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We define a black hole state in a spin chain by studying thermal correlators in holography. Focusing on
the Heisenberg model we investigate the thermal and complexity properties of the black hole state by
evaluating its entanglement entropy, emptiness formation probability, and Krylov complexity. The
entanglement entropy grows logarithmically with effective central charge c ≃ 5.2. We also find evidence
for thermalization at infinite temperature.
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The black hole state—At the heart of the gauge-gravity
duality lies a remarkable identification of a thermal
ensemble in field theory with a black hole in the dual
gravitational description [1]. The infall of a particle into the
black hole permits local operators to exist in isolation and
gives rise to their thermal one-point functions that thereby
serve as sensitive probes of the black-hole interior [2].
In a more refined holographic picture, particles are

replaced by strings, which in turn admit an effective
spin-chain description. The key advantage of the latter is
manifest integrability [3]. The one-point functions (in other
setups where they arise) map to overlaps of the spin-chain
boundary states and can be efficiently studied by integra-
bility methods [4,5] (see Refs. [6,7] for a review). Since
black holes are chaotic systems, we expect the integrability
to be broken in the thermal ensemble, and we will later
confirm this expectation.
The resulting boundary state nonetheless exhibits

remarkable features which we believe are of interest on
their own. Our ultimate goal is to study boundary states that
arise in AdS/CFT, but this requires extra formalism while
succinct features can be illustrated in a simpler setting of a
spin-1=2 Heisenberg model,

H ¼
XL
l¼1

ðσl · σlþ1 þ λσl · σlþ2Þ: ð1Þ

We will construct what we call the “black-hole states” in
this model using simple plausibility arguments and later
show that their direct counterparts govern thermal one-
point functions in AdS/CFT. Other approaches to defining

black-hole states based on discrete models and thermal
correlation functions can be found in [8], where the black
hole emerges from the 2D Ising model, and in [9–11] where
it occurs through a discretization of hyperbolic space.
Since the spin chain of AdS/CFT is integrable, we mostly

concentrate on the integrable case without the next-to-
nearest interactions. Nonzero λ breaks integrability, making
the model fully chaotic for λ≳ 0.5. We will use this to see
how much thermalization of the black-hole state depends
on the chaotic nature of the Hamiltonian.
The black-hole state should be a spin singlet (black holes

have no hair) and it should be sufficiently generic to reflect
black holes’ chaotic nature. In order to systematically
enumerate singlets we invoke well-known results from
the quantum-mechanical theory of valence, originally due
to Rumer [12,13].
The singlet formed by two spins is their antisymmetric

combination: εα1α2 , where αi ∈ f↑;↓g. Four spins can be
split in pairs in three possible ways, but only two of them
are linearly independent because of the identity εα1α2εα3α4 þ
εα1α4εα2α3 ¼ εα1α3εα2α4 [12] illustrated in Fig. 1(a). Rumer’s
identity can be used to eliminate crossings for any number
of spins. The noncrossing (“kreuzungslose”) pairings are
linearly independent and form a complete albeit non-
orthogonal basis [13]. The number of pairings, for L spins,
is the Catalan number CL=2, and this is precisely the
dimension of the singlet subspace for the spin chain of
length L [14].
We define the black-hole state as the sum of all non-

crossing pairings taken with equal weights. The state can be
built recursively from the relation

jBHLi¼
XL=2
n¼1

X
αβ

εαβjαi⊗ jBH2n−2i⊗ jβi⊗ jBHL−2ni; ð2Þ

as illustrated in Fig. 1(b). Catalan numbers, we mention in
passing, satisfy pictorially equivalent recursion.
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The noncrossing pairings are identical to ’t Hooft’s
planar diagrams, and the wave function of the black-hole
state can be alternatively computed from a matrix integral,

BHα1…αL ¼ lim
N→∞

Z
dΨ↑dΨ↓e−trΨ̄ΨtrΨα1…ΨαL : ð3Þ

The integration here is over two N × N Hermitian matrices
with Grassmann entries. The bar denotes Majorana con-
jugation,

Ψ̄β ¼ Ψαεαβ: ð4Þ

In the exponent therefore stands the standard action for a
zero-dimensional Majorana fermion. Integration has to be
Grassmann; bosonic matrices would be incompatible with
the cyclicity of the trace and antisymmetry of εαβ. TheWick
contractions among Ψαl produce all possible spin pairings
and in the large-N limit only planar contractions survive.
The recursion relation is simply the Schwinger-Dyson
equation of the matrix integral.
The black-hole state is manifestly SU(2)-invariant,

changes sign under cyclic permutations (has momentum
π), and covers evenly the singlet subspace of the spin chain’s
Hilbert space. In some sense it is just the familiar matrix
product state but with bond matrices drawn at random from
the Gaussian ensemble. Random matrix product states have
been introduced recently in a quite similar context [15].
The Heisenberg model is integrable, its Hamiltonian

commutes with an infinite number of extra conserved
charges starting with Q3 ¼ i

P
l σl · ½σlþ1 × σlþ2�. A

boundary state is compatible with this structure if annihi-
lated by Q3 (and higher odd charges as well) [16,17].
Integrable boundary states have remarkable mathematical
properties, in particular, their overlaps with the physical
eigenstates of the Hamiltonian can be systematically
computed by Bethe ansatz [18–20]. The black-hole state,
however, breaks integrability. It is easy to check that
Q3jBHi ≠ 0 at length six and higher. We therefore expect
that the black-hole state exhibits some chaotic features even
if the underlying Hamiltonian is completely integrable.

We will probe the black-hole state with the standard
diagnostics of quantum chaos: entanglement entropy,
Krylov complexity, and eigenvalue thermalization. For
comparison, we also consider a singlet valence-bond state
(VBS), which is known to preserve integrability [21],

VBSα1…αL ¼ εα1α2…εαL−1αL : ð5Þ

It has the same quantum numbers as the black-hole state
upon averaging over translations by one site: hVBSπj ¼
hVBSjð1 − TÞ. As we shall see it has very different entan-
glement properties and much lower Krylov complexity.
Entanglement entropy—TheVonNeumann entanglement

entropy can be defined for a state of a quantum systemwhose
Hilbert space factorizes into a tensor product,

H ¼ HA ⊗ HB: ð6Þ

If the state of the total quantum system is described by the
densitymatrixρ onH, one defines the reduced densitymatrix
corresponding to the subspace HA as

ρA ¼ TrBρ: ð7Þ

The entanglement entropy of subsystem A with respect to B
is then

SðAÞ ¼ −TrρA log ρA: ð8Þ

Even if the total system is in a pure state ρ ¼ jψihψ j,
entanglement between subsystems generates an entropy.
A simple recipe for computing the entanglement entropy

for a (normalized) spin-chain state, jψi, is to express the
state in a product basis as follows (see, e.g., Ref. [22]):

jψi ¼
X
i;j

MijjiiAjjiB; ð9Þ

where the jiiA and the jjiB constitute an orthonormal basis
of, respectively, the subspace A and the subspace B. Then it
holds that

ρA ¼ MM† ð10Þ

and

SðAÞ ¼ −
X
k

λk log λk ð11Þ

for the nonvanishing eigenvalues λk of MM†.
We will consider the entanglement entropy of a subspace

of the spin chain of length l relative to the full chain of
length L, denoted in the following as SðlÞ, for, respec-
tively, the black-hole state and the integrable valence-
bond state.

FIG. 1. (a) Rumer relation. (b) Recursion relation defining the
black-hole states.
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In a critical (gapless) system, the entanglement entropy
of the ground state can be computed by 2D conformal field
theory (CFT) methods and for periodic boundary condi-
tions is expected to behave as [23]

SðlÞ ¼ c
3
log

�
L
π
sin

πl
L

�
þ c01; ð12Þ

where c is the central charge of the CFT and c01 is a
nonuniversal numerical constant. This is in contrast to a
gapped ground state, which will have constant entangle-
ment entropy and thermal states for which the entanglement
entropy grows linearly with l [24]. The behavior in (12)
was confirmed for the ground state of the critical
Heisenberg XXX1=2 chain [25–27]. The central charge in
this case equals one: c ¼ 1.
In Fig. 2 we show the entanglement entropy SðlÞ as a

function of l for, respectively, the integrable and the black-
hole state for L ¼ 20. We remark that SðlÞ for l ¼ 1 is
always equal to log 2 for the states that we consider due to
their singlet nature. Furthermore, we notice that the
integrable two-site singlet product state has an entangle-
ment entropy that saturates at log 4 originating from the fact
that only two singlet bonds are broken when we cut out an
interval of length l. In contrast the entropy of the black-
hole state continues to grow in almost perfect agreement
with the CFT prediction (12).
In Fig. 3 we fit the entanglement entropy for the black-

hole state to the functional form of Eq. (12). The fit is
remarkably accurate and produces the following values for
c and c01:

c ¼ 5.2; c01 ¼ 0.164: ð13Þ

The physical interpretation of this result is unclear to us. We
do not know if it is meaningful to assign a CFT to a state,
and what this CFT can be.
Thermalization—One possible formulation of the eigen-

value thermalization hypothesis posits that time averages in

a sufficiently generic state thermalize [28–30],

hΨjAðtÞjΨi ¼ trρA; ρ ¼ 1

Z
e−βH: ð14Þ

The time average, in absence of accidental degeneracies,
reduces to the statistical average in the diagonal ensemble,

hΨjAðtÞjΨi ¼
X
n

jhΨjnij2hnjAjni: ð15Þ

Of course the diagonal ensemble does not literally coincide
with the grand-canonical one, but course-graining in the
infinite-volume limit converts, it is believed, one to the other
provided the initial state jΨi is sufficiently generic [31]. The
grand-canonical ensemble of an integrable model contains
infinitely many chemical potentials, one for each conserved
charge, and the eigenvalue thermalization hypothesis does
not imply such a remarkable reduction in the degrees of
freedom as for chaotic systems. Surprisingly, the black-hole
state seems to thermalize without any dependence on the
higher conserved charges, not even on the Hamiltonian
itself, and moreover this happens for integrable as well as
nonintegrable Hamiltonians.
We will compare the diagonal ensemble with the infinite-

temperature one. The density matrix of the latter is the
projector onto the singlet subspace,

ρ∞¼ 1

CL=2
Πs; Πs ¼

Z
SUð2Þ

dgg⊗…⊗ g; ð16Þ

where dg is the Haar measure on the SU(2) group manifold.
The black-hole state obviously cannot cover the whole
Hilbert space of the spin chain, having overlap only with
singlet eigenstates.
To probe the diagonal ensemble we study the emptiness

formation probability (EFP) [32],

Integrable state

Black hole
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FIG. 2. The entanglement entropy as a function of l for the
integrable and black-hole states at L ¼ 20.
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FIG. 3. The von Neumann entanglement entropy as a function
of l for the black-hole state for L ¼ 20 and the corresponding fit
to the functional form given in Eq. (12).
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PðnÞ ¼
Yn
l¼1

1þ σ3l
2

; ð17Þ

which projects n consecutive spins onto the up state. The
expectation value of EFP decays exponentially with the
length of the string: hPðnÞi ∼ e−fn with the exponent given
by the free energy density [33–35]. The latter is temperature-
dependent, making EFP an ideal probe of thermalization.
It is easy to calculate the EFP in the infinite-temperature

ensemble (16). In the parametrization g ¼ n0 þ iσini with a
unit four-vector nμ the group integrals become averages
over the round three-dimensional sphere—for instance,

trΠs ¼
1

2π2

Z
d3nð2n0ÞL ¼ CL=2; ð18Þ

reconfirming that the total number of singlets is the Catalan
number. Here, we have taken into account that tr g ¼ 2n0.
By the same token, tr gð1þ σ3Þ=2 ¼ n0 þ in3, and the
EFP in the infinite-temperature ensemble is

hPðnÞi∞ ¼ 1

2π2CL=2

Z
d3nð2n0ÞL−nðn0 þ in3Þn ð19Þ

¼ ðL − nÞ!ðL=2Þ!
L!ðL=2 − nÞ! ≃L→∞

e−fðn=LÞL ð20Þ

with

fðxÞ¼x ln2þ
�
1

2
−x

�
lnð1−2xÞ−ð1−xÞlnð1−xÞ: ð21Þ

In Fig. 4 we compare this prediction with the numerical
results for the diagonal ensemble of the black-hole state.
The agreement is reasonably good, given relatively small
length of the spin chain. Interestingly, the results do not
differ much for integrable and nonintegrable Hamiltonians:
in the lower plot we compare the models with λ ¼ 0 and
λ ¼ 1. The former is integrable while the latter is fully
chaotic by the standard level-repulsion test, nonetheless the
difference is minuscule, within the accuracy set by finite-
size effects.
Krylov complexity—Krylov complexity measures to

what extent an operator or a state explores a system’s
Hilbert space under time evolution, i.e., when repeatedly
acted upon by the Hamiltonian [36,37]. An extensive recent
review of the virtues and applicability of the concept can be
found in [38,39]. The Krylov complexity of a state, also
known as the spread complexity, depends both on the
Hamiltonian and on the state itself [39–45]. We will be
interested in studying the Krylov complexity of the black-
hole state (2). For comparison we also calculated the
Krylov complexity of the integrable valence-bond state
(5). Krylov complexity of coherent states of relevance for
the semiclassical limit of AdS/CFT integrable models was

discussed in [46]. Furthermore, holographic Krylov com-
plexity was argued to be directly extractable from string
motion in anti–de Sitter [47].
Starting from a given state jψ0i one defines the Krylov

space of order K as the space spanned by the states
fjΨ0i; HjΨ0i; H2jΨ0i;…; HK−1jΨ0ig. Using the Lanczos
algorithm one builds from this set an orthonormal basis
fjψ0i; jψ1i;…; jψK−1ig, and in the same process generates
an expression for the Hamiltonian, in terms of Lanczos
coefficients,

H ¼

0
BBBBBBBBBBB@

a0 b1
b1 a1 b2

b2 a2 b3

b3 a3
. .
.

. .
. . .

.
bK−1

bK−1 aK−1

1
CCCCCCCCCCCA

: ð22Þ

Subsequently one studies the time evolution of jψ0i in this
new basis,

FIG. 4. The emptiness formation probability in the diagonal
ensemble with Boltzmann weights hBHjni2, compared to the
statistical average at infinite temperature: the solid line is (21).
The upper plot is for the Heisenberg Hamiltonian, λ ¼ 0 in (1). In
the lower plot the Heisenberg model is compared to a non-
integrable case with λ ¼ 1 for the spin chain of length 16.
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jψðtÞi ¼
XK−1
n¼0

ψnðtÞjψni; jψð0Þi ¼ jψ0i: ð23Þ

The Schrödinger equation for jψðtÞi amounts to the
following set of coupled differential equations for the
functions ψnðtÞ:

i
∂

∂t
ψnðtÞ ¼ bnψn−1ðtÞ þ anψnðtÞ þ bnþ1ψnþ1ðtÞ; ð24Þ

with the understanding that ψ−1ðtÞ ¼ ψKðtÞ ¼ 0 and with
the initial condition

ψnðtÞjt¼0 ¼ δn;0: ð25Þ

Introducing a Krylov space position operator n̂ as

n̂ ¼
XK−1
n¼1

jψnihψnj; ð26Þ

the Krylov complexity (or the spread complexity) of the
initial state is defined as

CKðtÞ ¼ hψðtÞjn̂jψðtÞi ¼
XK−1
n¼0

njψnðtÞj2: ð27Þ

A more elaborate version can be found in [37]. Time
averaging is often invoked to get rid of short-scale
oscillations,

CKðtÞ ¼
Z

t

0

CKðsÞds=t: ð28Þ

In Fig. 5 we show the time averaged Krylov complexity of
the black-hole state compared to that of the integrable two-
site singlet, for L ¼ 16. We remark that the part of the spin-
chain Hilbert space available for the black-hole state
amounts to 69 parity even states out of the 1430 states
with noncrossing pairings for L ¼ 16. While the limitation
on the available Hilbert space does not allow us to make
strong conclusions and calls for more investigations, we do
observe that the complexity of the black-hole state grows
more rapidly and saturates and has a higher value compared
to the integrable state. The oscillations, not shown in the
plot, are also more pronounced for the integrable state.
Thermal one-point functions—We finally return to our

original motivation of studying thermal one-point functions
in AdS/CFT. We consider the full set of scalar operators in
the N ¼ 4 super-Yang-Mills theory,

O ¼ Ψi1…iL trΦi1…ΦiL ; ð29Þ

where i1;…; iL ∈ f1;…; 6g. The one-loop dilatation oper-
ator acting on these states can be identified with the

Hamiltonian of an SO(6) spin chain: H ¼ P
l hl;lþ1 with

h ¼ 2 − 2Pþ K, where P and K are the permutation and
trace operators [3], and this Hamiltonian is integrable.
To compute the one-point functions in the thermal

ensemble, to the leading order in perturbation theory, we
need to contract identical fields pairwise with the thermal
propagator

DβðxÞ ¼
1

4π2
Xþ∞

n¼−∞

1

ðtþ nβÞ2 þ x2
; ð30Þ

evaluated at coincident points. Thermal effects are encoded
in the difference Dβ −D∞, which results in omitting the
n ¼ 0 term. Each bubble then contributes

1

4π2
X
n≠0

1

n2β2
¼ 1

12β2
: ð31Þ

The full planar contribution to the one-point function is
accounted for by the following spin-chain overlap:

hOi ¼ 1ffiffiffiffi
L

p
�
πTffiffiffi
3

p
�

L hBHjΨi
hΨjΨi12 ; ð32Þ

where the prefactor accounts for the unit normalization of
the two-point function. The boundary state is the direct
counterpart of the black-hole state that we have studied in
the Heisenberg model,

BHi1…iL ¼ lim
N→∞

Z
dϕie−trϕ

iϕi
trϕi1…ϕiL : ð33Þ

The integration here is over six Hermitian N × N matrices
with the usual numerical entries. The state can be also
constructed from a recursion relation,

jBHLi¼
XL=2
n¼1

X6
i¼1

jii⊗ jBH2n−2i⊗ jii⊗ jBHL−2ni: ð34Þ

Black Hole

Integrable State

0 2 4 6 8 10
0
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10
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FIG. 5. The time averaged Krylov complexity for, respectively,
the integrable and the black-hole state for L ¼ 16.
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This state shares many features with its SU(2) counterpart.
In particular, it breaks integrability: one can check that
Q3jBHi ≠ 0 for Q3 ¼ i

P
l½hl;lþ1; hlþ1;lþ2�. In contradis-

tinction to the Heisenberg model, the planar contractions do
not constitute a full basis of singlets for the SO(6) spin
chain, as the Rumer identity does not hold for SO(6) spins.
Conclusion—We have introduced the concept of a black-

hole state in a quantum spin chain motivated by thermal
correlators in holography. As an initial step we concen-
trated on the black-hole states in the Heisenberg spin chain
and provided evidence that they thermalize at infinite
temperature. In addition, we demonstrated that their entan-
glement entropy grows logarithmically with length as is
typical for critical, gapless systems. It would be important
to develop a systematic explanation for this observation.
The black-hole state that arises directly from thermal

correlators in holography is also not integrable. We leave a
comprehensive investigation of its thermal and complexity
properties to future work. Besides giving information about
the infall of a particle into the black hole [2] and thermal
phase transitions [1], thermal one-point functions have an
important role to play as input to the thermal bootstrap
program [48–50], not least in relation to the investigation of
two-point correlators as probes sensitive to the internal
structure of the space-time singularity [51–53].
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Bethe States, J. Phys. A 47, 145003 (2014).

[19] T. Gombor, Exact overlaps for all integrable two-site
boundary states of glðNÞ symmetric spin chains, J. High
Energy Phys. 05 (2024) 194.

[20] T. Gombor, Exact overlaps for all integrable matrix product
states of rational spin chains, Phys. Rev. Lett. 135, 150402
(2025).

[21] B. Pozsgay, Overlaps with arbitrary two-site states in the
XXZ spin chain, J. Stat. Mech. (2018) 053103.

[22] M. A. Nielsen and I. L. Chuang, Quantum Computation and
Quantum Information (Cambridge University Press, Cam-
bridge, England, 2012).

[23] P. Calabrese and J. L. Cardy, Entanglement entropy and
quantum field theory, J. Stat. Mech. (2004) P06002.

[24] N. Laflorencie, Quantum entanglement in condensed matter
systems, Phys. Rep. 643, 1 (2016).

[25] J. I. Latorre, E. Rico, andG.Vidal, Ground state entanglement
in quantum spin chains, Quantum Inf. Comput. 4, 48 (2004).

[26] V. Korepin, Universality of entropy scaling in one dimen-
sional gapless models, Phys. Rev. Lett. 92, 096402 (2004).

[27] I. Affleck, Universal term in the free energy at a critical
point and the conformal anomaly, Phys. Rev. Lett. 56, 746
(1986).

PHYSICAL REVIEW LETTERS 137, 021602 (2026)

021602-6

https://doi.org/10.4310/ATMP.1998.v2.n3.a3
https://doi.org/10.4310/ATMP.1998.v2.n3.a3
https://doi.org/10.1007/JHEP03(2021)131
https://doi.org/10.1007/JHEP03(2021)131
https://doi.org/10.1088/1126-6708/2003/03/013
https://doi.org/10.1007/JHEP08(2015)098
https://doi.org/10.1007/JHEP08(2015)098
https://doi.org/10.1007/JHEP02(2016)052
https://arXiv.org/abs/2401.17144
https://arXiv.org/abs/2501.11985
https://doi.org/10.1103/PhysRevD.111.106016
https://doi.org/10.21468/SciPostPhys.13.5.103
https://doi.org/10.21468/SciPostPhys.13.5.103
https://doi.org/10.1007/JHEP02(2025)142
https://doi.org/10.1103/PhysRevLett.133.061603
https://doi.org/10.1103/PhysRevLett.133.061603
https://arXiv.org/abs/2512.11966
https://doi.org/10.1142/S0217751X94001552
https://doi.org/10.1142/S0217751X94002430
https://doi.org/10.1142/S0217751X94002430
https://doi.org/10.1016/j.nuclphysb.2017.10.012
https://doi.org/10.1088/1751-8113/47/14/145003
https://doi.org/10.1007/JHEP05(2024)194
https://doi.org/10.1007/JHEP05(2024)194
https://doi.org/10.1103/4vy2-8cnk
https://doi.org/10.1103/4vy2-8cnk
https://doi.org/10.1088/1742-5468/aabbe1
https://doi.org/10.1088/1742-5468/2004/06/P06002
https://doi.org/10.1016/j.physrep.2016.06.008
https://doi.org/10.26421/QIC4.1-4
https://doi.org/10.1103/PhysRevLett.92.096402
https://doi.org/10.1103/PhysRevLett.56.746
https://doi.org/10.1103/PhysRevLett.56.746


[28] M. Rigol and M. Srednicki, Alternatives to eigenstate
thermalization, Phys. Rev. Lett. 108, 110601 (2012).

[29] L. D’Alessio, Y. Kafri, A. Polkovnikov, and M. Rigol, From
quantum chaos and eigenstate thermalization to statistical
mechanics and thermodynamics, Adv. Phys. 65, 239 (2016).

[30] M. Alishahiha and M. J. Vasli, Eigenstate thermalization
hypothesis: A short review, arXiv:2501.07243.

[31] M. Rigol, V. Dunjko, and M. Olshanii, Thermalization and
its mechanism for generic isolated quantum systems, Nature
(London) 452, 854 (2008).

[32] V. E. Korepin, A. G. Izergin, F. H. L. Essler, and D. B.
Uglov, Correlation function of the spin 1=2 XXX anti-
ferromagnet, Phys. Lett. A 190, 182 (1994).

[33] H. E. Boos and V. E. Korepin, Quantum spin chains and
Riemann zeta function with odd arguments, J. Phys. A 34,
5311 (2001).

[34] H. E. Boos, V. E. Korepin, Y. Nishiyama, and M. Shiroishi,
Quantum correlations and number theory, J. Phys. A 35,
4443 (2002).

[35] A. G. Abanov and V. E. Korepin, On the probability of
ferromagnetic strings in antiferromagnetic spin chains,
Nucl. Phys. B 647, 565 (2002).

[36] D. E. Parker, X. Cao, A. Avdoshkin, T. Scaffidi, and E.
Altman, A universal operator growth hypothesis, Phys. Rev.
X 9, 041017 (2019).

[37] V. Balasubramanian, P. Caputa, J. M. Magan, and Q. Wu,
Quantum chaos and the complexity of spread of states,
Phys. Rev. D 106, 046007 (2022).

[38] P. Nandy, A. S. Matsoukas-Roubeas, P. Martínez-Azcona,
A. Dymarsky, and A. del Campo, Quantum dynamics in
Krylov space: Methods and applications, Phys. Rep. 1125–
1128, 1 (2025).

[39] E. Rabinovici, A. Sánchez-Garrido, R. Shir, and J. Sonner,
Krylov complexity, arXiv:2507.06286.

[40] E. Rabinovici, A. Sánchez-Garrido, R. Shir, and J. Sonner,
Krylov complexity from integrability to chaos, J. High
Energy Phys. 07 (2022) 151.

[41] A. Avdoshkin, A. Dymarsky, and M. Smolkin, Krylov
complexity in quantum field theory, and beyond, J. High
Energy Phys. 06 (2024) 066.

[42] G. F. Scialchi, A. J. Roncaglia, and D. A. Wisniacki, Inte-
grability-to-chaos transition through the Krylov approach
for state evolution, Phys. Rev. E 109, 054209 (2024).

[43] B. Craps, O. Evnin, and G. Pascuzzi, Multiseed Krylov
complexity, Phys. Rev. Lett. 134, 050402 (2025).

[44] J. Erdmenger, S.-K. Jian, and Z.-Y. Xian, Universal chaotic
dynamics from Krylov space, J. High Energy Phys. 08
(2023) 176.

[45] V. Balasubramanian, P. Caputa, and J. Simón, Variations on
a theme of Krylov, J. High Energy Phys. 04 (2026) 172.

[46] R. N. Das, S. Demulder, J. Erdmenger, and C. Northe,
Spread complexity for the planar limit of holography, J.
High Energy Phys. 06 (2025) 166.

[47] A. Fatemiabhari, H. Nastase, and D. Roychowdhury, Holo-
graphic Krylov complexity in N ¼ 4 SYM, Phys. Rev. D
113, 106033 (2026).

[48] J. Barrat, D. N. Bozkurt, E. Marchetto, A. Miscioscia, and E.
Pomoni, Analytic thermal bootstrap meets holography, J.
High Energy Phys. 05 (2026) 180.

[49] K. Alkalaev and S. Mandrygin, One-point thermal con-
formal blocks from four-point conformal integrals, J. High
Energy Phys. 10 (2024) 241.

[50] I. Buric, F. Russo, V. Schomerus, and A. Vichi, Thermal
one-point functions and their partial wave decomposition, J.
High Energy Phys. 12 (2024) 021.

[51] N. Čeplak, H. Liu, A. Parnachev, and S. Valach, Black
hole singularity from OPE, J. High Energy Phys. 10
(2024) 105.

[52] N. Čeplak, H. Liu, A. Parnachev, and S. Valach, Fooling the
censor: Going beyond inner horizons with the OPE, J. High
Energy Phys. 05 (2026) 001.

[53] I. Burić, I. Gusev, and A. Parnachev, Holographic
correlators from thermal bootstrap, J. High Energy Phys.
05 (2026) 059.

PHYSICAL REVIEW LETTERS 137, 021602 (2026)

021602-7

https://doi.org/10.1103/PhysRevLett.108.110601
https://doi.org/10.1080/00018732.2016.1198134
https://arXiv.org/abs/2501.07243
https://doi.org/10.1038/nature06838
https://doi.org/10.1038/nature06838
https://doi.org/10.1016/0375-9601(94)90074-4
https://doi.org/10.1088/0305-4470/34/26/301
https://doi.org/10.1088/0305-4470/34/26/301
https://doi.org/10.1088/0305-4470/35/20/305
https://doi.org/10.1088/0305-4470/35/20/305
https://doi.org/10.1016/S0550-3213(02)00899-4
https://doi.org/10.1103/PhysRevX.9.041017
https://doi.org/10.1103/PhysRevX.9.041017
https://doi.org/10.1103/PhysRevD.106.046007
https://doi.org/10.1016/j.physrep.2025.05.001
https://doi.org/10.1016/j.physrep.2025.05.001
https://arXiv.org/abs/2507.06286
https://doi.org/10.1007/JHEP07(2022)151
https://doi.org/10.1007/JHEP07(2022)151
https://doi.org/10.1007/JHEP06(2024)066
https://doi.org/10.1007/JHEP06(2024)066
https://doi.org/10.1103/PhysRevE.109.054209
https://doi.org/10.1103/PhysRevLett.134.050402
https://doi.org/10.1007/JHEP08(2023)176
https://doi.org/10.1007/JHEP08(2023)176
https://doi.org/10.1007/JHEP04(2026)172
https://doi.org/10.1007/JHEP06(2025)166
https://doi.org/10.1007/JHEP06(2025)166
https://doi.org/10.1103/6999-p31b
https://doi.org/10.1103/6999-p31b
https://doi.org/10.1007/JHEP05(2026)180
https://doi.org/10.1007/JHEP05(2026)180
https://doi.org/10.1007/JHEP10(2024)241
https://doi.org/10.1007/JHEP10(2024)241
https://doi.org/10.1007/JHEP12(2024)021
https://doi.org/10.1007/JHEP12(2024)021
https://doi.org/10.1007/JHEP10(2024)105
https://doi.org/10.1007/JHEP10(2024)105
https://doi.org/10.1007/JHEP05(2026)001
https://doi.org/10.1007/JHEP05(2026)001
https://doi.org/10.1007/JHEP05(2026)059
https://doi.org/10.1007/JHEP05(2026)059

	Black Hole States in Quantum Spin Chains
	The black hole state
	Entanglement entropy
	Thermalization
	Krylov complexity
	Thermal one-point functions
	Conclusion
	Acknowledgments
	Data availability
	References


