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Because of the speed of light compared to material motion, the dragging of light is difficult to observe
under laboratory conditions. Here, we report on the first observation of image rotation, i.e., a dragging by
the medium of the wave’s transverse structure, of Alfvén waves in plasmas. Exploiting the naturally slow
group velocity of these waves, significant wave rotation is achieved for modest angular frequency. Control
over the rotation of the wave’s structure is demonstrated through the plasma rotation imposed by biased
electrodes. Remarkably, experimental results are well reproduced by light dragging theory derived for
isotropic media, even if magnetized plasmas are anisotropic. In addition to offering new insights into the
fundamental issue of angular momentum coupling between waves and media, these findings also open
possibilities for new remote rotation sensing tools.
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Introduction—Light dragging, as first recognized by
Fresnel [1] and observed by Fizeau [2], was one of the most
influential concepts of physics in the nineteenth century. It is,
together with a number of other fascinating manifestations,
including the Doppler effect, negative refraction [3], and
optical analogs to black hole event horizons [4], evidence that
wave propagation is modified by the medium’s motion.
When the wave vector has a component perpendicular to

the motion, the motion is the source of a deviation of the
beam [5,6]. By analogy with Fresnel’s original contribution
on the effect of a longitudinal motion [1], this effect is
referred to as transverse Fresnel drag [7,8]. For a rotation,
transverse drag manifests as a rotation of the transverse
structure of a wave—a phenomenon known as image
rotation [9]. Fundamentally, this arises from a coupling
between the wave’s orbital angular momentum (OAM) and
the medium’s angular momentum [10,11]. This effect is
analogous to the coupling with the wave’s spin angular
momentum (SAM) that manifests in the form of polariza-
tion drag [12,13], as first conjectured by Thomson [14] and
Fermi [15]. Angular momentum exchange between these
channels can go either way, i.e., spin the medium or spin
the wave. In that regard it bears similarities with the wave
amplification in a rotating medium predicted by Zel’dovich

[16,17], and recently observed for OAM carrying sound
waves [18,19].
Observing light dragging effects experimentally is, how-

ever, difficult since they are typically very small in ordinary
dielectrics [5,6,12]. One avenue to circumvent this issue that
has been largely explored in the last decade is to use the
artificially large group index [20–25] achieved in stimulated
media (e.g., through coherent population oscillation [26] or
electromagnetically induced transparency [27,28]). Another
route is to use the extremely high rotation that can be achieved
in dilute media [29,30]. Here, we show for the first time that a
sizeable image rotation can in fact be observed for moderate
rotation in natural media, namely plasmas, thanks to the
inherently large group index of Alfvén waves. Because a
magnetized plasma is anisotropic, these results are also the
first observation of image rotation in anisotropicmedia. Apart
from the intrinsic academic interest in observing these
fundamental phenomena, the ability to relate plasma rotation
to image rotation is a useful two-way street: having demon-
strated image rotation in rotating plasmas, one can now also
deduce from image rotation plasma parameters, including
plasma rotation. Determining image rotation in plasmas is
also important to quantify its effects on novel OAM-sensing
tools designed to probe distant environments, such as the
recent inference of the spin of the M87 black hole [31,32].
Observing image rotation finally informs on the opposite*Contact author: renaud.gueroult@laplace.univ-tlse.fr
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mechanism, in which waves can drive plasma rotation
through momentum input [33–35].
Experimental setup—Experiments were conducted in the

Large PlasmaDevice (LAPD) at the University of California,
Los Angeles [36]. The LAPDuses a large 38 cm diameter hot
LaB6 cathode [37] to produce a highly reproducible 20 m
long, 75 cm diameter magnetized plasma column with a
repetition rate of 0.1 − 1 Hz. Here, we consider a dataset
obtained in helium with a background axial magnetic field
B0 ¼ 1 kG, and a discharge time (calculated from plasma
breakdown) of 15 ms. The average plasma density during the
discharge is ne ∼ 5 1018 m−3, with typically 20% variation
along the column. The corresponding reduced parameters are
summarized in Table I.
The particular setup used in this campaign is shown in

Fig. 1. It uses a 5 m long section of the machine. On the left
end of this section, which is the end closest to the plasma
source, is positioned at za ¼ −6.3 m a single loop antenna
10 cm in diameter, with its normal along êx, that is
perpendicular to the background magnetic field B0êz. The
antenna is slightly off axis, with ðxa; yaÞ ¼ ð0.7; 2.5Þ cm. It
is powered via a variable frequency rf generator set at
f0 ¼ 154 kHz, which corresponds to ω0=Ωci ∼ 0.4 with
Ωci ¼ eB0=mi the ion cyclotron frequency. The antenna
creates a perpendicular magnetic perturbation Bxêx, which
in these conditions has been shown to couple to the plasma
as a kinetic shear Alfvén wave [38–40] that propagates

mostly parallel to the background magnetic field B0êz (see
End Matter). On the right end of this section is positioned a
set of five electrically insulated disk electrodes with radii
ri ¼ 2.5i for i∈ ½1; 5� that are stacked concentrically. This
multidisk electrode (MDE) is centered and aligned on the
machine axis. It has been demonstrated that by independ-
ently varying the electric bias on these electrodes, one can
affect the plasma potential radial profile in the LAPD, and
from there cross-field plasma rotation in the plane normal to
B0 [41]. Plasma and wave parameters are measured as
functions of time at different axial locations along the
plasma column section. Specifically, probes are mounted
on computer driven probe drives to acquire 2D maps of the
floating potential on ports #20 and #34, that is, respectively,
33 cm and 5 m from the antenna (5 m and 33 cm from the
MDE). Concurrently, a three-axis differential magnetic
probe (Bdot) [42] is mounted on another probe drive to
acquire 2D maps of dB=dt on port #32, that is, 4.3 m from
the antenna (1 m from the MDE).
As summarized in Table II, we focus here on three specific

biasing scenarios, which correspond to three different poten-
tial radial gradients imposed on the disk electrodes. We will
verify that these scenarios lead to opposite radial electric
fields in the plasma, and thus to both clockwise and
counterclockwise rotation of the plasma column. In all cases
the active biasing phase starts at t ¼ 12 ms, that is, 3 ms
before the end of the main discharge. We will examine more
specifically data at t1 ¼ 11.95 ms and t2 ¼ 12.25 ms, that is,
instants prior to and during biasing, respectively.
Results—We first characterize the wave’s transverse

structure absent rotation. For this we examine the axial
current jz associated with the wave, which is inferred by
computing the axial component of ∇ ×B, and consider
data before biasing has been turned on. Typical data
obtained after numerically processing the data from the
pickup probes on port #32 with a bandpass filter

FIG. 1. Experimental setup in LAPD. Waves are generated by a single loop antenna on port #19, z ¼ −6.3 m. A multidisk electrode
installed on port #35ðz ¼ −11.66 mÞ is used to control the plasma rotation. The wave and plasma parameters are diagnosed at three axial
locations (ports Nos. 20, 32 and 34) along the plasma column section.

TABLE I. Main dimensional and reduced parameters for the
experiment. Uncertainties come from axial density gradients.

Magnetic field [kG] B0 1
Plasma density [m−3] ne ð5� 1Þ1018
Ion cyclotron frequency [kHz] Ωci 381
Alfvén velocity [m:s−1] vA ð4.8� 0.5Þ105
Wave to ion cyclotron frequency ratio ω0=Ωci 0.4
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½0.5; 1.5�f0 is plotted in Fig. 2, together with the
perpendicular wave magnetic field whose amplitude is a
fraction of a Gauss. The wave pattern features an azimuthal
dependency exp iθ, with two antiparallel current filaments,
which does not rotate with time [43]. The orientation of the
transverse structure depends very weakly on the biasing
scenarios and frequency, with the symmetry axis mostly
along êx, consistent with an antenna along êy. This
structure is consistent with two waves with OAM� ℏ
propagating azimuthally in opposite directions, as docu-
mented by Rahbarnia et al. [44].
We can now examine how this transverse wave structure is

affected by motion, and consider for this data at
t2 ¼ 12.25 ms, i.e., 250 ms after biasing has been turned
on. As seen going from first to second column in Fig. 3, we
observe a rotationof thewave’s transverse structure for the top

and bottom rows, which corresponds to the active biasing
scenariosA and C. Conversely, the structure is seen to remain
essentially the same for the no-bias scenario B. This is
confirmed when plotting an azimuthal lineout of the polar
current density map computed with respect to the antenna’s
center, which highlights as shown on the left side of Fig. 3 an
azimuthal shift of the current channels during active biasing.
As shown in Supplemental Material [43], this shift is verified
to be stable over time, with azimuthal lineouts varying by less
than 5% over ten wave cycles. Trying to make sense of these
results, we overlay with arrows on the two leftmost current
maps in Fig. 3 the velocity field inferred from the floating
potential data taken at the same times onport#34, considering
only cross-field rotation. A first observation is that there is,
other than for the no-bias scenario B, a substantial change
in flow between t1 and t2, consistent with the bias activation
at t ¼ 12 ms. Quantitatively, velocities up to 3 km.s−1

are observed under biasing. Second, we verify that the
negative gradient biasing scenario A, which corresponds
to ∂ϕ=∂r ≤ 0, leads to a clockwise rotation Ω ¼
ðrB0Þ−1∂ϕ=∂r < 0, whereas the positive gradient biasing
scenario C yieldsΩ > 0. Comparing finally the flow and the
wave structure in the middle column, it appears that thewave
structure is indeeddraggedby the flow,with a rightward tilt on
the top row, and a leftward tilt for the bottom row. Note that
since the antenna is slightly off axis compared to themachine
axis and the electrodes, one should not expect a pure rotation
of the wave pattern, but rather a distortion.
Wave drag—To confirm this conjecture, we first evaluate

the wave drag predicted by theory. Writing Σ and Σ0 the
laboratory frame and the plasma’s rest frame, and denoting
with a prime quantities expressed in Σ0, we consider a wave
propagating with group velocity v0g ¼ vAêz in the rest
frame, with vA the Alfvén velocity. This is characteristic of
an Alfvén wave propagating parallel to B0, as it verifies the
dispersion relation

ω0 ¼ k0vA: ð1Þ
For nonrelativistic plasma velocities v and vA=c ≪ 1, a
simple Galilean transformation then gives the lab-frame
group velocity vg ¼ vAêz þ v. For an observer at rest in Σ,
plasma motion in the plane perpendicular to B0 thus intro-
duces a perpendicular component to the wave’s group
velocity [45]: the wave is being dragged by the medium.
Specifically, the lab-frame group velocity is now tilted by an
anglev=v0g ¼ βn0gwith respect to themagnetic field direction,
with β ¼ v=c the normalized medium’s velocity and n0g the
medium’s rest-frame group index. After propagating a dis-
tance l, this tilt is the source of a perpendicular shift of the
beam

d ∼ lv=v0g ∼ lv=vA: ð2Þ

This lateral shiftd is identical to the transverse drag known for
isotropic dielectrics in the limit n0g ≫ 1 [6,7]. It can be

TABLE II. Bias ϕi imposed on each of the five disk electrodes
for the three biasing scenario used in this study.

Electrode bias [V]
Biasing scenario ϕ1 ϕ2 ϕ3 ϕ4 ϕ5

A—negative gradient 30 20 15 10 5
B—no bias − − − − −
C—positive gradient 0 3 30 30 7

FIG. 2. Normalized axial current jz (color map) and
perpendicular wave magnetic field (arrows) in the ðxyÞ plane
around the antenna center ðxa; yaÞ ¼ ð0.7; 2.5Þ cm on port #32 at
four successive instants (left to right, top to bottom) during one
wave cycle T ¼ 2π=ω showing two antiparallel current filaments.
Data are taken at t1 ¼ 11.95 ms, that is, just before bias is turned
on. The dashed-dotted line indicates the antenna’s position.
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interpreted as the displacement of themediumduring the time
interval l=v0g over which light travels across it. Quantitatively,
for the 30 V voltage drop imposed on the electrodes across
about 10 cm, one gets a radial electric field of a few
100 V.m−1. It then gives a cross-field velocity v ¼ Er=B0

of a few km.s−1, consistent with observations. For an average
vA ¼ 480 km.s−1 as given inTable I and a propagation length
l of a few meters, this gives d ∼ 1–10 cm, which appears
consistent with the beam deviation seen in Fig. 3.
To substantiate further this analysis, we now compare the

transverse wave structure measured during biasing with
the prediction from theory when considering the effect of
the nonuniform perpendicular velocity field created by
biasing on the wave structure prior to biasing. Specifically,
we compute the field

jz½xþ δxðlÞ� ¼ jzðx; t1Þ; ð3Þ

where we have introduced δxðzÞ the change in position in
the perpendicular plane due to drag, for a ray starting at
x ¼ ðx; yÞ in the plane of the antenna. This field is hence
the image of the wave structure at the antenna but trans-
ported by the medium’s motion, as it propagates along the
column. From Eq. (2) the incremental drag writes

dδxðzÞ
dz

¼ v½xþ δxðzÞ�
vA

ð4Þ

with v the perpendicular components of the cross-field
velocity, which is inferred from the floating potential
measurements on port #34 at t ¼ t2. Results obtained for
the parameters listed in Table I and l ¼ 4.3 m (distance
between the antenna and the plane where the wave field is
measured) for each of the three biasing scenarios are plotted
in the right column of Fig. 3. We verify that the modeled
dragged transverse structure indeed matches well the data
measured at t2 plotted in the middle column. It notably
reproduces with good accuracy the amplitude of the
clockwise and counterclockwise rotation of the current
channels and of the zero current isocontour, relative to the
structure prior to biasing. This agreement is made more
remarkable by the fact that the data for all three cases is
obtained from the same simple formula Eq. (3), i.e., with no
additional fitting parameter, and that axial density gradients
are expected to lead to 10% axial variations in vA.
Altogether this supports the analysis of the observed wave
pattern shift as wave drag.
Finally, to confirm the consistency of wave drag and

image rotation, we consider these results in light of the
recently proposed analytical model for image rotation for

FIG. 3. Color map of the normalized axial current jz in the ðxyÞ plane around the antenna center ðxa; yaÞ ¼ ð0.7; 2.5Þ cm on port #32
at a given phase of a wave cycle before biasing (t1, left column), during active biasing (t2, middle column), and reconstructed from
theory (right column). For the two leftmost columns the overlaid arrows show the velocity inferred from the floating potential at the same
instants. The current density lineouts on the left, computed along the dotted circle shown on the top-left map, highlight the azimuthal
shift of the current channels during biasing, with the gray shading indicating the less than 5% variations measured over ten wave cycles.
Each row corresponds to a different biasing scenario.
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shear Alfvén wave [46]. Although the angle of rotation of
the transverse structure predicted in that case is more
intricate since, because it considers OAM carrying wave,
it does not rely on plane waves, one can show that the two
results are consistent (see End Matter). Specifically, the
rotation per unit length along êz is in this limit

φ ¼ 1

2

Ω
ω
kk ∼

1

2

Ω
vA

; ð5Þ

which, given the trigonometric relation rφ ¼ d with
r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
the radial coordinate and v ¼ rΩ, yields

back other than for a factor one half the transverse drag
scaling d ∼ lv=vA identified in Eq. (2).
Discussion—The results obtained above, showing remark-

able agreement with observations, were obtained modeling
the dispersion properties of the wave as a simple low
frequency shear Alfvén wave propagating exactly parallel
to the confining magnetic field. Since ω0=Ωci ¼ 0.4 in the
experiment, and because a finite k⊥ is expected for an antenna
with finite transverse extent, these hypotheses are not strictly
verified here. In these conditions the excited wave is in fact
known to be a kinetic shear Alvén wave (KSAW) [39,40],
which is characterized by a more intricate dispersion relation
than Eq. (1). Yet, because the rest-frame group velocity
remains nearly parallel to themagnetic field (see EndMatter),
the wave drag predicted for KSAW is analogous to the one
exposed for a simple Alfvén wave. The main difference is a
small enhancement of the wave drag angle due to a reduced
parallel rest-frame group velocity. For the experimental
parameters considered here, this drag increase is estimated
to be about 15%. Implementing this correction addresses the
slight underestimation of the pattern rotation in the rightmost
column inFig. 3, resulting in an improved agreement between
theory and observations.
The close agreement reported here between data and

model is also of interest because image rotation scaling
[9,10,20], and the interpretation of polarization drag and
image rotation as two manifestations of angular momentum
coupling, were derived for isotropic media [11]. In dem-
onstrating now that these derivations hold also for the
dispersive anisotropic media that are magnetized plasmas,
we now broaden the demonstrated validity of these asser-
tions, contributing importantly to the long-standing debate
of how wave momentum manifests in media [47–49].
Opportunity for new rotation sensing schemes—A

promising prospect for the image rotation identified here
is the ability to remotely infer plasma rotation through a
measure of the rotation angle φ in Eq. (5). Specifically,
while the potential of OAM-carrying beams to detect
remotely rotation has already been demonstrated [50],
it is typically done in reflection on a solid spinning
target [51–53]. As such this technique does not lend itself
well to measure azimuthal or poloidal rotation profiles in
rotating plasma columns or torii. In taking place in volume
rather than at the interface, image rotation addresses this

issue, while preserving the intrinsic advantage of OAM-
based sensing, notably the possibility to use high azimuthal
mode numbers to increase resolution.
Such rotation sensing schemes may prove particularly

useful in astrophysics. Indeed, it has been shown that OAM-
carrying waves can be spontaneously generated in space
through a number of processes, such as maser [54],
turbulence [55], or even free electrons in circular
motion [56], offering opportunities to probe rotating envi-
ronments using image rotation. More generally, OAM
sensing has been suggested for a number of astronomical
and astrophysical applications [57–60]. A notable example
is the recent determination of the spin of the M87 black hole
[32] using the dynamics of OAM beams around black holes
[31]. Because, like polarization drag has been shown to
affect polarimetry [61], image rotation induced by a rotating
plasma screen in front of a source will contribute to the
overall OAM signature, determining image rotation is
essential for data interpretation in these novel diagnostics.
Apart from interest in sensing rotation in distant astro-

physical phenomena, there could also be utility in sensing
rotation and the associated plasma parameters in extremely
hot laboratory plasma, such as fusion devices based on
centrifugal confinement mechanisms [62]. Separate from
image rotation, the rotation in these devices may be enabled
by other waves, in fact even waves amplified by the free
energy in the plasma produced by the nuclear fusion itself
[63–66].
Summary—Ourwork shows that image rotation, that is, the

rotation of the transverse structure of a wave due to the
medium’s rotation, whose observation has been so far limited
to stimulated media exhibiting artificially large group index,
can in fact be observed in plasmas in a variety of contexts.
Using the unique capabilities of the Large Plasma Device at
UCLA, we show that the transverse structure of an Alfvén
wave propagating along a magnetized plasma column can be
rotated in either direction via the control on the radial electric
field provided by biased end electrodes positioned at one end
of the column. The measured rotation is shown to match the
deviation predicted from the transverse drag, i.e., the lateral
shift, experienced by a wave propagating perpendicularly to
the motion, computed for the wave’s group velocity and the
medium cross-field rotation. This result is a clear evidence of
angular momentum coupling between a wave and a rotating
medium. Apart from the academic interest in extending the
theory of wave rotation to anisotropic media, the results here
are important also for developing new means for inferring
plasma rotation and related properties of plasma. The
diagnostic implications may be particularly valuable for
diagnosing very distant rotating plasma, such as of astro-
physical origin, or very hot plasma, such as occurring in
fusion concepts based on the vigorous rotation of plasma.
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End Matter

Aberration for low-frequency waves—Writing Σ and
Σ0 the laboratory frame and the rest frame, and denoting
again with prime quantities expressed in Σ0, the Lorentz
transformation for the wave four-vector (ω;k) gives to
lowest order in v=c an aberration,

k0 ¼ k − vω=c2: ðA1Þ

For the wave frequency ω0 ∼ 106 s−1 studied
experimentally and the velocities v of a few km.s−1

achieved in the LAPD, one finds a wave vector
correction jvω=c2j ≤ 10−7 m−1. These corrections are
negligible for the centimeter scale Alfvén waves studied
here. As a result the rest-frame wave vector k0 can in
first approximation be taken equal to the lab-frame wave
vector k.

Kinetic shear Alfvén wave—The simple dispersion
relation Eq. (1) used in the main text to infer a group
velocity v0g ¼ vAêz is only valid for a plane wave
propagating exactly parallel to the confinement magnetic
field k0 ¼ k0êz, and in the limit ω0 ≪ Ω0

ci with Ω0
ci the

rest-frame ion cyclotron frequency. As we will now
show, both hypotheses need to be reconsidered for the
LAPD experiment of interest here. First, for the
operating conditions given in Table I, ω0=Ωci ¼ 0.4.
For nonrelativistic velocities Ω0

ci ∼ Ωci, whereas for
v ≤ 3 km.s−1 the Doppler shift k⊥v accounts for at most
20% variation in wave frequency. Putting these pieces
together we find ω0

0=Ω0
ci ¼ 0.4� 0.08, confirming that

the low frequency assumption is indeed not strictly
verified. Second, taking the perpendicular wavelength
equal to the antenna diameter, k⊥ ∼ 60 m−1, so that
k⊥=kk ∼ 30. This confirms that aberration effects are
negligible, and from there that k0⊥ is finite.
For oblique propagation in a finite temperature plasma,

propagative solutions are generally complex and difficult to
expose. Yet, simpler solutions can be elicited when con-
sidering the limit of waves with small transverse scale
length. Specifically, if the perpendicular wave vector is
small compared to the ion Larmor radius, and if the Alfvén
velocity is smaller than the electron thermal speed
vthe ¼ ðkTe=meÞ1=2, plane wave solutions take the form
of kinetic shear Alfvén waves (KSAW) with the dispersion
relation [39,40]

ω02

k02k
¼ v02A

�
1 −

�
ω0

Ω0
ci

�
2

þ k02⊥ρ02s
�
; ðB1Þ

where ρ0s ¼ c0s=Ω0
ci is the ion gyroradius, with c0s ¼

ðkTe=m0
iÞ1=2 the ion sound speed. Neglecting relativistic

corrections, we drop the prime onΩci, vA and ρs, and neglect
aberration k0 ¼ k. For the parameters given in Table I and

FIG. 4. Map of the normalized axial current jz in the ðxyÞ plane
around the antenna center ðxa; yaÞ ¼ ð0.7; 2.5Þ cm on port #32 at
two opposite phases during a cycle before biasing (t1, leftmost
column), during active biasing (t2, middle column), and recon-
structed from theory (rightmost column). For the two leftmost
columns the overlaid arrows show the velocity field inferred from
the floating potential on port #34 at the same instants. The three
vertical groups correspond to the three biasing scenarios A, B,
and C. The transverse drag is modeled here with an increased
group velocity vg ¼ 1.16vA as compared to Fig. 3, as expected
for the kinetic shear Alfvén wave.
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Te ¼ 5 eV, one finds vthe ∼ 2.7vA and k⊥ρs ¼ 0.4, con-
firming the validity of these hypotheses in our experiment.
Also, since ω0=Ωci ∼ k⊥ρs ¼ 0.4 for the 154 kHz wave
frequency used here, the last two terms in brackets in
Eq. (B1) approximately cancel each other. The parallel
rest-frame phase velocity is thus approximately vA, with
the Doppler shift accounting for variations of at most 4%.
Deriving Eq. (B1) with respect to the rest-frame wave

vector k0 gives the parallel and perpendicular rest-frame
group velocity

v0gk ¼
∂ω0

∂k0k
¼ vA

�
1þ k02⊥ρs2�

1þ k02k vA
2=Ωci

2
�
3

�
1=2

ðB2Þ

and

v0g⊥ ¼ ∂ω0

∂k0⊥
¼ vA

k0k
k0⊥

k02⊥ρs2	ð1þ k02⊥ρs2Þð1þ k02k vA
2=Ωci

2Þ
1=2 :
ðB3Þ

Quantifying the different terms in our experiment, one finds
that the parallel component is slightly reduced compared to
the simple Alfvén case with v0gk ∼ 0.86vA. Also, the
perpendicular component is now finite, but remains much
smaller with v0g⊥=vA ≤ 1=200. This shows that the rest-
frame group velocity of the KSAW remains largely along
the magnetic field [40]. Note that for a small localized
source this perpendicular component is directed radially
outward, manifesting as Alfvén wave cones [38].

Drag for a kinetic shear Alfvén wave—To characterize
the drag, one needs the group velocity in the lab frame.
In general, this involves substituting in the dispersion
relation Eq. (B1) the Lorentz transformed wave four-
vector (ω;k), and deriving the solution with respect to
k, instead of k0. However, because aberration effects are
here negligible, we can instead use a simpler route, and
simply consider the transformation of the group velocity.
Because the group velocity is small compared to the
speed of light, we only consider correction to first order
in β ¼ v=c,

vg ¼ v0gð1 − c−2v0g · vÞ þ v: ðC1Þ

For a motion entirely in the azimuthal direction, and a
rest-frame group velocity that is zero in this direction

v0g · êθ ¼ 0, we find that only the azimuthal component
of the group velocity is corrected by the medium’s
velocity v, with vgθ ∼ v. To first order in β the
associated beam deviation angle is thus

vgθ
vgk

∼
v
v0gk

; ðC2Þ

leading to a lateral displacement

d ∼ lv=v0gk ðC3Þ

over a distance l.
This last result shows that the azimuthal drag

expected for the kinetic shear Alfvén wave produced in
the LAPD is very much comparable to Eq. (2) obtained for
the simple Alfvén wave Eq. (1) propagating along the
magnetic field. The main difference is an enhancement
of drag effects by a factor 1=0.86 ∼ 1.16 due to the
slower parallel rest-frame group velocity. This is shown
in Fig. 4, showing an improved match with the exper-
imental data.

Image rotation—Considering OAM carrying modes of
the form

Φ� ¼ JmðαrÞ exp
	
iðk�k z�mθ − ωtÞ
; ðD1Þ

it was shown in Ref. [46] that the rotation per unit
length of the transverse structure of a shear Alfvén wave
obtained from the superposition of two modes with
opposite azimuthal wave number �m is

φ ¼ 1

2

Ω
ω
kkK2

k2kvA
2 þ ω2

k2kvA
2ðK2 þ k2kÞ þ ω2ðK2 − k2kÞ

ðD2Þ

with

α2 þ k2k ¼ K2: ðD3Þ

Recalling that in our conditions ω=Ωci ∼ k⊥ρs, Eq. (B1)
conveniently gives ω ∼ kkvA, and Eq. (D2) then simply
reduces to

φ ∼
1

2

Ω
ω
kk ∼

1

2

Ω
vA

: ðD4Þ
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