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envelope of the wave field by projecting the cone along
the time direction on the ðx; yÞ plane as shown in Figs. 1(c)
and 1(d). For better visualization, we show only wave
fronts that are equally spaced in time. At Ma > 1—contrary
to Ma ¼ 0.5—the folding results in a wake composed of an
inner and an outer branch. The outer one simply spirals
away from the trajectory. The inner one undergoes an axial
reflection, forming a cusp and exits the source trajectory in
a spiral similar to the outer one.
For a source rotating at Ma ≥ 1, the wake condition leads

to the following parametric curves describing the two wake
branches [11,21]:

xWðψÞ ¼ xs þ
Rψ
Ma2

½sinðψÞ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ma2 − 1

p
cosðψÞ�;

yWðψÞ ¼ ys þ
Rψ
Ma2

½− cosðψÞ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ma2 − 1

p
sinðψÞ�; ð2Þ

where ψ ¼ Ωt ≤ 0. The points of the wake associated
with the parameter ψ have been generated by the source at
time t. The “−” (respectively, “þ”) sign refers to the outer
(respectively, inner) branch of the envelope. The cusp
occurs at ψ cusp ¼ −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ma2 − 1

p
, where the curvature of

the internal branch diverges [12]. It follows that the cusp
moves on a circle with radius Rcusp ¼ R=Ma at the speed of
the waves c. This circle is geometrically related to the

spiraling branches of the wake [22]. The inner and outer
spiraling branch can be superimposed by a rotation around
the center of the trajectory. The rotation angle αwake can be
computed from the value of the parameter ψwake ¼ 2ψ cusp

at which the inner spirals exits the source trajectory.
Each wave front is associated with a past position of the

source. For M ≤ 1, only one wave front reaches the
observer at any given time [see Fig. 1(c)], the observer
thus only sees one image of the source. For Ma > 1, as the
source rotates, an observer standing outside of the source
trajectory observes the following sequence. (i) A single
image rotates in the same direction as the source. (ii) A
second image appears as the outer branch of the wakes
reaches her. (iii) The new image splits into two images
moving in opposite directions; see observer in Figs. 1(b)–
1(d). Intersecting wave fronts are highlighted and the
arrows indicate the perceived propagation direction of
the images. (iv) The initial image merges with the contra-
propagating one as the inner branch of the wake reaches the
observer. (v) The merged images disappear, leaving one
image propagating in the direction of the source. The
sequence repeats itself with the period of the source, 2π=Ω.
The appearance and disappearance of the images can be
well understood in the framework of catastrophe theory
[10,23,24].
Experimental setup.—A schematic of the experimental

setup is presented in Fig. 2(a). A square plexiglass tank
with a base area of 50 × 50 cm2 is filled to a height
h0 ¼ 1 cm of deionized water. The source consists of a
needle with a nozzle diameter of 0.51 mm placed at the
end of a rotating horizontal tube. The needle is oriented
vertically and set 1 cm above the water surface.
A controlled air flow led through the needle locally indents
the water surface. The flow rate is controlled by a tunable
mass flow meter. Typical flow rate used for the experiments
is 0.31 Lmin−1. The source moves along a circular path
with radii R ranging from 3 to 5 cm. Rotation frequenciesΩ
range between 6 and 36 rad s−1.
We measure the wave fields using a quantitative real-

time full-field measurement method [25]. A checkerboard
pattern is set beneath the plexiglass tank at a distance of
7 cm. A CCD camera (acA2040-90um–Basler ace) record-
ing at 90 fps set above of the bath records 2048 × 2048 px2

images of the full tank with a resolution of ∼247 μmpx−1.
We reconstruct the surface elevation with a vertical reso-
lution of 3 μm.
Figure 2(b) shows the experimental profile of the water

surface (solid line) as a function of the radial distance r
obtained for a still pressure source. The dip has a typical
FWHM width of 7 mm and a depth of 0.09 mm. Following
Ref. [26], we use a Gaussian expression for the pressure
distribution at the surface PextðrÞ ¼ P0 exp½−2ðr=dÞ2�
where d is the nozzle diameter. The experimental profile
of the water surface is related to the pressure distribution by
[27]: ω2ðkÞζ̂ðkÞ ¼ kP̂extðkÞ=ρ. The right-hand term of the

(a)

(c) (d)

(b)

FIG. 1. (a) and (b) Surfaces composed of the past wave fronts
emitted by a source moving along a circular path at Mach
numbers Ma ¼ 0.5 and Ma ¼ 4, respectively. Inner black lines
show the space-time trajectories of the source. (c) and (d) are
projections along the time direction of cones (a) and (b),
respectively. Only wave fronts emitted periodically are repre-
sented. Thick black circles are the source trajectories. The dashed
line marks the position of an observer. Wave fronts intersecting at
this position are highlighted. Positions and directions of propa-
gation of the associated images are given by the corresponding
arrows.
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equation is the source term for the field on the surface. We
fit the experimental surface profile ζ based on the equation
with P0 ¼ 0.247 Nm−2 as the value of the fitting para-
meter. The dashed line in Fig. 2(b) shows the result of the
fit. The model is in very good agreement with the
experimental profile. Low amplitude (∼10 μm) capillary
waves are visible on the experimental curve. They are
emitted by small oscillations of the bottom and sides of the
air cavity [26,28].
Water wave emission model.—A disturbance moving on

the water surface radiates a wave packet composed of a
superposition of wavelengths. For water waves, the
dispersion relation is given by [29]:

ωðkÞ2 ¼
�
gkþ γk3

ρ

�
tanhðkh0Þ; ð3Þ

where k is the wave number, g is the gravitational
acceleration, γ the water surface tension (0.072 Nm−1),
ρ its density (1000 kgm−3), and h0 is the liquid depth.
Figure 2(c) shows the phase speed cϕðkÞ ¼ ω=k and group
speed cg ¼ ∂ω=∂k as a function of k. The phase speed
curve displays a minimum value cmin ≃ 23 cm s−1, corre-
sponding to kmin ≃ 369 m−1 and λmin ≃ 1.7 cm at the
transition between gravity and capillary regimes.
We use a linear hydrodynamic model developed by

Chepelianskii et al. to compute the wave field emitted by
the rotating source [8]. In the steady state the wave field
rotates atΩ along with the source. In the rotating frame, the
vertical displacement in polar coordinates [ðr;ϕÞ with
origin at the trajectory center] is given by

hðr;ϕÞ ¼
Xþ∞

n¼−∞
einϕ

Z
dk

×

�
k

2πρ

kP̂extðkÞJnðkRÞ
n2Ω2 − ω2ðkÞ þ 4inνk2Ω

�
JnðkrÞ; ð4Þ

where Jn is the nth order Bessel function of the first kind,
ν ¼ 10−6 m2 s−1 is the water viscosity, and P̂extðkÞ is the
Fourier transform of the pressure source PextðrÞ. As
detailed above, the pressure source is assumed to be
Gaussian with characteristic values taken from the fit of
the static dip profile.
The term in brackets in the integrand in Eq. (4) exhibits

resonances corresponding to harmonics of the rotation
frequency. Each resonance is associated with a spatial
Bessel function of order n. Figure 2(c) (right axis) shows
the position and relative magnitude of the resonances (solid
blue line) defined as (for R ¼ 3.5 cm and Ω ≃ 20 rad s−1).
The sharp decrease in magnitude with k is due to viscous
damping for larger k. Periodicity confines the k spectrum of
the field to a sharply combed pattern. Therefore, in the
range of Ω of our study, the source mostly excites wave-
lengths such that λ ≫ λc where λc ¼ 2πðγ=ρgÞ1=2 is the
capillary length. In the case of a fast moving source this
leads to a regime where the aperture angle follows a Mach-
like relation with the source speed [20]. Figure 2(c) (left
axis) also shows the phase speed cϕ and group speed cg.
The low water depth has a flattening effect at low k so that
the dispersion effects are strongly reduced compared to the
deep water case. The phase and group speed are very
similar over the range of k relevant to our experiment. We
can thus expect that the field consists of a superposition of
Mach-like wakes associated with slightly different Mach
numbers. In order to characterize our experiments we
define a Mach number associated with the minimum phase
speed as Mamin ¼ RΩ=cmin.
Results and discussion.—Figure 3 shows snapshots of the

experimental and corresponding numerical wave fields at
Mach numbers Mamin ¼ 1.2, Mamin ¼ 2, and Mamin ¼ 3.3
(a typical movie is provided as SupplementalMaterial [30]).
The dashed circles show the trajectories followed by the
counterclockwise rotating sources (indicated by arrows).
We find a good qualitative agreement between measured

and computed wave fields for each Mach number. The

(a) (b) (c)

FIG. 2. (a) Schematic of the experimental setup. A pressure source is moving on a circular path over a tank filled with h0 ¼ 1 cm of
water. (b) Experimental profile of the cavity formed on the water surface (solid line) by a still and steady pressure source and profile
(dashed line) computed from the Gaussian fit of the pressure profile. (c) Left axis. Phase (cϕ) and group (cg) speed of the waves as a
function of the wave number k obtained from Eq. (3). Right axis. Weights (bracket term in Eq. (4) of the Bessel functions JnðkrÞ in terms
of which we decompose the field. To each peak corresponds an order n ranging from 1 to 11 (from left to right). Amplitudes are given in
arbitrary units.
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FIG. 3. (a)–(c) Experimental wave fields produced on the water surface by a pressure source moving on a circular path at Mamin ¼ 1.2,
Mamin ¼ 2 and Mamin ¼ 3.3 respectively. (d)–(f) show corresponding wave fields computed from the hydrodynamic model. White
oriented dashed circles depict the source trajectories while white arrows point at the current positions of the sources. 1.5 cm long white
bars are superimposed on the fields for scale.

α

α
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FIG. 4. (a) Radius of the cusp trajectory Rexp
cusp as a function of the inverse of the rotation pulsation 1=Ω for trajectory radii of R ¼ 3 cm

(blue diamonds) and R ¼ 5 cm (black circles). Red crosses denote values obtained from the hydrodynamic model while the solid black
line shows the analytical solution. (b) Angular distance αwake between the two branches of the spiraling wake (inset) as a function of the
Mach number Mamin. The solid black line gives the analytical solution. (c) Wake propagation for a source moving along a straight line.
(d) Corresponding schematic in the case of a source moving on a circular path.
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wake is ultimately composed of two parallel spiral branches
propagating outward. The inner branch close to the source
is first going inward before being reflected radially at a
cusp. It never enters the circular cusp trajectory of radius
Rexp
cusp. The amplitude of the waves is much smaller within

this circle than within the wake. As the Mach number
increases, the cusp moves inwards. Slight effects from
dispersion are visible in the field as each component
propagates at its own phase speed. Several shifted cusps
corresponding to different wavelengths are observed for
Mamin ¼ 2 and Mamin ¼ 3.3. We note that the opening
angle of the wake decreases with Mamin. This suggests that
we indeed operate in a Mach-like regime normally asso-
ciated with a dispersion-free medium.
Figure 4(a) shows the evolution of the position of the

innermost cusp Rexp
cusp as a function of 1=Ω for trajectory

radii R ¼ 3 cm (blue diamonds) and R ¼ 5 cm (black
circles). Red crosses show results obtained from the
hydrodynamic model while the solid black line represents
the analytic solution: Rexp

cusp ¼ cmin=Ω. Both experimental
and numerical results are in good agreement with the
analytic model. Linear fits to the data give cexpmin ¼
24.4 cm s−1 and cnummin ¼ 23.6 cm s−1. Figure 4(b) shows
the measured angle αwake between the two spiraling
branches of the wake (see inset) as a function of Mamin
for R ¼ 3.5 cm (blue circles). Also here the analytical
model (solid line) gives a good prediction.
It is interesting to consider the wake propagation from

another point of view to get some new insight on its shape
and topological features. As discussed above the wake is
the envelope of successive expanding wave fronts. We can
use the Huygens-Fresnel principle to deduce its evolution.
As an example, Fig. 4(c) shows a schematic for the
propagation of one of the wake branches in the case of
a supervelocity source moving along a straight line at
vs ¼ Mac. One finds the envelope at a given time by
simply propagating each elementary portion of the wake at
previous time (hollow circles) at speed c in the direction
normal to the wake (dashed arrows). The wake aperture is
therefore given by the Mach angle θ ¼ 0.5 arcsinð1=MaÞ.
Figure 4(d) shows the same schematic in the case of a

rotating source. The source radiates in the direction
orthogonal to the Mach angle. These rays are naturally
tangent to a circle of radius Rcusp ¼ R sin θ=2 ¼ R=Ma.

The ray emitted by the source at t0 − Δt with Δt ¼
R=c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 1=Ma2

p
reaches this circle at time t0 where and

when it forms the cusp. The portion of the wake branch
comprised between the source and the cusp is formed by
the rays that did not yet reach the cusp circle. The rays
emitted before t0 − Δt form the outward spiraling part of
the inner branch. In particular, the ray emitted at t0 − 2Δt
forms the wake at the point where it exits the source
trajectory at t0. Note that this same ray formed the cusp
at t0 − Δt.

We have demonstrated experimentally the generic wake
features produced by a rotating supervelocity source. The
use of water wave sources enables a complete quantitative
characterization of the wake shape, including the cusp
position and the angular separation between the outward
spiraling branches. These features result only from geo-
metrical and topological considerations. We have inter-
preted them by the folding of the space-time surface
composed of the previously emitted wave fronts. This
folding induces the observation of simultaneous images of
the source by an observer. Our study only focused on the
envelope of the wave field and did not describe any
interference phenomena between these images. In further
studies the simpler field produced by a monochromatic
wave source will allow us to focus on the specific features
of the images—Doppler effect, time reversal—and the
effect of interference on the radiated power [31,32].
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