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Universal tripartite entanglement in one-dimensional many-body systems
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Motivated by conjectures in holography relating the entanglement of purification and reflected
entropy to the entanglement wedge cross-section, we introduce two related non-negative measures
of tripartite entanglement g and h. We prove structure theorems which show that states with
nonzero g or h have nontrivial tripartite entanglement. We then establish that in 1D these tripartite
entanglement measures are universal quantities that depend only on the emergent low-energy theory.
For a gapped system, we argue that either g # 0 and h = 0 or g = h = 0, depending on whether
the ground state has long-range order. For a critical system, we develop a numerical algorithm for
computing g and h from a lattice model. We compute g and h for various CFTs and show that h
depends only on the central charge whereas g depends on the whole operator content.

Quantum entanglement has come to play a key role
in our understanding of emergent phenomena in quan-
tum many-body physics and modern numerical methods.
Most attention has focused on bipartite entanglement,
e.g. properties of a pure state on two parties [¢) , 5. The
entanglement entropy S(A) is the unique measure of bi-
partite entanglement because, up to reversible local oper-
ations and classical communication, the EPR pair is the
unique form of bipartite entanglement. In contrast, a
pure tripartite state [¢) 4 5~ admits a large (presumably
infinite) number of distinct forms of entanglement, and
consequently a variety of tripartite entanglement mea-
sures have been proposed [I]. But it remains relatively
unexplored what universal features such measures might
reveal about a many-body system [2H9)].

Recently two tripartite entanglement measures, the en-
tanglement of purification EFp(A : B) [10] and the “re-
flected entropy” Sgr(A : B) [II] have been applied to
many-body physics within the context of holographic du-
ality. As motivation, recall that the Ryu-Takayanagi
formula equates the bipartite entanglement entropy of
a boundary theory to the area of a minimal surface in
its holographic dual [12], a central result in the effort to
relate the emergence of spacetime geometry to quantum
entanglement. It is then natural ask whether there are
multi-partite entanglement measures which might also
have a dual geometric interpretation. In Refs. [13], [14]
it was conjectured that the minimal cross section of the
bulk “entanglement wedge” joining two parties, Ey (A :
B), is dual to the entanglement of purification in the
boundary, Fp = FEyw. More recently, however, by de-
veloping a field-theoretic method for calculating Sgr in
generic conformal field theories (CFTs), it was shown
that Sgp = 2Ew [I1]. In general Sg # 2Ep, so one possi-
ble resolution is that their equality is a special property
of holographic CFTs which is violated at subleading or-
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FIG. 1. Left: A spin chain on a circle that is divided into three
parties A, B, and C. Right: Geometry in the computation of
Ep(A: B). Region C is divided into Cr and Cr. The dashed
line represents the entanglement cut between ACt, and BCr.

der in large-N expansion [I5]. The gap between them,
2Ep — Sg, would then constitute an interesting entan-
glement measure of this violation. But investigating this
discrepancy requires a method for computing these quan-
tities in generic many-body systems.

In this work we derive a method for computing Ep
and Sg in 1D lattice models. To summarize our findings
it is convenient to define UV-regularized version of these
quantities [16], g(A : B) =2Ep(A: B)—I(A: B) >0
and h(A : B) = Sg(A : B) —I(A : B) > 0, where I
is the mutual information [I7]. For the tripartition of a
ring shown in Fig. [T} holographic duality predicts that
they take on the universal value g = h = £ log(2), where
¢ is the central charge of the CFT [I8]. But what about
in a generic lattice model? As a limiting case, we start
by proving structure theorems for states with g,h = 0
which imply that h = 0 if an only if a state is gapped
(¢ = 0), while g = 0 if and only if the system is gapped
and does not spontaneously break a symmetry. We then
develop a method for numerically computing g, h from a
lattice Hamiltonian on systems up to N ~ 100 sites. As
expected, we find that h = £log?2 is universal. However
we find that g > h and depends on the operator content
of the CFT in addition ¢, yet is nevertheless completely



universal. Thus 2Ep — Sg = g — h constitutes a new and
universal tripartite entanglement invariant of CFTs.

Ep and Sg — We first review the definitions of the
entanglement of purification Ep(A : B) and reflected
entropy Sgr(A : B). Unlike the bipartite entanglement
entropy, which is a function of a reduced density matrix
on one party, these mixed state entanglement measures
are functions of the reduced density matrix on two par-
ties, pap, or equivalently its purification 1) 4 -, where
pap = Trc [¢) (].

The entanglement of purification Ep(A : B) [10] is the
minimum of the entanglement entropy Sac, over all pu-
rifications |¢) s pe, ¢, Of pAB to another pair of systems
C =CLCR:

EP(AB) Erﬂ#%nSACL(W»ABCLCR)' (1)

The partitions of the subsystems are depicted schemat-
ically in Fig. In principle the auxiliary space CCgr
can be arbitrary, but the minimal S4¢, can always be
achieved with dim(Hc¢, ), dim(H¢e,) < rank(pagp).[19]
We may alternatively rephrase Eq. as a minimization
over unitary operations Ug restricted to C,Cr starting
from an arbitrary purification [¢o) 45¢, ¢, of sufficiently
large dimension,
Ep(A:B)= min Syc, (UC |¢0>ABCLCR )7 (2)
Ucpcor
which is the viewpoint taken in our numerical approach.
Ep is lower bounded by the mutual information [10],
Ep(A: B) > I(A: B)/2, so we define a non-negative
quantity

g(A:B)=2Ep(A: B)—I(A:B)>0. (3)

The physical intuition behind this new quantity is that
the subtraction of the mutual information removes corre-
lations which are purely bipartite, as will be made more
precise by the structure theorems below.

To define the reflected entropy Sr(A : B), we instead
pick a particular purification of p4p known as the canon-
ical purification |\/pap). It is defined as follows: we first
take the unique non-negative square root of the reduced
density matrix p4p, and then regard the operator \/pap
as a state |\/pap) € Ha @ Hp @ H} @ Hj. The reflected
entropy Sg(A : B) is defined as

Sr(A: B) = Saa-(Ivpas))- (4)

It is shown in Ref. [Tl that Sg(A: B) > I(A: B), so we
define the nonnegative quantity

h(A:B)=Sgr(A:B)—I(A:B)>0. (5)

In order to interpret the nature of the tripartite entan-
glement captured by these quantities, we derive “struc-
ture theorems” for states which saturate these lower
bounds, i.e., states with ¢ =0 or h = 0.

States with g(A : B) = 0 — We first define a class of
pure tripartite wavefunctions known as triangle states.

Definition 1 (Triangle State). A state 1) 45 is a tri-
angle state if for each local Hilbert space there exists a
bipartition Ho = Ha, @ Hay (o = A, B,C) such that

|1/)>ABC = |1/)>ARBL |w>BRCL |1/)>CRAL ) (6)
where |1),,,. 5, are pure states in Ho, ® Hp, .

In other words, a triangle state can be obtained by
pair-wise distributing bipartite-entangled states followed
by local unitaries. In this sense, a triangle state lacks
nontrivial tripartite entanglement. We prove the follow-
ing theorem in the Supplemental Material (SM) [20] 21].

Theorem 2. A state |¢) g is a triangle state up to
local isometries if and only if g(A: B) = 0.

The “only if” direction can be shown by noting that
2Ep(A : B) = I(A : B) in the purification [¢) 45 of
pap. The proof of the “if” direction is more complicated,
and is presented in SM [20].

Conversely, g(A : B) > 0 implies that [t)) 45~ con-
tains tripartite entanglement that cannot be factorized
pairwise. For example, for a GHZ state [¢) 5o =
\/dejZI |jajpjc) the optimal purification of pap is
V) spe itself [14], resulting in g(A : B) = logd. It can
also be shown that the W state has nonzero g(A : B).
This is in accordance with the fact the GHZ state and
W state are not triangle states [22].

States with h(A : B) = 0 — It can be verified that a
triangle state has h(A : B) = 0, so h(4 : B) # 0 also
implies irreducible tripartite entanglement. But for the
GHZ state, g(A : B) # 0 while h(A : B) = 0, which
suggests that that some forms of tripartite entanglement
are “invisible” to h.

To make this precise we introduce the notion of sum
of triangle states.

Definition 3 (sum of triangle states (SOTS)). A pure

state |V) 4 g is a SOTS if for each local Hilbert space H

there exists a decomposition Ho = @; H,s @ H,s such
L R

that

) ase = D VBi Vi) apy 99 sics Widogai » (D
j

where Wj)aiéﬂi represents a pure state in HO&_{ ® Hﬂi’
ete, and 3, pj = 1.

For example, the GHZ state is a SOTS with p; = é
and the triangle state is a SOTS for which p; = 1 for
exactly one j. By using the structure theorem for states
satisfying strong subadditivity [23], we prove [20] the fol-
lowing:

Theorem 4. A state [1)) 45 is a SOTS if and only if
h(A:B)=0.



As a corollary, while in general h(A : B) # h(B : C) #
h(C : A), if one vanishes then all of them vanish (and
likewise for g).

g and h for 1D gapped systems — We now give a phys-
ical interpretation of these structure theorems in the con-
text of 1D Hamiltonians: we argue that on a ring with
the tripartition shown in Fig. [} a system is gapped if
and only if A = 0, and gapped without long-range order
if and only if g = 0. As motivation, consider the two lim-
iting gapped phases of the 1D Ising model: the symmet-
ric paramagnet, |PM) = |—-— ---), and the ferromag-
net |[FM) = %( [11+++) + [{L--+)). When partitioned
into 3 subsystems, the |[PM) (|[FM)) state corresponds
to a product state (GHZ state), so it will have g = 0
(g = log2) and for both, h = 0. Indeed, we see that g is
sensitive to the “cat state” structure of the exact ground
state in a symmetry-broken phase, so will generically de-
tect the multiplicity of super-selection sectors. Away
from these extremal points, the ground state develops
additional short-range entanglement. However, so long
as sizes of the regions N4, N, N¢ are larger than the
correlation length £, this additional entanglement simply
dresses the product state within each superselection sec-
tor into a triangle state, and so with exponential accuracy
in N/¢, g and h are unchanged.

The argument can be phrased most precisely in the
language of matrix product states. We first take a finite-
dimensional MPS as an approximation to the ground
state of a 1D system [24]. The thermodynamic limit is
taken by fixing N4a/N, Ng/N and taking N — oo, where
N is the total system size. In the thermodynamic limit
we can then apply the standard MPS coarse-graining
procedure [25] to obtain a fixed-point MPS. If the ini-
tial correlation length is finite [26], the state flows to an
MPS with £ = 0. It is straightforward to show that a
& = 0 MPS is precisely the N-party generalization [27]
of a triangle state [25, 28], so by the structure theorems
we obtain ¢ = h = 0. On the other hand, if the MPS
has an infinite correlation length (e.g., it is a cat state
as occurs for spontaneous symmetry breaking or phase
coexistence), then it flows to a sum of £ =0 MPS which
are locally orthogonal [20, 29]. Thus in the long-range
ordered phase we have g # 0 and h = 0. These cases are
analyzed in greater detail in [20]. Note that the precise
statement of our claim is thus as follows: A fixed-point
MPS has h(A : B) = 0 for all contiguous tripartitions.
Since all MPS flow towards fixed-point MPS under coarse
graining, h(A: B) — 0 as Na, Ng — oo [30].

Gapless systems — At a critical point g and h need
not vanish. In fact, they are universal constants which
depend only on the emergent CFT in the thermodynamic
limit.

We now briefly describe the algorithm to compute g
and h of the ground state of a critical quantum spin chain
with NN sites and Hamiltonian H. First the ground state
|¥) 4 pe 1s obtained in the form of a periodic uniform MPS

V) ige = ¢

FIG. 2. The state before and after coarse-graining. Top: The
periodic uniform matrix product state (puMPS) represents
the ground state of a translation-invariant critical quantum
spin chain before coarse-graining. Bottom: The puMPS is
coarse-grained into a MPS with 3 tensors corresponding to
the coarse-grained Hilbert spaces H 3, Hg, Hea-

(puMPS) [B1H33]. A puMPS consists of N copies of the
same rank-3 tensor M with dimensions D x D x d, where
d is the dimension of the Hilbert space on each site, and
D is the bond dimension which grows polynomially with
the system size N (Fig. [2). The tensor M is obtained
variationally by minimizing the expectation value of H.
We then apply the standard MPS coarse-graining pro-
cedure [20, 25] to “compress” the Hilbert space of each
region down to a smaller one via a sequence of isometries,
Ho — Ha. Because the entropy of each region is sub-
extensive, So < N, log(d) —even at a critical point — we
can reduce the dimension of the Hilbert space d, < d,
while preserving all the bipartite and tripartite entangle-
ment properties among the three parties A, B and C' to
high-accuracy. The coarse-grained state \1[1) ipe can be
represented by a MPS with three tensors M, with dimen-
sions D x D x d, (Fig. 2), where d, < D?. D,d, grow
polynomial with system size; as an example, for the Ising
CFT we use D = 12, d,, = 36 for N = 24 and D = 26,
de = 100 for N = 84.

We compute Sr(A : B) according to Eq. in the
dense representation. Assuming that da < dp, the total
time cost scales as O(chi%). To compute Ep(A : B), we
first make a random split of H into Hp @ He,, with

dimensions JCL X JCR. We then numerically minimize the
entanglement entropy of AC, with respect to a unitary
Ugs on C,

Ep(A: B) = 1min 6, (Vel)ape)  ®

We verified numerically that the dg are large enough to
achieve the (near) optimal purification. The numerical
optimization can be performed with, e.g., the non-linear
conjugate gradient algorithm, since the gradient can be
constructed explicitly (see [20]). The time cost of each
gradient calculation scales as O(Jioz dec)a assuming that
da < dg. The mutual information I(A: B) can also be
computed using the coarse-grained state, with time cost
O(d3,,..), where diyax = maxa{dy}.

g and h for various CF'Ts — In order to show that g
and h are universal, we study the Ising model with an
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FIG. 3. g(A: B) and h(A : B) from the model Eq. (9) with
different \’'s. At A = 0 and A = 0.3, the quantities converge
to g“"" and h"" of the Ising CFT. At A = \* ~ 0.428, both
quantities converge to a different value that corresponds to the
tricritical Ising CFT. At A = 0.4 we observe a renormalization
group flow from the tricritical Ising CF'T to the Ising CFT.

irrelevant near-to-nearest neighbor interaction [34],

N
H = § : Jg+1 J 9
: { +MX; X120+ Z; X511 X j42) |7 )

Jj=1

where X;(Z;) are Pauli X(Z) matrices on sites j and
periodic boundary conditions are assumed. The model is
critical described by the Ising CFT for A < A*, gapped for
A > A", where the transition at A* ~ 0.428 is described by
the tricritical Ising CFT [34]. We study four parameter
values, A = 0,0.3,0.4, \*, where the first three correspond
to the Ising CFT and the last correspond to the tricritical
Ising CFT.

We fix Ny = Ng = No = N/3 and compute g(A : B)
and h(A : B) as a function of N, shown in Fig. 3| We
see that both g and h converge to a constant as N — oo
[35]. Furthermore, the constant is the same for A = 0
and A = 0.3, indicating that g and h are universal. We
denote the universal quantities as ¢g“" and h™7". At A =
A* 2 0.428, we obtain a different value that corresponds
to the tricritical Ising CFT. At A = 0.4, both g and h go
through a renormalization group flow from the tricritical
Ising CFT to the Ising CFT, analogous to the spectral
flow observed in Ref. 31l The values of g“" and A" for
various CFTs are summarized in Table 1.

We also verified that the values of g™ and A" do not
depend on the relative sizes of A, B, C [20]. For any ratio
Na/N and Ng/N, once we take the thermodynamic limit
N — oo, both g(A : B) and h(A : B) converge to the

universal constants ¢g"" and h.

We proceed to examine how ¢“"" and h“"" depend on
the conformal data of the CFT. To do so we compute
g and h“7T for the free compactified boson CFT for
differing compactification radius R. All have the same
central charge ¢ = 1, but the operator content depends
on R. A concrete lattice realization of the CFT is the

Theory c | g | RTT | £log2
gapped symmetric 0 0 0 0
long-range ordered 0 >0 0 0

Ising CFT 1/2 | 0.450 | 0.1155 | 0.11553

Tricritical Ising CFT| 7/10 | 0.719 | 0.1617 | 0.16173

Free boson R = /3 1 0.920 | 0.2310 | 0.23105
Free boson R = 2 1 0.899 | 0.2310 | 0.23105
Free boson R = V6 1 0.906 | 0.2310 | 0.23105

TABLE 1. ¢9" and h“"" extracted numerically through finite
size scaling. For the gapped spin chains, the universal values
of g and h are shown. For the gapless spin chains, we show
the central charge c as well as ¢“" and h°"" of the CFTs.

.
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FIG. 4. g(A : B) and h(A : B) from the XXZ model with
different A’s at sizes 18 < N < 48. We see that ¢“"” depends
on A while h“" is independent of A.

XXZ model,

H=Y% (X;Xji1 +YYjp1 + AZ;Z541),  (10)
j

where —1 < A < 1 is a parameter that determines
the compactification radius R = /27/cos™1(—A). We
compute ¢ and AT for different R’s by extrapolating
g(A : B) and h(A : B) for different A’s to the thermo-
dynamic limit. The result is shown in Fig. [d and Tab. [,
where R = /3,2, V6 correspond to A = 0.5,0, —0.5, re-
spectively [36].

We see that h“" does not depend on A and is compat-
ible with A" = £ log 2. On the other hand, g** depends
on A and thus on R. For example, as shown in Table I,
g takes on three different values at A = 0,0.5,—0.5,
which correspond to R = 2,v/3,1/6, respectively. We
conclude that A" only depends on the central charge
but ¢“" depends on the whole operator content. This
feature of A" can be understood as follows. The canon-
ical purification of psp can be regarded as the ground
state of a CFT living on a circle, divided into four con-
tiguous segments A, B, B, A. The measure h(A : B) =
Sai— Sa— S+ Sap involves only contiguous pieces
and is hence proportional to the central charge.

Discussion — In this work we have introduced two
positive quantities g and h which quantify the obstruc-
tion to factorizing a tripartite state into pairwise cor-



relations. While the entanglement wedge cross section
duality Eyw = Ep = Sr/2 predicts h = g = £ log(2), for
low-c CFTs like the Ising model we find g > h = £ log(2).
The gap g — h is universal, but it remains an open ques-
tion how to compute it from the underlying data of the
CFT. It is natural to conjecture a general bound g > h,
which would follow from the monotonicity of Sz under a
partial trace.
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Vanishing g and triangle states

In this section we prove a structure theorem for tripartite quantum states 1) , 5 € Ha ® Hp ® Hc with vanishing
g(A : B). We first remind the reader of the definitions of conditional mutual information.

Definition 5 (Conditional mutual information). Given three parties A, B and C, the conditional mutual information

is defined by I(A: C|B) =I(A: BC)—I(A

. B) = S(AB) + S(BC) — S(ABC) — S(B).

We will use the following properties of the conditional mutual information:

1. I(A: C|B) =I(C: A|B) (commutativity);
2. I(A:C|B) >0 (strong subadditivity).

We first re-state the definition of a “triangle state”.

Definition 6 (Triangle state). A pure tripartite state |) 4,5 € Ha @ Hp ® He is a triangle state if for each local
Hilbert space there exists a bipartition Heo = (Hay ® Hayp) ® HY (o= A, B,C) such that

|¢>ABC = |¢>ARBL |7/’>BRCL |7/’>CRAL : (11)

Observe that [¢) 4,5~ has no support in any HY. Note that for notational clarity, the main text version of this
definition defines the bipartition as Ho = Ha, ® Hay, and as a result that equivalence is only up to local isometry.
The triangle state is a tensor product of pure states which may be entangled between at most two out of three parties.

We now state and prove the first structure theorem [21]:

Theorem 7 (States with vanishing g). A pure tripartite quantum state |1) 45 is a triangle state if and only if for
any two-party reduced density matriz (pap, ppc,pca), 9(A: B) = g(B:C) =g(C: A) =0, respectively.

To prove Theorem |7} we will need the following theorem from Hayden et al. [23]:
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Theorem 8 (Quantum Markov property [23]). Let papc be a quantum state on H = Ha @ Hp @ He. Then papce
satisfies strong subadditivity with equality—i.e., I(A : C|B) = 0—if and only if there exists a decomposition of Hp

MHp =P Hp, @My, (12)
such that

pABC =Y i Pap, ® Porc s (13)

7

where prlBL , p}éRc are density matrices in Ha ®7—liBL, %R ®Hco respectively, and {q;} forms a probability distribution
[i.e., ¢; >0 and )y, q¢; = 1].

For a pure tripartite state [1)) 4 5 satisfying I(A : C|B) = 0, since the density matrix of a pure state is not convex
combinations of mixed states, the sum contains only one term and |¢) 4,5 = |1/J>ABL |¢>BRC.

Proof of Theorem[7 One direction of the theorem is straightforward to prove. That is, if a pure quantum state papc is
a triangle state, then for any of the three bipartite reduced density matrices, g(A : B) = g(B: C) = g(C : A) = 0. This
can be seen by computing, for example, S(AC.) and I(A : B) for Eq. (1)), and observing that S(AC.) = I(A : B)/2.
Since any purification provides an upper bound on Ep(A : B), this must be the optimal one, as the lower bound is
saturated. Similar computation may be done for g(B : C') and g(C : A) for reduced density matrices of the triangle
state to show that these, too, must equal zero.

To prove the converse, consider an optimal purification of pap to C = Cf, ® Cg. Then we can write g(A: B) as a
sum of two non-negative quantities, in two different ways

g(A: B) = I(Cy : BCr|A) + I(Cr : A|B) (14a)
= I(Cr : ACL|B) + I(Cy, : B|A). (14b)

The decompositions follow from rewriting g as g(A : B) = 25(ACL) —I(A: B) = I(ACL : BCgr) — I(A : B) and
repeated use of Definition [5} Thus, if g(A : B) = 0, then all four of the condition mutual informations vanishes:

In quantum information language Egs. imply that the state papc, cp forms a quantum Markov chain across the
tripartitions CL|A|BCg and ACL|B|Cg.

Applying Theorem [§] to Eq. , we obtain a decomposition along the conditioned Hilbert space of the optimally
purified state. However, for either tripartition Cp : A : BCgr or ACL : B : Cg, the state in question is pure, so as
observed earlier, the sum in Eq. can contain only one term. The pure state must therefore be a tensor product
of two pure states. Decomposing Ha = Ha, ® Ha, for the quantum Markov chain across Cr, : A : BCg, we obtain

|7/)>ABCLCR - W’)CLAR |1/1>ALBCR- (16)

Next, using the other Markov chain ACy, : B : Cg in Eq. we may write ) A, BCy, @ yet another tensor product
of pure states:

|w>ALBCR = |¢>ALBR |w>BLCR . (17)

The optimal purification is therefore decomposed as

W’>ABCLCR = W’)cLAR |¢>ALBR W’)BLCR (18)

and is therefore a triangle state. The original state is a purification which is equivalent to this triangle state up to a
local isometry on C. We note that by looking at g(A : B), we deduce that [¢) 4 g is locally isometric to a triangle
state. However, the same argument may be applied using any pair of parties. O



Vanishing h and sums of triangle states (SOTS)

In this section we define a classes of states called Sum of polygon states (SOPS) and discuss their properties. The
main result of this section is the structure theorem for quantum states with vanishing h(A : B) (Theorem .

Definition 9 (Splitting). A splitting of a Hilbert space H; is an orthogonal decomposition of the Hilbert space into a
direct sum of tensor product spaces

Hi=MH) & PH, @Hl,. (19)
J

The space H? may be 0-dimensional.

Definition 10 (Sum of polygon states—SOPS). An N-party pure quantum state |¢p) € H1 @ Ho ® -+ @ Hy is a
SOPS with respect to the decomposition (H1,Ha, ..., Hn) if for each party i, H; admits a splitting and

) = Z a; ® 1) iy i+ 1) such that |j)ry+1) € Hip @ Hl - (20)
7 [

where it = (i mod N) + 1 denote the party after i, the coefficients are normalized to 3, |a;|* = 1.

We may, without loss of generality, take a; € R and a; > 0 by absorbing its phase into one of |j>(iR)(i+L). A SOTS
is a special case of SOPS with N = 3; the triangle state defined in Eq. may be seen as a special case of Eq.
in which a; = 1 for exactly one j. The decomposition is invariant under a cyclic permutation, e.g. if a state is a SOPS
with respect to (A, B, C), it is also a SOPS with respect to (B, C, A).

We now show that a SOPS is still a SOPS when the local Hilbert spaces are re-defined to include their nearest
neighbors, a procedure we term “coarse-graining”. For example, if we define H1.3 = H1 ® Hs ® Hs, then a state which
is an SOPS for H; ® Ho -+ ® Hy decomposition is also a SOPS for Hi.3 ® Hy -+ ® Hy. Note that an arbitrary
combination (such as one which is not nearest-neighbor) does not necessarily preserve the SOPS structure.

Lemma 11 (SOPS structure preserved under coarse-graining). Let N > 3. If |U) € H1 ® --- @ Hn is an N-party
SOPS, then |U) is an (N—1)-party SOPS with respect to the decomposition (Hi,..., Hiiv1, Hivo, ..., HN), where
Hiivr = Hi @ Hiy1.

Proof. Without loss of generality, we show this for i« = 1; we coarse-grain H; ® Ha — Hi.2. Because 1-2 always
appear in Eq. through the combination |j>(NR)(1L) |j>(1R)(2L) |j>(2R)(3L), we can identify the splitting ’H{:Q’L =
Hip @ Hip ® My and Hi, p = Hyp. Identifying |5) ngy1.0,0) = 17) (vry(i2) 19) 18y (21 the claim follows. O

SOPS satisfy a number of interesting properties which we now state.
Porism 12. Let N >4 and |¢) be a SOPS with respect to (M1, ..., Hn). Then I(H;—1, Hi+1|H;) = 0 for all .

To simplify notation, here we identify the parties (and their respective Hilbert spaces) 0 <> N and 1 < N + 1.

Proof. Without loss of generality we take ¢ = 2. Under coarse-graining, it suffices to prove the statement for N = 4.
For a state [¢),53, € SOPS(IN = 4) written in the form Eq. (20)), the density matrix pj23 is

P123 = Z |aj|2 (ple ® |j>(1R)(2L) <j|(1R)(2L)> ® (|j>(23)(3L) <j|(23)(3L) ® P?),R)y (21)
J

where p]; = Tryg |j>(4R)(1L) (Jl(ary(1z) is the density matrix within Hip, and plp = Tryp 1) 3ryar) Ulryar) the
density matrix within 3, . This is precisely in the form of Eq. with (1,2,3) = (A, B,C) of Theorem 8/ and
hence I(H;y : Hz|Ha) = 0. O

Lemma 13. Let |¢) be a SOPS with respect to (Hi,...,Hn), and pgp be its density matriz for any contigu-
ous subgroup of parties Ho @ Hot1 @ - @ Hp. Then the canonical purification of pa: is a SOPS with respect to
(Ha,Hat1s -+ Ho—1, Ho, Hoy Ho—1, -+ -, Ha)-



Proof. Again, we may combine all the parties outside of the a,...,b range into a single party, which we label as 1.
Hence, without loss of generality we take (a,b) = (2,n). The density matrix on Ho @ - - - @ H,, is
n—1

Qi) amys ) Glamasry

=2

Y pﬂR ) (22)

P2:n = Z |aj|2 p;L ®
J

where p3; = Trir [7) 1 gyer) Ularyer) a0d pr = Tr1n 7) (uryaz) (lryz) ave the density matrices in their respec-
tive spaces after tracing out H;. As each term in Eq. are orthogonal, its canonical purification is

CanonPur[ps,,| = Z |a;| CanonPur [p%L] ®
J

n—1
& 1) iy (z’R)(ﬁL)]
=2 (23)

® CanonPur [pflR] ®

n—1
Q1) aryi (z’R)(ﬁL)] :

1=2

The canonical purifications CanonPur [pé L] and CanonPur [pZL R] live in the Hilbert spaces ﬁé I ®7—[% 1, and 7-[; R ®ﬁi R
respectively. After we swap the left/right labels for the splittings (lzef. @) of H;, Eq. takes on the form a SOPS
with respect to the decomposition (7—[2, Hsyeoo s Huy Hoyy H— 1, - - - ,7—[2). O

We now state the main result of the section, the second of the structure theorems.

Theorem 14 (States with vanishing h). A pure tripartite quantum state |1) 4, g is a sum of triangle states (a SOPS
with N = 3) if and only if h(A : B) =0 for pap.

To prove the “only if” direction of Theorem [T4] we use Porism [12]and Lemma To prove the “if” direction, we will
additionally need Lemma [I5] Fact [I6] and Proposition [I7] below.

Lemma 15. Given a pure state on four parties A, B, C, D, if it is both a product state under the bipartition (AB,CD)
and (AD, BC):

|ABCD) = |AB) |CD) = |AD) |BC), (24)
then it is a product state across all four parties, i.e.,
|ABCD) = [A) |B)|C) D). (25)

Proof. Since the state is a product state under the bipartition (AB,CD), then pap = pa ® pp. The state is also
a product state under the bipartition (AD, BC'), hence pap is a pure-state density matrix with rank 1, so p4 and
pp must be pure. The same argument applies to pg and pc. Therefore the state is a product state across the four
parties. O

Fact 16. Let p, and q, be two probability distributions on 1 < a < N. Then the sum

N
Z Paba = 1 (26)
a=1

if and only if the distribtions p, q are identical with a single nonzero entry. That is, there exist u such that p, = q, =1
and p, = qo = 0 for all a # u.

Proof. Because 0 < p,,q, < 1, the probabilities obey the inequalities

(ﬁ:lpaqay < (épi) <§:1 qZ) < (ﬁ:lpa> (ﬁ; qa> =12=1 (27)

The first inequality is the Cauchy-Schwarz inequality, where equality holds iff p, o< ¢,. The second inequality follows
from the fact that p? < p,, where equality holds iff p, =0 or 1.

The first term is unity iff both inequalities are satified equality, i.e., all the terms of Eq. are equal. From the
normalization constraint ) ps = Y., ¢, = 1, this is equivalent to p, = ¢, for all a, and that exactly one of p, is
unity, while the remaining p’s vanishes. O
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Proposition 17. Let [1)) 44, be a pure 4-party state in Hi @ Ho @ Hy @ Hy. If I(Hi,l : 7—[2»+1|H¢) = 0 for all
i€ {l,...,4}, then |) 94, is a SOPS with respect to (H1,Ha, Hs, Ha).

Proof. We first consider H; and the condition I(#; : Hg|Hz2) = 0 and use Theorem [§] to observe that there exists a
decomposition

Ho = @H’;L ® Hip (28)
k

such that the reduced density matrix p123 on Hi ® Hs ® Hs may be written as

2
p123 = Z a\ )plf(2L) ® Plarys (29)
p

where {q,(f)} form a probability distribution. For convenience, we take q,(f) > 0 for all k (truncating the sum if

necessary). We consider the canonical purification of the reduced density matrix piao3 to H; ® He ® Hz. From
Eq. (29), the canonical purification is

_ / (2)
CanonPur [/)123] = Z 4y |k>1(2L)1(2L) ® ‘k>(2R)3(2R)3’ (30)
k
where ‘j>1(2L)m € Hi ® Ha @ Hi1 ® Ho is the canonical purification of p{(QL), etc. Note that the canonical

purification may be obtained by isometry acting on H4 of the original pure state [¢),55,. This may alternatively be
viewed as identification of a particular basis in Hy4, and this viewpoint is just the difference between active and passive
transformation. As a result, the isometry does not change any entanglement properties among the four parties. The
state [1)) 43, must take the form

_ / (2)
|1/)>1234 B Z 9, |k>(4R)1(2L)|k>(2R)3(4L) ’ (31)
k
where the decomposition of Hy

Hy = EBHZ’R QHT (32)

is induced by the reflection of Eq. in the canonical purification. We have interchanged the labeling of L and R
for later convenience.
Similarly, from I(H4 : Ha|H1) = 0, there exists a splitting on H; and Hsz such that

) 1254 = Z V qg('l) ‘j>(1R)2(3L)|j>(3R)4(1L)' (33)
J

Up to now, we have introduced a splitting on the four Hilbert spaces and the Schmidt decompositions between two
different cuts. Comparing Eqgs. and , it is not clear that there is a term-by-term equivalence. We now use
projectors onto the orthogonal subspaces of each Hilbert space, such as in Eq. (28)), to find that there is indeed such
an equivalence and that that each term in the sum is precisely a term in Eq.

Let P,gi) be a projector on to the k' subspace in the decomposition of H;, i.e., ’HfL ® ’HfR. As they are projectors
onto the Schmidt bases, 3, P [40) 1954 = 1)) 1954 In addition, from Eqs. [23). (31), and (32)), we have

2) (4 2
Pj( )Plg ) |1/)>1234 = jkplg ) |1/)>1234’ (34a)
Similarly, Eq. implies that
1 1
Pe( )P'r(r?) ¥) 1234 = 5€sz( ) %) 1254 - (34b)
We iet |k,j>(4R)1(2L) be the normalized state from the projection Pj(l) ‘k>(4R)1(2L); we rewrite part of Eq. as

(1) _ @ : k j j k
Pj |k>(4R)1(2L) _Mk—>j|k’]>(4R)1(2L) €H4R®H{L®H{R®H2L7 (353)
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where }M,gl_m =1 as the normalization condition. (If one of the projections P; |k) vanishes, i.e., My_; = 0, we

may sunply assign |k, j) to be an arbitrary normalized state in the respective Hilbert space.)
Likewise, the projection on the Schmidt states in Egs. and are denoted as

| 2

2
P10 i rsiny = MEWGE) (piaary € Hin © HEL © HEp @ HEL, (35b)
3
PZ( )|m>(2R)3(4L) = Mm%l}m £>(2R)3(4L € ngnR ® He ® /HgR ® sz ’ (35C)
Py ’j>(33)4(11:) = Jﬂm|~7’ > (3R)4(1L) © Hip © il © Hip © M, (35d)

with >, ’Mz(i) =2 ’M D=

2 pr—
m—l ‘

Bl =
Let Pjgem = Pj(l)P,EQ)PZ(?’)PT(,iL be a product of (commuting) projectors. We look at its action on [1)),,5, Written in
two different ways [Egs. and ] By Egs. , any projector for which j # £ or k # m will annihilate the state

[1)1934; it therefore suffices to consider only projectors of the form Pjy ;.

[ @ 1,0 3 . )

Pikjk 1) 1934 = ql(v MIE—)UM’E—)U ’k’j>(4R)1(2L) |k’=7>(2R)3(4L) [from Eq. (31)], (36a)
[ (1) 4 4(2)

Pikjk [¥) 1234 = qj( Ma(ﬁk J"k J’k> (1R)2(3L) |4, >(3Fi) 4(1L) [from Eq. (33)]. (36b)

Consider the application of Rj(l)Rj(?’) on k) ypy1(2r) 1¥) (2R)3(41)> individual terms in the RHS of Eq. [31).

_ 1) p(3) _ 1) 2sG) ;
‘k>(4R)1(2L)‘k>(2R)3(4L) - ij Pj ‘k>(4R)1(2L)‘k>(2R)3(4L) - ZMk—m'Mk—m' ’ >(4R)1(2L) (37)
J J
The normalization condition for the projection is
1)
Z MM [P =1 (38)
Applying Fact |16/ to the probability distributions |M ,52 ; * and |M ,g?i j 2, we conclude that there exist a map j(k),

such that |M (1) (k)| = |M lg?ij k)| = 1, and that the other terms vanishes. Likewise, the same argument applied to the

individual terms in the RHS of Eq. (33 implies that there exists a single nonzero entry M 2, 4)( y: In equation form,

Jj=13k), (4) 1 k=k(j),
"{o i i), V%] = 5] = {o k4G .

Next, the Egs. (36a)) and (36b|) implies that the coefficients have equal absolute values. This is possible only if j(k)
and k(j) are inverse functions: i.e., j(k(j)) = j and k(j(k)) = k. In addition we have q§ ) = q,(j;)
Finally, applying Lemma [17) to Egs. (36]), we can write each Pji;i [1))143, as a product of states.

¢>1234 = ijkjk W>1234

j.k

RUSHEATE

k—j

@ 3/ (3) ’ , , :
Z kD3 EDV B Miy i MiGy—i 1B ) amyan 90 my oy o 2 eryen 19 B ryary - (40)
where |2, y) 4 p)(p1) € Har ® Hp,. This is precisely the form of a SOPS (Def. [10). O

To summarize, we used quantum Markov property [Theorem [§] to find a decomposition of each local Hilbert space
H; = @ M @ HY,. The decomposition gives us orthogonal projectors onto a basis in which the Schmidt vectors
along each cut factorlzed. Aided by Lemmas [I5] and [I6] we then found that there is a bijection between the Schmidt
vectors and values along different cuts. This enabled us to find orthogonal projectors Pj;; which when applied to
|1) 1934, Teturn a polygon state.

With the bulk of the technical work behind us, we now complete the proof of the structure theorem for h.
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Proof of Theorem [T} Let [1) 45 be a 3-party state on A, B, and C. We denote the canonical purification of pap as
V) ABBA ECanonPur[pAB] EHAOHE R HB @ Ha. (41)
We recast h(A : B) as a conditional mutual information:

h(A : B) :SAA+(SAB*SA *SB)
= S44+Sap — 54— Saap (42)
=1I(A:B|A).

Because of the symmetry A <+ B and A, B < A, B, the following quantities are equal.
hMA:B)=1I(A:B|A)=I1(A:B|B) =I(B:A|A) =I(B: A|A). (43)

If [¢) ype is @ SOTS (SOPS with N = 3), then by Lemma the canonical purification |¥) 4551 is a SOPS with
respect to (Ha, Hp, Hp,Ha). Via Porism [12] Eq. is identically zero. Thus, if |¢) 4 g is a SOTS, h(A: B) = 0.

The proof for the converse statement is as follows. If h(A : B) = 0 for [¢) 4 5, then Eq. vanishes for |¥) ,p54-
It follows from Proposition that |V) 4554 is a 4-party SOPS. Finally observe that [1) 4 5 is isometric to |¥) 4 554
after coarse-graining BA — C, which by Lemma [11{ makes [¥) spc @& 3-party SOPS.

This complete the proof that h(A : B) = 0 if and only if 1) 4 5 is a SOTS. O

Remark. The converse of Porism is the statement
Vi I(Hioy:Hia[M) =0 == |i), y € SOPS(H1,..., Hn). (44)

Proposition proves that this is indeed true for N = 4. The statement is trivially true for N = 3, since for three
parties the left-hand-side implies that [1)),,, is a product state. Evidently this statement is false for N > 6, because
of the existence of a 6-party perfect tensor. The case for N = 5 remains an open problem.

Coarse-graining of matrix product states

Here we present the details of the matrix product state techniques that are used to compute Ep(A : B) and
Sr(A : B) for a critical quantum spin chain. As mentioned in the main text, we coarse-grain spins in regions A, B, C
and truncate the Hilbert spaces Ha, Hp, Hco into Hj,Hps, He. The starting point is a periodic uniform matrix
product state (puMPS) that represents the ground state. A puMPS is composed of N identical rank-3 tensors M,

[(M)) = Z Tr(Ms, My, -+ Msy ) |s182- -+ sn), (45)

§182°Sn

where M,, is a D x D matrix, s; = 1,2,...,d is the index for the Hilbert space on one site, and D is the bond
dimension. The bond dimension D restricts the amount of entanglement in the ansatz. Specifically, the reduced
density matrix of a puMPS on any contiguous region has rank at most D?. In order to represent the ground state
faithfully, D grows polynomially with N for a critical spin chain, but stays constant for a gapped spin chain [37].
We employ methods in Ref. [31] to minimize the energy with respect to the Hamiltonian H and obtain the optimized
puMPS |¢(M)) as an approximation to the ground state.

a— M B oo B _ oM

| L B AL A YA S
Si
(a) (b)

FIG. 5. (a) Unit cell tensor M. Virtual indices are labeled «, 8 and physical index is labeled s;. (b) Ta,8s is formed by the
contraction of the unit cell tensors along the physical index.
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Next, we block spins to obtain a series of tensors M (™ that represents the coarse-grained tensor for n contiguous
sites. Consider the transfer matrix

d
Tapys = Y Moag M. (46)

s=1

For clarity, the indices and multiplication are shown using graphical tensor notation as well in Fig. |5} Grouping the
indices (a,) and (83,), this tensor can be viewed as a D? x D? matrix. We can take its n-th power 7", e.g.

(T%) a5 = Y, Tasives Tsipo:s- (47)
B1,61

Now we regroup the indices («,8) and (v,4) for each tensor (I™),p,s to obtain a D? x D? matrix (different from
above) that is Hermitian and positive. These matrices admit an eigenvalue decomposition,

4
(T™)apas = D A USisUsny (48)
S=1

where d(™) is the number of positive eigenvalues. It can be easily shown that d(™ < min (D?,d"). Let

4

Mgzwz \/ Yol (49)

then the nth power of the transfer matrix can be recovered by M g;)ﬁ,

dam
Mags = Z MG M (50)

So far we have obtained a series of tensors M (™) as a result of coarse-graining n spins.

Now we can compute the mutual information I(A : B) = Sa + Sg — Sap. First, we would like to compute Sy,
where A contains N4 contiguous sites, and the complement A contains N — N4 sites. We can use the tensors M (NV4)
and M(NV4) to construct a coarse-grained state

(N (N
Z Z MSAQZJMSAEL 1545 4) (51)
Sa,85 a,f=1

A Schmidt decomposition on [¢) 4 ; gives the entanglement spectrum {)\3} between A and A, which amounts to a
singular value decompostion,

N N .
MM =" Us A VS (52)
J
where
D UsaiUs,e =60 > Ve iVear =, (53)
SA SA

and A; > 0. Note that U depends on N4, and we do not explicitly show the dependence in the notation. Also note
that the U here is not to be confused with the U™ in Eq. . The entanglement entropy between A and A is

— Z A2log(A2). (54)

Repeating the same procedure with N4 substituted by Np or N4 + Np gives the entanglement entropy Sp or Sap.
We thus obtain the mutual information I(A : B) = S4 + Sp — Sap. For later convenience, we further truncate the
physical dimension of MV4) using the Schmidt vectors Uy, i

(NA) (NA
SAaﬂ Z SASA SA“B’ (55)
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where we have restricted the index S ‘4 such that
ASA > €, VSA, (56)

given an error threshold e > 0. The physical dimension is truncated to dN4), the number of Schmidt coefficients
{A;} larger than a threshold e. By virtue of the singular value decomposition, the truncation only keeps the Schmidt
vectors with Schmidt values larger than e. Again, the truncation can be done for any M with 1 < n < N, by
substituting the N4 above with n.

Given the coarse-grained tensor M and N4, Ng, N¢, we are ready to construct the coarse-grained tripartite state
as a MPS with three sites,

Dape= Do D MGNMG D MG 1545850) (57)

SaaB” " SpBy
S4,85,5¢ aBY

This is the state that is used to compute Ep(A : B) and Sg(A : B) in the main text. The whole renormalization
procedure is summarized in Fig. [0}

Gradient optimization for Ep

We consider a tripartite state [1) 4 5 where C is further split into C7, and Cr, He = He, @ Hey,. Since |¢>ABCLCR
is a purification of the reduced density matrix pap, all states of the form

‘w(UbLCR)>::UbLCR|¢>ABCLCR (58)

gives purifications of pap, where Uc, ¢y is a unitary operator on C1,Cg. Assume that the optimal purification can
be achieved with the prescribed Hilbert space H¢, and Hcy,, then

Ep(A:B) = min Sac,.o,([¥(Uc,cp)))- (59)

CLCR

We will find the minimum by a gradient optimization. The gradient optimization requires the gradient of the objective
function over the argument. To compute the gradient, we first express the reduced density matrix pac, as

pac, = Trpcy p, (60)
where
p="Uc,cr V) (Y] UcT;LcR- (61)
The entanglement entropy is
Sacy:Bcr = —Trac, (pac, logpac,), (62)

where pac, depends on Uc, ¢, by Egs. , .
Let s be the label for a step of the gradient optimization. Initially at s = 0 we have

Uc,or(s =0) =1¢, cp, (63)

which amounts to picking the original state |¢) , BoLcy 88 the purification. At each step of gradient optimization, We
perform an update of Ug, ¢, of the form

Ucyon(s+1) = 9% g, ¢, (s), (64)

where ©¢, ¢, is an Hermitian operator on H¢e, ® Hey, and 6t|Oc¢, ¢l < 1. Up to higher order terms in ¢, the
change in the entanglement entropy Sac,.pcy is

d0Sac,:Bcr = —Trac, (dpac, logpac,)

—i0t Trac, (Trpey ([Oc,cps p)) log pac, )

—i6t Tr([Oc, g, pllog pac, ® 1pcy)

= —i0t Tr(O¢,crlp,log pac, @ 1pcoy])

=6tTrc,cp(Oc,cnbe,on), (65)
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S
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Sa Sp Sc
FIG. 6. Coarse-graining of the periodic uniform matrix product state. (a) The original MPS as the ground state of the spin
chain Hamiltonian, Eq. . (b) The eigenvalue decomposition of the n-th power of the transfer matrix T, Eq. . (¢) The
coarse-grained tensor M ") as a tensor for n sites, Eq. . (d) The Schmidt decomposition of the coarse-grained MPS with
respect to A and its complement A with n and 7 = N — n sites, respectively, Eq. . (e) Truncation of physical dimensions
of the coarse-grained MPS tensors, Eq. (55). (f) The final state [¥) in Eq. (7).
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where

Ec,cr = —iTras([p,log pac, ® 1pcy))- (66)

In the first line we have differentiated Eq. and used Trac, (0pac, ) = 0 since Trac, pac, = 1, in the second line
we have used the Heisenberg evolution of density matrix p and traced out BCg, in the third line we have rearranged
the tracings into an overall tracing on the full Hilbert space, in the fourth line we have used the cyclic property of
trace, and in the last line we have rearranged the tracing.

If we use the gradient descent algorithm, we choose ©¢, ¢, to be

GCLCR - _ECLCR' (67)

In order to determine 6t, we perform a line search to find the 6t that minimizes Sac, .oy, given the update rule
Eq. and the gradient direction Eq. @ We then obtain Ues, ¢, (s + 1) which can be substituted into Eq.
and Eq. to compute the gradient direction E¢, ¢, for the next step of the update. The gradient optimization
goes so on and so forth, until the norm of gradient ||Ec, ¢,,|| is smaller than some tolerance 7. In a typical gradient
descent optimization, the error is quadratic in the norm of gradient. In this work we choose = 10™* such that
the error in Ep(A : B) is small compared to the finite-size corrections. In practice, we use the nonlinear conjugate
gradient (NLCG) method instead of the simple gradient descent. The search direction ©¢, ¢, in NLCG is a suitable
linear combination of the gradient and the search direction in the previous step of iteration.

The computation of Eq. is the most expensive step in the optimization. Given the tripartite state |) ;55 in
Fig. @ we follow the steps below to compute Eq. . First, we contract the tensor network in Fig. resulting
in a three-leg tensor in Fig. where we have omitted the tilde to simplify the notation. Then we split the leg C
into Cr, and Cr as prescribed by the decomposition of the Hilbert space. In order to find log pac, , we first do the
Schmidt decomposition with respect to AC, and BCg, as shown in Fig. Then log pac, can be represented by
Fig. The density matrix p is shown in Fig. We can then compute Trap(p(log pac, @ 1pcy)) by contracting
the tensor network in fig, Finally, Eq. can be computed by

Ec,on = —i[Trap(p(log pac, ® 1pcy)) — hecl, (68)

where h.c. denotes the Hermitian conjugate of Trap(p(logpac, ® 1pcy))-

Different subregion sizes

First, we argue that g(A : B) and h(A : B) will be independent of the sizes of A and B in the thermodynamic limit.
In the thermodynamic limit, the quantum spin chain is described by a 141D conformal field theory (CFT). As shown
in Refs. [I1] [14], the UV divergences in 2Ep(A : B), Sr(A: B), and I(A : B) are of the same form — they scale with
the UV cutoff A as

CFT

3

9Bp(A: B),Sg(A: B),I(A: B) ~ S log A. (69)
The UV divergences in the quantities g(A : B) = 2Ep(A: B)—I(A: B) and h(A : B) = Sgr(A: B) —I(A : B) should
therefore cancel, making them scale-invariant. In a conformal field theory a scale-invariant quantity is also conformally
invariant. In 141D, a change in the length of the regions can be implemented by conformal transformations, which
includes rescaling the space with arbitrary local weights. Therefore, in a CFT, g(A : B) and h(A : B) do not depend
on the sizes of A and B. We then expect that on the lattice, g(A : B) and h(A : B) also do not depend on the sizes
of A and B, once the thermodynamic limit is taken.

We study how ¢g(A : B) and h(A : B) depend on subregion sizes using the O’Brien-Fendley model at A = 0.3. It
is in the Ising universality class but has larger finite-size effect than the Ising model, and we can see the finite-size
corrections in g(A : B) and h(A : B) more easily. We fix ratios (ra,rp,7¢) = (Na/N,Np/N, Nc/N) that determine
the relative sizes and then take the thermodynamic limit N — oco. Results with different ratios are shown in Fig.

In Fig. |8 the intercept of the lines with the vertical axis shows the extrapolation of g(A : B) and h(A : B) to the
thermodynamic limit. We see that both g(A : B) and h(A : B) converge to independent values regardless of subregion
sizes. The slight differences in the values of extrapolation is caused by linearly fitting the data points with 1/N?
whereas the finite-size corrections scale in a more complicated way.
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FIG. 7. Computation of the gradient Eq. (66). (a) Given a bipartition Hc = He, @ Hcy, reshape the state 1) into a rank
4 tensor. (b) The Schmidt decomposition of the state |¢) bipartite into ACr and BCr. (c) The density matrix p of the state
|1).(d) The logarithm of the reduced density matrix pac, . (e) The first term in the square bracket of Eq. (68).

Multipartite entanglement for gapped systems

In this section, we study g and h for 1D gapped systems in more detail. First and foremost. we assume that
the ground state in the thermodynamic limit can be represented as a MPS with finite bond dimension D, and that
the multipartite entanglement quantities of the ground state can be extracted from the MPS. This assumption is,
however, not rigorous proven. Despite tremendous success of infinite MPS algorthms which have been widely used
to study general 1D gapped systems, it has only been rigorously proven that local properties can be captured by a
MPS with finite bond dimension [39]. Therefore, the argument below should be taken as rigorous only for the gapped
systems whose ground state can be exactly represented as a MPS. For a general gapped system, the argument below
should be taken as heuristic rather than exact.
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FIG. 8. g(A : B) and h(A : B) for the O’Brien-Fendley model [34] with A = 0.3 In brackets we show the relative size ratios
(ra,rs,rc) of regions A, B,C and we use a sequence_ of increasing system sizes 36 < N < 84. We use bond dimensions

18 < D < 26 and truncated MPS physical dimensions dA = dB = 64 and ch = ch = 12. Lines show linear extrapolations of
the data points.

Fixed-point MPS

We begin with translation invariant MPS in the thermodynamic limit. Such a state flows toward fixed-point MPS
under coarse-graining [28], (29 41]. We will show that a fixed-point MPS is a SOTS for any contiguous tripartition. In
particular, the MPS is a triangle state if it is injective, which corresponds to no long-range order. Therefore, in the
thermodynamic limit the MPS has h(A : B) = 0, and if the MPS is injective then also g(A : B) = 0.

We consider a periodic uniform MPS (puMPS) with N sites. Each site has a d-dimensional degree of freedom with
associated rank-3 tensor M with shape d x D x D, where D is the bond dimension. We denote by M;,, where s;
indexes the d physical basis states on the i-th site, a D x D matrix.

In puMPS representation, the many-body ground state may be written in terms of N identical rank-3 tensors M:

(M) = > Tr (Mo, M, M,,)[s152-5n) (70)

5182Sn

The puMPS representation is invariant under a local similarity transformation A; — SM,,S~! for all s; and an
invertible S. As before, we define a transfer matrix derived from the matrices above

Tory.ps = Z Map(Msys)® (71)

shown graphically in Fig. The grouping of the indices indicates that we will treat the four-index tensor formed
by the contraction instead as a D? x D? matrix with legs grouped as ay and 35. We then denote the product of n
adjacent transfer matrices 17 oy, 86"

For ground states of gapped spin systems, as n — oo, T, ooy, 36 approaches a fixed-point transfer matrix T;; 86
In other words, by coarse-graining more sites, the corresponding transfer matrix converges to a single tensor which
represents the renormalization fixed point. Such fixed-point tensors exhibit interesting properties shown in Refs. 28|
and 29. We briefly review those properties and then use them to show that h(A : B) = 0 for any contiguous tripartition
of a MPS in the thermodynamic limit.

Suppose [¢) is short-range correlated. Correlation functions of observables on two sites separated by L sites must
decay to zero as exp(—L/£) where & is the correlation length. As observed in Ref. 28, by considering the Jordan
normal form of T, s, it can be seen that short-range correlation requires that T, gs must have a non-degenerate
largest eigenvalue. By using the similarity transformation, the canonical form introduced in Ref. can be imposed
so that the corresponding right eigenvector of T, g5 is |Pr) = >, |a) and the corresponding left eigenvector is
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FIG. 9. Fixed-point MPS matrices. Solid lines connect indices which are related by a Kronecker delta. (a) M((jﬁ[)/))(]R)aﬂ for

~ g . . (fp) _ _
short-range correlated fixed-point states (given in Eq. ) (b) M. {GL)GR)&(EL)B(AR) for long-range correlated fixed-point
states (given in Eq. (74)).

|®1) =35 As|BB) where > 5 A\g = 1. In that case, the fixed-point tensor is given by

(T™)ary,6 = [PR) (PLl = D Agbay05.6 (72)
afdy

In this canonical form, it is easy to read off what the coarse-grained matrices M iip,e) defined in Eq. could be by
using two physical indices jL and jR instead of just one (s):

(fp) /X
M(jlz) (JR)aB — 6(JL)O¢5(JR)5 (73)

This matrix is shown in graphical tensor notation in Fig. |§| a). We may interpret this matrix as follows. The
indices jL and jR label basis vectors of the coarse-grained physical Hilbert space H.; composed of two degrees of

freedom Heg = Hp ® Hp such that dim(Heg) < D?. Consider a fixed-point MPS composed of matrices M((] L))(J R)ag"
By connecting Kronecker deltas of adjacent sites, say sites k and k™, it can be seen that this state is a tensor product
of bipartite states shared by Hp of site k and H, of site k™ with Schmidt coefficients {\/A,}. With any contiguous
tripartition the fixed-point MPS is clearly a triangle state. Thus g(A : B) = 0 for short-range correlated MPS in the
thermodynamic limit.

More generally, a long-range correlated state, such as a superposition of macroscopically different ground states,
may be described by a transfer matrix with degenerate largest eigenvalue, allowing for some nonzero correlation even
at infinite separation. It is shown in Ref. 29 that by similarity transformations, the D x D matrices {Msqp} may
be put in block-diagonal form so that each eigenvalue corresponds to an orthogonal subspace of the D-dimensional
virtual space. Each block may then be put in canonical form as in Eq. . Suppose the largest eigenvalue is m-fold
degenerate The fixed-point transfer matrix then has m blocks satisfying Eq. . The corresponding generalization
of Eq. (73]) can be seen most easily by introducing a physical index ¢ which indexes the orthogonal subspace and using
a pair of labels instead of just one for each virtual index o — (&, &L) and 5 — (6 ﬁR)

(fp)
i(L)(GR)&&L)B(BR) = 0ia0530(j1)(aL)0(jr) (3R) \/ Ad(aL) (74)

For a fixed value of i = a = f3, then, the matrix reduces to the form of Eq. (73) and the interpretation as a product
of bipartite states holds. We may then interpret the overall matrix in Eq. o mean that the many-body state is
sum of m states, each described by Eq. . A many-body state defined by such matrices is therefore a SOPS. With
any contiguous tripartition the fixed-point state is thus a SOTS and h(A : B) = 0.

In conclusion, we have shown that a translation invariant MPS flows to a fixed-point MPS which is a SOPS in the
thermodynamic limit. By Lemmal[l1] such a state has (A : B) = 0 for all contiguous tripartitions. If the MPS is short-
range correlated, then the fixed-point MPS is further simplified to a triangle state, which has g(A: B) = h(A: B) =0
for all contiguous tripartitions.

Translation invariant MPS at finite sizes

One can go further to bound g(A : B) and h(A : B) where the sizes of A and B are taken to be finite. The aim
of this section is to show that they are exponentially close (in terms of the lengths of A and B) to the fixed-point
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values. This essentially follows from the continuity of Ep(A : B), Sg(A : B) and I(A : B) with respect to the
density matrices. Let pap and oc4p be two density matrices on the Hilbert space H 4 ® Hp, where the dimensions
of Ha/p is dayp. Let A(pap,oap) = (1/2)|pap — cap| denote the trace distance between psp and o4p where
|A|] = TrvATA. Then if A(pap,cap) < € and for € sufficiently small we have the three theorems below. The
continuity of g(A : B) = 2Ep(A : B) —I(A : B) and h(A : B) = Sg(A : B) — I(A : B) is then implied by the
theorems.

Theorem 18 (Continuity of Ep [10]). |Ep(pap) — Ep(cap)| < 40y/elogd — 41/elog(4+/€), where d = dadp.
Theorem 19 (Continuity of Sg [A0]). |Sr(pas) — Sr(cap)| < 4v2¢log(min{da.dp}) — 2v/2¢loge.
Theorem 20 (Continuity of Mutual Information [I0]). |I(pap) — I(cap)| < 3elogd — 3eloge, where d = dadp.

To be more concrete, we consider a puMPS of N sites and bond dimension D and take each of the three regions
A, B, C to be of size N/3. We use the coarse-graining of the MPS to make a puMPS on three sites (Eq. ), where
each site represents the coarse-grained Hilbert space of A, B and C. Note that here no truncation on the physical
Hilbert space is used, so the physical dimension of each site is d4 = dg = dc = D? and the three tensors in Eq.
are the same. The puMPS on three sites are related to the original state by local isometries, so the coarse-graining
itself does not change any entanglement properties, including Ep(A : B),Sgr(A : B) and I(A : B). We now show that
the coarse-grained MPS is exponentially close in N to the fixed-point MPS on three sites, so by continuity of g(A : B)
and h(A : B), they are also exponentially close to the their fixed-point values (¢'*(A : B) = 0 for injective MPS and
hfP(A : B) = 0 regardless of injectivity).

First, we assume the MPS is injective and derive a bound on g(A : B). The transfer matrix has a unique eigenvalue
1. Denote the second-largest eigenvalue as A2 < 1. The correlation length is then £ = —1/log Ao. The injectivity of
the MPS is then equivalent to finite correlation length. The transfer matrix has an eigenvalue decomposition

Ta,y”g(; =T + /\gTavlg(; —+ - (75)
where r and [ are the right/left eigenvectors of the eigenvalue Ay and - - - denotes contributions of smaller eigenvalues.
Taking large powers of Ti,+ gs, the - - - term vanishes faster than the second term, so we will drop the dots. Then we
have

Tc]vvw/,?és =T 4+ e NGOr, 5. (76)
We will measure the difference in terms of the norm ||Agpe...|| = v/ Aabe... ALy, Where repeated indices are summed.
Then

N/3 _
1T 55 = Tl = =N/ CO [ Ta(rtr) Te(lD), (77)

which decays exponentially with system size N. Denote the coarse-grained tensor on A, B, C as M, then
N/3
Tolhs = D Muap(Mirs)" (78)
S

Recall that M can be obtained by an eigenvalue decomposition Eq. and (49). One can use the Rayleigh-
Schrodinger perturbation theory to derive the difference between M and M. Notice that the differences in the
eigenvalues and eigenvectors are of order e=V/3¢) and the combination Eq. at most change on the order of
e~ N/(68) because of the square root in the eigenvalues. Then at large sizes

1M — M®[| < O(1) - De~ 159, (79)
Let |¢x) be a puMPS with tensor M on 3 sites, and [1)?) be a puMPS with tensor M'P on 3 sites, then
A(Jon) (] [0P) (0P]) < O(1) - De V). (80)

Finally, let pap = Tre |8 ){(¢n] and oap = Tre [¢P) (1P|, Since the trace distance is monotonic under tracing out
a subsystem,

Alpap,oap) < O(1) - De”N/(69), s
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Finally we can derive a bound on g(A : B) and h(A : B),

g(A: B) < 2|Ep(pag) — Ep(oag)| + [I(pag) — I(0aB)] (82)

and

h(A: B) < [Sr(pas) — Sr(0ap)| + (paB) — I(0aB)|. (83)

Upon using the continuity theorems and we see that both g(A : B) and h(A : B) are upper bounded by
an exponentially decaying quantity.

For a general MPS we can again decompose it into a sum of superselection sectors which are locally orthogonal.
The coarse-graining transformation acts on each of the superselection sectors separately. At finite sizes the state is
coarse-grained into a SOTS with an expoentially small correction and therefore h(A : B) is upper bounded by an
exponentially small quantity.

MPS without translation invariance

The requirement of translation invariance above is not essential. As noted in Refs. 28 and 29] the coarse graining
can be done in a similar way for MPS without translation invariance. Here we briefly review how this is done. Denote
the tensor on site k as M*) and the corresponding transfer matrix as 7). It has been shown in Ref. 29 that an
injective MPS can be put into the central canonical form, where the (unique) dominant eigenvalue of 7*) is 1 and the

corresponding left /right eigenvectors are Affy) = )\(ak)(;(w and Ag}H) = )\/(Bkﬂ)cﬂ;g, where > /\&k) = 1. Note that
the left dominant eigenvector of T+1) is the same as the right dominant eigenvector of T®). The transfer matrices
have the eigenvalue decomposition
(k)  _ AR+ A (k (k),.(k);(k

Ty g5 = Mg VAL + A7 rgd 1) 4+ (84)
We assume that the transfer matrix has a finite gap, )‘1(3) < 1—¢€,VEk for some € > 0. This is equivalent to exponentially
decaying correlation functions typical in gapped systems. The coarse-graining amounts to multiplying the transfer
matrices in an interval together. If the interval is long enough, then the only remaining part is the multiplication of
the first term in the expansion. This gives the coarse-grained tensor on the left of Fig. [0] The resulting state is then

a triangle state. Similarly, in the case of a generic MPS one can decompose it into a sum of injective MPS and then
apply the coarse-graining to give a SOTS.
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