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Abstract. We have observed the host galaxy of GRB 990712 at 1.4 GHz with the Australia Telescope Compact
Array, to obtain an estimate of its total star-formation rate. We do not detect a source at the position of the
host. The 20 upper limit of 70 xJy implies that the total star-formation rate is lower than 100 Mg yr~—', using
conservative values for the spectral index and cosmological parameters. This upper limit is in stark contrast
with recent reports of radio/submillimeter-determined star-formation rates of ~500 Mg yr~ " for two other GRB
host galaxies. Our observations present the deepest radio-determined star-formation rate limit on a GRB host
galaxy yet, and show that also from the unobscured radio point-of-view, not every GRB host galaxy is a vigorous

starburst.
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1. Introduction

The gamma-ray bursts (GRBs) for which afterglows have
been observed so far, i.e. bursts with a duration longer
than roughly two seconds, can be most adequately ex-
plained by the collapse of a rapidly rotating, massive star.
In this collapsar model (Woosley 1993; Paczyriski 1998;
MacFadyen & Woosley 1999; MacFadyen et al. 2001),
the GRB is produced in narrow cones along the rota-
tional axis of the collapsing progenitor, accompanied by
an isotropic supernova explosion of a type similar to
SN 1998bw (Galama et al. 1998). For a few GRBs the
presence of a supernova has been inferred from a bump
in the optical afterglow light curve at late times (Bloom
et al. 1999a; Reichart 1999; Galama et al. 2000). Moreover,
the locations of GRB afterglows coincide with the optical
extent of their host galaxies (Bloom et al.2001c; Fruchter
et al., in prep.), suggesting that these long-duration GRBs
are linked with regions of star formation. The observed
GRB location distribution is not expected for the alter-
native binary neutron star merger model (or a neutron
star and a black hole) (Eichler et al. 1989; Narayan et al.
1992), where the kick velocities received from the two
supernovae and the time it takes the two compact ob-
jects to merge, would cause the GRB to occur kilopar-
secs away from the place of birth of the progenitor binary

Send offprint requests to: P. M. Vreeswijk
e-mail: pmv@astro.uva.nl

(Bloom et al. 1999b), in at least a few cases. These merg-
ers, however, are expected to be the progenitors of the
category of short-duration GRBs (Fryer et al. 1999).

In case the gamma rays come from internal shocks,
which is the generally favoured model, a GRB can be ob-
served both in the case of a collapsar and of a merger, i.e.
irrespective of its environment. Afterglows are thought to
be produced by the interaction of the fireball ejecta with
the environment (the flux in the fireball model is propor-
tional to the square root of the density of the circumburst
medium, e.g. Wijers & Galama 1999). If mergers would
also produce long-duration GRBs, we would have expected
a fraction of these to have no X-ray afterglow — namely
those which occur outside a galaxy. However, nearly all at-
tempts to detect an X-ray afterglow were successful (e.g.
Stratta et al. 2000), which suggests that they are not the
result of mergers (assuming the internal shock model).
Note that the location argument in favour of the collap-
sar model does not necessarily hold if the gamma rays
are produced by external shocks. In that case the gamma
rays themselves are produced by interaction with the cir-
cumburst medium, which may mean that all GRBs (both
long and short-durations bursts) and their afterglows that
occur in low-density environments are not detected.

If GRBs are intimately connected with the deaths of
massive stars, they are potential probes of star formation
in the early universe. At present, it is not known which
type of galaxy produces the bulk of star formation at high
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redshift: the numerous faint blue galaxies (Ellis 1997), or
the ultra-luminous infrared or starburst galaxies (Sanders
& Mirabel 1996). Determination of the type of galaxy that
gives birth to GRBs can provide important clues to this
outstanding issue.

Star-formation rates (SFRs) for several GRB host
galaxies have been estimated from optical nebular emis-
sion lines (e.g. [O11]) to vary from 0.3 M, yr—! for the host
of GRB 970828 (Djorgovski et al. 2001) to 24 M, yr—! for
the host of GRB980703 (Djorgovski et al. 1998). These
values are not yet corrected for dust extinction, which
is difficult to estimate and which can be quite large.
This causes considerable uncertainty in the SFR values.
Recently, very high star-formation rates (~500 Mg yr—1),
have been inferred for GRB 980703 and GRB 010222, us-
ing radio (Berger et al. 2001) and submillimeter (Frail
et al. 2001) measurements, respectively, which do not suf-
fer from dust extinction. The question that arises is: do
all GRB host galaxies look like vigorous starburst galax-
ies when they are observed at the unobscured radio and
submillimeter wavelengths?

Due to its relative proximity (z = 0.433), the host of
GRB 990712 is an excellent GRB host galaxy to study in
detail. VLT spectra of the host show that the galaxy is an
Hi galaxy (i.e. the spectral emission lines are produced
by HII regions that are being ionized by O and B stars)
and not a galaxy that is hosting an active galactic nucleus
(AGN). The [O11] emission star-formation rate has been
inferred to be SFRjomn = 357508 Mg yr—!' (Vreeswijk
et al. 2001). The large errorbars are due to the uncertainty
in the estimate of the optical extinction.

To obtain an independent estimate of the SFR in
the host galaxy of GRB990712, we performed 1.4 GHz
(21 cm) observations with the Australia Telescope
Compact Array (ATCA) in March 2001. The radio contin-
uum flux of a normal galaxy (i.e. a galaxy that is not host-
ing an AGN) is thought to be produced by synchrotron ra-
diation from electrons which are accelerated by supernova
remnants, and free-free emission from Hit regions (Condon
1992). The radio continuum emission should therefore be
well-correlated with very recent star formation, which is
strongly supported by the observed far-infrared/radio cor-
relation. The obvious advantage of this method over the
optical emission-line measurements is that the radio flux
is unaffected by dust extinction, allowing an unobscured
view of the star-formation nature of the GRB host.

2. Observations

The host galaxy of GRB990712 was observed with the
Australia Telescope Compact Array (ATCA) between 2001
March 29, 15:06 (MJD 51997.63) and March 30 03:22
(MJD 51998.14). The observations were performed in
the 6D antenna configuration, in two bands centred at
1344 and 1432 MHz respectively, with a total observing
time on-source of 10.18 hr. Absolute flux calibration was
achieved using PKS 1934-638; PKS 2101-715 was used
as the phase calibrator. Data reduction was performed
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Fig. 1. The field of the host galaxy of GRB 990712 in the op-
tical (greyscale) and radio (contours). The R-band image was
taken with the VLT on 13 July 1999 (Sahu et al. 2000), only
0.5 days after the burst when the optical counterpart still out-
shone its host galaxy. Its position is indicated with a cross,
The plotted radio contours are factors of —2 (dashed), 2, 3, 6,
12, 24, 48, and 96 (all solid) times the noise level of 35 uJy.
No 1.4 GHz source is detected above 20 at the position of
GRB990712.

using the MIRIAD software (Sault et al. 1995). Figure 1
shows a uniformly-weighted map of the region around the
host galaxy with a beam size of 7.7 x 8.8 arcsec, super-
posed on an optical image (Sahu et al. 2000) taken with
ESO’s Very Large Telescope (VLT). No source is detected
at the host galaxy location to a 20 limit of 70 pJy — the
noise level of 35 pJy was estimated from measuring the sky
around the target region. The theoretical noise limit for
the observing time, bandwidth, frequency and array used
is 20 puJy/beam, i.e. less than a factor of two lower than
we obtain. We were unable to achieve a lower noise level
using natural weighting because of sidelobes from bright,
nearby sources.

3. Results

For a normal star-forming galaxy, the radio contin-
uum emission is proportional to the star-formation rate
(Condon 1992):
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where L, obs is the observed luminosity in pJy at vgn,

1.4
and the factor [m

ted luminosity at 1.4 GHz (see Haarsma et al. 2000); o
is the spectral index (with S, o v®), and d is the lu-
minosity distance in cm. The first term in the denom-
inator represents the dominant synchrotron component
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from electrons accelerated in supernova shocks; the sec-
ond term comes from the thermal emission from HII re-
gions (for a derivation of both components, see Condon
1992). Strong evidence for this relation is supplied by the
correlation between the SF'R determined through Eq. (1)
and that obtained from the far-infrared luminosity (see
e.g. Fig. 1 of Cram et al. 1998), which extends over four
orders of magnitude (see also Condon 1992, and refer-
ences therein). The expected lifetime of the remnant syn-
chrotron emission is <10® years, and thus radio continuum
emission is a good tracer of very recent star formation.
The original Condon relation is valid for stars with masses
above 5 My. Haarsma et al. (2000) extend this to the
range 0.1—100 Mg by multiplying with a factor @ = 5.5,
which assumes a Salpeter initial mass function (IMF), i.e.
(M) oc M~235. This factor becomes 5.3 if an upper mass
cut-off of 125 M, is used, whereas it is 3.8 if the range
of masses is 0.25—100 M. Changing the IMF slope with
+0.1 (Elmegreen 1999) results in the range Q = 4—7.5.
For starburst regions, where the IMF may be weighted
toward high-mass stars (Elmegreen 1999), Q may be as
low as unity. We take @ = 5.5.

The resulting value for the star-formation rate that
we obtain depends on the assumed spectral index and
the luminosity distance, hence on the adopted cosmol-
ogy. We therefore calculate the SFR upper limit with
the spectral index ranging from —0.35 to —1.0, typical
for normal radio galaxies, and the cosmologies (h, Q,,
Qy) = (0.65, 1, 0), (0.65, 0.2, 0), and (0.65, 0.3, 0.7),
where h is the dimensionless Hubble constant, defined as:
h = 100kmsli—ulMpc_1' The redshift of the GRB and its host
galaxy is 0.4331 4+ 0.0004 (Vreeswijk et al. 2001). The re-
sulting luminosity distances (see Hogg 1999) for these cos-
mologies are respectively: 6.7 x 1027 cm, 7.3 x 10?” cm and
7.9 x 1027 cm. Inserting our 20 upper limit of 70 pJy, and
the range in spectral indices and luminosity distances, we
obtain the following range for the upper limit on the SFR
in the host of GRB990712: SF Rpax = 47—100 Mg yr— 1.

4., Discussion

Table 1 shows the GRB host galaxies for which an [O11]
emission-line flux has been reported in the literature. The
Ha line emission is a more reliable optical estimate of
the SFR than [Or11], but this line is usually shifted into
the near-infrared passbands, making it observationally dif-
ficult to obtain the Ha line flux. The listed [On] flux,
which is corrected for the Galactic foreground extinction,
is taken from the references indicated in the caption. We
convert this flux, using (h, Q,, 2x) = (0.65, 0.3, 0.7) and
the calibration from Kennicutt (1998), to obtain an esti-
mate of the attenuated SFR (Col. 4), i.e. not corrected
for dust extinction. The error in this conversion is roughly
30%. With (h, Qm, Q1) = (0.65, 0.2, 0), these SFR esti-
mates need to be scaled down by about 20%.

The [O11] emission line method shows that GRB host
galaxies differ widely in their star-formation nature, from
0.3 to 24 Mg yr— 1, i.e. a factor of 80. However, extinction

is an important factor in optical SFR indicators, which
could boost these estimates up to much higher values. A
good example is the host galaxy featured in this paper:
GRB990712. Vreeswijk et al. (2001) estimate the SFR
of the host of GRB990712 to be 35751 My yr=! from
the [O11] emission line, 64J_rgzo Mg yr=! from HB and
~400 Mg yr—' from the 2800 A flux. These values re-
flect the large uncertainty in the dust extinction estimate
for this host, obtained from the observed and expected ra-
tio of HZ and H~y. The radio data presented in this paper
provide a clear upper limit to these SF Rs of 100 Mg, yr—1,
indicating that the extinction at 2800 A has been overes-
timated. In Table 1 we also list the extinction-corrected
SFRs, using host-galaxy extinction measurements from
the literature (Sokolov et al. 2001; Vreeswijk et al. 2001).
Note that the value for the host of GRB 990712 differs
from that reported by Vreeswijk et al. (2001) due to the
different cosmologies used.

Recently, very high SF Rs have been inferred for two
other GRB host galaxies, not from the optical but through
two methods that are not affected by the dust along the
line of sight. From millimeter and submillimeter wave-
length observations, Frail et al. (2001) infer a rate of
~600 Mg yr=! for the host of GRB010222. The host
of this burst is faint: V' = 26.0 £ 0.1 (Fruchter et al.
2001), making it difficult to obtain an [O1] flux mea-
surement. Berger et al. (2001) measure a 1.4 GHz flux
of 68.0 £ 6.6 puJy for the host of GRB 980703 (z = 0.966),
and infer a star-formation rate of ~500 My yr—!, with the
same method and assumptions as we employ in this pa-
per. The latter authors use the empirical relation between
the far infra-red (FIR) and radio emission (van der Kruit
1971; Helou et al. 1985), to estimate the FIR luminos-
ity of the host of GRB980703 to be that of an ultra-
luminous infra-red galaxy (ULIG or ULIRG, for which
Lir > 10'2 Lg). Applying the same relation to our
1.4 GHz flux of GRB 990712 (using d; = 7.9 x 10*7 cm),
we find Lig < 1.1 x 101! Ly, more than a factor of 20 less
luminous in the IR than the host of GRB980703. This
indicates that the host of GRB 990712 does not belong
to the class of ULIRGs, although direct IR observations
would be needed to definitely rule out the possibility.

Our observations of the host of GRB 990712 present
the deepest radio-determined SFR limit on a GRB host
galaxy yet, and show that also when observed at unob-
scured radio wavelengths, not every host is a vigorous
starburst galaxy. How do the [O11] and radio SFR esti-
mates compare in general? The optical SFR estimators,
after correcting for internal extinction, tend to underesti-
mate the total SEF'R, when compared to the FIR and radio
methods (e.g. Cram et al. 1998). The host of GRB 980703
is a striking example of this: the extinction-corrected SF'R
is about a factor of 15 lower than the rate estimated from
the radio continuum flux (see Table 1). We therefore use
the prescription of Hopkins et al. (2001, Eq. (5)) to convert
the attenuated SF R estimates of Col. 4 in Table 1 to total
SFRs (Col. 7). This conversion is based on an empirical
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Table 1. Star-formation rate estimates from the [OII] nebular emission-line and 1.4 GHz flux; for both a Salpeter IMF over
the mass range 0.1-100 My, is assumed. The [OII] fluxes (corrected for the Galactic foreground extinction), are taken from the
following references: 1) Bloom et al. (2001a); 2) Bloom et al. (1998); 3) Djorgovski et al. (2001); 4) Djorgovski et al. (1999); 5)
Djorgovski et al. (1998); 6) Vreeswijk et al. (2001); 7) Castro-Tirado et al. (2001); 8) Price et al. (2001). We use the currently
popular cosmology (h, Qm, Q) = (0.65, 0.3, 0.7) to obtain the luminosity distance (see also Bloom et al. 2001b), in order
to convert the line flux into luminosity. We apply the conversion from Kennicutt (1998) to this [OII] luminosity to obtain the
attenuated SFRs, listed in Col. 4. The error in this conversion is roughly 30% (Kennicutt 1998). We correct these SFRs in
two different ways. First, we use the host extinction measurements from Sokolov et al. (2001) and Vreeswijk et al. (2001), and
scale the attenuated SF R to the extinction-corrected SF'R of Col. 5. Second, the attenuated SF R estimates are also corrected
in a more general way, using the prescription of Hopkins et al. (2001) for the relation between the SFR obtained from optical
emission lines, and the SF' R obtained from the 1.4 GHz flux for a sample of radio galaxies. These estimates are shown in Col. 7.
The scatter in this conversion from attenuated to corrected SFR (see Fig. 3 of Hopkins et al. 2001) is approximately a factor
of 2 to 3. The radio-determined SF Rs are listed in Col. 6.

host of GRB [OI1] flux reference  SEFR[om—att. SF RO —corr. SFRY, an, SF R[011]—Hopkins
(107 ergs™ cm™?) Mg yr~! Mg yr~! Mgyr—?! Mg yr—!
970228 0.22 £ 0.01 1 0.76 - <380° 5.5
970508 0.30 & 0.02 2 1.6 5.8P <430f 17
970828 0.045 + 0.01? 3 0.3 - <3608 1.2
980613 0.44 4 4.7 21 - 82
980703 3.04 5 24 34P ~500 784
990712 3.32+£0.14 6 3.7 44° <100 58
991208 1.79 +0.22 7 6.4 23b - 127
000911 0.23 £ 0.03 8 2.2 . . 28

Assuming galaxy B of Djorgovski et al. (2001) is the host. Inclusion of galaxy A would increase the [OII] flux and the

attenuated SFR with a factor of about 5, resulting in a corrected SFR of 17 (Col. 7).

> Adopting the host extinction as determined by Sokolov et al. (2001).

¢ Adopting the host extinction as determined by Vreeswijk et al. (2001), who used (h, Om, ) = (0.70, 0.3, 0), which results
in a lower SFR of 35 Mg yr .

4" All upper limits are 20, and we assume o = —1 and (h, Qm, Q) = (0.65, 0.3, 0.7).

¢ Taking the estimated 20 upper limit of 71 pJy from Frail et al. (1998) and z = 0.695.

f Taking the estimated 2¢ upper limit of 45 pJy from Frail et al. (2000) and z = 0.835.

& Taking the estimated 20 upper limit of 26 pJy from Djorgovski et al. (2001) and z = 0.958.
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