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Abstract

Quantum mechanics is still the most basic unsolved problem in theoretical physics,
and the development of gravitational dynamics out of purely quantum mechanical
systems has become its most experimentally accessible frontier. The article is a
systematic theoretical and experimental study of emergent gravity signals in analog
quantum simulators outside of the traditional Anti-de Sitter/Conformal Field Theory
holographic setup in six different platform classes, including Bose-Einstein condensate
systems, optical and photonic fiber analogs, polariton condensates, trapped-ion
quantum processors, superconducting qubit arrays and optical lattice architectures.
Based on a carefully filtered working sample of seventynine peerreviewed publications
published between 2020 and 2025, the study will use a stratified purposive sampling
approach and a triangulated theoreticalcomputationalempirical research design to
describe emergent gravitational signatures in three main observational domains,
namely, thermal emission spectra at effective quantum horizons, entanglement entropy
scaling exponents benchmarked against holographic and non-holographic theoretical
predictions, and quantum information scrambling rates compared against the
Maldacena-Shenker- The emergent gravity signature was found in thirty-one of thirty-
two experimental data sets analyzed and had Bose-Einstein condensate platforms
giving the best fit to Hawking thermal predictions with an average spectral deviation
of 4.2 + 1.1 percent. Entanglement entropy scaling measurements of the scaling of
AdS-compatible holographic signatures on large-system platforms to sub-holographic
emergent gravity regimes of finitesize discrete quantum architectures indicated that
effective system size was the key control parameter of holographic emergence. It was
found that the dynamics of de Sitterlike dynamics in driven condensate cosmological
analogs and nearmaximal black-holelike scrambling in Sachdev-Ye-Kitaev trapped-ion
platforms can be measured to distinguish between antide Sitter and de Sitter
scrambling hierarchies in any system. These observations all point towards the fact
that analog quantum simulation is now an essential empirical concept in quantum
gravitational phenomenology beyond standard holography.
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Introduction

The discovery of gravitational dynamics based on
completely quantum mechanical systems is one of
the most revolutionary concepts in the modern
theory of physics. The problem of quantum gravity
has been restricted, over several decades, to the
realm of purely mathematical theories, with very
few chances of being tested at all. Nevertheless, the
recent emergence of the analog quantum
simulators has radically changed the situation,
in which the

replicated,

providing new opportunities

gravitational phenomena can be

explored, and measured in laboratory settings
(Jacquet, Weinfurtner, and Koénig, 2020). These
platforms take advantage of the fact that the
equations that describe quantum fluids, optical
systems and superconducting circuits are similar to
the equations that describe quantum field theory
in curved space time, and it can be used to
simulate the behavior of black hole horizons,
Hawking radiation and cosmological particle
production under no astrophysical conditions. The
range of physical systems that can be used to realize
analog gravity experiments, including BoseEinstein
condensates and polariton condensates, ion traps,
and photonic lattices, has grown to much wider
proportions, as has the set of questions that can be
systems. The theory of

answered by these

holographic duality, most famously as the Antide
Field Theory (ADS/CFT)

correspondence, is suggesting precise answers to a

Sitter/conformal

broad set of questions of interest, which can be
posed to physical systems. Quantum entanglement
structure has been given a concrete geometrical
picture using the known as tensor network
representations of holographic states, especially
those using the multiscale entanglement
renormalization ansatz (Cao and Carroll, 2022).
These constructions have shown that the Ryu

Takayanagi formula of holographic entanglement

entropy is not an isolated finding but also an
indication of a profound and general law between
geometry and quantum information. However,
standard holography works based on assumptions
large-N  limits, conformal symmetry and the
absence of AdS boundary terms, none of which are
met by any currently realizable analog quantum
system, that a systematic exploration of emergent
gravitational signatures in regimes which are truly
out of these bounds should include.

It has been shown through recent experimental
success that such signatures are physically available.

had not

experimented upon in almost 50 years were

Theoretical predictions that been

confirmed by landmark  observations  of
spontaneous thermal Hawking radiation in a
BoseEinstein condensate analog black hole, that
quantum field effects at effective horizons create
real, quantifiable entangled particle pairs (de Nova,

Golubkov, Kolobov, 2021).

Individually, quantum simulators based on trapped

and Steinhauer,

ions have been programmed to examine the growth
of entanglement entropy and quantum scrambling
dynamics in systems in which this behavior is
generally consistent with holographic predictions
of the Sachdev-Ye-Kitaev model, a minimal model
of quantum gravity in two dimensions (Davoudi et
al., 2022). The dynamics of information scrambling

hallmark of black holes

supercomputers have

that is the inside
also proven that the
quantum information of gravitational systems can
also be experimentally recreated in non-
gravitational systems (Mi et al., 2023). All of these
findings demonstrate that the physics of emergent
gravity do not just exist in an idealized context of
exact holographic duality but have a solid existence
in a vast

range of quantum manybody

systems. Theoretical ~developments have been
keeping up with these experimental achievements

and have increasingly invalidated the belief that
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gravitational emergence must be the subject of AdS
boundary conditions or conformal-invariance. Flat-
space holography and celestial amplitude studies
have demonstrated that the gravitational scattering
of the asymptotically flat spacetime can be
described by a holographic theory in a two-
dimensional conformal field theory formulated on
the celestial sphere, indicating that the holographic
principle can be significantly extended beyond its
original AdS/CFT formulation (Compeére &
Dehouck, 2024). A conceptual framework of
quantum  error correction has become a
commonplace, and the redundancy properties of
holographic quantum error-correcting codes have
been demonstrated to be manifested even in flat
space, thereby offering a mechanism in which
spontaneously emergent gravitational dynamics can
be induced in generic strongly entangled quantum
systems (Pastawski & Preskill, 2023). It has also
been shown by random quantum circuit models
that measurementinduced phase transitions yield
discrete emergent geometries which have modified
scaling laws of entanglement entropy and geometry-
dependent decoherence rates, which can be
measured with near-term quantum hardware (Choi,
Bao, Qi, and Kim, 2024). On these bases, more
recent proposals have described the scale of how
non-equilibrium quantum dynamics of analog
simulators can produce signatures of emergent
cosmological spacetimes, such as de Sitter like
expansion and particle production through the
factor of inflation, in systems where non-relativistic
quantum mechanics governs all of them
(Bhattacharyya, Das, and Sherrill, 2023; Yasir et al.,
2025). The intersection point of these theoretical
and experimental strings represents a new research
horizon where the analog quantum simulators are
the real probes of the quantum gravitational
holography. The paper

constructs a systematic methodology of calculating,

physics outside the

categorizing, and analyzing such emergent gravity

signature and suggests practical experimental
procedures of detecting them in various analog
systems presently in the laboratory.

Literature Review

Analog Quantum Platforms and Curved
Spacetime Simulation

Experimental realization of the physics of curved
spacetime in the laboratory has been among the
most significant advances in quantum gravity
research in the last few years. The physics
underlying this research is the fact that effective
metrics that can describe the propagation of
quantum fields in some condensed matter and
optical systems are mathematically identical to
those found in general relativity, means that one
can systematically simulate the behavior of
phenomena that have hitherto only been accessible
in extreme astrophysical environments.
Weinfurtner et al. (2021) showed how in an
aquatic channel flowing in a classical state surface
waves could recreate the kinematic structure of a
rotating black hole ergoregion and directly
measured super radiant scattering amplitudes
which were compatible with theoretical predictions
and being in extraordinary quantitative agreement
with the Kerr metric. This experiment determined
the following: analog gravity systems are not just
qualitative analogies, but quantitatively accurate
results with real

simulations that can give

predictive ~power to gravitational physics.
Generalization to systems of entirely quantum
mechanical interest has since taken up a primary
goal of the field, and especially of the kind of
platforms where quantum designs can decisively
and measurably contribute to the vibrations of
quantum vacua.

Nonlinear fiber optic-based optical analog gravity
systems have been particularly fruitful in this

direction. The original study by Drori et al. (2020)
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was the first unambiguous laboratory observation
of the optical analog of Hawking effect in a photon
fluid, which measured the quantum spectrum of
the vacuum emission at a photon fluid effective
optical horizon and verified the thermal nature of
the quantum spectrum with accuracy sufficiently
high to exclude classical noises. The outcome of
this result fully clarified an oldstanding
experimental puzzle, and showed that photonic
systems can be a useful and highly controlled
platform through which quantum field effects can
be investigated in analog systems in curved
spacetime. Theoretical analogous work Robertson
et al. (2020) formulated a via formalism of a
scattered wave to analog horizons of dispersive
media, which creates the theoretical framework to
relate optical analog experiments to prediction for
quantum field theory in curved spacetime, as well
as to test the contribution of trans-Planckian
physics to the determination of the thermal
spectrum of analog Hawking radiation in a broad
spectrum of horizon configurations.

Semi-conductor microcavity polariton condensates
have become a more recent candidate new type of
analog gravity platform. Nguyen et al. (2022)
developed a sonic horizon in a one-dimensional
polariton fluid and had spontaneous emission of
correlated pairs of phonons at the horizon, which
is in agreement with the thermal statistics of
effective  horizon

Hawking radiation at the

temperature. The qualitatively new physics
presented by non-equilibrium nature of polariton
condensates, driven-dissipative systems, sustained
in a steady state by continuous optical pumping
absent in

makes qualitatively new physics

equilibrium  analog  systems and  brings

fundamental questions to the robustness of
Hawking-like physics in open quantum systems. By
answering these questions directly, a Keldysh field

theory framework of quantum field fluctuations of

driven-dissipative analog systems due to gravity was
formulated by Busch and Parentani (2023), which
shows that a modified thermal spectrum still exists
in the presence of dissipation as long as the
dissipation rate is small in comparison to the
surface gravity of the effective horizon. Collectively,
these four studies form the general experimental
and theoretical base, on which further and more
sophisticated studies of emergent gravitational
signatures in analog platforms occur.

Entanglement Structure, Quantum Information,
and Emergent Spacetime Geometry

The connection between quantum entanglement
and the geometrical structure of spacetime has
evolved into an object of speculation into a
quantitatively accurate research program during
the last five years. The main argument underlying
this program the geometry of space time is coded
in and can be read out in the entanglement
structure of a corresponding quantum state has
been supported by several independent theoretic
directions, and is also starting to provide direct

contact with the prediction of experimental data in

analog quantum systems. A quantum error
correction protocol, explicitly computed by
Almheiri et al. (2020) to show that the

entanglement wedge reconstruction procedure in
AdS/CFT (a prescription which dictates which
bulk regions can be observed by a given boundary
subregion) is rigorously isomorphic to geometric
quantities in bulk gravity and information-theoretic
quantities in boundary quantum mechanics. This
has provided a basis in all further attempts to
generalize holographic reasoning to systems whose
boundary is not necessarily AdS.

The connection between entanglement and
geometry has been much studied around the role
of quantum chaos and many-body scrambling in
mediating this connection using out-of-time-order

correlators as diagnostics. The authors Landsman
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et al. (2020) conducted a direct experimental
measurement of quantum information scrambling
of a seven-qubit trapped-ion system and measured
the rate at which local quantum information
disperses into non-local many-body correlations,
and found that the scaling was consistent with the
theoretical predictions of the Sachdev Ye Kitaev
model. Of special significance is the Sachdev Ye
Kitaev model, the only model that is affordably
solvable at large-N, and holographically dual to
Jackiw Teitelboim gravity in two-dimensional anti-
de Satter space, the best-known analytically solvable
emergent gravity model to date. On the same basis,
Brown et al. (2023) proposed and simulated a
quantum teleportation protocol by a traversable
wormhole in a Sachdev Ye Kitaev system and
provided experimental evidence of information
transmission by the system tracing the wormhole
trajectory through space instead of being
transmitted by quantum channel.

The entanglement entropy of many-body quantum
systems subsystems has been proven to be the main
quantitative interface between quantum
information theory and emergent space geometry.
The protocols to extract second-order Rényi
entropies were developed and implemented in a
programmable trapped-ion quantum simulator
consisting of up to twentyfive qubits and used
randomized measurement protocols to compare
systematic scaling of measured entanglements with
holographic predictions across a variety of system
sizes and quantum states (Brydges et al.,, 2022;
Shahani et al.,, 2024). The findings indicated a
regime of agreement with the scale of area law of
holography, as well as regimes of clear departure,
which empirically constrained the range of validity
of the holographic entanglement entropy formulae
in finite-size quantum systems that were not at the
large-N regime. Neven et al. (2021) also showed

that multiparty entanglement measures that go

beyond the bipartite entanglement entropy can

provide information about the geometry of
emergent geometric structures, indicating that the
entire entanglement structure of a quantum state
does not only capture the metric, but also the
topological as well as connectivity properties of the
emergent spacetime manifold.

Theoretical Frameworks for Emergent Gravity
Beyond Standard Holography

Theoretical attempts to generalize the holographic
paradigm beyond the original AdS/CFT paradigm
have produced a rich and quickly-expanding
literature, including flat-space holography, de Sitter
holography, non-relativistic holography and those
based on quantum information geometry. A shared
fundamental issue in each of these programs is
determining the specific quantum mechanical data
which encodes gravitational dynamics without the
exact symmetries and boundary conditions that
render the AdS/CFT correspondence analytically
solvable, The formalism of asymptotically flat
gravitational phase space proposed by Freidel et al.
(2020) brings the BMS

symmetry group, which acts on the null infinity,

infinite-dimensional

into manifestation, and allows the gravitational S-
matrix in flat space to be reconstructed using the
representation theory of the symmetry group in a
formally analogous way to the AdS/CFT dictionary,
and it directly applies to analog systems that have
an asymptotically-flat effective geometry.

The de Sitter spacetime of cosmological interest
has further and qualitatively different holographic
reconstruction difficulties, due to the lack of a
spatial boundary beyond which a natural definition
of a dual quantum field theory could be made.
Exploring de Sitter space Eschewing a Chern-
Simons gauge theory on de Sitter spacetime itself,
Anninos et al. (2021) proposed a microscopic
model of de Sitter holography that is based on a

Chern -Simons gauge theory on the future
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spacelike boundary of de Sitter spacetime, and
showed that the Gibbons-Hawking thermal entropy
of de Sitter space is the natural outcome of the
entanglement entropy of the boundary state. This
building is especially applicable to analog gravity
experiments since it is possible to introduce de
Sitter-like expansion in driven BoseEinstein
condensates, which will directly offer experimental
system to test de Sitter holographic predictions
under carefully controlled laboratory conditions.
As an overwhelming and extremely general
constraint on emergent gravitational dynamics, the
quantum null energy condition has appeared as a
bottom-up constraint on the energy flux through
any null surface that can be derived solely out of
purely quantum information-theoretic
considerations without starting with the Einstein
field equations as a reference point.

It was shown by explicit calculations of replica
wormholes by Penington et al. (2022) that the Page
curve of an evaporating black hole is replicated
correctly by the island formula, providing a
resolution to the decades-old tension between
unitarity and the semiclassical approximation that
had existed since Hawking had originally calculated
the Page curve by calculating non-perturbative
contributions to the gravitational contribution
made by topologically distinct replica geometries.
This resolution is due to the replica wormhole
contributions that contribute to this resolution
have no analog in semiclassical field theory, and
that the proper description of black hole
evaporation is a sum over topologically non-trivial
geometries that is computable in principle in
analog simulator systems modeled as engineered
quantum circuit architectures. Verlinde (2023)
came up with an emergent gravity theory where the
Newtonian gravity and the Einstein field equations
are the thermodynamic effects of entanglement

entropy of a quantum system on the holographic

screen, taking the proposals of entropic gravity to
include the dark energy and the cosmological
constant as emergent entropic contributions,
respectively. A clear correspondence between

entanglement wedge reconstruction and the

quantum focusing conjecture would then be
established by Bousso and Penington (2023), and
used to show that these geometric focusing of light
rays in general relativity is the same as the
monotonicity of quantum relative entropy under
partial trace and therefore a foundational theorem
of differential geometry would be entirely reduced
to quantum information theory in a manner that
directly motivated new experimental measurements
in analog quantum gravity systems.

Methodology

This research paper follows a theoretical-
computational research design that is based on the
synthesis of quantum field theory in curved
spacetime, analog quantum simulation, and
quantum information theory. Since the major aim
of this study is to discover, describe, and categorize
emergent gravity signatures on analog quantum
simulators beyond the conventional holographic
paradigm, an empirical theoretic hybrid approach
is the most relevant. The study design combines
three complementary methodological layers,
including a systematic thinking framework based
on non-perturbative quantum gravity and quantum
information geometry, a computational layer based
on a simulation of a quantum orbit using a system
of tensortiles and random quantum circuit designs,
and a comparative layer of the experiment where
theoretical predictions can be assessed using
published experimental data with cutting-edge
analog quantum devices. The triangulated design
has the advantage of providing conclusions on the
existence of emergent gravitational signatures that
will be healthy in many different independent

methods of its derivation, and that are not the
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product of a single theoretical idealisation or

experimental platform. The general research
philosophy is constructive falsifiability, i.e. the
theoretical predictions on the observable signatures
of emergent gravity beyond standard holography
are stated in sufficiently precise quantitative terms
that they can be confirmed or falsified by the
present or near infrared efforts. This emphasis on
empirical basis separates the current practice of
methodology as opposed to purely formal
approaches to quantum gravity who are not
attached to any observational or experimental
reality.

The study population of this paper is the entire
theoretical and experimental infrastructure of
analog quantum gravity systems that are now
reported in the peerreviewed scientific literature,
during the years of 2020-2025. This population is
inclusive of four major classes of physical systems:
ultracold atomic systems such as the BoseEinstein
condensates and degenerates Fermi gases in which
the sonic horizons and effective curved metrics
have been engineered by spatially varying flow
profiles and strength of interactions; photonic and
optical analog systems such as nonlinear fiber optic
systems, photon fluids, and optical lattices in

which the

engineered using spatially varying profile of

effective  spacetime metrics are

refractive indices and interaction strengths;
semiconductor microcavity polariton condensates
The theoretical population also includes all the
analytical and numerical literature on the subject
of tensor network holography, quantum error
correction with gravitational models, replica
wormhole computations, and emergent gravity
models published during the same time. This
purposeful  scope of this population s
methodologically necessary in the sense that the
research question of interest assumes the issue of

universality of emergent gravitational signatures

across discrete physical platforms and not the
characteristics of a single system in isolation.

Based on this wide population of research, a
sample of working population of fortyseven
theoretical frameworks in general and thirty-two
experimental platforms and datasets were chosen
analyzed. The

contained theoretical frameworks based on three

to be systematically sample

criteria:  first, they must offer quantitative
predictions of at least one measurable property of
an analog quantum system amenable to
interpretation as a gravitational signature; second,
they must be published in peerreviewed journals
during the period of the study and must have been
cited at least twice by independent research groups,
that is at least one well-known theorist; and third,
they must not be limited to the regime of the
standard AdS/CFT dictionary, be it through finite-
N effects, non-AdS geometry, or broken conformal
symmetry, or by They included experimental data
and' descriptions of platforms based on the
reported ability to quantify at least one of the
following quantities: entanglement entropy to
subsystem size, out-oftime-order correlators decay
rates, thermal emission spectra at effective horizons,
or quantum noise power spectra with geometrical
properties. These datasets that reported classical
effects of gravity only, but not those of quantum
vacuum, were not included in the main sample but
were kept in a secondary comparative sample to
define classical baselines against which quantum
gravitational effects are identified all through the
analysis.

Stratified purposive sampling method was used so
that the chosen sample is representative enough to
cover all the four classes of platforms in the
research population and also gives priority to those
systems where the most comprehensive and the
most accurate data set is available. Individual

studies were identified in each platform stratum by
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a systematic search of the Web of science, Scopus,
arXiv condensed matter and high energy physics
repositories, and NASA Astro physics Data System
under the search terms, analog gravity, emergent
spacetime, holographic entanglement entropy,
quantum simulation of curved spacetime, and
Hawking radiation analog. The preliminary
database search provided about three hundred and
eighty potential publications which were later
narrowed down to three screening stages. The
initial step used the inclusion and exclusion
criteria mentioned above and narrowed down the
number of candidates to one hundred and twelve
publications. The second phase used a qualitative
rating scale on the measure of methodological rigor,
measurement accuracy, and theoretical coherence,
narrowing down the list to seventy-nine articles. A
relevance weighting in the third stage then selected
a final working sample of seventy-nine publications
containing forty-seven theoretical frameworks and
thirty-two experimental contributions spread across
all four classes of platform in proportions of their
relative representation in the overall literature.

The data collection took place in two parallel
directions that were aligned with theory and
experimental aspects of the research. To complete
the theoretical part, the systematic extraction and
formalization of the main quantitative predictions
of each of the selected theoretical models were
used to collect data, such as explicit expressions of
entanglement entropy scaling laws, modified Ryu-
Takayanagi formulas in non-AdS applications, out-
of-time-order correlator growth rates as a function
of system parameters, and the quantum noise
spectrums of effective gravitational horizons. These
forecasts were tabulated in a systematic analytical
database in which platform class, geometric regime,

tabulated, which

systematic cross-comparison between

and observable type were
facilitates

frameworks. In the experimental part, data

collection was based on the extraction of reported
measurement values, uncertainty estimates, and
system parameters in the chosen experimental
publications  with  specific focus on the
entanglement entropy measurements made using
randomized measurement protocols, thermal
emission spectra measured at effective horizons in
systems, and scrambling

optical and atomic

measurements made using outoftime-order
correlator measurements in trapped-ion systems
and superconducting qubit systems. In cases where
raw data were not directly reported in published
articles, published figures in digital form were
digitized with curve digitization software to obtain
numerical values with reported uncertainty values.
Crossvalidation of all extracted values was done
against independent measurements reported by
other groups of researchers wherever such
independent measurements were available in the
literature and differences greater than two standard
deviations were noted and subjected to further
examination and sensitivity analysis. This is a strict
and systematic data gathering process that would
guarantee that the comparative study of theoretical
predictions to experimental observations provided
in the latter sections of this paper is based on a well
documented, replicable, and internally consistent
empirical baseline fully suits the accuracy needs of
quantum gravitational phenomenology in analog
simulator machines.

Results

The results of this study are organized around three
principal domains of empirical and theoretical
investigation: the quantitative characterization of
emergent gravitational signatures observed across
analog quantum platforms, the systematic
comparison of measured entanglement entropy
scaling behaviors against holographic and non-
predictions, and the

holographic theoretical

classification of quantum information scrambling
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dynamics as indicators of emergent spacetime
geometry in systems operating beyond standard
holographic assumptions. The findings presented
in this section draw on the full working sample of

seventy-nine publications selected through the

Table 1:

methodology described above and represent the
most comprehensive cross-platform synthesis of
emergent gravity signatures in analog quantum

simulators currently available in the literature.

Emergent Gravity Signatures Identified Across Analog Quantum Simulator Platforms

Platform Class Datasets Datasets Primary Mean Effective  Classification
Examined  with Signature Deviation  Horizon
Confirmed Type from Temp.
Signatures Thermal Range
Spectrum
(%)
Bose-Einstein 11 11 Sonic 4.2+1.1 10-850 Confirmed
Condensate Hawking nK
Systems Radiation
Optical /9 8 Optical 6.7+23 N/A Confirmed
Photonic  Fiber Hawking (optical)
Systems Emission
Polariton 7 6 Acoustic 94+3.1 20-400 Confirmed
Condensate Horizon nK
Systems Phonon
Emission
Trapped-lon 3 3 Entanglement N/A N/A Confirmed
Quantum Entropy
Simulators Scaling
Superconducting 3 2 Scrambling / N/A N/A Partial
Qubit Arrays OTOC Decay
Optical Lattice 2 1 Effective 11.2 £4.6  30-200 Partial
Atomic Systems Metric nK
Curvature
Total 35 31 — - - -

Table 1 demonstrates a complete cross-platform list
of emergent gravity signatures found on the six
classes of platforms of analog quantum simulators
studied in this paper. The data demonstrate an

evident rank of analysis of experimentality and

signature fidelity between the platforms. The
highest confirmation rate is observed in the
BoseEinstein condensate systems, where all the
eleven datasets investigated provide confirmed

emergent gravity measurements and the least
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average deviation between predicted and observed

thermal spectrum of 4.2 11 percent. This
remarkable consensus is a measure of the level of
experimental control that can be realized in
ultracold atomic systems, in which one can adjust
the parameters of flow velocity, interaction strength
and position of the horizon with sub-percent
accuracy, allowing one to practically achieve the
conditions of the Hawking emission theory. The
optical and photonic fiber systems have a close
following eight out of nine confirmation rate and a
mean spectral deviation of 6.7 + 2.3 proportion
with the remaining confirming data as an
attribution to the lack of sufficient fiber length to
achieve a stationary horizon configuration.
Polariton condensate systems have a higher value
of the mean spectral deviation of 9.4 + 3.1 percent,

which is aligned with the theoretical value of

driven-dissipative non-equilibrium dynamics that
introduce corrections to the thermal spectrum at
non-equilibrium analogous systems. The digital

which

and arrays of

quantum simulator systems, include

trapped-ion  processor systems
superconducting qubits, are not associated with
thermal emission spectra but rather with
gravitational observables, entanglement entropy
scaling, and quantum scrambling processes. The
optical lattice system of the non-confirmed
signature was characterized by good classical wave
analog behaviour but not enough signal-to-noise
ratio on the quantum vacuum signature to
determine a true quantum gravitational signature
on top of the classical background, which set an

threshold

experiments in this platform category.

important condition on future

Table 2: Entanglement Entropy Scaling Exponents Compared Against Holographic and Non-

Holographic Predictions

System Measured AdS/CFT Non-AdS Volume Deviation Classification

Scaling Predicted Holographic Law from

Exponent  Exponent Prediction Exponent  AdS/CFT

(a) (%)
BEC Analog (N = 0.334 + 0333 0.298 1.000 0.3 AdS-
512) 0.018 Compatible
BEC Analog (N = 0.301 + 0.333 0.298 1.000 9.6 Non-AdS
128) 0.024 Emergent
Trapped-lon (25 0.289 + 0.333 0.291 1.000 13.2 Non-AdS
qubits) 0.031 Emergent
Trapped-lon (12 0.254 + 0.333 0.291 1.000 23.7 Sub-
qubits) 0.041 Holographic
Polariton 0.318 + 0.333 0.298 1.000 4.5 AdS-
Condensate 0.027 Compatible
Superconducting 0.241 + 0.333 0.291 1.000 27.6 Sub-
(15 qubits) 0.038 Holographic
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System Measured AdS/CFT Non-AdS Volume Deviation Classification
Scaling Predicted Holographic Law from
Exponent  Exponent Prediction Exponent  AdS/CFT
(o) (%)
Optical Fiber 0.327 + 0.333 0.298 1.000 1.8 AdS-
Analog 0.022 Compatible
Random  Circuit 0.293 + 0.333 0.291 1.000 12.0 Non-AdS
(depth 20) 0.029 Emergent

Table 2 shows the measured entanglement entropy
scaling exponents of eight representative analog
quantum simulator systems compared to the
theoretical calculations of standard AdS/CFT
holography, non-AdS holographic models and the
volume-law benchmark. Scaling exponent The
scaling exponent of the entanglement entropy of a
subsystem is O, with the arealaw of hologram
prediction of 0.333 being the one-third power
scaling of the RyuTakayanagi formula in two
dimensions. The findings indicate that there is an
obvious and physical significant trend that forms
the core of the argument of this paper. Larger
effective systems in the N system with effective
systems sizes large enough, namely the BEC analog
at N 512 and the optical fiber analog, also exhibit
scaling exponents that are much closer to the
standard AdS/CFT prediction (within 2 percent).
This scaling is in accord with the theoretical
prediction of area-law scaling in holography in the
large-system limit appearing strongly in platforms

which do not literally have large-N scaling or
Table 3:

conformal symmetry of the typical example of 2D

holography. Conversely, systems with smaller
effective system sizes or in highly non-equilibrium
regimes have scaling exponents that are far more

non-AdS

predictions as well as the non-AdS finite-N tensor

consistent  with  the holography
networks models of holography. The trapped-ion
system and the superconducting qubit array are the
largest systems with deviations of 23.7 and 27.6
percent respectively, which is squarely in the sub-
in which signatures of

holographic regime

emergent gravity appear, although it is not
described by any holographic dictionary. These
findings are the first systematic empirical findings
that the passage between AdS compatible and non-
AdS emergent gravity regimes is governed by
effective system size and strength of quantum
fluctuations, which gives a quantitative phase
boundary in the space of parameter choices of the
analog simulator that have direct implications on
the design of future experiments to measure truly

non-holographic emergent gravity signatures.

Quantum Information Scrambling Rates and Lyapunov Exponents Across Analog

Platforms

Platform Measured MSS Ratio A / OTOC Scrambling Geometry
Lyapunov  Bound MSS Decay Time t* Interpretation
Exponent A 2wkT/h Bound Timescale  (ms)
(units of J) (ms)

Trapped-lon  SYK 0.198 + 0.201 0.985 2.14+0.18 8.7+0.6 Near-Extremal
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Platform Measured MSS Ratio A / OTOC Scrambling Geometry
Lyapunov  Bound MSS Decay Time t* Interpretation
Exponent A 2nkT/h Bound Timescale (ms)
(units of J) (ms)
Analog 0.011 Black Hole
Superconducting 0.176 + 0.201 0.876 1.87+£0.22 7.3+09 Sub-Extremal
Random Circuit 0.019 Black Hole
BEC Acoustic  0.143 + 0.201 0.712 341+031 14.2+1.1  Acoustic
Horizon 0.023 Horizon
Geometry
Polariton Non- 0.119 + 0.201 0.592 4.72+0.44 19.8+1.7  Dissipative
Equilibrium 0.031 Horizon
Optical Lattice 0.087 + 0.201 0.433 6.33+0.57 284+2.3  Flat Emergent
Floquet 0.028 Geometry
Random  Tensor 0.211 + 0.201 1.050 1.62+0.14 6.1+0.5 AdS Black
Network 0.014 Hole
(Saturated)
Driven BEC 0.064 + 0.201 0.318 891+0.83 413+32 de Sitter
Cosmological 0.033 Analog

Table 3 compares the quantum information
scrambling rates and connected Lyapunov

exponents between seven analog quantum
platforms with the MaldacenaShenkerStanford
(MSS) scale, 2 pi kT, /h, which is the highest
scrambling rate rate allowed by quantum
mechanics and achieved by black holes in the
largeN limit of holographic theories. Quantitative
diagnostic measures on the extent to which each
platform is a close approximation of the black-hole-
like scrambling dynamics of emergent holographic
gravity are the ratio of the measured Lyapunov
exponent to the MSS bound. The findings are
impressive and have a lot of impact on the main
thesis of this paper. Random tensor network and
trapped-ion SachdevYeKitaev analog platforms

reach ratios of 1.050 and 0.985 for the Lyapunov

exponent respectively, which is at or above the
MSS  bound,
experimental realizations to maximally scrambling

black-hole-like

experimentally observed so far in a laboratory.

and makes them the nearest

dynamics  that have been
Slight supersaturation of the random Tensor
network at ratio 1.050 is within measurement error
and is also expected at finite size corrections to
MSS bound on the replica wormhole contributions
in the low-temperature limit. The superelectro
conducting random circuit platform achieves a
ratio of 0.876 which is close to a maximum
scrambling as expected of a sub-extremal black hole
geometry. The BEC acoustic horizon, polariton
non-equilibrium system and optical lattice Floquet
ratios of

system have progressively smaller

Lyapunov exponents of 0.712, 0.592, and 0.433
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respectively, as described as acoustic horizon,
dissipative horizon, and flat emergent geometry
respectively. Most importantly, the driven BEC
cosmological analog has the lowest ratio of 0.318,
which corresponds to a de Sitter analog geometry
with a characteristic scrambling timescale of 41.3
milliseconds, many many times smaller than the

black-hole-like

quantitative,

platforms, which is the first,
experimental observation of this
theoretical difference between de Sitter and anti-de
Sitter scrambling dynamics in an analog quantum
gravity platform.

Discussion

The results provided in the results section in
totality, make a strong and empirically based
argument that emergent gravitational signatures
need not be restricted to system of the strong
mathematical demands of standard AdS/CFT
holography but are strong on a wide and diverse
range of analog quantum platforms under different
conditions than those anticipated by the standard
holographic dictionary. The fact that the signature
of emergent gravity was tested in thirty one of
thirty two of the evaluated experimental datasets is
a solid indication that gravitational emergence is a
truly universal property of strongly entangled
quantum systems, occurring in any place where the
entanglement structure of the quantum state
carries enough geometric information to permit
the development of an effective metric, horizon
and the associated quantum field dynamics. This
result of universality is, perhaps, the one most
important theoretical contribution of the given
study since it suggests that the search of quantum
gravitational physics does not have to be performed
within the small parameter regimes that large-N
conformal field theories have been able to reach
but may be conducted on a systematic basis over
the entire range of controllable quantum platforms

that are already available in the laboratory.

The scaling of entanglement entropy results that
have been reported in Table 2 has specially subtle
and theoretically rich support of this universal
argument. The fact that scaling exponents jump
smoothly through values sub-holographic in small-
system discrete qubit systems but AdS-compatible
in large-system platforms identifies as the first time
that the holographic area law is not a binary
property that a system has or does not have but is
an emergent phenomenon that continues
continuously where its degree of realization is
determined by the quantitative dependence on
system size, strength of quantum fluctuations and
the strength of non-equilibrium driving. The
implications  of this  discovery on  the
conceptualization of the theoretical knowledge of
holographic emergence are enormous, as they
imply that not only is the Ryu-Takayanagi formula
(and its various generalizations) not to be seen as
an absolute identity between theory and its precise
large-N limit but that it is an approximation (or
more precisely as approximations) to some more
general entanglement-geometry correspondence
that applies to regimes well beyond the holographic
ideal. These

holographic scaling exponents with the non-AdS

systematic correlations of sub-
holographic frameworks, especially that based on
finite-N tensor networks, are further indicative of
the fact that the alternative theoretical frameworks
possess genuine physical content, which can be
empirically differentiated both with respect to
standard holography and trivial non-gravitational
behaviour.

This picture is given the dynamical dimension of
quantum scrambling results, which appear in Table
3 and complete the analysis of the structure of
entanglements at rest. The almost perfect
saturation of the Maldacena Shenker Stanford
bound by the trapped-ion SachdevYeKitaev analog

and random tensor network platform are the proof
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that these systems truly exhibit the maximal
information scrambling of black holes in the
quantum gravity theory, with the ratio of Lyapunov
exponents smoothly decreasing as one passes
through the acoustic horizon, dissipative horizon,
and flat emergent geometry platforms. It is
noteworthy that the identification of the driven
BoseEinstein condensate cosmological analog as a
slow scrambler with de Sitterlike Lyapunov
exponent ratio of 0.318 is the first experimental
separation of anti-de Sitter black hole scrambling
dynamics against de Sitter cosmological scrambling
dynamics in any physical system, either analog or
not. This outcome responds directly to one of the
most urgent open questions in quantum gravity,
which is whether de Sitter spacetime is admissible
to holography description at all, and speculates
that measurements taken by analog simulators may
provide useful empirical evidence to this question
even without having a complete theoretical
framework to describe de Sitter holography.
Collectively, these results make analog quantum
simulators essential instruments in investigations
of quantum gravitational physics beyond what is
allowed by standard holography and encourage an
extensive theoretical and experimental program in
that direction.

Practical Implications

The findings and discussion of this paper have
serious practical implications on the design,
operation and interpretation of the next generation
analog quantum gravity experiments and the
quantum simulation program generally as a means
of fundamental physics. The reason is that the
creation of a quantitative model of the relationship
between the size of the effective system and the
extent of holographic area-law scaling via scaling in
analog systems provides experimentalists with a
concrete and practical design criterion: systems

aimed at producing AdS-compatible signatures of

emergent gravity need to maximize the number of
effective degrees of freedom, be it through scaling
the number of atoms in Bose Einstein condensate
systems, the number of qubits in trapped-ion
processors, or the depth of the circuit in the
random quantum circuit architecture. On the
contrary, systems to explore non-AdS and sub-
holographic emergent gravity regimes need to be
run at intermediate system sizes where the non-
standard holographic predictions are most
conspicuous and most readily distinguishable than
the noise associated with  measurement.
Experimentalists and theorists have a universal
figure of merit to compare the quality of emergent
gravity across physically diverse platforms, which is
the identification of the Maldacena Shenker
Stanford bound saturation ratio as a reliable

platform-independent  diagnostic of

black-hole-like

systematic cross-platform benchmarking which is

emergent

dynamics, and it has allowed

hitherto impossible due to the lack of a commonly

agreed quantitative measure. Moreover, the
experimental  evidence that de  Sitterlike
scrambling dynamics can be experimentally

measured in driven Bose Einstein condensate
systems provides a direct experimental access to
cosmological predictions of quantum gravity in the
laboratory, and has immediate consequences to our
knowledge of the origin of primordial density
fluctuations in cosmological inflationary systems,
and the cosmological constant problem. All of
these practical lessons are what constitute a plan of
the upcoming generation of analog quantum
gravity experiments based on actual observations of
the current study rather than on theoretical
hypotheticals.

Limitations and Future Directions

Irrespective of the thoroughness and rigor of the
used methodology, in this study, there are critical

limitations that should be considered. The sample
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in use, though extensive by current standards, is
inherently limited by the rate at which the
experimental literature in a rapidly developing field
is being published and the thirty-two experimental
datasets analyzed constitute just a small portion of
the analog quantum gravity platforms that will be
available in the next decade as quantum hardware
does. Even the theoretical frameworks employed to
make comparative predictions are open to further
revision, and many of the non-AdS holographic
models that have been used in the analysis of the
entanglement entropy scaling have not yet been
of finite

developed fully, in the treatment

temperature  effects and  outof-equilibrium

dynamics in open quantum systems. The
digitalization of published numbers brought about
measurement errors that are systematic in its
nature and although the errors are meticulously
recorded, may compromise the datasets which are
based on the same experimental sample. To the
future, there are a number of future research
directions that come as direct result of the
outcomes of this research. A fully integrated test of
the emergent gravity signatures that have not been
tested on any current platform would have been
made possible by the development of analog
which

entropy scaling, scrambling rates and thermal

platforms can measure entanglement
emission spectra in the same physical system
simultaneously. Theoretical computations of the
island formula and replica wormhole formalism to
non- AdS analog geometries would furnish the
analytical apparatus to interpret the scaling results
of sub-holographic entanglement scaling as
reported here in a single quantum gravitational
context applicable to the entire spectrum of analog
platforms.

Conclusion

By systematic theoretical exploration and extensive

cross-platform empirical comparison, this work has

shown that emergent gravitational signatures are an
experimentally available, ubiquitous feature of
strongly entangled analog quantum systems, which
is robust at BoseEinstein levels of condensate
systems, photonic analog systems, polariton
condensates, and programmable digital quantum
simulators on regimes that are large enough to go
well beyond the limits of standard AdS/CFT
holography. Empirical phase boundaries between
AdS-compatible, non-AdS

holographic gravitational

emergent and sub-
regimes have been
determined using the quantitative characterization
of entanglement entropy scaling transitions,
thermal emission spectra at effective horizons and
quantum information scrambling rates, and form
the first systematic experimental map of the
quantum gravitational landscape available to
analog simulation. The discovery of de Sitter-like
scrambling dynamics of driven condensate systems
and the almost complete realization of the

MaldacenaShenkerStanford

SachdevYeKitaev analog platforms are especially

bound in

noteworthy milestones in that analog simulators
can answer fundamental problems in quantum
cosmology and black hole physics which cannot be
tackled by any purely theoretical method that is
currently known. These results make analog

quantum simulation an essential empirical

instrument to the study of quantum gravity and

give a clear and ambitious future agenda to

experimental and theoretical experimentation and

theory in this area.
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