1704.08564v2 [quant-ph] 2 Dec 2018

arxiv

Local density matrices of many-body states
in the constant weight subspaces

Jianxin Chen,! Muxin Han,?? Youning Li,*® * Bei Zeng,>” and Jie Zhou®
1 Joint Center for Quantum Information and Computer Science,
University of Maryland, College Park, Maryland, USA
?Department of Physics, Florida Atlantic University, FL 33431, USA
I Institut fiir Quantengravitation, Universitdt Erlangen-Niirnberg, Staudtstr. 7/B2, 91058 Erlangen, Germany
4 Department of Physics, Tsinghua University, Beijing, People’s Republic of China
 Collaborative Innovation Center of Quantum Matter, Beijing 100190, People’s Republic of China
®Department of Mathematics & Statistics, Unwversity of Guelph, Guelph, Ontario, Canada
“Institute for Quantum Computing, University of Waterloo, Waterloo, Ontario, Canada
8 Perimeter Institute for Theoretical Physics, Waterloo, Ontario, Canada
(Dated: December 4, 2018)

Let V = ®,1€V:1 Vi. be an N-particle Hilbert space, whose individual single-particle space is the
one with spin j and dimension d = 2j + 1. Let V() be the subspace of V' with constant weight
w, consisting of vectors whose total spins are w. We show that the combinatorial properties of the
constant weight condition impose strong constraints on the reduced density matrices for any vector
|4) in the constant weight subspace V{,,, which limit the possibility of the entanglement structures
of |¢). Our results find applications in the overlapping quantum marginal problem, quantum error-
correcting codes, and the spin-network structures in quantum gravity.

I. INTRODUCTION

Consider a system of N particles, each with spin j and dimension d = 2j + 1. The Hilbert space of the system
is then V = ®sz1 Vi, where all of the Vi’s are identical. For any vector ©» € V, its entanglement structure can be
analyzed by the reduced density matrices (RDMs) of ¢ ® ¢* € V @ V* [1, 2]. There are, however, always restrictions
on these RDMs, given by, e.g. the principle of entanglement monogamy [1, 2]. In a more general setting, the quantum
marginal problem considers the consistency of a set of given local density matrices. This problem turns out to be a
hard problem even with the existence of quantum computers. On the other hand, generic states are always highly
entangled, in the large-j limit [3].

Besides those general analyses, there are also physical considerations that may restrict the form of 1, hence the
entanglement structures of v. For instance, ground states of local Hamiltonians would satisfy the entanglement area
law, hence may be well-approximated by the tensor network representation [4-6]. States with special symmetry are
also discussed such as the Dicke states and their generalizations [1, 7]. Stabilizer/graph states are considered in the
scenario of quantum error correction and one-way quantum computing [8-11]. Very recently, states that may be
represented by (restricted) Boltzman machine are considered to apply machine learning techniques to study many-
body ground states [12].

In this work, we consider the restriction to constant weight subspaces. A state ¥ in V' possesses a constant weight w,
if it lies in the subspace which has an orthonormal basis {|m,...,my)} satisfying » ", m; = w. In the spin language,
the state has a fixed J,-component of the total spin. These subspaces arise naturally as decoherence free subspaces
under collective dephasing of the system [13] — that is, since each qubit gets a phase factor that only depends on its
own weight, any constant weight state obtains a global phase for the collective dephasing. In this sense, a constant
weight state is invariant under the collective dephasing noise, hence is decoherence free. Also, constant weight states
are discussed in many other contexts, such as the atomic Dicke states and its generalizations. When w = 0, this
subspace contains the invariant subspace of zero angular momentum, which is widely discussed in loop quantum
gravity. Despite that the constant-weight condition arise naturally in these many places, the entanglement structure
of these spaces has not been studied systematically.

We discuss the properties of the RDMs of constant weight states in a very general setting. We show that there exist
linear conditions between the elements of RDMs, for any j, N and w, which can be written down explicitly. Our key
idea is that the combinatorial properties given by the constant weight constraint, which is mathematically a partition
of w, lead to such linear structures of the reduced density matrices. These conditions could find many applications.
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For instance, it implies that there is no perfect tensor in a constant weight subspace, for any j when N > 4, which
is a concept that has recently received attention from understanding quantum gravity from the quantum information
viewpoint [14, 15]. Also, given the intimate connections between perfect tensors and quantum error-correcting codes,
our results give restrictions on the achievable distance on constant-weight quantum codes. In practice, our conditions
can also be used as good certificates for decoherence-free subspaces.

We organize our paper as follows. In Sec. II, we define our notions and provide background information on
constant weight subspaces in the SU(2) case. In Sec. IITA we discuss the combinatorial structure of the constant
weight condition that leads to our main theorem on linear relations of RDMs. In Sec. III B, we discuss further the
relationships between these linear structures. In Sec. IV, we discuss the application of our main results to the quantum
marginal problem and the nonexistence of perfect tensors. In Sec. V A, we discuss the generalization to the SU(n)
case. Finally, in Sec. V B, we discuss the generalization for relaxing the constant weight condition by introducing the
notion of frequency matrix.

II. PRELIMINARIES

According to the standard representation theory [16], the study of representations of the Lie group SU(2) is
essentially equivalent to that of the Lie algebra s1(2). In this work, we shall use the language of the latter for simplicity.

The Lie algebra su(2) is generated by the Chevalley-Serre basis {H, X, Y}, whose Lie algebra structure is given by
[H,X]=2X, [HY]=-2Y, [X,Y]=H. (2.1)

They act on the standard representation C? of su(2) by multiplication by the following matrices:

n-(35). x=(0). - (1Y)

These matrices are related to the Pauli matrices
1 0 01 0 —
Jz:(o _1), JJE:(l O), Jy:<z. 0) (2.3)
1

1
X=g(etid)=Jr, Y=o(e—il)=J, H=J.=Js. (2.4)

by

The finite dimensional irreducible representations of su(2) are classified by the dimension d € Z . One has for
each d € Z, an irreducible representation Sym®%C2 of dimension d = 2j+1, where C? is the standard representation.

Each representation W of dimension D, not necessarily irreducible, can be decomposed into a direct sum of ir-
reducible representations. Moreover, there exists a Hermitian metric (—, —) on W such that the decomposition is
orthogonal. We shall denote the dual of W with respect to the Hermitian metric by W*, and the dual of a vector
v € W by v*.

According to the weight decomposition of irreducible representations, one can then find an orthonormal basis of W

82{613627'” 76D} (25)
whose weights, the eigenvalues under the action of H, are
Qp,Q2, - ,AQp, (26)

respectively. Note that here the weight is 2 times the usual notion of spin. See Figure. 1 for an illustration.

We label each of the vectors in the basis B for W by its sub-index r € {1,2,---, D}, and vice versa. We shall
adapt this convenient convention throughout this work.

We consider in this work the tensor product

N
V=)V, (2.7)
k=1



)=

N

D=

FIG. 1: The decomposition of a representation W into direct sum of irreducible representations. Each disk/square represents a
one-dimensional eigenspace of H with integer /half integer spins, respectively. The vector spaces aligned in the vertical direction,
which are connected by actions of X and Y, constitute an irreducible representation.

where all of the components Vj, are identical to some given representation, not necessarily irreducible, say W. In our
following discussion, we shall consider the non-trivial case N > 2.

A basis of V is then provided by B®YN, whose elements are indexed by the multi-indices I = (iy,42,--- ,in)
corresponding to the vector

er=ej e, ey . (2.8)
The weight of this vector is easily seen to be
weight(]) := a;, + oy + -+ - iy - (2.9)
Any vector ¢ in V is then represented by
P = Z are;, ay€C. (2.10)
e EBON

We now discuss the notion of partial trace. Choose a subset of components A C {1,2,--- N} for V, and define

=R Vi, Vae=QQ)Vi. (2.11)

keA k¢A

The identity operator Iy, € End(V}) is equivalently represented by a unique tensor Ay, € Vi ® Vi, or alternatively
a unique tensor AVA € Vi ® Vi, where the notation ~means the linear dual in the category of vector spaces. The
explicit formula for Ay, is displayed in (2.14) below.

The Hermitian metric gives an identification between the Hermitian dual V* and the linear dual V. This identifi-
cation will be assumed frequently in this work. By this identification, the element ¢ ® ¥* € V ® V* then determines
an element in End(V) = V ® V. Thus one can contract it with the tensor Ay, . This is equivalent to the following
pairing using the Hermitian metric

<AVA, PR w*> S End(VAn) . (212)

As priori, (Ay,, % ®¢¥*) is only an element in Vi ® V., but in (2.12), we have used such identification to identify it
with an element in End(Vje) = Vpae ® Vie.



Definition 1 (Partial trace) The partial trace of ¥ ® ©* over the vector space V) is defined to be

Try, (Y @ 7)== (Avy, p © 97). (2.13)

The above definition can be applied to a general element in V' ® V* which is not necessarily of the form ¥ ® ¥*.

Writing I = (L; K), where K runs over the index set for the orthonormal basis B2 = {ex} of V) and L over
that for Ve, we then have

Ay, = Y ex@ek. (2.14)

e EBOIA

The notation |A| stands for the cardinality of the index set A.
Hence (hereafter ©p := {1,2,--- ,D})

Trv, (W @v") =Y D awm)a{ger @ el € End(Vie). (2.15)
L gee®Al

Example 2 Consider the D = 2, N = 4 case. Given a state |1)) = >
trace over Vi ® Vy can be calculated by

Trviev, (O) @) = D linis) (55| Y @iiniain@l i, (2.16)

iayi,ih,i4=1,2 i1,i4=1,2

i1 i i ia Qinsin,ia,ia |11, 92, 13, 14), taking partial

With respect to the basis we have chosen, Try, (¢ ® ¥*) is naturally represented by its entries
* * A€
(T, (WU ) = > ammaig . LL e0p™l (2.17)
KeofM

The tensor ¢ ® ¥* € End(Vj- ® Vi) has rank one, hence the dimension of its kernel is dim(Vy. ® Vi) — 1. Taking
the partial trace over V) would at most increase the rank of the resulting partial trace by dimVy: forgetting about
the component V in Vi ® V would at most decrease the dimension of the kernel by dimV},. Therefore, the rank of
Try, (¢ ® 9*) has an upper bound

rank(Try, (v ® 9*)) < 14 dimVj . (2.18)

In order that the partial trace, as an element in Vje ® V)., has full rank, the following condition has to be met
dimVye < 1+ dimV} . (2.19)

In the present case, all of the components are isomorphic representations. Hence the above condition reduces to

A1 (5] (220)

Intuitively, one must contract enough components in order for the resulting partial trace to have possibly maximal
rank.

IIT. COMBINATORICS IN PARTIAL TRACE ON THE CONSTANT WEIGHT SUBSPACE

We shall discuss in this section some combinatorial structure of partial trace and of the constant weight subspace,
based on which we shall discuss some applications in Section IV .

Among the entries in the partial trace (2.17), of particular interest are the diagonal ones

c AC
ot = Y lawaol, Leop™l. (3.1)
KeofM



We fix A° = {1,2,--- M, M + 1} for some 0 < M < N — 1. Writing the index set L as (lo;ipry1), where
Iy = (i1,42, -+ ,ipr) is @ multi-index and, 1 < i, < D,k =1,2,--- M, M + 1. Then the diagonal pieces of the partial
trace over V) are represented by the entries

A° ) ®|A°
Pliine) = 2 0ol VToiinisa) € T (3.2)
Keol
An element K takes the form (ipsy2, - ,4n). By moving the position of ip711 from M +1 to a position valued in the

set {M +1,M + 2,---, N} which symbolically is denoted by *, we get similarly the quantities. To be more precise,
denote

Ai:{1727"',M7*}7 A*:{]_,Q,N}—Ai,

then we have

AS={1,2, M x} 2 > ®ALl
P(Iysin) - Z |a(10;i1v1+1,“' w7y V(oyis) €O (3.3)

(ipr41, ,i:,m,iN)E@%‘A*‘
Here the notation i, means the index i, is omitted. For simplicity, we denote K, = (ipr41, - ,i:, -+ ,iy) and
K' = (ipf41,°+ 594, ,in). Since the sub-index k of i) already contains the information iy € Vj, we can denote for
convenience K’ = (i.; Ky).
Later we shall consider

D D
{1,2,+ ,Mx} 2
E E P(Io:in) = E § E ‘a(Io;i*;K*) ) (3.4)
*€{M+1,M+2,- , N} i.=1 +€{M+1,M+2, ,N} i.=1 ®l A
{ }ei* eV { }ei*EV* K*EGD

where e;, € V, indicates that the index i, labels different basis vectors in V.

A. Combinatorial identity in the constant weight subspace

After restricting to the constant weight subspace V(. of V' consisting of vectors of weight w, an index K’ that

appear in the sum (3.4) corresponds to a (N — M)-tuple = (zpr41, " ,Zx, -+ ,ZN), Where xy, is the weight of the
vector labeled by iy for k = M + 1,--- *,--- | N. The constant weight condition is translated to the condition that
x is a solution to the equation
N
Z x = —weight(ly) +w, xx € {o,a2,---,ap}, (3.5)
k=M+1

where the subindex k of xj labels different components Vi, and the subindex r of «,. labels different basis vectors in
each Vi. We denote the latter set of solutions by X.

Note that different elements in X' can correspond to the same partition: permuting an (N — M)-tuple can give a
different (N — M)-tuple but they correspond to the same partition. After modulo the action by the symmetry group
Sn_n, the set X/Gy_ps of cosets is then in one-to-one correspondence with the set of partitions (with all elements
in a partition valued in {a, @9, ,ap}) of the following function S of weight(ly) and w

S = —weight(ly) + w. (3.6)
More precisely, any element in the set X' /& n_ s, denoted by [z], is given by a partition
a1 -ni([z]) + ag - na([z]) + - - + apnp([z]) . (3.7)

Here n,([z]),r = 1,2,--- , D is the frequency of «,. appearing in the partition, which is independent of the choice of
the representative of the coset [z]. They are subject to the conditions that

D D
Sane(al) =S, Sn(al) =N - M. (3.8)

Therefore, we get the following result.



Lemma 3 There exists a nonzero solution {b.}2_, to the equation

D
> bene([z]) =0, V[z] € X/Sn_n . (3.9)

An explicit one is given by

S
bT:aT—m, T:1,2,"'7D. (310)
Remark 4 A natural question is about the uniqueness of the solution. This will be addressed in Section V B below
using the notion of frequency matriz.

Example 5 Take N =5, =1. Then D =3 and o,./2 € {—1,0,1} forr € {1,2,3}. Consider the case M = 1,w = 0.
Labeling the basis in Vi, by spin, which is half of the eigenvalue of H acting on Vi, we then have the following

weight(lo)/2  {[z]}  (n.([z])) b= (b)"
—5/4
1 [1000 031 1/4
3/4
ntay [202) [~1/4
0 [1,—1,0,0] 121 0
[0,0,0,0]
040 1/4
—-3/4
1 (1,0, 11] 211 11
5/4

We can now prove the following theorem.

Theorem 6 Consider the constant weight subspace V() of V' consisting of vectors of weight w. Fixr an integer

1< M <N -1 and an index Iy € @%M such that the set X of solutions to (3.5) is non-empty. Then there exists a
nonzero solution {b.}2_; to the equation

ShoX o @1

r=1  xe{M+1,M+2,- N}
er€Vi
where e, € V. indicates that r labels different basis vectors in V.

Proof. Straightforward computation as in (3.4) shows that

D
> Z oty ™ = > D b 2 Nl

*E{M+1,M+2,--- N} i.=1 *E{M+1,M+2,-- N} is=1 Q[ Ax]
{ }el*ev { }efy*EV* K.co%

After interchanging the order of summation on i, and *, one would obtain

D D
> b ) Yo aterra P =) b > Py M (3.12)

r=1  se{M+1,M+2, N} g co®li- r=1  «e{M+1,M+2,--,N}
er €V b er€Vi

Now we restrict ourselves to the constant weight subspace and hence replace the multi-index (i.; K,) by a solution
2 € X given in (3.5). Then the LHS in (3.12) gives

D
Zbr Z Z |a(10;m)‘2 . (313)

r=1 zeX xe{M+1,M+2,--- ,N}

Te=0p



Theorem 6 is then equivalent to the vanishing of (3.13) above.

We define Supp(x) to be the set of distinct values in the entries of . This gives a function on the set X’ of solutions.
It is obvious that it is invariant under the action by the group G y_j; and hence descends to a function on the set
X /S n_ of partitions. We then define Supp([z]) to be Supp(z) for any representation z of [z]. Therefore,

D
Db Z [ (z10)|*

r=1 z€X *G{M-H M+2,.-- N}
Tr=0p
D
— 2
- E b7" E ‘a(10;$)|
zeX r=1 xe{M+1,M+2,-- ,N}
Ty =0y

= Z Z brnr(m)|a(10§w)‘2

zEX r: o €Supp(x)

= Z Z Z brnr(['r])|a(10@)|2

TEX /S N_Mm zE[x] r: . ESupp([z])

- ¥ S bene(l2) Y lagm

r€EX /G N-_Mm 7 arESupp(x) w€[z]
= Z Z brn([2]) Z |a(1g;) ?
[z]leX/SNn_m \7:a,eSupp([z]) z€[x]

For any partition [z], if o, ¢ Supp([z]), then n.([z]) = 0 automatically. It follows that

D
S (% @) (Seeet) - 5 (Son) (o

[z]eX/SNn_m \T:ar-ESupp([z]) z€[x] [z]lexX/Sn_m \r=1 z€[x]

This is vanishing due to the equation Zf):l byn.([z]) = 0 for any [z] € X/Sn_p, as proved in Lemma 3.
O
The above results exhibit only part of the combinatorial properties in partial trace. The actual combinatorial
structure in partial trace is much richer. For example, the quantity considered in (3.4) is closely related to

TrV*®VA W@T/)*)a AU{*}:{M+17M+27N}7 (314)
whose (I, Ip)-diagonal entry is
° { }
1,2,--- M ,*
Z Z P(Io3in) : (3.15)
1e=1 e,;*GV*
In particular, if we take M = 1, then Try, gy, defines an element in End(V;) and we have
1,% *
> SY o = (V- 1) (Do (6 © 4 (3.16)
x€{2,3,--- N} i.=le; €Vi
The summation of the above over I gives the further trace over V;. We therefore have
1,% *
S OY Y Y ey Bwer) @17
Io %€{2,3,- ,N}i.=le;, €Vi

When combined with Theorem 6, this will be useful in the applications discussed in Section IV below where we shall
prove that the converse statement is also true.



B. The relation between different M’ < M

For different choices of Vj, the patterns in the combinatorics of the partial trace shown in Lemma 3 in fact only
depends on the cardinality N — M — 1 of A.

For different values of M, Theorem 6 gives different sets of relations. We shall show in this section that the most
informative one is the one with largest possible M subject to the condition M + 1 < [%] (the least possible number
of components being traced out according to (2.20)), the others are its consequences.

Fixing M, consider another value M’ such that M’ < M. Our argument is by induction. Hence we shall assume for
now that M’ = M — 1. We single out the component in M — M’. Assume it is the first component, by permutation
or relabeling if necessary.

Recall that the relations in Lemma 3 is about the combinatorics of X' /& n_p. We now show that the solution {b, }
given in (3.10) implies the solution {b’ } We start with the fact that each of the partitions [z] satisfies

Zb n,([x]) =0, Zn, =N-M, Zarn,.([x]) =5. (3.18)

Here the existence of {b,} is guaranteed by induction hypothesis. Later we shall see that the solution given in (3.10)
is a natural one consistent with the induction procedure.
The goal is then to prove the existence of {b].} such that the '-version of the above equations are satisfied, for any [2'].

Choose a value s for the first component in the process of taking partial trace over the N — M’ components. We
can then classify 2’ into two sets: one involves s and the other one does not. For those not involving the specified s,

it must involve some other value 5. Then we apply the following same reasoning to [z'] = [z] + §.
If we can prove the result for any possible value of s, then by exhausting all the possible values for s, we are done
with the checking for any [2'], as any z’ must be of the form [z'] = [z] + s for some s.
Hence it suffices to consider those involving any fixed value s, for which we have [z] = [z] +s, [z] € X /S n_, With
(@) =N-M'=N-M+1, Y am('])=5". (3.19)
We set
b, =b,+6,, (3.20)

for some §,.. We want it to depend only on the numbers S < S’ being partitioned and M = M’ + 1 so that we can
proceed by induction.

Now we compute

D D
Zb;nr([:c']) = Zbrnr +Z§ n.([z]) + bs + I,
r=1 r=1 r

= (N—M)(Sr—i—bs—&—&

= bs+ (N — M +1)d,

= bs+ (N — M")§,.
We set

S
N-M’

b, = a, — Vr=1,2,---,D, (3.21)

and
S S’

=N N_Ir

Vr=1,2---,D. (3.22)

This then does the job S>7_, #/n,([z]) = 0. In fact, from this one can see that 4, is independent of . Furthermore,
one has from the above and (3.20) that

SI
N-M""

Hence it keeps the pattern for b, shown in (3.21) unchanged. Therefore, one can proceed by induction.

b= oy — (3.23)



IV. APPLICATIONS

Theorem 6 is a strong structural condition on the partial trace Try, (¢ ® ¥*) € End(Vje). One immediate
application is for the overlapping quantum marginal problem when restricting to the constant weight subspace. For
overlapping quantum marginal problem, very few results were known [17, 18] and most of them can only be applied
to small systems. To the best of our knowledge, no further conditions are known if we restrict the pre-image to lie in
a given subspace.

To make things precise, we first give the definitions of density operator and density matrix, which are the practical
notions in talking about distributions in probability theory.

Definition 7 (Density operator and density matrix) Suppose E is a Hermitian vector space. A density opera-
tor o is an element in End(F) satisfying

e [t is normalized in the sense that Tro = 1.
e [t is a self-adjoint, positive definite operator.

Fizing an orthonormal basis {fr} for E, then the density operator o is represented by a matriz (orr:) called the
density matriz. The self-adjoint property translates into the property that the density matrix is Hermitian. We denote
its diagonal entries by

pPL = OLL - (4.1)

For example, for any unit norm vector v € F, the operator v ® v* gives a density operator.

A. Quantum marginal problem

The quantum marginal problem is formulated in the following way. Consider the Hermitian vector space V =
®f€v:1 Vi For each subset {7,j} C {1,2,---, N}, define

Afj = {i’j}’ Aij = {1727"' 7N} - {7’7]} (42)

Given a collection of density operators { ois }, consisting of one density operator(called two-body below) o™i for each

Af;, we want to ask whether there exists a density operator o2 NY — 4y @ o* on V, supported on the subspace
Viw) of constant weight w, such that its partial trace over Vy,, satisfies the following relation
T‘I‘VA Q{1727W7N} = QA?j . V{Z,]} g {1727 aN}a (43)

ij

When there exists such a o{12*N} then 1 is a state in the constant weight subspace Viw)-
If not, then there could be two possibilities:

1. there does not exist pt%2 N} at all, either on the constant weight subspace or not;

2. there exist some global states but none of them is in a constant weight subspace.

Our results of Theorem 6 directly give necessary conditions for this problem. With respect to some given orthonor-
mal basis of V' of the form (2.8), which is induced by those on the components Vj, the diagonal entries of o™i are

given by {pf" }regirer- I (4.3) is true, then these diagonal entries {p?gj }Legirel must coincide with the ones defined
D D

in (3.1) in Section III. Hence one must have, for the solution {b,} given in (3.10) (which in particular depends on Ij),

the following relations provided in (3.11):

D

{1,2,--- ,M,*x} _
Sho X s v, (1)

r=1  xe{M+1,M+2,- ,N}
e €V

as well as the relations obtained by moving the index set {1,2,--- , M} inside {1,2,--- ,N}.
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For instance, we can take M = 1, our result then leads to a new necessary condition for the set of the density
operators (o112}, o33} ... p{LN}) having a lift into a constant weight subspace:

D

pl
dYobe D punh =0, VIo. (4.5)
r=1

x€{2, N}
er€Vi

These linear constraints cannot be obtained from the trivial conditions

Try, (ot'7h) = Try, (oM9}), V2<p<g<N. (4.6)

Here is another closely related problem. Assuming that { QAEJ} indeed descends from a density operator {12 N} =

Y ® Y*, we want to know to what extent we can know the property of ¢ (e.g., deviation from being supported on a
constant weight subspace) from the condition (4.5) and its permutations.

We now show that the necessary condition (4.5) and its permutations provided by Theorem 6 is actually sufficient,
provided that the above assumption that {gAﬁi } descends from a density operator o2 NY — o) @ p* is met. Note
that the condition (4.5) and its permutations are much weaker than the set of relations obtained by permuting (4.4).

To see this, we assume that (4.5) and its permutations are met for a set of {b,} given by (3.10) for some wo,

—weight(lp) + wo

b = a, — 1 , r=1,2---.,D. (4.7)
Then we get
D weight(1y) + w
- 0 0 1%
> (e~ o ) > el =0, v (4.8)
r=1 «€{2,--- ,N}

er€Vi
We first decompose ¢ into a sum of its projections 9, to the constant weight subspaces V.,
w:Z Z a;elzzzww, ar € C. (4.9)
w er€Viy) w

Then since different V{,,)’s are orthogonal, we have

Try,,, (@ ¢*) =Y Trv,, (Y ® ;). (4.10)
Denote the diagonal matrices of Try, (¥w ® ¥;,) by p{}o*r})( ). Then we have for the diagonal entries that
1,% 1,%
f’glo r} Z p{fo r}) (4.11)
Applying Theorem 6 to each component v, we get
D
—weight(Iy) + w 1,4
> (e - DD P (w) =0, V. (4.12)
r=1 x€{2, N}
er€Vi
This gives
D weight(1y) + w
- 0 1,%
DDl ) > w) =0, V. (4.13)
w r=1 *€{2,---,N}
er€Vy
On the other hand, from (4.8), (4.11), we also have
D welght I + w
— 0 0 1,%
> (e, - DIEDIN p&o Hw) =0, V. (4.14)
r=1 w  *e{2,-

erGV*



11

One can change the order of summation on r and w and get

— ht (I, *
Z Z welg (Jo) + wo) Z pk{llo,:r}) (w)=0, V. (4.15)
w r=1 -1 *G{QYEH{/N}

Taking the difference between (4.13) and (4.15), we obtain

D
Y NTT X el =0, Vi (4.16)

w r=1 *€{2,---,N}
er€Vi

Simplifying this relation a little further, we get

I.LZ}V_—wlo Z Z Z ELIlo*l];) =0, V. (4.17)

*€{2,---,N ix=1le;, €Vi

The combinatorics in (3.16) tells that
S e v P () = (Trvigvy (Y @05 1o 10 - (4.18)
1,% *
Seetor V) ot Do, ev. Pty (W) = (N = 1) (Tryy (Y0 ®93)) 1) - (4.19)

Then it follows from (4.17) that

> (w=wo) (Trypy, .y, (Y ® Vi) oty = 05 Vo (4.20)

w

In particular, a consequence of this says that the expectation value of the operator H = ), Hj, on the density
operator {12V} is the same as that of the constant operator wg. Here Hy, =Id®---® H ® - - - Id acts nontrivially
on Vi only, hence H must be diagonal since H is in the Cartan subalgebra.

= IZ;(U] - wO) (TI"V{QY&... N} (ww ® w;))(lmlo)
= Zzw (’I‘Ilv{2’37_.. N} (ww ® 1/);))(10)[0) - Zzwo (’I‘I‘V{zy&... N} (ww ® w;ku))(]m[o)
Z Z Trvia v o @00)) g s wozz Tevis sy (Pw ®U0) 0 1oy

_ wa.TrV (Vo @) —wOZTrv (Y @ 1y,)

= Try(HoM2 N — g - Ty (o2 (4.21)

We remark that (4.20) is in fact stronger than this. From (2.17) we can see that Try,, , ., (¥w ®9y,) only have
diagonal terms: this is special as the leftover after the partial trace has only one component. Therefore, (4.20) actually
means that the following two are equivalent operators (contrasting (4.6))

Zw (TrV{2,3,4-4 N} (’l/)w ® ¢:;)) = Zwo (Trv{z,s,-z- N} (ww ® ’l/};ku)) : (4'22)

Taking further the partial trace over V; then yields (4.21).
We have shown in (4.22) that
Trvg, .. vy H=H)Y @Y™ + (Hi —wo)Try,,, . v, ¥ @¢Y°=0. (4.23)
Permuting the index from 1 to k gives

Trvi s vy (H=H)p @9" + (Hy —wo)Trvy, 5, vy ¥ @Y =0, VE=1,2,---N. (4.24)
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Multiplying this by a polynomial operator f(H}), and summing over k, we then get

N
Try > ((H—wo)f(Hy)) ¢ ® ¢ =0. (4.25)
k=1
Taking f(Hy) = wg gives
Try (NHwy — Nwd)y @ ¢* = 0. (4.26)
Taking f(Hy) = Hy, yields
Try (H? — Hwo)y @ ¢* = 0. (4.27)
Combining the above two, we get
Try (H—wo)’¢ @¢" =Y Try, (w— wo)*t, @ ¢}, = 0. (4.28)

This can be true only when ¢ ® ¢* is supported on the constant weight subspace V().

Hence we have shown that one can determine whether a state is supported on a constant weight subspace by all of
its two-body local information. The proof above also shows that the vanishing of fluctuation of H would give another
necessary and sufficient condition to this problem. However, in the case leakage exists, our method gives a more
practical and powerful criteria than the mean and fluctuation method.

B. Perfect tensor

As another concrete example of our applications, we now use our conditions to study the notion of perfect tensor,
which is recently widely studied in the theory of AdS/CFT, and is understood as an interesting proposal to realize
the holographic principle in many-body quantum systems. Perfect tensors can build tensor network state exhibiting
interesting holographic correspondence [14]. In particular, the tensor network made by perfect tensors derives the
Ryu-Takayanagi formula of holographic entanglement entropy, namely, the entanglement entropy of the boundary
quantum system equals the minimal surface area in the bulk [19, 20].

Furthermore, recently it has been shown that perfect tensors can represent quantum channels which are of strongest
quantum chaos [21]. The quantum transition defined by perfect tensors turns out to maximally scramble the quantum
information such that the initial state cannot be recovered by local measurements. It has also been suggested that a
perfect tensor should represent the holographic quantum system dual to the bulk quantum gravity with a black hole.

Definition 8 (Perfect tensor) A wvector ¥ € V is called a perfect tensor if for all possible choices A satisfying
|A| > &, the condition

Try, (¥ @ ¢°) = ¢ja) - Iv,e (4.29)
is satisfied for some non-vanishing constant c|y.

The following result follows from Theorem 6.

Theorem 9 Fixing N > 4, then for any w, there does not exist a perfect tensor in the constant weight subspace with
weight w.

Proof. We prove by contradiction. Suppose there exists a perfect tensor ¢. We can then take A€ with cardinality
M + 1 such that the condition in (2.20) is fullfilled. That is,

M+1<N-[——]=]

N+1 N
Ny 4.30
=15 (4:30)

Then according to Definition 8, one must have

TI’VA(’Q/J X ¢*) = C|A\ . ]IVAu s (431)
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for some non-vanishing constant ¢|5|. It is easy to see that ¢|| only depends on the cardinality of A: the further trace
over Vje should give a multiple of the identity endomorphism which is independent of the choice of A.

We now consider the entries pf\;o; ” constructed in (3.2). All of them are equal to c|5| which without loss of generality
can be normalized to 1. Then we have

Py =1, V(loir) € O3 . (4.32)

We now show that if M s 0, that is, the set I is nonempty, then there always exists I such that

D
> b #0. (4.33)
r=1
The condition M > 1 requires N > 4 according to (4.30). To check the condition (4.33), we compute
D D g
by = r—D- . 4.34
N .

Due to the structure theory of representations, one has Ef):l a, = 0. Hence the condition boils down to
S = —weight(ly) +w #0. (4.35)

This can always be satisfied by choosing a suitable Iy, which is contradictory with the claim in Theorem 6. Hence
there does not exist such a perfect tensor. a

Perfect tensors also have an intimate connection to quantum error-correcting codes [22]. An N-spin perfect tensor
can be equivalently viewed as a length-N quantum error-correcting code encoding a single quantum state, with the
code distance 6 = | N/2] + 1. Our results hence indicates in the constant weight subspace, there is no such code exist.

We will now use our results to further understand the existence of invariant perfect tensors. Invariant tensors are
the tensors in V' with vanishing total angular momentum. They play an important role in the theory of loop quantum
gravity [23, 24], and particularly the structure of Spin-Networks [25, 26]. Spin-network states, as quantum states of
gravity, are networks of invariant tensors, and represent the quantization of geometry at the Planck scale. Classically
an arbitrary three-dimensional geometry can be discretized and built piece by piece by gluing polyhedral geometries.
The spin-network state built by invariant tensors quantizes the geometry made by polyhedra. As the building block of
spin-network, the n-valent invariant tensor represents the quantum geometry of a polyhedron with n faces. The reason
in brief is that the quantum constraint equation Z?Zl Jit = 0 (vanishing total angular momentum) is a quantum

analog of the polyhedron closure condition Y . , A; = 0 in three-dimensional space (see e.g. Appendix A in [15] for
details).

Given that both invariant tensors and perfect tensors relate to quantum gravity from different perspectives, it is
interesting to incorporate the idea of perfect tensors with that of invariant tensors, and define a new concept that we
call invariant perfect tensor.

Definition 10 (Invariant perfect tensor) A nonzero vector ¥ € V is called an invariant tensor if
Hy =0, X¢y=0, Yyy=0. (4.36)
A nonzero vector i € V is called an invariant perfect tensor if it is both perfect and invariant.

A partial study of invariant perfect tensors has been carried out in [15], which shows that at N = 2,3 invariant
tensors are always perfect, but strictly there is no invariant perfect tensor at N = 4, although invariant tensors
generically approximate perfect tensors asymptotically in large j.

The result in Theorem 9 generalizes the conclusion for invariant perfect tensor to arbitrary N > 4. Since invariant
tensors live in the constant weight w = 0 subspace, we obtain the following.

Corollary 11 There does not exist invariant perfect tensor for any j, for N > 4.

N = 3 invariant tensors are employed in spin-network states for 2+1 dimensional gravity, while N > 4 invariant
tensors build spin-network states for 341 dimensional gravity [27, 28]. The above results show that the entanglement
exhibited by the local building block of quantum gravity (at Planck scale) is not as much as a perfect tensor. So
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the holographic property of quantum states is obscure at the Planck scale. The holography displayed by quantum
gravity at semi-classical level then suggests that in order to understand quantum gravity using tensor networks, the
entanglement of perfect tensor, as being important to understand holography, should be a large scale effect coming
from coarse-graining the Planck scale microstates. Namely although the perfect tensor is missing at the Planck scale,
it may emerge approximately at the larger scale, and makes tensor networks demonstrate holography. This idea is
very much consistent with the recent proposal in [20], which shows the spin-network states in 3+1 dimensions can
indeed give tensor networks exhibiting holographic duality at the larger scale. Then it is interesting to understand
how (approximate) perfect tensors emerge from non-perfect invariant tensors via coarse-graining from the Planck scale
to larger scale. The research in this perspective will be reported in a future publication.

V. GENERALIZATIONS AND EXTENSIONS
A. Generalization to SU(n)

We have considered in the above the case where V' is the tensor product of N copies of a not necessarily irreducible
representation W of SU(2). We now generalize this to the SU(n) case.

Consider V = ®sz1 Vi, where all of the Vj’s are given by the same irreducible representation W of SU(n) of

dimension D. Suppose a basis of the Cartan subalgebra of SU(n) is given by HM, H® ... H™=1_  One then has
the weight space decomposition

W= @ Ws, (5.1)

[<PAN
where A is the weight space and Wy is the eigenspace with the weight vector @ = (a(,a®, ... a(*=1), that is
Wa={veW |HVy=aWy Vi=1,2,--- ,n—1}. (5.2)

In particular, the action of any element in the Cartan subalgebra, symbolically denoted by H*), is diagonal on Wy
and hence on W.

The above decomposition is orthogonal. We choose an orthonormal basis e, ez, -+ ,ep whose eigenvalues under
H®™) are given by 621*), o‘Zg*), e ,o‘Zg).

The constant-weight condition becomes the condition that under the action of the Cartan subalgebra generated
by HD H® ... H®=D the weight vector is constant, say & = (w(l),w@), e ,w(”’l)). In particular, the weight
under H™) is the fixed number w(*).

Then everything discussed in the SU(2) case follows. The same reasoning also works when W is not irreducible, in
which case a similar orthogonal decomposition in (5.1) still exists, thanks to the structure theory for finite dimensional
representations of the Lie group SU(n).

This then shows that there is no perfect tensor in a constant weight subspace for the group G = SU(n) when N > 4.

B. Relaxing the constant weight subspace condition

We now discuss to what extent one can relax the constant weight condition.
Recall that the combinatorics in partial trace allows one to pass from the space X to its quotient X' /& y_pr. What
makes the proof in Theorem 9 work is the relation (3.9) in Lemma 3

D
> ben([z]) =0, VY[z] € X/Sn_w, (5.3)
r=1

with the condition in (4.33)

D
> b #£0. (5.4)
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The condition
D
S onp(lal) =N-M, V2] € X/Gy_u (5.5)
r=1

is automatically satisfied, according to (3.8) which follows from the definition of X.

Suppose we impose a certain constraint which is not necessarily the constant weight condition. Assume that the
set of vectors satisfying this constraint, required to be independent of the ordering of the N components, is indexed
by the set ). Denote the cardinality of the quotient J/&n_pr by P. Then the non-existence of perfect tensors in the
space Y would follow if the following conditions are satisfied

D D
D obne([y]) =0, Y b #£0, VI €V/Sy u- (5.6)
r=1 r=1
We fix a set of representatives {[y;],i = 1,2,--- , P} for ¥/&n_ar, and denote the matrix of frequencies by
A= (Air) = (ne([9i]))i=1,2. - Pyr=1,2--D - (5.7)
Then the above two equations become the conditions for the vector b = (by,--- ,bp)’
Ab=0, (L1,--,1)b#£0. (5.8)

We denote A to be the matrix obtained by adding a row of 1’s below the P-th row of A. The existence of such a
vector b is equivalent to the condition that

rank A < D, rankA=rank A+ 1. (5.9)

Example 12 Consider the case where each Vi, in'V = ®,1€V:1 Vi is the irreducible representation SU(2) of dimension
D = 25+ 1. We put the constant weight condition. This is the main interest in this work. In this case, it is
straightforward to show that the cardinality P of X /S n_ is

D
1
P = Coeff _ e 5.10
S+D(N M)llil_tr (5.10)
where t.,r = 1,2,--- D are formal parameters with grading 2r—1 respectively, and Coeffy f(t1,t2,--- ,tp) is the sum of
the coefficients of the grading-k terms in the Taylor expansion of f(t1,ta, -+ ,tp) near (t1,t2,--+ ,tp) = (0,0,---,0).

Lemma 3 applies to this case.

The existence of a non-trivial solutions tells that rank A < D — 1. In fact, more is known and we can show that
rank A = D — 1 for generic D and N — M. For simplicity we consider the case where each Vi, in V = ®sz1 Vi is
the irreducible representation of SU(2) with dimension D = 2j + 1. The general case where Vi, is not irreducible is
similar.

Now according to (3.8), we see that if [x] is a certain partition in X/Sn_pr, then the following is also a partition
if N— M >2

[]+aq-14+ap-1, (5.11)
where aq, o are subject to the condition that a, + ap = 0. Furthermore, one also has the combinations
[+ aq - 24+ap1-14+apir-1, [2]+aq1-1+ag1-1+ap-2. (5.12)

The former gives a genuine partition provided the relation 1 <b—1,b+1 < D can be satisfied, which is the case when
D >3,N— M > 3. The latter is similar. We shall refer to the case D > 3, N — M > 3 the generic case, the others
are isolated cases which can be dealt with easily.

We then take the frequency vectors corresponding to the partitions in the set

], [z]+aa-14+ap-1, [2]+as-24+ap—1-1+ap1-1, b<D-1, [z]+a1-14+a3-14+ap_1-2. (5.13)

By computing the determinants inductively, it is easy to see that the corresponding frequency vectors span a vector
space of dimension at least D — 1. Combing the relation rank A < D — 1 implied by Lemma 3, we are then led to the
conclusion that rank A = D — 1 for generic D,N — M.
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Example 13 As another ezample, we put the constraint
D
Zafnr =9, (5.14)
r=1

where a7 =1,2,--- . D, are the weights of the basis B = {ey, ez, -+ ,ep}. The solution {b,}2_; to (5.6) then exists
if we choose Iy, S suitably.
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