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ABSTRACT
The optical afterglow of gamma-ray burst (GRB) 000301C exhibited a signiÐcant, short timescale devi-

ation from the power-law Ñux decline expected in the standard synchrotron shock model. Garnavich,
Loeb, & Stanek found that this deviation was well Ðtted by an ad hoc model in which a thin ring of
emission is microlensed by an intervening star. We revisit the microlensing interpretation of this variabil-
ity, Ðrst by testing whether microlensing of afterglow images with realistic surface brightness proÐles
(SBPs) can Ðt the data, and second by directly inverting the observed light curve to obtain a nonpara-
metric measurement of the SBP. We Ðnd that microlensing of realistic SBPs can reproduce the observed
deviation, provided that the optical emission arises from frequencies above the cooling break. Con-
versely, if the variability is indeed caused by microlensing, the SBP must be signiÐcantly limb-brightened.
SpeciÐcally, º60% of the Ñux must originate from the outer 25% of the area of the afterglow image.
The latter requirement is satisÐed by the best-Ðt theoretical SBP. The underlying optical/infrared after-
glow light curve is consistent with a model in which a jet is propagating into a uniform medium with the
cooling break frequency below the optical band.
Subject headings : gamma rays : bursts È gravitational lensing
On-line material : color Ðgures

1. INTRODUCTION

The afterglows of gamma-ray bursts (GRBs) are observed
in the X-ray, optical, near-infrared, and radio and appear to
be well described by the synchrotron blast-wave model in
which the source ejects material with a relativistic bulk
Lorentz factor, driving a relativistic shock into the external
medium (see van Paradijs, Kouveliotou, & Wijers 2000 ;
Piran 2000 and references therein). There is mounting evi-
dence from the observed steepening of afterglow light
curves that these ejecta are in many cases mildly to highly
collimated, with opening angles D3¡È30¡ (Harrison et al.
1999 ; Frail, Waxman, & Kulkarni 2000 ; Frail et al. 2001).
Global Ðtting of the afterglow light curves over many
decades in time and frequency, in the context of this model,
can be used to derive constraints on the physical parameters
of the model, i.e., the energy and opening angle of the jet, the
external density, the magnetic Ðeld strength, and the energy
distribution of the electrons behind the shock (Wijers &
Galama 1999 ; Freedman & Waxman 2001 ; Panaitescu &
Kumar 2001).

In this model, the image of the afterglow is expected to
appear highly limb-brightened at frequencies above the
peak synchrotron frequency but more uniform at fre-l

mquencies less than especially below the self-absorptionlm,
frequency (Waxman 1997 ; Sari 1998 ; Panaitescu &l

a1998 ; Granot, Piran, & Sari 1999a, 1999b ;Me� sza� ros
Granot & Loeb 2001). A measurement of the surface bright-
ness proÐle (SBP) at several frequencies would thus provide

1 Hubble Fellow.

an important test of the model. For typical parameters, the
afterglow image expands superluminally and has an
angular radius O (kas) a few days after the GRB. As pointed
out by Loeb & Perna (1998), this is of the same order as the
angular Einstein ring radius of a solar mass lens at cosmo-
logical distances,
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1028 cm
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kas , (1)

where M is the lens mass and whereD4DosDol/Dls, Dos,and are the angular diameter distances between theDol, Dlsobserver-source, observer-lens, and lens-source, respectively.
Thus, lensing by a star along the line of sight will produce a
detectable magniÐcation over the course of a few days to
weeks. The probability that any given GRB will be micro-
lensed is D1%b2, where b is the angular separation between
the GRB and lens in units of Since the original sugges-hE.tion by Loeb & Perna (1998), this application of micro-
lensing has been studied by several authors (Mao & Loeb
2001 ; Koopmans & Wambsganss 2001 ; Granot & Loeb
2001 ; Gaudi & Loeb 2001 ; Ioka & Nakamura 2001).

The well-sampled optical afterglow of GRB 000301C
exhibited a short timescale, nearly achromatic deviation
from the nominal power-law Ñux decline. Garnavich, Loeb,
& Stanek (2000, hereafter GLS) found that this deviation is
well Ðtted by a model in which the afterglow was micro-
lensed by an intervening star. However, the model they
adopted for the SBP was somewhat crude : they assumed
the emission arose solely from an outer ring of fractional
width W , with W ^ 10% providing the best Ðt to the data.
Recently, Panaitescu (2001) argued that, if one adopts rea-
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FIG. 1.ÈUBV RIJK photometry of GRB 000301C as a function of days
from the GRB. Points have been o†set by the indicated amount for clarity.
The dashed line is the best-Ðt double power law (with no lensing), while the
solid line is the overall best-Ðt microlensing model, where the SBP has been
determined from direct inversion. The inset shows the R-band data only.
The dotted line is the best-Ðt microlensing model with theoretically calcu-
lated SBP, in this case for k \ 0 and [See the electronic edition of thel[l

c
.

Journal for a color version of this Ðgure.]

listic SBPs, microlensing cannot explain the data. Here we
revisit the microlensing interpretation of this deviation. We
Ðt the optical/infrared data set of GRB 000301C to a double
power-law plus microlensing model, adopting realistic
SBPs, and, under the assumption that the observed devi-
ation is indeed due to microlensing, we directly invert the
light curve, obtaining a nonparametric measurement of the
SBP, and compare this measurement to theoretical expecta-
tions.

2. DATA

We will be considering the same data set as GLS, namely,
104 photometric data points in the UBV RIJK bands dis-
tributed as 6, 18, 8, 46, 16, 3, and 7, respectively. These data,
shown in Figure 1, are taken from the compilation of Sagar
et al. (2000) with additional photometry from Stanek et al.
(2000). We will not consider the data in the radio regime
(Berger et al. 2000) since the majority is not contempora-
neous with the optical deviation. For more details on the
GRB itself and the optical, infrared, and radio data, see
GLS, Masetti et al. (2000), Sagar et al. (2000), Berger et al.
(2000), and Rhoads & Fruchter (2001).

3. THEORETICAL SURFACE BRIGHTNESS PROFILES

The magnitude, shape, and duration of the microlensing
signal depends sensitively on the SBP of the afterglow
(Loeb & Perna 1998 ; Mao & Loeb 2001 ; Granot & Loeb
2001). The SBP, in turn, depends on the observed frequency
and the physical parameters of the shock. Thus, detailed

measurements of a microlensed afterglow light curve can be
used to constrain the physical parameters of the afterglow.
However, the expected SBPs in the relativistic blast-wave
model can also be calculated a priori under various assump-
tions (Waxman 1997 ; Sari 1998 ; Granot et al. 1999a, 1999b ;
Granot & Loeb 2001 ; Ioka & Nakamura 2001 ; Panaitescu
2001). Thus, one can alternatively use the theoretical SBPs
to calculate the expected microlensing signature, thereby
conÐrming or refuting the microlensing interpretation.2
This was the approach taken by Panaitescu (2001). We
adopt both approaches here.

We calculate SBPs using the method described in J.
Granot & R. Sari (2001, in preparation) and Granot &
Loeb (2001). BrieÑy, the hydrodynamics are described by
the Blandford-McKee (1976, hereafter BM) self-similar
solution, assuming a power-law external density proÐle,
o(r) P r~k, and a power-law number versus energy distribu-
tion of electrons with index p, just behind thedN

e
/dcP c~p,

shock, which thereafter evolves because of radiative and
adiabatic losses. We integrate the emission over the entire
volume behind the shock front. A few days after the burst
the afterglow is typically in the slow cooling regime (i.e., a
typical electron cools on a timescale larger than the
dynamical time), and the ordering of the break frequencies
is where is the cooling frequency (Sari,l

a
\ l

m
\ l

c
, l

cPiran, & Narayan 1998 ; Granot et al. 1999a ; Chevalier &
Li 2000). We assume that this is the case for GRB 000301C,

2 Since both the unlensed light curves and the magniÐcation history
depend on the physical assumptions in the afterglow model, a poor Ðt for a
certain microlensing model might suggest an unrealistic afterglow model
rather than refute the microlensing interpretation altogether.

FIG. 2.ÈSBPs as a function of normalized radius. The points are the
SBPs determined from direct inversion, with 1 p errors (solid line) and 3 p
errors (dotted line). The curves are theoretically calculated SBPs for various
frequency regimes (see Granot & Loeb 2001). (a) Uniform external
medium; k \ 0. (b) Stellar wind environment ; k \ 2. [See the electronic
edition of the Journal for a color version of this Ðgure.]
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as indicated by Berger et al. (2000). We consider only the
SBPs from frequencies since after a few days thel [ l

aoptical band is typically well above (and usually alsol
aabove The spectrum consists of several power-law seg-l

m
).

ments (PLSs), where (see Fig. 1 in Granot & LoebFl P lbta
2001). Because of the self-similar nature of the hydrody-
namics, the normalized SBP within a given PLS is indepen-
dent of time (although it changes considerably between
di†erent PLSs). Thus, for each k, there are three relevant
forms for the SBP, each corresponding to a di†erent PLS:

b \ (1[ p)/2 andb \ 13 (l
a
\l\ l

m
), (l

m
\l\ l

c
),

b \ [p/2 The corresponding values of the tempo-(l[ l
c
).

ral index a for k \ 0 (k \ 2) are (a \ 0) fora \ 12 b \ 13,
a \ [3(p [ 1)/4 [a \ [(3p [ 1)/4] for b \ (1[ p)/2, and
a \ [(3p [ 2)/4 (for both k \ 0 and k \ 2) for b \ [p/2.

The expected SBPs are shown in Figure 2 for a uniform
external medium k \ 0 and a stellar wind environment
k \ 2. Note that the SBP becomes more limb-brightened as
the frequency goes to a higher PLS, i.e., as the spectral slope
b is reduced or as the value of k is reduced.

4. ANALYSIS AND MODEL FITTING

We Ðt the data of the Ñux as a function of time to the
form of two asymptotic power laws that join smoothly :

Fl(t)\ k(t)F0, l
CA t

t
b

B~sa1 ]
A t
t
b

B~sa2D~1@s
, (2)

where is the ““ break time,ÏÏ is the unlensed Ñux at thet
b

F0, lpoint where the asymptotic power laws before and after the
break meet, and are the indices of the Ñux decline, anda1 a2s is a sharpness parameter ; the larger the value of s, the
sharper the break. The magniÐcation k due to microlensing
depends on the impact parameter b, the radial SBP of the
afterglow image, and the angular size of the afterglow in
units of hE,

R
s
\ R0 tdayd . (3)

Here d \ (5[ k)/2(4 [ k), is the time from the GRB intdaydays, and is the value of after 1 day. The light curveR0 R
sexhibits an achromatic break at days. Berger et al.t

b
D 7

(2000) Ðnd that this break can be well explained by jet with
k \ 0, while Panaitescu (2001) argues that a jet alone
cannot produce the required steepening of the light curve
and invokes a double power-law electron distribution,
which causes additional (though chromatic) steepening of
the light curve if the synchrotron frequency corresponding
to the break in the electron distribution crosses the optical
band around Either way, we would expect the SBP att

b
.

to be di†erent than at However, our best-Ðtt Z t
b

t [ t
b
.

models give days, while the majority of the con-t
b
D 8

straints on the SBP come from times days, for whicht [ 8
the spherical self-similar BM solution should still be applic-
able, resulting in the self-similar SBPs described in ° 3. We
will therefore adopt the simpler (and self-consistent)
working assumption that the SBP, when normalized to its
average value, as a function of radius normalized to isR

s
,

independent of time within a given PLS.
The model in equation (2) is a function of Npar\ 4 ] N

lfree parameters : four parameters describe the shape of] 2
the broken power law s, one parameter provides(a1, a2, t

b
),

the normalization for each of frequency bands,3 andF0, l N
ltwo additional parameters describe the microlensing e†ect

(b, for a given SBP. Considering all the data for GRBR0)000301C in Figure 1, there are 11 parameters without
microlensing and 13 free parameters with microlensing
using theoretically calculated SBPs. For comparison pur-
poses, we also Ðt the data to the model adopted by GLS: we
assume that the source emission is conÐned to a thin ring of
fractional width W . However, we extend the model of GLS
by allowing the image interior to the ring to have a relative
surface brightness C referenced to the outer ring (C\ 0
reduces to the GLS model). This model introduces two
additional free parameters. Finally, we consider a nonpara-
metric Ðt (““ direct inversion ÏÏ) to the SBP. We divide the
image into equal-area annuli and Ðnd the fraction ofNbin f

ithe total Ñux contributed by each bin i. In this case the
magniÐcation is given by where is the mag-k \ £

i
f
i
k
i
, k

iniÐcation of annulus i. This adds an additional Nbin[ 1
parameters (due to the constraint that We Ðnd£

i
f
i
\ 1).

the best-Ðt solution by minimizing s2 with respect to all of
these parameters. We deÐne the 1 p errors on these parame-
ters as the projection of the *s2\ 1 hypersurface on the
parameter axes, where

*s2 4
s2[ smin2
smin2 /dof

, (4)

where is the minimum s2 for a given model andsmin2 dof \
is the number of degrees of freedom for the 104104 [ Npardata points. We normalize *s2 by the factor smin2 /dof

because we believe that the errors on the data points are
likely underestimated, resulting in inÑated values of s2.
Errors on the Ðtted parameters determined using these
inÑated values of s2 would be signiÐcantly underestimated.

5. RESULTS

Figure 1 shows the best Ðt for the double power-law
model with no lensing. The best-Ðt parameters and 1 p
errors for s, are tabulated in Table 1. The Ðt is(a1, a2, t

b
)

poor : s2\ 240.7 for 93 dof. Residuals from the broken
power-law model are shown in Figure 3 ; the systematic
deviations from this model are apparent.

When microlensing is included, the Ðt improves consider-
ably. For the extended GLS model, we Ðnd that the data is
best explained by emission solely from an outer ring of
relatively small fractional width. SpeciÐcally, we Ðnd best-Ðt
parameters and C\ 0`0.02 for k \ 0 andW \ 0.13~0.07`0.04

and C\ 0`0.03 for k \ 2. The remainingW \ 0.16~0.08`0.03
parameters and the best-Ðt s2 are shown in Table 1. The
parameters we Ðnd di†er from those of GLS, and we Ðnd a
s2/dof smaller than they report. However, when we evaluate
their model Ðt, we recover their s2/dof, indicating that their
Ðt was likely a local, not global, minimum. For the Ðts with

3 Standard afterglow models predict However, extinctionF0, l P lb.
from the Milky Way and possibly the host galaxy itself will induce an
(uncertain) curvature in the spectrum. Indeed, as noted by Rhoads &
Fruchter (2001), Jensen et al. (2001), and Panaitescu (2001), the early
optical/infrared data for GRB 000301C show evidence for a curved spec-
trum, which may be due to extinction or is perhaps intrinsic. For simpli-
city, we will use a free parameter for each We have also performedF0, l .tests in which we Ðtted the data assuming the form In general,F0, l P lb.
we Ðnd worse Ðts, although our conclusions regarding the SBPs are essen-
tially unchanged. As we show, the results for the R-band data are the same
as for the full data set, indicating that our assumption of independent F0, ldoes not bias our results.
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TABLE 1

FITTED PARAMETERS AND 1 p ERRORS FOR GRB 000301C

Model [a1 [a2 s t
b

b R0 s2 / dof

No microlensing . . . . . . . 0.64~0.06`0.05 2.72~0.10`0.11 3.14~0.91`1.37 4.80~0.19`0.21 . . . . . . 240.7 / 93
k \ 0, l

m
\ l \ l

c
. . . . . . 1.07~0.02`0.02 2.31~0.10`0.23 20a 8.14~0.48`0.54 0.24~0.24`0.23 0.12~0.12`0.11 166.1 / 92

k \ 0, l [ l
c
. . . . . . . . . . . . 1.06~0.02`0.02 2.62~0.11`0.10 20a 7.89~0.42`0.49 0.65~0.13`0.13 0.29~0.06`0.06 154.7 / 92

k \ 2, l [ l
c
. . . . . . . . . . . . 1.04~0.02`0.02 2.63~0.11`0.11 20a 8.01~0.44`0.51 0.60~0.12`0.12 0.23~0.05~0.05 155.5 / 92

k \ 0, DIb . . . . . . . . . . . . . . 1.06~0.02`0.02 2.60~0.10`0.11 20a 7.88~0.41`0.45 0.62~0.19`0.24 0.29~0.06`0.07 148.5 / 89
k \ 2, DIb . . . . . . . . . . . . . . 1.05~0.02`0.02 2.51~0.10`0.11 20a 8.36~0.48`0.49 0.44~0.40`0.41 0.18~0.18`0.13 146.9 / 89
k \ 0, GLSc . . . . . . . . . . . . 1.06~0.02`0.02 2.71~0.09`0.10 15.5~10.0`= 7.74~0.37`0.37 0.87~0.14`0.16 0.41~0.08`0.07 147.3 / 89
k \ 2, GLSc . . . . . . . . . . . . 1.05~0.02`0.02 2.75~0.10`0.10 13.8~7.8`= 7.68~0.36`0.41 0.92~0.12`0.15 0.37~0.07`0.06 146.9 / 89

a Fixed.
b Fit with the SBP determined from direction inversion.
c Fit using a modiÐed version of the SBP model adopted by GLS.

microlensing, we Ðnd that the sharpness parameter s is not
well constrained, but is always indicating a sharps Z 5,
break. To avoid excessive covariances with other param-
eters, we Ðx s \ 20 for the remaining Ðts, thus reducing Nparby 1. The results are essentially identical for other values of

For a uniform external medium (k \ 0), for which ones Z 5.
generally predicts more limb-brightened SBPs, we Ðnd
s2\ 190.0, 166.1, and 154.7 for l

a
\ l \l

m
, l

m
\ l \ l

c
,

and respectively. For the case of a windlike mediuml [ l
c
,

(k \ 2), the Ðts are generally worse : s2\ 216.8, 197.9, and
155.5, respectively, for the same frequency ranges. The devi-
ations of these Ðts from the double power-law model are
shown in Figure 3. It is clear that a signiÐcantly limb-
brightened proÐle is required to Ðt the sharp, large devi-
ation at t D 4 days. For both wind and uniforml[l

c
,

external media provide satisfactory Ðts to the data. For
the uniform medium provides a marginal Ðt.l

m
\l\ l

c
,

FIG. 3.ÈIn each panel, the points show the binned residuals from the
best-Ðt double power-law Ðt (without lensing) in magnitudes. The curves
show the di†erence between microlensing models with various SBPs and
the double power law. (a) Theoretically calculated SBPs for k \ 0. (b)
Theoretically calculated SBPs for k \ 2. (c) SBPs determined from direct
inversion. [See the electronic edition of the Journal for a color version of this
Ðgure.]

Frequencies below the peak synchrotron frequency orl
m
,

with a windlike medium (k \ 2), result in SBPsl
m

\l\ l
cthat are too uniform to Ðt the data.

For the nonparametric SBP Ðt to the data, we impose the
condition that and we increase the number of binsf

i
º 0,

in the recovered SBP until s2 changes by ¹1. We ÐndNbinthat is optimal. We Ðnd s2\ 148.5 for k \ 0 andNbin\ 4
s2\ 146.9 for k \ 2 for 89 dof. The inferred surface bright-
nesses are shown in Figure 2, the Ðt for k \ 0 is shown in
Figure 1, and Figure 3 shows the deviations of both the
k \ 0 and k \ 2 models from the best-Ðt double power law.
The best-Ðt values and 1 p errors for the parameters a1, a2,and b are given in Table 1 for all viable *s2¹ 20 Ðts.t
b
, R0,Although the values of s2/dof for the direct inversion for-

mally indicate poor Ðts, it is clear from Figures 1 and 3 that
microlensing reproduces the observed light-curve shape
quite faithfully, at least for limb-brightened sources. It is
likely that underestimated errors contribute signiÐcantly to
the inÑated s2.

We have also Ðtted the R-band data only using both the
SBP determined from direct inversion and the theoretically
calculated SBPs. The SBP inferred from direct inversion is
consistent with that found from Ðtting all the data (with
larger errors, of course). The Ðt is better : s2/dof \ 1.23 for
37 dof. Fits using the theoretical SBP yield the same conclu-
sions as the Ðts to the entire data set : the SBPs for l[l

cprovide Ðts that are acceptable (s2/dof \ 1.24 and 1.26 for
k \ 0 and k \ 2, respectively, for 40 dof). The Ðt for l

m
\

and k \ 0 is marginal : s2/dof \ 1.68. All other Ðtsl\l
care considerably worse : s2/dof [ 2.

6. DISCUSSION AND CONCLUSIONS

We Ðnd that the early-time Ñux decline is well(t \ t
b
)

constrained, The slope of the opticala1\[1.05 ^ 0.02.
spectrum at this time is b \ [0.9, taking into account
Milky Way (MW) extinction only, but can be as shallow as
b \ [0.7 if SMC-type host extinction is included (Rhoads
& Fruchter 2001 ; Jensen et al. 2001). For (the SBPsl[l

cmost consistent with the data), the value of impliesa1p ^ 2.07 and thus b \ [1.03, which is only slightly steeper
than the observed spectrum for MW extinction. For l

m
\

and k \ 0, implies p \ 2.4 and thusl\l
c

a1\ [1.05
b \ [0.7, consistent with observations if SMC-type host
extinction is adopted. If the break at t D 8 days is due to a
jet, then simple analytic models predict that the change in
temporal Ñux index a should be *a\ (p ] 3)/4 for k \ 0
and or *a\ (p ] 2)/4 for and k \ 0 or 2l

m
\ l \l

c
l[l

c(Sari, Piran, & Halpern 1999 ; Panaitescu & Kumar 2001).
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Kumar & Panaitescu (2000) Ðnd, using a semianalytic
model, that the jet break is rather smooth, especially for a
wind environment (k \ 2), and therefore inconsistent with
the sharp break that we infer. However, initial results of
numerical calculations of the jet break (Granot et al. 2001),
based on a two-dimensional hydrodynamic simulation of
the jet for k \ 0, indicate that the break can be rather sharp
(with s D 4.5 for an observer along the jet axis) and that a2is smaller by D0.35 compared to the simple analytic predic-
tions mentioned above, making *a larger by a similar
factor. Nevertheless, the sharpness of the break still presents
a serious problem for the model in which the jet propagates
into a stellar wind (k \ 2). Also, the SBP is expected to
become more uniform at compared to (Ioka &t [ t

b
t \ t

bNakamura 2001 ; Panaitescu 2001). Since we assume that
the form of the SBP relevant for holds all along, wet \ t

bunderestimate the value of and overestimate the value ofa2*a accordingly.4 This e†ect is expected to be larger for
where the SBP is more limb-brightened to beginl[l

c
,

with. The values we obtain for *a may therefore serve as
upper limits (especially for For the SBP Ðt for k \ 0l [ l

c
).

and we Ðnd whereas based onl
m

\ l \l
c
, *a[ 1.2~0.1`0.2,

the electron index derived from the prediction isa1,*a B 1.7. For and k \ 0, we Ðndl [ l
c

*a[ 1.56^ 0.11,
which is reasonably consistent with the prediction
*a B 1.37.

Thus, assuming that the break in the light curve is due to
jet e†ects, the only scenario that provides a satisfactory
explanation of the data is and k \ 0. For thel [ l

c
l \ l

c
,

inferred SBP is only marginally consistent with the expected
proÐle, and the observed change in the Ñux indices is
smaller than the theoretical expectation. For andl [ l

ck \ 2, the observed break is too sharp compared to theo-
retical predictions. We note that our best-Ðt model param-
eters, and k \ 0, are also favored by Panaitescul[l

c

4 This e†ect may be seen in Table 1, where is larger fora2 l
m

\l\l
c(for which the SBP is more homogeneous) compared to for k \ 0 orl[l

c2 (for which the SBP is more limb-brightened).

(2001) and said to provide a good Ðt to the data by Berger et
al. (2000).

Panaitescu (2001) argued that the expected SBPs are too
uniform to reproduce a signiÐcant microlensing deviation.
This conclusion appears to be partially due to the fact that
he found a best-Ðt impact parameter of b D 2, whereas we
Ðnd b \ 0.44È0.65 (and b \ 0.65 for our best-Ðt model). All
else being equal, more uniform SBPs will result in micro-
lensing deviations that are shallower and broader than
more limb-brightened SBPs. Thus, to reproduce the
observed deviation, a more uniform source must have a
smaller impact parameter, a trend we Ðnd empirically when
Ðtting the theoretical SBPs. Thus, it is unclear why Panai-
tescu (2001), who argued that the expected SBPs should be
more uniform than that found by GLS, derived a value of b
that is twice as large (b D 2 versus b D 1).

We conclude that the microlensing of realistic SBPs can
explain the optical/infrared light curve of GRB 000301C.
Fitting the data with a nonparametric SBP reveals that the
afterglow image must be signiÐcantly limb-brightened. Spe-
ciÐcally, of the Ñux must originate from the outerZ60%
25% of the area of the image (with a signiÐcance of 3 p). The
recovered SBP is marginally consistent (at the D3 p level)
with the proÐle expected for a uniform external density
proÐle (k \ 0) and frequencies It is consistentl

m
\ l \l

c
.

at the D2 p level with the emission expected from fre-
quencies and both uniform (k \ 0) and windlikel [ l

c(k \ 2) external media.
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