
L63

The Astrophysical Journal, 551:L63–L66, 2001 April 10
� 2001. The American Astronomical Society. All rights reserved. Printed in U.S.A.

CHROMATIC SIGNATURES IN THE MICROLENSING OF GAMMA-RAY BURST AFTERGLOWS

Jonathan Granot1 and Abraham Loeb2

Received 2001 January 16; accepted 2001 February 27; published 2001 April 4

ABSTRACT

We calculate the radial surface brightness profile of the image of a gamma-ray burst (GRB) afterglow. The
afterglow spectrum consists of several power-law segments separated by breaks. The image profile changes
considerably across each of the spectral breaks. It also depends on the density profile of the ambient medium
into which the GRB fireball propagates. Gravitational microlensing by an intervening star can resolve the afterglow
image. We calculate the predicted magnification history of GRB afterglows as a function of observed frequency
and ambient medium properties. We find that intensive monitoring of a microlensed afterglow light curve can
be used to reconstruct the parameters of the fireball and its environment and provide constraints on particle
acceleration and magnetic field amplification in relativistic blast waves.

Subject headings: gamma rays: bursts — gravitational lensing

1. INTRODUCTION

The fireball of a gamma-ray burst (GRB) afterglow is pre-
dicted to appear on the sky as a ring (in the optical band) or a
disk (at low radio frequencies) that expands laterally at a su-
perluminal speed,∼Gc, where is the Lorentz factor of theG k 1
relativistic blast wave that emits the afterglow radiation (Waxman
1997; Sari 1998; Panaitescu & Me´száros 1998; Granot, Piran,
& Sari 1999a, 1999b). Days after the GRB trigger, the physical
radius of the afterglow image (roughly the fireball radius over
G) translates to an angular size of order 1 microarcsecond (mas)
at a cosmological distance. Coincidentally, this image size is
comparable to the Einstein angle of a solar mass lens at a cos-
mological distance,

1/2 1/2 �1/24GM M Dlens lens
v p p 1.6 mas, (1)E ( ) ( ) ( )2 28c D 1 M 10 cm,

where is the lens mass and is the ratio ofM D { D D /Dlens os ol ls

the angular diameter distances between the observer and the
source, the observer and the lens, and the lens and the source
(Schneider, Ehlers, & Falco 1992). Loeb & Perna (1998) argued
that microlensing by stars could therefore be used to resolve
the photospheres of GRB afterglows.

Recently, Garnavich, Loeb, & Stanek (2000) have reported
the possible detection of a microlensing magnification feature
in the optical-infrared light curve of GRB 000301C. The ach-
romatic transient feature is well fitted by a microlensing event
of a 0.5M, lens separated by an Einstein angle from the source
center and resembles the prediction of Loeb & Perna (1998)
for a ringlike source image with a narrow fractional width
(∼10%). Alternative interpretations relate the transient achro-
matic brightening to a higher density clump into which the
fireball propagates (Berger et al. 2000) or to a refreshment of
the decelerating shock either by a shell that catches up with it
from behind or by continuous energy injection from the source
(e.g., Zhang & Me´száros 2001). In order to regard these al-
ternatives as less plausible, it is essential to identify the unique
temporal and spectral characteristics of a microlensing event.

Gravitational lensing of a point source is achromatic because
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of the equivalence principle. However, differential magnifica-
tion by an achromatic lens could still produce achromatic
magnification signal if the source is extended and its image
looks different at different photon frequencies (see, e.g., Loeb
& Sasselov 1995).Should a microlensing event of GRB after-
glows be achromatic? Since the image profile of an afterglow
does depend on frequency (Sari 1998; Panaitescu & Me´száros
1998; Granot et al. 1999a, 1999b), its magnification light curves
must exhibit a predictable level of chromaticity. In § 2 we will
demonstrate that the surface brightness profile of an afterglow
image changes considerably with frequency across all spectral
breaks in its broken power-law spectrum. We will therefore
show in § 3 that themagnification history of an intervening
microlens would depend on frequency across spectral breaks.
However, within each power-law segment of the afterglow
spectrum, the magnification would remain achromatic, in rough
consistency with the sparse optical-infrared observations of
GRB 000301C. This spectral behavior offers a fingerprint that
can be used to identify a microlensing event and distinguish it
from alternative interpretations. It can also be used to constrain
the relativistic dynamics of the fireball and the properties of
its gaseous environment, as well as the length scale required
for particle acceleration and magnetic field amplification in
relativistic shocks.

2. FREQUENCY DEPENDENCE OF AFTERGLOW IMAGES

The surface brightness profile (SBP) of an afterglow depends
on the underlying hydrodynamics of the fireball as well as on
the energy distribution of shock-accelerated electrons. In this
Letter we adopt the model used by J. Granot & R. Sari (2001,
in preparation, hereafter GS01) to describe afterglows. Here
we provide a brief outline of this model and refer the reader
to Granot et al. (1999a, 1999b) and GS01 for more details.

The hydrodynamics is described by the Blandford-McKee
(1976) self-similar spherical solution, with a power-law exter-
nal density profile, , for either or , cor-�kr ∝ R k p 0 k p 2
responding to a uniform interstellar medium (ISM) or a stellar
wind environment, respectively. The number per unit energy
of accelerated electrons is assumed to be a power law,

(for ), just behind the shock. Thereafter,�pdN /dg ∝ g g 1 ge m

the initial distribution evolves because of radiative and adia-
batic losses. The emission mechanism is assumed to be syn-
chrotron radiation, and the emissivity is integrated over the
entire volume behind the shock front.
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Fig. 1.—Typical broken power-law spectrum of a GRB afterglow at a red-
shift (thick solid line). The observed flux density, , as a function ofz p 1 Fn

frequency,n, is shown at an observed time for an explosion with at p 1days

total energy output of 1052 ergs in a uniform ISM ( ) with a hydrogenk p 0
density of 1 cm�3 and postshock energy fractions in accelerated electrons and
magnetic field of and , respectively (using the scalings ande p 0.1 e p 0.03e B

notations of GS01). The thin solid line shows the same spectrum when it is
microlensed by an intervening star with and (see § 3). Theb p 1 R p 10

insert shows the excess evolution of the break frequencies , andn p n , nb a m

(normalized by their unlensed values) due to microlensing.nc

Fig. 2.—Surface brightness, normalized by its average value, as a function
of the normalized radius,r, from the center of the image (where at ther p 0
center and at the outer edge). The image profile changes considerablyr p 1
between different power-law segments of the afterglow spectrum, .bF ∝ nn

There is also a strong dependence on the density profile of the external medium,
.�kr ∝ R

The afterglow image is limited to a circle on the sky, whose
size grows as , wheret is the observed time. The(5�k)/2(4�k)t
assumption of a spherical flow may also serve as an adequate
description of a jetted flow, at sufficiently early times before
the jet break time, , when the Lorentz factor of the flow dropstjet

below the inverse of the jet opening angle (Rhoads 1997). In
the case of a jet, the image at is expected to be differentt � tjet

than in the spherical case and will no longer be circular for
observers who are situated away from the jet axis. Deviations
from sphericity might also result from hydrodynamic or plasma
instabilities. For simplicity we focus here on a spherical fireball;
the more complex cases mentioned above are left for a future
study.

The spectrum of GRB afterglows consists of several power-
law segments (PLSs) where the flux density , which joinbF ∝ nn

at certain break frequencies (Sari, Piran, & Narayan 1998, here-
after SPN98; Granot, Piran, & Sari 2000, hereafter GPS00;
GS01). The cooling time of a typical electron, , is initiallytcool

smaller than the dynamical time, , resulting in “fast cooling”tdyn

(SPN98), while at latter times becomes larger than andt tcool dyn

there is a transition to “slow cooling.” The fast-cooling stage is
typically expected to last for the first hour (day) for an ISM
(stellar wind) environment (SPN98; Chevalier & Li 2000). Since
the angular size of the source is very small at such early times,
the source will remainKvE and hence unresolved during the
fast-cooling regime of a typical microlensing event (or else
be resolved only in a negligible fraction of all events for which
the lens nearly coincides with the source center). We will there-
fore restrict our attention to the slow-cooling regime. The slow-
cooling spectrum may assume one of three different shapes,
depending on the ordering of the self-absorption frequency, ,na

with respect to , where is the typical synchrotron fre-n ! n nm c m

quency and is the cooling frequency (GS01). The most com-nc

mon ordering of the break frequencies is the one shown in Fig-
ure 1 with . For clarity, we show a broken power-lawn ! n ! na m c

spectrum, even though in the actual spectrum obtained from our
model the PLSs join smoothly, and the break frequencies are
defined where the asymptotic power laws meet (e.g., Granot et
al. 1999b). Altogether, there are five different PLSs that appear
in the different slow-cooling spectra, which correspond to

, 2, 1/3, ,�p/2. Because of the self-similarb p 5/2 (1� p)/2
hydrodynamics, the surface brightness, normalized by its average
value over the image, is independent of time within a given
PLS.3 For and , the value ofb dependsb p (1 � p)/2 b p �p/2
on p. The values ofb in these two PLSs may therefore acci-
dentally coincide with those of other PLSs. However, the SBP
will still be different, since the underlying physics is different.
Although for these two PLSs the SBP depends on the value of
p, we find that, at any given time, the differences in the microlens
magnification induced by the differences in the SBP never exceed
a few percent for (and ; see § 3). Hence, we use2 ! p ! 3 b ≈ 1
a single value of in the following.p p 2.5

Figure 2 shows the surface brightness, normalized by its
average value, as a function of the normalized radius inside

3 This statement remains valid even when taking into account the fast-
cooling spectra, which include two additional PLSs corresponding tob p

(e.g., SPN98; GPS00), with only one exception: , where11/8, � 1/2 b p 1/3
the SBP is different between slow cooling and fast cooling, since the underlying
physics is different.
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Fig. 3.—Magnification of the afterglow,m, as a function of normalized time,
for different power-law segments, , and different external density pro-bF ∝ nn

files ( for ). The lens is assumed to be separated by one�kr ∝ R k p 0, 2
Einstein angle from the center of the source ( ).b p 1

the image,r, for and , 2, 1/3, ,�p/k p 0, 2 b p 5/2 (1� p)/2
2. The SBPs for and , 1/3, are takenk p 0 b p 2 (1� p)/2
from Granot et al. (1999a, 1999b), while, for the other values
of k andb, the SBPs are calculated in a similar manner, using
the formalism of GS01. For both values ofk, the image tends
to be more uniform asb increases and more ringlike (i.e., dim
near the center and bright near the outer edge) at low values
of b. For a given PLS (i.e., a givenb in Fig. 2), the image
tends to be more uniform for a stellar wind environment
( ) as compared with an ISM environment ( ). Fork p 2 k p 0

the surface brightness diverges at the outer edge ofb p �p/2
the image ( ), since the emission in this case both is op-r p 1
tically thin and originates from a very thin layer behind the
shock, leading to a relativistic version of the limb-brightening
effect (e.g., Sari 1998).4 However, the physical size of this thin
layer cannot be smaller than that of the transition layer just
behind the shock front, where the electrons are accelerated and
the magnetic field is amplified. As will be shown in § 3, the
divergence of the SBP at leads to a very sharp spike inr p 1

4 The divergence scales as , since the intensity from an optically�1/2(1 � r)
thin shell is proportional to its geometric length along the direction to the
observer. This limb-brightening effect does not occur for the other optically
thin PLSs we consider, where the emission originates from the entire three-
dimensional volume behind the shock. Only the fast-cooling electrons produce
the radiation from a very thin layer just behind the shock front. Note that the
diverging cusp makes a vanishing contribution to the average surface brightness
of the afterglow image.

the magnification history. Introducing a finite width to the tran-
sition layer would eliminate the divergence of the SBP. How-
ever, a thin transition layer would still result in a sharp peak
of the SBP near and a sharp peak in the magnificationr p 1
history, whereas a thick transition layer will result in a lower
and smoother peak in both. Therefore, the sharpness of the
magnification spike may set constraints on the physical pro-
cesses of particle acceleration and magnetic field amplification
in relativistic blast waves.

3. MICROLENSING HISTORIES

Next we calculate the magnification histories of GRB after-
glows due to microlensing by an intervening star at a cos-
mological distance. Since the effects of microlensing depend
on the angular structure of the image in units of the Einstein
anglevE (eq. [1]), we normalize all angular scales byvE. The
angular radius of the afterglow image, in units ofvE, is given
by

(5�k)/2(4�k)R (t) p R t , (2)s 0 days

where is the observed time in days and is the angulart Rdays 0

size of the image in units ofvE after 1 day. The angular sep-
aration between the center of the image and the lens, in units
of vE, is denoted byb. The magnification of a uniform ring of
fractional widthW (occupying the interval ) is1 � W ! r ! 1
given by (Loeb & Perna 1998)

2W(R , b) � (1 � W ) W[(1 � W )R , b]s s
m(R , W, b) p , (3)s 21 � (1 � W )

where is the magnification of a uniform disk of radiusW(R , b)s

(Schneider et al. 1992),Rs

b�Rs 2 2 2 22 R � 2 b � R � Rs
W(R , b) p dR arccoss �2 [ 2�pR 2RbR � 4s Fb�R Fs

p 2�� H(R � b) (R � b) (R � b) � 4 ,s s s ]2

(4)

and is the Heaviside step function. In order to obtain theH(x)
magnification of a radially symmetric image, one can either
divide it into a large number of thin rings or equivalently use
the resulting integral formula for the frequency-dependent mag-
nification (Witt & Mao 1994),

1
r �W ˜m (R , b) p 2r dr W(rR , b) � (rR , b) I (r), (5)n s � s s n[ ]2 �r0

where is the specific intensity normalized by itsĨ { I /AI Sn n n

average value, , as shown in Figure 2. Note1AI S p 2r dr I (r)∫n 0 n

that, for a uniform disk [ ], equation (5) givesĨ (r) { 1 m pn n

, as it should.W(R , b)s

The magnification history for , , andb p 1 k p 0, 2 b p
, 2, 1/3, ,�p/2 is shown in Figure 3. The peak in5/2 (1� p)/2

the magnification history is generally higher and sharper and
occurs at a slightly earlier time for a smaller spectral slope,b.
This follows from the general trend of the SBP, which tends
to be more sharply peaked near the outer edge of the image
for lower values ofb. At high values ofb, especially in the
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optically thick regime ( ), the magnification peak isb p 5/2, 2
relatively shallow and broad. For an ISM environment (k p
), the peak magnification is somewhat higher and the differ-0

ences in the magnification histories for differentb values are
more pronounced than for a stellar wind environment ( ).k p 2
These differences may allow us to uncover the density profile
of the circumburst medium from intense monitoring of the
microlensing “bump” in an afterglow light curve. Unfortu-
nately, the quality of the observational data for GRB 000301C
is not sufficient for this purpose.

We now consider the effects of microlensing on the global
spectrum. For clarity, this is illustrated in Figure 1, on the
spectrum therein. The spectrum consists of several PLSs:

, , , and , with dif-b p 2 b p 1/3 b p (1 � p)/2 b p �p/21 2 3 4

ferent magnification histories, ( , …, 4). This causesm (t) i p 1i

each PLS to shift by a different time-dependent factor, as il-
lustrated by the thin solid line in Figure 1 for . Thet p 1days

different magnification in each PLS generates a shift in the
location of the break frequencies compared with their unlensed
values, as illustrated in the insert at the top right corner of
Figure 1. The value of theith break frequency (numbered from
low to high frequencies, as are the PLSs) will shift by a factor
of . The largest shift occurs at since the1/(b �b )i i�1[m (t)/m (t)] ni�1 i c

change in the spectral slope across the break is rather small
( ) and the ratio reaches relativelyb � b p 1/2 m (t)/m (t)3 4 4 3

high values (see the upper panel of Fig. 3).

4. DISCUSSION

We have shown that the frequency dependence of the af-
terglow image profile (Fig. 2) introduces a specific level of
chromaticity to the magnification history of GRB afterglows
(Fig. 3). This unique fingerprint can be used to distinguish
between microlensing and alternative hydrodynamic interpre-
tations for the transient brightening in an afterglow light curve.

For example, if the GRB blast wave runs into a clump of gas
along the line of sight (Berger et al. 2000), then brightening will
occur first in the radio and later in the optical, in opposite order
to the microlensing case. The chromaticity in the clump case is
sensitive to the exact geometry of the clump and the sharpness
of its boundary (which could send a reverse shock into the fire-
ball). In another example, the brightening event may result from
refreshment of the decelerating shock (Zhang & Me´száros 2001).
In this case, the break frequencies and peak flux of the spectrum
in Figure 1, namely, , , , and , will change by a factorn n n Fa m c nm

of , , , andf (or by , , , and ), respectively,1/5 1/2 �1/2 �2/5 1/2 1/2 1/2f f f f f f f
for an ISM with (or stellar wind with ) environment,k p 0 k p 2
where f is the ratio between the total energies in the forward
shock after and before the refreshment. This behavior clearly
differs from the microlensing prediction (see insert in Fig. 1).
By itself, the magnification history of microlensing is already
unique in that it is initially characterized by a constant positive
offset as long as (Loeb & Perna 1998). Such an initialR (t) K 1s

positive offset does not appear naturally in either of these al-
ternative interpretations.

Microlensing events are rare but precious. Only one out of
roughly 100 afterglows is expected to be strongly microlensed
(Press & Gunn 1973; Blaes & Webster 1992; Koopmans &
Wambsganss 2001), although all afterglows are expected to be
magnified at some weak level (Mao & Loeb 2000). Detailed
monitoring of a few strong microlensing events among the
hundreds of afterglows detected per year by the forthcoming
Swift satellite5 could be used to constrain the environment and
the dynamics of relativistic GRB fireballs, as well as their
magnetic structure and particle acceleration process (Fig. 3).
Unfortunately, the data on the existing microlensing candidate
GRB 000301C is not of sufficient quality to provide firm con-
straints on these parameters, although theR-band data seem to
suggest and give a somewhat better fit forb p �p/2 k p 0
(a uniform-density environment) than for other parameter
choices. This can be seen by crudely approximating the SBP
as a ring. We find that, for , a fraction of ( ) ofk p 0 2/3 3/4
the emission comes from a ring of fractional widthW p

(0.190) for and (0.104) for0.156 b p (1 � p)/2 W p 0.075
; while, for , (0.370) forb p �p/2 k p 2 W p 0.318 b p
and (0.176) for . The ,(1 � p)/2 W p 0.128 b p �p/2 k p 0
values get closest to the empirical best-fit values ofb p �p/2
using theR-band data (Garnavich et al. 2000). TheW p 0.07

statistical accuracy by which the unknown brightness profile
of a future microlensed afterglow can be reconstructed through
an intensive monitoring campaign was analyzed in detail re-
cently by Gaudi & Loeb (2001).
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5 Planned for launch in 2003; see http://swift.sonoma.edu.
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