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Abstract

We develop an efficient algorithm to find a matrix product state representation of
the ground-state wavefunctions for translationally invariant finite-size periodic
lattice systems in one spatial dimension. This is based on the observation that
the efficient computation of the ground-state energy per site only needs to retain
a certain number of the largest eigenvalues of the transfer matrix for a matrix
product state, without any sacrifice of accuracy. The computational cost is
independent of the system’s size, and scales as x> with x being the truncation
dimension. The algorithm is tested for the critical quantum Ising model in a
transverse field on a finite-size lattice, with the size as large as 4800 for the
truncation dimension 200.

PACS numbers: 07.05.TP, 05.30.—d, 03.65.Ud, 75.40.—s, 11.25.Hf

(Some figures in this article are in colour only in the electronic version)

Significant advances in classical simulations of quantum many-body lattice systems have been
made in the recent decades. Indeed, many powerful numerical methods, such as quantum
Monte Carlo (QMC) [1] and the density matrix renormalization group (DMRG) [2], have been
developed. Although these methods are able to simulate quantum many-body lattice systems,
they do suffer from their respective problems: there is a notorious sign problem with the QMC,
whereas the DMRG is mainly limited to quantum lattice systems in one spatial dimension.
Therefore, it is highly desirable to develop efficient algorithms to classically simulate quantum
many-body systems beyond these limitations. A promising prospect to meet this challenge
comes from the tensor network algorithms [3-8], including the matrix product states (MPS)
[9] for quantum lattice systems in one spatial dimension, and the projected entangled-pair
states (PEPS) [5] for quantum lattice systems in two and higher spatial dimensions.
Specifically, Verstraete, Porras and Cirac [4] devised a variational algorithm to find an
MPS representation of low-lying states for finite-size periodic quantum lattice systems in
one spatial dimension. The computational cost of the algorithm is roughly proportional to
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the lattice size, and also scales as the fifth power with the truncation dimension [4]. This
drawback, as shown by Pippan et al [8], may be remedied in the improved MPS algorithm.
The computational cost of the improved MPS algorithm may be reduced to that comparable
to the DMRG. But it is still proportional to the lattice size, namely, simulating a large size
quantum system is memory demanding and time consuming. On the other hand, an infinite
MPS (iMPS) algorithm has been initiated by Vidal [6], to simulate translationally invariant
quantum systems on an infinite-size lattice in one spatial dimension. Thus an interesting
question arises as to whether or not it is possible to develop an efficient MPS algorithm for
translationally invariant finite-size periodic lattice systems in one spatial dimension, with the
computational cost independent of the lattice size.

In this communication, we address this question. It is shown that one may adapt the
iMPS algorithm to simulate translationally invariant finite-size periodic lattice systems in one
spatial dimension, with the computational cost independent of the lattice size. Moreover,
the scaling of the cost with the truncation dimension is comparable to the improved MPS
algorithm. This is based on the observation that, not all the eigenvalues and eigenvectors of
the transfer matrix for an MPS state contribute significantly to the ground-state energy. This
enables us to dramatically reduce the computational cost, since only a few largest eigenvalues
of the transfer matrix, with the corresponding left and right eigenvectors, need to be retained
when the ground-state energy per site is computed.

The algorithm is tested by computing the MPS representation of the ground-state
wavefunctions for the quantum Ising model in a transverse field on a finite-size lattice with
periodic boundary conditions (PBCs). Since the cost does not depend on the system’s size,
we are able to compute the ground states for both small and large sizes. For a system with
the size ranging from 10 to 100, its ground-state energy per site ey is computed at criticality.
It turns out that it is consistent with the conformal field theory prediction, with the deviation
of the predicted central charge from the exact value around 10~*. We also compute the von
Neumann entropy, a bipartite entanglement measure, for a system with sizes up to 4800. The
discrepancies between the fitted central charges and the exact value are all less than 1.3 x 1073,

The description of the algorithm

Consider a translationally invariant quantum system on a finite-size periodic lattice in one
spatial dimension. Suppose each site is endowed with a local Hilbert space of d dimension,
thatis Hl = C, so that the Hilbert space of the system is H = ®2_ U/, We restrict ourselves
to study quantum lattice models consisting of the nearest-neighbor interactions, characterized
by a Hamiltonian H = YN hl"*1. As is well known, the ground-state wavefunction
is generated via an imaginary time evolution, with a randomly chosen state as an initial
state |yp):

exp(=H1)|Y0)
lexp(—=HT)[Yo) |l

when T — 00, as long as the initial state is not orthogonal to the genuine ground state.
Let us now introduce an MPS representation of a quantum state wavefunction
translationally invariant under two-site shifts |y). It may be represented in terms of an

V) = (D

MPS in the form: [y) =3 tr[Fj{AAFEAB e FZN")LAFENAB]M, ..., Syn), where s; is
the physical index, s; = 1, ..., d, and Fj{ and FZ,” are x x x matrices for a given s;, with x

being the truncation dimension and A 4, A p are singular value matrices. Here, we have assumed
that N is even. Note that the entries of I'); and I'jj are labeled by the inner indices o and S,
which take values from 1 to x. In other words, the matrices I'’; and I'j; may be regarded
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Figure 1. (i) Two three-index tensors Fimﬁ and 'y, T together with singular value matrices A 4 and
A, used to make up the MPS representation of the ground-state wavefunctions for a translationally
invariant periodic finite-size system, with s being the physical index, and «, B, y denoting the inner
indices. (ii) The pictorial representation of an MPS |). (iii) The norm (¥ |y), which is the trace
of the power N /2 of the transfer matrix E, with N being the system’s size. Here, we have assumed
that N is even. (iv) The x2 x x?2 transfer matrix E.

as three-index tensors: Ff{aﬁ and anﬂ, as visualized in figure 1(i). For a quantum state
|1) translationally invariant under two-site shifts, they are the building blocks to make up
an MPS representation, a visualization of which is presented in figure 1(ii). One of the
advantages for an MPS representation of a quantum state is that it is straightforward to compute
physical quantities. For example, if one intends to compute the norm for the quantum state
|1), all needed to be done is to contract the corresponding physical indices s; for their MPS
representations, as seen in figure 1(iii). Here, the basic building block is the so-called x? x x>
transfer matrix E, which is indicated in figure 1(iv). In passing, we point out that an MPS with
the truncation dimension y satisfies the area law, i.e., the entanglement across each bond is
bounded by log x. It is efficient to approximate ground states for a gapped local Hamiltonian.

The imaginary time evolution operator exp(—H t) in equation (1) is realized via many
small steps, each of which is represented by exp(—H{§t), with T = Mdt. As observed by
Vidal [6], exp(— H87) is split into two kinds of gates U4# and UZ4:

UAB = ® U2m,2m+1’ UBA = ® U2m—l,2m’ (2)
with the two-site gate defined by
UM = exp(—hl*ls7), St 1. 3)

We stress that this is a consequence of the Suzuki-Trotter decomposition [10]. A peculiar
feature of such a decomposition is that all the two-site gates in U4? and U4 are commutative
with each other.

Now the problem to implement the imaginary time evolution is reduced to how to update
the MPS tensors 'S, A4, I'}; and Ap under the action of a two-site gate U!""*!. This can be
done by adapting the strategy used in the iMPS algorithm [6]. Here, we need to complete two
tasks: first, absorb the action of a two-site gate U"""*!1 on an MPS, thus resulting in updated
MPS tensors; second, develop an efficient way to compute the ground-state energy per site.

(1) Updating of the MPS representation. Due to the fact that all the two-site gates in U4 5 and
Up 4 are commutative, an evolution exp(—H 1) over a small time step can be achieved
by successively applying the two-site gates exp(—/!""*1157) on the tensors I'},5, [,
and a singular value matrix A4, respectively. The translational invariance under two-site
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Figure 2. The procedure to update the MPS tensors I'4 and I'p and the singular value matrix X4
via absorbing the action of a two-site gate U**!. (i) The gate U%*! = exp(—h"*157) is applied
onto the MPS. (ii) A single tensor ® is formed by contracting the tensors I'4, A4, 'p and Ap and
the gate U"*!. (iii) Reshape the tensor © into a matrix M. (iv) A singular value decomposition
(SVD) is performed for the matrix M, followed by a truncation, with only the x largest singular
values retained in the updated singular matrix Ay, (v) Reshape the matrices U and V into the
tensors U and V. (vi) Recover the singular matrix A g, and update the tensors 'y and A 4.

shifts makes it possible to focus on two consecutive sites i and i + 1; once this is done, we
simultaneously update all the tensors on the entire lattice. As one may see from figure 2,
the updating procedure is formally identical to the infinite-size case, in which the tensors
are updated by applying the two-site gate UAB.! This consists of a few steps: first, the
two-site gate U"*! = exp(—h"*1§7) is applied onto the MPS; second, a single tensor
© is formed by contracting the tensors I'4, A4, 'z, and Az and the gate U™*!; third,
reshape the tensor ® into a matrix M; fourth, a singular value decomposition (SVD) is
performed for the matrix M, followed by a truncation, with only the x largest singular
values retained; fifth, reshape the matrices U and V into the tensors U and V; finally,
recover the singular value matrix A, and update the tensors I'4 and I'p.

(i) Computation of the ground-state energy per site. Let us turn to the computation of the
ground-state energy per site ey. For a finite-size quantum lattice system with PBCs, the
ground-state energy per site ey takes the form

_ Zwﬂ“ﬂnw_
S (Ulv)

Here, [v,) is the ground-state wave-function. By taking advantage of the MPS
representation, one finds that the expectation value (1//g|h[i’i+1]|1ﬂg) can only take two
values, esp and ep4, respectively, depending on the oddness and evenness of the index
i (see figure 3). Therefore, we have ey = (esp + epa)/2. Since the computation
of eap and ep, is similar, with the only difference in the exchange: 'y < I'p
and A4 <> Ap, it is enough to focus on the computation of e4p. Denote E as
the transfer matrix, £ = Y (TiAaT 3" Ag) @ (T3"AaT5""Ag). Then we have
eap = Tr(EN>71E")/Tr(EN/?), with E’ a matrix made of the tensors I'y, A4, 'z and
AB E = ZWHIH plil (FXAAFZ”AB) ® (FZ*AAF;’*‘*)\B). The key point is how

i+l SiSi+l18;Si4
to tackle the multiplication between twox? x x 2 matrices to compute e 4, since the cost
of directly multiplying two x2 x x2 matrices is O(x°). Even if one takes advantage of

the tensor product structure of the matrix E, the cost of the matrix multiplication is still

“4)

! However, we emphasize that the singular value matrices A4 and A cannot be interpreted as the square root of the
eigenvalues of the reduced density matrix for a subsystem on a half chain, in contrast with the infinite-size case.
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Figure 3. The expectation values eqp and ep4 are needed to get the ground-state energy
per site for a translationally invariant periodic lattice system in one spatial dimension, with

eas = (Wl OlVrg)/ (Y I¥rg) corresponding to an odd site i, and egs = (Y| Ocl¥g) /(g l¥rg)
to an even site i. For our specific Hamiltonian H, O, = O, = h!*11. Therefore, the x2 x x?2
transfer matrix E takes two different forms: E,p and Ep,. Similarly, for the matrix E’, we
have two different types: E’,, and E%,. This implies that the ground-state energy per site is
en = (eap +epa)/2.

O (x’). However, note that, for a large-size quantum lattice system, an approximation can
be done to efficiently compute e g, with the computational cost scaling as x 3. Meanwhile,
this does not affect the accuracy. First, perform a decomposition of the transfer matrix E:

XZ
E = TST_1 = ZM,’SI'U,'. (5)
i=1
Here, s; is the ith largest eigenvalue of the transfer matrix E, with u; and v; being the
corresponding left and right eigenvectors, respectively. When multiplying the E for m
times, we get the matrix E”. Then, for a large m, an approximation of the matrix E”™ can
be obtained by replacing the matrix E with the k largest eigenvalues and the corresponding
eigenvectors. That is,

X k
E™ = Zuis;"v,- ~ Zuis;”v,-. (6)
i=1 i=1
In other words, for a large size system, only a few largest eigenvalues and the
corresponding eigenvectors of the transfer matrix E are needed to approximate £V/2~! and
EN/2. Moreover, the larger the system’s size is, the smaller number k of the eigenvalues
of the transfer matrix E one needs to retain within the same accuracy. With such an
approximation in mind, and taking account of the tensor product structure of the matrix
E’, we see that the computational cost of the matrix multiplication between E”/2~! and the
matrix E’ scales as O (kx>). In addition, computing an eigenvalue and the corresponding
(left and right) eigenvectors of the x> x x? transfer matrix E costs O (x?).> Therefore,
the computational cost of e p scales as k X3~

2 Actually, the left and right eigenvectors of the transfer matrix corresponding to the largest eigenvalues constitute
the environment tensors.
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Two remarks are in order. First, the update procedure described above is not optimal, in
the sense that it does not produce the best approximate MPS representation for each imaginary
time step during the imaginary time evolution. A consequence of this is that our update
procedure is only useful to generate the system’s ground-state wavefunctions, but not for
real time evolution from a prescribed initial state, in contrast to the iMPS algorithm [6].
However, a less efficient update procedure is also available to remedy this drawback for
translationally invariant finite-size periodic lattice systems, which is optimal in the above
sense. The procedure is as follows. Form two MPS tensors A* = ' 14 and B® = '),
and construct a transfer matrix E p = ZWH (A% B*i+1) ® (A% B%i+1), In order to absorb a
two-site gate, one needs to compute environment tensors, i.e., the left and right eigenvectors
(corresponding to a few largest eigenvalues) of the transfer matrix E 4 p for each two-site non-
unitary gate. As such, the update problem is reduced to a two-site sweep procedure consisting
of successively solving a set of linear equations [4]. However, this requires updating the
environment tensors as we update the tensors A and B in the MPS representation for each
two-site non-unitary gate.

Second, although the computational cost of both updating the MPS tensors I', , p and I3, 8
under the action of a two-site gate U"*! and the computation of the ground-state energy
per site scales as x>, it is more time consuming to get the ground-state energy per site than
updating. Therefore, in order to speed up the convergence, it is a good strategy to perform a
certain number of updates, followed by the computation of the ground-state energy per site
once. This is due to the fact that the number of eigenvectors of the transfer matrix needed to
be retained increases with the evolution steps.

Example. We consider the quantum spin-1/2 Ising model in a transverse field on a finite-size
lattice in one spatial dimension with PBCs. It is described by the Hamiltonian:

N

H ==Y (o}0} +107), (7)

i=1
where O’é (¢ = x, z) are the Pauli spin-1/2 operators at lattice site i, and A is the transverse
magnetic field along the z direction. The model is critical when A = 1 in the infinite-size
(thermodynamic) limit, with the central charge ¢ = 1/2.

Simulation results

First, we test the algorithm by computing the ground-state energy per site ey for the quantum
Ising model in a transverse field with the sizes from 10 to 100. Following the conformal
field theory prediction, the ground-state energy per site ey obeys the universal finite-size
corrections: ey = €so — %, where ¢ = 1/2 is the central charge and v = 2 is the Fermi
velocity for the critical quantum Ising model in a transverse field, and ey, is the ground-state
energy per site in the thermodynamic limit. The least-square fit of the ground-state energy
per site ey, computed from the algorithm, with the system’s size N ranging from 10 to 100,
yields et = —1.273238 and ¢ = 0.500 36, as plotted in figure 4.* The relative fitting error
for the ground-state energy per site ey is less than 2.5 x 107° (see the inset in figure 4). Here,
we should mention that the third-order Suzuki—Trotter decomposition is used to find the best

MPS approximation to the ground states during the imaginary time evolution.

3 For such an update procedure, we only need to use the MPS tensors A and B, without the need to introduce the
tensors I'4(p) and A4 (p).

4 Note that the ground-state energy per site ey, evaluated from the algorithm for N = 4800, is 1.273 239 567 31.
This is in agreement with the conformal field theory prediction with an error less than 2.0 x 10710,
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Figure 4. The scaling of the ground-state energy per site ey with the size N for the critical quantum
Ising model in a transverse field with PBCs (main). For sizes N from 10 to 100, the data are fitted to

. . . . . . 1 1
eN = €oo — %, with v = 2 being the Fermi velocity. The relative fitting errors |eﬁ,‘ — e‘?vgol /e"}‘\,go
algo

are smaller than 2.5 x 107°, where e]ﬁv‘ is extracted from the fit and e~ is computed from the
algorithm for each N (inset).
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Figure 5. The scaling relation between the von Neumann entropy Sg and the block size
T(l) = logy,(N/msin(rl/N)) for the critical quantum Ising model in a transverse field with
PBCs (main). For sizes N from 300 to 4800, the data are fitted to Sg(I) = %T(l ) + a. The relative
fitting errors |Sf(l) — S92 (1)|/SY° (1) are always smaller than 3.6 x 104, where S.(7) is the

value extracted from the fit and Szlgo (1) is the value computed from the algorithm for each / (inset).

For larger sizes, we compute the entanglement entropy, i.e., the von Neumann entropy, for
the critical quantum Ising model in a transverse field with the system’s size ranging from 300
to 4800. For a system partitioned into two subsystems S4 and Sp, the von Neumann entropy is
defined as Sg = —Trapa log, pa = — Zi A;ilog, A;, where py is the reduced density matrix
for the subsystem Sy, and A; is the ith eigenvalue of p,. For a critical system, the conformal
field theory predicts that the von Neumann entropy follows the universal logarithmic scaling
with the subsystem size I: Sg(l) = c/3log,(N/m sin(wl/N)) + a, where a is a model-
dependent constant [11-15]. In figure 5, we show the scaling relation between the von

7
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Neumann entropy and 7' (/) = log,(N /7 sin(w//N)). The central charge c?vt and a?} are fitted
for different sizes. It yields that cff ) = 0.50036, afif, = 0.68956; cfi{; = 0.50032, afl{, =
0.689 39; C?}zoo = 0.499 57, a?}zoo = 0.69159; c§}400 = 0.498 96, a§f400 = 0.69309;
szti,tsoo = 0.500 14, az?,tgoo = 0.688 12. Note that the relative errors are less than 3.6 x 10~ for
the von Neumann entropy.

Conclusion

For quantum systems on a finite-size lattice in one spatial dimension, we have developed
an efficient MPS algorithm to find a matrix product state representation of the ground-state
wavefunctions, with the computational cost independent of the lattice size. Moreover, the
scaling of the cost with the truncation dimension is comparable to the improved MPS algorithm
[8]. The independence of the computational cost on the system’s size enables us to simulate
the quantum spin-1/2 Ising model in a transverse field on a finite-size lattice in one spatial
dimension with PBCs, up to the size as large as 4800 for the truncation dimension 200.
Moreover, the algorithm we developed requires the storage of only two tensors A and B. That
is, the total number of parameters to represent a quantum state in terms of an MPS is O (dx?),
thus more states can be kept during the imaginary time evolution. In other words, larger x
can be taken to achieve higher precision, compared to the improved MPS algorithm.

Finally, we point out that similar ideas are applicable to develop an efficient PEPS
algorithm to investigate quantum translationally invariant systems on a finite-size lattice in
two spatial dimensions, with the computational cost independent of the system’s size.
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