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A light beam normally incident upon an uniformly moving dielectric medium is, in general, subject to
bendings due to a transverse Fresnel-Fizeau light drag effect. In most familiar dielectrics, the magnitude of this
bending effect is very small and hard to detect. Yet, the effect can be dramatically enhanced in strongly
dispersive media where slow group velocities in the m/s range have been recently observed taking advantage
of the electromagnetically induced transparency effect. In addition to the usual downstream drag that takes
place for positive group velocities, we discuss a significant anomalous upstream drag which is expected to
occur for negative group velocities. Furthermore, for sufficiently fast speeds of the medium, higher-order
dispersion terms are found to play an important role and to be responsible for light propagation along curved
paths or the restoration of the time and space coherence of an incident noisy beam. The physics underlying this
class of slow-light effects is thoroughly discussed.
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I. INTRODUCTION memories[21], and enhanced acousto-optical effef22],
just to mention a few. In particular, a strict analogy between
A constant effort has always been devoted to the searcBlow-light in moving media and light propagating in curved
for new effects and materials to control the propagation offPace times has been unveiled and some of its consequences

light waves. Over the past few years, in particular, the use of@ve been recently discussg28—29. _
quantum interference has led to an astonishing control of Recently it has been also anticipated in R¢8,31] that

light waves propagating through specific classes of atomifn— media are ideal candidates for the observation of ex-

and solid-state media. These materials exhibit superior progreMely low and negative group velocities and apparently
superluminal behavior. In such media, the group velocity can

erties that cannot be found in conventional orfglew light in fact be readily tuned over a wide range of negative values

Eropag%tmn a(tj gro;p ve:g_cnlfg n thz m/strangfe, eag" ha irectly by varying the coupling and probe detunings in a
een observed in Bose-Einstein condensates of sodium i, a1 three-level configuration.

oms[1,2], in hot rubidium vapors$3,4] as well as in a solid Although most fast- and slow-light experiments have
doped Pr:¥SiOs crystal[5], in Ruby([6], and in alexandrite  jeqt with the basic problem of a light pulse advance or delay
crystals[7]. Reversiblestoppingof a laser puls¢8] in ultra-  quring its propagation across a steady dispersive medium,
cold and hot alkali vapord,10] as well as in Pr:¥SiOs has  yltraslow positive or negative group velocities can have in-
also been observed]. teresting consequences in other scenario. In this paper we
Light stopping and slow-light propagation effects typi- present a thorough investigation of slow-light propagation
cally originate from electromagnetically induced transpar-through a moving medium. Specifically, we examine a con-
ency (EIT). Such a phenomenon arises from quantum interfiguration in which the electromagnetically induced transpar-
ference and is characterized by a strong enhancement of tle@cy (EIT) medium uniformly moves along a direction or-
refractive index dispersion within a narrow frequency win-thogonal to an incident light beam of finite spatial extent
dow around the medium resonance where absorption turri$3]. The same geometry, adopted in the early 1970s by
out to be largely quenched. The study of such a phenomenajones in his pioneering work on theansverseFresnel-
goes back to the late 1970s when nonabsorbing resonancesHireau light drag effecf34,35 led to the observation of a
atomic sodium have first been observed in Gozzini’s grouvery small downstream bending, i.e., in the direction of mo-
and later interpreted in terms of coherent population trappingion, of a light ray. The use of a strongly dispersive medium
[11-13. supporting slow light, rather than the nondispersive glassy
The interest for such a phenomenon has however reviveghaterial used by Jones, will not only allow for a remarkable
[14] over the past decade and has now become a rather tognhancement of the drag effect but also for qualitatively new
cal area of researcfl5,16. Much of this work deals with features.
fundamental issues such as high nonlinear coupling between The possibility of having light propagating with small
weak fields and quantum entanglement of slow phoféidis-  negative group velocities across the dragging medium is pre-
19], entanglement of atomic ensembl¢®0], quantum dicted to yield largeupstreamlight bendings, i.e., in the di-
rection opposite to that of the medium. Such an anomalous
light drag effect, which has been the subject of an old con-
*On leave from: BEC-INFM Research and Development Centertroversy during the late 197(86,37, is discussed here in
Trento, Italy. Email address: lacopo.Carusotto@Ikb.ens.fr detail unwinding some of its controversial aspects.
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z z’ where o is the beam waist. The corresponding Fourier

traqsformﬁo(kx k) of Eg(x,y) is then a Gaussian of width
gy .

In the following we shall always restrict our attention to
the case of a weak probe beam, which allows us to apply
linear-response theory and describe the polarization of the
medium by means of a dielectric functien Assuming for
simplicity a nonmagnetic 4=1) and isotropice;j; = € &
medium, the scalar dielectric functiancompletely charac-
terizes the linear polarization of the medium in its rest frame
3. Spatial locality of the dielectric polarization will also be
assumed, i.eg will be taken to depend on the frequeney
but not on the wave vectdt'. Primed quantities will refer to
N the medium rest fram& ', while the nonprimed ones will

refer to the laboratory fram&. The linearity of the optical

response and the translational invariance of the system on the
Probe Beam (x,y) plane allow us to propagate each transverse Fourier
component independently from the others, and to reconstruct
The transmitted beam profile by using an inverse Fourier

Furthermore, for sufficiently fast dragging speeds, the Coriransform./ . . o _
rect description of the slow-light transverse dragging effect IntheX’ frame, the dispersion law inside the medium has
requires that absorption dispersion and group-velocity disthe usual form
persion be taken into account. It turns out that these higher— T T T
order dispersion terms introduce peculiar features, such as el o’ =c(k ki "k, ). @)

ropagation along curved light paths and restoration of time.. : .
gndpsgace cohergnce of a r?oiss beam. Although all our prgs_lncev<c, the linearized form of the Lorentz transforma-
dictions have been made using realistic parameters takefPns can be used, namely,
from slow-light experiments in ultracold atomic cloufds,

X,X’

FIG. 1. Scheme of the experimental setup under consideratio

our results are not restricted to cold atoms and generally hold ©'=o=ko, ©

also for slow-light solid media that have now become avail-

able even at room temperaty& 7). K =K. — ﬂv )
The paper is organized as follows. In Sec. Il we introduce X g2

the physical system and we present our model. The general
theory of the transverse Fresnel-Fizeau light drag effect is kK, =k, ,. (5)
presented in Sec. lll. These general results are specialized to ye o

the case of a strongly dispersive dressed medium driven intBy inserting the transformation®)—(5) into the dispersion

a A configuration by a resonant and nonresonant couplingaw (2), one obtains the following expression for the disper-
beam, in Sec. IV and in Sec. V respectively: in the formersjon law in3:

case, the group velocity is small and positive, so the trans-

verse drag occurs in the usual downstream direction; in the (0—kw)? ®v
latter case, the negative group velocity is shown to give an —— —€lo—ko)=| ke —
anomalous upstream drag. In Sec. VI we proceed to discuss ¢ ¢

two effects which arise from the inclusion of higher-order_l_h_ i b d to determine th i ¢
dispersion terms. A summary of the work is given in Sec. VI IS equation can be used to determine the propagation o
the light beam across the slab. From the frequengyand

where conclusions are also drawn. Two alternative deriva-

tions of the Fresnel drag effect are discussed in the Apper{'® (ransverse componeris, of the wave vector, we obtain

dix. from Eq. (6) the z componenk{™ of the wave vector inside
the medium:

2
+KCHKS . (6)

II. THE MODEL AND GENERAL THEORY ;
kO™ (ky ,ky)

We consider a monochromatjrobe light beam of fre- 5
guencywq propagating along the axis and normally inci- wo—kyv | 2 wgv 5
dent upon a homogeneous dielectric medium uniformly mov- ~ ~ (T e(wo— k) —| ke 2| ky (@
ing along thex direction as shown in Fig. 1. Here we denote
the thickness of the slab with and its velocity withv (v a5 well as in the space outside the slab:
<c). The probe beam has a Gaussian profile centered in

(Xg,Yo) so that az=0 one has 2
, KOk, k)= \| 2 k2 k2, ®)
Eo(X,y) = Eg e~ [(x %0+ (y=yo)?li20g, (1) z Ty c2 X
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Since the energy flux must be along the positvaxis,  the laboratory framé& the beam propagates inside the mov-
only roots with positive real part Rk{"°“?]>0 have to be ing slab at a nonvanishing angk with respect to thez
taken[38]. direction given by

For each component, the amplitude at positiossze<L

inside the slab is given by tang— 2{ w0+ wo %_ ;
Bk ky32) =€ P00k DBk, ky) ©) ; 2e(wo) 4 Ve(wo
with a phaseb: = %[i, - %‘gh . (19
D (ky Ky 12) = KTV (ky k)2 (10) oo

‘ Herevé, andv,’)h denote the group and phase velocities, re-
Note that the wave vectdd™ (k, k,) as well as the phase spectively, in the medium rest frank':

®(ky,ky;2z) are generally complex quantities, their imagi-

nary parts vanish only for nonabsorbing, nonamplifying me- C
dium. Past the slab, the transmitted amplitude at the position v{,h=\/=, (16)
z>L is given by the same Ed9) with the phased now €r(@o)
given by
c
D (ky Ky :2) =kEM (K ky) L+KCY (ks ky) (2—L). Yo wy de 0
(11) \/ € B — _r
r(wo) 2 /—Er(wo) d(l)

The spatial profile of the transmitted beam at any ppicén
then be obtained taking the inverse Fourier transform of EqThis deflection of the light beam can be interpreted as a
(9), transverseFresnel-Fizeau drag effect, in which the beam of
light is dragged by the transverse motion of the medium.
E(x,y,z)=f dk, dky ailkec k) @il ky D E (k). After exiting the slab, the beam again propagates along the
21 y normal direction. Its center, however, turns out to be laterally
(12 shifted by an amount

!
lll. THE TRANSVERSE FRESNEL-FIZEAU R
DRAG EFFECT Ax= L”Lér o2 (18)

Provided that the incident beam waisg is wide enough,
only a very small window of wave vectors,(,k,) around
k,y=0 is effectively relevant to the propagation dynamics
and one can safely expand the phekk in powers ofk, , so
that to the lowest order one has

Dk, kyi2) = elwo)

kyv de
2 e(wp) do

along a direction parallel to the medium velocity. This ex-
pression is in agreement with the one derived by Player and
by Rogerd40,41]. Two alternative derivations of this lateral
shift are discussed in the Appendix.
As one can see from the expressi@8) the magnitude of
K.v 1 the transverse dragx is largest for a strongly dispersive
X . . . .
1- —( ) medium in whiche has a rapid frequency dependence and
@o the group velocitwé, results much slower than the vacuum
o speed of Iighlvér< c. In this case, Galilean velocity compo-
L+ ?(Z_ L). (13 sjtion law can be safely applied and E48) simplifies to

 e(wo)

The position of the centerx(,y;) of the emerging wave
packet at a giverz can be obtained inserting the expansion
(13) into (12) and then invoke the so-callestlationary-phase

principle. This states that the integral in EQ.2) has its  \yhich yields a very intuitive interpretation fakx as the

maximum value at those point&(y.) for which construc-  gispiacement of the medium during the time=L/v/, it
tive interference between the different Fourier components,, o< the light to cross. g

occurs, that is at those points where the phase of the inte-
grand is stationary39]:

Lv

Ax=—, (19

’
vgr

IV. THE TRANSVERSE FRESNEL-FIZEAU DRAG EFFECT
IN AN EIT MEDIUM

{Re[q)(kxvky;z)]+kxxc+kyyc} =0.
k

ok
Xy =k,=0

The first experimental observation of the transverse

(14) Fresnel-Fizeau drag effect was performed in the mid 1970s
by Joneg34] using a rotating glass disk as moving dielectric

Inserting the phaséld) into (14) and assuming the imagi- medium. In such a nondispersive medium the phase and

nary parte; of e=¢,+i ¢ to be negligible, one finds that in group velocities were of the order of(c/vg~c/v,~1.5)
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FIG. 2. Scheme of the energy levels involved in the optical (-0 )/,

transitions. )
FIG. 3. Resonantly dressed EIT medium at rest: plot of the

and the limited rotation velocity of the disk at the beam spotimaginaIry parte;(w) of the dielectric functio@ and of the group

. L . -~ velocity v, (b). Medium parameters correspond to the case of an
(v=2x10* cm/s) limited the lateral displacement to a clils— ultracold ZNa gas: y,~2mx 10 MHz, A ,=589 nm, f = 0.009y, ,
tance of the order of a few nanometers. However, a clevef =1, =10 “y,. The Rabi frequency of the resonar, & 0)

optical alignment te_chn_iql_Je allowed not only to observe thecgup"ng beam is),=0.1y,. For this choice of parameters, the
effect, but also to discriminate the validity of the resulb) minimum (positive group velocity isv g~1 mis.

from other possible expressions for the displacemasl.
As remarked in the preceding section, the use of a

strongly dispersive medium allows for a significant enhance- ()= €.+ 8rfi 14 2'95/ Ve

ment of the drag effect. Very slow group velocities can be * e i 4Q§
obtained by optically dressing a resonant transition with a We— W5 Ymt —)
coherent coupling laser beam as shown in tha-level € (21)

scheme of Fig. 2.

Under the assumption of a weak probe beam, linearthe jmaginary part of Eq(21) shown in Fig. 3a) shows a
response theory holds and the resulting dielectric constant is5rrow dip arounds= w, in the otherwise wide absorption
to be interpreted as describing the linear response of the o&

( ; _ _ rofile of theg— e transition. Provided)2/ y¢> vy, absorp-
tically driven medium to a weak probe. In the simplest cas ion at the center of the dip is strongly suppressed, yielding

of nondegenerate levels, the rest frame dielectric constant early perfect transparency for a resonant probe beam. This
our optically drivenA configuration acquires the following is the so-called EIT effedtl1]. The linewidth of the dip is

well-known form[12-1%: I'=402v, and becomes strongly subnaturdl<y,) for
Q.<vy.. The assumed inequality,,< vy, guarantees that a

4rf good level of transparency can be obtained simultaneously
e(w)=e€,+ K . (200 with a subnatural linewidth of the dip.
we—w—i%— < In the dip region, the real part of the dielectric function
Ot we— w— iﬁ (20) shows an extremely steep dispersion yielding the group

2 velocity
wherewg(my and ye, are the frequency and the linewidth of Vgr _ Q|2
the excitede and metastablm states, respectively, where we ¢ 2nfw’
have setwy=0. Herew, is the frequency of the«m co-
herent coupling bearf42] and () its Rabi frequency. The which can be orders of magnitude smaller tudifrig. 3b)].
linewidth vy, of the metastable state is much smaller than therhis suggests that the importance of the transverse drag ef-
linewidth vy, of the excited state. Thieparameter is propor- fect (18) should be strongly enhanced in an EIT medium.
tional to the oscillator strength of the optical transition: for  To verify this prediction, a complete calculation of the
an ultracold atomic gas[1] at atomic densitiesn  profile of the transmitted probe beam can be numerically
~10"2cm 3, fis of the order of a few 10°y,. The back- performed by inserting the explicit expression of the dielec-
ground dielectric constart, takes into account the effect of tric function (20) into the dispersion law6) and then per-
all the other nonresonant transitions, but for an atomic gagorming the inverse Fourier transfortd2). For a probe ex-
e,=1 to a very good approximation. actly on resonance with thg—e transition (o= w.), the

For a resonant coupling beam, i.é,= w;— (we— wpy) numerical result plotted in Fig.(d) is in perfect agreement
=0, the dielectric functior(20) in the neighborhood of the with the analytic predictior§18) when the valug22) for the
resonancew — ¢ <y, can be rewritten as group velocity is used. The nearly total absence of absorption

(22
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FIG. 4. Propagation of a light beam through a slowly moving  F1G- 5. Nonresonantly&=101y,) dressed EIT medium at rest:
(v=0.01 m/s), resonantly dressed EIT medium. The optical paramP!0t Of the imaginary par¢;(w) of the dielectric functioria) and of
eters of the medium are the same as in Fig. 3, the vertical dashdj€ 9roup velocity () (b). The other parameters are the same as
lines correspond to the surfaces of the medium, whose thickness {8 F19- 3.

taken ad =93 um. The incident beam is resonamg= w, and its . .
waist is o= 20 um. Downstreamtransverse draga) and corre- (€ fransverse drad8) turns out to be directed in thgown-

sponding weak absorption of the bediah. Thex axis is oriented in ~ Streamdirection, as if the light were to be dragged by the

the downstream direction. moving medium. _
On the other hand, several papers during 198837

. ._have discussed the possibility of having apstreamtrans-
at the center of the dip guarantees that only a small fractiole e graq in the presence afiomalousdispersion, i.e., in
of_the incident probe intensity is absorbed by the medlum[he presence of negative group velocity. As negative group
[Fig. 4b)]. » _velocities in nonmagnetic medi§46] are forbidden by
Group velocities as low as 1 m/s have been observed iR, mers.Kronig relations[45] in all frequency regions
ultracold atomic gaselR]. Forvg=1 m/s a medium that is  \here the medium is transparent and nonamplifying, nega-
100 um thick and moves with a velocity of the order of e group velocities are possible only in the presence of
=0.01 m/s gives a lateral shiftx~1 um as shown in Fig. gypstantial absorptiof#8—50 or in amplifying media51].
4. This is orders of magnitude larger than the one originally  |n most experiments performed up to now, negative group
observed by Jone84,35. Even larger lateral shifts should \g|ocities have been demonstrated by observing that the
be attained by using solid EIT materidl5,43,44 as drag- |se advances in time with respect to the same wave packet
ging medium. Group velocities as slow as 45 m/s have ifygnagating in vacuum. This kind of apparent superluminal
fact been recently observed in a Pr-dopediOs [5] keptat  hehavior refers to the peak of the wave packet only, and not
very low temperatures. Furthermore, the mechanical rigidity, tne propagation velocity of information. As discussed in
and the possibility of working at higher temperatures shouldzef. [52], the velocity of the front of a step function signal
allow one to study dragging effects on a thicker sample mov¢an never exceed
ing at a higher speed. The new generation of slow-light  ag we have recently anticipated in RE53], a significant
solid media where velocities between 60 and 90 m/s can bgpstream drag effect should be observable in nonresonantly
achieved at room temperatufé,7] are certainly the best qgressed EIT media, when the coupling beam is not exactly
candidates for the observation of a substantial transversg, resonance with then— e transition, but has a finite de-
drag effect. tuning | 8,| = |wm+ wc— we| = ve. This kind of media have
in fact been shown to be good candidates for the observation
of ultraslow and negative group velociti€30]. In the case

V. ANOMALOUS TRANSVERSE FRESNEL-FIZEAU | 5¢/> ve, the dielectric functior{20) in the neighborhood of
DRAG EFFECT 0= wn+ o (Fig. 5 can be written in the following Lorent-
The discussion of the preceding sections has focused of@n form:
the most common case of media wittormal dispersion. 4 f A f
Because for all frequency at which the medium is transparent e(w)=€,— + G (24)
and nonamplifying, the Kramers-Kronig causality relations Jc ® —w—iﬁ
[45] ensure that 2 2

Largest absorptions occur at the Raman resonance with the
' two-photon transition from the groungl state to the meta-
———>0, (23)  stablem state via the excited state, i.e., at the two-photon
ar resonance frequency
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W= Wt ot ——. (25

OS¢ 1
S5 -
The shiftQ§/5c from the bare resonant frequency is due to X 10'_
the optical Stark effect induced by the coupling beam. The [
linewidth vy, is the sum of the bare linewidth of the meta- A5 . . | . !
stablem level plus a contribution which takes into account )

its decay via the excited state: L®

[um]

02
Cc

Y2=Ymt 2 e (26)
C

For large coupling beam detunings.|>Q., the linewidth 0 . . L - I
v, is much smaller thary,, while the oscillator strength, z [um]

of the transition,
FIG. 6. Propagation of a light beam through a slowly moving

2 (v=0.01 m/s), nonresonantly dressed.€10vy,) EIT medium;
QC
f2=—2f, (27 probe frequency on resonance with the two-photon transitian (
¢ =w,). The optical parameters of the medium are the same as in

o ) ) Fig. 5; the vertical dashed lines correspond to the surfaces of the
is itself weakened. The peak absorptigproportional to  medium, whose thickness is taken ks=1.9 um. The incident
f,/7,) does not vary for increasing values [of;|/Q¢, at  peam waist isro=20 xm. Anomalousipstreantransverse drag)
least as far ag/,> y,,. On the other hand, the anomalous and corresponding absorption of the bet@n Thex axis is oriented
dispersion at resonaneg= w, is under the same conditions in the downstream direction.

enhanced due to the narrower linewidth The correspond-

ing group velocity can be written as such an effecf36,37. Conversely, the anomalous upstream
) drag could provide an interesting way of probing negative
Vg 72 29) group velocities, in place of the usydl8—51 measurement
c 87fy we’ of the negative temporal delay of the pulse after its propaga-

tion across the medium.

and, in the limity,>y,,, this is a factory?/452 smaller in
magr_litude than the one o_btained _in the resordart0 case VI. HIGHER-ORDER DISPERSION EEEECTS
considered in the preceding section. The use of a detuned
coupling with | 5¢|> y. should then enable one to observe The effects discussed in the preceding two sections en-
significant upstream drags over an optical thickriesd the tirely rely on the strongly reduced value of the group veloc-
order of the absorption length, still leaving the transmittedity of light in EIT media. For the slow medium velocity
probe intensity to be an appreciable fraction of the incidentange addressed above, higher-order dispersion effects such
one. as the dispersion of absorption or the group-velocity disper-

In order to verify this expectation, we have again insertedsion are very small and hardly contribute to the results plot-
the explicit expression of the dielectric functic@0) into the  ted in Figs. 4 and 6. Yet, these terms may be no longer
propagation Eq(6) and we have numerically performed the negligible for larger values o, regime in which the light
inverse Fourier transform so as to obtain the profile of thepropagation can exhibit qualitatively new featufésgl]. In
transmitted bearfFig. 6(@)]. As expected, light bendings are what follows we shall discuss in detail two of such features.
found to occur in the upstream direction and the magnitude

of the effect is in good agreement with the approximated A. Light propagation along a curved path
analytical expressiofil8) in which the imaginary part o ) )
was neglected. We have also verified in Figb)6that the In the present section, we shall discuss the effect of non-

beam is not completely absorbed in the medium. Note thaqectil_inear light propagatiqn due to simu.ltaneously large dis-
for the same set of material parameters and the same expeRersions of both absorptiof55] (prgportlogal tode;/dw)
mental configuration as in the preceding section, except foRnNd group velocityproportional tod“e; /dw®). _ _
the coupling beam detuning,, the group velocitylv,] is For large enough_values qf.the absorption qllspgrsmn
now of the order of 0.01 m/s, i.e., a factor 100 slower than ifd€i/dw, the absorption coefficient can have significant
the case of a resonant coupling. This explains the biggeYariations across the range of transvekggectors present in
deflection angles. the incident beam. In this case, the center of nigS6z) of
Nonresonant|y dressed EIT media are therefore good Caﬁhe kx wave vector distribution is shifted from its initial
didates for the experimental observation of significant upvaluek;"(z=0)=0 as the beam propagates through the me-
stream deflections and consequently large anomalous trangium.
verse drags. Such an observation should finally resolve the In the slow group-velocity regimev(,,«c), the depen-
longstanding controversy about the possibility of observingdence of the propagation wave vect@j on the transverse
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FIG. 7. Nonrectilinear light beam propagation through a moving ki,

(v=4 m/s) EIT medium for a resonant coupling.,&0) and a o ) - )
slightly detuned probed,— w.=0.047,); the incident beam waist I_:IG. 8. Physmal interpretation of t_he nonrectilinear Ilg_ht propa-
is 7o=3 um. Panel(a) curved beam path across the moving me- 9ation of Fig. 7. Panefa) spatial Fourier transform of the incident

dium. Panelb) intensity of the light beam at different depths in the (d@shed and transmittedsolid) beam profile; for each spectrum,
medium. The optical parameters of the medium are the same as fhe arrow indicates the position of the spectral center of mass. For

Fig. 3: the vertical dashed lines correspond to the surfaces of thif1® Sake of clarity, the transmitted spectrum has been multiplied by
medium, whose thickness is takenlas 1.65 wm. 4. Panels(b) and (c) absorption and inverse group velocity d/
spectra as a function of the transverse wave vegctorThe corre-

sponding Doppler-shifted frequency in the rest frameé is '

wave vectoik, , mainly comes from the Doppler effect com- :“’O_O%Z' Since wo—we=0.04ye, the resonance is found at
=Vu. Ve -

bined with the strong frequency dispersion of the dielectric™*’
function, so that transmitted phase reads
slightly blue detuned y— w,=0.04v,). As one can verify
o @02 — by comparing the spectrum in Fig.(@ with the group-
d)(kx,ky,z)—T elwo—ka). @9 v)e/Iocitypspec%rum ionig. @), mostgof the incideng'][ bezm
spectrum lies in the negative group-velocity regiday(
By applying the same stationary-phase arguments used i#0.02y,), so the beam is initially dragged in the upstream
Sec. IIl to the finiteki"(z) case, we find that after propaga- girection. As absorption is weaker for the>0 components
tion for a distance the spatial center of mass of the beam isfqg; \which the Doppler-shifted frequency’ = wo—k,ov is
located at closer to resonandesee Fig. &)], the negativek, <0 com-
ponents are more rapidly quenched than the poskive0
_ (30) components and the center of mdx&%ﬁn) of the spectral dis-
vér(wD) tribution moves towards the positivg>0 values. As one
can see in Fig. @), (a/akx)(llvér)>o in the region 0
In physical terms, as the spectral center of mgSofthe <k, <0.047y, of interest and therefore the curvature of the
beam varies wittz because of the filtering action of the ab- beam will be towards the downstream direction. After the
sorption, the transverse drag at a given positidras to be  first 1 um of propagation, most of thie, spectrum is found
evaluated using the group velocity, at the Doppler shifted in the positivev ), region ,v>0.02y), so that the trans-

frequencywp(z) = wo—v ki™(2). This implies that the light  verse drag is from now on in the downstream direcfiig.
beam is no longer rectilinear, but acquires a finite curvaturey(g)].

Ax(2)=z

In particular, the deflection anglé(z) given by As a consequence of the shift of the spectral center of
JA 5 o’ dkem massk;", the b_egms exits f_rom the rear face of the medium

tanéd(z) = X(2) __ v + vz Ugr 9% at a small but finite angle with respect to the normal towards
9z vilwp)  [vg(wp)]? de dz the downstream direction. Although this effect is hardly vis-

(31 ible on the scale of Fig.(®), this small bending of the beam
direction may have a significative effect on the subsequent
now contains a term explicitly depending on the spectrakectilinear propagation of the beam in the free space.
center of mass shiftk{"/dz which was not present in Eq. Unfortunately, this effect of nonrectilinear propagation is
(15) [56]. associated with a rather severe absorption of the beam. For
Figures 7 and 8, report the result of numerical calculationshe parameters used in Fig. 7, transmission is about 5%.
for the specific case of a moving EIT medium when the Itis also worth noticing that the curvature effect described
coupling beam is resonan{=0) and the probe beam is in the present section follows from a reshaping of the beam
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in momentum space and hence is physically different from o c
the ones discussed [23,24], which instead originate from a Ky()|,=—| 1+ — (@@, (37)
nonuniform velocity field of the slow-light medium. ¢ Wel g
B. Temporal and spatial coherence restoration aw
P P o 0)i= 7" (0= w0)2 (38)
If both probe and coupling beams are exactly on reso- c

nance (o— we=206.,=0), both absorptionde;/dw’ and ) ) _ )

group velocityd?e, /dw’? dispersion vanish, so that the ef- Since after propagation over a distaricehe amplitude of
fects described in Sec. VI A do not take place. In the preserffach frequency component is multiplied by a factor
section, we shall show how one can rather take advantage §XHikA{w)L], the frequency spectrum after propagation keeps
the large value 0%, /dw’? to improve the coherence level its Gaussian shape, but the frequency linewidth is reduced to
of a noisy incident probe beam. In the following dection, the

case oftemporal coherence restoration in a stationary EIT o
medium will be adressed, while in Sec. VI B 2 we shall show o(L)=—F—— (39
how the same concepts can be applied in the case of a mov- a0cWe

ing EIT medium to improve the level afpatial coherence.

1. Temporal coherence restoration and the coherence time correspondingly increased to

Consider an incident probe beam of carrier frequengy
whose complex amplitudgq(t) is assumed to fluctuate in

aw
time over a characteristic time scatg: (D) =1 \[ 1+ —5

2
C7.

L. (40)

E(t)=Eq(t) e '@, (32
The absorption associated with this filtering technique may
Following a standard mod€b8], the decay in time of the still be fairly high; the beam intensity reduction over a dis-
first-order coherence functiogt®(7) is taken to be Gauss- tanceL during the line-narrowing process may be estimated

ian: to be
(E5(7)Eo(0)) a.(L)
)y X 2777 _ 2 c
gW(n)= =exp(— °1275). (33 I(L)= 1(0). 41
(E5(0)Eo(0)) . H=5@"? 1
The frequency spectrufi(w)|? of the beam, being propor- 2. Spatial coherence restoration
tional to the Fourier transform of the coherence function g4, 5 moving EIT medium and a strictly monochromatic
1 . . . . . _
g™(7), is also Gaussian with linewidthr.= 1/ light beam atw, a similar effect occurs in thk, space. As

In & one-dimensional geometry, the propagation of a pulsgjscyssed in full detail in Sec. I, the propagation of light is

through a stationary dielectric medium is described by thgjescribed in this case by E¢7). For resonant probe and
usual Fresnel equation coupling beams, the imaginary part of[lk§™] correspond-

o2 ing to absorption is proportional t@zkf(:
K2 (w)= e(a))?. (34)
. aw
Im[ kM~ 4—C°vzkﬁ. (42)

In the neighborhood of the resonancecdat, the dielectric
function of a slow-light EIT medium can be approximately

) As the amplitude of the transverse spatial fluctuations is pro-
written as

portional to the amplitude of nonvanishirkgy components,
the spatial profile of the beam flattens as the beam propa-
e(w)=1+ i(m(w—we)ﬂ %(w_ 0e)?, (35) gates through. the moving EIT me'dium. The fa_ster the speed
Wel gr v of the_: medium, the more efficient the spatial coherence
restoration process.
wherevg?) is the group velocity at resonance and the real Results of a numerical calculation for a spatially noisy

quantity « is given by incident beam propagating through a moving EIT medium
are presented in Fig. 9. Note that how the fluctuation ampli-
d%e;(w) 47fy, tude is strongly suppressed during propagation. At the end of

a= 5 =— (36)  the process, the losses in the total intensity amount to 60%.

do 0=0 Qc The overall shift of the beam which can be seen in the

e

figure is due to the transverse drag effect discussed in detalil
To the lowest order inv— w,, the real and imaginary parts in Sec. IV. Since both the probe and the coupling are reso-
of the wave vectok,(w) can then be written as nant, the shift is directed in the downstream direction.
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APPENDIX: TWO ALTERNATIVE PICTURES

il A ] OF THE TRANSVERSE FRESNEL DRAG
0 L | | ' L

In the present Appendix we shall give two alternative

[Ex)[* [a.u.]

i@ ' ' ' ' ' z='150um‘ derivations of the transverse Fresnel-Fizeau drag which
- . should help the reader to get a different insight of the under-
0.5 . lying physics.
- e 1 Even though the medium does not exhibit any spatial dis-
%90 — _2'00 ) : 200 200 pe_rsion. in its rest frame.’, spatia_l dispersion however
z [um] arises in the laboratory frame. This stems from thek,

dependence ob’ in the transformation lav(3). Physically,

FIG. 9. Transverse spatial coherence restoration during propahjs can be easily understood in the following way: in its rest
gation across a moving (=1 m/s) EIT medium in a fully resonant  frames’, the dielectric polarization of a medium with only
regime (5,=wo— =0, wo=w). Panel(a) noisy incident beam  frequency dispersion depends on the retarded values of the
profile. Panelgb) and (c) beam profile after propagation through g|acric field at the same spatial position. As seen from the
the medium. Same medium parameters as in Figs. 3-7. laboratory frameS., the polarization at a given point turns

out to depend on the electric field at different spatial posi-
VII. CONCLUSIONS tions. This means that a moving medium can show spatial

In the present paper we have given a comprehensiv@iSperSion in%, even if it is only temporally dispersive in the
analysis of the transverse Fresnel-Fizeau drag effect for ligHest frameX”. o _
propagating across a uniform slab of moving medium and, in_ The mos_t remarkable consequence of this induced spatial
particular, we have dealt with the case of a highly dispersivéliSpersion is the nonparallelism of the group and phase ve-
EIT medium. All calculations have been performed usinglocities even if the medium is isotropic in the rest fraie
realistic parameters taken from EIT experiments with ultra-FOr @ light beam normally incident on the slab, the transverse
cold atomic clouds. However, our results are general an¢f @ndy components of the phase velocity are vanishing. On
thus hold through also for the recently prepared solid-staté1€ other hand, the group velociti =V, w(k) atk,,,=0
EIT media. Depending on the detuning of the probe andPbtained from the dispersion lai@) has a finite component
coupling beams with respect to the medium resonance, diRlongx:
ferent regimes have been identified.

In the presence of a slow and positive group velocity, the

magnitude of the downstream drag effect is predicted to be —[1- 1 N vérvrl)h (A1)
significantly enhanced with respect to previous drag experi- Ugrx=V wde | Y 2 |’
ments. In the regime of negative and small group velocities, e+t 2 do

a sizable anomalous upstream drag has been predicted to
occur. Not only would this help in solving a long-standing
controversy on the observability of such an effect, but it v =0 (A2)
could also provide an interesting alternative way for experi- gy
mentally probing negative group velocities.
For larger values of the velocity of the moving medium,

higher-order dispersion terms such as the dispersion of ab- - (A3)
. . . . Ugr,z vgrl

sorption and the dispersion of group velocity have been o de

shown to play an important role. Depending on the specific Vet 2\/; do

choice of probe and coupling detuning, light propagation
along curved paths can be observed, as well as the restora-

tion of temporal and spatial coherence of a noisy beam.  \yhich implies that the beam propagates in the medium at a

finite angle # with respect to the normal. The value of the
ACKNOWLEDGMENTS angle taW=vg /vy, obtained from Egs(Al) and (A3)
agrees indeed with the one found in a different way in
One of us(M.A.) thanks U. Leonhardt for enlightening Eq. (15).
discussions on the issue of slow light in moving media. Fi- An again different picture of the same drag effect can be
nancial support from the EUContract Nos. HPMF-CT- obtained by working in the rest fran¥’ as discussed in our
2000-00901 and HPRICT1999-00111from the INFM  previous papef53]. Because of the aberration of ligf89],
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the direction of the incident beam makes an angle.  Velocity inX’ is given by Eq(17). By Lorentz-transforming
= —vp/c with the normal. In%’, the group and phase veloci- back the group velocity to the laboratory fraBe it is easy
ties in the medium are parallel and make an an@lg, to check that the same deflection angle as in @) is

= —v/(cy/e) with the normal. The magnitude of the group obtained.
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