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In 1971 Zel’dovich predicted that quantum fluctuations and classical waves reflected from a rotating absorbing cylinder will gain energy and be amplified. This key conceptual step towards the
understanding that black holes may also amplify quantum fluctuations, has not been verified experimentally due to the challenging experimental requirements on the cylinder rotation rate that
must be larger than the incoming wave frequency. Here we experimentally demonstrate that these
conditions can be satisfied with acoustic waves. We show that low-frequency acoustic modes with
orbital angular momentum are transmitted through an absorbing rotating disk and amplified by up
to 30% or more when the disk rotation rate satisfies the Zel’dovich condition. These experiments
address an outstanding problem in fundamental physics and have implications for future research
into the extraction of energy from rotating systems.

Introduction. In 1969, Roger Penrose proposed a
method to extract the rotational energy of a rotating
black hole, now known as Penrose superradiance [1]. Penrose suggested that an advanced civilisation might one
day be able to extract energy from a rotating black hole
by lowering and then releasing a mass from a structure
that is co-rotating with the black hole. Yakov Zel’dovich
translated this idea of rotational superradiance from a
rotating black hole to that of a rotating absorber such
as a metallic cylinder, showing it would amplify incident
electromagnetic waves, even vacuum fluctuations, that
had angular momentum [2–4]. These notions involving
black holes and vacuum fluctuations converged in Hawking’s 1974 prediction that non-rotating black holes will
amplify quantum fluctuations, thus dissipating energy
and eventually evaporating. Analogue laboratory experiments have been carried out that confirm these physical
ideas: Penrose superradiance, or superradiant scattering,
in classical hydrodynamical vortices in the form of ‘overreflection’ [5, 6] and Hawking’s predictions classically in
flowing water [7] and in optics [8, 9], plus a quantum
analogue in superfluids [10–12]. However, experimental
verification of Zel’dovich amplification in the form of amplification of waves from an absorbing cylinder is still
lacking.
Zel’dovich found the general condition for amplification
from an absorbing, rotating body:
ω − `Ω < 0

(1)

where ω is the incident wave frequency, ` is the order of
(what it is referred to in the current literature as) the
orbital angular momentum, OAM [13–15] and Ω is the
rotation rate of the absorber. When this is satisfied, the
absorption changes sign and the rotating medium acts as
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an amplifier. Outgoing waves then have an increased amplitude, therefore extracting energy from the rotational
energy of the body in the same spirit of Penrose’s proposal.
Satisfying the condition in Eq. (1) with electromagnetic
waves is extremely challenging. For ` = 1 we would need
rotation speeds Ω in the GHz to PHz region (microwave
to optical frequencies) which is many orders of magnitude faster than the typical 100-1000 Hz rotation speeds
available for motor-driven mechanically rotating objects.
The highest OAM reported to date in an experiment is
of order ` ∼ 10, 000 in the optical domain [16], yet still
leaves little hope of closing the rotation frequency gap
required to satisfy Eq. (1) [17, 18].
However, recent work has shown that this condition and
the observation of gain is theoretically achievable with
acoustic waves [19–21]. The proposed interaction geometry requires sending an acoustic wave in transmission through a rotating absorbing disk. This provides
a strong technical advantage compared e.g. to sending
the waves radially inwards towards the outer surface of a
cylinder, as it allows us to use relatively low frequencies
for both the waves and the disk rotation whilst keeping the dimensions sufficiently compact (the disk can be
made very thin). An acoustic wave with OAM order `
will experience a rotational Doppler shift [22, 23] due to
the disk rotation, such that the wave frequency is shifted
by a quantity ω − `Ω. This implies that the acoustic
wave frequency will become negative when the Zel’dovich
condition Eq. (1) is satisfied, which is precisely the prerequisite physical condition outlined by Zel’dovich in his
original work. This condition was recently observed by
Gibson et al. [24] by measuring the acoustic frequency
with a rotating microphone. Although one cannot directly measure negative frequencies, the switch in sign of
the acoustic wave frequency manifested itself as a switch
in the sign of the wave orbital angular momentum, which
was measured by tracking the phase difference between
two closely spaced, co-rotating microphones.
In this work we experimentally demonstrate that

2
1

0.5

3

4

30

2

=

=
=
4

=

S

=1

=5

s
pea
k
er
s

=0

3

=
e

nois
0

(
i
)

(
i
i
)

(
i
i
i
)

(
i
v
)

Figure 1. Schematic outline of experiment. 16 loudspeakers (Visaton; SC 8N) are arranged in a ring (diameter ≈0.47m) to create an OAM acoustic field, channelled by
acoustic waveguides to a smaller area (diameter ≈0.19 m) and
incident on a rotating disk of sound-absorbing foam (S). The
absorbing disk also carries two closely spaced (2 cm distance)
microphones (M). The microphones transmit their data via
Bluetooth (Avantree; Saturn Pro), for live data acquisition
whilst in rotation. The set-up is adapted from that used by
Gibson et. al. [24]. Insets indicate the various configurations
used in the experiments for the rotating disk and absorbing foam: (i) supporting disk with microphones and absorber
are co-rotating; (ii) absorber is detached and remains static,
whilst microphones rotate; (iii) an absorber is placed in front
of only one of the two microphones; (iv) absorber is completely removed, microphones rotate.

Zel’dovich amplification is readily observable with acoustic waves with relatively low OAM (` = 3, 4, 5) and at
low acoustic frequencies of order of 60 Hz, i.e. readily accessible rotation rates for the absorbing disk such
that spurious signals (for example, due to noise) are also
minimised. Our acoustic measurements are resolved as a
spectrogram and analysed as a function of disk rotation
frequency, showing an intensity gain of ∼30% of acoustic
energy over a range of orbital angular momenta. These
measurements represent a significant step forward in our
understanding of Zel’dovich amplification, a fundamental
wave-matter interaction that lies at the heart of a series
of physical processes in condensed matter systems, superfluids and black holes.
Model. An acoustic conical wave carrying OAM ` is
normally incident onto an absorbing material rotating at
frequency Ω, and which is surrounded on both sides by
non-rotating air. The acoustic wave equation for density
variations ρ̃ in a frame rotating with the medium is [25]:
∂ 2 ρ̃
∂ ρ̃
− Γ 0 ∇2
− v 2 ∇2 ρ̃ = 0,
2
∂t
∂t

(2)

where v is the sound velocity and Γ0 the damping parameter: A similar wave equation applies in the surrounding

0

5

10
15
20
25
disk rotation frequency, Ω (Hz)

30

acoustic amplitude (normalised units)

M

acoustic frequency, ω (Hz)

60

=5

wa
v
egui
des

0

Figure 2. Spectrally resolved acoustic measurements.
An example of a measured spectrogram showing the measured acoustic frequency (ω) spectrum in the rotating frame
for increasing rotation frequencies (Ω). The OAM beam is
generated in the lab frame at 60 Hz at a constant volume,
with the speaker output phases optimised for the `=4 mode.
For each value of Ω, the data shows an independent spectrum,
obtained from the Fourier transform of the measured signal
from one of the two microphones on the rotating disk. The
data clearly shows the input 60 Hz signal split into multiple
components, corresponding to the various OAM modes (indicated in the graph) as a result of a rotational Doppler shift,
ω − `Ω, that leads to linearly varying frequency as a function
of Ω, for each `-mode. The microphone response decreases
for decreasing measured ω and below 4 Hz is zero (i.e. below
the noise level). The supplementary video shows an animation with the overlaid acoustic signal that is recorded with
increasing Ω.

air with sound velocity v0 and Γ0 = 0. Under the condition that the medium length L is much less than the
acoustic wavelength, the transmission of the beam incident from air onto the rotating medium may be solved by
treating the effects of the medium absorption term in (2)
within the first Born approximation. The details of this
model have been worked out previously (supplementary
material in [19]) and lead to the following expression for
the acoustic beam transmittance:


Lω 2 0
Γ
(ω
−
`Ω)
C(ω),
(3)
T = 1−
kz v 4
where kz = (ω/v) cos θ is the longitudinal component of
the sound wavevector and can be controlled through the
conical beam focusing angle, θ. We underline that it is
the term (ω − `Ω) in the transmittance that can change
the sign of the absorption and lead to gain in correspondence with the Zel’dovich condition in Eq. (1).
Equation (3) also includes the frequency response of the
microphones, C(ω). Standard microphones exhibit a rolloff in sensitivity starting below ∼ 100 Hz. We model this
response with a function C(ω) = 1 − exp[−(ω − `Ω)2 /σ 2 ],
where σ determines the rate at which the sensitivity
drops as a function of frequency. However the precise
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Figure 3. The effect of rotation. A measurement of the
acoustic amplitude for ` = 4 for the case of a rotating absorber
(red curve) and for the case in which the absorber is detached
from the rotating disk holding the microphones, and hence
is static (blue curve). The rotating absorber case shows a
clear increase of the transmitted acoustic amplitude above
the Zel’dovich condition (ω − `Ω < 0 is satisfied for this case
when Ω > 15 Hz).

form of this function is not critical to our main conclusions, as the experiments described below compare
between two microphones with the same frequency response.
Experiments. We generate an acoustic wave with orbital angular momentum using a ring of speakers and
tubes that guide the sound directly onto the rotating
disk, as shown in Fig. 1. The ring of 16 loudspeakers
are all driven at the same frequency (ω = 60 Hz), each
with a specific phase delay in order to approximate a helical phase front, generating a beam carrying OAM [24].
Depending on the phase delay between adjacent speakers, different OAM states can be produced. For example,
a phase delay of π/2 radians between adjacent speakers
creates an OAM beam of topological charge ` = 4.
A motor (RS Components; 536-6046) is used to rotate the disk fitted with two closely spaced microphones.
Sound absorbing material can be placed in front of both,
one or neither of the microphones (as illustrated in Fig. 1
(i), (iii) and (iv) respectively). Test measurements are
taken with the two microphones under experimental conditions in order to ensure that they exhibit the same
acoustic response, with and without the absorbing material placed in front of them (see Methods). The data
from the microphones is communicated via Bluetooth to
a computer.
Fig. 2 shows an example of a measured spectrogram. The
acoustic frequency is set to 60 Hz on all of the speakers
and phase delays are set to generate waves with ` = 4
- other ` modes are expected to also be generated as a
result of the imperfections in speaker uniformity and the
limited number of speakers used [24]. The Zel’dovich
condition and inversion from absorption to gain is there-
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Figure 4. Evidence of absolute gain. The measured acoustic amplitude with ` = 4 and with the absorber placed on one
of the microphones (red curve) but not on the other (blue
curve) shows clear differences in the signals. For rotation rates
Ω < 15 Hz (i.e. such that ω−`Ω > 0) absorption is observed in
particular at the lowest frequencies (blue shaded area). Conversely, at the highest frequencies (where ω − `Ω < 0), a
clear gain in the transmitted signal is observed. The ∼ 1.3x
higher signal at Ω ∼ 30 Hz compared to Ω ∼ 0 Hz highlights
the presence of absolute gain of the acoustic signal. Theoretical predictions from Eq. (3) are shown with the damping
parameter Γ0 = 0 m2 /s (no absorber, thick blue curve) and
Γ0 = 8 · 104 m2 /s (thick red curve) The shaded areas show
the standard deviation of the measured signals across 7 sets
of data (2 seconds of acquisition each).

fore expected for a disk rotation of 15 Hz. The disk is
therefore rotated in the 0 to 30 Hz range, which also corresponds to the linear response range of our motor (i.e.
linear increase of rotation speed with driving voltage).
The spectrogram exhibits a series of features: as the disk
rotation rate increases, the input 60 Hz frequency splits
into a series of signals, depending on the OAM value `
with a clear signal measured for ` = 0 − 5 (as labelled in
the figure). We can also clearly see an additional signal
that is due to the noise generated by the rotation and
therefore appears at the same frequency as the rotation
rate.
All of the observed OAM modes shift in frequency due
to the rotational Doppler shift (∆ω = −`Ω) and after the
labelled OAM modes have gone through zero frequency
they satisfy their Zel’dovich condition. Beyond zero, the
rotational Doppler shift formula predicts negative frequencies, which results in an inversion of the sign of `
(i.e. positively sloped traces in the spectrogram) when
measured in the rotating frame [24]. In order to verify
the presence of gain in this Zel’dovich regime, we proceed to extract the amplitude for each ` value from the
spectrograms.
Results. In Fig. 3 we show the effect of rotation on
transmitted acoustic signal for the `=4 mode as the
disk rotation rate is increased from 0 to 30 Hz. The
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Figure 5. Comparison for different OAM beams. The
spectrograms show signals for a range of ` that can also be
analysed and compared. For all ` that pass through the
Zel’dovich condition we see evidence of transmittance greater
than 1 as a result of rotation. Comparing the transmission
values for the same rotational Doppler shifted frequency (i.e.
-30 Hz, corresponding to Ω = 30, 22.5 and 18 Hz (indicated
as solid circles) for ` = 3, 4 and 5, respectively), the gain in
transmittance appears, within the experimental error, to be
constant, ∼ 1.1 (horizontal dashed line) for all ` and increases
linearly with ` for a fixed Ω (compare e.g. at Ω = 30 Hz).
Both observations confirm the predictions of Eq. (3). Theoretical fits from Eq. (3) are also shown as dashed lines, with
no varying parameters (other than `).

two curves indicate two different cases: the absorbing
disk is co-rotating with the microphones (red curve)
and the absorbing disk is slightly detached from the
motor mount so that the microphones rotate whilst
the disk remains static (blue curve). As the rotation
speed is increased, the modes are Doppler shifted and
the measured signal from both microphones decreases
due to the lower microphone response at lower acoustic
frequencies. As the mode is Doppler shifted through
zero frequency (at Ω = 15 Hz), the measured acoustic
frequency increases again and the transmitted signal
increases. In the non-rotating case, no increase is observed in the transmitted signal for the same rotational
Doppler shift (i.e. for symmetric points around Ω = 15
Hz). Conversely, when the absorber is in rotation with
no other changes to the experiment, we observe a clear
increase in the transmitted signal at high rotation rates
that satisfy the Zel’dovich condition (shaded area).
In Fig. 4 we show evidence of absolute gain in the
acoustic signal, i.e. evidence that the transmitted energy
is larger than the incident energy. One microphone
(microphone 1, red curve) in the rotating frame has
absorbing foam in front of it, the other microphone next
to it (microphone 2, blue curve) does not. We observe
that at low rotation speeds (2-5 Hz), the transmitted
signal is lower compared to microphone 2, as it has been
absorbed by the foam. Conversely, rotating faster than

Ω = 15 Hz and thus satisfying the Zel’dovich condition
leads to clear increase in the transmission signal compared to the non-absorbing case. The amplification is
such that the signal transmitted through the absorber
above Ω = 25 Hz is greater by about 30% than the signal
at the slowest rotation speeds that did not pass through
the absorber. This indicates absolute gain: we measure
more sound with the rotating absorber than without it.
The thick solid curves in Fig. 4 show the theoretical
predictions from Eq. (3). We first proceed to fit Eq. (3)
to the data from microphone 2 that has no absorber
present (Γ0 = 0) thus obtaining the shape of C(ω), the
frequency response of the microphones. This determines
the frequency sensitivity parameter, σ = 22 Hz. We
then refer to the data from microphone 1 and use the
low rotation frequency (2-5 Hz) data to determine the
value of the dissipation parameter, Γ0 = 8 · 104 m2 /s.
We notice that the same theoretical curve provides a
quantitatively accurate prediction of the full behaviour
for all Ω, including the 30% gain measured at high
rotation frequencies, thus further corroborating the
interpretation of the gain originating from the Zel’dovich
effect.
Further analysis shown in Fig. 5 of multiple OAM
modes transmitted through the rotating absorber reveals
amplification for all the OAM modes analysed that
satisfy the Zel’dovich condition, not just the strongest
` = 4 mode. In more detail, if we consider in Fig. 5 a
fixed Doppler shifted frequency, e.g. ω − `Ω = −30 Hz
for all ` (corresponding to Ω = 30, 22.5 and 18 Hz for
` = 3, 4 and 5, respectively), we note that all curves
within the experimental error show the same gain of
∼ 10%. If instead we consider a fixed disk rotation
frequency, e.g. Ω = 30 Hz we see that the gain, i.e.
transmitted acoustic energy, increases linearly with `.
Both of these observations are in agreement with the
theoretical prediction Eq. (3).
Conclusions. Amplification of waves from a rotating
absorber as predicted by Zel’dovich is a foundational
prediction in fundamental physics that lies somewhere
between the proposition by Penrose that energy can
be extracted from rotating black holes and Hawking’s
prediction that static black holes will evaporate as
a result of the interaction with quantum vacuum.
Zel’dovich’s original model indeed referred to amplification of vacuum modes from a rotating metallic cylinder
but was also extended to include the amplification of
classical waves. Whilst very hard to verify with optical
or electromagnetic waves, acoustic waves allow direct
measurements of significant amplification of waves due
to a rotating absorber. A key step in achieving this
result is the use of a geometry where the waves are
transmitted through a thin absorbing cylinder [19–21]
rather than in reflection from an extended cylinder. This
relaxes the experimental constraints and limitations that
arise in the original proposal due to the requirement that
the cylinder length be larger than the wavelength, in
order to ensure interaction and reflection of the incident
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waves. For example, this would have required a cylinder
with a length of several meters for the conditions used
here, which would have been very challenging to rotate
at 30 Hz.
Similar concepts could in principle be extended to
electromagnetic waves [18] thus possibly extending our
results also to amplification of electromagnetic modes
from the quantum vacuum.
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Methods. The rotation speed of the absorber was
increased in steps of (approximately) 0.2 Hz. Various
forms of sound absorbing foam were tested with varying
yet similar porosity (e.g. cellular ethylene propylene
diene monomer, EPDM, soundproofing rubber, RS
Components, 5% absorption at 60 Hz). All cases showed
similar results, in line with our expectation that details
in the medium 4-5 orders of magnitude smaller than
the sound wavelength will not significantly influence the
dynamics.
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