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Amplification of waves from a rotating body

Marion Cromb®?, Graham M. Gibson’, Ermes Toninelli', Miles J. Padgett ©®'>, Ewan M. Wright? and
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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 concept, which is a key step towards the understanding that black holes may amplify
quantum fluctuations, has not been verified experimentally owing to the challenging experimental requirement that the cyl-
inder rotation rate must be larger than the incoming wave frequency. Here, we demonstrate experimentally that these condi-
tions 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.

n 1969, Roger Penrose proposed a method to extract the rota-

tional energy of a rotating black hole, now known as Penrose

superradiance’. Penrose suggested that an advanced civilisa-
tion 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 Zeldovich translated this idea
of rotational superradiance from a rotating black hole to that of a
rotating absorber such as a metallic cylinder, and showed it would
amplify incident electromagnetic waves, even vacuum fluctuations,
that had angular momentum’®~. These ideas involving black holes
and vacuum fluctuations converged in Stephen Hawking’s 1974 pre-
diction that non-rotating black holes will amplify quantum fluctua-
tions, thus dissipating energy and eventually evaporating. Analogue
laboratory experiments have been carried out that confirm these
phenomena: Penrose superradiance, or superradiant scattering, in
classical hydrodynamical vortices in the form of ‘over-reflection™®,
and classical forms of Hawking’s predictions in flowing water” and
in optics®’, plus a quantum analogue in superfluids'*-'>. However,
Zeldovich amplification in the form of amplification of waves from
an absorbing cylinder has yet to be verified experimentally.

Zeldovich found the general condition for amplification from an
absorbing, rotating body:

® — (Q<0 (1)

where o is the incident wave frequency, ¢ is the order of (what is
referred to in the current literature as) the orbital angular momen-
tum (OAM)"~'* and 2 is the rotation rate of the absorber. When this
is satisfied, the absorption changes sign and the rotating medium
acts as an amplifier. Outgoing waves then have an increased ampli-
tude, therefore extracting energy from the rotational energy of the
body in the spirit of Penrose’s proposal.

To satisfy the condition in equation (1) with electromagnetic
waves is extremely challenging. For £ = 1 we would need rotation
speeds 2 in the GHz to PHz region (microwave to optical frequen-
cies), which is many orders of magnitude faster than the typical 100-
1,000 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'®, yet still leaves little
hope of closing the rotation frequency gap to satisfy equation (1)'”'.

However, recent work has shown that this condition and the
observation of amplification is theoretically achievable with acous-
tic waves'*~?!. The proposed interaction geometry requires send-
ing an acoustic wave in transmission through a rotating absorbing
disk. This provides a strong technical advantage compared to,
for example, the sending of 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 while keep-
ing the dimensions sufficiently compact (the disk can be made
very thin). An acoustic wave with OAM order ¢ will experience
a rotational Doppler shift*>** due to the disk rotation such that
the wave frequency is shifted by a quantity @ — £Q. This implies
that the acoustic wave frequency will become negative when the
Zeldovich condition (equation (1)) is satisfied, which is precisely
the prerequisite physical condition outlined by Zeldovich in his
original work. This condition was observed recently by ref. ** who
measured the acoustic frequency with a rotating microphone.
Although negative frequencies cannot be measured directly, 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 demonstrate experimentally that Zeldovich
amplification is readily observable with acoustic waves with rela-
tively low OAM (¢ = 3, 4, 5) and at low acoustic frequencies on
the order of 60 Hz, which correspond to readily accessible rota-
tion rates for the absorbing disk such that spurious signals (due to
noise, for example) are also minimized. 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 measure-
ments represent an important step forward in our understanding
of Zeldovich 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 £, and which is
surrounded on both sides by non-rotating air. The acoustic wave
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Speakers

Waveguides

Fig. 1| Schematic outline of experiment. Sixteen loudspeakers (Visaton, SC 8N) are arranged in a ring (diameter ~ 0.47 m) 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 while in rotation. The set-up is adapted from that used by ref. **. Insets indicate the various configurations used in the experiments

for the rotating disk and absorbing foam: left inset, the supporting disk with microphones and absorber are co-rotating; centre left inset, the absorber is
detached and remains static, while microphones rotate; centre right inset, the absorber is placed in front of only one of the two microphones; right inset,

the absorber is completely removed, and microphones rotate.

equation for density variations p in a frame rotating with the
medium is”:
%p

ot?

Pp

= (2)

I'v2E -2V

where v is the sound velocity and I" the damping parameter. A simi-
lar wave equation applies in the surrounding air with sound velocity
voand I" = 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 equation (2) within the first Born
approximation. The details of this model have been worked out pre-
viously (supplementary material in ref. ') and lead to the following
expression for the acoustic beam transmittance:

Lo

T=1|1-
ke v

I'(w — £Q) | C(w) (3)

where k, = (w/v) cos 8 is the longitudinal component of the sound
wavevector and can be controlled through the conical beam focus-
ing angle, 6. We note that it is the term (w — £€2) in the transmit-
tance that can change the sign of the absorption and lead to gain in
agreement with the Zeldovich condition in equation (1).

Equation (3) also includes the frequency response of the micro-
phones, C(w). Standard microphones exhibit a roll-off in sensitivity
starting below ~100 Hz. We model this response with a function
C(w) = 1 — exp[— (@ — £Q)*/0?], where o determines the rate at
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which the sensitivity drops as a function of frequency. However, the
precise form of this function is not critical to our main conclusions,
as the experiments described below compare the results from 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 loudspeak-
ers are all driven at the same frequency (w = 60 Hz), each with a
specific phase delay in order to approximate a helical phase front,
generating a beam carrying OAM?*. Depending on the phase delay
between adjacent speakers, different OAM states can be produced.
For example, a phase delay of /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 mate-
rial can be placed in front of both or one of the microphones, or it
can be removed (as shown in Fig. 1). Test measurements are taken
with the two microphones under experimental conditions 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 are communicated via Bluetooth to a
computer.

Figure 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, although other # modes
are expected to be generated also as a result of imperfections in
speaker uniformity and the limited number of speakers used*.
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Fig. 2 | Spectrally resolved acoustic measurements. An example of a
measured spectrogram showing the measured acoustic frequency (w)
spectrum in the rotating frame for increasing rotation frequencies (£2).
The OAM beam is generated in the labratory frame at 60 Hz at a constant
volume of ~90 dB at the output of the waveguides, with the speaker output
phases optimized for the £ = 4 mode. For each value of £, the data show
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 show 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, w — ££2, that leads to linearly varying
frequency as a function of £ for each # mode. The microphone response
decreases for decreasing measured w and is zero (that is, below the noise
level) below 4 Hz. Supplementary Video 1shows an animation with the
overlaid acoustic signal that is recorded with increasing Q.

Therefore, the Zeldovich condition and inversion from absorption
to gain is expected for a disk rotation of 15 Hz. The disk is rotated in
the 0 to 30 Hz range, which also corresponds to the linear response
range of our motor (that is, the 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 sig-
nal 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 (Aw = —£€2), and after the labelled
OAM modes have gone through zero frequency they satisfy their
Zeldovich condition. Beyond zero, the rotational Doppler shift for-
mula predicts negative frequencies, which results in an inversion
of the sign of Z (positively sloped traces in the spectrogram) when
measured in the rotating frame*. To verify the presence of gain in
this Zeldovich regime, we extract the amplitude for each # value
from the spectrograms.

Results

Figure 3 shows 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 two curves indicate two different cases: the absorb-
ing disk is co-rotating with the microphones, and the absorbing
disk is slightly detached from the motor mount so that the micro-
phones rotate while the disk remains static. As the rotation speed
is increased, the modes are Doppler shifted and the measured sig-
nal from both microphones decreases due to the lower microphone
response at lower acoustic frequencies. As the mode is Doppler
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Fig. 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 (w — ££2 < O is satisfied for this case when
Q>15Hz2).

shifted through zero frequency (at £ = 15 Hz), the measured acous-
tic 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 (that is, for symmetric
points around £2 = 15 Hz). Conversely, when the absorber is in rota-
tion and there are no other changes to the experiment, we observe
a clear increase in the transmitted signal at high rotation rates that
satisfy the Zeldovich condition.

Figure 4 shows evidence of absolute gain in the acoustic sig-
nal: the transmitted energy is larger than the incident energy. One
microphone (microphone 1) in the rotating frame has absorbing
foam in front of it, while the microphone next to it (microphone 2)
does not. We observe that at low rotation speeds (2-5 Hz), the trans-
mitted signal to microphone 1 is lower than that to microphone 2,
as the incident signal has been absorbed by the foam. Conversely,
rotation rates of greater than £ = 15 Hz, which satisfy the Zeldovich
condition, lead to a clear increase in the transmission signal com-
pared to the non-absorbing case. The amplification is such that the
signal transmitted through the absorber above £2 = 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 mea-
sure more sound with the rotating absorber than without it.

The thick solid curves in Fig. 4 show the theoretical predictions
from equation (3). First we fit equation (3) to the data from micro-
phone 2 that has no absorber present (I” = 0), thus obtaining the
shape of C(w), the frequency response of the microphones. This
determines the frequency sensitivity parameter, o = 22 Hz. Then
we 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, I’ = 8x 10* m? s~'. We notice that the same theoretical
curve provides a quantitatively accurate prediction of the full behav-
iour for all 2, including the 30% gain measured at high rotation
frequencies, thus further corroborating the interpretation that the
gain originates from the Zeldovich effect.

Further analysis (Fig. 5) of multiple OAM modes transmitted
through the rotating absorber reveals amplification for all of the
OAM modes analysed that satisfy the Zeldovich condition, not just
the strongest # = 4 mode. At a more detailed level, if we consider
a fixed Doppler-shifted frequency (for example, @ — 2 = —30 Hz
for all £, corresponding to £ = 30, 22.5 and 18 Hz for £ = 3, 4
and 5, respectively), we note that all curves within the experimental
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Fig. 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 of £2 < 15 Hz (such that w — £ > 0), absorption is
observed, in particular at the lowest frequencies. Conversely, at the highest
frequencies (where w — #£2 < 0), a clear gain in the transmitted signal is
observed. The ~1.3 times higher signal at 2 ~ 30 Hz compared to 2 ~ O Hz
highlights the presence of absolute gain of the acoustic signal. Theoretical
predictions from equation (3) are shown with the damping parameter

I = 0 m? s~ (no absorber, thick blue curve) and I = 8x 10* m? s~ (thick
red curve). The shaded areas show the standard deviation of the measured
signals across seven sets of data (2 s of acquisition each).

error show the same gain of ~10% (Fig. 5). If instead we consider a
fixed disk rotation frequency (for example, £2 = 30 Hz), we see that
the gain (the transmitted acoustic energy) increases linearly with
. Both of these observations are in agreement with the theoretical
prediction (equation (3)).

Conclusions
Amplification of waves from a rotating absorber as predicted by
Zeldovich 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. Zeldovich’s original model indeed referred
to amplification of vacuum modes from a rotating metallic cylin-
der but also was extended to include the amplification of classical
waves. Although amplification of waves due to a rotating absorber
is very hard to verify with optical or electromagnetic waves, direct
measurements of it are possible using acoustic waves. A key step
in achieving this result is the use of a geometry in which the waves
are transmitted through a thin absorbing cylinder'*~*' rather than in
reflection from an extended cylinder. This relaxes the experimental
constraints and limitations that arise in the original proposal from
the requirement that the cylinder length is larger than the wave-
length to ensure interaction and reflection of the incident waves.
For example, this would have required a cylinder with a length of
several metres for the conditions used here, which would have been
very challenging to rotate at 30 Hz.

Similar concepts could in principle be extended to electromag-
netic waves'®, thus possibly extending our results to the amplifica-
tion of electromagnetic modes from the quantum vacuum.

Online content

Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of
author contributions and competing interests; and statements of
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Fig. 5 | Comparison of 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. When the transmission
values for the same rotational Doppler-shifted frequency (=30 Hz,
corresponding to 2 = 30, 22.5 and 18 Hz (filled circles) for # = 3, 4 and

5, respectively) are compared, the gain in transmittance seems to be
constant at ~1.1 (horizontal dashed line) for all £, within experimental
error. Furthermore, the amplification increases linearly with ¢ for a fixed 2
(compare the values for the different orders at £2 = 30 Hz, for example).
Both observations confirm the predictions of equation (3). Theoretical fits
from equation (3) with no varying parameters (other than #) are shown as
dashed curves.

data and code availability are available at https://doi.org/10.1038/
$41567-020-0944-3.
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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 (for example, cellular ethylene propylene diene monomer, soundproofing
rubber, RS Components, 5% absorption at 60 Hz). All cases showed similar
results, consistent with our expectation that details in the medium 4-5 orders

of magnitude smaller than the sound wavelength will not greatly influence the
dynamics.

A photograph of the sound-absorber interaction region is shown in the
Extended Data Fig. 1. The acoustic waveguides conduct the sound towards and
directly on to the rotating absorber. The absorbing foam is held in place with a
support structure, which is made of a plastic disk with no air gaps or possibility
for sound to reach the microphones (5 mm diameter, embedded in the supporting
plastic disk) without passing through the foam. This set-up ensures that all sound
reaches the microphones only through the foam.

For each rotation speed, sound was recorded for short time intervals, such as
2-3 5. Then the microphone signal was Fourier transformed (and averaged over
two to three separate measurements) to decompose the signal into its frequency
spectrum. The frequency spectrum for each rotation speed was then used to create
a single matrix of the full spectrogram (as in Fig. 2). In MATLAB R2018b the
‘tfridge’ range of functions was used to extract the signal amplitude (in arbitrary
units) along each OAM mode in this spectrogram. The highest neighbouring
frequency bin for each rotation speed was added to the signal to reduce noise from
the discretisation of the Fourier-transformed data.

We also verified that the two microphones in our set-up were calibrated so as
to provide the same response for the same incident signal, for all rotation speeds
(see Extended Data Figs. 2 and 3).

Data availability

Source data are provided with this paper. All other data used to make the figures
in this paper and other findings of this study are available from the corresponding
author upon reasonable request.
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acoustic
waveguides

rotating disk

Extended Data Fig. 1| Photograph of set-up. Photograph of the set-up showing the detail of the interaction region where the acoustic waveguides conduct
the sound directly on to the absorber, supported by a plastic disk.
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Extended Data Fig. 2 | Microphone response (with no absorber). Microphone calibration: measurements of response when both microphones have no
absorber placed in front of them, showing that the microphones are both calibrated and measure the same signal, as desired.

NATURE PHYSICS | www.nature.com/naturephysics


http://www.nature.com/naturephysics

NATURE PHYSICS ARTICLES

2 T T T T T

—— microphone 1 (with absorber)
=== microphone 2 (with absorber) A

normalised amplitude

0 - - W/ . .
0 5 10 15 20 25 30

disk rotation frequency, Q (Hz)

Extended Data Fig. 3 | Microphone response (with absorber). Microphone calibration: measurements of response when both microphones have
absorbers placed in front of them, showing that the microphones are both calibrated and measure the same signal, as desired.
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