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ABSTRACT

Aims. With the afterglow of GRB 100621A being the brightest deddcso far in X-rays, and superb GROND coverage in the
opticafNIR during the first few hours, an observational verificatidtoasic fireball predictions seemed possible.

Methods. In order to constrain the broad-band spectral energy bigtan of the afterglow of GRB 100621A, dedicated obseorati
were performed in the optigakar-infrared with the 7-channel “Gamma-Ray Burst Optical Near-infrared Detector” (GROND) at
the 2.2m MPG@ESO telescope, in the sub-millimeter band with the largereter array LABOCA at APEX, and at radio frequencies
with ATCA. Utilizing also Swift X-ray observations, we attgt an interpretation of the observational data within trebfall scenario.
Results. The afterglow of GRB 100621A shows a very complex temporak@l as spectral evolution. We identify thredfdrent
emission components, the most spectacular one causingdarsiitensity jump about one hour after the prompt emissidre
spectrum of this component is much steeper than the canafteaglow. We interpret this component using the presimpof
Vlasis et al. (2011) for a two-shell collision after the figstell has been decelerated by the circumburst medium. Wehedaeball
scenario to derive constraints on the microphysical pararsef the first shell. Long-term energy injection into aroarjet seems to
provide an adequate description. Another noteworthy tésthe large & = 3.6 mag) line-of-sight host extinction of the afterglow
in an otherwise extremely blue host galaxy.

Conclusions. Some GRB afterglows have shown complex features, and tl@R& 100621A is another good example. Yet, detailed
observational campaigns of the brightest afterglows psentd deepen our understanding of the formation of afteigland the
subsequent interaction with the circumburst medium.

Key words. (stars) gamma-ray burst: general — (stars) gamma-ray: fiolstidual: GRB 100621A — Techniques: photometric

1. Introduction metallicity, dust) as well as to derive constraints on thageni-

) , tor (e.g., mass, rotation, binarity, supernova relation).
1.1. The fireball scenario
The late emission at X-ray to opti¢eddio wavelengths, the

Gamma-Ray Bursts (GRBs) are generally accepted to bedelaig-called afterglow, is dominated by synchrotron emis§iom

to the death of massive stars. Due to their large gamma-fay {He external shock, i.e. emission from relativistic elect gy-
minosity, GRBs can be detected to very high redshift, and thgating in a magnetic field (Meszaros & Reles, 1997; Wijers et al
provide a unique probe into the Early Universe. Understamdii997; Wijers & Galamd, 1999). This synchrotron shock model
the emission mechanism and geometry is crucial for deritfieg is widely accepted as the major radiation mechanism in the ex
burst energetics and number density, and observing and-ungernal shock, and the macroscopic properties of such stareks
standing the afterglow emission is of utmost importancestti-d |argely understood. Under the implicit assumptions theietiec-
pher the burst environmental properties (e.g., gas depsifile,  trons are “Fermi” accelerated at the relativistic shockspower
law distribution with an indey upon acceleration, their dynam-

* Based on data acquired with the Atacama Pathfinder Expetimégs can be expressed in terms of 4 main parameters: (1) the to-

(APEX) under ESO programme 285.D-5035(A). tal internal energy in the shocked region as released inxhe e
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plosion, (2) the electron density and radial profile of the su
rounding medium, (3) fraction of the shock energy going int —51°04
the ISM electronss, (4) the fraction of energy density in the
magnetic fieldeg. Measuring the energetics and the energy pe
tition (e./eg) was possible only for a handful of the more tha
900 GRB afterglows so far, as it requires truly multi-wavejth 05
observations between X-rays and radio frequencies. Mergo\
there are large uncertainties in the microphysics: How hee t=
relativistic particles accelerated? How is the magnetic fie
the shocked region generated? What is its structure andgev(= g
tion? Addressing these questions is even more challenging.
According to standard synchrotron theory, the radiatic,
power of an electron with co-moving energymc? is P =
4/30rcy3(B?/87), so that high energy electrons cool mor
rapidly. For a continuous injection of electrons, whichie tase
for ongoing plowing of the forward shock into the interstell
medium (ISM), there is a break in the electron spectrum, abc
which the spectrum is steepened due to cooling. This ensrg)
time-dependent, so this frequency break moves to lower-en
gies for the ISM case and opposite for a wind medium. Since t
spectral slope as well as the temporal decay slope are ¢dént 24 18 12° 06° 21h01m00°
for the two density profiles, it is just the direction of theoto Right Ascension (J2000)

ing break movement that allows to distinguish between IS al&ig. 1. GRONDI'-band finding chart of GRB 100621A, includ-

wind density profile surrounding the GRB. ) X . )
Besides this cooling frequenay, there is the injection fre- Ing thg photometric comparison stars (roman and arabertt
: Nerthis up, and East to the left.

quencyvny, corresponding to the electrons accelerated in t
shock to a power-law distribution with a minimum Lorentz

factor, and the self-absorption frequeney. The final GRB

afterglow spectrum is thus a four-segment broken power law GRB 100621A triggered the Burst Alert Telescope (BAT)
(Meszaros et all, 1998; Sari ef al., 1998) separatedspyvm, on theSnift satellite (Gehrels et al., 2004) on June 21, 2010 at
andvc. The order ofyy, and v, defines two types of spectra,T, = 03:03:32 UT |[(Ukwatta et all, 2010a). The prompt emis-
namely the “slow cooling case” withy, < vc, and the “fast sion consists of a bright (25000 (dspeak count rate in the
cooling casevm > vc. For each case, and depending on win@l5-350 keV band), smooth, triple-peak burst with a duration
vs. ISM density profile, theory (Sati, 1999) predictstelient of nearly 70 s.Swift slewed immediately and started taking
slopes of the power law segments and speeds at whia@nd data with the XRT and UVOT telescopes at 76 s after the trig-
ve should be moving. For “standard” parametess,should be ger. A bright X-ray afterglow was found at RA (2000.8)
moving from 164 Hz to 10*2 Hz within the first day, and. 217011324, Decl. (2000.0¥ -51°06' 21”7 with an error radius
from 10 Hz to 10 Hz. Due to sensitivity limitations in the of 177 (Evans et all, 2010). In fact, GRB 100621A has had the
sub-mm range, and lack of coordinated multi-wavelengtesbsbrightest X-ray afterglow ever detected: with an initialobrate
vations, there is not a single GRB data seffisient (in terms in excess 0f140000 ctss, it saturated the XRT CCD for sev-
of wavelength and temporal coverage) to unambiguously veiral minutes. Starting 80 seconds after the burst, the Xighy

ify these predictions for both frequencies, and just two GRRurve in the 0.3-10 keV band can be modelled with 4 power-
where the high-frequency break (interpreted as coolinglre lawsl, with decay indices and temporal breaks as follows=

has been unambiguously shown to move (Blustin bt al.,/200887+0.02, tyreaxs = 43910 s, @2 = 0.510%2 tyearo = 6.2°L2

20(

tior

ma

1

Dec

07’

08’

Filgas et al., 2012). ks, @3 = 1.0£0.1, tyeas = 122923 ks, anda, = 1.73:0.08
(Ukwatta et al., 2010b).
1.2. GROND and GRB 100621A GRB 100621A was also detected with INTEGR/API-

ACH and Konus-Wind, providing a time-integrated spectrum
GROND, a simultaneous 7-channel optiogar-infrared ima- with best-fit low-energy power law index1.7, high-energy in-
ger (Greiner et al., 2008a) mounted at the 2.2 m telescop®of gex —2.45 and a peak enerdg,=95'1% keV (Golenetskii et 2.,
Max-Planck-Gesellschaft (MPG), operated by MPG and ES$£910). Atz = 0.54 and standard cosmologhld=70 knysMpc,
(European Southern Observatory) at La Silla (Chile), sthop-  =0.27,0,=0.73), this implies an isotropic energy release of
eration in May 2007. GROND has been built as a dedicated GRS = (2.8+0.3)x 10 erg (Golenetskii et al., 20110).
follow-up instrument and has observed basically every GRB vV njtially, no UVOT counterpart was detected, and also rapid
ible from La Silla (weather allowing) since April 2008. Theground-based imaging with robotic telescopes (like ROTSE,
spectral energy distribution (SED) obtained with GROND bgandey et al. [(2010)) did not find an afterglow. Prompted
tween 400-2400 nm allows us to not only find highandidates py the discovery of a very red afterglow with GROND
(Greiner et al., 2009a; Kriihler et'al., 2011a), but also snea ((jpdike et al.,[ 2010, but see below), a spectrum taken with

the extinction and the power law slope (Greiner et al., 20) x_Shooter at the VLT determined a redshift o542
the majority of all cases, this allows for a relatively acerex-

trapolation of the SED into the sub-mm band, and consequentl: Throughout this paper, we use the definitignt-v* wherea is
a prediction of the flux for sub-mm instruments, provided tha the temporal decay index, apds the spectral slope.

has already passed the sub-mm band (which will be shown bé- httpymww2011.mpe.mpg.dgammainstrumentgntegrafspiacs
low to be the case for the majority of GRBs after about 1 day)grhytriggey2010-06-21T03-03-26dex.html
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Time since GRB trigger [d] cayNIR imaging was calibrated against the primary SBS@&n-
0.001 0.01 0.1 1 10 dard star network, or cataloged magnitudes of field stam the
T T T T SDSS in the case afr’i’Z observations or the 2MASS catalog

10000 r 3 for JHKs imaging. This results in typical absolute accuracies of
1000 f 1 +0.03 mag ing’r’i’Z and+0.05 mag inJHKs. The light curve
100 E ] of the GRB 100621A afterglow in all 7 GROND filters is shown
in Fig.[2.

L ] .\ 2.2. Swift XRT data

0.01 F \ ] Swift/XRT data have been reduced using the XRT pipeline pro-
B -, vided by theSwift team. The X-ray spectra were flux-normalized
0.001 XRT o L& to the epoch corresponding to the GROND observations using
10000 £ {11 the XRT light curves fronmh_Evans etlal. (2007, 2009). We then

combined XRT and Galactic foreground extincti@(B — V) =
N
1000 F ‘ ’ ‘

15 0.03 magi Schlegel et al. (1998)) corrected GROND data to es-
100 F hd

—
[ ]
L)

Flux [counts/s]

o
=

° tablish broad-band spectral energy distributions (SECsELk
o 116 are shown in Fig13.

0Q = —. N hmw

2.3. NTT observations

NTT/SOFI at La Silla was used to obtain NIR-spectroscopy.
After recognizing the sharp drop in intensity at ab@yt+ 10
ks we took four 60-s)-band images starting at 07:05 UT, on
31 20 21 Jun 2010. While the results of the spectroscopy are @eferr
to a later publication (these are of no relevance for the @sep
a e 21 of this paper), the imaging provides an additional photesimet
[ ]

Fy [nyl

— & o
©
Brightness [magy g

g + data point at a time when no GROND observations were possi-
i 722 ble anymore due to visitor mode regulations. The SOFI images
T ' e were reduced in the same manner as the GRONB data (ac-

100 1000 10000 100000  1le+06 tually within the same GROND pipeline), and calibrated aghi
Time since GRB trigger [s] the 2MASS catalog.

Fig. 2. Afterglow light curve of GRB 100621A as observed with .
Swift in X-rays (top) and GROND in its seven filter bands (bot?'4' APEX observations
tom). TheJ-band data points at 14 ks are from SOFI imagingince the SED slope, even after extinction correction, atiser
and theHKs-band data at 20 ks from a GROND-observation isteep, the predicted sub-mm flux density~<&0 mJy at 1 day
morning twilight at which thel-band was already saturated byafter the GRB led us to submit a DDT proposal to ESO for ob-
the rising Sun. The 7 vertical lines mark the times at whi®tsp servations with LABOCAI(Siringo et al., 2009) on the Atacama
tral energy distributions have been extracted (see text&@id). pathfinder Experiment APEXvhich was accepted at very short
turn-around time.

LABOCA, the “Large APEX Bolometer Camera”, is an ar-

i , . ray of 295 composite bolometers. The system is optimized to
(Milvang-Jensen et al., 2010), and also faint UVOT deterstio wor at the central frequency of 345 GHz with a bandwidth of
were recovered (Ukwatta et/al., 2010b). about 60 GHz.

Here, we describe our multi-wavelength observationsandre Tne first APEXLABOCA observation was obtained 1.08
sults for GRB 100621A, and present an analyses of the dat&jify s after the GRB, leading to a clear detection. Two othei-ad
the framework of the fireball scenario. tional observations were performed at 2 days (another dear

tection) and 4 days (upper limit only) after the GRB. This sk

) GRB 100621A one of the rare cases with a sub-mm light curve
2. Observations (see section 5.3). All these observations were carriedopito-
2.1. GROND observations tometry mode.

Immediately after the first epoch observation (done in pho-

Some of the GROND data of this burst, in particular faeand  tometry mode), we obtained at 5:32-6:26 UT a complementary
light curve and the host measurements, have already beengigservation of GRB 100621A in mapping mode, for an expo-
ported in (Kruhler et all, 2011b). Here, we report the fudlal sure of 7x 420 s and reaching & $ensitivity of 14 mJgbeam.
set, including the multi-band light curve, and the SED etiolu  While no source was detected in this less sensitive obggrvin

GROND exposures automatically started 230 s after tipgode, it verifies that there is no strong, unrelated soumsedio
Swift trigger, one of the fastest reactions of GROND@2.2m so
far. Simultaneous imaging ig'r’i’z JHKs continued for 3.05 3 ptpymww.sdss.org
hrs, and was resumed on nights 2, 4, and 10 after the burst. APEX is a collaboration between the Max-Planck-Institut f"
GROND data have been reduced in the standard manner usagdioastronomie, the European Southern Observatory an®risala
pyrafIRAF (Tody, 1993 Kupci Yoldas et al., 2008b). The optiSpace Observatory.
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Table 1.Secondary standards used for the GROND data

Filter Star | Star Il Star Il Star IV Star V Star VI Star VII
21011258 210110.81 21011588 210109.54 210105.82 21.6008210114.38
-510517.2 -5104546 -510617.4 -510622.2 -510521.5 -510553.6 -510525.8

g 16.60:0.05 16.280.05 18.540.05 20.140.05 20.340.06 20.380.06 19.490.05

r 15.56:t0.04 15.640.04 18.090.04 18.580.04 19.440.05 19.760.04 19.150.04

i’ 15.29:0.04 15.480.04 18.080.04 17.330.04 19.180.04 19.550.05 19.160.04

z 15.05:0.04 15.3%0.04 17.930.04 16.620.04 18.980.04 19.330.04 19.080.04

J 14.9:0.05 15.340.05 18.020.05 16.230.05 18.830.05 19.420.05 19.130.05

H 14.76:t0.06  15.3%0.06  18.140.07 16.040.06 18.650.08 19.420.09 19.290.08
Filter Star El Star 2 Star 3 Star4lV Star 5 Star 6

21011258 21013492 210103.38 21010953 21010158 21.0410
-510517.2 -510559.3 -510326.6 -5106225 -510743.8 -510530.2

K 15.12:0.07 12.930.07 14.720.07 16.280.09 13.520.07 16.260.08

Table 2. APEX/LABOCA observations at 345 GHz in photometry mode

Date Time after GRB  OpOfftime  Avg.t Flux Eff NEFD
(UT) (days) (s) (mJy)  (mJy sqrt(s))
Jun 22 04:38-05:30 1.0835 607 0.234 3B 61.8
Jun 23 07:27-08:15 2.1996 600 0.358 23@8 64.0
Jun 25 07:51-08:42 42184 592 0.376 5324 54.4

Table 3. ATCA observations

Date Time after GRB Flux@ 5.5 GHz Flux@ 9.0 GHz
(uT) (days) (Jy) (wdy)

Jun 24 19:00 — Jun 25 15:30 4.0910 137 15Q:28

Jun 25 15:30 — Jun 26 12:00 4.9451 129 12#45

Jul 17 08:00 — Jul 18 14:00 26.2083 -43+85 49100

the GRB position, which otherwise could cause problems wifh Overall light curve behaviour
the photometry mode data.

Reduction of the photometric data was done with the soft-
ware BoA (Schuller, 2012) using standard routines for phmto
etry mode. Subscans were checked individually before girgga .
them together in order to identify and remove outliers. Teter | he overall temporal evolution of the afterglow at X-raysian
map was reduced with the CRUSH _(Kovcs, 2008) softwatie opticalNIR is shown in Fig[P. The light curve in the X-

package. Flux density calibration was done against Neptuh@Y band is very typical of X-ray afterglows as seen3wift,
G45.1 and B13134. with a steep decline (slope of —3...—4) during the f¥400 s,
followed by a shallow decay until about 122 ks, after whicé th
decay steepens to a slope of 10308 (Ukwatta et all, 2010b).
2.5. ATCA observations In contrast, the temporal evolution of the opt/ddR afterglow
o ] ] is considerably more complex. From the start of the GROND
In response to the initial detections of a bright afterglowxposures at 230 s post-trigger, the light curve shows al rapi
of GRB 100621A (Ukwatta et al‘, 2010a; Evans et al., 201ﬂse with a] = —4.3*10 From about 400 s (Consistent within

Updike et al.| 2010; Milvang-Jensen et al., 2010), we al#® in errors with the end of the steep X-ray decline) to about 700 s,
ated observations of GRB 100621A with the Australia Telpscothe light curve is more or less flat{ = 0.05 + 0.05) with just
Compact Array (ATCA) in Narrabri, Australia, at the frequeng few wiggles. The sub-sequent decay hgs= 1.15 + 0.15,
cies of 5.5 and 9.0 GHz with an observing bandwidth of 2 GHgjgnificantly steeper than the X-ray decay at that time. iAdte
The observation sessions were carried out between 24-26 JgRort flattening (3—4 ks post-trigger), an extremely steepiase
and 17-18 July 2010. The radio counterpart of the afterglbw g opticalNIR brightness is observed from 4 to 5 ks after the
GRB 100621A was detected during the sessions carried outriigger which has also been reported by the SIRIBSF team
June 2010 at both 5.5 and 9.0 GHz at a position coincident wiilajto et al. 201/0). This intensity jump is larger in the NfRin
those of the X-ray and optical counterparts, and it was undg@-the optical, reaching an amplitude of 1.9 mag in kheband.
tected in the July 2010 session. Aformalfit results ines = —14*13, the steepest flux rise we have

It is possible that the observed decay between the first aeekr seen in a GRB afterglow (at any time), both in the liteeat
second epoch, or part thereof, is due to interstellar dlaititin, as well as in our GROND data over the last years. After a short-
rather than due to the intrinsic decay of the afterglow. @tfiee, lived (5-9 ks) slow decline withis = 0.42+ 0.05, a steep decay
the fading at 5.5 GHz would have been rather early, indigadin with @g = 2.3 + 0.1 sets in which flattens into the host flux level
rather low energy andr eg. at around 310°s.
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4. Broad-band afterglow SED modelling dering asvg < vm < v, i.e. with the break between the op-
tical/NIR and the X-ray part of the spectrum interpreted as the
cooling breakyc, and the break long-wards of the optj®dR as
In the following, we will analyse our data in the frameworkioé¢  the injection frequencym.
fireball scenario, in particular in the formalism as desexiitin We will model the SED at various epochs with a three-
Granot & Safil(2002). From the single-epoch spectra in gerts&component power law, with slopgs describing the radio range,
wavebands we can derive some basic boundary conditionsfaghe GROND range, angs the X-ray range. According to the
follows. standard prescription (Granot & Sari, 2002), we fix the skdipe
We start by fitting the GROND-data of the first 1 ks on itéerence to 0.5 around the cooling frequemgyi.e.33 = 2 + 0.5.
own. The SED built from the 7 GROND filters is very steep, bliVe also fix3; = -1/3, due to the otherwise largéiect onvy,. The
also clearly curved (right of center in Fig. 3), indicatindostan- three power law segments are smoothly connected with a fixed
tial host-intrinsic extinction. As is standard practices apply a Smoothness parameter of 15 (see Beuermann et al., 1999).
power law (as one segment of the fireball scenario) and fit the
power law slope together with the dust extinctiédnin the rest- ] "
frame of the GRB (20.542). The resulting best-fit spectral sIopél -2. Broad-band SED fitting
in the opticalNIR range (well before the strong intensity jumpFor the following discussion, let us define 7 epochs which are
at 4 ks) is measured to e~ 0.8 = 0.1. Any slope flatter than sequentially in time: epoch2 450-600 s (diagonal-hatched re-
B ~ 0.7, in particular the theoretical prediction 6f= 0.5 for gionin Fig[4) epoch 2 the sum of the time intervals 650-750s,
certain conditions (Granot & Sari, 2002), is safely exciithy 900-1150, 1350-1800 s (cross-hatched regions ifiFig. dghep
the data (note that there is no ambiguity with the intringisth 3 = 5.5-8.5 ks, epoch & 94 ks, epoch 5 196 ks, epoch 6
extinctionAy = 3.6 mag, see next section). = 352 ks, epoch &= 416 ks, where the last three epochs are
Similarly, we fit theSwift/XRT data on its own, and repro-primarily determined by the times of the APEX dodATCA
duce a slope @8x = 1.4+0.2 andNy = 6.5x10° cm™2 as given observations. In these latter three cases the optical flsibaan
in Ukwatta et al. [(2010b). Since we observe a steeper spectiatermined by interpolating the GROND light curve whichkeo
slope in X-rays, this excludes the fast cooling options €tsp pretty smooth at these late times. The last three GROND epoch
trum 4 & 5" in |Granot & Sari [(2002)) at early times, and bycome with considerable systematic uncertainty due to tts ho
construction (evolution from fast cooling to slow coolirefso subtraction. Due to the bright X-ray emission even at late§,
at late times. no assumptions on the slope of the X-ray spectrum had to been
Since the steepest possible fit to the GROND optiddd made.
data isg ~ 1.1, but the X-ray spectrum is significantly steeper A fit of these seven SEDs with the assumptions as listed
than this, we are forced to introduce a break between thethe end of the previous section and using all the available
optica)NIR and X-ray data at intermediate times. Since atata at a given epoch is shown in Hi§l. 3. The most obvious re-
early times a single power law for the combined GROND argllt is that the injection frequency (and there are goodomeas
Swift/XRT data is stficient, this break has moved into the covwhy this is not a dferent break frequency, see above) moves
ered bandpass. We interprete this brealk@ass the observed to higher frequencies between epoch 5 (196 ks) and 6 (352 ks).
slope diterence of 0.€0.2 is consistent with the predicted valuélhis evolution is inconsistent with any prediction of thefiall
of 0.5. If this break had moved from the infrared through the o scenario. While this is not a reason to condemn the fireball sc
tical, the opticaNIR slope should have gotten bluer — which isiario, we discuss two possible options to explain this bretay
not observed. In addition, the X-ray spectrum steepenssison both within the framework of the fireball scenario:
tent withv, moving from high energies down through the X-ray1) If one relaxes the usual assumption that the microphysi-
band. We therefore conclude that the external density prigfil cal parameters are constant, the break frequencies wdldd/fo
constant (ISM-like). a more complicated evolution than described_in_ Granot & Sari
The simultaneous 5.5 and 9.0 GHz measurements at 4 an@2802). While such a recourse has bediemd for the descrip-
days after the GRB suggest a relatively flat slop@ ef —0.25 tion of selected GRBs (e.q. Filgas et al., 2012), in the prese
(with relatively larger error), implying that the self-alsption case one would have to invoke an increase.giroportional to
frequencyvs, is below 5.5 GHz. Again, as we observe (at cett!, or of ez as fast a$®..t*. Moreover, this temporal evolution
tain times) a spectral break between the optiti® and the would be required only for the time between epochs 5 and 6, but
X-ray bands, an interpretation according to “spectrum 2" awt for the evolution as seen between epoch 4 to 5, or 6 to 7.
“spectrum 3" (Granot & Sari, 2002) with the self-absorpticey  Thus, we consider this option physically implausible.
quency slightly above 9.0 GHz (i.e. near its peak at the itians (2) Another option is that the true model, which results ia th
between/1-P)/2/,~P/2 10 15/2) is impossible, as there would be nadetermination of the break frequencies, contains two (oreno
further break at higher frequencies. different emission components which dominate &edént fre-
Thus, we are left with the option of “spectrum 1"quency bands, or at figrent times. Already relatively small
(Granot & Sari/ 2002), for which the fireball predictiongs= changes in flux of one component would lead to substantial
—1/3 above the self-absorption frequency, in reasonable agrekanges in the break frequencies, even at constant slojgesd\
ment with the measuregl= —0.25. While this conclusion is for- example in our case is the epoch 3: assigning either all vbder
mally valid for the time of the radio measurements at 4 and>sray flux or just 50% of it (because the other 50% might be
days after the GRB, any other spectral phases (“spectrurm 2'the normal underlying afterglow) to the component which-pro
“spectrum 5” from_Granot & Sari (2002)) have been excludediices the large intensity jump in the optj®dR will change the
by the above considerations. We therefore conclude thedidyr best-fit cooling break frequency by one order of magnitude.
at early times T, + 500 s) the afterglow is in the slow cooling  Thus, we conclude that a model-independent analysis of
phase. our data set is largely impossible, despite the broad frecyue
We therefore continue with the conceptual interpretatibn coverage and the multiple epochs available in all frequency
slow cooling throughout our full data set, and the frequesrey bands. Moreover, as described above, the behaviour of tliee GR

4.1. Fitting framework, spectral breaks and cooling stage
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Fig. 3. Multi-epoch SEDs (dferent colours) of the late-time afterglow of GRB 100621A asasured bywift/XRT (right; notNy-
corrected), GROND (middle; n@t,-corrected)), APEX_ABOCA (middle left) and ATCA (far left), together with a baol-band
model which fits all data available for the given epoch. Thees of these SEDs are marked with vertical lines in Big. 2,taed
resulting break energies given in Tab. 4. Since the ophdRl and X-ray fluxes in epochs 1-3 are very similar, epoch &fju
component at 6.8 ks) has been scaled upwards by a factor ah&zpoch 2 (flares) down-scaled by a factor of 4. The curgatur
in the GROND data is due to strong extinction of the afterglight in the host galaxy (dotted line). The breaks seemirsgigw
erratic variations in frequency — see text for an intergieta Note in particular, that we consider the fits in thistpiot to be the
final physical interpretation of the data, as it links eniastomponents at fierent wavelength regions which we argue in the text
to not belong together.

Table 4.Break energies as derived from the SED fitting as shown Instead, the only approach left is to develop an interpigtat

in Fig.[3; but see text. as simple as possible within a given framework (and we chose
the fireball scenario for this) which describes the data targel
(possibly full) extent. In what follows we use our data tdggt
with some basic arguments derived from the fireball sceriario

SED epoch  Time Ym Ve
(ks) (meV) (keV)

1 0.52 <550 >8 disentangle the complex behaviour of the GRB 100621A after-
2 0.7 <550 2,958 glow into several dferent components, the sum of which ex-
3 6.8 <550 >8 plain the observed features. Our driving principle was to-mi

4 94 2972 0.003-0.1 imize the number of assumptions, as well as emission compo-
> 196 <20 0.003-0.1 nents. This is likely not a unique description, and a mordssp

6" 352 1065, 0.003-0.1 ticated interpretation is not excluded.

7 416 817  0.003-0.1

We consider three fierent components:
* This is the center of the first of three intervals - see text. (1) a canonical under'aying afterg'OW’
** For these two epochs, our formal fit values fgr are considered (2) flares during the first 1000 s, and

unphysical and thus likely an indication that the radio aptica/NIR (3) a jump component, most prominently visible in the opti-
emission stem from fierent components — see text.
calNIR at 5.5-8.5 ks.
Each of these components is allowed to havefizdint electron
distribution p, and a dfferent set of microphysical parameters
100621A afterglow is so complex that we are also not able soich that the break frequencies in each affedint. For most of
test some predictions of (for example) the fireball scenhyio the time, at least two of these three components overlaaned
our multi-epoch SEDs. has to be taken to assess which of the components dominates at
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which time or in which spectral range. Our results, discd e
low, suggest the following superposition of componentserg

position with canonical afterglow, sub-mm and radio uni
strained;

— epoch 3: opticadNIR dominated by jump component, X-re
are ~50:50 superposition of canonical afterglow and jt
component, sub-mm and radio unconstrained; neithaeor
vm Of jump component covered.

— epoch 45: optica/NIR dominated by jump component,

o 1
the break frequencies are given for the dominant compon = °® 3’%.,:’».’"”&**’** ]
that frequency band: E b !

50 i QHH
f= 0.001f : E
— epoch 1: opticaNIR and X-rays dominated by canonical : }i } - E
terglow, sub-mm and radio unconstrained; neithenor vy, = Zg ; ]
for SED of canonical afterglow are covered. g // ]
— epoch 2: opticdNIR dominated by flares, X-rays are sug 5 ok N

T T

w

b

200

700

1000

2000

0.8

rays dominated by canonical afterglow, sub-mm is likely Time after GRB (sec)
jump componentyy, of jJump componentin sub-mm. Fig. 4. Comparison of the fluxed X-ray light curve at 10 keV
— epoch §7: opticafNIR still dominated by jump component, (top panel), the GROND (yellow), H (blue),Ks (green) bands
X-rays and radio dominated by canonical afterglow, sub-mgjqdie), and in the bottom panel the photon index of the X-
not constrainedyy, of the SED of canonical afterglow is inyay spectrum (black, lefg-axis scale) and the residuals of the
the radio. model fit (see text) to the GROND JHK data (color as in the
middle panel, right y-axis scale). The diagonal-hatchejiore

4.2.1. Epochs 1 and 2

spectral parameters are not consistent with any closuaéal
(neither wind nor ISM density structure, with either stambiar
a jetted afterglow). Also, the subsequent part of the oghtdR

denotes epoch 1, and the cross-hatched regions epoch 2. The
dashed vertical lines mark the maxima in the photon spectral
At first glance, the rise time in the optical is too fast for & fo indexI' (I' = 8 + 1) to guide the eyes.

ward shock (Panaitescu & Vestrand, 2008), and the tempiodal a

the rise in a wind profile would be much slowé¢?g to t1°)
(Panaitescu & Vestrand, 2008).

light curve (T,+300 toT,+600 s) is surprisingly flat. However, — The relatively flat light curve during the interval at 300680
we note that the X-ray spectrum oscillates on a few hundred se

onds timescale between a stegp~ 1.3) and a flat§ ~ 0.8)
slope during the first few ks after the GRB. More interestng|

two of the three times of steep spectral slopes coincide with
flux depressions in the (fluxed) X-ray light curve, and flux en-
hancements (which could be described as optical flares)ein th- The opticalNIR emission during the intervalg,+450 s —
GROND data (lower panel in Figl 4, at 300 and 700-800 s). This

suggests that the evolution of the afterglow betw&gr200 s to

To+2000 s is the superposition of two components, a “normal”

afterglow and a flare component.

In order to disentangle these two components, we fit the X-

ray spectral index evolution (lower panel of Hig. 4) with axeo

stant plus a number of separate Gaussians, whenever ttteaspec

index deviates more tharr3from the constant. We then apply

a model composed of the rise and decline of a forward shock

and the multiple Gaussians as derived in the previous stiy@to

GROND light curve, now with fixed times of occurrence of the

Gaussian components, but allowingfdient width and normal-
izations. Due to better temporal resolution ayid-8atio we con-

centrate on thdHK; data. The residuals of such a fit without the
Gaussians, i.e. the best-fit Gaussians to the GROND lighecur

on top of the forward shock are overplotted over the X-rapslo
variation in the lower panel of Figl 4. While there is no petfe
agreement in all slope-oscillations, there is a surprligitight
coincidence in the first two, at,+300 s andl,+700 s. The re-
sults of this exercise are:

s after the GRB trigger is due to the contribution, and likely
superposition, of flares. Once subtracted, the decay of the
standard afterglow is flatter, namely= 0.69+ 0.03, where

a systematic error a£0.05 should be added due to the am-
biguity of choice of the strength and width of the flares.

To+600 s (andT,+2500 s —T,+3000 s) are the only times
when GROND sees “normal” afterglow at early times. This
corresponds to our definition of epoch 1. A combined fit of
the GROND andSwift/XRT data results in a single power
law of 8 = 0.81+0.02 with no spectral break being preferred
over a fit with a break. Taking the corresponding Galactic
contributions into account, the best-fit rest-frame dushex
tion and dfective hydrogen absorption afg = 3.65+ 0.06
mag, andNy = (1.8 + 0.3) x 10?2 cm™. The inferred slope
abovev. would bes; = 1.31, withv; > 8 keV, and the cor-
responding electron spectral indpx 2.62 + 0.04.

The peak of the forward shock is at 3880 s, corresponding

to an initial Lorentz factor of 743 (according to the new
prescription of Ghirlanda et al. (2012) which returns value
about a factor two lower than the previously used ones like
(,Molinari et al. 20017)).

The emission during the flares is much steeper in X-rays,
with best-fit spectral slopes in the 1.2-1.8 range. A com-
bined GROND andwift/XRT fit results in the need of a
spectral break (at3 keV), with low- and high-energy power
law slopes of3, = 0.86+ 0.06 andB3 = 1.36 + 0.06 (with

— the early rise in the GROND light curve is likely dominated
by a flare, making the rising slope of the light curve partic-
ularly steep; when including a flare @+300 s in the fit,
the rise of the “normal” afterglow in the on-axis case is con-
sistent witht?, suggestive of the canonical forward shock.
This is additional evidence for a constant density profige, avith ao

fixed AB = 0.5). Itis interesting to note that the spectrum al-
ternates four times during the first 1000 s between this steep
flare spectrum and the flatter “normal” spectrum.

Considering these results for the “normal” afterglow, i.e.
0.69 + 0.06, ax = 0.74 + 0.02 (note that we de-
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viate from| Ukwatta et al. (2010b) in that we fit tfig+700 s 50% belongs to the “normal” afterglow). Two notes are in or-
to T,+100 ks interval with one straight power law, but omiter: First, the SED can also be fit with a broken power law, with
the higher-flux portion aT,+6 ks, see below and Fifj] 6), andthe break somewhere between the GROND and3#iét/XRT

B2 = B3 = 0.81+ 0.02 with inferredp = 2.62, we find consis- data. However, the improvement in redug&ds only marginal,
tency in the opticdNIR and X-ray decay slopes, but also notso we adopt the simpler model. Consequently, we assyme3
that this is much flatter than one would expect with the canokeV in the following. Second, the above decomposition agzlim
ical closure relations for a standard afterglow with theegip similar spectral slopes, which cannot be proven unambigiyou
in either wind (r = 1.72) or ISM (@ = 1.22) environment. This However, if the X-ray spectrum of the jump component would
suggests some form of energy injection. If the addition &gy have been steeper by 0.5, with correspondimglyeing between

is a power law in the observer timEj(< t) « t&, then the flat- the GROND an®wift/XRT ranges, then one would not have ex-
tening is byAa = €x1.41(091) for a ISM (wind) density profile pected to see any X-ray flux increase at all.

atv < v; (Panaitescu et al., 2006). Thus, wih= 0.35- 1, de-

pending on the circumburst density structure, consistenajd

be reached. As we will show below, our data are not compatible Time since GRB trigger |d]

with a wind medium, so we adopt an energy injection according \ 0.01 0.1 1 10

to Ei(< t) o t93% until T, + 4 ks.
F T T TTTT ‘ T T TTTT ‘ T T TTT \‘ T LI | ~§
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E i i . \4 Fig.6.X-ray light curve of the GRB 100621A afterglow with a
1000 10000 10 105 broken power law fit, ignoring the enhanced emission at 5-8 ks

Time since GRB (s) which we assign to the jump component (see subseltion 4.2.2)
Fig. 5. Early part of the GROND J-band light curve with The decay slope from around 1 ks nicely continues until 80 ks,

(slightly stretched in time) model of the two-shell coliss “When i steepens to = 1.54+ 0.06.
overplotted (case 4, Fig. 7 in Vlasis et al. (2011)). Thoughk t
model was not aimed at reproducing the behaviour of the GRB
100621A afterglow, the similarity of the rise, structuretiag The overall shape of the rise, short shallow decay and subse-
peak and the decay slope is striking. The early part of thegihoduent fast decay is very similar to the behaviour of the gftav
should be ignored, as it depends on the relative timing ofche of GRB 081029[(Nardini et al., 2011), where an analogous be-
ward shock of the first shell, the ISM density and initial Leiz havior has been associated with the intrinsic propertiethef
factor. GRB and not to changes in the intervening dust content. In the
meantime, but independent of these observations, Vlasis et
(2011) have presented numerical simulations of the colisif
an ultra-relativistic shell in a constant density envir@mwith
. i ity i the external forward shock, which produce similar flare tligh
4.2:2. Epoch 3 - the intensity jump curves: Fig[h shows their case 4 model (with l2alf-opening
While the short interval of the steep rise between 4.0-4.5 ksgle; from their Fig. 7) overplotted over the GROND J-band
after the trigger is not covered by ti8ift/XRT due to Earth light curve. In this scenario, the fast rise occurs when arseéc
limb constraints, the time of the first optical peak incluglinshell reaches the back of the first, self-similar Blandfitdkee
the following slow decay phase until,¥8 ks is covered with shell. The steepness and amplitude of the rise depend oalfhe h
Swift/XRT observations, but shows only a marginal X-ray fluopening angle of the jet, the Lorentz factor of the two catigd
enhancement, on the order of 50% relative to earlier and laghells, and likely more parameters like the energy, the mccu
times. This s in full agreement with the chromaticity seéthim rence time relative to the jet break, aag A parameter study
the GROND band (after host subtraction and extinction @arremuch more extensive than thatlin Vlasis etlal. (2011) is néede
tion), where the flux enhancement ranges between 200% (h&rder to be able to derive some of these parameters (oesang
mag) in theg’-band and 570% (1.9 mag) in tikg band, imply- thereof) for GRB 100621A. However, a qualitative conclasio
ing a very regsoft spectral shape. A combined GRONRT  would likely be that GRB 100621A has a large Lorentz factor
spectral fit of the overlapping time interval 5.5-8.5 ks retu or a small half-opening angle, or both. Among the sample of a
a single power law as best fit with a slopepE 0.98 + 0.02 handful of GRBs showing such features (Greiner, 2011), GRB
when fitting all X-ray flux, or8 = 1.0 + 0.03 when fitting 100621A shows the steepest rise in time: a formal fit Wijtat
just 50% of the X-ray flux (under the assumption that the othre GRB trigger results i se = 14 (which due to its late ap-



J. Greiner et al.: The unusual afterglow of the Gamma-RapBL00621A

pearance is also insensitive on any possible changg of the forv < v and determine, the power of the energy injection (see
fit)! above) such that the observed early decay slope ©f0.72 is

According ttol Vlasis et al. (2011), the rather flat part afteieproduced (we choose to take the value consistent withdaoth
the jump is then due to the merging of the two shells, the hgatimeasuredo andax, though this would not change our upcom-
of which compensates the fading flux from the forward shodkg conclusion). With each of the thredldirent values oé, we
of the first shell. After the jump, the light curves shoulddal then check the predicted slope»at> v for each of the three
the predicted slopes for the normal, single forward shocdk, bcases. Option (i) in the constant density environment nstthre
at a higher intensity level due to the additional energydtigen  steepest slope, witlayeq = 1.2 (fore = 0.75). This is still flatter
by the colliding second shell. While this isflicult to convinc- than the observedy = 1.54+ 0.06 (Fig[6). The predicted slope
ingly test with our data since the normal decay is not acelyrat depends only very weakly g8 so also the trend of steepening
enough constrained, the rise and the observed structure flat Bx towards the end of the observed X-ray light curve will not
part of the light curve is surprisingly similar to the modiejj in  lead to consistency. We note that in this interpretatioretiergy
Vlasis et al.|(2011), particularly their Fig. 6. We defer arsxde- injection is still active at the end of the X-ray light curve,. at
tailed comparison of this behaviour in GRB 100621A with thi€ x 10° s, as we see no further steepening to a slope ©2.2
shell-collision model to a future paper. (depending on any further softening).

Last, but not least, we note the coincidence of the measured
. slope ofe = 1.54+0.06 and the predictedk = 1.48 for the decay
4.2.3. The light curve beyond 20 ks of thev > v part of the afterglow in the spherical case. Thus,

We have shown in sub-sectibn 4J2.1 that the normal aftergldAe steepening of the X-ray light curve at 80 ks could be due
decay slope in the optigAlIR at a few ks after the GRB wasto the combination of both, cessation of energy injectionDAN
ao = 0.69 + 0.06. An extrapolation of this decay at the sam@assage of the cooling break in an ISM environment for am-afte
decay rate, i.e. with continued energy injection at the same glow which is still in its spherical expansion phase (i’e: 1/6)
poral rate, underpredicts the later GROND data by at least-a fwhen the collimation is not yet detectable. Admittedly, teed
tor of 2. Thus, the rate of energy injection would have had fer this coincidence is not an attractive solution. At thememt,
increase over the early rate, if it were to explain the ofyiti®® ~ Wwe have no more satisfactory explanation for the amountef th
emission afT,+20 ks. We consider this unlikely, and thus consteepening of X-ray light curve a,+80 ks. However, such
clude that at late times, i.e> T,+20 ks, the opticaNIR fluxes break in the X-ray light curve is very common in the sample
are dominated by the process which led to the huge intenspf/~700Swift GRB afterglows, and thus a more generic problem
jump at 4 ks. As the spectral shape of this emission was redddpusek et dll, 2006) rather than related to the specificsRB G
than that of the “canonical” afterglow, this statement wito 100621A.
be true for the sub-mm and radio bands (see next sub-section)
At X-rays, we have shown in the previous sub-seption that tt{‘.’?A. Epochs 4 and 5
contribution of the large intensity jump was marginal, atstno
50%, during the peak emission of the intensity jump. If the XFhe two APEXLABOCA detections correspond to a flux decay
ray emission associated to the jump component subsequeatigording to~ t=%5 which then must accelerate considerably
dropped the same way as the optical emission, then it faded bin order to be compatible with the upper limit at epoch 6. In
factor of 20 in the interval fronT,+10 ks toT,+30 ks. The to- the standard fireball scenario, the maximum in the sub-mint lig
tal X-ray emission faded by just a factor of 2, implying tha¢t curve is associated with the passage of the injection frecyue
X-ray emission beyond aboiit+10 ks can be solely attributed Since the observed decay slope is still considerably fléttan
to the normal afterglow. the expected®®P/4 for v < v, the injection frequency of the
The fit to the X-ray light curve, using a broken power law andominating component should be near the LABOCA observing
ignoring the enhanced emission at 5-8 ks, describes thalbvefrequency during epochs 4 and 5. This is compatible with our
behaviour very well. The break time is derived to be 80 ks, hest-fit SEDs: for epoch 4, the extrapolation of the GROND op-
which point the decay steepensate- 1.54 + 0.06 (Fig [8). tical/NIR SED nearly exactly reproduces the APEXBOCA
This steepening of the light curve could be due to the cessaeasurement, while for epoch 5 the optib#R flux (deter-
tion of the energy injection. However, for our value®fa full mined from an interpolation between two GROND measure-
cessation should lead to the canonical decay slopes-0f..72 ments) has faded more rapidly than the sub-mm flux, resuhing
(wind) ora = 1.22 (ISM) in the standard afterglow scenario, oa move ofvy, to lower frequencies. The speed of this frequency
a = 1.96 or steeper for any jet model (see below). Thus, onlydisplacement between epoch 4 and 5 is measured-&5%5,
partial cessation of energy injection would be a viableotu  consistent with the fireball prediction 6f/2. The observed op-
Alternatively, it could be the passage of the cooling bretak tical/NIR flux is about a factor 2 above the extrapolation of the
continued energy injection. This would not work for the stard  decay of the canonical afterglow, thus we assign this eonissi
afterglow scenario of a spherical afterglow (le> 1/6, where to the jump component. In contrast, as shown in the previous
6 is the jet half-opening angle), since the predicted sloagk sub-section, the X-ray emission is due to the canonicaigities
is just Aa = 0.25. However, the predicted change is larger faromponent. Curiously, despite the steeper X-ray spectafor;
a jetted outflow. Following Panaitescu et al. (2006), we @ers mal SED fit including the X-rays is possible due to the large ga
two options: (i) a jet whose edge is visible and which does nbetween the optical and X-ray bands: since the X-ray spectru
expand laterally, and (ii) a jet with sharp edges which spgseahas a steeper slope than the opfigéR/sub-mm at this time, the
laterally and is observed whdnhx 6 < 1. In their egs. 34 and large allowed range for; can accommodate this bright X-ray
35,[Panaitescu etlal. (2006) provide the flattening of liginves component.
due to energy injection for the frequency range above armhbel  Thus, with the two assumptions that (i) the contemporane-
ve. For option (i), the slopes depend on the circumburst mediumnsly measured X-ray emission is a separate emission compo-
density profile. Thus, we have three cases, each with a separeent, and therefore is left out from fitting; and (ii) the leng
closure relation above and below We start with the three caseswavelength part is dominated by the jump component, we make
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a combined spectral fit of epochs 3—6, where only epoch 3 Frequency (Hz)
tains X-ray data. We fixg; = 1/3, AB = 0.5 between the 10 10" 10M 10 10% 10 10 10" 107 10"

GROND and th&wift/XRT band, and also fix the host extincti 't 1
at the value oA\, = 3.65 mag as derived from the fit of epoch 1[1)9. i ]
With the lower 3N ratio of the later GROND SEDs, the slope 102} :

the GROND range is largely dominated by epoch 3, withak ;|
fit value for the combined fit of, = 0.90+ 0.04. The ATCA  107°¢
measurements then define the break energgs summarize:  j-rf ATCA  LABOCA ~_GROND _ ‘ XRT |
in Tab[4. We note that a fireball-compliant evolutiongffrom ‘ ‘ ‘ ' ‘ ' ‘ ‘ ‘ ‘
these values extrapolated backwards in time does not cithii
limit on vy, set by the NIR data at 5.5 ks (see dashed line lab
“t-3/2” in Fig. [10).

4.2.5. Epochs 6 and 7

For these two epochs, we have the radio fluxes at two freqesg ;
from the ATCA measurements. As described earlier, they=" 1)-2f
compatible with the*/® slope as expected for the segment = 10°¢

—4 F

tweenvs, andvy,. At sub-mm, the APEX.ABOCA upper limit }8

is well above this spectral component, and does not constra }gjﬁj

SED.

The more or less unchanged radio flux in epochs 6 and 7
mal fit results int~%°, though the large error bars of epoch 7 &
allow a slightly rising flux) implies that the injection fragncy
is in the few GHz range (near our radio data). This conclu
is supported by two other observational constraints, nathelt
the radio spectral slope is somewhat flatter thia#, and that the
radio flux must decline within the following 20 days in order
be compatible with the ATCA upper limits (see Tab. 3).

A combined fit of the radio and optigalIR data results ir
a best-fit injection frequency of ordex20* Hz, a factor 100(
larger than our above estimate, and also a factor 10 larger ]
one would expect from the (fireball-compliant) evolutiontlo® 0 b e
jump component. This suggests that the radio emission e o Oio,'\, wi . ‘1_“ ‘ (kl\{/) 10 e
to the canonical afterglow component, while the optid&R be- served energy (e
longs to the jump component (as argued above). This picture
is consistent with a (again fireball-compliant) predictmfithe  Fig. 7. visualization of the spectral energy distributions at the
early evolution ofvm, i.e. thatvm, is at frequencies shortward offiye epochs as discussed in the text, with panel 1 to 3 show-
the GROND NIR measurements at very early times (see the blHg epochs 1-3, panel 4 showing epo¢h,4nd panel 5 showing

dashed line in Fid. 10). epoch 67. The frequencgienergy ranges covered by our observa-
tions are marked as shaded bands. Dashed lines markfiee di
4.3. Characterization of the three emission components ent emission components: afterglow (blue), flares (grgemp

component (red). The thick line is the sum of these companent
First, Tab.[5 summarizes the discussion from the above sub-
sections with respect to the three emission componentemrat
than according to the epoch of observation, and[Big. 7 pesvid

a visualization of the evolution of these three componeritis w SIOP€ in the GROND range for the canonical afterglow (fulty d
time. scribed in section 4.2.1) |8, = 0.82:0.02 with a strong host

extinction of A, = 3.65:0.06 mag, as already indicated by the
very red colors of the afterglow.
Table 5. Epochs at which the three emission components are With the generic picture that the typical afterglow spectru
seen at derent frequency bands. evolves from fast to slow cooling, we will now use the con-
straints for each of the components, and try to infer a censis
tent picture of the evolution of the GRB 100621A aftergloweT

canonical afterglow flares  jump component

X-rays 1, 3: partially, 4-7: fully 2 3: partially discussion is based on the formalism described in Granotr& Sa
optica/NIR 1: partially 2 3-7: fully (2002), and we use the same nomenclaturgsef= E/10°2 erg,
sub-mm - - 45: fully andeée = e(p—2)/(p—1).
radio 6+7: fully - -

4.3.1. The canonical afterglow

With these constraints on the varying combination of thEhe SED of epoch 1 provides four constraints on the fireball
three emission components at a given epoch, the combinedgigrameters of the canonical afterglow: (i) a lower limit e t
ting results in a total reduce@fed = 1.1 (162 for 145 degrees frequency ofy. at that time £8 keV), (ii) an upper limit on the
of freedom), thus being an acceptable fit. The best fit power ldlux density at/. (<0.035 mJy), (iii) an upper limit om,, based

10
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on the non-detection of, (or a break in general) in the GRONDconstrained. Stepping through, in the range £10°7 keV to
range, i.evm < 1.25x 10' Hz (<2.4 um), and (iv) a lower 6x107° keV reveals equally good fits as longag > 5 x 1076
limit on the flux at this limit frequencyX9 mJy). Using the two keV (250um). With this limit, we obtain:

equations eachinlines 3 and 5 of Tab. 2 of Granot & $ari (2002)

these measurements translate into the following four ¢mmgi: (i) & e’ Exy>11x10° @
i 3/2 1/2 (i) fé/z -nt/2. Es» < 0.017
0) &% nlEM? > 2.82x 10° | _
(ii) &2 212 3. ELBL £ 7175 10°° All combined constraints for the afterglow component a@gf
: 1) inFig.[8.
(i) & ey Egf <646x10° (1) 9.8
(v) e/?-nY2. Esp > 0.195

4.3.2. The early flares

The flares are only observed at early times, and for a desaript
we have picked epoch 2 to cover some of those. While we called
IR 4 AR 1 these events flares, it seems obvious that these are sondigshat
I o se==1 similar to the canonical X-ray flares observeddwift/XRT in a
large fraction of GRBs: in the case of GRB 100621A, the flares
are prominent in the optical, rather than in X-rays. If theaee
the same origin as the canonical X-ray flares (Margutti et al.
y ' 04 2011), the only dterence might be a lower peak energy. The
Lo Tt Ee s | proad-band spectrum between GROND @wdft/XRT is cer-
107 bos — 03 tainly not a single power law (see section 4.2.1). As the low-
10-6 £22 = 28 o1 L | energy part of a broken power law fi# & 0.86) would be very
v - e steep for a Band function approach,'ghe peal_< enErgy rather
ISM density n (cm=3) :, is below the GROND wavelengths, with possibly some exponen-
tial cut-of at X-rays. Since the decomposition of normal after-
I%)OW component and flares is not unique, no statement can be

1.0
0.7

€
R
ool vl 3 Tod 3l

E (1052 erg)

T
o

o
N
43
L

Fig.8. Constraints on the microphysical parameters of t
canonical afterglow component from the SED of epoch 1 at 5
s after the GRB (black triangles), and of epoch 6 (colored ar-

rowglines). The limits orF (vy) andv. from epoch 1 allow the 4.3.3. The jump component
parameter spacabove the lines of open triangles (left panel),

and an upper limit okz < 0.064 (top arrow on right panel).

The limits from epoch & allow the parameter spabelow the

lines of arrows (left panel), depending on the total enefine 10-1
requirement that, < 1 translates into an upper limit in the del

sity and lower limit oneg, respectively (dotted line). The thic/ 1
colored lines on the right panel show the correspondingwvaitb
range foré (whereé = e X (p— 2)/(p - 1) = 0.3% for the &

ade on a possible variation of the peak energy with time.

o
U
L
-
o

°
Q
~

derived p=2.64). 104 3 %ol = ]

1075 & E52 =02 \Lﬂl F B

These equations define an upper limit@rc 0.064 (which o6 ZZ TT 0zl - |

translates inta. < 0.16 for ourp=2.64), and combined lowe I T T AN NI R
limits for eg and the external density as shown by the lines I delr(l)sity 120(8;?2;’ 10000 o.00 001 . o1

arrows in Fig[8.

In principle, there are two more constraints, namely thélil £y 9 constraints on the microphysical parameters of the jump

that the time ofm crossingye (5 — 1 in (Granot & Saril. 2002)) ¢omponent, as derived from epoglb4nd 67 (see text) for the
has occured withirc520 s, and the transition & 2 (v, cross- case of a constant ISM density profile.

ing vs) is constrained to-416 ks. However, these limits do nc
impose any additional constraints as shown inHig. 8.

Epoch 3 does not provide any further constraint on the As mentioned earlier, the Vlasis et al. (2011) interpretati
canonical afterglow, as the X-ray flux and spectral shape caf the opticalNIR emission at 5-8 ks is via the collision of two
not be independently fierentiated from that of the jump com-ultrarelativistic shells.
ponent, as mentioned above. The SED of the 5-8 ks event exhibits a straight power law

At epochs 45, the X-rays provide the only measurements aff slope 1.%0.1 covering the GROND optigdlIR and the
the canonical afterglow. Given the somewhat contrived enc Swift/XRT region. If interpreted using the Granot & Sari (2002)
sion that the late X-ray light curve after the break at 80 ks fermalism for afterglows (the applicability of which is nob-
due to a combination of cessation of energy injection and-co@ious as the medium into which the colliding shell is evotyin
ing break passagend that it is still in the spherical phase, wemight be increasing in density, rather than being constadee
refrain from adding these constraints here. creasing) the location of andvy, remain ambiguous. b, were

Epochs 67, after re-fitting without the GROND optigdlIR  longwards of 2.4um (GRONDKG -band), then the electron spec-
data, provide no unambiguous measurement,pind F(vy,) tral index would be a reasonabfe-2.2. However, in addition
(or v¢), as the normalization of the power law segment whido the observed light curve decay=6t0 ks being much steeper
connects they 3 segment with the X-ray segment, is nothan the expectett1®, there would be further inconsistencies:

11
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(2) if the circumburst environment had a wind density profile models. We therefore have adopted the fireball scenariotand a
would evolve to higher frequencies, i.e. into the GROND hantempted to construct a consistent picture of the observad fe
which is not observed; (2) if, alternatively, the circuméisten- tures. Before further discussion, we summarize our assangpt
sity profile were ISM-likey. would move towards the LABOCA here: (i) First, we assume that the total emission is duedsth
band. However, at epoch 4 the optiddR SED extrapolates perposition of 3 emission components; (ii) we have fisge0.5
nearly perfectly to the measured LABOCA flux, thereby not abetween X-ray and GROND power law slopes (whenever appli-
lowing any break. Thus;. would have to be below 345 GHz atcable); (iii) we have fixe@agio = —1/3 as derived from the two
epoch 3. This would imply a later radio flux at least a factot 1@adio frequencies at epoch&6and (iv) had to assume that the
larger than observed, and therefore can be excluded. We tthes jump component has to be self-absorbed in the radio. With
conclude that, at epoch 3 must be8 keV, implying a steep these assumptions, we find a reasonably consistent pichicw
p=3.2. Using these constraints, we arrive at the following foulescribes all of our observational facts (temporal andtsplec

conditions: slopes) except the slow X-ray decay at timy3 ks.
: -3/2 — -1/2
0] 6%2/ : nl 2 E52/ > 158 10° For none of the three emission components in the afterglow
(i) &% egt? nte B2l < 247x 10710 (3) Of GRB 100621A do we have enough observations at the right
(iii) &2 Eé/Z . Eé/z2 <236x 104 time to determine all fireball model parameters in a uniqug wa
(iv) eé/z .n%2. Es, > 0.358 The constraints on these parameters as derived from our-obse

vations are, in general, broadly consistent with expemtatiThe
None of these conditions is violated by the constraintsveeri only inconsistent result is that feg of the afterglow component:
below for the emission of the 5-8 ks event. the lower limits from epoch 1 are about 2 orders of magnitude
The SED of this 5-8 ks event is constrained by our measutgigher than the upper limits as derived from epocifs &ssum-
ments of epochs/8 and 7. During epoch 4, we measurg ing otherwise equal parameters (in particular total enengyy
andF (vm), which provides the following two equations: density). There could be several reasons for this, one ofhwhi
() 2.2 Y2 Z 70% 105 could be an evolvingg with time, though we do not consider
o %2 Bap 2 (4) this. A more obvious reason could be that the energy ejection
(ii) g -N'°-Es2=0716 (which was deduced to make spectral and temporal slopes in th

Epochs o7 provide an interesting constraint on the Sutgarly phases ConSiste.nt with the fireball ScenariO) intcedwa
mmyradio regime, despite the non-detections longward of thée-dependent variation between low- and high-frequeegy
GROND<K band. The APEX_ABOCA non-detection does not ments (at radio wavelength, the impact of the energy imecti
constrain the continuation of the optidaIR slope into the mm- Will come later than at X-rays). This invalidates our asstiorp
band, but a fireball-compliant extrapolation would sugggst  for epochs 67 in deriving constraints omn, in that the radio
1 x 10! Hz at epoch 6. Since we have argued earlier that tR&d X-ray sections of the SED reflect the same internal energy
radio emission seen at this epoch at 5.5 and 9 GHz must beldiigiget. We therefore neglect thg constraints from epochg®
to the canonical afterglow, we have to assume that the radidthe following. If we allowvy, to be just above 9 GHz during
component of the jump component must be self-absorbed t§REchs 67, then no conflicting constraints are imposed anymore.
level to not exceed the measured fluxes at 5.5 and 9 GHz. This
results invg 20.8 x 10! Hz, i.e.vy = v at epoch 6 (and 7)
to within the errors. This is exactly what Vlasis et al. (2pfidd
during the modelling of the radio light curve: the amplitude
strongly depressed due to self-absorption.

In a constant external density profilg, is constant, and our 1ot
above assumption does not violate any observational @instr 1017
at earlier or later times. For a wind environmery, decreases
according ta—%/° — this is slow enough that it does not conflic
with the LABOCA detections at epochg4

Thus, for the ISM case, we derive:

(iii) &t e® n¥5. EJ° =538
(iv) &l eg® 0. E0 > 123

L L e L B T T T T T

I

Swift/XRT -
&

1016

1015

GROND

1014

(5)

1013

Break Frequencies (Hz)

The combination of the last 4 equations translates intowloe t 1012
thin stripes of parameter space shown in Eig. 9. The resylti Lott
limits on the external density are rather high: sirgecan-

not be larger than 1, the external density must2® cnt3,

Moreover, the total energy is constrainedHEg, > 0.2, and Fi
& > 0.01. We stress again that these constraints are only vailb
if thelGranot & Saril(2002) formalism is applicable.

TN ETT N T VTS W 1T B NTTT B W1 AW NTIT i

1 LABOCA - X
NN - N

/
/
/
/
[+
|
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T
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B
Time since GRB (s)

.10. Location of the two breaks. (top end) andv, (bot-
part) at diferent epochs in the late-time evolution of the
afterglow of GRB 100621A, for each of the three emission com-

ponents (i) canonical afterglow (black), (ii) flares (read (iii)

5. Discussion jump component (pink). Vertical bars indicate allowed resifpr

ve OF vm. The wavelength coverage of our instruments is shown
as vertical bars at the very left side. Dashed lines show ke e
The behaviour of the afterglow of GRB 100621A affeient Pected evolution according to the standard fireball scerefi
epochs and frequencies has been found to be too complex f@f-obeying limits as derived from our observations at vasio
ative to our set of observational data to be able to constr&Rochs.

- F
=g
<)

5.1. Fitting assumptions and results
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Despite the complex behaviour, we are able to unequiv ——
cally deduce a constant ISM-like circumburst density peofil 100
The slow intensity decline of the external forward shock-su
gests continuous energy injection at a rate proportion#to o,
during the first hour after the GRB. With the onset of the jum Ty
component, another sudden increase in energy happens wl ‘
lifts the energy budget by a factor 2-5.

One could imagine that the canonical afterglow and the ea
flares experience the same external ISM density, i.e. thest tt Sy
originate co-spatially. In this case, the combined coirgisam- . OGO/i
ply that the external density 250 cnT3, otherwise theF (vy) PN
limit for the afterglow componentwould be violated. Thigimn
would imply that the energy driving the flares would be of arde 2 deteotion Timit 30 min
Eiw (1 < Esz < 5), which is surprisingly large though not ex- L R T
ceptional. Correspondingly, we deduc@4 < & < 0.064 and ! e e GRE (Daver

4 ime after (Days)
€ > 10°.

For the jump component, as mentioned above, we derived). 11. Comparison of our GRB 100621A sub-mm light curve
n 220 cnt3. This is interesting as one could have imaginetb previous sub-mm observations of GRBs with more than
that this component originates in the wake of the aftergi@mv, one observation, and selected upper limits for a few famous
in a region cleared by the forward shock. However, we caGRBs. Diferent symbols mark fferent observer frequen-
tion (again) that the interpretation with the Granot & S8002) cies, and colors denote ftirent GRBs (except for the up-
framework might not be appropriate at all. Further thecegin- per limits). Data are from: GRB 030329: (Kohno et al., 2005;
vestigation of such shell collisions are certainly wareaht Sheth et gl., 2003); GRB 090313: Greiner et al 2013, in prep;

GRB 080129:|/(Greiner et al., 2009); GRB 090423: (Bock et al.,
) 2009); GRBs 091102,110709B, 110715A, 100901A, 110918A:
5.2. Location of the dust (de Ugarte Postigo et al., 2012).

From multiple SED fits during the early rise and early
plateau (around 200-400 s after the GRB trigger) we con-
strain any variation of the extinction t8Ay < 10%. The in-
tense radiation of gamma-ray bursts has been repeatedly sug
gested to destroy the dust in its near environment throu
sublimation ((Waxman & Draine, 2000; Fruchter et al., 200
Perna & Lazzati, 2002), out to distances of a dozen parsez.
large dust column we observe in the afterglow of GRB 100621
must therefore be at larger distances, most likely notedlab
the star formation site of the progenitor of GRB 100621A.

® 141 GHz ' % 250 GHz W 345 GHz'

0
APEX 345 @iz e

1 30 detection limit 120*%1'1n

10

GRB 090*313, 23+3.38

Flux (mly)
T T T
Lol

35

%)

ALMA Band 7 (Cycle 1)

T T T Tl
A

_[]t for the majority ALMA will be the instrument of choice,
nce rapid turn-around target-of-opportunity observetiwill
e dfered.

5.4. The GRB host

5.3. Comparison with previous sub-mm detections The host galaxy of GRB 100621A was extensively covered
in [Kruhler et al. [(2011b), including in addition to the GRON
Previous sub-mm measurements of GRB afterglows wesad Snift/UVOT data. In short, the £21.5 mag galaxy is well
initially non-detections [ (Bremer etial., 1998; Shephardlet detected from the UV (alBwift/lUVOT filters) up to theKgs-
1998), and detections or even light curves are spansand showing a very blue spectral energy distribution with
(Chandra et al., 2008; Sheth et al., 2003; Greinerlet al.S20QR — K)ag ~ 0.3 mag. The stellar population synthesis fitting
Perley et al., 2012; Zauderer et al., 2012). Predictionsntie of the host SED returns an age of the dominating stellar pop-
sion at flux levels of several tens of mJy (e.g. Inoue et allation of only 0.05 Gyr, and an intrinsic extinction o(‘;ﬂ =
2005) have not been materialized. So far, only a handful gf6*91 mag, in stark contrast to the large afterglow (AG) extinc-
GRBs have been detected in the ysab-mm, mostly using yjon of AL® = 3.61+0.06 mag. The absolute magnitude of the
MAMBO at the IRAM 30m {Chandra et al., 2008; Sheth €t aly gt js My = 20,68+ 0.08 mag, and the star formation rate was
2003 Greiner et al., 2009), and CARMA (Chandra et al.. 200¢atermined as T@ Mo/Vr.
. = O

Bock et al.| 2009; Perley etlel., 2012). GRB 100621Ais one of a _
handful of GRBs for which a sub-mm ’light curve’ (more than 1 1he APEX and ATCA non-detections of any flux at the po-
detection) is available (Fi§_l1). However, the complidagarly Sition of GRB 100621A at5 days after the GRB also provide
optica/NIR light curve of GRB 100621A makes even this relafirst crude limits on the sub-mm and radio emission of the host
tively well-observed GRB too sparsely sampled in the sub-m@@laxy, 0f<6.8 mJy at 345 GHz170uJy at 5.5 GHz, ane¢200
range, which leaves ambiguities in the interpretation ahpthe #JY at 9 GHz (all 2 confidence). Assuming that the dominant
light curve and the movement of the low-frequency break.  fraction of the radio emission would be of non-thermal arjgi

Recent more aggressive attempts with APEABOCA and using the formalism of Yun & Carllli (2002), this implias
have confirmed to return mostly non-detectiondPPer limit on the star formation rate 6800 Mo/yr.
(de Ugarte Postigo etal., 2012), indicating that the injec- Due to the bright, compact host, no observational attengpt ha
tion frequency moves rather rapidly to frequencies beloe tiheen made with GROND to search for the supernova component
LABOCA range, thus requiring sub-mm observations withia thwhich would have peaked about 6 magnitudes fainter (if extin
first day in order to achieve detections. APEXBOCA is able guished the same way as the afterglow) than the host brightne
to do this for the best suited afterglows (steep optitiit SED), for a 1998bw-like SN-luminosity.
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6. Conclusions

Inoue S., Omukai K., Ciardi B., 2005, MN 380, 1715
Kohno K., Tosaki T. Okuda T. et al. 2005, PASJ 57, 147

GRB 100621A has shown the brightest X-ray emission after aryvacs A., 2008, Proc. SPIE vol. 7020, id. 70201S-15

gamma-ray bursts so far. Despite this, the afterglok200 s
was not extraordinarily bright, and the strong host exiorct
made it only marginally detectable 8wift/UVOT observations.

Kriihler T., Kiipcl Yoldas A., Greiner J., et al. 2008, /86, 376
Krihler T., Schady P., Greiner J., et al. 2011a, A&A 526, 815
Kriihler T., Greiner J., Schady P. et al. 2011b, A&A 534, A108
Kipcu Yoldas A., Kriihler T., Greiner J., et al. 2008b,PAConf. Proc., 1000,

Yet, we obtained a decent data set with GROND as well as sup227

porting APEXLABOCA and ATCA measurements.

Margutti R., Bernardini G., Barniol Duran R., 2011, MN 41064

The biggest surprise in the properties of the afterglow dfeszaros P., Rees M.J., 1997, ApJ 476, 232

GRB 100621A is undoubtly the sudden intensity jump aft(%g

about 1 hr. Here, we have been able to characterize its pro
ties in hitherto unprecedented detail. The pecularity if ¢vent

észaros P., Rees M.J., Wijers R.A.M.J., 1998, ApJ 499, 30
ilvang-Jensen B., Goldoni P., Tanvir N.R. et al. 2010, GQN&76

R&%dlinari E., et al. 2007, A&a 469, L13

Naito H., Sako T., Suzuki D., et al. 2010, GCN #10881

is the complexity of the combined afterglow emission whidh wNardini M., Greiner J., Krihler T. et al. 2011, A&A 531, A39

encounter. In order to disentangle this complexity, andossp

bly even test afterglow models, a much denser sampling of tE {
afterglow emission in time is required, both at sub-mm ad wel

as radio frequencies. At least for sub-mm observations fhem
southern hemisphere, ALMA would be an ideal instrument
fast reaction times to external alerts like gamma-ray burah
be implemented.
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