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Curvature from multipartite entanglement in quantum gravity states
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We investigate multipartite entanglement in quantum geometry states described by loop quantum gravity
spin networks. We focus on states corresponding to bounded regions of 3D spacelike slices of spacetime
with nonvanishing intrinsic curvature, realized via spin networks defined on a graph with nontrivial SU(2)
holonomies. The presence of intrinsic curvature in the region is encoded—via coarse graining—into tag
spins attached to the vertices of the graph. The resulting states are generalized bulk-to-boundary maps
defined in an extended boundary Hilbert space comprised by the spin representations carried by the tags
and by the uncontracted edges at the boundary. We consider a tripartition of a random quantum geometry
state in the extended-boundary space consisting of a bipartite boundary subsystem and a bulk-tags
complement, and we propose a measure of logarithmic negativity to study the change in the entanglement
phases of the boundary marginal mixed state, while varying the dimension of the bulk curvature
environment. In the large spin regime, we find that the typical entanglement negativity is well described by
the generalized Page curve of a tripartite random state. In particular, we find area scaling behavior of
negativity for small curvature, while for large curvature the negativity vanishes, suggesting an effective
thermalization of the boundary. Remarkably, the positive partial transpose character of the mixed boundary
state corresponds to a change in the effective topology of the network, with the two boundary subregions

becoming disconnected.

DOI: 10.1103/PhysRevD.108.046010

I. INTRODUCTION

In the last two decades, the idea of a correspondence
between geometry and entanglement, suggesting quantum
correlations as the fabric of an emergent continuum,
classical spacetime, has radically changed all approaches
to quantum gravity [1-9]. Beside the AdS/CFT frame-
work [10], where an entanglement-geometry correspon-
dence is reflective of the gauge/gravity duality [11-15],
nonperturbative and background-independent approaches
to quantum gravity recently offered a new playground to
investigate the roots of such an interplay.
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In loop quantum gravity [16-18], and related general-
izations like spinfoams theory and group field theory
[19,20], a beautiful quantization of space at one time is
realized in terms of superpositions of quantum spin net-
works [21-23]. These are SU(2) gauge symmetric tensor
networks, defined by graphs with edges labeled by SU(2)
spin irreps and vertices dressed by intertwining operators,
which encode geometric and topological features of 3D
geometry into purely algebraic and combinatorial degrees
of freedom [18]. Quantum geometry states described in
terms of spin networks as functionals of the SU(2)
Ashtekar-Barbero connections essentially capture the kin-
ematics of general relativity in its first order formulation
[24], which can be eventually described in analogy with the
conventional Hilbert space of an SU(2) lattice Yang-Mills
theory [25,26]. This makes spin networks a phenomenal
quantitative tool to investigate the operational content of
the gravitational field, reduced on 3D spacetime slices, at
the quantum scale [27-38].

In this light, spin-network entanglement has become a
central resource to characterize physical vacuum states of
the theory [39-42], investigating local holographic
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properties of quantum spacetime geometry [43—45] and
ultimately to study the emergence of classical spacetime
geometry with its classical symmetries from its quantum
description, with a renovate interplay of techniques and
tools from quantum information theory, information geom-
etry, quantum many-body theory, and quantum computa-
tion theory more recently [46-57].

Much work in the field has recently focused on
quantum 3D geometry states with 2D boundaries, corre-
sponding classically to spacetime spatial slices with
corners [58], thereby looking at quantum spin networks
with boundaries as boundary maps with corner states
encoding the geometric and topological information
stored in the bulk correlation structure. In this setting,
different measures of multipartite entanglement have been
proposed to investigate encoding and decoding of bulk
information in the boundary/bulk mapping [59-61] and its
holographic behavior.

In [35,62-66], the holographic character of the spin
networks’ boundary/bulk mapping has been investigated
within a quantum typical regime starting from a random
tensor-network description of 3D quantum geometry states
in the large spin limit [9,67,68]. Along this line, inspired by
recent work in [69-72], in [61] the measure of entangle-
ment negativity was first proposed to extend the study of the
hierarchy of boundary correlations to multipartite quantum
spin-network states, beyond the bipartite pure-state setting
of entanglement entropy.

In this work, we consider a description of a uniformly
curved quantum 3D space region with boundary realized in
terms of a fagged open spin-network state in loop quantum
gravity [73,74]. We show that the effective topology of
this region is reflected in the multipartite entanglement
of the state. In the presence of curvature in the region, we
generalize the bulk-to-boundary mapping description of the
open spin network [59-61] as to include the space of bulk
defects in an extended boundary state p,, where bulk
information is shared among entangled boundary spins
and tags: surface and intrinsic curvature of the quantum
space region are entangled.

We consider a tripartition of the extended boundary
system into three subsystems A;, A,, B, with A;, A,
complementary regions of the external boundary, and B
the set of tags in the bulk. This corresponds to a factori-
zation of the extended boundary Hilbert space, for fixed
tags and boundary edges spins. We model the 2D corner
quantum geometry state on the reduced density matrix
obtained by tracing over the tags spins in B, and we
evaluate the entanglement of the resulting mixed state
pa,a, = Trplp,| by computing the logarithmic negativity of
its partial transpose [28,61,69,72,75]. Indeed, the Peres
criterion [76] guarantees that the presence of negative

. . . T .
eigenvalues in the partial transpose p A’]‘f% witnesses quan-
tum correlations in py 4, [77].

We find that the quantum correlations of the boundary
state include both intertwiner entanglement as well as
correlations among bulk and boundary edges and tags
spins. We focus our analysis on the latter contributions.

In the typical regime, corresponding to a large spin
(semiclassical) limit for our system, we show that the
degree of quantum correlations among boundary subre-
gions depends on the dimension of the bulk tags system,
which plays the role of a hidden environment from the
viewpoint of a generic observer measuring correlations on
the boundary. As an effect of the monogamy of entangle-
ment, when the bulk curvature environment is much
smaller than the boundary system, the entanglement
negativity of the boundary subregions displays the area
law behavior of a bipartite random pure state. However,
when the environment dominates, the negativity vanishes
suggesting an effective thermalization of the boundary,
with the boundary subregions becoming effectively dis-
connected. In an intermediate regime, peculiar to the
tripartite setting, the curvature environment mediates the
entanglement of the boundary. In this case, the logarithmic
negativity Ey scales with the area of the cluster boundary
with a negative correction which depends linearly on
the number of tags. As derived in detail in Sec. VII B,
we find in this regime a generalization of the Ryu-
Takayanagi formula for entanglement entropy for the
tripartite setting, in agreement with [61,69], which can
trace back logarithmic negativity to a mutual information
between the subsystem A; and A,. All these three regimes
can be easily achieved by only tuning one entanglement
phase parameter g, which is actually the ratio between the
number of tags (bulk curvature inside the curved region)
and the number of boundary spins (total area bounding the
curved region).

Moreover, in the loop quantum gravity setting, we find
that the geometric characterization of our networks’ states
relates the entanglement negativity, expressed in terms of
areas of the bounded 3D region, to the intrinsic scalar
curvature of the region. Indeed, as better clarified in
Sec. VIII, under some reasonable semiclassical assump-
tions about areas of curved surfaces we are able to relate in
a nice way our entanglement phase parameter ¢ to the Ricci
curvature of a given 3D spacetime slice for any coarse-
graining scale e. We find in particular that ¢ o« Re?, with R
being the Ricci curvature. Such a behavior suggests a
possible role of the multipartite description of quantum
geometry in modeling quantum spacetime curvature and
singularities in quantum gravity.

The paper is organized as follows. Section II introduces
loop quantum gravity quantum geometry states as super-
positions of quantum spin networks. In Sec. III, this
notion is generalized to include boundaries and nontrivial
topology. In particular, here we define quantum states
associated with regions of bounded 3D space with non-
vanishing intrinsic curvature. Section IV introduces the
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notion of tagged spin networks, which is the starting point
of our characterization of the bounded quantum geometry
as a mixed state. In Sec. V, we define the tripartition
{A},A,, B} of our system, with A;, A, corresponding to
complementary subregions of the boundary and B refer-
ring to the set of fags produced by the integral (partial
tracing) over the nontrivial loop holonomies in the bulk.
For such a tripartite system, we quantify the entanglement
of the boundary via a measure of typical entanglement
negativity [76—82] by considering the boundary mapping
on a bulk state prepared at random. The random meas-
urement combined with the boundary map projection
allows us to limit the partial tracing to the “curvature”
degrees of freedom, while (partially) retaining the infor-
mation on the graph structure. We compute typical kth
order Rényi log-negativity for even k via replicas by
mapping momenta of the A, A, reduced density matrix to
partition functions of a classical generalized Ising model
[69,72], hence looking for the minimal free energy
configurations of the model. In Sec. VI, we characterize
the bulk state contributions to the free energy of the
classical model. The analysis is thereby restricted to states
with small intertwiner entanglement. Section VII contains
an explicit example of an open spin-network state—a
cluster of tags—with four vertices. For such a simplified
setting, we can explicitly compute the typical logarithmic
negativity of the mixed boundary state in the large spin
regime and characterize the entanglement phase diagram
of the boundary state. This section contains the main
results of the paper. Finally, we close in Sec. VIII with a
summary of the results and some closing remarks.

I1. SPIN NETWORKS STATES

Loop quantum gravity (LQG) space of 3D geometry is
realized as a space of square-integrable functions,

"I, (1)

with support on closed oriented graphs y comprised by V
vertices connected by E edges. States in H, depend on one
group element g, € SU(2) for each edge e of the graph and
are assumed to be invariant under the SU(2) action at each
vertex v, that is, V h € SU(2),

H, = L*[SU(2)*E/SU(2)*

w,: SUQ2)E - C

{ge}ee;/ = l//y({ge}) = l//y({ht(e)gehs(e)’l })7 (2)
where #(e) and s(e) respectively refer to the target and
source vertices of the edge e [83]. In the geometrical
interpretation of loop quantum gravity, spin network
vertices are dual to 3D atoms of space described by
quantized convex polyhedra, with a number of faces given
by the valence of the vertex. Edges attached to the vertices
are dual to faces of the polyhedron [84]. In this light,

intertwiners’ quantum numbers represent 3D volume
excitations while the values of the edge spins represent
2D area excitations. Polyhedra corresponding to adjacent
vertices are glued together via their faces. By construction,
the area of two glued faces match, while their shapes do not
have to. In this sense, spin-network states living in H,, have
a natural geometrical interpretation in terms of discrete
(twisted) geometries [85].

For SU(2) as a compact Lie group, by the Peter—Weyl
theorem, functions of d group elements g can be decom-
posed into irreducible representations (irreps) of the group,

mm:ZEJmMH Din(a). (3)

{7} {m}{n}

with {j;} €N/2 labeling irreducible representations
(irreps) of SU(2); indices m; (n;) labeling a basis in the
vector space V/i = span{|j;, m;)}, carrying the represen-
tation j;, of dimension d; =2j;,+ 1, and Dy, (g;) =
(ji,nilgilji, m;) the Wigner matrix representing the group
element g;.

This allows us to write SU(2)-invariant functions v, as
superpositions of gauge symmetric tensor networks with
fixed spins {,}, and the connectivity of the graph y. Two
vertices of the graph, say v and w, are connected by edge
states labeled by a spin j irrep of SU(2) and dressed with a
group element g, € SU(2), that is,

em(e) = 5 T D glim), ® T, (4)

{m}{n} \/3;

in the Hilbert space H,,, = [V} ® V4]. At each vertex v of
the graph, an intertwiner operator 1, enforces SU(2) gauge
invariance via a projection

L. @V, =V, (5)

ecv

corresponding to a recoupling of the edges spins at the
vertex in the SU(2)-symmetric (singlet) representation with
Jj = 0. This associates to each vertex the degeneracy space
of V, for fixed {j,},

m—mw{wﬂszML (6)

with |z,) an orthonormal basis in H,.

A spin network state |y, {j.}, {1,}) is thereby defined as
the assignment of representation labels {j, } to each edge of
y and the choice of a vector |{1,}) in H, =QY H, for the
vertices, corresponding to the contraction (see Fig. 1)
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FIG. 1. Open spin network with support on the graph yp. The
boundary is comprised of the set of not contracted edges with
dangling magnetic indices pictured as empty circles.

(o G i) = ( B eta 16D @)

Such spin networks define an orthogonal basis in H,, for
the following isomorphism holds:

H}/ ~ @HV (8)
{J}

In particular, we will write the quantum 3D geometry
state |y,) as the contraction of a generic collective
intertwiner state |y) in Hy with the set of E edge states
comprising the graph, via a sum over spins

E
(o) =S et ). ©)
{ed N
where the contraction amounts to a sum over bulk indices.
In the expression above, the sum over the intertwiner index

is included in the bulk state

w({j.}) Zw{’f}@n{l (10)

The coefficients 1/7?}} encode the quantum correlations

among intertwiners.

III. SPIN NETWORKS WITH BOUNDARY
AND NONTRIVIAL TOPOLOGY

Imagine cutting a generic bounded region R out of
quantum 3D space. The corresponding state will be defined
with support on an open graph y, C y, which we can take to
be comprised of the sets of vertices Vp and edges £, with
|[Vg| = Vi the number of vertices and |Ex| = Ey the
number of edges respectively. The boundary of R, dR, is
the set £z of E r edges which have only one end attached
to a vertex laying in R. Such boundary edges are

characterized by an open (uncontracted) dangling index
m, while bulk edges connecting vertices within R are fully
contracted. For states with support on open graphs, the
contraction in (9) defines a mapping of the state [y) € Hy,
on the boundary space of uncontracted indices,

H()R: @ ® ij (11)
{Je} e€Ear

In particular, the gauge invariant property of the LQG wave
functions defined on closed graphs reduces to a SU(2)-
covariance of the bounded region wave function

Wr({ge}eee) ) Feeesn)- (12)

In the boundary mapping, the information on the bulk
holonomies, as well as the correlation structure of y € Hy,
gets encoded in the coefficients of the resulting boundary
state [yz). We are interested in the information concerning
the bulk curvature and, in particular, in the way this affects
(gets reflected in) the correlation structure of the boundary
state [yg).

Bulk curvature is generally associated to the presence of
loops of nontrivial holonomies in the graph. However, the
topology of the graph is only partially relevant to character-
ize such a degree of freedom. Indeed, thanks to the local
gauge invariance of y, the structure of the bulk of y can
be drastically simplified via a partial gauge fixing of the
bulk holonomies [46,73,74]. In particular, for any open
region R, the gauge-invariant Hilbert space on yp is
isomorphic to the gauge-invariant reduced space defined
on anew graph 'y consisting of a single vertex intertwining
the external edges of the boundary JR together with a
number of (independent) loops L fixed by the combina-
torics of the region, that is L =Ezx —Vp+ 1. If L =0
there are no loops and yp has trivial topology. In particular,
this implies that R has vanishing intrinsic curvature.

More generally, the Hilbert space of the reduced graph
yr Will consist of the intertwiner space of the single bulk
vertex times the product of the boundary representations
spaces, that is

= U/R<{gehx(e

H,, LU 20 /500) = @ (e @ Vi)

{jf.e} eEng
(13)

where the degeneracy space at the vertex now also involves
the irreps on the loop

L . _ . .
HE =Tnvgy {@ (Vie@ Vi) @ ® er} (14)
1

= e€€r

The space in (13) provides a very concise description of the
region R in terms of a single “loopy” vertex with both its
boundary degrees of freedom and bulk nontrivial holono-
mies. The gauge reduction isomorphism does not produce
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FIG. 2. (a) Reduction by gauge fixing of the holonomies along
the maximal spanning tree connecting three vertices of an open
spin network. (b) Resulting nontrivial holonomy on a loop
attached to a coarse-grained vertex. (¢) Bounded quantum 3D
region with uniformly distributed loops realized as the gluing of a
set of coarse-grained vertices.

any coarse graining on physical degrees of freedom.
Nevertheless, partial information on the combinatorics of
the reduced graph is lost. As a consequence, the corre-
spondence between the original graph and its flower is
many-to-one [74].

Now, imagine operating a similar reduction by gauge
fixing on a collection of subregions, so as to end up with a
set of loopy vertices glued together via edges dressed with a
trivial holonomy. In this way, we can construct a new spin-
network state with support on an open graph 75 associated
to an extended 3D space region with distributed intrinsic
curvature (see Fig. 2).

Such an intermediate level of description allows one to
localize and keep track of the nontrivial holonomies {g,}
(classically closure defects) responsible for the curvature at
the vertices of the graph, without trivializing the topology
of the graph, which is going to play a role in the
entanglement structure of the boundary.

IV. TAGS FROM SPIN-NETWORK KIRIGAMI

Along this line, let us consider for simplicity the case of a
uniformly curved region of quantum 3D space, given by an
open-graph state |yz) = |yr({g,})) with all V vertices
carrying one single loop holonomy g,. Further, let us
assume for now that each vertex can have at most one open
edge. This very simplified setting is what we need to neatly
separate boundary from bulk degrees of freedom, as shown
in Fig. 3. The first step in this sense consists of integrating
out the loop holonomies. Following [86], for each spin k
carried by the loop, one can separate the loop from the
edges at each vertex by unfolding the intertwiner into two

v

(© (d)
®
/ dgﬂ =>
.

FIG. 3. (a) A single loopy vertex. (b) Vertex unfolding: isolate
the nontrivial loop holonomy. (c) Partial trace via integration over
the loop holonomy. (d) Tagged vertex.

different intertwiners connected by a virtual link labeled by
an intermediate spin J: one intertwiner recoupling the
boundary edges spins j, at v into J and a second three-
valent intertwiner recoupling the two copies of the spin k
into J at the virtual vertex 9. Accordingly, the intertwiner
space in (14) now decomposes as

HL = P {InvSU(z) [@ Vie ® V’}

J.{k} ecv

© sy [V ® (VO VL. (19

A basis in HL is given by (see for instance [87])

k.J|k

|J7k’ L {]e}[ng :Dk(gf) ﬁLM|m<J,M|l> (16)
with
e = (kom| (k7)) ® (J. M) (17)

the Clebsh-Gordan coefficient associated to the three-valent
intertwiner at .

At each vertex of the graph, the integration over the loop
holonomy only involves the Clebsh-Gordan coefficient and
the Wigner matrix of the loop at the level of the basis in
(16). One can then compute the vertex density matrix p; as

Pk:/d9f|-]’kvl’{je}[gf]x-]vk”’ {Jetall (18)

and show that the sum of p; over the loop spin k gives
exactly the identity matrix p = (J, M|t)(1|J, M), with |t) =
(J, M1} a basis in the reduced vertex space [87]
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H =V @ MY, (19)

with Mﬁjf} = Invgyo) [V/ ®®.er V.

As a result of the integration, curvature is locally
encoded into a virtual spin J, or fag, attached to the vertex.
We can see the vector |J, M) € V/ as the result of the
recoupling of all the spins j, at the vertex into a non-
vanishing overall spin J, a topological defect which breaks
local gauge invariance.

Starting from the tagged intertwiner description, we now
define a uniformly curved quantum 3D bounded space
geometry as the extended boundary map

) = 3 (& elanl ) o) e1)
AR

where the generic tagged state |y,) is defined, for fixed
SpiIlS {J7 je}v’ as

lys) = Z ljf\bg/’[{e}},{,”} % |7,) (22)
(M, }{1,} VeV

in the tensor product space of V tagged intertwiner spaces

Hy = VR HI. Differently from (9), the projected state
now lives in an extended boundary space,
H=0 @ V'® ® V- (23)
{71.j.} vEVR e€€sr

which comprises the tensor product of tags and boundary-
spin representation spaces.2

On the extended boundary, the tagged open graph state is
written as

= 3 )

{MI"me}
® [/ My) @ |jesme), (24)
vEVR e€€p

with coefficients li/;u”'j “}'{l”}{MU,me} encoding the informa-

tion on the quantum correlations among bulk intertwiners,

'Given a tagged basis |z,) at each vertex, we can define a
tagged spin network basis

i ) = (S et I (20)

for_the whole state on 7z(Vg, Eg, Egg)-

In fact, one can think of the tag factor in (23) as a disjoint
inner boundary associated to closure defects at the bulk vertex.
This is compatible with a picture of the tags as the result of a set of
holes cut out of a planar spin network punctured by uncontracted
bulk edges. In the standard picture, such holes correspond to
loops which recouple the puncturing edges.

the connectivity, and the topological defects of the graph.
We expect states in (24) to be generically highly entangled,
with information about bulk geometry encoded into the
boundary state coefficients C in a complicated way. In the
extended boundary system, such information is shared by
boundary spins and bulk tags.

Now, consider an observer having access only to the
external boundary system. Such an observer cannot mea-
sure the information on the bulk. In the following analysis,
we describe such a coarse-grained viewpoint of the
boundary observer by introducing a random measurement
on the state |y,) and proceed to investigate the boundary-
system/bulk-environment coupling via a combination of
random projections and partial tracing over the tags.

V. NEGATIVITY OF A TRIPARTITE
BOUNDARY-TAGS SYSTEM

Let us consider the extended boundary space (23). For
convenience, let us assume curvature quantified by the tags
to be uniformly and homogeneously distributed throughout
the graph 7. This amounts to having a tag for each vertex
of the graph while setting all the spins {j, } and {/,} to be
equal to the single value j and J respectively, generally with
J # J. In particular, this implies we are turning off the direct
sum over the spins {/, j,} in (23). This allows us to work
with a factorized Hilbert space, while disregarding the
correlations among different spin sectors of the full
quantum geometry wave function (see, e.g., [29,88] on
the role of such correlations).

A random measurement on the bulk state |y,), prepared
on ®, H/, is realized by a projection onto a set of
independent and individual (Haar) random vertex states
|f,) in the extended vertex space

K =V'® ® Vi@ M, (25)

Je€V

which comprises the intertwiner space at the vertex, the
spin irrep spaces of the edges connecting the vertex with the
rest of the graph, as well as the tag spin space. In particular,
we can obtain the state |f,) by acting on a reference state
|0) in K7 at v with a Haar random unitary, that is |f,) =
U,|0) [67].

The generic random vertex state is explicitly written as

)= D 10 4y M) ® Bljesme). (26)
l:z’{ne} o=y

The randomized extended boundary density matrix is
then simply defined along with (21) by a trace over bulk
indices, which contract p, = |w,)(y,| and pp = |E)(E],
for |E) = ®F|e), with the further insertion of the random

projector TL = @, *11, = @, *|f,) (f.]:

pe = Trlp, @ pell]. (27)
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The bulk state p, and the maximally entangled edge state
pg enter as product states in the trace, while the information
on the tags is enclosed in the bulk state.

Let us define now a tripartition of the extended boundary
system into three subsystems A;, A,, B, with A|, A,
complementary regions of the external boundary, and B
the set of tags in the bulk, as depicted in Fig. 4. This
corresponds to the following factorization of the extended
boundary Hilbert space at fixed spins:

H=QV:® @ V- V. (28)

e€A,| e€A, i€B

Starting from (28), we focus on the reduced state obtained
tracing over the tag spins in B,

Paa, = Trp [p:]. (29)

As anticipated in Sec. I, the amount of entanglement of
the state can be quantified by counting the number of
negative eigenvalues of the partial transpose of the reduced

T . N ..
state p A?i\z [77], via a measure of logarithmic negativity
defined as

T
En(pa,a,) =log o, |1 (30)

In order to compute (30), the first key ingredient is to first
look at the kth Rényi negativity of py,, A2,3

Nelpaa,) = Trlps%, )%/ (Trlpaa )M, (31)

hence, eventually recovering the logarithmic negativity by
taking the k — 1 limit of the logarithm of the analytic
continuation of the momenta for even k [69]. In particular,
since we took a random measurement on the bulk state, we
will need to compute the Reényi negativity in expected
value, with respect to the uniform Haar measure y, namely

E,[Ni(Pa,4,)] = Ni(paya,)- (32)

Following [61,67,69], we know that, due to concentration
of the trace, a regime of large spins allows us to approxi-
mate the Reényi negativity by the ratio of expected values of
the kth moment and the kth power of the partition function

T .
of p,'3,, that is

N A1Ay e —————F——% 33
O o 2

*Notice that the trace operation Tr in (31) now involves sums
over boundary indices (dangling edges and tags). The denom-
inator in (31) directly comes from the normalization of py, .

Moreover, in the large spin regime, we have

Ni(pa,a,) = Ni(pa,a, ) (34)

that is, the function is well approximated by its fypi-
cal value.

The expected values of the partition functions in (33) are
computed via the standard replica technique. We first
linearize the partial transpose matrix as follows:

Trl(py's,) 1= Tr[p®, Py, (X) ® Py, (X))

=Tr[pR Pa, (X) ® Pa,(X™") ® Pp(1)].  (35)

Here, we generally denote P;(o) as a unitary representation
of the permutation ¢, I = A, A,, B, with X, X~! and 1 the
cyclic, anticyclic, and identity permutations. On the spins’
and tags’ dangling indices, the operator Py (1) realizes the
partial trace over the tags on p;,, while P4 (X) ® P4, (X™')

act on the k copies of uncontracted spins in p$* imple-
menting the replica trick and the partial transposition
respectively.

For the linearity of the trace, the expectation value can be
carried out before taking the trace, and it will concern only
the random tensors. From (27), we have

Y A CIUAIA

Pa(X) ® Py (X)) ® Pgm],

i @02 (o 00| 6o

z¥ =1

—

where the overall trace now runs over both bulk and
boundary indices.

By Schur’s lemma, the average of the k copies of the
vertex state in (36) results in a sum over unitary repre-
sentations of the permutation group g, acting on the k
copies of the extended vertex space K7 [61,69,71],

30777 = %Z Po).  (37)

with dimension D, = dim(K?).
By performing the average individually on each inde-
pendent random vertex, we obtain*

426]‘) has the same form with X and X~ replaced by 1.

046010-7



CEPOLLARO, CHIRCO, CUFFARO, and D’ESPOSITO

PHYS. REV. D 108, 046010 (2023)

B
(a)
Ay Ay
(b) v w
A, X o o X1 A,
Ps()
A X o o X1 A,
v w

FIG. 4. (a) Tripartition of the spin-network extended boundary
for a simple graph comprised of two four-valent vertices glued via
an edge. (b) Partial tracing of the density matrix over the
tags’ space.

E:C{ <®ZP gb>

Y 9,€8,

1 (X) ® Po(X1) ® Pyl >] REES

with C I_L [ﬁl{)l)}
On the bulk indices at each vertex, the permutation

operator P, (g,) factorizes into four independent operators
(see Fig. 5),

Pv(gv) = PU,O(gv) ® ® Pv,i(gv)
e’vwe“:R
® ® Pv,i(gn) ® P1J,1<gv)7 (39)
e €k
where P,(g,) acts on k copies of the multiplicity

intertwiner space, ®,: ¢, Py.i(g,) acts on k copies of
the internal edges, ®,i ¢, P, (g,) acts on the boundary

semiedges,” and finally P,.(g,) acts on k copies of the
recoupled tag spin at the vertex.

Accordingly, the trace in (38) factorizes over the Hilbert
spaces of (a) internal edges, (b) boundary spins, (c) tag
spins, and (d) bulk intertwiners. As a result, we can
eventually rewrite the kth power of the normalized partition
function in (33) as

*We indicate by v a virtual vertex connected to v by the open
boundary edge e} ;.

FIG. 5. Permutation operator P,(g,) action factorizes on the
indices of the extended vertex state. In the example in the figure
the operator acts as the identity connecting the set of internal
indices of v to the same set in o, while P(1) realizes the partial
trace over the tags.

[\]

=> e s (40)
{9:}

N
%

(k)

where A /0= A§k> / A(()k) defines the (normalized)6 action of

a classical generalized Ising-like model:

k
(1 )[{91}] = Ab +&+ Z A(gm gw) lOg dj';,w
el EER
+ Z gbv logd
el €A,
+ Z (9., X logd (42)
e, €Ay

with £ a constant term and

Ay = —log{Tr [p?k ® Pp(1)- (?Pu,o(gc) ®P“~T(g")ﬂ }
(43)

the bulk state contribution to the action, which accounts for
the presence of the curvature measured by the tag term in
pp- In the analogy, the generalized spins correspond to
the permutation operators P,(g,) sitting on the vertices
of the open spin network graph 7 acting on the k replicas
of the vertex indices space. The permutation fields X, X -1
and 1 play the role of boundary conditions set on the virtual
one-valent vertices (v) attached to the dangling spins and
tags of the extended boundary.

The two-body interaction terms measure the length of the
permutation loops across the replicas, weighted by the (log
of the) dimension of the representation carried by the edges

Syith
A(()k) = Z A(gw gw) lOg dj’;,w + Z A(gy» H) IOg dJl“
hwEER el €AUA,
+A, +¢ (41)
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of the graph. These lengths are conveniently described as
Cayley distances A(g,h) = k—y(g~'h) on the permuta-
tion group Sy, where y(g) indicates the number of cycles in
a permutation ¢ [61,69].7

The calculation of typical value of Rényi negativity is then
mapped to the minimization of the action (42). In general,
the three boundary conditions will propagate inside the spin
network graph 7. Depending on the couplings and the
connectivity of the graph, different configurations of the
model will be associated to different sets of domains for
X, X~!, 1in the bulk. As usual, we expect maximal domains
to be associated to equilibrium configurations. In particular,
maximal domains correspond to minimal domain walls.

By describing interactions via a Cayley distance we see
that the Rényi negativity should depend directly on the area
of such minimal domain walls in the network, given by the
number of edges of 75 associated to a nonvanishing Cayley
distance between permutations in the two domains. In
particular, thanks to the existence of a well-defined loop
quantum gravity area operator acting on the edges of the
spin network, we can map domain wall areas to actual
quantum geometry surfaces in our 3D space region R.

VI. GENERALIZED ISING MODEL: MODELING
BULK CONTRIBUTIONS

The tensor product form of the edges and bulk density
matrices in (38) corresponds to a factorization of the typical
Rényi negativity into a combinatorial contribution associ-
ated to the distribution of maximally entangled edge states
e, and a bulk contribution carrying physical correlations
among intertwiners. The latter, in particular, contains
the information on the intrinsic curvature of the 3D
geometry, in the form of tags, as apparent from (22). We
would expect such information to be highly mixed in the
bulk. However, after the partial tracing over the loop
holonomies, the SU(2) covariance of the tagged-bulk state
induces SU(2) invariance on the associated density matrix,
which necessarily reads as a tensor product for fixed tag
spins {J,}, that is

Vi 1

Py =®

D57 +1 2P0 (44)

which corresponds to a totally mixed state on the tags’
space and a generally nontrivial density matrix py;y €
End[Hy,] [87,89].

From the form of p, in (44), we have

Rk 1 ®k .
ATy ® Py (45)

"This is k for the identity and 1 for a k cycle. Then, we see that
A(g, h) gives the minimal number of swaps to go from g to A, for
g, hes ke

then the bulk term A, generally factorizes as follows:

1 ®k
h=ee 8 09(3)

® Py(1) (?Pb,,o(gv) ® Pw(gv)ﬂ }

=A +A, (46)

with a bulk intertwiner contribution A, defined as

A= —log {Trlp%(®, Poo(.))}.  (47)

and a contribution of the tags, A,, given by

1. =-toe{1e[o ()% @ £a(1)- (6. Pt}

v J,
(48)

where we used D; =2J, + 1, the dimension of the tag
space. The result of the trace in (48) is

(17l (57) o

9y GSA

=>_IIpEe". (49)

{g.} v

Therefore, the tags’ contribution to the action reads as

A= A(g,. 1)logD; . (50)

v

which ends up being equivalent to a pairwise interaction
term from an inner edge. The full action can be written as

=E+A+ D Algy ) logd,
=
+ Z (90, X)logd;; + Z (90-X"")logd,:
emeAl e €Ay
+ZA(907‘“)10gD1F' (51)

The bulk contribution A, is nontrivial as long as the
bulk intertwiners are correlated. In fact, it vanishes
only if we consider p, to be a pure product state in
End[Hy, ] as shown in [61]. On the other hand, both edge
and tag contributions have to do with the topology of the
graphs’ support 7, connectivity, and topological defects
respectively.

As a general result of our analysis, we can then formally
divide the action in three terms as follows:
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(k) _ 4 (k) (k)
Al - Atopology + Aphys (52)
with At(opology = Aidires + At(ags and Ay = A, referring to

the physical quantum correlations among bulk intertwiners.

In the following analysis, we will consider the case
where the intertwiners’ contribution is small, thereby
looking at the correlations induced solely by the combi-
natorial structure of the graph, with a focus on the role of
the tags. We leave the study of the intertwiners’ contribu-
tion in this setting for future work.

VII. LOGARITHMIC NEGATIVITY
AND ENTANGLEMENT PHASES

(k)

By neglecting A,, we are left with action A} with two-
body interactions only, which favors neighboring “spins” to
be parallel. Given d; =2j+1 and D; =2J+1 the
dimension of edge spins and tag Hilbert space respectively,
we define

logd; = p. logD; = p, (53)
as the interaction strengths intended as inverse temper-

atures, in analogy with the Ising model. Thereby, we can
(k)

rewrite the action Atopology as
topology _ﬂ|: Z g@’ gw Z A(ng)
el EER ei)eAl
3 80X )| 44 A )
el €Ay vEVR
::BHe +ﬂthags7 (54)

with generalized Hamiltonians H,, H,, expressing the
energy cost of the configuration. In general, we expect that
the boundary conditions X, X~!, and 1 percolate inside the
network, flipping the generalized spins on the bulk vertices.
This creates some internal domains filled with one of the
three boundary conditions. Nonvanishing contributions to
the action come from edges that connect different domains,
which will be related to a nonzero Cayley distance. Given

Ze lopology/O (55)

{9.}

PA A2

in the large spin (the strong coupling or “low temperature”)
regime, the leading contribution to N, corresponds to
dominant {g,} configurations that minimize the action.
Such configurations correspond to maximal uniform spin
domains separated by extremal domain walls which min-
imize the energy cost (minimal surface areas) [61].
Concretely, we then proceed with minimizing the action
in (54) via a heuristic argument based on the property of the

Cayley distance on the permutation group S;. Given two
permutations g, i € S, the Cayley distance A(g, h) defines
a metric on the group, corresponding to the minimum
number of swaps acting on g to give 4. For some special
permutations, the Cayley distance depends nicely on the
order of the group k. For example, in the case of the (anti-)
cyclic permutations we deal with, we have

ALX)=A(1,X ) =k-1 (56)
k—1, kodd

AX, X)) = { o (57)
k-2, keven

With this metric, we can define a geodesic on the group S,
between g and k as the set of permutations {z} such that

A(g, ) + Alm, h) = A(g, h). (58)
In particular, it is known that the set of permutations that are
simultaneously geodesics between X, X~!, and 1 exist, and
it is in a bijection with the set of noncrossing partitions
NC(k) of the set {1,...,k}, with cardinality given by the
Catalan numbers C; [69]. Defining by 7 the permutations
on such geodesics, we have that

A1) = E‘J L AXD)=AX 1) = Wﬂ ~1. (59)

Given the homogeneity of our states, the minimization of
the energy costs amounts to a minimization of the Cayley
distances between any pairs of connected vertices.

Let us consider a single vertex v. To such a vertex the
random averaging assigns a permutation element g,, which
will eventually interact with the three permutations we
choose as boundary conditions, namely X, X~!, and 1.
Recalling the symmetry between X and X!, we expect that
only three possible minimal energy configurations can
result from such an interaction:

(1) g, = X, X~!, in which case we minimize the distance
between the vertex » and the neighboring vertices
respectively contained in the X or X~! domain;

(2) g, =1, in which case we minimize the distance
between the vertex » and the neighboring vertices
contained in the 1 domain;

(3) g, =7, in which we minimize simultaneously the
distance between the X, X!, and the 1 domains.

Notice that the latter case is peculiar to the tripartite
model only, since it can occur only when all three
permutations interact in a single vertex [61,67,69].

A. Example: Cluster of four tags

Let us consider the example of an open spin network
state with support on a graph 7; with E;rz = 4 boundary
edges, and V = 4 tagged four-valent vertices in the bulk
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FIG. 6. Example: tagged open spin network graph correspond-
ing to a cluster of four-valent tagged vertices, with 7 =4
and E()R - 4.

(see Fig. 6). In the following we indicate with 7" the number
of tags, which in the present case is equal to the number of
vertices, namely 7" = V. We refer to this setting as a cluster
of tags, corresponding to a uniformly curved quantum 3D
space region R. Via random averaging, we get four permu-
tations operators on the spin network, one for each tagged
vertex. Following the discussion above, we have three
possible configurations with minimal energy. The corre-
sponding actions (for even k > 0) read as the following:
(1) A cluster colored with X(X~1):

AX — BS(k—2) +pT(k—1).  (60)

Here S is the minimal number of edge cuts compris-
ing the surface separating two domains with X
and X~1.

(2) A cluster colored with 1:

A = BEg(k—1). (61)

(3) A cluster colored with z:

] k k
Al :ﬂEaR(E— 1) +BT. (62)

Such configurations define the three equilibrium phases
of our simple model, corresponding to three different
entanglement regimes for the boundary state p, 4,. The
parameter space of such regimes is completely specified by
the following three inequalities:

AV <« AP o BE, < BT (63)

Al < AN & BE, < BT + 285 (64)

AY < A @ pE = T p8(1- ) (69

where the last condition (65) is relevant to establish a
hierarchy between the three configurations, while it does
not play a role in the search for the minimal energy cost.
Notably, this rules out from the parameter space the only
condition which depends explicitly on the order of the
permutation group k.

FIG. 7. Domain wall’s configuration in the hole regime.

Consider the (positive definite) quantity SEzz, namely
the set of edges comprising the external surface of our 3D
region weighted with the factor p. If BE; < B,T, as

2BS > 0, (64) is also satisfied; then A,((“) < A,((X), A,(:).
The configuration with a bulk colored with g, =1 V »
dominates. In particular, this corresponds to the formation
of a domain wall around the cluster of tags. The domain
wall sharply divides the spin-network boundary from the
bulk of the region R. We refer to such a regime as the hole
regime (see Fig. 7). Notice that, due to the bound on the
maximum dimension of the tag spin [74], in the present
example we can have at most

Jm) = 4j = g™ = g 1 log 4, (66)

Then, in a large spin regime, we can generally consider

B™™) _. . Therefore, in order for the hole regime con-
dition to be verified we must have

T > E. (67)

More generally, the hole regime will be favored by tags
recoupling a large number of edge spins, corresponding to
the case of coarse-grained vertices with high valence.
When the number of tagged vertices in the bulk and
boundary edges is balanced we exit the hole regime and we
need to consider SEy; € [5,T, p,T + 2/S]. From Eq. (63),

we see that in this range of values Agf) < A,(CM. At the same

time, Eq. (64) implies that A,((T) < .A,((X); hence the minimal
configuration is the one in which the geodesic permutation

7 takes all the bulk, with the action A,(f) dominating. We
call this setting the island regime. The island domain wall
stands between the three boundary condition domains
preventing them from accessing the bulk of R (see
Fig. 8). Differently from the hole regime, the connectivity
of the graph is not canceled in this case. Tags and boundary
spins are connected through the island.

Finally, for pE,z > f,T + 23S, namely when the tag’s
environment is small compared with the boundary system,

from Egs. (63) and (64) it follows that A,(CX) < .A,(:]), A,(:). In
this regime, the minimal energy configuration is associated
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FIG. 8. Domain walls’ configuration in the island regime.

to an effective bipartition of R into two domains, one
colored with the X permutation and the other with the X!
permutation (see Fig. 9).® We refer to this setting as the
bipartite regime.

B. Entanglement phases

We can now compute the typical logarithmic negativity
of the random mixed state p, 4, in the three regimes
considered in the given example.

In the hole regime, from the action in (61), we get

EN"(pa,a,) = ~lim A = —limpEye(k—1) = 0. (68)

A vanishing negativity tells us that the boundary state has
positive partial transpose (PPT); hence, according to the
Peres criterion [76], that boundary state could be separable.
This suggests that p, 4, is well described by a maximally
mixed state. The boundary system is almost fully entangled
with the large number of degrees of freedom environment
with little quantum correlation between A; and A,. This
effectively corresponds to a thermalization of the boundary
state, in strong analogy with the results in [72,90], where
the typicality of the random state, in the large spin regime,
similarly played a crucial role.

Moving to the island regime, the minimal action reads as

. k k
A/i) = PEsx (5— 1> +ﬁtT§7 (69)

and the typical value of the logarithmic negativity in the
k — 1 limit is given by

¥The configurations in which on all the vertices in R there is X
or X~! belong to this regime too. In these two extreme cases the
domain wall § is expelled from the bulk, and invades some of the
boundary, in particular the region corresponding to the Hilbert
space with minimal dimension among H,, and H,,, which in
turn is equivalent to considering the minimal area between the
areas of the regions A; and A,.

FIG. 9. Domain wall’s configuration in the bipartite regime.
island . i
EN™ (paa,) = —ilfll[Al(f) +log G
= —lim|pE k 1 —|—ﬂTk+l C
= —m R\ 5 ) 0g L
BEw— BiT) +log > (70)
= — _ (0] -—,
5 WER = Pt g e

with the Catalan numbers C; and C;| = % here taking into
account the degeneracy in the choice of the geodesic
coloring 7 for the bulk.

We have then a transition from an unentangled phase to
an area law behavior, as expected by the topological
character of the entanglement contributions. In fact, it is

. . island . .

possible to write Ey" " (pa,4,) as a generalization of the
Ryu-Takayanagi formula for entanglement entropy [69].
By defining the minimal surfaces that separate the entan-
glement wedges relative to each subsystem as [y4 [, 4, ],
and |yp/|, it is straightforward to see that

l7a,| = Ea,. V4,1 = Ea,» lyel =T (71)
where E, , E4, are the number of edges in A; and A,
respectively.

Hence, since E,, + E4, = Esz we can write Eq. (70) as

island ! :
e )(pA,Az)Zg[ﬂ(“’fh|+|“2|)_ﬂ’|7/3”+10g§' (72)

This is a generalization of the Ryu-Takayanagi formula
found in [61] to the case of nonhomogeneous mixed spin-
network states (two temperatures). As for the previous
works, it can be expressed as mutual information between
the subsystem A; and A,:

E(is]and) _

5 = 2 18(n) + S(oa) = S(paa,)] + log -

—_— DN =

8

In the island regime, then, the logarithmic negativity is
always nonzero, and scales with the total area of the
boundary of R, namely SE,z, minus a negative correction
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that depends linearly on the number of tags. This implies
that the boundary state is necessarily entangled. In par-
ticular, the presence of the environment reflects a saturation
of the entanglement of the two boundary subsystems.
The logarithmic negativity only depends on the size of the
system and of the environment, but it is independent of the
specific bipartition of the boundary.

Finally, in the bipartite regime, the action with minimal
energy is given by

AN = BS(k—2) + p,T(k - 1), (74)

and the typical logarithmic negativity reads as

Egyipanite) (pAlAz) ~ _P_I}}A/((X)
= —lim[pS(k—2) + BT (k= 1)
— ps. (75)

In this regime, negativity scales with the area of the internal
domain wall S. In particular, we see from (75) that in this
regime we could achieve a PPT state for the boundary only
by setting S to 0, where a PPT state would correspond to a
disconnected graph as expected.

Such a behavior is consistent with a limit toward a
bipartite pure boundary state setting corresponding to
vanishing tags (trivial topology) [63].

Altogether, the effective topology of the bounded region
is reflected in the multipartite entanglement of its ragged
spin-networks state description. Beside the toy model
example, the proposed analysis can be easily generalized
for graphs with a generic number of vertices, with more
than one open edge attached to each boundary vertex, and
with clusters of tags restricted to a subregion of the bulk
graph. The universal character of the result is indeed
associated to the typical behavior of the randomized system
in the large spin regime.

VIII. DISCUSSION

In the framework of loop quantum gravity, quantum
geometry states corresponding to bounded regions of 3D
space with wuniform curvature can be described via
superpositions of ragged spin networks with boundary.
Curvature naturally builds up at the spin-network vertices
in the form of topological defects described by spin
tags, as the result of the partial tracing over nontrivial
SU(2) holonomies of the Ashtekar connection along
the network.

In the presence of a boundary, a quantum geometry
wave function generally behaves as a map encoding the
bulk information into the boundary Hilbert space. In the
proposed analysis, we generalize such a bulk-to-boundary
mapping as to include the space of bulk topological
defects, effectively described as extra (inner) boundary

degrees of freedom.” In the resulting extended boundary
state, bulk information is shared among generically
entangled boundary spins and tags: the surface and the
intrinsic curvature of the quantum space region are
entangled. Remarkably, the degree of quantum correla-
tions among boundary subregions is affected by the
presence of the bulk curvature, which plays the role of
a hidden environment for the mixed outer boundary state.

The effect of the curvature on the boundary entangle-
ment is the focus of our analysis. We model the generalized
boundary mapping on a tripartite (A, A,, B) system and
consider the reduced boundary state p, 4, obtained via a
trace over the space of tags (system B). We further
characterize the coarse viewpoint of a boundary observer
by considering a random measurement on the bulk state,
thereby ultimately dealing with a random mixed state for
the boundary.

The entanglement of the bipartite mixed boundary is
quantified via a measure of logarithmic negativity, along
the lines of the recent results in [61,69,72]. Concretely, we
restrict the analysis to a class of states characterized
by graphs colored by the same spin j on each edge and
dressed with a tag of corresponding recoupled spin J at
each vertex. We call this setting a cluster of tags. The full
computation is carried on for a simple cluster of four tags
given in Sec. VII A. By using standard replica techniques
for random tensor network, this computation is ultimately
mapped to the evaluation of the minimal action of a
classical generalized Ising-like statistical model on the
spin-network graph, in the limit of vanishing temperature
(see [61] and references therein).

As a first general result, we find that the Ising-like model
action dual to the random spin network generally splits into
two main contributions:

k k k
A<1 ) = At(op))ology + Al()h>ys (76)

(k)
topology

entanglement induced by the fopology of the spin network
(k)
phys?
twiner entanglement. The former, in particular, further
splits into two very distinct contributions,

that is a contribution A which accounts for the

graph and a second one, A encoding the bulk inter-

k)

AL oy = AL+ A

topology edges
respectively associated to the connectivity of the bulk
network (trivial topology), induced by maximally entangled
edge states, and to the presence of the tags. The last term is
therefore specific to the case of spin-network states with
topological defects.

’In fact, we can think of bulk tags as the recoupled dangling
bulk spins dual to the surface of holes cut out of a planar spin-
network graph.
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In a topologically trivial setting, as shown in [61], the
first term in (76) is associated to an area law scaling of the
entanglement of the boundary, while bulk intertwiners’
entanglement can be interpreted in analogy with [67]. We
leave the characterization of the random bulk contribution
for future work, while focusing on the nontrivial topologi-
cal contribution to the action.

Within the typical regime, the entanglement phases of
the random boundary state can be described solely in terms
of the relative dimensions of the three subsystems A, A,,
and B, via the parameter

log[dim(B)]

q=PBT/PEsw = log[dim(A;) dim(A,)]’

(77)

which expresses the ratio of bulk curvature over the
boundary surface, with Eyz = E, + E4,. Two main entan-
glement phases are separated by a critical point at ¢ = 1.
For 1-2S8/E;x < g <1, the curvature environment
mediates the entanglement of the boundary. The logarith-
mic negativity, modulo degeneracy, scales with the area of
the cluster boundary with a negative correction which
depends linearly on the number of tags. We have

island 1
EgvS]a )<pA,A2) x EﬂEaR(l -q)

= 2 1Bra + ) = Bilrsl] - (78)

with [ya | = E4, .|ya,| = Ea,, and |yp| = T, the minimal
surfaces separating the entanglement wedges relative to
each subsystem. This is a generalization of the Ryu-
Takayanagi formula for entanglement entropy for the
tripartite setting, in agreement with [61,69], and it can
be expressed as mutual information between the subsystem
Al and A2.

Finally, for ¢ < 1-28/E, when the curvature environ-
ment is much smaller than the boundary system, we tend to
a bipartite setting, and the typical logarithmic negativity
scales with the area of the surface S separating A; and A,
through the boundary. In this case, we find

EV™™ (pa,,) o . (719)

Notice that the value of S cannot be tuned in our analysis,
as the surface is fixed by the spin-network connectivity
for the given graph. However, assuming some regularity of
the graph, one can geometrically relate this value to the
bipartition of the boundary. For instance, assuming a
generic tagged graph with a large density of vertices, dual
to a three ball, we can imagine the minimal surface S to be
approximated by the intersection of the sphere and a

""Where dim(A,) = (d;)"1, dim(A,) = (d;)*, and dim(B) =
(d;)T respectively.

—T=0
—— T#0
<
S
&3
0 01 02 03 04 05 06 07 08 09 1
Ea, /Eor
FIG. 10. In red the generalized Page curve of the logarithmic

negativity for the random mixed state py, 4,. In red, how the Page
curve would appear for random pure states.

generic plane, which divides A; from A, on the boundary
of R. In this case, we can approximately set

swpiuln (30)
Eor

Therefore, we see that the island condition is favored when
the dimension of the two subsystems A; and A, is well
balanced, since S is maximized by high values of both £,
and E4, = E;r — E,,. Conversely, from the condition
q < 1-28/E 4, the bipartite regime is favored when the
two boundary subregions A; and A, are extremely asym-
metric in extension (smaller §).

In particular, we can describe the transition from the
island to the bipartite regime by using (80) in the condition

A](cbipanite) < A}(cisland[ We find
EA] > 2 EAI
) -2 (1-g) > 0. 81
<E,)R E()R ( ) ( )

Therefore, for 0 < g < 1, we can identify two critical
points between the island and the bipartition phases,

iala) =3 %3V (%2)

The behavior of the negativity is well described by the
generalized Page curve in Fig. 10. As a general feature of a
tripartite random state, we find that the degree of correla-
tion of the two boundary subregions A;, A, depends on the
degree of quantum correlations the two boundary systems
have with the curvature environment. By varying the
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relative size of the two subsystems, the logarithmic
negativity shows an initial increase and a final decrease
in analogy with the Page curve. When 7 =0 (trivial
topology), ¢j(0) =¢3(0) =1/2, and we get back the
standard Page curve [91] (no tripartition). As soon as
T # 0, we enter in the intermediate island regime, and the
negativity has a plateau. In this regime the logarithmic
negativity only depends on the size of the system and of the
environment but not on how the system is partitioned.

On the other hand, for ¢ > 1, corresponding to a large
tags environment with respect to the boundary system, the
logarithmic negativity vanishes. The boundary system is
almost fully entangled with the environment with little
quantum correlation between A; and A,. In particular, the
area law behavior is lost. This suggests that large curvature
is associated to a maximally mixed boundary state py, 4,-
Such a thermal character of the boundary state as an effect
of curvature is in strong analogy to the quantum gravity
formulation of the hoop conjecture proposed in [90], where
again the typicality of the random state, in the large spin
regime, plays a crucial role. It is worth remarking that the
entanglement phases in our model have a purely kinemati-
cal characterization, as for given generalized Ising boun-
dary conditions both spin values and graph connectivity are
fixed. Still, we can imagine a dynamic change of relative
dimensions of the extended boundary subregions as a
natural effect of the graph changing loop quantum gravity
dynamics. A dynamical characterization of an analog
tripartite setting, with a direct interpretation of the Page
curve in terms of entanglement transitions was recently
proposed in [70,92] to describe an evaporating black hole
in AdS/CFT.

If we consider that the large spin regime we have been
working in is necessarily associated with a semiclassical
limit for our quantum geometry states, then we can
tentatively interpret the formulas found for the entangle-
ment negativity in terms of areas of a bounded 3D region of
a Riemannian manifold and look for a direct relation with
its Ricci curvature. Indeed, we know that the value of the
scalar curvature R of a Riemannian n-manifold M at a
point p can be quantified by the ratio of the area of the
(n — 1)-dimensional boundary of a ball of radius ¢ in M to
that of a corresponding ball in the Euclidean space. For
small ¢, the ratio is given by [93,94]

Area(dB,(p) c M) R
Area(0B,.(0) C R") 1- @82 +0(e7). (83

Now, in the semiclassical limit, for n = 3, we can easily
associate the area of the boundary of a flat three-ball region
with the sum of the areas of the triangles dual to the open
edge spins comprising the boundary of R (no tags), that is
Area(0B,(0)) ~ PE r(¢), where Ey(€) counts the number
of boundary edges at a certain scale &, that could be
considered as the chosen coarse-graining scale of our

theory. In case of the curved three ball in M, however,
we expect this value to be modified by the presence of tags.
In particular, if we assume for simplicity

Area(0B.(p)) = PEor(€) + kpT(€) (84)

namely a correction linear in the number of tags (positive

or negative depending on the sign of the proportionality
constant k), where T'(¢) indicates the number of tags within
a given coarsegraining scale €. Under this assumption, the
ratio in (83) gives us a direct relation between the
entanglement phase parameter and the Ricci curvature:

~ R 2

gle) = e (85)
For instance, in this light, we find a nice relation between
the area scaling negativity (or mutual information) in (78)
and the geometric relation in (83). Such a relation is
consistent with the interpretation of our results and hints
toward a characterization of the curvature in purely
information theoretic terms [95].

Let us then conclude with a few further remarks. A first
remark is concerning the nongauge invariant character of
the degrees of freedom considered in our analysis. A spin
network’s tags are not different from boundary dangling
spins, whose presence indeed breaks gauge invariance at
the boundary. The entanglement we describe among
boundary spins and tags cannot be measured in terms of
gauge invariant observables; hence it is considered as
nonphysical in loop quantum gravity [96]. Nevertheless,
we expect such a topological layer of entanglement to
become essential in modeling the emergence of spacetime
connectivity as soon as we allow both edge and tag spins to
be physical at some higher energy scale, where we expect
gauge invariance to break. This perspective would require
an extension of the kinematical description of quantum
geometry in loop quantum gravity, which is in part
provided by the second quantized formalism of group field
theory [20]. Differently, one can take the present analysis as
a toy model for an ultimate description of the entanglement
structure of edge modes’ degrees of freedom at the interface
of subsystems [97-99]. In this sense, we expect the
described universal features of the interface entanglement
in the large spin regime to be general.

A final remark has to do with the interplay of intrinsic
and extrinsic geometry in loop quantum gravity. As shown
in [86,100], in loop quantum geometry states, nontrivial
Ashtekar-Barbero holonomies can be thought of alterna-
tively as intrinsic or extrinsic curvature. In particular, it is
possible to compensate the tag (closure defect) induced by
the coarse-graining by the action of a Lorentz boost.
Actually, this amounts to replacing the tag recoupling
the edge spins at the vertex with an extra virtual edge
carrying an SL(2, C) holonomy. The result is a intrinsically
flat quantum 3D geometry with a non-flat local embedding
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t  En(paa;) = S(pa,a,)

En(pa,a,) =0

FIG. 11. Milne-like [103] spacetime sliced by 3D surfaces with
hyperbolic embedding. Close to Milne’s big bang, the quantum
realization of such surfaces has vanishing negativity,
En(pa,a,) = 0. As time increases, the negativity of the 2D
cosmological horizon grows and tends toward bipartite entangle-
ment entropy, Ey(pa,4,) = S(pa,a,) at large times.

in 4D spacetime. This suggests a natural relation between
embedding and entanglement to which we shall dedicate
further investigation in future work. For instance, one could
figure the phase transition previously described, between a
maximally entangled (¢ < 1) to a maximally mixed
(g > 1) boundary state, as being described by a sequence
of quantum 3D spacelike slices with a gradient in curvature

(see Fig. 11). If we embed such slices, via boost, in the
hyperbolic space, we would get a transition from almost flat
bounded regions with a large corner surface corresponding
to a maximally entangled boundary state to highly curved
regions with a small corner surface corresponding to
maximally mixed boundary state. A similar setting then
recalls the conjectured behavior of spacetime geometry
while approaching the cosmological singularity [see, e.g.,
the Belinski-Khalatnikov—Lifshitz (BKL) conjecture
[101]]. A quantitative analysis of a similar scenario could
be directly investigated within a nonperturbative quantum
gravity setting by looking at a multipartite quantum 3D
space geometry as the boundary of a spin-foam quantum
spacetime bulk [19] (see also [102] for a different approach
to the BKL conjecture in loop quantum cosmology). We
leave this analysis for future work.
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