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ABSTRACT

We present R-band observations of the optical afterglow of GRB 060502A, a

long duration gamma-ray burst, beginning 23 minutes post-trigger and continuing

for six consecutive nights. Both our optical data from the MDM 1.3m telescope

and the well-sampled Swift X-ray Telescope (XRT) light curve have slow decays

with temporal index α ≈ 0.65, with breaks at 0.6 days and 1.1 days in the X-ray

and optical, respectively. Fitting of the X-ray spectrum to an absorbed power

law of energy index βx = 0.88 ± 0.14 and significant absorption intrinsic to the

host galaxy, NH(z = 1.51) ∼ 2× 1021 cm−2, allows us to determine a dereddened

optical-to-X-ray spectral index βox = 0.91±0.11. We find no evolution in βx and

no change in βox across the temporal break and up to 4 days post-trigger. As the

difference in break time between the X-ray and optical light curves is not highly

significant, this may indicate a jet break. However, a comparison of the fitted

temporal and spectral indices after the break to various afterglow models is not

consistent with any post jet-break predictions. The post-break segments of the

X-ray and optical light curves are consistent with slow cooling (νm < ν < νc)

in a uniform medium, with electron energy index p > 2, while the pre-break

segments do not fit any models. This suggests that the breaks in the light curves

may instead mark the cessation of continuous energy injection from the central

engine.
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1. Introduction

Gamma-ray bursts (GRBs) are short flashes of high-energy photons that are among the

most luminous and distant events in the observable Universe. GRBs almost always emit

an afterglow in other wavelengths that is distinct from the prompt emission and continues

long after the prompt GRB has ceased. The multiwavelength nature of GRB afterglows

led to widespread efforts to study these highly energetic explosions; yet, many gaps in our

understanding of GRBs persist. Swift (Gehrels et al. 2004), launched in in 2004, provides

a plethora of data to investigate poorly sampled aspects of GRB physics. Its ability to

quickly localize and relay information on GRBs from its dedicated Burst Alert (BAT), X-ray

(XRT), and Ultraviolet/Optical (UVOT) telescopes, has yielded unprecedented temporal

and broadband spectral coverage of these transient events. This has also facilitated ground-

based observations of GRB afterglows, especially in the optical and radio, coordinated using

the Global Coordinates Network (GCN) Circulars. However, Swift has also in the process

revealed features of GRB prompt and afterglow emission that reaffirm the incomplete state

of GRB theory, especially in the temporal regime.

Gamma-ray bursts are classified as either short duration, with prompt emission last-

ing less than ∼ 2 seconds, or long duration, with prompt emission lasting longer than ∼ 2

seconds. Observed coincidences of GRBs with supernovae of type Ib/c has confirmed that

long-duration bursts are generated in the death of massive stars, confirming the “collap-

sar” model (Woosley 1993; MacFadyen & Woosley 1999; Woosley & Bloom 2006). Prompt

gamma-rays are explained within the relativistic fireball model (Rees & Mészáros 1994;

Mészáros & Rees 1997; Sari et al. 1998), in which a collimated outflow with shells of various

Lorentz factors collide internally. The total energy output is generally on the order of 1051

erg. Deceleration of the spreading outflow in the circumburst medium generates a forward

shock, resulting in a broadband afterglow detectable in the X-ray, optical, and radio (Piran

1999; Mészáros 2002; Zhang & Mészáros 2004). Afterglow light curves show a diversity of

behavior in the X-ray and optical, but are generally power laws in time that comprise the

sections of the “canonical” decay curve, and often display variability on short timescales.

Observations of individual bursts may deviate from the canonical decay due to differences in

circumburst environment, energy injection from the central engine, spectral cooling regime,

jet structure, and other properties. A complete understanding of GRB jet emission is cru-

cial as it is important in the study of the GRB rate, energy output, and physical emission

mechanism, among a host of other implications. Broadband spectra are also generally bro-

ken synchrotron power laws, with spectral power-law indices dependent on effects including

synchrotron self-absorption, various electron cooling regimes, and circumburst environments

(e.g., stellar wind-like, ISM, etc.). GRBs are probes for cosmology, star-formation history,

supernovae, and the epoch of reionization, among the many topics that they can address.
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GRB 060502A was a long-duration GRB first detected by the Swift BAT, triggered

on 2006 May 2 03:03:32 UT, and followed up by the XRT at 03:04:48 UT. The optical

afterglow was identified by the UVOT at position (J2000.0) R.A. = 16h03m42.s48, Decl =

+66◦36′02.′′5 (La Parola et al. 2006), and follow-up spectroscopy determined a redshift of

z = 1.51 (Cucchiara et al. 2006). We began observations at MDM Observatory in the R-band

on May 2 03:26:52 UT, 23 minutes post-burst, and continued for six consecutive nights. The

Swift XRT also observed the afterglow for up to 17.3 days. Parsons et al. (2006) reported

an isotropic energy equivalent Eiso ∼ 1.5 × 1052 erg (37.7 keV – 376.6 keV in the GRB rest

frame), while Racusin et al. (2009) calculated Eiso ∼ 2.5 × 1052 erg (1 keV – 10 MeV in the

GRB rest frame) and a jet opening angle of θj = 2.◦9 based on the X-ray break, to find a

corrected Eγ = 3.2 × 1049 erg.

2. Photometry and Decay-Curve Fitting

We obtained a total of 136 R-band images with exposure times ranging from 60 s to

1200 s from 2006 May 2 to May 7 using a thinned, back-illuminated SITe CCD on the

1.3m McGraw-Hill telescope. Some of these images were combined, for a final total of 43

images. The fading of the optical afterglow is illustrated in Figure 1. We measure a position

of (J2000.0) R.A. = 16h03m42.s57, Decl = +66◦36′02.′′9 in the USNO B1.0 reference frame,

with an uncertainty of ∼ 0.′′2 in each coordinate. On 2009 May 25, we obtained a combined

1.5 hour exposure of the field using the RETROCAM imager (Morgan et al. 2005) on the

MDM 2.4m telescope, and a Sloan Digital Sky Survey r filter, to search for the host galaxy.

This image is also shown in Figure 1.

The photometry was calibrated using Landolt (1992) standard stars, reduced with the

DAOPHOT package in IRAF. We selected four primary standard stars (PG1047+003, A,

B, C) and confirmed that their instrumental magnitudes were equal on two apparently pho-

tometric nights (May 5 and 6). We then performed differential photometry to calibrate

three secondary standard stars in the field (1500-6020090, 1500-6019917, 1500-6019694 in

the USNO A2.0 catalog), which were used to transfer magnitudes to the afterglow in all

images. Table 1 lists the measured magnitudes of the afterglow. The same comparison stars

were also used in the 2009 RETROCAM image to assign an upper limit of R > 25.6 to the

host galaxy at the 3σ level. In Figure 2 the optical light curve is plotted after subtraction

of an assumed host galaxy of R = 25.6 from the data in Table 1. The analysis described

below includes both the raw magnitudes and the maximal host-subtracted light curve as

systematic limiting cases.

The X-ray flux data were taken from the Swift XRT Light Curve Repository (Evans
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et al. 2007, 2009). The X-ray light curve shows an early period of relatively high flux with a

steep power-law decay ending at 200 s post-trigger, followed by a transition into a shallower

power-law decay. We disregard the first 200 s in our fitting, and display the remainder of

the XRT light curve in Figure 2.

GRB afterglows are believed to be synchrotron emission, which is supported by detec-

tions of weak polarization in prompt emission (Coburn & Boggs 2003). Accordingly, their

fluxes are characterized as power laws in time and frequency: f(ν, t) α t−αν−β . The op-

tical and X-ray decays of the GRB 060502A afterglow follow simple broken power laws,

with a single break at ∼1 day and no noticeable flares. Since the break appears to be very

sharp, we calculated the temporal flux index for each segment of the broken power law (α1

and α2) using χ2 fitting. We find that for the R-band light curve with host subtraction,

αo1 = 0.66 ± 0.01 and αo2 = 1.10 ± 0.11, while for the X-ray light curve, αx1 = 0.64 ± 0.02

and αx2 = 1.18±0.01 (all errors quoted are at 1σ confidence unless otherwise noted). With-

out host subtraction, we find αo1 = 0.65 ± 0.01 and αo2 = 1.00 ± 0.11 for the R-band light

curve. Since only an upper limit on the host galaxy flux is known, the difference between αo2

and αx2 may be real, as a fainter host galaxy will result in a flatter optical decay. Our αx2

is consistent with the result of Racusin et al. (2009), who found αx2 = 1.12+0.13
−0.09, while this

differs slightly from the parameters calculated from the same X-ray data for this afterglow

by Liang et al. (2007), who found αx1 = 0.53±0.03 and αx2 = 1.68±0.15. The inconsistency

remains unexplained.

We perform χ2 fitting for the break time tb and break flux F0 as commonly parameterized

in the smoothly-broken power law form of Beuermann et al. (1999).

F (t) = F0 [ (t/tb)
α1n + (t/tb)

α2n ] −1/n (1)

The key fitted parameters for the R-band and X-ray light curves are listed in Table 2. Setting

the sharpness parameter n = 10 to conform to the sharp observed break, we calculate a break

time of tbx = 0.60 days in the X-ray and tbo = 1.13 days in the optical. This suggests that

there may be some decoupling of X-ray optical emission in different physical regions of

the outflow and external shock. However, the difference in break time may be accounted

for in part as an artifact of the different observational sampling. Below, we consider both

possibilities. The GRB 060502A afterglow was also observed by the Palomar 60′′ for 1.1 days

using various filters (Cenko et al. 2009), but this did not reveal the break in the optical light

curve, as the data were poorly sampled, with only two points later than ∼ 0.15 days.

Although the exact nature of features in the GRB afterglow decay is still disputed, jet

effects and synchrotron cooling are often considered to explain breaks in the power-law decay

curve. Jet breaks are a geometric effect which stems from the spreading of the collimated

jet in which the afterglow flux will drop when the decreasing Lorentz factor of the jet is
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approximately the inverse of the opening angle of the jet: Γ = θ−1 (Rhoads 1999; Sari et al.

1999; Zhang & Mészáros 2004). This, along with the sideways expansion of the relativistically

beamed jet, will lead to a break in the light curve without spectral evolution across the break,

as the decrease in flux is due to a purely geometric effect. In order to explore whether the

break in the decay curve of the GRB 060502A afterglow can be explained as a jet break or

synchrotron cooling, we analyze the broadband spectrum as a function of time in the next

section.

3. Spectral Fitting

We fit the X-ray spectrum to an absorbed power-law model with parameters NH and βx.

In addition, the spectral index between the optical and X-ray bands, βox, can be inferred from

our R-band and X-ray fluxes at various times pre- and post-break. The R magnitudes are

converted to flux density f(ν, t) following Fukugita et al. (1995). Since βox is also dependent

on any extinction of the optical flux, we apply an extinction correction derived from NH fitted

to the X-ray spectrum at the redshift of the GRB host galaxy. Keeping in mind that X-ray

measured NH usually overpredicts the optical extinction in GRB afterglows (Campana et al.

2010; Schady et al. 2010), we consider that the extinction so derived, using a Milky Way

reddening curve, is an upper limit. As we shall see bellow, the extinction in the observed

R-band makes only a small change to the inferred βox. The fitted βx, in combination with

βox, also addresses the possibility of synchrotron cooling breaks.

Using XSELECT, we extracted Swift XRT cleaned event data from the HEASARC

archive. We use only those observations taken in photon-counting mode, starting on May 2

4:07:49 UT and ending ≈ 4 days post-trigger, as allowed by photon statistics. Spectra were

extracted from 20 pixel radius source extraction regions and 40 pixel radius background

regions, and grouped into energy bins of 15–20 photons. Response matix version 011 was

used from the Swift CALDB, together with XPSEC and Cash statistics, to fit an absorbed

power-law model of the form zwabs×wabs×pow. Initially, the intrinsic absorbing column at

redshift z = 1.51 was treated as a free parameter, while the Galactic column at z = 0 was

fixed at NH = 3 × 1020, the 21 cm value. The fitted photon index Γ = βx + 1. Assuming

that the intrinsic NH(z) remains constant in time, we determined its value from the earliest

spectrum, which was of highest quality, finding NH(z) = 2.0+1.6
−1.5×1021 cm−2. Here the errors

are 90% confidence for two interesting parameters. A contour plot of the confidence levels

for the fitted spectral parameters from the earliest spectrum is shown in Figure 3. We held

NH(z) fixed at this value in fitting subsequent spectra to improve the accuracy of the fitted

βX when statistics were poorer. Previous authors derived somewhat higher values of NH(z)
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for this afterglow, in the range (3− 6)× 1021 cm−2 (Grupe et al. 2007; Campana et al. 2010;

Schady et al. 2010). This discrepancy remains unexplained.

We corrected the optical magnitudes for intrinsic extinction using the fitted NH(z) and

the Milky Way reddening curve Aλ/E(B − V ) curve of Savage & Mathis (1979). From the

host galaxy at z = 1.51, we find an extinction correction of AR = 2.93 magnitudes in the

observed R band. We also apply the Galactic extinction AR = 0.09 from Schlegel et al.

(1998). The total correction is then AR = 3.02 ± 1.37, where we have used the 1σ error

on NH(z) of 0.9 × 1021 cm−2. Figure 4 shows the temporal behavior of the dereddened βx

and βox. There does not appear to be any spectral evolution across the break and up to

4 days post-trigger, so we perform χ2 fitting of the points to a constant values of βx and

βox. We find βx = 0.88± 0.14, which is consistent with βx = 0.88+0.21
−0.19 measured by Racusin

et al. (2009) for these data, while the dereddened βox = 0.91 ± 0.11. Without dereddening,

βox would be 0.56 ± 0.12. The errors bars on βox are systematic in nature. Since spectral

evolution is a fundamental property of the synchrotron cooling model of GRB afterglow light

curve breaks, we rule out the possibility that the temporal break in the afterglow of GRB

060502A is a cooling break.

4. Closure Relations

The canonical X-ray afterglow light curve (Nousek et al. 2006; Zhang et al. 2006) com-

prises five components: an initial steep decay associated with high-latitude emissions and

the curvature effect (segment I), a plateau phase often attributed to continuous energy injec-

tion (segment II), a normal decay without energy injection (segment III), a steeper late-time

phase after a jet break (segment IV), and possibly flares at various points in the light curve

(component V). Since the GRB 060502A afterglow (after segment I, which is not shown here)

is a simple broken power-law without noticeable flares, it is possible that it corresponds to

segments II-III (cessation of energy injection) or III-IV (jet break). The pre- and post-break

αx values of GRB 060502A are most consistent with those normally associated with segment

II (α ∼ 0.5) and segment III (α ∼ 1.2).

The relationship between the electron energy index p and spectral index β is derived by

Sari et al. (1998) as

β =







1/2 νc < ν < νm

(p – 1)/2 νm < ν < νc

p/2 νm, νc < ν

where νm is the synchrotron peak frequency and νc is the cooling frequency. To determine if

this afterglow is consistent with the between α and β predicted in the external shock model
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of afterglow emission, we compare the measured parameters with models of synchrotron

emissions in various circumburst environments, synchrotron cooling regimes, electron cooling

spectral indices, and jet dynamics (see reviews by Mészáros 2002; Zhang & Mészáros 2004;

Piran 2004). In light of our optical observations of this afterglow, we apply our measurements

to the post-break closure relations using our calculated βox, which has smaller uncertainty

than βx, along with the optical and X-ray α’s.

If the break is indeed a jet break without energy injection, the post-break α2 will become

steeper and approach the electron energy power-law index p (Rhoads 1999). This implies

that for the break in this afterglow to be a jet break, p ≈ 1.1, shallower than the expected

p ≥ 2, although values of p < 2 have been used to interpret observations of other afterglows

(Panaitescu & Kumar 2001; Bhattacharya 2001). Figure 5 is an α-β plot showing the fitting

of the post-break X-ray and optical α2, along with βox of this afterglow to the post-break

closure relations under these restrictions. In Figure 5, neither X-ray nor optical α2, along

with βox, are close to fitting the post-break jet closure relations, which is not surprising since

the α2’s are much smaller than typical segment IV decay indices. However, this does not rule

out the possibility that this break is a jet break occurring during late-time energy injection.

If it is unlikely that this break is a jet break, we next ask whether the parameters of the

afterglow fit normal, pre-jet break “isotropic” closure relations in the external shock model

(neglecting the possibility of energy injection for now). These closure relations are dependent

of spectral cooling regime, circumburst medium, and p. Since they depend on p, we first

show in Figure 6 an α-β plot similar to Figure 5, using the “isotropic” closure relations to

fit the X-ray and optical pre- and post break α’s for the cases of p > 2, and excluding cases

where p < 2. In Figure 6, the post-break X-ray and optical α2’s lie just inside the ISM slow

cooling (νm < ν < νc) regime in this α-β parameter space. The post-break optical α2 also

lies within the ISM slow cooling (ν > νc), ISM fast cooling (ν > νm), wind slow cooling

(ν > νc), and wind fast cooling (ν > νm) regimes, whereas the pre-break parameters do not

fit any of the relations.

Finally, we show in Figure 7 an α-β plot similar to Figure 6 for the case of 1 < p < 2,

again excluding cases where p is outside this range. In Figure 7, the post-break optical α2

fits the ISM slow cooling (ν > νc), ISM fast cooling (ν > νm), wind slow cooling (ν > νc),

and wind fast cooling (ν > νm) relations, whereas the pre-break relations do not fit any of

these relations.

Comparing the above fitting for the different permutations of cooling regime, circum-

burst medium, and p, we see that the post-break segment of the light curve of this afterglow

fits a variety of closure relations, while the pre-break segment does not fit any. In partic-

ular, if we require a closure relation to fit both X-ray and optical parameters of a given
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segment, only the ISM slow cooling (νm < ν < νc) in the p > 2 case is allowed for the

post-break segment. On the other hand, if we allow a closure relation to fit either the X-ray

or the optical parameters, the closure relations that are satisfied by the post-break segment

include the ISM or wind circumburst medium, fast and slow cooling, as well as p > 2 and

1 < p < 2 cases. Under either requirement, the pre-break segment is not fitted and remains

unexplained.

5. Discussion

From our fitting of the afterglow of GRB 060502A to post-jet break closure relations,

the break does not appear to be a jet break. This is not surprising given the shallow pre-

and post-break decays compared to typical jet break, although several caveats remain to be

discussed. First, we note the difference in the break time between the X-ray (tbx = 0.60 days)

and the optical (tbo = 1.13 days) light curves. While the difference is significant, the fitting

procedure has several sources of uncertainty that may contribute to this difference. The

large gaps in the observations just before and after the break makes it difficult to accurately

determine the exact break time. Since we are comparing X-ray and optical observations,

we emphasized the need to fit the decay slopes for each segment as accurately as possible,

and so in our calculation, tb was simply determined as the intersection of the pre- and post

break fits. Furthermore, the “break smoothness parameter” in Equation (1) was arbitrarily

set to n = 10 since the break appears to be rather sharp in spite of the gaps in observation

around the break. If the break is indeed chromatic such that tbx < tbo, a possible explanation

would be synchrotron cooling, where the transition between fast and slow synchrotron cooling

regimes passes through the observed band, causing a break in the X-ray light curve followed

by a break in the optical. However, our temporal analysis of βx and βox showed that the

spectral indices stayed constant through the break, ruling out a synchrotron cooling break.

Finally, the similar pre- and post-break α’s in both light curves lead us to believe that this

break in indeed achromatic.

We have not considered the case where the break might be a jet break in the presence

of energy injection, which may alter the temporal and spectral indices and “hide” the break

from appearing to be a prominent jet break, or the case of structured jets. The post-break

segment suggests that p ∼ 1.1, and for the case of energy injection, models with p < 2 using

a maximal energy cutoff do not exist, as this is highly unlikely and theoretically difficult

to model. Jet structure may also alter the flux and cause temporal changes in the light

curve of GRB afterglows as the jet spreads laterally, but this is difficult to determine from

observations, while theoretical models are highly idealized.
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Since we were unable to detect he host galaxy in our 2009 observation, we subtracted

the upper limit for the host galaxy flux from our photometry. Since the host galaxy will

likely be fainter than this upper limit, our optical α’s have some inherent error; the analysis

and comparison of the parameters of this afterglow against the closure relations can be

improved somewhat by deeper observations to detect the host galaxy. Our finding that the

optical and X-ray observations seem to fit a constant density ISM medium may seem counter

to expectations that GRBs would occur in core-collapse supernovae of massive stars with

large stellar winds. However, an ISM-like circumburst medium is well fitted by many GRB

observations, and so this issue remains unresolved. Finally, we note that our findings are

consistent with Racusin et al. (2009), who analyzed the X-ray light curve in a search for jet

breaks in Swift afterglow observations, and found that the break in the X-ray light curve

was unlikely to be a jet break after a comparison of the pre- and post-break parameters to

a sample of prominent jet breaks.

6. Conclusions

From our R-band observations of the afterglow of GRB060502A, we find a break in

the light curve at 1.13 days, and a break in the X-ray at 0.60 days from Swif XRT data.

We are able to fit an intrinsic NH(z) and an optical-to-X-ray photon spectral index βox,

from which we deredden the data and find that βox and βx are constant through the break

and up to ∼ 4 days post-trigger. We rule a synchrotron cooling break, and compare the

post-break optical and X-ray parameters to post-break closure relations, finding that this is

unlikely to be a jet break. If so, the “jet-corrected” Eγ = 3.2 × 1049 erg of Racusin et al.

(2009) could be an underestimate of the total energy. We then compare the pre- and post-

break segments to normal “isotropic” closure relations, and find that the X-ray and optical

post-break parameters both fit a slow cooling (νm < ν < νc), constant density ISM-like

circumburst medium model for p > 2, while the pre-break segment do not fit any models.

We suggest that this break is due to the cessation of continuous energy injection from the

central engine, and call for deeper observations of the host galaxy to improve the accuracy

of the post-break parameters.
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Table 1. GRB 060502A Optical Photometry

Time (days) R (mag)

0.0166 19.26 ± 0.12

0.0183 19.77 ± 0.16

0.0196 19.70 ± 0.16

0.0219 19.60 ± 0.07

0.0253 19.79 ± 0.15

0.0296 19.69 ± 0.08

0.0353 19.96 ± 0.05

0.0426 20.02 ± 0.05

0.0503 20.33 ± 0.07

0.0577 20.26 ± 0.08

0.0651 20.29 ± 0.06

0.0732 20.48 ± 0.08

0.0809 20.55 ± 0.08

0.0890 20.58 ± 0.08

0.0974 20.74 ± 0.10

0.1048 20.72 ± 0.08

0.1121 20.88 ± 0.08

0.1200 20.77 ± 0.07

0.1291 20.87 ± 0.06

0.1507 21.01 ± 0.07

0.1616 21.15 ± 0.08

0.1723 21.07 ± 0.07

0.1832 21.08 ± 0.07

0.1940 21.21 ± 0.08

0.2066 21.28 ± 0.09

0.2210 21.20 ± 0.07

0.2351 21.25 ± 0.06

0.249 21.40 ± 0.08

0.264 21.45 ± 0.08

0.279 21.43 ± 0.08

0.293 21.39 ± 0.08
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Table 1—Continued

Time (days) R (mag)

0.308 21.54 ± 0.09

0.322 21.61 ± 0.10

0.336 21.46 ± 0.11

0.349 21.40 ± 0.12

1.060 22.31 ± 0.19

1.103 22.35 ± 0.19

1.143 22.21 ± 0.14

1.184 22.40 ± 0.12

2.174 23.29 ± 0.18

3.300 23.65 ± 0.26

4.208 23.66 ± 0.20

5.304 23.75 ± 0.32

Table 2. GRB 060502A Afterglow Parameters

Parameter Hosta No Hostb

αo1 0.66 ± 0.01 0.65 ± 0.01

αo2 1.10 ± 0.11 1.00 ± 0.11

αx1 0.64 ± 0.02

αx2 1.18 ± 0.01

βox 0.91 ± 0.11

βx 0.88 ± 0.14

tbo 0.60 days

tbx 1.13 days

aAssumed R = 25.6 host galaxy sub-

tracted.

bNo host subtraction.
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Table 3. Closure Relations for Figures 5–7

Line Relation Model References

1 < p < 2 Post-break jet models

1 α = (2β + 7)/4 Uniform spreading jet, slow cooling, νm < ν < νc 1,2

2 α = (β + 3)/2 Uniform spreading jet, slow cooling, ν > νc 1,2

3 α = (2β + 13)/8 Wind, uniform nonspreading jet, νm < ν < νc 3

4 α = (3β + 11)/8 ISM, uniform nonspreading jet, ν > νc 3

5 α = (6β + 21)/16 ISM, uniform nonspreading jet, νm < ν < νc 3

6 α = (β + 5)/4 Wind, uniform nonspreading jet, ν > νc 3

p > 2 Isotropic models

7 α = (3β + 1)/2 Wind, slow cooling, νm < ν < νc 2,4

8 α = 3β/2 ISM, slow cooling, νm < ν < νc 2,4

9 α = (3β − 1)/2 ISM, slow cooling, ν > νc 2,4

ISM, fast cooling, ν > νm 2,4

Wind, slow cooling, ν > νc 2,4

Wind, slow cooling, ν > νm 2,4

1 < p < 2 Isotropic models

10 α = (3β + 5)/8 ISM, slow cooling, ν > νc 1,2

ISM, fast cooling, ν > νm 2

11 α = (β + 3)/4 Wind, slow cooling, ν > νc 1,2

Wind, fast cooling, ν > νm 1

References. — (1) Dai & Cheng 2001; (2) Zhang & Mészáros 2004; (3) Racusin et al. 2009,

modified from Panaitescu 2005; (4) Zhang et al. 2006.
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Fig. 1.— R-band images from the MDM 1.3m telescope of the afterglow of GRB 060502A.

(a) 34 minutes post-trigger. (b) 24 hours post-trigger. (c) A deep image of the field taken on

2009 May 25 using RETROCAM on the MDM 2.4m telescope, from which an upper limit

of R > 25.6 on the host galaxy is derived.
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Fig. 2.— R-band light curve of GRB 060502A (top) with upper limit flux of the host galaxy

subtracted, and the 0.3–10 keV X-ray light curve (bottom). The R-band light curve has a

fitted pre-break power-law index αo1 = 0.66 ± 0.01 and post-break index αo2 = 1.10 ± 0.11,

with break time tbo = 1.13 days. The X-ray light curve has αx1 = 0.64 ± 0.02 and αx2 =

1.18 ± 0.01, with tbx = 0.60 days.
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Fig. 3.— Contour plot of the confidence levels of the absorbed power-law fit to Γ and NH(z)

in the earliest spectrum, as described in Section 3. The confidence levels are, from innermost

to outermost, 1σ, 1.6σ, and 2.6σ for two interesting parameters.
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Fig. 4.— Temporal behavior of the dereddened optical-to-X-ray spectral index βox and the

X-ray spectral index βx across the light curve break and up to 4 days post-trigger. We see

no evidence for spectral evolution, and fit constant indices to obtain βx = 0.88 ± 0.14 (solid

line) and dereddened βox = 0.91 ± 0.11 (dashed line).
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Fig. 5.— Post-break X-ray and optical α2, and βox plotted against post-break models of

synchrotron emissions under various cooling regimes, circumburst environments, and jet

dynamics, where 1 < p < 2. The two points are αx2 and βox (cross), and αo2 and βox

(triangle). The closure relations represented by numbered lines are described in Table 3.
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Fig. 6.— Pre- and post-break X-ray and optical α’s and βox plotted against “isotropic”

models of synchrotron emission in the external shock model, under various cooling regimes

and circumburst environments, where p > 2. The four points are the pre- and post-break

X-ray α’s and βox (crosses), and pre- and post-break optical α’s and βox (triangles). The

closure relations represented by numbered lines are described in Table 3.
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Fig. 7.— Pre- and post-break X-ray and optical α’s and βox plotted against “isotropic”

models of synchrotron emissions in the external shock model, under various cooling regimes

and circumburst environments, where 1 < p < 2. The four points are the pre- and post-break

X-ray α’s and βox (crosses), and pre- and post-break optical α’s and βox (triangles). The

closure relations represented by numbered lines are described in Table 3.


