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ABSTRACT: Negativity is a measure of entanglement that can be used both in pure and
mixed states. The negativity spectrum is the spectrum of eigenvalues of the partially
transposed density matrix, and characterizes the degree and “phase” of entanglement. For
pure states, it is simply determined by the entanglement spectrum. We use a diagram-
matic method complemented by a modification of the Ford-Fulkerson algorithm to find
the negativity spectrum in general random tensor networks with large bond dimensions.
In holography, these describe the entanglement of fixed-area states. It was found that
many fixed-area states have a negativity spectrum given by a semi-circle. More gener-
ally, we find new negativity spectra that appear in random tensor networks, as well as
in phase transitions in holographic states, wormholes, and holographic states with bulk
matter. The smallest random tensor network is the same as a micro-canonical version
of Jackiw-Teitelboim (JT) gravity decorated with end-of-the-world branes. We consider
the semi-classical negativity of Hawking radiation and find that contributions from islands
should be included. We verify this in the JT gravity model, showing the Euclidean worm-

hole origin of these contributions.
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1 Introduction

Quantum entanglement has proven to be a key concept in modern quantum many-body
physics. For example, the (von Neumann) entanglement entropy of ground states can
be used to distinguish different quantum phases and phase transitions [1, 2]. It is also an
important diagnostic for problems in quantum dynamics, such as thermalization in isolated



systems and quantum information scrambling [3, 4]. Furthermore, quantum entanglement
is expected to be behind the mechanism for emergent geometry in holographic duality [5].
While the vast majority of the literature focuses on the entanglement entropy as a
measure of quantum entanglement, entanglement entropy has a well-known caveat when
applied to mixed quantum states, such as thermal states (Gibbs states) and reduced density
matrices obtained by tracing out a part of the total system. For these mixed states, the
entanglement entropy is no longer a measure of correlations, let alone quantum correlations.
Negativity [6-12] is a measure of entanglement that is well defined not only in pure
states, but in mixed states as well. Consider a Hilbert space that is a tensor product of two
Hilbert spaces Ha ® Hp, with a state given by a bipartite density matrix p. The partial
transpose (say with respect to B) of p in the orthonormal basis composed of |i)4 of H4

and |j)p of Hp is defined to have matrix elements
Ts (1.1)

piAjB,kAlB = Pialpkajps

which is a Hermitian matrix with unit trace. While the eigenvalues of p are non-negative,
this is not necessarily the case for its partial transpose. Negativity is based on this property
and quantifies the amount of entanglement by the negative eigenvalues of p’2. Denoting
the eigenvalues of p’B by \;, the negativity is defined by

Tp -1
1
N = ”p! =3 Al (1.2)
Ai<0
where || - ||; is the trace norm (sum of absolute values of eigenvalues), and similarly the
logarithmic negativity is
£ = log||o"2 . (1.3)

Indeed [8], a separable (unentangled) state can be written as

p=3 papit @ p{P (1.4)
a
with pg > 0, >°,pa = 1, and p[(lA), pr) are density matrices, so that (1.4) is indeed a density
T
matrix. Such states satisfy Bell’s inequality. For these states, p% = 3", papflA) ® (pl(zB)> ,

T
where (pr)) is also a density matrix, so p’8 has no negative eigenvalues. This shows

that a necessary condition for a state to be unentangled is to have vanishing negativity.'
Note that it is known that determining if a density matrix is separable is generally NP
hard [13, 14]. These definitions of negativity do not depend on the choice of bases for
Ha,Hp, and are invariant under interchanging A and B. In the rest of the paper, when
we say the negativity, we will always mean the logarithmic negativity (1.3).

A finer measure of entanglement is given by the negativity spectrum which is the
spectrum of the partially transposed density matrix. This is analogous to the entanglement
spectrum which has been studied extensively, e.g., in the context of topological phases of

Tt is not a sufficient condition. However, the entanglement that goes undetected by the negativity may
not be useful as negativity places an upper bound on the distillable entanglement [7].



matter [15-17]. The negativity spectrum has been studied in many-body quantum systems
— see e.g., refs. [18-22].
The basic objects we will study for negativity are the moments

my = tr (pTB)k . (1.5)

For even k, the moments are given in terms of the absolute values of the eigenvalues by
>; |Ai|¥, so we can obtain the logarithmic negativity by an analytic continuation of the
even moments

= lim logmy. (1.6)

k even—1
An important object that can be extracted from the moments is the resolvent, which is
defined by
-1 > m
— _ I — k
R(z)=tr(2=p™) =3 ey (1.7)

Indeed, the negativity spectrum py (density of eigenvalues) can be obtained from it using
the Stieltjes transformation

pn(A) = — 2 Tim Tm R + ie). (1.8)

T e—0Tt

The negativity can be extracted from the spectrum without relying on analytic continuation

£ —log [/d)\pN()\)|>\|] . (1.9)

In this paper we will use a diagrammatic approach to study negativity and negativity
spectra in general random tensor networks [23, 24]. We define the tensor networks that
we study as follows. These are unoriented graphs consisting of internal vertices, and edges
connecting the vertices. We include external edges that attach to a single vertex. An
example is shown in figure 1. A vertex corresponds to a tensor X9, where we will take
the different tensors to be independent, complex Gaussian random variables. The edges
correspond to Hilbert spaces. An edge connecting two vertices represents a contraction of
the corresponding tensor indices, while external edges stand for free indices that form the
resulting state. A tensor network, such as the one shown in figure 1, prepares a state

) = N2 XX i) - (1.10)
where A is the normalization.?

Each Hilbert space corresponding to an edge has a dimension L;. We will assume here
that all

L; = N"d; (1.11)

with N > 1 and d;, w; > 0 finite. We take the variances of the tensors such that

[T Ver (x9) = TTIXO2 = T ;7" (1.12)

edges

2Usually random tensor networks are expressed in terms of projected Haar random states. An argument
for the equivalence of the two descriptions can be found in [25].



Figure 1. An example of a general random tensor network.

where we denote an average over the random tensors by an overline, and their mean value
is taken to be vanishing. The density matrix corresponding to the state above is

p= )l = NS XGLXE) iy my - XS X2 ) (13)

mjno m/j'n'o
With the choice of variances above, the expectation value of the normalization is 1, and the
fluctuations around it are small in the large- N limit. Therefore, we can drop it at leading
order.®> When discussing my, £, R, and py for a random tensor network, these quantities
will always stand for their averaged values.

We will start (section 2) with the case of a Haar random state, which corresponds to
a single tensor. The negativity spectrum for this case was studied in [22, 26-28] for the
bulk of the different phases. We then move to the case of a two-tensor network (section 3).
We use it as a relatively simple example where we demonstrate the different ingredients
of our analysis. We explain the diagrammatic method that we use and that also applies
to general tensor networks, its large-N structure, and its relation both to random tensors
and permutations. We will classify the rich phase diagram for the two-tensor network and
check these results with finite size numerics. The details are given in appendix B.

Pure states are analyzed in section 4. The negativity spectrum for pure states is
explicitly determined in terms of the entanglement spectrum. We analyze it for the two-
tensor network in several phases and write a non-trivial Schwinger-Dyson equation for
general large Hilbert space dimensions.

In section 5 we analyze general random tensor networks, and express the negativity
moments using a solution to a flow network problem. In [29] the negativity of holographic
states in contractible topologies with unique extremal Ryu-Takayanagi surfaces was found.
Here we consider general random tensor networks with large bond dimensions. In partic-
ular, we do not assume that there is a unique RT surface, and allow the Hilbert spaces
associated to edges to have different dimensions. We find a wide range of negativity spec-
tra, beyond the semi-circle distribution. We may also have different states on the same
tensor network and ask how different they are, and this was studied recently in [25].

In sections 6-8, we discuss the implications of the results in prior sections for holo-
graphic systems. In section 6, we recall the model of [30] involving Jackiw-Teitelboim

3For example, considering an averaged moment of the density matrix, the normalization is a singlet that
equals one at leading order.



gravity in the micro-canonical ensemble, a toy model for a black hole and its radiation.
We note that negativity in this model, when we consider subsystems of the radiation and
the black hole system, is described by the smallest random tensor network, namely the
one-tensor network of section 2.

A holographic setting that is described by a larger class of random tensor networks is
that of holographic fixed-area states, which are discussed in section 7. The diagrammatic
approach that we use is also useful in showing that the calculation of entanglement in a
fixed-area state is given by that in a random tensor network. We discuss some examples of
this. We also describe how more general random tensor networks are related to holography.

Assuming that we have access to part of the Hawking radiation of an evaporating
black hole, it is interesting to look for an island formula that describes the negativity in
such systems coupled to gravity. In section 8, we only describe it semi-classically, rather
than providing a formula analogous to the quantum extremal surface prescription. We do
this at first by applying the random tensor network result to the doubly-holographic idea
of [31]. We can think about this as holographic states where we fix the generalized entropy
rather than the area. We then test it in the same simple model based on JT gravity [30].
This provides an argument for the replica wormhole origin of the island contributions to
negativity in systems coupled to gravity.

2 Haar random states

Let us begin by considering the case of a single tensor X. The broad motivation here is to
study mixed state entanglement in a random state (see [22]). In order to do that, we start
with a pure Haar random state (as was used by Page [32])

¥) = Xijali)als)sla)c, (2.1)
ijo
where the Hilbert space is the tensor product of three Hilbert spaces, and we then trace
out subsystem C. This leaves us with a random mized state for the AB system, and
we can study the negativity in order to learn about the entanglement between A and B.
In [22], a phase diagram for this entanglement structure was found, as a function of the
sizes L4, Lp, Lo of the Hilbert spaces, and we reproduce it in figure 2.
Let us first summarize the result for the phase diagram, and relate it to the more
familiar entanglement entropy. There are three regions in the phase diagram:

o region I (Lo > L Lp): the negativity vanishes, and the negativity spectrum is given
by a semi-circle distribution with a support on the positive real axis.

o RegionII (L4>LpLcor Lp>LyLc): the negativity grows linearly with min{log L 4,
log Lp}. The negativity spectrum is given by two copies of the Marchenko-Pastur
distribution, one supported on the positive, and one on the negative real axis.

e Region Il (L4 < LpLc and Lp < LaLc and Lo < LaLp): the negativity does
not change with the system size L4 independently, only with L4Lg. The negativity
spectrum is a semi-circle with support on both positive and negative real axes.
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Figure 2. Phase diagram for the entanglement in a random mixed state. For a given fixed L¢, the
logarithmic negativity is shown on the right. In this figure, L is the Hilbert space dimension, and
N =log L is the number of qudits. In the pure state limit, there is the Page curve for entanglement,
being proportional to the size of the smaller subsystem min{log L 4,log Lp}. Away from this limit,
there is a plateau in the Page curve in a region of the phase diagram where multipartite entanglement
is present.

Indeed, for an empty subsystem C' (top horizontal line in the phase diagram), this
reduces to the random pure state studied by Page [32]. In this case, region III disappears,
and the entanglement takes the form of the Page curve shown in figure 2. The unnormalized
reduced density matrix is X XT, where X is considered as a matrix Xij, which is known
in random matrix theory as the Wishart ensemble. Its entanglement spectrum is given by
the Marchenko-Pastur distribution.

In the region in the phase diagram between phases IT and III, we have a phase transi-
tion. The negativity spectrum within this phase transition was plotted numerically in [22].
Here, in section 7.3, we will find its analytic form and will compare to the numerical plot.

We will use a diagrammatic approach for negativity similar to [22], so we start by re-
viewing it for Haar random states. Every instance of the density matrix can be represented
by drawing one line for every index, where we have one index for each Hilbert space factor
or equivalently, a tensor network edge. This way, the matrix elements of the full density
matrix are

e o
(N ja s = XijaXias = 1|1 1| (2:2)

where dotted, solid, and dashed lines correspond to subsystems A, B, and C' respectively.
In these diagrams, we perform matrix operations in the lower part of the diagram, and
ensemble averaging in the upper part. This way, tracing over system C gives us a mixed
state for system AB with matrix elements

L — = —

(P)ijp = (2.3)

where from now on we omit the explicit indices. Then, for example for the purity, we



should consider

pTBzé | ! (2.5)

For the averaging, we sum over all Wick contractions, going from the left end of one density
matrix instance to the right end of another. There are two such contractions for the purity
of the partially transposed density matrix tr (pTB)2

The value we assign to every diagram is given simply by

e A factor of L4, Lp, or L¢ for every dotted, solid, or dashed loop respectively, from
summing over the index.

e For every contraction, we get from the variance a factor of ﬁ.

There are several methods to evaluate the moments. One method is to obtain relations
between the moments using manipulations of the defining integrals, similarly to random
matrix theory. We show how to derive such loop equations in the presence of the partial
transpose in appendix A, and use it for random Haar states. Another method is to write
consistency relations for all diagrams representing the summation of all moments. This is
done in the following subsection.

2.1 Schwinger-Dyson equation

For any given moment we consider, one should first determine which diagrams dominate.
In the case at hand, this was done for the bulk of the three regions in the phase diagram of
figure 2 in [22]. Here, we will not repeat this analysis, as we later analyze this in detail for
general tensor networks. One of the ingredients is an 't Hooft-like large- N expansion that
we will use. In each of the three regions of the phase diagram, different sets of diagrams
are dominant, but all of them are special cases of planar diagrams, e.g., for the dotted
and the dashed lines. We will write a Schwinger-Dyson equation that sums all the planar
diagrams.

The Schwinger-Dyson equation is written for the resolvent. Let us consider the same
object as the resolvent, but without taking the trace, i.e., it is an operator acting on the
Hilbert space of system AB, and denote it by a shaded disc. That is, it is the sum over all



the diagrams mentioned above with the same factors of z and the Hilbert space dimensions.
It is related to the resolvent just by

(2.7)

and it satisfies the recursion relation

for planar diagrams. The different terms are distinguished by which density matrices are

contracted to the first one. The main point to notice is that on the r.h.s., whenever there
is an odd number of R’s, there is a single solid line, while for an even number, there are
two solid lines. This gives the equation

o0 R2k+1 o0 R2k
sR=Lalp+ ) 7,2k [ 2k+1 [ Ak+T + 12k—1 2k Ak=2 —
k=0 “C “A B k=1 *~C AtB (2.9)
_ LALY{LE(L% + R) — LaLgR? + L Lo R?
ILIATL — R?
Completing the geometric sums, we find a cubic Schwinger-Dyson equation
RS+ (LpLo — LaLlp)R? + (LaL}LE — LALELE2) R+ LALELE =0, (2.10)

This equation allows one to get the negativity spectrum in the different regimes. We will
not perform that explicitly here, as our main focus lies in higher tensor networks.

3 Two-tensor network

The simplest case involving an internal structure of a tensor network is the case consisting of
two tensors connected to each other. This allows us to “tune an additional knob” controlling
the connectivity of the external Hilbert spaces. We will demonstrate our methods on this
case, making the later generalization to an arbitrary tensor network easier.



Denoting the two tensors by X and Y, the tensor network looks as follows

1€ Hey m € He,

We now explain the Hilbert space structure and the reason that there are two external edges
for each tensor. The total external Hilbert space is the tensor product He, @HARH c, @H B.
We have chosen the notation in a way that will correspond later to the holographic system
that this tensor network represents. The Hilbert space H g, is an internal space. The two

tensors are independent complex Gaussian random variables Xjj; (with i = 1,---, L¢,
j=1,---,Lap,and k=1,--- ,Lg,) and Y (withm=1,--- ,Lg,, n=1,--- ,Lp and
again k =1,---,Lg,, ). Their variance satisfies (1.12), so we can take them to be

- -1
Xi1j1k1Xz’));j2k2 = (LclLA\/ LEW) Oirio0j1ja Ok ez

3.2)
1 (
Ym1n1k1Y£2n2k2 - (LCQLB\/E> 6m1m25n1n26k1k’2'
The state that this tensor network prepares is

W)= > XiYonkli)]5)m)n). (3.3)

27]7m7n7k

While this is a pure state, we will trace over H¢, and Hc,, inducing a mixed state on
the system AB. We are interested in studying the entanglement between A and B using
negativity. This means that we should study the moments of the partial transpose with
respect to A of the density matrix on AB

my = tr (pTa)", (3.4)
where the density matrix on AB is
Pjini,jens = ZXijlkYmnlkX’?le ntmgl' (35)
kl

We introduce the following diagrammatic representation for calculating the moments
my. The basic building block corresponds to one instance of the partially transposed
density matrix, and is shown in figure 3. We first connect n copies of this basic ingredient,
as shown in figure 4. The moment is then given by summing over all possible contractions.
We group each of the six lines on each side of figure 3 into two groups: the green group
consisting of the two green and one black lines, corresponding to X, and the blue group
made of two blue and one black lines, corresponding to Y;,,x.* These give us two multi-
lines. Then, the contractions are done so that left green multi-lines are contracted with
right green multi-lines, and left blue multi-lines are contracted with right blue multi-lines.
An example of an allowed contraction is shown in figure 5.

4The colors are not essential but rather redundant, as they are determined according to their position.
We include them for convenience.



) X Legend:
e N e ('\
L] ‘ ‘ Ll v

Cy
B
Ew

Figure 3. The representation of the density matrix graphically.
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Figure 4. The negativity moment is given by the sum over all contractions of this diagram.

Figure 5. A diagram contributing to the third negativity moment.

Fach line corresponds to an index that we sum over in the corresponding Hilbert space.
The Hilbert space associated with the light green line is of dimension L, and similarly for
the rest (see the legend in figure 3 for the mapping). Therefore, in each diagram, we will
get L, to the power of the number of closed green lines, and the same for the rest.

To summarize, the moment is calculated by summing over all such diagrams, where

each closed line is assigned the corresponding L factor, each multi-line green contraction
1 1

Loy Lay/LEiy, Loy Lpy/Ley
3.1 ’t Hooft-like large-IN expansion

is assigned , and each multi-line blue contraction is assigned

We now show that these diagrams obey a topological expansion at large dimensions. Sup-
pose that L¢,, Le,,La,Lp ~ N > 1 with Lg,, fixed. The two blue lines of the diagram
form a double line structure. To see this, we draw the diagram on a circle; an example
with n = 3 is shown in figure 6. In this figure, the propagators contribute a factor of 1/N?"
and there is a factor of N for every loop. The number of loops is F' — 1 (with F' being
the number of faces), where the one is subtracted since there is one missing loop that was
added in black at the center of the figure. We see that the diagram is made of 2n cubic
large-N vertices, and there are 3n edges. Therefore, each such diagram is assigned
1
N2n

where g is the genus of the surface.

NF—l — ]\[1—2g—n7 (36)

~10 -



Figure 6. Large-N counting in the blue (left) and green (right) parts for n = 3.

For the green part, a very similar analysis holds. An example is shown in figure 6. We
connect the Lh.s. of each of the matrix insertions with the r.h.s. of another matrix insertion.
But then, if we exchange the two ends of each such insertion, we are in the same situation
as in the blue part, with the same counting. Therefore, we once again get N'=29~" where
now g is the genus of the surface obtained by this construction.

Together, we get that the large-N counting of a general diagram is

N2_29A_2QB—”A—’”B7 (3‘7)

where g4 is the genus of the A subsystem (green), n4 the number of matrix insertions
X X', and similarly for the B part.

Note also that if we have two traces of only the (say) B subsystem (only blue diagrams),
then the connected part goes as N 2977172 where n;,ng are the number of matrices in
each of the two traces. This is suppressed with respect to the disconnected contribution,
which is N27291—2g2—n1—n2

3.2 Permutations interpretation

A particularly useful advantage of this diagrammatic method is that it makes it clear that
there is an equivalence between random tensor networks and a problem of counting per-
mutations. The permutations interpretation that we will show in a moment is immediately
related to holographic entanglement in fixed-area states. This gives us another way to
see how the entanglement structure in fixed-area states is described precisely by that in
random tensor networks.

We will use permutations of n elements. We denote by v = (1,2,---,n) the cyclic

1

permutation taking ¢ — ¢ + 1 and correspondingly v~ is its inverse. For any permu-

tation 7, we denote by C(7) the number of cycles in the permutation. For example,
C((1,2)(3.5)(4)) = 3.

In any diagram built by contractions of figure 4, let 7| be the permutation of n elements
such that the right green multi-line of the i’th insertion of a density matrix is contracted
to the left green multi-line of the 71(7)’th insertion. Similarly 7o is assigned for the blue
counter-part. We then see that the partially transposed moment is given by

Z7(1PT)
zZ1

(3.8)

my =

- 11 -



Figure 7. Diagram used to prove the triangle inequality.

with the permutations partition function defined by

— —1
ZED = 3 G pGoem Gl [ en) poln o) (3.9)

T1,72E€Sn

Each element in the sum corresponds to a particular contraction.

Note that we can also calculate the unnormalized permutation partition function (3.9)
using averaged moments of the tensor network — the only modification required is to take
the tensors to have unit variance.

We can now simply prove the following familiar claim using this diagrammatic repre-
sentation together with the large-N expansion above:

Claim (the triangle inequality). For any two permutations o, of n elements, we have
that C(1) + C(t7 o 0) < C(o) +n.

In order to specify when the inequality is saturated, we will use the following termi-
nology. Consider a permutation ¢ = (¢1,c2, - ,¢y) consisting of a single cycle. It induces
an order < on the n elements {1,2,--- ,n} according to the way that they appear in the
cycle which is not necessarily the usual ordering. We will say that a permutation 7 is
non-crossing in ¢ if (1) any cycle of 7 can be written as (i1, --,i;) with i1 < -+ < i
according to the order of ¢, and (2) there are no elements a < x < b < y such that a,b
belong to one cycle of 7 and z,y belong to another cycle.® If we draw the nodes of ¢ on a
line and represent cycles of 7 by connecting arcs, this definition just says that the arcs do
not cross. We will say in short that 7 is non-crossing in cycles of o if the cycles of 7 are
contained in cycles of o, and in each cycle of o, 7 is non-crossing. For the simplest case
c=~v=1(1,2,---,n), we will simply say that a permutation is non-crossing.® With these
definitions, the inequality in the claim is saturated iff. 7 is non-crossing in o.

The proof of this is simple using the tools above. We use a diagram consisting of the
(say) blue part of what we had before (see figure 7). There is one block for each cycle of
o. For example, the first block has nodes 1,0(1),02%(1),---. The contractions are made
according to 7; we contract a right pair of lines of node ¢ with the left pair of node 7(7).
The quantity C(7) + C(t ' oo) = C(7) + C(c7! o 7) is found by counting the number of
closed lines.

In each connected component of size n;, we saw that there is a genus expansion giving
that the number of loops (closed lines) is 1 — 2g; +n;.” As we saw, the disconnected piece

®Note that the ordering of a cycle (c1,cz,--- ,cp) is in fact cyclic, so we could start it at any element.
However, this definition does not depend on this, and we can use a linear order.

5Note that in this case we can just think about the permutation as a partition, but there are two possible
orientations, so we fixed the orientation to be that of ~.

"Here we consider unnormalized “traces” where no value is assigned to a propagator, so we do not
subtract 2n;.

- 12 —



dominates and is given by Y_;(1—2g;+n;) = C(0)+n—2>", g;. This is indeed bounded by
C(o) + n and is saturated by planar contractions, which are the permutations mentioned
above. This concludes the proof of the claim.

Now, let us come back to the two-tensor network. One way to think about the problem
that we have is to replace the two tensors by a single tensor, and ask if we can apply the
results of section 2. That is, by comparing (2.1) to (3.3) we replace

X 43 5™ X Yo (3.10)
k

The right hand side is a random variable which has a variance

* * -1
ZXiljlkymlnlkXigjlemgngl = (Ley Loy, LaLp) 0i1in0j1 jo OmymaOning s (3.11)
k.l

with the Lg,, dependence canceling. This is just the variance needed in section 2. The
important difference from the one-tensor case is that this is not a Gaussian variable, so
we cannot apply the results there. We expect that when Lg,, is large, we may be able to
apply these results. Indeed, this is easy to see using the permutations language. In (3.9)
there are two terms that depend only on 71, and similarly there are two terms for 7. The
only interaction between 7 and 7 is through the Eyw term. For large Lg,,, (3.9) will be
dominated by 71 = 72. Therefore, in the large Lg,, limit, this two-tensor network reduces
to the one-tensor network described in section 2.

We can analyze the full phase structure of the two-tensor network. This is done in
detail in appendix B, and the result is summarized in table 1. In the table, we show
the range of system sizes that correspond to each phase. In each phase, we indicate the
dominant permutations in the large- N limit, where we recall that w; is the power of N for
each L;. As for the moments and the negativity spectrum, we can write them using the
one-tensor case, and so we indicate the result using the corresponding phase in the one-
tensor network. The precise parameters that should be used in the analogous one-tensor
network can be found in appendix B. In one of the phases, the distribution is related to
the corresponding one in the one-tensor case by a rescaling of both the eigenvalues and
the distribution. Note, though, that as expected, in general the two-tensor network differs
from the one-tensor network. It reduces to a one-tensor network for large enough L, as
anticipated above. Indeed, in such a case, the two permutations are the same, as can be
seen in the table. This happens for phases 1, 4, and 6. We also plot the different phases
graphically in figure 8.

3.3 Numerics

We numerically study the entanglement of the two-tensor network using exact diagonal-
ization. This strongly limits the probeable Hilbert space dimensions. In figures 9 and 10,
we show how the negativity spectrum is deformed as we tune Lg,,. When the dimension
of Ey approaches the total dimension of the external Hilbert space, the tensor network
acts as one large random tensor. When the dimension decreases, the spectrum undergoes
a variety of phase transitions due to the loss of connectivity in the graph.
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Range

T

T2

Analogous one-tensor

wa < wey
wp < We, + WEy, or

wa +wp < we, + wWe,

wp < WcCy

wy < wey + WEy

wa +wp < we, + wWe,

id

id

Phase 1

wA > We, + WEy,

wp > we, + Wey,

Phase 11

WEy, < WA+ Wey
wo, < WA + WEy,
wy < wey + Wey,

wp > Wo, + WEy,

NCy

Wy < WB + We,
we, < WB + WEy,
wp < Wo, + Wy,

wy > wey + WEy,

NCs

Rescaled phase III

lwa — wey | < wp —we, <wa + wey

4 WEy, > WB — W,

NCy

lwp —we,| < wa —we, < wp + we,

WEy, > WA — Wey

NCqy

:Tl

Phase 111

Wwey, > WA + WEy,

5 wWp > Wo, + WEy,

id

Wwe, > WB + WEy,

wA > we, + WEy,

id

Phase 1

WEy, > WB + We,

6 wa > wp + we, + we,

:’]’1

WEy, > wa + wey

wp > WA + wWe;, + Wey

:7’1

Phase 11

Table 1. Phases of a two-tensor network. We show the range of each phase corresponding to
the intersection of the inequalities and the values of the permutations that give the dominant
contribution. In these cases, the behavior in each phase can be mapped to a possibly rescaled
phase of the one-tensor network, and this is shown in the table. A permutation is in NCs if it is
non-crossing and consists of only 2-cycles, unless it is of odd size and in such a case it also has a

single 1-cycle.
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[1 Phase 1
Phase 2
Phase 3
[1 Phase 4
[1 Phase 5
[1 Phase 6
(a) wey, > 25. (b) wgy,, = 23.
(c) wey,, = 20. (d) wey,, = 15. (e) wg,, = 10.
> N
(f) wey,, = 5. (8) wey, = 3. (h) wg,, =1.
Figure 8. Plots of different slices of the four-dimensional phase diagram of the two-tensor network.
We have taken we, = we,, keep wa +wp = 50 fixed, and vary wg,, . The horizontal axis is w;iAwB

watwp

and the vertical axis is —2ATYE __
watwptwe

where we = we, + we, .-

4 Negativity of pure states

We saw that in the limit of large dimensions, the two-tensor network relates to a one-tensor
network. An interesting case to consider is when H¢, and H¢, are in fact empty, so that the
state on AB is pure. This case is quite rich, having various regimes with different results.
For general dimensions, we will find that the system is governed by a highly non-trivial
Schwinger-Dyson equation.

Before that, let us start by showing what is the negativity spectrum for a general pure
state.

4.1 Negativity spectrum of a pure state

For any density matrix, since it is positive semi-definite, the entanglement spectrum is
supported on the non-negative real line. As we saw, the negativity is defined by considering
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i T \

-0.10 -0.05 0.05 0.10 0.15 0.20 -0.10 -0.05 0.05 0.10 0.15 0.20
Wey, =5 Wg, = 00
\
. . | \ ¥ . . Y A
-0.10 -0.05 0.05 0.10 0.15 0.20 -0.10 -0.05 0.05 0.10 0.15 0.20

Figure 9. The negativity spectrum for the two-tensor network as we vary wg,, and keep wa =
wp = 4, we, = we, = 2, and N = 2. There is a topological transition between Phase 2 (upper
left) with two connected components and Phase 4 (lower right) with a single connected component.
The colors of the plots match the colors of the phases in figure 8. We average over 10 realizations.

the partially-transposed density matrix and consequently is supported on the negative real
line as well.

Consider a bi-partite system AB that is in a global pure state. We will see that
the negativity spectrum is fully determined by the entanglement spectrum, and in fact
the eigenvalues of the partially transposed density matrix are simply determined by the
entanglement spectrum.

A pure state can be written using the Schmidt decomposition as

L
o) =) ciled)|fi) (4.1)
i=1
where L < Ly, Lp, and |e;) and |f;) are orthonormal vectors of subsystems A and B,
respectively. The corresponding density matrix is then

p =S cicilenlfileslis;) (4.2)

The reduced density matrix to system A is then a diagonal matrix with values |c;|? on the
diagonal. Therefore, the entanglement spectrum is

Entanglement spectrum: {|¢;|* :i=1,---,L} plus La — L zeroes. (4.3)
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p
N

. — | e =SSESEES | . — . Y
-0.05 0.05 0.10 0.15 -0.05 0.05 0.10 0.15
Wey, =5 Wg, = 00
AN
‘ J ‘ Y ‘ | - ‘ Y
-0.05 0.05 0.10 0.15 -0.05 0.05 0.10 0.15

Figure 10. The negativity spectrum for the two-tensor network as we vary wg,, and keep wyg =1,
wp = 6, we, = we, = 3, and N = 2. There is the transition from vanishing negativity (Phase I
in the one-tensor network) between Phase 5 (upper left) to Phase 3 to Phase 4 (lower right) where
the eigenvalues gain support on the negative real axis. The colors of the plots match the colors of
the phases in figure 8. We average over 103 realizations.

The partially transposed density matrix is

P = 3 el fidedl ) (4.4)

First, note that |e;)|f;) is an eigenvector of p’4 with eigenvalue |c;|2. This shows that
the entanglement spectrum is contained in the negativity spectrum. A general eigenvector
v =73, dijlei)| f;) will satisfy

pThu = dijeicile))| fi) = D djiciciled|f;) = A dijled) | f5), (4.5)

so that
)\dij = djic;‘cj (4.6)

for all 4, 5. Now, fixing k > [ we claim that we have two eigenvalues for the two solutions
of A? = |ci|?|¢;|?. Indeed, the corresponding two vectors for the two solutions of A

1

lew)|fu) + e erlen] fi) (4.7)
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are eigenvectors of p’4 as they satisfy the equations (4.6). Note that for any ¢, = 0,
the vectors |ex)|f;) and |e;)|fx) for all k are eigenvectors with zero eigenvalues. We have
therefore found all the eigenvectors of p’4, so the negativity spectrum is

Negativity spectrum: {|c;|? 4 =1,--- , LYy U{E|ei| -|c;| : 1 <i<j <L}
plus (LsLp — L?) zeroes. (4.8)

The negativity spectrum for pure states can thus be obtained immediately from the
entanglement spectrum: any entanglement eigenvalues appear also in the negativity spec-
trum, and for any two distinct entanglement eigenvalues A;, A; there is a pair of eigenvalues
++/AiA; in the negativity spectrum, and the rest are zero eigenvalues. The eigenvalues in-
herited from the entanglement spectrum may also vanish. This result was also noted in [18].

In terms of the density of states of the entanglement spectrum pg (), we therefore find
that the density of the negativity spectrum py () is

v = [~ ax 2 oe N0 (j) e = pp(-N) He-60) (49)

2

where ¢ is a constant to be determined by [dApn(N\) = LaLp. The first term just gives
for any two eigenvalues of p an eigenvalue in py(\) that is the square root of their product
as we can see by the arguments of pg. The coefficient is simply a measure factor for pg
used with this choice of arguments. For any eigenvalue A of p, this term gives both a A
and a —\ eigenvalues in py(A) while we need only the positive part, and this is corrected
by the second and third terms which are anti-symmetric in A — —A. We do not keep track
of the zero eigenvalues just as above, as those are determined according to the condition
that we mentioned.

4.2 Two-tensor pure state

The permutation interpretation allows us to find the negativity in various limits quite
easily, so here we explore the various regimes.
In the pure state limit, the moments of the reduced density matrix p on AB are

— 7 T \Tm - “lom)—n
Tr(pTa)" = 3 LG pGaiennpClnen) o, (4.10)
T1,72ESn

When Ly, Lp > Lg,,, 1 = ~v~!and 7 = v dominate the sum and we approximately have
forn >0

I L™ ne2z+1,
Tr(pTay” = { “Bw " (4.11)
LE™ ne2zZ.
This leads to a resolvent of
& L " (Lpy (1+ (=1)") + (1= (-1)"))
E W
R(Z) = Z = 9,n+1

n=0
L4sz + L2EW

=W "W 4.12

e (4.12)
w

~ 18 —



such that the negativity spectrum is®

2

_ L%, — Liy

PN () 5

S(A+Lg )+ S(A\=Lgh )+ (LaLp — Ly, )5(N).
(4.13)
Subleading saddles lead to a finite width structure in the distribution at finite V. The

negativity is
€ =log(Lg, —1) ~logLg,,. (4.14)

Next, consider Lg,, > LsLp. In this case 71 = 7 dominates the sum and we sim-
plify to

Tr (pTA)n _ Z Lg(’YOT)—nLg('V*l
TGSn

e, (4.15)

This is equivalent to the pure state limit of the single-tensor network so the negativity

spectrum is a sum of two Marchenko-Pastur laws.

Now, consider the mixed limit L4 > LgLg,, but Lp ~ LEW.9 We have 1 = ’yfl

Te(pTa)" = 3 LG0T e Chemion, (4.16)
TQESn
Now, let us shift 75 — v~ ! o7 to get
Tr (pTa)" = S L§0 e Son (4.17)

TGSn

We would like to maximize C(7) + C (77! 0~?). By the triangle inequality we know this is
bounded by C(7?)+4n and maximized for 7 non-crossing in y2. For odd n, C(7?) = 1, so, up
to an unusual ordering of nodes, the non-crossing permutations will dominate. Moreover,
it is known that the number of non-crossing permutations of n elements with k£ cycles is

1 (n n
()00, o

We can therefore reorganize the sum according to the number of cycles, as

given by the Narayana number

n
Tr(p™)" =Y NpsLy "L " (4.19)
k=1

_ L
L}EV;L o F1 (1 —n,—n;2; LE—;V) , Lg, <Lp

(4.20)
LlB*nQF1 (1 —-n,—n;2; LLEi/) , Lg, >Lp.

8We did not keep track of the zero eigenvalues or the zeroth moment and restored them here using
J[dXpn(A) = LaLp.

9The systems A and B appear here in a symmetric way, so the case Lp > LaLg,, is just the same with
exchanging A < B.
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For even n, 2 has two cycles, consisting of the even and odd sites. Thus, the dominant
saddles will be of the form NC,, , x NC,, 5 with NC, /5 being the non-crossing permutations
of n/2 elements. Each noncrossing permutation acts on the even or odd copies. We can
then reorganize the sum as

n/2

k1—ko 1 k1+ko—

Tr (pT4)" = > Nujojp Nujog, Ly 2 LEL 2"
k1,ko=1

2, (1— o, —no lew)®  po o
Ey 241 2) 7 204 TLg ) Ew B

= 9 (4.21)
LE" 2P (1= 4~ 525 )", Lg, > Ls.
We can take the replica limit of these even moments to find
L 2
log | Ly, oFs (5, -4 52| Loy <L
&= (4.22)

2
1og{LB 2F1 (3, - 12,LLEB)], Lg, > Lp.

This smoothly interpolates between log Lg,, for when Lg,, < Lp and log L when Lg,, >
Lp. The resolvent is more complicated, though simple away from the phase transitions.

4.3 Schwinger-Dyson equation

Finally, we now assume the large-N limit where L, Lp,Lg, ~ N > 1 without having
some dimensions that are excessively large.

Taking 7; — 7~ tor; for i = 1,2 in (4.10) (considering it unnormalized for the moment),
we get

T) _ Z Li(Tl)Lg OTQ)L ( 072). (4.23)
T1,72

For any given 73, we have C(71) + C (1, o 72) < n + C(73) by the triangle inequality.
Therefore we obtain the maximal contribution whenever 7 is non—crossing in cycles of .
Together with the term C(y~2 o 79) this gives n + C(m2) + C(y 20 m) < 2n + C(¥?), so
again we have the dominant contribution for 75 that is non-crossing in cycles of 2.

For even n, v2 = (1,3, --- ,n — 1)(2, 4, --- ,n) consists of two cycles. Thus, we have
a decoupling of the odd sites from the even sites. In the odd sites, ™ are just all the
possible non-crossing permutations, and similarly for the even sites. In each of them, 7 is
non-crossing in cycles of 75. For odd n, v = (1, 3, --- ,n, 2, 4, --- ,n—1) is a single cycle.

Just as before, we can represent (4.23) diagrammatically. Since we do not have the
subsystems Cj;, we are left with the dark green, dark blue, and black lines. We get (4.23)
by summing over all contractions of the diagram shown in figure 11. The green lines
correspond to 71 in the new variables, and the blue lines to 75. The ordering within the
diagram has changed slightly because of the re-definition of the permutations that we did.

The nodes in these diagrams can be conveniently rearranged so that each node is
contracted by the dark blue line to the following node. As a result, similarly to before, for
even n they split into two parts, while for odd n there is a single piece. The rearranged
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LW LY P YL Y P e

Figure 11. Diagrammatic representation of the negativity for the pure two-tensor case.
Odd n

PLIP PLIY PLIE . LY

Even n

PLIP PLILPLIY LY PLIY P

Figure 12. Rearranging the negativity diagrams results in these diagrams for odd and even n.

diagrams are shown in figure 12. Importantly, since 75 factorizes according to 72, and 7
according to the cycles of 7o, the contractions in the two pieces of the even case factorize.
That is, there are no contractions connecting the left part with the right one.

Every connected piece in figure 12 is what we would have gotten if we were calculating
entanglement entropy instead of negativity. Diagrammatically, this is because the (say)
green lines are not crossed, which is what we had to do before in order to implement the
partial transpose. Instead, here, such a diagram calculates the trace of the density matrix
traced over A, which is used for the entanglement entropy between A and B in the pure
state on AB. Let us denote the n*™ moment of the density matrix by

m,, = tr(pp)", pB =trap. (4.24)

In fact, it is known that the negativity moments in a pure state are given simply in terms
of the entanglement moments, m/,, (see e.g., [33]) — the even n'! negativity moment is the
square of the (n/2)’th entanglement moment, while the odd negativity and entanglement
moments are the same. This is exactly what figure 12 shows.

However, the subtlety here is that the pure state is random, and therefore the even
moments do not completely factorize to a square of entanglement moments, but rather we
should average the product. What we have shown here is that in the large- N limit, we do
have a full factorization because of the structure of contractions found above.

Let us denote the resolvent corresponding to m/, by

o0 /

mn
R=3% 5% (4.25)

n=0

According to the structure of the permutations 71,7 that we found above, we can
write a Schwinger-Dyson equation for R’. It is based on the drawing in figure 13. We
organized it according to blue contractions. However, green contractions are planar and
are embedded inside cycles of the blue ones, exactly because 71 is non-crossing in 7. Thus,
even though the green contractions are not shown, in the (k + 1)’th term on the r.h.s. of
the Schwinger-Dyson equation, we will need to sum over the planar green contractions of
k nodes. We already saw how to calculate such a sum. In fact, this is the same as the sum
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Figure 13. Schwinger-Dyson equation for R’.

we are after if we replace n — k, use v instead of 42 as we rearranged the diagrams so that
the blue lines contract neighboring nodes, and take 7 = . Counting the blue, green, and
black lines, this sum is

ol S LSOOI = L (L, L), (4.26)
TENCY

where recall that NC, are non-crossing permutations of k£ elements. The factor of L% does
not enter in our SD equation, since the closed blue lines go to the trace of R’. We have
already calculated f; using the Narayana numbers and found

fillaLey) = S 2501807 ZNk Lyt =
TENCY
(4.27)
k .9. L
[ LaLly, oF (1=k —k;2 %), La<Lp,
I .
Ly L oFy (1= b, =k 2 5% ), La > Lig,
The SD equation for R’ is then
00 R/)
=1L La, L 4.28
B+Z (TaLnLon )kfk( As Ley,) (4.28)
or more explicitly, when L4 < Lg,,
- L +i (& (1—k k2, A ) (4.29)
B Z Lké LEW . .
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The resolvent of the negativity is given in terms of the entanglement moments by

m' 0 2
— n n
R= Z Zn+1 - Z ont1 + Z »2n+17 (430)
n odd n=0
and the logarithmic negativity is
2
€= e = (mp) (431)

which is the 1/2 Rényi entropy.

We have found that the negativity spectrum for a pure state is given by (4.9). The
case that we consider now is indeed a pure state and so this formula is valid here. However,
we have a random pure state. Therefore, if we are interested in the averaged negativity
spectrum, we have

= [ x|

s (5) +5 (50 - peN) + o500, (@

In the first term on the r.h.s., we have the average of a product of density of states, while
we have studied the averaged pure state entanglement spectrum. In general, the average
of the product is different from the product of averages and this would require calculating
higher moments in the randomness of the tensor variables sense.

However, in large- N, we saw using large- N diagrammatics that if we consider a product
of two moments of the density matrix (without partially transposing), as in the second part
of figure 12, then the averaging can be done separately. This means that we can use (4.9)
as is for large- V.

To demonstrate this consider L4 < Lg,, . At leading order we can approximate the
oF) in (4.29) by 1, giving

R'Ly
The solution is®
zLaLg+Lp — Ly — (LALBZ+LB—LA)2—4ZLAL2
R(z) = V > B (4.34)
Therefore,
LaL
pe(N) = TP\ (Ly =NA L), L-<A<Ly. (4.35)
where we have defined )
1 1
Li=—+t—) . 4.36
* <\/ Ly \/LB) (4.36)

In order to get pn(A), we should just plug this in (4.9). We do this numerically and
show the result without the contribution going as () in figure 14. Note that when finding
pn(A), for small Ly, Lp, we get significant regions with negative density of states, but as
we mentioned, the current calculation is valid at large-N. Indeed, as we increase L4, Lp
these regions disappear.

10We choose the branch such that R’ — 0 as z — oo.

~ 93 -



40
30+

. 20F °

-0.4 -0.2 ° 0.2 0.4 0.6 0.8 1.0

Figure 14. Negativity spectrum at leading order for large Lg,,. We use here L4 = 4 and Lp = 10.

5 Entanglement and negativity in random tensor networks

We would like to generalize the analysis to a larger class of tensor networks, such as the
one shown in figure 1.

Let us consider a generalized reduced density matrix that will allow us to calculate
entanglement and negativity spectra. We divide the external indices of the tensor network
into three sets:

e T': indices that are partially traced over, corresponding to the subsystem that we
trace out,

e S: no operation is performed on these indices,

e P: indices that are partially transposed, allowing us to compute negativity.

Then, we define the marginal density matrix
p = trp plP. (5.1)

In order to calculate tr p'*, we define a diagrammatic construction generalizing what
we did before. We take a basic ingredient, or node, consisting of two parts, each one
made of a series of lines, one line for any index. This node represents the density matrix
and generalizes what we had in figure 3. The lines are grouped into multi-lines, where
each multi-line consists of all those lines belonging to the same X, just as before. It
is convenient to represent each such tensor by a different color. This is demonstrated in
figure 15 (compare to figure 1). The internal black connecting lines in the bottom part are
just like the Eyy line we had in the two-tensor case. They correspond to an edge connecting
two tensors.

We place n copies of this basic diagram next to each other. These are connected among
themselves according to the rules shown in figure 16. Any index, depending on which set it
belongs to, contracts either in the same instance of the density matrix, or to the previous
or the following one.

Having n such copies combined with periodic boundary conditions, we should sum over
all possible contractions of the multi-index sets. That is, the lines of the same color on the
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Figure 15. The diagram corresponding to a single insertion of a marginal density matrix.
i

MieT:
connects to LHS of next instance

Ifies:

\><‘ connects to RHS of next instance

Figure 16. Connecting the density matrix to its neighbors.

IfieP:

L.h.s. of an instance are contracted together with lines of the same color on the r.h.s. of
some instance. Each contraction is assigned the value of the variance of the corresponding
X @ Every closed index loop gives the dimension of the corresponding Hilbert space.

Just as we did before, we can express this diagrammatic description of a tensor network
in terms of permutations. Suppose that there are k different tensors X®, i = 1,--- ,k,
and that each index takes values in an L; dimensional space. We write L; = N%id; and
assume that N > 1 with w;, d; being fixed. We thus have a permutation j3; for every X @,
i.e., for every tensor describing the contractions of that particular color (multi-index). The
moments are then given by

LEB) foricT

. H\" Lic(yilo’gi) forie S
g = Var (x9)"- 3 ] L Clro) (5.2)

{yedges | Bi forie P
C (B, 0Bi) .
L, " for an edge connecting i, 1,
where again v = (1,2,--- ,n) is the permutation consisting of one cycle, and note that

L; = Ly for an index in common to X and X(@). These values are obtained from the
number of closed loops of each given index.

To summarize, we can in fact represent the permutation structure easily in terms of the
same tensor network. We show this, together with the rules for evaluating the moments,

in figure 17.
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Figure 17. A generic tensor network in terms of permutations.

For example, the (mixed) original two-tensor network (3.1) is given in terms of per-
mutations as

P 71 2 S (5.3)
1€ CT T—n‘z € Oy

T T

and applying the rules of figure 17 to this diagram gives exactly expression (3.9).

5.1 Special case: no partial transpose (entanglement spectrum)

We can now apply the same logic we used in section 4.3 in order to get the leading, large- N
behavior of a random tensor network. In fact, a useful way to organize this analysis for
the case of the entanglement entropy appears in [23].

The appropriate language is that of flow networks and flows. The basic question
motivating the problem of flow networks is having a transportation network with various
routes with a limited capacity, and the goal is to find the maximal possible flow one could
achieve getting from some initial point (source) to a destination point (sink). We will define
the needed notions below.

A flow network is a directed graph consisting of vertices V' and edges F. Among the
vertices, there are two distinguished elements, the source s and the sink ¢. There is a
capacity function w(u,v) from pairs of vertices into the non-negative real numbers, such
that w(u,v) > 0 for (u,v) € E and zero otherwise. A flow is a function f: V xV — R
such that

1. f(u,v) < w(u,v) (we cannot exceed the capacity),

2. f(u,v) = —f(v,u) (more on this in the following),

3. Z’UEV f(u7 v

) = 0 for any u # s,t (that is, the total flow is of course zero at interme-
diate points).

For sets X, Y, we denote g(X,Y) = > cx > ey 9(z,y) for any function g, and similarly
we define g(z,Y) and g(X,y). A cut is a partition of V into two sets V' = S U T such that
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se€ S and t e T The value of a flow is

[fl=2_ f(s,v) = £(8,T) (5-4)

veV

for any cut. This is the total flow from the source to the sink. The goal in this problem is
to find the maximal possible value of a flow. There can be more than one flow saturating
this value.

Given a flow network and a flow f, we define the residual network by having capacity
wy(u,v) = w(u,v) — f(u,v). Note that the residual network is a sensible flow network
by the definition of a flow, having edges (u,v) for wy(u,v) > 0. Also note that having a
positive flow from u to v reduces the capacity from u to v, but increases the capacity from
v to u.

An augmenting path is a path from the source to the sink and so consists of positive
capacity edges.'?> The Ford-Fulkerson method allows us to find a maximal flow. We take
the original network, look for an augmenting path, construct the residual network, and
continue in this process. In each residual network we look for an augmenting path and
construct another residual network. We stop when there are no augmenting paths left.
Note that if f/ is a flow in a residual network constructed in turn using a flow f, then
f+ " is a flow in the original network with value |f + f'| = |f| +|f’|- An augmenting path
together with a value z > 0 that is less than or equal to the capacity for each edge along
the path gives us a flow given by f(u,v) = z on the edges of the path and f(v,u) = —=z.
Therefore, we get a flow by adding up the augmenting paths, and we necessarily stop at
some point because w(s, V') decreases at each step.

Interestingly, we are guaranteed that the resulting flow is always a maximal flow. This
follows from the maz-flow min-cut theorem [34-36]. Moreover, this theorem tells us that
the maximal flow equals the minimal cut capacity |f| = mingyes w(S,T'). Clearly, we cannot
pass a flow that exceeds the minimal cut, and according to the theorem, we can in fact
saturate this bound.

Going back to the tensor network, we can assume that we have a single edge of the same
type. That is, among external edges connecting to the same tensor and having the same
type T, S or P, or internal edges connecting the same tensors. Otherwise, if we have several
such edges, we can replace them by a single edge with a corresponding weight w € R, given
by the sum of the weights of the edges we combine. The finite relative dimension of the
new edge is the product d = [] d;.

Before that, we used C(f) as counting the number of cycles in a permutation 5. A
complementary quantity is the minimal number of swaps needed to bring a permutation
B to the identity permutation that we denote by |5|. Indeed, for permutations of size n,
the two are related by |8| + C(5) = n. The triangle inequality claim that we have shown
before becomes in this language |a3| + |37 1v| > |ay| making it more manifest that this is

HNote that in this definition we allow each of the sets S and T to have disconnected components.
12 A path is a finite sequence of distinct vertices such that each two adjacent vertices in the sequence are
connected by an edge.
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Figure 18. The flow network corresponding to a tensor network. Going from a permutation /5 to
B we have a weight depending on 371 o /3.

a triangle inequality. As we saw, it is saturated for a8 non-crossing in cycles of a7y, and in
such a case we will denote this by af < ary.

Following [23], we construct a flow network associated to the tensor network. Each
tensor becomes a vertex in the flow network. Each vertex is associated with a permutation.
We also add one vertex for every type of external edge. For the type T, we assign the
identity permutation, while we assign v for type .S. The internal edges of the tensor
network become a pair of directed edges in both directions with capacity w;;|3; ! Bj|. The
identity is taken to be the source, with every edge in the tensor network of type 1" becoming
a directed edge from the identity to ; with capacity wrp;|3;|. Similarly, the vertex of type
S becomes the sink, with capacities w;g|8; L6 4| (see figure 18). Therefore an edge i — j
is assigned w;;|B; ! 5;].

Maximizing the moments over N is the same as minimizing

FB:ZwTiWi’+Zwij\5floﬁj|+2wi5]ﬁ;1o*y\. (5.5)
? ) i

We should give a remark on flows. The definition of a flow as an anti-symmetric
function may appear to be confusing; one could expect that for two vertices having two
edges connecting them in both directions, we could have a flow in each direction, and
this flow should be limited by the capacity. This is not the case in the definition of a flow.
Phrased differently, in the Ford-Fulkerson method, we are allowed to have many flows going
in both directions and cancelling each other, which seems to imply physically more flow
than we can. The resolution lies in the fact that we can always assume that in such a pair
of edges, the flow is chosen to go only in one direction. Physically the intuition is that we
just do not need to waste flow going in one direction and then going in exactly the opposite
direction. More precisely, we can always replace any pair of augmenting paths shown in
figure 19 by the other paths in that figure.!® Importantly, this reduction is not necessary
for the Ford-Fulkerson method and the method works for any choice of augmenting paths;
it may just happen that we use far too many steps than we could have used. However, we
assume that this reduction has been made for the application to tensor networks below.

13Note that the resulting paths are not necessarily valid. We may be required to remove loops from
them. However, such loops will not affect the value of the resulting flows, and so we can proceed in the
algorithm. Again, logically this is just the statement that we do not gain anything by running loops inside
our transportation network.
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weight: 1 Ty < T T — To T T

Figure 19. Having two flows passing through an edge and its opposite orientation can be replaced
by the flows shown in the figure, resulting in the same flow, but passing in only one of the directions
of that edge.

With this assumption, we can in fact think of the edges in our graph as being undirected
as long as we do not include paths that start and end on the same external node.

Having constructed the flow network associated to the tensor network, we apply the
Ford-Fulkerson method where the capacities of the flow network are given by the w; defined
through the Hilbert space dimensions. For each augmenting path, we apply a series of
triangle inequalities

Bil + 187 0 Bi| + - + 1B oy = . (5.6)

Equality is obtained for ’s being non-crossing with 8; < 8; < --- < ;. After getting a
maximal flow f, we have a residual network. Note that in the residual network, for each
pair of edges of opposite orientation connecting the same two vertices, there will be one
with smaller or equal capacity; we define the residual network to have the same capacity
on both edges with value equal to the minimal value, getting symmetric edges as in the
original network.' Then,

Fg > |f|(n — 1) + Fa(residual network), (5.7)

where we used |y| = n—1. As mentioned, |f| is the maximal flow, so it equals the minimal
cut capacity Wmin cut-

As Fz > 0, we can saturate the bound, that is get Fz = |f|(n — 1) by precisely all f3;
satisfying that

e (3; are non-crossing,

e (i, < Bi, <--- <~ for the §’s along each augmenting path,

o [(3; =id for all vertices in the connected component of id in the residual network,
o [(; =~ for all vertices in the connected component of v in the residual network,
e all #’s are equal in the same connected component of the residual network.

(5.8)

Note that the connected components of the source and the sink are distinct since
otherwise we would have a remaining augmenting path, so these conditions are consistent;
they are also consistent with respect to the conditions on augmenting paths. Strictly
speaking, we found that only all 8’s belonging to an augmenting path or to the connected

HSimilarly, we can drop the edge going into the source or out of the sink.
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component of the source or the sink are non-crossing. The reason that all 8’s are non-
crossing is because any vertex is initially connected to the source or the sink (or both), so
if it is not in an augmenting path, it is in the connected components of one of those in the
residual network.

To summarize, we get at large-INV

. _18=10g;
tr p/n — HV&I‘ (X(Z)>n . N Zl w; —(n—1)Wmin cut Z H d:l |/Bi/ B ‘ (59)
i B satisfying (5.8) edges

Using the variance in (1.12),°

- 18- 08
trp = N_(n—l)wmin cut Z H di 18, 0B |. (5'10)
Bi satisfying (5.8) edges

The N dependence is fixed by the minimal cut as in the Ryu-Takayanagi (RT) prescription.

5.2 Negativity spectrum in a tensor network

We would like to see how to also calculate the negativity spectrum in a general state. This
time, we have in addition to external states of type T and S, the states of type P that we
partially transpose. The corresponding flow network that we construct has an additional
vertex 7! that all the states in P connect to.

We will describe how to analyze the general case where we have a partial transpose
as two steps. Initially, let us take id to be the source, and both v and y~! to be the sink.
A network with several sources and/or sinks is solved similarly to a network with a single
source and sink.'® This is shown in figure 20.

We define Fj just as before as being > wj;|5; Lo B;] with the external vertices being
id, v, -1,
augmenting path gets to one sink or the other.

Since |y| = |y for the contribution to Fj it does not matter whether an

In the first step, we thus apply the Ford-Fulkerson method to this flow network. Each
augmenting path corresponds to an application of the triangle inequality. Recall that as
before, when having two edges connecting two vertices, we symmetrize the capacities in any
residual network to the smaller value. Eventually we have no augmenting paths meaning
that the source is not connected to either of the sinks. This step tells us that once again
if f1 is a maximal flow

Fg > |fi] - (n — 1) + Fa(residual network 1), (5.11)

where we call the residual network at this stage “residual network 1”.
However, in order to saturate the bound to |f1| - (n — 1) we would need to add to the
conditions (5.8) that 3; = y~! in the connected component of y~1. The point is that these

15Note that there could be several different maximal flows. We should pick a single one, and they all give
the same result, as we derived a bound and saturated it.

Formally, one could turn it into an equivalent network with a unique sink. This is done by adding a
new sink vertex s, with an edge going from every sink s; in the network we are interested in into s, having
an infinite capacity. We can do a similar construction when having several sources. This is not necessary
though, as we can just think about {v,77'} as our sink.
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Figure 20. The flow network associated to a tensor network.
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Figure 21. The flow network for the second step.

new conditions are not necessarily consistent and so the bound is not tight. Indeed, while

1 1

the component of id is different from that of v and v+, we might get that v and v~ are

connected in the residual network and then we cannot impose that the permutations in
this connected component equal to both v and v~ 1.
In order to resolve this, we introduce a second step. After the first step, the connected

1

component of the source is disconnected from ~,77", so let us forget about it for the

majority of the second step. We consider the remaining flow network, and turn y~! to be
a source, where v remains the sink. We could do the other way around, with the same
result. For clarity, this is shown in figure 21. This time we use the triangle inequality

[y o Bil + 187 o Bil 4+ 1B ol 2 V. (5.12)
Thus, we get

Fg > |fi|- (n — 1) 4+ Fp(residual network 1) >

) (5.13)
> |fi] - (n — 1) + | f2] - |[v*| + Fp(residual network 2).

The residual network in the final expression includes also the component of the identity,
which is the same as that after the first step. Now, the conditions to saturate the bound are
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e Biy < Biy <--- < 7ory!for the #’s along each augmenting path in step 1,

yo B, <vyo Py, <--- <2 along each augmenting path in step 2,

e f; = id for all vertices in the connected component of id in the final residual network,

e B; =~! for all vertices in the connected component of y~!,

e [3; = v for all vertices in the connected component of =,

o All f#’s are equal in the same connected component.
(5.14)

In short, we can express the last four conditions in a single statement, so that the full list
of conditions can be summarized by

e Biy < Biy <--- < 7or~y!for the f’s along each augmenting path in step 1,
e y0pBiy <vo0pBi, <--- <% along each augmenting path in step 2,

e All §’s are equal in the same connected component of the final residual network
(including the components of id, v,y 1).
(5.15)

We can see that the only problem with consistency of (5.15) happens when there is a
vertex taking part in an augmenting path in step 1 ending on 7 but is connected to !
in the final residual network (or the same with v <+ 4v~!). In this case, the first and last
conditions cannot be satisfied at the same time. We will explain how this is avoided below,
but for now, let us assume this does not happen.

Then, the result at large-N is

w7 = N~ =Dk —lmull, ) I d;m;loﬁn, (5.16)
Bi satisfying (5.15) edges

where
n—1 foroddn
I(n) = (5.17)
n—2 forevenn.
In this equation, wl; is the minimal cut of the first step, and similarly for the second step.
Note that this description is symmetric with respect to exchanging the set S with P, as it
should be, and provides a consistency check.
Let us do some simple examples to demonstrate this. Consider the two-tensor network
shown in (5.3). Suppose for simplicity that all the weights are 1. The associated flow
network is shown in figure 22. The flow in the first step is depicted in blue. The residual

—1 are not

network after the first step is shown in the same figure. In this case, ~,~
connected in the residual network after step 1, and therefore we do not have the second
step. The conditions (5.15) become in this case just 71 = 7o, as they belong to the same
connected component in the residual network, with both being non-crossing in ~,y~!. This
is an immediate diagrammatic way to get these constraints. Note that this case does not

belong to the classification of phases we did for the two-tensor network, but rather includes
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Figure 22. The flow network corresponding to the two-tensor network. The flow is shown in blue.
All the weights are taken to be 1 here.

J X Y n

Figure 23. A two-tensor network corresponding to a pure state.

flow 1

id B v

flow 2 |

,7—1

Figure 24. A one-tensor network.

a special relation among the Hilbert space dimensions. Since 71 = 7o, this network behaves
as a one-tensor network that we analyze in section 7.3.

In the pure case of the two-tensor network (figure 23) the set T is empty, so it is
the other way around here: we do not have the first step, but do have the second step.
This is what we have done in section 4.3, and we see that we get the conditions on the
permutations there immediately from (5.15).

Let us now return to the possible obstruction for consistency of (5.15). We start with
the simplest example of this situation and then argue in general. This example is the one-
tensor network shown in figure 24 with unit weights. In either of the two possible choices
for an augmenting path in step 1 shown in the figure we will get the clash we mentioned
before.!”

However, we can still solve this. Let us first find the permutations giving the maximal
contribution in N, and then we can use the usual formula. In order to do that, we can

17 Also, skipping step 1 and choosing the unique possible path in step 2 gives an inconsistency as well.
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Figure 25. A flow solving the one-tensor network with unit capacities.

construct the flow shown in figure 25 resulting in an empty residual network. We get that

1 and

the conditions for this bound to be consistent are that (1) § is non-crossing in v, vy~
(2) 7 o 8 is non-crossing in v2. The first condition is equivalent to 3 being non-crossing

with only one- and two-cycles.!® This condition means that

18] + 87 o] = |9l

5.18
Bl +187 oy =yl (19

The second condition is |yo 8|+ |87 o] = [y?|. Together we get that [y2| = 2(|y| —|8]|) or
7]

O O

n even

%1 n odd,

(5.19)

3 I3

where we used that |y| = n — 1 and |y?| is n — 1 for n odd and n — 2 for n even. The
conclusion is that the set of §’s satisfying these conditions are in a class denoted by NCj,
that are

Non-crossing with only 2-cycles n even
NCsy = (5.20)
Non-crossing with a single 1-cycle and the rest are 2-cycles n odd.

For these permutations,

1 3n=4  p even
Fs=m—-1)+ =] ={.2 5.21
5= ) 2|| B3 odd. (5.21)

In general, the network we analyze is not a usual source-sink flow network, so a-priori
there is no guarantee that all choices of flows are equivalent, as this is not a single Ford-
Fulkerson process. We can think about this problem as having three external nodes, and
we construct augmenting paths that go from any one of them to another one. We will think
about this problem as having the goal of maximizing the total flow that we can construct,
i.e., the sum of the augmenting paths irrespective of which nodes get the maximal individual
flow. However, now the Ford-Fulkerson method does not necessarily work — indeed, we

8This is so because higher cycles have a particular orientation that matches to either ~ or =1, but
not both.
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Figure 26. Argument for absence of the inconsistency.

saw in figure 24 a flow that does not admit leftover augmenting paths, and yet it is not a
maximal flow because the flow there was of 1 unit, while in figure 25 we found a flow of
3/2 units. Even though we are not guaranteed that the Ford-Fulkerson method works, we
may still look for a maximal flow.

The claim then is that in a maximal flow the inconsistency mentioned above does
not occur and the inequality is saturated, justifying (5.16). Indeed, suppose that after
constructing a maximal flow, we are left with some vertex X connected to v~ and took
part in a path from id to . This is demonstrated on the left hand side of figure 26. Note
that we do not assume that this is a one-tensor network, but merely show several paths
without drawing the full network. We denote by x; > 0 the flow that went through the
path from id to v passing by the node X, and there is a capacity of o2 > 0 remaining in
a path connecting the node to v~!. Depending on whether 22; > x5 or not, we show in
the figure two alternative flows that we could use instead of the x; flow that was on the
Lh.s.. In either case, we increase the total flow in the network. This is a contradiction,
so we cannot have this kind of inconsistency. The same argument holds for exchanging
R
end connected to id.?

and also to a vertex on an augmenting path from v~! to 4 that remains in the

In fact, even though the Ford-Fulkerson method does not work in general, so that
we might end up with a flow which is not maximal, we can still know whether the flow
that we obtained is maximal or not. The easy way to know this is just by the absence
of the inconsistency mentioned above: if there is an inconsistency of this form, which is a
trivial condition to check, that means we did not get a maximal flow. This is a necessary
and sufficient condition in fact, because then the bound is tight. That is, if we found a
flow that cannot be increased with additional augmenting paths and does not have this
inconsistency, it is a maximal flow. This provides us an alternative to the Ford-Fulkerson
algorithm that we can apply in such problems.

It is natural to compare this situation to the problem of a flow network where we treat
node i (where i € {id,v,7~1}) as the source, and the other two nodes that we will denote

19We can think about the network symmetrically when constructing the maximal flow, where each of
these three options should be considered. Even if we do so, the two steps above are still relevant because
the augmenting paths in the first and second steps contribute differently. Still, we see that after the first
step, there will not be any vertex connected to id that will take part in a path from 77! to -y, as we assumed.
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by j, k as the sinks. Given a maximal flow f that we constructed before to the full network,
we may ask whether taking all the augmenting paths from i to j and from ¢ to k (dropping
those going from j to k), giving us a flow f; to the problem where i is the source, is a
maximal flow. In fact, this is true. Indeed, suppose that there is an additional augmenting
path from i to j or k. If it does not pass through a path going from j to k in f, we could
add it to f, which is a contradiction. Otherwise, it means that we have a path starting
at 7, passing by some node X and ending in k, or in short ¢ — X — k, such that X — &
is part of a path j — k in f. In this case, we cannot add i — X — k as an additional
augmenting path to f. However, this is just the situation that we had in figure 26, where
the remaining path is the one labeled by xo and z; is the flow that we had in f. We saw
that there is a contradiction here as well.

Dividing the augmenting paths in f into fiq, fiq,y-1, and f, ;-1 in the manner men-
tioned above, we have shown that f;; U f;; is a maximal flow in the network where 7 is a
source and j, k are (s)inks. By the max-flow min-cut theorem, we know that this flow equals
1

the minimal cut w,;, of <. Therefore, the cuts of the two steps that we found before are

G (id) ™) ) (™h
id Whnin + Whin =~ Whin Wiin + Whin = — Whin
;nin = wErlur)l’ wgun = 2 = 2 * (5’22)

w

Thinking about the minimal cut as the RT surface, we see that the latter is the RT
surface corresponding to the mutual information of the two subsystems P and S. If we
are interested in the negativity £, from (5.16) we see that the coefficient of log(N) in £ =
wll, log(N) + --- is half the mutual information for a tensor network with any capacities,
agreeing with [29], but the d; dependence can be different in general. The negativity
spectrum is not unique and depends on these other terms.

5.3 Examples and new spectra

We saw that the semi-circle and Marchenko-Pastur distributions are realized as negativity
spectra of random tensor networks, but in general we can obtain other new spectra. One
such spectrum will be obtained in section 7.3. Here we will do another example which is the
pure two-tensor network studied in sections 4.2 and 4.3. We take here wy = wp = wg,, :=
w. While we can have any dimensions in the Schwinger-Dyson equation of section 4.3, here
we take all relative dimensions to be d; = 1, but we can get the resolvent without further
approximations.

In this case, we need a single augmenting path of magnitude w in figure 23, and there
are no edges in the residual network. The solution in (5.15) tells us that yor; < yors < 2,
where the permutations corresponding to the two tensors are 7 and 7, so defining 8; = ~vyor;
with 4 = 1,2, this means just £; < B2 < 2, as we saw in section 4.3. It is not hard to count
the number of permutations explicitly as we assume d; = 1. For n odd, 72 has a single cycle,
and so we just count the number of non-crossing permutations [, f2 such that 51 < fs.

This is known to be given by the second Fuss-Catalan number F C,(f) = 2n1+1 (3n). For n

even, 72 has two cycles, and so we have two copies of the same counting with n — n/2.
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Figure 27. A plot of the spectrum of the pure two-tensor network for N?¥ = 256. We compare it
to a simulation of this tensor network, averaging over 103 disorder realizations.

Using (5.16) we get

N=mwpo? odd n
my, = 9 9 ) (5.23)

N(2*")wFC'( ) -FC( ) even n

n/2 n/2
The resolvent is therefore
2574 1122
1 3663 729 N2w 3333 729

R =2l | iy | ol 133 16N2w22 | (5:24)

1214 22

It is not hard to find numerically the spectrum given the resolvent (5.24) using (1.8).
We show this in figure 27. This spectrum is bounded, but differs from the previous cases.

Let us give another example of a more complicated network, and apply the formalism
of the previous subsection. We consider the cycle graphs of [23]. If we take a three-cycle
graph

1 . 1
0.5 1
Ts (5.25)

-

with the capacities indicated in the figure, we need to maximize

5 (20(81) + C(B7" 0 B2) + C(BT 0 B) + 2085 0 fs) +20(r™ 0 o) + 20(v 0 )
(5.26)

From the flow network with augmenting paths id — 81 — B2 — 7, id = 81 — B3 — 7y~ !

and v~ — 83 = B2 — v, we find the following conditions on the permutations

B1 < Ba = PBs, (5.27)
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with B2 = 3 the same permutations of type NCy as we saw in the last subsection
(see (5.20)). The number of non-crossing permutations of size 2n consisting of only two-
cycles is given by the n'® Catalan number, so there are

Cp /o, €27
{ /2 " (5.28)

’I’ZC(n_l)/Q, ne2Z+1

ways to choose By = (3, and for each specific choice, there are

on/2 n €2z (5.20)
on=1)/2  pnec27+1 ‘

ways to choose (1. Therefore, the total degeneracy is

2n20 o, €27
{ /2 " (5.30)

n2=D2C 0, 1y 9, mEZ 41,

Choosing all d; = 1, we get the negativity moments

(5.31)

2120, N %, ne2z
My, =
n2(=D/2C;, ) nN31-)/2 p e 27 1.

Let us now compute the resolvent

00 2n/20n N273—"
ek ! < o8 —1)

5
= ——2zN —
n+1 2N3
oy z 4 22N

00 n2(n—1)/2c(n_1)/2N3(1—n)/2 2N3

ne27+1 2 - 22N3 (\/l—ﬁ—i-l)—g

This is the same spectrum as we find in phase III of the one-tensor network, i.e., a semi-

(5.32)

circle law, except that the radius of the semi-circle is larger by a factor of /2.
The logarithmic negativity may be computed from the even moments as

1 8 1
&= 3 log [N] + log [?m] +3 log [2] . (5.33)
We have separated this out into three terms to emphasize that this is the same as the
single-tensor network except there is an additional half qubit of information.

6 Micro-canonical JT gravity as a one-tensor network

The simplest random tensor network that we have mentioned, which is the one-tensor
network of section 2, has an immediate relation to a holographic model that we recall in
this section, with practically the same diagrams used in both contexts.

Recently, the quantum extremal surface prescription with an island for the entangle-
ment entropy of the Hawking radiation of a black hole was explained using Euclidean replica
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wormholes [30, 37]. In this section, we will study mixed state entanglement in a setting of
a black hole with its radiation, using the model of [30] that is based on Jackiw-Teitelboim
gravity.2’

The authors of [30] consider JT gravity with an end-of-the-world (EOW) brane sim-
ilarly to [40]. The EOW brane resides behind the horizon in Lorentzian signature, and
can be thought of as the trajectories of the Hawking pairs of the radiation. It has a large
number of orthogonal internal states to account for the radiation particles. In addition,
there is an auxiliary quantum system R corresponding to the radiation that came from
the black hole. For our purposes, we will imagine that we can divide the space where we
have the radiation into two parts such that one has k; possible orthonormal states |i)g,,
while the other has ko states |a)g,. Correspondingly, the states of the black hole with the
EOW brane in state i, a are denoted by |¢4,)p. The matrix elements (1);q|10;5) are given by
gravity amplitudes having a single asymptotic boundary, where on one endpoint an EOW
brane of type 7, a should end, and on the other an EOW brane of type j, b ends. Allowing
gravitational wormhole configurations, when considering a single such matrix element, two
different states appear to be orthogonal, while the absolute value squared of this matrix
element is non-zero. This can be interpreted as if the gravitational theory implements
a disorder average, consistent with having vanishing average value with a non-vanishing
variance of the matrix element. This non-orthogonality is the origin of the Page curve-like
behavior in this model. It is also the origin of the distinguishability of different black hole
microstates [25, 41].

As the radiation is entangled with the interior particles, we consider the state
1 .
) = NG %: ia) Bl Ry Q) Ry s (6.1)

where k := kiko.

First, suppose that we do not have access to part of the radiation corresponding to
system Ry, and would like to measure the entanglement between subsystem R; of the
radiation, and the black hole. In this case, we should trace out Ry and remain with a
density matrix, omitting the subscripts in the states describing the corresponding system

1 . .
p=trm, (V) (W] = 2 3 [¥i0)l0) (50l (G- (6.2)
/[:7047.7'
For the negativity, we consider the partially transposed density matrix p’?1, having mo-
ments
Tr \" 1 . . . .
tr (p")" = ot (Wi ) (i an 0] - ) 2D (a2l -] =

1
= ﬁ<¢j1,a1 ‘wiz,a2><¢j2,a2 ‘wi3,a3><¢j37a3 |1/)i4,a4> T <¢jn7an |1/)i1,a1>5i1,j2 51'2,]'3 o '6in,j1 =

1
- k7<win,a1 ‘wiz,a2><wi1,a2 ’¢i3,a3><¢i2,a3 ‘wi4,a4> T <win71uan ‘wi1,a1>
(6.3)

20We note that different details and perspectives on negativity in this model are considered in refs. [38, 39].
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Figure 28. Replica trick for negativity after tracing out part of the radiation.

with an implicit summation over the indices. The boundary condition for the gravitational
theory that this expression gives is shown on the Lh.s. of figure 28 with the explicit appear-
ance of the indices, and an example for a contributing configuration including a wormhole
is shown on the r.h.s. for n = 4. This index structure can conveniently be represented
using the diagrammatic notation that we used before, as shown in figure 29. In this repre-
sentation, the black lines correspond to the asymptotic boundary of JT gravity, the green
line corresponds to the R; part, and the blue line to the Ro part. The diagram implements
precisely the index constraints, so that now we do not need to write the indices explicitly.
Any bulk configuration is given by contracting a triple line on the left of the blue segments
on the boundary with a triple line on the right of a blue segment. This gives the possible
geometries, excluding handles that we can neglect when the entropy parameter Sy that
multiplies the Euler term in JT gravity is large. These are precisely the rules we had for
the one-tensor model. In the JT language, this multiline corresponds to the worldline of
the EOW particle.

The value that we should assign in JT gravity to each configuration contributing to the
h

nt™ moment is a factor of Z,, for every wormhole having m boundaries, and normalize by

(kZ%)” where the k dependence comes from the normalization of the state in (6.3) and the
Z1 dependence normalizes the bulk integral. Z,, here is the JT gravity partition function
with m asymptotic boundaries in the presence of EOW branes. Every closed loop of the R
system gives a factor of k; and similarly for Ry. As explained in [30], in the micro-canonical
ensemble with entropy S, Z,, is given by €5 times an m'™ power law which simply cancels
with the normalization 1/Z7, so that we can effectively replace Z,, — eS. Therefore, in
the micro-canonical ensemble, where we assume that €S and ki, ko are large such that we
can neglect handles, the model is the same as a one-tensor network where we consider the
negativity between two systems of Hilbert space dimensions €S and k;, after tracing out a
system of size k. The diagrammatic rules are indeed the same as in section 2.

Suppose that while the black hole evaporates, which is described by increasing k, we
only have access to a fixed amount of radiation, and ask how the entanglement between
this radiation and the black hole behaves. This is described by keeping k; and €S fixed
while increasing ko. It corresponds to moving along a vertical line in the phase diagram
of figure 2. Let us denote by N1 = log k1 and similarly for Ns, representing the number of
Hawking particles. At first when Ny is very small, we are in phase II where the negativity is
min (S, log k7). This is the regime where we have approximately a pure state, reproducing
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Figure 29. Equivalent one-tensor network diagrammatic representation of figure 28.

min(S, Ny)

IS — V| S+ N

Figure 30. Entanglement as measured by negativity between a fixed amount of radiation that we
have access to, and the black hole, as a function of an increasing amount of escaping radiation.

the result of [30] and corresponding to the Page curve. As we increase Na, after passing |S—
Ni|, we move to phase IIT where the negativity starts decreasing and is % (S + Ny — Ny).2!
Eventually, for No > S 4+ Nj the negativity remains zero. In the case that S = Ny, we do
not have the first step (which is phase II). This behavior as a function of Ny is shown in
figure 30. Note that even though we still have some portion of the radiation for Ny > S+ Ny,
the negativity vanishes.

Alternatively, we can also trace out the black hole and consider instead the entangle-

ment between the two parts of the radiation. Similarly to before, the moments are now

n 1
tr {(U'B W> <¢|)TR2} = kin <wi2,a1 |¢i1,a2 > <¢i3,a2 ’wimas) <¢i4,a3 |wi3,a4> T <wi1,an |¢z’n,a1 > .
(6.4)

This can be represented in the diagrammatic notation as before by the diagrams shown in
figure 31. The difference from before is that the basic element corresponding to the density
matrix was built on top of the blue segments before, while now it is on the black segments.
This is of course precisely consistent with what system we trace out if we compare to the
one-tensor network notation. The rules for evaluating diagrams are again as in the one-
tensor case, where now we consider the negativity between spaces of dimensions k; and ks,

after tracing out a system of dimension eS.

IThere is an O(1) contribution of log 3% in the negativity in this regime, but we are interested in large
dimensions.
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Figure 31. One-tensor network diagrams for the negativity between the two parts of the radiation.

We again get a description of the different cases of the negativity if we think about
fixing the radiation sizes N1 and N, while changing the size of the traced out system, that
is changing S starting from large to small. It also makes sense to consider this physically.
In this case we again move vertically in the phase diagram of figure 2, now from bottom
to top. If we consider the state (6.1) naively, as if the different B states are orthonormal,
then after reducing to the radiation subsystem, we have a density matrix corresponding to
a statistical mixture, but quantum mechanically an unentangled state. Indeed, for large S
the negativity vanishes. Note that naively, before the correction giving the Page curve, the
black hole system has (exponent of) Ni + Nj states which keeps increasing. Indeed, there
is a transition that begins precisely once we get to S = N7 + No, where the negativity is
no longer vanishing. We can understand it as follows. Once there are |1); o) states that are
identical, we start generating parts of the density matrix that correspond to an entangled
state >, , [7)|a) where the sum is not over the full range but rather part of it. This leads
to a linear growth. However, once we reach S = |N; — Na|, we get to a plateau where the
negativity remains constant and does not grow anymore, as it cannot exceed min(Ny, Na).
Note that in the diagrams of figure 31 (differently from those of figure 29), the permutation
structure corresponds directly to the wormhole structure in JT gravity in the sense that
no transformation is needed, since the density matrix sits on the black segments. At the
beginning, when S was very large, we were dominated by the identity permutation with
no wormholes at all. In the plateau region phase on the contrary, we are dominated by a
1-cycle permutation, so that the wormholes span over all the copies of the system.

7 Negativity in holographic fixed-area states

7.1 Fixed-area states

The information theoretic aspects of random tensor networks appear in holography as holo-
graphic fixed-area states [42, 43]. Let us review this starting with entanglement entropy.
In quantum field theory we can calculate the entanglement entropy by analytic con-
tinuation from the Rényi entropies using the replica trick. Given a subsystem A and its
complement B, the entanglement between A and B is studied using the reduced density
matrix p4 on A. For states prepared using the path integral we calculate the moments
tr p’y by taking n copies of the system, cutting each one open along A, and gluing the copies
cyclically, i.e., using the permutation . In system B we have no cuts, so we can think
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Figure 32. Branched surfaces for the Rényi entropies. On the 1.h.s. we show the gluing on the
field theory side. On the r.h.s., a spatial slice of the bulk is shown.

about it as gluing the n copies using the identity permutation along B. This is shown on
the left hand side of figure 32.

In holographic states we can calculate the n'" moment by considering the bulk dual
of this branched covering space. The simplest candidate for the bulk topology is to take
the bulk dual of a single copy of the system, and consider a subregion a that intersects the
boundary at A. We denote the boundary of a by da = v4 U A. Taking n copies of this
system branched over a, and glued cyclically using v along a we get an admissible topology
for the corresponding bulk geometry (see figure 32).

Semi-classically, we can approximate the path integral of the bulk partition function
by Z = e~ !l97] where I is the action evaluated on the solution g, for the geometry. For
simplicity, let us consider Einstein-Hilbert as the bulk effective theory. Then, the n'* Rényi

entropy is approximated by
Ign] — nllgi]

Sp = — -1 (7.1)
In general, the geometry g, differs from ¢y, even locally. This is due to backreaction
from coupling the replicas. In the n — 1 limit that gives the entanglement entropy, the
surface v4 is extremal in g;, giving a replica trick explanation [44] of the Ryu-Takayanagi
formula [45, 46].

We can now consider a state where we fix the area of the extremal surface homologous
to A in the bulk to some value A [42, 43]. That is, we include in the path integral a delta
function setting it to a fixed value. If we enforce this using a Lagrange multiplier, it enters
the action only locally along the RT surface. This means that for n = 1, away from the
RT surface, the equations of motion are unchanged compared to the situation where we do
not fix the area. At the RT surface, there is a cosmic brane with a conical deficit angle ¢
set such that the area in the classical solution agrees with the fixed area. Now, for general
integer n, we can glue n copies of this solution along the entanglement wedge a with the
same geometry locally and still get a solution. This is because the equations of motion
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Figure 33. Branched surfaces for the negativity moments.

are satisfied away from 4 and the area agrees with the fixed area. The total (uniform)
deficit angle around 74 is now n¢. This is the reason for the simplicity of fixed-area states.
The Einstein-Hilbert action (without a cosmic brane term that vanishes for the fixed area)
evaluated with this solution has a linear piece in n coming from the geometry away from
the RT surface. Because of the deficit angle, we get a piece proportional to (n¢ — 2m)
from the conical defect at the RT surface times the fixed area. The terms linear in n do
not contribute to the Rényi entropies, as they cancel in (7.1). Therefore, we get that the
Rényi entropies are ﬁ where G is Newton’s constant. That is, we get the Bekenstein-
Hawking entropy with the fixed area and a flat entanglement spectrum as the entropies
are independent of n.

Let us now move on to negativity which was previously considered in [29]. Now we
partition the quantum field theory into three subsystems A, B, and C'. We trace out system
C and do a partial transpose over system A. The moments of the partially transposed
density matrix tro p’4 in this case are obtained by taking n copies, cutting them open

along A and B, gluing along B with 7, while gluing along A with 4!

, implementing the
partial transpose. Along C, we glue with the identity as we did before for the traced
system. This is shown on the Lh.s. of figure 33.

We can construct a bulk topology by extending A, B, and C' into the bulk as in [29].
In the configuration shown in figure 33, the gluing in the bulk is done in correspondence
with the boundary permutations, while in the remaining region we can allow a-priori any
permutation f.

Again, it is simplest to see what happens when we fix the areas of the RT surfaces of
all these regions. As before, the contribution away from the entangling surfaces is linear
in n and does not contribute to the negativity moments as in (7.1). Now, consider an
entangling surface such that on one side of it, we glue according to a permutation o7 and
on the other side o5. As we encircle the entangling surface, we move between the n copies
according to o1 0 0y ! For any cycle of size n; of this permutation, we get a contribution
proportional to (n;¢ — 2m).A, with A being the fixed area, to I[gy], as we mentioned before.
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Figure 34. Matching a fixed-area state with the corresponding tensor network.

Since ), n; = n, the n; terms again cancel in the moments. We remain with 27.A times the
number of cycles. Therefore, each such entangling surface contributes to the n'® moment
simply as ﬁc (010045 1). We get that the moments are

(PT)
Zn,
with
A . A
PT) _ i (4) ()y-1
ZPT) = exp [XE: @C (01 o (0y”) )1 , (7.3)
where the sum goes over the fixed areas in the bulk. For the example of figure 33, we have
Alya] Alysl 4 - Al
(PT) _ 1
280 —exp | G000 0p) + SO0 CGt o) + G000

where A[yp] is the fixed area of the RT surface of B and so on.

Equation (7.3) is exactly the same as the moments of a random tensor network (5.2).
For any internal region in the bulk, we place a random tensor. The bulk regions touching
boundary subsystems that we partially transpose have a network node of y~!. Those that
are traced out have an id node and those corresponding to subsystems that we do not
trace or partially transpose have a v node. The negativity moments here and in (5.2) then
agree once we identify the Hilbert space dimension L of a tensor network edge connecting
two tensors with the exponential of the fixed area crossed by this edge exp [A/(4G N )].
Figure 33 with its moments (7.4) is the simplest tensor network which is the one-tensor
network, as shown explicitly in figure 34.

7.2 Two-tensor network holographically

We may also have higher tensor networks corresponding to states with more fixed areas.
Let us mention the holographic setting that is described by the two-tensor network of
section 3. It is shown in figure 35. We have three subsystems A, B, and C' of the boundary
theory, just as before. In the bulk, the RT surface of A is denoted by 4, and similarly
for B and C. The connected RT surface for the AB system is shown as well, and it is
divided in two by the entanglement wedge cross section, the extremal surface with two
ends on y4p. The entanglement wedge cross section is denoted by FEy and the piece of
the connected RT surface that connects to A is y¢,, while the remaining piece is ¢, .
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Figure 35. The holographic setting described by the two-tensor system.

In the general phase structure of the two-tensor network shown in table 1, this holo-
graphic setting can be achieved in phases 1 and 4, while the rest of the phases are necessarily
non-holographic. This is because in the holographic setting we have A[yc,] + A[Ew] >
Alva] and A[yeonn] + A[yB] > Alva] as ya, v are RT surfaces, where Yeonn = Yo, U Y0,
and similarly for switching A and B. In both holographic phases, we saw that the two-
tensor network essentially behaves as a one-tensor network since at leading order the two
permutations are equal. One regime is when L¢, Lo, > LaLp, which belongs to phase 1
in table 1. It corresponds in holography to the disconnected regime where the dominant
RT surface for the entanglement entropy of AB is 74 U vp. By matching to the corre-
sponding one-tensor network dimensions, we see in figure 2 that we land on region I in the
phase diagram where the negativity vanishes. The other regime is when Lo, Lo, < LaLp,
belonging to phase 4, which corresponds to the connected regime in holography where the
dominant RT surface for AB is Yeonn = Y0, U Yc,- Since in holography we always have
AlYeonn] + A[yB] > A[va] and A[Yconn] + A[y4] > Alvg], that means that we are in region
IIT of the phase diagram in figure 2. The negativity spectrum in this region is a semi-circle
as we saw, and as was also found in [29]. Note that region II with the Marchenko-Pastur
distribution is not realized holographically in the setting of figure 35. It turns out that
region II can be realized holographically in multiboundary wormbholes.

7.3 Wormbholes

Let us consider a three-boundary wormhole configuration with three fixed areas A;, As,
and As that corresponds to the one-tensor networks (see figure 36). Note that while either
of (say) Aj or As + Az could be an RT surface for the same boundary region, they differ
topologically.

As a first case, consider the situation where A; = As + As. Let us denote by N
the value ei/(4GN) for the minimal area from now on, so that here wy = wy + w3. In this
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Figure 36. A three-boundary wormhole configuration.

1

case the flow is id - 8 — 7" and id — § — . This means that g is a non-crossing

configuration made of one- and two-cycles only. Therefore the moments are
trpm = N~ (=D Ny | (7.5)

where |[NC 2| is the number of non-crossing partitions of a cycle made of n elements
consisting of parts of size 1 or 2 only.
The number of non-crossing partitions of a cycle of size n with s, parts of size k is

given by [47]
(n)p—1 n!
= = 7.6
v(s) = ST (n—h+ Dlsilsol- - (7.6)
where
h=s+sy+--- (7.7)

is the total number of parts in the partition.
Let us denote by k = so the number of two-cycles. Then there are n — 2k one-cycles,
and so the total number of partitions we are interested in is

Ln/2]

n! 1-n n
N = =oF ——.,2:4 . .
INC1al kz:% (k+1D)k!(n—2k) ° 1( 2 27 ) (7.8)

Denoting this number by a,, we note that it satisfies the recursion relation
(n+ 3)ant2 — (34 2n)an+1 — 3na, =0, ap=a; = 1. (7.9)

|INC 2| are the Motzkin numbers M,, as those are defined precisely as the number of
possibilities to draw non-crossing chords on a circle with n nodes, not necessarily covering
all the nodes so that we think about the leftover nodes as being 1-cycles. We find

N gt = NN, (7.10)
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The generating function of the Motzkin numbers is

o 1—2—+v1—2x— 322
> Mya™ = 5 : (7.11)
o 2z

The resolvent of p’ is therefore

R(z) = NZM (Nwlz—l—N““\/<z— N?;l) (z+ le1>>’ (7.12)

N3w 3 1
v =50 \/ (N“’l ‘A> (AJFJ\M)’]I[N%,@]‘ (7.13)

This is a semi-circle distribution, non-symmetric with respect to the origin, having support

SO

in the negative part as well.
Another interesting regime is when A3 = A; + As (equivalently wg = w; + we). The
flow is then id — 8 — v and v~! — 3 — ~. This gives conditions

18] + 87 o] = |9l

B (7.14)
[yo B+ 187 oyl =12,
or alternatively the contributing permutations are such that for odd n
is NC, i.e., |8+ |87 ory| = |y,
B 1B + 87 o] = 7] (7.15)
C(B)=C(yop)
(where NC stands for non-crossing) while for even n
Bis NC, ie., [B] + (87 on| = ], (7.16)
C(B)+1=C(yop).
We find the number of such permutations is n%rl ( 3:/22 ) for even n, while it is ( ((3::11))/22>

for odd n by checking many values explicitly. We will give a compact proof of this for even
n. As a first step, we notice that the two equations above are in fact equivalent to the
condition that the permutation v o 7! is non-crossing in v and v2. As a second step, we
can count the number of such permutations as follows. Since for even n the permutation
~? has two cycles consisting of the even and odd sites, what we are after is the number
of non-crossing permutations where each cycle is entirely contained either in the odd sub-
lattice or the even sub-lattice. In order to count this, we denote by 7 the corresponding
partition of the odd sub-lattice. For every such non-crossing partition, there corresponds
a unique non-crossing partition 7 of the even sub-lattice [47], where 7 is the maximal non-
crossing partition such that the union of 7, 7 is a non-crossing partition; see figure 37 for an
example. The even cycles of the partitions we are after must be precisely the non-crossing
sub-partitions of 7. We thus count the number of 7,0 € S, 5 such that 7 is non-crossing
and o < 7T is non-crossing. This is the same as the number of non-crossing ¢ < 7, which

by definition is the second Fuss-Catalan number F 07(12/)2 = n%rl (377/22).
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Figure 37. Dual non-crossing partition to another non-crossing partition, also known as the
Kreweras complement. One partition is shown using solid lines, while the other corresponds to
dashed lines.

The moments are thus

(1-n)ws+wz , _1 3n/2
N 711 ny2 even n

tr pm = . (7.17)
(1—n)ws ( (3n—1)/2
N (s (On /%) odd n
From this, we get that the resolvent is
9 N 2w3+ws2 1 3v3 Nws sin [% arcsin %}
R(\) = —7A sin 3 arcsin SN WX el — . (7.18)
3 SRRV A o
Let us denote /3
3v3
= ) 1

T = Sy (7.19)

In order to get the density of states, we should look for the imaginary part using (1.8).
Both sine terms have an imaginary part for |z| > 1. It can be verified that they do not have
any imaginary parts outside of this range including delta function like terms. However, the
square-root in the second term also has an imaginary part in this range. Therefore, for the
second term we actually need the real part of the sine. Thus, there is no contribution to
the density of states from the second term as well for || < 1. We then obtain that the
density of states is

e [(VaT=T4a) - (V= T4a) ]
2w z2—1+zx 2/3-1- z2—1+x -2
e - 0<A< A
=1 o » (7.20)
W[(\/ﬂ—l—x) —( x2—1—x) }
2w z2—1—x 2/3+ z2—1—zx —2/3
R - <20
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This is the closed form result at large-IN. A plot of this is shown in figure 38, where this
formula is compared to a simulation of the one-tensor network. The spectrum in (7.20)
indeed satisfies [d\ pny(N\) = N¥2T% and [dA A\pn(N) = 1.

In terms of figure 2 (and ref. [22]) this gives the negativity spectrum for the regime
corresponding to the phase transition between phase II (called the maximally entangled
phase in [22]) with Marchenko-Pastur distribution and phase III (called the entanglement
saturation phase) with a semi-circle distribution.

7.4 Quantum corrections

So far, we have effectively been studying “pure gravity” without quantum fields propagating
on the space. We now generalize these results to when there is a code subspace of states
for each fixed geometry. First consider the case of disjoint regions, A and B, where there
are no bulk quantum fields. In this case, the flow network is (figure 39)

w WA
21 7 | sink 1

Way (7.21)

w4 wp
° @ sink 2

There is a hierarchy of scales wa,wp, wo > wai, Wys, W32, wsq > woy. In order to have
nontrivial correlation between A and B, we take wso + w34 < waoy + wys. For simplicity, we
take the more symmetric case where w3o < we; and wsy < wys individually. In this case,
the following augmenting paths disconnect the source from the sinks

w21 WA

we

W45 ] wp
@ > 15 > sink 2
(7.22)
leading to residual network
T2J w21 — W32 Tl wA — w32 Sink 1
Tj W45 — W34 @ wp — W34 @

(7.23)
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In the next step, we must maximize the flow from the first sink to the second sink

w21 — W32 WA — W32
TQJ < T1 < sink 1

W — W32 — W34
source waq

Y

w45 — W34 wpR — W34
Tj _ M ¥ sink 2

(7.24)
If woy < wo1 — ws2, wys — w3y (not relevant for holography), the residual network is
@ w21 — W32 — W24 Tl wA — w32 — w24 @
wC — w32 — w34
@ W45 — W34 — W24 T5 wRBp — W34 — w24@|
(7.25)

Let us instead choose w91 — w3o = wys — w3y < way, in which case the residual network is

WwCe — w32 — W34
source w24 + w32 — w21

(7.26)

The dominant permutations are therefore 7 =74 € NCy, 73 =1id, 71 =7, 75 = v~ L.

Consider the exotic single-sided geometry involving two wormholes (figure 40). The
flow network is

(7.27)

w3

~ 51 —



Fi (Y
s ™,
4 ay,
.f
r/ . | ) A
-0.010 -0.005 0.000 0.005 0.010

Figure 38. Negativity spectrum at the phase transition when ws = 2w; = 2w, = 4 and N = 2.
The average of 10 realizations (black dots) is compared to (7.20) (gray line).

Figure 39. The bulk geometry for the negativity moments with the random tensor network
overlaid.

Figure 40. A time slice of AdS is shown with large bulk matter. We consider highly entangled
black holes. The entanglement can geometrically be thought of as a wormhole 4 la ER = EPR [48].
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After the same first step, we have residual network

—— . (7.28)

. (129
Y

wys — W34 wp — w34
T, | > T > sink 2

leading to

SOUI’CG _ e w24 + w32 — w21 . (730)
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Because of the quantum corrections, there is a remaining residual path

i P — . (7.31)
r,] Ty fee ik 2]

Wr4 wrs

T

Depending on the relative sizes, we can have different residual networks. For simplicity, we

take way + w3g — w1 := wyy to be the smallest flow weight.

. (7.32)

With this residual network, there is only a single configuration of dominant permutations,
namely T3 = id, 7o = Tg = Ty = ~, and Ty = 7%y = Ty = v~ !. This resembles the
entanglement wedge cross section.
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We can also consider bulk matter in mixed states. A simple way to implement this
geometrically is by having a black hole entangled with another asymptotically AdS region,
but tracing over this other space, leaving a mixed state. In the tensor network, this amounts
to adding a tensor that connects to one of the bulk tensors and to the source. For example,
if we place a mixed state black hole in the entanglement wedge of A, the flow network is
given by

w16

wAaA
[sink 1] - (7.33)

W24

Wy wp
T —— 1] sink 2

Using the same tools, this may also be straightforwardly solved.

7.5 Bit threads

The bit thread formulation of holographic entanglement [49] is highly reminiscent of the
solution of entanglement in random tensor networks using flow networks. Bit threads
are an alternative perspective on the Ryu-Takayanagi formula. Rather than identifying
the minimal extremal surface in the bulk corresponding to a boundary region A, one is
instructed to find the maximal flux of a divergenceless vector field, v*

1
S(A) = qu)ix/A\/Enuv“, lv| < G (7.34)

This is equivalent to the Ryu-Takayanagi formula by the Riemannian max-flow min-cut
theorem [50]. The analogy to the solution of random tensor networks arises because there
we used the more common network version of max-flow min-cut. In particular, the bit
threads on the graph are identified with augmenting paths. They are divergenceless by
definition. In this identification, only the leading term in the entropy can be found. The
bit threads are agnostic to the O(1) terms. The solution on the graph is

S(A) = Win-cut log [N] + O(1). (7.35)

For logarithmic negativity in fixed-area states, we may follow the same logic. The bit
threads, however, are more complicated as we need to consider two distinct flows, a specific
example of a multicommodity flow. For a boundary tripartition into A, B, and C, we first
find a maximal flow, w, from C to AU B. There may be many bit thread configurations
that maximize the flux and we must consider all of them. Next, we must find the maximal
flow of bit threads from A to B. This flow is not independent of the initial bit threads;
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Figure 41. The left figure is the first step involving a maximal bit thread configuration flowing
from C to AU B. The gray lines represent the Ryu-Takayanagi surface. In the second step (right
figure), the old flow w (blue lines) remains and a new flow v (magenta lines) must be constructed
and optimized. It is this flow that computes the logarithmic negativity.

combined, they must not have norm larger than ﬁ. The logarithmic negativity is given

by the flux of this second flow conditioned on the first flow

E(A,B) = max/ \/Enuv“, [v| + |w| <
A

n < oo (7.36)

The flow must be maximized over all configurations of both bit threads. We outline this
two step bit thread procedure in figure 41.

We note that the union of the v and w flows represents a maz thread configuration
from [51]. As noted in [51], the number of threads connecting A and B in a max thread
configuration is given by half the mutual information. Therefore, we confirm the propor-
tionality of negativity and mutual information from bit threads.

8 Islands in mixed state entanglement

In section 6 we discussed negativity in the model of [30] where the entanglement entropy of
Hawking radiation was studied. This raises naturally the question of the analog of an island
formula for negativity.?? Here, we will not give such a formula analogous to the quantum
extremal surface formulas, but instead mention only the semi-classical approximation to it
based on random tensor networks. We will then test it in a very simple example and find

agreement.

8.1 Doubly holographic systems and fixed generalized entropy

In this section, we would like to analyze the negativity in systems that are coupled to gravity
rather than between parts of a holographic system. The main motivation is to consider an
evaporating black hole with Hawking radiation. In particular, we can think about dividing

22We note that different island formulas for the negativity have been proposed in [52].
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Figure 42. A system with holographic matter.

the Hawking radiation into two parts and considering the negativity between part of the
radiation and the black hole, as we studied in section 6 for the model of [30]. Here we
would like to learn lessons about more general situations.

In order to get an idea for how the negativity should behave, we will use the doubly-
holographic idea of [31]. Let us consider a matter CF'T through which the black hole can
release radiation. That is, we have a gravitational theory where we can have a black hole
coupled to a holographic CFT of large central charge. This system is coupled to the same
CF'T on a rigid space without gravity where we can measure the radiation. For convenience
in the discussion, let us take the CFT to be two-dimensional though the analysis holds in
any dimension. Without gravity, the CFT is dual to a three-dimensional gravitational
system with the two-dimensional system on its boundary. In the non-gravitational part,
we have the usual AdS/CFT boundary. In order to implement the 2d gravitational part of
the action, the boundary in that region becomes dynamical, allowing a dynamical induced
metric. This boundary is referred to as the Planck brane. For our purposes, we will divide
the matter theory without gravity into two regions R; and Rs. This setting is shown in
figure 42. Therefore, in the bulk we have a 3d gravitational theory with a Planck brane. If
we think about the boundary dual of this system, it is composed of the non-gravitational
CFT made of Ry and Ry and we can think about the dual of the 2d gravity theory as a
dual quantum mechanics system represented by a heavy quantum dot.

If we consider a subsystem of the boundary including part of the rigid CFT as well as
the quantum mechanical system, its entropy can be calculated by the usual Ryu-Takayanagi
formula in the 3d bulk. The RT surface is allowed to end on the Planck brane. The Planck
brane contributes by the value of the 2d dilaton at that point. Indeed, recalling [31], if
we consider a region in the boundary denoted by B including the quantum system, as
shown in figure 42, and naively apply the quantum extremal surface formula [53] to it, we
will need to extremize over the points y on the 2d gravity dual the generalized entropy
fG(%)) + Sbuik (I) where in 2d the RT term is given by the value of the dilaton ¢ and I is the
entanglement wedge ending on y. Because the CFT has a large central charge, Spuk (1) is

dominated by the matter entropy, which in the 3d language is the area of the RT surface.
At leading order, we can neglect the 3d bulk entropy.

In this 3d setting, we can find the negativity between R; and the black hole B. As
we saw in section 5 for random tensor networks, semi-classically the negativity is given by
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Figure 43. Islands in the 3d picture. We show several options for extremal surfaces. On the r.h.s.,
an example of a corresponding tensor network is shown labeled by the permutations (this depends
on what extremal surfaces correspond to each subsystem).

half the holographic mutual information S(B)JFSU;I)*S(R?). Holographically, we saw that

random tensor networks describe fixed-area states. Therefore, we can think about the
situation here as fixing the generalized entropy instead due to the Planck brane. S(B) in
3d is given by the area plus the dilaton value on the Planck brane, which is the 3d value
corresponding to the usual quantum extremal surface prescription in 2d

S(B) = min ext,, (i[gf[] + Seﬂr(E)> (8.1)

with vp the RT surface and ¥ the entanglement wedge having vp on its boundary, where
from now on Newton’s constant is always the 2d one. Seg is the 2d bulk entropy around a
semi-classical geometry [54].

More interestingly, moving on to R;, the RT surface may consist of I'y and I'y (see
figure 43). Its 3d entanglement wedge ends on an interval island I; on the Planck brane.
The 3d RT prescription of A[I'1] + A[I's] corresponds in the R;+Ra+Planck brane system
to the entanglement entropy of the matter part, which is equivalent to the entanglement
entropy Seg(I1 U R1).?® The sum of the values of the dilaton on the end of I'; and I'y in
the 2d language is the area of the boundary of the island. Here the island is fully isolated.

We get
Alo1]

4G N
With the configuration of R; in the figure, we may also have I's as its RT surface. This

S(R1) = minextr, ( + Ser(R1 U II)> . (8.2)

just corresponds in the discussion above to having no island. In this case, we reduce to the
naive expectation of Seg(R1).

Lastly, Ro may have an island of its own. This happens if in 3d its entanglement wedge
is bounded by a surface such as I'; in the figure, and the entanglement wedge ends on an
island I5 on the Planck brane. The area of I'y corresponds to the entropy Seg(R2 U I2) and
the dilaton term gives A[0I], so in total

A[DL)]
AGy

smg:mma%< +&ﬂ&ubo. (8.3)

2Ty corresponds to the leftmost part of the Planck brane together with Ry, while I'; to the rightmost
part of the Planck brane. The complement of these is I1 U R1 because the full system is pure.
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We are led to the following formula for the negativity expressing the entanglement
between part R; of a system coupled to gravity and B, which is given in terms of two

islands
1) A[ys] . AloL]
E(Ry,B) = Q{mmqy);t ( e + S’eﬁc(Z)> + mlneﬁt < 1Gn + Sest( Ry UI1)> —
(8.4)
. AlOLI
— min e;;t ( 4[G]\f] + Sefi(R2 U Ig)) }

This formula is proportional to the mutual information and captures the semi-classical
negativity. It is not meant to be an exact formula analogous to the quantum extremal
surface prescription. As mentioned, it is based on applying the random tensor network
result to this setting, which we interpret as fixing the generalized entropy. In fact, in
general, when we have an island, this should be the analog of fixed-area states. We cannot
fix only the area term or the bulk entropy term, as these two balance each other. This is
the setup where we expect such a formula to hold semi-classically. If we think about the
entanglement entropy as an operator, it would not even be linear; the situation is much
simpler in descriptions as the one above, where we can fix the extremal combination of the
area and the dilaton value (or another area if we are in higher dimensions).

Fixing the generalized entropy is also necessary to avoid the tricky backreaction that
is present in more honest calculations of holographic Rényi entropy and negativity. We
expect that the final island formula for negativity will only include a global extremization
instead of the linear combination of extremizations because the negativity is evaluated
from a single density matrix, unlike the mutual information. Furthermore, we expect that
in the final formula, the quantum corrections will not be in the form of bulk entropies,
but bulk negativities (or some variant). This was, for example, observed in quantum error
correcting codes in [55]. With these important caveats, we progress.

8.2 Islands from replica wormholes

We have analyzed negativity in JT gravity including wormhole contributions. We shall
now show that the result there matches to the formula (8.4). This provides an argument
for the Euclidean wormhole origin of (8.4) in a gravitational calculation.

Let us consider the three terms in the brackets of (8.4) in JT with EOW branes. The
first term is the entropy of the black hole or equivalently the radiation. In the language of
the radiation, if there is no island, it is given by the entropy of the radiation. The state that
we use is (6.1), where for the purpose of the effective theory we consider the [);,)p states
to be orthonormal. In this state, Seg(R1) = N1, Sef(R2) = Na, and Seg(B) = Ny + Na.
Therefore, with no island we just get N1+ No. If there is an island, it includes in particular
the EOW brane, so the bulk entropy vanishes and we just remain with extremization of
the area term, giving S. Together, the first term gives

A Ny + N island
min ext ( el | Seﬁ(z)) —S(R)=min{ ' 2 Roman (8.5)
B \ 4GN S with island .
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For the second term, if there is no island we just get Seg(R1) = Ni, but if there is an island
which then includes the B system, the bulk entropy term is actually No but the minimal
area is S. Together,

AloI N island
min ext ( 9] + Sem(R1 U Il)> —min{ Ho Isal (8.6)
I 4G N S + Ny with island
and similarly
Aol N: island
min ext ( 013) + Seft(R2 U Ig)) =min{ Ho man (8.7)
I 4G N S + N; with island.

We should now compare this to the result in figure 30. Let us start with the interme-
diate region where |S — N1| < Ny < S+ Ni. In this range of parameters, there is an island

w just as in figure 30.

only in the first term, giving

In the first region where Ny is smallest, we can consider two cases. If S > Nj, the
range is Ny < S — Nj; there is no island in either term and we get Nj. If, on the other
hand S < Ny, then No < N; — S; there is an island in the first two terms and we get S.
Together, these two cases give min(S, N1) as in the figure. Lastly, when Ny > S+ Ny, there
is no island only in the second term, giving zero. This shows that Euclidean wormholes

are indeed consistent with the formula (8.4).

9 Discussion

In this paper we have studied the negativity spectrum for general random tensor networks
with large bond dimensions. We saw that a three-party flow network is useful in solving for
the negativity spectrum in such networks. There are many possible negativity spectra that
can be obtained using such random tensor networks and we mentioned several examples.

These random tensor networks are useful both in preparing states relevant to con-
densed matter many body systems, as well as in holography. We discussed two holographic
situations described by random tensor networks, which are Jackiw-Teitelboim gravity with
end-of-the-world branes and holographic fixed-area states. We also discussed island pre-
scriptions for finding the negativity in systems coupled to gravity.

A complete holographic formula. Normal holographic states prepared by the Eu-
clidean path integrals such as the vacuum state or thermal state are not fixed-areas states.
Rather, they are superpositions of fixed-areas states with O(y/G y) fluctuations in the area.
It would be interesting to analyze this sum over fixed-area states to include backreaction
in the holographic formula for negativity. Due to the large backreaction between replicas
in these normal states, it is not presently clear to us if the same qualitative behavior of
negativity would remain i.e. if proportionality with mutual information at leading order
and the same topology of saddles dominate. This holographic formula would be a necessary
first step to the correct island formula for negativity that incorporates quantum corrections
which is clearly of great interest. We believe this formula may be very intricate because of
the replica symmetry breaking that appears to play an important role at leading order.
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This brings us to a previous proposal for a holographic formula for negativity [55]. In
this proposal, the negativity was dual to the entanglement wedge cross section with backre-
action included. Using 2d CFT arguments of twist operators, the negativity was related to
a Rényi version of the reflected entropy, providing evidence for the proposal [56]. A central
assumption in [56] was that a certain conformal block completely fixed the negativity at
large central charge and that this block was identical to the conformal block for Rényi
reflected entropy. This conformal block preserved replica symmetry and is analogous to
taking 71 = y~! and 7 = v in the two-tensor network. From random tensor networks and
fixed-areas states, there is reason to believe that replica symmetry breaking saddles should
be included in the CFT computation, though it is confusing from the boundary perspective
as replica symmetry of the twist operator correlation functions is manifest. Understanding
replica symmetry breaking from the CFT is an important open question that has implica-
tions far beyond negativity. Replica symmetry breaking saddles appear very generally in
gravitational settings whenever there is more than one candidate extremal surface.

Here, we present a heuristic which we admit may be a red herring. The moments of
the partially transposed density matrix for two disjoint intervals (with endpoints (z1, z2)
and (z3, z4)) in the vacuum are given by a four-point function of Z,, twist operators, o, [33]

tr (p74)" = (on(21)7n(22)7n(23)0m(24)). (9.1)

If we do the standard conformal block decomposition of the four-point function, when the
intervals are close (z3 ~ z3), one usually expects the dominant channel to be an exchange
of the double-twist field [33, 57]. This is the conformal block that agrees with the Rényi
reflected entropy and preserves replica symmetry. To break the replica symmetry explicitly,
we take inspiration from the random tensor networks in [29] where the domain walls split
in two at the endpoints of the intervals. In CFT language, this is like a reverse OPE where
the Z,, twist field splits into sum of pairs of 5,, twist fields

. (xjnT
on(x) ~ xl,linx Z App—Ar—A

TGSn

(on o H(@)r(x)+ ..., (9.2)

JnOT_l

| — 2’|

where the C’s are numerical coefficients and the denominator is needed to absorb the scaling
dimensions of the operators. This changes (9.1) to an eight-point function. What we gain
are new OPE channels that break replica symmetry and resemble the gravitational saddles
that compute negativity in fixed-area states. Of course, the sum over all of these channels
retain replica symmetry just as in the gravitational calculations. It would be interesting
to see if this approach to replica symmetry breaking in CF'T could reproduce gravitational
calculations. However, there is a key distinction due to the vanishing prefactor in the
reverse OPE.

CFT dual of fixed-area states. Fixed-area states have played a major role in this paper
and many other papers on holographic entanglement. They vastly simplify gravitational
path integrals and provide direct connections between tensor networks and gravity. One
aspect of fixed-area states that is clearly lacking is their boundary description. How can
we create a state in a CFT with an approximately flat entanglement spectrum and how
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different are these CFT states from their parent states without fixed areas? Recently,
interesting progress has been made in [58, 59] for the case of a single fixed-area surface.
We would like to generalize this to multiple fixed-area surfaces. This is important to
investigate further and we expect it to clarify various issues raised in the previous section.

Entanglement phase transitions. Entanglement phase transitions have gained in-
creasing attention in the condensed matter community. They have been studied in the
context of many-body localization [60, 61], quantum circuits with measurement [62-64],
and random tensor networks [65]. While in this work we have studied certain phase tran-
sitions in random tensor networks, it would be desirable to relate these to these other
studies. This may involve new geometries of tensor networks and a backing away from
the large-N limit in the bond dimensions. We have found the negativity spectrum to be a
robust diagnostic of entanglement phases, so it would be interesting to study it in quantum
circuits and across the many-body localization transition.
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A Loop equations for partial transpose

In this appendix, we show how to use the loop equations method for negativity. We will
do this for the Haar random state, i.e., single tensor network.
Recall that in this case we have a single tensor X;;, with probability distribution

P(X) =z eXp [_LALBLCXzJaX* ] s (Al)

ija

where Z is the partition function, that is, the Gaussian integral over X. For the negativity
between A and B (after tracing over C'), we should consider traces of powers of the partially
transposed density matrix, which is the matrix

1131712]2 Z X11]204X1*2j1a <A2)

We can obtain a loop equation for these moments my, = tr H* by considering

0
—1 * k‘ —LsLpL Xz aX,L a —
Z /dXdX OX* . (XluzocHthsz ety >_O' (A.3)
i2j1ox

This gives us

k
— LaLpLetr H¥1 4+ " tr [trp (HP~1) H trg (HP)] 4 Lotr HF = 0. (A.4)
p=1
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Figure 44. The representation of the mixed trace term in the diagrammatic notation. Dotted lines
represent system A, solid lines stand for system B, and dashed lines are for system C'.

contractions here contractions here
H 1 H H 1 H H 1 H ' 1 H H 1 H H 1 H
; N N N Vo N Vo
o0 0 1 H H 1 H H 1 H H 1 H H 1 H H 1 e 00
I TR N S B ST N OO B (R N SO n [N (S B T I W B R O .

Figure 45. A factorized form of figure 44.

The first term is obtained by acting on the exponent, the second term comes from acting
on the H*, while the last one is just the derivative of the explicit appearance of X*.

This equation is exact. The first and third terms are just the moments we are interested
in, but the second term is more involved. One could continue and write Schwinger-Dyson
equations for higher traces, such as the one in the second term.

However, this equation is already sufficient in the regime we describe now. In general,

this second term i

> trltrp (HP~') H tra (HFP)] (A.5)
p=1

is represented in the diagrammatic notation used before as the sum over contractions of
the diagram in figure 44. Contractions are allowed to connect the different traces.

Because of the separation of the different lines, we expect that when the L’s are large,
the averaging factorizes. This should be the case unless one of the system sizes is excessively
larger than the others (e.g., larger than the product of the other two). In such a case, we
would have a higher weight for a specific kind of line and so different diagrams will be
preferred. That is, this should be valid in the bulk of the phase diagram of figure 2, i.e.,
in region IIL.

In this case, each of the three pieces of the trace are contracted among themselves as
shown in figure 45. Then the (A.5) term is approximated by

k
3 tr [trB Hr—1.H -tr4 Hk—P] -
p=1
where the factor of 1/(LaLp) enters since the 1/(LsLp) propagator of the middle H is
not compensated by free index lines because they are shared with the other traces. Note

k
> trHp=1.tr Hb—P, (A.6)

Lalp /=

that tr H = 1, as can be seen for instance in the only diagram with a single H. The traces
on the r.h.s. are in the full AB system.
For the resolvent, we use the convention of [22] in order to compare to their result

1 > Llémk.
G(z) = LiLgp kE::o Sk+1 (A7)
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Multiplying (A.4) by (Lc/z)¥*! and summing over k, we get?*

oo k+1 k+ k+1
mg4+1Le Myp_1Mg_pLe myL¢
— LaLpgL + Lo =
c kz_% Zk+1 LAL Z Z Zk+1 Z k+1

k=1p=1
1 M T LP1+;D2+2
= [AL4Lc — 2LALELeG(2) + Tiis P Zpﬁpfﬂ + LaLpLiG(2) =

p1,p2>0
= [4L%Lc — 24 L% LoG(2) + LaLpLéG(2)? + LaLpLZG(z) = 0.
(A.8)

Note that in the second term above the sum over k starts at 1 as clearly this term is missing
in the derivation when k = 0. With the definition ¢ = L¢/(LaLp) this equation is

1 —2G(2) + qG(2) + ¢G(2)? = 0. (A.9)

This indeed agrees with the Schwinger-Dyson equation (5.13) of [22].

B Phases of the two-tensor network

In this appendix, we will classify the phases of the two-tensor network. In order to do that,
we will use methods that were developed in section 5. We will see that this also provides
us with several non-trivial checks on the results there. The way that tensor networks are
solved there is by finding the maximal flow in a corresponding flow network. In fact, our
approach here will be the reverse. We shall classify the different phases rigorously by
considering all the options for a flow network and determining in which cases such a flow
is a maximal flow.
There are five possible flow lines that go between the three external nodes:

»
|

1 71 T2 Y

’ﬁﬁﬁ ﬁ_i (B.1)

| id |

and we should consider all the subsets of them as a flow. We may ignore cases where two

flow lines appear together that go along the same edge in two opposite directions because
this can be replaced by other flows, as explained in figure 19. There is one such pair of
flow lines in this case.

We will assume that all the bond dimensions are non-vanishing and that there are no
special relations between them. Fine-tuned relations correspond to phase boundaries?® like
those analyzed for the one-tensor network in the main text.

24W€ use mo = LALB.

Z5This is the case as long as we verify that on both sides of the transition there are two distinct phases.
We will find several ranges for phase 1 of table 1 and so any value in between them still belongs to the same
phase.
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We can also compare each phase to the phases appearing in the one-tensor network
(figure 2). The idea is that once we find the leading permutations, we know that the

moments are m,, = [[; L, 15 oy (from section 5). Thus, we can compare this to the
expression that one gets in the one tensor network.?’ When reducing to a one-tensor
network, we denote the subsystem that we trace out in the one-tensor network by Cope_tensor
and the remaining two subsystems by Agne-tensor a0d Bone-tensor- I region I, the negativity
vanishes, so the moments depend only on the product of the two subsystems Agne-tensor
and Bone-tensor- 1n region II, the moments depend only on the smaller system between
Aone-tensor and Bone-tensor, and on Cope-tensor-

We follow two simple rules in each case. Firstly, each flow should be maximal in the
sense that we cannot add any more flow either in existing flow lines or by adding a new
line. Secondly, there is no flow ¢ — X — j such that in the residual network X is connected
to k, where {i,j,k} = {id,7,77!} and X is some internal node.

We have the following options for maximal flows:

L ’y_l T T2 7

ﬁ ﬁ_» (B.2)
| id |

1

Since 7 is in a path id — 7", it cannot be connected to 7, so wp < wc, and the

right flow line is of weight wp. The same reasoning holds for the other flow line.

Therefore, this is a maximal flow in the cases where
wa < Wey,

(B.3)
wp < WCy-

In the residual network 7 and 7 are in the connected component of id, so 71 =7 =1id.
The negativity vanishes, matching phase I of the one-tensor network with

Lope-tensor ponetensor — 1, I p. The range (B.3) is a special case of (B.16) and (B.17)
below.

\j

’y_l T T2 Y

e

The two nodes cannot remain connected to id, so the two flows at the bottom of

(B.4)

the diagram are of weights wc, and we, respectively. In order to allow the flow line
~v~1 — ~, we should have that wEgy, is less than the remaining weights in w4 and wp.
In the other option where this flow line maximizes the remaining weight on wy4 or
wp, we will violate the second point in the rules above unless both w4 and wp are

26In the one-tensor network, the dominant permutation in region I is the identity, in region II it is
the cyclic or anti-cyclic permutation depending on whether A or B is smaller, and in region III the NC>
permutations dominate.
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saturated, but this requires the weights to satisfy a linear relation. So, away from
phase boundaries, this is a maximal flow when
wA > We, + WEy,

(B.5)
wp > We, + Wey, -

In this case, 71 =y~ !, 79 = 7, matching phase II of the one-tensor network with the
smaller subsystem of size Lg,, and Lt = Lo := Lo, Ley,.

3. " .
f}/—l 1 P Y
(B.6)
id

Here, because of the second rule, we, and w4 must be saturated by the flow and
similarly either wg,, or wp should be as well. Let us first consider the case where
wg, is saturated by the flow. This means that

T1+ T3 = wy, T4+ T3 = Wk, x1 + T4 = we, (B.7)

and because of the flow y~! — v we must also have x5 = w¢,. The conditions are
then z; > 0fori=1,---,4 and that x5 + z3+ x4 < wp. Therefore, this is a maximal
flow when

WEy < W4q + wey

we, < WA + WEy, (B 8)
wa < We, + WEy

wp > We, + WEy,

71 appears in flows between all the nodes, so it is non-crossing with only 2-cycles (and
a single 1-cycle when n is odd), as found around (5.20), and these permutations are
denoted by NCs. 19 remains connected to . Thus, 71 € NCo, 19 = 7.

This matches a rescaled phase III, by Lc,, of the one-tensor network with
Lf)ql’le—tel’lSOI' — 11147 L()Bne—tensor — LEW7 and L(gle—tensor — LCl .27

4. We have the same flow network with A <» B (by which we mean exchanging the two
sides, so that also C} <+ C2). This gives a maximal flow when

WEy, < WB + We,
we, < W + WEy, (B 9)
wp < W, + WEy,

wA > We, + WEy

2TIn order to see this, note that the moments are the same as those in the one-tensor network in phase III,
except that there is an additional factor of LE;n_l). This factor corresponds to rescaling the negativity
spectrum by piy(X) = Lg, pn (L, A).
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and in this case 71 =71, 7o € NCs.
This matches a rescaled phase III, by L¢,, of the one-tensor network with
L?qne—tensor — LEw7 L%ne—tensor — LB7 and L%ne—tensor =L Co-

. Going back to the flow network (B.6), as mentioned the second case is when wp is
saturated by the flow. In this case the flow is

1+ T3 = wa, 1+ T4 = wey, To + T4 + 23 = WR (B.10)
and still x2 = we,. The conditions are x; > 0 and x3 + x4 < wg,,, which become

wy —we, | < WB —we, < WA+ wWe
’ 1 | 2 1 (B 1 1)
WEy, > WB — W0,
and in this case 71 and 7 are in their own connected component, so that 7 =m € NCs.
Since 7 = Ty, this is just the same as phase III of the one-tensor network with

L?qne—tensor — LA, L%ne—tensor — LB, and Locne—tensor — LC'
. Again, we have the same for A <+ B. This happens when

WB — W, | < wa — we, < WR + we
wp - ucs| : : _—
WEy, > WA — Woy
and in this case 71 = 1 € NCj.
Again, this is the same as phase III of the one-tensor network with LoPe-tensor —

LA, L%ne—tensor — LB: and L%ne—tensor — LC-

v T 7 gl
‘j ﬁ W_k (B.13)

| id |

By the second rule 7 cannot remain connected to v~

1 so anyway x; = wy4. But

it also cannot be connected to 7 in the residual network. So we have two cases
depending on which edge x9, x3 saturate. In the first case 3 = wg,, and 3 = we,.
Then, this is a valid maximal flow when
we, > Wyh + WE
' v (B.14)
wp > Wo, + WEy,
and in this case 7 = id, 9 = 7.
The negativity here vanishes, and this matches phase I of the one-tensor network
with L%ne—tensorL%ne—tensor — LALEW LCQ‘

. The A + B of this is

Woy, > WB + WEy, (B 15)
wA > We, + WEy '

and in this case 71 = fy_l, Ty = id.
The negativity here vanishes, and this matches phase I of the one-tensor network

with L?qne—tensor L%ne—tensor =L o LEW LB‘
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9.

10.

11.

12.

The second option for (B.13) is when 71 is disconnected from v because wp is sat-
urated. In this case, 2 + 3 = wp. The constraints are that 1 = wa < wey,
3 < WEy, , We, — w4, and 2 < we,. This happens when

wa < Wy
wp < We, + WEy, (B.16)
WA +wp < wWe, + W,
and in this case 71 = 7 = id.

The negativity here vanishes, and this just matches phase I of the one-tensor
network with Lope-tensor pone-tensor — .

The A < B of this is

wp < Wy
wa < W, + WEy, (B.17)
wa +wp < wWe, + W,
and in this case 71 = 7o =id.

Again, the negativity here vanishes, and this matches phase I of the one-tensor
network with Lope-tensor fone-tensor — [ [, .

v g 7 gl
e T
id

Here again 71 cannot remain connected to y~1,7. So z1 = wy4. Note that it cannot

\j

(B.18)

be made disconnected from 7 by saturating wg,, since then we will have a remaining
possibility for a flow id — v by going along w¢, and then wg, and so this would not
be a maximal flow, violating the first rule. Therefore, xo = wg. The conditions are
then zo < wg,, and z1 + x2 < we,. So this happens when

wey, > wa + wB (B 19)
wWp < WEy, ‘

and in this case 71 = 7o = id. However we can see that this flow is a special case of
the flow that lead to (B.16). In particular, indeed the conditions (B.19) imply those
of (B.16).

The A <+ B of this is

we, > WA+ wB (B.20)
wa < WEy, .

and 7 = 7o = id. Again, this is a special case of (B.17).
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14.

T3

\J

(B.21)

id

By the second rule, we must have 2 = wg,, £1 = wc,, and 3 = wp that are

uniquely fixed. The conditions are xo + 23 < wg,, and x1 + 2 + 23 < w4, so that

WEy, > WB + We, (B 22)
wa > wp + we, + we,

and since 71,79 remain in the connected component of v, we have 71 = 79 = v~ L.
This matches phase II of the one-tensor network with the smaller subsystem of

size Lp and Lpetensor — Lo,

The A < B of this is

WE,, > WA + W
v ' (B.23)
Wp > WA + we, + We,
and then 7 = 79 = 7.
This matches phase II of the one-tensor network with the smaller subsystem of
size L4 and LEetensor — [,

It is immediate to see using the rules above that all the other flows are not possible as

maximal flows. Let us drop the three cases that are special cases of other ones. For any

two cases that give a different result for 71, m, we should get that the ranges where they

apply must not overlap. This is indeed the case, and can be checked explicitly by looking

at the ranges. There are two cases giving m = 7 € NCy, but actually away from phase

transitions they do not overlap. Therefore, if we group the two cases that give 71 = 7 = id

into

one, we remain with regimes that are distinct. This analysis provides a non-trivial

check on the methods of section 5.
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