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ABSTRACT

We present multi-wavelength observations and modelingash@a-ray Bursts (GRBs) that exhibit a simul-
taneous re-brightening in their X-ray and optical lightvas, and are also detected at radio wavelengths. We
show that the re-brightening episodes can be modeled bstiofeof energy into the blastwave and that in all
cases the energy injection rate falls within the theorébioainds expected for a distribution of energy with
ejecta Lorentz factor. Our measured values of the circustliensity, jet opening angle, and beaming cor-
rected kinetic energy are consistent with the distributbthese parameters for long-duration GRBs at both
z~ 1 andz 2 6, suggesting that the jet launching mechanism and envieohof these events are similar to
that of GRBs that do not have bumps in their light curves. H@xeevents exhibiting re-brightening episodes
have lower radiative efficiencies than average, suggesiatga majority of the kinetic energy of the outflow is
carried by slow-moving ejecta, which is further supportgdteep measured distributions of the ejecta energy
as a function of Lorentz factor. We do not find evidence foeree shocks over the energy injection period,
implying that the onset of energy injection is a gentle pssceNe further show that GRBs exhibiting simul-
taneous X-ray and optical re-brightenings are likely thkedha distribution of events with varying rates of
energy injection, forming the most extreme events in thess Future X-ray observations of GRB afterglows
with Swift and its successors will thus likely discover several mohsvents, while radio follow-up and
multi-wavelength modeling of similar events will unveikthole of energy injection in GRB afterglows.

Subject headingggamma-ray burst: general — gamma-ray burst: individual§@R0418A, GRB 100901A,
GRB 120326A, GRB 120404A)

1. INTRODUCTION til the launch of Swift in 2004 Gehrels et al. 2004 With

Gamma-ray bursts (GRBs) have traditionally been modeled!tS rapid-response X-ray and UV/optical afterglow measure
as point explgsions th(at injegt 10 erg of energy into a col- ments,Swifthas revolutionized the study of GRB afterglows.

limated, relativistically-expanding fireball over a petiof a Rapidly-available localizations have allowed detaileolgr-

few seconds. In this model, the subsequent afterglow radia—gsgﬁ%%)rléo‘r’\éyo%té:aay ()rgig;\{ﬁ]tlolri]sh?gmgtsm\t/ﬁ r?sliin
tion is synchrotron emission produced by the interaction of Y, 99

et o ; : ; breaks falling into a ‘canonical’ series, consisting of
the relativistic ejecta with the circumburst medium. Degen decay plategu and normal decay, sometimes vg\]/ith g%ence
ing on the density profile of the ambient medium, usually as- forjet-,breaks While the steep deca;y has been associatied wi
sumed to be either uniform (‘ISM-like’) or falling with raais :

2 s L - . the prompt emissionTagliaferri et al. 2005 O’Brien et al.
asr~ (‘wind-like’), this model has several verifiable predic- 2008 and the normal and post jet-break decay phases are as-

tions: smooth light curves at all frequencies from the Xsray - g iatad with the afterglow, the plateaus cannot be exgtain
to the radio, which rise and fall as the peak of the spec-y 4o standard modeZhang et al. 2006however, see re-
tral energy distribution evolves through the observer band cent numerical calculations bpuffell & MacFadyen 2014

a ‘jet break’ as the expanding ejecta decelerate and begin hic syggest that the plateaus may be a natural consequence
to spread sideways; and an eventual transition to the sub-

Ml : . : : f a coasting phase in the jet dynamics betweek’ 10
relativistic regime where the ejecta become quasi-spaleric 0 P . .
In this framework, the energetics of the explosion and the %Ol cmr:‘rom_ the pré)ggsz_or). In acﬂd|t|ond Sh?]“%.(/tl <1) "
properties of the environment can be determined from fitting fla7€s that rise and decline rapidly and exhibit large flux

light curves with the synchrotron model, while a measuremen \Z/%rli%tions QE/F > 1; Chincarini %t al. 2r?11|1wr?rgutti et a!fh
of the jet break allows for a determination of the angle of col g are often seen superposed on the light curves. These

limation of the outflow and the calculation of geometric cor- [ares are believed to be more closely associated with the
rections to the inferred energy. GRB prompt emission than with the afterglow, and have
Despite its simplicity, this model was quite successfuhia t been interpreted as late-time activity by the central emgin

study of a large number of GRB afterglows (eBgrger etal.  (Falcone etal. 20g&Romano et al. 2008/Vang et al. 2006

; _ Pagani et al. 20Q6.iang et al. 2006 Lazzati & Perna 200Q7
2000 Panaitescu & Kumar 2002002 Yost etal. 200pun Margultti et al. 2010aGuidorzi et al. 201p Some GRBs also

exhibit optical flares, which do not always correspond taefiar
1 Harvard-Smithsonian Center for Astrophysics, 60 Gardereet in the X-ray Iight curvesl(i et al. 2013_
Cambridge, MA 02138 These new features dBwift X-ray light curves cannot

2 Department of Astronomy, California Institute of Techrmjp MC . . . " . .
249-17, 1200 East California Blvd, Pasadena CA 91125, USA be simply explained in the traditional picture. New physi-

3 Racah Institute of Physics, Edmund J. Safra Campus, Hebrévetd cal mechanisms such as energy injection, circumburst den-
sity of Jerusalem, Jerusalem 91904, Israel sity enhancements, structured jets, viewing angle effects

4 Einstein Fellow . . - ) < .
5 University of Arizona, 933 N, Cherry Ave, Tucson, AZ 85721 varying microphysical parameters, and gravitational oycr
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lensing have been invoked to explain various featuréaaft
X-ray light curves Zhang et al. 2006Nousek et al. 2006
Panaitescu et al. 2006floma et al. 2006 Eichler & Granot
2006 Granot et al. 2006Jin et al. 2007 Shao & Dai 2007
Kong et al. 2010Duffell & MacFadyen 2014Uhm & Zhang
2014. However, although a wealth of information is avail-
able from X-ray light curves in general, definitive statetsen
on the physical origin of these features requires synergly wi
observations at other wavelengths. Ultraviolet (UV), opti
near infra-red (NIR), millimeter, and radio data probeidist
parts of the afterglow spectral energy distribution (SEdb)J

ray light curve archive for all events exhibiting a simila&rr
brightening, and present full multi-wavelength analysesy-
plete with deduced correlations between the physical param
eters, for all events with radio detections that exhibitidim
taneous optical and X-ray re-brightenings. This selection
yields three additional events: GRBs 100418A, 100901A, and
120404A. We collect, analyze, and report all X-ray and UV
data from the X-ray telescope (XRT) and UV-optical tele-
scope (UVOT) on boar@wift for these three events in ad-
dition to GRB 120326A. We also analyze and report previ-
ously un-published archival radio observations from theyVe

the various physical mechanisms are expected to influencd.arge Array (VLA), Submillimeter Array (SMA), and West-

light curves in these bands differently. Thus, a detaileal-an

erbork Synthesis Radio Telescope (WSRT) for events in our

ysis of GRB afterglows requires multi-wavelength data and sample, and the first complete multi-wavelength model fits

modeling.

Of the GRBs with plateaus in their X-ray light curves, there
is a small class of peculiar events that additionally exhibi
an X-ray re-brightening of a non-flaring origilA\T /T ~

for GRBs 100418A and 100901A. Finally, we compare our
results to modeling efforts of a sample of GRBs ranging from
z~1toz> 6, as well as with a complete sample of plateaus
in SWiffXRT light curves, and thereby assess the ubiquity of

1), and an even smaller class where the re-brightening apthe energy injection phenomenon. We infer the fractional in
pears to occur simultaneously in both the optical and X-rayscrease in blastwave energy over the plateau phase using sim-

(Mangano et al. 20Q7i et al. 2012 Panaitescu et al. 2013
An exemplar of this latter class is GRB 120326A, which ex-
hibits a peak in its well-sampled X-ray light curve at around

0.3d together with a simultaneous optical re-brightening.

Urata et al.(2019 reported optical and millimeter observa-
tions of the afterglow of GRB 120326A, and invoked syn-
chrotron self inverse-Compton radiation from a reversekho
to explain the millimeter, optical, and X-ray light curves.
By fitting energy-injection models in a wind-like circumistir
environment to the X-ray and optic&band light curves,
Hou et al. (2019 proposed that a newborn millisecond pul-
sar with a strong wind was responsible for the re-brightgnin
Melandri et al. (20149 present multi-band optical and NIR
light curves of this event, and explore various physical sce
narios for the re-brightening, including the onset of themf

ple assumptions on the afterglow properties, and determine
the unique characteristics of these events that result iti-mu
band re-brightenings. We conclude with a discussion of the
results from this X-ray-only analysis and our full broachia
modeling in the context of energy injection in GRBs.

Throughout the paper, we use the following values for
cosmological parameter$2, = 0.27, Q, = 0.73, andHp =
71kms*Mpct. All times are in the observer frame, uncer-
tainties are at the 68% confidence levet)land magnitudes
are in the AB system and are not corrected for galactic extinc
tion, unless stated otherwise.

2. GRB PROPERTIES AND OBSERVATIONS

GRB 120326A was discovered by tf&wift Burst Alert
Telescope (BATBarthelmy et al. 20050n 2012 March 26 at

glow, passage of a synchrotron break frequency through thep1:20:29 UT Giegel et al. 201 The burst duration i3go =

observing band, and geometrical effects.

26.7+0.4s, with a fluence of, = (1.1+0.1) x 10 ®erg cnm?

Here we report detailed radio observations of this event(15-150keVBarthelmy etal. 2012 A bright X-ray and
spanning 4 — 220 GHz and 0.3 to 120d, making this the Uv/optical afterglow was detected bgwift (Siegel et al.

first GRB with an achromatic re-brightening and with such
a rich multi-band data set.

We perform the first broad- yatories.

2012 Kuin et al. 2012 and numerous ground-based obser-
Spectroscopic observations at the 10.4m Gran

band modeling for this event using a physical GRB after- Telescope Canarias (GTC) provided a redshifzef 1.798

glow model Granot & Sari 200 using methods described
in Laskar etal.(2013 and Laskar et al.(2014), employing

(Tello et al. 2012
The burst also triggered the Fermi Gamma-ray Burst Mon-

Markov Chain Monte Carlo procedures to characterize thejtor (GBM) at 01:20:31.51UT Collazzi 2013. The burst

blastwave shock. Our radio observations allow us to coinstra
the synchrotron self-absorption frequency, and to unambig
ously locate the synchrotron peak frequency, togetheimac

strong constraints on the nature of the X-ray/UV/optical re

duration as observed by GBM % = 118+ 1.8s (50—
300 keV) with a fluence of (26+0.05) x 10°%erg cm? (10—
1000keV). The time-averagegray spectrum is well fit by
a Band functiof, with break energyrpeak= 4394+ 3.9keV,

brightening. We find the clear signature of a jet break at all |y energy indexq = -0.67-+0.19, and high-energy index
wavelengths from the radio through the X-rays, allowing us 5 = _ 331 0.09 Using the source redshift at= 1.798, the '

to constrain the true energetics of this event.

We next consider and test various physical processes tha
may cause a re-brightening in the afterglow light curve,
and argue that energy injection is the most plausible mech-
anism. We model the re-brightening as a power-law in-

crease in blastwave energy, self-consistently accouriting

the change in the synchrotron spectrum over the injectien pe

riod, and compute the fractional increase in energy dufieg t
re-brightening. We interpret the energy injection prodess
the context of a distribution of ejecta Lorentz factors, prat

vide a measurement of the power law index of the Lorentz

factor distribution.
To place our results in context, we search twift X-

knferred isotropic equivalent-ray energy in the 1-10keV
est frame energy band B, jso = (3.154-0.12) x 10°%erg.

2.1. X-ray: SWift/XRT

The SwiftX-ray Telescope (XRTBurrows et al. 2005kbe-
gan observing the field at 69 s after the BAT trigger, leading t
the detection of an X-ray afterglow. The source was locdlize
to RA = 18h 15m 37.06s, Dec = +69d'1%.4’ (J2000), with
an uncertainty radius of 1.4 arcseconds (90% containrhent)

6 From the Fermi GRB catalog for trigger 120326056 tt p: / /
heasar c. gsf c. nasa. gov/ db- per |/ WBBr owse/ w3query. pl .
“http://ww. sw ft.ac.uk/xrt_positions/ 00518626/
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XRT continued observing the afterglow for 18.7d in photon from the above website together witly = 1.85 (correspond-

counting mode, with the last detection at 5.2d. ing to Bx = 1-T'x = -0.85) for the PC mode to compute the
We extracted XRT PC-mode spectra using the on-line tool 1 keV flux density. We combine the uncertainty in flux cal-
on the Swift website Evans et al. 20072009 . We ana- ibration based on our spectral analysis (2.7%) in quadzatur

lyzed the data after the end of the steep decay at 400s uswith the statistical uncertainty from the on-line light ear
ing the latest version of the HEASOFT package (v6.14) and For the WT-mode, we convert the count rate light curve to a
corresponding calibration files. We used Xspec (v12.8.1) toflux-calibrated light curve usin§ = 3.57 and a count-to-flux
fit all available PC-mode data, assuming a photoelectyicall conversion factor of % 10 lergcmi?ct™ as reported on the
absorbed power law moddi fabs x zt babs x pow) on-line spectral analysis.
and a Galactic neutral hydrogen column densitNafuw = The WT-mode X-ray light curve declines rapidly as
6.3 x 10?°cm? (for consistency with the value used on the t=33+01  Swift switched to collecting data in PC-mode at
Swift website), fixing the source redshift at 1.798. Our 150s. The PC-mode data between 150 and 300s continue
best-fit model has a photon index6f= 1.85+0.04 and ex-  to decline rapidly as38+%4 followed by a plateau where the
cess absorption corresponding to a neutral hydrogen columrzount rate evolves as®2?+%95 This part of the lightcurve
(assuming solar metallicity) dfy int = (4.1+£0.7) x 10?*cm is likely dominated by the high-latitude prompt emission
intrinsic to the host galaxy (C-stat = 497.1 for 570 degrees (Willingale et al. 2010, and we therefore do not consider the
of freedom). We divided the PC-mode data into 6 roughly rapid decline before 300s in our afterglow modeling. About
equal time bins and extracted time-resolved PC-mode spectr 0.16 d after the trigger, the X-ray count rate begins rising a
to test for spectral evolution. We do not find clear evideroce f  peaks at around 0.41d. This re-brightening is unusual for X-
significant spectral evolution over this period. In the dolt ray afterglows and we discuss this feature further in sactio
ing analysis, we take the 0.3 — 10keV count rate light curve 3.1 The XRT count rate light curve after 1.4 d can be fit by a
single power law with a decline rate af =-2.29+0.16.

Table 1
SwiffUVOT Observations of GRB 120326A

t-to Filter ~Frequency Flux density Uncertainty —Detection?

(days) (Hz) f:3y) (dy) (1= Yes)
0.00165 White 8.64e+14 8.89 271 1
0.00354 u 8.56e+14 20.7 11.5 0

0.0523 b 6.92e+14 39 6.23 1

0.0546 White 8.64e+14 15.6 2.55 1

0.0558 wuvwl 1.16e+15 10.9 3.29 1

0.0582 u 8.56e+14 18.6 4.24 1
0.0594 \Y 5.55e+14 42.3 14.2 0

0.115 uvwl 1.16e+15 9.16 1.54 1

0.126 u 8.56e+14 30.1 2.34 1

0.134 b 6.92e+14 68.2 8.04 1

0.191 uvwl 1.16e+15 13.8 2.12 1

0.202 u 8.56e+14 50.6 6.19 1

0.258 \Y 5.55e+14 134 11.8 1

0.285 uvw2 1.48e+15 1.95 0.545 1

0.295 uvm2 1.34e+15 0.607 0.549 0

0.316 \Y 5.55e+14 150 10.6 1

0.383 uvwl 1.16e+15 19.1 1.94 1

0.393 u 8.56e+14 59.2 3.07 1

0.399 b 6.92e+14 124 13.6 1

0.46 uvwl 1.16e+15 12.3 1.66 1

0.468 u 8.56e+14 43.1 4.43 1

0.527 \Y 5.55e+14 97.6 9.45 1

0.715 \Y 5.55e+14 83.9 10.4 1

0.715 uvwl 1.16e+15 11.7 1.35 1

0.737 u 8.56e+14 28.9 4.06 1

0.782 uvw2 1.48e+15 0.968 0.68 0

0.783 b 6.92e+14 50.1 4.38 1

0.792 White 8.64e+14 26.3 3.74 1

1.65 u 8.56e+14 11.6 2.31 1
1.65 uvw2  1.48e+15 0.339 0.668 0
1.66 uvm2  1.34e+15 2.42 1.71 0
1.66 uvwl 1.16e+15 6.29 2.29 0
2.49 uvwl 1.16e+15 3.53 1.67 0
2.49 u 8.56e+14 8.3 1.83 1
2.69 b 6.92e+14 16 4.01 1
2.7 White 8.64e+14 6.59 1.29 1
2.7 \Y 5.55e+14 31.9 8.93 1

3.72 u 8.56e+14 5.93 1.62 1

3.73 b 6.92e+14 7.59 3.43 0

3.73 uvwl 1.16e+15 0.779 0.626 0

3.73  White 8.64e+14 4.26 0.985 1

3.74 \Y 5.55e+14 5.94 7.16 0

4.83 u 8.56e+14 2.92 1.42 0

8http://www. swi ft.ac.uk/xrt_spectral 00518626/
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Table 1 — Continued

t-to Filter Frequency Flux density Uncertainty Detection?

(days) (H2) f1y) (Jy) (1 =Yes)
4.83 b 6.92e+14 8.72 3.14 0
484  White 8.64e+14 2.06 0.768 0
4.84 v 5.55e+14 5.12 6.37 0
5.73 u  8.56e+l4 0.689 1.39 0
5.73 b 6.92e+14 6.41 3.13 0
574  White 8.64e+14 0.754 0.719 0
5.74 v 5.55e+14 0.413 6.26 0
17.6 u  8.56e+14 0.28 1.39 0
19.5 u  8.56e+l4 2.34 1.28 0

Note. — TIn cases of non-detections, we report the formal flux densitysco_pe beg,'“”'”g on 2012 March 30.48 UT. We acql'_”red a
measurement from aperture photometry. series of nine 75 d-band exposures, followed by a series of
nine 75 sks-band exposures. We reduced the data following
T standard IR imaging techniques using a modified version of
2.2. UV/Optical: Swift/UVOT the WIRCSOFT pipeline and performed aperture photometry
The Swift UV/Optical Telescope (UVOT;Roming et al. of the afterglow in the combined, stacked exposures relativ
2005 observed GRB 120326A using 6 filters spanning the to 2MASS standards in the field.
central wavelength rangk, = 1928 A W2) to \. = 5468 A We also carried out a series of imaging observations of
(V) beginning 67s after the burst. The afterglow was de- GRB 120326A with the r(_)botlc Palomar 60-inch telejscope
tected in the initial exposures at RA = 18h 15m 37.13s, Dec = (Cenko et al. 2006on the nights of 2012 March 31, April 02,
+69d 1535.36' (J2000) (90% confidenc&uin etal. 2012,  April 03 (r" andi’), April 04, April 08, and April 16 (" only).
and exhibited a clear re-brightening concomitant with the We reduced the images using the P60 automated pipeline and
peak in the X-ray light curve. We analyzed the UVOT data Pperformed aperture photometry relative to secondary stahd
using the latest version of HEASOFT (v. 6.14) and corre- Stars calibrated via separate observationtarfdolt (2009
sponding calibration files. We performed photometry with a star_ldards. ) )
5" aperture and used a9@nnulus with foreground sources Finally, we collected other optical and NIR observations of
masked to estimate the background. We list our derived fluxesGRB 120326A reported through the Gamma-ray Burst Coor-

in Tablel. dinates Network (GCN) Circulars and converted all photom-
etry to flux densities. We also include the optical photome-
2.3. Optical/NIR: Palomar Observations and GCN try of the afterglow published bilelandri et al.(2014 and
Circulars Urata et al (2014 in our analysis. We list our complete com-

pilation of optical observations of this burst, togethethmiur

We observed GRB 120326A with the Wide-Field Infrared P60 and P200 observations, in Table

Camera Vilson et al. 2008 on the Palomar 200-inch tele-

Table 2
Optical Observations of GRB 120326A

t—to Observatory  Telescope / Filter Frequency Flux defisityUncertainty ~Detection? Reference
(days) Instrument (Hz) 13y) (udy) (1=VYes)
0.000291 TNO ROTSE CR 4.56e+14 4.04e+03 1.35e+03 0 Rujopakarn & Flewelling2012
0.001 TNO ROTSE CR  4.56e+14 926 308 0 Rujopakarn & Flewelling2012)
0.00189 Calern TAROT R 4.56e+14 161 51.2 1 Klotz et al.(2012
0.00389 Liverpool RINGO2 R 4.56e+14 120 21.6 1 Melandri et al.(2014)
0.00545 Crni_Vrh Cicocki R 4.56e+14 95.1 13.1 1 Melandri et al.(2014)
0.00623 Crni_Vrh Cicocki R 4.56e+14 87.6 16.7 1 Melandri et al.(2014)
0.007 Crni_Vrh Cicocki R 4.56e+14 86.8 12.9 1 Melandri et al.(2014)
0.00813 Crni_Vrh Cicocki R 4.56e+14 74.9 14.3 1 Melandri et al.(2014)
0.00824 Liverpool RATCam R 4.56e+14 97.8 17.6 1 Melandri et al.(2014)
0.00968 Crni_Vrh Cicocki R 4.56e+14 87.6 14.8 1 Melandri et al.(2014)
0.00991 Liverpool RATCam r 4.8le+14 109 17.2 1 Melandri et al.(2014)
0.0109 Liverpool RATCam r 4.8le+14 91.2 12.6 1 Melandri et al.(2014)
0.0116 Crni_Vrh Cicocki R 4.56e+14 82.9 8.84 1 Melandri et al.(2014)
0.0122 Liverpool SkyCam R 4.56e+14 90 37.7 1 Melandri et al.(2014)
0.0123 Liverpool RATCam r 4.8le+14 95.5 3.58 1 Melandri et al.(2014)
0.0136 Crni_Vrh Cicocki R 4.56e+14 70.2 104 1 Melandri et al.(2014)
0.0142 Liverpool RATCam 1’ 3.93e+14 86.3 5.75 1 Melandri et al.(2014)
0.0151 Crni_Vrh Cicocki R 4.56e+14 54.8 13.5 1 Melandri et al.(2014)
0.016 Liverpool RATCam 7 3.28e+14 111 14.1 1 Melandri et al.(2014)
0.017 Crni_Vrh Cicocki R 4.56e+14 49.5 8.92 1 Melandri et al.(2014)
0.0178 Liverpool RATCam r 4.8le+14 72.4 3.41 1 Melandri et al.(2014)
0.0193 Liverpool RATCam r 4.8le+14 67.3 3.82 1 Melandri et al.(2014)
0.0193 Crni_Vrh Cicocki R 4.56e+14 54.3 12.2 1 Melandri et al.(2014)
0.0212 Liverpool RATCam 1’ 3.93e+14 68.5 3.89 1 Melandri et al.(2014)
0.0228 Calern TAROT R 4.56e+14 70.2 22.3 1 Klotz et al.(2012
0.0254 Liverpool RATCam 7' 3.28e+14 103 9.92 1 Melandri et al.(2014)
0.0259 DAO Skynet g 6.29e+14 17.9 5.69 1 Lacluyze et al(2012)
0.0277 DAO Skynet r 4.56e+14 41 13 1 Lacluyze et al(2012)
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Table 2 — Continued

t—to Observatory  Telescope / Filter Frequency Flux defisityUncertainty —Detection? Reference
(days) Instrument (Hz) j78)%)} (udy) (1 =VYes)
0.028 Liverpool RATCam r 4.8le+14 63.1 3.58 1 Melandri et al.(2014)
0.0296 Liverpool RATCam r 4.8le+14 63.1 2.97 1 Melandri et al.(2014)
0.0311 Liverpool RATCam r 4.8le+14 64.3 3.65 1 Melandri et al.(2014)
0.0333 Liverpool SkyCam R 4.56e+14 51.3 43.8 1 Melandri et al.(2014)
0.0344 Liverpool RATCam V' 3.93e+14 63.1 4.2 1 Melandri et al.(2014)
0.0358 DAO Skynet i 3.93e+14 73.4 23.4 1 Lacluyze et al(2012)
0.0396 Liverpool RATCam 7' 3.28e+14 87.1 8.4 1 Melandri et al.(2014)
0.0709 T17 CDK17 CR 4.56e+14 77 15.6 1 Hentunen et al(2012
0.32 LOAO im R 4.56e+14 272 15.4 1 Jang et al(2012
0.324 LOAO Im R 4.56e+14 298 11.2 1 Jang et al(2012
0.327 LOAO Im R 4.56e+14 277 10.4 1 Jang et al(2012
0.331 LOAO im R 4.56e+14 224 6.28 1 Jang et al(2012
0.335 LOAO im R 4.56e+14 212 5.94 1 Jang et al(2012
0.338 LOAO im R 4.56e+14 180 5.03 1 Jang et al(2012
0.367 McDonald CQUEAN 1 4.8le+14 173 2.2 1 Urata et al (2014
0.371 McDonald CQUEAN T 3.93e+14 181 1 1 Urata et al(2014*
0.375 McDonald CQUEAN Z 3.28e+14 233 1.6 1 Urata et al (2014
0.379 McDonald CQUEAN Y’ 2.94e+14 264 4 1 Urata et al(2014*
0.383 McDonald CQUEAN ¢ 4.8le+14 164 0.8 1 Urata et al(2014*
0.387 McDonald CQUEAN T 3.93e+14 185 0.5 1 Urata et al(2014*
0.391 McDonald CQUEAN 7’ 3.28e+14 231 2.1 1 Urata et al (2014
0.398 McDonald CQUEAN 1 4.8le+14 151 2.7 1 Urata et al (2014
0.402 McDonald CQUEAN i’ 3.93e+14 190 2.3 1 Urata et ah(2014)iE
0.405 McDonald CQUEAN Z 3.28e+14 225 7.3 1 Urata et al (2014
0.418 McDonald CQUEAN ¢ 6.29e+14 115 3.39 1 Urata et al(2014*
0.425 McDonald CQUEAN 1 4.81e+14 148 1 1 Urata et al(2014*
0.429 McDonald CQUEAN T 3.93e+14 166 3.9 1 Urata et al(2014*
0.737 GMG 2.4m R 4.56e+14 101 9.79 1 Zhao et al(2012
0.742 GMG 2.4m \Y 5.55e+14 148 14.2 1 Zhao et al(2012
0.747 Lulin LOT i 3.93e+14 99.1 2.1 1 Urata et al(2014*
0.747 Lulin LOT g  6.29e+14 55.3 0.212 1 Urata et al (20141
0.75 GMG 2.4m R 4.56e+14 92.6 8.93 1 Zhao et al(2012
0.754 GMG 2.4m \Y 5.55e+14 135 13 1 Zhao et al(2012
0.758 Lulin LOT r 4.8le+14 85.2 1.11 1 Urata et al(2014*
0.758 Lulin LOT z 3.28e+14 132 8.8 1 Urata et al(2014*
0.794 Lulin LOT i 3.93e+14 98.2 2.8 1 Urata et al(2014*
0.806 Lulin LOT z 3.28e+14 109 8.5 1 Urata et al(2014*
0.81 Xinglong TNT R 4.56e+14 115 36.7 1 Xin et al. (20123
0.842 Maisoncelles 30cm R 4.56e+14 111 10.7 1 Sudilovsky et al(2012
0.92 BBO 320mm R 4.56e+14 140 9.33 1 Melandri et al.(2014)
1.36 McDonald CQUEAN r 4.8le+14 49.5 0.36 1 Urata et al (2014
1.36 McDonald CQUEAN TV 3.93e+14 62.9 0.3 1 Urata et al(2014*
1.37 McDonald CQUEAN Z 3.28e+14 75.6 0.6 1 Urata et al (2014
1.37 McDonald CQUEAN VY’ 2.94e+14 83.4 2.5 1 Urata et al(2014*
1.38 McDonald CQUEAN ¢’ 6.29e+14 31 0.72 1 Urata et al(2014*
1.39 LOAO im R 4.56e+14 89.3 15.8 1 Urata et al(2014*
1.43 FLWO PAIRITEL K 1.37e+14 248 64.1 1 Melandri et al.(2014)
1.43 FLWO PAIRITEL H 1.84e+14 308 137 1 Melandri et al.(2014)
1.43 FLWO PAIRITEL J 2.38e+14 121 53.7 1 Melandri et al.(2014)
1.66 Ishigakijima MITSUME R 4.56e+14 52.8 4.56 1 Melandri et al.(2014)
1.66 Ishigakijima MITSUME g’ 6.29e+14 21.3 2.93 1 Melandri et al.(2014)
1.71 Ishigakijima MITSUME R 4.56e+14 47.7 4.12 1 Melandri et al.(2014)
1.71 Ishigakiima MITSUME g’ 6.29e+14 20.5 3.04 1 Melandri et al.(2014)
1.82 Xinglong TNT R  4.56e+14 57.3 18.2 1 Xin et al. (20123
1.9 Hanle HCT R 4.56e+14 41.2 2.74 1 Sahu et al(2012
2.01 BBO 320mm R 4.56e+14 56.8 8.42 1 Melandri et al.(2014)
2.15 Ishigakiima MITSUME | 3.93e+14 36.6 7.4 1 Melandri et al.(2014)
2.34 McDonald CQUEAN 1 4.8le+14 23.8 3.68 1 Urata et ah(2014)iE
2.35 McDonald CQUEAN i’ 3.93e+14 33.3 5.34 1 Urata et al (2014
2.35 McDonald CQUEAN Z 3.28e+14 42.7 15.4 1 Urata et al (2014
2.38 McDonald CQUEAN Y’ 2.94e+14 59.6 5.4 1 Urata et al(2014*
2.4 LOAO im R  4.56e+l4 415 7.08 1 Urata et al(2014*
2.4 McDonald CQUEAN ¢ 6.29e+14 18.6 1.81 1 Urata et al(2014*
2.42 FLWO PAIRITEL K 1.37e+14 168 43.6 1 Melandri et al.(2014)
2.42 FLWO PAIRITEL H 1.84e+14 123 71.8 1 Melandri et al.(2014)
2.42 FLWO PAIRITEL J 2.38e+14 43.8 25.6 1 Melandri et al.(2014)
2.43 McDonald CQUEAN r 4.8le+14 26.1 1.3 1 Urata et al (2014
2.43 McDonald CQUEAN i’ 3.93e+14 30.5 2.71 1 Urata et ah(2014)iE
2.44 McDonald CQUEAN Z 3.28e+14 42.8 5.47 1 Urata et al (2014
2.6 Ishigakijima MITSUME R 4.56e+14 30.6 5.19 1 Melandri et al.(2014)
2.6 Ishigakiima MITSUME ¢’ 6.29e+14 14.3 491 1 Melandri et al.(2014)
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Table 2 — Continued

t—to Observatory  Telescope / Filter Frequency Flux defisityUncertainty —Detection? Reference
(days) Instrument (Hz) j78)%)} (udy) (1 =VYes)

3 BBO 320mm R 4.56e+14 28 9.24 1 Melandri et al.(2014)
3.32 McDonald CQUEAN TV 3.93e+14 21.2 0.864 1 Urata et al(2014*
3.33 McDonald CQUEAN Z 3.28e+14 28.1 2.03 1 Urata et al(2014*
3.33 McDonald CQUEAN Y’ 2.94e+14 44.5 5.3 1 Urata et al(2014*
3.34 McDonald CQUEAN r 4.8le+14 16.8 0.868 1 Urata et al(2014*
3.38 McDonald CQUEAN ¢ 6.29e+14 11.6 1.33 1 Urata et al(2014*
3.43 McDonald CQUEAN TV 3.93e+14 21.2 5.02 1 Urata et al(2014*
3.49 LOAO im R 4.56e+14 23 3.74 1 Urata et ah(2014)iE
3.71 Ishigakijima MITSUME R 4.56e+14 16.7 2.47 1 Melandri et al.(2014)
3.73 Ishigakijima MITSUME g’ 6.29e+14 6.31 1.21 1 Melandri et al.(2014)
3.73 Ishigakijima  MITSUME | 3.93e+14 194 4.35 1 Melandri et al.(2014)
3.77 Ishigakijima MITSUME R 4.56e+14 16.8 2.32 1 Melandri et al.(2014)
4.4 McDonald CQUEAN 7 3.28e+14 13.7 2.3 1 Urata et al(2014*
4.41 McDonald CQUEAN TV 3.93e+14 10.8 1.01 1 Urata et al(2014*
4.42 McDonald CQUEAN r 4.8le+14 7.88 0.742 1 Urata et ah(2014)iE
4.43 McDonald CQUEAN g’ 6.29e+14 5.2 0.32 1 Urata et al(2014*
4.43 Palomar P200 J 2.38e+14 31.2 3.65 1 This work
4.45 Palomar P200 K 1.37e+14 33.1 5.97 1 This work
5.25 P60 i 3.93e+14 6.79 0.519 1 This work
5.26 Palomar P60 r 4.8le+14 6.14 0.409 1 This work
5.38 McDonald CQUEAN Z 3.28e+14 6.35 3.62 1 Urata et al (2014
5.39 McDonald CQUEAN i’ 3.93e+14 6.39 1.06 1 Urata et al(2014*
5.41 McDonald CQUEAN r 4.8le+14 4.65 0.735 1 Urata et al (2014
5.42 McDonald CQUEAN ¢’ 6.29e+14 3.1 0.42 1 Urata et al(2014*
5.92 CRO 51cm R 4.56e+14 7.56 3.17 1 Melandri et al.(2014)
5.92 CRO 51cm CR  4.56e+14 5.84 0.563 1 Volnova et al.(2012

6.4 McDonald CQUEAN r 4.8le+14 2.96 0.0931 1 Urata et al(2014*
6.41 McDonald CQUEAN i’ 3.93e+14 4.13 0.526 1 Urata et al (2014
6.42 McDonald CQUEAN Z 3.28e+14 5.11 2.44 1 Urata et al (2014
6.83 LOAO im R 4.56e+14 5.75 0.88 1 Urata et al(2014*
7.24 P60 i 3.93e+14 6.43 0.885 1 This work
7.25 Palomar P60 r 4.81le+14 2.81 0.759 1 This work
7.41 McDonald CQUEAN r 4.8le+14 1.97 0.3 1 Urata et al(2014*
7.51 McDonald CQUEAN TV 3.93e+14 2.44 0.29 1 Urata et al(2014*
8.29 P60 i’ 3.93e+14 3.37 0.5 1 This work
8.3 Palomar P60 r 4.81le+14 2.47 0.392 1 This work
9.29 Palomar P60 r 4.81le+14 2.44 0.236 1 This work
13.3 Palomar P60 r 4.8le+14 1.98 0.4 1 This work
214 Palomar P60 r 4.8le+14 1.64 0.11 1 This work

Note. — TIn cases of non-detections, we report thetpper limit on the independent checks on t,he b_andpass and flux calibration. We

flux density.* We note that the photometry reported in Table Uddta et al. summarize O,U,r observations in Talsle

(2014 yields an unphysical spectral index 8fa~ -4.5. We assume that ~ The Submillimeter Array (SMAHo et al. 2004 observed

these numbers have been scaled by the same factors asdeipdfigure 4 ~ GRB 120326A at a mean frequency of 222 GHz (1.3 mm;

of their paper, and divide thgr’Rizylight curves by a factor of 0.5, 1, 1, 2, 4, ; ;

and 6, respectively. We further assume that the data haveeeot corrected Iower s@eband Cen.tered at 216 GHz, upper sideband a.t 228

for galactic extinction. GHz; PI: Urata). Six epochs of observations were obtained
between 2012 March 26.43 UT (0.37d after the burst) and
2012 April 11.64 UT (16.6d after the burst). These obser-

2.4. Sub-millimeter: CARMA and SMA vations have been reportedlirata et al.(2014. We carried

We observed GRB 120326A with the Combined Array for out an independent reduction of the data using standard MIR
Research in Millimeter Astronomy (CARMA) beginning on 'PL Procedures for the SMA, followed by flagging, imaging
2012 March 30.56 UT (4.52 d after the burst) in continuum and analysis in MIRIAD and the Astronomical Image Pro-

wideband mode with- 8 GHz bandwidth (16 windows, 487.5 ?esEingdSystem l_(l;AII?[S@rt_eiselrlw bzotogf_] VIVe tutilizeg 3%279
: or bandpass calibration in all but the last epoch, where we
i'\rfi';i';l edae‘ig)ct?;naégﬁig gteg“;’g% %egib(t;;rfédFtt\)/\lllc())Vg\ISdgi-an utilized J1924-292. We utilized J1800+784 and J1829+487

: o for gain calibratiod. We utilized MWC349a for flux cali-
tional epochs. Weather conditions were excellent for each : I ;
epoch, with the first observation being taken in C configu- bration, determining a flux density of 1.42 Jy for J1800+784,

ration (maximum baseline370 m), and the following obser- consistent with flux values in the SMA catalog at similar
vations in D configuration (maximum baselind 45 m). For times. We utilized this flux throughout all observationst(no
all observations, we utilized 3C371 for bandpass, ampditud $V°"Y epoch contained useful flux calibrator scans) anedcal
and phase gain calibration, and MWC349 for flux calibration. the gains appropriately. We note an uncertainty in the abso-
We reduced the data using standard procedures in MIRIAD 9 The gain calibrators were separated by more than 20 degreestiie
(Sault et al. 19956 In the last epoch on April 10, we also ob- source; thus some decoherence, resulting in a systemaiictien of the
served 3C273 and 3C279 and utilized these observations agbserved fluxis possible.
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lute flux density scale of 15%. We detect a source at RA Large Array (VLA) starting 5.45d after the burst. We de-
=18h15m37.15s40.02) s, Dec = +69d 185.41’ (4-0.14; tected and tracked the flux density of the afterglow overteigh
J2000). Two epochs obtained on March 31.40 and April 6.51 epochs until 122 d after the burst, until the source had eithe
showed poor noise characteristics, and we do not include the faded below or was barely detectable at thel@vel at all fre-
in our analysis. We measure poorer noise statistics in the ob quencies. Depending on the start time of the observatioas, w
servations than reported hyrata et al.(2014, and also do  used either 3C286 or 3C48 as the flux and bandpass calibra-
not detect the source in the epoch at 3.53d, contrary to thetor; we used J1806+6949 or J1842+6809 as gain calibrator de-
previous analysis of this dataset. We report the resultsiof o  pending on the array configuration and observing frequency.
analysis in Table. We carried out data reduction using the Common Astronomy
Software Applications (CASA). We list our VLA photometry
2.5. Radio: VLA in Table3.

We observed the afterglow at C (4—7 GHz), K (18-25GHz),
and Ka (30-38 GHz) bands using the Karl G. Jansky Very

Table 3
Millimeter and Radio Observations of GRB 120326A
Date t—-ty Observatory Frequency Integration time Flux density ~Uncertainty Detection?
(UT) (days) (GHz) (min) (mJy) (mJy) (1=Yes)

2012 Mar 30.56  4.55 CARMA 92.5 60.3 3.38 0.87 1
2012 Apr 5.53 10.51 CARMA 92.5 73.0 1.46 0.42 1
2012 Apr 10.40 15.51 CARMA 92.5 291.9 0.476 0.17 1
2012 Mar 26.43  0.504 SMA 222 386 3.3 0.90 1

2012 Mar 27.53  1.55 SMA 222 227 2.4 0.80 1

2012 Mar 29.50 3.53 SMA 222 252 <18 0.60 0

2012 Apr 11.64 16.6 SMA 222 201 <24 0.80 0

2012 Mar 31.55 5.66 VLA/C 5.0 8.54 0.674 0.017 1
2012 Mar 31.55 5.66 VLA/C 7.1 4.87 0.369 0.018 1
2012 Mar 31.53  5.64 VLA/C 19.2 9.35 1.25 0.031 1
2012 Mar 31.53 5.64 VLA/C 24.5 7.70 1.49 0.038 1
2012 Apr 04.48 9.42 VLA/C 5.0 5.37 0.411 0.024 1
2012 Apr 04.48 9.42 VLA/C 7.1 6.00 0.561 0.017 1
2012 Apr 04.46 9.41 VLA/C 19.2 7.16 0.825 0.028 1
2012 Apr 04.46 9.40 VLA/C 24.5 8.46 0.936 0.039 1
2012 Apr 04.45 9.40 VLA/C 335 7.16 0.94 0.041 1
2012 Apr 10.55 15.49 VLA/C 5.0 7.59 0.313 0.019 1
2012 Apr 10.55 15.49 VLA/C 7.1 6.72 0.352 0.016 1
2012 Apr 10.53 15.48 VLA/C 19.2 7.87 0.667 0.035 1
2012 Apr 10.53  15.48 VLA/C 24.5 7.88 0.686 0.045 1
2012 Apr 10.52  15.46 VLA/C 335 7.87 0.706 0.053 1
2012 Apr 26.42 31.37 VLA/C 5.0 5.39 0.409 0.022 1
2012 Apr 26.42 31.37 VLA/C 7.1 4.55 0.562 0.020 1
2012 Apr26.41  31.35 VLA/C 19.2 13.34 0.458 0.025 1
2012 Apr 26.41 31.35 VLA/C 24.5 9.43 0.401 0.032 1
2012 Apr 26.39 31.34 VLA/C 335 7.86 0.277 0.034 1
2012 May 27.49 62.44 VLA/B 5.0 6.11 0.217 0.020 1
2012 May 27.49 62.44 VLA/B 7.1 5.10 0.283 0.017 1
2012 May 27.46  62.40 VLA/B 19.2 20.25 0.183 0.017 1
2012 May 27.46  62.40 VLA/B 24.5 21.98 0.142 0.019 1
2012 Jul 26.17 122.1 VLA/B 5.0 9.81 0.057 0.017 1
2012 Jul 26.17 122.1 VLA/B 7.1 9.77 0.072 0.014 1
2012 Jul 26.12 122.1 VLA/B 19.2 31.85 0.052 0.016 1
2012 Jul 26.12 122.1 VLA/B 24.5 26.57 < 0.07 0.023 0

Note. — * The letter following ‘VLA indicates the array configuratio ~ frequencies’: the self-absorption frequeney, below which
f 1o statistical uncertainties from AIPS tasvFl T (CARMA and SMA  Synchrotron self-absorption suppresses the flux, the ctera

observations) or CASA taskVFI T (VLA observations) ¥PI: Y. Urata. istic synchrotron frequency;,, which corresponds to emis-
sion from electrons withy = vmin, and the cooling frequency,
3. BASIC CONSIDERATIONS Ve, above which synchrotron cooling is important; the flux

) . density aty, sets the overall flux normalization. The syn-
We consider the X-ray to radio afterglow of GRB 120326A chrotron model is described in detail Bari et al. (1998,

in the context of the standard synchrotron afterglow model, Chevalier & Li (2000 andGranot & Sari(2002.

where the afterglow emission is produced by synchrotron ra-

diation from a non-thermal distribution of electrons. Thexe

tron energy distribution is assumed to be a power law with . . .

electron number density(y) oc 7P, for v > ymin; hereymin 3.1. X-ray/UV/Optical Re-brightening at 0.4 d

is the minimum Lorentz factor and the electron energy in- A prominent feature of the afterglow light curve of
dex, p is expected to lie between 2 and 3. This electron GRB 120326A is a re-brightening at about 0.4d. We quan-
distribution results in a synchrotron spectrum that candse d tify the shape of the light curve at the re-brightening byrfgt
scribed by a series of power law segments connected at ‘breakhe X-ray data with a smoothly-joined broken power law of
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‘ Using a Markov Chain Monte Carlo simulation usiegCEE
............ (Foreman-Mackey et al. 20},3ve findt, = 0.40+0.01, a3 =
"""" % | 0.52+0.06, anda, =-1.10+0.10.
""""" o In summary, the X-ray/UV/optical light curves exhibit a
.- LN prominent peak, nearly simultaneously in multiple bands (X
- *. rays through the optical), which, therefore, cannot betedla

0% b 1 10 we impose a floor of 12% on the uncertainty of each data posit, a
explained in Sectiod.

to the passage of a synchrotron break frequency. We explore
various explanations for this behavior in Sect®i.4

Flux density (mJy)

3.2. X-ray/radio Steep Declinez, and {e

The X-ray data at> 1.4d exhibit a steep decline, with
ax =—-2.29+0.16. In the standard afterglow model a steep
_ decline ofa =~ —p < -2 at frequencies aboug, is expected
Time (days) after the ‘jet-break’tfe;), when the bulk Lorentz factor;, de-
Figure 1. Broken power law fits to the X-ray (grey, solid),-band (blue, creases below the INverse opening angle of th‘? Metland
dashed), ana-band (red, dotted) light curves for GRB 120326A near the the edges of the collimated outflow become visible. The
re-brightening around 0.35d. X-ray points before 0.15 drateincluded in band light curve also exhibits a shallow-to-steep traoisitit
the fit. Errorbqrs ar-band are typicall_y smaller thar_l the size of the p'Iotted ~ 1.5d, with a post-break decay rate @f = —2.27+0.11,
%rg%(;:;‘ ]{h;;;gﬁqsect:g:sre:r%ol?s(:etg Eﬂe{gﬁgpendem fits antbe frequencies. .o ngistent with the X-rays. These observations suggest tha

the jet break occurs at aboutd. We now consider whether
this interpretation is consistent with the radio obseorai

The multi-wavelength radio SED at 9d is well-fit by a

the form single power law with spectral indexi = 1/3 from 7 GHz
(t/tp) Yor + (t /tp) Yo -1y to 93 GHz (Figure2 and SectiorB.4), indicating thatvy, >
F.=F ( 5 ) ; 1) 93 GHz at this time. In the absence of a jet break, we would

expect the flux density below,, to remain constant (for a

wheret, is the break timeF, is the flux at the break time, ~Wind-like circumburst environment) or rise with time (for a
a1 anda, are the temporal indices before and after the break, constant density circumburst environment). However, &ie r
respectively, ang is the sharpness of the bre#k The X- dio light curves decline after 4.6d at all frequencies from
ray data before 0.15d exhibit a plateau and we therefore re15GHz to 93 GHz. The combination of, > 93GHz at 9d
strict the fit to span 0.15 to 1.25d. We use the Python func-and the declining light curve in the radio bands is only possi
tion curve_fit to estimate these model parameters and ble in the standard afterglow model if a jet break has occlrre
the associated covariance matrix. Our best-fit parameters a before 4.6d. This is consistent with the steepening observe
tp = (0.41+0.02)d, a1 = 0.85+0.19, orp, = —1.22+0.18, and in the X-ray and optical light curves at 1.5d, suggesting

y =544 (Figurel and Table)). thattje; ~ 1.5d. _

The optical data are more sparsely sampled than the X- We note that the flux at a given frequency decays steeply
ray observations. We fit tHd-band data between 0.05d and following a jet break only once, has crossed the observ-
1.25d after fixingy = 5 as suggested by the fit to the better- ing frequency; thus the steepening in the radio light cuives
sampled X-ray light curve. Our derived value of the peak €xpected to be delayed past that of the steepening in the X-
time, t, = 0.31+ 0.04 is marginally earlier than, but close to ray and optical light curves until, passes through the radio
the peak time of the X-ray light curve. The rise and decay Pand. We find that the 7 GHz light curve is consistent with be-
rate inU-band are also statistically consistent with those de- ing flat to 50 d, after which it declines rapidly withagio ~ —2.
rived from the X-ray light curve. Similarly, we fit theband ~ This suggests that;, crosses the 7 GHz band at around 50 d.
light curve between 0.04d and 1.4d, fixigg 5. Since this  Sincevn is expected to decline a%° following the jet break,
time range includes a single point prior to the peak, the peakwe havery ~ 8 x 102Hz at 1.5d if we takeje; ~ 1.5 days.
time and rise rate are degenerate in the fit. We therefore fixThus v, is below both the X-rays and the optical frequen-
tp = 0.31 as derived from the -band fit. The best-fit parame- cies att = tj;, consistent with the steepening being observed
ters are listed in Tablé, and are consistent with those derived around the same time in the X-ray and optical bands.
for the UV and X-ray light curves. To summarize, a simultaneous steepening in the X-ray and

Finally, we fit the X-ray, UV, and interpolated optical/NIR optical light curves between 1 and 2d indicates thats
data jointly, where the three light curves are constraimed t 1.5d. Taken together with a similar steepening observed in
the same rise and decay rate, time of peak, and sharpness difie 7 GHz radio light curve around 50d, we find ~ 7 GHz
the break, with independent normalizations in the threelban at 50 d.

Table 4
Parameters for broken power law fit to X-ray/UV/optical mghtening for GRB 120326A

XRT U-band z-band Joint (MCMC)

Break time/ty, (d) 0.414+0.02 031+0.04 031f 0.40+0.02
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Table 4 — Continued

XRT

U-band

z-band Joint (MCMC)

123+ 0.05

0.85+0.19

-1.22+£0.18
5.0+4.0

Flux density aty, F, (uJy)
Rise rateoy

Decay rateq
Smoothnessy

08

Note. — T Parameters fixed during fit (see text for details). We
used a flat prior on all parameters, with the rangges [0.05,1.0], Fyx €

[1x 1041 x 102ImJy, Fyuv € [5 x 103,1 x 10 mJy, Ry € [1 x
1072,2]mJyps € [0.1,5.0],a2 € [-5.0,0.0], andy € [0.5,30].

3.3. The Circumburst Density Profile and the Locationspf

The density profile in the immediate (sub-pc scale) envirc
ment of the GRB progenitor impacts the hydrodynamic evo
tion of the shock powering the GRB afterglow. The evolutic
of the shock Lorentz factor is directly reflected in the afte
glow light curves at all frequencies and multi-band modglii
of GRB afterglows therefore allows us to disentangle déffer
density profiles. Since the progenitors of long-duratiorBSR
are believed to be massive stars, the circumburst density-st
ture is expected to be shaped by the stellar wind of the p
genitor into a profile that falls of ag(r) = Ar2 with radius
r. HereA=M,,/4nV,, = 5 x 10"A, gcni? is a constant pro-
portional to the progenitor mass-loss radg (assumed con-
stant), for a given wind spee¥,, (Chevalier & Li 2000, and
A, is a dimensionless parametrization, correspondindie
1x 10°Mgyr?t andV,, = 1000kms!. Alternatively, the
shock may directly encounter the uniform interstellar medi
(ISM). Both wind- and ISM-like environments have been in-
ferred for different events from previous observations BB5
afterglows (e.g.,Panaitescu & Kumar 20Q0Harrison et al.
2001 Panaitescu & Kumar 20012002 Yostetal. 2002
Frail etal. 2003 Chandra etal. 2008Cenko etal. 2010
2011 Laskaretal. 201,320149. Here, we explore the con-
straints on the progenitor environment of GRB 120326A.

The spectral index between the PAIRITEKL:-band obser-
vation at 1.4d Korgan 2012 and the X-rays iSBnrx =
-0.96+ 0.05 (Figure3), which is consistent with the X-ray
spectral index oftsy = —-0.85+ 0.04 (Sectior2.1) at 27, sug-

gesting that the NIR, optical, and X-ray bands are located on
the same power law segment of the afterglow SED at 1.4 d. At

the same time, the spectral index within the NIR/opticaldsan
is 5 =-1.80+0.16, indicating that extinction is present.
Sincefnir.x =~ Bx ~ —0.90, the cooling frequency, must
lie either below the NIR or above the X-rays at 1.4d. For
Ve < VR, We would infer an electron energy index~ 1.8
and a light curve decay rate af~ —0.85 regardless of the cir-
cumburst density profile. On the other hang;> vy requires
p ~ 2.8 with oo ~ -1.35 for a constant density environment
anda =~ -1.85 for a wind-like environment. Actual measure-
ments of the light curve decay rate~atl.4 d are complicated
by the presence of the jet break at around this time. The op
tical and X-ray light curves decline a =-2.05+0.13 and
ax = 2.29+ 0.16 after the jet break, with the expected decay
rate beingn ~ —p (Rhoads 1999Sari et al. 1999 This in-
dicatesp ~ 2 (Section3.2) andv; < vy, for an ISM model.
Upon detailed investigation (Sectidh, we find that ap ~ 2
model with an ISM-like environment fits the data after the re-
brightening well. This model additionally requires < vn,
(fast cooling) until~ 2d. For completeness, we present our
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Figure 2. Afterglow SED for GRB 120326A at 9d from 5 GHz to 92.5 GHz
together with a best fit power law fit to the data above 7 GHz. Sgeetrum

is optically thin with a spectral index 0f%35+0.93 from 7 GHz to 92.5 GHz.
The 5 GHz observation shows evidence of synchrotron seibltion.
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Figure 3. Afterglow SED for GRB 120326A at 0.33d from the NIR to the
X-rays together with the best fit forward shock model (retid$oThe optical
and UV data exhibit a clear decrement due to extinction inhib&t galaxy.
The solid line is the SED from the highest-likelihood modetldhe dashed
curve indicates the SED in the absence of absorption alangrte of sight

to the GRB by the Milky Way and the GRB host (Sectiori). The spectral
break apparent in the model SEDat10" Hz is vm. The data above:
9x 10" Hz (Ly-« in GRB rest frame) are likely affected by absorption by
the intergalactic medium (IGM) along the line of sight.

investigation of the wind model in Appendix

3.4. Location ofy,

The radio SED from 7 GHz to 93 GHz at 9 days is opti-
cally thin with a spectral slope ¢f = 0.334+0.04 (Figure2),
suggesting thaty, lies above 93 GHz and, lies below 7 GHz
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at this time. This is consistent with the passage.pthrough

7 GHz at 50d inferred in Sectich2 The spectral index be-
tween5GHz and 7 GHz at 9d,=0.92+0.23, is steeper than
v%/3. This may suggest that the synchrotron self-absorption
frequencyy, =~ 5 GHz. However, this spectral index does not
show a monotonic trend with time. Since this part of the ra-
dio spectrum is strongly affected by interstellar sciatithn
(ISS) in the ISM of the Milky Way, a unique interpretation
of the observed spectral index is difficult at these freqiesnc
This difficulty in constraining/, results in degeneracies in the
physical parameters. We return to this pointin Secfdn

4. MULTI-WAVELENGTH MODELING

Laskar et al.

e~ 0.33,ep ~ 0.33,n9 ~ 0.27cn3, Ex jso &~ 1.4 x 10°3erg,
tier ~ 1.5d, Ay = 0.48 mag, and am’-band flux density of
2.3uJy for the host galaxy. The spectrumis in fast cooling un-
til 1.4 d. During the fast cooling phase, splits into two dis-
tinct frequenciesr,c andvs, (Granot & Sari 2002 The spec-
trum has the Rayleigh-Jeans shag® pelowr,., and a slope
of 18 betweens,c andrss For the highest likelihood model,
the break frequenciésare located at/,c ~ 2.8 x 10° Hz,
Vsa~ 4.9 x 10°Hz, v ~ 9.3 x 10", andyy, ~ 1.5 x 101°Hz
at 1d and the peak flux density4s18 mJy atv.. vy, evolves
ast™ following the jet break atz 1.5d to~ 7.7 GHz at 50 d,
consistent with the basic considerations outlined in acti
3.2 The Comptory-parameter is¢ 0.6, indicating that cool-

Although the panchromatic peak at 0.4 d is a unique featureing due to inverse-Compton scattering is moderately signifi

of GRB 120326A, the X-ray, optical, and radio light curves of
this event exhibits standard afterglow features aftertthis,
with evidence for an un-broken power law spectrum extend-
ing from the optical to the X-rays (Sectidh3d), a "’ spec-
trum in the radio (SectioB.4), and evidence for a jet break at
tiet = 1.5d. (Sectior.2). We therefore determine the physi-
cal properties of this event by using observations afteXxthe
ray/optical peak. We model the datgza0.4 d as arising from
the afterglow blastwave, using the smoothly-connectedgpow
law synchrotron spectra described Byanot & Sari(2002.

We compute the break frequencies and normalizations using

the standard parameters: the fractions of the blastwawggne
imparted to relativistic electronsd) and magnetic fieldsg),
the kinetic energyHx iso), and the circumburst density).
We also use the SMC extinction cufvéPei 1992 to model
the extinction in the host galaxy\(). Since theR-band light
curve flattens atz 10 days due to contribution from the host,
we fit for the R-band flux density of the host galaxy as an
additional free parameter.

The various possible orderings of the spectral break fre-
quencies (e.g.wm < v¢: ‘slow cooling’ andi, < vpy: ‘fast
cooling’) give rise to five possible shapes of the afterglow
SED (Granot & Sari 2002 Due to the hydrodynamics of
the blastwave, the break frequencies evolve with time aed th

cant.

We present histograms of the marginalized posterior densit
for each parameter in Figufe Most of our radio observa-
tions are after the transition to slow cooling, at which time
lies below the lowest radio frequency observed, resultmg i
degeneracies between the model parameters (FRuréve
summarize the results of our MCMC analysis in Tahle

tiet/(1+2)

Using the relation
1 3
8 8
J (7)o

for the jet opening angleSari et al. 1999 and the distribu-
tions of Ex jso, No, andtjer from our MCMC simulations, we
find Ot = 4.6 £ 0.2 degrees. Applying the beaming correc-

tion, E = Eiso(1 - coYjer), We findE, = (1.0+ 0.1) x 10°%rg
(1-1C0'keV; rest frame) anéx = (4.6"32) x 10°%erg.

5.2. X-ray/UV/optical Re-brightening

We now consider physical explanations of the unusual re-
brightening between 0.1 and 1 day observed in the X-ray, UV,
and optical bands.

Scattering by dust grains in the host galaxy of GRBs has
been suggested as a potential explanation for the shallew de

Ex iso52
No

ejet =0.17 (

SED transitions between spectral shapes. To preserve Bmootcay phase of X-ray light curveShao & Dai 200). However,
light curves when break frequencies cross and the spectrathis mechanism is expected to cause a significant softerfiing o
shape changes, we employ the weighting schemes describethe X-ray spectrum with timeShen et al. 2008 and cannot

in Laskar et al.(2014 to compute the afterglow SED as a
function of time. To efficiently and rapidly sample the avail

produce light curves that rise with time, as is observedn th
case of GRB 120326A at about 0.4d. The bump can also

able parameter space, we carry out a Markov Chain Montenot be caused by the passage of a spectral break frequency,

Carlo (MCMC) analysis using a python implementation of the
ensemble MCMC sampleeMCEE (Foreman-Mackey et al.
2013. For a detailed discussion of our modeling scheme,
seelaskar et al.(2019. To account for heterogeneity of
UV/Optical/NIR data collected from different observats;

we usually impose an uncertainty floor of 5% prior to fitting
with our modeling software. For this GRB, we find that the
fit is driven by the optical data at the expense of fits at the
radio and X-ray bands, which we mitigate by increasing the
uncertainty floor further to 12%. We additionally correct fo
the effect of inverse Compton cooling (Appendix.

5. RESULTS FOR GRB 120326A
5.1. Multi-wavelength model gt 0.4d
In confirmation of the basic analysis presented in Section
3.3 our highest likelihood model (Figuré¢) hasp ~ 2.09,

11 Our previous work shows negligible changes in the blastwmarame-
ters with LMC and Milky Way-like extinction curved @skar et al. 2014

since it occurs almost simultaneously in the X-ray, UV, and
optical bands. Four remaining potential models for the bump
are: (1) onset of the afterglow, (2) geometric effects dunto
observer located outside the jet (off-axis scenario), (@@

sity enhancement in the circumburst environment, and (4) a
refreshed shock (energy injection scenario). We now egplor
these possibilities in turn.

5.2.1. Afterglow onset

In this scenario, the peak of the light curve emission cor-
responds to emission from a reverse shock due to deceler-
ation of the ejecta by the surrounding material. The ejecta
are assumed to be composed of a conical shell segment at
a single Lorentz factor. The reverse shock light curves be-
fore and after the deceleration time depend on the propgertie

12 y¢ here is reported ag/vavir, wherevs and vq; are (differently-
normalized) expressions for the cooling frequency in tlwvstooling and
fast cooling regimes, respectivel(anot & Sari 200®, such thatvz/v11 =

10.87(p—0.46)e7116P . We findvs = 1.2 x 1013 andyy, = 7.4 x 1012 at 1 d.
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lines), including energy injection before 0.4d. The X-ratalbefore 0.004d is likely dominated by high-latitude pppemission and we do not include these
data in our analysis. The dashed envelopes around the fghiacurves indicate the expected effect of scintillatiorthe 1o level. The data prior to the end of
the re-brightening at 0.4 d (open symbols) are not used &rmi@te the parameters of the forward shock in the MCMC arslyEhe SwiffUVOT data in the
uvw2anduvm2bands are strongly affected by IGM absorption and are naidec in the analysis. Bottom right: blastwave Lorentzda¢green, dashed; upper
sub-panel) and isotropic equivalent kinetic energy (retidsupper sub-panel) as a function of time, together wlith énergy distribution across ejecta Lorentz
factors (black, solid; lower sub-panel) as determined ffitting the X-ray/UV/optical re-brightening at 0.4 d.

206 208 210 212 214
T T T T T

8.0x10° -
6.0 310" -
4.0 x10°

2.0 x10° 1

p

2.0 x10°
1.5 x10°

1.0 x10°

€,

e

0.270 0.285 0.300 0.315 0.330
| — T T

0.

5 0.10 0.15 0.20 0.25 0.30 0.35
T T T T

2.0x10°F

1.5 %107

1.0x10°

‘B

1.0 x10° -
8.0x10'
6.0 x10'
4.010°

2.0 x10° -

8.0x10°

6.0x10'

10x10°

2.0x10' 1

. 5010
5.0x10°
016 024 032 040 048 120 135 150 1.65 1.80
L S Lax10b LOX10° =T T T T T
n o t
0 12071 8010 et
1.0%10° -
6.0x10°
8.0x10°
6.0 x10° - 4.0x10°
4.010°
20x10°
2.0 x10'
034 0.36 0.38 040 0.42 0.44 0.46 400 425 450 4.75 500 525 32 40 48 56 64
T T Lo T T T T T T T
. 2.0 x10°
Ay ) Oset Ex 50
8.0x10°
15%10° -
6.0x10°
1.0x10° -
10x10"
/ 20x10° / 500"

Figure 5. Posterior probability density functions for the physicatameters
of GRB 120326A in the ISM model from MCMC simulations. We have

restrictedee < /3 andeg < 1/3.
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shock light curves for a constant density environment dépen
upon whether the ejecta shell is thick{ > I/ZF?{Q’) or thin
(Ag > I/ZF?{Q’), whereA is the initial shell width,I'g is the

of the environment (ISM or wind) and the ejecta. Reverse initial Lorentz factor of the ejecta arld= (3E/47rnompc2)1/3
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is the Sedov lengthKobayashi 2000 Similarly, when the
circumburst medium has a wind-like profile, the light curves
again depend on whethex, > E/4rAcT¢ (thick shell) or
Ag < E/4nAc’T§ (thin shell;Kobayashi & Zhang 2003

In the thick shell case, the reverse shock crosses the eject
in a time comparable to the burst duratien, and the light

Laskar et al.

(e.g., Berger et al. 2000Lazzati et al. 2002Schaefer et al.
2003. However, the flux density at frequencies aboyéfor
slow-cooling spectra) and abovg, (for fast cooling spec-
tra) are insensitive to variations in the circumburst dignsi
fNakar & Granot 200). In the case of GRB 120326A, a re-
brightening is observed both in the UV/optical and in the X-

curves at all frequencies are expected to peak at that timg@ys. The X-rays are located above bothand vy, in the

scale. In the case of GRB 120326# in the SwiffBAT
band is~ 27 s, which is much shorter than the observed time
at which the light curves peakseak~ 0.4d. Thus, the re-
brightening cannot be explained by reverse shock emisgion i
the thick shell case.

In the thin shell case, temporal separation is expected be-

tween the GRB itself and the peak of the reverse shock,
which occurs when the RS crosses the shelltat=

90Ei/.fs’0.52n61/ 31“5?{555 (ISM environmentKobayashi 200p

ort=29x 10%(1+2)Ex jsos2l 5 h00A: - S (wind environment;
Zou et al. 200h A reverse shock peak at4d would imply

a rather low burst Lorentz factor d@fy ~ 17. Additionally,

the light curves at all frequencies would be expected to rise
until t, and decline thereafter (except aboxavhere the flux

is constant untit, and disappears aftey). The observedr-

p~ 2.1 (fast cooling) model. Thus in our favored afterglow
model, the X-ray re-brightening cannot be due to a density
enhancement.

5.2.4. Energy injection model

An alternative model for a re-brightening of the afterglow
is the injection of energy into the blastwave shock due to
prolonged central engine activity, deceleration of a Poynt
ing flux dominated outflow, or the presence of substantial
ejecta mass (and hence kinetic energy) at low Lorentz fac-
tors (Dai & Lu 1998 Rees & Meszaros 1998umar & Piran
200Q Sari & Mészaros 20Q@hang & Mészaros 2002002
Granot & Kumar 2006 Zhang et al. 2006 Dall'Osso et al.
2011 Uhm et al. 2012 This mechanism has been invoked to
explain plateaus in the observed light curves of a largditrac

of GRB X-ray afterglows flousek et al. 20Q6Liang et al.

band light curve, on the other hand, declines between 1002007 Yu & Dai 2007, Margutti et al. 2010pHascoét et al.

and 500s, followed by a flat segment until 3500 s, followed
by the rise into the bump at&fd. This combination of a flat
portion followed by a rise cannot be explained as being due to
a reverse shock.

Thus the onset of the afterglow does not provide a viable ex-
planation for the re-brightening regardless of densityfifeo
and whether the ejecta are in the thick- or thin-shell regime

5.2.2. Off-axis model

We now investigate the re-brightening in the context of
viewing geometry effects. We consider a jet with an open-
ing half-angle fiet, viewed from an angléqps. While small
offsets in the observer’s viewing angle relative to the jasa

do not cause significant changes in the light curves providedtl_o’mli

thatfons S Ojet, it is possible to obtain arising light curve when
Oobs 2, 20;et (Granot et al. 200120032). In this case, the time
of the peak of the light curvé, is related to the jet break time
for an on-axis viewer ag, ~ (5+2|n®)@2tjet 2 Stiet, Where
© = Oobs/biet—1 2 1 (Granot et al. 2002 This implies that
for a light curve that peaks at 0.4d, the on-axis jet break
time must have occurred earlier,;at2 hours.

In this case, the radio light curves are expected to rise un-
til the observer’s line of sight enters the beaming cone of
the jet and then approximately converge with the predicted
on-axis light curves after 0.4d. After the jet break, the flux
density declines as? for v < vy and ast™ for v > vy
(for an on-axis observeiSari et al. 1999 Thus, the radio
light curves should be declining at all frequencies aftér.
However, the flux density at the 15.75GHz AMI-LA band
rises from (034+0.14)mJy at 0.31d to (@7+ 0.08) mJy
at 7.15d, which is inconsistent with this expectation. This

2012 Xinetal. 2012. In this section, we explore the
energy-injection model as a possible explanation for the X-
ray/UV/optical re-brightening at 0.4 d.

Models involving a transfer of energy from braking radia-
tion of millisecond magnetars into the forward shock predic
plateaus in X-ray light curves but do not generally lead te-a r
brightening. In particular, they require an injection lunos-
ity, L oc t% (corresponding to an increase in the blastwave en-
ergy with time as€E o t1*9), with g < 0. In ourp ~ 2.1 model,
the X-rays are located above the cooling frequency. In this
regime, the flux density above is F,-,, oc ECiP/4t@-2p)/4
(Granot & Sari 200 For p ~ 2.1, this reduces t&, -, o
EL%3t"11. During energy injectionE oc t™, such thaf, -, o
The steep riseay = 0.85+ 0.19; Section3.1)
requiresm=189+0.18 org= m-1=089+0.18. En-
ergy injection due to spin-down or gravitational wave radi-
ation from a magnetar is expected to provide at best a con-
stant luminosity § < 0). Thus the observed re-brightening
cannot be explained by energy injection from a magnetar.
In the case of energy injection due to fall-back accretion
onto a black hole, the expected accretion rat®fisc t™/3
(Phinney 1989 which is also insufficient to power the ob-
served plateaus. Similarly, central engine activity is-usu
ally associated with flaring behavior in X-raBrrows et al.
2005a Fan & Wei 2005 Falcone et al. 20Q@Proga & Zhang
2006 Perna et al. 20Q6Zhang et al. 2006Chincarini et al.
2007, 201Q Margutti et al. 2010aBernardinietal. 2011
Margultti et al. 2011)pand optical i et al. 2013 light curves,
but it involves shorter characteristic time scalég (t < 1)
than observed for GRB 120326A at 0.4d.

In the standard afterglow model, the ejecta are assumed

argues against the off-axis model as an explanation for they, paye a single Lorentz factor. We now relax this assump-

X-ray/UV/optical re-brightening.

5.2.3. Density enhancement

tion and consider models including a distribution of Loeent
factors in the ejecta as a possible explanation for the &te r
brighteningin GRB 120326A. Provided they are released over

If the blastwave encounters an enhancement in the locala time range small compared to the afterglow timescale, the

density as it propagates into the circumburst environnaamt,
increase in the flux density is expected. Bumps in afterglow

ejecta arrange themselves in homologous expansion with the
Lorentz factors monotonically increasing with distancandr

light curves have been ascribed to this phenomenon in the pashe source Kumar & Piran 200D. We follow the formal-
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ism of Sari & Mészarog2000, where the ejecta are assumed dex,a ~ 0.6 (Section3.1) and p ~ 2 (Section5.1), this im-

to possess a continuous distribution of Lorentz factorfisuc pliesm~ 1.6, which corresponds ®= 223 ~ 10.

that a massM(> I') o« I'"® is moving with Lorentz factors For a detailed analysis, we use the afterglow parameters for
greater tharl with corresponding energ§ (> TI') oc I'™S* the maximum likelihood model listed in Sectiénl as our
down to some minimum Lorentz factdrmi, (also known as  starting model (which explains all available multi-wawgj¢h

the ‘massive-ejecta model’). Additionally, we posit a maxi data after the re-brightening). We then reduce the energy at
mum Lorentz factor for this distributiol;max, corresponding  earlier times as a power law with time,

to the Lorentz factor of the blastwaJdésy at the onset of

energy injection. In this model, there is a gap between the Ex isofs " t>1o
blastwave, which is powered by an initial shell of fast-nmayi _ _ (L)
ejecta, and the leading edge of the remaining ejecta travel- Eiisolt) = Exisof () b<t<b (3

ing atI'max. When these slower ejecta shells catch up with Ex isoi = Ex isof (I_l)m t <ty
the blastwave at a time whdPpw(t) ~ I'max they begin de- o AT B

positing energy into the blastwave, and energy injection-Co  \yhere Ex iso; and Ex isof are the initial and final energy of
mences. This proceeds until the lowest energy ejecta ldcate {he plastwave, respectively, with the latter fixed to theueal
atI'min have transferred their energy to the blastwave, and thegetermined by our MCMC analysis of the dataxad.4 d. En-
subsequent evolution proceeds like a standard afterglow po ergy injection into the blastwave at the r&) o t™ begins
ered by a blastwave with increased energy. T_he I__orentz fac-; t; and ends ap, with to, t;, andm being free parameters
tor of the blastwave at the end of energy injection is theeefo i, this model. We compute the spectrum at each time accord-
I'min, Which can be determined from modeling the subsequentiyq 1 the instantaneous energy in the blastwave, adjusig
afterglow evolution and invoking the standard hydrodynami parameters, andt; by hand until the resulting light curves
cal framework. . . ) ) i match the observations.

For an ambient medium with a density profifex r'*, the We find that the X-ray and optical light curves can be
energy of the blastwave increasestasc t™ during the pe-  modeled well by a single period of energy injection, with
riod of energy injection, wheté m= &XEL Foraconstant  Ey s, = 1.4 x 10%ergt/0.38d)-4 betweert; = 4.3 x 102d
density mediumK = 0) this translates tm= 32 which is andtp = 0.38 d (Figured). In this model, the blastwave energy
bounded (6< m < 3 for s€ [1,00)) while for a'wind-like en-  atthe start of energy injection E isoi ~ 5.9 x 10°* erg. Thus
vironment k = 2) we havem= :% which is also bounded = 96% of the final energy of the blastwave is injected during
(O<m<1forse[1,00)). this episode. In comparisoR,, iso = (3.15+0.12) x 10°%erg

For GRB 120326A, the optical and X-ray light curves are (Section3). The blastwave Lorentz factor can be computed
located above both,, andv, and the spectrum is fast cool- from the expressiol’ = 3_65EK7iso7521/8n81/8t—3/8(1+ 2)3/8

ing (vc < vm; Section5.1). In this regime, the flux den-  (Granot & Sari 200p and isT" ~ 19 at the start of energy

sity depends on the blastwave energy and timeFasx  injection, decreasing tb ~ 13 at 038d. Interpreted in the
E@P)/4(2-30)/4 Writing E = Eo(t/to)™ for the energy injec-  context of the massive-ejecta model, the energy injectite r
tion episode, this implieB, o tIGPM2-301/4 o ™1 for p=2. of m=1.44 would implys = 8.4, corresponding to an ejecta
Since the optical and X-ray light curves rise with tempomal i distribution withE(>T') oc T¥ S oc I 74 for 13< T < 19.

Table 5

Energy injection in GRB afterglows

GRB 100418A 100901A 120326A 120404A
Redshift,z 0.6235 1.408 1.798 2.876
Too (S) 80+£20 439+ 33 118+18 387+41

E, iso (erg; 1-18 keV, rest frame) D83 x 100 (8+1)x10°P? (3.2+£0.1)x 1052 (9+4) x 10°2

Best fit model*

section in text 6.1.2 6.2.2 5.1 6.3.2
circumburst environment ISM ISM ISM ISM
p 214 203 209 206
€e 0.12 033 033 027
€8 1.1x 1072 0.32 033 016
no (cm3) 14 32x 1078 0.27 28x 107
Exiso (10P? erg) 336 297 137 123
Ay (mag) <01 0.1 0.40 013
tier (days) 169 0.96 154 66x 1072
Ojet (deg) 204 21 4.7 31
Ex (10°Cerg) 211 21 45 17

13 Other authors have defined this in terms of luminosity, Witk t™9, or E oct19, Thusm= 1-q
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Table 5 — Continued

GRB 100418A 100901A 120326A 120404A
E, (10 erg; 1-10 keV, rest frame) B2 05 10 13
Peak time of re-brightening (d) 6+0.13 036+0.02 040+0.01 (28+0.4)x 1072
Ex isoinitial (€7Q) 10 % 10°0 5.4 x 10P2 3.1x 10! 4.4 % 10°1
Ex initial (€7) 63 x 10*8 3.8x 10 8.7 x 10%8 6.4 x 108

MCMC Results*

p 213582 2.05+0.01 2095 0.007 207+0.02
e 1293100 03088 0329998 02738
@ 0433x10°  0128% 031581 013832
no (cm™3) 1.6:04 7.281 x 1073 0.27°93, 352 x 10
log (no) 0.2240.09 -2.1103 -0.57+0.06 25104

Ex iso (10°2 erg) 3639 311158 140+0.07 13333
Av (mag) <01 0.09+0.01 040+0.01 013+0.01
tiet (days) 173+1.0 0.97+0.02 155+0.06 (69+0.8)x 1072
Ojet (deg) 209+05 24+0.1 46+0.2 31+03
Ex (10°erg) 24 g 246%:‘11 4. 6f8€ 240f8:g
E,(10°erg; 1-10keV, rest frame) 66+ 0.33 0704+0.10 104+0.10 13406

Note. — * Note that the parameters for the best-fit model may differP@nds simultaneous with an X-ray plateddapgano et al.
slightly from the results from the MCMC analysis. This is dese the for-  2007). Similarly, thez~ 6 GRB 120521C exhibited an X-ray

mer is the peak of the likelihood distribution (and is appiate for generat-  plateau at the same time as a bump in#@and light curve

ing model light curves), while the latter is summarized hes&8% credible :
intervals about the median of the marginalized posteriarsitig functions (LaSkar etal. 201)4 GRB 081028 was one of the first events

for each parameter. The posterior density serves as ourebtistate for ~ With a well-sampled rising X-ray light curve following the
the value of each parameter, and may be asymmetric abougline sorre- ~ steep decay phase with a concomitant optical re-brighgenin

sponding to the highest-likelihood model. (Margutti et al. 2010p An X-ray re-brightening simultane-
t In instances where the measured valuagpans more than about afactor 4,5 with a re-brightening irBwiffUVOT observations was
f;fgz,;o'?g;“ g,;scgs';‘g_ re meaningful quantity. We therefore report bwfland o001y for GRB 100418A and interpreted as energy injection
by Marshall et al.(2017). Gorbovskoy et al(2012 report
a prominent multi-band re-brightening in GRB 100901A,
6. PANCHROMATIC %E_EE}IQG;JBEQING EPISODES IN whose X-ray light curve is remarkably similar to that of
GRB 120326A. GRB 120404 was found to exhibit a strong
Whereas individual flattening or re-brightening episodes re-brightening in the optical and NIR, although X-ray obser
have been seen both in optical and X-ray observations of GRBvations around the time of the re-brightening are spardaisis t
afterglows (iang et al. 2007Li et al. 2013, simultaneousre-  time fell within an orbital gap oBwift(Guidorzi et al. 2018
brightening of the afterglow in multiple bands spanningibot  Of these instances of X-ray or optical re-brightening esent
the optical and the X-rays as seen in GRB 120326A is quite seen in GRB afterglow light curves, we select those objects
rare. The X-ray andr-band light curves of GRB 970508 with multi-band (at least X-ray and optical) datasets that
exhibited a bump at around 60ks, lasting for about 100ks exhibit a simultaneous re-brightening in both X-rays (fol-
(Piroetal. 1998 Multiple episodes of flux variations of lowing the steep decay phase) and optical/NIR. Since ra-
~ 30% on time scales ait/t ~ 1 between 1 and 10d since dio observations are vital for constraining the physical pa
the burst were detected superposed on a power law declingameters, we restrict our sample to events with radio detec-
in multi-band X-ray andBVRFband data for GRB 030329 tions: GRBs 100418A, 100901A, and 120404A. We perform
(Lipkin et al. 2004, while de Ugarte Postigo et g2007 de- a full multi-wavelength afterglow analysis for these ewent
tected an X-ray and optical re-brightening in GRB 050408 and compare our results with those for GRB 120326A in Sec-
around 260ks. The short burst GRB 050724 had a largetion 7.
re-brightening at around 42 ks, simultaneous with an optica
flare Berger et al. 2005Malesani et al. 200Margutti et al. 6.1. GRB 100418A
2011h. GRB 060206 exhibited a simultaneous X-ray
and optical re-brightening at 3.8 kMénfardini et al. 2006
Liu et al. 2008. GRB 070311 exhibited a re-brightening at GRB 100418A was detected and localized by Swift
~ 100ks in the X-rays and ifR-band, but the peak in the BAT on 2010 April 18 at 21:10:08 UTMarshall et al. 2010
X-rays is not well-sampled and does not appear to have oc-The burst duration iSTlggp = 8.0+ 2.0s, with a fluence of
curred at the same time in the two bandau{dorzi et al. F, =(3.4+0.5) x 10"ergcm? (15-150keV observer frame;
2007. Covino et al.(2008 report a simultaneous X-ray and Marshall et al. 201}l The afterglow was detected in the X-
RJHK-band re-brightening for GRB 071010A at 52ks. ray and optical bands by XRT, UVOT, and various ground-
GRB 060614 exhibited a prominent brightening in bBVR based observatoriegi(gas et al. 2010Updike et al. 2010c

6.1.1. GRB properties and basic considerations
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Siegel & Marshall 201)) as well as in the radio by WSRT, trinsic hydrogen colummy ine = (0.7*33) x 10?1 cm 2, with
VLA, the Australia Telescope Compact Array (ATCA), and I'=3.354+0.09 andI’ = 3.9+ 0.3 during the early (85-130s;
the Very Long Baseline Array (VLBA)V@n der Horstetal. 2= 1.74 for 123 degrees of freedom) and late (130s-180s;
2010a Chandra & Frail 2010bMoin etal. 2010. Spec- 2 =0.97 for 55 degrees of freedom) WT-mode steep decay,
troscopic observations with the ESO Very Large Telescoperespectively, followed by'x = 2.08- 0.18 during the plateau
(VLT) yielded a redshift ofz = 0.6235 @Antonellietal. phase (B x 10°3d-18d; y2 = 0.75 for 79 degrees of free-
2010. By fitting they-ray spectrum with a Band function,  gom), andl'y = 1.81+0.20 for the remainder of the observa-
Marshall et aI.(ZQll) determined the isotropic equivalempt tions (1.8-34.5dy2 = 0.70 for 89 degrees of freedom). We
ray energy of this burst to b, jso = (9.9753) x 10°erg (1~ obtain a flux light curve in the 0.3-10keV XRT band follow-
10*keV; rest frame). ing the methods reported Wyargutti et al.(2013, which we
The X-ray light curve for this burst gently rises to 0.7d, convertto a flux density light curve at 1 keV using the above
while the optical light curves exhibit a slow brightening at time-resolved spectra. We also analyze all UVOT photometry
the same time. Both the X-ray and optical light curves break for this burst and report our results in Taldle
into a power law decline following the peak. Using XRT and Table 6
UVOT Whiteband observationsyiarshall et al.(2011) find Swift/UVOT Observations of GRB 100418A
that the X-ray and optical bands are located on the same part
of the synchrotron spectrum after the peak at 0.7d. By fit- t-ty  Filter Frequency Flux density Uncertainty Detection?

ting the X-ray and optical decline rates and X-ray-to-ogitic (days) (Hz) £Jy) (dy) (1=Yes)
SED, they find that botbr, andu. are located below the op- 0.00188 white 8.64e+14 115 247 1
tical, requiringp =~ 2.3. In this regime, the light curves are  0.00499 White 8.64e+14 10.6 2.81 1
insensitive to the density profile of the circumburst enwiro 8-83?2% g g-gge:ﬁ‘ ?'f% 3-273 8
ment. In the absence of radio dakdarshall et al(201]) as- 0011 White 8:64;14 108 595 1
sume an ISM model and determine that the non-detection of 00119 v 5.55e+14 123 353 0
a jet break out to 23 d requires a high beaming corrected en- 0.0125 uvwl 1.16e+15 19.9 5.85 0
34 1/4 : . . 0.0126 uww2 1.48e+15 12.9 3.62 0
ergy,Ex > 3 x 107E iso75f1n0/. - They investigate the off-axis 00152 "u~  8.56e+14 50.9 14.8 0
model, and compute an intrinsic burst duration for an ors-axi ggigg Wﬁ, g.gie&ﬁl 2}3% ?143 8

on — — —0. — ~ . ite .64e+ . .
observer ofig)'=D(0 _le_obs bie)/D(0 =0)Too~10 ms, where 0041 tvms  134041s 01 318 0
D = [y0(1~Bocost)] ™ is the Doppler factorfops is the off- 0.0465 uvm2 1.34e+15 9.69 2.95 0
axis viewing anglegje is the jet opening half-angle, arido 0.0604 v 5.55e+14 67.3 19.7 0
is the observed burst duration. Based on this short on-axis 90699 b = 6.92e+14 34.5 10.2 1
T and large intrinsic energy output, they argue against the govss Witz 5 eqcris 129 232 !
go ar gell gy output, they arg g 0.0723 White 8.64e+14 15.8 3.22 1
off-axis scenario. _ S 0.0735 uvwl 1.16e+15 8.37 2.71 0
Marshall et al.(201) also consider the energy injection  0.0746 uvw2  1.48e+15 7.68 2.23 0
model. For the magnetar model involving injection of energy  $97>7 U 83%er24 183 o 5
into the blastwave via Poynting flux, they find= ~0.23"313, 0602 White 8.64e+14 335 457 1
which is marginally consistent with thee= 0 case. For mod- 1.03  White 8.64e+14 22.6 3.15 1
els with a Lorentz factor distribution, they use their measu 12-787 wmg g-gjgﬁi é17-‘71 11-%8 %
value ofq to calculates= 5.4ﬁ};8 (ISM model), ors < 0 (wind 345 White 8.64e+14 5.67 0.829 1
model, which is unphysical). They argue that since the ISM 442  white 8.64e+14 6.22 0.951 1
value is too different from the value~ 2.5 indicated by X- ggg UVL‘JNl é-éggﬁi 6i%8 31-52 8
ray plateaus irBwift observationsNousek et al. 2006 this 592 b 6926414 275 856 0
mode of energy injection is unlikely. ) 523 uw2 1.48e+15 2.87 0.819 0
Moin et al. (2013 reported multi-wavelength radio obser- 5.23 v 5.55e+14 60.2 18.9 0
vations of GRB 100418A from 5.5 to 9.0 GHz from ATCA, 5.23  uvm2 1.34e+15 2.92 0.967 0
VLA and VLBA. Using upper limits on the expansion rate of ~ >4 ~ White  8.6de+14 405 0.735 !
° Ny ) 7.64 uwwl 1.16e+15 3.93 1.28 0
the ejecta derived from the VLBA observations, they report  7.64 u 8.56e+14 5.55 1.84 0
an upper limit on the average ejecta Lorentz factor'of 7 7.64 b 6.92e+14 12.1 4.02 0
and an u i ; e < 3 7.64  White 8.64e+14 3.74 1.13 1
pper limit on the ejecta masdvf < 0.5x 10°Mg,. 764 uw2 1486415 508 0.995 0
They use this limit ol to suggest that the contribution of 7.64 v 5.550+14 38.2 12.5 0
low-Lorentz factor ejecta to the blastwave energy must be 765 uvm2 1.34e+15 4.05 1.27 0
i i i iniecti 8.64 uwwl 1.16e+15 3.29 1.06 0
negligible during the period of energy injection, and that a oo ! B eear1a e Tea 0
separate injection mechanism is required. We include their g¢, b 6.926+14 113 368 0
radio observations in our analysis (Secttbf.2 and address 865 White 8.64e+14 2.89 1.05 0
the constraints derived from the VLBA data in Secttf.3 8.65 uww2 1.48e+15 2.61 0.79 0
Marshall et al(2017) fit multi-band UVOT and XRT spec- 8.65 v 5.55e+14 31.4 103 0
. 2 8.65 uvm2  1.34e+15 3.83 1.14 0
tra at three different epochs (710, 0.8, and 7.3d) and 9058 White 8.64e+14 289 0.557 1
found that a single power law with spectral indéx: —1.0 10.4  White 8.64e+14 2.73 0.482 1
fit all three epochs well. We follow the procedures outlined i;-i wme g-gjeiii ‘21-8‘11 85315 i
by Evans et al(2007), Evans et al(2009, andMargutti et al. : e ooce : :

e ) 13.4  White 8.64e+14 2.74 0.468 1
(2013 to obtain time-resolved XRT spectra for this burst. The 144  white 8.64e+14 3.2 0.545 1
spectra are well fit by an absorbed single power law model 154  White 8.64e+14 3.11 0.525 1
; - 0nm—2 i 16.9 White 8.64e+14 2.28 0.425 1
with Ny gai = 4.78 x 10?°cm™ (Kalberla et al. 200p and in 176  White 8 64e+14 363 0.587 1
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a fixed value ofy=5.0.
We extract XRT spectra at 0.06-0.08d (mean photon ar-
rival 0.07d), and at 0.58-1.81d (mean photon arrival 0.88d)
o. We extrapolate the second SED to 1.5d and show the com-
o _&---"" hd IR | plete optical to X-ray SED at 0.07d and 1.5d in Fig@e
LA The spectral index between the UV@tband observation at
%; 0.07d and the X-rays i§ope-x = —-0.93+0.09, which is con-

; sistent with the X-ray spectral index @i = -1.08+0.18
over this period, suggesting that the optical and X-ray are
t located on the same part of the afterglow SED at 0.07d.
] The spectral index between the NIR and X-rays at 1.5d is
Bnir-x = —0.94+ 0.04, which is consistent with the spectral
index in the NIR and optical alongjnir-opt = 0.8 £ 0.1,
once again suggesting that the NIR/optical and X-rays are
located on the same part of the afterglow SED at 1.5d and

10° | ‘ ‘ ‘ ‘ ] that intrinsic extinction is negligible. This implies theither
103 102 107 10° 10’ Um < UNIR < Vx < Ve With pa 3 of v, e < vnir < vx With
Time (days) p ~ 2 at both 0.07d and 1.5d. M, < vnr < vx < 1, at
Figure 7. Broken power law fit to the X-ray (grey, solid) a@WifftUVOT 1.5d, the decay rate would ke~ -1.5 in the ISM model or
Whiteband light curves for GRB 100418A near the re-brighteninguad a =~ =2.0 in the wind model, whereas in the latter we would
0.6d. The X-ray fit includes points between 0.02 and 50 d,enthié White- expecta ~ -1 1in both ISM and wind scenarios. The observed
band _fit includes points betweenx6103 and 3.1d. A joint fit yields_the UV/NIR/X-ray common decay rate after the re-brightening of
giisxt;'jt S;Laem:f}t,i"%; ?ggé%g%f‘]l; 0421573, andag = -1.10%37, with a~ -1 indicates thatm, vc < vnir < vy at 1.5danc~ 2.
The 8.46 GHz light curve drops &%° between the ATCA
Table 6 — Continued observation at 2d and the VLA observation at 3d, while the
_ _ , _ SMA 345 GHz light curve is flat over this period (Figude
t—to Filter Frequency Fluxdensity Uncertainty Detection? At ~2d, the radio spectral index is 0.7 from 4.9 GHz to

10 ¢

Flux density (mJy)

(days) H2) (3y) Wly)  (A=Yes) g 46GHz, andv 0.3 from 8.46 GHz to 345 GHz. The rapid
19.7  White 8.64e+14 2.55 0.464 1 decline in the light curve at a single waveband can not be ex-
224 White  8.64e+14 2.07 0.502 1 plained in the standard synchrotron model by forward shock
235  White 8.64e+14 35 0.62 1 e ) . N .

248 White 8.64e+14 279 0.587 1 emission. We consider an alternative scenario, in which the
25.6  White 8.64e+14 3.01 0.591 1 radio to millimeter emission at 2d is dominated by a reverse
26.7  White 8.64e+14 1.82 0.594 1 shock. In that case, the peak frequency of the reverse shock
344  White 8.64e+14 1.97 0.401 1

must pass through 8.46 GHz before 2 d with a peak flux den-

sity of at leastz 1.3 mJy. Propagating the RS spectrum back

) 3 . in time assuming the peak frequency and peak flux evolve as
The X-ray light curve up to & 10™d declines steeply as  (-15 gnqt-1 respectively Kobayashi & Sari 2000 we would

ax =—4.5240.14, transitioning to a plateau, at about 0.01d, eypect a minimunR-band flux density of 2Jy at 120s.

followed by a re-brightening. The X-ray observations be- T is more than five orders of magnitude brighter tBavift

tween 0.02d and 5.5d can be well fit with a broken power witehand observations at this time. Thus the rapid decline

law model, witht, = 0.54+0.18d,F, x (ty) = 0.32+0.08,.Jy, and re-brightening of the 8.46 GHz light curve between 2 and

a =046+ 0.20, andaz = -1.1540.10, with the smooth- 544 cannot be explained in the standard synchrotron frame-

ness parameter fixed gt 5.0. A brokengpower lawfitto the ok, Itis possible that these data suffer from strong IS, a

UVOT Whiteband data between610~d and 3.1d yields e therefore exclude these data from our analysis.

tp = 0.64=0.17d, F, white(ts) = 32+ 44dy, a1 = 0.34+0.09,

anday = -1.02+ 0.18, withy = 5.0 (Figure7). The decline 6.1.2. Forward shock model at¥ 0.4d

rate in theWhite band following the re-brightening is con- i ; : i i

sistent with the decline rate in tHeband'* between 0.4d tomg (éﬁ%ﬁ%ﬁﬂ?si(drgzslz?yhﬁo?gmee Ss?gggfg?ﬁ;nzef v

and 10d ¢r =-0.97+0.08) and in theH-band between the  4fier the re-brightening. The best-sampled radio lighveur

PAIRITEL observations at 0.46d and 1.49@h(= -1.0+ is the composite 8.46 GHz formed from VLA, VLBA, and

0.1). Thus, the break time and rise and decay rates of thearca observations. However, this light curve exhibits sig-

re-brightening in the X-ray and optical bands are consisten |iticant scatter about a smooth ; ;
; : ; L power law evolution, pogsibl
Finally, we fit the X-ray and UVOTWhiteband data jointly,  qye 1o either ISS or inter-calibration issues across theethr

where we constrain the model light curves in the two bands t0g|escopelé. Thus we are unable to constrain the circumburst
havz the same ?se and decay rate anl((JI tlmehof peak with 'n?edensity profile from the afterglow data. For the remainder of
pendent normalizations. Using a Markov Chain Monte Carlo s section we focus on the ISM model, discussing the possi-
simulation usingeMCEE (Foreman-Mackey et al. 20),3we bility of a wind environment in Appendi<.

find to = 0.581937d, a1 = 0.42:3%;, anda, = -1.105533, with Since this event occurred at a relatively low redshift,
1 _ z = 0.6235 @Antonellietal. 201, the host galaxy is
The BYU/WMO R-band detection at 35.25d reported Mpody et al. detected in the Sloane Digital Sky Survey (SDSS) as

(2010 is about 0.5mag brighter than observations from KPNO/SARA

(Updike et al. 2010pand VLT/X-shooterMalesani & Palazzi(2010 at a SDSS J170527.10+112742.5. We use the SDSS photome-
similar time, suggesting that the BYU data point may be ptagby a typo.

We do not include the BYU/WMG@R-band data point at 35.25d in our analy- 15 To avoid the radio data from driving the fit, we apply an uraiety

sis. floor of 15% to the cm- and mm-band observations.
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high value ofv, is required to suppress the flux density at
8.46 GHz and 5 GHz (VLA), relative to the mm-band (PdBI
and SMA). The ordering of the break frequencies relative to
the observing bands,, v < vyr at 1d, ensures that the op-

_‘
2

-2

= 1 tical and X-ray are on the same part of the synchrotron spec-
e trum at this time. The jet break at 17 d is largely driven by
Z10° the millimeter and radio data. The blastwave becomes non-
’é relativistic attyg &~ 40d, resulting in a subsequent slow de-
8 cline (F, ~t%%*% ~ ™1, with 5 = (1-p) /2~ —0.5; Frail et al.
x i 2000 in the radio light curves after the peak.
L i T Moin etal. (2013 use a VLBA Ilimit on the size of

10° S ' the afterglow at 65d to estimate the average ejecta

? 99Te Lorentz factor. However, we note that the appar-
- ! ent physical size of the afterglow is given bR, =
0 1614 1615 1616 10‘17 1615 [212—3k(4—k)5_k/(5— k)s_k} 1629 T'ct, =~ 2.3['cty, Wherem is

Frequency (Hz) the ejecta Lorentz factor of the ejecta at tirges tops/(1+2),
andk = 0 for the ISM model Granot & Sari 200p, therefore

Figure 8. Observed NIR to X-ray SED of the afterglow of GRB 100418A at the VLBI measurement actually represeatsupper limit to
0.07d (orange circles) and after the re-brightening (1t8atk squares), to-  the ejecta Lorentz factor at the time of the measurenseich

gether with the best-fit ISM model (Sectiénl.2 including energy injection _ ; _
(Section6.1.3 at 0.07 d (orange; dashed) and 1.5d (black; solid). The data thatT'(tors = 65d) < 5.8. Since the blastwave becomes non

points and model at 0.07 d have been multiplied by a factor bfdr clarity. relativistic at around 40 days, our model does not violage th
The XRT SED at 1.5d has been extrapolated from 0.88 d usingehefit VLBA limit on the angular size of the afterglow.

broken power law model to the XRT light curve (Figukehe correction fac-
tor is &~ 0.5). The optical data have been extrapolated using the best fit
the SwiffUVOT light curve (the corrections are small<at5%). The cooling
break (visible in the orange, dashed curve-a x 104 Hz) is already below Taking the forward shock model described in Sectich 2

the optical bands at 0.07; the NIR to X-ray frequencies agecfilore on the asa starting point, we find that the X-ray and UV/opticaI data

t of the afterglow SED at 1.5d. X . . :
same part otfhe attergiow & before the re-brightening can be explained by two successiv

6.1.3. Energy injection model

try (U= 2455+ 1.14,9=2292+0.17,r =2245+0.17,i=  Periodsof energy injection,

21.95+0.17,z=2254+0.83) as fixed a-priori measurements . -

of the host galaxy flux in thgriz bands. We compute the host Exisof 155 t>1=045d

flux density aB- andV-band usind3=g+0.33(g-r)+0.2 and Ex isof (%) , t1 =0.05d<t <ty

V =g-0.58(g-r)-0.01 Jester et al. 200%nd hold these val- g, iso(t) = 155 07

ues fixed for our MCMC analysis. Since there is no a-priori Ex isof (%) (ﬁ) , =1l7x103%d <t <ty
measurement of the host flux density in the UV@/hite L\ 155 7, 107

band and much of the UVOT data was takerihiteband, Ex isof (t?,) (t—z) , <t

we keep the host flux density in thghiteband as a free pa- (4)
rameter, and integrate over the GRB spectral energy distrib |n this model, the energy increases by a factor~ofl1
tion using thewhiteband filter functior®. from Ex iso; ~ 1.0 x 10°%erg at 17 x 103d t0 Ex iso ~ 1.1 x

Using our MCMC analysis as described in Sectlomwe fit 10°*erg at 0.05d followed by another increase by a factor of

g)]igsttz:ﬂg:ﬁfe?é andzo]l-Jr hgf(\)ef;-hkeﬂqoi)g Tc?ger: (?gu ~ 30 toEx isof ~ 3.4 x 10°?erg at 0.45 d. The overall increase
3 P P~ (')52’ Ce= V14,687 L. <01 0™~ in energy is a factor ok 340, corresponding to an injected
Lacn, Exjso ~ 3.4 x 10°7erg, g ~ 17d, Ay S 0.1mag,  gnergy fraction of 99.7% over this period. In comparison,
and F, hostwhire ~ 1.61Jy, with a Comptory-parameter of E, iso = 9.9%%3 x 10°° (Marshall et al. 201}l The blastwave
~ 2.9, |nd|cat|ng I_C coollng_gs/slmportan_t. The _blastwave Lorentz factor decreases frdinw 38 at the start of energy in-
!_orentNZ factor isl’ = 4.9(t/1d)* and the jet opening arlgle jectionat 17 x 103 to ' ~ 11 at 005 d, and then t&' ~ 7 at
IS Gjet ~ 2100' The beaming-corrected kinetic energyis ~  {he end of energy injection at 0.45d. The valuesnferived
2.1 x 10°erg, while the beaming correctedray energy is above correspond to an ejecta distribution vEi(» T) oc 12
E, ~6x 10%erg (1-10keV; rest frame), correspondingto an with s~ 9.6 for 7<T < 11 ands~ 3 for 11<T < 38.
extremely low radiative efficiency ofaqa = E,/(Ex +E,) ~ ~ ~
3%. These results are summarized in Tdblé/e present his- 6.2. GRB 100901A
tograms of the marginalized posterior density for all param . . : .
eters in Figurel0 and contour plots of correlations between 6.2.1. GRB properties and basic considerations
the physical parameters in Figuté. GRB 100901A was detected and localized by$weaft BAT
In concordance with the basic analysis outlined above, weon 2010 September 01 at 13:34:10 Umfnler et al. 201D
find that the break frequencies at 1 d for this model are lacate The burst duration iSlgp = (439+ 33) s, with a fluence of
atv, ~ 9.0 GHz,vm ~ 3.4 x 10t Hz, andy, ~ 2.3 x 10%Hz, F,=(21+0.3) x 10%ergcm? (15-150keV observer frame;
while the peak flux density is about 12mJy.at The spec-  Immleretal. 2010 The afterglow was detected in the X-
trum transitions from fast to slow cooling at about 230s af- rays and optical bands by XRPége & Immler 201)) UVOT
ter the burst, ands, drops belowy, at about 25d. The (Pritchard & Immler 201)) and by multiple ground-based
observatories (e.gDe Cia etal. 2010Kuroda et al. 201Q0c
16 http://ww swift.ac.uk/analysis/uvot/filters. Hentunen et al. 201@pdike et al. 2010pSahu et al. 201Qb
php Kopac et al. 2010Gorbovskoy et al. 20%(Pandey & Zheng
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Figure 9. X-ray, UV (top left), optical (top right), and radio (bottoleft) light curves of GRB 100418A, with the full afterglow rdel (solid lines), including
energy injection before 0.04d. The X-ray data before 0.088likely dominated by high-latitude prompt emission and @eenot include these data in our
analysis; the best fit power law to the X-ray data before OcdD@8ded to the blastwave model is shown in the upper left pétetk, dashed). The dashed
envelopes around the radio light curves indicate the erpeeffect of scintillation at thedllevel. The data indicated by open symbols are not used tondiete
the parameters of the forward shock (the MCMC analysis).tdBotright: blastwave Lorentz factor (green, dashed; uppbrmanel) and isotropic equivalent
kinetic energy (red, solid; upper sub-panel) as a functidmee, together with the energy distribution across ejécteentz factors (black, solid; lower sub-panel)
as determined from fitting the X-ray/UV/optical re-brighiteg at 0.7 d.
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Figure 10. Posterior probability density functions for the physicarame-  trgscopic observations with Magellan yielded a redshift of

tLﬁ;i(];%rs?RB 100418A in a constant density environment fro@NC sim- 7= 1.408 (ChOI’I’lOCk etal. 20])0 Using the BAT fluence,
Gorbovskoy et al(2012 determined the isotropic equivalent

2010, as well as in the radio by the WSRT and the VLA ~-ray energy of this burst to bE, s, = 6.3 x 10°?erg (1-

(van der Horst et al. 2010Chandra & Frail 2010a Spec- 10*keV; rest frame). However, the-ray spectrum does
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not exhibit a turnover within the BAT energy range, indi- Table 7 — Continued

cating that the peak of the-ray spectrumEpea, iS outside

t-to Filter Frequency Flux density Uncertainty Detection?

the BAT energy range Margutti et al. (2013 obtain a cor- (days) (H2) {1y) () (1= Yes)
. e EfyAiso —
relation betweerEgar ops (15-150keV) ande, jso! o = 281 " 5 55014 56 117 o
3.7 [EL-150 108+0.01 2.86 u 8.56e+14 6.97 2.32 0
10 {%] with a scatter ofoc = 0.24 (68%), 293  uw2 1.48e+15 2.38 0.694 0
which we use to perform a K-correction and obt&so = Sy vmz L3terl e %%y 9
(8+1) x 10°%2erg. Note that the error bars do not include the 4.2 u 8.56e+14 8.36 2.64 0
uncertainty in the correlation itself. f-227 U‘g"'z é-‘g‘g:ﬁi 3492 07-995:15 8
Table 7 427  White 8.64e+14 5.56 1.89 0
Swift/UVOT Observations of GRB 100901A Ao, oo >3.8 173 9
435 uvwl 1.16e+15 8.36 2.24 0
t—to Filter Frequency Flux density Uncertainty Detection? 4.8 u 8.56e+14 8.03 2.61 0
(days) (Hz) fJy) (udy) (1=VYes) 4.8 uvw2  1.48e+15 4.13 11 0
. 4.8 b 6.92e+14 17.4 5.63 0
0.00258 White 8.64e+14 27.4 5.65 1 4.8 uvm?2 1.34e+15 6.04 1.48 0
0.00498  u  8.56e+14 146 11.4 1 481  White 8.64e+14 3.98 1.36 0
0.00661 b 6.92e+14 230 75.6 0 481 uwl 1.16e+15 7.16 1.97 0
0.00689 White 8.64e+14 58.6 18.9 1 4.81 Vv 5.55e+14 53.2 16.9 0
0.00717 uvw2 1.48e+15 67.9 12.1 0 567 u 8.56e+14 33.1 9.34 0
0.0454 v 5.55e+14 155 27 1 58  uw2 1.48e+15 10.1 2.13 0
0.0478 uvm2 1.34e+15 18.3 4.42 1 7.24 uvw?  1.48e+15 1.39 0.394 0
0.0502  uvwl 1.16e+15 371 5.4 1 7.25 uwm2 1.34e+15 1.83 0.542 0
0.0597  uvw2  1.48e+15 7.4 2.36 0 725  uwl 1.16e+15 2.41 0.758 0
0.0609 u 8.56e+14 83.4 6.21 1 9.46 v 5.55e+14 19.8 6.4 0
0.062 \% 5.55e+14 161 27.1 1 10.2 8.56e+14 3.96 1.28 0
00632 b ~ 6.92e+14 134 12.9 1 10.2 b 6o2er14 8.75 2.87 0
0.0644 uvm2  1.34e+15 20.7 4.63 1 10.2  White 8.64e+14 2.05 0.678 0
0.0652 White 8.64e+14 62.2 9.12 1 11 u 8.56e+14 4.21 1.36 0
0.0668 uvwl 1.16e+15 17.2 4.39 1 11 b 6.92e+14 9.31 3.05 0
0.117  uww2  1.48e+15 3.45 1.02 1 11 White 8.64e+14 2.26 0.743 0
0.127 \% 5.55e+14 97.7 12 1 11 Vv 5.55e+14 23 7.48 0
0.137 uvma2 1.34e+15 10.1 2 1 11.7 u 8.56e+14 4.41 1.4 0
0.183 uvwl 1.16e+15 42.7 3.03 1 11.7 b 6.92e+14 9.97 3.23 0
0.194  u  8.56e+l4 129 5.18 1 11.7  White 8.64e+14 2.55 0.859 0
0.204 b 6.92e+14 192 10.2 1 11.8 v 5.55e+14 30.4 9.91 0
0.25 uvm2  1.34e+15 21.3 2.22 1 12.6 u 8.56e+14 4.11 1.33 0
0.261 uvwl 1.16e+15 58.3 3.6 1 12.6 b 6.92e+14 8.96 2.94 0
0271 u  856e+l4 160 6.96 1 12.6  White 8.64e+14 2.12 0.703 0
0.318 uvw2 1.48e+15 11.4 1.37 1 12.6 Vv 5.55e+14 23.1 7.59 0
0.329 \Y 5.55e+14 291 15.5 1 13.5 b 6.92e+14 20.4 6.56 0
0.338  uvmz  1.34e+15 26.6 2.92 1 135  White 8.64e+14 5.14 1.68 0
0.384 uvwl 1.16e+15 40.4 8.67 1 13.5 Vv 5.55e+14 62 19.5 0
0.534 uvwl 1.16e+15 36.8 2.88 1 13.6 u 8.56e+14 8.12 258 0
0.541 u 8.56e+14 107 10.1 1 14.6 u 8.56e+14 4.3 1.42 0
0.599 uvw2 1.48e+15 6.15 1.19 1 14.6 b 6.92e+14 9.41 3.08 0
0.607 v 5.55e+14 178 28.3 1 147  White 8.64e+14 2.19 0.721 0
0.647 b 6.92e+14 130 43.4 0 14.7 v 5.55e+14 235 7.62 0
0.717 uvma2 1.34e+15 8.27 2.26 1 15.7 u 8.56e+14 4.1 1.31 0
0.736 uvwl 1.16e+15 24.4 2.5 1 15.7 b 6.92e+14 8.93 2.95 0
0743 u  8.56e+l4 63.4 13.4 1 15.7  White 8.64e+14 2.08 0.693 0
0.786 uvw2 1.48e+15 3.82 1.01 1 15.7 v 5.55e+14 22.7 7.38 0
0.796 v 5.55e+14 117 12.3 1 16.7 u  856e+l4 4.13 1.32 0
0.806 uvm2 1.34e+15 12.7 2.14 1 16.8 b 6.92e+14 9.21 2.99 0
0.853  uwwl 1.16e+15 16.8 2.01 1 16.8  White 8.64e+14 2.41 0.794 0
0.863 u 8.56e+14 54.4 3.36 1 16.8 v 5.55e+14 24.8 8.08 0
0.873 b 6.92e+14 64.8 8.72 1 17.7 u 8.56e+14 4.29 1.38 0
0.92 uvm2  1.34e+15 6.86 1.49 1 17.7 b 6.92e+14 9.39 3.09 0
093  uwl 1.16e+15 19.1 2.14 1 17.7  White 8.64e+14 2.15 0.707 0
0.94 u 8.56e+14 41.4 4.63 1 17.7 Vv 5.55e+14 21.8 7.11 0
0.983 uvw2 1.48e+15 7.57 211 0 18.6 u 8.56e+14 4.27 1.37 0
1.06 v 5.55e+14 74.5 11.6 1 18.6 b 6.92e+14 9.32 3.04 0
113 uwmz 1.34e+15 6.64 118 1 18.6  White 8.64e+14 2.13 0.701 0
1.14 b 6.92e+14 51.5 8.67 1 18.6 v 5.55e+14 21.3 6.85 0
115  uww2 1.48e+15 2.53 0.828 0
116  uwwl 1.16e+15 12.2 1.35 1 ; .
1.17 u 8.56e+14 31 253 1 Note. — TIn cases of non-detections, we report the formal flux measure
1.87 uvw?  1.48e+15 157 0.51 0 ment at the position of the afterglow.
1.87 uvm2  1.34e+15 2.87 0.771 1 . . .
188 uwwl 1.16e+15 566 1.13 1 - XRT began observing the GRB during theray emission
1.93 u 8.56e+14 15.5 1.74 1 interval. The X-ray spectra from 1ks to the end of XRT ob-
i-gi Wﬁ_t g'gieﬁi ig-g 13-669 i servations are well fit by an absorbed single power law model
. ite 8.64e . . . _ 0 e T
1oa v 5550414 541 897 1 with Ny gai = 7.1 x 10?°cm™ (Kalberla et al. 200p intrinsic
2.8 b 6.92+14 17.4 5.28 1 hydrogen colummy ot = (3.14-0.7) x 10?*cm 2, and photon
2.8  White 8.64e+14 5.82 1.45 1

index, 'y = 2.15+ 0.06, with no evidence for spectral evo-
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lution during this period. We convert the count rate light analyze all UVOT photometry for this burst and report our re-
curve published byMargutti et al. (2013 to a flux density  sults in Table7, and a compilation of all photometry listed
light curve at 1 keV using their time-resolved spectra. Vdeal in GCN circulars'’ or published elsewhere for this event in

Table8.
Table 8
Optical Observations of GRB 100901A
t-to Observatory  Telescope/ Filter Frequency Flux defisityUncertainty —Detection? Reference
(days) Instrument (Hz) 1Jy) (udy) (1=Yes)
0.00131 MASTER CR 4.4e+14 82.1 436 0 Gorbovskoy et al(2012
0.00178 MASTER CR 4.4e+14 156 170 0 Gorbovskoy et al(2012
0.00246 MASTER CR 4.4e+14 131 143 0 Gorbovskoy et al(2012
0.00396 MASTER CR 4.4e+14 119 107 0 Gorbovskoy et al(2012
0.00494 MASTER CR 4.4e+14 304 78.6 1 Gorbovskoy et al(2012)
0.00615 MASTER CR 4.4e+14 125 73.4 0 Gorbovskoy et al(2012
0.00758 MASTER CR 4.4e+14 88.4 80 0 Gorbovskoy et al(2012
0.0093 MASTER CR 4.4e+14 109 80.6 0 Gorbovskoy et al(2012
0.0114 MASTER CR 4.4e+14 204 65 1 Gorbovskoy et al(2012
0.012 Okayama MITSUME Ic 3.93e+14 460 93.1 1 Kuroda et al (20109
0.012 Okayama MITSUME Rc 4.56e+14 336 32.4 1 Kuroda et al(20109
0.012 Okayama MITSUME g’ 6.29e+14 132 77.1 1 Kuroda et al(20109
0.0136 MASTER CR 4.4e+14 195 62.1 1 Gorbovskoy et al(2012
0.0159 MASTER v 5.55e+14 292 55.8 1 Gorbovskoy et al(2012
0.0182 MASTER CR 4.4e+14 232 74 1 Gorbovskoy et al(2012)
0.0227 MASTER v 5.55e+14 292 55.8 1 Gorbovskoy et al(2012
0.0251 MASTER v 5.55e+14 351 59.4 1 Gorbovskoy et al(2012
0.0275 MASTER CR 4.4e+14 228 22 1 Gorbovskoy et al(2012
0.0299 MASTER CR 4.4e+14 224 12.7 1 Gorbovskoy et al(2012
0.0323 MASTER CR 4.4e+14 202 115 1 Gorbovskoy et al(2012
0.0334 Okayama MITSUME Ic 3.93e+14 265 25.6 1 Kuroda et al(20109
0.0334 Okayama MITSUME Rc 4.56e+14 212 20.5 1 Kuroda et al(20109
0.0334 Okayama MITSUME ¢’ 6.29e+14 209 20.2 1 Kuroda et al(20109
0.0382 MASTER CR 4.4e+14 186 12.4 1 Gorbovskoy et al(2012
0.0406 MASTER CR 4.4e+14 195 13 1 Gorbovskoy et al(2012
0.043 MASTER CR 4.4e+14 192 12.8 1 Gorbovskoy et al(2012
0.0454 MASTER CR 4.4e+14 214 12.2 1 Gorbovskoy et al(2012
0.0478 MASTER CR 4.4e+14 185 12.3 1 Gorbovskoy et al(2012
0.0502 MASTER CR 4.4e+14 212 14.1 1 Gorbovskoy et al(2012)
0.0526 MASTER CR 4.4e+14 155 13.4 1 Gorbovskoy et al(2012
0.0548 Okayama MITSUME Ic 3.93e+14 220 21.3 1 Kuroda et al(20109
0.0548 Okayama MITSUME Rc 4.56e+14 122 11.8 1 Kuroda et al(20109
0.0548 Okayama MITSUME ¢’ 6.29e+14 120 11.6 1 Kuroda et al(20109
0.055 MASTER CR 4.4e+14 117 13.6 1 Gorbovskoy et al(2012
0.0574 MASTER CR 4.4e+14 109 15 1 Gorbovskoy et al(2012
0.0599 MASTER CR 4.4e+14 183 14 1 Gorbovskoy et al(2012
0.0623 MASTER CR 4.4e+14 185 14.1 1 Gorbovskoy et al(2012
0.0647 MASTER CR 4.4e+14 186 14.3 1 Gorbovskoy et al(2012
0.067 MASTER CR 4.4e+14 193 14.8 1 Gorbovskoy et al(2012
0.0695 MASTER CR 4.4e+14 164 14.2 1 Gorbovskoy et al(2012
0.0721 MASTER CR 4.4e+14 206 15.8 1 Gorbovskoy et al(2012
0.0745 MASTER CR 4.4e+14 167 16.1 1 Gorbovskoy et al(2012
0.0759 Okayama MITSUME Ic 3.93e+14 152 30.8 1 Kuroda et al(20109
0.0759 Okayama MITSUME Rc 4.56e+14 134 12.9 1 Kuroda et al(20109
0.0759 Okayama MITSUME ¢’ 6.29e+14 120 11.6 1 Kuroda et al(20109
0.0804 MASTER CR 4.4e+14 131 14 1 Gorbovskoy et al(2012
0.0828 MASTER CR 4.4e+14 110 15.2 1 Gorbovskoy et al(2012
0.0852 MASTER CR 4.4e+14 101 16 1 Gorbovskoy et al(2012
0.0877 MASTER CR 4.4e+14 61.2 18.7 1 Gorbovskoy et al(2012
0.0901 MASTER CR 4.4e+14 106 16.9 1 Gorbovskoy et al(2012
0.0926 MASTER CR 4.4e+14 141 16.5 1 Gorbovskoy et al(2012
0.095 MASTER CR 4.4e+14 156 18.3 1 Gorbovskoy et al(2012
0.0969 Okayama MITSUME Ic 3.93e+14 152 30.8 1 Kuroda et al(20109
0.0969 Okayama MITSUME Rc 4.56e+14 122 11.8 1 Kuroda et al(20109
0.0969 Okayama MITSUME ¢’ 6.29e+14 100 9.65 1 Kuroda et al (20109
0.118 Okayama MITSUME Ic 3.93e+14 167 33.8 1 Kuroda et al(20109
0.118 Okayama MITSUME Rc 4.56e+14 101 20.5 1 Kuroda et al(20109
0.118 Okayama MITSUME ¢’ 6.29e+14 83.2 16.8 1 Kuroda et al(20109
0.131 MASTER CR 4.4e+14 22 25.7 0 Gorbovskoy et al(2012
0.134 MASTER CR 4.4e+14 74.9 17.7 1 Gorbovskoy et al(2012
0.136 MASTER CR 4.4e+14 58.9 18.8 1 Gorbovskoy et al(2012
0.139 MASTER CR 4.4e+14 54.3 35 0 Gorbovskoy et al(2012
0.139 Okayama MITSUME Ic 3.93e+14 183 17.7 1 Kuroda et al(20109
0.139 Okayama MITSUME Rc 4.56e+14 134 12.9 1 Kuroda et al(20109

17 The KPNO/SARAV-band detection pdike et al. 2010pis signif-

icantly brighter than expected from interpolating the UV@Tband light curve, implying a difference either in calibration or in thiléer response be-

tween the two instruments. We do not include the KPX®and data point
at 0.78d in our analysis.
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Table 8 — Continued

t-to Observatory ~ Telescope/ Filter Frequency Flux defisityUncertainty —Detection? Reference
(days) Instrument (Hz) 3dy) (udy) (1=Yes)
0.139 Okayama MITSUME @’ 6.29e+14 110 10.6 1 Kuroda et al(20109
0.141 MASTER CR 4.4e+14 108 31.8 1 Gorbovskoy et al(2012
0.144 MASTER CR 4.4e+14 152 30.8 1 Gorbovskoy et al(2012
0.146 MASTER CR 4.4e+14 106 325 1 Gorbovskoy et al(2012
0.149 MASTER CR 4.4e+14 185 29.3 1 Gorbovskoy et al(2012)
0.151 MASTER CR 4.4e+14 135 22.9 1 Gorbovskoy et al(2012
0.154 MASTER CR 4.4e+14 193 18.7 1 Gorbovskoy et al(2012
0.16 Okayama MITSUME Ic 3.93e+14 319 30.7 1 Kuroda et al(20109
0.16 Okayama MITSUME Rc 4.56e+14 193 18.7 1 Kuroda et al(20109
0.16 Okayama MITSUME ¢’ 6.29e+14 120 11.6 1 Kuroda et al(20109
0.172 Hanle HCT R 4.56e+14 267 12.6 1 Sahu et al(2010b
0.172 MASTER R 4.56e+14 180 92.3 0 Gorbovskoy et al(2012
0.178 Hanle HCT | 3.93e+14 356 16.8 1 Sahu et al(2010H
0.181 Okayama MITSUME Ic 3.93e+14 349 33.7 1 Kuroda et al (20109
0.181 Okayama MITSUME Rc 4.56e+14 280 27 1 Kuroda et al(20109
0.181 Okayama MITSUME g’ 6.29e+14 191 18.4 1 Kuroda et al(20109
0.182 Terksol Z-600 R 4.56e+14 282 7.9 1 Andreev et al(20103
0.183 MASTER CR 4.4e+14 202 36.5 1 Gorbovskoy et al(2012
0.183 MASTER R 4.56e+14 230 39 1 Gorbovskoy et al(2012
0.186 MASTER CR 4.4e+14 220 14.7 1 Gorbovskoy et al(2012
0.186 MASTER R 4.56e+14 290 30.9 1 Gorbovskoy et al(2012
0.188 MASTER CR 4.4e+14 239 13.6 1 Gorbovskoy et al(2012)
0.188 MASTER R 4.56e+14 277 26.7 1 Gorbovskoy et al(2012
0.19 MASTER R 4.56e+14 321 24.5 1 Gorbovskoy et al(2012
0.193 MASTER R 4.56e+14 239 23.1 1 Gorbovskoy et al(2012)
0.195 MASTER R 4.56e+14 358 23.9 1 Gorbovskoy et al(2012
0.198 MASTER R 4.56e+14 290 25.1 1 Gorbovskoy et al(2012
0.2 MASTER R 4.56e+14 321 21.4 1 Gorbovskoy et al(2012
0.202 Okayama MITSUME Ic 3.93e+14 383 37 1 Kuroda et al(20109
0.202 Okayama MITSUME Rc 4.56e+14 255 24.6 1 Kuroda et al(20109
0.202 Okayama MITSUME ¢’ 6.29e+14 229 22.1 1 Kuroda et al (20109
0.202 MASTER R 4.56e+14 339 22.6 1 Gorbovskoy et al(2012
0.205 MASTER R 4.56e+14 269 20.6 1 Gorbovskoy et al(2012
0.207 MASTER R 4.56e+14 287 19.1 1 Gorbovskoy et al(2012
0.21 MASTER R 4.56e+14 324 21.6 1 Gorbovskoy et al(2012
0.212 MASTER R 4.56e+14 304 20.2 1 Gorbovskoy et al(2012
0.214 MASTER R 4.56e+14 318 18.1 1 Gorbovskoy et al(2012
0.217 MASTER R 4.56e+14 330 18.7 1 Gorbovskoy et al(2012
0.219 MASTER R 4.56e+14 301 17.1 1 Gorbovskoy et al(2012)
0.222 MASTER R 4.56e+14 309 17.6 1 Gorbovskoy et al(2012
0.223 MASTER R 4.56e+14 304 38.6 1 Gorbovskoy et al(2012
0.224 Okayama MITSUME Ic 3.93e+14 383 37 1 Kuroda et al(20109
0.224 Okayama MITSUME Rc 4.56e+14 280 27 1 Kuroda et al(20109
0.224 Okayama MITSUME ¢’ 6.29e+14 191 18.4 1 Kuroda et al(20109
0.224 MASTER R 4.56e+14 321 18.2 1 Gorbovskoy et al(2012
0.226 MASTER | 3.93e+14 383 33.1 1 Gorbovskoy et al(2012
0.226 MASTER R 4.56e+14 355 20.2 1 Gorbovskoy et al(2012
0.227 MASTER R 4.56e+14 324 18.4 1 Gorbovskoy et al(2012
0.228 MASTER | 3.93e+14 397 34.3 1 Gorbovskoy et al(2012)
0.228 MASTER R 4.56e+14 293 19.5 1 Gorbovskoy et al(2012
0.229 MASTER R 4.56e+14 400 18.9 1 Gorbovskoy et al(2012
0.23 MASTER | 3.93e+14 359 34.6 1 Gorbovskoy et al(2012)
0.23 MASTER R 4.56e+14 333 18.9 1 Gorbovskoy et al(2012
0.231 MASTER R 4.56e+14 327 18.6 1 Gorbovskoy et al(2012
0.233 MASTER | 3.93e+14 432 33 1 Gorbovskoy et al(2012
0.233 MASTER R 4.56e+14 352 20 1 Gorbovskoy et al(2012
0.233 MASTER v 5.55e+14 410 43.7 1 Gorbovskoy et al(2012
0.234 MASTER R 4.56e+14 321 18.2 1 Gorbovskoy et al(2012
0.235 MASTER | 3.93e+14 369 31.9 1 Gorbovskoy et al(2012)
0.235 MASTER R 4.56e+14 324 18.4 1 Gorbovskoy et al(2012
0.235 MASTER v 5.55e+14 371 43.3 1 Gorbovskoy et al(2012
0.236 MASTER R 4.56e+14 365 17.2 1 Gorbovskoy et al(2012
0.237 MASTER | 3.93e+14 369 31.9 1 Gorbovskoy et al(2012
0.237 MASTER R 4.56e+14 372 175 1 Gorbovskoy et al(2012
0.239 MASTER R 4.56e+14 382 18 1 Gorbovskoy et al(2012
0.24 MASTER | 3.93e+14 366 31.6 1 Gorbovskoy et al(2012
0.24 MASTER R 4.56e+14 330 18.7 1 Gorbovskoy et al(2012
0.241 MASTER R 4.56e+14 330 18.7 1 Gorbovskoy et al(2012
0.242 MASTER | 3.93e+14 448 29.8 1 Gorbovskoy et al(2012
0.242 MASTER R 4.56e+14 330 18.7 1 Gorbovskoy et al(2012
0.243 MASTER R 4.56e+14 312 20.8 1 Gorbovskoy et al(2012
0.245 MASTER | 3.93e+14 456 30.4 1 Gorbovskoy et al(2012
0.245 MASTER R 4.56e+14 352 20 1 Gorbovskoy et al(2012)
0.246 MASTER R 4.56e+14 342 19.4 1 Gorbovskoy et al(2012
0.247 MASTER | 3.93e+14 412 27.5 1 Gorbovskoy et al(2012
0.247 MASTER R 4.56e+14 355 16.7 1 Gorbovskoy et al(2012
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t-to Observatory ~ Telescope/ Filter Frequency Flux defisityUncertainty —Detection? Reference
(days) Instrument (Hz) 3dy) (udy) (1=Yes)
0.248 MASTER R 4.56e+14 336 19.1 1 Gorbovskoy et al(2012
0.249 MASTER | 3.93e+14 460 30.7 1 Gorbovskoy et al(2012
0.249 MASTER R 4.56e+14 342 16.1 1 Gorbovskoy et al(2012
0.251 MASTER R 4.56e+14 318 21.2 1 Gorbovskoy et al(2012
0.252 MASTER | 3.93e+14 412 27.5 1 Gorbovskoy et al(2012)
0.252 MASTER R 4.56e+14 352 16.6 1 Gorbovskoy et al(2012
0.253 MASTER R 4.56e+14 309 20.6 1 Gorbovskoy et al(2012
0.254 MASTER | 3.93e+14 529 30 1 Gorbovskoy et al(2012
0.254 MASTER R 4.56e+14 330 155 1 Gorbovskoy et al(2012
0.256 MASTER R 4.56e+14 358 20.4 1 Gorbovskoy et al(2012
0.257 MASTER | 3.93e+14 482 27.4 1 Gorbovskoy et al(2012
0.257 MASTER R 4.56e+14 372 175 1 Gorbovskoy et al(2012
0.257 Hanle HCT R 4.56e+14 355 16.7 1 Sahu et al(2010H
0.258 MASTER R 4.56e+14 372 21.1 1 Gorbovskoy et al(2012
0.259 MASTER | 3.93e+14 444 25.2 1 Gorbovskoy et al(2012
0.259 MASTER R 4.56e+14 375 14.1 1 Gorbovskoy et al(2012
0.261 MASTER R 4.56e+14 431 20.3 1 Gorbovskoy et al(2012
0.261 MASTER | 3.93e+14 505 23.8 1 Gorbovskoy et al(2012
0.262 Hanle HCT | 3.93e+14 465 17.4 1 Sahu et al(2010h
0.264 MASTER | 3.93e+14 519 24.5 1 Gorbovskoy et al(2012
0.266 MASTER | 3.93e+14 440 25 1 Gorbovskoy et al(2012
0.269 MASTER | 3.93e+14 496 28.2 1 Gorbovskoy et al(2012)
0.271 MASTER | 3.93e+14 491 27.9 1 Gorbovskoy et al(2012
0.273 MASTER | 3.93e+14 482 27.4 1 Gorbovskoy et al(2012
0.274 Terksol Z-600 R 4.56e+14 349 6.48 1 Andreev et al(2010H
0.276 MASTER | 3.93e+14 452 25.7 1 Gorbovskoy et al(2012
0.278 MASTER | 3.93e+14 469 26.6 1 Gorbovskoy et al(2012
0.281 MASTER | 3.93e+14 405 27 1 Gorbovskoy et al(2012
0.283 MASTER | 3.93e+14 448 25.4 1 Gorbovskoy et al(2012)
0.286 MASTER | 3.93e+14 534 30.3 1 Gorbovskoy et al(2012
0.288 MASTER | 3.93e+14 448 29.8 1 Gorbovskoy et al(2012
0.29 MASTER | 3.93e+14 482 27.4 1 Gorbovskoy et al(2012
0.293 MASTER | 3.93e+14 514 29.2 1 Gorbovskoy et al(2012
0.295 MASTER | 3.93e+14 376 28.8 1 Gorbovskoy et al(2012
0.296 MASTER v 5.55e+14 303 54.6 1 Gorbovskoy et al(2012
0.297 MASTER | 3.93e+14 432 28.8 1 Gorbovskoy et al(2012
0.299 MASTER v 5.55e+14 341 50.5 1 Gorbovskoy et al(2012
0.3 MASTER | 3.93e+14 465 26.4 1 Gorbovskoy et al(2012
0.302 Golovec Vega R 4.56e+14 306 29.6 1 Kopac et al(2010
0.302 MASTER | 3.93e+14 416 31.8 1 Gorbovskoy et al(2012
0.305 MASTER | 3.93e+14 452 34.6 1 Gorbovskoy et al(2012
0.307 MASTER | 3.93e+14 369 35.6 1 Gorbovskoy et al(2012
0.317 THO C-14 CR 4.4e+14 333 32.1 1 Hentunen et al(2010
0.32 THO C-14 CR 4.4e+14 304 61.4 1 Hentunen et al(2010
0.353 Terksol Meade-35 v 5.55e+14 338 15.9 1 Andreev et al(2010¢
0.355 Hanle HCT R 4.56e+14 339 12.7 1 Sahu et al(2010H
0.37 Terksol Zeiss-2000 b 6.92e+14 232 4.31 1 Andreev et al(2010¢
0.416 Gnosca 0.4m CR 4.4e+14 304 96.6 1 Sposetti & Immler(2010
0.427 Gnosca 0.4m CR 4.4e+14 285 90.6 1 Sposetti & Immler(2010
0.439 Gnosca 0.4m CR 4.4e+14 287 91.4 1 Sposetti & Immler(2010
0.442 THO C-14 CR 4.4e+14 277 26.7 1 Hentunen et al(2010
0.449 Terksol Zeiss-2000 b 6.92e+14 169 3.15 1 Andreev et al(2010¢
0.45 Gnosca 0.4m CR 4.4e+14 277 88.1 1 Sposetti & Immler(2010
0.458 Terksol Zeiss-2000 v 5.55e+14 266 4.94 1 Andreev et al(20109
0.461 Gnosca 0.4m CR 4.4e+14 246 78.2 1 Sposetti & Immler(2010
0.464 Terksol Zeiss-2000 r 4.56e+14 263 4.89 1 Andreev et al(2010¢
0.464 THO C-14 Rc  4.56e+14 253 24.4 1 Hentunen et al(2010
0.468 THO C-14 b 6.92e+14 234 47.3 1 Hentunen et al(2010
0.471 Terksol Zeiss-2000 g’ 6.29e+14 163 3.03 1 Andreev et al(2010¢
0.472 Gnosca 0.4m CR 4.4e+14 243 775 1 Sposetti & Immler(2010
0.483 Gnosca 0.4m CR 4.4e+14 267 85 1 Sposetti & Immler(2010
0.494 Gnosca 0.4m CR 4.4e+14 253 80.4 1 Sposetti & Immler(2010
0.505 Gnosca 0.4m CR 4.4e+14 246 78.2 1 Sposetti & Immler(2010
0.505 NOT ALFOSC R 4.56e+14 277 88.1 1 De Cia et al(2010
0.516 Gnosca 0.4m CR 4.4e+14 232 74 1 Sposetti & Immler(2010
0.527 Gnosca 0.4m CR 4.4e+14 210 66.9 1 Sposetti & Immler(2010
0.539 Gnosca 0.4m CR 4.4e+14 218 69.4 1 Sposetti & Immler(2010
0.551 Gnosca 0.4m CR 4.4e+14 216 68.7 1 Sposetti & Immler(2010
0.562 Gnosca 0.4m CR 4.4e+14 218 69.4 1 Sposetti & Immler(2010
0.574 Gnosca 0.4m CR 4.4e+14 206 65.6 1 Sposetti & Immler(2010
0.585 Gnosca 0.4m CR 4.4e+14 195 62.1 1 Sposetti & Immler(2010
0.782 KPNO SARA-N b 6.92e+14 135 13 1 Updike et al.(2010H
0.785 KPNO SARA-N v 5.55e+14 234 22.6 1 Updike et al.(2010h
0.787 KPNO SARA-N R 4.56e+14 145 14 1 Updike et al.(20109
0.79 KPNO SARA-N | 3.93e+14 148 14.3 1 Updike et al.(2010H
0.856 ISON-NM 0.45m CR 4.4e+14 147 4.11 1 Elenin et al.(20103
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Table 8 — Continued

t-to Observatory ~ Telescope/ Filter Frequency Flux defisityUncertainty —Detection? Reference

(days) Instrument (Hz) 3dy) (udy) (1=Yes)

1.05 Ishigakijima  Murikabushi Ic 3.93e+14 121 5.71 1 Kuroda et al (20108
1.05 Ishigakijima  Murikabushi Rc 4.56e+14 87.6 3.29 1 Kuroda et al(2010H
1.05 Ishigakiima  Murikabushi ¢’ 6.29e+14 58.1 2.18 1 Kuroda et al(2010H
1.07 Hiroshima Kanata Rc 4.56e+14 82.1 7.92 1 Yoshida et al(2010
1.08 Hiroshima Kanata Rc 4.56e+14 83.6 5.57 1 Yoshida et al(2010
1.09 Ishigakijima  Murikabushi Ic 3.93e+14 105 5.94 1 Kuroda et al(2010H
1.09 Ishigakijima  Murikabushi Rc 4.56e+14 82.1 3.08 1 Kuroda et al (20108
1.09 Ishigakijima  Murikabushi ¢’ 6.29e+14 53 1.99 1 Kuroda et al (20108
1.1 Hiroshima Kanata Rc 4.56e+14 88.4 3.32 1 Yoshida et al(2010
1.14 Ishigakijima  Murikabushi Ic 3.93e+14 96.2 6.41 1 Kuroda et al(20108
1.14 Ishigakijima  Murikabushi Rc 4.56e+14 69.6 2.61 1 Kuroda et al (20108
1.14 Ishigakiima  Murikabushi ¢’ 6.29e+14 50.6 2.38 1 Kuroda et al(2010H
1.18 Okayama MITSUME Ic 3.93e+14 96.2 9.28 1 Kuroda et al(20109
1.18 Okayama MITSUME Rc 4.56e+14 77 7.43 1 Kuroda et al(20109
1.18 Okayama MITSUME ¢’ 6.29e+14 63.1 6.09 1 Kuroda et al(20109
1.22 Hanle HCT R 4.56e+14 75.6 7.29 1 Sahu et al(20103
1.24 Hanle HCT | 3.93e+14 92.7 13.7 1 Sahu et al(201039
1.3 MASTER | 3.93e+14 90.2 3.39 1 Gorbovskoy et al(2012
1.38 Tautenburg TLS1.34m Rc 4.56e+14 66.4 1.86 1 Kann et al.(20109
1.39 Tautenburg TLS1.34m Rc 4.56e+14 61.7 2.32 1 Kann et al.(20109
1.42 Tautenburg TLS1.34m Rc 4.56e+14 59.5 1.67 1 Kann et al.(20109
1.43 Tautenburg TLS1.34m Rc 4.56e+14 55.3 1.55 1 Kann et al.(20109
1.43 Tautenburg TLS1.34m Rc 4.56e+14 61.2 2.29 1 Kann et al.(20109
1.44 Tautenburg TLS1.34m Rc 4.56e+14 65.2 2.45 1 Kann et al.(20109
1.46 Terksol Z-600 R 4.56e+14 62.9 2.96 1 Andreev et al(20109
1.7 Lightbuckets 0.61m R 4.56e+14 46.8 14.9 0 Ukwatta et al(2010
2.13 Ishigakijima  Murikabushi Ic 3.93e+14 23.3 3.95 1 Kuroda et al(20108
2.13 Ishigakijima  Murikabushi Rc 4.56e+14 31.8 1.81 1 Kuroda et al (20108
2.13 Ishigakiima  Murikabushi ¢’ 6.29e+14 18.9 1.44 1 Kuroda et al(2010H
2.3 CrAO AZT-11 R 4.56e+14 28.7 2.2 1 Rumyantsev et a(2010
2.41 Terksol Z-600 R 4.56e+14 27.2 3.18 1 Andreev et al(20109
2.43 Terksol Z-600 R 4.56e+14 23.7 3.76 1 Andreev et al(20109
2.83 ISON-NM 0.45m CR 4.4e+14 24.1 6.25 1 Elenin et al.(2010H
2.88 UKIRT K 1.37e+14 47.6 9.64 1 Im et al. (2010
3.31 Tautenburg TLS1.34m Rc 4.56e+14 18.8 1.25 1 Kann et al.(20109
3.55 Tautenburg TLS1.34m Rc 4.56e+14 16.1 0.604 1 Kann et al.(20109
3.82 ISON-NM 0.45m CR 4.4e+14 13.9 2.81 1 Elenin et al.(2010H
4.26 Ishigakijima  Murikabushi Ic 3.93e+14 29.1 9.25 0 Kuroda et al (20103
4.26 Ishigakijima  Murikabushi Rc 4.56e+14 9.26 2.95 0 Kuroda et al(20103
4.26 Ishigakiima  Murikabushi ¢’ 6.29e+14 8.32 2.65 0 Kuroda et al(20103
4.4 Tautenburg TLS1.34m Rc 4.56e+14 9.26 0.436 1 Kann et al.(20109
4.4 CrAO AZT-11 R 4.56e+14 111 2.25 1 Rumyantsev et a(2010
4.42 Tautenburg TLS1.34m Rc 4.56e+14 9.17 2.48 1 Kann et al.(20109
4.43 Tautenburg TLS1.34m Rc 4.56e+14 8.68 11 1 Kann et al.(20109
4.56 Tautenburg TLS1.34m Rc 4.56e+14 9.51 0.918 1 Kann et al.(20109
4.87 ISON-NM 0.45m CR 4.4e+14 8.06 1.81 1 Elenin et al.(2010H
5.55 Tautenburg TLS1.34m Rc 4.56e+14 5.28 0.563 1 Kann et al.(2010H
6.3 Maidanak AZT-22 R 4.56e+14 4.64 0.401 1 Volnova et al.(2010

a1 = 0.4040.06, anda, = -1.46+0.21, similar to the X-

Note. — TIn cases of non-detections, we report the formal flux measure

ment at the position of the afterglow. ray andU-band fits. Finally, we fit the X-ray, UVOU-band
i . and UVOTB-band data jointly, where we constrain the model
The X-ray data before the first orbital gap at aroun®0 |ight curves at the two frequencies to have the same rise and

exhibits rapid flaring, ending in a steep decay. The earliestyacay rate and time of peak, and use independent normaliza-
UVOT observations during this period detect a countergart a tjonsin the three bands. Using a Markov Chain Monte Carlo
multiple wavelengths. Owing to the contemporaneguay  simylation usingeMCEE (Foreman-Mackey et al. 20),3we
emission, indicating on-going central engine activityidgr  findt, = 0.36+0.02,; = 0.57+0.09, andn, = —1.47-+0.07,

this period, we do not consider data before the first orbéal g  \ith a fixed value ofy=2.5.

for our afterglow analysis. The X-ray re-brightening ant-su The spectral index between the UKIRI-band observa-
sequent fading between 0.08d and 20d can be well fit with atjopy at 2.88d (m et al. 2010 and the X-rays iSBurx =
broken power law model (Equatidi, witht, =0.40+0.02d, 784 0.08. The spectral index between the NKRband
Fux(tp) =20£0.1pdy,01 = 0.77£0.15,02 =-1.55+£0.06,  and theSwiftU-band is slightly steepefiir uy = -1.0+0.2,
andy = 2.3+ 1.1 (Figurel2). indicating that some extinction may be present. The spec-

A broken power law fit to the UVOD -band data between g siope in the X-rays following the re-brighteningi =
71y, aq = 0.45+ 0.06, andap = -1.63+0.12, withy = 2.5, thatvep < v < vx at 2.88d.

similar to the results from fitting the X-ray re-brightening If the X-rays indeed lie above,, we would havep = -2y =
Over the same time range, a broken power law fitto the UVOT 2 3.4 0.12. The expected Iight’curve decay ratenis (2-

B-band data yields, = 0.394+0.08d,F, g(t,) = 201+ 244y, 3p)/4 =-1.2+0.1 abover, anda = 3(1-p)/4=-1.0+0.1
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Figure 12. Broken power law fit to the X-ray (grey, solidpwifftUVOT U-
band (pink, dashed), ar@wiffUVOT B-band (blue, dotted) light curves for
GRB 100901A near the re-brightening around 0.6 d. The X-tapdludes
points between 0.08 and 20d, while tbe and B-band fits include points
between 02 d and 20d. A joint fit yields the best fit parametgrs 0.36+
0.02,a1 =0.574+0.09, andap = -1.4740.07 (Section6.2.1).

(ISM) or « =-1.5+0.1 (wind) belowr,. TheU-band light
curve after the re-brightening can be fit either with a single
power law witha = =1.5 or with a break fromy =~ -0.9 to
a~-18at~1dando=-1.04+0.1 between 0.2d and 1.0d.
The former is consistent with a wind-like environment, wehil
the latter suggests an ISM model and a jet break ad. We
return to this point later.

Extrapolating theLightbuckets Fband data at 1.7 d to the
time of the SMA 345 GHz upper limit at 1.8 days using the
fit to the opticall -band light curve described above, we find
a spectral index ofmm-r = —0.6 from the millimeter to the

optical at this time. Combined with the steeper spectrum of

BOnirx = —0.78+ 0.08 between the optical and X-rays, this

suggests that the spectrum turns over above the millimete

band, indicating thaty,, = 345GHz at 1.8d.

The spectral index between the VLA 4.5GHz and 7.9 GHz
bands at 4.92d i$ = 0.9+ 0.3. However, the light curve at
4.5GHz declines ag =-0.17+0.12 between 3d and 12d,
and asy =-1.1+ 0.5 between 12d and 20d. The rising radio
spectrum coupled with the declining light curve impliesttha
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Figure 13. Observed NIR to X-ray SED of the afterglow of GRB 100901A at
0.06d (orange circles) and after the re-brightening (1; blatk squares), to-
gether with the best-fit ISM model (Sectiér2.2) including energy injection
(Section6.2.3 at 0.06 d (orange; dashed) and 1.14d (black; solid). The dat
points and model at 0.06 d have been multiplied by a factofofdr clarity.
The XRT SEDs at 1.14 d has been extrapolated from 3 d usingestefibbro-
ken power law model to the XRT light curve (Figut&; the correction factor

is &~ 4.5). The optical data have been extrapolated using the jeist fit to
the SwiftXRT and UVOT light curves (the corrections are smalkag%).
The dotted curves indicate afterglow models with no eximcor IGM ab-
sorption. Note that th&wiffUVOT uvwl-, uv2-, anduvn-band data lie
blueward of Lye in the rest-frame of the host galaxy.Q1x 10'° Hz in the
observer frame), and are likely subject to significant IGN@bption. For
this reason, we do not include these bands (orwi#fUVOT Whiteband,
not shown here) to constrain our afterglow model.

We employ our MCMC analysis to fit the multi-band data
for GRB 100901A aftet ~ 0.25d. At the redshift oz =
1.408, the UVOT White, uvwl, uvw2, and uvmz2band
data are affected by IGM absorption, and we do not in-
clude these bands in our analysis. The highest-likelihood

'SM model (Figureld) the parameterp = 2.03, ¢ =~ 0.33,

e~ 0.32,ng ~ 3.2 x 1073 cn3, Ex jso ~ 3.0 x 10°3 erg, tiet ~
0.96d,Ay ~ 0.09 mag, and, nosy =~ 4.1y, with a Comp-
ton y-parameter ok 0.6. The blastwave Lorentz factor is
[ =159(t/1d)®/® and the jet opening angle e ~ 2.1°.
The beaming-corrected kinetic energyEis ~ 2.1 x 10°%erg,

the jet break has occurred before 5d. The steepening of thevhile the beaming correctegdray energy i€, ~ 5 x 10*°erg

4.5GHz light curve atz 12d impliesvm ~ 4.5 GHz at this
time. Given thaty, > 345 GHz at 1.8 d, this would imply an
evolution of ~ v, o t723, consistent with the expected evo-
lution of vy, o t™2 following the jet break. Together, this im-
plies that the jet break must have occurred before 1.8 d twhic

(1-10*keV; rest frame). We plot histograms of the measured
parameters in Figurés and correlation contours between the
physical parameters in Figufies, providing summary statis-
tics from our MCMC analysis in Tablg.

In this model, the break frequencies at 1d are located at

agrees with the results from the X-ray and optical analysis v, ~ 0.7 GHz,vm ~ 2 x 1012Hz, andv, ~ 9 x 10**Hz, while
above and indicates an ISM-like environment. We therefore the peak flux density is about 4.2 mJy:at. The spectrum
focus on the ISM model for the remainder of this section, and transitions from fast to slow cooling at about 350s after the

discuss the wind model for completeness in Apperaix

To summarize, the NIR to X-ray SED exhibits mild ev-
idence for extinction and suggests thajir < vc < vx at
~ 3d, with p=23+0.1. The radio observations indicate
vm =~ 5GHz ata~ 12d. Together, the X-ray, NIR and radio
data suggedfer ~ 1d and an ISM-like environment. All ra-
dio observations took place after this time, and are thegefo
insensitive to the density profile of the circumburst enmiro
ment.

6.2.2. Forward shock model at¥ 0.25d

burst. The cooling frequency is located between the optical
and X-rays and the jet break is before 1d, both of which are
expected from the basic analysis outlined above. The low
value of p is driven by the shallow measured decline in the
X-rays following the jet break, and the resulting spectrem r
mains consistent with the optical-to-X-ray SED (Figaf.

6.2.3. Energy injection model

Taking the forward shock model described in Sectigh 2
as a starting point, we find that the X-ray and UV/optical data
before the re-brightening can be explained by a single gerio
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Figure 14. X-ray, UV (top left), optical (top right), and radio (bottoleft) light curves of GRB 100901A, with the full afterglow rdel (solid lines), including
energy injection before 0.25d. The X-ray data before 0.068bits strong flaring activity and we do not include thes¢adn our analysis. The dashed
envelopes around the radio light curves indicate the erpeeffect of scintillation at thedllevel. The data indicated by open symbols are not used tondiete
the parameters of the forward shock (the MCMC analysis).tdBotright: blastwave Lorentz factor (green, dashed; uppbrpanel) and isotropic equivalent
kinetic energy (red, solid; upper sub-panel) as a functidmee, together with the energy distribution across ejécteentz factors (black, solid; lower sub-panel)
as determined from fitting the X-ray/UV/optical re-brighiteg at 0.36 d.
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Figure 15. Posterior probability density functions for the physicafgame-
ters for GRB 100901A in a constant density environment fro@NWC sim-

ulations. We have restrictegk jso52 < 500, €e < 1/3, andeg < 1/3.
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Figure 16. 10 (red), 2 (green), and & (black) contours for correlations
between the physical parametefEg, jso, No, €e, andeg for GRB 100901A, in
the ISM model from Monte Carlo simulations. We have restdete < 1/3
andeg < 1/3. See the on line version of this Figure for additional plots o
correlations between these parameters@rig, Ojet, Ex, Av, andF,, postr -

of energy injection between005d and~ 0.26 d:
Ex isof; t>1,=0.26d
¢ 1.88
Ex iso(t) = Ek isof (—) , 11=0105d<t <t (5)

to

1.88
EK,iso,f (—1) ) t<ty

—

to
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In this model, the energy increases by a factord®.5 from

Ex.isoi &~ 5.4 x 10°?erg at 0.105d t& jsot ~ 3.0 x 10°3erg at
0.26d, corresponding to an injected energy fraction 86%,

while the Lorentz factor decreases frdimr 30 to I" =~ 26

over this period. In comparisoR,, jso ~ 8 x 10°?erg (Section
6.2.1). The value ofm~ 1.88 corresponds tg ~ 14.4 for

26 <T < 30.

6.3. GRB 120404A
6.3.1. GRB properties

GRB 120404A was detected and localized by wift
BAT on 2012 April 04 at 12:51:02 UTStratta et al. 2012
The burst duration waslgg = 387 = 4.1s, with a flu-
ence of F, = (1.6+0.1) x 10°ergcm? (15-150keV ob-
server frame,Ukwatta etal. 2012  Swift and ground-

Laskar et al.

fixed energyExisos. We use the data after 0.04d for esti-
mating the parameters of the blastwave shock and employ our
MCMC tools described in Sectiofito model the afterglow
after this time.

The parameters of our highest likelihood ISM model are
P~ 2.06,ec~ 0.27,eg ~ 0.16,Nnp ~ 2.8 x 10°cm 3, Ex jso ~
1.2 x 10°3erg, tier ~ 6.6 x 102d, andAy ~ 0.13mag. The
Comptony-parameter for this model isz 0.9. The blast-
wave Lorentz factor i§" = 4.1(t/1d)®/® and the jet opening
angle isfier ~ 3.1°. The beaming-corrected kinetic energy
is Ex ~ 1.7 x 10°%erg, while the beaming correctegray
energy isE, ~ 1.2 x 10°%erg (1-10keV; rest frame). The
MCMC analysis yields an isotropic equivalent kinetic energ
of Ex iso= 1.3'33 x 10°3erg, which is similar to the value of
1.9727 x 10°3erg derived byGuidorzi et al.(2013. The high

based observatories detected an afterglow in the X-rayscircumburst density of logp) = 2.5%, is also consistent with

and UV/optical Guidorzietal. 2012 Xinetal. 2012bh
Breeveld & Stratta 2012Gorbovskoy et al. 2072 as well
as in the radioZauderer et al. 2032 Spectroscopic obser-
vations with Gemini-North yielded a redshift af= 2.876
(Cucchiara & Tanvir 2012 The isotropic-equivaleny-ray
energy for this event iE., iso = (9+ 4) x 10°?erg (1-10keV,
rest frameGuidorzi et al. 2018

the value of logilo) = 2.4*39% determined byGuidorzi et al.
2013, and is driven by the low flux density and steep spec-
trum in the radio. However, unlikéuidorzi et al.(2013, our
low value of p ~ 2.1 allows us to match the NIR to optical
SED and the normalization of the X-ray light curve. We note
that the high circumburst density also results in a low cool-
ing*® frequency: in our highest likelihood mode} < v,

This burst has been previously studied in detail by and the spectrum remains in the fast cooling regime through
Guidorzietal. (2013, who interpret the optical re- the duration of the observations (spectrum Goénot & Sari
brightening starting around 800s in their well-sampled, 2002, With vac ~ 5.9 x 10°Hz, v~ 2.0 x 101 Hz, vy ~
multi-band optical light curves as due to the passage of theg 1 . 1011 Hz, andy, ~ 6.3 x 101°Hz at 1d.
characteristic synchrotron frequenay, They additionally We plot the posterior density functions for the all param-
invoke reverse shock emission to explain the fld’{®')  eters in Figurel8 and correlation contours in Figute; we
portion of the optical light curve before the onset of the |ist our measured values for the physical parameters ineTabl
re-brightening. In the following, we propose an alternate 5 |n the wind and ISM models, light curves at all frequencies
model for the multi-band radio through X-ray light curves in  hecome indistinguishable following a jet break. Since #te j
the context of energy injection. break occurs early, soon after the start of the data used for

The X-ray light curve before 700s can be modeled as aderiving the parameters of the blastwave, we expect a viable

power law decay withnx =~ —2. This light curve phase is
likely part of the high latitude emission, and we ignore the
data before 0.008d in our analysis. The X-ray photon index
at 0.12-0.24dI'x = 2.3+ 0.3 (Guidorzi et al. 2018 imply-

ing a spectrumk, oc v 13+03 is consistent with the spectral
slope between the opticétband and the X-rays at 0.07d,
Boptx = —0.91+0.04, suggesting that the optical and X-ray
bands are on the same segment of the afterglow SED, al
though the large uncertainty iflk leaves open the possibil-
ity that v, lies between the optical and X-rays. Addition-
ally, the spectral slope within the opticaB-(to i’-band) is
Bopt=—1.3+0.2at 0.07 d, indicating that extinction is present.

The spectral index between the 19.2 GHz and 24.5 GHz obser-

vations at 0.75d i$agio = 2, Which indicates that, is located
above 245 GHz at this time (Figuré?7).

The opticalR-band light curve declines as>9+%02 after
0.13d, consistent with the X-ray decline ratetofé+%1 af-
ter 0.05d. The steep decline afx~ -2 is indicative of a jet
break beforex 0.1d. A broken power law fit to th&-band
light curve results in the parametegs= (2.8+ 0.4) x 1072d,
F.g(tp) = 2524+ 10pdy, oy = 1.74+0.58, 0, = -1.71+ 0.17,
andy = 0.78+ 0.43, making this the earliest re-brightening
episode of the four events studied in this paper.

6.3.2. Forward shock model at¥ 0.04d

We interpret the optical light curve peaks at around 2500 s
as the end of a period of energy injection, after which the af-
terglow evolves according to the standard framework with a

wind model to exist as well. We discuss this model in Ap-
pendixE.

6.3.3. Energy injection model

We model the light curves befotg= 0.04 d by injection of
energy into the blastwave shock. We use the afterglow param-
eters for the highest-likelihood model (Secti6rB.2 as the

final parameters following the end of energy injection, with

Exisof = 1.2 x 10°3erg. We find that the optical and X-ray
light curves can be modeled well by two subsequent periods
of energy injection, beginning &t =7 x 103d (Figure20):

t >1ty=0.04d
t1=22x102d<t <ty

EKﬁisoﬁfa
¢ 0.75
EKﬁisoﬁf (5) )
t

¢ 0.75
EK,iso,f (%) (—

Ex isof (%) o ( 1 (6)

In this model, Ex jso increases by a factor ok 18 from
4.4 x 10°*erg to 78 x 10°%2erg between D x 10°d and
2.2x1072d, and then bys 50% toEx jsof &~ 1.2 x 10P3erg be-
tween 22 x 102d and 004 d. Thusz 95% of the final kinetic
energy is injected into the blastwave betweeh7103d and

Ev o (t)= 25
Kisolt) )7, 2=70x10%d<t<t

t<ty

)

18 Once againyc = y/7arat, With v3 &~ 8.0 x 101°Hz, andr1; ~ 5.0 x
10'°Hz at 1d (see Footnotk).
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Figure 17. Left: Observer-frame SED of the afterglow of GRB 120404A &684 d, together with the best fit model (spectrum 4 from G30&ck, solid).
Right: The same as the left panel, but at 0.78d. The radictiets with a steeply rising spectrum suggest that theambrption frequency is near or above
the radio band, requiring a high circumburst density. B&#DS are corrected for the effect of inverse Compton coolivtgjch is significant, with the Compton
y-parameterr 0.9 during the fast cooling phase. We do not show the inversepBamradiation, since even at its peak (near $waft XRT band), it is four
orders of magnitude weaker than the synchrotron comporg=®.Appendi for a discussion of the inverse Compton effect in the contéxhodeling GRB

afterglows.
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Figure 18. Posterior probability density functions for the physicarame-
ters for GRB 120404A in a constant density environment fro@NC sim-
ulations. We have restrictegk jso52 < 500, ee < 1/3, andep < /3.
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Figure 19. 10 (red), & (green), and & (black) contours for correlations
between the physical parameteEg, jso, No, €e, andeg for GRB 120404A, in
the ISM model from Monte Carlo simulations. We have restd jso52 <
500, ee < /3, andeg < 1/3. See the on line version of this Figure for addi-
tional plots of correlations between these parametergpatyd, Ojet, Ex, and
Ay.

0.04d. In comparisork, s, ~ 10> erg is similar to the final
kinetic energy. The blastwave Lorentz factor decreasens fro

F~174at73x103toT" ~16.2 at 22 x 102d, and then to

I' ~ 13.7 at the end of energy injection ald d. The value of
m derived above correspondsge: 3.7 for 137 <T' < 16.2
ands~40for162<T" <174,

7. DISCUSSION
7.1. Parameter distributions

We now turn to the question of how GRBs that exhibit si-
multaneous optical and X-ray re-brightening episodes com-
pare with each other, and with events that do not exhibit
such a feature. For this purpose, we use the compila-
tion of measurements d&,, e, Ex, andng (or A,) from
the literature Panaitescu & Kumar 2002Yost et al. 2003
Friedman & Bloom 2005Ghirlanda et al. 2007Cenko et al.
201Q 2017 reported inLaskar et al.(2014. This sample
includes GRBs from the pr8wift era, as well asSwift and
Fermievents.

The radio to X-ray observations of all four GRBs presented
here can be fit by constant density ISM models. The best fit
models yield densities frony 3 x 1073 to ~ 3 x 10°cm3and
final beaming-corrected kinetic energies fren? x 10°°erg
to ~ 2 x 10°*erg, spanning the full range of values inferred
from GRB afterglow modeling (Figur2l). We constrain the
jet break time and hence the opening angle of the GRB jet in
each case, and firik; =~ 2°-21°, spanning the range inferred
from the comparison sample.

The beaming-correctegray energies in the 1-1@eV rest
frame energy band of the events in our sample range from
5x 10"erg to 13 x 10°°erg, while the medial beaming
correctedy-ray energy of the comparison sampleBs =
(8.131) x 10°%erg (95% confidence interval, Figui2?).
Therefore, the observed values Bf for the events in our
sample are all smaller than the best estimate for the median o
the comparison sample.

To further quantify this effect, we compute the radiative ef
ficiency, n = Ex /(E4 + Ex) for each GRB and in the com-
parison sample. Since boEx andE, have associated un-

19 The uncertainty on the median is computed using Greenwdonisula
for the variance of the Kaplan-Meier estimate of the cuniwgadistribution
function. This method accounts for both upper and lowertimihich exist
in the data.



28 Laskar et al.

0
10 10
107
10°
~ 107 —
> >
E 10° E o
2 2
2 20
@ 10 @
o o
5 E]
i 10 i 10° v NIRK-band x 27
¢ UWXx9 @ NIRH-band x 9
10° ® g'x3 . @ NIR J-band x 3
¢ UuvB 10°F @ Optical z-band
107 @ UVU/3 %  Optical I-band / 3
¢ Swift-XRT /9 105} M Optical R-band /9
107 10?2 107 10° 10° 102 107 10°
Time (days) Time (days)
110%
Ymy
§177 ------......... .
|5} je2d
& 16 5
ol N T, -
10 2 18} .
o Se S
3 1al ~... 14052 53]
=107 te
> n
= -2
§, 10 ]
> Time (days)
e N P [N
% A 10
5 | = . S
o - =
1073 Vv Radio C (4.9 GHz) g
VvV Radio C (7 GHz) S
*  Radio K (19.2 GHz) T 10"
. B RadioK (24.5 GHz) s
T v Sub-millimeter (CARMA) ] g ‘ ‘ ‘ ‘
L o . o i 14 15 16 17
10 10 10 10

L tz Factor, (I
Time (days) orentz Factor, (I')

Figure 20. X-ray, UV (top left), optical (top right), and radio (bottoleft) light curves of GRB 120404A, with the full afterglow rdel (solid lines), including
energy injection before 0.04d. The X-ray data before 0.088likely dominated by high-latitude prompt emission and @eenot include these data in our
analysis; the best fit power law to the X-ray data before OcdD@8ded to the blastwave model is shown in the upper left pédtetk, dashed). The dashed
envelopes around the radio light curves indicate the erpeeffect of scintillation at thedllevel. The data indicated by open symbols are not used tondiete
the parameters of the forward shock (the MCMC analysis). U4&nd data are strongly affected by IGM absorption and aréoluded in the fit. Bottom right:
blastwave Lorentz factor (green, dashed; upper sub-paneljsotropic equivalent kinetic energy (red, solid; upgén-panel) as a function of time, together
with the energy distribution across ejecta Lorentz factblack, solid; lower sub-panel) as determined from fitting X-ray/UV/optical re-brightening at 0.04 d.

certainties, while the expression fgris non-linear in these  from previous studies of eventsat- 1 andz = 6. However,
two quantities, a proper accounting of the final uncertaiety  the events reported here have smaller beaming-corrected
quires a Monte Carlo analysis. We generatel@nte Carlo  ray energies, and as a result lower radiative efficiencias th
realizations ofx andE, for each burst, assuming a uniform the comparison sample, suggesting that the prompt radiatio
distributior?® between the & error bars. We then compute IS dominated by ejecta at high Lorentz factors, while thécbul
and summarize the resulting distributionpiising the me-  kinetic energy is dominated by slow-moving ejecta at least i
dian and 68% credible intervals (Figu28). We find thatthe ~ these cases.

GRBs in our sample have systematically lower radiative effi-

ciencies. This is consistent with the energy injection acen 7.2. Absence of reverse shock

if the prompty-ray radiation is dominated by emission from  When energy injection into the blastwave is caused by a
the fast-moving ejecta, while a significant amount of kioeti  distribution of ejecta Lorentz factors, the reverse sha@®)(
energy is carried by slow-moving ejecta. ~ from the initial interaction of the leading edge of the egect
_From this comparison, we conclude that events exhibiting with the circumburst medium is expected to continue to prop-
simultaneous, multi-wavelength re-brightening episaales  agate through the ejecta until the end of the period of energy
span the same wide range of circumburst densities, jet openinjection Sari & Mészaros 2000 During the period of en-
ing angles, and beaming-corrected kinetic energies ferr ergy injection, the afterglow SED is expected to be composed
of contributions from both forward (FS) and reverse (RS)
) 20 we Ct*;]‘)ose a L;”ifot.fm diStﬁE’““"” i”Stea? of, Say%ﬁalmﬁ“bum” ,  shocks, each with its three characteristic frequencieslard
becase e incernies o resoprametrs i fk compares 1 ornalations, The speciral haractsics of i ks
physical, negative values. A more detailed analysis regire full posterior are expected to be related By maxrs(t) = Fu maxrs(t) x I'(t),

density functions for botk~, andEk for every GRB, which are not available. Um Rs(t) = Um Fs(t)/Fz(t), andv, Rs(t) = Fs(t)y while the two
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Figure 21. Beaming-corrected kinetic energy (left) and circumbuesigity (right) for both ISM (black circles) and wind-likevéronments (grey squares). The
four GRBs in our analysis 100418A (blue), 100901A (red),3Z8AA (green), and 120404A (purple), do not appear disfimch the comparison sample (grey
and black;Panaitescu & Kumar 200Xost et al. 2003Chandra et al. 20Q&enko et al. 2012011 Laskar et al. 201¢

self-absorption frequencies should be relatedifgys(t) = be mild, and a reverse shock will not occur. This appearsto be

vars(t) x T (t), where\ = 3/swhen both shocks are fast cool- the case for the GRBs studied here, suggesting that the shell
ing and = 8/5 when both shocks are slow cooling. The re- collisions in these events exhibiting X-ray and UV/optice
verse shock is expected to last through the period of energybrightening episodes are gentle, resulting simply in asfiem
injection, whereupon all ejecta have been decelerated to &f energy to the blastwave. Even more fundamentally, this
common Lorentz factor, and the two shocks decouple in theirimplies that the shells are emitted at the same time from near
subsequent evolution. the central engine and thus the engine need not be on during
A calculation of the reverse shock SED based on the abovethe re-brightening episode.
considerations, together with the Lorentz factor of thesbla ST .
wave at the end of the period of energy injectidd and 7.3. Energy injection: a ‘_*b'q“'tous phenomenon?. )
the SED of the forward shock at that time indicates that The phenomenon of short-lived plateaus at an early time is
the reverse shock generically peaks around the millimeterubiquitous inSwiftXRT afterglow light curves I(iang et al.
band atigec (Sari & Mészaros 2000 For GRB 100901A and ~ 2007. Using a complete sample &wiftXRT light curves
120404A, there are no data in the millimeter bands at thethrough 2010Margutti et al.(2013 find about 37% of long-
relevant time. For GRBs 120326A and 100418A where we duration GRBs exhibit a shallow decay phase, withs o <
have millimeter observations at teee, We find that the RS 1. If these plateaus are caused by injection of energy iro th
light curves over-predict the observations by factors«d@i—  forward shock, the events with X-ray/optical re-brighteys
10. Additionally, the reverse shock would also contribute a discussed in this paper might be the extreme tail of a distrib
flux density comparable to the forward shock in the X-rays tion in energy injection factor, duration or rate. A rigosou
and optical for all four events during energy injection, ai  €xploration of these possibilities requires multi-wawgjth
would require suppressing the forward shock before the re-fits to the data, but such data are generally not available. We
brightening by invoking even lower blastwave energies (and therefore compute energy injection fractions based on the X
consequently requiring an even greater rate of energy-injec ray light curves alone, and compare the results for the ebjec
tion) before the optical/X-ray peak. Thus the data are incon Where wedo have multi-wavelength observations as reported
sistent with the presence of a strong reverse shock for thesén this paper.
events. Margutti et al. (2013 measured the timing of X-ray
We note that in our model there is a gap before the begin-plateaus inSwiftXRT light curves and quantified them by
ning of energy injection. If the energy injection is causgd b their start time,t;, end time,t;, and rise rate during the
a shell of material with a distribution of Lorentz factoredgt ~ plateau phaseq. For our X-ray plateau analysis, we se-
‘injective shell’) catching up with the initial shell (‘thenpul- ~ lect the 96 events in their study where the reported uncer-
sive shell’), then a long-lasting reverse shock in the itijec ~ tainty in « is < 0.3. We repeat their light curve decompo-
shell is only expected when the two shells collide violgntly sition analysis on the X-ray light curves of GRB 120326A
with a relative Lorentz factor greater that the sound spaed i and GRB 120404A (which are not included in their sample),
the injective shellZhang & Mészaros 20Q2If the injective and findt; = 5.7 x 103d, t, = 0.62d, anda = 0.27+ 0.03,
shell is released from the central engine at roughly the same

time as the impulsive shell, the collision between the twib wi -, Margutt et al.(2013 use the conventiof (¢) o< t™, which is opposite

to the convention in this paper.
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Figure 22. Beaming-corrected-ray energy (left) and jet opening angle (right) for the éséan our analysis, GRB 100418A (blue), 100901A (red), 1B¥8R
(green), and 120404A (purple), together with a comparisongse of long GRBs (greyEriedman & Bloom 2005Ghirlanda et al. 2007Cenko et al. 201,®2011%;
Laskar et al. 2014 The isotropic-equivaleny-ray energy for GRB 050904 is taken frohmati et al.(2008), and for GRB 090423 frorSalvaterra et a(2009.
The four GRBs exhibiting X-ray and optical re-brighteningisades do not appear distinct from the comparison samlgirbut appear to all reside at lower
values oft, than the median.

for GRB 120326A andy = 9.8 x 102d,t, =2.9x 102d, and the uncertainty or§ usingoe = 01,0 /0t = 20, /(1 +12)?,
a =0.7640.23 for GRB 120404 4. which is dimensionless as desired.

We define the plateau duratioAT = t, —t; and the frac- Assuming the X-ray band is located above the cooling fre-
tional duration¢ = (t;—t1)/(t2 +t1) € [0,1). Note that — 1 guency for all cases (which is indeed the case for the five
whent, > t1, which corresponds to the case that the plateauevents considered in detail here), and that2, we can com-
lasts much longer than its onset timelargutti et al.(2013 pute an effective energy injection raiex t™, wherem=a+1
computed the start time of the plateau using the intersectio is the rate required to bring the measured light curve slope t
of the steep decay phase with the best fit plateau model; hencg from the theoretically-expected vaftief t 2-3°)/4 ot for
they do not report an error on this quantity. We can estimateno energy injection. For the sake of simplicity and unifor-

22 The X-ray light curve of GRB 120404A is not well-sampled néee 2 |n the general casen = % for ve < v, while m= %

peak of the re-brightening and we therefore fix the peak timtée fit to the 4a+(@p-1) [
value inferred from the optical light curvex(0.3 d; Sectior6.3.3. (ISM) andm = === (wind) whenug > vx.
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Figure 23. Radiative efficiency,n for the events in our analysis, GRB
100418A (blue), 100901A (red), 120326AA (green), and 12@4(urple),
together with a comparison sample of long GRBs (gf@yedman & Bloom
2005 Ghirlanda et al. 2007Cenko et al. 20102011, Laskar etal. 2014
with 68% credible regions (error bars) about the mediannfgpicomputed
from Ex andE,, using a Monte Carlo procedure. The four GRBs exhibiting
X-ray and optical re-brightening episodes have lower tadizefficiencies
than the median.

mity, we usep = 2 even where we have other measurements

of p, such as for the events reported in this paper. The ra-

tio of the energy at the end of the plateau phase to the en
ergy at the beginning of the plateau phase is then given b
T = Ez/El = (tg/tl)m. 4
We plot the plateau fractional duratighagainst the plateau
slope,« in Figure 24, scaling the area of the symbols iy
The slopes during the plateau phase range feom -1 to
~ 1.8. As evident from the kernel density estimatexpimost
light curves exhibit a gentle decay during the plateau phas
(Figure24). However, all four events in our sample are ex-
ceptions to this rufe. These four events also exhibit the
greatestrise in their plateau phase light curves for a gieen
malized durationg. Two out of these four (GRBs 120326A
and 100418A) have the largest fractional changes in the ki-
netic energy of the entire sample of 98 events. These ar
also the events with the largest valuecah our sample. For
GRB 120404A, we note that the X-ray light curve around the
peak of the re-brightening is missing due t@wift orbital
gap. Therefore any results that rely solely on the X-ray data
of this burst underestimate the valuecofind the fraction of
energy injection relative to the multi-wavelength anadyse
carried out in Sectiof.3.3

24 The uncertainty in this quantity can be estimated using
0% = (0Y /o) o, +(0Y Jom)Pary,
= (MY o, /to)* +(YTIn (t2/t1)0a ),

where we have taketim = 0. This assumes that anda are independent.
However, these quantities are expected to be correlatelch emore complete
analysis of the uncertainty itf requires the full covariance matrix between
« andt.

25 Since we selected GRBs that exhibit an X-ray re-brightenthig is
partly by sample construction.
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Figure 24. The fractional duration of X-ray plateaus fromMargutti et al.
(2013 as a function of the light curve rise rate, (with the convention

F oct®). Errors in both directions are computed according to thetdas
described in sectiofi.3. The vertical dashed black line indicates the canon-
ical light curve decay ofx ~ -1 expected fop ~ 2. 21% of events with
plateaus exhibit re-brightenings: (> 0). Events analyzed in this paper are
shown in red. The area of each symbol is linearly proportitm¢éhe ratio of
the energy at the end to that at the beginning of the plateagepiff. The
blue point atee & -1.5 is GRB 081028, which also exhibits an X-ray/optical
re-brightening; however, this event does not have radia aiatl we therefore
exclude it from our multi-wavelength analysis. A probahildensity func-
tion of the distribution ofx (computed from a kernel density estimate using
o« as avarying kernel bandwidth) is shown in cyan.

In Figure 25 we plot the ratio of final to initial energyl’
against the normalized plateau duratign,scaling the ra-
dius®® of the symbols byr. We find that for a given (nor-
malized) plateau duration, the events in our sample have the

Targest fractional change in blastwave kinetic energyruyri
Ythe plateau phase. At the same time, they also possess the

steepest rise rates in the sample, which is simply indieativ
of our selection criteria for inclusion in the present analy
sis. Finally, these events have the shortest normalizeédala
durations for a given fractional change in energy. Together
these observations suggest that a large amount of injented e
ergy is not sufficient to cause simultaneous -ray/optical re
brightenings, but that imust be done in a relatively small
amount of time and thus that the defining characteristic of
these events is a highte of energy injection. Physically, this
translates to a steep distribution of ejecta Lorentz faaoer

a small range of'. Hascoet et al(2015 recently suggested

&hat the interaction of low-Lorentz factor ejecta with tlee r

verse shock can explain flares in the X-ray light curves. Our
observations provide supporting evidence for this hypsithe
in the form of significant ejecta energy down to the requisite
low Lorentz factors[" ~ 10.

7.4. Energetics

Having compared the plateau duration, light curve rise rate
and injected energy fraction for our sample with a complete
sample ofSwift events using the X-ray data alone, we now
turn to an analysis of the results from our multi-wavelength
energy injection modeling in this context. In Figu2é we
plot the fractional change in energy determined from multi-
wavelength modeling against the fractional change in gnerg

26 Since« can be negative while the area of the symbols in the plot is a
positive definite quantity, we scale the radius of the symbebk +1.5, where
the additive term accounts for the minimum valuexof
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10° : ‘ ‘ ‘ ‘ ‘ modeling. In the case of GRB 120326A, where the X-ray
100418A analysis over-estimatés by an order of magnitude, the vari-
120326A ance between the two techniques is due to differences in the
“ plateau start time (8 x 1072 d for the multi-wavelength anal-
3 ysis, compared t0.3 x 1073d in the X-ray analysis). Based
e 107 o , on this comparison, we conclude that a determinatioff’ of
S & P '1. using the X-ray data alone yields a reasonable estimate=of th
£ 1009014 ® 0 °*° energy injection factor on average, but that multi-wavgtan
2 o . o %o . ';o:, modeling is essential to obtain the full picture.
% 1o | 120404A ® o :0 L x4 ;s.);,
8 ¢ L o J !.8_.: 8. SUMMARY AND CONCLUSIONS
e . el | Plateaus and re-brightening episodes are frequent in GRB
° . ".: afterglow X-ray light curves. However, X-ray data by them-
1 selves provide only a limited understanding of the physi-
1o 05 06 07 08 (T cal processes underlying these unexpected phenomena. We
Plateau fractional duration, & perform a thorough multi-wavelength study of all long-

Fiaure 25. The ratio of  the end 1o that at the bedinning of th duration GRBs through 2012 featuring simultaneous X-ray,
igure 25. The ratio of energy at the end to that at the beginning of the ; i ; ; i
plateau phase in X-ray light curves of 96 events friglargutti et al.(2013, a.md UV/.OptlcaI re bnghtemngs and that have. radio detec
as well as GRBs 120326A and 120404A from our analysis, as @ifumof tions, using a Markov Chain Monte Carlo analysis and a phys-
the plateau fractional duratiog, with error bars computed according to the  ical afterglow model. Our analysis yields the first set of mod
prescription in sectio7.3. The size of the symbols is scaled to a measure of g|s that explain the multi-wavelength afterglows for all of
the light curve rise rate during the plateau decay phaswith the radius of : P P
the symbols proportional ta +1.5. Larger symbols denote a greater depar- these events V\.”th the same unlfylng prlnC|pIe: In all cases,
ture from a canonical light curve decay @ 1, indicating greater rates of ~ the afterglow light curves can be mOde|_ed Wlt_h a St{:\ndal'd
energy injection during the plateau phase. forward shock model following the re-brightening episode,
an ISM density profile, and a jet break. From our multi-
wavelength analysis, we find that the circumburst densities
jetopening angles, and beaming-corrected kinetic enefgie
100418A these events span the full range described by typical GRBs at
z~1andz> 6.

We explore a range of possible models to understand the
re-brightenings, including the onset of the afterglow;affs
viewing geometry, and continuous energy injection. We are

1204047 . able to rule out the afterglow onset and off-axis jets, and fin

10° |

Q
R

—0- instead that injection of energy into the blastwave (the so-
called ‘refreshed-shock’ scenario) provides a good exgplan
] tion for all events. We interpret energy injection in thenfiex
_. o0s01A 1203268 work of the stratified Lorentz factor model, and find that our
measured energy injection ratelkvaysobey the theoretical
constraints relating the rate of injection and the distidouof
ejecta Lorentz factors in the ISM model.
005 S TS PP We perform the first measurement of the ejecta Lorentz fac-
X-ray analysis tor distribution indexs, and finds =~ 3—40, suggesting that a
large amount of kinetic energy resides in the slowest-nvin
Figure 26. Ratio of final energy to the energy prior to the first injection  ejecta. This is supported by low radiative efficiencies e t
episode from the multi-wavelength analysis (y-axis) coragdo the ratio of events in our sample indicating that theray radiation is
the energy at the end to that at the start of the ‘plateau ph#iseomputed . . Lo . ..
in section7.3 for the five events in our sample, together with the 1:1 line dOminated by ejecta at high Lorentz factors, while the ket

(solid, black). The area of the symbols is linearly profmorél to the physical energy is dominated by slower-moving ejecta. We note that

Multi-wavelength analysis
3

duration of the plateaus; —t;. keeping the injection rates simple power laws allows usto di
rectly convert the injection rate to a Lorentz factor dimition
T, inferred from the X-ray-only analysis in sectigh3 for index, but the true injection rate and also the true Loresdz f

the four events in our sample. We scale the area of the sym+or distribution is likely to be a smoother function of timecda
bols with the plateau physical duratida;-t;. As expected, Lorentz factor, respectively.

events with longer plateau durations have greater estimate Finally, using a compilation of X-ray plateaus in GRB after-
energy injection fractions both from the X-ray analysis and glows, we present a comparative discussion of this intieigst
from the full multi-wavelength study. The fractional chang sub-population of GRBs. We find that the phenomenon of en-
in energy from the X-ray analysis is higher than inferredvfro  ergy injection is ubiquitous is long-duration GRBs, with re
the full model for three out of four cases. This is due to the brightening episodes likely simply extreme injection een
typically lower value ofn from the X-ray-only analysis com-  In future work, we aim to fit the light curves before the re-
pared to the full model. Ultimately, this can be traced to the brightening episodes in a statistical sense, allowing esto
fitting procedure:Margutti et al.(2013 fit a sum of a steep  timate uncertainties on the rate and duration of the energy i
decay and a rising light curve, the sum of which results in the jection episodes. At the same time, radio monitoringwift
X-ray plateau, whereas we do not subtract fits to the steep deevents exhibiting re-brightening episodes will be crudéial
cay phase from the X-ray light curve prior to our multi-band multi-wavelength modeling of this interesting class of GiRB
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while ALMA observations will irrefutably establish the ¢ in Sari & Esin(200). We find that IC emission contributes
ence or absence of reverse shocks, laying to rest the gaestionegligible flux compared to synchrotron radiation and we ig-
of whether the energy injection process is violent or gentle  nore this componentin our analysis. However, the IC mecha-
nism can provide a significant source of cooling for the shock
accelerated electrons and thereby dominate the totalngpoli
rate, even when IC emission itself is not directly obsergabl
(Sari et al. 1996Sari & Esin 2001 Zhang et al. 2007 This

We thank M. Viero and J. Viera for acquiring the P200
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APPENDIX

whereH = (V./vm) (P2/2 is independent of.. We therefore
obtain the following implicit equation fom,

p-2
) = mH [1_ ﬂ%/] _0.  (A3)

2

A. INVERSE COMPTON CORRECTION

The synchrotron photons produced in the GRB blast-
wave can Compton-scatter off the shock-accelerated rel-
ativistic electrons in the blastwave, producing a Comp-
tonized spectrum at high energieBafiaitescu & Mészaros
1998 Wei& Lu 1998 Totani 1998 Chiang & Dermer
1999 Dermeretal. 200Qk; Panaitescu & Kumar 2000
Blandford & McKee 1977 Sari & Esin 200)l. We com-

which can be solved numerically using (for instance) the
Newton-Raphson method. Finally, the effect of IC cooling
can be accounted for by scaling the spectral break freqegnci
pute the IC spectrum by directly integrating the synchmotro and flux densities of the synchrotron spectrum by the appro-
spectrum over the electron Lorentz factor distributiorckba  priate powers of #Y (Granot & Sari 2002 For convenience,
calculated from the synchrotron spectrum) using equatidn A we summarize these scaling relations in Teble

Table 9
Inverse Compton Corrections to Spectral Break Frequencies

Spectral Break  Break Frequency Break type Frequency scaliRlux density scaling
1 Usa Self-absorption (2Y)° (1+Y)©
2 Um Characteristic (2Y)° (1+Y)©
3 Ve Cooling a+v)2 (1+Y)r?
4 Um Characteristic (xY)° (1+Y)°
5 Vsa Self-absorption (i—Y)O2 (1+Y)0
6 Vsa Self-absorption (Y)PS (1+Y)W55
7 Vac Self-absorption (xY)3/5 (1+Y)/5
8 Vsa Self-absorption (2Y)1/3 (1+Y)™5/6
9 Um Characteristic (2Y)° (1+Y)?
10 Usa Self-absorption (@Y)t (1+Y)!
11 Ve Cooling a+v)2 (1+Y)©

27 Note that this formula folY does not take the Klein-Nishina correc-

tion into account. This frequency-dependent correctiaexgected to be im-
portant only at high frequencies, > 108 Hz att > 1d (Fan & Piran 2006

of this effect is to reduce the overall energy required toamate light curves
by up to 25%. The uncertainties arising from model selecésrwell as

Zhang et al. 2007 Upon detailed investigation, we find that a consequence due to correlations between parameters are usually aldasobtder and we
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Figure 27. Posterior probability density functions for the physicafgame-
ters for GRB 120326A in the wind model from MCMC simulatioige have
restrictedE jso,52 < 500, ce < 1/3, andeg < 1/3.
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B. AWIND MODEL FOR GRB 120326A

In Sections 5.1 we discussed the ISM model for
GRB 120326A. We now consider the possibility of a wind-
like circumburst environment.

The best fit model in a wind environment requipes 2.52,
ce~4.9x 1072 g~ 1.0x 1072, A, =~ 7.0x 1072, Exjso ~
3.6 x 10°%erg, tier ~ 19d, Ay ~ 0.46mag, andF, nosyr ~
1.6Jy. This model transitions from fast cooling to slow
cooling at 35 x 102d. The spectral break frequencies at
1d are located at, ~ 6.8 x 1B Hz, v ~ 2.2 x 10" Hz, and
ve = 4.2 x 10°Hz. The peak of the spectruni, is at vy,
with a flux density ot~ 23 mJy.

From our MCMC simulations, we finqab =252+0.02,
Exiso = (3.1732) x 10P%erg, A, = (4.8'33) x 1072, e =
(4.173) x 1072, eg = (2.8'31) x 1072, andtje;= 18 7% d. Us-

1/4

ing the relatiorﬂjet=0.17(2(1fg+£;m) / for the jet opening
angle Chevalier & Li 20009, and the distributions 0Ok jso,

No, andty from our MCMC simulations (Figure?7), we
find 6jer = 2.1'3% degrees. Applying the beaming correction,
E, = E,iso(1 - COHjer), we find E, = (2.1+0.3) x 10*erg.
The beaming-corrected kinetic energy is much larger=
(2.032) x 10°%erg. In this modely, falls below 13°Hz at

Laskar et al.
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Figure 28. 10 (red), Zr (green), and & (black) contours for correlations
between the physical parameteg,, A., ce, andeg for GRB 120326A, in
the wind model from Monte Carlo simulations. We have ref@d& jso52 <
500, ee < /3, andeg < /3. The dashed grey lines indicate the expected
relations between these parameters wihgis not fully constrainedEx jso <
A2 Ex.iso < €%, Ax o €3, Exiso o< eé/s, A x 23 and ee o 15,
normalized to pass through the highest-likelihood poihidlalot), while the
dotted magenta lines indicate expected relations for cmtige value ofr:

Ek iso X A2, Ek.iso o< €&, Av o< €2, Exiso o 651/5’ A 652/5, andee
e;/ 5, va falls below the radio band before any radio observationk piace,
and is therefore unconstrainede lies between the optical and X-ray bands
and is better constrained; the correlations between thenpzters along the
lines of varying values of. are likely indicative of the strong changes (over
two orders of magnitude) in the Comptgiparameter along these curves. See
the on-line version of this Figure for additional plots ofi@ations between
these parameters amdtjet, Gjet, Ex, Av, andF,, posy-

(ap =0.85+0.19; Sectior3.1) requiresm=2.0+0.2. How-
ever 0< m< 1is bounded (Sectioh.2.4, which implies that

in this model, energy injection due to a distribution of ¢gec
energy to lower Lorentz factors can not cause the X-ray flux
to rise with time.

Relaxing the requiremenn < 1, our best solution for
the multi-wavelength re-brightening for an energy injeuti
model requires two periods of energy injection. In the first
episode between1x 103d and 25 x 1072d, Ex jso inCreases
as t®® growing by a factor of ® from 16 x 10°%erg to
6.2 x 10t erg. In the second episod&x jso ox t23 from
2.5x 1072d to 0.4d, further increasing by a factor of over
2000 to its final value oEx jso ~ 3.6 x 10°*erg in this pe-
riod. The resulting light curves, which are optimized to ahmat
the UV and optical re-brightening, cannot reproduce the X-
ray light curve prior to the re-brightening (a shallowekeria
the X-rays in the ISM model was achieved by placiggbe-
tween the optical and X-rays). Due to the extremely large
injected energy coupled with the fact that the steep rise in
the optical violates the bounds an, the wind model is a
less attractive solution for the multi-wavelength afterglof

1.7 x 102d and is therefore not probed by any of the radio GRB 120326A.

data. Consequently, the model exhibits a degeneracy in its

parameters due to to the unknown valuevgf(Figure 28).
This high value ok also implies a low radiative efficiency,
mad = E/(Ex +E,) = 1%.

C. AWIND MODEL FOR GRB 100418A

We apply our MCMC analysis described in Secti®ni.2
to explore afterglow models with a wind-like circumburst en

We now investigate the effect of energy injection in causing vironment for GRB 100418A. The parameters of the highest-

an X-ray/UV/optical re-brightening. The X-ray light curve

during the re-brightening is located above the cooling fre-

quency. In the wind model, the flux density abomeis
Foor, o EGiay %@-39/4 (Granot & Sari 200p For p = 2.5,
this reduces tdF,.,, o Ex:=3t™138  During energy injec-
tion, E o t™, such thatFV;VC o t113m138 - The steep rise

therefore do not consider this effect further in this work.

likelihood model argp~ 2.1, ¢~ 0.33,eg ~ 0.33,A, ~ 0.15,
Ex.iso ~ 4.0 x 10°*erg, andF, nostwhite = 2.311Jy, with neg-
ligible extinction. This model transitions from fast to wlo
cooling at 15d. The spectral break frequencies at 1 d are lo-
cated atac ~ 5.8 GHz, v~ 32 GHz,v. ~ 6.4 x 101 Hz, and
Vm ~ 3.6 x 10*?Hz at 1 d, withFnax~ 50 mJy atv. at 1d and
a Comptory-parameter of 0.6.

Like in the ISM model, the optical and X-ray bands are
located above bothy, andw.. This model does not require
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Figure 29. X-ray, UV (top left), optical (top right), and radio (bottoteft) light curves of GRB 120326A in the wind scenario, wittetfull afterglow model
(solid lines), including energy injection before 0.4 d.
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Figure 30. Posterior probability density functions for the physicaram- Figure 31. 1o (red), & (green), and & (black) contours for correlations
eters for GRB 100418A in a wind environment from MCMC simigas. between the physical parametefEg, jso, No, €e, andeg for GRB 100418A, in
We have restrictedEy jso52 < 500, ee < 1/3, andeg < 1/3. The last panel the wind model from Monte Carlo simulations. We have retd& jso 52 <
corresponds to the flux density of the host galaxy inSheéft\White band. 500, ee < /3, andep < /3. The highest-likelihood model is marked with a

blue dot. See the on line version of this Figure for additigniats of correla-

. . tions between these parameters arahdF, p, hite-
a jet break, and we fintk; > 140d. Thus we cannot con- P vhostwhite

strainfje; in this model, nor corredg, jso Or Ex iso for beam-
ing. The summary statistics from our MCMC simulations are nario under the wind model. Like for the wind model for
p=212+0.01,Ex jso = (4.2+0.4) x 1CP*erg,A. = 0.16'5.508, GRB 120326A (Appendi), we find that the optical light

ce = 0.32899% andeg = 0.3179%. We plot histograms of ~ curves before the peak require a steeper injection rate than

the posterior density functions for these parameters inreig ~ allowed by a distribution of Lorentz factors in the ejecta. |
30 and present contours of the joint posterior density for the particular, our best energy injection model that matches th
physical parametew, , Ex iso, ce, andeg in Figure31. optical well but slightly under-predicts the X-ray data def

It is challenging to fit both the X-ray and optical light 0.5d (Figure32), requiresE  t®’ between 18 x 103d and
curves before the bump together in the energy injection sce-1.5 x 1072 d, steepening t& o t*° between 15 x 102d and
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0.5d. In this model, the blastwave kinetic energy increasesO.6.

by a factor of 4.4 between8x 103d and 15 x 102d, and The summary statistics (median and 68% credible inter-
another factor of 325 between 5x 102d and 05d, foran ~ Vals) of the posterior density for these parametersare
overallincrease by a factor of 1440. Due to the large injecti  2.04+0.01, e = 0.287092, ¢g = 0.18+£0.09, A, = 2.3'}7,

of energy required to account for the optical re-brightgnin  Ey s, = (1.2733) x 10°%erg, i = (9.2+ 0.6) x 102d, and

in this model, we do not consider the wind environment to A, = 0.13+ 0.01, corresponding to a jet opening angle of
be a likely explanation for the multi-wavelength afterglofv 6, = 3°.0+ 0°.3 and a beaming corrected kinetic energy of

GRB 100418A. Ex = (1.6%;) x 10P°erg, the model match the data after the
optical peak well (Figur&6). We present the correlation con-
D. AWIND MODEL FOR GRB 100901A tours between the physical parameters in Figdifeand the
We apply our MCMC analysis described in Sectfbf.2to marginalized distributions for individual parameters igue

explore afterglow models with a wind-like circumburst envi  38. ) o

ronment for GRB 100901A. The parameters of the highest- The light curves before 0.04 d in Figusé are based on the
likelihood model arep ~ 2.02, ee ~ 0.33, eg ~ 0.33, A, ~ same energy injection model as presented in Se@i83
1.7x 1072 Exso~ 3.8 x 10° andAy < 0.1 mag. This model  In this model, the energy increases by a factor027 like
transitions from fast to slow cooling at®x 102d. The spec- N the the ISM case. However, the injection rate is not com-

tral break frequencies at 1d are locatedrat 3.1 x 106 Hz patible with the maximum rate expected for a wind-like en-
U~ 1.8 % 102Hz. and v ~ 1.7 x 105 Hz With E . vironment, similar to the other wind models (Appendices
m ~ 1. ) c ~ 4. ] max ™~

3.8mJy at 1d, and a Comptopparameter of 0.6. Like in B, C, andD). We note that the optical and X-ray frequen-

the ISM model,cis located between the optical and X-ray cies are located above both the cooling frequency and

bands. Since the light curves in a wind environment declinemthl.’/%f Vm < Vopt < %X n t2|s i:asfet,hanq n tht')S r?gdlme,.t
faster than in the ISM case, the jet break in this model ig late € 1ght curves are independent of the circumburst density

Y - : profile. Thus the measurements do not allow us to distin-
g[gterr;ir?QSa(ljr)\gCI(e)Tﬁ?:igdlg,t?eeshslt’i\ﬂIgn}(r:d:Ig(e; n11i(r11)g.-<-:r(?rer} eggtte q 9uish between a wind or ISM-like environmentin the case of

o 0 GRB 120404A. Clear detections of a wind-like circumburst

kinetic energy of 2 x 10°erg. _ _ environment in conjunction with a steep energy injectide ra
The summary statistics from our MSCMC S|mula£|003ns are in the future will enable us to furthur probe the massivetajec

p=2.02789%% Exiso = (3.9+0.5) x 10°%erg, A, = 1.9%33 x model of energy injection in GRB afterglows, and thereby to

1072, ee = 0.32°33%, €5 = 0.27733%, Ay £ 0.1 mag,tier = 3.5+ further constrain the mechanism responsible for plateads a
0.2d, et = 1.940.1°, Ex = (2.140.2) x 10°%erg, andE, =. re-brightening events in GRB afterglows.

We plot histograms of the posterior density functions festh
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