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Quantum simulation of Hawking radiation
and curved spacetime with a
superconducting on-chip black hole

Yun-Hao Shi 1,2,11, Run-Qiu Yang3,11, Zhongcheng Xiang1,11, Zi-Yong Ge 4,
Hao Li 1,5, Yong-Yi Wang 1,2, Kaixuan Huang6, Ye Tian1, Xiaohui Song1,
Dongning Zheng 1,2,7 , Kai Xu 1,2,6,7,8 , Rong-Gen Cai 9 &
Heng Fan 1,2,6,7,8,10

Hawking radiation is one of the quantum features of a black hole that can be
understood as a quantum tunneling across the event horizon of the black hole,
but it is quite difficult to directly observe the Hawking radiation of an astro-
physical black hole. Here, we report a fermionic lattice-model-type realization
of an analogue black hole by using a chain of 10 superconducting transmon
qubits with interactions mediated by 9 transmon-type tunable couplers. The
quantum walks of quasi-particle in the curved spacetime reflect the gravita-
tional effect near the black hole, resulting in the behaviour of stimulated
Hawking radiation, which is verified by the state tomography measurement of
all 7 qubits outside the horizon. In addition, the dynamics of entanglement in
the curved spacetime is directly measured. Our results would stimulate more
interests to explore the related features of black holes using the program-
mable superconducting processor with tunable couplers.

In the classical picture, a particle falls into a black hole horizon and the
horizon prevents the particle from turning back, then escape becomes
impossible. However, taking into account quantumeffects, theparticle
inside the black hole is doomed to gradually escape to the outside,
leading to the Hawking radiation1. The problem is that direct obser-
vation of such a quantum effect of a real black hole is difficult in
astrophysics. For a black hole with solar mass, the associated Hawking
temperature is only ~10−8 K and the corresponding radiation prob-
ability is astronomically small. Given by this, various analog systems
were proposed to simulate a black hole and its physical effects in
laboratories2. Over the past years, the theory of Hawking radiation has
been tested in experiments based on various platforms engineered

with analog black holes, such as using shallow water waves2–7, Bose-
Einstein condensates (BEC)8–12, optical metamaterials and light13–15, etc.

On the other hand, the developments of superconducting pro-
cessors enable us to simulate various intriguing problems of many-
body systems, molecules, and to achieve quantum computational
supremacy16–19. However, constructing an analog black hole on a
superconducting chip is still a challenge, which requires wide-range
tunable and site-dependent couplings between qubits to realize the
curved spacetime20. Coincidentally, a recent architectural break-
through of tunable couplers for superconducting circuit21, which has
been exploited to implement fast and high-fidelity two-qubit gates22–25,
offers an opportunity to achieve specific coupling distribution
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analogous to the curved spacetime. We develop such a super-
conducting processor integrated with a one-dimensional (1D) array of
10 qubits with interaction couplings controlled by 9 tunable couplers,
see Fig. 1, which can realize both flat and curved spacetime back-
grounds. The quantum walks of quasi-particle excitations of super-
conducting qubits are performed to simulate the dynamics of particles
in a black hole background, including dynamics of an entangled pair
inside the horizon. By using multi-qubit state tomography, Hawking
radiation is measured which is in agreement with theoretical predic-
tion. This new constructed analog black hole then facilitates further
investigations of other related problems of the black hole.

Results
Model and setup
To consider the effects of curved spacetime on quantum matters, we
consider a (1+1)-D Dirac field, of which the Dirac equation is written as
(ℏ = c = 1)26,27

iγaeμðaÞ∂μψ+
i
2
γa

1ffiffiffiffiffiffiffi�g
p ∂μ

ffiffiffiffiffiffiffi�g
p

eμðaÞ
� �

ψ�mψ=0, ð1Þ

where g is the determinate of gμν, the vielbein eðaÞμ satisfies the ortho-
normal condition eðaÞμ eνðaÞ = δ

ν
μ and the γ-matrices in the two-

dimensional case are chosen to be γ = (σz, iσy). In the Eddington-
Finkelstein coordinates {t, x} and in the massless limit m→0, such a

Dirac field can be quantized into a discrete XY lattice model with site-
dependent hopping couplings. The effective Hamiltonian reads
(see Supplementary Information and ref. 20)

Ĥ = �
X
j

κ j σ̂ +
j σ̂

�
j + 1 + σ̂

�
j σ̂

+
j + 1

� �
�

X
j

μj σ̂
+
j σ̂

�
j , ð2Þ

where σ̂ +
j (σ̂�

j ) is the raising (lowering) operator of the j-th qubit, μj
denotes the on-site potential, the site-dependent coupling κj takes the
form κj ≈ f(( j − jh + 1/2)d)/4dwith d being the lattice constant. Here, the
function f(x) is related to spacetime metric, which is given in the
Eddington-Finkelstein coordinates {t, x} as ds2 = f(x)dt2 − 2dtdx (see
“Methods” section and Supplementary Information). The spatial
position x is discretized as xj = ( j − jh)d. Since the horizon locates at
f(xh) = 0 with f 0ðxhÞ>0, the horizon in our analogs model is then
defined at site j = jh where f(xh) = 0, but the sign of κj is different on its
two sides of the horizon resulting in a black hole spacetime structure.
One side of the horizon is considered as the interior of the black hole,
while the opposite side represents the exterior of the black hole.

We perform the experiment to simulate the black hole using a
superconducting processor with a chain of 10 qubits Q1–Q10, which
represents the Hamiltonian (2), additionally with 9 tunable couplers
interspersed between every two nearest-neighbor qubits, see Fig. 1.
The effective hopping coupling κj between qubits Qj and Qj+1 can be
tuned arbitrarily via programming the frequency of the corresponding
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Fig. 1 | On-chip analog black hole. a False-color image of superconducting pro-
cessor and schematic analog black hole. Ten transmon qubits, Q1 ~Q10, shown as
crosses, are integrated along a chain with nearest-neighbor couplings. Each
nearest-neighbor two qubits are coupled via a coupler, C1 ~C9, realized by a
transmon with only a flux bias line. All the transmons are frequency-tunable, but
only the qubit has the XY control line and readout resonator. The schematic image
represents the background of curved spacetime simulated by this superconducting
chip. The red cartoon spin located at the upper-left denotes the evolution of one
quasi-particle that is initially in the black hole and the outward-going radiation.
b Schematic representation of the site-dependent effective coupling strengths κj. In
the experiment, the coupling κj is designed according to Eq. (3). There is a boundary

analogous to the event horizon of a black hole, where the coupling changes its sign
at siteQ3. Thus qubitsQ1 andQ2 can be considered as the interior of the black hole,
Q3 is at the horizon, and Q4–Q10 are in the outside black hole. c Experimental pulse
sequence for observing dynamics of entanglement, which consists of three parts,
i.e., (I) initialization, (II) evolution, and (III) measurement. For the initialization (I),
we prepare an entangled Bell pair onQ1Q2 by combining several single-qubit pulses
and a two-qubit control-phase (CZ) gate. At the left boundary of region (II), the
curved (or flat) spacetime forms. Then the system will evolve according to the
corresponding κj in theHamiltonian for a time t. In region (III), we perform the state
tomography measurement.
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coupler Cj, see “Methods” section. To describe the curved spacetime
experimentally, we adjust the frequencies of all the couplers, and
design the effective coupling distribution as

κj =
β tanh ðj � jh + 1=2Þηd

� �
4ηd

ð3Þ

with jh = 3, ηd =0.35, and β/(2π) ≈ 4.39MHz. Here we choose
f ðxÞ=β tanhðηxÞ=η, where η controls the scale of variation of f over
each lattice site, which has the dimension of 1/d. One can verify that
this function f(x) gives us a nonzero Riemannian curvature tensor and
sodescribes a 2-dimensional curved spacetime. As shown in Fig. 1b, the
coupling κj goesmonotonically fromnegative to positive fromQ3’s left
to right side. In thisway, the information of the static curved spacetime
background is encoded into the site-dependent coupling distribution.
Thus, the site Q3 where the sign of the coupling reverses can be
analogous to the event horizon of the black hole, the side of negative
coupling (Q1-Q2) can be considered as the interior of the black hole,
and Q4–Q10 are outside the horizon. For comparison, we also realize a
uniform coupling distribution with κj/(2π) ≈ 2.94MHz to realize a flat
spacetime. In fact, from the viewpoint of the lattice qubit model, the
results will be equivalent if the function κ is replaced by ∣κ∣ both in the
case of curved and flat spacetime. Since we here map the coupling to
the components of metric, the continuity requires κ changes the sign
when passing through the analog horizon.

In the experiment, we first prepare an initial state ∣ψð0Þ� with
quasi-particle excitations, i.e., exciting qubits or creating an entangled
pair. The evolution of the initial state known as quantum walk will be
governed by Schrödinger equation ∣ψðtÞ�= e�iĤt ∣ψð0Þ� based on 1D
programmable controlled Hamiltonian (2). The dynamics of the pre-
pared states then simulate the behavior of quasi-particle in the studied
(1+1)-dimensional spacetime with a designed flat or curved structure.

Quantum walks in analog curved spacetime
Figure 2 a and b show the propagation of quasi-particles in flat and
curved spacetimes, respectively. Here we initialize the system by pre-
paring four different single-particle or two-particle states, including
∣ψð0Þ�= ∣1000000000i, ∣1100000000i, ∣0010000000i, and
∣0001000000i with ∣0i and ∣1i being the eigenstates of σ̂ +

j σ̂
�
j . Once

the initial state is prepared, we apply the rectangular Z pulses on all
qubits to quench them in resonance at a reference frequency of ωref/
(2π) ≈ 5.1 GHz. Meanwhile, the hopping coupling κj between qubits is
fixed as Eq. (3) (curved spacetime) or a constant (flat spacetime) by
controlling couplers. After evolving for time t, all qubits are biased
back to idle points for readout. The occupation of quasi-particle den-
sity distribution pjðtÞ : = ψðtÞ�

∣σ̂ +
j σ̂

�
j ∣ψðtÞ

�
is measured by averaging

5000 repeated single-shot measurements, as shown in Fig. 2a, b.
Figure 2a shows that the propagation of quasi-particle in the flat

spacetime is unimpeded, corresponding to the result of conventional
quantum walk with diffusive expansion28–31. In contrast, the particle is

a b

c d

Flat spacetime Curved spacetime

Fig. 2 | Quantumwalks in a 1D array of 10 superconducting qubits. a Results of
the quantum walks in a flat spacetime for four different initial states, i.e.,
∣ψð0Þ�= ∣1000000000i, ∣1100000000i, ∣0010000000i and ∣0001000000i with
∣0i representing the ground state of a qubit and ∣1i the excited state. The case of
black hole spacetime is presented in b. The heatmap denotes the probabilities of
excited-state for Qi in time. The horizontal axis is indexed as qubit number i, the

vertical axis is the evolution time. Herewe showboth the numerical simulation and
experimental data to compare the difference between the flat spacetime (κj/
(2π) ≈ 2.94MHz) and the curved spacetime (β/(2π) ≈ 4.39MHz). c The fidelity of
quantum walks in the curved spacetime. d The probability of finding a particle
outside the horizon on qubits {Q4Q5Q6Q7Q8Q9Q10}. Error bars are 1 SD calculated
from all probability data of 50 repetitive experimental runs.
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mainly trapped in our on-chip black hole due to the analog gravity
around the horizon Q3, as shown in Fig. 2b with the initial state
∣ψð0Þ�= ∣1000000000i and ∣ψð0Þ�= ∣1100000000i. Due to the infall-
ing Eddington-Finkelstein coordinates we took, our model only simu-
lates the outgoing modes of the particle (see Supplementary
Information). Hence, the interior and exterior of black hole are
equivalent so that the same phenomenon can be observed in that case
where the particle is initially prepared in the exterior of black
hole (∣ψð0Þ�= ∣0001000000i).

Here, we also present the result of the particle initialized at the
horizon in Fig. 2b, i.e., ∣ψð0Þ�= ∣0010000000i. In the continuous
curved spacetime, the particle initialized at the horizon is bound to the
horizon forever due to the zero couplings onboth sides of the horizon.
However, in the finite-size lattice, the coupling strengths on both sides
of the horizon are not strictly zero even though they are very small
(≈0.54MHz). The particle seems to be localized at the horizon for a
very short time, but it is doomed to escape from the constraints due to
the finite-size effects.

To show the accuracyof the experimental results ofquantumwalk
in the curved spacetime, we present the fidelity FðtÞ= P10

j = 1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pjðtÞqjðtÞ

p
between the measured and theoretical probability distributions pj(t)
and qj(t) in Fig. 2c. The high fidelity, greater than 97% within 400 ns
experiment time, implies that our experimental results are consistent
with the theoretical predictions as also demonstrated by the similarity
between experimental data and numerical simulations. Note that in
both cases of the flat and curved spacetimes the particle will be
reflected when it arrives at the boundary Q1 or Q10.

Observation of analog Hawking radiation
Black holes emit thermal radiation leading to evaporation, known as
Hawking radiation. However, its observation is a challenge even for an
analog black hole due to the accuracy of the experiment. The Hawking

radiation of a black hole is spontaneous in nature. The first realization
of spontaneous Hawking radiation in an analog experiment was in BEC
system8. Here we report an observation of analog Hawking radiation
on the superconducting quantum chip, which is also the first quantum
realization of “lattice black hole” originally proposed by T. Jacobson
more than twenty years ago32,33.

For the initial state with a particle inside the horizon in our
experiment, the evolution of the state shows the propagation of par-
ticle that results in a nonzero density of state outside the horizon is
equivalent to the Hawking radiation of the black hole. Note that the
Hawking radiation observed here is stimulated because we induce an
excitation by flipping a qubit in ∣1i.

Defining the probability of finding a particle outside the horizon
as Pout =

P10
j =4 pj , Fig. 2d shows a rising tendency of Pout in time. This

result can be considered as an important signature of Hawking radia-
tion for the analog black hole3,4,14,34.

The theory of Hawking radiation points out that the probability of
radiation satisfies a canonical blackbody spectrum,

PoutðEÞ / e�
E
TH , ð4Þ

where E denotes the energy of particle outside the horizon, TH/
(2π) = gh/(4π2) is defined as the effective temperature of the Hawking
radiation, and gh =

1
2 f

0ðxhÞ= β=2 represents the surface gravity of the
black hole20. The derivation of Eq. (4) can be constructed by using the
picture of quantum tunneling to obtain the tunneling rate of
particle35–37. We use this picture in this work to understand Hawking
radiation. Such apicture is equivalent to afield theoretical viewpoint of
“particle-antiparticle pairs” created around the horizon: the anti-
particle (negative energy) falls into the black hole and annihilates with
this particle inside the black hole, the particle outside the horizon is
materialized and escapes into infinity (see Supplementary

a b

t = 0 ns t = 1000 ns{Q4Q5Q6Q7Q8Q9Q10}

Fidelity: 88.1%Fidelity: 99.2%

radiation states

c

0

1

|ρ|

d

Fig. 3 | Observation of analogHawking radiation. a The 7-qubit density matrix at
t =0 ns. Initially, onlyQ1 is prepared in ∣1i and all the qubits outside the horizon are
almost in ∣0i.bThe 7-qubit densitymatrix at t = 1000ns after the quenchdynamics.
Due to the Hawking radiation, radiation states can be detected with small prob-
abilities. The fidelity between ideal and experimental density matrix at t =0 and
1000ns are 99.2% and88.1%, respectively. cThe logarithmicprobability offinding a
particle outside the horizon Pn vs. its energy En. d The logarithm of average

radiation probability vs. the energy of particle when En >0. Error bars are 1 SD
calculated from the tomography data at the same energy. The slope of the red line
represents the reciprocal of Hawking temperature without noise, where the
Hawking temperature here is given by TH/(2π) = β/(8π2) ≈0.35 MHz or ≈ 1.7 × 10−5 K
in Kelvin temperature. The experimental results are in agreement with the simu-
lated data for low energy but diverge at high energy due to experiment noises.
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Information). Also, Eq. (4) can be viewed as the detailed balance rela-
tion between the creation and annihilation of particle around the
horizon in a thermal environment38,39.

The tunneling picture of Hawking radiation here is similar to the
quantum fluid model of analog horizon40 with two differences in
details. The first one is that the analog horizon of ref. 40 is created by
transonic flow but we here create analog horizon by inhomogeneous
lattice hopping. The second is that the injected beam of40 is from the
subsonic region (outside horizon) so that the reflected flow stands for
the flow of Hawking radiation (classically the infalling beam should be
swallowed by horizon completely and there is no reflected mode), but
we here create a particle inside the horizon so the transmission flow is
the Hawking radiation.

To obtain the radiation probabilities, we perform the quantum
state tomography (QST) on the 7 qubits (Q4–Q10) outside the horizon
at t =0 and t = 1000 ns, such a final time is long enough so that the
particle inside the black hole has finished its tunneling to the outside
but the boundary effect is negligible to the results. Here, the initial
state is ∣ψð0Þ�= ∣1000000000i, i.e., a particle in the black hole has a
certain position.When t =0ns, no radiation can bedetected and all the
qubits outside the horizon are almost in ∣0i, see Fig. 3a. After a long
time t = 1000 ns, one may have a small chance to probe the particle
outside the horizon, see Fig. 3b. The corresponding probabilities of
radiation can be extracted from the measured 7-qubit density matrix.
Assuming that ∣En

�
is the n-th eigenenergy of total Hamiltonian and

ρ̂out is the densitymatrix outside obtainedbyQST, then the probability
offinding aparticle of energy Enoutside thehorizon canbeobtainedas
Pn = hEn∣ρ̂out∣Eni, see “Methods” section. Although there are 210 = 1024
eigenstates for 10-qubit Hamiltonian Eq. (2) and the same number of
Pn, the radiation states involve only 10 single-particle excited eigen-
states due to theparticle number conservation. As a consequence, only
those Pn that are corresponding to single-particle excited eigenstates
have non-zero values, as shown in Fig. 3c. Therefore, we take the
average of Pn with the same positive energy En as �Pn to describe the
average probability of finding a particle outside with En >0. It can be
expected that the relation between �Pn and En will agree with the the-
oretical prediction in Eq. (4). In Fig. 3d, the simulated results show that
the logarithm of the average radiation probability is approximately
linear in energy with Hawking temperature 1.7 × 10−5 K. The fitted
Hawking temperature of experimental data is around ~ 7.7 × 10−5 K,
showing validity with the same order of magnitude. The deviation
between experimental data and ideal simulation data is mainly caused
by the evolution of the imperfect initial state. The fidelity between the
imperfect initial state in the experiment and the ideal initial state is
99.2%, which may derive from the experimental noises including XY

crosstalk, thermal excitation, leakage, etc. We substitute such an
experimental state for the ideal initial state in the numerical simulation
of Hawking radiation, then the results of numerical simulation agree
with experimental results better.

Since the analog Hawking radiation is characterized by the
temperature, we then give an estimation of how large a black hole
in our real universe could reproduce the same temperature. If we
consider a Schwarzschild black hole in four-dimensional space-
time with the same Hawking temperature TH, its mass can be cal-
culated byM/Ms = 6.4 × 10−8K/TH

1, whereMs ≈ 2 × 1030 kg is the solar
mass. For the simulated black hole in our work, M/Ms ~ 10

−3,
whereas the typical value reported in BEC system for this quantity
can be ~ 10212. This significant difference in magnitude is attributed
to the scales of the setup in different experimental systems. In
superconducting qubits, the coupling strength is usually on the
order of MHz and thus the analog surface gravity gh is of the same
magnitude, leading to TH = gh/(2π) ~ 10−5 K. Differently, the effec-
tive Hawking temperature of sonic black hole depends on the
gradient of velocity at the analog horizon. The BEC system and the
shallow water wave system typically give us TH ~ 10−10 K9–12 and
10−12 K4, respectively.

Dynamics of an entangled pair in the analog black hole
Hawking predicted that the entanglement entropy increases when a
black hole forms and evaporates due to the Hawking radiation. Each
Hawking particle is entangled with a partner particle in the black hole.
Such kind of quantum feature plays a crucial role in studying black
holes and quantum information41.

To investigate the dynamical entanglement and non-local corre-
lation both inflat spacetime and curved spacetime, we initially prepare
an entangled pair ∣ψinð0Þ

�
= ð∣00i+ ∣11iÞ=

ffiffiffi
2

p
(Fig. 1c). The mean fidelity

of prepared entangled state is up to 99.15%. The dynamics of such an
initial entangled state in flat or curved spacetime is observed by time-
dependent QSTmeasurement.We obtain the two-qubit densitymatrix
ρ̂inðtÞ from the results of QST, and use it to compute the entanglement
entropy and the concurrence (see Methods). In Fig. 4a, the entangle-
ment entropy in the case of curved spacetime progressively increases
due to the Hawking radiation, while in the flat spacetime it has two
wavefronts resulting from the quantum interference and reflection
respectively30. On theother hand, the concurrencedecreaseswith time
in both cases, reflecting the process of entanglement being lost into
the environment. However, the speed of entanglement propagation is
limited by the gravitational effects near the horizon, and thus the
decrease in concurrence is slowed in the curved spacetime case
compared to the flat spacetime case, as shown in Fig. 4b.

a b

Fig. 4 | Dynamics of entanglement in the analog black hole. a The entanglement
entropy vs. evolution time in different spacetimes. The entanglement entropy
gradually increases with time in the curved spacetime. b The concurrence (entan-
glement between the pair in black hole) vs. evolution time in different spacetimes.
Error bars are 1 SD calculated from all tomography data of 10 repetitive

experimental runs. The rapid decline of concurrence in the flat spacetime is
observed, while the concurrence in the curved spacetime is protected due to the
analog gravity. The solid lines are the results of numerical simulation. Here we set
the coupling for the flat spacetime to be a constant (κ/(2π) ≈ 2.94MHz) and β/
(2π) ≈ 4.39MHz for the curved spacetime.
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Discussion
In summary, we have experimentally simulated a curved spacetime of
black hole and observed an analogy of Hawking radiation in a super-
conducting processor with tunable couplers. An high-fidelity entan-
gled pair is also prepared inside the horizon and the corresponding
dynamics of entanglement is observed. Our results may stimulate
more interests to explore the related features of black holes by using
programmable superconducting processor with tunable couplers, and
the techniques of calibrating and controlling coupler devices will pave
the way for simulating intriguing physics with quantum many-body
systems of different coupling distribution.

Our current results are a step in the direction of creating quantum
systems with properties analogous to those of black holes. However,
manymore problems remain to be addressed in a complete simulation
of quantum field theory in curved spacetime, both in theory and
experiment. Theoretically, it is necessary to study different dimen-
sional systems and investigate a comprehensive theory for mapping
the various gravity fields into experimental realizable models. Experi-
mentally, it is expected to expand the category of simulated Hamil-
tonians, extend the scale of qubits and enhance the control accuracy.
In addition to pure analog experiments, hybrid digital-analog devices
with substantial flexibility in near-term applications also need to be
focused42. Last but not the least, wemust return to the basic problems
of quantum field theory and try to translate more fundamental ques-
tions, for example, how generic is the emergence of gravity or what
happens to spacetime when quantum corrections are fairly
important41.

Methods
Metric of two-dimensional spacetime
Consider a general two-dimensional spacetime background with a
fixed static metric gμν, the metric in the Schwarzschild coordinates
(ts, x) reads ds2 = f ðxÞdt2s � f �1ðxÞdx2. To describe a black hole with
nonzero temperature in 2-dimensional spacetime, we require that the
function f has a root at x = xh with f 0ðxhÞ>0 and f(x) > 0 for x > xh
standing for the exterior of the black hole, while f(x) < 0 for x < xh for
the interior. The horizon of black hole then locates at x = xh. For our
purpose and experimental setups, we transform above metric into
“advanced Eddington-Finkelstein coordinates” by the coordinates
transformation t = ts + ∫f−1(x)dx. In the coordinates {t, x}, themetric now
becomes ds2 = f(x)dt2 − 2dtdx. The differences between the “time-
orthogonal coordinates” and “advanced Eddington-Finkelstein coor-
dinates” can be found in Supplementary Note 1.

Tunable effective couplings
To construct both flat and curved spacetime background on a single
superconducting quantum chip, we use tunable coupler device. The
effective coupling between nearest-neighbor qubits derives from their
direct capacitive coupling and the indirect virtual exchange coupling
via the coupler in between, where the former is untunable and the
latter depends on the frequency of the coupler, see Supplementary
Note 3. To achieve accurate control of couplings, we develop an effi-
cient and automatic calibration for multi-qubit devices with tunable
couplers, see Supplementary Note 6. In the experiments, we apply fast
flux-bias Z pulses on the couplers to adjust their frequencies, con-
tributing to the effective coupling distribution. The site-dependent
coupling distribution κj as Eq. (3) corresponds to the curved spacetime
(β/(2π) ≈ 4.39MHz, Fig. 1b), while a uniform coupling distribution (κj/
(2π) ≈ 2.94 MHz) is related to the flat spacetime.

Calculation of radiation probabilities
We perform the 7-qubit QST in the observation of analog Hawking
radiation and obtain the density matrix outside the horizon in the
7-qubit Hilbert space. Then we set the states of the other three qubits
to ∣0i and construct the density matrix in the 10-qubit Hilbert space

ρ̂out. The probability of finding a particle of energy En outside the
horizon Pn is calculated as Pn = hEn∣ρ̂out∣Eni.

Measurement of entanglement
As shown in Fig. 1c, we prepare the initial entangled pair in the black
hole by using two parallel rotations R̂

y
π=2 and R̂

y
�π=2, a CZ gate

(ÛCZ =diagð1,1,1,� 1Þ) and a single-qubit rotation R̂
y
π=2 in sequence. The

ideal initial state of the two qubits before the quench dynamics thus
is ∣ψinð0Þ

�
= ð̂I � R̂

y
π=2ÞÛCZðR̂

y
π=2 � R̂

y
�π=2Þ∣00i= ð∣00i+ ∣11iÞ=

ffiffiffi
2

p
.

The state of the total system (the interior of black hole and the
rest) is always a pure state during the quench dynamics. Thus, the
entanglement entropy of the subsystems: Sðρ̂inÞ= Sðρ̂restÞ, which
quantifies the entanglement contained in this bipartite quantum sys-
tem. In our experiment, the cost ofmeasuring ρ̂rest ismuch higher than
measuring ρ̂in due to the dimensionof theHilbert space. Therefore, we
measure ρ̂in and calculate Sðρ̂inÞ as the entanglement measure.

To characteristic the entanglement between the two qubits in the
black hole, we use the well-definedmeasure: concurrence43, which can
be calculated as Eðρ̂inÞ= maxf0,λ1 � λ2 � λ3 � λ4g with λi being the
square roots of the eigenvalues of matrix ρ̂in

~̂ρin in decreasing order,
where ~̂ρin = ðσ̂y � σ̂yÞρ̂*

inðσ̂y � σ̂yÞ is the spin-flipped state of ρ̂in with σy
being Pauli matrix.

Data availability
The source data underlying all figures are available at https://doi.org/
10.6084/m9.figshare.22802981. Other data are available from the
corresponding author upon request.
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