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Anomalous optical drag
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A moving dielectric medium can displace the optical path of light passing through it, a phenomenon known
as the Fresnel-Fizeau optical drag effect. The resulting displacement is proportional to the medium’s velocity.
In this paper, we report on the observation of an anomalous optical drag effect, where the displacement is still
proportional to the medium’s speed but along the direction opposite to the medium’s movement. We conduct an
optical drag experiment under conditions of electromagnetically induced transparency and observe the transition
from normal, to null, to anomalous optical drag by modification of the two-photon detuning.
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I. INTRODUCTION

As light travels through a moving medium, it is dragged
along the axis of the medium’s motion. This effect, known
as optical drag, was first described theoretically by Fresnel
in 1818 [1,2]. In 1851, Fizeau demonstrated Fresnel’s drag
experimentally [3]. However, Fresnel and Fizeau ignored the
effect of refractive index dispersion. This effect was incor-
porated by Lorentz, who in 1904 predicted the influence of
dispersion on the optical drag effect for a moving medium
with a fixed boundary [4]. Four years later, Laub developed a
theoretical treatment for optical drag in a dispersive moving
medium with a moving boundary [5]. Many experiments that
measured the effect of dispersion on optical drag were then
reported by Zeeman and coworkers [6–10]. They measured
the wavelength dependence of optical drag in water [6,7] and
performed other experiments to measure optical drag in quartz
and flint glass [8–10] where dispersion was found to have a
significant effect on optical drag.

The transverse displacement of a light beam experiencing
optical drag depends on both the refractive and group indices
of the beam in the moving medium [11]. It is well known
that materials can be highly dispersive under nearly resonant
excitation [12]. This large dispersion leads to a large group
index and thus to highly subluminal pulse propagation (some-
times referred to as slow light). Consequently, the optical
drag effect is enhanced notably [13,14]. Since absorption is
typically high under nearly resonant excitation, most obser-
vations of slow light have relied upon electromagnetically
induced transparency (EIT) [15,16] or coherent population
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oscillation [17–19]. These effects have the added benefit of
providing very narrow resonances, leading to high dispersion
and large group indices. As a result, EIT has been used to
further enhance the optical drag effect [20] and perform high
precision velocimetry [21].

Under conditions of anomalous dispersion, the group index
can become negative, leading to one manifestation of the
so-called fast light effect, where the peak of a pulse exits the
medium before it has entered [22]. After the pulse has exited
the medium, its peak is shifted forward relative to an identical
pulse that has passed through vacuum. Under certain circum-
stances, the advancement of the peak can be attributed to pulse
reshaping caused by saturated absorption or gain [23,24].

In this paper, we report on the anomalous optical drag
effect, where the light beam shifts in the direction opposite
to the motion of the medium. We excite EIT in a moving
cell of rubidium vapor and induce a transition from normal to
anomalous optical drag by properly modifying the two-photon
detuning. We report here an experimental demonstration of
anomalous transverse drag; anomalous longitudinal drag has
been reported recently [25].

Despite the connection between anomalous dispersion and
anomalous drag, we find the latter quite nontrivial. In the nor-
mal drag regime, the picture of a slow-light polariton, which
is dragged by the moving atoms that comprise it, intuitively
holds. In the anomalous drag regime, however, this picture
completely breaks down. The beam moves in the opposite
direction to the atoms and, in fact, moves even further away
when the atoms move faster. Moreover, negative drag can
provide much needed insight on paradoxical scenarios such
as negative tunneling times [26], superluminal light propaga-
tion [27–29], and negative dwell times [30].

II. THEORETICAL MODEL

The transverse Fresnel-Fizeau drag effect in a generic
dispersive medium has been treated theoretically by starting
from the linearized Lorentz transformation for the frequency
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FIG. 1. Pictorial representation of the transverse Fresnel-Fizeau
drag effect for (a) normal optical drag and (b) anomalous optical
drag.

and wave vector of a beam propagating inside a moving
medium [11]. Let us consider a nonmagnetic and isotropic
medium (i.e., relative magnetic permeability μ = 1 and di-
electric tensor εi j = εδi j), with εr = Re[ε]. As shown in
Fig. 1(a), if the medium is moving with velocity v0 = v0x̂,
where z is the longitudinal and x, y are the transverse coor-
dinates, the probe light beam experiences a shift along x of

�x = L tan θ. (1)

In Eq. (1), L is the medium’s longitudinal length, and θ the
light’s walk-off angle inside the medium, with

tan θ = v0

c

(
c

vg
− vp

c

)
, (2)

where c is the speed of light in vacuum [11]. The group
velocity and phase velocity of light in the medium are

vg = c√
εr (ω0) + ω0

2
√

εr (ω0 )

( dεr
dω

)
ω0

, (3)

vp = c√
εr (ω0)

, (4)

respectively.

Equation (2) can be expressed in terms of the medium’s
refractive index n(ω) = √

εr (ω), or after fixing the value
of the carrier frequency, as n0 = √

εr (ω0). Equations (3)
and (4) can then be rewritten as vg = c/ng,0 and vp = c/n0,
where ng,0 = n0 + (ω dn

dω
)ω0 is the group index. The resulting

expression,

tan θ = v0

c

(
ng,0 − 1

n0

)
, (5)

reveals the existence of three different regimes: (i) ng,0 > n−1
0

normal (or positive) optical drag [Fig. 1(a)], (ii) ng,0 = n−1
0

absence of optical drag, and (iii) ng,0 < n−1
0 anomalous (or

negative) optical drag [Fig. 1(b)].
For a beam experiencing normal dispersion, if vp ≈ c

and vg � c, the drag can be approximated in terms of the
group delay, τ : �x ≈ Lv0/vg = τv0 [20]. The conditions of
anomalous dispersion, ng,0 < 0, satisfy regime (iii), hence
the name anomalous drag. In highly dispersive conditions,
the relation �x ≈ τv0 is still valid because ng,0 is negative
and |ng,0| � 1.

In EIT, the transition from normal to anomalous drag
occurs close to the transition from negative to positive
two-photon detuning, δ. To model optical drag under EIT
conditions, we begin from Eq. (50) in [15], which describes
the steady-state propagation of a probe beam under EIT in a
gaseous medium of diffusing atoms. The medium’s velocity,
v0, is accounted for by adding a nonzero mean to the Boltz-
mann distribution of atomic velocities with thermal velocity
vth = (kBT/m)1/2:

F (v) =
exp

(
− (v−v0 )2

2v2
th

)
2πv2

th

. (6)

kB is the Boltzmann constant, T is the temperature, and m is
the atomic mass. Assuming negligible diffraction, the dynam-
ics of the probe beam are described by

[−iδ + γ + K|
̃2(r)|2 − D(∂r − i�q)2 + (∂r − i�q) · v0][α
̃2(r)]−1(∂z + α)
̃1(r) = K
̃∗
2(r)
̃1(r). (7)

Here, 
̃1,2 represent the Rabi frequency envelopes in the slowly varying envelope approximation for the probe and control
beams, respectively, and K is the one-photon complex spectrum with total linewidth  incorporating homogeneous dephasing
and Doppler broadening of the optical transition. Moreover, γ is the decoherence rate of the ground-state transition, D is the
spatial diffusion coefficient, �q = q2 − q1 is the probe-control wave-vector mismatch (with absolute value �q along x̂), and α

is the attenuation (per unit distance) without EIT.
In Fourier space, stressing that the medium velocity is parallel to the x axis, one obtains

∂z
1 = i
kz

2
χ (kx, kz, δ)
1 (8)

with the susceptibility derived from Eq. (7):

χ (kx, kz, δ) = i
2α

kz

[
1 − K|
2|2

−iδ + γ + K|
2|2 + D(kx + �q)2 − i(kx + �q)v0

]
. (9)

The probe susceptibility’s dependence on kz is such that
∂kz [kzχ (kx, kz, δ)] = 0. It should be noted that Eq. (8) is ex-
act only when the control field is an infinite plane wave,

2(r) = 
2. Nonetheless, quantitative agreement between

Eq. (8) and experiment can be achieved using a control field
of finite extent as long as its beam waist, w0, is wide enough
to satisfy w0 � max{√Dτ , v0τ } [20].
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FIG. 2. Experimental setup for observing anomalous optical drag under conditions of EIT. Left: The probe and control fields are derived
from a diode laser (795 nm) tuned to the D1 transition in 87Rb. A half-wave plate (HWP) controls the relative power of the orthogonally
polarized probe and control fields before they are split by a polarizing beamsplitter. The probe passes through an electro-optic modulator (EOM)
and an acousto-optic modulator (AOM) to tune it to the F = 1 → F ′ = 1, 2 transition and vary the two-photon detuning, δ, respectively. The
probe and control are then recombined at a PBS before being coupled into a single-mode polarization-maintaining fiber (PMF). After exiting
the PMF, both fields pass through a 87Rb cell that is shielded from stray magnetic fields by a double-layer magnetic shield (μ metal). A solenoid
creates a uniform magnetic field to lift the degeneracy of the Zeeman sublevels. The probe and control fields interact through an EIT scheme
shown in the upper right panel. The dominant interaction occurs around the mF = 0 −→ m′

F = ±1 transitions for the probe (yellow arrows)
and control (brown arrows). By detuning both the probe and control −250 MHz below the F ′ = 2 excited state, the two-photon line shape
is sufficiently asymmetric to produce anomalous dispersion (lower right panel) [31]. The normalized transmission using the model of Eq. (9)
was fit to the transmission data simultaneously to all other data sets using , γ , and �q as free parameters. The entire Rb cell apparatus is
mounted on a translation stage (TS) that travels transverse to the beam propagation. A polarizer (P) after the cell filters out the control field,
and the probe field is split into two paths by a beamsplitter (BS). One path terminates on a photodiode (PD) for measuring the group delay of
the probe. In the other, a lens (L) images the output facet of the cell onto a camera (CCD).

The resulting solution of Eq. (7) is


̃1(x, z) = F−1

{
F[
̃1|z=0] exp

[
i
χ (kx, kz, δ)

2
kzz

]}
, (10)

where F is the Fourier-transform operator.
This picture furnishes an expression for the transverse shift

in Eq. (1), where the dependence of the optical drag and group
delay on the two-photon detuning appears explicitly [20]:

�x = ∂kx Re

(
χ (kx, kz, δ)

2
kzL

)
, (11)

τ = ∂δRe

(
χ (kx, kz, δ)

2
kzL

)
. (12)

III. EXPERIMENTAL RESULTS

The experimental arrangement for measuring anomalous
optical drag is shown in Fig. 2. The control and probe
beams are obtained from the same diode laser, the cen-
ter frequency of which is set to 795 nm to excite the D1

transition of the 87Rb atoms. The probe is tuned to the
F = 1 → F ′ = 1, 2 transition, and the control is tuned to the
F = 2 → F ′ = 1, 2 transition. The probe and control beams
exit the same polarization-maintaining fiber with a radius
wp = wc = 2 mm. The total control power is ≈40 μW and
that of the probe is ≈2 μW. The 87Rb vapor is kept in a
magnetically shielded Pyrex cell of length L = 7.5 cm. The

cell contains buffer gases N2 (10 Torr) and Ar (90 Torr) and
is heated to 55 ◦C, in which case the thermal motion of
the atoms behaves diffusively with a diffusion coefficient of
D ≈ 166 mm2/s. The cell assembly is mounted on a Thorlabs
DDSM100 motorized stage, so it can move with a constant
velocity while crossing the beams. By comparing the center
of mass of the probe beam’s transverse profile when the cell
is moving and not moving, the transverse drag is obtained.
The dependence of optical drag on the two-photon detuning
is shown in Fig. 3. Both �x and τv0 are measured at cell
velocities of 200 mm/s (a) and −200 mm/s (b), the maximum
achievable velocities of our system. The models of Eqs. (11)
and (12) are fit to the �x and τv0 data, respectively, using
maximum likelihood estimation with three free parameters:
, γ , and �q. Furthermore, we assume that the data have
Gaussian random errors. The likelihood function was com-
posed of the data in Figs. 3 and 4 and the transmission data
in the inset of Fig. 2, along with their corresponding mod-
els [Eqs. (11), (12), and (9), respectively] and uncertainties.
Thus, we obtained values of the three fit parameters that
describe all data sets:  = 266(2) MHz, γ = 145(2) Hz, and
�q = 1.2(3) × 10−6 2π/λ. Uncertainties in the fit parameter
values were obtained through Monte Carlo simulation. The
data show a strong dependence on the two-photon detuning
δ; normal optical drag occurs for δ < 425 Hz, while anoma-
lous optical drag occurs for δ > 425 Hz and peaks around
δ = 900 Hz. Note that the τv0 data predict approximately
half as much optical drag than is actually measured, �x. The
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FIG. 3. Dependence of optical drag on two-photon detuning δ.
Top row: The measured transverse beam displacement �x is in the
same direction as the velocity of the cell on the red-detuned side of
the two-photon transition and in the opposite direction on the blue-
detuned side. This behavior is observed for both (a) negative and
(b) positive cell velocities. Bottom: There are deviations of up to a
factor of 2 between the measured τv0 and �x, potentially due to
higher-order dispersion combined with the finite temporal duration
of the probe. The fit lines are obtained from maximum likelihood
estimation using the models of Eqs. (11) and (12) with , γ , and �q
as free parameters. The difference between the error bars’ lengths
in the top row of (a) and (b) is due to difference in the mechanical
precision of the translation stage for these two trajectories. An offset
of 425 Hz is added to the fit lines to account for a systematic error in
the detuning measurement.

breakdown of this approximation may result from higher-
order derivatives of the spectral response at the transition from
normal to anomalous dispersion. These effects are present for
finite duration pulses, like those used in this experiment.

Figure 4 shows the dependence of optical drag on dragging
velocity. Despite the nonlinear dependence of Eq. (9), and
consequently Eq. (11), on the dragging velocity, the data are
approximately linear in this experimental regime. Interest-
ingly, for a two-photon detuning of δ = 425 Hz, almost no
optical drag is present for any dragging velocity, as shown in
Fig. 4(b). The null optical drag is unique and corresponds to
conditions of zero group delay in the medium (zero crossing
in Fig. 3). Normal [Fig. 4(a)] and anomalous [Fig. 4(c)] drags
are observed over a range of velocities with a high degree of
symmetry between the normal and anomalous effects.

IV. CONCLUSIONS

We demonstrated normal, null, and anomalous optical drag
effects experimentally and modeled them theoretically. By
using EIT in 87Rb vapor, we were able to maximize the

FIG. 4. Experimental observation of optical drag at various drag-
ging velocities. (a) At a two-photon detuning of δ = 0 Hz the beam
experiences normal optical drag. The dependence of the drag on
the velocity is approximately linear from v0 = −200 to 200 mm/s.
(b) There is effectively no optical drag for any cell velocity when δ =
425 Hz. (c) At δ = 900 Hz the beam undergoes anomalous optical
drag for all velocities in the domain v0 = −200 to 200 mm/s. The fit
lines were obtained by fitting Eq. (11) to all data sets simultaneously.

dispersion and minimize the loss associated with near-
resonant atomic excitation. While the scientific community
has already reported on the normal drag effect in the last two
decades [11,13,14,20], as well as the anomalous longitudinal
drag effect [25], here we report our observation of anomalous
transverse drag. Our measurements showed that the beam’s
displacement is proportional to the velocity of the medium
through which it passes, with a direction depending on the
sign of the medium’s dispersion. For positive group delays,
the beam experiences normal optical drag and is dragged
in the direction of the material motion. When the measured
group delay is negative, the beam is dragged in a direction
opposite to the material displacement. In a regime where the
group index is exactly equal to the inverse of the refractive
index and there is no measured group delay, there is no optical
drag at any material velocity.

In the gaseous system we study, one can generate non-
trivial velocity patterns, such as vortices and linear velocity
gradients. Under slow-light conditions, a vortex is expected to
rotate the optical field [13], while a linear velocity gradient
will lead to an angular deflection of the beam in the direction
of the gradient. These manipulations, combined with linear
drag, can be externally controlled at a high rate by tuning
the frequency of the control field and thus could have po-
tential applications in ultrafast beam shaping and steering.
Conversely, the overall transformation of an incoming light
field can be used to directly and quantitatively probe nontriv-
ial velocity fields [32]. These include intricate flow patterns
and transient gradients, for example, in gas lasers [33] or on
moving, accelerating platforms. Alternating between normal
and anomalous drag in these types of sensors and monitoring
the difference signal can be advantageous for subtracting any
nonatomic effect and removing systematic errors.

Furthermore, the average velocity of the atoms, due to
the motion of the cell or the macroscopic flow, adds to their
underlying thermal velocity distribution, resulting in a drift-
diffusive atomic motion. When atomic diffusion is significant,
it may lead to paraxial diffusion of the light field [34,35] and
also, similarly to anomalous and null drag, to effective parax-
ial diffraction that eliminates and even reverses the free-space
optical diffraction [36].
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