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Abstract

Tensor networks provide descriptions of strongly correlated quantum systems based
on an underlying entanglement structure given by a graph of entangled states along
the edges that identify the indices of the local tensors to be contracted. Considering
a more general setting, where entangled states on edges are replaced by multipartite
entangled states on faces, allows us to employ the geometric properties of multipartite
entanglement in order to obtain representations in terms of superpositions of tensor
network states with smaller effective dimension, leading to computational savings.
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1 Introduction

Taming the exponential growth of complexity with increasing system size presents one of the
major problems in the theory of quantum many-body systems. Tailor-made Ansatz-classes such
as tensor network states have allowed for tremendous progress over the last two decades both
in terms of numerical [ 1-4] as well as analytical work [5, 6]. This includes results on ground
state properties [7-9], the classification of quantum phases [10, 11], disordered systems [12—
16], the behaviour of open quantum many-body systems [17,18], critical systems [19], as well
as related to the AdS/CFT-correspondence [20].

At the heart of such tensor network approaches is the idea to obtain a class of physical
states of interest from an underlying resource state by the application of local linear operations,
which can be seen as applying stochastic local operations and classical communication [21]. In
the case of matrix product states (MPS) and projected entangled pair states (PEPS) these states
are given by networks of maximally entangled states. For certain applications, other tensor
network structures have been introduced such as tree tensor networks [22,23] and the multi-
scale renormalization ansatz (MERA) [24, 25], the latter capturing ground state properties of
critical systems.

Another route to generalizing MPS and PEPS, which has been recently explored, allows
for more general resource states beyond EPR-pairs [26-28]. These are based on multi-partite
quantum states shared among several lattice sites such as GHZ-states [27]. In this work, we
further generalize this approach by extending both the underlying resource state or entan-
glement structure as well as the class of allowed operations. More precisely, we allow for
one-parameter families of approximate representations, which reproduce the state of interest
to an arbitrary precision.

We show how these approximate representations can be turned into exact representations
in terms of a linear superposition of a moderate number of tensor network states. This ap-
proach provides more efficient tensor network representations for certain classes of states,
and gives rise to an efficient algorithm to reconstruct expectation values faithfully. In addition,
we obtain results that allow to simulate or re-express tensor network states based on multi-
partite resource states in terms of ordinary PEPS, thereby enabling a numerical treatment of
these states by the highly optimized methods that exist for PEPS. As a concrete example, we
show that that semi-injective PEPS on the two-dimensional square lattice based on GHZ states
as introduced in [27] with bond dimension D can be represented as a normal PEPS of bond
dimension 2D.

As an example of the application of our results, we consider the Resonating Valence Bond
(RVB) state, which has originally been proposed as the ground state of spin liquids [29] and
is also of importance in the theory of high-temperature superconductivity [30]. The RVB state
has also been studied extensively in the context of PEPS [31-33]. A first tensor network rep-
resentation of this state as a PEPS with bond dimension equal to 3 was introduced in [31].
We present two new representations of the state: a PEPS with non-uniform bond dimensions
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on the kagome lattice, with bonds of dimension (2, 2,3) depending on the orientation of the
bond, which we show is optimal; and a representation in terms of a superposition of a linear
(in the system size) number of PEPS with bond dimension equal to 2.

The paper is organized as follows. In Section 2, we revisit the definition of MPS and
connect it to notions in algebraic complexity theory. In particular, we introduce degenerations
as a way of obtaining approximate state representations with smaller bond dimension. This
leads to the concept of border bond dimension and we give a first example in terms of the W-
state where this approximate representation leads to a provably more efficient representation.
These ideas are then generalized in Section 3 to PEPS and other entanglement structures
of multi-partite states, seen as representations of graphs and hypergraphs. In Section 4, we
consider the question how to transform a given entanglement structure into another one based
on degenerations and provide an efficient algorithm to compute exact expectation values even
in this approximate setting. At the same time, this result lets us interpret states obtained
from degenerations as arising from superpositions of tensor network states with the number
of superimposed states growing linearly with the system size.

The main building block for this general result turns out to be an approximate conver-
sion between the plaquette states of the two entanglement structures involved. Therefore, we
present in Section 5 specific examples of such plaquette conversions between important ten-
sor network classes such as PEPS, generalized injective PEPS and the RVB state on the kagome
lattice, proving lower and upper bounds on the required bond dimensions. In Appendix A
we include an analysis of the computational cost of computing expectation values of tensor
network states on the square and kagome lattice using these more efficient approximate rep-
resentations, focusing in particular on the RVB state.

2 Matrix product states & Algebraic complexity theory

As a starting point for more general tensor networks, we discuss in this section the concept
of MPS representations from the point of view of algebraic complexity theory. In particular,
we introduce the concept of degenerations, which correspond to a weaker notion of MPS
representations that allows for a controlled approximation error. We then show that this notion
leads to a more efficient translation-invariant MPS representation of the W-state on a ring.

Let us first recall the definition of an MPS. To this end, we consider a state vector T € (Cd)®L

of L spins of local dimension d. Expanding T with respect to a product basis {|ij,...,i;)} we
obtain
d
T= Z Til,...,iL |i17""il> ’ (D
10l =1
with T; ; denoting the basis coefficients. An MPS representation of T can now be seen as a

particular way of decomposing the order L coefficient tensor T; _; according to

_ (a0 L]
Ty, =tr (MM M) 2)

11,.

with Ml.[_j ] being a D x D-matrix of sufficiently large dimension D, the so-called bond di-
J
mension. For each spin j = 1,...,L, we can then define an order 3 tensor according to

i d D j . . d D 1N |
MU = 3L 50 5 (MP) g 10)(B] @ 1i) and by setting A; = S, 0, (ME)[i)apl, we
can in turn express the state vector T as

D

L L
r= (@)@t ) 0=, ®
j=1 k=1

=1

3
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Figure 1: Matrix product states as a network of maximally entangled states QP
shared between physical sites of the 1D lattice to which local operations A; are ap-
plied on combined virtual space on each site.

which is an MPS representation with periodic boundary conditions and bond dimension D of
the state T. Note that the two tensor products in (3) are shifted with respect to each other by
half a physical lattice site such that € ;,; corresponds to a maximally entangled state shared
between the lattice sites k and k + 1, whereas A; acts on the combined virtual space cPecCP
at lattice site j (see also Figure 1). The important observation about (3) is the fact that we
are applying these linear maps A; locally at each lattice site to an underlying resource state,
which in the case of an MPS is given by maximally entangled pair states QP shared between
neighbouring lattice sites if we think of the L spins positioned on a one-dimensional ring.
The question of whether a given vector ¢ living in a tensor product space ®JL.:1 C% can

be transformed into a state ¢ € ®§:1 €% via local linear maps A; : €% — €% is known in the
context of algebraic complexity theory as restriction.
Definition 1 (Restriction). Given v € ®}“:1 C% and ¢ € (S0 j % we say that 1) restricts to

¢, denoted as 1) > ¢ if there exist linear maps {A; : % % } such that

(@Aj) V=6 . 4
j=1

Note that the domain of the local maps A; is implicitly specified via the chosen tensor
decomposition ®;."=1 C% of the underlying Hilbert space, i.e. each A ; acts on the corresponding
tensor factor in this decomposition.

An important generalization of the concept of restriction is that of degeneration. Here,
instead of an exact conversion according to (4), we allow for approximate conversions between
a state 1 to a state ¢ by local operations.

Definition 2 (Degeneration). Let ¢ € @, C% and ¢ € X, C4 be pure states. We say
that 1y degenerates to ¢ with error degree e, denoted as 1 >¢ ¢, if there exist linear maps
A;(g) : €% — %, depending polynomially on &, such that

Ai(e) 8- @A ()Y =elp + ) el g, (5)
=1

for some tensors $l and some integer d. We simply write ¢ > ¢ if ) >¢ ¢ for some error
degree e.

Remark 3. It is known (see e.g. [34]) that the definition of degeneration as given in (5) is
equivalent to the following statement: ) I> ¢ if there exists a sequence ((Aj(n))}“:l) of linear
n

maps A;(n) : C4 — C% such that

lim (Ay(n)® -+ @Ay (n))Y = ¢ .

4
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Remark 4. The notion of degeneration is strictly weaker than that of restriction, in that given
two vectors ¢ € QL C4, ¢ € QL cd, 1) can degenerate to ¢ even if we cannot find a
restriction, i. e. 1 > ¢, but y» 2 ¢. A well known example of this fact is the degeneration from
the GHZ-state on three qubits to the W-state [21, 35,36] (see also the W-state example at the

end of this section)

Let us denote by GHZ;(m) the k-level Greenberger-Horne-Zeilinger (GHZ) state on m
parties:

k
GHZ(m)= Y i) ® - ®i). 6)
T S
m times
We note that GHZ, agrees with the unit tensor in algebraic complexity theory, usually denoted
as (k). In the cases when m is small, as in the case m = 3 which we will study extensively, we

will use the following graphical notation to represent the GHZ state:

k
GHZ(3) = Y Ii) li} i) = [ip>-
i=1 ‘

When the number of parties is clear from the context, we will simply write GHZ;. for simplicity.
Seen as the unit tensor, the GHZ state plays a special role in algebraic complexity theory,
which leads us to define the following quantities.

Definition 5 (Rank and border rank). For ¢ € ®;", C% we define the rank and border rank
of ¢ as

R(¢) = min{k € IN; GHZ;(m) > ¢}, (7
R(¢) = min{k € N; GHZ;(m) > ¢}, ®

respectively.

Remark 6. Both the rank and the border rank depend on the tensor product structure of the
space where ¢ lives: if we regroup the tensor product differently, the rank might change. It
is easy to see that if we group factors together, i. e. we see ¢ not as an m-partite state but as
an m’-partite state, with m’ < m, then both the rank and the border rank will not increase.
This is due to the fact that after regrouping the state GHZ;(m) becomes the state GHZk(m’ ),
so if a restriction/degeneration to ¢p was possible before grouping it will still be possible after
grouping.

Moreover, if m = 2, then both rank and border rank of ¢ coincide with the Schmidt rank
across the bipartition. Therefore, we can see that the maximal Schmidt rank across any possi-
ble bipartition,

Stax(®) = Jhax }ranktrK [p Xl , )

c{1

yevey

is a lower bound to R(¢).

The question whether a given quantum state ¢ can be represented as an MPS with periodic
boundary conditions of bond dimension D is equivalent to the question, whether
®£:1 Q]k), k1 = ¢, where Q’,i 1.1 again corresponds to a maximally entangled state with D lev-

els shared between the physical lattice sites k and k+1 (see also Fig. 1). The state ®£:1 Qf k1
is known in the context of algebraic complexity theory as the iterated matrix multiplication
tensor, which is indeed the L-tensor given by maximally entangled states of dimensions D,

D,, ..., Dy arranged in a cycle. We will denote this tensor as MaMuy, p (for Matrix Multi-
plication):
Dy,...Dy
MaMup, _p = . lii)®lijiy) @+ @ i;_i;). (10)
i1yl =1
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This tensor is often denoted as (D;,...,D;) in algebraic complexity. We write MaMup (L) if

D = D; = --- = D;, a case typically denoted as IMM]LJ in the literature. As in the case of
the GHZ state, we will write MaMup, without the parameter L when this does not cause any
ambiguity.

In the cases where L is fixed and small, as for example when L = 3, we will use a similar
graphical notation as for the GHZ-state:

Dy,D,,D3
N 2
MaMup, p, p, = Z li1, 12) liz, i3) lis, 1) = D1L} :
i1,ipis=1 3

As mentioned before, MaMuy, (L) restricting to an L-tensor ¢ is equivalent to ¢p admitting
an MPS representation of bond dimension D with periodic boundary conditions. More gener-
ally, since PEPS and other tensor network states are defined in terms of networks of maximally
entangled states, we will be interested in conversions between MaMup, (L) and other states.
This leads us to define, in analogy to the rank and border rank the following quantities.

Definition 7 (Bond and border bond dimension). For ¢p € ®?1:1 C% we define the (MPS) bond
dimension and border bond dimension of ¢ as

bond(¢) = min{k € IN; MaMu,(m) > ¢}, 1D
bond(¢) = min{k € IN; MaMu(m) & ¢}, (12)

respectively.

Remark 8. Note that if we split the vertices {1,...,m} into {1,...,r} and {r +1,...,m} for
some r = 1,...,m, and we see MaMu,(m) as a bipartite quantum state across this cut, the
resulting state is equivalent to MaMu;(2) = GHZ;2(2) (since the MaMu tensor corresponds to
periodic boundary conditions). Similarly to (9), we can consider the maximal Schmidt rank
across any cut instead of any bipartition (i. e. we only consider bipartitions where the two parts
are contiguous in the spin chain):

Srcut(¢) = r ma)in} ranktrl,...,k |¢><¢| . (13)

e{1..

Then by the previous argument, we see that

Stew($)? < bond(¢) < bond(¢b).

To conclude this section, we present an example where degenerations offer a more efficient
state representation, i.e. an example where we have a separation between bond and border
bond dimension if we require a translation invariant representation in both cases. To this end,
consider the W-state on L qubits defined as

1

WL)= > line.is) - (14)

i1,00i =0
i eetip =1

In the following, we give a translation-invariant representation of W (L) with border bond di-
mension 2 independent of the system size L. This representation follows immediately from
the well-known fact that the W-state (viewed as a homogenous polynomial x~!y) has border-
Waring rank equal to two. For completeness we will give the argument below. In contrast to

this border bond dimension 2 representation, the results from [37] on the quantum Wielandt
inequality imply that the bond dimension of a translation-invariant restriction has to grow as

6
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exp(%w(BL)), with w(x) the product logarithm or Lambert function and it has been conjec-
tured that the growth should be of the order L'/3 [6]. We note however that without the
restriction to the translation invariant setting one can also find a bond dimension 2 represen-
tation of the W-state.

In order to find a representation of the W-state W (L) on L parties with border bond di-
mension 2, note that

®L
wL(s)=(0 6) 0)*" = (|0) + € [1))*" =0)®" + eW (L) + O(e?) (15)

as a product state has bond dimension 1. Accordingly; the state W(e, L) =;(¢)—|0)*" is a
degeneration from MaMu; (2). The corresponding MPS-matrices of this translation-invariant
border bond dimension 2 representation can be chosen as

10 0
Moz(o (—1)1“) and Mlz(g o)’ (16)

because tr (Mé) =0 and tr (M(’;M{") =¢g™M.

3 From PEPS to entanglement structures induced by hypergraphs

Going beyond one spatial dimension, the procedure described for MPS can be generalized
to higher dimensional lattices which leads to the notion of projected entangled pair states
(PEPS) [2]. Again maximally entangled states are shared with neighbouring lattice sites, and
the local operations preparing the state of interest from this underlying resource state are
allowed to operate on the combined virtual space that includes all these subsystems. This
motivates the following definition of tensor networks and entanglement structures for general
graphs.

Definition 9 (Entanglement Structure (Graph)). Let & = (V, E) be a graph with vertex set V,
edge set E, and let w be an integer-valued weight function on the edge set w : E — IN. For
each e € E, let ©, € C"® @ C*(®) be the maximally entangled state of Schmidt rank w(e). An
entanglement structure or contraction scheme w.r.t. to & is then given by

¥(8) =), R, (17)

ecE vev

with the local virtual dimension at vertex v € V given by D, = [ |
dimension of ¥ the quantity max,y { “*%/D,}.

For a fixed integer D we will denote by ¥, (®) the entanglement structure obtained by
setting a constant weight w(e) = D on the graph (which will then have bond dimension D).
We will also say that a state ¢ € ®,cy C% is representable by @ with bond dimension D iff
(&) = ¢, where the locality structure of the restriction maps A; is given by vertex-set V of
® according to the tensor decomposition &),y CP”.

w(e). We call the bond

e:vee

Remark 10. We remark that the term bond dimension is used in two different contexts. In
Definition 9 it refers to the dimensionality of the maximally entangled states that form the
graph entanglement structure, whereas in Definition 7 it characterizes for a given state vector
the minimal bond dimension necessary to represent the state as an MPS. Note also that the
notion of bond dimension and border bond dimension given in Definition 7 can be naturally
extended to the case of entanglement structures defined on a general graph, i.e. as

bondg(¢) = min{D | ¥, (&) > 1},


https://scipost.org
https://scipost.org/SciPostPhys.9.3.042

SciPost Phys. 9, 042 (2020)

Figure 2: Examples of entanglement structures: (a) Plaquette tensors given by max-
imally entangled states shared cyclically between three and four sites, where the
indices D; denote the number of levels of the entangled states; (b) same as in (a) but
with a GHZ-state of k levels shared between the sites; (c-d) entanglement structures
on the square and kagome lattice, the plaquette shown in red indicates how to obtain
those from the plaquette states from (a), neighbouring entangled states on the same
edge can be reinterpreted as a single maximally entangled state with the number of
levels squared; (e-f) same lattices as in (c-d) but with a generalized PEPS based on
3- and 4-party GHZ-states.

and similarly for bond,. Since the tensor MaMu,(m) can also be written as ¥;(&,,), where &,
is the cycle graph on m vertices, Definition 7 of bond dimension and border bond dimension
coincide with bond, and bond,

Accordingly, MPS and PEPS fit naturally in this setting with the graph represented given
by the path graph £; in the case of open boundary MPS, by the cycle graph ¢; in the case of
periodic boundary MPS, and by a lattice graph in the case of PEPS, respectively (see Figure 2).
However, also more general tensor networks that allow for example for maximally entangled
states between next-to-nearest neighbours can be captured within this framework.

Definition 9 identifies the notion of representability again with the existence of a restriction
according to Definition 1, where the linear maps {A;} correspond to the local tensors defining
the tensor network state. We remark that our notion of bond dimension is chosen in such a
way that it captures how the number of parameters necessary to specify such a tensor network
state scales with the system size. More precisely, given the bond dimension D, the number of
parameters scales as O(|V|D8®)d,_ ), where d,,,, is the maximal physical dimension given
by max;cy (d;) and deg(®) is the maximal degree of the vertices of &. This definition is general
enough to capture savings in the bond dimension due to non-uniform edge dimensions with
respect to the different edges in the graph, but at the same time reduces to the usual scaling
of O(|V|D?%d,,) or O(|V|D*d,,,,) in the case of MPS or PEPS with uniform bond dimension,
respectively.

We will now generalize the concept of contraction schemes to representations of hyper-
graphs, where the underlying entanglement structure is given by multipartite entangled states
shared among all vertices that are connected by a hyperedge.

Definition 11 (Entanglement Structure (Hypergraph)). Let & = (V, E) be a hypergraph, with
vertex-set V and hyperedge set E. For each e € E, let Q, € ®,c, CP»¢ be a pure state. An
entanglement structure or contraction scheme w.r.t. to & is then given by

¥(6) =)0, € X,
e€E VEV

with the local virtual dimension at vertex v € V given by D, = [ |
dimension of ¥(®) defined as D = max, ¢y { <0/ DY.

D, . and the bond

e:vee

Note that, contrary to the graph case, the hypergraph entanglement structure is not simply
defined by weights on the hyperedges but also by the choice of multi-partite entangled states

8
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Q, (since there exist non-equivalent multi-partite entangled states, we cannot simply specify
the edge dimension as in the case of graphs). As an example, note that the GHZ,(m) can
be written as an entanglement structure on the hypergraph ),, with m vertices and a single
hyperedge containing all vertices:

V(Hn) =10,...,m—=1}, E(%,)={V},

by choosing Q = GHZ;(m).

In analogy to the graph case, we can still consider a hypergraph entanglement structure
¥(®) as a contraction scheme, with a state ¢ being representable by ¥(&) iff we can find
local maps {A, : CP — d,} satisfying (4) (i.e. iff ¥(6) > ¢). Note that as in the graph case,
the locality structure of the restriction maps A; is given by vertex-set V of & according to the
tensor decomposition &), CP>.

Particular examples of entanglement structures on hypergraphs from the literature are
projected entangled simplex states [28] and semi-injective PEPS [27]. In the latter case, the
vertex set is given by the same vertices of the two-dimensional square lattice on L x L sites (i. e.
¢; x €;), but instead of having an edge for each pair of neighbouring sites, there is instead a
hyperedge containing the 4 vertices in each of the plaquettes:

v =[0,L]x[0,L]1NZ>3,
ecE < e={(i,j),(i+1,5),3(,j+1),(i+1,j+1)} forsome (i,j)eV.

Finally, for each hyperedge e, we choose a GHZ state on 4 parties as £2,, so that the resulting
entanglement structure is given by

& = (X) GHZ;(4).

ecE

The bond dimension of & is then simply given by the number of GHZ levels k. For k = 2
this class of states also includes the ground state of the CZX-model, exhibiting an on-site Z,
symmetry [26].

In order to find representations of physical states with optimal bond dimension, we will
analyze how well a given contraction scheme can be expressed in terms of another. To this
end, we introduce the following definition, which specializes Definition 1 to the particular case
of entanglement structures.

Definition 12 (Conversion of entanglement structures). Let & and &’ be two graphs or hy-
pergraphs with the same vertex set V. Given two entanglement structures ¥(&) and ¥(&')
we say that ¥(®) restricts to ¥(&’), and we write ¥(&) > ¥(&'), if there exist linear maps
A, : CP — CP for each v € V such that

(@AV)\I/((%) = (&), (18)

vev

where D, and D; are the local dimension at vertex v of (&) and W(&’), respectively. The
notion of degeneration specializes to the case of entanglement structures exactly in the same
way as restrictions (i. e. by allowing local maps to act according to the tensor product structure
defined by the vertex set V).

Remark 13. Note that in the case of a path graph £; on L sites and a graph entanglement
structure ¥, (£; ) (i. e. the entanglement structure of an open boundary condition MPS of bond
dimension k), the existence of a degeneration implies the existence of a restriction. More
concretely, if U, (£;) > T for some L-partite quantum state T, then also ¥;(£;) > T. This

9
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Figure 3: The hypergraph entanglement structure A of the RVB state. The triangles
I> represent the A tensor, and the entanglement structure A is obtained by tensoring

%L copies of it and arranging the vertices according to the kagome lattice.

is due to the fact that, by sequential SVD decompositions (see [6, Theorem 1] and [4, pag.
18-20)), it is possible to construct T with a bond dimension equal to the maximal Schmidt
rank across any cut Sr.,(T) (see (13)): equivalently ¥, (£;) = T for k = Sr.,(T). On the
other hand we can repeat the argument of Remark 8 for ¥, (£; ), but taking into account that
we have open boundary conditions instead: we see that after grouping neighbouring sites we
can convert ¥ (£;) to ¥ (£;,) with L’ < L, so that if ¥, (£, )> T then necessarily k > Sr ,(T).
On the other hand, as soon as there are cycles in the graph, this argument breaks down, and
we have already seen in the W-state example at the end of Section 2 that a degeneration can
exist when the corresponding restriction does not.

RVB state Another example of entanglement structure is found in the context of PEPS repre-
sentations of the Resonating Valence Bond state (RVB) [31-33]. Rephrasing the construction
used in [32] in terms of Definition 11, the RVB state on the kagome lattice can be represented
by an entanglement structure A, where we assign to each plaquette the 3-party entangled state
A € (C3)®® (see Figure 3) given by

2

A= D eli k) +12,2,2) = >, (19)

i,j,k=0

where ¢; ; ;. denotes the antisymmetric tensor with €g; 5 = 1.

In [32] the entanglement structure A for the RVB state composed of plaquette tensors A was
shown to have a PEPS representation with bond dimension 3, by constructing the explicit linear
maps realizing the conversion. The RVB state on the kagome lattice thus has bond dimension
at most 3. We now give a representation of the same state with border bond dimension equal
to 2 (in other words we reduce the local virtual dimension at each vertex from 3* = 81 to
2% = 16), which, as we show in Section 5.3, is smaller than the optimal PEPS representation
that can be obtained with restrictions.

In order to do so, we need to show that 2|>z > I> The MPS matrices of the degeneration

are given by

2
[l y_ 1(0 € l,._ (0 —€ l, (1 0, %3¢ (1 0

with j = 1,2, 3, resulting in the state €21 + &*[2) ® (%r |00) — |11)).
In the following section, we will show how this improved representation can be used to
compute exact contractions and expectation values for the RVB state.
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Figure 4: Graphical representation of Theorem 14: a) A local degeneration
(A(¢),B(¢),C(¢)) depending polynomially on & from one plaquette state (pairwise
entangled states between three parties) to another (A state), gives rise to a global
degeneration between a collection of F plaquette states. b) Evaluating the degenera-
tion at eF + 1 points ¢;, we can express the full entanglement structure built from the
second plaquette state (here A states) as a superposition of eF + 1 states that arise
as restrictions from the first entanglement structure (here pairwise entangled states
between three parties). The parameter e is a scaling factor depending on the poly-
nomial degree of the local degeneration, the prefactor y; is obtained by evaluating
the ith Lagrange polynomial ¢; at 0.

4 Exact state representations from degenerations

Having introduced the concept of tensor network representations in terms of degenerations
and border bond dimension in the previous sections, we will now turn to the question how
to obtain physical information in this approximate setting. To this end, we present a general
method to turn an approximate conversion between two entanglement structures given by
degenerations into an exact one by allowing for superpositions. The main advantage of this
approach is on the one hand that this can be accomplished with only a linear overhead in
the number of plaquette states involved and on the other hand that it also allows for the
computation of exact expectation values. These properties are summarized in the following
theorem. The proof relies on results from algebraic complexity theory [38,39] and we include
the argument here for the sake of completeness.

Theorem 14. Let ¥ and ® be the entanglement structures obtained by placing v and ¢, respec-
tively, on F faces of a lattice with L sites. Assume T can be represented by ®,i.e. ® > T. Ify > ¢,
then

T =eZF:Wi, (21)

where each W; can be represented by U, i. e. ¥ = W,. The number of terms in the representation is
linear in F, i. e. the constant e is only dependent on the degeneration v > ¢. Moreover expectation
values of an observable O under T can be computed from expectation values of 2eF + 1 states

represented by U:
2eF

(T, OT) Zyl (V;, OV;) (22)

where again each V; can be represented by ¥, i.e. ¥ > V; Vi, and y; € R are known constants
depending on V;.
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Proof. According to Definition 2, 1) > ¢ if there exist linear maps A;(€) : C% — ct, depending
polynomially on the parameter €, such that

(A1) @+ @A () =g + > ¥,
=1

for some multi-partite states $Z, approximation degree d and error degree e. We observe that
the plaquette degeneration ¢ > ) immediately implies that ¢®F > 1)®F  as can be seen by
taking the tensor product of the local operators given by the degeneration ¢ > 1. As was
already observed in [39, Prop. 4], the error degree will only grow linearly in the number of
copies of the degeneration maps, i. e. the number of faces F in the lattice and therefore we see
that the product of F copies of ¢ degenerates to F copies of ¢ with error degree eF:

YRY®---Y>Fpep®---®p. (23)
~—_——

F copies

This degeneration is possible, when all m parties of each of the F copies are considered
independently, i. e. when the states in (23) are regarded are mF -partite states. In [39] this was
derived in order to show that tensor rank is strictly submultiplicative under the tensor product.
Note that the degeneration resulting from grouping all the F copies of ¢ and ¢ into an m-
tensor was already considered in [38], and led to faster algorithms for matrix multiplication. In
order to prove the theorem, we will consider instead a different consequence of this argument:
grouping the mF tensor factors according to the underlying lattice, we obtain ¥ and ® as L-
partite states respectively, which means that

Yl = wF g (24)

Similar as in [38,39], we now apply Lagrange interpolation [40, p. 260] in order to trans-
form the degeneration into a restriction. From (24), we can write

F m eF
(@ ( AI(S)))\I/ =¢ld + Z edtkg, (25)
=1 k=1

for some integer d, where the linear maps A;(¢), depending polynomially on ¢, are given by
copies of the degeneration maps of 1) > ¢ corresponding to the plaquettes f = 1,...,F. Let
(B;); be the local operators given by the restriction & > T at the lattice sites [ = 1,...L, i.e.
(®1.L:1 Bl)<I> = T. Composing (24) with the (B,); and dividing by e, we define

L F m eF
T(€)=€_d(®31)(®( Al(é')))\l/: T+ngfk' (26)
i=1 i=1 \I[=1 k=1

Considering the right hand side, we immediately see that T(e) depends polynomially on €
with degree eF, and that T(0) = T. Moreover, for each € # 0, T(¢) is a restriction from
. Evaluating T(e) at eF + 1 points (¢; fi o> We can obtain the value at € = 0 via Lagrange
interpolation:

eF
T=T(0)= Y T(e),
i=0
where y; = £,(0) is obtained by evaluating the ith Lagrange polynomial £; at 0. Defining
W; = v,;T(€;), we obtain (21). In order to prove (22), we observe that any expectation value
with respect to T(€) is given by

eF eF
(T(e), OT(e)) = (T, OT) + > ((T, 0Ty ) e + (Ty,, 0T) @) + D (T, OT;) (). @7)
k=1 k,k'=1
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In case ¢ € R this is again a polynomial in € now of degree 2eF. Similarly as before, computing
(T(€), OT(€)) for a fixed € € R amounts to computing an expectation value for a state T (¢)
which has a representation in terms of ¥. Computing 2eF +1 of such expectation values is then
again sufficient for computing (T (e), OT(¢)) at € = 0 via interpolation, this proves (22). [

Let us note that we are not limited to use € € R, but can also choose ¢ € C if that is more
convenient. To this end, let us consider the expression

el el
(T(), 0T(e)) = (T, 0T) + > ((T, 0T ) +(Ty, OT))ek + D> (Ty, OTy) e+,
k=1 k,k'=1

This is by design again a 2F degree polynomial in ¢ with the expectation value (T, OT) in
leading order. Hence, computing the scalar product (T (¢;), OT(¢;)) for 2F + 1 different values
of ¢; will again allow us to compute the value of this polynomial at ¢ = 0 and therefore
(T, OT). Alternatively, we could also just insert ¢ directly into (27) and treat Re(¢) and Im(¢)
as independent variables.

We also note that due to the reduced bond dimension for each of the V; also the error caused
by approximate contraction will be smaller and that by oversampling the number of evaluation
points in the degeneration, there is an additional potential for improving the accuracy of the
contraction.

Theorem 14 provides degenerations that transform the two entanglement structures into
each other plaquette by plaquette. Constructions based on larger units (e.g. several plaque-
ttes) might lead to further reductions in the bond dimension, since the maps on the vertices
that are grouped together no longer have a tensor product constraint.

Before looking more generally on plaquette conversions between important classes of ten-
sor networks in the next section, as a first application of the theorem we come back to the RVB
state on the kagome lattice in terms of the A entanglement structure introduced at the end

. . 2
of section 3. We have presented a degeneration from 2]> to the plaquette tensors I>~ of A,
2

which has approximation degree d and error degree e both equal to 2. Rolling this out on the
kagome lattice with F triangles, we obtain a border PEPS representation of the RVB state of
border bond dimension 2 and Theorem 14 then ensures that we can reconstruct the RVB state
as a superposition of 2F + 1 PEPS of bond dimension 2 or compute expectation values with
4F + 1 contractions.

5 Plaquette conversions

In this section, we present general strategies and examples for optimized conversion between
plaquette states in terms of degenerations. To this end, we consider m-tensors, i. e. elements
of @, C%, for some non-zero integers (d;);, which can be equivalently seen as unnormal-
ized pure m-partite quantum states. We will usually consider m to be a small integer (often
m will be equal to 3 or 4), as these m-tensors are the building blocks of the entanglement
structures we considered in Section 3. After some definitions and examples that set the scene,
we will study the conversion between maximally entangled states shared around circles and
GHZ states, which are the basis for conversion between PEPS and more general tensor net-
work states. To do this, we utilize the correspondence between entangled pairs on the circle
and the matrix multiplication tensor (see e.g. [41]). This will be first done for 3-party tensors
and subsequently for tensors of m parties. In addition, we prove in Section 5.3 that the MPS
representation with bond dimension (2,2, 3) for the state A, which is the basis for the PEPS
representation of the RVB state, is optimal.
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5.1 From MaMu,(m) to GHZ,(m): the case m =3

The aim of this section is to investigate restrictions and degenerations from MaMuy, , k, tO
GHZ,(3) and viceversa: this will allow us to express GHZ based hypergraph entanglement
structures on triangular lattices as bond and border bond PEPS representations. In particular,
we will prove the following proposition.

Proposition 15.

%(1 +v/4k—3) < bond(GHZ,(3)) < o(k%W@? ) (28)

for some fixed positive c. In other words,

MaMu,(3) 2 GHZ,2_,1(3) and MaMu,(3) = GHZ;(,)(3), 29

1_L .
where f(n) = O((nz) Vlogn ) for some positive constant c’.

However, as it was shown by Strassen in [42, Thm. 6.6], there exist degenerations which
allow for an MPS representation of GHZ, 3 n21(3) with border bond dimension n. Setting n = 2,
this shows in particular, that

2 . 2 .
21>2 * @ but 2[>2 > @

Hence, bond(GHZ3(3)) > 2, whereas bond(GHZ5(3)) = 2.

Before giving the proof, we discuss a non-symmetric extension of this result, i.e. degener-
ations from MaMuy, y, r, with different values of k;, k, k3. Following [43], we consider the
local diagonal operator

.. i—eV242ij |
A(e) i, j) = e 2, j) (30)
depending on an integer g which we will fix later. This leads to the transformation
kq,ka k3
202 i diodia—e) s - .. .o
(A(S) ®A(8) ®A(€)) MaMukl,kz,kg =€ & Z 6(11+12+l3 8) |ll712’> |12> lB) |133 ll)
i1,p,i3=1
ky,ka,ks
2 .o .. .. 2
=% Z i1, io) lin, i3) li3, 1) + O(ezg H) .
i,l,i3=1
i +ip+iz=g

The leading order term in e corresponds to a GHZ state, because fixing any pair of iy, i, i3
determines the third one uniquely. Hence, we only have to determine the number of solutions
to the equation i; + iy + i3 = g for given n; and inhomogeneity g. Choosing k; = 2, k3 = 3
and ky = 2 or k, = 3 and g =5 then directly leads to

2 3 .
L3ep = 3

These degenerations are optimal, both in the sense that the corresponding restrictions
are not possible, and in the sense that we cannot obtain GHZ states with more levels from a
degeneration of these MaMu tensors. It is also not possible to obtain the same GHZ states from
MaMu tensors, where one of the bond dimension is smaller than the ones we have considered.

We will now turn to the proof of Proposition 15. We will first introduce two definitions
and prove a lemma.

14
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Definition 16. Let & = (V, E) be a graph. An orthogonal representation of & is a mapping

m:V — HN\{0},
from the graph into some inner product vector space H such that
(u,v)€e E = (n(w)|n(v))y =0.
We will denote by dim #H the dimension of the orthogonal representation.

Definition 17. Let &, , be the complete bipartite graph on 2n vertices, i. e.

V(ﬁn,n) = {bO: ) bn—l,CO;-- -’Cn—l}:
E('ﬁn,n) = {(bpck)l.]:k = 03"'sn_1}-

Let ﬁg , be the graph obtained by removing the edge (b, ¢y) from &, ,:

E(ﬁg,n) :E(ﬁn,n)\{(bO’CO)} = {(bj,Ck)lj,k:O,...,n—].,j 7é k Orj = k7é0}

Lemma 18. With the notation defined above, let T : ﬁg . — H be an orthogonal representation
such that dim’H < 2(n—1). Then at least one of the following holds

1. dimspan{n(b;)|i=1,...,n—1} <n—1,
2. dimspan{n(c;)|i=1,...,n—1}<n—1,
3. m(by) is orthogonal to m(cgp).

Proof. Let B=span{n(b;)|i=1,...,n—1} and C = span{n(c;)|i=1,...,n—1}. Since n(b;)
is orthogonal to 7(c;) for every i,j = 1,...,n—1, we have that B L C. If B&C is not equal
to ‘H, which has dimension < 2(n — 1), then at least one of the two has to have dimension
strictly smaller than n—1, so that either 1. or 2. holds. If not, then H = B&C. Since n(b,) is
orthogonal to every n(c;) fori =1,...,n—1, it is orthogonal to C, and therefore 7(b,) € 5.
Similarly, 7(c,) is orthogonal to B and therefore lies in C. But then 7(b,) and 7(cy) live in
orthogonal subspaces and they are themselves orthogonal. O

We are now ready to prove Proposition 15.

Proof (Proposition 15). We will start by proving the lower bound of (28) as well as first part
of (29), since they are equivalent as can be seen by setting k = n2 —n + 1. Let us assume that
GHZ,2_,,1 has an MPS representation with bond dimension D < n, and let us show how to

derive a contradiction from this fact. To fix notation, let
n2—n

GHZp_nir = ., t[AB;C]Ii,j.k),
i,j,k=0

for some non-zero matrices {A;};, {B;}; and {Cy} of dimension D x D, such that

1 if i=j=k,

trAl'Bj Ck = i
0 otherwise.

We start by showing that if D < n we can without loss of generality assume that A, is non-
singular. To derive this, we will use the following fact: any linear subspace of M, containing
only singular matrices has dimension at most D? — D [44]. Consider
S = spanf{A;|i = 0,...,n> —n} € Mp. S is the span of n> —n + 1 matrices: if it contains
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only singular matrices, then its dimension can be at most D2 —D. So if D < n, either in S there
is one matrix which has full rank or dimS < D? — D < n? —n, which implies that the matrices
(A;); are not linearly independent.

2
Let W = (w;;) € U(n?—n+ 1) a unitary matrix such that Z?ZOH wg;4; is either zero or full

rank. Then by denoting ¢; = W]|i) the rotated basis, we see that

(WOW ®W)GHZ,2_,,1 = .. ¢; ® ¢; ® $; has an MPS representation with matrices

Ai=ZWi,jAj: Bi=Zwi,]~B]~, éi:zwi’fci’
j j J

and A, is either zero or full-rank. The first case we can exclude, because trA,B,C, = 1. This
shows that up to a local unitary on the physical level, we can assume without loss of generality
that A, is not singular.
Let A; = UXZV™ be the singular-value decomposition of Aj. Then ¥ > 0 defines a scalar
D2 * . .
product on Mp =~ C”" by (X|Y)y = tr ZX*Y. Defining

n(b)) =B}V, mlc)=ClU, j,k=0...n"—n,

we obtain an orthogonal representation of the graph ﬁgz_n +1n2—nsq (defined in Lemma 18)

on M, with inner product (:|-)y, since

1 if j=k=

<7r(bj)|rr(ck)>Z =trXV*B;C U = trAyB;Cy = {0 othe]rwise. 0
If D < n, then dimMj, = D? < n? < n?+(n—1)?>+1 = 2(n® —n + 1), which implies that
we can apply Lemma 18 and at least one of the conditions stated in it must hold true. If 1.
or 2. hold, then either span{B,} or span{C;} has dimension strictly smaller than n®> —n + 1,
but we have already seen that this leads to a contradiction. Therefore 3. must hold, but this
also leads to a contradiction: on the one hand we have proven that trAyB,C, = 0 but we also
know that know that trAyB,Cy = (mt(bg)|(cy)) = 1.

We will now prove the upper bound of (28). Our starting point is the following result [42,
Thm. 6.6]

MaMu,, > GHZ;3,2/41, 31)

for some constant y > 0. Let a an integer to be determined later, and consider the tensor
product of a copies of (31). To simplify notation, we set k = ([%nz])“, so that we get

MaMu, .« > GHZ .

As we have discussed previously, it is a well known result in algebraic complexity theory that a
degeneration can be turned into a restriction by interpolation paying a price in terms of a direct
sum (see e.g. [34]). In the present context, this means that we can turn the degeneration into
a restriction by supplementing a GHZ state with a number of levels equal to the error degree
plus one (see e.g. [39]). Therefore we obtain

GHZ 241 ® MaMu,e > GHZ,,
from which follows that

bond(GHZ;) < n“bond(GHZ,n241)-
We can trivially bound bond(GHZ,241) by 2ayn?,

bond(GHZ;) < 2ayn®*2. (32)
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1
From the definition of k, we have n < (%)2 kﬁ, and by inserting this into the right-hand side
of (32), we obtain:

+

Nol=
QI=

4 1+5
bond(GHZ,;) < 2ya(§) k (33)

We now want to choose a in order to minimize the right hand side. We will instead simply

2 3
minimize (%)2 k=, as this will already give the right asymptotic scaling. Since the function
diverges to infinity when a tends to zero or to infinity, we find the minimum by setting the
derivative of 5 log(g) + ilogk to zero:

1 4 1 5
_log(—) ——logk=0 < a=a"= L logl/z(k)_
2 log'*(4/3)
Taking a = |a* |, we obtain
8 2 1 V2log1/2(4/3) | loglogk
bond(GHZ,) < —%Ykﬁ g2k T 2lgk 34)
3log'/*(4/3)

Since logl/ %(k) > loglogk, we can find ¢ positive as claimed in (28). We can improve this
bound by minimizing the right hand side of (33) instead, obtaining

8Y %+ 4/ 1+2 log( % ) log(k) + 108(*1+\/ 1+2 102( % ) 102("))

bond(GHZ;,) < ——— Tog(k) Tog(k)
ond(GHZ) < 33 273) ’ )
8y 1 J/1+2log(4/3)log(k)
= o k? o8(4/2)1og®) (1 1 /1 + 210g(4/3) log(k)) -
3log(4/3) " (=1 + /1+21og(4/3)log(k))

Note that the asymptotic scaling of this bound is the same as the one we had obtained by
minimizing (%)Ek%, as we claimed.
To get the second part of (29), let instead

_ 20
so that k > (%) a(%) “*2_Then (32) implies for any a > 1 that

MaMuy,, > GHZ | . 2 .
m (3) "(B)=

Ideally, we would like to take the maximum over a to obtain the best lower bound. Instead,
we decide here to maximize the easier function

2a
a+2

—alog(4/3) + logm,
neglecting the additional summand depending on —log a, since this will already be sufficient
to get the desired scaling. The maximum is attained at a satisfying

1 1 1/2
o8 =0 << a=a"=2 08 m

—log(4/3) + 4 (at 2 g a/3) -2,

again since the function is smaller or equal to zero for a equal to zero or tending to infinity.
. - 2a_ . . . . .
Since both (4/3)™* and (m/a)=+2 are decreasing in a, substituting a@ = | a**|, we obtain that

—a 2 _ log!/2(4/3)
(i) < (ﬂ) (mZ) 1§g1/2(m) )
3 3
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and

2a log1/2(4/3) ) 1 1 1
1— 1+ log(2)—5 loglog(4/3)+5 logl
(m)an < (mz)( T [1+ 52 (log(2)— loglog(4/3)+} loglog m) |

)

a
which implies
o log!/2(4/3)
MaMuy,,, = GHZ, with gq=c(m?) = n (35)
for some positive constant ¢ which gives the scaling claimed in (29). O

5.2 From MaMu,(m) to GHZ,(m): the general case

In this section, we will outline a method to obtain explicit degenerations from MaMu;(m) to
GHZ,(m), generalizing some of the results for the 3-party case from the previous section to
m parties. We will then work out in detail the case for m = 4 as an example. We leave the
reverse bound as an open problem.

As before, MaMu,(m) will denote a network of m parties arranged on a circle each sharing
a maximally entangled state with k levels with each of its two nearest neighbours. The goal is
to find a local linear transformation A;(¢) at each vertex [ depending polynomially on ¢ such
that the leading contribution in ¢ of the resulting state is an m-party GHZ state with k’ levels

k

(@Az(e)) D linia) ligia) .. i) = €4 GHZ (m) + O(e?*1),
=1 i

11000l =

where k’ should be as large as possible and the kets indicate the grouping of parties. Following
[43], we choose the operators A;(e¢) diagonal in the local product basis,
ie. Ae)li,j) = eP@D|i, ). In addition, we require that the leading order contribution in
¢ is given by those vectors |iq,iy) - - - |i,,,11), that satisfy a certain system of linear equations,
i.e. >} ¢ = g with coefficients vector ¢; and inhomogeneity g belonging to Z” for some in-
teger v [43]. This last condition is equivalent to the requirement that the vector >, ¢;i; — g is
the zero vector, which can be reexpressed by the norm condition

0= <chil—g

l

Zcm—g> = (lale) 2= ((gler) + {cilg)ia) + {glg) + D lerler) g
l 1=0 £V
(36)

However, we have to connect this expression back to the local operations A;(¢). Indeed, we
have to ensure that (36) can be generated by a product of local degenerations of the form

Ay(e)lij) = eI |ij)

namely >, p;(ij,ij41) = d + ”Zz qij—g é, which can always be achieved for all the terms
in (36) that depend at most on a single index [. However, for the cross-terms this requires
(cilep) =0if \l =l | > 1, forcing the vectors ¢; into an orthogonal representation of the cycle
graph (giving a lower bound on v), in which case we obtain

m k k
(@Az(e)) ST i) ligis) o limin) = > e(iiglZien=e) iy 1) iyig) i) -
=1 i15eeepim=1 i15eeim=1
(37)
Furthermore, we have to ensure that the leading contribution, given by
m
D0 linig) + lims i) (38)
i]eerim=1
2 ai=g
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is indeed locally unitarily equivalent to a GHZ state, i.e. consists of an equal weight super-
position of product states Y, =, ® -+ ® ¢, ., such that (1/)“ |1/Jr/,l> = 6,,. Since (38) is
a superposition of vectors of the form [iy,1,) - - - |i,, ;) this means that fixing a pair of indices
i, 1141 at any vertex [ the linear equation ), ¢;i; = g must have at most one unique solution in
the remaining i;. One way of ensuring this is to choose the vectors ¢;, ¢; linearly independent,
whenever |l - l’l > 1. In other words, we have to choose the vectors (¢;); in such a way that
if we remove any subset of vectors that share a vertex, the remaining ones have to be linearly
independent. The maximal dimension of the GHZ state we can extract is then given by the
number of integer solutions to the equation

m

Zcziz =g, (39)

=0

where we optimize over the inhomogeneity g. One can get a bound on the number of these
solutions by a probabilistic argument with respect to the inhomogeneity g. However, in order
to talk about the finite m case, we are going write down an explicit expression for (39) that
satisfies all the necessary properties, i. e. (¢;|c;/) =0 forl’ & {I—1,1,1+1} and {crho\cjh e}
linearly independent for all j. We define the equations inductively starting from the four-party

case

Now adding a new vertex and edge into the cycle between i, and i; means that now c,4 has to
be orthogonal to c¢; and the new c5 should be orthogonal to all vectors except c¢; and c¢4. This
can be achieved by the choice

1 —1 1 0 0
1 0 0 —1 1

This procedure can be repeated leading to the following linear system for the k-cycle

(1 -1 1 0 0 0 0

1 0 -1 1 0 0 0

1 0 0 -1 1 0

10 0 0 -1 i—g. (42)
10 0 0 0 1 0

\1 0 0 0 o 11

In order to find the integer solutions to this problem, we employ the Smith normal form of the
matrix on the left-hand side, which gives the general solution vector

( %1+ 29 + A
(m—2)(2; —29) + 25+ A,
(m—3)(z1 —23) + 2,

N-l
I

. ) (43)
2(21 —Zz) + Z9 +Am_2
21

K 22 j
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where 2z, 2, are arbitrary integers and the constants (4;) depend on the choice of g by a simple
linear integer transformation given by the Smith normal form. In order to obtain the relevant
solutions for our specific problem, we have to impose the upper and lower bounds 0 and k—1
if the (lriginal maximally entangled states are of dimension k for each entry of the solution
vector i.

The case m =4 In the case m =4, (43) leads to the inequalities

21 t23+ &
0< 221 =2+ 8 — &1
< 2
23

<n—1.

Choosing g, = g; € {%, k%l} depending on whether k is even or odd leads to the lower bound
on the number of solutions of the form @ for odd dimensions and k2—2 for even k.

This shows MaMu, (4)> GHZ[ 2 ](4), i. e. that we can locally degenerate from a cycle of four
2

maximally entangled states with k levels to a four party GHZ state of [%2] levels. Hence on the
level of plaquette states, we can degenerate from pairwise maximally entangled states on four
parties with [v/2D] levels to a GHZ state on four parties of D levels. Taking into account that
in a two-dimensional square lattice the bond dimension of neighbouring plaquette states have
to be combined (see Figure 2 (c) and (e)), this means that semi-injective PEPS on the two-
dimensional square lattice based on GHZ states as introduced in [27] with bond dimension
D can be represented as a normal PEPS of bond dimension 2D. By our theorem, expectation
values for these generalized PEPS can hence be computed from expectation values of normal
PEPS, for which highly optimized numerical codes exist.

5.3 Bond dimension of A is strictly larger than 2

As discussed in Section 3, in [32] the PEPS representation of the RVB-state is obtained via the
multipartite entangled state

2

A= D ealig k) +12,2,2) = >, (44)

i,j,k=0
with ¢ denoting the completely antisymmetric tensor such that €y ;5 = 1. In [32], the state
. . . 3 .. .
A was obtained as a restriction from 3|>, obtaining the same PEPS representation of the RVB
3

state with bond dimension 3 from [31]. It turns out that is sub-optimal: the tensor A can be

. . L. 2 . . .
obtained also as a restriction from 3]>, using the following MPS representation:
2

m_1(0 10 ny_ (0 -1 0 m_(1 0 1

Mo _2(1 0 0 Mi"={1 0 o My =lo -1 o0 (45)
o1 0 —1 1 0

ME =211 0 MP=[1 o MP =0 -1 (46)
2\0 o 0 0 1 0

[3]_1 0 1 31_ (0 —1 1 _(1 O

Ml _2(1 O) ! _(1 : w10 )

This leads to a PEPS representation of the RVB state where the bond dimension is reduced
from 3 to 2 on two of the edges of each triangle of the kagome lattice.
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We now prove that this representation is optimal, i. e. that A cannot be represented as an
MPS of bond dimension 2. This shows in particular a separation of bond and border bond
PEPS representations on the kagome lattice, as the PEPS representation for A obtained in (20)
has border bond dimension equal to (2,2,2).

2
Proposition 19. 2[> Z I>'
2

Proof. Given the general form of an MPS, we have to show that there exist no triples of 2x2-
matrices (4;), (B;), (Cy) satisfying

tr(AB;C) = €11 + 6 jk - (48)

We first note, that the trace on the left hand side gives rise to the usual MPS gauge freedom,
were we can substitute A; — XA;Y, B; —» Y 'B;Z and C; — Z'CX ! for X,Y,Z € GL(3).
Next, we observe that the antisymmetric part of A is invariant under M®M @M with M € SL(3),
the special linear group. Hence, restricting to matrices of the form M = R & |2)(2|, with
R € SL(2), which in addition leave |2,2,2) invariant, we also have (M ® M ® M)A = A.
Thus taking this physical symmetry plus the Y, Z gauge transformation together and restrict-
ing for the moment to the 2x2x2 tensor B = (By, B1), we see that we can apply any operator
K; ® K, ® K5 with K; € GL(2) to B without changing (48) if we transform (4;); and (Cy)x
accordingly. However GL(2)® orbits of 2x2x2-tensors are known explicitly [21], and we can
use this freedom in order to reduce By and B; to seven different normal forms, for which we
have to obtain a contradiction. In addition to the null tensor and the product state, these seven
classes encompass the bipartite entanglement between only two parties, the W state and the
GHZ state. We will now go through all the cases.

null tensor In this case, both B, and B; are equal to the zero matrix, which leads for example
to tr(A;B; C;) = 0, which clearly contradicts (48).

product state In this case, B can be chosen as |0)|0) |0), which implies B, = |0)(0| and B,
equal to the zero matrix. Hence, tr(A;B;C;) = O for all i, k leads to the same contradic-
tion as for the null tensor.

bipartite entanglement (3 cases) Depending on the two tensor factors that share the maxi-
mally entangled state, B can be chosen as [000) + [011), |000) + [101) or |000) + |110).
In the first case By = 1 and B; = 0, which brings us back to the previous situation. In
the remaining two cases By = |0)(0| and B; = |0)(1| or B; = |1){0|, respectively.

GHZ state In this case, B = |000) + |111) leading to B, = |0)(0] and By = |1)(1].

W state Finally, in this case B can be chosen as |000) +|101) + |110), giving B, = |0)(0| and
By = [0)(1] +|0)1].

In all the cases which we have not immediately discarded, we see that B, can be chosen as
|0)(0] while B; can either be [1)(1], [1){0], |0}1| or |0)1]| + |1){0]. We now want to show that
neither of these cases are possible. We start by decomposing the matrices A; and C; as

A; = |a; 0] +|a; X1, C =0)ci| + [1){&]

for vectors |a;), |d;), |c), |) € C2. Since we have reduced the problem to the case B, = |0)(0],
we have that
tr(A;BoCi) = {ckla;) = €0
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In particular, we have that (c;|a,) = 1, {cy]a;) = —1, implying that none of these vectors can
be the zero vector. Together with (c,|a,) = 0 this means that span{|a;), |a,)} = C?, and thus
necessarily |c,) has to be 0, since the trace condition forces it to be orthogonal to both a; and
a,. Similarly, we have that span{|c;) |c;)} = C? and that |a,) = 0.

Let us denote the matrix entries of B, as b; ; = tr(B, |j)i|) for i, j = 0,1, and let us consider
the vectors

|alf> = boq la;) + by11d;), |C;/<> = K,okk) +m|5k> .
Then it holds that

<c,’<\al{> = by 1 tr(A;B2Ci) + (b10bo1 — boob11) {ckla;) = by 1(€; 2k + 02 x) —det(By)e; o k-

In particular <cl’<|al{> = 0 for (i, k) = {(0,0),(0,2),(2,0)}. Therefore, they define an orthogonal
representation of ﬁg’zz by Lemma 18, either (cé’aé) =0, or either a6> or |c(’)) is zero. We can
exclude the latter case, since this would imply that either A, or C, is zero, which we already
know leads to a contradiction. Therefore <c£|a§> = by ; = 0. In the same way, defining

|al{/> = bo 1 la;) + boold;), Mg) = K,okk) +K,o|5k> )

it holds that
<c,’<’|alf’> = bgo(€i 2k + 02, k) —det(By)€; o ks

so we can conclude that also by, = 0.

We will now consider the four possibilities we have for By, driving each one of them to a
contradiction, and therefore showing that no MPS representation of A with bond dimension 2
is possible.

1. B; =1)(0|]: We get a contradiction since tr(A,B;C,) should be —1, but B;C, = 0.

2. B; =|0)(1|: We get a contradiction since tr(A,B;C,) should be 1, but A;B; = 0.

3. By =|0)(1| +[1){0[: In this case, tr(A;B;Cy) = (Ckla;) + (ckld;) = €; 1, and in particular
tr(A;B,Cy) = (Cyla;) since |cy) = 0. From this equation it follows that

tr(A1ByCo) = by 1 (Eolay) + by (coldr) = b tr(A1B1Co) =0 # 1,
so we obtain a contradiction.

4. By = [1)(1]: We see that tr(A;B;Cy) = (Ck|d;) = €; 14, so reasoning in the same way as
before we see that |d;) = |¢;) = 0 and that |d,), |d,), |¢,) and |¢,) are non-zero, therefore
reducing to the case where

Ag = |ao><1| 5 Co= |1><50| >
Ay =la; X0, Cy = [0)(cal,
Ay = a0 + [d (1], Cy = |0){ca| + [1)(E5].

Considering
tr(A1B2Co) = (Colay) boy =1, tr(ApByCy) = {(c11dp) by o = —1,

we obtain that by, by o and (Gyla;), (c11dp) are non-zero. On the other hand since
by 1 = 0 we have that

0 =tr(A3B,Cy) = (Colay) bo1, 0 =1tr(AgB2Cy) = —{cyldp) by o,
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and since by ; # 0 and by 5 # 0 we see that necessarily (Colas) = (c3|dy) = 0. Therefore
la,) is proportional to |d,) and similarly |c,) is proportional to |¢,), and so it follows that

(Cylay) _ (Cylay) ) {c1]do) ) {Colai)
(caldy)  ({caldy) (e1ldo) (Eolaq)
_ (€51do) ) {c1lay) ) {€olas) _ 1 1 {€olas) :_E
{calay) {cqldg) (Eoldy) 1 (cqld) -1 bO,l.

This leads to a contradiction since

tr(A;B2Cs) = b1 (Calas) + by g (caldy) =0 # 1.

6 Conclusions

We have shown that analyzing the geometry of entangled states and transformations between
entanglement structures provides a framework for the construction of more efficient tensor
network representations. Starting from local improvements on the level of plaquette states,
we obtain optimized tensor network representations on the entire lattice. We provide two
methods to construct such local improvements: restrictions and degenerations.

Using geometrical tools, our main result allows us to lift the local approximate conversion
originating from degenerations on the level of plaquette states to an exact representation of the
tensor network state on the entire lattice, given as a superposition of tensor network states with
smaller bond dimension, the number of which scales linearly in the system size. In addition,
our general result gives a prescription of how to leverage this bond dimension reduction in
order to reduce the computational cost of computing expectation values. More precisely, we
describe a parallel contraction algorithm to compute physical expectation values (T, OT) of
the original state as ZI.ZEF v; (V;, OV;), where each V; is given as PEPS of lower bond dimension
than T.

As an example of application of these techniques, we studied explicitly the RVB state on
the kagome lattice. We present two improvements on the representation from [32]. The
first is obtained by considering bonds of different dimensions, allowing us to arrive at the
optimal representation, where two out of three bonds on each triangle can be reduced to bond
dimension 2 instead of 3. This leads to saving in the cost of computing contractions (which
for the sake of completeness we detailed in Appendix A). The second improved representation
is obtained by considering the more general case of degenerations from the plaquette state
> : we can then find a border bond dimension 2 representation of the RVB state, which again
is optimal in terms of this effective bond dimension.

More generally, given an entanglement structure @ built from locally distributed multi-
partite entangled states, our result allows to characterize the variational class given by the set
of states obtained by applying local maps {Ai(e)}iL:0 which are polynomial of degree e in €, and
then taking the limit € to zero. Each state obtained in this fashion is specified by a polynomial
number of parameters. Our main theorem then shows that this gives us access to states which
arise as a superposition of a linear number of states represented by ®, going beyond the states
representable by a single tensor network state of this bond dimension. Nevertheless, their
expectation values can be efficiently computed by interpolation.

An interesting question that we leave open for future research is how to optimize efficiently
within the set of tensor network states that arise as degenerations, e. g. in order to minimize
the energy of a local Hamiltonian. Since degenerations are still given by a local tensor albeit
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depending polynomially on a free parameter, we expect that a local optimization step along the
lines of the known tensor network techniques will be possible. However, one has to carefully
take into account the additional constraint for obtaining an honest degeneration and we leave
the details of such an optimization procedure for future work.
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A Computational complexity of tensor-contractions

In this appendix, we derive estimates on the computational cost of exactly and approximately
contracting PEPS networks for the two-dimensional square lattice and the kagome lattice.
We will subsequently discuss a specialized contraction strategy for the RVB state from the
literature.

A.1 Exact contraction of the RVB state on the kagome lattice

Before discussing contractions of tensor networks with varying bond dimension in the subse-
quent subsection, let us briefly comment on the computational complexity of exactly contract-
ing the RVB state on the kagome lattice in regards to bond and border bond PEPS representa-
tions. One strategy employed to contract a PEPS on a lattice is to treat one boundary of the
two PEPS layers as an MPS and to view the contraction of the remaining rows of PEPS tensors
as the application of matrix product operators to this boundary MPS (see Figure 5 and 6). For
a PEPS with bond dimension D on the kagome lattice the computational cost of the contraction
of a single local tensor into the boundary MPS is given by O(y3D*) 4+ O(y2D®d) [45], with d
the physical dimension and y denoting the bond dimension of the boundary MPS. However,
since we do not reduce the bond dimension of the boundary MPS y, we can omit the final
SVD, and the relevant scaling is simply O(y2D®d).

Contracting one full row of local PEPS tensors into the boundary MPS increases its bond
dimension by a factor of D? due to the double layer structure of the network, i.e. y;,; = D?y;.
In the case of an exact contraction, this bond dimension is not compressed after each step, and
hence y grows exponentially with D?. Accordingly, if we consider the computational cost of
computing an expectation value of a PEPS with bond dimension D on a 2(L + 1) x 2(L + 1)
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Figure 5: Approximate contraction of a PEPS network on the two-dimensional square
lattice with the boundary-MPS method. The first row shows the initial step at the
boundary (I) and the bulk-step (II), which is repeated until the right boundary of the
network is reached. For simplicity, only a single layer of the two-layer PEPS-network
is shown here, but each red circle in the upper row represents the two local PEPS
tensors that have to be contracted along the invisible physical dimension. In the
second row the detailed contractions of both PEPS-layers that are carried out in each
step are depicted with their corresponding computational cost. Lines that terminate
in a tensor at a given sub-step ( a)-d)) in a tensor represent the contractions carried
out at this point, whereas lines not connected to a tensor at that level correspond to
free indices. In total, the scaling is given by (Cyp + Csyp) 13D12D22 +2Cym xszng.

lattice and taking into account that we can use a boundary MPS from both sides of the lattice,
the overall computational cost is given by

-1

— D'%q), (49)

2(L + 1)2 O(x2D%d) = Z O(x2(D*)*D°d) = 2(L + 1)(9(

=1 =1

with y, the bond dimension of the first boundary MPS. In case of a border PEPS representation
with border bond dimension D and error degree eL, i.e. linear in the system size as happens
for the case of local degenerations of the plaquette tensor, Theorem 14 implies that we have
to contract 2eL + 1 PEPS in order to compute an exact expectation value, leading to a scaling
of

4L
2(L +1)(2eL + 1)(’)( 11D10d) (50)

Accordingly, considering the bond dimension 3 PEPS representation of the RVB state in com-
parison to the border bond dimension 2 representation, we obtain a leading scaling of O(L 34
versus a scaling of O(L22%), which gives an exponential improvement.

A.2 PEPS with varying bond dimension

We now turn to the contraction of PEPS networks on the kagome and square lattice. In contrast
to the results commonly stated in the literature, we will explicitly deal with the case of non-
equal bond dimensions with respect to different virtual degrees of freedom and in the case of
the kagome lattice also take into account different distributions of the legs in the two layers
of the network. In all cases, we consider a boundary-MPS approach, where the PEPS tensors
at the boundary of the network are considered as an MPS of fixed bond dimension y to which
the internal PEPS tensor regarded as MPOs are applied subsequently. All bounds are based on
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the estimates Cy;y; D, Do D5 for the computation of the product of two rectangular matrices of
dimensions D; x Dy and D, x D5 and Cgyp ¥ D; D,, for the truncated singular value decomposition
(SVD) of a D; xD, matrix to its largest y singular values [46] with Cyp; and Cgyp constants.
Two-dimensional square lattice Starting from one boundary of the lattice, the next row of
the double of the contraction are depicted in Figure 5. Starting from the left-boundary, the
first MPO-tensor (red circle) of the next row is contracted into the boundary-MPS and its
bond dimension subsequently reduced to y via an SVD (step (I)). The cost of each step in
this contraction is indicated in the second row of Figure 5. In each of the steps a), b) and
¢), the contractions performed in that step are indicated by lines that terminate in a tensor at
that level, all other lines count as free indices. In step 1.a) for example the only contraction
performed is with respect to the gray line connecting the yellow square and the red circle,
whereas the remaining lines (two gray, one black, one orange) are free indices. Hence, this
contraction can be seen as a multiplication between a y D; xD; matrix (yellow square) and a
D, xD;D,d matrix (red circle) leading to an overall cost of Cyyy - foDzd. The two red circles
correspond to the two layers of the PEPS network. Hence, the overall cost for contracting the
MPO into the boundary-MPS at the boundary is given by

CSVD X2D12D§ + CMM XD?(Dzz + Dz)d.

In step (II), the sub-steps b) to d) are basically the same one as the steps a) to c) in step (I),
however we first have to take care of the violet tensor resulting from the SVD performed in
sub-step I.c. The overall computational cost is then given by

(CMM + CSVD) XSDlzDg + 2CMM XZD;’DSCZ .

Because this cost upper bounds the contraction cost at the boundary, cost of contracting each
MPO tensor into the boundary-MPS tensor can be upper bounded by

(Cyvt + Csvp) x>D2D2 + 2Cyy x2D3D3d , (51)

which agrees with the estimate for uniform bond dimension O(y2D%d) + O(y3D*) found in
the literature [2,3,47].

Kagome lattice The situation for the kagome lattice is very similar when compared to the
square two-dimensional lattice except more care has to be taken about how to associate the
local tensors to the boundary-MPS tensors. The procedure we adopt here is depicted in Fig-
ure 6. In order to make the procedure more transparent, we first split the boundary vertices at
the tip of each triangle into two lattice sites, before we start the contraction procedure. Fixing
the three bond dimensions in each triangle for the full lattice, we can nevertheless distinguish
their distribution for upwards (K, K5, K3) and downwards (D;, D,, D3) pointing triangles.
In comparison to the square two-dimensional lattice, we have to distinguish three different
contraction steps, depending on whether we are contracting a tensor on the top right (I), the
top left (II) or in the middle (III) of a hexagon. These three steps are then repeated until the
right boundary of the kagome lattice is reached.

Figure 7 (I) to (III) depicts the details of these three steps, breaking down every step
into the explicit tensor-contractions performed and how expensive they are in terms of the
dimension of the indices of the involved local tensors. In order to realize improved savings,
we allow different distributions of the three bond dimensions in the two triangles for the
upper and lower PEPS-layer, indicated by Dl.T / Dl.l or K lT /K ll , respectively. Taking the maximum
over the different computational costs in the three different contractions steps for y2 and x>
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Figure 6: Approximate contraction of a PEPS network on the kagome lattice with
the boundary-MPS method. Depending on the position of the local tensor to be con-
tracted into the boundary-MPS in the kagome lattice, three different contractions
have to be performed. We allow for different bond dimensions for up- (K;) and
downwards (D;) pointing triangles.

separately, we can upper bound the computational cost of each of all local contractions by
Csvp x> max(D] D}DID}, DIDIKIKS, KK KIK))
+Cym 2° max(KJ KKK}, DIDIKIK}, DIDiDIDY)

+Cy 1 2d max(K)KLKIK:DID! + Kik:DID!D!D),

Tl trinte? A nT e Ted pTpipnTple et Inte Tl Tl
D!DyK!K;{DIK] + DyKyDID;KIK;, DI D, DID:K K] + Dy DiKIKIKIKS).
In the case, where D; = D3 < D,, choosing the same distribution of the bond dimensions in

both layers and both types of triangles, i.e. DiT = Dil and K; = D; we obtain an upper bound of

(Csvp + Ca) 2 °D7D3 + 2Cyy x°D; D3 d, (52)

which has a similar scaling as the square two-dimensional lattice. In the case where all bond
dimensions are equal, we arrive at a scaling O(y3D*) + O(x2D°®d) in correspondence with
previous results in the literature [45].

A.3 Approximate contraction of the RVB state

In this section, we apply the estimates on the computational costs of approximately contracting
a PEPS on the kagome lattice derived so far in the context of the restrictions and degenerations
for the RVB state. As discussed in Section 5.3 considering general restrictions and allowing for
unequal bond dimension, we can obtain a PEPS representation of the RVB state, where two
out of three bonds on each triangle of the kagome lattice are reduced to bond dimension 2
instead of 3 (see (45)).

According to (52), the computational cost of contracting a PEPS with bond dimensions
satisfying D; = D3 < D, around a triangular plaquette scales as C; X3D12D§ + Cy xsz’Dg’d,
where C; are constants and y denotes the bond dimension of the boundary-MPS. Hence, the
optimized tensor network representation of the entanglement structure generated by [> un-
derlying the RVB state reduces the prefactor of > from 81C; to 36C; and for y2d from 729C,
to 216C,, for restrictions. Note that this improvement applies to the contraction of all tensor
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Figure 7: Ilustration of the three contraction steps involved in the approximate con-
traction of a PEPS on the kagome lattice. (I) Details on step (I): The first row de-
picts the overall contraction step. (a)-(d) show the contractions performed in each
sub-step and their corresponding computational cost. The superscript { indicates,
whether a given index corresponds to the upper or lower level of the PEPS network.
As in the case of the square two-dimensional lattice, lines terminating in a tensor
for a given step are contracted, whereas non-terminated lines correspond to free
indices of the tensors. (II) Details on step (II): The first row depicts the overall con-
traction step. (a)-(d) show the contractions performed in each sub-step and their
corresponding computational cost. The superscript  indicates, whether a given in-
dex corresponds to the upper or lower level of the PEPS network. As in the case of the
square two-dimensional lattice, lines terminating in a tensor for a given step are con-
tracted, whereas non-terminated lines correspond to free indices of the tensors. (III)
Details on step (III): The first row depicts the overall contraction step. (a)-(d) show
the contractions performed in each sub-step and their corresponding computational
cost. The superscript { indicates, whether a given index corresponds to the upper or
lower level of the PEPS network. As in the case of the square two-dimensional lattice,
lines terminating in a tensor for a given step are contracted, whereas non-terminated
lines correspond to free indices of the tensors.

networks based on the [>- entanglement structure on the kagome lattice. The same entan-
glement structure representing the RVB state is used in [32] to construct a family of quantum
states which interpolates between the RVB state and a dimer state, which are believed to lie in
different quantum phases. Since we have improved the PEPS representation of the entangle-
ment structure behind all these states, the saving we have obtained for the RVB state applies
to all of them. Note further that, obviously, there are ways to optimize the contraction cost
for specific tensor networks. In [32], for instance, the kagome lattice is first transformed to a
square lattice for which an RVB-specific improved double layer bond dimension is derived. For
this particular example, our contraction scheme does not provide an advantage, however we
would like to stress that our approach will allow a representation of border bond dimension 2
for any state obtained as a restriction from the A entanglement structure.

If we consider the more general case of approximating the plaquette state [> in terms
of degenerations, we can use the border bond dimension 2 representation of the RVB state
((20)). Employing the parallel contraction algorithm presented in Section 4, allows us to take
advantage of this reduction also in the case of the RVB state or any other tensor network state
based on the [> entanglement structure on the kagome lattice. The reduction to border bond
dimension 2 reduces the prefactors for the computational effort for the contraction of each of
the 4F expectation values (V;, OV;) to 16C; for > and 64C, for y2d as compared to 36C; and
216C,, for the unbalanced optimal restriction with bond dimension (2,2, 3).

28


https://scipost.org
https://scipost.org/SciPostPhys.9.3.042

Scil SciPost Phys. 9, 042 (2020)

References

[1] S. R. White, Density matrix formulation for quantum renormalization groups, Phys. Rev.
Lett. 69, 2863 (1992), doi:10.1103 /PhysRevLett.69.2863.

[2] E Verstraete and J. I. Cirac, Renormalization algorithms for quantum-many body systems
in two and higher dimensions (2004), arXiv:cond-mat/0407066.

[3] E Verstraete, V. Murg and J. I. Cirac, Matrix product states, projected entangled pair states,
and variational renormalization group methods for quantum spin systems, Adv. Phys. 57,
143 (2008), doi:10.1080/14789940801912366.

[4] R. Orus, A practical introduction to tensor networks: Matrix product states and projected
entangled pair states, Ann. Phys. 349, 117 (2014), doi:10.1016/j.a0p.2014.06.013.

[5] M. Fannes, B. Nachtergaele and R. E Werner, Finitely correlated states on quantum spin
chains, Commun. Math. Phys. 144, 443 (1992), doi:10.1007/BF02099178.

[6] D. Perez-Garcia, E Verstraete, M. M. Wolf and J. I. Cirac, Matrix product state representa-
tions, Quantum Inf. Comput. 7, 401 (2007), arXiv:quant-ph/0608197.

[7] E Verstraete and J. I. Cirac, Matrix product states represent ground states faithfully, Phys.
Rev. B 73, 094423 (2006), doi:10.1103/PhysRevB.73.094423.

[8] D. Perez-Garcia, F. Verstraete, J. I. Cirac and M. M. Wolf, PEPS as unique ground states of
local hamiltonians (2007), arXiv:0707.2260.

[9] N. Schuch, I. Cirac and D. Pérez-Garcia, PEPS as ground states: Degeneracy and topology,
Ann. Phys. 325, 2153 (2010), doi:10.1016/j.a0p.2010.05.008.

[10] X. Chen, Z.-C. Gu and X.-G. Wen, Complete classification of one-dimensional gapped
quantum phases in interacting spin systems, Phys. Rev. B 84, 235128 (2011),
doi:10.1103/physrevb.84.235128.

[11] N. Schuch, D. Pérez-Garcia and I. Cirac, Classifying quantum phases using matrix
product states and projected entangled pair states, Phys. Rev. B 84, 165139 (2011),
doi:10.1103/physrevb.84.165139.

[12] B. Bauer and C. Nayak, Area laws in a many-body localized state and its im-
plications for topological order, J. Stat. Mech. P09005 (2013), doi:10.1088/1742-
5468,/2013/09/P09005.

[13] M. Friesdorf, A. H. Werner, W. Brown, V. B. Scholz and J. Eisert, Many-body localization
implies that eigenvectors are matrix-product states, Phys. Rev. Lett. 114, 170505 (2015),
doi:10.1103/PhysRevLett.114.170505.

[14] M. Friesdorf, A. H. Werner, M. Goihl, J. Eisert and W. Brown, Local constants of motion
imply information propagation, New J. Phys. 17, 113054 (2015), doi:10.1088/1367-
2630/17/11/113054.

[15] A. Chandran, J. Carrasquilla, I. H. Kim, D. A. Abanin and G. Vidal, Spec-
tral tensor networks for many-body localization, Phys. Rev. B 92, 024201 (2015),
doi:10.1103/PhysRevB.92.024201.

[16] A.M. Goldsborough and G. Evenbly, Entanglement renormalization for disordered systems,
Phys. Rev. B 96, 155136 (2017), doi:10.1103/physrevb.96.155136.

29


https://scipost.org
https://scipost.org/SciPostPhys.9.3.042
http://dx.doi.org/10.1103/PhysRevLett.69.2863
https://arxiv.org/abs/cond-mat/0407066
http://dx.doi.org/10.1080/14789940801912366
http://dx.doi.org/10.1016/j.aop.2014.06.013
http://dx.doi.org/10.1007/BF02099178
https://arxiv.org/abs/quant-ph/0608197
http://dx.doi.org/10.1103/PhysRevB.73.094423
https://arxiv.org/abs/0707.2260
http://dx.doi.org/10.1016/j.aop.2010.05.008
http://dx.doi.org/10.1103/physrevb.84.235128
http://dx.doi.org/10.1103/physrevb.84.165139
http://dx.doi.org/10.1088/1742-5468/2013/09/P09005
http://dx.doi.org/10.1088/1742-5468/2013/09/P09005
http://dx.doi.org/10.1103/PhysRevLett.114.170505
http://dx.doi.org/10.1088/1367-2630/17/11/113054
http://dx.doi.org/10.1088/1367-2630/17/11/113054
http://dx.doi.org/10.1103/PhysRevB.92.024201
http://dx.doi.org/10.1103/physrevb.96.155136

Scil SciPost Phys. 9, 042 (2020)

[17] A. H. Werner, D. Jaschke, P Silvi, M. Kliesch, T. Calarco, J. Eisert and S. Montangero,
Positive tensor network approach for simulating open quantum many-body systems, Phys.
Rev. Lett. 116, 237201 (2016), doi:10.1103/PhysRevLett.116.237201.

[18] A. Kshetrimayum, H. Weimer and R. Orus, A simple tensor network algorithm for two-
dimensional steady states, Nat. Commun. 8, 1291 (2017), doi:10.1038/s41467-017-
01511-6.

[19] G. Vidal, Class of quantum many-body states that can be efficiently simulated, Phys. Rev.
Lett. 101, 110501 (2008), doi:10.1103/physrevlett.101.110501.

[20] F Pastawski, B. Yoshida, D. Harlow and J. Preskill, Holographic quantum error-correcting
codes: toy models for the bulk/boundary correspondence, J. High Energ. Phys. 06, 149
(2015), do0i:10.1007/jhep06(2015)149.

[21] W. Diir, G. Vidal and J. 1. Cirac, Three qubits can be entangled in two inequivalent ways,
Phys. Rev. A 62, 062314 (2000), doi:10.1103/physreva.62.062314.

[22] V. Murg, E Verstraete, O. Legeza and R. M. Noack, Simulating strongly corre-
lated quantum systems with tree tensor networks, Phys. Rev. B 82, 205105 (2010),
doi:10.1103/PhysRevB.82.205105.

[23] N. Nakatani and G. Kin-Lic Chan, Efficient tree tensor network states (TTNS) for quantum
chemistry: Generalizations of the density matrix renormalization group algorithm, J. Chem.
Phys. 138, 134113 (2013), doi:10.1063/1.4798639.

[24] G. Vidal, Entanglement renormalization, Phys. Rev. Lett. 99, 220405 (2007),
doi:10.1103/PhysRevLett.99.220405.

[25] G. Evenbly and G. Vidal, Tensor network renormalization, Phys. Rev. Lett. 115, 180405
(2015), doi:10.1103/PhysRevLett.115.180405.

[26] X. Chen, Z.-X. Liu and X.-G. Wen, Two-dimensional symmetry-protected topological or-
ders and their protected gapless edge excitations, Phys. Rev. B 84, 235141 (2011),
doi:10.1103/PhysRevB.84.235141.

[27] A. Molnar, Y. Ge, N. Schuch and J. I. Cirac, A generalization of the injectivity
condition for projected entangled pair states, J. Math. Phys. 59, 021902 (2018),
doi:10.1063/1.5007017.

[28] Z. Y. Xie, J. Chen, J. E Yu, X. Kong, B. Normand and T. Xiang, Tensor renormalization
of quantum many-body systems using projected entangled simplex states, Phys. Rev. X 4,
011025 (2014), doi:10.1103/physrevx.4.011025.

[29] P W. Anderson, Resonating valence bonds: A new kind of insulator?, Mater. Res. Bull. 8,
153 (1973), doi:10.1016/0025-5408(73)90167-0.

[30] P W. Anderson, The resonating valence bond state in La,CuO,4 and superconductivity, Sci-
ence 235, 1196 (1987), doi:10.1126/science.235.4793.1196.

[31] E Verstraete, M. M. Wolf, D. Perez-Garcia and J. 1. Cirac, Criticality, the area law, and
the computational power of projected entangled pair states, Phys. Rev. Lett. 96, 220601
(2006), d0i:10.1103/PhysRevLett.96.220601.

[32] N. Schuch, D. Poilblanc, J. I. Cirac and D. Pérez-Garcia, Resonating valence bond states in
the PEPS formalism, Phys. Rev. B 86, 115108 (2012), doi:10.1103/physrevb.86.115108.

30


https://scipost.org
https://scipost.org/SciPostPhys.9.3.042
http://dx.doi.org/10.1103/PhysRevLett.116.237201
http://dx.doi.org/10.1038/s41467-017-01511-6
http://dx.doi.org/10.1038/s41467-017-01511-6
http://dx.doi.org/10.1103/physrevlett.101.110501
http://dx.doi.org/10.1007/jhep06(2015)149
http://dx.doi.org/10.1103/physreva.62.062314
http://dx.doi.org/10.1103/PhysRevB.82.205105
http://dx.doi.org/10.1063/1.4798639
http://dx.doi.org/10.1103/PhysRevLett.99.220405
http://dx.doi.org/10.1103/PhysRevLett.115.180405
http://dx.doi.org/10.1103/PhysRevB.84.235141
http://dx.doi.org/10.1063/1.5007017
http://dx.doi.org/10.1103/physrevx.4.011025
http://dx.doi.org/10.1016/0025-5408(73)90167-0
http://dx.doi.org/10.1126/science.235.4793.1196
http://dx.doi.org/10.1103/PhysRevLett.96.220601
http://dx.doi.org/10.1103/physrevb.86.115108

Scil SciPost Phys. 9, 042 (2020)

[33] D. Poilblanc, N. Schuch, D. Pérez-Garcia and J. 1. Cirac, Topological and entanglement
properties of resonating valence bond wave functions, Phys. Rev. B 86, 014404 (2012),
doi:10.1103/PhysRevB.86.014404.

[34] P Biirgisser, M. Clausen and M. Amin Shokrollahi, Algebraic complexity theory, Springer
Berlin Heidelberg, ISBN 9783642082283 (1997), doi:10.1007/978-3-662-03338-8.

[35] A.Acin, D. Bru}, M. Lewenstein and A. Sanpera, Classification of mixed three-Qubit states,
Phys. Rev. Lett. 87, 040401 (2001), doi:10.1103/physrevlett.87.040401.

[36] F Verstraete, J. Dehaene and B. De Moor, Normal forms and entanglement
measures for multipartite quantum states, Phys. Rev. A 68, 012103 (2003),
doi:10.1103/PhysRevA.68.012103.

[37] M. Michalek and Y. Shitov, Quantum version of Wielandt’s inequality revisited, IEEE Trans.
Inform. Theory 65, 5239 (2019), doi:10.1109/TIT.2019.2897772.

[38] D. Bini, G. Lotti and F. Romani, Approximate solutions for the bilinear form computational
problem, SIAM J. Comput. 9, 692 (1980), doi:10.1137/0209053.

[39] M. Christandl, A. Kjerulff Jensen and J. Zuiddam, Tensor rank is not mul-
tiplicative under the tensor product, Linear Algebra Appl. 543, 125 (2018),
doi:10.1016/j.1aa.2017.12.020.

[40] H. Jeffreys and B. Jeffreys, Methods of mathematical physics, Cambridge University Press,
ISBN 978-0521664028 (2000).

[41] E. Chitambar, R. Duan and Y. Shi, Tripartite entanglement transformations and tensor
rank, Phys. Rev. Lett. 101, 140502 (2008), doi:10.1103/PhysRevLett.101.140502.

[42] V. Strassen, Relative bilinear complexity and matrix multiplication, J. Reine Angew. Math.
375-376, 406 (1987), doi:10.1515/crll.1987.375-376.406.

[43] P Vrana and M. Christandl, Entanglement distillation from Greenberger—Horne—Zeilinger
shares, Commun. Math. Phys. 352, 621 (2017), doi:10.1007/s00220-017-2861-6.

[44] J. Dieudonné, Sur une généralisation du groupe orthogonal a quatre variables, Arch. Math
1, 282 (1948), doi:10.1007/BF02038756.

[45] J. Jordan, Studies of infinite two-dimensional quantum lattice systems with projected en-
tangled pair states, Ph.D. thesis, University of Queensland (2011).

[46] N. Halko, P G. Martinsson and J. A. Tropp, Finding structure with randomness: Proba-
bilistic algorithms for constructing approximate matrix decompositions, SIAM Rev. 53, 217
(2011), doi:10.1137/090771806.

[47] M. Lubasch, J. I. Cirac and M.-C. Bafiuls, Algorithms for finite projected entangled pair
states, Phys. Rev. B 90, 064425 (2014), doi:10.1103/PhysRevB.90.064425.

31


https://scipost.org
https://scipost.org/SciPostPhys.9.3.042
http://dx.doi.org/10.1103/PhysRevB.86.014404
http://dx.doi.org/10.1007/978-3-662-03338-8
http://dx.doi.org/10.1103/physrevlett.87.040401
http://dx.doi.org/10.1103/PhysRevA.68.012103
http://dx.doi.org/10.1109/TIT.2019.2897772
http://dx.doi.org/10.1137/0209053
http://dx.doi.org/10.1016/j.laa.2017.12.020
http://dx.doi.org/10.1103/PhysRevLett.101.140502
http://dx.doi.org/10.1515/crll.1987.375-376.406
http://dx.doi.org/10.1007/s00220-017-2861-6
http://dx.doi.org/10.1007/BF02038756
http://dx.doi.org/10.1137/090771806
http://dx.doi.org/10.1103/PhysRevB.90.064425

	Introduction
	Matrix product states & Algebraic complexity theory
	From PEPS to entanglement structures induced by hypergraphs
	Exact state representations from degenerations
	Plaquette conversions
	From MAMU[m](k) to GHZ[m](k): the case m=3
	From MAMU[m](k) to GHZ[m](k): the general case
	Bond dimension of lambda is strictly larger than 2

	Conclusions
	Computational complexity of tensor-contractions
	Exact contraction of the RVB state on the kagome lattice
	PEPS with varying bond dimension
	Approximate contraction of the RVB state

	References

