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Abstract. Gravitational lensing is a well known phenomenon predicted by the General Theory of Relativity. It is now a well-
developed observational technique in astronomy and is considered to be a fundamental tool for acquiring information about the
nature and distribution of dark matter. In particular, gravitational lensing experiments may be used to search for black holes. It
has been proposed that a Schwarzschild black hole may act as a retro-lens (Holz & Wheeler 2002) which, if illuminated by a
powerful light source (e.g. the Sun), deflects light ray paths to large bending angles so that the light may reach the observer.
Here, by considering the strong field limit in the deflection angle and confining our analysis to the black hole equatorial
plane, we extend the Holz-Wheeler results to slowly spinning Kerr black holes. By considering the Holz-Wheeler geometrical
configuration for the lens, source and observer we find that the inclusion of rotation does not substantially change the brightness
of the retro-lensing images with respect to the Schwarzschild case. We also discuss the possibility that the next generation
space-based telescopes may detect such retro-images and eventually put limits on the rotational parameter of the black hole.
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1. Introduction galactic center detecting hundreds of microlensing events due
o ) ) . to MACHOs along the line of sight. Unfortunately, the physical
Gravitational lensing of electromagnetic waves is a Welli;yre of MACHOS is still unknown, since the observed light

comprehensive treatment) predicted by the theory of Genegalending on a number of free parameters (mass, distance and
Relativity. In the last years, gravitational lensing has been algg <\ arse velocity of the lens). Soffdrent populations of ob-
used as an observational tool to investigate the mass distri}g&s such as brown dwarfs, white dwarfs, main sequence stars
tion both in galaxy clusters (using distant QSOs as SOUrCeSy piack holes may be consistent with microlensing observa-
Canizares 1982) and in galactic halos. In the latter case, [if\s |n particular, it is generally accepted that a population of
phenomenon, which is called gravitational microlensing, led [, i holes may exist in the Galaxy and it has been claimed
the discovery of Massive Astrophysical Compact Halo Objedisas these compact objects have already been detected in mi-
(MACHOs) in the halo of our Galaxy (Alcock et al. 1993, ,jensing surveys (Quinn et al. 1999; Bennett et al. 2002; Agol
Aubourg et al. 1993). et al. 2002). At least 6 extremely long events detected by the
As a dark object moves across the source-observer line\pAcHO, GMAN and MPS collaborations towards the galac-
sight it acts as a gravitational lens leading to the formation g bulge (Bennett et al. 2002) exhibit very strong microlensing
two unresolved images of the source and to an overall SOUfallax signals which lead to mass estimates up6 M.
light magnification. Despite the low probability of observingsince the estimated upper limits on the absolute lens brightness
such events, Pacmgky (1986) showed that the continuous obre always less thaal Lo, this favors the stellar black hole
servation of at least10P stars implies a non-negligible chancgyypothesis (Mao et al. 2002) and suggests that a substantial
of detecting a microlensing event towards the LMC. fraction of the galactic lenses may be massive stellar remnants.
Since the early 1990s several collaborations (MACHO (see
e.g. Alcock et al. 1993), EROS (Aubourg et al. 1993) and Despite some experimental uncertainties, the theory of
OGLE (Stanek et al. 1995)) have been monitoring milliorgravitational lensing, which was originally developed in the
of stars towards the LMC, the SMC, as well as towards tieeak field approximation, has successfully explained all gravi-
tational lensing observations from the giant blue luminous arcs
Send giprint requests toF. De Paolis, in the rich cluster of galaxies (Lynds & Petrosian 1989; Soucail
e-mail:Francesco.DePaolis@le.infn.it et al. 1987) to the first Einstein ring MG 1182456 at redshift
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z ~ 1.13 (Hewitt et al. 1988) to microlensing events detecteadl Schwarzschild black hole, if illuminated by a powerful light
towards the SMC, LMC, the galactic bulge and the M 31 galaxspurce, shines back with a series of micro-arcsecond rings.
(see e.g. Alcock et al. 2000). In the case of perfect alignment between the source, the
Moreover, by using the next generation of high resolutiasbserver and the lens the image of the source, in the plane or-
imaging telescopes, it would be possible to test the theorytbbgonal to the line of sight and containing the source, is an
gravitational lensing in the presence of strong gravitationahnulus with outer and inner radii corresponding to the appro-
fields since the inspection of the images formed will allow ysriate impact parameters for photons coming from the top and
to investigate regions very close to the surface of compact mhsttom parts of the source.
sive objects such as neutron stars and black holes. However, in the general case the source, the observer and
In a very interesting paper Holz & Wheeler (2002) prathe black hole are not aligned. We consider a reference frame
posed that a Schwarzschild black hole may act as retro-lensentered at the sourc and with axesX andY on the Earth
retro-MACHO. This means that if the black hole is illuminatedrbital plane (see Fig. 1). We choo¥eto contain the lens in
by a powerful light source, photons, due to its strong gravitthie Z — Y plane and define the misalignment anglas the
tional field, can be deflected by large bending angles. In thagle between the observer-lens directioii) and theY axis.
case of perfect alignment of source, black hole and Earth (WiNiote that the case with = 0 and Earth in the orbit positio®
the Earth in the middle), the bending angles are odd multiplesrresponds to perfect alignment.
of = leading to a series of circular rings. As the Earth moves on its orbit, the image rings deform
However, black holes would be characterized by a non-zef@o arcs whose angular extenti® =~ 2 tarr*(Rs/Dos siné’),
intrinsic angular momentum, which breaks the Schwarzschilghere ¢ is the angle between the source-observer and
spherical symmetry andffacts the gravnathn_al f_|eld. aro“ndobserver-lensiﬁ andaf) directions, respectively.
the compact object. Thu_s, we expect_a modlflcatlon_m the_ Phe- The total area of each image is thus given by (Holz &
nomenology of the gravitational lensing. Here, we investiga{fnceler 2002)
the retro-lensing phenomenon for slowly rotating Kerr black
holes C(_)n5|der|ng photon trajectories close to the black h(){?a: (6 - biz)@ = (b2 - b?) tan‘l( RS_ /) )
equatorial plane. Our treatment follows the second order ex- 2r Dossing
pansion (given by Bozza 2003) of the large deflection ang|
of light rays winding around the retro-MACHO in the impac
parameteb.
This paper is structured as follows. In Sect. 2 we briefly reyg = (1 - 6) Ta, ags=(1+0) T a 2
view the Schwarzschild retro-MACHO lensing results obtained . ] ] ]
by Holz & Wheeler (2002). In Sect. 3 we extend the Holz &°F the bigger antsmalleil)mage, respectively. Herie the
Wheeler (2002) results to Kerr black holes. In Sect. 4 we iangle between th8L andO’L directions (i.e. the deflection
vestigate dferent geometries among the lens, the source a@@gle needed for a source photon to reach the observer).
the observer and discuss the possibility that the next generationThe amplification of each image is given by the ratio be-
high resolution telescopes may have the capabilities necesdgagen the area of the image given by Eq. (1) to that of the

?1ereb0 andb; representthe outer and inner impact parameters
orresponding to bending angles

to detect such lensing events. sourceAs = RE/(4D3y), i.e.
. 2 2 —1 RS D(2)S
2. Schwarzschild retro-MACHOs ues = (b5 — bf) tan Dossing ) 7D2, RE. (3)

The theory of General Relativity predicts that the gravitation§| ally, settingb, andb; to the appropriate impact parameters
field of a massive object deflects light rays of a backgrourﬂqf; tOtéﬂ image ;mplifilcation is '
source, if the impact parameter isBciently close to the mas-

sive object. This phenomenon is referred to as gravitationak ug + us. (4)

lensing and the massive object causing a detectable deflection ) . L
is called a gravitational lens. Obviously, in the evaluation of the total amplificatipnwe

In gravitational microlensing, photons from a distant sour@¢€d the knowledge of the angtésnds defined above which,

suffer a very small angular deflection and the weak field affoM inspection of Fig. 1, are given by
proximation always works satisfactorily. However, strong field s0.0T
effects may be extremely important if the lens is a collapset{t) = arcco{
compact object. In fact, very close to a neutron star or a black Dos Dow
hole, GR plays an important role and the study of the relativis- ) 'S .

tic imagegJ Wﬁich forrFsl (as a consequence ofylight deflectiofft) = arcsi ﬁ sin(s - 7’))’ )
allows us to investigate the regions close to the event hori- i i

zon. The light bending angle in the presence of a static bla¢keréy = arcsinDossing/Dst).

hole is not limited to small angles but may reach large values of course, since the observer moves around the Sun on a circular
(w and odd multiples of if source, observer and retro-MACHOgrbit of radiusDo's ~ 1 AU with angular velocitywe ~ 27/Te (be-

are perfectly aligned, see Holz & Wheeler 2002) so that phiag T the orbital period), the Earth position angl@nd the angles

tons emerge in the direction of the source itself. Thereformmde’ (see Fig. 1) are time dependent.
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Fig. 2. The expected visual magnitudeof the arcs forming close to a
10 M, Schwarzschild black hole (with= 0 at Q01 pc from the Earth)

as a function of time (i.e of the Earth position) is shown. The curves
correspond to dierent displacement anglgsin particular, from top

to bottom, we seg = 1°, 8 = R,/1 AU andB = 0°, respectively. Note

Fig. 1. The geometry of a retro-lensing event is shown in the case gkt — g means, referring to Fig. 1, that the Earth is on Yrexis.
a general configuration for the lens, source and observer positions.

Photons emitted by the Sun S, in the center of the reference frame,
move towards the retro-MACHO L (a Schwarzschild or a Kerr black
hole) which, for simplicity, is placed on thé—Y plane. Light rays, angular momentum conservation implies that black holes also
which interact with the black hole strong gravitational field, may sufntate. Black hole rotation is also confirmed by recémay ob-
fer a path deflection to bending angle multipleszoénd reach the gopations of Fe line width (Zakharov et al. 2002). Moreover,
obser\_/er O The arrow on the lens represents the black hole spin Veéi]per massive black holes at the center of QSOs, AGNs and
tor which lies perpendicular to the lens-observer-source plane. . . S . '
galaxies show beamed jet emission implying that they have non
zero angular momentum.

At this stage, we only need to evaluate the photon impact Thys, due to black hole angular momentdnwe expect a
parameter valuels, andb; so that light rays coming from the modification in the phenomenology of both the usual gravita-
source are deflected toward the observer. For a Schwarzschidflal lensing and the retro-MACHO microlensing. Such modi-
black hole with mas#/, Chandrasekhar (1983) has found thafications are evaluated by a second order expansion of the pho-
in the case of large deflection anglg, the photon impact pa- ton deflection angles in the spin paramedet J/(McRsg).
rameter, in geometrical uniG = ¢ = 1, is given by Here, Rsch = 2GM/c? is the black hole Schwarzschild ra-
©6) dius’. We consider light trajectories on the black hole equa-

torial plane and a more general treatment will be addressed
where elsewhere (Zakharov et al. 2003). However, we expect that the

maximal dfect due to the black hole spin occurs for photons

by.s = 3V3M _ 5 5 (7) lying in the equatorial plane while for partially inclined ori-
bs = 648V3e ™ M(V3 - 1)°/(V3+ 1. entations the fect becomes closer to the Schwarzschild case
Consequently, for each position of the Earth around the Siihat is recovered fof = 0).
it is possible to evaluate the anglé¢t) andd(t), the bending A simple and reliable method to investigate the subject has
anglesaqg andags and, through Egs. (3) and (6), the totabeen recently proposed by Bozza (2003) (for an exhaustive re-
image amplification (4) as seen by the observer. view of the topics see also Bozza 2002a) who revisited the

The expected light curves (i.e. magnitudesorresponding Schwarzschild and Kerr black hole lensing in a strong gravi-
to a certain amplificatiop as a function of time) for a retro- tational field.
lensing event due to a Schwarzschild black hole are shown in Considering light rays on the black hole equatorial plane
Fig. 2 for different misalignment anglgs (0 = 7/2),the Kerr line element in Boyer-Lindquist coordinates

(t, %, 6, ¢) is given by

b(eg) = bys+ bose™ ™,

3. Kerr retro-MACHOs
_ ds? = A(X)dt? — B(x)dx? — C(X)d¢? + D(X)dtds, (8)
The results by Holz & Wheeler (2002) on retro-lensing events

hold in the case of Schwarzschild black holes. However, in
general, a black hole is characterized by a non-zero intrinsig Note that the definition we use for the rotation paramateor-

angular momentum which breaks the spherical symmetry gadponds to half of the value in the usual notatios 23/(McRec).
affects the gravitational field around the compact object.  |ndeed, following Bozza (2003) we measure distances in units of the

Indeed, black holes are the ultimate stage of stellar ev®chwarzschild radius and not in units of the gravitational radius as is
lution and may form by SNII explosions. Since stars rotatesually done (see e.g. Shapiro & Teukolsky 1983).
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wherex is the distance from the spinning black hole measured 0.8

in units of the Schwarzschild radius in natural ufitg, = 2M

anda = J/(2M?). e
Following Bozza (2003) the impact parameteof light
rays approaching the black hole is Fig. 3. The radius of the photosphere as a function of the black hole
spin parametea is shown. As expected, for positive valuesaofi.e.
—Do + /4AoCo + Dé for light rays co-rotating with the black hole) photons are allowed to
b= . (10) get closer to the black hole. Far — 0 the photosphere radius ap-
2R proaches the last stable orbit radius value for a Schwarzschild black

Here and in the following all the metric functions with the sud20!e &m = 3/2).
script 0 are evaluated at= Xy which is the photon minimum
distance from the black hole.

After a Straightfprward Calculation, the -Whole deﬂectiOWherecl(xo’ a) and CZ(XOs a) represent the first and second or-
angle (i.e. the bending angle for a photon with impact paramgsr codficients of the expansion. Therefore, wher{xo, a)

terb) is given by is different from zero the leading order term in the integrand
© dp is oz’ /2, so that the integral in Eq. (14) converges. Instead,
ag = 2f o > (11) the integral diverges in the case(xp,a) = O, correspond-

% ing to photons being captured by the black hole. Accordingly,
where the photosphere radiug, is defined as the outermost solu-
d¢ tion of equationcy(xo, @) = 0. This condition is equivalent to
ax - P1(X X0)P2(X, %) , (12)  ga? — xo(3 — 2x9)? = O (for details see Bozza 2003). Of the
with three solutions of the cubic equation above, one is irrelevant as

it lies inside the horizon while the other two correspond to the
p 3 VB(2A0Ab + AgD) co-rotating and counter-rotating photons. The counter-rotating
1(X, %) = \CAo V4AC + D? case may also be obtained by takimg: 0. The roots are dis-
o b _172 played in Fig. 3.
Pa(X, Xo) = (AO - AEO + E(ADO -AD)| . (13) Once the photosphere radixg (for a given value o) is

known, one can evaluate the deflection anglérom Eq. (14).
The deflection angleq grows asx, decreases diverging at theThus, retaining only terms up (X, — Xm), one obtains
radius of the photosphenrg, (to be defined below). In this case

the photon is captured by the black hole. Defining the new vari- X0

ablez = (x - xo)/x and hencex = xo/(1 — 2), the integral in d(*0) = —K1In o 1)+ ke + O(%0 = Xm) , )
Eq. (11) becomes

fl where

ag= | R(ZzX)f(zx)dz -, (14)

0 k]_ — R(O’ Xm)

with Ve2(Xm, @)

1- _ 2(1-ym)

R(z Xo) = Z(A/(z)O) P1(X, Xo) ko = 7Tl+ kiln o)X + IR

f(z %0) = P2(X, Xo) - 15) .= f [R(Z Xm) F(2 %m) — R0, Xm) fo(z Xm)] dz (18)
0

The functionR(z Xo) is regular for any values of while the

function f(z Xo) diverges az — 0. To find the divergence or- 1,4 impact parametds in Eq. (10) can now be expanded in
der, the argument of the square roof (@, xo) may be expanded hq\yers of &, — x») up to the second order term (the first order
in powers ofz obtaining (Bozza 2003) codficient vanishes) obtaining

1
Ver(xo, 8)z+ (X0, A2

fo(z x0) = (16)

b = bo(Xm) + ba(Xm)(Xo — Xm)? . (19)
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Fig. 4. The cosficientsk; (upper panel) ank, (bottom panel) appear-

ing in Eq. (20) are plotted as functions of the black hole spin paramegear

a. For details see text.

Eliminating the closest approach distangg in Egs. (17)
and (19) and rearranging the terms one finally gets (Bo
2003)

%@=4m%m&ﬁ-Q+k+qmmwmx (20)
with

K=t

= ﬁ bz(Xm)szn.

ko = ko + > In Do) (21)

In Fig. 4 we plot the coicientsk; andk, as a function of
the black hole spin parameter. We note that thesdicants

diverge fora — 0.5 implying that Eqg. (20) can be used onl
for low enough values o for which xg — X < 1 holds.

ack holes as retro-MACHOs

-0.4 -0.2 0.2

Fig. 5. The impact parametéy, evaluated for the deflection anglg =
7, is shown as a function of the black hole spin paramatétote that
for a — 0 the impact parameter approaches the rdsl6.34664 for
a Schwarzschild black hole given by Chandrasekhar (1983).

Note that the factor 2 in the previous relations (23) has been
introduced to make our expression comparable with that in
Eqg. (6). It is also easy to verify that fa — 0, Eq. (22)
reduces to the result (6) given by Chandrasekhar (1983) for
Schwarzschild black holes.

We are now ready to apply this formalism to the retro-
lensing phenomenon. In Fig. 5, assuming= x, we plot the
impact paramete(r) as a function of the black hole spin pa-
rametera. As one can see, for co-rotating photoas>( 0) the
impact parameters decreases with respect to the Schwarzschild
se (i.e. photons may get closer to the black hole).

Let us now consider the Sun as the light source and a black
hole of mass 1M, at a distance of 01 pc. Since the solar
luminosity in the optical band i, ~ 4 x 10*3ergs?, cor-
responding to an optical visual magnitudg = —26.8, the
Z&)ﬂ)ected magnituda of the retro-lensed image can be evalu-
ated as

m=m, — 2.5logu, (24)

u being the total amplification given by Eq. (4). In the case of
a Schwarzschild black hole with = 0, the expected apparent
magnitude is given in Fig. 2 as a function of the titn@orre-
sponding to the Earth position on its orbit), foffdrent values

of the misalignment angjg (see also Holz & Wheleer 2002).

In the case of a Kerr black hole we can evaluate the Sun
image amplification by using Egs. (3)—(5), in the most favor-
able case of perfect alignmemt & 0). For this purpose we
yonly need to evaluate, through Eq. (22), the impact parame-
ters corresponding to the bending angles for which light rays

Therefore, by solving Eq. (20) with respect to the imemitted by the Sun may reach the observer after deflection of
pact parametel, one finally obtains the generalization of théhe anglesrqp andaqs defined in Sect. 2. For a 1, Kerr
Chandrasekhar relation for Schwarzschild black holes givenitack hole with spin parametar= 0.1 at a distance of.01 pc

Eq. (6) to Kerr black holes

b(aa) = byk + boxe /x| (22)
with
bk = 2b(Xm)M,  box = 2bg(Xm)Me ek | (23)

and misalignment angje = 0, the expected retro-lensing light
curve is given in Fig. 6 (red solid line). In the same figure we
also give the light curve (dashed red line) corresponding to
counter-rotating photons. As expected, for a Kerr black hole
with spin parametea, only a modification up to the second or-
der in the retro-MACHO amplification appears, as is evident
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Fig. 6. The expected retro-lensing light curves for a Kerr black hole with masd l@nd spin parameter= 0.1 is given as a function of the
time (i.e. of the Earth position in its orbit). The solid red line corresponds to the magnitude of the image formed by co-rotating photons wt

the dashed red line is the magnitude of the image formed by counter-rotating photons. The central black line corresponds to a retro-let
event involving a Schwarzschild black hole with the same mass. The light source is the Sun and the black hole is pticed fibtn Earth.

by inspecting Fig. 6 where the lightcurves for the Kerr bladight source and the black hole has massM® the limiting
hole case are reported (dashed and solid red lines) together wittance at which the retro MACHO can be detected is of only
the corresponding one for a Schwarzschild black hole with tR@2 pc for an instrument witin = 30 (such as HST). On the
same mass angl= 0 (central black solid liné) We also notice other hand, it is very unlikely that black holes so close to the
that we have neglected multiple rotations of the photons arouBdrth exist. However, the most convenient geometry to get lu-
the black hole. As emphasized by Holz & Wheeler (2002), photinous rings around a black hole would be that of a very bright
tons may form a series of deformed rings corresponding to dgar close to a black hole at some distafgefrom EartH. In
flection angles that dier by 2w (with n as integer number). this case, and for the most general geometrical configuration
However, it is clear that the brightest image is that corresporaf-source, lens and observer with relative distariggs, D, s
ing to the outermost ring (obtained fag ~ ) so that neglect- and Dos, the instrumental limiting magnitud® necessary to
ing the other images does not change substantially the resee the rings is thus given by
lensing image brightness. _

m>m, —2.5logu, (26)

4. Discussion m, being the magnitude of the source in a certain electromag-

It has been shown by Holz & Wheeler (2002) that the limitingetic band ang the ring amplification given by Eg. (4). In the
distanceD, at which the rings around a black hole of mags Particular case of perfect alignment between observer, lens and

illuminated by our Sun can be observed is given by source, the previous relation reads
D, = 0.02pcx [10™-39/25(\M/10 M)?[ " 25) _ M \2 D2

L pox | (M/10M)?| ™, @5 &5 m - 25l0g 1.04(M—) (%) os_|, 27)
where the ring magnitude of the retro-lensing event has been © s/ DusDg,

chosen to be 30 (see Fig. 2). For example, if the Sun is th
( 9-2) P i It has been shown that the best chance of observing retro-lensing

8 Co-rotating and counter-rotating photons should produce an ifmages in the future is by looking towards the galactic center black
age scintillation due to their relative time delay. However, the timgole in Sgr A around which a very bright star (named S2) with a
scale for such scintillations goes frorll0> s to ~10 s for black mass of about 18, is orbiting. The resulting magnitude of the retro-
holes with mass in the range M,—10 M,. Due to the short scin- lensing images in the Schwarzschild case are in the range 338
tillation time scale with respect to the integration time required biglepending on the star distance from the black hole) inkHeand,
observation, the net result is simply that of seeing the average, whathse to the limiting magnitude of the next generation of space-based
coincides with the light curve for the Schwarzschild black hole. telescopes (De Paolis et al. 2003a).
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which reduces to Eq. (25) taking the geometry adopted by Hoktro-MACHOs if the instrumental limiting magnitude satisfies
& Wheeler (2002). Notice that in the previous equation Weq. (26).

are considering all the distancd3ds, D s andDg ) measured
incm.

As is clear from Fig. 6, the spinfiect on the image bright-
ness is a minorféect and so it cannot increase substantially thgol, E., Kamionkowski, M., Koopmans, L. U. E., & Blandford, R.
image amplification with respect to the Schwarzschild black 2002, ApJ, 576, L131
hole case. Moreover, as already stated, our analysis is cOlgock, C., Akerldt, C. W., Allsman, R. A., et al. 1993, Nature, 365,
fined to photons lying in the black hole equatorial plane and the 621
retro-lensing image magnitude is calculated by using Eq. (8j¢ock. C.. Allsman, R. A., Alves, D. R., etal. 2000, ApJ, 542, 281
This equation is rigorously valid only in the Schwarzschild caAUbourg’ E., Bareyre, P., Brehin, S., etal. 1993, Nature, 365, 623

is € . - . Belpkurov, V. A., & Evans, N. W. 2002, MNRAS, 331, 649
since it assumes that each part of the image is isoluminous (%%ﬂo

.. - o nett, D. P., Becker, A. C., Quinn, J. L., et al. 2002, ApJ, 579, 639
this is not true for Kerr black holes). However, if we limit thq3ozza] V. 2002, Phys. Rev. D, 66, 10

estimate to only the total magnitude of the retro-lensing ingozza, v. 2003, Phys. Rev. D, 67, 103006

ages, we do not expect a substantial change with respect toghs, 1. 1986, Phys. Rev. D, 34, 367

Schwarzschild case since the increase in the luminosity of theénizares, C. R., 1982, ApJ, 263, 508

corotating edge should approximately compensate the luminGsandrasekhar, S. 1983, Mathematical Theory of Black Holes
ity decrease of the counter-rotating edge. (Oxford: Clarendon Press)

We emphasize again that our treatment is valid only &€ Paolis, F., Geralico, A., Ingrosso, G., & Nucita, A. A. 2003, A&A,
slowly rotating black holes but it is clear that increasing the 409. 809 _
rotation parametes, the brightness of the retro-lensing imageS¢ zgggs’in':srg;;?ggghA"
?"so Increases. A co_mplt_ete (purely n_umerlcal) treatment_ of trI]-Igwitt, J.’ N., Turner, E. L., Schneider, D. P., et al. 1988, Nature, 333,
issue — valid for arbitrarily fast rotating black holes — will be

537
published elsewhere (De Paolis et al. 2003b). Holz, D. E., & Wheeler, J. A. 2002, ApJ, 57, 330

Since in the slow rotation limit the light curves are almosiohnston, K., Gaume, R., Harris, F., et al. 2000, AAS, 197, 1403
indistinguishable from the Schwarzschild case, the most imynds, R., & Petrosian, V. 1989, ApJ, 336, 1
portant éfect of the black hole spin is that of deforming theMao, S, Smith, M. C., Wozniak, P., et al. 2002, MNRAS, 329, 349
ring shape with respect to the Schwarzschild case (Peter 19MB8XIM web page athttp://maxim.gsfc.nasa.gov/
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