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Waveguiding in general and acoustic waveguiding in particular are possible under the condition of a
transverse “discontinuity” or modulation in the refractive index. We propose a radically different approach
that relies on imposing spinning on a column of air, leading to highly modified acoustic refractive indices
for specific azimuthal modes. This result may be leveraged to realize not only the airborne acoustic
counterpart of an optical fiber, i.e., an acoustic spinning fiber, but also a nonreciprocal unidirectional
waveguiding mechanism, reminiscent of an “acoustic Zeeman effect.” The concept is demonstrated in the
realm of acoustics, but may be applicable to other wave systems, e.g., in elastodynamics.
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Metasurfaces and metamaterials, consisting of period-
ically distributed unit-cells (or meta-atoms) in two and
three dimensions, respectively [1], have revolutionized the
way in which optical wave propagation can be controlled,
leading to a broad range of applications from superlens-
ing [2], invisibility cloaks [3], and optical waveguides [4]
to computing [5]. Such concepts have been extended to
other fields, including, but not limited to, acoustic [6–9],
elastic [10,11], structural [12], and thermodynamic [13]
waves. In particular, acoustic waveguiding for airborne
sound requires a relative acoustic refractive index greater
than one or, equivalently, a speed of sound lower than that
in air (343 m/s at room temperature) [14], which is almost
impossible for normal materials. Metamaterial structures
may result in an effective refractive index with the required
behavior, such as in the case reported in Ref. [15], which
needs subwavelength structuring, but the effect is limited
to narrow-band operation. Recently, in optics, a differ-
ent strategy has been suggested that exploits the vectorial
spin-orbit interaction of light and its geometric phases
[16]. However, this approach is infeasible in acoustics, as
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it requires anisotropic media with tailored optical axes.
Instead, acoustic spin transport in waveguides [17] and
spin redirection for topological sound transport [18–20]
have been suggested. The realization of a high-refractive-
index material for airborne sound waveguiding remains a
major challenge.

Recently, time-varying metamaterials have been pro-
posed as a promising paradigm [21,22] for designing
intriguing functionalities such as those of luminal devices
[23] and amplifying structures [24,25]. In the same vein,
the use of acoustic metamaterials with moving components
to enrich the application spectrum has been put forward
[26–32]. For instance, spinning acoustic fluids have been
shown to possess scattering-cancellation properties [33]
and to lead to a negative acoustic torque and force with-
out a transverse variation of the refractive index [34].
These metamaterials with spinning components have also
been shown to break reciprocity [35,36] and to lead to
topological acoustics [37]. More recently, spinning meta-
surfaces have been employed to nonreciprocally generate
acoustic vortex beams [38] and to passively convert sound
frequencies [39]. However, in these studies the medium
was at rest and only the metasurface was rotating, and so
the spinning motion did not generate waveguiding. These
achievements naturally inspired us to consider the spinning
of air columns as a candidate for realizing the confine-
ment and waveguiding of sound, which in this case obeys a
modified (azimuthally dependent) Helmholtz-like equation
with a modified wave number for an effective anisotropic
medium [33].
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FIG. 1. Schematic illustration of an ASF spinning at an angu-
lar frequency � (in rad/s): (a) forward (allowed) propagation;
(b) backward (forbidden) propagation. A thin membrane sepa-
rating spinning air and air at rest is shown schematically; the
dots show schematically the air particles under the influence
of the background acoustic field. The black arrows in the inset
show the profile of the background-flow velocity field computed
with COMSOL [40] [red (blue) color corresponds to high (low)
velocity].

In this Letter, we propose an alternative mechanism for
acoustic waveguiding, namely the use of an acoustic spin-
ning fiber (ASF), which leverages the effect of the spinning
fluid inside the ASF (see Fig. 1). Spinning induces an
anisotropic effective acoustic refractive index, whose com-
ponent in the longitudinal (z) direction is greater than
1 (nz

eff > 1) for some multipolar modes, representing an
important step beyond naturally occurring materials. This
satisfies the condition for confinement and waveguiding
along with the transverse wave number being real-valued
(see the Supplemental Material [41] for a detailed deriva-
tion). We consider an acoustic fiber with the same physical
properties as the surrounding air (an impedance-matched
thin membrane may isolate the fiber from the exterior:
this can be realized, for example, via a sound-permeable
thin-sheet solid material [42]). We then show in particu-
lar that the multipoles m = +1 and m = +2 can be used
for confinement and waveguiding, thus realizing the equiv-
alent of an optical fiber. Analytical and numerical [41]
models (based on the linearized Navier-Stokes interface
of COMSOL Multiphysics [40]) and Hamiltonian modeling
demonstrate the robustness of this concept with respect to
leaking and may form a basis for several exciting func-
tionalities requiring airborne acoustic waveguiding. We
show further the spinning-induced unidirectionality of this
guiding process, with promising applications such as in
airborne sound-based communication.
Problem setup.—Acoustic pressure waves in a spin-
ning nonviscous fluid (air in this study), as shown

schematically in Fig. 1, obey a Helmholtz-like wave
equation (see the Supplemental Material [41] for a detailed
derivation) with an equivalent spinning (azimuthally
dependent, i.e., dependent on m) wave number k2

m = κ2 +
η2

mk2 = − (
4�2 + γ 2

m

)
/c2, where c is the speed of sound,

p is the pressure field, and the anisotropy parameter is
η2 = 1 + 4�2/γ 2

m. � denotes the spinning angular fre-
quency, and γm = −i(ω − m�) is the azimuthal Doppler
angular frequency, with m ∈ Z. When � → 0, we recover
km = ω/c and ηm = 1, ∀m. The features of the spinning
wave numbers km are characterized in Ref. [33] and fur-
ther in the Supplemental Material [41]. Since γm is a
complex-valued parameter, km has both propagating (real
part) and evanescent (imaginary part) components. There
are also frequencies ω = (m ± 2)� where km ≈ 0, remi-
niscent of the behavior of near-zero-index metamaterials.
As an illustration, a few multipole mode dispersions in
terms of the effective refractive index [nt

eff = km/k0 and
nz

eff = km/(k0ηm)] are plotted as functions of frequency in
Fig. 2. Here, the angular frequency � is equal to 100 rad/s
(clockwise). It is observed that, for low frequencies, the
imaginary part of nt

eff dominates, while the real part is zero.
For a given mode order m, the imaginary part vanishes
at a specific frequency, while the real part increases and
converges toward a specific value. In the low-frequency
regime, there is thus no propagation, due to finite imag-
inary part of nt

eff. This evanescent regime is highlighted
by the gray regions in Fig. 2. Regarding the propagation
regime, we are thus interested in modes with (nt

eff)
2 >

0 and nz
eff > 1. For m = 0 or m = −1, this condition is

obviously not satisfied. However, for m = 1 and m = 2,
a markedly different behavior is noted. For instance, for
m = 1, starting from a finite angular frequency (� = −100
rad/s, i.e., a spinning frequency |�|/2π ≈ 16 Hz), we have
nz

eff > 1. For m = 2, waveguiding occurs even at zero fre-
quency [41]. Hence, for m = 1, 2, confinement of sound
waves and waveguiding are both possible.

Consider a circular air waveguide wrapped by a thin
impedance-matched membrane (which serves as an arti-
ficial separation of the spinning fluid and the fluid at rest,
while being transparent to sound [43]), as shown schemat-
ically in Fig. 1. At the interface between the spinning
waveguide and the host medium, proper continuity con-
ditions need to be satisfied. Namely, the pressure field p
and the normal displacement ζm

r (see the Supplemental
Material [41] for expressions) are continuous. Suppose the
radius of the waveguide is r1; the spinning air inside it is
denoted by the subscript 1, and the surrounding air at rest is
denoted by the subscript 2. We assume that these media are
nonviscous and ignore effects due to friction, as the system
is airborne (see Section I of the Supplemental Material [41]
for more details). This kind of system models a step-index
ASF.

As shown schematically in Fig. 1, in each medium
(r < r1 and r ≥ r1) the pressure field obeys the Helmholtz
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(a) (b)

(c) (d)

FIG. 2. Spinning column of fluid with angular frequency � =
−100 rad/s. A negative (positive) sign for the spinning angular
frequency means that the spinning is clockwise (anticlockwise).
Dispersion relations are shown in this case for (a) m = 0, (b) m =
−1, (c) m = 1, and (d) m = 2. The continuous (dashed) lines give
the real (imaginary) parts of nt

eff, while the blue lines plot nz
eff.

The upper (lower) regions with respect to the red dotted-dashed
lines correspond to waveguiding (leaking or radiation). The yel-
low (gray) transparent boxes show the waveguiding (evanescent)
regime. The inset in (c) gives the frequency as a function of�/k0
for symmetrical (m = 0) and asymmetrical (m = 1, 2) left-hand
propagation (LHP) and right-hand propagation (RHP).

equation, but with different transverse wave numbers κ1
and κ2. The pressure fields have to be finite at r → 0, indi-
cating that p1 = amJm(κ1r)eimφeikz for r < r1, and satisfy
the Sommerfield radiation condition, meaning that p2 =
bmH (1)

m (κ2r)eimφeikz for r ≥ r1, for the mode of order m.
The unknown coefficients am and bm can be derived by
considering the boundary conditions. In passive media (no
loss or gain, which is assumed in this study), κ2

1 and κ2
2

are purely real numbers. To confine propagation inside the
waveguide (or ASF, i.e., for r < r1), we have to enforce
κ1 = κ > 0 and let κ2 = iβ (where β is a positive real
number) such that the pressure field decays far from the
ASF. κ and β satisfy the dispersion relations [41]

κ2 = ω2

c2
1

[
(mα − 1)2 − 4α2] − η2

mk2, β2 = k2 − ω2

c2
2

,

(1)

where c1 and c2 are the acoustic wave speeds in the
ASF and in the surrounding air, respectively, α = �/ω

is the dimensionless spinning ratio, and k is the propa-
gation constant of the waveguided mode inside the ASF.
The peculiar dispersion inside the spinning medium arises
from the unique governing equation. The fields can thus
be rewritten using modified Hankel functions, i.e., p =
amJm(κr)eimφ eikz for r < r1 but p = bmKm(βr)eimφ eikz for

(a)

(b)

FIG. 3. Contour plot of the dispersion relation of (a) mode
m = 0, i.e., 10 × log10(|F0(ω, k)|), and (b) mode m = 1, i.e.,
10 × log10(|F1(ω, k)|), versus ω/� and k, represented by Eq.
(3). The gray zone denotes the evanescent regime of km.

r ≥ r1 [where we choose to keep the notation bm, even if
there is a proportionality factor of (π/2)im+1]. This choice
ensures that the acoustic wave does not propagate energy
toward the exterior of the ASF (i.e., leaking), as the fields
decay exponentially with r (limr→+∞ |p| = 0).
Spinning-induced acoustic fiber.—The m = 0 mode does
not result in nz

eff > 1 and therefore is not a waveguided
mode, as shown in Fig. 2(a). Yet it is interesting to briefly
analyze this fundamental mode to understand the basic
effects. We suppose that a column of a fluid with n1 = √

5
and radius r1 is spinning, and we apply convenient bound-
ary conditions at r = r1. Although for this fundamental
mode waveguiding is not induced by spinning but rather by
n1 > 1 inside the fiber, the spinning still has some intrigu-
ing effect on the dispersion [as seen in Fig. 3(a)] and the
induced waveguiding overall (see Section III and Fig. 1 in
the Supplemental Material [41] for a detailed discussion of
the fundamental-mode-based waveguiding mechanism).

For higher-order modes, we investigate acoustic waveg-
uiding induced solely by spinning, which thus does not
require a refractive index greater than 1. We consider a
medium with the same properties as the surrounding air
and analyze the waveguiding effect. Hence, it is obvious
that the waveguiding mechanism differs drastically from
those previously investigated (including optical waveguid-
ing). Here, the confinement of the acoustic fields inside the
ASF is induced not by an increased refractive index, but
rather by the spinning dynamics only. This is manifested
by Eq. (1), which can lead to

κ2

η2
m

+ β2 = ω2

c2η2
m

[
(mα − 1)2 − 4α2 − 1

]
(2)

if c1 = c2 = cair = c.
To allow guided modes, both κ and β should be real

numbers (so as to ensure propagation in the core for
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κ1 = κ and exponential decay in the surroundings via
κ2 = iβ), which requires that the rhs of Eq. (2) is posi-
tive. When we allow different material properties (n1 > n2,
i.e., c1 < c2) without spinning, this condition is just 1/c2

1 −
1/c2

2 > 0. But in Eq. (2) this condition becomes (mα −
1)2 − 4α2 ≥ 1 in the propagation regime, or, equivalently,

α
[(

m2 − 4
)
α − 2m

] ≥ 0. This inequality explains the
findings in Fig. 2, where waveguiding is possible only for
m = 1 or m = 2 for � = −100 rad/s (see Fig. 3 in the
Supplemental Material [41] for details). Now, by applying
the more general boundary condition for the multipole m,
we can get the dispersion equation

∣∣∣∣∣∣

Jm(κr1) −Km(βr1)(
2�2 − γ 2

m

)
κJ ′

m (κr1)− (3γm�im/r1)Jm (κr1)

ρ1
(
4�2 + γ 2

m

) (
�2 + γ 2

m

) − 1
ρ2ω2βK ′

m(βr1)

∣∣∣∣∣∣
= 0, (3)

with both κ and β satisfying Eq. (2); we denote the lhs of
Eq. (3) by Fm(ω, k).

The dispersion resulting from this model is depicted in
Fig. 3(b) for the case m = 1 (see Fig. 2(c) for the disper-
sion of the medium) and exhibits unique behaviors that
are not observed in common waveguiding systems. The
red solid line indicates the sound cone in the medium at
rest, i.e., ω/c. The modes appearing below this line cor-
respond to leaking modes (radiative regime), i.e., acoustic
waves that propagate into the surrounding space. The black
dashed line corresponds to a forbidden zone [neither prop-
agating nor leaking modes are possible above the black
dashed curve, i.e., the white region of the two-dimensional
(2D) plot]. This curve does not start from zero, but rather
has “cutoff” frequencies originating from the imaginary
part of nt

eff [i.e., solutions of (α − 1)2 − 4α2 = 0 [41]], as
highlighted by the gray zones in Figs. 2 and 3. This fre-
quency depends on the mode, indicating tunability of the
acoustic waveguiding. Hence, it is confirmed that a col-
umn of air that is simply spinning results in confinement
and waveguiding [the dark blue region of the 2D plot; see
the inset of Fig. 3(b)]. Moreover, it is worth noting that
this confinement is asymmetric, i.e., it results in a one-way
waveguiding effect. For instance, Fig. 3(b) shows different
dispersions for opposite spinning directions. This shows
that sound waves propagating toward the right and the left
are markedly distinct. For some frequencies, highlighted in
Fig. 3(b), it is possible to enforce unidirectional propaga-
tion, where RHP is possible, while LHP is prohibited. Such
a feature is not possible with classical waveguides and is
reminiscent of spin-induced waveguiding [16] and vortex
beams [44].
Mechanism of the ASF.—To get further insight into
the intriguing findings discussed above (such as the
nonreciprocal property), we define state vectors |ψ〉 =
(p , v)T, where (·)T is the transpose operator and v =
(vr, vφ , vz)

T, endowed with the scalar product 〈ψ1,ψ2〉 =∫
V dV

{
p∗

1 p2 + v∗
1 · v2

}
, where V is the volume of the

ASF. In this way, the governing equation [Eq. (5) in

the Supplemental Material [41] ] can be written in the
more elegant way

[
H (0) + δH

] |�〉 = ω |�〉, where ω is
the eigenfrequency of the system. H (0) (δH ) is the time-
evolution operator of the system in the absence of a bias
(perturbation operator) (see the Supplemental Material
[41] for expressions). It can be shown that in the absence
of a bias (� = 0), two modes exist (m = ±1) and have the
same eigenfrequency ω, i.e.,

|±〉 = ζ±

⎛

⎜⎜⎜⎜⎜
⎝

iρω

κ1
J ′
±1 (κr)

J±1 (κr)±i
r
ik

⎞

⎟⎟⎟⎟⎟
⎠

× J±1 (κr)
ei(kz±φ)

iωρ
, (4)

where the constants ζ± are renormalization factors [41],
computed by using the scalar product defined above (see
the Supplemental Material [41]).

When we turn spinning on (i.e., we have a biased sys-
tem, with � 
= 0), we make the assumption that the new
eigenvectors lie in the subspace described by the unbi-
ased waveguided modes given in Eq. (4) [35]. We can
thus write the new eigenvectors as a linear combination
of |±〉, with some unknown complex coefficients μ+ and
μ−, i.e., |ψ〉 = μ+ |+〉 + μ− |−〉. By using the fact that
H (0) |±〉 = ω0 |±〉, we obtain
(〈+| δH |+〉 〈+| δH |−〉

〈−| δH |+〉 〈−| δH |−〉
) (

μ+
μ−

)
= (ω − ω0)

(
μ+
μ−

)
,

(5)

where we have 〈±| δH |∓〉 = 0 and 〈+| δH |+〉 =
− 〈−| δH |−〉 [41]. Hence, the eigenvalues of the biased
system are given by Eqs. (4) and (5) as

ω± = ω0 ± 〈+| δH |+〉 , (6)

where 〈+| δH |+〉 = � for the modes that we consider
in this demonstration [41], i.e., m = ±1. This analysis
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(a)

(b)

FIG. 4. (a) Snapshot of the normalized amplitude of the pres-
sure field |p|/|p0| inside the ASF and outside it at the frequency
highlighted by the white star in the inset of Fig. 3(b). The white
dashed curve plotted on top of the amplitude is a section along
the direction φ = 0. (b) Snapshots of the phase [ϕ(p) in units of
π ] of the pressure field p inside the ASF and outside it at three
different locations in the propagation direction (z axis): from left
to right, z = 0, π/2k, and π/k.

demonstrates that the spinning of the air breaks reciprocity,
similarly to the application of a magnetic field in optics
(the Zeeman effect) [45,46], and hence lifts the degeneracy
of the eigenfrequencies corresponding to counterpropagat-
ing directions, as shown by Eq. (6). But this can occur
only if m 
= 0, as for m = 0 the dispersion is symmetri-
cal, which is verified in Fig. 3(a) and predicted by the
dispersion shown in the inset of Fig. 2(c).

In the same vein, Fig. 4(a) depicts the pressure-field dis-
tribution, which not only shows the confinement, but also
exhibits a minimum at the center of the ASF, indicating the
presence of a singularity. A similar feature was observed
previously for vortex beams carrying an acoustic orbital
angular momentum (OAM) [44]. In our case, as was shown
recently in Ref. [34], spinning fluids also carry a spin and
orbital angular momentum. This may explain the singular-
ity at the center of the ASF seen in Fig. 4(a). Moreover,
Fig. 4(b) gives the phase of the pressure field (in units of
π ) at the point highlighted by the white star in Fig. 3(b) for
different locations along the propagation axis (the z axis
here), i.e., for z = 0, π/2k, and π/k, where k is the propa-
gation constant taken from Fig. 3(b). This further confirms
the orbital nature of this waveguiding phenomenon.
Discussion and conclusion.—In this Letter, we show
spinning-induced acoustic waveguiding. We leverage the
rotation of a spinning column of air (surrounded by air,
too) to obtain intriguing azimuthally dependent disper-
sion with an anisotropic effective refractive index. For
specific parameters, we analyze the condition for confine-
ment of airborne sound and describe in detail the resulting

acoustic spinning fiber. In particular, the suggested mecha-
nism is endowed with several intriguing properties, such
as (i) unidirectionality of propagation due to the asym-
metry in the dispersion of the waveguide modes and the
acoustic analog of the Zeeman effect, (ii) the presence of a
singularity in the pressure field reminiscent of an acoustic
OAM, and (iii) tunability of the waveguiding by tuning or
flipping the sign of the spinning angular frequency. More-
over, the proposed ASF is the acoustic counterpart of an
optical fiber, for which one of the main advantages is an
enhanced bandwidth and low loss compared with hollow
electric waveguides [47]. Thus, the proposed ASF may
possess an enhanced bandwidth and offer longer propaga-
tion distances, as it does not suffer from absorption loss
or undesired reflections (the reflection channel is forbid-
den by the nonreciprocal behavior). All of these properties
demonstrate the potential of this ASF, which can be applied
in several domains, including airborne sound communica-
tion (by avoiding undesired parasitic back reflection), and
to shed light on the physics of acoustic vortex beams and
nonreciprocal physics.

Although an experimental demonstration of this con-
cept is outside the scope of the present Letter, some
recent experimental studies indicate that our proposal
may be demonstrated (see the Supplemental Material
[41]) using similar configurations [35,36]. Moreover, the
COMSOL-based [40] simulations shown in the Supplemen-
tal Material [41] further demonstrate the accuracy of our
model.
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