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We advance “latent entropy” (L entropy) as a novel measure to characterize genuine multipartite
entanglement in pure states, applicable to quantum systems with both finite and infinite degrees of freedom.
This measure, derived from an upper bound on reflected entropy, attains its maximum for three-party
Greenberger-Horne-Zeilinger states and n ¼ 4, 5-party 2-uniform states. We establish that it satisfies all
essential properties of a genuine multipartite entanglement measure, including being a pure-state
entanglement monotone. We further obtain an analog of the Page curve by analyzing the behavior of
L entropy in multiboundary wormholes, emphasizing their connection to multipartite entanglement in
random states. Specifically, for n ¼ 5, we show that random states approximate 2-uniform states, exhibiting
maximal multipartite entanglement. Extending these ideas to finite temperatures, we introduce the
multipartite thermal pure quantum state, a generalization of the thermal pure quantum state to multipartite
systems, and demonstrate that the entanglement structure in states of the multicopy Sachdev-Ye-Kitaev
model exhibits finite-temperature 2-uniform behavior.
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Introduction—Multipartite entanglement holds immense
significance for a variety of fascinating phenomena ranging
from quantum computers to black hole information loss
paradox. Most physically relevant systems naturally exhibit
multipartite entanglement, making its characterization
essential for understanding fundamental aspects of quantum
information theory. Numerous studies have shown that
multipartite entanglement can significantly enhance the
efficiency of various quantum protocols, including quantum
teleportation, quantum secret sharing, and even quantum
batteries [1–6]. Measurement-based quantum computing
(MBQC) is an entire paradigm of quantum computation that
relies on multipartite entanglement as a fundamental re-
source [7,8]. Furthermore, multipartite entanglement has
also become crucial in understanding deeper aspects of
black holes [9,10]. In this context, it becomes crucial to
characterize the multipartite entanglement present in the
quantum state.

An n-party pure state is said to possess genuine
multipartite entanglement if it cannot be factorized across
any bipartition. As shown in [11], even in the simplest
case of three qubits, there exist two inequivalent classes of
states with genuine tripartite entanglement. Their classi-
fication was based on the equivalence of the states under
local operations and classical communication (SLOCC)
with nonvanishing probability. As the number of parties
increases, the number of such inequivalent classes grows
rapidly, making the characterization of multipartite entan-
glement a highly complex problem. Note that any measure
based solely on the entanglement entropies of various
subsystems is insufficient due to the existence of isospectral
states belonging to different SLOCC classes. These states
have the same entanglement entropy values for all the
subsystems despite belonging to entirely distinct classes
and hence they demand new measures for characterizing
multipartite entanglement.
To establish a consistent framework for quantifying

genuine multipartite entanglement (GME), three fundamen-
tal axioms have been proposed that any valid measure
must satisfy [1,12]. A subsequent work introduced a weaker
supplementary criterion which, while not essential, further
refines the classification of proper GME measures from
comparing the GHZ and W states in three-party systems,
based on their relative efficiency in quantum teleportation
[13]. Several GMEquantifiers have been developed [13–20],
though most are applicable only to systems with finite
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degrees of freedom or a limited number of parties. For
example, the genuinely multipartite concurrence [17] and
the generalized geometric measure [18] apply to arbitrary
n-party states but are confined to finite-dimensional Hilbert
spaces. The concurrence fill, in contrast, was proposed as a
genuine tripartite measure [13], while its four-party analog,
the entropy fill, extends to infinite-dimensional systems
via specific combinations of entanglement entropies [20].
However, the latter remains restricted to four-party configu-
rations, lacking a straightforward generalization to arbitrary
n. Moreover, measures constructed solely from entangle-
ment entropies fail to distinguish isospectral states whose
k-party reduced density matrices possess identical eigen-
value spectra and thus yield the sameentanglement entropies,
despite belonging to distinct entanglement classes (see, for
example, the discussion in [9]).
In this Letter, we introduce a novel measure based on an

upper bound for reflected entropy, called latent entropy
(L entropy), to address the challenge of characterizing
genuine multipartite entanglement in pure states. Note that,
unlike most existing measures, our measure is applicable
not only to quantum systems with finite-dimensional
Hilbert spaces but also to systems with infinite degrees
of freedom such as quantum field theories (QFTs), con-
formal field theories (CFTs), and holographic settings.
We first establish that our measure satisfies all the

standard criteria required in quantum information theory.
For three qubits, it attains its maximum for the Greenberger-
Horne-Zeilinger (GHZ) state, identifying it as a 1-uniform
state. A k-uniform state is an n-party pure state whose all
k-party reduced density matrices are maximally mixed. It is
generally expected that bn=2c-uniform states exhibit maxi-
mal multipartite entanglement [21,22], implying that the
GHZ state carries the maximal GME among three-party
systems. This trend persists for higher n and larger Hilbert
space dimensions, where the measure peaks for 2-uniform
states. Hence, the generalizedL entropy for arbitraryn-party
pure states is expected to maximize for bn=2c-uniform
configurations [23]. Extending this notion to finite temper-
atures, we show that a multicopy Sachdev-Ye-Kitaev (SYK)
model approximates such a finite-temperature 2-uniform
state. We also evaluate our measure in a multiboundary
wormhole setup and obtain an analog of the Page curve for
genuine multipartite entanglement.
GME and reflected entropy—In this section, we briefly

review the properties that any GME measure is expected to
satisfy. We then outline the definition and relevant proper-
ties of the reflected entropy as they pertain to this Letter. As
discussed in the Introduction, an n-partite state is said to
exhibit genuine multipartite entanglement if it cannot be
factorized across any bipartition. A GME measure E is
expected to satisfy the following properties: (i) E ¼ 0 if and
only if the state is separable; (ii) E is invariant under local
unitary (LU) operations; (iii) E obeys monotonicity under
local operations and classical communication (LOCC) on
average.

Any measure satisfying the above conditions is referred
to as a GME measure. Additionally, if the measure ranks
the GHZ state higher than theW state for three parties, it is
termed a proper GME measure [13].
Let us begin with a pure multipartite state jψiABAB. The

bipartite state ρAB can be obtained from such a state by
tracing out AB

ρAB ¼ TrABðjψihψ jÞ: ð1Þ

In order to define the reflected entropy, one needs to purify
the given mixed ρAB state in a canonical way by doubling
the Hilbert space, considering A� and B� as copies of A and
B, respectively. This canonically purified state is denoted as
j ffiffiffiffiffiffiffiρAB
p iABA�B� , and the reflected entropy is defined as the
von Neumann entropy of the subsystem AA� or BB� in that
state [24]

SRðA∶BÞ ¼ SðAA�Þj ffiffiffiffiffiffiρAB
p i ¼ SðBB�Þj ffiffiffiffiffiffiρAB

p i: ð2Þ

Using the subadditivity and strong subadditivity properties
between the various subsystems A, A�, B, and B�, it can be
straightforwardly demonstrated that the reflected entropy is
bounded from above and below as follows:

IðA∶BÞ ≤ SRðA∶BÞ ≤ Minf2SðAÞ; 2SðBÞg; ð3Þ

where IðA∶BÞ ¼ SðAÞ þ SðBÞ − SðABÞ is the mutual
information between A and B. The lower bound derived
from the strong subadditivity is related to the Markov
recovery process of the tripartite state AA�B from the
bipartite state using only LOCC operations. Consequently,
the difference between the reflected entropy and its lower
bound was proposed as a measure of the tripartite entan-
glement in [25,26]. This quantity, termed the Markov gap,
has been extensively studied in recent years [27].
A new measure—In this section, we introduce a novel

measure, latent entropy (L entropy), to quantify genuine
n-partite entanglement in a pure state for n ≤ 5. Hereafter,
we restrict our discussion to n-partite states and L entropy
with n ≤ 5, unless stated otherwise. Now, we propose the
definition of n-partite L entropy for a n-party pure state
jψiA1A2···An

as

lA1A2···An
¼
�Y

i<j
lAiAj

�
2=½nðn−1Þ�

: ð4Þ

Here, the bipartite L entropy, lAi;Aj
is expressed as

lAi;Aj
¼ Minf2SðAiÞ; 2SðAjÞg − SRðAi∶ AjÞ ð5Þ

¼ MinfIðAi∶A�
i Þ; IðBj∶B�

jÞg; ð6Þ

with the indices, i ¼ 1; 2;…; n, j ¼ iþ 1; iþ 2;…; n
which considers all possible bipartitions. Following the
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upper bound of reflected entropy in Eq. (3), the bipartite
and multipartite L entropy are semipositive. For an arbi-
trary bipartition, the bound on the bipartite L entropy can
be obtained as lAiAj

≤Minf2 log½dAi
�;2 log½dAj

�; log½dAiAj
�g

where dAi
;dAj

;dAiAj
are the dimensions of the Hilbert spaces

corresponding to Ai; Aj; AiAj, respectively. Considering a
product state jψiA1A2···An

¼ jϕ1iA1
⊗ jϕ2iA2

⊗ · · ·⊗ jϕniAn
,

the entanglement entropy of each subsystem, as well as
the reflected entropies between any two subsystems, are
identically zero. Consequently, both bipartite and multipar-
tite L entropies vanish. In the case of biseparable states, at
least one of the bipartite L entropy becomes zero, leading to
a vanishing multipartite L entropy. This guarantees com-
pliance with condition (1). Note that we have only estab-
lished one direction of the condition, namely, that the L
entropy vanishes for all biseparable states. We conjecture
that it remains nonzero for any GME state and, so far, have
not encountered any counterexamples. Condition (2) can be
checked by applying LU transformations on the subsystems,
which modify the canonically purified state as��� ffiffiffiffiffiffiffiffiffiffi

ρ0AiAj

q E
¼ UAi

⊗ UAj
⊗ UA�

i
⊗ UA�

j

�� ffiffiffiffiffiffiffiffiffiffi
ρAiAj

p �
: ð7Þ

Here, UA�
i
and UA�

j
are copies of the unitaries UAi

and UAj
,

respectively. Following Eq. (6), the LU invariance of the
entanglement entropy for Ai; Aj; A�

i , and A�
j indicates that

the multipartite L entropy is invariant under LU satisfying
condition (2). Finally, condition (3) is obtained as eachlAi;Aj

is shown to be entanglement monotone and the geometric
mean of entanglement monotones also preserves monoto-
nicity [28]. See Supplemental Material [29] for the proof.
Now we consider the simplest example of a multipartite

state involving three qubits. Such a tripartite pure state
belongs to one of two distinct classes depending on the
behavior under SLOCC: the W class and the GHZ class
[11]. The W state jWi ¼ ðj001i þ j010i þ j100iÞ= ffiffiffi

3
p

and
the GHZ state jGHZi ¼ ðj000i þ j111iÞ= ffiffiffi

2
p

serve as the
most interesting representative examples of theW and GHZ
classes, respectively. Upon tracing out any one of the
constituent parties, the W state retains maximum residual
entanglement between the remaining two parties, whereas
the GHZ state renders them separable. In this context,
tripartite L entropy indicates that the GHZ state manifests
a considerably higher degree of tripartite entanglement
with lABCðjGHZiÞ ¼ 1 which is also the maximum per-
missible tripartite L entropy, compared to theW state where
lABCðjWiÞ ¼ 0.35 in log 2 units. Consequently, due to this
property, the L entropy further qualifies as a proper GME
measure complementing other measures reported in the
literature, such as the concurrence fill F123 [13] and the
GME-concurrence CGME [17], where the values are given
as F123ðjWiÞ ¼ 8

9
¼ CGMEðjWiÞ and F123ðjGHZiÞ ¼ 1 ¼

CGMEðjGHZiÞ. Interestingly, L entropy further suggests

even a lower amount of genuine tripartite entanglement in
the W state compared to the results in [13,17].
Although the definition for the multipartite L entropy in

Eq. (4) is given for pure states, it is possible to compute the
genuine n-party entanglement present in a n-party mixed
state utilizing the convex roof extension [1,30] of L entropy
where the mixed state can be written as a weighted sum of
pure states as ρA1A2···An

¼Pi pijψ iihψ ij for
P

i pi ¼ 1.
Here, the n-party L entropy is expressed as

CRlðρÞ ≔ min
Mρ

X
i

pilA1A2···An
ðjψ iiÞ; ð8Þ

where minMρ
denotes the minimization over all possible

pure state decompositions of the density matrix.
Although the definition of theL entropyhas been restricted

up to five parties in the present Letter, the construction can be
generalized to define a GMEmeasure for an arbitrary n-party
pure state [23]. See Supplemental Material for an illustrative
formulation of this generalization [29].
Random states—Here, we focus on the analysis of

multipartite entanglement for random pure states chosen
from a Haar random distribution. Utilizing the resolvent
technique, the expression for reflected entropy between two
subsystems Ai and Aj with dimensions dAi

and dAj
can be

obtained as

SRðAi∶ AjÞ≈−
X
r¼1;2

prðqÞ lnprðqÞþp2ðqÞ
 
lnd2Ai

−
d2Ai

2d2Aj

!
;

ð9Þ

where q ¼ dAi
dAj

=dAiAj
and prðqÞ are the functions of

q-Catalan number having different hypergeometric behav-
ior depending on the signature of q − 1 [31]. Consequently,
the analysis of L entropy will exhibit distinct behaviors
depending on the dimensions of the subsystems Ai, Aj

and AiAj. To investigate this property, we consider 3-party,
4-party, and 5-party systems. Note that the expression for
the reflected entropy also includes Oð1=d2Ai

Þ, Oð1=d2Aj
Þ

terms which we discard considering the dimensions of the
subsystems to be large. Consequently, the evaluation of the
L entropy will be performed under the assumption that
the dimensions of all the subsystems are all identical and
large. Furthermore, any two subsystems yield identical
bipartite entanglement, implying that the multipartite
entanglement reduces to bipartite entanglement for any
pair of subsystems. Leveraging this observation, we will
focus on the computation of bipartite L entropy for an
arbitrary pair of subsystems. First, considering the tripartite
random pure state where q > 1, the bipartite L entropy
results as
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lAiAj
¼ 1

2
þ 2 log½d� − 5

2d
þO

�
1

d2

�
; ð10Þ

in the large d limit. Note that the leading order results for
the multipartite entanglement remain independent of d and
much smaller than their maximum value log½d�, unlike the
bipartite entanglement which shows maximality. Moving to
the 4-party system, we find an interesting observation as
q ¼ 1. The bipartite L entropy can be obtained in the large
d limit as

lAiAj
¼ 2x0 log½d� þ y0 þO

�
1

d2

�
; ð11Þ

where x0 ¼ p1ð1Þ ≈ 0.720, y0 ¼ −S0ð1Þ þ p2ð1Þ=2≈
−0.453, and S0ð1Þ is the Shannon entropy

P
r¼1;2 −

prðqÞ lnprðqÞ for q ¼ 1. Interestingly, for x0 < 1, the
4-party L entropy in this phase scales as log½d�, but it
does not attain the maximum value 2 log½d�. In the
context of 5-party systems, we obtain q < 1 where the
q-Catalan number shows different behavior compared to
the 3-party and 4-party cases. Here, the bipartite L entropy
is expressed as

lAiAj
¼ 2 log½d� − 2 logðd3=4Þ þ 1

8d
þO

�
1

d2

�
ð12Þ

up to the order of Oð1=d2Þ. Interestingly, the multipartite
L entropy reaches the maximum value 2 log½d� unlike the
3-party and the 4-party cases. The bipartite L entropy
attains the same value as in Eq. (12) for a maximally mixed
state ρAiAj

¼ I=d2. This value remains consistent across all
bipartitions, corresponding to a particular class of states in
quantum information theory known as 2-uniform states
[32]. In Fig. 1, we plotted lAiAj

both analytically utilizing
Eqs. (10) to (12) and numerically using the expression in
Eq. (9). Interestingly, we observe that as the number of

parties increases, the analytical and numerical results
converge at progressively smaller values of d.
Holography—Now we delve into the computations of L

entropy to understand the characteristics of the multipartite
entanglement in the context of AdS/CFT correspondence.
The L entropy can be computed in CFTs where it yields
universal information. See Supplemental Material for a
detailed discussion [29]. However, here we will focus on
the geometric aspects of this quantity from a gravitational
point of view. In AdS/CFT correspondence, the entangle-
ment entropy and the reflected entropy are given by the area
of the bulk dual surfaces known as Ryu-Takayanagi (RT)
surface [33,34] and entanglement wedge cross section
(EWCS) [35]. Following these, the bulk dual of bipartite
L entropy for a pair of subsystems Ai and Aj at the
boundary can be expressed as the difference of the area of a
particular RT surfaces γAi

, γAj
and the EWCS for the

corresponding bipartition γ0AiAj
following Eq. (5).

lAiAj
¼

Min½AðγAi
Þ;AðγAj

Þ� −Aðγ0AiAj
Þ

2GN
: ð13Þ

We will utilize this construction for holographic bipartite L
entropy in the scenario of three-boundary wormhole
following the model in [36] where one of the boundaries
can be thought of as a black hole B and the other two as the
radiation regions R1 and R2. In this specific model, all the
boundaries together form a pure state which allows us to
use tripartite L entropy as a measure of genuine tripartite
entanglement present in the system during the black hole
evaporation. In Fig. 2(a), γR1

; γR2
, and γB are the Hubeny-

Rangamani-Takayanagi surfaces corresponding to the
two radiation regions and the black hole, respectively.
The entanglement wedge for the total radiation region
(R1 ∪ R2) is the interior bulk region of the wormhole
bounded by γR1

; γR2
, and γB. The plausible entanglement

wedge cross sectional surfaces corresponding to this wedge
geometry are γR1

; γR2
, and γ0. Furthermore, we invoke the

energy-entropy relation of the holography S ¼ 2π
ffiffiffiffiffiffiffiffiffiffiffi
cE=3

p

5 10 15 20 25 30
d0

1

2

3

4

5

6

R1 R2... Rn

FIG. 1. lA1A2···An
for three-party (green), four-party (blue), and

five-party (red) random states are plotted here with increasing
dimension d. The dotted and the solid lines correspond to the
numerical and the analytical results, respectively.

(a)

phase I IIesahp IIIesahp

0.2 0.4 0.6 0.8 1.0
q

0.2

0.4

0.6

0.8

1.0

R1 R2 B

max

(b)

FIG. 2. (a) Three-boundary wormhole with black hole B and
radiation regions R1, R2. (b) Page curve of tripartite L entropy
lR1R2B=lmax versus q ¼ ffiffiffi

2
p

AR1
=AB0

. Phases I–III correspond
to AB > AR1

þAR2
, AR1

< AB < AR1
þAR2

, and AB < AR1
,

with jR1j ¼ jR2j.
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which relates the entanglement entropies of all the boun-
daries as A2

B0
¼ A2

R1
þA2

R2
þA2

B with AB0
being the

initial horizon area of the black hole without any radiation.
Consequently, we compute the bipartite L entropy lR1R2

and the same for other bipartitions considering separate
entanglement wedge and EWCS. Combining all these
bipartite L entropy, we analyze the evolution of the
tripartite L entropy for the whole system in Fig. 2(b) with
an increasing size of the radiation region where R1 and R2

are considered to be of the same size for simplicity.
Interestingly, we observe vanishing tripartite L entropy
and thus the absence of genuine tripartite entanglement
(phase I) until the Page time when the whole radiation
region R1 ∪ R2 gets access to the island and AB ¼ AR1

þ
AR2

[36]. Subsequently, the tripartite L entropy shows a
significant increase (phase II) until a maximum value
lR1R2B ¼ lmax when SR1

¼ SR2
¼ SB. Here, the tripartite

L entropy becomes exactly equal to the entanglement
entropy of either the black hole or the radiation subsystems,
which perfectly aligns with the expected bound. However,
after obtaining this maximum value, the genuine multipar-
tite entanglement decreases (phase III) with further evapo-
ration of the black hole. Note that, in this region, the black
hole becomes smaller than the total radiation region
AB < AR1

þAR2
. Finally, the tripartite L entropy becomes

zero when the black hole evaporates completely, which
leaves the total system as a bipartite pure state R1 ∪ R2.
GME at finite temperature—To extend our multipartite

entanglement measure to finite temperatures, we employ
thermal pure quantum (TPQ) states [37], which reproduce
thermal expectation values while remaining pure. The
canonical TPQ state is defined as

jΨðβÞi≡ e−
β
2
Hjψi; ð14Þ

where H is the system Hamiltonian and jψi is a random
state, yielding

hΨβjOjΨβi
hΨβjΨβi

¼ 1

ZðβÞ trðOe−βHÞ: ð15Þ

We generalize this construction to multipartite systems by
defining the multipartite thermal pure quantum (MTPQ)
state

jΨαi≡ ⊗
n

i¼1
e−

α
2
HðkÞ jψi; ð16Þ

which we interpret as a thermal 2-uniform state, charac-
terized by factorized two-party reduced density matrices

ρAj1
Ajk

¼ ρthðβj1Þ ⊗ ρthðβjkÞ: ð17Þ

The corresponding bipartite L entropy satisfies

lAiAj
¼ 2 minðSthðβiÞ; SthðβjÞÞ: ð18Þ

MTPQ in SYK model—For the multicopy SYK model,
numerical results shown in Fig. 3 demonstrate that the
L entropy for five parties closely follows the thermal
2-uniform prediction.
Conclusion—In this Letter, we introduced a new measure

to characterize genuinemultipartite entanglement, applicable
to n ≤ 5 pure states in finite-dimensional quantum systems,
quantum field theories, and holography. We demonstrated
that ourmeasure satisfies all fundamental properties required
by quantum information theory. Notably, it attains its
maximal value for GHZ states in three-party systems and
for k ≥ 2 uniform states in four- and five-party systems. We
applied our measure to random multipartite states and found
that, to leading order in the Hilbert space dimension of
individual subsystems, five-party random states exhibit
maximal entanglement, whereas three- and four-party states
do not. Additionally, we computed our measure in a holo-
graphicCFTdual to a three-boundarywormhole, uncovering
an analog of the Page curve for multipartite entanglement.
Extending our analysis, we proposed a multipartite gener-
alization of the thermal pure quantum (TPQ) state and
evaluated our measure in such a state within a multicopy
SYK model. This revealed a thermal two-uniform behavior,
extending the concept of 2-uniform states to finite
temperatures.
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