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ABSTRACT

The host of the short gamma-ray burst (GRB) 050709 is a morphologically disturbed low-luminous galaxy. At a redshift of z = 0.16,
it belongs to one of the cosmologically nearest short-GRB hosts identified to date. Consequently, it represents a promising target
for sensitive, spatially resolved observational studies. We have used the Multi Unit Spectroscopic Explorer (MUSE) mounted at the
Very Large Telescope to characterize the GRB host galaxy. In addition, we performed deep radio-continuum observations of the
host with the Australia Telescope Compact Array (ATCA) and with ALMA at 1.3 mm. Moreover, we made use of archival Spitzer
Space Telescope 24 um and Hubble Space Telescope/F814W imaging data of this galaxy. The spatially resolved MUSE data reveal
that the entire host is a source of strong line emission, in particular from He and [O111] 45007, superimposed on a rather weak
stellar continuum. Using the Balmer decrement, we map the internal host-galaxy reddening and derive an extinction-corrected star
formation rate based on the flux in the Ha line of 0.15 + 0.02 M, yr~'. The galaxy is detected neither by ALMA nor by Spitzer,
excluding a substantial amount of optically obscured star formation activity. Using the O3N2 metallicity indicator, we measure an
average 12 +log (O/H) = 8.40+0.05 (corresponding to ~0.5 solar). Diagnostic emission line diagrams show that a substantial fraction
of all MUSE spaxels that cover the GRB 050709 host galaxy lie close to the star-formation demarcation line. Some spaxels even
suggest line emission by shocked gas. The ATCA observations reveal faint diffuse radio emission at the eastern part of the host in
excess to that expected from pure star formation, possibly further evidence for nonthermal processes. The kinematics of the Ha-
emitting gas suggests a rotationally supported host-galaxy system, apparently in contrast to its irregular photometric morphology. A
comparison with the field-galaxy population reveals, however, that the kinematics of the gas in the 050709 host fits into the ensemble
of merging galaxies well. Finally, we use the ATCA radio data to set deep constraints on any late-time flux from the GRB afterglow
or a potentially associated kilonova radio flare ~10 years after the burst.
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1. Introduction

Studies of the physical properties of galaxies that host tran-
sient phenomena are a powerful observational tool for learning
more about the nature of the underlying source population. This
approach goes back to early work from Reaves (1953), van den
Bergh (1959), and others, when the observed spectral diversity
in “super novae” (Minkowski 1941) garnered attention. What
today belongs to the main roots of our understanding of super-
nova explosions also holds true for the progenitors of long and
short gamma-ray bursts (GRBs).

* Based on observations collected at the Very Large Telescope of
the European Southern Observatory, Paranal, Chile (ESO program
099.D-0115A, principal investigator: T. Kriihler), ALMA (program
2016.1.01333.S, principal investigator: S. Klose), ATCA (program
C2840, principal investigator: A. Nicuesa Guelbenzu), and Spitzer (pro-
gram ID: 30834, principal investigator: S. Savaglio). Other data prod-
ucts were obtained from the Hubble Legacy Archive (program 10624,
principal investigator: D. Fox).

Article published by EDP Sciences

Since pioneering work performed in the late 1990s on long
GRBs (e.g., Metzgeretal. 1997; Bloom et al. 1998; Kulkarni et al.
1998), studies of GRB host galaxies have become an increasingly
important tool for understanding the formation and evolution of
GRB progenitors (see also Natarajan et al. 1997; Djorgovski et al.
1998; Odewahn et al. 1998). Concerning short GRBs, such work
started with studies of the host of the first well-localized short
GRB (050509B; Gehrels et al. 2005) and has culminated (for
now) in detailed investigations of the host of GRB 170817A as
it relates to the gravitational wave (GW) event GW170817 (e.g.,
Blanchard et al. 2017; Ebrova et al. 2020; Lee et al. 2018; Levan
et al. 2017).

The Neil Gehrels Swift Observatory (Gehrels et al. 2004)
detects and localizes, at the arcsecond scale, about 50-100
GRBs per year, ~5% of which are short (fo9 < 2s). Since
short-burst afterglows (AGs) are on average much fainter than
their long-burst cousins (e.g., Kann et al. 2010, 2011; Nicuesa
Guelbenzu et al. 2012), their discovery and detailed follow-
up is challenging. Consequently, the number of well-identified
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short-GRB host galaxies is still rather small (for a review see
Berger 2014; D’ Avanzo 2015). In particular, short GRBs at low
redshifts (z < 0.2) are still rare; at present, only ~10 such cases
are known. However, the spatially resolved properties of these
low-z host galaxies — such as the star formation rate (SFR) or
the internal dynamics of the interstellar gas — represent promis-
ing targets for study. In order to better understand the observed
diversity in short bursts and their follow-up phenomena, a study
of their hosts and galactic environments is the way to go.

Here we present the results of a comprehensive multiwave-
length observing campaign of the host galaxy of the short
GRB 050709 using the Australia Telescope Compact Array
(ATCA), ALMA, and the Multi Unit Spectroscopic Explorer
(MUSE; Bacon et al. 2010) mounted at the Very Large Telescope
(VLT) together with archival data from the Hubble Space Tele-
scope (HST) and Spizzer. At a redshift of z = 0.1606 + 0.0001
(Fox et al. 2005; Covino et al. 2006; Prochaska et al. 2006), this
galaxy is still one of the nearest short-GRB hosts detected to date
(Berger 2014)', qualifying it as one of the today’s best targets for
a study of its physical properties.

Throughout this paper, we adopt a flat cosmological model
with Hy = 68kms™' Mpc™!, Qy = 0.31, and Q, = 0.69
(Planck Collaboration XIIT 2016). For these parameters, a red-
shift of z = 0.1606 corresponds to a luminosity distance of
dy = 244 x 10 cm (~790Mpc) and 1 arcsec corresponds to
a 2.85 kpc projected distance.

2. The burst and its host galaxy
2.1. The burst

The detection and subsequent localization of the short GRB
050709 was one of the scientific highlights of the High Energy
Transient Explorer (HETE-II; Ricker 1997) mission. The burst
triggered HETE-II at 22:36:37 UT on 9 July 2005. It consisted
of a single spike with a duration of 70 + 10 ms in the 30400 keV
band and 220 + 50 ms in the 2-25keV band (Villasenor et al.
2005), defining it as a bona fide short burst. Its peak energy
was 83keV (Boer et al. 2005; Villasenor et al. 2005). About
~30 s after this spike, the burst was followed by a soft (<10keV)
extended emission that lasted about 150 s. It was this soft, sec-
ond component that allowed HETE-II to localize a possible
X-ray AG with its Soft X-ray Camera at coordinates RA, Dec
(J2000) =23:01:30, —38:58:33, with a positional uncertainty of
1.34 arcmin (Butler et al. 2005).

The conclusion that GRB 050709 was a member of the
short-GRB class is supported by several other arguments: (i)
The spectral lag of the burst was 0.0fg'g ms, consistent with
zero, which is typical for short bursts (Norris & Bonnell 2006;
see also their Sect. 2.2). (i) GRB 050709 does not follow the
Amati Ejo—Epex relation (Amati et al. 2008), which also is
characteristic of short bursts. (iii) The luminosity of the optical
AG lies in the parameter region occupied by short-burst AGs
(Ferrero et al. 2007; Kann et al. 2011). Also, its low X-ray
luminosity (Lx = 3 x 10*ergs™) at r = 10h post burst (Fox
et al. 2005) is rather typical for short bursts (cf. Fig. 17 in
Nicuesa Guelbenzu et al. 2012). (iv) GRB 050709 is not an out-
lier in any empirical relation between various burst and optical or
X-ray AG parameters found for the short-burst population
(Nysewander et al. 2009; Kann et al. 2011; D’Avanzo et al.
2014). (v) Finally, despite the relatively small redshift, no super-
nova component following the burst was detected to very deep

I See also J.G.s web page at https://www.mpe.mpg.de/~jcg/

grbgen.html
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flux limits up to 18 days after the burst (Fox et al. 2005; Hjorth
et al. 2005; Kann et al. 2011; absolute peak magnitude Mp >
—12.1, Kann et al. 2011).

2.2. The host
2.2.1. Ground-based observations

Follow-up observations with the Chandra X-ray Observatory
~2.5 days after the burst led to a refined localization of its X-ray
AG at RA, Dec (J2000) =23:01:26.96, —38:58:39.5 (+05; Fox
et al. 2005). Optical follow-up observations performed with the
Danish 1.5 m telescope at ESO/La Silla, which started 33 h after
the GRB, finally identified a faint (R ~ 23), fading source at
RA, Dec (J2000) =23:01:26.957, —38:58:39.76 (+0725; Hjorth
et al. 2005), coincident with the Chandra AG position. The opti-
cal transient was located in the outskirts of an irregularly shaped
host, about 1”74 away from its optically brightest, central region
(projected distance ~4.0 kpc; Fox et al. 2005; Hjorth et al. 2005).

According to Hjorth et al. (2005), the host of GRB 050709 is
a blue dwarf galaxy with an absolute magnitude My = —16.9 +
0.1. Tts SFR, deduced from its broadband spectral energy dis-
tribution (SED), is about 0.1 M yr~!' (Leibler & Berger 2010).
According to these authors, the SED reveals a dominating stellar
population with an age of about 2 Gyr and a stellar mass of log
M, /M, = 8.8. This relatively low stellar mass places the host
of GRB 0507009 at the low end of the mass distribution of short-
GRB host galaxies (see Table 2 in Leibler & Berger 2010). The
galaxy is not detected in any band” of the Wide-Field Infrared
Survey Explorer (WISE; Wright et al. 2010) satellite (Chrimes
et al. 2018).

Long-slit spectroscopy of the host was performed with the
Gemini Multi-Object Spectrographs (GMOS) on Gemini North
(Fox et al. 2005), the FOcal Reducer Spectrograph (FORS2) at
the VLT (Covino et al. 2006), and the Echellette Spectrometer
and Imager on Keck II (Prochaska et al. 2006). These spectral
data revealed that the host is a source of strong emission lines.
Based on the observed line ratios, Fox et al. (2005) and Covino
et al. (2006) derived a global SFR of about 0.2 and 0.3 M, yr!,
respectively. Prochaska et al. (2006) concluded that the internal
reddening is E(B — V) > 0.4 mag and inferred a global SFR of
>0.3 My yr~'. The combination of the SFR and the stellar mass
places this dwarf galaxy on the main sequence of star-forming
galaxies (e.g., Elbaz et al. 2007).

2.2.2. The host seen by the HST

The HST, equipped with the Advanced Camera for Surveys
(ACS WFCI1/F814W), observed the host on several occasions
in July and August 2005 when the AG was still visible (pro-
gram ID 10624, principal investigator: D. Fox). Further data
were obtained one year later using the same instrumental setup.
A combined HST/F814W image (32ks total exposure time) is
provided by the Hubble Legacy Archive®. The fact that the ACS
WEFC1/F814W filter passband includes the redshifted Ho emis-
sion line is important for this study.

A visual inspection of the HST/F814W image reveals that the
host has an irregular morphology. Varying the contrast param-
eters in this image shows that the optically brightest region
(labeled B) has two emission peaks (Fig. 1), possibly indica-
tive of a tight pair of galaxies in an advanced merger stage.

2 WI(3.4um), W2(4.6 um), W3(12 um), W4(22 um).
3 https://hla.stsci.edu/
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Fig. 1. Archived HST/ACS F814W image of the host of GRB 050709
and its AG taken in July and August 2005 (HST program ID 10624,
principal investigator: D. Fox). Labels indicate the AG (blue), the opti-
cally brightest part of the host (B), and potentially star-forming regions
or young luminous stellar clusters placed along tidal arms (C and D).
The apparently faint western region of the host (H) is filled with ion-
ized gas (Sect. 4). “Q” is an anonymous point-like emission-line object,
which we have used as a reference for the astrometry between HST and
VLT/MUSE (see Sect. 3.4). Coordinate values are given in units of arc-
seconds relative to object Q. The inset shows an optical contour plot
that reveals two peaks inside region B that are 0”730 (0.85 kpc) apart
from each other. (For the original image, see Fox et al. 2005).

In addition, several small bright blobs (radius <071-0"2, corre-
sponding to <0.3—0.6 kpc) are spread across the host, in particu-
lar in its eastern part (inside regions C-D and F-G). Furthermore,
the host is surrounded by faint, extended (~0"’5) objects (regions
E and K-M).

In the eastern part of the host there are signs of at least two
faint curved structures, which could be interpreted as tidal arms.
One arm is located in the NE region of the galaxy. It contains a
bright blob (C), then curves to the north and seems to end in an
optically less bright blob (G). A second arm is located in the SE
region of the galaxy. It is fainter than the northern arm, contains
three well-isolated blobs (D), and seems to end close to the GRB
explosion site (AG). These small blobs are possibly young star-
forming regions or bright stellar clusters.

Observations with HST/F814W in July 2006 (program ID
10624, principal investigator: D. Fox) did not reveal any other
galaxy underlying the position of the optical transient. This sup-
ports the view of a physical association of the burst with the
galaxy at z = 0.16.

3. Additional observations and data reduction
3.1. Spitzer Space Telescope mid-infrared observations

The Spitzer Space Telescope (Werner et al. 2004) Multiband
Imaging Photometer (MIPS; Rieke et al. 2004) observed the
field of GRB 050709 on 6 December 2006 (program ID:
30834, principal investigator: S. Savaglio). The observations
lasted for 13min. The MI1/MIPS images (M1 band = MIPS

24 micron), downloaded from the Spitzer archive®*, were reduced
with MOPEX (Makovoz & Marleau 2005).

At a wavelength of 24 um, the host (including the GRB
explosio n site) remained undetected. To derive the flux upper
limit we followed the procedure detailed in Dale et al. (2012,
their page 7). In particular, we measured the sky and its standard
deviation from ten empty sky regions around the host position,
and we used as Npix and Ngy(= Npix) the area subtended by a
radius slightly larger than the M1/MIPS point spread function
(PSF). In doing so, we find F.'"™ < 34 uly 30).

Following Tzanavaris et al. (2010), the corresponding SFR
is

SER*M™ (M yr™') = 2.14 x 1074 y L2, (1)
where L2*"™ is measured in units of erg s~!. Adopting a spectral

slope in the 24 um band of the form L,(v) ~ v, we have
LY = dgd? FJ'Y™ (1 + 207" )

Assuming that the SED of the host is similar to the SED of the
host of the long-duration GRB 980425, then in the 24 um win-
dow the spectral slope, 3, can have values between 3 and 4 (cf.
Fig. 3 in Michatowski et al. 2009). The observed upper limit then
implies an SFR?"™ < 0.68 (1 +2)*~! My yr~!; that is, the SFR in
the entire galaxy is less than 1 Mg yr~! (for 8 between 3 and 4).

Following Murphy et al. (2011, their Eq. (5)), the constraint
on the SFR is slightly higher: For § = 3 we have SFR**"™ <
1.4 My yr~!, and for 8 = 4 it is SFR*"™ < 1.5 M, yr~'.

3.2. ATCA radio-continuum observations

Radio-continuum observations of the host of GRB 050709 were
performed with ATCA eight years after the burst on 24 July
2013 in the 5.5 and 9.0 GHz bands (corresponding to wave-
lengths of 6 and 3 cm, respectively). Observations were exe-
cuted using the upgraded Compact Array Broadband Backend
(CABB) detector (Wilson et al. 2011) and all six 22 m anten-
nas with the 6 km baseline (configuration 6A; program ID:
C2840, principal investigator: A. Nicuesa Guelbenzu). CABB
integrated in both bands simultaneously with 2048 channels,
beginning at 4.476 and 7.976 GHz, respectively, with an incre-
ment of 1 MHz. Bandpass and flux calibration was performed
using the Seyfert2 galaxy PKS B1934-638. Phase calibration
was done by observing the radio source 2244-372 for 3 min
every hour (F,(5.5 GHz) =0.79Jy, F,(9.0 GHz) = 0.74 Jy; angu-
lar distance 3.48 deg), followed by 57 min of integration on tar-
get. Altogether, ten such 1h cycles were executed, providing a
good coverage of the (u, v) plane.

Data reduction was performed in a standard manner using the
Multichannel Image Reconstruction, Image Analysis and Dis-
play (MIRIAD) software package for ATCA radio interferom-
etry (for details, see Sault et al. 1995)° The Briggs “robust”
parameter (Briggs 1995) was varied between 0.0 and 2.0 (nat-
ural weighting for maximum sensitivity). We finally selected the
results that gave the best compromise between sensitivity and
resolution, providing a 1o~ rms of 5.3 uJybeam™' at 5.5 GHz
and 5.0 pJybeam™! at 9.0 GHz. The widths of the synthesized
beam were 3’71 x 176 and 2”70 x 1”0, respectively. At the given
redshift this corresponds to regions with sizes of 8.8 x 4.5 and
5.6 x 2.8kpc?, respectively.

4 https://irsa.ipac.caltech.edu/data/SPITZER/docs/
spitzerdataarchives/
> http://www.atnf.csiro.au/computing/software/miriad/
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Fig. 2. ATCA radio-continuum 5.5 GHz contours of the field of
GRB 050709, overlaid on the HST image. It shows faint extended emis-
sion in the eastern part of the galaxy. Contour levels (in blue) start at
three times the image 10 of 5.3 wWJy beam™' and continue in steps of
0.50ms. In addition, we indicate the optical AG and the redshifts for
some objects as they follow from the VLT/MUSE data (see Sect. 3.4).
The galaxy ~13 arcsec northeast of the GRB host is a morphologically
disturbed LIRG at z = 0.481 (GALEXASC J230127.17-385825.6). The
beam is shown in black.

We double-checked the astrometry of the resulting radio
images by comparing the position of two known radio sources in
the field with their published coordinates. These are the quasars
B2258-391 (measured flux F,(5.5GHz)=103 + 10wJy) and
NVSS J230132-385927 (measured flux F,(5.5GHz)=1160 +
77 Wy). The ATCA positions of both sources were found to
agree with their cataloged values to better than 0.3” in right
ascension and 0.1” in declination. We considered this to be the
accuracy of the relative astrometry between ATCA and the HST.

At standard resolution (robust parameter =0), there is no
evidence for a source at the GRB position at either frequency
(Fy(5.5GHz) < 15wy, F,(9.0GHz) < 15wly; 30). The
nearest radio source is a faint 44 uJy source at RA, Dec
(J2000) =23:01:27.13, —38:58:26.6, with an image noise level of
7 wly at 5.5 GHz. It can be seen, but it is below 40 in the 9 GHz
image (it looks resolved into a double source in the HST image;
Fig. 2). We identified this source with the luminous infrared
galaxy (LIRG) GALEXASC J230127.17-385825.6. Its redshift
(z = 0.481) was determined based on our MUSE data (Sect. 3.4).

In a natural weighted 5.5 GHz image, the GALEXASC
source shows a flux of 40 ]y and there is a hint of extended
emission near the GRB AG position (at a level of 15-20uly)
with a 5 uJy noise level. Adding some tapering (full width half
maximum = 5 arcsec) increases the noise level to 8 uJy and the
extended emission level to 40 uJy; the GALEXASC source is
still 40 pJy, so it is not very extended. At 9 GHz there is no sign
of emission near the GRB position and the GALEXASC source
is below the 40 noise level.

We conclude that there may be some extended emission at
the GRB explosion site at the 50 level. This is too faint to
perform a more detailed analysis (e.g., splitting in time or fre-
quency). It does not look like a spurious source, but at the S/N
level at which we detect it there is no guarantee that it is real. If
it is real, the radio source is not point-like and therefore cannot
be the GRB radio AG. Analogously, it cannot be the potential
late-time radio flare from non-relativistic ejecta of the double
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Table 1. Calibrators used during the two ALMA observing runs.

Field RA, Dec (J2000) Time (min)
J2258-2758 22:58:05.96288, —27.58.21.2567 5.31
J2357-5311 23:57:53.26608, —53.11.13.6893 2.79
J2328-4035 23:28:19.26485, —40.35.09.8463 6.38
J2248-3235 22:48:38.68574, —32.35.52.1881 3.02

Notes. First column: J2258 = bandpass calibrator; J2357 = flux cali-
brator; J2328 = phase calibrator; J2248 = check source reference target
(pointing accuracy and point source nature). In run 2 the source J2258—
2758 was used as a bandpass, flux, and pointing calibrator, and J2328-
4035 was used as a phase calibrator (see: https://almascience.
eso.org/sc/ for details about the calibrators.). Last column: time on
target during the first run. These data were taken from the output of the
ALMA data reduction procedure as provided by the ALMA arc node.

neutron star (DNS) merger (e.g., Margalit & Piran 2015). Given
the redshift, these expanding radio sources would have an angu-
lar extension still far below 1 mas ~10 years after the burst and
would not be resolved by ATCA.

A first interpretation of these results could be that the ori-
gin of the radio emission is star-forming activity averaged over
~100Myr (e.g., Michatowski et al. 2016, 2020; Greis et al.
2017). Using Eq. (1) in Greiner et al. (2016), the observed
5.5 GHz flux would then correspond to an unobscured SFR in
the eastern part of the host of ~2—3 My yr~'. However, our
VLT/MUSE observations do not support this picture (Sect. 3.4).

3.3. ALMA millimeter observations

In order to clarify if the faint ATCA radio source is related to
star-forming activity in the eastern part of the galaxy, we applied
for ALMA observations in bands 6 (1.1-1.4 mm, 211-275 GHz)
and 9 (0.4-0.5 mm, 602-720 GHz). Assuming an SED of the
GRB 050709 host galaxy similar to the star-forming host of
the long GRB 980425 (Michatowski et al. 2009, 2014) or other
long-GRB host galaxies (Hunt et al. 2014), observations in band
9 would have been the most sensitive to radiation from heated
dust, while observations at the lower frequencies would have
provided the spectral slope. Unfortunately, due to weather con-
straints observations in band 9 could not be performed despite
being scheduled.

Observations in band 6, which are less affected by atmo-
spheric transmission issues, were executed over two runs (pro-
gram ID: 2016.1.01333.S; principal investigator: S. Klose). The
first data were obtained on 7 October 2016 using a long-
baseline configuration (run 1: C40-6; 41 antennas; baselines
up to 3144 m). Additional observations Additional observations
were performed on 7 December 2016 using a short-baseline
configuration (run 2: C40-3; 41 antennas, baselines between
15 and 650 m). All observations were performed in four spec-
tral windows of 2.0 GHz bandwidth centered at 224, 226, 240,
and 242 GHz; when combined, this led to a mean observed fre-
quency of 233 GHz =1.3 mm. During run 1 the time on target
was 2933 s, and during run 2 it was 911 s. During run 1 the atmo-
spheric conditions (water vapor in the atmosphere) were very
good, during run 2 only slightly worse. Details about the cali-
brators are listed in Table 1.

Data reduction and combination was performed using stan-
dard ALMA routines developed under Common Astronomy
Software Applications package version 4.7.0 and provided by
the ALMA Regional Center. Using the CASA tclean task and
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combining both runs (Briggs robust parameter = 2.0) resulted in
a synthesized beam size of 0722 x 0”718 (0.6 x 0.5kpc?) and a
507 ms upper limit of 55uJybeam™' at the image phase center
(the GRB AG position).

No millimeter source was detected, neither at the position of
the GRB AG nor anywhere superimposed on the host galaxy.
Using the standard infrared SED library of Chary & Elbaz
(2001), we translated the 1.3 mm flux upper limit into an SFR
upper limit. In doing so, we redshifted and renormalized each of
the SED templates to match an observed 1.3 mm flux density of
55 wly atz = 0.1606. The infrared luminosities (i.e., Lir) of these
renormalized templates were then converted into SFRs using the
standard SFR(M, yr~") = 1071° (Lir / L) relation from Kennicutt
(1998). From this analysis, we inferred SFR < 4.5 My yr™!, in
agreement with the Spitzer data (Sect. 3.1). This can, however,
be considered as a very conservative upper limit as the median
SFR of these renormalized templates is ~1.6 Mg yr'.

3.4. VLT/MUSE spectroscopy

VLT/MUSE observed the host of GRB 050709 on 21 June
2017 (program ID: 099.D-0115(A), principal investigator:
T. Kriihler). Four dithered exposures of ~700s were obtained.
Observations were executed using the wide-field mode, in which
MUSE offers a field of view of 1arcmin®. In this mode the
spaxel resolution is 0”72. The MUSE data cover the wavelength
range from 480 to 930 nm with a resolving power of 1800-3600
(increasing from the blue to red wavelengths). During the obser-
vations the seeing was between 1.0 and 1.1 arcsec.

The data were reduced in a standard fashion following
Kriihler et al. (2017), using version 1.2.1 of the MUSE data
reduction pipeline provided by ESO (Weilbacher et al. 2012,
2014). The data were corrected for Galactic foreground red-
dening (E(B — V) = 0.01 mag; Schlafly & Finkbeiner 2011),
assuming an average Milky Way extinction law (Pei 1992) and
Ry = 3.08. For the flux calibration, the spectrophotometric stan-
dard star LTT3218 was observed at the beginning of each night.
Telluric absorption lines in the spectrum were taken into account
by using the molecfit software package (Smette et al. 2015).
The full width half maximum (FWHM) of the stellar PSF was
between 0779 (at 9000 A) and 171 (at 5000 A).

The MUSE cube was aligned with respect to the
HST/F814W image using SAOimage DS9 (Joye & Mandel
2003). For this purpose we made use of an anonymous emission-
line object that we discovered in the MUSE data cube at a
small angular distance from the GRB host galaxy (labeled Q in
Fig. 1). In the HST/F814W image this object appears point-like
at coordinates RA, Dec (J2000) = 23:01:27.098, —38:58:42.77
(£0720). It lies only 3”74 SE of the optical AG (Fig. 1) and
shows a strong emission line at 637.5 nm (no other emission or
absorption lines could be identified). We estimate that our final
achieved relative astrometric accuracy between HST and MUSE
is better than +0”/2 (+1 spaxel) in each direction.

Following Kriihler et al. (2017), we separated the stellar and
gas-phase components of the galaxy in order to get accurate line
flux measurements. To summarize, we used the Starlight soft-
ware package (Cid Fernandes et al. 2005, 2009) to model the
stellar continuum using a combination of single stellar popula-
tion models (Bruzual & Charlot 2003) and then subtracted the
fitted stellar continuum model to obtain the gas-phase-only data
cube. Figure 3 does show some indication of absorption close to
the Balmer lines; the Starlight fits then remove these absorption
features, such that the gas-phase-only cube no longer contains
any absorption lines. In the following, we use this gas-phase
cube, except when we calculate the equivalent widths.
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Fig. 3. Example spectrum extracted from a spaxel in the central region
of the host galaxy of GRB 0507009, illustrating the separation of the stel-
lar and gas-phase components. Top: original spectrum containing stellar
and ionized gas emission (black) and the model stellar fit (red). Middle:
zoom-in of the continuum shown in the top panel. Botfom: spectrum of
the gas-phase-only component (blue) together with the error spectrum
(black).

4. Results

Given the non-detection of the host with ALMA and Spitzer, we
focus here on the results obtained from our VLT/MUSE observ-
ing run.

The MUSE data revealed that the entire host is a source of
emission lines at a common redshift of z = 0.1607 + 0.0001. We
identify lines from Ha, HB, and Hy and forbidden lines from
[O1I] 244960, 5007, [N1I] A 6584, and [S1] 416718, 6731
superimposed on a rather faint stellar continuum (Fig. 3). These
lines are stronger in the central part of the galaxy (B), while they
are comparably weak at the GRB explosion site. In particular,
the MUSE data show that there is a substantial amount of gas in
between the tidal tails, which shines bright in the hydrogen and
oxygen emission lines.

For the following analysis, only spaxels for which the signal-
to-noise ratio (S/N) of the appropriate emission lines lies above
a certain value were selected. We required S/N > 4 for the bright
lines (He, [OT1II] A 5007) and S/N > 2 for the faint lines (HgG,
[N1I] A 6584, [ST] A 6718). The relatively modest S/N we chose
for the faint lines is a compromise between the reliability of the
data and the number of spaxels that fulfill this criterion in the
particular line under consideration. Unless otherwise stated, the
gas cube was used in the analysis.

4.1. The nature of objects C-G and K-M

In principle, the MUSE data cube should allow us to search
for spectroscopic signatures of all objects labeled in Fig. 1.
However, in doing so we were confronted with a number of
difficulties: (i) The angular size of these objects is rather small,
typically less than 072. This is less than our astrometric accu-
racy. (ii) Except objects K-M, all objects lie in the area that is
characterized by strong line emission from interstellar gas at z =
0.1606. (iii) All objects are rather faint. Consequently, we cannot
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clarify the nature of these objects using the MUSE spectroscopy.
While the HST image seems to provide compelling evidence that
these are star-forming regions, young luminous stellar clusters,
or background (foreground) galaxies, their individual nature can-
not be clarified with certainty using the MUSE data cube.

In particular, in the case of objects K-M, we do not detect
any emission lines above a noisy continuum that would allow
us to determine their redshifts. Because of their elongated mor-
phology, they could be galaxies. However, we note that such
elongated features are also seen in some local merging dwarf
galaxies (e.g., Paudel et al. 2015; Fensch et al. 2016), and one
possible interpretation is that this could be debris material from
a disrupted companion galaxy (e.g., UGC 6741; Paudel et al.
2015).

The HST observed the host again in July 2007 using WFPC2
and the FA50W filter (eight times 400s on target; program ID
11176, principal investigator: A. Fruchter). Compared to the
814W image, the 450W image is less deep. We do not detect
objects K or M, and there is only a hint of object L. With a clear
detection in only one HST filter band, the nature of these objects
cannot be clarified.

4.2. Host-galaxy reddening E(B — V)

We calculated the internal host-galaxy reddening via the Balmer
decrement® by assuming a Milky Way extinction law with a ratio
of total-to-selective extinction Ry = 3.08 after correcting for
Galactic foreground extinction (Sect. 3.4):

E(B — V)post = 1.98 log((Ha/HB)/2.85), 3)
where Ha/Hp is the observed flux ratio in the lines. Correspond-
ing 1o errors were calculated via error propagation as a function
of the S/N of the He and HB emission line fluxes.

In doing so, mainly spaxels in the optically brightest region
(B) appear, with values ranging between 0.05 and 0.6 mag
(Fig. 4). The mean in this region is E(B — V)5t = 0.28 mag. The
mean over the entire galaxy is basically the same (0.27 mag).
Unfortunately, there is no data point close to the GRB explosion
site. The individual 10~ measurement error per spaxel increases
toward the outer parts of the galaxy. The corresponding median
for all spaxels is 0.13 mag for region B and 0.20 mag when con-
sidering the entire galaxy. Therefore, the reddening values for
the outskirts of the galaxy are less secure. Just considering region
B, the reddening value we found agrees, within the 1o error,
with previous reddening measurements made via long-slit spec-
troscopy (Prochaska et al. 2006, see Sect. 2.2).

4.3. Star formation rate

We assume here that all Ha line emission is due to ionizing pho-
tons related to star formation activity. The SFR was then calcu-
lated via the measured flux in the Ha emission line (Kennicutt
1998; Kennicutt & Evans 2012) using the prescription given in
Murphy et al. (2011, their Eq. (2)),

SFR(Ha) = 5.37 x 107™** L(Ha) My yr™", 4)

where the Ha luminosity L is measured in units of ergs~.

Before applying Eq. (4), the He line flux was corrected for
host-galaxy extinction (Sect. 4.2). If a spaxel had no redden-
ing value (i.e., E(B — V) is not defined because of a low S/N

Adopting Case B recombination at 7 = 10* K and an electron density
of ne ~ 102=10* cm™ (Osterbrock 1989).
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Fig. 4. VLT/MUSE view of the host of GRB 050709: E(B — V) in units
of magnitudes. Grid coordinates are given in units of arcseconds rel-
ative to the emission-line object Q shown in Fig. 1. The circles have
the same meaning as in Fig. 1. The “AG” refers to the region that
includes the afterglow position. One spaxel (072 x 0%/2) corresponds to
0.57 x 0.57 kpc?. We note that the positional accuracy of these regions
on the MUSE images compared to the HST image is about +1 spaxel.

in the Ho and HB emission lines), then the SFR in that particular
spaxel was not corrected for host-galaxy reddening (i.e., we set
E(B — V)post = 0). This affected spaxels in the outskirts of the
galaxy where the S/N is lower.

The SFR pattern is rather smooth across the entire galaxy;
however, it shows an asymmetric structure with a single peak
of ~0.04 M, yr~! kpc=2 in the northwestern quadrant of the opti-
cally brightest part (B) of the host (Fig. 5). In the HST/F814W
image, this peak is resolved into two components (Fig. 1). Close
to the GRB explosion site (which lies 1.6 arcsec southeast of
this peak), the SFR falls to less than 10% of this value. For
regions C, D, and F, we measure medians of 0.006, 0.005, and
0.009 Mg, yr~! kpc 2, respectively.

For the entire galaxy, inside a circle with a radius of 2 arcsec
centered at the central part of the host, the SFR is 0.15 +
0.02 Mg yr~'. One-third of this SFR (He flux) comes from
region B. The global SFR we find is at the lower end of previous
SFR determinations (see Sect. 2.2). For a host-galaxy absolute
magnitude of Mp = —16.9+0.1 (Hjorth et al. 2005), the deduced
SFR matches the observed SFR—Mp relation for galaxies in the
local universe (Paudel et al. 2018, their Fig. 6).

4.4. Equivalent width (Ha)

Figure 5 (bottom) shows a map of the equivalent width EW(Ha)
using spaxels with a corresponding S/N > 4. In addition, we
required EW(Ha) > 0 and a measurable continuum level; a flux
density >2 x 10" ergs~! cm™2 A" turned out to be a reason-
able choice. In doing so, the medians of the entire galaxy and of
region B are 40 and 55 A, respectively. Compared to, for exam-
ple, local (d < 11 Mpc) dwarf galaxies in the luminosity range
—17 < Mg < —15 (Lee et al. 2009), this is a rather typical value.

The equivalent width peaks at the position where the Ha flux
has its maximum. Here we measure EW(Ha) = 230 + 10A. In
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Fig. 5. VLT/MUSE: SFR (in units of M, yr~! kpc™2; top) and equivalent
width EW(Ha) (in units of A; bottom). Symbols have the same meaning
as in Fig. 4.

regions C, D, and F, the individual EW(Ha) values lie between
20 and 70 A. In regions E and G as well as for the GRB explosion
site, EW(Ha) could not be measured.

Assuming an instantaneous starburst as the source of the line
emission, EW(He) is a proxy for the age of a star-forming region
(Leitherer et al. 1999). The median value we found for region B
and the entire host would then imply ages <10 Myr (see also
Cedrés et al. 2005; Kuncarayakti et al. 2013).

4.5. Metallicity

Metallicity is defined in the Z/Z; notation, with Z being the total
mass fraction of elements heavier than helium. Because Z is a
parameter that cannot be directly measured, several empirical
and theoretical metallicity-sensitive indicators have been devel-
oped in the literature. Oxygen (predominantly from core collapse
supernovae) is often used as a proxy for Z (for a detailed discus-
sion of this issue, see Nicholls et al. 2017).
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Fig. 6. VLT/MUSE: spatial distribution of the metallicity index
12 +1og(O/H) (Eq. (5)) over the host of GRB 050709. Symbols have
the same meaning as in Fig. 4.

We follow here Pettini & Pagel (2004, PP04), according to
whom the nebular oxygen abundance can be calculated as

12 + log (O/H) = 8.73 — 0.32 x O3N2, with &)
[O 1] A5007/HB
[N11] 216584/He

Since the flux ratios refer to lines that are very close to each
other, the line ratios are basically insensitive to extinction by
dust along the line of sight or instrumental response. Accord-
ing to Moustakas et al. (2006), this equation is valid for 8.12 <
12 +1og(O/H) < 9.05 (see also Kewley & Ellison 2008), which
is fulfilled in our case (see below).

Using only spaxels that fulfill our aforementioned S/N cri-
terion (Fig. 6), for the entire galaxy we measure a median of
12 +1og(O/H) = 8.40 + 0.05. Region B appears to be less metal-
rich than the outer parts of the galaxy, but we caution that such
a conclusion could also be a result of low-number statistics (a
small number of spaxels with data). If correct, this, in combi-
nation with the fact that the SFR peaks in region B (Fig. 5),
could indicate that star formation is triggered here by the infall
of metal-poor gas. Indeed, low metallicities and high SFRs were
explained by gas infall for observed (Sdnchez Almeida et al.
2013, 2014a,b, 2015; Michatowski et al. 2015) and simulated
(Davé et al. 2013) galaxies. Feedback from stellar winds, which
is especially efficient in the low potential well of low-mass
galaxies, could be an alternative scenario because regions that
have consumed their gas more quickly (and so have lower SFRs)
have had a higher metal production rate (for a detailed discus-
sion, see, e.g., Sanchez Almeida et al. 2018).

The measured median of 12 +1log(O/H) corresponds to
a metallicity Z = 0.51’:8:8; Zo, for a solar value of 12+
log(O/H) = 8.69 (Asplund et al. 2009; but see also Kewley et al.
2019 and Vagnozzi 2019). Compared to the other short-GRB
hosts listed in Berger (2014), this puts the host of GRB 050709
at the low metallicity end of the distribution.

The observed median oxygen abundance [12 + log(O/H)] of
the host can be compared with its deduced stellar mass. Adopt-
ing log M, /M = 8.8 (Leibler & Berger 2010), we plotted the

O3N2 = log
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Fig. 7. MZR for the MAGMA sample as described in the text. The locus
of the host galaxy for GRB 050709 is also shown as a solid red square;
the MZRs for MAGMA are shown as a solid curve (MAGMA median)
and a dashed black curve (the best quadratic fit). Also shown is the MZR
from Curti et al. (2020). The GRB 050709 host falls clearly within the
range of normal star-forming galaxies and, compared with MAGMA, is
rather metal-enriched.

GRB 050709 host in the mass—metallicity plane, as shown in
Fig. 7. The galaxies illustrated in the mass—metallicity relation
(MZR) are taken from the MAGMA (Metallicity and Gas for
Mass Assembly) sample of local star-forming galaxies (e.g.,
Ginolfi et al. 2020; Hunt et al. 2020). The metallicity cali-
bration used for that sample is based on the linear N2 cali-
bration from PP04, rather than their O3N2 calibration as used
here’. Also shown in Fig. 7 is the MZR by Curti et al. (2020).
As is evident in Fig. 7, the location of the GRB 050709 host
galaxy in the MZR is entirely consistent with the behavior of
local normal star-forming galaxies. The specific SFR (sSFR) of
log(sSFR) =—-9.8 in the context of the metallicity and stellar
mass of the GRB 050709 host is also consistent with the trend of
the MZR with SFR (e.g., Mannucci et al. 2010; Hunt et al. 2012,
2016).

4.6. Velocity pattern

The radial velocity map of the gas component based on the Ha
emission line is shown in Fig. 8 (top). The main features in this
plot are (i) a velocity gradient in the NW-to-SE direction and (ii)
a rather smooth velocity field over the entire galaxy, suggesting
a rotationally supported system. Apparently, the observed rather
smooth kinematic morphology of this galaxy stands in contrast
to its irregular photometric morphology.

More information about the internal dynamics of the line-
emitting gas can come from the observed line-of-sight velocity
dispersion. It can be written as the sum of instrumental effects,
thermal line broadening, and internal gas dynamics (e.g., Lagos
et al. 2009): o2, = o+ o-%’gas + 0'<21yn,gas- MUSE has a line

spread function (LSF) with an FWHM between about 2.4 and
3.0 A (see Fig. 15 in Bacon et al. 2017). At the wavelength of

7 The PP04 O3N2 and N2 calibrations are generally at the low end
of the scale when compared to diagnostics based on photoionization
models (e.g., Kewley & Ellison 2008), so other diagnostics would likely
give an even higher metallicity value.
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Fig. 8. VLT/MUSE radial velocity map (top) and the corresponding
velocity dispersion (bottom) after correcting for instrumental effects and
thermal line broadening. Symbols have the same meaning as in Fig. 4.

the redshifted Ha line, the LSF is about 2.5 A, corresponding to®
Tinse = 42kms™!, while for a 7 ~ 10*K warm gas, o1 g =
9.1kms™".

Figure 8 (bottom) shows the resulting velocity dispersion
map of the He emission line after the subtraction of o-izner and
o’%!gas. In the entire galaxy, o gyngas has values between about

20 and 40km s~!; the median is 30 km s~!. Some higher disper-
sion values of up to about 60 kms~! occur at the outskirts of the
galaxy, though we cannot rule out that this is due to a lower S/N.
If correct, such high values would exceed the typical velocity
dispersion in HII regions and in gas that is ionized by evolved
stellar populations (Kewley et al. 2019).

Several authors have investigated scaling relations between
the Ha velocity dispersion and the mass in stars, including
local dwarf galaxies. According to Barat et al. (2020) and

8 FWHM =2.35,0 =98kms™.
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Fig. 9. Emission-line BPT diagnostic diagrams of the host of GRB 050709. Left: diagnostic diagram using [NII]. Shown are the corresponding
values for all individual spaxels as well as their mean value with the 1o error bars (gray box). Black data points refer to spaxels that lie inside
region B, and red data points lie outside this region. The red line shows the pure star-formation demarcation line for the redshift of the galaxy
(Kewley et al. 2013, their Eq. (1)). Data points above this line cannot be reproduced by pure star-formation models. Right: same as the left panel
but using [SII] (Kewley et al. 2001 and Kewley et al. 2006; their Egs. (6) and (2), respectively.)

Moiseev et al. (2015), for a stellar mass of log M, /My = 8.8,
a dispersion of 30km s~! is at the high end of the distribution.

4.7. Emission-line diagnostic diagrams

In order to reveal the physical origin of the line emission, we
followed the standard approach (e.g., Belfiore et al. 2015; Levan
et al. 2017; Michatowski et al. 2018; Tanga et al. 2018; Kumari
et al. 2019) and used the classical Baldwin—Philips—Terlevich
(BPT) diagnostic line diagram, which allows for an identification
of the main excitation mechanism of the lines (Baldwin et al.
1981; see also Kewley et al. 2001, 2006, 2019; Kauffmann et al.
2003).

The classical BPT diagram uses the line flux ratios [O1II] A
5007/HB and [N11] 16584/Ha in order to distinguish between
stellar ionization of the interstellar gas (HII; star forming) and
other ionization processes (stellar winds, active galactic nucleus
activity, shocks). In addition, we considered the diagnostic
emission-line diagram that utilizes the line ratios of [OTII] A
5007/HB versus [S11] A 6718/Ha (e.g., Kewley et al. 2001,
2006). Analogous to the metallicity indicator used in Sect. 4.5,
the line ratios are not very sensitive to extinction by dust along
the line of sight or instrumental response.

In both diagnostic diagrams, a substantial percentage of all
spaxels lie close to the star-formation demarcation line; some
spaxels even lie outside the parameter space characteristic for
pure star formation (Fig. 9)°. Some of these data points touch
the parameter space for slow shocks (Kewley et al. 2019; their
Fig. 11). Even though the pure star formation scenario is never
ruled out with high statistical significance, this leaves room for a
scenario in which shock excitation (e.g., Medling et al. 2015;
Alatalo et al. 2016) affects the observed line emission of the
galaxy to some degree.

In order to place this finding in context, comparisons with
other short-GRB hosts would be an appropriate approach. How-
ever, at present, studies of short-GRB host galaxies with inte-
gral field units (IFUs) are not very common. So far, only the

® We note that the ensemble of spaxels that fulfills the criterion S/N >
2 in the [N 11] A 6584 line is not identical to the ensemble of spaxels that
fulfills this S/N criterion for the [S1I] A 6718 line.

host of the short GRB 170817A has been observed with an
IFU (VLT/MUSE; Levan et al. 2017), but this host is an ellip-
tical galaxy. Even for long-GRB hosts the corresponding sam-
ple of well-studied galaxies is still very small: GRB 980425
(Christensen et al. 2008; Kriihler et al. 2017), GRB 060505
(Thone et al. 2014), GRB 100316D (Izzo et al. 2017), and
GRB 111005A (Tanga et al. 2018). In these cases, evidence for a
substantial contribution from non-thermally excited gas has not
been found.

5. Discussion
5.1. The GRB host galaxy

The host of GRB 050709 is an irregular galaxy that shines bright
in various emission lines. Nevertheless, it lies roughly on the
main sequence of star-forming galaxies (e.g., Saintonge et al.
2016). Figure 10 shows the relation between the sSFR and stel-
lar mass for the MAGMA sample (Ginolfi et al. 2020; Hunt
et al. 2020), together with the main sequence trend found by
Saintonge et al. (2016). The locus of the GRB 050709 host is
within the +10 variation of the main sequence as shown by the
gray regions. The relatively low SFR of the host would exclude
a classification of “starburst” (e.g., Telles & Melnick 2018),
although there are potentially some signs, morphological and
otherwise, of a past history of mergers.

A visual inspection of the HST/F814W image reveals fea-
tures that are typical for merging dwarf galaxies (e.g., Rich et al.
2012; Amorisco et al. 2014; Paudel et al. 2017; Paudel & Yoon
2020): there is tentative evidence for a double nucleus (where
the two nuclei are situated very close to each other), there are
curved and irregularly shaped filaments typical of tidal tails, and
there is the generally very irregular morphology and asymmet-
ric structure. Extinction by interstellar dust cannot explain these
kiloparsec-scale features in the GRB 050709 host. Moreover,
there is no obvious sign of an underlying regular disk.

There are other details that support the merger hypothesis: (i)
The diagnostic diagrams suggest that nonthermal line emission
is evident in the galaxy (Sect. 4.7). Such a radiation component
has also been found in other merging field galaxies (e.g., Belfiore
et al. 2016, their Fig. 5). (ii) The 5.5 GHz radio-continuum flux
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Fig. 10. Star-formation main sequence for the MAGMA sample as
described in the text. The locus of the host galaxy for GRB 050709 is
shown as a solid red square; the main sequence found by Saintonge et al.
(2016) is shown as a dashed blue curve and the medians for MAGMA
as heavy solid curves. The 050709 host falls within the range of normal
star-forming galaxies, as shown by the gray regions that indicate a 1o
deviation from the MAGMA median.

coming from the eastern part of the galaxy (Sect. 3.2) could
have its origin in shocked gas. This is analogous to what has
been observed in other pairs of interacting field galaxies (e.g.,
Donevski & Prodanovi¢ 2015). Alternatively, the infall of exter-
nal gas clouds could have shaped the galaxy, a scenario that has
been considered for small galaxies in the local universe (e.g.,
Cairés & Gonzdlez-Pérez 2020) as well as for long-GRB hosts
(Michatowski et al. 2015).

Even the apparently smooth kinematics of the ionized gas
(Fig. 8) does not contradict the merger hypothesis because it
finds its analog in other merging field galaxies as well. Moti-
vated by the need for automatic galaxy classification schemes
in cosmologically deep surveys, various authors have discussed
the issue of how to distinguish isolated galaxies with disks from
merging galaxies. A very fruitful approach in this respect is
based on the observed kinematics of the ionized or molecu-
lar gas (e.g., Barrera-Ballesteros et al. 2015; Hung et al. 2015,
and references therein). Some of these studies then showed that
the orbital motion of merging galaxies when convolved with a
typical seeing-limited spatial resolution on the order of several
kiloparsecs can mimic the regular ordered motion of a rotating
disk (Hung et al. 2015; Simons et al. 2019).

We can use the comprehensive observational study by Hung
et al. (2015) to find various examples of the kinematics of the gas
in merging field galaxies in different evolutionary stages. These
authors carried out a systematic classification of a sample of
24 local luminous infrared and ultra-luminous infrared galaxies
(ULIRGsS) that were observed with HST/ACS in the F814W fil-
ter and which span a wide range of morphologies, from isolated
disks to fully merged remnants. In doing so, these authors pro-
vide IFU velocity and velocity dispersion maps for each case. A
visual inspection of their Fig. 5 reveals three galaxies where the
morphology and the kinematics of the interstellar gas strongly
resemble the case of the GRB 050709 host. The gas shows a
disk-like rotation curve and a smooth velocity dispersion map
with no strong peak. All three of these galaxies are defined by the
authors as merged galaxies with a single nucleus and tidal tails
(type M4, according to their classification scheme). We note that
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within their scheme the GRB 050709 host might also be consid-
ered as a galaxy in such an advanced merger stage.

As we turn to the presently known short-GRB host-galaxy
ensemble, our attention is directed toward a potential twin of the
GRB 050709 host, namely the host of the short GRB 160821B at
z=10.1613 (Troja et al. 2019). The morphological appearance of
this galaxy shows a striking similarity to the GRB 050709 host.
Like the GRB 050709 host, the SED of this galaxy is dominated
by line emission from He, HB, and the forbidden transitions of
oxygen. Although its SFR and luminosity are a factor of ~10
higher, its filamentary structure shows details very similar to the
GRB 050709 case. Even the redshift and the relative location
of the GRB explosion site with respect to the brightest central
region of its host fit into the picture of a twin of the GRB 050709
host.

While these similarities are striking, they focus on a more
statistical issue, namely the frequency distribution of the mor-
phological types of short-GRB host galaxies. Given the still
small number of known short-GRB hosts on the one hand and
their broad range in redshifts on the other hand, this might be a
complex task, and it is one that cannot be tackled here. Instead,
we note the following. Khim et al. (2015) used the Sloan Digital
Sky Survey Data Release 7 to perform a statistical study of the
properties of isolated galaxies in the redshift range 0.025 < z <
0.044. The host of GRB 050709 lies at about four to six times
higher redshift, but the corresponding age of the universe differs
by only 1.5-1.7 Gyr. Khim et al. (2015) found that in their sam-
ple only 1.2% are irregularly shaped emission-line galaxies. If
their galaxy sample is also representative of the galaxy zoo at
redshifts around z = 0.16, then the finding of two such irregu-
larly shaped emission-line galaxies in the total ensemble of only
~50 short-GRB hosts (of which a substantial fraction have no
known detailed morphology) might be worth keeping in mind
for future studies.

While the host of GRB 050709 appears to be special in
this respect, the galaxy is not an outlier in the short-GRB host-
galaxy ensemble in respect to its stellar mass (log M, /Mg = 8.8;
Leibler & Berger 2010), B-band luminosity (Mp = —16.9 + 0.1;
Hjorth et al. 2005), SFR (0.15 + 0.02 M, yr™!; Sect. 4.3), or
metallicity (12 + log(O/H) = 8.40+0.05; Sect. 4.5; Berger 2014).

5.2. The GRB progenitor and the GRB explosion site

It was already potentially evident in the HST/F814W image
(Fig. 1), and confirmed by our MUSE/SFR map (Fig. 5), that
line emission from the interstellar gas can be traced up to regions
close to the GRB position. Our data sensitivity is not good
enough, however, to measure the corresponding SFR in this part
of the galaxy with certainty.

It has been pointed out in the literature that the observed
broadband SED of the optical transient as well as the observed
Balmer decrement imply a nonzero host-galaxy visual extinc-
tion. According to Ferrero et al. (2007) and Kann et al. (2011),
the AG data suggest Al“,"“ ~ 0.7mag, while according to
Prochaska et al. (2006) the observed Ha/H flux ratio points to a
global E(B — V)pest > 0.4 mag. Our MUSE data confirm that the
reddening values reach up to ~0.6 mag in the optically brightest
part of the galaxy.

While a sight-line visual extinction of 0.7 mag is not a spec-
tacularly high value, for short-GRB AGs it is the exception rather
than the rule (e.g., Kann et al. 2011). In particular, given the posi-
tion of the GRB 050709 AG in the outskirts of its irregular host,
it could be an indication of a possible star-formation complex
near the GRB explosion site. Unfortunately, using our MUSE
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Table 2. Upper limits on late-time radiation components.

Lv, 1 LV,Z VLV, 1 VLV,Z
1) 2 & & 6
55GHz 15 1.8 0.8 0.9
90GHz 15 1.8 1.4 1.6

Notes. Columns 2 and 3 provide the specific luminosities in units of
108 ergs™' Hz™! (assuming isotropic emission). The two last columns
contain vL, in units of 10’ ergs™'. L, assumes a spectral slope, 8 =
—1/3, and L, assumes 8 = 0.7 (see text).

data we can neither confirm nor exclude such high reddening
values at the GRB position (Sect. 4.2).

The HST/F814W image, which covers the redshifted Ha
emission line, reveals several blobs or clumps some kiloparsecs
away from the GRB explosion site that could be stellar clus-
ters or star-forming regions. If that is the case, star formation
is indeed ongoing in this part of the galaxy. The potential stel-
lar nurseries that are nearest to the short-GRB explosion site are
located about 0760”7 away in regions C and D (Fig. 1). This
corresponds to about 2 kpc in projected distance. A link between
the GRB progenitor and one of these regions cannot, however,
be established.

Assuming an instantaneous starburst, the characteristic life-
time of an HII region is 6-10Myr (e.g., Copetti et al. 1986;
Tremblin et al. 2014). On the other hand, stellar population syn-
thesis models (Belczynski, priv. comm.) suggest that DNS merg-
ers do not occur earlier than ~10 Myr after the stellar progenitors
arrive at the zero-age main sequence (ZAMS). Putting these two
timescales together implies that the progenitor of GRB 050709
cannot be linked to any Ha-bright star-forming region in its host.
Alternative scenarios that include a continuous starburst or three-
body encounters (e.g., Gvaramadze & Gualandris 2011) may,
however, provide a different conclusion.

5.3. Constraints on GRB late-time emission components

Our ATCA observations were performed 8.04 yr post burst, cor-
responding to 6.93 yr in the GRB host galaxy rest frame. The
non-detection of a point source at the GRB explosion site at 5.5
and 9.0 GHz allows us to place constraints on the flux from the
radio AG (e.g., Chandra & Frail 2012) as well as on a potential
late-time kilonova radio flare that peak years after the burst (e.g.,
Nakar & Piran 2011; Metzger & Bower 2014; Margalit & Piran
2015; Fong et al. 2016; Horesh et al. 2016; Radice et al. 2018).

The corresponding results attained following the procedure
outlined in Klose et al. (2019), using 5o upper limits (corre-
sponding to 25 wly at 5.5 and 9.0 GHz), and assuming an isotrop-
ically radiating source are listed in Table 2. Here, for the radio
AG we considered its spectral slope (F, ~ v#) to be either
B =—-1/3 or 0.7, and for a kilonova radio flare we set 8 = 0.7.

Detection of the radio AG several years after the event was
not expected as no short-GRB radio AG had ever been found
beyond ~10 days rest-frame time (Chandra & Frail 2012; Fong
et al. 2015; Zhang et al. 2017); therefore, a comparison with
other short-GRB data cannot be made in a meaningful way.
However, long-GRB radio AGs may act as a reference since they
are on average one to two orders of magnitude more luminous
than their short-burst cousins. The constraint we can place on the
radio luminosity is about 100 times lower than the luminosity of
the canonical long-GRB AG at about 6.9 yr host frame time (for
more details see Klose et al. 2019).

Concerning kilonova radio flares, the non-detection of a radi-
ation component about 6 years after the burst (host frame) pro-
vides a deep observational upper limit. It is among the deepest
flux limits obtained to date for such a radio transient (for recent
summaries, see Klose et al. 2019; Ricci et al. 2021; Schroeder
et al. 2020). It further supports the conclusion that very luminous
radio transients following DNS mergers do not exist. Or, if they
do exist, they do not peak years after the burst. Whether or not
they instead peak at much earlier times remains to be explored.

6. Summary

Motivated by substantial progress in our understanding of short-
GRB progenitors, we performed a multiwavelength observ-
ing campaign of one of the cosmologically nearest short-
GRB hosts. Using ATCA (radio), ALMA (submillimeter),
Spitzer (mid-infrared), and VLT/MUSE (optical) observations
in combination with publicly available HST/F814W images, we
explored the physical properties of the irregularly shaped host of
GRB 050709.

The host was detected neither by ALMA in band 6 (1.1-
1.4 mm) nor by Spitzer at 24 um, providing a firm upper limit
on its SFR of ~1.5-4.5 M, yr~'. In our ATCA 5.5 GHz radio-
continuum observations, however, we find tentative evidence for
faint, diffuse emission arising from the eastern part of the host,
where the AG was located. If this faint radio component were
due to star formation activity, this would correspond to an SFR of
about 2-3 M, yr‘l. However, in line with the ALMA and Spitzer
non-detections, the MUSE observations do not support such an
interpretation.

The MUSE data revealed that the entire host is a source of
intense line emission superimposed on a rather weak stellar con-
tinuum. Using the He line, the velocity field appears to show
the typical structure of a rotating galaxy. The velocity dispersion
in this line is rather smooth across the entire galaxy, varying
between about 20 and 40kms~!. This smooth kinematic mor-
phology stands in stark contrast to the galaxy’s irregular photo-
metric morphology.

Based on the observed Balmer decrement, we measure an
internal reddening by dust up to about 0.6 mag, in agreement
with earlier studies. Unfortunately, within the constraints we set
on the S/N, no reddening value could be determined for the
GRB explosion site. The spatially resolved He emission reveals
an asymmetric structure with a single peak and a longer tail
in the SE direction relative to the NW direction. At this peak,
the Ha-derived SFR is ~0.04 M yr~' kpc™? and the equivalent
width (Ha) reaches more than 200 A. The extinction-corrected
total SFR of the metal-poor host (about 0.5 solar) based on the
observed Ha luminosity is ~0.15 Mg yr~!, in agreement with
previous findings.

Diagnostic emission-line diagrams based on the flux ratios
[O1m] A 5007/HB, [N11] A 6584/Ha, and [S1] A 6718/Ha sug-
gest that a fraction of the entire line emission could be due to
shock-excited gas. If correct, this could also be the origin of the
faint diffuse radio emission seen by ATCA. This potential evi-
dence for shocked gas, the very irregular morphological appear-
ance of the host, and a comparison of the observed kinematics
of the Ha-emitting gas with analogous results for merging field
galaxies led us to conclude that the GRB 050709 host is most
likely a galaxy in an advanced merger stage.

Several bright blobs can be identified in the HST/F814W
image, which are distributed across the host; they probably
represent Ha-bright star-forming regions or luminous stellar
clusters. The potential star-forming regions nearest to the AG
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position lie about 2kpc away (projected distance). However, a
link between the short-GRB progenitor to one of these star-
forming regions cannot be established. Nevertheless, an impor-
tant constraint on the explosion dynamics can be set. The fact
that no radio point source was detected by ATCA superimposed
on the host provides a valuable upper limit on the late-time emis-
sion from the GRB AG or a potential kilonova radio flare.

Before the detection of GW170817/GRB 170817A, no short
burst at a redshift z < 0.1 had been known. GW170817 has
shown that GW observatories can detect DNS merger events at
cosmologically very close distances. This means that we can
expect to detect promising host-galaxy targets in the coming
years, and it will allow us to further zoom in to GRB explosion
environments. First impressive steps in this respect have already
been undertaken using VLT/MUSE and the HST (Levan et al.
2017).
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