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The superradiant amplification in the scattering from a rotating medium was first elucidated by Sir Roger
Penrose over 50 years ago as a means by which particles could gain energy from rotating black holes.
Despite this fundamental process being ubiquitous also in wave physics, it has only been observed once
experimentally, in a water tank. Here, we measure this amplification for a nonlinear optics experiment in the
superfluid regime. In particular, by focusing a weak optical beam carrying orbital angular momentum onto
the core of a strong pump vortex beam, negative norm modes are generated and trapped inside the vortex
core, allowing for amplification of a reflected beam. Our experiment demonstrates amplified reflection due
to a novel form of nonlinear optical four-wave mixing, whose phase-relation coincides with the Zel’dovich-
Misner condition for Penrose superradiance in our photon superfluid, and unveil the role played by negative

frequency modes in the process.

DOI: 10.1103/PhysRevLett.128.013901

Introduction.—Penrose superradiance is the process by
which energy can be extracted from a rotating black hole
via a scattering process in which an object splits in two at
the ergosphere, with one part falling into the ergoregion
where it will have negative energy and therefore providing
a positive energy gain to the reflected or scattered part of
the object [1]. The role of negative frequencies in rotational
amplification of waves was subsequently investigated in a
different setting by Zel’dovich, who showed that electro-
magnetic waves incident radially on a rotating metallic
cylinder could be amplified if the cylinder spins fast enough
to allow negative Doppler-shifted wave frequencies [2],
with several proposals for experiments in various settings
[3-7] and an experimental demonstration using acoustic
waves [8].

Astrophysical Penrose superradiance has to date not
been observed with current technology, in part, due to the
large distances between Earth and the nearest rotating black
hole. However, proposals based on analog gravity have
led to the first experimental observation of superradiance,
reported in a hydrodynamic experiment [9], also related to
so-called overreflection [10-14].

In this arena, photon superfluids have proved to be a
versatile platform [15-26], and recently the concept of
rotational Penrose amplification has been extended to the
superfluid regime, where Bogoliubov excitations act as
particles in the Penrose picture [27-31]. Moreover, we have
recently shown that superradiance arises naturally in non-
linear optics in the superfluid regime [29,31]. Briefly, it was
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shown that a wave incident at glancing angle onto the
ergoregion of a rotating photon fluid undergoes a splitting
into positive and negative frequency components. The
Zel’dovich-Misner condition for superradiance @ —m€ <0
(w is the oscillation frequency of a wave that has orbital
angular momentum m, and  is the system rotation
frequency) now takes the form of a phase-matching
relation, which if met allows for the negative frequency
modes to be trapped and amplification of the positive
frequency modes to occur.

In this Letter, we report measurements of Penrose rota-
tional superradiance in nonlinear optics. Thanks to the recent
findings reported in Refs. [29,31], we experimentally test the
nonlinear interaction of a weakly focused probe beam having
orbital angular momentum (OAM) and corotating with a
strong copropagating vortex pump beam. We demonstrate
that amplification occurs only if the superradiance condition
is met, and idler waves, which play the role of negative
energy modes, are generated and trapped inside the pump
ergoregion. The presence of a negative current near the pump
vortex core is a key component that underpins the physical
amplification process of Penrose superradiance and had not
been observed before. Photon fluids therefore allow for the
study of the fundamental inner workings of Penrose super-
radiance, including, e.g., the details and influence of
negative-mode trapping and transient phenomena that are
not accessible in other systems.

The model—We consider the nonlinear interaction
between a pump beam E, and a weak signal beam E|,

© 2022 American Physical Society
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with orbital angular momenta £ and n, respectively. The
two fields are monochromatic with the same wavelength 4,
and are copropagating along the z axis in a thermo-optic
nonlinear medium [23,24]. The geometry of the process is
depicted in Fig. 1. Specifically, the collimated pump vortex
E, is shown as the gray beam in Fig. 1, and the signal beam
E (green beam in Fig. 1) is loosely focused onto the vortex
core. The total optical field can then be written as
E =E,+ E, + E;, where E; is the “idler” beam (red beam
in Fig. 1) generated by the nonlinear interaction of the
pump E, with the signal field E;, and whose OAM is
q = (2¢ — n). The evolution of the total field E is governed
in the paraxial regime by the nonlinear Schrodinger
equation (NSE) [32]

OE 1 k
— 4+ —V2E+—An(|lEP)E =0, 1
57 g ViE + - An(IEP) (1)

where n is the linear refractive index, k = 2zng/A = ngkg
is the wave number, and Vi is the transverse Laplacian
describing beam diffraction. Equation (1) is akin to the
Gross-Pitaevskii equation for a two-dimensional (2D) super-
fluid, with E(x, y, z) being the order parameter and z playing
the role of time. For this photon superfluid, the photon-
photon repulsive interaction is mediated through the heating
induced by the local intensity of the propagating beam. The
specific thermo-optic medium used for the experiment is
composed of a solution of methanol and a low concentration

Input pump.
Input signalx\\‘i , Output pump
/, Output signal
/’ Output idler
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/]
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FIG. 1. [Tllustration of the experimental interaction geometry.
The pump (gray) beam propagates inside the nonlinear sample
copropagating along the z axis with the signal (green) beam. The
dashed white line represents the ergoregion encircling the pump
core. The signal beam is loosely focused onto the pump core and
after the focus, if superradiance occurs, an idler (red) beam is
generated and is trapped inside the ergoregion. A reference beam
interferes with the total field at the output of the sample. The inset
shows experimental image examples of the pump (left, £ = 1)
and signal (right, n = 2) beam transverse profiles at the input.
The white line in the pump inset shows the ergoregion location
(r, = 118 um). The experimental parameters for the beams shown
are pump Gaussian waist wgg ~1 cm, core waist w§ =~ 100 ym, and
the signal core waist w{ ~ 150 pm.

of graphene nanoflakes (23 x 107¢ g/cm?), providing a weak
absorption of the pump input beam to enhance the thermo-
optic nonlinearity [33]. In this system, the nonlinear refrac-
tive index perturbation An in steady state is [24]

An(r) = n, / R(r —1')|E(r')2dr, (2)

where r = (x,y) and n, < 0 is the nonlinear coefficient for
the defocusing nonlinearity. For thermo-optic nonlinearities,
the nonlocal response function R can be written as
R(r) = [1/(276?)|K(|r|/5), where K(s) is the zeroth-
order modified Bessel function of the second kind, with ¢
being the transverse scale of the nonlocality [24,35].
Moreover, experiments with time gated measurements
[24], performed over short times (~0.2 s in our case), have
verified that a strong nonlinearity with a weak nonlocality
(6 ~200 pum) can be realized before thermal diffusion has
reached the steady state (around 20 s in our case).

Our experiment employs short data acquisition times and
we hereafter treat the photon fluid system as quasilocal [24]
and adopt the local theory reported in Ref. [31].

To proceed, we describe the physics of the Penrose
superradiance in a photon fluid, a more mathematical
treatment being available in Ref. [31] and also the
Supplemental Material [34]. In photon fluids, perturbations
composed of the signal and idler beams can form oscil-
lations in the transverse (x,y) plane that behave as
phononic modes [31]. Superradiance then emerges from
judicious choice of the interaction geometry that allows
for balancing of the incoming signal that focuses onto and
then glances off the pump core along with concomitant
generation of an idler beam that can, under appropriate
waveguiding conditions, remain trapped inside the pump
vortex core (where the refractive index is higher than the
surrounding high-intensity region). This interaction geom-
etry leads to a geometry-induced phase-matching condition
that allows for energy transfer from the pump beam into the
signal and the idler modes. More specifically, while the
signal focus glances off the pump core, it undergoes a phase
shift due to the combination of the nonlinearity and the
focusing (Gouy phase shift in optics). The amplification of
the signal is then intimately connected to the excitation
of the guided idler mode inside the core of the pump
beam core [31]. Mathematically, superradiance occurs if
AK = AK; + AK; > 0 (phase-matching condition), where
AK,; = ky; — f, are the signal and idler phononic (longi-
tudinal) wave vectors, reduced by the presence of the
nonlinear pump. This phase-matching condition expressed
in frequencies Aw «x —AK <0 (Aw = Aw, + Aw;) has
been shown [31] to map identically onto the Zel’dovich-
Misner condition required to observe Penrose superra-
diance. Intuitively, if we had plane waves, the signal and
idler wave vector shifts are AK; < 0 and their frequencies
will both be positive Aw,; > 0. However, the waveguide
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potential adds a positive term to the idler wave vector,
which can lead to AK; > 0 and therefore Aw; < 0.

In the superfluid picture, there are then three conditions to
be met in order to observe Penrose superradiance. First,
the phase-matching (Zel’dovich-Misner) condition Am
—AK < 0 should be satisfied. Second, the guided idler
modes should have negative frequency shifts Aw; < 0 to
conform with the fact that they are trapped within the
ergosphere. In the experiments, we explicitly verify the
conditions for AK > 0 and AK; > 0 (i.e., Aw; < 0) by
numerically evaluating the signal and idler wave vectors,
including the contribution from the pump vortex that is
modeled as a static waveguide for the idler (see
Supplemental Material [34]). Third, the Zel’dovich-Misner
condition requires m = (n — £) > 0 for amplification, i.e.,
the signal OAM n must be larger than the pump OAM ¢
[31]. This requirement is experimentally determined by the
choice of input pump and signal OAM values (see [34]).

Finally, once the experimental conditions are verified,
we monitor the presence of superradiance by extracting the
phonon currents. We define the reflection and transmission
coefficients for scattering from the pump ergoregion r,
(radius at which at which the velocity of the flow equals the
speed of the photon fluid [23,34]) using the Noether current
J. The charge N(z), proportional to the total energy density
of the Bogoliubov modes, is a conserved quantity in this
system N(z) = [ JO(r,z)rdr = [C(|Es]* — |Ef|*)rdr =
const, where (’)ZJO =0 [29,36]. The reflection and trans-
mission coefficients are [29]

Ru(2) = ﬁ [:’" (EsP - |EPyrdr. ()
Ty(z) = @ / (B2 -|EPrdr. (4)

Since Ry(z) + Ty(z) = 1, a transmission Ty < 0 implies
that we must have an amplified reflection Ry > 1.
Therefore, the generation of the trapped negative frequency
(idler) mode physically underpins the superradiance process
and the current J°(r) evaluated at the output can be used as a
tool to prove the presence of Penrose amplification, iden-
tified as a negative current J%(r) < 0 inside the ergoregion
(trapped idler) and J°(r) > O outside (Ry > 1) (reflected
signal).

We note that the current formalism also works in the
transient regime, where the signal field is still in proximity
of the ergoregion and has not reached an ideal observer at
infinity [29].

Experiment.—An outline of the experimental setup is
shown in Fig. 1 (see Supplemental Material [34] for more
details). A continuous-wave Gaussian laser beam of wave-
length 4 =532 nm is split into three beams: the pump
beam, the signal beam, and a reference beam. By using two
phase masks, we generate the azimuthal phase profiles

¢ = po, with p = £, n the OAM values for the pump and
signal beams, respectively (see Supplemental Material
[34]). The inset in Fig. 1 shows the transverse intensity
profiles of the pump (left) and signal (right) input beams
and the corresponding beam waists are given in the caption.
The two beams are then incident coaxially onto a cell of
radius 1 cm and length 13 cm, filled with a methanol-
graphene solution.

An additional lens is used to focus the signal beam
into the pump core halfway along the medium. The near-
field intensity at the output facet of the medium and the
reference plane wave are overlapped at a small angle and
imaged onto a CMOS camera. The resulting interferogram
allows for the extraction of the pump + signal + idler
amplitudes and phases with an off-axis digital holographic
reconstruction [37].

The full complex field distribution is then numerically
decomposed into Laguerre-Gauss (LG) modes so as to
reconstruct the full OAM spectrum and therefore determine
the precise relative compositions of the pump and signal
and idler fields. In our experiment, we considered two sets
of measurements, with pump OAM ¢ =1 and 2 (beams
core widths of 200 and 300 pm, respectively). The values
of the powers (252 and 175 mW, respectively) are chosen
in order to have a quasisolitonic evolution of the pump
vortex core.

Figure 2 shows the experimentally determined currents
JO(r) versus radius r at the output for various pump and
signal OAM combinations and powers: The blue curves for
low pump power (P, ~ 10 mW, so as to negligibly excite
any nonlinear effects) have J°(r) > 0 for all radii and
superradiance is absent. For the case of pump OAM ¢ = 1
and high pump power (P, ~250 mW for OAM 7 = 1 and
P, =175 mW for OAM ¢ = 2), shown in Figs. 2(a)-2(d),
we analyzed four signal OAMs: n =3, 2 in Figs. 2(a)
and 2(b) that satisfy the three conditions for superradiance
(w-—mQ <0, Aw; <0, n—-¢>0); n=-1,-2 in
Figs. 2(c) and 2(d) that do not satisfy the three conditions
(see Supplemental Material [34]). In particular, for
Figs. 2(a) and 2(b), we see that the current J°(r) is negative
within the ergoregion (indicated in all figures by a dashed
red line) and positive outside, consistent with the presence
of superradiance, whereas J°(r) > 0 for all radii when the
superradiance condition is not satisfied, Figs. 2(c) and 2(d).

Figures 2(e)-2(h) report results for a pump OAM 7 = 2.
The two signal OAMs n =4, 3 in Figs. 2(e) and 2(f)
display superradiance with a negative current inside the
ergoregion. Figures 2(g) and 2(h) are for signal OAM
n=1,—1, which do not satisfy the Zel’dovich-Misner
condition and show J°(r) > 0 for all . The insets in Fig. 2
report the corresponding signal and idler transverse inten-
sity profiles in the vicinity of the pump core, reconstructed
from the experimental data using the LG decomposition. In
particular, we observe that the signal and idler beams can
become spatially separated and that when superradiance
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FIG. 2. Experimentally measured currents JO(r) versus radius r. (a)—(d) Pump OAM ¢ = 1 and (e)-(h) pump OAM 7 = 2. Penrose
superradiance conditions are satisfied in (a),(b),(e),(f). (a) Signal has OAM n = 3 and idler OAM ¢ = —1. (b) n =2 and ¢ = 0.
(c)n=—-landg=3.(d)n=-2and g =4.(e) n =4 and idler withOAM ¢ =0. () n =3,g=1.(gyn=1,¢g=3.(h)n =—1and
q = 5. The dashed red lines in all panels indicate the location of the radius r, of the ergoregion [r, = 118 ym in (a)-(d) and

r, = 104 pm in (e)—(h)]. Insets show the output intensity profiles |E,;(r)

| reconstructed from measurements verifying that idler

trapping in the pump vortex core occurs for the superradiant cases (a),(b),(e),(f).

occurs the idler beam is trapped inside the ergoregion.
This is most apparent in the examples with idler ¢ = 0 in
Figs. 2(b) and 2(e) where the trapped idler mode has zero
OAM and is peaked in the center of the pump vortex.

These results therefore experimentally validate within a
wide range of conditions the predicted connection between
the Zel’dovich-Misner condition for Penrose superradiance
and the excitation of negative norm idler modes.

Figure 3 shows the reflection coefficient Ry calculated
at the medium output for all the pump and signal OAM

q q
4 3 2 1 0O -15 4 3 2 1 0
P, =8mwW _@ $P, = omw (b)
1.05f |§p =1omw| [ 2 §P, = 12mW CEN
P, = 12mW ? . 4
........................ @ Lo i@
Z 1§
0.95 8 .
o
0.90 @

FIG. 3. Reflection coefficient Ry, calculated at the sample
output (z =13 cm), as a function of signal and pump OAM
difference m = n — ¢ (lower axes) and idler OAM ¢ (upper axes)
for (a) pump £ =1 and (b) pump # = 2. Amplification with
Ry > 1 is observed for m = n —¢ > 0. All values of Ry are
calculated from the average over 20 different acquisitions and the
standard deviation is used to determine the error bars. Blue
dashed circles indicate the configurations where superradiance
conditions (AK > 0, AK; > 0, and m = n — ¢ > 0) are satisfied
(see Supplemental Material [34]).

combinations and different signal input powers. The
reflection Ry from the ergoregion is calculated using
Eq. (3) as a function of m = n — ¢ (lower axes). The data
points for which m = n — ¢ > 0 is verified together with
the other two superradiance conditions outlined above,
ie., o —mQ <0 and Aw; < 0 are circled with a dashed
line (see Supplemental Material [34]). As can be seen, only
these points show evidence of overreflection, Ry > 1, and
all other points have Ry < 1. A maximum amplification of
5% is observed when the idler OAM is g = O (upper axes),
consistent with the fact that the trapped idler is strongly
localized in the pump vortex core. The trend of Ry with
m = n — ¢ is also confirmed by numerical simulations (see
Supplemental Material [34]).

Conclusions.—Penrose superradiance was originally
predicted as an astrophysical process in which positive
energy modes are amplified from the interaction with a
rotating black hole, at the expense of their negative energy
counterpart, which remains trapped inside the rotating
body. This concept was first tested in hydrodynamics with
water waves scattering from a vortex in a bath tub. The
results presented in this Letter show the arising of a novel
process of wave mixing in nonlinear optics inspired by
Penrose superradiance physics. We measure amplification
of positive energy modes with OAM in the scattering with a
rotating background. The trapping of the negative energy
counterpart is also measured thanks to the Noether current
formalism. We measure an overreflection (reflectivity
greater than 1) revealing the presence of superradiance
even in the transient regime. This experiment provides a
novel and accessible platform for investigating Penrose
superradiance, deepening our understanding of the physics
at a fundamental level and, for example, providing a
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platform for future studies investigating energy extraction
from superfluid vortices.
Open access data is available at Ref. [38].
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