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ABSTRACT

We present a comprehensive catalog and analysis of braatldfserglow observations for 103 short-duration
gamma-ray bursts (GRBs), comprised of all short GRBs fromédxtber 2004 to March 2015 with prompt
follow-up observations in the X-ray, optical, near-infrdrand/or radio bands. These afterglow observations
have uncovered 71 X-ray detections, 30 optical/NIR datestiand 4 radio detections. Employing the standard
afterglow synchrotron model, we perform joint probabibiyalyses for a subset of 38 short GRBs with well-
sampled light curves to infer the burst isotropic-equimanergies and circumburst densities. For this subset,
we find median isotropic-equivaleniray and kinetic energies &, jso ~ 2 x 10°! erg, andEx jso ~ (1 - 3) x

10°! erg, respectively, depending on the values of the modetipgameters. We further find that short GRBs
occur in low-density environments, with a median densityief (3—15) x 102 cm™, and that~ 80— 95%

of bursts have densities of < 1 cnmi®. We investigate trends between the circumburst densitidshast
galaxy properties, and find that events located at largepteq offsets of 10 effective radii from their hosts
exhibit particularly low densities af < 10 cm3, consistent with an IGM-like environment. Using late-time
afterglow data for 11 events, we find a median jet openingeaofff; = 16+ 10°. We also calculate a median

beaming factor off, ~ 0.04, leading to a beaming-corrected total energy releasg@f~ 1.6 x 10°° erg.

Furthermore, we calculate a beaming-corrected event fatge = 270138 Gpc yr?, or~ 8727 yr! within
a 200 Mpc volume, the Advanced LIGO/Virgo typical detectitistance for NS-NS binaries.

1. INTRODUCTION the lack of associated supernovae (elg., Foxletal. |2005;

The afterglow emission from gamma-ray bursts (GRBs) Soderberg et él. 2006; Kocevski eflal. 2010; Fong &t al.l2014)

provides a unique way to probe their basic properties: and the discovery of a near-IR “kilonova” from the short

the energy scale, circumburst densities, and jet openingGRB 130603B|(Berger et al. 2013; Tanvir etlal. 2013), have

angles. Nearly two decades of long-duration GRB after- provided strong observational support for a compact object

low observations established a median beaming-correcte@N@ry merger progenitor involving two neutron stars or a
Einetic energy release of 10°! erg [Frailetal 92001. neutron star and a stellar mass black hole (NS-NS/NS-BH;

. Eichler et all 1989; Narayan et/al. 1992).
Berger et al. 2003;_Friedman & Bloom 2005; Gehrels et al. . - 7 :
2008;| Nysewander et al. 2009; Laskar etal. 2014), circum- As studies of the host galaxies of short GRBSs have pro-
: gressed at a rapid pace, knowledge of their basic explo-

burst densities ofv 0.1-100 cm® (Panaitescu & Kumar ; ; T, ;

S : - sion properties has been limited by both the paucity of af-
zgloz, Yotst |8t 350%902)* .f‘nﬁ Fpgg'&g- a;gle(zjsnoi? z é?o terglow detections and the relatively low detection rate of
(208‘(')'m eKa. s tr|a.| e éiOC|8' 2 fe mtanl 2%%?_ well-localized (few arcsec uncertainty) short GRBs from
= =2 : |OC%SJ5I UI er : aCLt’ﬁ'ne 3.‘ | Gensiy the Swift satellite. Furthermore, afterglow studies greatly

yanetal. 2015). In some cases, the radial densityonqit from observations across several orders of frequenc
profiles of their circumburst environments reflect the wind \ich serve to provide significantly tighter constraints on
envwgnments expected for massive stars (Chevaliel & Li the energy scales and circumburst densities than single
20%?’ Yofstt etla.l. 2001‘:3).h t-duration GRBSL < 2 . band observations. Thus far, short GRB afterglow stud-

e afterglows of short-duration GRBSlef < 2 SEC!  joq have either focused on a small number of events in
Kouveliotou et all 1993) are uniformly fainter (Berger 2007 single band (e.gl, Berger 2007; Nakar 2007; Kannlet al
E'akarég%; 2%(132rels %tﬁl' th’r?s; fNygewand_er E[.lal' d2|.009;2008; Nicuesa Guelbenzu ei al. 2012a), or on radio through

erge 2010, 2014), and have thus far been primarily udlize 'y o ohservations of individual bursts (Berger etial. 2005
for providing precise burst localization, and thereforbust 55 jarperq et 41, 2006; Fong etlal. 2014). Comparative studie
associations to host galaxies (elg.. Fong et al. 2013). eThes relative to long GRBs have only served to argue for lower en-

host studies have revealed that at least some short GRBs ori rgy scales and circumburst densities, but have not prdvide

inate from older stellar populations, and are distin.ct ie?rth actual distributions (e.d., Berger 2014). Thus, there haen
global properties from the hosts of long GRBs (Beiger 2009, , 5o mpts to utilize the full set of broad-band aftergldw o
Leibler & Berger 2010; Fong et al. 2013; Berger 2014). The servations of short GRBS.

local and galactic environments of short GRBs (Fongetal. "yo (o|ative difficulty of detecting short GRB afterglows
2010; [Berger_2010(_Fong & Berger 2013), together with is likely a direct reflection of a combination of low explo-

L sion energies and low circumburst densities. Predictions
Einstein Fellow for NS-NS/NS-BH mergers span several orders of magni-

2 Steward Observatory, University of Arizona, 933 North Giehv- . - - . s
enue, Tucson, AZ 85721 tude in density, depending on the precise distribution of na

3 Harvard-Smithsonian Center for Astrophysics, 60 Gardereeft  tal kick velocities, merger timescales, and host galaxetyp
Cambridge, MA 02138, USA (Perna & Belczynsk| 2002; Belczynski et al. 2006). Simi-
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Tablel

larly, different mechanisms of energy extraction to power a Short GRB Basic Information

relavistic blast-wave can produce energy scales whiclerdiff

by three orders of magnitude (e.g., Ruffert & Janka 1999b;

Rosswol 2005). Furthermore, the calculation of the truetsho GRB Too z X-ray OptNIR  Radio
GRB energy scale and event rate directly depends on the ge- )
ometry of their jets. Constraints on the energetics, diessit 050202 07 N N
and jet opening angles from short GRB afterglows thus of- 050509B 004 0225 Y N N
fer a way to study these fundamental questions. These ba- 050709 07 0161 Y Y N
sic properties also serve as critical inputs for the debdleta 050724A 30 0.257 Y Y Y
ity of other electromagnetic counterparts to compact dbjec 050813 06 07218 Y N N
mergers, and will directly affect follow-up strategies rag- 050906 26 - N N N
tational wave signals detected with Advanced LIGO/VIRGO 050925 007 Nb N
(e.g.,Metzger & Berger 2012; Nissanke et al. 2013). 82523'“ 0%9 "1'4 ’\\‘( N N
Taking advantage of the dedicated searches for short GRB 051221A 14 3546 v Y Y
afterglows at all wavelengths, we are now in a position to ex- 5171 N <41 Y Y
plore these basic properties for a large population of event 060313 o7 <17 v v N
for the first time. Here, we present the first comprehensive  opgos02B 009 0287 Y N
broad-band catalog of short GRB afterglows, representinga 060801 fo's) 1130 % N N
decade of observations since the launcBwiftin 2004, and 061006 o4 0.438 Y Y
use this sample to constrain short GRB energies and circum- 061201 08 0111 Y Y
burst densities. In Sectidd 2, we introduce the sample and 061210 02 041 Y N N
data reduction methods for X-ray through radio observation 061217 02 0.827 Y N
In Sectior 3, we model the temporal and spectral behavior of ~ 070209 009 N N
the afterglows, and use the observations to infer constrain 070406 120 .. N N
on the energetics and circumburst densities for each Huarst. 0704298 0 0.902 M N N
- - : : 070707 11 <36 Y Y e
Section 4, we present the energetics and circumburst densi- 0707148 0 0923 v v N
ties for 38 events with well-sampled afterglow data sets. In 070724A 04 0457 v v N
_Sectlorﬂ_ﬂi, we discuss the observational afterglow progerti 070729 09 0.8 v N N
jet opening angles, and investigate trends between thésburs 970809 13 0.473 % %
and their galactic environments. Finally, in the Appendig, 070810B 008 N N
provide X-ray, optical, and radio afterglow catalogs. Irugn 070923 005 .y e N
coming work, we will address the effect of the basic inferred 071017 0.5 N
properties on the detectability of electromagnetic conpates 0711128  0.30 8 N N N
to gravitational wave sources. 071227 18 0381 Y Y
Throughout the paper, all magnitudes are in the AB sys-  08012F 0.7 N N
tem and are corrected for Galactic extinction in the direc- 080123 o Y N
tion of each burst(Schlegel etlal. 1998; Schlafly & Finkbeine 8283(2)2 g <"4'2 :(( § N
2011). Unless otherwise noted, uncertainties correspond t  ge07057 05 v N N
1o confidence. We employ a standafdCDM cosmology 080905A 10 0122 v v
with Qy = 0.27,Q4 =0.73, andHg = 71 km §* Mpc™. 080919 06 v N
081024A 18 Y N N
2. OBSERVATIONS 0810248 0.4 N® N N
2.1. Sample 081226A 04 <4.1 Y Y N
- 0812268 0.7 N N N
We present afterglow observations for 103 short GRBs dis-  090305A 04 <41 Y Y
covered by theSwift satellite (Gehrels et al. 2004)ermi 090417A 007 N
satellite (Atwood et &l 2009; Meegan ef al. 2008pnus- 090426 13 2609 Y Y
Wind (Aptekar et all. 1995), High Energy Transient Explorer2 090510 a3 0903 Y Y N
(HETE-2;[Ricker et al. 2003), or the Interplanetary Network 88823? Ozgf' 0403 J IQ(] N
(IPN;/Hurley et all. 2010) between November 2004 and March 0906218  0Ol4 v N N
2015. We restrict our sample to all bursts wilky < 2 s 090715A 05 N N
and follow-up observations in any of the X-ray, optical, rea 090916 0.3 N
infrared (NIR) or radio bands on timescalesibfS few days 091109B O3 <44 Y Y
(wheredt corresponds to the time after theray trigger). 091117 043 NP N N
We also include three events (GRBs 050724A, 090607 and ~100117A 030 0915 Y %
100213A) which havelgg =~ 2.5-3 s but which exhibit the 100206A o1 0.407 Y N
spectral hardness and negligible spectral lags typicahoits 100213A 249 %
GRBs (Marshall et al. 2009; Grupe et al. 2010). For bursts 100625A 03 0.452 Y N N
with optical/NIR follow-up, we only include data from busst 100628A 004 N N N
with afterglow detections or meaningful limits §f20 mag at 100702A 016 s Y N E
ot <1 day. Basic information for the sample of 103 events, 101219A 06 0718 Y N
including durations, redshifts, and the available folloprin i‘iéﬁgﬁ 8% p—— \\; < ll:ll
each observing band is presented in Table 1. 1101198 05 N N N

Of the 103 bursts in our sample, 96 (93%) have X-ray
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Tablel — Continued mined from their host galaxies (Table 1), while two

events have spectroscopic redshifts from absorption in

GRB  To z X-ray OptNIR  Radio their afterglows, GRB 090426A:[ (Antonelli etlal. 2009;
(s) Levesque et al. 2010) and GRB 130603B_(Cucchiaralet al.

1104208 0.08 NP N N 2013; de Ugarte Postigo et al. 2014). Furthermore, we place
111020A 04 % N N upper limits on the redshift from the detection of the ogtica
111117A 05 1.3 Y N N afterglow, and therefore the lack of suppression bluewérd o
111121A 045 Y N the Lyman limit (\p = 912 A) or Lymane line (\o = 1216 A),
1112228 03 Y for 11 bursts (Tablé]l). We also place a lower limit of
120229A 022 N N z> 1.4 for GRB 051210 from the lack of detection of emis-
120305A 01 Y N N sion or absorption features in the spectrum of the host galax
ﬁgggég 8%5 ¥ N N (Berger et al. 2007). In addition to the broad-band afterglo
120804A 081 13 Y v N observations that have been published thus far, we present
1208178 0.19 N N new optical/NIR observations for 11 bursts (Table A2), and
121226A 10 % N N new radio observations for 25 events (Table A3).
130313A 026 Y N N
130515A 029 Y N 2.1.1. Observing Constraints
iggggg?\ 812 0.356 I\\l( Y Y Of the 25 bursts with X-ray observations and no detected
130716A 08 Y N N X-ray afterglow, 18 events had a delay@@iftXRT response
130822A 004 v N N due to an observing constraint or burst discovery from an-
130912A 028 <41 v Y N other satellite (indicated in Tablé 1); thus, the non-detec
131004A 154  0.717 Y Y N of X-ray afterglows for these events are due to factors unre-
13112584 05 N lated to the bursts themselves. Likewise, 12 bursts with op-
1311264 03 N tical observations and no detected optical afterglow have a
1312244 0.8 N N observing constraint (e.g., delayed precise localizaftiom
1401298 1.36 <15 Y Y Swift crowded field, high Galactic extinction sightline, po-
140320K 0.45 Y N sition contaminated by a bright star), making the deteation
1404028 0.03 N N an optical afterglow particularly challenging (Table A@nly
1404148 0.7 N N one burst (GRB 150101B) with radio observations is severely
140516A  0.19 Y N N contaminated by a neighboring bright source, thus prewgnti
140606A&  0.34 N N a deep radio limit at the afterglow position. Taking these ob
ijgg%gf 8'?3 6’ 559 NY NN NN serving constraints into account, we find that the vast ritgjor
140903A 030  0.351 Y v y; (91%) of bursts that have X-ray follow-up and no observing
140930B 030 <41 v v N constraints result in an X-ray afterglow detection. Simiyla
1412028 1.3 N the fraction of detected optical afterglows increases %40
14120548 1.1 N N after correcting for observing constraints. The radio cite
141212A  0.30 0.596 Y N N fraction remains atz 7%.
150101A 0.06 e Y e N
150101B  0.018 0.134 Y Y N 2.2. X-rays
igg%ggg 01_;1280 9‘460 YY WN N We gather all available X-ray afterglow observations from

the Swift light curve repositof§y (Evans et al. 20074, 2009),
the GRB Coordinates Network (GCN) Circulars, and the lit-
erature (TablE’All). The data were taken with the X-ray Tele-
scope (XRT) on-boar8wift theChandraX-ray Observatory,
and the X-ray Multi-Mirror Mission XMM-Newton. Ten
bursts haveChandraobservations, while three bursts have
XMM-Newtonobservations (Table_A1). We use unabsorbed

Note. — Short GRBs with X-ray, optical/NIR or radio follow-
up observations. “Y” = detection, “N” = non-detection, and
- means there is no follow-up in that band.
& Observing constraint or delay&Wwiff XRT observations.
® There are XRT observations but no X-ray flux upper limit is

Eeﬂoﬁfgdburst hasTeo = 234+ 0.1 s but is spectrally hard fluxesand uncertainties in the3s-10 keV energy band when

SMarshaII et all 2009). they are available; otherwise, we use the count-rate light
This burst hage = 2.4+ 0.4 s, but the spectral lag of-515 ms ~ curves in the same energy range and convert to fluxes (de-

indicates this is a short-hard burst (Grupe ét al. P010). scribed later in this section). For bursts with multiple app

¢ Delayed reporting of burst position preventing immediatugd-  limits, we only include those which help to constrain the tem

based follow-up. poral behavior of the X-ray light curve. Of the 96 short GRBs

" IPN-localized burst with n@wiftfollow-up. with X-ray observations, four events have no reported mea-

surements or upper limiis Therefore, the resulting late-time
follow-up observations, 87 (84%) have optical/NIR observa X-ray afterglow catalog is comprised of 92 events (Tablé. A1)
tions, and 60 (58%) have radio observations. These obser- When applicable, we convert the count rate light curves
vations have uncovered 71 X-ray afterglows, 30 optical/NIR to unabsorbed fluxes using the count-rate-to-unabsorbzd-fl
afterglows, and 4 radio afterglows, leading to detectimecfr  conversion factors provided by ti&wift light curve reposi-
tions of 74%, 34%, and 7%, respectively (Table 1). The ob- tory. These factors are derived from the automatic spectral
servations for these bursts are catalogued in the Appemndix (
bles A1-A3). 4http: /7 www. sw ft.ac. uk/ xrt_curves

Thirty_one bursts in th|s Samp'e have redshifts deter- 5 These events are GRBs 051105A, 081024B, 091117, and 110420B
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Figurel. Broad-band afterglow light curves of all short GRBs withldal-up observations between November 2004 and March 201%ll pbanels, circles
denote detections, triangles indicate @oper limits, and solid lines connect observations for #maes burstTop left: 0.3—-10 keV X-ray afterglow light curves
for 92 short GRBs with X-ray observations correspondindhdvents in Table Al. Included are 8pper limits for 29 bursts with no detected X-ray emission
at 6t = 1000 sec (blue triangles). The data &r=> 1000 sec (grey vertical band) are used in our subsequenglafteanalysis. Top right: Optical afterglow
observations for 87 short GRBs corresponding to the evanialle A2. The 30 bursts with detected optical afterglovessitown (orange circles), along with
30 upper limits for bursts with an X-ray afterglow detectiorll¢fi triangles), and bursts with no X-ray afterglow detect{open triangles)Bottom left: Radio
afterglow data for 60 short GRBs corresponding to the evienf@able A3. The light curves for four short GRBs with radideafjlow detections are shown:
GRBs 050724A (black), 051221A (red), 130603B (light redid 440903A (maroon). Upper limits for the remaining 56 esemith no detected radio afterglows
are shown (3; grey triangles), including 25 bursts for which radio olys¢ions have not been published in the literature thus far.

fitting routine [Evans et al. 2009). This routine fits the X-ra employ a fiducial value of ¥ 107! erg cm? s ct™? set by
spectrum for each burst to an absorbed power law model charthe median value for all of the events in our sample. Applying
acterized by photon indeX;, and the intrinsic neutral hydro- these conversion factors to each of the count-rate lightasur
gen absorption colummy jnt, in excess of the Galactic col-  from SwiftXRT, Chandraand XMM-Newton we obtain the
umn density in the direction of the burst (Kalberla €t al.200 unabsorbed fluxes,csluncertainties, andaupper limits for
Wakker et all 2011; Willingale et 8l. 2013). We use spectral each burst (Table Al).
parameters extracted in the Photon Counting (PC) mode when To enable comparison of the X-ray light curves to the op-
available; otherwise, we use parameters from the Windowedtical and radio data, we convert the X-ray fluxes to flux den-
Timing (WT) mode. In ten cases, the valueMyf iy is highly sities, F, x, at a fiducial energy of 1 keVH, x « v* where
uncertain, but consistent with zero. Therefore, utilizthg Bx = 1-T). When no spectral information is available, we
median value oy jx may result in an over-estimate of the use a fiducial spectral index O mea = —1.0, set by the me-
true unabsorbed flux. Instead of using the given conversiondian value of the events in our sample The flux densities, 1
factors for these bursts, we calculate the unabsorbed fusxes  uncertainties, andaBupper limits are listed in Table A1, and
ing WebPIMM, settingNy i = 0. For 16 events, no count-  the resulting light curves are shown in Figlite 1.
rate-to-unabsorbed-flux conversion factor is availatbews Finally, we presenChandraobservations for three bursts
that have not been published in the literature thus far:
®https://heasarc. gsfc. nasa. gov/ Tool s/ wapi mms. ht GRBs 120804A (PI: Burrows), 140930B (Pl: Fong) and
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150101B (Pls: Troja, Levan). We retrieve the pre-processedthesis Radio Telescope (WSRT), Australia Telescope Com-
Level 2 data from theChandraarchive. We use th€l AO pact Array (ATCA), and Combined Array for Research in
data reduction package to extract a count-rate withicbd-2  Millimeter-wave Astronomy (CARMA). The resulting radio
radius source aperture centered on the X-ray afterglow posi afterglow catalog is comprised of 60 short GRBs (Table A3).
tion, and utilize source-free regions on the same chip te est The large majority of events, 53 (88%), were observed with
mate the background. For GRB 120804A, we obtain spectralthe VLA (Table A3), 28 of which were observed with the up-
parameters from earlig€€handraepochs of the same burst graded VLA, which has a ten-fold improvement in sensitivity
(Berger et all 2013). For GRBs 140930B and 150101B, we (Perley et al. 2011). We present new observations enabled by
useCl AQ specextract to extract a spectrum and obtain target-of-opportunity programs with the upgraded VLA (PI:
the spectral parameters. We then apply these parameters tBerger) and CARMA (PI: Zauderer) for 25 bursts (Table A3).
the count rate to convert to flux density as described aboveln 11 cases, we obtained multiple sets of observations togro
(Table Al). the radio emission on timescales spanning 1-10 days.
. For data calibration and analysis of VLA observations, we
2.3. Optical/NIR follow standard procedures in the Astronomical Image Pro-
For each burst we gather all available optical and NIR af- cessing System (AIPS; Greisen 2003). For CARMA ob-
terglow observations from the literature and GCN Circulars servations, we use the Multichannel Image Reconstruction,
(see Table A2 for references). When there are multiple up-lmage Analysis and Display (MIRIAD) software package
per limits for a given burst, we include only the deepest lim- (Saultetal! 1995). For the majority of cases, we do not
its atot < 1 day. We convert all magnitudes to the AB sys- find any uncatalogued radio sources in or around the X-
tem using instrument-specific conversion factors whenlavai ray or~-ray positions. To calculate thesupper limits on
able, or the standard conversions following Blanton & Rawei the radio afterglow brightness, we measured the RMS noise
(2007). We correct all observations for Galactic extinc- in the map using a large source-free central region utiliz-
tion in the direction of each burst (Schlegel etial. 1998; ing AIPSA MSTAT for VLA data and MIRIADA MSTAT for
Schlafly & Finkbeinelr 2011), and convert AB magnitudes to CARMA data. The radio afterglow detections and upper lim-
flux densitiesF, opt. A log of observations for 87 events with  its for 60 short GRBs with radio observations are listed in
optical/NIR follow-up is provided in Table A2, and the light Table A3 and displayed in Figuié 1. Flux densities reported
curves and upper limits are shown in Figlle 1. Bursts with no here supercede those reported in GCN Circulars.
detected optical afterglow are further classified by thecket Four bursts have detected radio afterglows, and all discov-
tion of an X-ray afterglow (Figurgl1). eries were made with the VLA (GRB 050724A: Berger et al.
We also present optical/NIR observations of 11 short 2005%; |Panaitescu 2006; GRBO051221A: Soderberget al.
GRBs that have not been published in the literature thus far:2006; GRB 130603B:_Fong etlal. 2014; GRB 140903A: this
GRBs070724A, 100628A, 110420B, 120229A, 130716A, work). In particular, we present the discovery of the radio a
140402A, 140606A, 140619B, 140930B, 150101B, and terglow of GRB 140903A, which is detected at three frequen-
150120A. These observations were enabled by target-of-cies: 14, 6.0 and 98 GHz (Figuré L and Table A3), and will
opportunity programs on the twin 6.5-m Magellan tele- be further discussed in an upcoming work.
scopes (PI: Berger), the twin 8-m Gemini telescopes (PlIs:
Berger, Cucchiara, Fox, Tanvir), and the 6.5-m MMT (PIs: : s
Berger, Fong). We use standard tasks in the IRAEK ed 2.5. Aftergl_ow Brightness a.nd TOO Respon.se Times
package to process the Magellan and MMT data, and the ThankstoSwift X-ray and optical follow-up typically com-
IRAF/gemi ni package to process the Gemini data. For eachmences withinx 60 sec after the GRB is detected. While
of these bursts, we obtained the first epoch of observations aSWiftXRT is responsible for nearly all of the X-ray afterglow
6t ~ 1-20 hr and at least one additional set of observationsdetections, only three short GRBs have detected optical af-
atdt > 24 hr to provide a template (Table A2). To assess any terglows with SwiffUVOT (Table A2). Thus, the detection
fading between the two epochs, we perform digital image sub-0f short GRB afterglows, or placement of meaningful upper
traction for each burst and filter using the ISIS softwarafdl  limits, in the optical and radio bands relies on ground-Hase
2000). With the exception of GRBs 070724A, 1409308, and Target-of-Opportunity programs. For the 30 short GRBs
150101B, we find no significant emission in any of the sub- With detected optical afterglows, the median optical gftew
tracted images. We therefore employ aperture photometry usbrightness iss 23.0 mag att ~ 7.0 hr. The median & limit
ing standard tasks in IRAF to place 3ipper limits on the  Placed on bursts with an X-ray afterglow and no detected op-
optical/NIR afterglow brightness. To measure the afterglo tical afterglow is> 23.8 mag with a median response time of
brightness for GRBs 070724A and 140903B, we emp]oy aper-ét ~ 7.4 hr, Whl'e the limit placed on bUfS‘ES _Wlth no detected
ture photometry on the detected point source in the suletfact X-ray or optical afterglow is less constraining and more de-
image. For GRB 150101B, the afterglow position in the sub- layed,2 22.7 mag att ~ 12.2 hr (Figure[1). This is likely
tracted image is contaminated by residual emission from itsdue to the more limited number of facilities with instrument
bright host galaxy; thus, we use PSF photometry to measuréhat can cover the comparatively largeray positional error
the afterglow brightness. Details of the photometry will be Circles. However, since we only include bursts with optical
outlined in an upcoming paper (Fong etal., in prep_) The ob- limits of Z 20 mag, we are excludlng_a fraction of bursts Wlth
servational details, afterglow brightness andupper limits ~ very shallow follow-up; thus the limits here for bursts with

for these bursts are presented in Figiire 1 and listed in Ta-Only 7-ray localizations are an optimistic representation of
ble A2. the entire population. In the radio band, the medianug-

) per limit for all observations i< 74.1:Jy, and the median
2.4. Radio response time to the first observatiodtisz 24.7 hr. In more

We gather all available radio afterglow data taken with the recent cases, we set unprecedentediits of 15-20.Jy
Karl G. Jansky Very Large Array (VLA), Westerbork Syn- Uusing the upgraded VLA on timescalesif~ 1-10 days.
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3. BROAD-BAND AFTERGLOW ANALYSIS
We utilize the broad-band afterglow observations to con-

Table 2

Short GRB Spectral and Temporal Power-law Indices

strain the explosion properties and circumburst envirantme

of each burst. We adopt the standard synchrotron model fora GRB ax Bx Qopt Bopt
relativistic blastwave in a constant density medium (Seaile
1998, Granot & Sari 2002), as expected for a non-massive star
progenitor. This model provides a mapping from the broad- 0505098 -1.10+£025 -0.88+0.34
band afterglow flux densities to the burst physical pararsete ~ 050709 -1.23+010 -124+035 -1.42+0.08
the isotropic-equivalent kinetic energi(iso), circumburst 050724A -0.93+0.08 -0.81+0.15 -174+011* -0.824+0.03
density ), fractions of post-shock energy in radiating elec- 050813 < -0.004 -1.3"21
trons ¢e) and magnetic fields$), and the electron power-law 051210 . -21405 o
distribution index f), with N(v) o< v7P for v = ~ymin, Where 051221A -1.08+0.12 -104+02  -0.97+0.06
~Ymin IS the minimum Lorentz factor of the electron distribu- 060121 -123+0.20 -1.07+0.16 -0.60+0.24
tion. 060313 -1474+0.39 -0964+009 -070+019 -1.3540.19
The synchrotron spectrum is characterized by a flux nor- 0605028 -2.07'%3%
malization and three break frequencies: the self-absmrpti 060801 -0.68+0.12
frequency ¢a), the pe.ak frequency/{n),. and the cooling fre- 061006 -0.85+0.30 -0.90+£025 -0.43+0.08
quency {c). Constraints on the physical parameters require 061201  -1.96+1.18 -0.66+0.12
knowledge of where the synchrotron break frequencies are gg1210 -1.71+1.15 -1.861128
located with respect to the observing bands. In most cases, o704298 < -1.12 —2040.63
there is not enough information to constrain the locations o 79797 <-065 0554022
va and vy With respect to the observing bands, so we make 707148 -196+069 -1.07+019 -081+011
assumptions about their locations (detailed in the next sec 707244 -095+033 -060+025  <-0.15 ~0.58+0.02
tions). However, there are several cases in which we can use 479709 054044
the available data to determine the locationgivith respect 070808 -1094110 -037012  —073+033
. . . . - 210,07 : ’
to the )i_—ratydar:d op_tlcatlhba?ds. To Fleteémlne 'iheI Iocatlor? of 071227 -0974027 —0.90+0.31 <024
ve, e first determine the temporal an Sge/(a: ral power-law o055 0771019 -16404
indices ¢ and 3, respectively, wher&, o t*v”) from the 080426 -154+033 -1.03+0.16
X-ray and optical light curves and spectra. We then com- (5,504 153026
pare these indices to the standard relations given by the syn - a2
X 3 080702A < -0.38 1.00+0.43
chrotron model to determine whethey is located above or
, 080905A - -0.53+0.18 -0.39+1.36
below the X-ray band. This also allows us to calculate the 080910 -1234069  -10'083
value ofp, and governs how the fluxes map to the burst phys- o'~~~ 5701098
ical properties/(Granot & Sari 2002). 081226A 2273 0954030 1674067
3.1. Temporal and Spectral Behavior 090305A -0.74+0.09 -0.71+0.27
3.1.1. X-rays 090426A -1.15+0.16 -1.04+0.09 -0.584+0.16 -0.9440.06°
i i o i 090510 -1.79+£0.63 -0.75+0.08 -2374+029 -0.854+0.05
To investigate the temporal behavior of the X-ray after- ggg515 153978 <-0.12
glows, we utilizex?-minimization to fit a single power law 090607 < -0.72 12404
model to each light curve in the forf x oct®*, with tempo- 090621B -148+054  -2.7°068
ral indexax as the single free parameter and the best-fit flux 0911008 -0.83+028 -11+03 -049+045
normalizatiorCo given by 100117A 16403  -160+0.33
— 1.07
ZN Fonoceli % Fx i 100206A 20537
L=t ez 100213 -2.0"13
T TN P 1) 100625A <037 -1540.2
>im1 o7, 100702A - -1740.3
. 101219A -1.37+013 -08%0.1
whereFnogeii are the un-normalized model fluxes,; and 101224A 04118
' . . *7-0.6
ox,i are the observed fluxes and uncertainties, respectively, 110112A -1104£005 -12+02 <032
and N is the number of data points. Since early-time X-
k N 111020A -0.78+0.05 -1.04+0.16
ray afterglow light curves are often subject to steep decays
; . .2 111117A -1214£005 -1.04+0.2
plateaus, or flares which may contaminate the afterglow-emis 111121A 1554030 —-0.9040.12
sion (Nousek et al. 2006; Zhang et al. 2006; Margutti et al. 111279A - 030 Co7ra
2011/2013), we only utilize X-ray data &t > 1000s, when = ¢80 =% e
bursts have typically settled into the power-law afterglow 120521 o 8.:|:_842 5
phase. For the X-ray light curves, we initially include afl o o=
the available data ait > 1000 s in the fit. In a few cases,  120630A ~08+03
there are light curve features beyoftcr 1000 s which sig- ~ 120804A -1.02+£010  -1.1+£0.1
nificantly affect the fit: flares (GRBs 050724Aand 111121A), 1212264 -112:£028  -15£0.25
plateaus (GRB051221A), or steepenings (GRBs051221A 130313A -16%55
and 111020A). For these bursts, we exclude the time interval 130515A —0.7+0.31 o
that contain such features in the fits. In 10 cases, there only 1306038 -1.88+0.15 —1~Ziog-61 -126+005 -20+01
<-052 -1.172

exists a single detection and an upper limityag> 1000 s, 130716A

0.38
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Table2 — Continued

GRB ax Bx Qlopt 5opt
130822A . -0.8911, :
130912A -1.33+0.18 -057+013  <-042 e
131004A -114+061 -08+03  -194+025 -152+0.1F
140129B -16+026 -0.97+0.11 -1.54° e
140320A < -023 -3.82%,
140516A -0.42+0.14 -0.70+0.44
140622A < -0.16 -0.55'942
140903A -1.05+0.20 -0.60+0.10
140930B -1.27+0.15 -0.73+0.28
141212A . -1.71378
150101A  <-012  -0.40+056 -
150101B -1.07+0.15 -0.67+017 -1.01+0.62
150120A e -1.0+031
150301A -0.7+013

Note. — Error bars correspond taslconfidence. When applicablex
and aopt represent pre-jet break values. Valuesigft are observed values
and are uncorrected for intrinsic rest-frame extinctién,

2 These values are computed over the same time interval as-thg ffare
that is super-imposed on the underlying afterglow powerdacay. No op-
tical detections exist for the underlying afterglow.

b This value corresponds to the spectral behavior after tHergak.

¢ No uncertainties are given for the optical light curve.

so we can only extract an upper limit fo. The resulting
best-fit values fory, along with r uncertainties, are listed
in Table[2. Also listed are the X-ray spectral indicés, from
the relationsy = 1-T'. The X-ray afterglows have weighted
mean values andsluncertainties ofay) = -1.07*33% and
(Bx) =-0.89'338 and median values @fx meq~ —1.16 and
Bx,med~ —1.06.

3.1.2. Optical

and the median igoptmed~ —0.99.

If there are contemporaneous observations in multiple fil-
ters, we use these to determine the observed spectral slope,
Bopt (Fu 0pt vP). For a few bursts, there are multi-band
observations taken at different times, as well as a measure-
ment of agp from a well-sampled light curve in a single fil-
ter; in such cases, we usgy to interpolate the data from
multiple filters to a common time. To determiriigy, we

then usey?-minimization to fit the optical/NIR photometry
to a power law model. The values Bfy are listed in Ta-
ble[2. The weighted mean for all short GRBs with deter-
mined spectral indices after incorporating rest-framénext
tion (Sectio-3.113) igBopy) = —0.7119:23, and the median is
Boptmed~ —0.88.

3.1.3. Rest-Frame Extinction

In four cases where there are contemporaneous observa-
tions in multiple optical/NIR filters, a single power law neid
provides a poor fit to the broad-band photometyy £ 3).

For these bursts, we include the line-of-sight rest-frame e
tinction from the host galaxy¥)°s) as a second free parame-
ter in the fit. We constrain the extinction using the Milky Way
extinction curvel(Cardelli et al. 1989), and employ the burs
redshifts (Tablé11l) to obtain the rest-frame extinction.r Fo
bursts with no determined spectroscopic redshift, we assum
z=0.5 set by the median of the short GRB population (Berger
2014). We find non-zero extinction values for GRBs 060121,
070724A, 081226A, and 130603B (Tahle 3). The resulting
values for the optical spectral indices, uncertaintied, A3

are listed in TablEI3.

For bursts where we do not have enough information from
the optical/NIR bands alone to constrain the spectral behav
of the afterglow, we initially assume that there is no reat¥fe
extinction,All°st= 0. However, in eight cases, the difference in
slope between the X-ray and optical bands is shallower than
expected (e.gBox| < |8x| — 0.5, wherefox is the spectral
index between the X-ray and optical bands), suggesting that

We determine the temporal index of the optical observations€ither there is intrinsic extinction, or that the X-rays dut n
(topt, WhereF, ot o t#) in the same manner as described in Originate from the forward shock. Assuming the former ex-

Sectiod 3.111, using the filter with the most well-samplgtti
curve for each burst. If there are multiple filters for which w
can determineygp, we independently fitvop for each filter

planation, we include the minimum amount of extinction re-
quired until the X-ray and optical solutions agree to witthia
1o uncertainties. In two cases, GRBs 080919 and 101219A,

and report the weighted mean (Table 2). A few short GRBs there is only an upper limit on the optical afterglow bright-
have well-measured optical spectral indices from contempo ness; thus we can only determine a lower limit on the rest-
raneous multi-band data, but do not have a well-samplet! ligh frame extinction. We note that GRB 080919 has the highest

curve in a single filter, preventing a measurementgf. For
these events, we use the measured valygp{see below) to
extrapolate all of the available afterglow data to a sindle fi

value of rest-frame extinction, witA1*'> 6 mag. However,
this burst has a sightline close to the Galactic plane anméthe
fore has a highly uncertain Galactic extinction, which ke

ter, and then determine the temporal decay index from theseaffects the inferred value foh}°t For the 12 events with
observations. In this manner, we are able to measure the optirest-frame extinction, we find valuesA'l}OStx 0.3-1.5mag.
cal temporal decay index for 19 short GRBs, and place upperthesealstvalues are also listed in Tatile 3.

limits in five cases for bursts with only a single detectiod an
an upper limit. The best-fit optical temporal indices amd 1

uncertainties are listed in Talile 2. The weighted mean for th

19 short GRBs with measured values(igyp) = -1.07*931,

3.2. Determination of Electron Power Law Index and the
Location of the Cooling Frequency
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Table 3

Inferred Properties

GRB At e < ux? p 8 Eyisos2 < Ekisos2 > Ny <n>
(mag) (16%erg) (162 erg) (cm®)
050709 0 Y 21+013 0.1 0.09 2108 x 1073 0.97 10733
0 Y 231+013 001 0.09 224 x 1078 0.93 16122
050724A 0 N 29+010 10 0.24 018308 0.58 089338
051221A 0 Y 224+007 0.1 13 6301 0.89 0039998
0 Y 2244007 0.01 13 @7:3%3 0.83 014'5%%
060121 16 Y 241020 0.1 45 @008 0.96 5438 x 1073
16 Y 2244020 0.01 45 ®3130° 0.95 016'53%
060313° 0 Y 203+£020 0.1 2.9 51252 0.87 3330 x 107
061006 0 N B9+031 0.1 11 64705 0.63 22118 x 10°°
0 N 239+0.31 0.01 1.1 nrl 0.50 1229 x 10
061201 0 N 85+024 0.1 0.05 5339 0.47 50788 x 10°°
0 N 2354024 0.01 0.05 ardd, 0.29 274120 % 1074
0707148° 05 Y 230+035 0.1 1.7 01292 0.94 00562924
070724A 15 N 24+033 0.1 0.03 ®5'399 0.07 19112 x 10°°
2.0 N 2244033 0.01 0.03 139 0.02 93210 % 10°°
070809 0 N 224147 0.1 0.09 05137 0.14 2211% x 10°®
0 N 212+147 0.01 0.09 n+al 0.07 12139 x 107
071227 0 Y 1924031 0.1 0.14 81123 x 103 0.94 1924
0 Y 1924031 0.01 0.14 B28 x 1078 0.94 6075
080426 0 Y 29+026 0.1 0.35 @530 0.87 0041393
0 Y 2294026 0.01 0.35 6201 0.85 12112
080905A 0 N 26+036 0.1 0.02 ®41332 0.34 13133 x 10
0 N 206+0.36 0.01 0.02 844 0.21 71380 104
080919 26 Y 2974068 0.1 0.07 019935 0.78 0201322
26 Y 297+068 0.01 0.07 m299.807 0.70 51*%32
081024A 0 N 240+£076 0.1 0.11 1722 0.51 8119 10
0 N 240+0.76  0.01 0.11 @5353 0.31 43280 x 104
081226A 1.0 N 27+039 0.1 0.09 @0r535 0.32 32129 x 10°°
1.0 N 2274039 0.01 0.09 o373, 0.18 174354 x 107
090426A 0 Y 213+014 0.1 2.0 14 0.59 0047094
0 Y 213+014 001 2.0 B3 0.57 12114
090510 0 N $5+008 0.1 0.77 o783t 0.50 12158 x 107
0 N 265+0.08 0.01 0.77 039 0.29 64190 % 107
090607 0 Y 2404076 0.1 0.10 2204 x 108 0.98 084'952
0 Y 240+076 0.01 0.10 B35 %103 0.98 2425
0906218 25 Y 264+072 0.1 0.07 ®23'3:907 0.75 005598
25 Y 264+072 0.01 0.07 m31755%2 0.68 107352

=0.007 -0.27
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Table 3 — Continued

GRB AIOSt e < ux? p €B E isos2 < Ekisos2> Ty <n>
(mag) (162 erg) (162 erg) (cnT®)
0911098 0 N 20+£032 01 0.18 ®51318 0.42 28124 x 10°°
0 N 240+0.32 0.01 0.18 ®'22 0.18 94200 % 1075
100117A 0 \ 236+0.30 0.1 0.22 ®19'5:353 0.92 004'533
0 Y 236+030 0.01 0.22 235354 0.90 12129
101219A 225 N 273+013 0.1 0.74 08 0.68 46%3% x 107
225 N 273+0.13 0.01 0.74 ®732, 0.46 24137 x 107
1101124 0 Y 249+007 0.1 0.03 642:9%8 0.31 24%04 x 1072
1110208 05 Y 208+032 0.1 0.17 018302 0.26 45183 x 1073
111117A 0 Y 2274007 0.1 0.55 6591 0.90 8339 x 107
0 Y 227+007 0.01 0.55 m7352 0.89 025'538
111121A N/A N 287+021 0.1 21 s 0.40 82127 x 10
N/A N 2.87+021 0.01 21 & 0.20 42438 x 107
1208044 25 Y 208+011 0.1 34 183 0.76 3231 x 1073
25 Y 208+011 0.01 3.4 3102 0.60 00145392
1212264 1 Y 250+037 0.1 0.37 6238 0.37 40'10 x 1073
130603B 1.2 Y 20+0.06 0.1 0.37 argoe 0.77 009392
0.3 Y 2704+006 0.01 0.37 5202 0.72 0317598
1309124 1.3 N 249+017 0.1 0.16 ®0'93; 0.25 17492 x 107
13 N 249+0.17 0.01 0.16 U2 0.11 52t78 x 107
131004A 0 N 57+048 0.1 0.45 3% 0.28 12820 x 10°°
0 N 2574048 0.01 0.45 B3¢ 0.45 6511, x 107
1401298 0 N PO+£019 0.1 0.07 mslis 0.06 317294 % 10
0 N 300+0.19 0.01 0.07 B30 0.02 1647 x 107
140516A 0 N 240+088 0.1 0.02 ®215.04 0.54 10424, x 107
0 N 240+0.88 0.01 0.02 ®4338 0.34 55%8L x 10
140622A 0 N 210+£060 0.1 0.07 a2g2e 0.36 58188 x 107
0 N 210+0.60 0.01 0.07 @5:35% 0.21 32182 x 10
140903A 0 N 27+016 10° 0.08 291392 0.03 34729 % 1073
1409308 0 N »7+£019 0.1 0.40 @834z 0.58 4638 x 107
0 N 267+£019 0.01 0.40 B'YS 0.18 1814, x 10°
1501018 0.5 N 240+017 0.1 4.0x10° 061793  6.6x10° 80724 x10°
0.5 N 240+017 0.1 4.0x1073 3077 1.3x10°% 5311 x 10

Note. — Quoted uncertainties arer1 All solutions presented here are . ]
To determine the electron power law indpxwe useax

andSx to constrain the location of the cooling frequeney,
a\We assume a redshift af= 1 for this burst. with respect to the X-ray band. We use the relations given by
Granot & Saril(2002) which relatex and 3y to the value of

p for the scenariosy < vx < v andig < vy by

for a fixedee = 0.1 and assume a lower density boundgf, = 10% cm™=.

b No valid solution is found foeg = 0.01.
¢ Value of Al%Stis determined from a comparison of the optical and X-ray
bands, and not directly from the optical/NIR SED.

d Determined fromux alone.
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Figure 2. Histogram of electron power law indep, for 38 short GRBs as
inferred from the X-ray temporal and spectral indices. Theéghted mean
and I uncertainties for the population (blue arrow) [ = 2.43'338. These
values correspond to those listed in TdHle 3. ’

1-28x
p= 4 Um < vx < Vg 2)
1- —Qx
3
—20x
p=4< 2-4ax Ve < UK. 3)
3

For a given burst, we calculate the valuespaind I uncer-

tainties using Equatiorig 2 aht 3 and standard propagation o
errors. We select the valid scenario under the conditionh tha

the values o independently determined froty andgx for

a given scenario agree within the Lincertainties. Following

this condition, we can constrain the locationgivith respect

to the X-ray band for 38 bursts (Talile 3). Using Equat[dns 2

and[3, we calculate the weighted mean for the valup of

the valid scenario; the resulting values and uncertairties
listed in TabléB and displayed in Figlide 2. We note that in the

case of GRB 071227, the condition is satisfiedifot vy, but

has a median gb=1.92+0.31, which yields a divergent total

integrated energy. Thus for this burst, we empfoy 2.05 in
our subsequent analysis (Table 3).

In the standard synchrotron model frdm_Granot &Sari
(2002), the dependencies on the isotropic-equivalentikine
energy, circumburst density, and the microphysical parame
ters are as follows for a given flux densiky,; and observing
band,;:
1/2-5/6  -2/3 1/3 _

Ny Elg,iso,52€e,—1 €1B7_1 Va < Vi < VUm
/2% p1
Foio 4 Mo Elisos2€e-168-1
2+p p-2
EK‘.,liso.,SZee,—leB?—l

Un <V <1g 4)

V|>VC

whereng is in units of cm?, Ex isos2 is in units of 132 erg,
andeg -1 andeg -1 are in units of 0.1. In addition to these four
parametersk, ; is also dependent on the redshift, luminosity
distancey;, time after the burstt, and the value op; the ex-
act dependencies are provided in Granot & Sari (2002). We
note that fory; > v, the flux density is independent of cir-
cumburst density. For bursts with no spectroscopic retshif
we assume=0.5. In all cases, we cannotindependently con-
strainee andeg since this requires knowledge of the locations
of the three break frequencies,( vm, andrc), which gen-
erally necessitates well-sampled light curves and spégatra
multiple bands. Thus, in order to determine rangeHok,
andn, we fix the values of the microphysical parameters. We
first consider the fiducial case that= 0.1 andeg = 0.1.

For each burst, we determine the constraint&pR, and
n by computing individual probability distributions for dac
observation. We then assign the probabilities to a grid of
values, and use a joint probability analysis to calculate th
distributions in each parameter. For the grid, the ranges of
the density and isotropic-equivalent kinetic energy @are
107%-10° cm® andE; = 10*5-10°* erg, with 1000 logarithmi-
cally, uniformly-spaced steps in each parameter. We choose
the lower bound of the density rangemin = 10% cm™ to
match the typical density of the intergalactic medium (IGM)

3.3.1. Detections

To calculate the individual probability distributions faf-
terglow detections, we apply Equatibh 4 to the observations
using the relevant regime for each observing band;or the
X-ray band, we use the location of as determined in Sec-
tion[3.1.1 to determine which branch of Equatidn 4 to use.
Since the value op is primarily determined from the X-ray
band, theEk jso —n relation remains unchanged when using
different X-ray observations that follow the same temporal
decline; thus, we only use one X-ray observation per burst.

Under the reasonable assumption that the optical band lied™0r the optical band, we make the reasonable assumption that

between the peak frequenay,, and the cooling frequency,

ve (i.€., vm < vopt < 1), We use the available values fapp:

andfopt and Equatiofil2 to independently determine the value

of p. We then include this in our weighted averagepdior

vm < vopt < ¢ and utilize the second branch of Equatidn 4.

In some cases, individual optical/NIR observations lead to
Ex iso— N relations that do not overlap within theisluncer-
tainties. In these cases, we use the weighted mean and stan-

each burst (Figurgl2). The weighted mean for the sample ofdard deviation of these relations (i.e., systematic uagst)

38 bursts igp) = 2.43333 (10; Figurel2).

For the remaining bursts in the afterglow catalog, there is
not enough information to determine the location of the €ool
ing frequency with respect to the X-ray band, and therefore
the correct value op. We thus concentrate on the subset of
38 bursts with determined valuespfor our subsequent anal-

ysis. We findv. < vx for 18 cases, while, > vx for 20 cases.

3.3. The Isotropic-Equivalent Kinetic Energies and Densities

for Individual Bursts

as the optical/NIR solution. For the radio band, we assume
thatva < tradio < vm, (first branch of Equatioln 4) to calculate
theEk jso—nrelations. Since the radio band lies on a different
segment of the synchrotron spectrum than the other bands, it
contributes & jso—n relation with a different slope, and thus
enables tighter constraints on the physical parametegs (Fi
urel3).

After calculating the unique probability distribution fro
each of the radio, optical/NIR and X-ray bands, we normalize
the area under each of the distributions to unity. We assume
that the uncertainties in the flux densities are Gaussiagh, an
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Figure 3. Isotropic-equivalent kinetic energy versus circumbuestgity for four short GRBs with radio afterglow detectioms.each panel, the X-rays (light
blue), optical (orange) and radio (red) provide indepehdenstraints on the parameter space. Measurements are sisosolid regions, where the width of
the region corresponds to the Lincertainty. Upper (lower) limits set by the cooling fregag are denoted by blue dotted (dash-dotted) lines. Themsgf
parameter space ruled out by the observations are deno®wdh@tched regions). The median solution aadihcertainty is indicated by the black cross in each
panel, corresponding to the values listed in Téble 3. Fdn bacst, the joint probability distributions im(bottom panel) ané s, (right panel) are shown. Red
lines correspond to the median, and dotted lines are ¢ghentertainty about the median. The green line corresponés, 1. The only optical observations

available for GRB 050724A are during a flare; thus we do nduihe the optical data in our analysis. The addition of a ditedn the radio band is crucial in
constraining the best-fit solution, and in three cases tainskg.

thus each band contributes a unique, log-normal distobuti  and density, by
These distributions are shown for the four bursts with radio

afterglow detections (Figufd 3), and 34 bursts with radio af e o REIESY2 32 (5)

terglow non-detections: 16 bursts with< vx (Figure4) and ¢~ 70 TKiso52°B,-1

18 bursts with/c > vx (Figuref3). with additional dependencies onét and redshift
3.3.2. Upper Limits (Granot & Saril 2002). For the cases in which the X-ray

band is located above the cooling frequengy € vx), we

For flux density upper limits, we use qu_Ja@n 4 to deter- employ a maximum value at the lower edge of the X-ray
mine theEx iso — N relation at the 3 upper limit. We then  pand v max= 7.3 x 10 Hz (0.3 keV), to obtain a lower limit
assign zero probability to tHe iso—n parameter space above on the combination of energy and density. The corresponding
the relationship, and assign a constant probability to the a probability distribution has zero value in tEg jso—n param-
lowed parameter space below the relationship, normalzed t eter space below the relation, and a constant value above the
unity. The upper limits are denoted by dashed lines in Fig- relation, where the area in the allowed parameter space is
ures BEb, where the colors of the lines correspond to the rel-normalized to unity. The lower limits are shown as as blue
evant observing band (X-rays: blue, optical: orange, radio dot-dashed lines for GRBs 051221A and 130603B in Fiflire 3
red). Regions of parameter space that have been ruled out b¥nd for all bursts in Figurgl 4. In cases where the X-ray band
the upper limits are marked as hatched regions. is below the cooling frequencysf < vx < 1), we set the
cooling break to a minimum valuesmin = 2.4 x 10*® Hz
(10 keV) at the upper edge of the X-ray band, and determine
We utilize the relative location of the cooling frequency as the Ex jso—n relation for each burst using Equatibh 5. This
a final constraint, since it depends on a combination of gnerg constraint sets an upper limit on the combination of energy

3.3.3. Cooling Frequency Constraint
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Figure4. Isotropic-equivalent kinetic energy versus circumbuestgity for 16 short GRBs with solutions fog < vx assuming fiducial values for the micro-
physical parameters @t = eg = 0.1. In each panel, the X-rays (light blue), optical (orang&) eadio (red) provide independent constraints on the petem
space. In particular, the X-ray band provides an estimak @f,. Measurements are shown as solid regions, where the widltte oégion corresponds to the 1
uncertainty, while upper limits are denoted as dashed.liBesting the cooling frequency to a maximum value/g@hax = 7.2 x 1016 Hz (0.3 keV) provides an
additional constraint (dark blue dot-dashed line). Théoreg)of parameter space ruled out by the observations ameate(grey hatched regions). The median
solution and & uncertainty is indicated by the black cross in each panetesponding to the values listed in Table 3. For each bustjdint probability
distributions inn (bottom panel) anéx jso (right panel) are shown. Red lines correspond to the medi@hdotted lines are therluncertainty about the median.
The green line corresponds B, jso.

and density. We form the probability distribution in the ®am cases, we can use the available data to place additional con-
manner as for afterglow upper limits. The limits for each straints oneg, fixing e = 0.1. For GRBs050724A and
burst set by the cooling frequency are shown as blue dashed 40903A, the afterglow data require that < 10 and <

lines for GRBs 050724A and 140903A in Figure 3 and all 1073, respectively. For larger values &f, the constraint from

bursts in Figuréls. the cooling frequency becomes more stringent and conflicts
_ S with the solutions obtained from the afterglow observation
3.4. Joint Probability Distributions on the grid of allowed values. For GRB 051221A, we find a

Since each of the observing bands, as well as the location ofignificantly better fit atg = 0.01. In all cases, the addition of
the cooling frequency, contribute an independent protigbil the radio band enables tighter constraints on both the gnerg
distribution, we calculate the joint probability from a pect ~~ @nd the density.
of these distributions for each burst. To obtain 1-dimemaio
probability distributions ifEx iso andn, we integrate over each 4. DENSITY AND ENERGY SCALE FOR SHORT GRBS
of the parameters. Finally, we normalize the area under each To quantify the distributions of circumburst densities and
1-dimensional distribution to unity. The resulting dibtri isotropic-equivalent kinetic energies for the entire skmp
tions,P(n) andP(Ex iso), for 34 bursts are shown in Figufds 4— we calculate the combined probability distributions frdme t
B for the fiducial microphysical parametets=eg =0.1. The sum of the 1-dimensional probability distributiod¥n) and
median values andsluncertainties in isotropic-equivalentki-  P(Ex jiso). We sum the individual distributions for all bursts
netic energy and circumburst density are also shown in thesewith valid solutions ateg = 0.1, as well as GRB 050724A
figures and listed in Tablg 3. (eg = 10) and GRB 140903A¢s = 10°3), to create cumula-

Figure[3 shows the probability distributions for the four tive probability distributions for both density and kinegn-
events with radio afterglow detections. In three of the four ergy, shown in Figurgl6.
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Figure5. Isotropic-equivalent kinetic energy versus circumbuestgity for 18 short GRBs with solutions fot > vx assuming fiducial values for the micro-
physical parameters et = ¢g = 0.1. In each panel, the X-rays (light blue), optical (orang®) eadio (red) provide independent constraints on the

space. Measurements are shown as solid regions, wheredtteafithe region corresponds to the @incertainty, while upper limits are denoted as dashed.lines
Setting the cooling frequency torainimumvalue of e min = 2.4 x 108 Hz (10 keV) provides an additional constraint (dark bluehgaksline). The regions of
parameter space ruled out by the observations are denawdh(@iched regions). The median solution aaduhcertainty is indicated by the black cross in each
panel, corresponding to the values listed in Table 3. Fohn &acst, the joint probability distributions im, with an imposed lower bound of,, = 106 cm™

(bottom panel), anék jso (right panel) are shown. Red lines correspond to the mediahgdotted lines are therluncertainty about the median. The green line
corresponds t&. iso.

The median values for the population of 38 bursts are ng ~ 1.0 cni3, and thatf,_;¢rs ~ 0.90. Furthermore, the
(n) ~2.9x 103 cm and(Ex jso) ~ 1.9 x 10°L erg (Figuré 5 median value for kinetic energy decreases by a factor of 2,
and Tabldé ¥). The density which corresponds to 90% of theto Ex jso = 9.6 x 10°° erg. The cumulative distributions in
cumulative distributionrigo) is ~ 0.4 cni®, and the fraction  density and energy are shown in Figlte 6 and the population
of probability that lies at densities of 1 cni® (f,1 ) iS statistics are listed in Tablé 4.

0.95 (Figuré b and Tablg 4). We also calculate these statisti
for the sub-sample of bursts with < vx, corresponding to 4.1. Isotropic-equivalent-ray energy and Efficiency

the events in Figurgl 4, that utilize all three branches oféEqu . . . . Lo
tion[d and therefore have relatively well-constrained giear We compare the inferred isotropic-equivalent kinetic en-
and densities (compared to the broader probability distrib €79y 0 the y-ray energy by computing the isotropic-
tions for events with. > vx; see Sectioh 4.2.3). We find auivalenty-ray energyE, iso, to represent the energy range
that this distribution has a median @f) ~ 3.7 x 102 cm3, ~ 1-10% keV (to match the widest energy ranges for current

GRB detection satellites),
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Figure 6. Combined and cumulative probability distributionsnimndE jso assuming:e = eg = 0.1 (top) andee = 0.1, eg = 0.01 (bottom). All scenarios also
include GRBs 050724A and 140903A, with = 10 and 103, respectively. Each panel shows three populations: afitswrith an imposed lower bound of

Nmin = 1076 cm™ (red), all bursts with an imposed lower boundngfi, = 1074 cm ™ (black dot-dashed), and the sub-sample of events mith vx (light grey
dashed). Color-coded arrows from the bottom denote theanddi each distribution (and in some cases, staggereddaatke of clarity), and lines denote 90%

upper limits. Foreg = 0.1 (eg = 0.01), the cumulative distributions indicate that fop, 3 x 10 cm™ (n > 0.3 cmi™3), the distributions are virtually independent
of the choice ofmin provided thainm, > 1074 cm™. This allows us to place robust 90% upper limitsnof 0.5-1.0 cn@ (n < 3-23 cnT3) for our sample
of bursts. In additionz 95% (= 80%) of the total probability for all events lies below ddiesi of 1 cm3. The range of median isotropic-equivalent kinetic
energies for all scenarios s (2-20) x 10°! erg (c.f., Tablg1}).

values of the isotropic-equivalent kinetic energy (Fiddye
We also calculate the-ray efficiency,

(6)

wherekyg is the bolometric correction factor to convert the

Ard?
E'y.,iso = Kpol X 1TIZ_ fv erg

— E’v,iSO

= (7)

fluence to an energy range of 1-10* keV, d_ is the lu-
minosity distance in cm, and, is the fluence in units of

)
Ey,iso + EK,iso

as well as the & uncertainties im, for each burst, follow-

erg cm?. For cases in which the fluence is calculated over ing standard propagation of errors from the dncertainties

the 15- 150 keV Swift energy range, we udgo =5. If a
burst is detected by otherray satellites which cover a wider
energy range ofs 10-1000 keV (e.g.Fermi, Konus-Wind

in Exiso. The resulting values of, are listed in Tabl€l3 and
the cumulative distributions, after incorporating theuncer-
tainties, are shown in Figufé 7. We find a wide range.in

Suzak, we utilize the measured fluences from these satel-~ 1031, and note that the lower bound is set by the sin-

lites andky, = 1 to calculate they-ray energy. Individual
values ofE, js, are shown in Figurels| BI-5 and listed in Ta-
ble[3, while the distribution for 38 bursts is shown in Fig-
ure[7). We find that the range in isotropic-equivalemay
energy is~ (0.04-45) x 10°! erg, with a median value of
(E,jiso) ~ 1.8 x 10°! erg, similar to the ranges and median

gle outlier, GRB 150101B (Tablg 3). Excluding this bursg th
lower bound isz 0.03 (GRB 140622A).

The distribution fokeg = 0.1 has a median df, ) =0.56:3-3%
(10 uncertainties). The isotropic-equivalent kinetic energy
scale for thecg = 0.01 case is comparatively high (c.f., Fig-

ure[8), and thus the median value for theay efficiency is
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relatively low, () =0.40:332 (1o uncertainties; Figuri 7).

4.2. Alternative Cases

population with known redshifts (Berger 2014). However, in
three cases, GRBs 060313, 111020A, and 121226A, we do
not find a valid joint solution at = 0.5. We find that there are

We have thus far made assumptions about the values of th&/@lid solutions at redshifts &2, 1, and thus assunzs= 1 for

microphysical parameters(= eg = 0.1), the redshifts{= 0.5

unless otherwise determined), the minimum allowed density

(Nmin = 107 cm™3), and the cooling frequency (0.3 keV for
ve < vx; 10 keV forve > vx). To explore the impact of these
assumptions on our resulting distributions for the kinetie
ergy and circumburst density, we consider alternativeaslu
for these parameters.

4.2.1. The Value otg

these bursts.

4.2.3. The Value of Rin

In the 20 cases in which the cooling frequency lies above
the X-ray band #m < vx < v¢), the X-ray and optical/NIR
bands occupy the same spectral regime (branch 2 of Equa-
tion [4) and the resulting iso — n relations have the same
slope (Figuré 3 andl5). Thus, the lower bound on the den-
sity is set by our minimum grid value afy,, = 10° cm3;

In some cases, a valid solution using the fiducial input of the density is otherwise unconstrained at the low end and re-

eg = 0.1 (with fixed e = 0.1) cannot be found. For instance,

sults in broad probability distributions in both circumbur

three of the four bursts with radio afterglows require that density and energy. To understand the impact of our choice

eg < 0.1 (Figurd 3 and Tablgl 3). At a fixed value @f=0.1,
eg is constrained to< 107* for GRB 050724A,< 1072 for
GRB051221A, anct 5 x 1073 for GRB 140903A (FigurEl3).

For the remaining bursts, we do not have enough informa-

tion to rule out thesg = 0.1 scenario. Thus, we consider two
additional cases for all burstsg = 0.01 andeg = 107* (with

fixed e = 0.1). Of the 38 bursts in our sample, 33 have vali
solutions foreg = 0.01; the median and uncertainties in cir-

cumburst density and kinetic energy for each burst aredliste

in Table[3. To create cumulative probability distributione

of nmin on the resulting distributions, we repeat the individ-
ual probability analysis, employing a more stringent lower
bound ofnmin = 10* cm™3, at the low end of gas densities
for the interstellar medium (ISM;_Korpi etlal. 1999; Murali
2000; Gent et al. 2013). Since kinetic energy and density are
inversely related, the upper bound Brjs, for each burst is

d naturally set by our choice ofy,jr. We consider this alterna-

tive value ofnnmin for eg = 0.1 andeg = 0.01.

4.2.4. The Value of,

repeat the same exercise as described in Sdction 4 for the 33 In all cases, we have assumed that the cooling frequency is

events with valid solutions, displayed in Figliie 6.

Usingeg = 10 as the fiducial value, the constraint from the
cooling frequency conflicts with the solutions allowed bg th
afterglow observations in 16 cases, indicating that dataado
allow such a low value ofg for these bursts. The population
statistics for the 22 bursts with valid solutions are listed
Table[4.

4.2.2. Redshift

on the edge of the X-ray band (0.3 keV fay < vx; 10 keV

for v > vx). To test whether this assumption has any im-
pact on our results, we repeat the individual and joint prob-
ability analysis assuming that the cooling frequency is at
the logarithmic mean of the.B—10 keV Swift X-ray band,
vemia = 4.1 x 101" Hz (1.7 keV). We consider this alternative
value of the cooling frequency feg = 0.1 andeg = 0.01.

4.2.5. Trends

For bursts with no determined spectroscopic redshift, we Taking these alternative values into account, we repeat the

have assumed= 0.5, set by the median of the short GRB

individual and joint probability analysis for each burstifiine



16

FONG ET AL.

Table4
Circumburst Density and Kinetic Energy Population Statsst

Scenario No. of Events  (n) Mo 2 ums  (Exiso)
cm?®  (em?) (erg)
€B — 0.1
All bursts, Nmin = 10° cm™ 38 29x10° 0.40 0.95 19x10*
All bursts, Nmin = 107* cm™ 37 37x10° 0.49 095 12x10*
All bursts, nmin = 10° cm™3, v, = 1.7 keV 38 22%x10° 0.20 0.95 16x 101
Bursts withue < vx 19 37x102% 1.01 090 ®Bx10°
€B = 0.01
All bursts, Nmin = 10° cm™ 33 52x10° 2.7 0.79 29x 10"
All bursts, Nmin = 107* cm™ 32 14x102 3.1 0.78 17x 10"
All bursts, nmin = 10° cm™3, v, = 1.7 keV 34 16x102 2.1 0.83 24x10*
Bursts withue < vx 14 096 23.3 051 Bx10°
eg=1x10*
All bursts, Nmin = 1078 cm™ 22 30x 102 771 0.68  18x 10°?

Note. — All scenarios include GRBs 050724A and 140903A, Nmin

with eg = 10 and 10°%, respectively.

& This is the circumburst density which corresponds to 90%hef t
cumulative distribution.

® This is the fraction of the circumburst density cumulatiistribu-

tion below a value of 1 ci.

different sets of input parameters in total. The populatiem
dians, as well as values fogg and f,,.1 .,r2 are listed in Ta-
ble[4. In addition, cumulative distributions for kineticesgy
and circumburst density for varying valuesegfandny,, are
shown in Figuré®.
Overall, we find that a change i results in an increase

in the circumburst density. For instance, assuming, =
1076 cm® for all bursts, decreasing by a factor of 10 to

< 10* cm® (Figure[®). Importantly, this also allows
us to place robust 90% upper limits on the density that are
largely unaffected by our choice ofn: Ngo ~ 0.4—0.5 cni®
for eg = 0.1 andngy ~ 2.7-3.1 cni® for eg = 0.01 (TableZ).
We find that the choice of cooling frequency within the X-ray
band has a minor effect on the circumburst density, either a
~ 1.3 factor of decreasef = 0.1) or a factor of= 3 increase
(e = 0.01), while the median kinetic energy only decreases
by a factor of~ 1.2 in both cases (Tablé 4).

When considering all cases with less extreme values of
for all bursts, the median density range is-(®) x 102 cm™3,
with 90% upper limits ofngg ~ 0.4-3 cm3. Furthermore,
~ 80-95% of the probability is belowe 1 cni® regard-
less of the input parameters considered (Table 4). The me-

eg = 0.01 results in an increase in the median density by adian isotropic-equivalent kinetic energy ranges frenil.2—-
factor of ~ 1.8. This trend becomes more drastic for other 2.9) x 105! erg. Including more extreme scenarios like the

scenarios: when assuming;, = 104 cm3, the median den-
sity increases by a factor ef 3.8, and when considering only
the bursts with; < vy, the factor of increase is 26. When
comparing the values @kg and f,.1 i3, We also find overall

trends commensurate with an increase in circumburst densit

In particular, the factor of ten decreasecpncausesf, 1 cnre
to decrease by a larger factor, from0.95 to ~ 0.8 for all
bursts. When considering only bursts with< vy, fncq1cms
decreases frony 0.90 to~ 0.51. The effect otg on the me-

subset of bursts withy, < vx andeg = 107, the full median
density range isc (3—1000)x 102 ¢cm™ and the median
isotropic-equivalent kinetic energy range as (0.6 — 20) x
10°2 erg (Tablé®4).
5. DISCUSSION AND IMPLICATIONS
5.1. Afterglow Properties

The X-ray, optical, and radio afterglow catalogs (Ta-

dian kinetic energy is less pronounced, with increasesty fa bles A1-A3) allow us to analyze the observational after-
tors of~ 1.5 in all cases except when considering only bursts 910w properties of short GRBs as a population. By fitting
with v < vx; in this case, the median undergoes a slight de- the afterglow light curves, we find a weighted mean pre-
crease by a factor of 1.5 (Table4). Overall, we find thata €t break decline rate ofax) ~ -1.07 atét 2 1000 s for
decrease fromag = 0.1 to 0.01 results in higher median den- bursts with measured temporal indices, similar to the pre-
sities by factors of 2—25 depending on the considered sce- |6t break dechnses meaggred from long CjRB _“ght curves
nario, and a uniform increase in the density cumulativeridist ~(Nysewander etall_2009; Racusin et al. 2009; Kannlet al.
of eg = 107 for all bursts, the median density and kinetic en- Valué ofax ~ —1.2 found for 11 short GRBs in an earlier

; - study (Nysewander et al. 2009). We measure the optical de-
g;%)étz_?_;hbllrécsase by factorsf10, compared to the; =0.1 cline rates and find the same weighted mean decline rate of

We next investigate the effects of the valuesigf, andue (aopy) = —1.07 from 19 well-sampled bursts with measured

on the parameter distributions. We find that at constgnt ~ Indices. | fit f th cal q

the upper~ 30-50% of the density cumulative distributions | From s}pedctlrg Att'n%gBt ehc_)p#ca, _near—IR% and X-ray

are virtually independent of our choice i, provided that ~ 9ata, we fin short s winch require rest-frame extinc-
tion, with measured values &{°s'~ 0.3-1.5 mag, and two
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bursts with lower limits ofA]'> 2.5-6 mag (Tabl€R3). We
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ments alone, taking into account the published range otang|

note that GRB 080919 has the highest value of rest-frame ex{for individual bursts, the median {§;) = 6+ 1 deg (FiguréB).

tinction; however, the sightline to this burst is close te th
Galactic plane and therefore has a highly uncertain Galac-
tic extinction which likely affects the measurementAjPst
Prior to this study, evidence for 0.5 mag of extinction
has only been reported in three short GRBs: GRB 070724A
(Berger et al.| 2009| Kocevski etlal. 2010), GRB 111020A
(Fong et all 2012b), and GRB 120804A (Berger et al. 2013).
Afterglow modeling in this work results in the same con-
clusions for those three events, and includes nine addition
events with rest-frame extinction. We note that most of
the events with non-zero extinction and robust host associ-
ations are in star-forming host galaxies; the single excep-
tion is GRB 150101B which has an inferred valueAgfst~

0.5 mag and is located on the outskirts of an early-type galaxy
(Fong etal., in prep). In comparison,15-20% of Swiftlong
GRBs have optically sub-luminous afterglows that have been
attributed to dust extinction. For long GRBs, inferred val-
ues of Al°S'~ 0.5 mag are common, with a substantial frac-
tion of events withAJ°st> 1-2.5 mag [([Cenko et al. 2009;
Perley et al. 2009a, 2013).

While rest-frame extinction can be explained by dust in
star-forming regions in the local environments of long GRBs
substantial extinction in short GRBs cannot be easily ex-
plained in the context of the double compact object merger
progenitor. It is possible that these events are “impostors
which in actuality have massive star progenitors; in thaeca
we might expect them to be distinct in thejrray proper-
ties with longer durations and softerray spectra. How-

Table5
Short GRB Opening Angles

GRB  Band 9; Stle Reference
(deg)  (days)

050709 (@] >15° 16.2 1
050724A X > 25° 22.0 2
051221A X 6-7° 26.6 3
090426A (@] 5-7° 2.7 4
101219A X > 4° 3.9 5, This work
111020A X 3-8° 10.2 6
111117A X >3-10° 3.0 7,8
120804A X =13 45.9 9, This work
130603B OR 4-8° 6.5 10
140903A X > 6° 3.0 11, This work
140930B X >9° 23.1 This work

Note. — Bursts with opening angle measurements are in bold.
& This indicates the band in which the jet break was detecteieor
lower limit was placed. X=X-ray, O=optical, R=radio. A ranof
angles is due to uncertainty in the redshift, kinetic enenggircum-
burst density.
® This is the time elapsed between burst detection and thelast
servation.
References: (1) [Foxetal.| 2005; (2)_Grupe etial. 2006; (3)
Soderberg et all _2006; (4) Nicuesa Guelbenzulet al. 12011; (5)
Fong et all. 2013; (6) Fong etlal. 2012b; |(7) Margutti et al.2d8)
Sakamoto et al. 2013; (9) Berger ellal. 2013; (10) Fongletdl4 2

ever, there does not appear to be a correlation between short (11)[Evans et al. 2009

GRBs with extinction and their durations as they span the
full range, with Tgg = 0.02-2 sec, and only three events
with non-zero extinction havdgy > 1 sec (GRBs060121,
070714B, and 121226A). Furthermore, a study conducted b
Bromberg et al.. (201 3) assigned six of these events probabil
ities of having non-collapsar progenitors based on theay
properties. According to this study, 4/6 events hay60%
probabilities that they daotoriginate from collapsars. Thus,
it is unlikely that the majority of these events are in fach*i
postors”. Instead, this suggests that some short GRBs m
originate in a star-forming regions, or have progenitor sys
tems that can produce dust.

5.2. Opening Angles

Most well-sampled short GRBs exhibit a single after-
glow decline rate in the X-ray (aft > 1000 sec) and
optical bands. However, there are four short GRBs
(GRBs051221A, 090426A, 111020A, and 130603B) which
have temporal steepenings on timescaleétot 2—-5 days,
attributed to jet breaks (Tablel 5; Soderberg et al. R006;

However, the majority of short GRBs do not have detected

jet breaks and instead exhibit a single power-law decline as

y

ong as they are detected. In these cases, the time of the
last observationdfjas) can be used to place lower limits on
the opening angles. The inclusion of these bursts is essen-
tial in understanding the true opening angle distributiém.
most casesSwift XRT observes short GRBs until they fade
below the detection threshhold&t< 1 day, and enables rela-

aJ;ively shallow lower limits off; 2 2-5° (Coward et al. 2012;
Fong et all. 2012b). The inclusion of such limits will not have

a significant effect on the opening angle distribution, &yth
virtually span the entire range of allowable angles.

Therefore, in order to have a more complete understanding
of the opening angle distribution, we collect all existingop
lished lower limits off; 2 5°, and calculate lower limits for
GRBs 101219A, 120804A, 140903A, and 140903B using the
observations and physical parameters presented in this wor
The inferred lower limits, the band in which the jet break was
detected, and the value &f;s; used to compute the limits, are
listed in Tabldb. These seven events demonstrate that-multi

Nicuesa Guelbenzu etlal. 2011; Fong et al. 2012b,12014). Jetvavelength afterglow observations &gt ~ 3—25 days en-
breaks are achromatic features, and in principle can be deable more meaningful lower limits on the opening angles of
tected in the X-ray through radio bands. The measurement> 5-25° (Table[5).

of jet break time, in conjunction with the energy, densityda
redshift, can be converted to a jet opening angle,using
(Sariet all 1999; Frail et &l. 2001)

-1/8  _1/8

0;= 9.5tf’§f‘(1+z)-3/8EK_jSO_52nO deg (8)

wheret; 4 is in days. The opening angle measurements for
the four short GRBs with jet break detections are listed in

To calculate the opening angle distribution, we give each
of the 11 events equal weighting, where measurements are
given Gaussian probability distributions to represenirthle
lowed range of angles (TaHlg 5), while lower limits are given
probability that is evenly distributed between the lowaeniti
and the maximum possible opening anglgsax = 90°. The
resulting cumulative distribution for 11 short GRBs, intiu
ing measurements and lower limits, is shown in Figure 8.

Table[5. Using these four short GRB opening angle measure-Assuming an upper bound @ nax = 90°, the short GRB
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1 a8 B — alistic scenario gives median beaming-correetedy and ki-
0.0 i \‘y‘\ | netic energy scales dE,) = 0.8:3¢ x 10°° erg and(Ex) =
' ‘\v‘ 0.8"22 x 10°° erg, resulting in a total beaming-corrected en-
0.8 \‘\\\‘\ 1 ergyrelease ofEw) = 1.6:33 x 10°° erg. The inferred energy
207 ‘\s\‘ | scales can be used to constrain the mechanism of energy ex-
3 R traction to power the relativistic jet: the thermal energy r
% 0.6 \‘\\\‘ . lease fromvi annihilation in a baryonic outflow (Jaroszynski
& ‘\v‘ +38 1993;| Mochkovitch et al. 1993) and magnetohydrodynamic
© 05 S¥<0>sorpan = 3357 0,799 (MHD) processes in the black hole’s accretion remnant (e.g.
3 04 <0> 16" =30 Blandford & Znajek 1977; Rosswog et/al. 2003). The general
g j_SGRB,all ~ ~"-10 (6ax=39) consensus is thatv annihilation can only produce beaming-
303 1 corrected total energy releases 0f3-010* erg, while MHD
| processes can more easily produce energy releases in excess
02 <0> cepa = 1473, 6, =90) of 10* erg [Ruffert & JanKd 1999b,a; Popham etlal. 1999;
o1 ! ‘ - | |Rosswoly 2005; Birkl et 4l. 2007; Lee & Ramirez-Ruiz 2007).
f <9J>LGRB.meaS =13 Thus, if the majority of short GRBs have wider opening an-
% 10 20 30 40 50 60 70 8o 9o Ulesthan the four short GRBs with measurements, and thus
Opening Angle 6 _ (deg) have a smaller overall correction to the isotropic-eq@msl
jei

energy scale, it will be necessary to invoke MHD processes to
Figure8. Cumulative histograms of 11 short GRBs (dark red dash-dptte ~ explain the observed energy releases.
and 265 long GRBs (dark blue) W'tﬂggge”'”gofng'f measures mth”tg‘."fa The opening angles also impact the event rate, as the
assuming a maximum opening anglépfax= 90°. Also shown is the distri- -
bution for 11 short GRBs assuming a more realistic maximuenom angle true event rate is elevated Compared to the observed rate
of 6] max = 30° (red). The distributions for the subset of four short GRBs by a factor of fgl, SO Rirue = fb_lﬂ?obs. The current es-
(light redtdotted)| andh248 IO&Q (?RBS (||th bllie()j\g'fh ﬂp?ﬂnd%f mea timated observed short GRB volumetric rateftgys ~ 10
surements are also shown. Medians are denoted by colodudavs, an =3 -1 el 158 :
listed with their Ir uncertainties in units of degrees. Gpc™ yr~ (Nakar et al. 2006). L.Jsmgb N 27t18 , which
corresponds to all short GRBs with opening angle measure-

population median ig¢;) = 333 deg (). Motivated by ments and ilgoltsé(j,rfgx —_?OO), we find a true event rate of
simulations of post-merger black hole accretion preditt je Fue = 270135° Gpc™ yr. The observed all-sky event rate
with 0; ~ 5-30° (Ruffert & Janks 19994; Aloy et al. 2005; of ~ 0.3 yr'! within 200 Mpc (Guetta & Piran 2005) then
Rosswog 2005; Rezzolla et al. 2011), we also calculate thebecomes &’ yr. We note that this rate is conservative
cumulative distribution employing a more realistic maximu  compared to previously reported rates based on short GRB
value off; max = 30°, and find a median ofY;) = 16+ 10 deg observations (Coward etlal. 2012; Fong et al. 2012b, |2014),
(10). as it properly incorporates opening angle lower limits,hwit

To compare these distributions to those for long GRBSs, the only assumption of an upper bound on the opening an-
we collect opening angle measurements for 265 longgle of 3C°. This range is fully consistent with the expected
GRBs, including 17 events with limits_(Frail etlal. 2001; detection rates of neutron star mergers within a volume of
Berger et al. 2003; Bloom etial. 2003; Ghirlanda et al. 2004; 200 Mpc by Advanced LIGO/VIRGO of 0.2-200 yr?
Friedman & Bloom! 2005 Racusin et al. 2009; Cenko et al. (LIGO Scientific Collaboration et al. 2013). Since there are
2010, 12011, | Filgas etall 2011; Goldstein €tal. 2011; a limited number of short GRBs with meaningful informa-
Ryan et al! 2015) and calculate the cumulative distribstion tion on the opening angles, any additional measuremerits wil
in the same manner (Figuré 8). We find a median value for greatly help to elucidate the true opening angle distrinyti

the 248 long GRBs with measurements(6f) = 13'3 deg. and therefore true energy scale and event rate.
Including the 17 events with limit®{max = 90°), the median
becomes 1%, deg. 5.3. Connection to Galactic Environments

The opening angle distribution of short GRBs impacts
the true energy scale, as the true energy is lower than thqa
isotropic-equivalent value by the beaming factfy, where
fo = 1-cos@;) and therefordy,e = foEiso. To calculate the
cumulative beaming factor distribution, we use the individ
ual opening angle probability distributions for each buost
convert to individual distributions in beaming factor. Vilen
sum the individual distributions in a cumulative sense aald c S :
culate the median andrluncertainties about the median. In- fcz)rnzgg re3?hgu;;?(t)sp ;?t?; S"‘éﬁ, tuzvguiﬁl:)cgres% éi‘sgsteag’ n\?lirr]&fna:enn
cluding all short GRBS with opening angle me.asure_ments and\(/:vith the global host galaxy environment. Separating the
limits anq assumlngthe more reaﬂstlc Sfc?or;anej’%x_%o' bursts by host galaxy type according/to Fong étlal. (2013)
the median beaming factor i§ = 0.04,553. The beam- 554 aqditional data collected since, we find that bursts in

We connect the afterglow properties of short GRBs to their
rger-scale, galactic environments. In particular, wef
tigate trends between the circumburst densities, whichegro
the explosion environment on sub-parsec-scales, to the pre
dicted distributions for NS-NS mergers, host galaxy typel a
locations within the host galaxies.

We find a wide range of inferred circumburst densities

ing correction is less substantial if we assufiigax = 90, both star-forming and elliptical host galaxies span a wide
fp =0.17:332, and is much more substantial if we onlyinclude range of densities, 85 cni® (Figure[3). We compare
short GRBs with measurementfg,= 0.005+0.002. the inferred densities to predictions for NS-NS mergersifro
We find median lSOthplC'e?UIVabmfay and kinetic en-  population synthesis for varying Galactic potentials, abhi
ergy scales OE, iso ~ 2 x 10°! erg andEx iso ~ (1-3) x have input distributions for merger timescales and kick ve-

10°* erg. Applying the beaming correction for the most re- locities [Belczynski et al. 2006). Considering only the rfou
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10 ‘ ‘ 1 2012;[Berger et al. 2013; Sakamoto dtlal. 2013) &hub-
ble Space Telescop@iST) observations| (Fong etlal. 2010;
% . Fong & Bergée 2013). For bursts with no spectroscopic red-
10t L bdl ¥ shift, we calculate the physical offsetszat 0.5 to be con-
B sistent with this work. However, for GRBs 060313 and
|_T_| =] 111020A, afterglow modeling implies that> 0.5 (c.f. Sec-
100 L 'E—| i tion[3.3; Fong et al. 2012h; Roming et al. 2006) so we keep
"?E—' SF * the original fiducial value of = 1 for these bursts for complete
F%' uniformity. The distribution of circumburst densities vite-
10 ‘ ‘ ‘ ‘ ‘ ‘ spectto projected physical offset for 22 bursts is showrdn F
‘ ‘ ‘ ‘ ‘ ‘ urel9. We find that four bursts witfR > 10 kpc have very low
densities of< 1072 cm™3, while bursts withR < 10 kpc have
1  r— oe— a wider range of densities, spannirngs orders of magnitude
(Figure[9). Overall, we find that fatlR ~ 1-15 kpc, there is
o =1 no obvious trend between circumburst density and projected
|¢| B 3| physical offset. We also find no obvious trends when con-
100 L " By i sidering only bursts with relatively well-measured dedesit

(ve < vx). . . . ) .
. To analyze the relationship with offsets in a more uniform
1

1

Physical Offset R (kpc)

e

Host-Normalized Offset 8R/r

manner, we utilize offsets that have been normalized by the
= S N sizes of their host galaxie8R/r. wherer, is the galaxy half-
light radius). The sample of bursts with host-normalizefd of
7 sets is smaller since precise galaxy size measuremenisaequ
the resolution oHST;, thus the sample comprises 16 events
(Fong et al. 2010; Fong & Berger 2013). The circumburst
densities as a function of projected host-normalized bffse
Circumburst density n (cm™®) provided in Figur€P. Our analysis suggests thadarr,, the
Figure9. Top: Projected physical offsefiR, versus circumburst density inferred densities are largely independent of host-nanedl
for 22 short GRBs with inferred circumburst densities ant-arcsecond offset. We discuss a couple of possible contributing factor
g‘;?géago?mas”to"‘g{g( for Pé?‘;itsaﬁ ?(fri]eitnmﬁgggimﬁgtﬁmg';f? Sep- First, since we can only measure projected offsets, we dre no
hosts Wi%/h no s?gns ())/ft}s/far.formation (rged squares) accgrdleongF:et al. sensmve to the d'_Stance CPmP_O“ent along our line of sight,
(2013). For bursts with no spectroscopic redshift, we assum0.5 to ca-  Which could contribute a significant amount to the absolute
culate the physical offset, except in two cases, GRBs 06@8it13111020A, distance. This may explain the case of GRB 061006, which

where we have assumed= 1 as suggested by the afterglow modeling. i i
Middle: Host-normalized offsetjR/re, versus circumburst density for 16 has a small projected offset0.4re but has a very low density

. 2 X N ~ 5 —3 H
bursts with measured host galaxy sizes. Physical and lwstatized off- of ~ 2x 10™ cm™ (Table[3 and F'QU"_E] 9). Second, _the af-
sets are from Fong etlal. (2010). Marqutti et al. (2002). Bead al. [2013), terglow only probes the sub-parsec circumburst enviroimen
Fong & Berger((2013). Sakamoto ei al. {2013), and this workobars cor-  gnd to a certain extent will be more sensitive to small-scale

respond to & confidence.Bottom: Histogram of inferred median circum- : . .
burst densities for 22 short GRBs with physical offsets. fluctuations in the ISM rather than the average ISM density
on kiloparsec scales.

bursts with elliptical hosts, we find particularly good agre However, bursts that appear to have no coincident host
ment with the distributions for the large elliptical galaxy g:{ggy t%geglg ?(%téc?:émﬁr:gnﬁse%s%tsmrggg r?rg%azglz Iﬁ;)st
model (M, = 10"'Mg, Mhaio = 1012M) which has probabilit ~ SV~ f ; ,
peaks g{l 16 om@ gnd T'gmg and%)oor agreemZnt with tze galaxy (“host-less” bursts; Berger 2010; Fong & Berger 2013
small elliptical galaxy modeIM = 10°M.,), which is domi Tunnicliffe et al: 2013) are expected to have low inferred-de

* = ®/) -

" 5. 5 X sities. Indeed, the three bursts located at offsetg dfore
nated by very low densities gf 10 cm™ (Belczynskietal. 56 10w densities of, 107 cmi3, as expected if these bursts
2006). This conclusion is commensurate with the known stel- '

lar masses of short GRB elliptical hosts, which have a medianOccur in the IGM or outer halos of their hosts.
of M, ~ 10''° M, (Leibler & Berger 2010[ Bergdr 2014). 6. CONCLUSIONS

There are no predicted density distributions for star-fogn ~ \we present the most comprehensive catalog of short GRB
galaxies; however, we would expect short GRBs which origi- afterglows to date, representing a decade of observatiores s
nate in elliptical galaxies to have lower inferred densitiee  the Jaunch oSwiftin 2004. This catalog is comprised of 103
to the lower average ISM densities in elliptical galaxieg{e  short GRBs with prompt X-ray, optical/NIR and radio follow-
Fukazawa et al. 2006). Based on the small number of eventsyp enabled by broad-band Target-of-Opportunity programs
we do not find any significant difference between the inferred ppplying the synchrotron afterglow model to the observa-
circumburst densities of short GRBs in Star'forming versus tionS, we also p|ace constraints on the isotropic_equhla|e
elliptical hosts. o _ kinetic energies and circumburst densities for a subse8of 3
_We next investigate the relationship between the inferred events with well-sampled data sets. While a handful of short
circumburst densities and burst offsets from their hosixgal ~ GRB afterglows have been studied in detail on an individual
ies. If short GRBS_trace the Iarge'scale d|5_tr:|but|0n of the basiS, our work presents the energy and density scales for a
ISM, we expect the inferred circumburst densities to desgea |arge population of events for the first time. We come to the
as afunction of offset. In this vein, we gather all availgire- following key conclusions:
jected physical offsetsR, between the afterglow location and
host galaxy center, derived from ground-based (Margutliet e The afterglow observations presented in this work in-

Number
o N M O
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clude 71 X-ray detections, 30 optical/NIR detections, place meaningful lower limits on the opening angles. It is

and 4 radio detections. The detection fractions are 91%,especially important to undertake these studies wlnletis

40% and 7%, respectively, after accounting for observ- in operation, since this satellite has the unique capzolit

ing constraints. We present new optical/NIR observa- providing multi-wavelength light curves within minutesexf

tions for 11 events, and new radio observations for 25 the bursts.

bursts. The past decade of short GRB observations has enabled

. significant progress in understanding the basic properties

e Applying a synchrotron model to the broad-band after- of short GRBs, namely their energetics, circumburst den-

glows of 38 bursts, we calculate the inferred circum- sities, and opening angles. Furthermore, in addition to

burst density. Considering a range of scenarios with jnforming the behavior of on-axis afterglows, the circum-

varying values for the microphysical parameters, cool- pyrst density and energy are key parameters which feed

ing frequency, and minimum circumburst density, the jn to predictions for electromagnetic counterparts to com-

median circumburst density is (315) x 103 cm®, pact object mergers, such as off-axis afterglows (Granal et
with 90% upper limits ofngo ~ 0.4—3 cni3. Further- 2002; van Eerten et al. 2010) and long-lived radio flares from
more,~ 80-95% of the probability is below: 1 cni, mildly relativistic ejecta|(Nakar & Piran 2011). Advanced
This indicates that overall short GRBs explode in low- LIGO/VIRGO will detect NS-NS mergers within a horizon
density environments. distance of= 200 Mpc (LIGO Scientific Collaboration etlal.

i _ _ 2013), making these alternative electromagnetic sigeatur
e Depending on the set of assumptions in our analy- promising for joint detection with gravitational waves. In
sis, we infer a median isotropic-equivalent kinetic en- 3 subsequent work, we will assess the detectability of such
ergy of ~ (1-3) x 10°! erg (considering all scenar- counterparts by using the distributions of circumburstsiten
ios), and an isotropic-equivalentray energy scale of  ties and energies of on-axis short GRBs as inputs, which will
~ 2 x 10°' erg. We find a median-ray efficiency of help to inform search strategies in the upcoming revolatipn
~ 0.40-0.56. era of gravitational wave discovery.

e We find no obvious trends between circumburst density

and host galaxy offset for projected offsetsof.0 kpc We acknowledge Matthew Bayliss, Kathy Cooksey,
(or < 5 re), and no trend between density and host prancesco Di Mille, Steven Elnert, Michael Florian, Tolga
galaxy type, indicating that the circumburst density is Gyver, Traci Johnson, Dan Kelson, Michael McDonald, Andy
not strongly dependent on the average ISM density. \onson, David Osip, Benjamin Rackham, Nathan Sanders,
However, three bursts in our sample with offsets of apjl Seth, Meghin Spencer, Brian Stalder, Tony Stark, Rik
2 10 kpc have low densities gf 10 cm™®, as ex-  Williams, and Amanda Zangari for their assistance in Mag-
pected if these bursts explode in the IGM. ellan Target-of-Opportunity observations. Partial supjfar
Usina 11 short GRBs with ; | _this work was provided by NASA through Einstein Post-
e Using d? or s S le opening angle measulre doctoral Fellowship grant number PF4-150121 and Chandra
E)nnemz %n enoi\rllve;;lmlltesb?g Ov?/zsg;?éﬂ?a?en;aﬁ;? dL:gr]wv'gtue Award Number G04-15055X issued by the Chandra X-ray
€ op Ig . %& 04 r dian b J€!  Observatory Center, which is operated by the Smithsonian
opening ang'e ot -5 €9 and a median beaming - Asyrophysical Observatory for NASA under contract NASS-
factor of Q04%; 3. This results in a beaming-corrected (3060 BAZ acknowledges support from NSF Grant AST-
total energy release af 1.6:33 x 10° erg (Io range), 1302954, EB acknowledges partial support from NSF Grant
which is broadly consistent with the two primary pro- AST-1107973, and RM acknowledges support from the James
posed mechanisms of energy extraction, annihila- ~ Arthur Fellowship at NYU. Additional support was provided
tion and MHD processes. The beaming-corrected vol- by several NASA/Swift grants. This work made use of data
umetric rate is~ 270'735° Gpc® yr™ with an all-sky  supplied by the UK Swift Science Data Centre at the Uni-
event rate within a volume of 200 Mpc of & yr™. versity of Leicester. The scientific results reported irsthi
This range is fully consistent with the expected detec- article are in part based on observations made by the Chan-
tion rates of gravitational wave signals from neutron dra X-ray Observatory and data obtained from the Chandra
star mergers by Advanced LIGO/VIRGO within the Data Archive. This paper includes data gathered with the 6.5
same volume. meter Magellan Telescopes located at Las Campanas Obser-
vatory, Chile. Observations reported here were obtained at
Our study highlights the importance of broad-band obser-the MMT Observatory, a joint facility of the University of
vations in constraining the basic properties of short GRBs. Arizona and the Smithsonian Institution. Based on observa-
For bursts with detected radio afterglows, we can startte co tions obtained at the Gemini Observatory acquired through
strain the microphysical parameters, which has thus far onl the Gemini Science Archive and processed using the Gemini
been possible for long GRBs. While our study provides the IRAF package which is operated by the Association of Uni-
isotropic-equivalent-ray and kinetic energy scales, the true versities for Research in Astronomy, Inc., under a coopera-
energy release depends on the degree of jet collimation fortive agreement with the NSF on behalf of the Gemini part-
short GRBs. Current knowledge of the collimation of short nership: the National Science Foundation (United Staties),
GRBs relies on only a handful of events with measured open-National Research Council (Canada), CONICYT (Chile), the
ing angles from their light curves, primarily due to the fain  Australian Research Council (Australia), Ministério d&Gi
ness of short GRB afterglows which prevent temporal mon- cia, Tecnologia e Inovacao (Brazil) and Ministerio de Cianc
itoring on timescales longer than-2 days. Therefore, it  Tecnologia e Innovacion Productiva (Argentina). The Na-
is imperative to use the most sensitive ground- and spacetional Radio Astronomy Observatory is a facility of the Na-
based resources to uncover additional collimated events otional Science Foundation operated under cooperativeeagre
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APPENDIX
BROAD-BAND AFTERGLOW CATALOGS

TableAl
Short GRB Late-time X-ray afterglow catalog
GRB ot Exposure Time Fx ox References
(s) (s) wJy) (dy)
050509B 831 381 0.07 0.02 Gebhrels et al. (2005)
6.2x 10° 2.0x 103 < 0.02
2.1 % 10° 50x 10* <80x1073
050709 14 % 10° 15x%x 10* 1.9x 103 14x 10 Fox et al. (2005)
21x10° 5.0x 10° <15x1073
*22x10° 3.8x10* 1.1x 103 20x10°
2.8 x 10° 6.4 x 10° <7.3x10%
3.7x10P 2.1x10° <59x%1073
*1.4%x 10° 6.1x 103 1.3x 103 6.0x 107
*1.4%x 10° 12x10* 11x10% 20x10°
050724A 10x 103 514 0.43 0.086 Grupe et al. (2006)
14x 10 323 0.68 0.14
1.9x 10 493 0.44 0.090
6.6x 10° 2.0x 103 0.091 0.022
1.3x 104 34x10° 0.050 0.013
25x 10* 1.9x 10 0.10 0.023
35x 10% 805 0.27 0.056
3.7x10% 1.2x 103 0.19 0.039
41x 104 830 0.26 0.053
42x 10 652 0.32 0.068
42 %10 772 0.27 0.057
47 x10* 1.2x 10 0.18 0.038
48x10* 880 0.24 0.050
48x10* 790 0.27 0.056
52x10% 587 0.37 0.075
53x 10% 800 0.27 0.055
58x 10% 759 0.29 0.058
59x 10¢ 554 0.39 0.080
6.3x 10* 972 0.22 0.046
6.6 x 10* 1.0x 103 0.20 0.044
7.7%x10% 1.6x 10° 0.11 0.027
8.8x10* 2.0x 103 0.10 0.023
9.9x 10* 12x10° 0.090 0.028
14x10° 44%x10° 0.025 84x 1073
15x 10° 40x10° 0.027 95x 1073
1.8x 10° 7.0x 103 0.012 55x 1073
22x10° 21x 103 0.014 84x 1073
5.6x 10° 4.7 x 10 1.4x 1073 7.8x 10
2.1 10° 83x10° 6.0x 1073 1.1x 103
*2.1x10° 9.6 x 10 51x 103 9.7x10*
+23x10° 12x10* 3.9x 103 75x 10
2.4 10° 1.3x10* 3.8x 1073 7.2x10%
*25x%x 10° 6.5 x 10° 5.4 x 1073 12x 103
+1.9x 10° 43x10* 3.3x10% 12x10*

050813 4.7x10° 2.7 x10° 3.4x103 1.0x1073 Evans et al. (2007a, 2009)
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GRB ot Exposure Time Fx ox References
(s) (s) wJy) (dy)

6.5 x10° 3.4x10° <2.7x1073

050906 3.0x10° 5.2 x10° <0.018 Pagani et al. (2005)

050925 1.4¢10° 1.4x10° <6.6x1073 Beardmore et al. (2005)

051210 894 840 a0 Q015 This work

051221A 14 x10° 512 0.86 0.10 Soderberg et al. (2006); Belczynski et al. 200
1.9x 10° 512 0.59 0.085
24x10° 512 0.43 0.082
53x 10° 35x10° 0.23 0.033
8.8x 10° 35x10° 0.24 0.035
1.2 x 104 35x10° 0.25 0.026
1.6 x 10* 35x10° 0.20 0.076
1.9x 10* 35x10° 0.16 0.021
23x10* 35x10° 0.11 0.023
2.6x10* 35x10° 0.11 0.026
3.0x10* 35x10° 0.088 0.015
3.7x10* 35x10° 0.13 0.020
45x%x 10% 1.0x 10* 0.079 0.011
55x 10% 1.0x 10* 0.066 0.010
10x 10° 41x%10* 0.017 27x 1073
14x10° 41x 10 0.018 29x 1073
2.0x 10° 5.7x 10* 0.013 19x 103
25x 10° 5.7 x 10* 0.014 20x 1078
31x10° 5.7 x 10* 9.0x 1073 1.7x 103
3.8x 1P 8.6 x 10* 5.2x 1073 1.0x 103
47 % 10P 8.6 x 10* 5.8x 1073 1.1x 103
5.5x 10° 8.6x 10* 4.4%x1073 9.4x10*
6.4x 10° 83x 10* 3.6x 103 9.4x10*
7.3x10° 8.2x 10 5.4x 1073 1.0x 1073
9.8x 10° 41x10° 2.3x 1073 41x10*
*1.3x 10° 5.4 x 10° 0.022 22x 103
1.4 10° 5.5x 10° 0.021 21x 1073
*1.4x 10° 6.4 x 10° 0.018 19x 1078
*1.5x%x 10° 6.6 x 10° 0.018 18x 1073
*1.6x 10° 6.3x 103 0.017 18x 1073
*39x 10° 95x 10° 6.1x 1073 8.8x 107
*4.0x 10° 1.0x 10* 5.5x 1073 8.0x 107
4.1 % 10° 1.0x 10* 5.3x 1073 7.9x 10
*1.3x 10° 1.8x 10* 55x 107 1.9x10*
*1.7x 10° 25x 10* 3.8x10* 14x10%
+23x10° 48x10* 19x10% 7.2x10°

060121 1 x 104 153 0.61 0.14 Evans et al. (2007a, 2009)
11x 104 221 0.42 0.095
1.1x 104 206 0.45 0.10
1.1x 104 198 0.47 0.11
1.1x10* 208 0.34 0.087
1.2x10* 178 0.52 0.12
1.2 x 104 183 0.51 0.12
1.2 x 104 155 0.60 0.14
12x 104 193 0.36 0.094
12x 104 338 0.37 0.072
1.6x 104 281 0.27 0.069
1.6x 104 308 0.24 0.063
1.6 x 10* 196 0.39 0.10
1.7 x 10* 258 0.29 0.076
1.7 x 104 246 0.31 0.080
1.7 x 104 236 0.32 0.083
1.8x 104 221 0.34 0.089
1.8x 104 201 0.38 0.10
1.8x 104 617 0.19 0.039
22x10% 361 0.23 0.056
7.0x 10% 1.3x 103 0.060 0.015
75x 10* 25x 103 0.030 79%x 103
8.1x10* 2.3x10° 0.053 0.011
8.9x10* 7.6x 10° 0.043 80x 1073
16x10° 12x10* 0.021 49 x 1073
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GRB ot Exposure Time Fx ox References
(s) (s) wJy) (dy)
17x10° 19x 10 0.038 0.010
1.8x 10° 7.3x 10° 0.033 72x 1078
2.0x 10° 3.6x10* 0.012 32x 108
25x 10° 49x%10* 0.013 34x 103
31x10° 6.5x 10* 7.7%x 103 21x 103
42 % 10° 15x 10° 41x1073 12x 103
6.3x 10° 28x10° 35x 103 9.7x10*
1.0x 108 8.3x 10 1.8x 1073 85x 10
060313 42 x 108 161 1.3 0.52 This work
43x10° 92 1.4 0.52
44%x10° 97 1.7 0.62
45x%10° 128 1.2 0.43
47x%x10° 113 1.2 0.45
48x% 103 113 1.1 0.39
49x% 103 128 1.1 0.43
50x 10° 65 2.4 0.91
51x10° 133 0.91 0.33
52x10° 146 0.83 0.30
54 x10° 176 0.64 0.23
5.5x 10° 163 0.75 0.27
5.7 x 10° 95 1.4 0.54
5.8x 10° 211 0.61 0.23
6.0x 103 125 1.2 0.46
6.1x 10° 153 0.85 0.31
6.3x 10° 125 1.0 0.38
6.5x 10° 286 0.96 0.30
1.0x 104 301 0.38 0.14
1.0x 104 309 0.43 0.16
1.1x 104 228 0.66 0.25
11x 10 243 0.47 0.17
1.1x 104 266 0.44 0.16
11x 104 384 0.346 0.13
1.2x 10* 344 0.36 0.13
1.2x 10* 459 0.37 0.12
1.6 x 104 602 0.19 0.069
1.6 x 104 412 0.29 0.11
1.7 x 104 414 0.27 0.10
1.8x 104 1.1x10° 0.25 0.078
22x10% 934 0.11 0.043
23x10% 545 0.20 0.075
23x10% 1.1x 103 0.13 0.047
28x10* 781 0.15 0.057
29x10* 1.8x 103 0.089 0.031
34x10* 25x 10° 0.061 0.022
42x10* 6.3x 10° 0.058 0.024
5.2x 10* 12x10* 0.036 0.014
8.7 x 10* 59x% 10* 0.013 54 x 1073
27 x10° 31x10° 3.6x 103 12x 103
060502B 3.8x10% 6.6 x10* <1.0x1073 Evans et al. (2007a, 2009)
060801 918 954 0.20 0.077 This work
061006 Bx10° 670 0.12 0.067 This work
44x10° 997 0.11 0.060
9.4 x 103 49x%x10° 0.046 0.026
1.4x 10* 47x 10 0.054 0.030
6.6 x 10* 24x 1P 6.0x 1073 33x 1073
061201 57 x 108 238 0.55 0.31 This work
59x 10° 188 0.56 0.31
6.1x 10° 238 0.45 0.26
6.4x 10° 264 0.66 0.34
1.2x 104 59x10° 0.11 0.072
21x10% 12x10* 0.055 0.036
6.7x 10* 1.3x10° 48x 1073 29x 1073
061210 2B x 10° 53x 10* 0.048 0.013 Evans et al. (2007a, 2009)
31x10° 9.4x10* 0.026 80x 1073
42x10° 1.3x1C° 0.018 60x 1073
7.0x 10° 49x10° <0.014
061217 6.0x 10 3.2 x10° <2.5x10°3 Evans et al. (2007a, 2009)
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GRB ot Exposure Time Fx ox References
(s) (s) wJy) (dy)
070209 44x10° 19x 10 <83x10% Stratta et al. (2007b)
070406 9.7 x 10 13x 10 <18x103 Troja et al. (2007)
070429B 16 x 103 2.0x103 0.32 0.080 Evans et al. (2007a, 2009)
1.6 x 10* 3.6x 10 <0.024
070707 4.1 x104 2.2x10 0.15 0.032 Evans et al. (2007a, 2009)
4.1x10° 1.9x10° <0.032
070714B 85 x 102 116 2.0 0.64 This work
2.8x10° 183 0.40 0.18
31x10® 311 0.24 0.11
3.6x 103 675 0.19 0.09
59x 10° 417 0.15 0.075
6.5x 10° 795 0.12 0.058
9.2x10° 14x 10 0.054 0.027
29x10* 58x 10* 3.0x 1073 1.7x 1073
070724A 46 x 10° 48x10° 0.055 0.032 This work
1.1x 104 7.6x 10 0.026 0.014
1.8x 104 52x10° 0.024 0.013
2.6x10* 12x10* 0.014 75x 1073
53x 10% 55x 10* 0.010 54 x 1073
18x 10° 3.0x 10° 1.8x 103 59x 10
070729 2.0x10 6.6 x10* <3.8x107° Evans et al. (2007a, 2009)
070809 1 x 10 271 0.27 0.13 This work
1.6x 103 660 0.20 0.080
55x 10° 321 0.23 0.11
59x 10° 507 0.14 0.068
6.3x 10° 366 0.23 0.11
6.8x 10° 555 0.13 0.062
74x10° 673 0.12 0.058
11x 104 673 0.10 0.047
1.2x 10* 803 0.093 0.044
1.3x 10* 989 0.085 0.039
1.8x 104 2.6x10° 0.038 0.017
24 x10* 2.0x 10° 0.050 0.021
0708108 983 72 x 10° <6.6x10% Starling et al. (2007)
071017 2.0x10° 2.1x10° <5.9x1073 Evans et al. (2007b)
0711128 3.7 x10° 2.2x10° <0.023 Perri et al. (2007)
071227 62x 10° 9.5x 103 0.022 98x 1073 This work
57 x10% 25x 1C° 26x 103 8.6 x 107
08012% 2.0x10° 2.2 x10* <4.0x10°3 Troja et al. (2008)
081023 14 x 10° 1.7 x 10° 0.072 0.024 This work
1.8x 104 53x 10* 9.5x 1073 32x 1073
080426 N x103 100 2.13 0.48 Evans et al. (2007a, 2009)
12x 103 148 1.4 0.32
1.3x 10 95 2.2 0.50
14x 10 108 2.1 0.45
15x 10° 125 1.7 0.38
1.7 x 103 211 1.01 0.23
19x 10° 191 1.44 0.29
6.2x 10° 258 0.65 0.17
6.6 x 10° 687 0.24 0.063
75x 10° 978 0.19 0.047
1.3x 10* 21x 10 0.11 0.025
21x10* 81x10° 0.056 0.012
3.8x10* 20x10* 0.021 57 x 1073
7.0x10* 42 % 10* 49x1073 28x 103
080503 920 1 x 10 0.45 0.18 This work
*39x 10° 32x 10 21x 1073 9.6x 10 Perley et al. (2009b)
*1.9x 10° 3.3x 10 <80x10° Perley et al. (2009b)
080702A 39 % 10° 22x10* 0.041 89x 1073 Evans et al. (2007a, 2009)
75x10* 7.6x10* <0.013
080905A 758 593 0.74 0.31 This work
080919 1.0x103 1.5x10° 0.39 0.20 This work
3.0x10% 1.7 x10° 5.9x103 5.7x103
081024A 597 1.6<10° 0.39 0.070 Evans et al. (2007a, 2009)
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GRB ot Exposure Time Fx ox References
(s) (s) wJy) (dy)
1.5x10* 3.7 x10 <3.2x1073
081226A 1.6x10* 4.3x10 0.026 Q014 Evans et al. (2007a, 2009)
0812268  1.3x10* 8.0 x10° <6.6x10°3 Evans & Hoversten (2008)
0903054 4.8 x10° 1.3 x10% <2.0x1073 Beardmore et al. (2009)
090426 10x 103 95 1.2 0.26 Evans et al. (2007a, 2009)
11x 10 108 1.0 0.23
1.2x 10 95 1.2 0.26
1.4x 103 145 0.77 0.17
15x 10° 92 1.2 0.27
1.6x 10° 100 1.1 0.25
1.7 x 10° 178 0.62 0.14
19x 103 243 0.45 0.10
22x 103 221 0.68 0.13
56x 10° 346 0.27 0.072
6.0x 10° 351 0.27 0.071
6.4x10° 481 0.20 0.051
6.9x 10° 479 0.20 0.051
7.6x10° 938 0.18 0.035
1.8x 104 12x10* 0.060 0.013
23x10° 75x 1P 15x 103 6.5x 1074
090510 10x 103 31 2.7 1.0 This work
28x 103 89 0.61 0.26
29x10° 141 0.47 0.21
31x10° 174 0.37 0.17
33x10° 338 0.18 0.081
3.6x10° 251 0.22 0.10
39x10° 321 0.18 0.084
6.2x 10° 770 0.051 0.027
6.8x 10° 547 0.073 0.039
1.3x 104 9.2x 103 0.020 0.010
41x 10 7.6x10* 40x 1073 1.3x 1073
090515 81 x 10% 2.2x 10 0.24 0.093 This work
090607 B x 10? 2.0x 103 0.060 0.017 Evans et al. (2007a, 2009)
2.0x10* 24x10* <6.6x1073
090621B 72 % 10 83x10° 0.04 0.01 Evans et al. (2007a, 2009)
25x%x10* 25x 10* 6.0x1073 3.4x1078
090916 6.5 x 10 1.2 x10* <94x10% Troja et al. (2009)
0911098 57 x 10° 24x 10 0.097 0.019 Evans et al. (2007a, 2009)
1.6 x 10* 1.3x10* 0.030 0.023
5.8x 10* 5.8 x 10* 0.011 79x 1078
20x10° 12x1C° 0.011 96 x 1073
100117A 3.1x10* 3.6 x10° 2.2x1073 7.2x10% This work
100206A 2.4x10° 9.5x10* <3.3x1073 Evans et al. (2007a, 2009)
100213 2.0x10% 3.1x104 < 0.033 Evans et al. (2007a, 2009)
100625A 16 x 10* 1.3x10* 44x1073 1.8x 1073 Fong et al. (2013)
9.0x 10 46x10* <82x1073 Fong et al. (2013)
1006288 *3.9x10° 2.0x10* <5.9x10* This work
100702A 1.4x10* 4.3x10% <0.011 Evans et al. (2007a, 2009)
101219A 77 x 1% 317 0.58 0.20 Fong et al. (2013)
8.6 x 10° 14x10* 0.038 0.014
*3.4x 10° 20x 10° <19x10%
101224A 1.9x10° 4.0x10 0.015 5.0x1073 Evans et al. (2007a, 2009)
110112A 46 x 10 1.0x10° 0.083 0.028 Fong et al. (2013)
54x10° 605 0.14 0.047
6.2x10° 941 0.14 0.043
1.1x 104 25x 10° 0.064 0.016
1.9x 104 6.6 x 10° 0.025 88x 1073
2.8x10* 1.3x10* 0.012 43 x 1073
45x%x10* 2.3x10* 7.3x 103 31x 1073
14x10° 27 x10° 2.0x 103 1.0x 103
1101128 6.1 x10* 1.2 x10* <2.4x1073 Littlejohns et al. (2011)
111020A 11 x 10° 520 1.0 0.20 Fong et al. (2012b)
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(s) (s) wJy) (dy)
5.8 x 10° 25x 10° 0.19 0.039
1.2 x 104 25x 10° 0.13 0.032
19x 104 6.4 x 10° 0.11 0.027
26x10* 6.3x 10° 0.14 0.037
3.2x10% 59x10° 0.12 0.031
42x%x10% 16x10* 0.10 0.028
10x 10° 15x 10° 0.019 64 x 1073
29x 10° 21x10° 0.013 49x 1073
++6.9x 10 14x10* 0.031 24x 1078
*2.6x 10° 20x10* 7.0x 103 1.0x 103
51x10° 21x1C° <0.019
*8.8x 10° 20x 10* <11x103
111117A 10x 103 178 0.55 0.20 Margutti et al. (2012)
12x 103 211 0.45 0.15
50x 10° 881 0.11 0.035
55x 10* 19x10° 40x 1073 14x 1073
2.6 x 10° 40x 10 42x10* 1.6x 10
111121A 42 x 10° 85 2.17 0.47 Evans et al. (2007a, 2009)
43x10° 133 1.3 0.30
45x%x10° 143 1.4 0.31
47%x10° 228 1.4 0.26
49x%x 103 113 1.6 0.37
51x 103 196 1.1 0.22
53x 10° 246 0.93 0.21
56x 10° 326 1.0 0.20
6.0x 10° 133 1.3 0.30
6.2x 10° 143 1.2 0.28
6.3x 10° 160 1.1 0.25
6.5x 10° 158 1.1 0.25
6.7 x 10° 206 1.1 0.21
1.0x 104 155 1.2 0.26
1.0x 104 183 1.0 0.23
1.1x10* 384 0.34 0.090
1.1x10* 188 0.94 0.21
1.1x 104 181 0.74 0.19
1.1x 104 243 0.54 0.14
1.1x 104 223 0.60 0.16
1.2 x 104 268 0.50 0.13
12x 104 657 0.37 0.072
1.6 x 104 985 0.24 0.063
1.8x 104 1.6x 103 0.17 0.043
22x10* 667 0.22 0.057
23x10* 1.8x 103 0.12 0.026
42x10* 3.7x10* 0.045 83x 103
14x10° 6.5x 10* < 0.020
111222A 97 x 10* 7.3x 10° 0.047 95x 1073 Evans et al. (2007a, 2009)
7.8x 10° 52x10* < 0.027
4.0x% 100 17x10° <0.014
120305A 2.3x 10 9.4x10% 0.016 8.0x1073 Evans et al. (2007a, 2009)
120521A 68 x 10° 73x10° < 0.020 Evans et al. (2007a, 2009)
120630A 66 x 107 1.2x 10 0.11 0.024 Evans et al. (2007a, 2009)
120804A 43x 10° 203 1.1 0.23 Berger et al. (2013)
45x10° 211 0.82 0.20
47%x10° 178 0.85 0.22
49x%10° 181 1.1 0.26
5.2x10° 281 0.54 0.14
54 x 103 263 0.58 0.15
57x10° 301 0.50 0.13
6.0x 10° 349 0.43 0.12
6.4x10° 494 0.34 0.090
1.1x 104 2.6x10° 0.29 0.056
1.7 x 104 25x 10° 0.20 0.051
23x10* 2.6x10° 0.11 0.021
3.0x10* 57x10° 0.096 0.026
34x10¢ 2.6x 103 0.10 0.021
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(s) (s) wJy) (dy)
43x10* 82x10° 0.049 0.013
6.2x 10* 23x10* 0.076 0.016
14x10° 9.3x 10* 0.048 0.014
31x10° 28x 10° 6.8x 1073 22x 103
5.0x 10° 2.3x10* < 0.0456
*8.1x 10° 20x 10* 35x 103 6.2x 107
+*1.6x 10° 25x 10* 3.0x 103 6.2x 107
*4.0x 10° 5.9 x10* 6.6 x10 1.3x1073 This work
1208178 6.8 x10* 2.8x10° <5.9x107 Pagani (2012)
121226A 43 % 10° 589 0.58 0.15 Evans et al. (2007a, 2009)
49x%10° 542 0.62 0.16
55x 10° 679 0.49 0.13
7.9%x 103 47x10° 0.36 0.079
6.2x 10% 83x 10* 0.030 86 x 1073
12x10° 6.2 x 10° 0.034 0.027
1303138 2.1x10° 5.3x10* <0.013 Evans et al. (2007a, 2009)
130515A 12 x 10 3.0x 10 <0.014 Evans et al. (2007a, 2009)
130603B 40 x 103 33 3.8 1.2 Fong et al. (2014)
40x10° 41 3.3 1.0
41x%x103 75 1.7 0.54
41x10° 44 2.9 0.95
42x%x10° 44 3.0 0.91
42x10° 36 35 1.2
43x10° 75 1.8 0.53
43x10° 44 3.0 1.0
44%x10° 54 2.5 0.71
44%x10° 41 3.2 1.1
45x%x10° 65 2.0 0.63
45x%x 103 31 4.1 1.3
46x10° 44 3.0 0.99
46x10° 52 2.4 0.80
47 x10° 65 2.0 0.68
47x10° 52 2.6 0.74
48x10° 98 1.6 0.46
49x10° 57 2.2 0.72
49x%10° 44 3.0 0.98
5.0x 10° 59 2.3 0.77
51x 103 83 1.5 0.43
51x 103 59 2.5 0.71
52x10° 93 1.4 0.43
53x10° 96 1.4 0.45
54x10° 88 1.6 0.49
55x 10° 72 1.8 0.59
5.5x 10° 41 3.0 0.98
5.6 x 10° 67 1.9 0.59
57 x10° 85 1.5 0.44
5.8x 10° 78 1.7 0.50
58x 10° 65 2.0 0.59
59x 10° 75 1.6 0.54
6.0 x 10° 67 1.9 0.56
6.0x 10° 91 1.4 0.42
6.2x 10° 114 1.1 0.34
6.2x 10° 65 2.0 0.59
6.3x 10° 59 2.1 0.59
6.4x 103 91 1.4 0.42
6.5x 10° 122 1.5 0.40
9.8x 10° 91 1.3 0.36
9.9x10° 143 0.83 0.23
1.0x 104 166 0.71 0.19
1.1x 104 15x 10° 0.57 0.16
1.2x 104 166 0.65 0.19
1.2x 104 226 0.49 0.13
1.2x 104 205 0.72 0.17
1.6x 104 338 0.29 0.076

1.6x 104 252 0.38 0.11
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GRB ot Exposure Time Fx ox References
(s) (s) wJy) (dy)
1.7 x 104 2.0x 10° 0.21 0.056
21x10* 450 0.19 0.048
22x10% 463 0.19 0.047
2.8x10* 1.1x10° 0.077 0.029
3.6x10% 59x10° 0.038 0.011
42x%x10% 55x 10° 0.054 0.014
48x10% 6.7 x 103 0.021 56 x 1073
15x10° 21x10° 40x 1073 88x 10
*23x 10° 19x10* 24 %103 3.2x10%
5.6x 10° 3.0x10* 8.2x 10 50x 10
1306268 8.7 x1C° 7.2 x10° <1.8x10°3 Page & de Pasquale (2013)
130716A 12x 10% 25x 10* 0.014 40 % 1073 Evans et al. (2007a, 2009)
40x%10% 1.3x10* <72x10°3
130822A 3.0x10 1.9x10* <4.6x1073 Evans et al. (2007a, 2009)
130912A 97 x 10? 95 5.6 1.3 Evans et al. (2007a, 2009)
11x 10 103 2.7 0.60
1.2x 10° 100 1.3 0.30
1.3x 10° 105 1.3 0.29
1.4x 10 95 1.4 0.31
15x 10° 180 1.6 0.26
52x10° 780 0.26 0.068
6.4x 103 1.8x 103 0.21 0.04
1.2x 10* 25x% 103 0.066 0.016
1.8x 10* 25x%x 103 0.057 0.015
2.8x10* 14x10* 0.025 49 x 1073
11x10° 5.8 x 10* <39x103
131004A 18 x 1% 306 13.2 3.1 Evans et al. (2007a, 2009)
4.4 % 107 115 34.8 8.1
5.5x 10% 115 33.9 8.1
6.9 x 10% 158 24.8 5.9
8.8x 1% 228 31.9 5.5
1.1x10* 15x% 103 0.23 0.049
24x 10 1.8x 10* 0.055 0.015
59x 10* 4.7 x 10* 0.050 0.014
11x10° 41x%10* <0.017
1312248  1.3x10% 4.0x10° <4.1x10°3 Gompertz et al. (2013)
140129B 99 x 10% 65 3.01 0.68 Evans et al. (2007a, 2009)
11x 10 45 4.62 1.01
11x 10 60 3.24 0.73
47 x10° 624 0.27 0.052
6.7x10° 366 0.20 0.064
140320A 11 x 103 1.2x10* 0.13 0.032 Evans et al. (2007a, 2009)
2.7 x10* 12x10* < 0.062
1404028 4.2 x 10 45x 10° <4.2x10°73 Pagani (2014)
1404148  41x 10 17x10° <0.027 D’Avanzo et al. (2014)
140516A 15x 10% 25x 10* 0.013 29x 1073 Evans et al. (2007a, 2009)
19x10° 3.1x10° 1.7x 103 9.7x 10
1406068 4.6 x 10° 24x10° <87x10° Stroh et al. (2014)
1406198  5.9x 10¢ 39x10° <34x103 Maselli & D’Avanzo (2014)
140622A 13 x 107 50 1.86 0.40 Evans et al. (2007a, 2009)
23x10° 35x 10 0.015 29x 1073
8.0x 10* 23x10* <84x1073
140903A 10x 108 221 1.02 0.23 Evans et al. (2007a, 2009)
1.2x 10° 176 1.3 0.30
1.4x 10 303 0.74 0.17
5.0x 103 223 0.93 0.16
54 x 103 158 0.78 0.18
5.6 x 103 243 0.95 0.16
6.2x10° 130 0.95 0.21
6.3x 10° 123 0.86 0.19
6.5x 10° 183 1.05 0.21
6.8x 10° 288 0.93 0.16
7.2%x10° 338 0.86 0.14
1.1x 104 160 0.60 0.14
1.1x 104 216 0.42 0.10
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GRB ot Exposure Time Fx ox References
(s) (s) wJy) (dy)

1.1x 104 178 0.54 0.12

1.1x 104 173 0.59 0.13

1.1x 10 216 0.55 0.11

1.3x 104 333 0.49 0.085

1.6x 104 223 0.42 0.098

17 x 104 228 0.32 0.085

17 x 104 203 0.370 0.096

1.7 x 10* 133 0.75 0.17

1.7 x 104 333 0.38 0.076

2.2x10* 517 0.25 0.065

23x10% 354 0.36 0.093

23x10% 461 0.27 0.070

28x10* 354 0.23 0.057

28x10% 253 0.30 0.077

29x10% 366 0.20 0.054

31x10* 5.1x 10° 0.18 0.033

42x 10 6.0x 10° 0.13 0.034

46x10* 479 0.21 0.052

54 x10* 6.5 x 10° 0.080 0.018

6.8x 10* 12x10* 0.076 0.0142

12x10° 8.6 x 10* 0.029 65x 1073

2.6x 10° 58x 10* <0.011
140930B N x 103 158 0.56 0.13 Evans et al. (2007a, 2009)

12x 103 115 0.77 0.17

1.3x 10° 133 0.66 0.15

1.5x 10 196 0.45 0.10

1.7 x 10 191 0.35 0.090

1.9x 10° 221 0.40 0.090

21x10° 216 0.41 0.093

23x10° 236 0.28 0.074

26x10° 306 0.29 0.066

6.3x 10° 559 0.13 0.033

9.7x10° 7.7x 10 0.050 87x 1073

8.0x 10* 12x 10 45x 1073 1.3x 1073

17x10° 925 < 0.025

*32x 10° 23x10* 3.3x10% 16x10* This work

+2.0x 10° 34x10* <27x10% This work
1412028  12x1C° 5.1x 10 <6.1x1073 Pagani & Evans (2014)
1412058  29x 10 5.0x 10° <33x103 Starling & Page (2014)
141212A 21 x 104 29x10* 9.1x 1073 35x 1073 Evans et al. (2007a, 2009)
150101A 13x 10% 2.3x10* 0.016 37x 103 Evans et al. (2007a, 2009)

6.0 x 10* 1.8x10* < 0.010
150101B  *6.9x 1C° 15x 10* 0.011 11x 1073 Fong et al., in prep.

*3.4 % 10° 15x 10* 19x 1073 47x 10 Fong et al., in prep.
150120A 83x 103 12x10* <0.031 Evans et al. (2007a, 2009)
150301A 14 x 104 40x 10 <0.051 Evans et al. (2007a, 2009)

Note. — Upper limits correspond tos3 Unless otherwise stated, all data are taken Bithift XRT and X-ray flux densities are at 1 keV.
2 We employed a fiducial spectral index @f = -1.
b We employed a fiducial count rate-to-unabsorbed flux coiverfactor of 1011 erg cmi? s and spectral inde@y = —1.
¢ Reported flux is in the energy range of 0.7-10 keV.
d Late-time re-brightening in GRB 080503 light curve is olvserin both optical and X-ray bands and is unlikely the aftwy(Perley et al_2009b).
* Chandra observation.
++* XMM-Newton observation.
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Short GRB Optical/near-IR afterglow catalog

GRB ot Telescope Instrument Filter ~ Exposure Time F, o References
(hr) (s) @Jy)  Wdy)
050202 126 Mount John MOA R 900 <4289 Castro-Tirado et al. (2005)
050509B 21 WIYN OPTIC r 600 <0.75 Bloom et al. (2006)
050709 340 Danish tel. DFOSC R 7200 234 012 Hijorth et al. (2005)
591 VLT FORS2 \% 3600 0.64 0.07 Covino et al. (2006)
59.3 VLT FORS2 R 3000 0.90 0.05
60.0 Danish tel. DFOSC R 10200 117 026 Hijorth et al. (2005)
104.7 VLT FORS1 \Y 3600 < 0.36 Covino et al. (2006)
1344 HST ACS F814wW 6360 84 0006 Fox et al. (2005)
2352 HST ACS F814W 6360 Q7 0008
8328 HST ACS F814W 6360 < 0.02
050724A 114 VLT FORS1 \% 480 160 0.45 Malesani et al. (2007a)
116 Magellan/Baade PANIC K 1320 456 14 Berger et al. (2005)
118 VLT FORS1 R 540 178 07 Malesani et al. (2007a)
118 VLT FORS1 | 540 1837 051
120 Swope 40-in I 1800 1901 0.2 Berger et al. (2005)
14.2 Swope 40-in | 1800 252 09
348 VLT FORS1 | 540 2.81 0.33 Malesani et al. (2007a)
349 Magellan/Baade PANIC K 1320 <54 Berger et al. (2005)
35.0 VLT FORS1 R 540 335 029 Malesani et al. (2007a)
36.7 Swope 40-in | 2700 <91 Berger et al. (2005)
831 VLT FORS1 I 540 0.33 0.12 Malesani et al. (2007a)
050813 12 CAHA 2.2-m CAFOS | 6000 <182 Ferrero et al. (2007)
14.1 CAHA 2.2-m CAFOS R 4140 < 143
050906 214 VLT FORS2 R 1800 <0.15 Levan et al. (2008)
051210 1A Magellan/Clay LDSS3 r 1200 <16 Berger et al. (2007)
051221A 3.1 Gemini-N GMOS r 16.8 1.3 Soderberg et al. (2006)
3.4 Gemini-N GMOS r 15.6 1.2
26.9 Gemini-N GMOS r 25 0.19
27.2 Gemini-N GMOS i 2.3 0.54
51.0 Gemini-N GMOS i 0.83 0.32
51.3 Gemini-N GMOS z 11 0.47
51.6 Gemini-N GMOS r 0.93 0.11
75.7 Gemini-N GMOS r 0.94 0.28
123.6 Gemini-N GMOS r 0.50 0.11
147.8 Gemini-N GMOS r 0.32
060121 0.37 OSN | 120 19.3 4.4 de Ugarte Postigo et al. (2006)
0.70 OSN | 120 10.0 2.8
2.0 NOT ALFOSC R 3.3 0.70 Levan et al. (2006)
2.6 NOT ALFOSC R 6.1 1.9
2.7 OSN | 300 10.8 25 de Ugarte Postigo et al. (2006)
2.8 OSN R 600 3.7 0.97
3.9 CAHA 2.2-m R 1200 1.1 0.33
4.4 CAHA 2.2-m R 1800 4.6 0.83
5.4 CAHA 2.2-m R 1200 1.2 0.49
5.6 Bok 90Prime R 1.1 0.22 Levan et al. (2006)
6.5 Bok 90Prime B < 0.96
7.3 Bok 90Prime R 1.2 0.18
7.3 CAHA 2.2-m R 1800 1.4 0.37
7.4 WHT K 750 171 14 de Ugarte Postigo et al. (2006)
7.7 OSN | 1500 <25
11.3 Bok 90Prime R 1.6 0.41 Levan et al. (2006)
13.1 WIYN R 1.2 0.24
30.0 OSN R 10800 <08 de Ugarte Postigo et al. (2006)
31.3 WHT K 1000 6.3 1.6
33.5 APO/ARC NIC-FPS K 3600 7.5 0.65 de Ugarte Postigo et al. (2006)
33.6 WIYN R 0.41 0.06 Levan et al. (2006)
51.5 CAHA 2.2-m R 5400 0.55 0.14 de Ugarte Postigo et al. (2006)
127.8 APO/ARC NIC-FPS K 3600 <213
060313 0.045 Swift uvoT \% 200 55.0 18.8 Roming et al. (2006)
0.12 Swift UvoT U 50 22.7 13.0
0.22 Swift UvoT white 50 30.5 11.6
1.2 Gemini-S GMOS r 1800 36.6 6.6 Berger et al. (2007)
1.3 Swift UvoT B 886 18.7 5.3 Roming et al. (2006)
1.5 Swift UvoT uvw2 900 6.4 1.9
1.7 Swift UvoT \% 684 33.7 9.5
2.9 Swift uvoT uvm2 900 4.7 2.3
3.1 Swift UvoT uvwi 900 12.4 2.4
3.3 Swift UvoT U 708 7.4 1.8
4.5 Swift uvoT B 886 12.2 5.8
6.1 Swift UvoT UvmM2 900 3.4 1.2
6.3 Swift UvoT uvwi 900 3.3 15
6.6 Swift uvoT U 716 8.8 2.1
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GRB ot Telescope Instrument Filter ~ Exposure Time F, o References
(hr) (s) @dy)  (dy)
9.6 Swift UvoT uvwi 900 3.0 1.4
9.8 Swift UvoT U 658 3.4 1.9
24.2 Gemini-S GMOS r 900 3.7 0.75 Berger et al. (2007)
48.5 Gemini-S GMOS r 1500 1.3 0.18
240 Gemini-S GMOS r 1800 < 0.48
060502B 16.8 Gemini-N GMOS R 1500 < 0.62 Price et al. (2006)
060801 16.0 Hale LFC r 1500 <0.83 Berger et al. (2007)
061006 14.9 VLT FORS1 | 1800 4.3 0.20 D’Avanzo et al. (2009)
45.9 VLT FORS1 | 1800 2.5 0.17
60.0 VLT FORS1 | 1260 2.6 0.22
49.7 VLT FORS1 R 645 15 0.17
061201 8.6 VLT FORS2 | 3640 2.9 0.22 Stratta et al. (2007a)
9.0 VLT FORS2 R 780 19 0.23
33.1 VLT FORS2 | 5200 <091
81.4 VLT FORS2 | 2400 < 0.63
061210 2.1 Gemini-N GMOS r 5400 <144 Berger et al. (2007)
061217 2.8 Magellan/Clay LDSS3 r 300 <20
070209 0.29 PROMPT \Y 120 < 81.66 Johnson et al. (2007)
070406 24.5 NOT ALFOSC R 1800 <126 Malesani et al. (2007b)
070429B 4.8 Gemini-S GMOS R 900 < 0.50 Perley et al. (2007)
271 Blanco ISPI J 1080 <40 Nysewander et al. (2007)
070707 11.0 VLT FORS1 R 1200 2.1 0.039 Piranomonte et al. (2008)
33.8 VLT FORS1 R 1200 1.0 0.047
37.4 VLT FORS1 R 180 0.82 0.10
59.3 VLT FORS1 R 1200 0.26 0.020
61.0 VLT ISAAC J 1800 < 0.60
83.2 VLT FORS1 R 3600 0.078 0.014
108.0 VLT FORS1 R 5100 0.066 0.015
070714B 0.21 Liverpool r 60 37.2 6.7 Graham et al. (2009)
0.27 Liverpool r 120 43.1 4.6
0.30 Liverpool i 120 50.7 8.6
0.40 Liverpool r 120 37.9 9.8
0.44 Liverpool r 120 38.3 9.0
23.6 WHT R 2400 1.0 0.22
24.0 TNG NICS J <91 Covino et al. (2007)
070724A 2.3 Gemini-N GMOS g 360 <15 Berger et al. (2009)
2.3 Gemini-N GMOS i 360 1.1 0.1
2.8 Gemini-N NIRI Ks 900 9.3 1.5
3.1 Gemini-N NIRI J 900 3.4 0.3 Berger et al. (2009); this work
3.4 Gemini-N NIRI H 450 7.8 0.44 Berger et al. (2009); this work
3.7 Gemini-N NIRI Ks 900 8.9 15 Berger et al. (2009)
070729 8.4 ESO/MPG GROND r < 0.48 Nicuesa Guelbenzu et al. (2012a)
8.4 ESO/MPG GROND J <3.02
070809 11.2 Keck | LRIS R 640 Q82 Q17 Perley et al. (2007)
35.1 Keck | LRIS R 0.36 0.11
11.21 Keck | LRIS g 880 0.25 0.051
35.14 Keck | LRIS g <0.19
070810B 23.4 Keck | LRIS R 630 <021 Kocevski et al. (2007)
071112B 6.3 Magellan/Clay LDSS3 r 1200 <20 Berger & Challis (2007)
9.6 ESO/MPG GROND J < 8.32 Nicuesa Guelbenzu et al. (2012a)
071227 4.2 ESO/MPG GROND J <36.3
7.0 VLT FORS2 R 240 1.6 0.12 D’Avanzo et al. (2009)
80.9 VLT FORS2 R 540 0.86 0.15
080121 55.2 Swift uvoT white 2015 <457 Troja et al. (2008)
080123 0.04 Swift UvoT white 100 <2291 Ukwatta et al. (2008)
080426 7.5 CAHA 2.2-m | 3300 < 7.06 de Ugarte Postigo et al. (2008)
080503 0.037 Swift uvoT white 98 <142 Perley et al. (2009b)
1.0 Gemini-N GMOS r 180 <0.20
1.2 Gemini-N GMOS g 900 0.089 0.018
1.2 Keck | LRIS B 300 <021
1.3 Keck | LRIS R 630 <021
1.5 Gemini-N GMOS r 800 < 0.081
1.8 Gemini-N GMOS i 800 < 0.078
2.2 Gemini-N GMOS z 800 <0.16
2.4 Gemini-N GMOS g 360 < 0.65
b26.0 Gemini-N GMOS r 1800 0.27 0.037
b47.4 Gemini-N GMOS r 1620 0.23 0.038
b50.2 Gemini-N GMOS g 720 0.12 0.024
b74.0 Gemini-N GMOS r 2700 0.19 0.046
bg7.1 Gemini-N GMOS r 2880 0.13 0.025
125 Gemini-N NIRI Ks 2760 <0.70
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(hr) (s) @dy)  (dy)
b128.6 HST WFPC2 F606W 0.067 0.011

080702A 1206 Loiano R 1800 <4492 Greco et al. (2008)
080905A 85 NOT ALFOSC R 1800 0.72 0.39 Rowlinson et al. (2010b)

14.3 VLT FORS2 R 2400 0.59 0.20

175 ESO/MPG GROND r 660 <37 Nicuesa Guelbenzu et al. (2012a)

17.5 ESO/MPG GROND J 660 <275

36.0 VLT FORS2 R 2400 <0.30 Rowlinson et al. (2010b)
08091% 0.19 ESO/MPG GROND J <733 Nicuesa Guelbenzu et al. (2012a)
081024A 1.9 Faulkes North R 600 <9393 Melandri et al. (2008)
081024B 30 P200 LFC R <136 Cenko & Kasliwal (2008)
081226A 0.37 ESO/MPG GROND r 1.9 042 Nicuesa Guelbenzu et al. (2012a)

11 ESO/MPG GROND g 0.38 012

1.1 ESO/MPG GROND r 0.63 0.16

1.1 ESO/MPG GROND i 0.81 0.31

1.1 ESO/MPG GROND z 1.4 0.35

1.1 ESO/MPG GROND J <77
081226B 27 Swift UvoT B 1414 < 14.45 Evans & Hoversten (2008)
090305 0.47 ESO/MPG GROND r 3.0 0.084 Nicuesa Guelbenzu et al. (2012a)

0.56 ESO/MPG GROND r 3.1 0.27

0.56 ESO/MPG GROND i 3.3 0.59

0.60 ESO/MPG GROND r 2.9 0.082

0.61 Gemini-S GMOS r 900 1.8 0.034 Tunnicliffe et al. (2013)

0.71 ESO/MPG GROND g 2.1 0.40 Nicuesa Guelbenzu et al. (2012a)

0.71 ESO/MPG GROND r 2.8 0.35

0.79 ESO/MPG GROND g 1.9 0.09

0.92 ESO/MPG GROND g 2.1 0.31

0.92 ESO/MPG GROND r 2.1 0.32

0.92 ESO/MPG GROND i 2.5 0.49

0.93 ESO/MPG GROND g 1.8 0.085

1.1 ESO/MPG GROND g 1.7 0.11

1.1 ESO/MPG GROND r 1.9 0.24

1.2 ESO/MPG GROND r 2.0 0.13

1.3 Gemini-S GMOS i 900 15 0.041 Tunnicliffe et al. (2013)

1.3 ESO/MPG GROND g 1.6 0.14 Nicuesa Guelbenzu et al. (2012a)

1.3 ESO/MPG GROND i 1.9 0.24

1.3 ESO/MPG GROND r 1.5 0.16

1.4 ESO/MPG GROND r 1.7 0.082

1.5 ESO/MPG GROND r 1.7 0.34

15 ESO/MPG GROND i 1.9 0.22

1.6 ESO/MPG GROND r 1.7 0.078

1.6 Gemini-S GMOS r 900 1.4 0.026 Tunnicliffe et al. (2013)

1.6 ESO/MPG GROND r 1.8 0.19 Nicuesa Guelbenzu et al. (2012a)

1.7 ESO/MPG GROND r 1.6 0.073

1.7 ESO/MPG GROND r 1.5 0.12

1.8 ESO/MPG GROND r 1.4 0.051

1.8 ESO/MPG GROND g 1.0 0.13

1.8 ESO/MPG GROND r 1.5 0.12

2.0 ESO/MPG GROND r 1.6 0.12

2.1 ESO/MPG GROND r 1.2 0.35

2.1 Gemini-S GMOS r 900 0.95 0.027 Tunnicliffe et al. (2013)

2.1 ESO/MPG GROND r 1.1 0.040 _Nicuesa Guelbenzu et al. (2012a)

21.7 Gemini-S GMOS r 1500 <0.19 Tunnicliffe et al. (2013)
090426 0.29 TNT R 60 101 7.8 Xin et al. (2011)

0.31 TNT R 60 95.1 10.1

0.33 TNT R 60 89.2 9.5

0.36 TNT R 60 77.0 8.2

0.38 TNT R 60 74.9 8.8

0.40 TNT R 60 69.6 8.1

0.42 TNT R 60 73.5 8.6

0.53 TNT \% 600 49.0 5.7

0.71 TNT \Y 600 36.5 4.3

0.88 TNT \% 600 34.5 4.0

11 TNT \% 600 36.2 4.2

1.2 TNT \Y 600 324 3.8

1.4 TNT \Y 600 31.8 4.4

1.6 TNT \% 600 28.7 4.0

2.0 TNT \Y 600 24.6 3.9

2.3 TNT \Y 600 20.1 3.4

2.6 TNT \% 600 20.8 35

3.0 TNT \% 600 19.7 3.6

7.3 TLS | 15.8 2.8 Nicuesa Guelbenzu et al. (2011)

7.5 TLS R 13.5 1.7

7.5 TLS R 13.4 1.8
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(hr) (s) @dy)  (dy)

7.7 TLS R 11.8 2.3

7.8 TLS R 12.7 1.7

12.9 ESO/MPG GROND g 3.1x10° 5.8 0.16

12.9 ESO/MPG GROND r 3.1x10° 7.6 0.21

12.9 ESO/MPG GROND i 3.1x10° 8.2 0.38

12.9 ESO/MPG GROND z 3.1x10° 9.8 0.65

12.9 ESO/MPG GROND J 3.1x10° 15.2 0.28

12.9 ESO/MPG GROND H 3.1x10° 15.7 3.2

12.9 ESO/MPG GROND K 3.1x10° <333

14.6 ESO/MPG GROND g 7.3x10° 4.7 0.087

14.6 ESO/MPG GROND r 7.3x10° 6.0 0.11

14.6 ESO/MPG GROND i 7.3x10° 7.3 0.20

14.6 ESO/MPG GROND z 7.3x10° 8.3 0.31

14.6 ESO/MPG GROND J 7.3x10° 10.2 0.89

14.6 ESO/MPG GROND H 7.3x10° 11.8 1.4

14.6 ESO/MPG GROND K 7.3x10° <210

16.3 LOAO R 1.8x10° < 6.6 Xin et al. (2011)
090516 6.2 ESO/MPG GROND r 5.9 2.5 Nicuesa Guelbenzu et al. (2012b)

6.3 r 55 2.3

6.3 r 4.6 1.6

6.4 r 2.6 1.8

6.4 r 3.0 1.8

6.5 r 2.6 1.6

6.7 r 2.3 0.71

6.8 r 3.8 0.77

6.9 r 2.7 0.89

7.1 r 3.4 0.79

7.2 r 2.9 0.72

7.3 r 2.2 0.75

7.4 r 3.1 0.77

7.6 r 2.3 0.59

7.7 r 1.9 0.40

7.8 r 1.9 0.50

7.9 r 2.2 0.55

8.1 r 1.8 0.59

8.2 r 2.0 0.52

8.3 r 2.0 0.47

8.4 r 2.1 0.46

8.6 r 2.3 0.48

8.6 J <48

8.7 r 2.0 0.47

8.8 r 1.9 0.44

8.9 r 1.5 0.47

9.1 r 1.7 0.43

9.2 r 1.3 0.41

9.3 r 1.5 0.41

9.5 r 1.5 0.40

9.7 r 0.88 0.47

9.8 r 1.2 0.41
090515 1.4 WIYN WHIRC J 2.4x10° <394 Updike et al. (2009)

1.7 Gemini-N GMOS r 1.8x10° 0.11 0.013 Rowlinson et al. (2010a)

2.0 MMT MMIRS K 810 <120 McLeod & Williams (2009)

25.0 Gemini-N GMOS r 1.8x10° 0.092 0.033 Rowlinson et al. (2010a)

4.4 x10° Gemini-N GMOS r 2.8x10° <0.042

090607 0.52 Faulkes North R 720 <570 Guidorzi et al. (2009)
090621B 075 RTT150 TFOSC Re 900 <191 Galeev et al. (2009)
090916 27 PROMPT R 480 <714 Haislip et al. (2009)
091109B 6.0 VLT FORS2 R 2400 0.67 0.092 Tunnicliffe et al. (2013)

7.2 VLT HAWK-I K 1320 < 0.85

8.3 VLT HAWK-| J 1320 <25

10.4 VLT FORS2 R 1200 0.51 0.11

31.7 VLT FORS2 R 2400 <0.17
091117 315 ESO/MPG GROND J <759 Nicuesa Guelbenzu et al. (2012a)

317 Magellan IMACS r < 0.98 Berger & Mulchaey (2009)
100117A 3.9 Magellan IMACS R 1200 <097 Fong et al. (2011)

4.3 ESO/MPG GROND r < 0.69 Nicuesa Guelbenzu et al. (2012a)

8.3 Gemini-N GMOS r 2700 0.24 0.05 Fong et al. (2011)
100206A 11.7 ESO/MPG GROND i <18 Nicuesa Guelbenzu et al. (2012a)

11.7 ESO/MPG GROND J <97

15.7 Gemini-N GMOS i 1200 <0.18 Perley et al. (2012)
100625A 12.2 ESO/MPG GROND g = 3600 <132 Nicuesa Guelbenzu et al. (2012a)
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GRB ot Telescope Instrument Filter ~ Exposure Time F, o References
(hr) (s) @dy)  (dy)
33.9 Magellan PANIC J 2100 <10 Fong et al. (2013)
100628A 1.1 Gemini-N GMOS i 1200 < 0.85 This work
17.8 Magellan PANIC J 1620 <543
1007024 0.16 ESO/MPG GROND J < 27.29 Nicuesa Guelbenzu et al. (2012a)
1.7 ESO/MPG GROND J r <196
101219A 0.96 Gemini-S GMOS i 1620 < 0.40 Fong et al. (2013)
1.20 Magellan FourStar J 1500 <136
110112A 15.4 WHT ACAM i 600 2.8 0.75 Fong et al. (2013)
4.0%x103 Magellan LDSS3 i 1200 <049
110112B 17.0 Swift UvoT white 3600 <5.01 Littlejohns et al. (2011)
110420B 10.5 Magellan IMACS r 1530 <14 This work
1110204 17.8 Magellan/Clay LDSS3 r 1080 <0.83 Fong et al. (2012b)
17.8 Gemini-S GMOS i 1620 < 0.63
18.5 VLT HAWK-I J 2640 <057 Tunnicliffe et al. (2013)
111117A 8.2 GTC OSIRIS r 1200 < 0.40 Sakamoto et al. (2013)
13.7 Gemini-S GMOS r 1200 <0.23 Margutti et al. (2012)
120229A 9.6 Magellan/Clay LDSS3 r 540 <41 This work
120305A 0.23 Liverpool r < 2585 Virgili et al. (2012)
1205214 18.6 ESO/MPG GROND r 3000 <0.88 Rossi et al. (2012)
18.6 ESO/MPG GROND J 2400 <209
120804A 5.5 Gemini-N GMOS i 1980 017 004 Berger et al. (2013)
120817B 24.0 LCO/duPont WFCCD R 900 <15 Fong et al. (2012a)
121226A 11.1 NOT ALFOSC R 1800 <21 Xu et al. (2012)
1303134 13.4 TNG r 1800 <044 D’Avanzo et al. (2013)
130515A 0.63 Gemini-S GMOS r 240 <14 Cenko & Cucchiara (2013)
130603B 0.19 Swift uvoT \% 180 <1995 de Ugarte Postigo et al. (2013)
2.1 Swift UvoT \Y 5110 < 54.0
2.4 Swift UvoT B 7700 17.2 4.5
5.9 NOT MOSCA r 1800 12.6 0.23
6.1 WHT ACAM z 900 25.4 1.4
6.6 WHT ACAM i 900 16.4 0.88
6.7 CAHA DLR-MKIII \% 1800 8.3 0.73
7.0 GTC OSIRIS r 30 11.0 0.20
7.1 WHT ACAM g 900 6.3 0.34
7.9 Gemini-S GMOS g 1440 5.3 0.19 Cucchiara et al. (2013)
8.2 Magellan/Baade IMACS r 600 8.6 0.14 Berger et al. (2013)
9.0 Gemini-S GMOS i 1440 12.3 1.2 Cucchiara et al. (2013)
14.4 Gemini-N GMOS z 500 6.5 0.18 de Ugarte Postigo et al. (2013)
14.5 UKIRT WFCAM K 684 13.7 1.3
14.6 Gemini-N GMOS i 500 4.5 0.12
14.7 UKIRT WFCAM J 500 9.3 1.3
14.8 Gemini-N GMOS r 500 2.9 0.081
15.0 Gemini-N GMOS g 500 1.6 0.06
31.2 Gemini-S GMOS r 540 <0.30 Cucchiara et al. (2013)
31.2 Gemini-S GMOS i 540 < 0.58
32.2 Magellan/Baade IMACS r 1200 < 0.46 Berger et al. (2013)
38.2 Gemini-N GMOS g 600 <0.19 de Ugarte Postigo et al. (2013)
38.4 Gemini-N GMOS r 600 0.21 0.05
38.6 Gemini-N GMOS i 600 <0.48
38.6 UKIRT WFCAM J 1400 <36
130716A 19.5 Gemini-N GMOS r 900 < 0.35 This work
130822A 21.1 Gemini-N GMOS i 600 < 0.58 Cenko et al. (2013a)
130912A 0.27 ESO/MPG GROND r 10.5 2.1 Tanga et al. (2013)
0.38 P60 r 13.0 2.6 Cenko et al. (2013b)
0.88 P60 r 9.7 25
20.0 WHT ACAM g <0.87 Tanvir et al. (2013)
24.8 Johnson RATIR r 19200 <18 Butler et al. (2013)
24.8 Johnson RATIR i 19200 <17
24.8 Johnson RATIR 4 8060 <37
24.8 Johnson RATIR Y 8060 <54
24.8 Johnson RATIR J 8060 <53
24.8 Johnson RATIR H 8060 <79
131004A 0.43 NOT ALFOSC R 44.3 4.3 Xu et al. (2013)
1.1 TNG DOLORES R 60 25.5 2.5 Malesani et al. (2013)
1.4 Liverpool i 300 47.4 4.6 Kopac et al. (2013)
1.9 Liverpool i 300 32.8 3.2
2.8 ESO/MPG GROND g 460 6.0 0.58
2.8 ESO/MPG GROND r 460 9.6 0.93
2.8 ESO/MPG GROND i 460 13.1 1.3
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GRB ot Telescope Instrument Filter ~ Exposure Time F, o References
(hr) (s) @dy)  (dy)
2.8 ESO/MPG GROND z 460 14.0 1.4
2.8 ESO/MPG GROND J 480 36.5 7.4
2.8 ESO/MPG GROND H 480 34.0 6.9
2.8 ESO/MPG GROND K 480 <473
7.3 Johnson RATIR r 7812 <16 Littlejohns et al. (2013)
7.3 Johnson RATIR i 7812 <19
7.3 Johnson RATIR 4 3384 <29
7.3 Johnson RATIR Y 3384 <48
7.3 Johnson RATIR J 3384 <36
7.3 Johnson RATIR H 3384 <36
1311254 11.8 iPTF R <249 Singer et al. (2013a)
1311264 19.5 iPTF R < 1078 Singer et al. (2013b)
140129B 0.032 MASTER II - 20 7590 Poleshchuk et al. (2014)
0.053 MASTER Il - 30 3020
0.079 MASTER Il - 50 1910
0.11 MASTER Il - 70 1450
0.15 MASTER Il - 100 692
0.20 MASTER Il - 130 525
0.26 MASTER Il - 170 363
0.33 MASTER Il - 180 275
0.43 MASTER Il - 360 191
140320A 32.9 Johnson RATIR r 5040 <107 Littlejohns et al. (2014)
32.9 Johnson RATIR i 5040 <104
32.9 Johnson RATIR 4 2016 <243
32.9 Johnson RATIR Y 2016 <202
32.9 Johnson RATIR J 2016 <253
32.9 Johnson RATIR H 2016 <373
1404024 29.0 Magellan/Baade IMACS r 900 < 0.36 This work
140414A 15.2 TNG DOLORES r 1800 <59 D’Avanzo et al. (2014a)
140516A 1.6 TNG DOLORES r 720 <238 D’Avanzo et al. (2014b)
1.8 NOT ALFOSC R 3900 < 0.50 Gorosabel et al. (2014b)
11.6 Subaru IRCS+A0188 K’ 5880 <084 Minowa et al. (2014)
12.4 Gemini-N GMOS i 1800 <0.14 This work
13.0 Johnson RATIR J 3200 <58 Butler et al. (2014)
140606A 7.3 AAO R 120 < 6.46 Volnova et al. (2014)
1406198 35.5 Magellan/Baade Fourstar J 770 <254 This work
140622A 0.07 ESO/MPG GROND r < 0.80 Tanga et al. (2014)
0.07 ESO/MPG GROND J <114
1409034 12.2 DCT LMI r 7.6 31 Cenko et al. (2014)
140930B 3.0 WHT ACAM r 7.4 cee Tanvir et al. (2014)
7.3 ESO/MPG GROND r 2.0 0.41 Graham et al. (2014)
7.8 Magellan/Baade IMACS i 900 2.2 0.30 This work
7.8 MMT MMTCam r 1200 0.97 0.20 This work
13.1 Keck MOSFIRE Ks 315 3.1 0.97 Perley & Jencson (2014)
13.3 Keck MOSFIRE J 396 21 0.43
141205A 11.4 Nanshan R <332 Xu et al. (2014)
141212A 5.4 CAHA 1.23-m | <111 Gorosabel et al. (2014a)
150101B 39.8 Magellan/Baade IMACS r 1200 2.26 0.34 Fong et al., in prep.
63.6 Magellan/Baade IMACS r 1200 1.4 0.38 .
231 TNG NICS J < 7.59 D’Avanzo et al. (2015)
257 Gemini-South GMOS r 1710 <0.76 Fong et al., in prep.
349 TNG NICS J <398 D’Avanzo et al. (2015)
~ 360 VLT HAWK-I H < 145 van der Horst et al. (2015)
694 Magellan/Baade IMACS r 1200 < 0.53 Fong et al., in prep.
150120A 2.0 Gemini-North GMOS r 1800 < 0.36 This work

Note. — Upper limits correspond toa3 All optical and near-IR fluxes are corrected for Galactitiretion in the directions of each bursts (Schlegel ét al.
1998; Schlafly & Finkbeindr 20111). Instruments, exposures, and flux density uncertainties are provided whenea@ladle.
@ Optical observing constraint, due to delayed precise iwatadn, sightline with high Galactic extinction, crowdédld, or proximity to a bright star which
contaminates the GRB position.
b Optical re-brightening observed in GRB 080503 is unlikélg afterglow[(Perley et HI. 2009b).
¢ Full simultaneougjiz-band light curves are available[in Nicuesa Guelbenzul ¢2@L2h).
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Table A3
Short GRB Radio afterglow catalog

GRB ot Facility ~Mean Frequency F, o References
(dy) (GH2) (wdy)  (y)
050202 052 VLA 4.86 <120 Frail & Soderberg (2005)
050509B 049  WSRT 486 < 66 van der Horst et al. (2005)
050709 16 VLA 8.46 < 115 Fox et al. (2005)
25 VLA 8.46 <114
45 VLA 8.46 <74
75 VLA 8.46 <40
050724A 057 VLA 8.46 173 30 Berger et al. (2005)
1.68 VLA 8.46 465 29
9.10 VLA 8.46 < 259 Panaitescu (2006)
050813 164 VLA 8.46 <55 Cameron & Frail (2005a)
050906 301 VLA 8.46 <92 Cameron & Frail (2005b)
050925 0  WSRT 49 <72 van der Horst (2005)
051105A 054 VLA 8.5 <51 Frail & Cameron (2005)
051221A 0.91 VLA 8.46 155 30 Soderberg et al. (2006)
1.94 VLA 8.46 <72
060313 2.12 VLA 816 <110 Soderberg & Frail (2006)
060801 0.49 VLA 846 < 105 Soderberg et al. (2006)
1.2 WSRT 4.9 <72 van der Horst (2006)
5.2 WSRT 4.9 <81
061210 19 VLA 8.46 <102 Chandra & Frail (2006)
070429B 059 VLA 8.46 < 300 Chandra & Frail (2007b)
070714B 1% VLA 8.46 <135 Chandra & Frail (2007d)
070724A 106 VLA 8.46 < 255 Chandra & Frail (2007a)
070729 A9 VLA 8.46 < 255 Chandra & Frail (2007€)
070923 498 VLA 8.46 <135 Chandra & Frail (2007c)
071112B 169 ATCA 8.7 <141 Wieringa et al. (2007)
080503 305 VLA 8.46 <54 Frail & Chandra (2008)
080702A 074 VLA 8.46 < 156 Chandra & Frail (2008b)
081024A 103 VLA 8.46 < 156 Chandra & Frail (2008a)
081024B 41 VLA 8.46 <114 Chandra et al. (2008)
081226A 58  ATCA 4.9 < 540 Moin et al. (2009a)
081226B 583  ATCA 4.9 < 588 Moin et al. (2009b)
090417A 037 VLA 8.46 <72 Chandra & Frail (2009)
090510 198 VLA 8.46 < 84 Frail & Chandra (2009)
090515 087 VLA 8.46 < 60 Berger & Fong (2009a)
090621B 061 VLA 8.46 <54 Berger & Fong (2009c)
090715A 125 VLA 8.46 <64 Berger & Fong (2009d)
091117 233 VLA 8.46 <120 Berger & Fong (2009b)
100625A 083 VLA 4.90 <192 This work
100628A 077 VLA 5.8 <291 This work
101224A 372 VLA 5.8 < 56 This work
110112A 1.87 VLA 5.0 <75 This work
110112B 0.85 VLA 5.8 <51 This work
1.80 VLA 5.8 < 66
2.92 VLA 5.8 <48
12.10 VLA 5.8 <36
110420B 0.65 VLA 4.90 <77 This work
7.65 VLA 5.8 < 116
111020A 0.67 VLA 5.8 <39 Fong et al. (2012b)
111117A 0.49 VLA 5.8 <18 Margutti et al. (2012)
111121A 0.84 VLA 5.8 < 100 This work
120229A 0.38 VLA 5.8 <54 This work
3.32 VLA 5.8 < 66
120305A 0.16 VLA 5.8 <18 This work
2.25 VLA 5.8 <18
120521A 1.08 ATCA 34 <95 Hancock et al. (2012a)
120804A 0.9 VLA 5.8 <20 Berger et al. (2013)
2.2 ATCA 34 < 200 Hancock et al. (2012b)
4.2 ATCA 34 <120
121226A 1.75 VLA 5.8 <30 This work
4.76 VLA 5.8 <45
130313A 0.77 VLA 5.8 <60 This work
130603B 0.37 VLA 4.9 125 14.4 Fong et al. (2014)
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GRB ot Facility —Mean Frequency F, o References
(dy) (GH2) (wdy)  (y)
0.37 VLA 6.7 119 9.1
1.43 VLA 4.9 <57
1.43 VLA 6.7 64.9 152
1.44 VLA 21.8 <50
4.32 VLA 4.9 <51
4.32 VLA 6.7 <26
8431 VLA 4.9 <69
8431 VLA 6.7 <34
130716A 251 VLA 5.8 <33 This work
130822A 15.9 VLA 5.8 <30 This work
130912A 0.91 VLA 5.8 <29 This work
3.10 VLA 5.8 <42
131004A 0.14 CARMA 93 < 300 This work
131224A 0.20 VLA 6.0 <33 This work
2.27 VLA 6.0 <33
140516A 0.62 VLA 6.0 <24 This work
4.67 VLA 6.0 <21
1406198 1.51 VLA 6.0 < 36 This work
140622A  3.09 VLA 6.0 < 36 This work
140903A 0.40 VLA 6.0 110 B This work
2.45 VLA 6.0 187 87
2.45 VLA 9.8 151 89
4.70 VLA 6.0 128 151
7.42 GMRT 1.39 102 33 __Nayana & Chandra (2014)
9.24 VLA 6.0 819 147 This work
9.24 VLA 9.8 <69
18.24 VLA 6.0 <120
140930B 0.29 VLA 9.8 <255 This work
3.27 VLA 9.8 <244
141212A  0.45 VLA 6.0 <252 This work
3.76 VLA 6.0 270 81
7.72 VLA 6.0 219 83
7.72 VLA 9.8 21.3 6.4
7649 VLA 6.0 <195
150101A 1.43 VLA 9.8 <486 This work
150101B 5.73 VLA 9.8 <375 Fong et al., in prep.
150120A 0.90 VLA 9.8 <296 This work

Note. — For bursts with multiple contemporaneous upper limits,omly display the most constraining limits. Upper limits &5



