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Six quantum circuit experiments performed on ibm marrakesh (IBM Quantum, 156 qubits,
Heron R2 architecture) are reported, designed to test boundary signatures of the ER=EPR con-
jecture within the AdS2/JT gravity framework, with the Sachdev-Ye-Kitaev (SYK) model as the
holographic dual of the black hole horizon. The experiments were executed iteratively: each result
raised new questions that directly motivated the next protocol. In order of execution they imple-
ment: tripartite entanglement certification via the Mermin operator ([(M)| = 3.885); a traversable
wormbhole baseline using a Bell-pair thermofield double (F(g=m/2) = 1.000); black hole evaporation
unitarity via the Hayden-Preskill protocol (Frec = 0.9983, with the decoder reduced to zero two-
qubit gates by the compiler); a corrected traversable wormhole using genuine SYK scrambling and
exact Majorana coupling (F'(¢g=0) = 0.020, F'(g=n/2) = 0.953, GJW gain = 0.933); quantum chaos
via out-of-time-order correlators (Ar = 1.975 + 0.294, 54.8% of the Maldacena-Shenker-Stanford
bound); and black hole entropy under information absorption, where the hardware reproduces the
entropy growth S(t) of SYK formation on top of a noise floor and the energy response to Alice’s
input (correlation 0.998 with simulation), while the predicted area growth consistent with the Beken-
stein law is obtained in simulation but is not resolved above noise on hardware. Total QPU time
across all experiments: 7 minutes 2 seconds. Five of the six experiments reproduce the boundary
predictions of the ER=EPR framework on hardware; the sixth reproduces them in simulation and
only partially on hardware. These experiments show that most of the relevant CFT information

dynamics are reproducible on current NISQ hardware.

I. INTRODUCTION

The central ambition of this work is straightforward:
to take theoretical predictions seriously enough to test
them on real hardware. The ER=EPR conjecture of Mal-
dacena and Susskind [1] asserts that quantum entangle-
ment between two systems — in the sense of Einstein,
Podolsky, and Rosen (EPR) — and the Einstein-Rosen
(ER) bridge connecting them are two descriptions of the
same physical reality. This is a precise technical claim
within the AdS/CFT correspondence [2]: the informa-
tion dynamics of the boundary CFT encodes, exactly
and completely, the geometry of the bulk gravitational
theory.

Six protocols are implemented on ibm marrakesh, each
designed to answer a specific physical question that the
ER=EPR conjecture raises. In every case, the hardware
produces the answer the theory predicts.

The ER=EPR conjecture emerged as a response to the
firewall paradox [3], which identified a fundamental ten-
sion between black hole unitarity, the equivalence prin-
ciple, and the monogamy of entanglement. The conjec-
ture resolves this tension by asserting that the entan-
glement between a black hole and its Hawking radiation
is geometrically realized as a non-traversable Einstein-
Rosen bridge — so that cutting the entanglement and
cutting the wormhole are the same operation. The natu-
ral arena for making this precise is the AdS/CFT cor-
respondence, where a black hole in the bulk is dual
to a thermal state of the boundary CFT, and the ER
bridge connecting two entangled black holes is dual to
the thermofield double (TFD) state [4]. The connection

between entanglement and geometry was further devel-
oped by Van Raamsdonk [5], who showed that entangle-
ment between boundary regions is what holds the bulk
spacetime together — a result that directly anticipates
the ER=EPR relation. The minimal model realizing
this physics is JT gravity in AdSs [6, 7], whose holo-
graphic dual is the Sachdev-Ye-Kitaev model [8, 9] —
N Majorana fermions with all-to-all random couplings
that saturate the Maldacena-Shenker-Stanford Lyapunov
bound [10], scramble in logarithmic time, and have no
quasiparticles. Within AdS,/JT gravity, the SYK model
provides the complete boundary description of the black
hole horizon.

It is important to note that this series was not con-
ceived as a complete program from the outset. The
experiments evolved iteratively: each result raised new
questions that motivated the next protocol. In particu-
lar, Experiment 2b was performed after Experiment 3,
once the limitations of the Bell-pair approximation used
in the initial traversable wormhole protocol became clear.
The experiments are presented here in chronological or-
der of execution; their numbering reflects that chronol-

ogy.

Scope of this work. The experiments live entirely
on the boundary CFT side. They implement informa-
tion dynamics in quantum circuits, not bulk spacetime
geometry. All results are to be read as boundary signa-
tures: the information dynamics predicted by ER=EPR
are reproducible on real NISQ hardware with quantita-
tive agreement. If ER=EPR is correct, what we observe
is part of it.



II. THEORETICAL FRAMEWORK
A. AdS/CFT and Holographic Duality

The AdS/CFT correspondence [2] establishes an ex-
act duality between a gravitational theory in (d+1)-
dimensional anti-de Sitter space and a d-dimensional
CFT on its boundary. A black hole in the bulk corre-
sponds to a thermal state of the boundary CFT at inverse
temperature 8. The Einstein-Rosen bridge connecting
two entangled black holes is dual to the thermofield dou-
ble state of two copies of the boundary CFT [4]:

TED) = 2723 e P2 n) ). (1)

Under ER=EPR, the entanglement in |TFD) is geometri-
cally realized as the ER bridge. Reducing entanglement
closes the wormhole; making it traversable requires in-
jecting negative energy via a coupling between the two
boundaries. Figures 1 and 2 illustrate this geometry.
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FIG. 1. Penrose diagram of the eternal AdS black hole. The
two exterior regions L and R are connected by the ER bridge
(interior). The TFD state is the boundary dual of this ge-
ometry. Alice falls in from L; with GJW coupling active,
information reaches Bob in R.

B. JT Gravity and the SYK Model

Jackiw-Teitelboim gravity [6, 7] is the minimal gravi-
tational theory in AdS,. Its holographic dual is the SYK
model [8, 9]:

Hsyk = Y Jijkt XaXsXkXis (2)

i<j<k<l
where x; are Majorana fermions satisfying {x;, x; } = di;,
x;r = Xi, and Jy;; are fixed Gaussian random couplings.

Einstein-Rosen Bridge connecting two entangled black holes (ER = EPR)
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FIG. 2. Einstein-Rosen bridge connecting two entangled black
holes. The narrow throat is the geometric dual of quantum
entanglement |TFD). Alice injects information from L; the
GJW coupling renders the bridge traversable and Bob recov-
ers it in R.

The SYK model saturates the MSS Lyapunov bound
at N — oo, scrambles in O(log N) time, and has no
quasiparticles. N Majorana fermions map to N/2 qubits
via Jordan-Wigner, making the model directly imple-
mentable in quantum circuits.

C. The GJW Traversable Wormhole Protocol

Gao, Jafferis, and Wall [11] demonstrated that a non-
traversable ER bridge can be rendered traversable by a
double-trace deformation:

HGJW:i‘gZX£'XkR~ 3)
k

With the correct sign, this injects negative energy into
the wormhole interior. In quantum circuit terms, the
GJW protocol is structurally equivalent to quantum tele-
portation, with the TFD state as the entangled channel
— both descriptions simultaneously correct, which is pre-
cisely the content of ER=EPR.

D. The Hayden-Preskill Protocol

Hayden and Preskill [12] proved that if a black hole is
a fast scrambler and has evaporated more than half its
mass, information thrown in by Alice is recoverable in
O(log N) time. With the correct decoder U, recovery
fidelity is perfect. The SYK model is the correct imple-
mentation of this fast scrambler within AdS,/JT.

E. OTOCs and the MSS Bound

Out-of-time-order correlators F(t) =
Re Tr[W (t)VW (t)V]/ dim measure scrambling directly.
The commutator C(t) = 1 — F(t) grows exponentially



as C(t) ~ A-e*t. The MSS bound [10] A\; < 27/8 is
saturated by black holes in AdS and by SYK at N — oc.
Negative values of F(t) are impossible in integrable
systems and are the unambiguous signature of genuine
quantum chaos.

F. The Bekenstein Area Law

Bekenstein [13] proposed Sgy = A/4¢%: each bit of
information absorbed increases the horizon area by four
Planck areas. The Ryu-Takayanagi formula [14] makes
this precise within AdS/CFT: boundary entanglement
entropy equals the area of the minimal bulk surface di-
vided by 4G. Figure 3 illustrates this process.

Bekenstein Area Law: Horizon Growth Under Information Absorption
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FIG. 3. Bekenstein area law: horizon growth under infor-
mation absorption. Left: initial horizon Ao before Alice en-

ters. Right: grown horizon Ag + AA after Alice falls in, with
AA = 4/% per absorbed bit, consistent with Spy = A/4(%.

III. HARDWARE AND METHODS

All experiments were executed on ibm marrakesh,
a 156-qubit IBM Quantum processor based on the
Heron R2 architecture, accessed via IBM Quantum
Platform using Qiskit SDK v2.x [15]. Circuits were
transpiled at optimization_level=3. Execution used
EstimatorV2 (precision = 0.02-0.03) or SamplerV2 de-
pending on the measurement strategy. All circuits
were validated against AerSimulator prior to hard-
ware execution. SYK Hamiltonians used fixed Gaus-
sian random couplings (seed=42 primary), Majorana
operators via Jordan-Wigner, and time evolution via
scipy.linalg.expm.

Two methodological findings of independent interest
emerged during implementation. First, in Experiment 6,
graph coloring of the 15 Pauli terms of Hgyk (N = 6)
following Asaduzzaman et al. [16] into 7 internally com-
muting clusters reduced Trotter circuit depth by 2.1x
(46 CX sequential — 22 CX colored per step) with no
accuracy loss in simulation. Second, in Experiment 3,
the decoder circuit UTUgyk ~ I was recognized by the

Qiskit transpiler as a near-identity and reduced to zero
two-qubit gates after compilation — a direct consequence
of the underlying unitarity of the SYK scrambler, not an
optimization trick.

The total QPU time across all six experiments is 7 min-
utes 2 seconds on ibm marrakesh (422 quantum seconds);
complete job details are listed in Table I. That six exper-
iments probing boundary signatures of black hole infor-
mation physics require only 7 minutes of real QPU time
on an open-access 156-qubit processor speaks to the ac-
cessibility of this physics on current NISQ hardware.

IV. EXPERIMENTS

A. Experiment 1 — Tripartite Entanglement and
‘Wormbhole Monogamy

The first experiment addresses the EPR side of
ER=EPR: genuine multipartite entanglement as the
boundary signature of the closed wormhole. A three-
qubit GHZ state (|000) + |111))/+/2 was prepared on
ibm marrakesh and certified via the Mermin operator
M=XYY+YXY+YYX—- XXX, sweeping the prepa-
ration angle 6 € [0,7/2]. For any local hidden-variable
theory, |(M)| < 2; quantum mechanics allows up to 4.

Result: |M| = 3.885/4.000 at 6 = 0, degrading
smoothly as entanglement is reduced. ZZ correlation
before single-qubit measurement: 0.937; after: 0.003.
Entanglement monogamy collapses residual correlations
consistent with a closed wormhole: cutting one mouth
closes the entire bridge (Fig. 4).

ER = EPR: Estado GHZ de 3 qubits como Wormhole Tripartito
1BM Marrakesh — Qiskit 2.x

Wormhole abierto: Violacién de Mermin Wormhole cerrado: Correlacion ZZ entre qubit 1y 2

FIG. 4. Experiment 1 — GHZ state and Mermin operator
on ibm marrakesh. Left: |M| vs 0, hardware above the clas-
sical bound 2 and approaching quantum maximum 4. Right:
77 correlation showing monogamy collapse upon single-qubit
measurement (0.937 — 0.003).

B. Experiment 2 — Traversable Wormhole:
Baseline GJW Protocol

The second experiment implements the GJW
traversable wormhole in its minimal form: 5 qubits
(q0,q1 = L; q2,q3 = R; q4 = Alice), TFD approximated
by two Bell pairs, GJW coupling as parametrized
RXX+RYY+RZZ, sweeping g € [0,7/2] over 11 points.



TABLE I. Hardware execution summary. All jobs executed on ibm_marrakesh. Job IDs are complete IBM Quantum identifiers

retrievable via QiskitRuntimeService.

Experiment Job ID (complete)

QPU Time Q-seconds Configuration

Exp 1 GHZ/Mermin (Estimator) d7g38hma0Ov2s738abtf0

34s 34 EstimatorV2, precision= 0.03

Exp 1 GHZ/Mermin (Sampler) d7g38huaOv2s738abtg0 7s 7 SamplerV2, 2048 shots

Exp 2 GJW baseline d7gft2jjne2c7392rd4dg 21s 21 EstimatorV2, precision= 0.02, 11 pts g
Exp 3 Hayden-Preskill d7gls13jne2c73932620 18s 18 EstimatorV2, 4096 shots/obs, Batch

Exp 2b GJW SYK d7h873q2khts739peivg 50s 50 EstimatorV2, 4096 shots/obs, Batch

Exp 5 OTOCs d7jaamkolufs73etbrig 255 25 EstimatorV2, 4096 shots/circ, 13 ¢-values
Exp 6 Bekenstein d7t61j71jm6s73bc82c0 4m 27s 267 EstimatorV2, 4096 shots, 145 PUBs

Total 7m 02s 422 ibm_marrakesh, Heron R2, April-May 2026

Traversal fidelity: F' = (14 (X)q42)/2.

Result: F(g=0) = 0.516, F(g=n/2) = 1.000, tracking
AerSimulator with maximum deviation 0.028.

A critical limitation: the Bell-pair TFD approximation
leaks F' = 0.516 at ¢ = 0. The closed channel is not truly
closed — Bell pairs create a trivial correlation that par-
tially transmits Alice’s state without any GJW coupling.
This observation directly motivated Experiment 2b after
Experiment 3 was completed (Fig. 5).
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FIG. 5. Experiment 2 — GJW baseline on ibm marrakesh.
Traversal fidelity F' vs. coupling g. Hardware (red) tracks
AerSimulator (blue) with max deviation 0.028. F(g=0) =
0.516 reflects the Bell-pair baseline artifact.

C. Experiment 3 — Black Hole Evaporation
Unitarity

The third experiment (executed 16 April 2026) imple-
ments the Hayden-Preskill protocol [12] with SYK N = 6
(3 qubits) as the black hole model. Alice’s qubit (q0)
is prepared in |¢) = R, (8)R.(¢)|0). Two circuit vari-
ants: Circuit A (scrambler Ugyk only, 31 two-qubit gates,
depth 117) and Circuit B (UTUsyk fused before transpi-
lation, 0 two-qubit gates, depth 4).

The key methodological finding: UfUsyk ~ I is recog-
nized by the Qiskit transpiler as a near-identity, reducing

Circuit B to zero two-qubit gates. This is a direct conse-
quence of the underlying unitarity of the SYK scrambler,
not an optimization trick.

Result: Fy., = 0.530 (scrambler only), Fiec = 0.9983
(with decoder, 0 two-qubit gates). The 0.0017 degra-
dation from ideal is attributable to residual single-qubit
noise. Information apparently lost to scrambling is re-
covered to 99.83% fidelity on real hardware (Fig. 6).
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FIG. 6. Experiment 3 — Hayden-Preskill on ibm marrakesh.
Top left: recovery fidelity Ficr = 0.530, Frec = 0.9983. Top
right: Bloch coordinates before/after scrambling/recovery.
Bottom left: Bloch sphere XZ plane. Bottom right: sum-
mary table.

D. Experiment 2b — Traversable Wormbhole:
Genuine SYK Scrambling

Experiment 2b was executed on 17 April 2026, the day
after Experiment 3, motivated by the Bell-pair limitation
identified in Experiment 2. It corrects both deficiencies:
the TFD state is replaced by genuine SYK scrambling
(Hsyk with N = 4 Majoranas applied independently to
L and R with distinct seeds, eliminating all pre-existing
L-R correlations), and the GJW coupling is replaced by
the exact Majorana decomposition Hgyw = 0.5 (IXIX +



IYTY + XZXZ+YZYZ), whose four Pauli terms commute
mutually, making the first-order Trotter decomposition
exact.

Result: F(g=0) = 0.020, F'(g=m/2) = 0.953 on hard-
ware. GJW gain = 0.933.

Outstanding result: F(g=0) = 0.020 on real noisy
hardware. Maldacena and Susskind noted that Bell-pair
entanglement produces a system of disconnected bridges
— each pair connected independently — while genuine
scrambling produces a single connected bridge structure
in which no subsystem can be locally accessed. This is
precisely what the data show: Bell pairs (Exp. 2) allow
trivial transmission (F' = 0.516) because the bridges are
disconnected and partially traversable by construction;
genuine SYK scrambling (Exp. 2b) produces a connected
bridge that is genuinely opaque (F' = 0.020). The con-
trast is not a technical improvement — it is a qualita-
tively different geometric situation (Fig. 7).
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FIG. 7. Experiment 2b — GJW with genuine SYK scrambling
on ibm marrakesh. Top left: F' vs. g, hardware vs. AerSimu-
lator. Top right: closed channel 0.013/0.020 vs. open channel
0.973/0.953. Bottom: deviation and summary table.

E. Experiment 5 — Quantum Chaos and the
Lyapunov Exponent

Experiment 5 measures the scrambling rate of the
SYK model via OTOCs. The full OTOC unitary with
W = XII, V = IXI is implemented on 3 SYK qubits
plus 1 ancilla using the Hadamard test: (Z)ancina = F (%)
without full state tomography. FEvaluated at 13 time
points ¢ € [0, 5], exponential fit on ¢ € [0, 1.0].

Result: F(0) = 0.989, F'(5) = —0.296 on hardware.
Negative OTOC values are impossible in integrable sys-
tems — their presence is the unambiguous signature of
genuine quantum chaos. Ap, = 1.975 4+ 0.294 on hard-
ware (54.8% of MSS bound = 3.603). AerSimulator:
AL = 2.805 (77.8%). Hardware deficit attributed to deco-
herence in circuits of depth ~290 with ~77-80 two-qubit

gates.

The 77.8% saturation in simulation is consistent with
finite-N correction: the MSS bound is saturated ex-
actly only at N — oo, and N = 6 is the minimal in-
stance. More important than the precise value is the
qualitative signature: F(t) < 0 at late times. This re-
quires genuine information scrambling across all degrees
of freedom, the same mechanism that makes a black
hole horizon opaque. The SYK Hamiltonian running on
ibm marrakesh is chaotic in the sense that matters for
holographic physics. Within the AdSs/JT framework,
the SYK model is not an analog of a black hole but its
holographic dual — the complete boundary description
of the horizon (Fig. 8).

OTOCs en ibm_marrakesh — Experimento 5
SYK N=6 Majoranas — Hadamard test — W=XIl, V=IXI

Curva OTOC F(t) Commutador + ajuste exponencial

10
08
06

04

Fit)

02

©=1-F1

00

=027 o= simulacion local

oo

c

~0.4 | === 1BM Marrakesh -

0 1 2 H a 5 000 025 050 075 100 125 150 175 2.00
t

A L vs Bound Maldacena-Shenker-Stanford

log C(t)

0 1 2 H a 5 Bound MSS. L local AL hardware

t 2mB

Desviacion hardware vs simulador

Wétrica Tocal Hardware
01 Fie=0) 10000 09892
Ft=5) 04389 02955

AL 28049202541

Bound 155 2178 36034 36034

A 3L bound 07784 05282

WV X, X1 XX

N Majoranas 3 5
—02 Shots/circuito = 0%
Job 1D -

7jaamkolufs7zet

1 1 2 3 4 s
t

FIG. 8. Experiment 5 — OTOCs on ibm_marrakesh. Top left:
F(t) curve, hardware vs. AerSimulator, showing F'(t) < 0 at
late times. Top right: C(t) with exponential fit. Center left:
log C(t) growth. Bottom: Az vs. MSS bound bar chart and
summary table.

F. Experiment 6 — Bekenstein Area Law

The sixth experiment implements Bekenstein’s
gedanken experiment [13] on quantum hardware. Part A
replicates Chowdhury, Yu, and Sufian [17]: measuring
entropy growth S(t) of SYK N = 6 from vacuum on
ibm marrakesh, confirming horizon formation dynamics
and validating the implementation on the same hard-
ware. Finding this work was pivotal: it identified the
complementary question that Chowdhury et al. had not
asked — given a pre-formed horizon, how much does it
grow when Alice falls in?

Part B is Bekenstein proper. The black hole is pre-
pared at t = 3 SYK time units. Alice (R,(6)|0), 6 €
[0,7]) falls in via SWAP coupling. The von Neumann
entropy S is measured via Pauli tomography of 15 ob-



servables, grouped into 7 clusters by graph coloring [16]
— reducing measurement overhead by 55% and Trotter
depth from 46 to 22 CX per step (81 CX in total after
transpilation, versus ~180 for the direct unitary). QPU
time: 4 minutes 27 seconds (267 quantum seconds, 63%
of the total series time).

Result in simulation. In the Trotterized simulation
of the same circuits, Alice in |+) raises S from 0.348
to 0.496 bits (AA = 0.592¢%) and Alice in |1) raises
it to 0.635 bits (AA = 1.148/%), consistent with the
Bekenstein law: four Planck areas per absorbed bit.

Result on hardware. Part A reproduces the mono-
tonic growth of S(t) from vacuum (0.006, 0.307, 0.409,
0.502, 0.612, 0.739 bits for t = 0,...,5), shifted by a noise
floor of ~ 0.3 bits relative to simulation. In Part B the
reduced entropy is close to saturation for every 6 (0.924
bits at § = 0, 0.922 at § = 7/2, 0.978 at § = 7): decoher-
ence in the transpiled circuit (81 CX) masks the signal,
and the predicted AA(6) is not resolved (correlation with
simulation 0.63; AA ~ —0.01¢2 for |+), 0.21¢2 for |1)).
The energy response is reproduced: A(Hgyk)(f) corre-
lates with simulation at 0.998, showing that the circuit
implements the intended dynamics.

Maldacena and Susskind [1] showed that the growth
of the Einstein-Rosen bridge with time is the geometric
manifestation of the growth of entanglement between the
two sides [5]. Experiment 6 is designed to measure ex-
actly this: as Alice’s information falls into the horizon,
the entanglement between the black hole and the exte-
rior should increase, and the bridge should grow. The
simulation shows that growth with the size Bekenstein
predicted; resolving it on hardware requires shallower
circuits or error mitigation and is left for future work
(Fig. 9).
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FIG. 9. Experiment 6 — Bekenstein area law on
ibm_marrakesh. Top left: S(t) replicating Chowdhury et al.
Top right: AA(#) simulator vs. hardware (baseline-corrected):
the simulation satisfies AA > 0; the hardware does not resolve
AA(9) above noise. Bottom left: A(Hsyk) vs. 6. Bottom
right: summary table with Job ID.

V. CROSS-EXPERIMENT ANALYSIS

A. Results Summary

TABLE II. Summary of results across all six experiments.

Exp. Protocol Metric Sim. HW
1 GHZ + Mermin |M] (max 4) 4.000  3.885
2 GJW Bell pairs F(g=n/2) 1.000  1.000
3 Hayden-Preskill Frec 1.000 0.9983
2b GJW SYK exact  GJW gain 0.921  0.933
5 OTOCs/AL AL 2.805 1.975
6 Bekenstein AA AA(T) [€3] 1.148  0.214
6 Bekenstein energy  A(Hsyk) corr.  1.000  0.998

B. The Technical Core: Experiments 2b and 3

Experiments 2b and 3 form the technical foundation
of the series. In Experiment 2b, replacing the Bell-
pair thermofield double with independent SYK scram-
bling on each side drops the closed-channel fidelity from
F(g=0) = 0.516 to F(g=0) = 0.020 and nearly doubles
the GJW gain (0.484 — 0.933). This shows that the na-
ture of the initial state is not a technical detail but the
central physical ingredient: a trivially entangled state
produces a trivially open channel; genuine SYK scram-
bling produces a genuinely closed one.

Experiment 3 provides the complementary certifica-
tion: the same SYK scrambler (N = 6) is unitary to
high precision on hardware. Information recovery reaches
Frec = 0.9983, with the decoder circuit reducing to zero
two-qubit gates after transpilation — a direct conse-
quence of the underlying unitarity, not an optimization
artifact.

Taken together, Experiments 2b and 3 establish that
the SYK Hamiltonian used throughout the series is both
a fast scrambler (confirmed by negative OTOC values
in Experiment 5) and unitary on NISQ hardware (con-
firmed by near-perfect recovery in Experiment 3). This
dual validation justifies using the same SYK model as
the unifying thread across the remaining experiments.

C. Hardware Performance Across the Series

Hardware/simulation agreement is high (> 97%) in ex-
periments where circuit depth was deliberately reduced
by design (Exp. 2 and 3). Experiments 5 and 6, the deep-
est circuits (~290 gates), show lower agreement: 70.4%
for Experiment 5, while in Experiment 6 the entropy sig-
nal is lost and only the energy response survives (0.998),
consistent with decoherence as the dominant noise source
(Table II). Once validated as both scrambling and uni-
tary by Experiments 2b and 3, the SYK model can be
reliably used across different physical regimes on current
quantum hardware.



Note on figure panel labels: The text within the ex-
perimental figures (axis labels, legends, and panel titles)
is in Spanish, reflecting the original laboratory docu-
mentation. All quantitative results and captions in this
manuscript are in English.

VI. DISCUSSION

The six experiments do more than reproduce numbers
— they answer physical questions. The entanglement
has the right structure: |M| = 3.885, above the classi-
cal bound. A genuinely scrambled initial state produces
a genuinely closed wormhole channel: F(g=0) = 0.020,
compared to 0.516 with a trivial initial state. The scram-
bler preserves information: Fr.. = 0.9983. It is chaotic in
the black-hole-relevant sense: A\, = 1.975 with F'(¢) < 0.
In simulation the horizon grows by the Bekenstein law,
AA ~ 0.59-1.15¢% per absorbed bit; on hardware this
growth is not resolved above noise, although the en-
ergy response is (0.998). Experiments 1, 2, 3 and 2b
achieve hardware/simulation agreement above 97%; Ex-
periment 5 achieves 70.4% due to circuit depth, and in
Experiment 6 only the energy response reaches that level,
consistent with decoherence scaling with gate count.

Two methodological contributions of independent in-
terest emerged: graph coloring for Hamiltonian simula-
tion (Exp. 6), which reduced Trotter depth by 2.1x with
no accuracy loss in simulation, and the compiler recog-
nition of a near-identity unitary (Exp. 3), which reduced
the decoder to zero two-qubit gates and dramatically im-
proved hardware fidelity.

The minimal system size (N = 4-6 Majoranas, 2-3
qubits) means the SYK model reaches only 77.8% of the
MSS bound in simulation at N = 6, consistent with
finite-N corrections. Larger instances (N = 8-12) are
directly accessible on ibm marrakesh.

Jafferis et al. [18] (Google Sycamore, 2022) imple-
mented the GJW protocol with a 7-qubit-per-side SYK
model using a learned circuit approximation. The con-
trast between Exp. 2 (Bell-pair baseline) and Exp. 2b
(SYK baseline) is a contribution not present in [18]: it
demonstrates that the initial state is the physically deci-
sive element, and that a trivially entangled baseline pro-
duces a misleadingly high closed-channel fidelity.

Chowdhury, Yu, and Sufian [17] measured S(t) for
SYK N = 6 from vacuum on ibm marrakesh. FEx-
periment 6 Part A replicates their result on top of a
noise floor; Part B extends it to the Bekenstein ques-
tion. On ibm marrakesh, horizon formation is observed,
while horizon growth under information absorption is so
far established only in simulation.

A complementary theoretical direction has been pur-
sued concurrently by Jusufi, Lobo, and Singleton [19],
who extend the ER=EPR framework to the massless sec-
tor: entangled photon pairs from eTe™ — 2v are shown
to realize a zero-throat Einstein-Rosen wormhole via a
regularized Aichelburg-Sexl geometry. Their work and

ours explore different regimes of the same conjecture —
massive boundary dynamics on quantum hardware (this
work) and massless bulk geometry analytically [19] —
and are mutually reinforcing.

VII. CONCLUSIONS

Six quantum circuit experiments on ibm_marrakesh
that systematically probe boundary signatures of the
ER=EPR conjecture using the SYK model as the holo-
graphic dual of the black hole horizon have been pre-
sented. The results show quantitative agreement with
theoretical predictions across all six protocols. Taken
together, they constitute a systematic experimental
demonstration that the information-theoretic content of
holographic black hole physics — as predicted by the
ER=EPR conjecture within the AdSs/JT gravity frame-
work — is accessible and measurable on present-day
quantum hardware.

The central contribution of this work lies in Experi-
ments 2b and 3. These two experiments together certify
that the SYK model functions on real NISQ hardware
as both a fast scrambler and a unitary information pro-
cessor. Experiment 2b demonstrates that genuine SYK
scrambling transforms the closed channel from artificially
open (F(g=0) = 0.516) to physically closed (F(9=0) =
0.020). Experiment 3 shows that the same scrambler per-
mits near-perfect information recovery, with the decoder
reducing to zero two-qubit gates after transpilation. This
dual certification provides the technical foundation for
the rest of the series. Within the AdSs/JT framework,
the SYK model is not an analog of a black hole but its
holographic dual — the complete boundary description
of the horizon. Experiments 2b and 3 certify that this
boundary description behaves correctly on real hardware.

The remaining experiments extend this validated
framework: Experiment 5 confirms the chaotic charac-
ter of the scrambler, and Experiment 6 obtains horizon
growth consistent with the Bekenstein law in simulation,
while on hardware it reproduces the formation dynam-
ics and the energy response but not yet the growth it-
self. The series emerged iteratively, as each result posed
new questions — a progression that reflects how con-
crete hardware experiments can drive theoretical inquiry
in quantum gravity analogs.

What this work establishes is concrete: the bound-
ary CFT signatures predicted by the ER=EPR conjec-
ture — entanglement monogamy, traversable wormhole
dynamics, information recovery, and quantum chaos —
are reproducible with quantitative fidelity on present-day
NISQ hardware, while area-law growth is so far estab-
lished only in simulation. Whether these boundary sig-
natures correspond to actual gravitational phenomena in
the bulk is precisely what the ER=EPR conjecture as-
serts. That assertion is not what these experiments test
— it is what motivates them.

Future work will extend the program to larger SYK in-



stances (N = 8-12) and to an SYK chain model realizing
BT7Z black hole geometry in 141 dimensions.
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