<)~U]|)~UJ> =1. (6)

Graphically, these conditions are summarized in Fig. 3.

Any triplet (AU TV AUFYy = (AT, ) that satisfies the
normalization and the left and right canonical conditions
[Egs. (3), (4), and (6)] is called a canonical triplet. Such
a triplet can be associated with a quantum state on three
particles |¢) = AT ) = Za.i,ﬁ )\al“éﬂu5|a)|i)|ﬂ), with the
following properties: ||| = 1; the Schmidt basis of the first
particle is the standard basis, with Schmidt coefficients {1, };
and the Schmidt basis of the third particle is the standard
basis, with Schmidt coefficients {xg}. A canonical MPS can
thus be described as a set of canonical triplets (or equivalently
three-particle states) such that the right p tensor of one state
is equal to the left A tensor of the next canonical triplet.

Instead of describing a canonical MPS in terms of canonical
triplets (A, T, u), we will often describe it using canonical pairs
(A, B), where

BYru.
The advantage is that for canonical MPSs, the elements in
B are always bounded (since the L, norm of B satisfies
|IB| = +/D; see Sec. IID), unlike T whose entries can
approach infinity when the corresponding u entries approach
Zero.

An MPS that is described by the contraction
rURIp2RBr Al can also  be  denoted as
ri2gigil... =l No information is lost
since p can always be recovered from (A, B): ug is the norm
(see Sec. II D) of the tensor state ()»B),gzl

1/2
I‘Lﬂ = <Z |)\‘U‘Bl§tﬂ|2> .
i,a

We define u & (A, B) this way also for noncanonical pairs.

'Recall that 115 corresponds to a Schmidt coefficient in a Schmidt
decomposition that coincides with the standard basis.
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FIG. 3. (a) The normalization condition for j = 2, ..., n. (b) The left-right canonical conditions for j =2,...,n — 1 [see Egs. (3) and
(4)]. (c) The boundary canonical conditions for j = 1 and j = n [see Eq. (5)].

The advantage of working with the canonical form is
that the energy of local Hamiltonians involves only the local
tensors, as the following figure illustrates:

Tl A2 -1 AUl pll Al plnl rli-1 AUl pbl
o —oc— --- --- ——9 S
A1 A+
0 H .. 0
® J—Li 0}
—o— - . —o0—e SN

The preceding equality was obtained using the canonical
conditions that are described in Eq. (2). Consequently, the
energy (Y |H,_1 j|¥) only involves five tensors: AUV~ T/~
AU UL and A+, Similarly, H; » only depends on i arn
2 aBl and H,_ , only depends on A= =1 3 and
I It is important that each energy term does not involve
tensors further to the right in the chain since the algorithm
attempts to compute (or approximate) the optimal MPS up
to a certain point. We would like to be able to grow the
description of the state from left to right, without affecting
the energies we have already computed. If matrices in the
right side of the chain affected energies of terms in the left
side, we would need to go back and change the MPS matrices
of the particles we have already handled after we make new
assignments to particles on the right. This would ruin the entire
idea of dynamic programming.

Fortunately, any MPS representing a normalized state can
be written as a canonical MPS with no increase in bond
dimension. This follows from Ref. [20], in which it is shown
that any state with Schmidt rank of at most D across any cut
can be written as a canonical MPS with bond dimension D.

D. Tensor norms and distances

We use the L, norm on tensors || X ||? o Zil___l.k |X,~],,,ik|2.
This norm of course induces a metric, namely, a way of
defining the distance between tensors of the same rank. It is
easy to see that the norm of a tensor C is equal to the Eucledian
norm of its corresponding state |C). Also, for a rank-2 tensor
(which can be viewed as a matrix), it is known that its operator
norm is not larger than its tensor norm (which in this case is
simply the Frobenious norm).

It is true that for any three tensors, B, B,,B, we have
BB — B,B| < ||B; — B3| - ||B]l. In fact, many times in
the context of MPSs, a much stronger inequality holds. Assume
B connects with B| or B, along one edge, indexed by «.
Assume further that | B, || = 1 for every « (in the context of
canonical MPSs, it will often be the case that we consider the
contraction of one side of the chain with a fixed index o of
the cut edge, and this contraction is indeed of norm 1 by the
canonical conditions). In this case, we have a much stronger
inequality, which can be easily verified:

B1B — ByB| = [|B1 — B]|. )

We can apply this to cases of interest when we compare
contractions of tensors which differ in only a single term. For
example, consider vector A, with norm 1 and two tensors
B iy,...ip and Ag ;. j, such that when o is fixed, the resulting
tensors A, and B, have norm 1. Let A, A, and B be tensors
with the same rank and dimensions as A, A, and B. We have,

by Eq. (7),
IAAB — AXB| =[x — 4|, ®)
and also
|AAB — AXB|| = ||AL — Ai|. 9)
And similarly,
|ALB — AAB|| = |AB — AB|

1/2
= [Z hal (B — Ea)nz]

< max || B, — B, |l (10)

III. THE ALGORITHM

As discussed earlier, in order to carry out the outline
described in Sec. I A, we would like to work with canonical
MPSs. Additionally, since the tensor pairs (A, B) for neighbor-
ing nodes overlap, we would like an € net over canonical pairs
such that (A, B) could be equal to the A of the next pair (we

012315-6



EFFICIENT ALGORITHM FOR APPROXIMATING ONE- ...

call this perfect stitching). We do not know how to efficiently
construct an € net that satisfies those conditions exactly; we
resort to approximately canonical MPSs with approximate
stitching.

A. € nets

We fix € > 0 (to be determined later) and define two € nets.
We start with discretizing I and '],

Definition 1 (the G.nq € net). Geng is a set of canonical
boundary tensors [see Eq. (5)] such that for any canonical
boundary tensor I, there is T € Geng such that for each «,
IF, — Tall <e.

We now define an € net over the intermediate tensors or,
more precisely, for the pairs (A, B).

Definition 2 (the G € net). G is a set of pairs of tensors
(A, B) such that:

(1) A is positive and normalized. For all oA, > 0 and
(AA) = 1.

(2) G is an € net. For every canonical triplet (,T", ft), there
is(A,B) € G such |[AT'jt — AB| < e.

(3) B is perfectly right canonical. For every o,o’,
(By|By') = 8uo (here o, are the left Greek indices of B).
(4) (A,B) are approximately left canonical. For every 8 #
I

B
{AB)g|(AB)g )| < 3e. (1)

B. e-net generators

We now explain how to construct such nets efficiently. Both
generators for the € nets will make use of the following general
lemma.

Lemma 1. For any positive integers a < b and any v in
the range (0,1/4/a], we can generate a set of a x b matrices
S.» over the complex numbers such that for any A € S,p,
the rows of A are an orthonormal set of length b vectors.
Furthermore, for any @ x b matrix B whose rows form a set of
orthonormal vectors, there is a matrix A € S, such that each
row of A — B has L, norm at most v. The size of S, is at most
O((72b/v)***). The time to generate S, is O(a>b(72b/v)*?).
Ifa = 1, we can generate a set of vectors with real nonnegative
entries, rather than complex. The size of the netis O((72b/v)?)
and the time to generate it is O(b(72b/v)").

The proof appears in the Appendix.

1. Generating G,q

Invoke Lemma 1 with v =€, a = D, and b = d.,q. For
every A € Sp.4,,> add a T to the € net, where A, ; = I'},. Note
that the conditions of Lemma 1 are satisfied if € < 1/ /D.
Since denqg < Dd, the size of the net is at most (72Dd /e)z‘w2
and the time to generate it is O(d D?) times the size of the set.

2. Generating G

We generate G by first generating an € /2 net over the A’s and
an €/2 net over the B’s. To generate the net of the A’s, invoke
Lemma 1 with a = 1, b = D, and the v in the lemma set to
€/2. Note that we would like to have a A with nonnegative real
entries. According to Lemma 1, this actually requires fewer
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items in our net since we are omitting the phases in each entry
in the tensor. The resulting net for the A’s has size (144D /¢)P
and can be generated in time O(D(144D/¢)P).

To generate the net over the B’s, we invoke Lemma 1 with
a=D,b=dD, and v = €/2. Note that in order to invoke
Lemma 1, we require that € < 2/+/D. For any matrix A i.p)
in the set, we generate a tensor B where B, p = Aaip)- This
way we generate a set of pairs (A, B) which satisfies both the
normalization condition [condition (1) of Definition 2] and the
condition of being perfect right canonical [condition (3) of
Definition 2].

To see that we in fact have an € net [i.e., condition (2) is
satisfied], consider a perfectly canonical pair (A, B), and let us
find a pair (A, B) in the net that is € close to it. We first replace
A with a & from the first net and then replace B with a B from
the second net. Using Eq. (8), we have that

INB - iB| = A -1 < 5.

\S]

Using Eq. (10), we also have

IAB — 1B) < max | B, — Bl < .

Next, we discard all tensors (A,B) that are not approx-
imately left canonical, namely, those that violate condition
(4). It remains to show that the remaining tensors still satisfy
condition (2), that is, the e-net condition. We do that by
showing that a pair (A, B) that is € close to a canonical triplet
must necessarily be approximately left canonical. Therefore,
such a pair would not have been eliminated.

To see this, let the tensor A = AI'u be the contraction of
the canonical triplet and C be the contraction of AB from
the net such that |A — C|| < €. The fact that A is perfectly
left canonical is expressed in the fact that for every g # f’,
(Ag|Ag) = 0. To prove that C is approximately left canonical,
we need to show [(Cg|Cpg)| < 3e. Indeed, |[A —C| <€
implies |Ag — Cgl| < € for every B. Assume B # B'. Then

KCICp)| = 1(Ag +(Cp — Ap)lAp + (Cp — Ap))|
< [{AplAg)| + [{Ap|Cp — Ap)|
+{(Cp — AglApg)| + [(Cp — AplCp — Ap')|
< N AgllICp — Ap |l + 1A IIICp — Agll
+1[1Cp — AglllICp — Agll
< 2€ + €2 < 3e.

This concludes the proof that G is indeed an € net according
to Definition 2.

3. Complexity of generating G and G4

By Lemma 1, N def |G|, the size of the € net G is

144d D\ P40’
N=0 < ) . (12)
€

This is the size of the set formed by taking all pairs (A, B),
where each A and B come from their respective nets. The
time required to generate the original net (before tensors are
discarded) is O(d D*N). The cost of checking whether a (A, B)
pair is approximately left canonical is O(d D*?), so the total cost
of generating the net is O(d D> N).
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For Gepg, both the number of points and the running time
which were determined in Sec. III B1, are bounded above by
the corresponding bounds of G.

C. The algorithm

When processing particle j, the algorithm creates a list L ;
of partial solutions, one for each (A,B) pair in G. For each
such partial solution, a tail (i.e., the tensors to the left of the
Jjth particle) and energy is kept.

First step. Create the first list L,: For each (21, By ¢
G, find its tail, namely, the ' € G.nq which minimizes the
energy with respect to Hj » of the tensor T'''IA12! B2, Denote
this minimal energy as E»(A?!, B?)). We keep both the tail and
the computed energy, for each pair A?, B1?!) € G.

Going from j =3 to j=n—1. We assume we have
created the list L;_;. For each pair AU~ BV~ € G there
is a tail in Lj_] s

rt (}‘[2] B[Z]) (1[3] B[3]) ()\[j*Z] B[j*2])

and an energy value that we denote as E;_j(AV~1, BU~1) To
create L ;, we find a tail for each (x[j 1 Bl ]) € G. We require
that the tail for a given (A1, BU1) is an item in L;_; which
satisfies the “stitching” condition:

A l=1 BU=1y A1) < 2e. (13)

We pick the tail for (AU! BU'Y to be an item in
L;_; which satisfies the stitching condition and minimizes
Hjil’j()‘ljflJB[j*IJB[jJ) + Ejil()‘ljflJ,B[j*IJ). The mini-
mum such value is defined to be E; A1, BUN,

Final step. The final step, j = n, is exactly as in the
intermediate steps except the algorithm goes over T'™ € G g,
rather than over pairs from G and there is no stitching
constraint. More precisely, we pick the tail for T to be
the item in L,_; which minimizes H,_; ,A"~" g1y 4
E,_ (A"~ B"=11) " The minimal value is defined to be
E,(T").

Finally, we choose I'"! which minimizes E,(I'"!). We
output the MPS that is defined by I'"! and its tail,

|Q> |r[l]l[2]B[2]BB] . B[n—llr[n]% (14)

together with the energy which the algorithm calculated:

Eug() = E,(X™). (15)

Note that since each (Al/!, BU1) is perfectly right canonical,
the state |€2) is normalized. This can be seen by contracting
the tensor network corresponding to the inner product (€2|€2)
from right to left.

Unlike in the classical case, our algorithm does not search
all states due to the discretization. Moreover, it does not
optimize over the real energy of the states that it does check,
but rather over Eqg(Q) =3, H;_ jAU-1NgLU-ugll
is different from the true energy E because the states are not
exactly canonical. Note that the output E,,(€2) is thus just an
approximation of the real energy E(£2) of the output MPS |€2).
We output E,g(£2) anyway, since our guarantee on its error
is somewhat better than on the error for E(£2), as we see in
Sec. IV.
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The following claim easily follows from the same reasoning
as for the classical dynamic programming algorithm:

Claim 1. The algorithm finds the state which minimizes E,
among all MPSs of the form T'UARIBZIBBI. .. pir-lipin
such that T T e Goq, AV BUY e G for all je
{2,...,n — 1}, and the stitching conditions [Eq. (13)] are all
satisfied.

IV. ERROR AND COMPLEXITY ANALYSIS

In order to finish the proof of Theorem 1, we will prove
the theorem in what follows. As noted earlier, this theorem
actually gives a better error bound on E,,(£2) than the bound
on E(L2) that is given in Theorem 1.

Theorem 3 (error bound). Let E be the minimal energy
that can be achieved by a state with bond dimension D and J
the maximal operator norm || H; ;.|| over all terms. Then

Eulg(Q) — 6Jne < Eo

< E(Q) < Eqe(Q) + 27D’

(16)

Itis easy to verify that as long asn D? > 12, Eq. (16) implies
Eq. (1) of Theorem 1 .
Proof. By definition, Ey <

alg(Q) 6Jne < Ejp. Let

) = |r[l]l[2]r[2] ) X[n]f.[n])

E(2). We first prove that

be a state with E(y) = Ey of bond dimension D, written
as a canonical MPS. For every triplet (lm pV! UH]) for
j =2,...n— 1, we associate a pair (X[]],If[]]) € G which is
€ close to that triplet. In ad(}ition, we find I'y € Gepg close to
I't and ', € G.pq close to I';,. We define the state

|p) = |T1X2B,B;--- BT ,).

Just like |€2), this state is normalized due to the fact that the
tensors in G¢pg and G are perfectly right canonical.

To show that E,,(2) —6Jne < Ep, we will first show
that E,,(2) < Eqg(¢) and then that | Ege(¢p) — Eo| < 6Jne.
The first inequality follows from the fact that |¢) belongs to
the set of states over which the dynamic algorithm searches
(see Claim 1), since the /" BY ™" and X' B satisty the
stitching condition (13), as promised by the following lemma.

Lemma 2. Forevery j =3,...,n — 1,

IV BYT - 2V < 2 (17)

Proof. We use the fact (established in Lemma 4 in the
Appendix) that for any two bipartite states, |A) = ) a;]i)| A;)
with normalized |A;), =Y, b;li)|B;) with normalized
|B;), we have ), |a; —b |2 < ||A — B|%.

i o
The tensors A" TV and 11 B! represent two quan-

tum states on three particles, Where in both states, the Schmidt
basis of the first particle is the standard basis, and the perfect
right canonical condition of Definition 2 [or, alternatively, the
condition of Eq. (4)] holds. The Schmidt coefficients are given
as {)A\Lj ]} and {X([),j ]}, respectively. According to the preceding
fact (Lemma 4),

[j15[j+1]

”):[jl [j]|| ||i'” i X[]] [J]” <e. (18)
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Alim1lalji—1]A
know  that AV EYTUR

AUTUBYTI) < €. Consider now these three-particle states
expanded in terms of the basis vectors |8) of the third particle.
Denote these expansions as Z,s aglvg)|B) with normalized
lvg) and ) P bglwg)|B) with normalized |wpg), respectively.
Then, by definition, ag = i,[sj] and bg = M,g(i“‘”,iz["”).
We can therefore apply again Lemma 4 and get

Similarly, we Ul _

In@Y L BYT — 3 < e, Together with Eq. (18),
we therefore obtain |7, BY ™ — 1Y) < 2e. ]

Thus far, we have established that Ey4(2) < Eyg(9).
To finish the proof that Eue(2) —6Jne < Ey, we will
show that |Eye(¢p) — Eo| < 6Jne. Observe that each energy
term in Ep depends solely on two overlapping triplets

AV plIR I pltigl2l The corresponding energy term in
E,15(¢p) depends only on A'BY BYHY We now bound the

distance between these two tensors. We have

VAT S VPN VPN VAP VAR I PN A I P VA
X[J]B[J]B[J+]_XIJIFIJIXIJ lrlj ]X“ I

— (X[j]l}[j] _ i[.i]f.[_i]x[jﬂ])l}[j-&-l]
+le]f.[j](ilj+ll . X[jJrl])E[jJrl]
_I_i[j]lc.[j](xlj-&-l]B[H-l] . X['j+l]f'['i+l]i['j+2]).
Taking the left-hand side and right-hand side of the
preceding equation, and using Eqs. (8) and (9), we have that
||X[j]B[j]B[j+l] _ X[.i]lA-.[j]X[j-H]f.[.i+l]i[.i+2]“

T v el et
< AV BUY _ {UIpUIRUH U _ gl

~Li+1] 3 [+1 NTESIPN RS PN FES)
+||X[j+ ]B[H]—XU ]1..[1 ])’[] ]”.

The first and third terms in the above sum can be bounded by
€ because of the condition of the € net G. The norm of the
middle term is bounded in Eq. (18). Therefore, the norm of
the difference between the tensors is at most 3e. It follows that
the difference between the two energy contributions is at most
6¢||Hj j1ll < 6€J.

We illustrate the boundary cases by working through
the analysis for the left end of the chain. We

A& 21 A[2] 413 =[11+[2] 52
[1T4 21 12] []—F[]X[]B[]H. Note that

want to bound ||[I" AT A
)|| is bounded by € because of the

||f'[1](i[2]f'[2]):[3] _ X[2]I~3[2I
conditions on the € net and Eq. (7). Using Eq. (10), we have
that

Al (115121 5121 Al 1]
I —TOA" B s max [T, — Tl < e

Hence, the overall bound on the difference is 2e¢. It follows
that the difference between the two energy contributions is it
most 4€||H, 2| < 4eJ. A similar argument holds for H,_; ,.

We now prove the right inequality in Theorem 3 by showing
that | E(Q) — Eae(Q)| < 27 D?n%. We bound the difference
in energy for each term H;_; ;. The contribution of this term to
E,() is calculated from AU~ B~ BU] The true energy,
however, depends on TUAPIBEZIBBI. .. BUT since |Q) is
only approximately left canonical. We will show that the
error accumulates linearly as we sweep from left to right,
summing up to 3jJ D¢ for H;_ ;. Therefore, the total error
is | Eqe(R) — E(Q)] < 37 D*n’e.
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We now provide a more accurate argument. The energy
estimate for the term H;_ ; is calculated from the contraction
AU gU= BUI  Graphically, this contribution is given as

BU-1] Bl

The true energy, however, is calculated from the contraction
of A\PIBZIBBI. .. BU! Graphically, this is given as

B2 B Bli—2 Bl-1 Bl

- —4

[Notice that we have collapsed the T terms because of the
canonical condition (5); see Fig. 3(b).]

Had the state |2) been perfectly left canonical, the two

would have been the same. However, since it is only approx-

imately canonical from the left, there is some difference that

can be bounded. The analysis is done iteratively from left to
right. We start by writing

B
s ‘ s 8 i} i}
AL u?{ R A A
It3 It3 It3 Its ey

In this picture, the tensor Rgg is defined to be off diagonal
(i.e., equal to zero on the diagonal: Rgg = 0) and for the 8 #
B’ terms, it is defined by Rgs = (A BZ)5|APIBR),) =
D i A2 2B (B2ly« A is defined as

of af’
1312 [2])2
g | = g [):
Using the fact that (A!?!, B?)) is approximately left canonical

[see Eq. (11)] and the stitching conditions of A"* and u/?! [see
Eq. (13)], it is easy to see that for every 8,8’,

def
Aps = Rep + 8 (

[Agg| < 3e. (19)

We may therefore write the true energy contribution as the sum
of

BBl Bli—2
B I
and
Bl Bli-2

The analysis of the first term is done in the next iteration
step. The second term can be seen as the error introduced by the
fact that (A B!} is approximately left canonical. To estimate
its size, notice that it can be viewed as the expectation value of
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the operator A ® H;_; ; (here A is viewed as a matrix), with
respect to the MPS that is described by |BBIBM! ... Uy,
Using Eq. (19) and the assumption ||H;_; ;|| < J, itis easy to
see that |[A ® H;_; jll < 3J De. Here, in both cases, we used
| - Il to denote the operator norm of A ® H;_, ;, instead of the
usual tensor norm; we can do this since the operator norm is at
most as large as the tensor norm, and the tensor norm of A is at
most 3De. Moreover, the norm of the MPS |BB! B4 ... gUl)
is exactly VD (it would have been exactly 1 had there been a
A1 term before B?), and therefore the amplitude of second
term is upper bounded by 3J D?%¢.

Carrying the same analysis all way to (A\/~2!, BU=2]) we
end up with a term that is identical to the energy estimation
of the algorithm, plus some error term whose amplitude is at
most 3jJ D?e. Therefore, by simple algebra, we have that for
the total system,

|Eae — E(Q)| < 37D’ (20)

This conclude the proof of Theorem 3. ]

For a target error §, we select € < zjg—znz . Using the bound
from Eq. (12), we get that the size of the net for the interior
particles is

14474 D3n2\ PP
N=o0 Q_TT_J . @1)

Note that in using Lemma 1, we required that ¢ < 1/+/D.
It is reasonable to expect that §/Jn < 1 (meaning that the
desired error is at most the maximum energy in the system),
which implies that this condition is met. The algorithm has n
iterations in which O (N?) possible extensions for the MPS are
considered. For each such possibility, we perform a contraction
of tensors (A,B,B’) in order to evaluate the energy of a
particular term. This contraction takes time O(D3d?). Thus,
the total running time is O(nN>D3d?).

V. COMMUTING HAMILTONIAN IN 1D

We now prove Theorem 2. Let us first notice that
Theorem 1 immediately implies the first claim in Theorem 2,
namely, that approximating the ground state and ground energy
of a commuting Hamiltonian in 1D to within polynomially
good accuracy can be done efficiently. This follows from
the well-known fact that the ground state of a commuting
Hamiltonian in 1D can be described by an MPS of constant
bond dimension. We can therefore apply Theorem 1 to the
problem, and hence approximate both the ground state and the
ground energy efficiently.

For completeness, here is a sketch of a proof of this fact:
Assume we have a 2-local commuting Hamiltonian in 1D. If
the Hamiltonian is k-local for £ > 2, just combine adjacent
particles together. To see that there is a ground state which
is described by an MPS of constant bond dimension, notice
that for any commuting Hamiltonian, there is a ground state
|[Y) which is an eigenvector of each of the terms in the
Hamiltonian, with some well defined eigenvalue for each term.
For each term, consider the projection onto the eigenspace
corresponding to that eigenvalue. For any state with nonzero
projection on the ground state, applying these projections (no
matter the order) would result in a ground state. Since there
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is always a computational basis state |w) that has a nonzero
projection on the ground state, we can express a ground state
as the projection of all these local terms applied to |w). We first
apply the projections which interact the pairs of particles (1,2),
(3,4), etc.; we then apply the projections that interact the pairs
of particles (2,3), (4,5), etc. This sequence of operations can be
viewed as a tensor network of depth 2. We can thus represent
the ground state as the contraction of a tensor network of depth
2. It can be easily seen that such a state must have a constant
Schmidt rank along any cut between the left and right sides;
to move to an MPS of a constant bond dimension, use Vidal’s
result [20].

We now give the full proof of Theorem 2.

Proof: We assume that the ground. In other words, we are
promised that the ground energy is separated from the rest
of the eigenvalues of the Hamiltonian by a gap A > 1/n¢ for
some constant c. Notice that we do not assume a unique ground
state.

The first step of the proof would be to use Theorem 1
to find an MPS |Q2) of constant bond dimension such that
(QH|2) < Eop + A /3. From the preceding discussion, it is
clear that this can be done in polynomial time. Next, we
would like to project this MPS sequentially on some chosen
eigenspaces of the Hamiltonians along the chain. As we arein a
commuting system, this would result in a common eigenvector
of all Hamiltonians, and therefore an eigenvector of H itself.
If we manage to do this without increasing the energy above
Ey + A, then by the existence of the gap, we are promised to
have reached a ground state.

To do this, we rely on the following lemma.

Lemma 3. Let H =), H; be a commuting local Hamil-
tonian system with ground energy E,, and let |{) be a
state such that (Y |H|y) = Eg + h. Consider one term H;
in H with k eigenvalues and projections Pj, ..., P; into the
corresponding eigenspaces. For every j =1,... .k, let [/;)
be the normalization of P;|yr), and let ¢; = (y| P;|). Then
for any n > 2 there is always a j such that ¢; > # and
(V| HIY;) < Eo +(1+ Dh.

Proof. As the {H;} terms are commuting, it follows that

(VIH|Y) = (Y|PLHPI|Y) + (Y|P H P |Y)
+ o+ (VI PcH Pelr)
= ci(Y1lH[Y1) + (| H[ )
+ -t aYr H ),
with Zl;zl ¢; = 1. Assume, by contradiction, that for every
j. either ¢; < 5 or (y;|H|y;) > Eo+ (1+ 1)h. Then
partition the k eigenspaces into two subsets: subset A, in which

the first condition holds, and subset B, in which the second
condition holds. Then

Eo+h = (Y| H|Y)
=D W HIY;) + Y i (Wil Hy))
A

B

1
>EQZC1+|:E0+(1+,—1>I’{|ZC]
A B
1
=FE 1+—)h i
o+( +n) e
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using Zj cj=1. Since ) ,c; < # = nl—z, we have that

Ypci=1-
implies i > h(l + %)(1 — niz), which is a contradiction for
n>2. [ ]

We now apply the lemma sequentially to project the
approximate state [€2) on the relevant local eigenspaces. We
start with Hj,, where we use 7 = A /3 in the lemma. The
lemma promises the existence of a subspace indexed j (out of
k possible j’s) which, if we project |€2) onto that subspace, the
projection will not have too-large energy. We denote ¢; and
P; as ci2 and Pj, respectively. (In what follows, we explain
how all calculations required for finding the promised j can be
done efficiently.) We proceed to find c¢;3 and P»3 for the next
term H, 3, using the newly projected state, and so on up to
H, ,_. After applying the n — 1 projections, using the lemma
n — 1 times, we arrive at a state |i) given as

nl—z. Plugging this into the preceding equality

1

W)= —
A C12€23 - Cp—1n

PPy Py ,492),

which satisfies

IN\N"'A
(WIHIW) < Eo+ <1+;> LB+

Using the assumption of the gap and the fact that |y/) is an
eigenvector of H, it must be that [y) is a ground state and
(VIH|Y) = E

We now argue why finding the j whose existence is
promised by the lemma can be done efficiently. Consider, for
example, the term H,, ,,+. To find the relevant j, we have to
compute, for the current state |i), both the norms squared
c¢; = (¥|P;j|y) and the expectation values (;|H|y;) =
}/(¢|PjHPj|w) for all eigenspaces P; of Hy, 1. Note first

that we are handling here real numbers; the projections P;
on the eigenspaces of H,, ,+1 may require infinite precision
to describe exactly in binary (or any other) representation.
We truncate the entries in the projections to exponentially
good precision, using polynomially many bits, so that all the
calculations can be performed efficiently. This introduces an
exponentially small error.

The expressions we are interested in calculating are all of
the form

(Q|P12 Pm,mfl : PjOPj : Pm,mfl P12|Q>, (22)

where O can be either alocal Hamiltonian H; ;; or the identity
and the P; ;1 are projections on eigenspaces of the local terms.
Recalling that |€2) is a constant-bond MPS, and using the fact
that the projections commute between themselves, we can
write Eq. (22) as a constant depth-tensor network. This is done
by partitioning the projections into two layers: In one layer
the projections that work on the sites (1,2),(3,4),(5,6), ...,
and on the other, the projections that act on the sites
(2,3),(4,5),(6,7), ... . The resultant tensor network is shown
in Fig. 4. One dimensional tensornetworks with constant depth
can be efficiently calculated on a classical computer because
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| Hjj |

FIG. 4. An illustration of how the expression in Eq. (22) is
given as a tensor network with a constant number of horizontal
layers. Specifically, the figure describes the tensor network of
(QUP Py - Hjjy1 -+ - P Prp|Q2).

their bubble width is constant when swallowed from left to
right [18].2

Thus, all calculations (under our assumptions of polyno-
mially many bits of precision of the P;’s) can be performed
efficiently. The resulting state is given by a tensor network of
constant depth (namely the original |2) on which the chosen
projections are applied.) As before, this can be modified to
a MPS of constant bond dimension using Vidal’s result [20],
concluding the proof. |

A. A proof for the commuting Hamiltonians case,
based on Ref. [8]

First we describe the alternate algorithm assuming we
have the ability to perform arithmetic operations with infinite
precision and then discuss the consequences of limited
precision. Reference [8] proves certain properties about the
ground states of 2-local commuting Hamiltonians in which
the interaction graph is a general graph. We express those
properties for the special case of interest here in which the
graph is a line. Let H; be the Hilbert space of particle j. It
is shown in Ref. [8] that when the terms of the Hamiltonian
commute, the Hilbert space of each particle can be expressed
as a direct sum, H; = Dq;, H;aj ), such that each Hg-aj )
be expressed as a tensor product of three spaces,

can then

H(fx, _ H(d, ® H(a, ® H(a,
This structure has the property that H; ;| leaves the subspaces

H(aj ) ® H(jﬁ{') invariant, and moreover, when restricted to
(01,

such a subspace, H; j4 acts nontr1v1a11y only on Hy

(La’]*jr)] [the right part of H ) and the left part of H;ﬁ?‘)].

Consequently, there exists a ground state which resides in
some subspace H® = ®1H§a’),f0r some choiceof q, . .. ,q,.
Moreover, within the subspace 7@ the state can be written as
a tensor product of two-particle states living in the spaces

of the form H(a’ H(La"ﬂ)l, tensored with some arbitrary

single-particle states living in the H( ) ; spaces.
If the algorithm knows the correct choice of indices
o1, ...,0,, it can find such a ground state efﬁ01ent1y, as

follows. Note that the descriptions of both the spaces H( 7 a

2This can also be seen by analyzing the tree width of that tensor
network and using the analysis of Ref. [17].
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their divisions H( » H(L(X’J) ® H(a )& H( ’) are derived from
local properties of H; imposed by the two local Hamiltonians
H;_;; and Hj ;4. The subdivision of H; in this way can
be expressed as a solution to a set of quadratic homogeneous
constraints. Since the dimension of H; and hence the number
of variables is constant, it can be efficiently computed. If the
algorithm knows the «;’s, it therefore knows the description of

the subspaces H(a’) ® H(a’ ® H(a ") and the restriction of the
Hj i1 to those spaces it therefore ]ust needs to find a ground
state of linearly many two-particle Hamiltonians, which is an
easy task. It is therefore enough for the algorithm to find the
correct oy, . . . ,«,, indices.

We do this using dynamic programming. The critical
point in using dynamic programming here is that the energy
contribution of H,,.; depends only on the choice of «;
and a1, so the choice of a; for k < j — 1 does not affect
the energy of the Hy 4 terms for any £ > j. Using this
observation, the algorithm proceeds from left to right as
follows. For the first term H| », the algorithm finds the division
into a direct sum of subspaces for particles 1 and 2. The
algorithm keeps an optimal state (choice of &) and energy
for each possible ;.

Then, in a general step, we assume at particle i that we have
the following information for each index «;: a list of indices
of, ...,o;—1 such that the ground energy of the Hamiltonian
of particles 1, .. .,i restricted to the subspaces H(f”) R Q

Hfo”) is minimal. To continue to the next particle, we first
compute the division into subspaces for particle i + 1, indexed
as «;+1, and optimize for each subspace in turn. For each
subspace, we consider all items in the previous list; for each
item, we have a list of subspaces, one for each particle.
We compute the minimal energy for each such restriction,
including now the H; ;4 term in the calculation of the energy,
restricted according to subspaces ;41 and «;, the last choice
coming from the list. We pick the tail of the subspace of the
i + 1 particle to be the one which minimizes the terms up to
that point.

Notice that in each step the dynamic program compares
partial energies emerging from restricting the state to a
different sector in the Hilbert space. These energies can be
computed efficiently with polynomially many bits, namely up
to exponentially good precision. Thus, this second algorithm
achieves exact results for a somewhat larger set of Hamilto-
nians than our first algorithm, namely, those for which the
partial energies will not be confused if the computations are
done with exponentially good precision.

Note that even with this extremely good resolution, it
might be the case that the ground energy is confused with
a slightly excited energy which is, say, doubly exponentially
close. We do not know of a good condition which would rule
out the possibility of such very close energies, except for some
very trivial assumptions such as requiring that all eigenvalues
are integer numbers. For example, even if we require that
the different entries in the terms in the Hamiltonian are all
rationals smaller than 1 with denominator upper bounded by
a constant, it is still not known how to rule out the possibility
that two eigenvalues of the overall Hamiltonian are doubly
exponentially close. This issue touches upon an open question
in number theory related to sums of algebraic numbers; see the
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open problem described in Ref. [21], which can be traced back
to Ref. [22] (if not earlier), and also Ref. [23] and references
therein.
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APPENDIX: PROOF OF THE LEMMAS

Proof of Lemma 1. Let § = v/72b. We will occasionally
use the assumption that § < 1/72b.

First we create a set R(§) of real numbers in the interval
[0,1] such that for any real number in the range [0,1], it is
within § of some element in R(§). R(§) will have [1/2§]
elements. To create R(5), we add (2 + 1)§ for each integer j
in the range from 0 through [1/2§7] — 2. Note that the largest
point in R(§) so far is in the range [1 — 3§, 1 — §). Then we
add 1 — § to R(6).

Then using R(5), we create a set C(8) which is a set of
complex scalars which form a net over all complex scalars
with norm at most 1. Include xe'>™ for every x,y € R(8).
There are [1/287% < (1/6)? points in C(8). For any complex
number ¢ if norm at most 1, there is a number ¢’ in C(§) such
that |c — ¢/| < 28.

To generate S, 5, consider first the set S; of of all possible
a X b matrices with entries from C(8). This set contains
|C(8)|“° matrices. In the case where a = 1 and we only want
entries with real, non-negative coefficients, we use R(6) for the
entries instead of C(8) and the set contains |R(8)|” matrices
(in fact, vectors). Then

1. remove any matrix from S| which has a row whose norm
is greater than 1 + /b2 or less than 1 — «/528, to get Sy;

2. renormalize each row in every matrix in §, to get S3;

3. remove any matrix from S; which has any two rows
whose inner product is more than 9+/58;

4. for any matrix in S3, apply the Gram-Schmidt procedure
to the rows to form an orthonormal set.

We claim that the final set is the desired S, ;. Note that
the number of matrices is O((1/8)’**) = O((72b/v)**"), and
the running time to produce the set is O(a’b(1/6)**") =
O0(a*b(72b/v)*?"), as required. What remains to show is that
if A is any a x b matrix whose rows form an orthonormal set,
then we can find a matrix B in S, ; which is close to it.

Let W be an a x b matrix. We will denote its ith row as
W;. Define the distance between two matrices d(W,W’) to be
max; | W; — W/||. Let X be the matrix obtained by rounding
every entry in A to the nearest complex number in C(§). Let Y
be the matrix obtained after the rows of X are normalized and
let Z be the matrix obtained after the rows of Y are transformed
into an orthonormal set via the Gram-Schmidt procedure. We
need to prove that d(A,Z) < v and to show that Z € S, ;,
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which would imply together that we can choose B in the
lemma to be equal to Z.

We will now prove both of the above claims. For the second
part we need to prove that X survives step 1 and Y survives
step 3.

X survives step 1. Since each entry in A — X has magnitude
of at most 25, we know that d(A, X) < +/b28. In order to bound
the norm of X;, observe that

Vb28 >

Since ||A;]| = 1, it follows that || X;]|| lies in the range from
1 — +/b28 to 1 + +/b26 and it will survive step 1. We have

Z A = Xill = Al = I X:ll.

. 1 .
d(X,Y) < max |Al — ———— A
(X.7) i 1— /D28
Vb2§
= ——— < V/b25(36/35).
1 — Vb28 (36/33)

The latter inequality uses the assumption that § < 1/72+/b.
Using the triangle inequality for our distance d(-), we have
that for any i | A; — ;|| < (4 4+ £)V/bs.

Y survives step 3. Now we need to bound the inner product
of any two rows of Y in order to establish that it is not removed
in step 3:

KY: 1Y) = A + (Y — ADIA; + (Y, — A))|
< KAA)) |+ (Y — AilY; — Aj)
+1(Y; — AilAj) + (A1, — Aj)

<Y = AillllY; — Ajll 4+ 1Y — Al A
+ A NY; — Ajll
2
< [<4+3S> f5+2<4+ )}\/_5
< 9Vbs.

The second inequality uses the Chauchy-Schwartz inequal-
ity. The last inequality uses the fact that v/b8 < 1/72.

Bounding the distance d(A, Z). Finally, we need to consider
how much the matrix shifts as a result of the Gram-Schmidt
procedure, to bound d(Y,Z). Let u = 9\/1_78 = 9v/72«/l_7.
Since a < b, by assumption in the lemma, we know that
w < 9v/72./a. We use this latter bound in the next part of
the proof since we are bounding quantities by a function
of a instead of b. Since we assume that v < 1/4/a, we
can assume that au < 9/72. Recall that the Gram-Schmidt
procedure starts with Z; = Y;. Then each Z; is determined by
first creating an un-normalized state Z;:

i—1
Zi =Y =Y (Z,IV)Z;
Jj=1

Then Z; is normalized to 1. We will prove the following two
properties by induction in i:

1. [(Z;|Y;)| < 2u forall j such that j > i,

2. 1=2Jap <N\ Z;| <1+ 2Jap.
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7, is not defined, but we can take it to be Z;. The two
properties clearly hold for Z;. Now by induction,

izw
:ifl

> (zZi1¥)z;

j=1

1Zill =

< Iyl +

1/2
i—1 /

=1+ Z(Z,IY,')(YHZJ)

Jj=1
< 14 2Jau.

_A similar argument can be used to show that 1 — 2/ap <
IZ;]|. Next we establish Property 1:

(Yl Yi) = Y (ZYi) (Yl Z;)

j=1

1
(Yl Zi)| = ——
I1Z:ll

<—— 4
1—2fu M+Z 1

j=1

M(l +4ap)

T-2dap

The first inequality follows from the inductive hypothesis. The

last inequality make use of the fact that au < 9/72. Finally,
to bound ||Y; — Z;||, we have

< 2.

i-1
1 1
Y — Zilll < ( )II il + (Z;1¥)Z
1Z:] 1Zi1 ; e
- 1/2
2/aplYi|| 1 <
< > Kz
1-2apn 1-2an =
4./ ap
S —————<6 .
1—2van Van
The last inequality uses again the fact that \/au < 9/72.

The total distance between A and Z is at most 5v/b8 + 6./a .
Plugging in . = 9+/b8 and using the fact that a < b, we get
an upper bound of 5955 < v on the distance of A to Z, using
the definition of 4. [ |

Lemma4.Let|A), |B) be two two-particle states and expand
them in the standard basis of the first particle,

=Y aili)|As),
|BY = bili)|Bi),

such that |A;) are normalized but not necessarily orthogonal
to themselves and similarly the | B;). Then

1/2
lla — bl = (Z | _bi|2> <A-Bll. (AD

i

012315-13



DORIT AHARONOV, ITAI ARAD, AND SANDY IRANI

Proof.
la —bI> =" lai — bl

<Y llailAi) — bl B

PHYSICAL REVIEW A 82, 012315 (2010)

= [[|A) — |B)|I*.

2

> liYailAr) — bl Bi))
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