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ABSTRACT

We report on the results of a comprehensive observing campaign to reveal the host galaxy of the short GRB 100628A. This burst
was followed by a faint X-ray afterglow but no optical counterpart was discovered. However, inside the X-ray error circle a potential
host galaxy at a redshift of z = 0.102 was soon reported in the literature. If this system is the host, then GRB 100628A was the
cosmologically most nearby unambiguous short burst with a measured redshift so far. We used the multi-colour imager GROND
at the ESO/La Silla MPG 2.2 m telescope, ESO/VLT spectroscopy, and deep Australia Telescope Compact Array (ATCA) radio-
continuum observations together with publicly available Gemini imaging data to study the putative host and the galaxies in the field
of GRB 100628A. We confirm that inside the X-ray error circle the most probable host-galaxy candidate is the morphologically
disturbed, interacting galaxy system at z = 0.102. The interacting galaxies are connected by a several kpc long tidal stream, which our
VLT/FORS?2 spectroscopy reveals strong emission lines of [O11], [O11T], He and HB, characteristic for the class of extreme emission-
line galaxies and indicative of ongoing star formation. The latter leaves open the possibility that the GRB progenitor was a member of
a young stellar population. However, we indentify a second host-galaxy candidate slightly outside the X-ray error circle. It is a radio-
bright, luminous elliptical galaxy at a redshift z = 0.311. With a K-band luminosity of 2 x 10'! L, this galaxy resembles the probable
giant elliptical host of the first well-localized short burst, GRB 050509B. If this is the host, then the progenitor of GRB 100628A was

a member of an old stellar population.

Key words. gamma-ray burst: individual: 100628 A

1. Introduction

Gamma-ray bursts (GRBs) are divided into long-soft and short-
hard categories (Mazets & Golenetskii 1981; Norris et al. 1984),
with the borderline at two seconds duration (Kouveliotou et al.
1993). It is commonly accepted that long GRBs are linked to the
collapse of very massives stars (see Woosley & Bloom 2006;
Hjorth & Bloom 2012, for reviews), while short GRBs are

* Based on observations collected at the Very Large Telescope of
the European Southern Observatory, Paranal, Chile (ESO programme
087.D-0503 and 290.D-5194; PI: A. Nicuesa Guelbenzu; 090.A-0825;
PI: D. Malesani), GROND (PI: J. Greiner), and ATCA (Program C2840;
PI: A. Nicuesa Guelbenzu). Other observations are obtained from the
Gemini and WISE Archive Facilities.

Article published by EDP Sciences

thought to originate from stellar mergers of two neutron stars
(NSs) or a NS and a black hole (see, e.g., Nakar 2007; Lee &
Ramirez-Ruiz 2007, for reviews). Short GRBs occur in all mor-
phological types of galaxies, from elliptical to irregular, in clus-
ters and in the field, with observed redshifts ranging from z ~ 0.1
to about 1. Among the ensemble of about 30 identified and well-
studied hosts of short bursts (for a review, see Berger 2014), less
than 1/3 are elliptical galaxies. All others show signs of star-
forming activity, and at least three of these are even starburst
galaxies with star formation rates of the order of 100 M yr™!
(Perley et al. 2012; Berger et al. 2013; Nicuesa Guelbenzu et al.
2014).

While in elliptical galaxies these merging binary stars might
be members of an old stellar population (at least for low
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redshifts), in star-forming galaxies such stars could also be
young. In fact, stellar evolution models suggest a broad range
in the ages of merging binaries, reaching from billions down
to millions of years (Belczynski et al. 2006). Unfortunately, in
most cases the explosion sites of short GRBs in their cosmolog-
ically remote hosts remain unidentified or cannot be spatially
resolved. Nevertheless, estimates of the characteristic ages of
short-GRB progenitors can be obtained by analysing the stellar
ages and masses of their host galaxies (Leibler & Berger 2010).
More data are needed here to improve the statistics and, conse-
quently, every identified host galaxy counts. The observational
progress is slow, since on average no more than three to five
short-GRB host galaxies are identified per year (e.g., Kann et al.
2011; Nicuesa Guelbenzu et al. 2012; D’ Avanzo et al. 2014).
GRB 100628A is a member of the group of short bursts cur-
rently without a well-studied host galaxy. The burst triggered
the Swift/Burst Alert Telescope (BAT; Barthelmy et al. 2005)
as well as the INTEGRAL satellite (Beckmann et al. 2010). In
the BAT energy window (15—-350 keV) the burst had a duration
of Tog = 0.036 + 0.009 s (Immler et al. 2010), and its X-ray
afterglow was very faint. This led to two revisions of the ini-
tially reported (Starling & Immler 2010) Swift/X-ray telescope
(XRT; Burrows et al. 2005) position. The first revised error cir-
cle (Starling et al. 2010a) encompasses a source that, in fact,
was later found to be an active galactic nucleus (AGN; Berger
2010a), most likely unrelated to the GRB. The final revised X-
ray error circle is located at coordinates RA, Dec (J2000) =
15:03:52.41,-31:39:30.2 and has an error radius of 7" (90% c.1.,
Starling et al. 2010b). No UV/optical/near-infrared afterglow
was detected, neither by Swift/Ultra-Violet/Optical Telescope
(UVOT; Roming et al. 2005) nor by ground-based observatories
(Immler 2010; Burenin et al. 2010; Berger et al. 2010b,a; Berger
2010b; Suzuki et al. 2010; Levan et al. 2010; Nicuesa Guelbenzu
et al. 2012). No radio observations of the afterglow were re-
ported. However, it was soon found that an interacting galaxy
system is present inside the final XRT error circle at a redshift
of z = 0.102 (Berger 2010b; Cenko et al. 2010). If this interact-
ing galaxy system were the host of GRB 100628A this would
be the nearest short burst with a measured distance thus far.
Motivated by this fact, we report on the results of a comprehen-
sive multi-wavelength observing campaign to study this galaxy,
including imaging with GROND on La Silla, spectroscopy with
the ESO/VLT, and deep ATCA radio-continuum observations.
Throughout the paper, we adopt a ACDM cosmology (Qy =
0.27, Q5 = 0.73, Hy = 71 km s~! Mpc™'; Spergel et al. 2003).

2. Observations and data reduction
2.1. Imaging

Imaging data of the field were obtained at the time of the
burst (Updike et al. 2010) using the optical/near-infrared seven-
channel imager GROND (Greiner et al. 2008) mounted at the
MPG 2.2 m telescope at ESO La Silla Observatory (Chile). In
addition, we made use of publicly available Gemini archival
i-band data, which are deeper than the GROND images (Levan
et al. 2010; Program IDs GN-2010A-Q-7, PI: N. Tanvir and GS-
2010A-Q-5, PI: D. Fox). The GROND optical data were cali-
brated against the standard star field SDSS J141826.3-02333.
The Gemini i-band data were calibrated based on the GROND
i’-band data. For the near-infrared (NIR) bands, photometric cal-
ibration was performed against the 2MASS catalogue (Skrutskie
et al. 2006). Data were reduced in a standard fashion using IRAF
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tasks! implemented in the pipeline written to reduce GROND
data (Kriihler et al. 2008; Kiipcii Yoldag et al. 2008).

2.2. VLT spectroscopy

We performed VLT/FORS2 long-slit spectroscopy on the field
of GRB 100628A using two different slit positions to cover the
maximum number of objects inside and close to the XRT er-
ror circle (altogether three visits; Program IDs 087.D-0503 and
290.D-5194, PI: A. Nicuesa Guelbenzu; Table 2; Fig. 2). All
observations were executed at an airmass <1.1. In the first two
runs we used a slit width of 1”70, while in the third run the slit
width was 1”3. In all runs we used the 300V+10 grism (dis-
persion 112 A mm™', 1.68 A pixel™!, resolution R = 440 at
590 nm?); in the third run we used it in combination with the
GG 435 order separation filter. We applied cosmic ray, flatfield,
and bias correction during the data reduction in the usual way
with IRAF (Tody 1993). Wavelength calibration was performed
relative to HgCdHe+Ar calibration lamps. The spectrophoto-
metric standard stars LTT 7379 (April 2011; Table 2), LTT 7987
(May 2011), and LTT 6248 (April 2013) were observed to flux-
calibrate the different spectra.

The VLT/X-Shooter observed the field in 2013 (Program
ID 090.A-0825, PI D. Malesani; Table 2). The data were re-
duced in a standard fashion using the X-Shooter pipeline v2.5
(Goldoni et al. 2006). To extract the one-dimensional spectra, we
used a customized tool that adopts the optimal extraction algo-
rithm (Horne 1986). The spectrum was flux-calibrated with the
spectrophotometric standard star LTT 3218 and all wavelengths
were transformed to vacuum wavelengths. No telluric correction
was applied, as it had no implications for our analysis.

2.3. ATCA radio observations

Radio-continuum observations of the field of GRB 100628A
were performed in July 2013 in the 5.5 and 9.0 GHz bands (cor-
responding to 6 and 3 cm) with the Australia Telescope Compact
Array (ATCA) using the upgraded Compact Array Broadband
Backend (CABB) detector (Wilson et al. 2011) and all six 22-m
antennae with the 6 km baseline (program ID: C2840, PI: A.
Nicuesa Guelbenzu; Table 2). The width of the primary beam
is 9 arcmin (at 5.5 GHz) and 5 arcmin (9.0 GHz), respectively
(ATCA users guide®), and the synthesized beam sizes were
~2'0x 42 and ~172x276, at 6 and 3 cm, respectively. The
CABB integrates in both bands simultaneously with 2048 chan-
nels, beginning at 4.476 and 7.976 GHz, respectively, with an
increment of 1 MHz. Bandpass and flux calibration was done
by observing PKS B1934-638 at the end of the observing run.
Phase calibration was performed by observing the source 1451—
375 for 7 min before and after each integration on target for
53 min. Altogether ten such 1-h cycles were executed in this
way, covering for our target nearly a complete (u, v) plane.

We reduced the data with the software package MIRIAD
for ATCA radio interferometry*, following the procedure out-
lined in Nicuesa Guelbenzu et al. (2014). We cleaned all of the
data from radio frequency interference (RFI) using the pgflag
routine. The effective bandwidth was thus reduced by 14.4% to
1753 MHz. Deconvolution was performed using the mfclean

! http://iraf.noao.edu

2 See the FORS2 User Manual dated 26/02/2013, page 12.

3 http://www.narrabri.atnf.csiro.au/observing/users_
guide/~html/new_atug.pdf

4 http://www.atnf.csiro.au/computing/software/miriad
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Fig. 1. Gemini-South/GMOS-S i-band image of the field of the short
GRB 100628A. Also shown is the first revised (radius 4”7; bottom left,
broken line; Starling et al. 2010a) and the final Swift/XRT error cir-
cle (radius 7”; solid line; Starling et al. 2010b). Object L is the galaxy
detected by Chandra X-ray observations (Berger 2010a). Because of
a slight tracking error of most of the individual images, stars appear
slightly elongated.

procedure. Finally, calibrated and RFI-cleaned visibilities were
Fourier transformed using the “robust” weighting option, vary-
ing this parameter between “natural” and “uniform” weighting
and selecting the weighting that gave the best result, reaching
an rms value of 6 uJy at 5.5 GHz and 7 uJy at 9.0 GHz. Flux
measurements were done using the imfit task by fitting a two-
dimensional Gaussian profile.

3. Results and discussion
3.1. Inside the XRT error circle: Galaxy C

In the Gemini i-band image, inside the final 7 arcsec (radius)
XRT error circle, we identify five objects, labelled A, C, F, G,
and K (Fig. 1). The VLT/FORS?2 spectra revealed that object A
is a foreground star, while the VLT/X-Shooter spectrum showed
that object F is a galaxy at a redshift of z = 0.406. Galaxy
G 1is a faint, but clearly extended object, which was not cov-
ered completely by the FORS?2 slit, and no trace of this object
could be identified in the 2D spectrum. Thus, its redshift remains
unknown.

The most prominent galaxy inside the error circle is object C.
This object distinguished by its relatively large angular size, its
relatively bright apparent magnitude (observed AB magnitude
i’ ~21.5), and its disturbed morphology.

We adopt the methodology of Bloom et al. (2002) and the
i-band galaxy number counts of Henriques et al. (2012) to quan-
tify the probability that this galaxy is a chance superposition.
We find a probability p of 0.07 that a galaxy with i(AB) < 21.5
mag lies within the aforementioned XRT error circle. The corre-
sponding probabilities for the fainter galaxies G and F (Table 1)
are notably larger (0.64 and 0.77, respectively). In conclusion,
among all galaxies visible inside the XRT error circle, the
small p-value makes object C the most probable host-galaxy
candidate.

Table 1. Objects inside and close to the XRT
GRB 100628A.

error circle of

Object RA (J2000) Dec iag Redshift z
A 15:03:52.34 —31:39:33.9 20.8  Kstar
B1 15:03:52.86 —31:39:354 22.1 M star
B2 15:03:52.86 —31:39:36.7 223 star

C 15:03:52.81 —31:39:33.6 ~21.5  0.102
D 15:03:53.598  —31:39:37.89 20.2 0311
E 15:03:53.61 —31:39:30.9 245 0.099
F 15:03:52.80 —31:39:28.8 24.1  0.406
G 15:03:52.02 -31:39:32.3 23.8  galaxy
H 15:03:51.96 —31:39:36.3 23.7  galaxy
I 15:03:51.50 —31:39:38.9 23.1  0.179
J 15:03:53.36 -31:39:22.6 17.6  star

K 15:03:52.45 —31:39:34.7 23.8  0.102
L 15:03:53.35 —31:39:49.9 20.5 galaxy

Notes. For object D, the coordinates are based on the radio data at
9.0 GHz. Redshifts, when measured, are given with an accuracy of
+0.001. i-band AB magnitudes are observed magnitudes and were mea-
sured on the combined Gemini-S/GMOS frames.

Table 2. Log of the observations.

Date Telescope Instrument Exposure
2010 Jun. 29 22m GROND/g'r'i'z’ JHK, 1.5h

2010 Jun. 29  Gemini-S GMOS-S/i band 12x120's
2011 Apr. 11 VLT/UT1 FORS2/GRIS 300V+10 2x1240s
2011 May 26  VLT/UT1 FORS2/GRIS 300V+10 2x1240s
2013 Mar. 20  VLT/UT2 X-Shooter 4x940 s
2013 Apr. 03  VLT/UT1 FORS2/GRIS 300V+10 2x1240s
2013 Jul. 23 ATCA CABB 11h

On the Gemini i-band image, galaxy C has a diameter (ma-
jor axis) of about 5”, at z = 0.102 equivalent to ~10 kpc>. The
light bridge that originates in C and extends in the western direc-
tion towards the foreground star A (including object K; Fig. 1) is
most likely a tidal tail. Its length, as estimated from the Gemini
i-band image, is about 3”6, corresponding to 6.5 kpc. Our spec-
tra show that object K is also at z = 0.102 (Table 3). In order to
reveal its detailed morphology, we subtracted the point-spread
function (PSF) of star A, but could not gain additional infor-
mation about the nature of object K. Probably, this is either the
interacting partner of galaxy C or simply the brightest knot in
the tidal tail originating from C. We also performed PSF sub-
traction of the stars B1 and B2, but again did not reveal new
details about the galaxy-C complex. There is also a hint of a
fainter tidal tail of similar length as the east-west tail, extending
from C towards galaxy F, though physically unrelated to F since
the galaxies lie at very different redshifts. Finally, also galaxy
E is excluded as the interacting partner of C. Even though this
redshift is close to that of galaxy C, the difference in luminosity
distance is ~15 Mpc.

Following Nicuesa Guelbenzu et al. (2012), using the
GROND data, we produced a white-band image in the opti-
cal (¢'r'i’7") and in the NIR (JHKj) bands to study the complex
morphology of galaxy C. These images revealed two additional
faint objects in the western outskirts of galaxy C (labelled #x
and #y) and an NIR-bright object close to A (Fig. 3). Object #y

3> At this redshift the luminosity distance is 1.43 x 10?” cm (465 Mpc),
m—M = 38.34 mag, the look-back time is 1.31 Gyr, and 1" corresponds
to 1.86 kpc.
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Fig. 2. Sketch of the two different slit positions and slit widths of our three VLT/FORS?2 visits of the field of GRB 100628A, overlaid onto the
Gemini i-band image. Positions with strong emission lines in the 2D spectra (in the following called blobs) are labelled with small circles and
numbered (numbers larger than 4 refer to the pixel coordinate along the corresponding slit). Blobs 1, 113, and 2 are seen in the 2D spectrum with
the slit oriented from south-east to north-west, i.e., when the slit covered objects B1 and A. All other blobs show up in the 2D spectrum with the
slit oriented in the other direction. Blobs 1 and 117 might belong to the same emission-line region in galaxy C (see Fig. 1). The same holds for
blobs 2 and 3, which might belong to object K. Regions shown in yellow are at a common redshift z = 0.102 + 0.001, the redshift of galaxy C.
Except for object K, all objects shown in pink are either foreground stars (A, B1) or galaxies (D, G, H, I). Object K could be the interacting partner
of C.

3= Ry =

Gemini

Fig. 3. Gemini i-band as well as GROND combined ¢'r'i’z" and JHK, white-band images. Object K is clearly detected in the NIR. In addition,
the GROND images reveal two more blobs designated #x and #y. The former is only detected in the optical, the latter only in the NIR. Within the
astrometric 30~ error, #y could be the NIR counterpart of #x. Also shown is the XRT error circle (radius 7”) as well as an ellipse circumscribing
galaxy C just to guide the eye (25 x 173). North is up and east is to the left.

Table 3. Observed line strengths of nine blobs detected with emission lines in the VLT/FORS2 2D spectra.

# Coordinates Ha Hp [O 1] [O 1] [O1] Hy [Ne 1] [N1]
RA, Dec (J2000) A16562.8 A4861.3 A5006.8 14958.9 A3727.0 A4340.5 A3967.5 16583.4
1 15:03:52.65, —31:39:34.7 7.4 1.9 6.4 1.7 10.6 0.6 - 2.4
2 15:03:52.46, —31:39:34.3 15 2.8 10.4 4.2 6.6 1.8 1.2 -
3 15:03:52.45, —31:39:34.9 34 6.2 28.2 5.8 - 1.9 - 3.8
4 15:03:52.86, —31:39:33.3 7.2 1.4 6.6 3.2 - - - 2.5
94 15:03:52.07, —31:39:36.4 3.7 - - - - - - 0.2
98 15:03:52.16, —31:39:36.0 9.45 2.66 9.50 1.65 - - 0.13 0.22
113 15:03:52.54, —31:39:34.5 10 2.5 11 4.0 - - - -
117  15:03:52.62, —31:39:34.2 2.23 0.43 1.9 0.46 - - - -
136 15:03:52.97, -31:39:32.9 7.23 - 1.77 0.4 - 1.67 - -

Notes. For each object the first line is the measured line flux in units of 1077 erg s™' cm™2. All lines lie at a common redshift of z = 0.102 + 0.001.
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(RA, Dec = 15:03:52.73,-31:39:34.4) is only visible in the NIR,
object #x (RA, Dec = 15:03:52.66, —31:39:34.1) only in the op-
tical bands and lies 1” north-west of #y (given our astrometric
Lo error of about 073, the positions of both objects disagree by
~2.507). We identify the NIR object close to object A as the NIR
counterpart of object K (Fig. 1).

Object #x also showed up in our spectroscopy runs. Our
FORS2 spectra reveal bright emission lines at z = 0.102 aris-
ing from several positions along the suspected tidal stream in
the east-west direction (including galaxy C). The strongest are
labelled blobs 1 and 2 (covered by our first slit position) and
blobs 3 and 4 (covered by our second slit position; Fig. 4). In
addition, we find five more emission-line regions, labelled ac-
cording to their y-coordinates in the optical spectrum (blobs 94,
98, 113, 117, and 136). Within the astrometric errors, we identify
blobs 1 and 117 as two different emission-line regions belonging
to the aforementioned object #x, and blobs 2 and 3 we identify
with object K (Fig. 3; Table 3). The presence of the Ha line in
blobs 94, 98, and 136 points to a larger extension of the galaxy
complex C compared to its optical appearance on the Gemini
i-band image.

3.1.1. Star formation rate: optical data

We performed extinction correction of the observed line flux first
by correcting for the reddening due to Galactic dust along the
line of sight (E(B — V)ga = 0.17 mag; Schlegel et al. 1998), us-
ing the Milky Way extinction law and a ratio of total-to-selective
extinction of Ry = 3.08 (Pei 1992), and thereafter by assuming
again a Milky Way extinction law for the star-forming region(s)
in the GRB host galaxy. Thereby, we followed Dominguez et al.
(2013) and used the observed flux ratio F'(Ha)/F(Hp) (after cor-
rection for Galactic extinction), which was compared with the
theoretically expected flux ratio® to obtain E(B—V)nes (Table 4).
The host-extinction values in the emission-line blobs derived
with this approach lie between 0.2 and 1.7 mag, with the high-
est values for those regions that are covering object K (blobs 2
and 3). Additional information could come from the WISE satel-
lite (Wright et al. 2010). However, no object was detected in-
side the XRT error circle, and we can only obtain upper limits:
WI1(3.4 pum) > 20.0, W2(4.6 um) > 20.2, W3(12 ym) > 17.8,
and W4(22 pum) >15.4 (AB magnitudes)’.

The extinction-corrected Ha luminosities of these blobs lie
between 0.3 and 5.3 x 10*° erg s~!, with the lowest value be-
longing to blob 117 and the highest to blob 3. For comparison,
the latter corresponds to the combined radiative output of about
300 stars of spectral type O 5.

Star formation rates were calculated using the expressions
given in, e.g., Kennicutt (1998) and Savaglio et al. (2009):

42 L(Ha)corr
rg s~

» L[O1])cor
erg s

SFR(Ha) = 4.39 x 10 Mo yr!, )]

SFR([O11]) = 5.54 x 10~ Mg yr !, (2)
where L is the corresponding luminosity in the (redshifted) line,
L = 47z'di F, d; is the luminosity distance, F' the observed and
extinction-corrected line flux. The SFRs that are derived with
this approach are small, at most 0.2 Mg, yr~! (in blob 3; Table 4).

® The deduced corrections for the host galaxy are based on a theoretical
value F(Ha)/F(HpB) = 2.86, which corresponds to a gas temperature of
10000 K and an electron density of 100 cm™ (Osterbrock 1989).

7 For the Vega—AB conversion see http://wise2.ipac.caltech.
edu/docs/release/prelim/expsup/sec4_3g.html

Table 4. Deduced host extinction and extinction-corrected SFR
(Mg yr™").

# T E(B-Viex SFR(Ha) SFR(OM])
@ @ 3 “ &)
1 332 0.13 0.02 0.06
2 456 0.40 0.10 0.14
3 467 0.42 0.23 -
4 438 0.36 0.04 -
98  3.03 0.05 0.02 -
113 341 0.15 0.03 -
117 442 0.37 0.01 -

Notes. Column 1 follows Table 3; Col. 2 is the observed line flux ratio;
Col. 3 is the deduced host reddening (mag), both after correcting for
Galactic extinction (see text). Errors in the resulting host extinctions
are 0.80 X E(B — V) (Dominguez et al. 2013). Columns 4 and 5 give
the extinction-corrected SFR based on Egs. (1) and (2).

The large equivalent width of the Ha and the [O111] (5007)
line in blob 3 (Fig. 4) suggests that the galaxy-complex C is a
member of the class of extreme emission-line galaxies. These
galaxies are rare among local low-mass galaxies (<0.5% of
galaxies in SDSS; Kniazev et al. 2004) and often show a dis-
turbed morphology (Amorin et al. 2014).

3.1.2. Star formation rate: radio data

Radio-continuum observations are insensitive to extinction by
cosmic dust and could reveal whether there is additional opti-
cally hidden star formation activity. Indeed, we detect a single,
relatively bright radio source inside the XRT error circle slightly
west of object A at coordinates RA, Dec (J2000) = 15:03:52.26,
—31:39:34.9, with an integrated flux density at 5.5 GHz of F, =
46 = 16 uly (Fig. 5). The deconvolution of this radio image sug-
gests that it is a point source. This source lies about 2" north-east
of blob 98, which showed up through its emission-line spectrum
(Figs. 2, 4). It is not detected at 9.0 GHz, F, < 18 uly (30),
constraining the spectral slope (F, ~ v™®) to be >1.0 (based on
the 1o~ lower limit for the flux at 5.5 GHz).

We do not detect galaxy C (as defined by the ellipse drawn
in Fig. 3) in the radio band, either at 5.5 GHz (F, < 16 uly,
30; Fig. 5) or at 9.0 GHz (F, < 18 wly, 30). Following the pro-
cedure described in Bell (2003) and Michatowski et al. (2009),
this translates into an upper limit for the SFR of object C of
1 Mg yr~'. This agrees with the SFR derived from the optical
emission-line data, which suggest a total extinction-corrected
SFR in this galaxy of <1 My yr~' (Table 4). This situation is
similar in regards to blobs 2 and 3 (or, equivalently, object K;
Figs. 1, 2): we do not detect them in the radio band. In other
words, there is not much optically hidden star formation taking
place.

3.2. What is the nature of the radio source inside the XRT
error circle?

At 5.5 GHz we measure an offset of 174 between the optical
position of A and the radio source inside the XRT error circle.
Given our synthesized beam size (FWHM = 4”2 along the ma-
jor axis; Sect. 2.3) and signal-to-noise ratio (S/N) (peak flux di-
vided by the rms of the background flux), the positional radio
uncertainty is 0.6 FWHM/(S/N) = 09. The offset we measure is
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Fig. 4. Spectra of the nine blobs we found in our VLT/FORS2 2D spectra that show various emission lines, indicative of star formation at a common
redshift of z = 0.102 (x axes are observed wavelengths). Blobs 94 and 98 have no optical counterpart on the Gemini i-band image but showed up
in the trace of the FORS2 spectrum. In blobs 2 and 3 the Ha and the [O 111] (5007) line are very strong. In blob 3 we measure an equivalent width

0f 220 20 A and 170 + 20 A, respectively.

Fig. 5. The field of GRB 100628A as seen by ATCA in the 5.5 GHz
band overlaid in Fig. 1. Radio contour levels (in magenta) run from
F, = 10 to 25 uly in steps of 2.5 pJy and then from 30 to 100 wJy in
steps of 10 wJy. The size of the synthesized beam is 272 x 4”0 (upper
left corner). Inside the XRT error circle, we do not detect object C, but
we detect emission close to object A (see text for details). In addition,
we detect object D as a bright point source. Overlaid are the optical
contours (white).

therefore not statistically significant (<3c). This leaves us with
three possibilities to explain the nature of this radio source.

(1) The source of the radio flux is indeed object A, i.e., the
K star. In fact, the main sequence stars of spectral type K are
known to be possible radio emitters (e.g., Giidel 1992, 2002).
However, in this case it seems to be very unlikely because the
extinction-corrected optical magnitude of this star implies a dis-
tance of a few kpc, which then leads to a radio luminosity
notably exceeding the observed radio luminosities of Galactic
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K stars (Giidel 1992). (2) The source of the radio emission is star
formation in the tidal tail of galaxy C. In that case, the flux den-
sity should scale as F, ~ v~%, with a canonical value of @ = 0.75
(but an observed range between about 0.5 and 1; e.g., Condon
1992; Ibar et al. 2010). Our radio data do not exclude this kind
of a scenario (Sect. 3.1.2). Interpreting the flux at 5.5 GHz with
this approach, and following Michatowski et al. (2009), this
then translates into an unobscured SFR of 2 + 0.5 My yr !,
(3) The radio source is the three-year-old radio afterglow of GRB
100628A. This source would then be as bright as, e.g., the two-
year-old radio afterglow of GRB 100418A (Moin et al. 2013), a
long burst that lies at z = 0.624 (Antonelli et al. 2010; Cucchiara
& Fox 2010). If this radio source lies at z = 0.102, then its radio
spectral luminosity at 5.5 GHz is about 1 x 10?® erg s™! Hz™!.
Compared with the present world sample of radio observations
of long-GRB afterglows this is a rather modest luminosity for
a three-year-old event (see Chandra & Frail 2012, their Fig. 6).
Nevertheless, this could be an unlikely case for a short burst,
which would usually be expected to explode in low-density envi-
ronments. However, we note that our VLT spectroscopy revealed
ongoing star formation activity in that direction. In other words,
if GRB 100628A came from that region (at z = 0.102), there
could be a high enough interstellar gas density to feed its radio
afterglow (and to dim its optical afterglow). Future second-epoch
observations could reveal whether this radio source is fading or
not. Unfortunately, these observations might have to wait until
the year 2016+ before any possible fading could be established
or ruled out.

3.3. Outside the XRT error circle: Galaxy D

According to our present understanding, the progenitors of short
bursts could be several Gyr old when they merge (see e.g.,
Berger 2014, for a review). The offset distribution between
a short GRB and its host (if known) could provide critical
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Fig. 6. VLT/FORS2 spectrum of object D reveals that this is an elliptical

galaxy at a redshift of z = 0.311. The strong absorption at 7600 A is due
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constraints on progenitor models. However, the offset between
the afterglow location and the host centre is a complex convo-
lution of the progenitor birth position within the host, the delay
time distribution resulting from the properties of the binary sys-
tem, the multiple systemic kicks generated during the formation
of the progenitor pair, the gravitational potential of the host, and
the orientation of the host in relation to the initial kick veloc-
ity vector (e.g., Fryer et al. 1999; Bloom et al. 1999; Belczynski
et al. 2006; Behroozi et al. 2014). Even for massive host galax-
ies like the Milky Way or M31, a favourably oriented kick with
magnitude of a few hundred km s~!, in combination with a Gyr
delay time, can cause the merger to take place in the realm of the
outer halo. For less massive hosts these conditions would ensure
that the progenitor system escapes the host potential altogether,
subsequently resulting in a merger and its associated GRB in
intergalactic space. In fact, several cases of apparently hostless
short GRBs are known (e.g., Tunnicliffe et al. 2014), perhaps
supporting this scenario. This possibility points our attention to
object D (Fig. 1).

Object D lies 17” away from the centre of the (90% c.l.)
XRT error circle. This galaxy has observed AB magnitudes of
g'ri'7 JHKs =22.46 +£0.07,20.72 £0.02,20.17 £ 0.02, 19.84 +
0.02, 18.69 + 0.02, 18.35 + 0.03, and 18.06 + 0.05 mag. In our
ATCA radio-continuum observations it stands out as a bright,
point-like source with an integrated flux density of F,(5.5 GHz)
= 151 = 23 pJy and F,(9.0 GHz) = 83 + 28 uly (Fig. 5). In
the entire Swift/BAT error circle (radius 2.1 arcmin, 90% c.l.;
Immler et al. 2010) it is the second-brightest radio source. In
combination with our VLT/FORS?2 spectroscopy, this identifies
D as a radio-bright elliptical galaxy at a redshift of z = 0.311
(Fig. 6)8.

The galaxy is also detected in the WISE satellite W1 and
W2 bands with W1(3.4 um) = 18.65 + 0.08 and W2(4.6 um) =
18.87 = 0.18, while it is not detected at longer wavelengths:
W3(12 ym) > 17.8, and W4(22 um) > 15.4 (AB magnitudes). In
the WISE colour—colour diagram (Wright et al. 2010) it lies in
the region occupied by active galactic nuclei that are ellipticals
with a pure absorption line spectrum. As such, it also roughly
follows the K — z (Vega K-band magnitude-redshift) relation for
radio galaxies and its approximated radiation power P at 20 GHz
(based on the observed spectral slope between 5.5 and 9.0 GHz)
of logP ~ 29.0 + 0.3 (erg s~! Hz™') puts it at the lower end
of the radio luminosity function of local radio galaxies (Sadler
etal. 1999, 2014).

8 At this redshift the luminosity distance is 4.96 x 10" cm, m — M =
41.03 mag, the look-back time is 3.49 Gyr, and 1” corresponds to
4.54 kpc.
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Fig. 7. GRASIL fit of the (Galactic extinction-corrected) SED of object
D from the GROND ¢’ to the WISE W4 band using the template of an
elliptical galaxy. The radio fluxes have not been used in this fit since
they are related to AGN activity.

The K;-band luminosity of galaxy D is very high,
log(L/Ls) = 11.24, but not unusual for this class of elliptical
galaxies (Sadler et al. 2014). A GRASIL (Silva et al. 1998) fit of
the broadband SED (Michatowski et al. 2008, 2010, 2012, 2014)
from the optical to the WISE bands provides a stellar mass of

» = 7.7 x 10'% M, (Salpeter IMF), no evidence for star for-
mation activity (current SFR = 0 M, yr™!), and a metallicity of
logZ/Z; = 0.02 (Fig. 7).

The global properties of this galaxy are nearly identical to
that of the likely host of the first well-localized short burst, GRB
0505098, a giant E1 elliptical galaxy at a redshift of z = 0.225
(Gehrels et al. 2005; Bloom et al. 2006). Also for this burst no
optical afterglow was detected and the angular offset between the
elliptical galaxy and the centre of the UVOT-enhanced r = 3”76
XRT error circle is in the order of 10”. According to Kochanek
et al. (2001), as already outlined by Gehrels et al. (2005), these
luminous early-type galaxies are quite rare; the comoving num-
ber density of early-type galaxies as luminous as object D with
Mg, ~ —24.75 mag (Vega) is ~3 x 10~* (Mpc/h) = mag ™!, where
h is the Hubble constant in units of 100 km s™' Mpc~!. As dis-
cussed by Gehrels et al. (2005) and Bloom et al. (2006), these
galaxies are ideal birthplaces for compact stellar binaries, i.e.,
short-GRB progenitors. Adopting again the methodology used in
Sect. 3.1, but now using number counts of E/SO galaxies in the /
(Vega) band (Huang et al. 1998), the probability p of finding this
kind of galaxy with I(Vega) < 19.5 (after applying a AB-Vega
conversion of ~0.4 mag and after correcting for the Galactic ex-
tinction along the line of sight, 0.3 mag in the GROND i’ band)
inside a circle on the sky with a radius of 17" is about p = 5%. In
other words, galaxy D is clearly another host-galaxy candidate.

Is it reasonable to assume that the elliptical galaxy could be
the GRB host? Its minimum distance to those of the outer edge
of the error circle is 10”. At a redshift of z = 0.311 this corre-
sponds to a projected distance of 45 kpc. While this would be an
unusually large distance for a long-GRB progenitor (e.g., Bloom
et al. 2002), for a short-GRB progenitor this is not the case. On
the other hand, we caution that from the observational side the
offset distribution of hostless short-burst afterglows (Tunnicliffe
et al. 2014) from their host galaxies is unknown.
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3.4. Pro and contra z = 0.102 for GRB 100628A
3.4.1. Host galaxy properties

The current world sample of short-GRB host galaxies is still
very small, only ~30 are known. The majority (~3/4) of the
so far well-studied short-GRB hosts are star-forming spiral and
irregular galaxies, while only a minority (~1/4) are ellipticals
(for a review, see Berger 2014, and references therein). Besides,
there has not been any obvious observed trend between the
morphology of the host galaxies and their redshift. Short-GRB
host galaxy masses, star formation rates, and optical luminosi-
ties span over a wide range of values. Neither the potential spi-
ral/interacting galaxy at z = 0.102 nor the giant elliptical at
z =0.311 would be outliers in this respect.

Other physical parameters have to be considered to evaluate
which redshift solution fits best into the present world sample of
short bursts.

3.4.2. Short-GRB redshift distribution

If galaxy C is the host of GRB 100628A then, after GRB 061201
(Stratta et al. 2007) and GRB 080905A (Rowlinson et al. 2010),
this would be the third case of a short-GRB host lying at a red-
shift z ~ 0.1. How likely is this kind of scenario?

Several authors have calculated the expected redshift dis-
tribution of short-duration GRBs (e.g., Guetta & Piran 2006;
Behroozi et al. 2014). Following Behroozi et al. (2014), the ob-
served rate (per unit time) as a function of z is (their Eq. (3))

Edetector AV
— dz, 3
T+z dz ° ©

N(<2)obs = f N(2)intin
0

where dV/dzis the comoving volume per redshift bin (e.g., Wang
& Dai 2009), (1 + z) the time dilution factor, and the func-
tion €gerector takes the mean instrumental detection probability
for short GRBs at redshift z into account. According to Behroozi
et al. (2014), in the case of Swift this function is best described
by €detector o< €xp (—4.3 2).

We used the models plotted in Fig. 1 in Behroozi et al. (2014)
as a numerical input to calculate N(<z)ops. These models refer to
three different analytical forms of the assumed delay time distri-
butions of merging compact stellar binary systems. In all of these
cases, we find that among the 24 Swift-detected short GRBs with
a precise spectroscopic redshift (by mid-2013; Table 1 in Berger
2014, excluding the potential long burst 090426A), at most one
event should lie at z < 0.12, while two are observed (GRB
061201 at z = 0.111 and GRB 080905A at z = 0.122). This
seems to disfavour the idea that another third event came from
such a low redshift.

However, some caution is necessary here. Firstly, contrary to
the case of GRB 080905A, the redshift of GRB 061201 is not
securely known. Even though the burst had a well-detected op-
tical afterglow, i.e., sub-arcsec localization, no underlying host
galaxy was found and the redshift refers to the most probable
host, which was identified based on its apparent magnitude, and
lies 17 arcsec away (Stratta et al. 2007). It is therefore well pos-
sible that this is not the GRB host galaxy. Secondly, the obser-
vational uncertainties in the assumed delay time distributions
are basically unknown. It would be much better to find strong
physical arguments that can rule out a redshift of z = 0.102
for GRB 100628A. however, we do not have such arguments
at hand.
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3.4.3. Prompt and afterglow statistics

Following the procedure described in Bloom et al. (2001), as it
has been implemented in Kann et al. (2010, 2011), and using
the spectral and energy parameters as given by Barthelmy et al.
(2010), the bolometric isotropic equivalent energy release of the
burst was log Eisopol (erg) = 48.07*013, and 49.05%0: > for z =
0.102 and z = 0.311, respectively. For a supposed redshift of
z = 0.102, this would rank GRB 100628A as the least energetic
short burst recorded to date (closely followed by GRB 050509B
with log Eisobol (€1g) = 48.38f8:‘2‘§), while for z = 0.311 the burst
would fall into the region occupied by other known low-energy
short GRBs (see Kann et al. 2011, their Table 3).

To better determine the most likely redshift of GRB
100628A, i.e., z = 0.102 or 0.311, we checked several em-
pirical correlations between various physical parameters during
the prompt emission phase and the afterglow phase. Recently,
D’ Avanzo et al. (2012) and D’ Avanzo et al. (2014) explored the
correlations between X-ray afterglow luminosity, Lx at various
host-frame times after the burst on the one hand and the GRB
peak energy in the host frame, Epeq, the isotropic energy re-
lease, Eisopo1 as well as the isotropic peak luminosity during the
prompt phase, Lis,, on the other hand. We focussed on their 11-hr
sample since for both possible redshifts of interest it includes the
host-frame time when the first X-ray photons of the afterglow of
GRB 100628A were detected (Evans et al. 2007, 2009)°. Given
that the X-ray afterglow was very faint and its light curve is not
well determined, the outcome of this study has to be taken with
care.

We find that based on this comparison neither of the two
redshifts is really excluded!®. In particular, both cases match the
observed Lx — Eisopol relation for short GRBs (see also Fig. 14
in Berger 2014), even though the higher redshift (z = 0.311) is
slightly preferred. Moreover, for both redshifts the burst does not
follow the empirical Amati Epcax — Eiso,bol relation (Amati et al.
2008), as is typical for short GRBs (Amati et al. 2007).

Finally, the X-ray afterglow luminosity alone does not rule
out any of the two redshifts. Both luminosities fit well into the
statistics of X-ray afterglow luminosities of short bursts sum-
marized in Nicuesa Guelbenzu et al. (2012). Even though, the
higher redshift would fit slightly better than the lower one again.

4. Summary

Based on a combination of deep multi-colour imaging in the
optical/NIR bands (GROND, Gemini), optical spectroscopy
(VLT/FORS2 and X-Shooter) and deep ATCA radio-continuum
observations, we have studied two host-galaxy candidates for the
short GRB 100628A.

Inside its r = 7”7 (90% c.1.) X-ray error circle lies an inter-
acting, star-forming galaxy system at a redshift of z = 0.102.
Its relatively bright apparent magnitude as well as peculiar mor-
phology classifies this galaxy system as the best host-galaxy can-
didate among all (otherwise much fainter) galaxies visible inside
the error circle. If galaxy C is the host, it would be the nearest
host galaxy of a short burst known thus far, followed in redshift
space by GRB 080905A at z = 0.1218 (Rowlinson et al. 2010).
The galaxy itself is not detected in the radio band, but we have
found a radio source inside the error circle that could be related

° For the data, see http://www.swift.ac.uk/xrt_live_cat/

10 For z = 0.102, we have log Epeax (keV) = 1.9, log Lis, (erg N
492, log Ly (erg s7') = 42.1, thoq = 8.2 h. For z = 0.311, it is log
Epea (keV) = 2.0, log Lis, (erg s™') = 50.3, log Lx (erg s™') = 43.2 at
Ihost = 6.9 h.
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to the star-forming activity in its extended tidal stream, though
we cannot exclude at this time that this is the fading radio after-
glow. If the progenitor of GRB 100628 A was formed as a result
of the observed star formation episode in this galaxy, it could
have been a member of a young stellar population.

Interestingly, slightly outside the X-ray error circle,
17" away from its centre, our multi-band data revealed a second
host-galaxy candidate, an elliptical galaxy at a redshift of z =
0.311. It stands out by its radio brightness (observed flux den-
sity) and its K-band luminosity. The latter, Lg, ~ 2 x 10! Ly, is
as large as the one of the luminous elliptical host galaxy of the
first well-localized short burst, GRB 050509B at z = 0.225. If
GRB 100628A originated from this galaxy, then its progenitor
would have been a member of an old stellar population and its
projected offset from its host at the time of its explosion would
have been ~45 kpc.

Unfortunately, no strong arguments can be offered that
clearly prefer one host-galaxy candidate over the other, i.e., that
would allow us to decide between the spiral/interacting galaxy
at z = 0.102 and the giant elliptical at z = 0.311. None of the
discussed properties rule out any redshift solution, including the
host galaxy properties, the physical parameters that describe the
prompt phase and characterize the X-ray afterglow, as well as
the different empirical correlations between them. The higher
redshift solution, however, fits slightly better into the ensemble
properties of short GRBs known thus far.

Our results show once more that even for short GRBs ad-
ditional radio observations can shed new light on the nature
of their suspected host galaxies. In the case of the host of the
short burst GRB 071227 they revealed its star-bursting nature
(Nicuesa Guelbenzu et al. 2014), in the case discussed here they
could indicate a second host-galaxy candidate. Obviously, radio
data helps to gain a more complete view of the nature of the
galaxies that hosted short GRBs.
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