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Analogue Black Holes in Reactive Molecules
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We show that reactive molecules with a unit probability of reaction naturally provide a simulator of some
intriguing black hole physics. The unit reaction at the short distance acts as an event horizon and delivers a
one-way tra�c for matter waves passing through the potential barrier when two molecules interact by high partial-
wave scatterings or dipole-dipole interactions. In particular, the scattering rate as a function of the incident energy
exhibits a thermal-like distribution near the maximum of the interaction energy in the same manner as a scalar
field scatters with the potential barrier outside the event horizon of a black hole. Such a thermal-like scattering
can be extracted from the temperature-dependent two-body loss rate measured in experiments on KRb and other
molecules.
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Black holes (BHs) give rise to a variety of intrigu-
ing phenomena in our universe. A famous example is
Hawking radiation that produces quantum particles emit-
ted from the event horizon. [1] Another important problem
in BH physics concerns a di↵erent scenario that a mat-
ter or gravitational wave in the exterior of BH travels to-
wards it and scatters with a potential barrier produced
by the BH spacetime metric outside the event horizon. [2]

Since the event horizon provides a perfect absorption for
any objects traveling towards it, once a matter or gravita-
tional wave passes through the potential barrier, it must
propagate in a one-way tra�c without returning. The
potential barrier itself is responsible for producing quasi-
normal modes and BH ringdown. [3–6] Near its maximum,
the potential barrier can be well approximated by an in-
verted parabola. The resultant transmission and reflec-
tion rate exhibit thermal-like behaviors similar to a quan-
tum mechanical problem of a particle scattered with an
inverted harmonic potential. [7–9] The e↵ective tempera-
ture in this thermal-like scattering encodes the mass of
a Schwarzschild black hole. Interestingly, the inverted
harmonic oscillator (IHO) also underlies the profound
Hawking–Unruh radiation. [10–14] Both the dynamics near
the event horizon and in the accelerating reference frame
can be mapped to IHOs.

While significant progress has been made in obser-
vational astronomy in the study of BHs in the past
few decades, [15,16] there have been long-term e↵orts
of exploring analogue BHs in laboratories. Therein,
the spacetime metrics of BHs can be synthesized us-
ing a variety of platforms, such as water or supersonic
fluid, [17–25] Bose–Einstein condensates, [26–30] artificial op-
tical materials, [31–33] and superconductor circuits. [34] In
parallel, it has been found that certain quantum systems
can be used to simulate scatterings problems of BHs. For
instance, when quantum Hall states are subject to saddle

potentials, an e↵ective inverted harmonic potential arises,
and the transmission and reflection rate become thermal-
like similarly to Refs. [13,35,36]. Though such a deep con-
nection between transport phenomena of quantum Hall
states and BH physics has attracted long-lasting theoreti-
cal interest, it eludes experiments on two-dimensional elec-
tron gases.

In this Letter, we point out that reactive molecules
with a unit probability of reaction at a short distance pro-
vide a natural simulator to study scattering problems in
BHs. While the long-range part of the interaction between
two molecules is a van der Waals potential, chemical re-
actions occur or two molecules form long-lived complexes
in the short range. [37–39] Some molecules like KRb have a
unit probability of reaction such that chemical reactions
occur with 100% probability whenever the separation be-
tween two molecules decreases down to a certain short
length. [40,41] In other words, the incident wave moves to-
wards the origin in the relative motion coordinates with-
out returning. This one-way tra�c is reminiscent of what
happens to matter or gravitational waves traveling towards
the event horizon of a BH. Moreover, when molecules in-
teract with high partial-wave scatterings or dipole-dipole
interactions, a potential barrier arises. Near its maximum,
the potential barrier is well approximated by an inverted
parabola, similar to the barrier outside of the event hori-
zon of a BH. Therefore, reactive molecules could serve as a
natural quantum simulator of relevant BH physics outside
the event horizon. In Fig. 1, we show that the scattering
of reactive molecules exhibits similar behavior as a scalar
field scatters with the potential barrier outside the event
horizon of a black hole.

In the literature, [42,43] the unit reaction of molecules
has been described as a “black hole” boundary condition
based on the observation that matter waves go in with-
out returning. However, there has been no attempt to
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formally connect reactive molecules to BH physics in a
quantitative means. As we will show, the loss rate of reac-
tive molecules exhibits a thermal-like distribution near the
maximum of the potential barrier, in the same manner as
a scalar field scatters with a BH. Thermal-like scatterings
and connections to BH physics are hence readily accessible
in current experiments. It is also worth mentioning that re-
active molecules are highly controllable compared to other
systems like quantum Hall states in two-dimensional elec-
tron gases. The potential barrier can be easily tuned by
changing the angular momentum quantum number or the
strength of dipole-dipole interaction by varying the elec-
tric field strength. As such, the e↵ective temperature in
the thermal-like scattering is highly tunable.
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Fig. 1. (a) The potential barrier (solid curves) outside
the event horizon of the Schwarzschild black hole. (b)
The interaction between two molecules with high partial-
wave scattering or dipole-dipole interactions. At short dis-
tance, the unit probability of reaction leads to an absorb-
ing boundary condition that mimics the event horizon. In
both (a) and (b), |r|2 and |t|2 denote the reflection and
transmission rate, respectively, and dashed curves denote
the IHO approximation.

Before further proceeding, we would like to give some
remarks on the relation between reactive molecules and
BH. The event horizon is one of the key features of BH, and
the speed of light bounds the speed of particles. However,
for the simulation of BH physics outside of the event hori-
zon, the consequence of the event horizon can be e↵ectively
captured by the one-way tra�c or “black hole” boundary
condition. [42,43] In this Letter, we show the parallels be-
tween the scattering properties of reactive molecules and
those of fields outside the event horizon of the black hole.
The one-way tra�c in the molecules originates from the
chemical reaction of unit rate. Usually, in cold molecule
experiments, the trapping potential is tailed for a partic-
ular type of molecules. When the chemical reaction hap-
pens, the product does not feel the trapping potential,
which leads to two-molecule loss from the trapping poten-
tial. This process is similar to that of matter or gravita-
tional waves propagating toward the event horizon of the
black hole. Due to the same reason, the counterpart of the
speed of light does not exist in our model. This is in sharp
contrast to acoustic black holes where the sound velocity

plays the role of speed of light. In the remaining part of
our Letter, we elaborate on the simulation of scattering
outside of the event horizon of BH.

BH and IHO. The spacetime metric of a Schwarzschild
BH is written as

ds
2 = f(r)d(ct)2 � f(r)�1

dr
2 � r

2
d✓

2 � r
2 sin2

✓d'
2
, (1)

where f(r) ⌘ (1 � rs/r), and rs = 2GM/c
2 denotes the

Schwarzschild radius with G being the gravitational con-
stant, M the BH mass and c the speed of light. The event
horizon is located at f(r) = 0, i.e., r = rs. In the so-called
“tortoise” coordinate r⇤, r⇤ = r+rs ln(r/rs�1), the event
horizon is moved to r⇤ = �1. A scalar field �(t, r, ✓,')
interacting with a Schwarzschild BH satisfies
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where we have defined the single mode field with angu-
lar momentum ` as  �(r⇤) = e

i�t
r�(t, r⇤, ✓,')/Y

m
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with � being the frequency and Y
m
` (✓,') the spherical har-

monic function. Equation (2) is reminiscent of a stationary
Schrödinger equation with potential VBH(`, r⇤),
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i
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As shown in Fig. 1(a), VBH(`, r⇤) has a potential barrier
outside of the event horizon. Near the maximum of the
potential, it can be approximated by the IHO. The larger
the ` is, the better the approximation is.

Equation (2) can be regarded as a Schrödinger equa-
tion of an IHO, and the Hamiltonian is written as
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2
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2
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p
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Da(x) representing the parabolic cylinder function. Here,
both ! and E have the dimension L

�2. The energy and
position have been measured from the top of IHO, i.e.,
E ! E � VBH⇤/2, r⇤ ! r⇤ � r

max

⇤ . By analyzing the
asymptotic behavior of  E(r⇤) in the limit of r⇤ ! ±1,
we could extract the scattering matrix
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where � (⇤) denotes the Gamma function. Therefore, the
reflection and transmission rate can be written as

|r|2IHO =
1

e
2⇡E
! + 1

; |t|2IHO =
1

e
� 2⇡E

! + 1
, (6)

respectively, which follow a thermal-like distribution. The
e↵ective temperature Te↵ is thus determined by the IHO
frequency !, which is related to the Schwarzschild radius.
Note that it is a plus sign in the denominator, di↵erent
from the minus sign in the expression for the Hawking radi-
ation. As such, the thermal-like tunneling directly unfolds
the mass of BH. When ` = 0, the e↵ective temperature is
written as

Te↵ =
27

1024
p
2

~2c4
⇡kBµ̃M

2G2
. (7)
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Since kBTe↵ determined from Eq. (6) has the dimension
L

�2, the same as !, we have added in Eq. (7) an extra
factor, ~2/µ̃, where µ̃ is an arbitrary mass scale, to ensure
that Te↵ has the same dimension as the temperature. We
would like to point out that the thermal behavior of the
scattering rate in Eq. (6) is not due to Hawking radiation.
The former originates from the elastic scattering at the
top of potential barrier, while the latter is due to quantum
fluctuation near the event horizon.

For another `, the corresponding Te↵ can be obtained
in the same way. It should be noted that there is a di↵er-
ence between VBH⇤ and VBH(r

max

⇤ ), a constant energy shift
from the top of the IHO to the maximum of the realistic
potential. Such a shift exists when applying IHO as an
approximation for a generic potential barrier, such as the
Pöschl–Teller potential that has analytical solutions. [44]

With increasing `, the IHO approximation becomes bet-
ter in the sense that it describes the potential barrier in
a wider range of energy and the percentage di↵erence be-
tween VBH⇤ and VBH(r

max

⇤ ) decreases.
In addition, the Rindler Hamiltonian that describes a

reference frame moving with a constant acceleration and
the resultant Unruh radiation turns out to be an IHO. [44]

Near the event horizon, the description of the surface grav-
ity that produces the Hawking radiation also reduces to an
IHO (see the Supplementary Materials). Therefore, the
IHO plays a critical role underlying Hawking–Unruh radi-
ation.

Reactive Molecules. To simulate the physics outside
the event horizon of a black hole, we consider the reac-
tive molecules. In the absence of an external electric field,
two molecules interact via the van der Waals potential at
large distance and the Hamiltonian of the relative motion
is written as

h
d
2

dr2
� `(`+ 1)

r2
+
�
4

6

r6
+

2µ✏
~2
i
u`(r) = 0, (8)

where µ is the reduced mass, �6 is the characteristic length
of the van der Waals potential, and u`(r) = r `(r) with
 `(r) being the radial wave function of `-th partial wave.
The analytical solutions have been obtained by the quan-
tum defect theory (QDT). [45,46] The van der Waals po-
tential and the centrifugal potential lead to an e↵ective
potential that has a maximum. As illustrated in Fig. 1(b),
near the potential maximum, the e↵ective potential can be
expanded as

VvdW(r) ⇡ �1
2
µ!

2

h
r � 31/4�6

[`(`+ 1)]1/4
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2

+ Vmax, (9)

where ! = 2`(` + 1)~/(
p
3µ�2

6), and the maximum of the
potential is Vmax = ~2(`(` + 1))3/2/(3

p
3µ�2

6). As such,
similar to scatterings of a scalar field by BH, the high par-
tial wave scattering of molecules can also be approximated
by the IHO. The reaction with unit probability at short
distance plays the role of an event horizon. Specifically,
the asymptotic wave function at the short-range takes the
following form:

u`(r ! 0) /r
3/2

�6
exp

h
i

⇣
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2

6

2r2
� ⌫0⇡

2
� ⇡

4
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where ⌫0 = (2` + 1)/4. The absence of exp[�i�
2

6/(2r
2)]

in the wave function signifies unit probability of reaction

such that there is no outgoing flux. As such, similar to the
previously discussed BH physics, whereas we were consid-
ering a quantum tunneling problem, the transmission and
reflection rate become thermal-like near the maximum of
the potential barrier,

Te↵ =
`(`+ 1)p

3⇡

~2
kBµ�

2

6

. (11)

Comparing Eq. (7) and Eq. (11), we see that, if identify-
ing µ and µ̃, �6 plays the role of the mass of a BH, i.e.,
�6 ⇠ MG/c

2.
The comparison between the exact results of the van

der Waals potential and the result of IHO is shown in
Fig. 2. Near the Vmax, an IHO well reproduces the result
of the van der Waals potential. The slope of log(|t|2/|r|2)
is given by the frequency of the IHO near the maximum
of the barrier, as shown in Figs. 2(a) and 2(b).
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Fig. 2. The reflection and transmission rate for high
partial-wave scatterings at zero electric field. [(a), (b)]
The reflection rate |r|2 and log(|t|2/|r|2) as a function of
the energy for p-wave scattering. (c) log(|t|2/|r|2) for var-
ious high partial-wave scatterings. In (a)–(c), solid curves
are the results from the quantum defect theory. Dashed
curves are the results from the approximation using IHO,
whose frequency is determined by the potential near the
maximum of the potential barrier. With increasing `, the
approximation using IHO covers a broader range of energy.

Similar to BH scattering, there is a small di↵erence be-
tween V

⇤
max and Vmax. We find |V ⇤

max �Vmax|/Vmax ⇡ 34%
for ` = 1. We also find that with increasing `, the IHO
approximation works well in a larger energy window near,
as shown in Fig. 2(c). Meanwhile, |V ⇤

max � Vmax|/Vmax de-
creases. For ` = 4, |V ⇤

max � Vmax|/Vmax is readily as small
as 3%. Therefore, such thermal-like transmission and re-
flection become more evident in higher partial wave scat-
terings.

Noticeably the energy-dependent transmission or re-
flection rate readily unfolds thermal-like scatterings in the-
ory, what can be directly measured in experiments is the
temperature-dependent two-body loss rate Kinel

` (T ). It is
related to the transmission rate by a thermal average,

Kinel

` (T ) = (2`+ 1)
4⇡~2

(2µ)3/2

R1
0

e
� ✏

kBT |t|2d✏
R1
0

p
✏e

� ✏
kBT d✏

. (12)
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When the temperature is much smaller than the maxi-
mum of the barrier, we find that the loss rate is a con-
stant and linearly dependent on T for the s- and p-
wave scatterings, respectively, i.e., Kinel

`=0 ⇡ 4hā/µ and
Kinel

`=1 ⇡ 1512.58ā3
kBT/h with ā = 2⇡�6/� (1/4)

2 and h

being the Planck constant, which are consistent with the
results previously obtained in Refs. [40,47–49], as shown
in Fig. 3(a).
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d-wave (square) scatterings. The blue and black arrows
indicate the characteristic temperature that corresponds
to the maximum of the potential barrier of p- and d-wave
scattering, respectively. The red dashed line depicts the
low-temperature approximation of the p-wave scattering.
(b) Markers are the results from an inverse Laplace trans-
form of (a). Twenty temperature points in the T -axis have
been used. It recovers the transmission rate as a function
of the energy (solid and dash-dotted curves).

Here, we are interested in the high-temperature regime
of the order of µK, which is comparable to the typical
value of the potential barrier maximum from the van der
Waals interaction and the centrifugal potential. The scat-
terings near the maximum of the barrier thus become
relevant. In Fig. 3(a), we show the two-body loss rate
as a function of temperature for p- and d-wave scatter-
ings. Though this thermal average convolutes the pre-
viously discussed thermal-like quantum tunnelings near
the maximum of the potential barrier with scatterings at
other energies, Eq. (12) shows that such a thermal aver-
age is in fact a Laplace transform of the energy-dependent
tunneling rate. An inverse Laplace transform thus could
recover the energy-dependent reflection and transmission
rate from the thermal averaged value. We have numeri-
cally confirmed that standard numerical techniques of the
inverse Laplace transform are readily capable of recover-
ing the thermal-like quantum tunneling from the thermally
averaged decay rate. As shown in Fig. 3(b), using Talbot’s
method, we could reproduce energy-dependent reflection
and transmission rates from 20 data points of the ther-
mal averaged decay rate around T = 4~2/(2µ�2

6kB). This
method works so well that the results by inverse Laplace
transformation (markers) are indistinguishable from those
given by QDT.

Dipole-Dipole Interaction. When an electric field is
turned on, a dipole-dipole interaction between molecules
is induced. However, such an interaction is anisotropic in
three dimensions. To simplify discussions, we consider two
dimensions and the electric field is perpendicular to the
plane. [50,51] As a result, an isotropic dipole-dipole repul-
sion creates a potential barrier even for s-wave scatterings.
The dipole-dipole interaction depends on the electric field,
providing another knob to control the thermal-like tunnel-
ings. As such, the potential barrier can be controlled by
external electric field flexibly. The Schrödinger equation
along the radial direction reads

⇣
d
2

d⇢2
� m

2 � 1/4
⇢2

+
�
4

6

⇢6
� 2µd2

4⇡~2"0⇢3
+

2µ✏
~2
⌘
um(⇢) = 0,

(13)

where "0 is vacuum permittivity, and d is the induced elec-
tric dipole moment that depends on the electric field. m

is the quantum number of the angular momentum about
the normal direction of the plane. Since there is no simple
analytical solution to Eq. (13), we numerically solve it and
extract the scattering properties.
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Fig. 4. log(|t|2/|r|2) as a function of the incident energy
in the presence of an external electric field in 2D. [(a),
(b)] The results of m = 0 and m = 1, respectively. Here,
d̃ = 2µd/(4⇡~2✏0) denotes electric field induced dipole mo-
ment. Solid curves are the results from the quantum defect
theory. Dashed curves are the results from the approxima-
tion using IHO. Arrows indicate the energy of the potential
maximum Vmax.

Figure 4 shows the log of |tm|2/|rm|2 with a varying
electric dipole moment for the s- and p-wave scattering. In
most current experiments, the trapping potential height
is around a van der Waals energy ~2/(2µ�2

6). We thus
consider incident energies smaller than ~2/(2µ�2

6). By in-
creasing the dipole moment, the IHO approximation works
better and better. Even for the s-wave scattering, thermal
scattering can be observed. In other words, the linear re-
gion near Vmax becomes broader and broader by increasing
the electric field, which is hopeful to be observed in current
experiments.

While we have been focusing on unit reaction probabil-
ities at a short distance, it is worth considering smaller re-
action probabilities. The reactive rate is characterized by a
dimensionless “quantum-defect” parameter 0  y  1. [47]

Here, y = 1 and y = 0 indicate that the molecule colli-
sion in a short range is completely lossy and elastic, re-

050401-4



Chinese Physics Letters 40, 050401 (2023)

spectively. Experiments have reported y = 0.26 and 1.0
for RbCs and KRb. [41,52] Recent experiments have further
shown that y can be manipulated by the external magnetic
or electric field, which o↵ers an unprecedented means to
tune the boundary condition from a perfect event hori-
zon to an imperfect one that partially or totally reflects
the incident wave. [53–55] In the latter case, matter waves
bounce back and forth between the potential barrier and
the imperfect event horizon. Again, near the maximum of
the potential barrier, such a multiple scattering problem
of IHO well captures the exact result. The thermal-like
tunneling can therefore be extracted from the decay rate
of any y (see the Supplementary Materials).

We have shown that the reactive molecules allow physi-
cists to simulate scatterings between gravitational waves
and BHs. The reactive molecules are also promising can-
didates for studying other profound features of BHs, such
as quasi-normal modes and BH ringdown, if the time de-
pendence of the reflected waves can be probed in experi-
ments. We hope that our work will stimulate more inter-
ests in studying the BH physics using atomic, molecular,
and optical systems.
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