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Abstract. We present a photometry of the host galaxies of GRB 980703 and GRB 990123 which
was performed about 20 days and a half year after the gamma-ray bursts occurred, respectively.
The contributions of the optical transients (OT) were negligible in both cases. We derived broad-
band BV R,I. spectra of the host galaxies and compared them to continuum spectra of different
Hubble-type galaxies and averaged spectra of starburst galaxies. For Ho = 60 km s~! Mpc~! and
three Friedmann cosmological models with matter density and cosmological constant parameters
(Um,2%) = (1,0),(0,0), (0,1) we estimated Mp,,, and star formation rates (SFRs) using the
fluxes in photometric bands for the host galaxies. Within the range of cosmological parameters
our estimates of the absolute magnitudes are: Mp_,,, = —20.60+ —21.73 for the GRB 980703 host
galaxy and Mp,,, = —20.20 + —21.82 for the GRB 990123 host galaxy. We obtained estimates
of K-correction values and absolute magnitudes of the host galaxies using SEDs (spectral energy
distribution) for star-forming galaxies.
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1. Introduction

The origin of cosmic y-ray bursts (GRBs) is still one
of the outstanding problems in modern astronomy.
Recently the study of GRBs has been revolutionized
by the discovery of X-ray (Costa et al., 1997), op-
tical (van Paradijs et al., 1997) and radio transients
(Frail et al., 1997). The follow-up of optical transients
(OT) resulted in the majority not only with OTs’
light curves but also their redshift measurements and
the detection of GRB hosts. By now about 15 opti-
cal afterglows have been detected, almost all within a
fraction of an arc second of very faint galaxies, with
typical R-band magnitudes of 22-26 and over. About
10 redshifts have been measured in the range from
z = 0.6 to z = 3.4. The long duration GRBs ap-
pear to be associated with star forming regions in the
galaxies. The studies of the host galaxies and their
properties advance understanding of the nature of the
progenitor systems. In some proposed models associ-
ation of bursts with explosions of massive stars be-
comes popular (see ref. Paczynski, 1999; MacFadyen
& Woosley, 1999, and references therein).

Here we report the results of our BV R.1. observa-
tions of the optical counterpart of GRB 980703 which
were carried out after those of Bloom et al. (1998).
The latest observations of this object were obtained
in the infrared JHK bands by Bloom et al. (1998).

In the case of the host galaxy of GRB 990123 our
BV R_I. observations are the latest. In this paper we
compare the BV R.I, spectra of the host galaxies of
GRB 980703 and GRB 990123 with spectral energy
distributions of normal galaxies of different Hubble
types and extend the comparison to averaged spectra
(SEDs) of S1 and S2 star-forming galaxies (Connoly
et al., 1995). We made estimates of K-correction val-
ues and absolute magnitudes of the host galaxies us-
ing spectra of normal Hubble-type galaxies and SEDs
for star-forming galaxies. Rough estimates of the
lower limits of star formation rates (SFR) in the host
galaxies of GRB 980703 and GRB 990123 were de-
rived using the continuum luminosity at A = 2800 A
by extrapolating for the host galaxy of GRB 990123
between R, and I, bands and from the value of the
flux in the V band for the host galaxy of GRB 980703.

2. Observations and data reduction

Observations of the host galaxies of GRB 980703
and GRB 990123 were performed using the pri-
mary focus CCD photometer of the 6m tele-
scope of SAO RAS. They were carried out with
the standard (Johnson-Kron-Cousins) photometric
BVR.I. system. The direct BV R.I. images for
the host galaxy of GRB 980703 are available
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Table 1: Photometry of the host galazies of GRB 980703 and GRB 990123

Host Date UT Band Exp. Magnitude, obs.? Seeing
(s)

GRB 980703 24.05 Jul. 1998 B 480 23.40 £ 0.12 1.3
24.06 Jul. Vv 320 22.85+£06.10 14.2
24.06 Jul. R, 300 22.44 £ 0.08 1".2
24.07 Jul. I 360 22.26 + 0.18 1.2

GRB 990123 8.85 Jul. B 600 2490 £ 0.16 1".5
8.86 Jul. Vv 600 24474 0.13 1.3
8.84 Jul. 1999 R, 600 24.474+0.14 1”1
8.87 Jul. I, 600 24.06 + 0.3 1.3

*BV R 1. magnitudes are uncorrected for Galactic extinction.

at http://www.sao.ru/"sokolov/GRB/980703.html. Ta-
ble 1 presents the summary of observations, where the
magnitudes are uncorrected for Galactic extinction. !.

We performed photometric calibrations using the
Landolt standard fields (Landolt, 1992): PG1633,
PG1657, PG2331, PG2336 for the host galaxy of
GRB 980703, and PG2213, SA110 for the host galaxy
of GRB 990123. To estimate the Milky Way redden-
ning for the host galaxy of GRB 980703, we used ex-
tinction values from Cardelli et al. {1989). We derived
00251, 018§, 0141 and 0™090 in our photometric
bands BV R.I., respectively. Our BV R I, observa-
tions of the optical counterpart of GRB 980702 were
carried out after those of Bloom et al. (1998) on July
18, 1998. The most recent observations of this ob-
ject were made by Bloom et al. (1998) in the infrared
JHK bands on August 7, 1998. In the case of the host
galaxy of GRB 990123 our BV R.I. observations are
the latest. We consider that the continuum was ex-
pected with minimum change due to the fading of the
OT.

3. Cosmological models

The estimate of intrinsic physical parameters of extra-
galactic objects with redshifts approaching 1 depends
considerably on the adopted cosmological model. The
standard Friedmann model contains three parame-
ters: Hubble constant Hg, matter density parame-
ter {1,, and cosmological constant parameter {1;.
Recent studies of the Hubble constant put it with-
in the range 50 — 70kms™! Mpc~! (see Theureau et
al.,, 1997). In this paper we adopt Hy = 60 km s~ ¢
Mpc™! . The values of Q,, and Q4 are observation-
ally less constrained. The recent work on the m — 2

' This paper gives more accurate BV R.I. values with the UT
dates (corresponding to Table 1) of observations for the host
galaxy of GRB 980703 unlike the preliminary BV R.I. values
given in GCN notice #147.

test with supernovae of type Ia at redshifts up to 1
by Garnavich et al. (1998) makes it imperative to
consider also an empty universe with & cosmologi-
cal constant in addition to the standard inflationary
model. For a review of modern cosmological models
and the necessary mathematical relations, see Bary-
shev et al. (1994). Here we use three Friedmann mod-
els which conveniently limit reasonable possibilities:

Ho =60 km s~ Mpc™, @ =1, 24 =0 (4)
Ho =60 km s™' Mpc™", Qp =0, 24 = 0- (B)
Ho = 60 km s™' Mpc™!, =0, % =1 (C).

For these models the relation 0, +Qx +Q; = 11is
valid, where Q,,, = po87G/3HZ, Qs = Ac*/3HE, and
Q = —kc?/REH?. Here p, A, k, and R are the den-
sity, cosmological constant, curvature constant, and
radius of curvature, respectively, and “0” denotes the
present epoch.

The luminosity distance Ry, the angular size
distance R,nq and the proper metric distance R, are
related as:

Bium = Rang(1+2)" = By(1 + 2), (1)

where the proper distances for the adopted models
are given by

Ry g(—zf—i—————~ jjzﬂ\ for model A,
Ry = Ry %S—Z) for model B, (2)
Ry z  for model C.

Here Ry = ¢/Hj is the present value of the Hubble
radius.

The absolute magnitude M(; of the source ob-
served in filter (¢) can be calculated from the magni-
tude —redshift relation

M(z‘y =mg) — K’(i) (Z) -5 10g(R;um/1‘vIpc) - 23, {3)

where m ;) is the observed magnitude of the object in
the photometric band system (i), and K;(z) is the
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K-correction at redshift z, calculated from the rest-
frame spectral energy distribution.

The linear size | of an object having an angular
size 6 is given by

| = ORang = 0R,/(1 + 2). (4)

The K-correction in Eq. (3) can be calculated from
the standard formula (Oke & Sandage, 1968):

K(i)(z) = 25log(1+2)+

[5° FaS(N)dx
IS Faja+5)S@(A)dA

In this formula F) is the rest-frame spectral energy
distribution, S(;) is the sensitivity function for the
filter (i). For our photometric system we used the
sensitivity functions for BV R.I. filters from Bessel
(1990).

+ 2.5log (5)

4. Estimation of the K-corrections

The first spectral observations of the OT of
GRB 980703 were obtained with the Keck-II 10 m
telescope on UT 1998 July 07.6 and 19.6 (Djorgov-
ski et al., 1998). Several strong emission lines were
detected. These were [OI1], H5, Hy, HB and [OIII]
with a redshift z = 0.9662 £ 0.0002. In addition, in
the blue part of the spectrum some absorption fea-
tures (Fell and MglI, Mgl absorption systems) with
2 = 0.9656 + 0.0006 were detected. In the case of the
OT of GRB 990123 absorption lines were detected
only (Kelson et al., 1999, Hjorth et al., 1999) with
zaps = 1.6004. The HST image reveals that the opti-
cal transient is offset by 0767 from an extended object
(Bloom et al., 1999). This object is most likely to be
a host galaxy of GRB 990123 and a source of the
absorption lines of metals at the redshift z = 1.6004.

In Fig. 1 we compare the BV R.I. broad-band
spectra of the host galaxies of GRB 980703 and
GRB 990123 with the spectral energy distributions
of normal galaxies of different Hubble types (Pence,
1976). Table 2 presents fluxes of the host galaxies. For
our photometric bands we used the zero-points from
Fukugita et al. (1995). Fluxes of the host galaxy of
GRB 980703 are presented according to dereddened
magnitudes. Within our magnitude errors Galactic
reddening for the host galaxy of GRB 990123 is neg-
ligible. The central Agps = Aesy for our photometric
system are equal correspondingly to: A\p = 4448 A,
Ay = 5505A, A\g = 6588A and \; = 8060A,
FWHM are equal to Adpg = 10084, A\y = 82TA,
AXp = 1568 A, A\; = 1542 A, respectively.

Using equation 5 and the spectral energy distri-
bution of the Im Hubble-type galaxies, we estimated
the value of the K-correction for the magnitudes of
the host galaxies of GRB 980703 and GRB 990123
according to z = 0.966 and z = 1.6, respectively. The

estimated values of the K-correction in the B band
are Kg = 0.68 for the host galaxy of GRB 980703
and Kp = 0.88 for the host galaxy of GRB 990123. In
this case, the absolute magnitudes from equation 3 for
the host galaxy of GRB 980703 are: Mp,,,, = —21.29
for model (A), Mg,.,, = —21.81 for model (B) and
Mag,,., = —22.42 for model (C). For the host galaxy
of GRB 990123 in the same way absolute magnitudes
are Mp,.., = —20.95 for model (A), Mp,,,, = —21.77
for model (B) and Mg,,,, = —22.57 for model (C).

However, we consider it to be not quite cor-
rect to compare our broad-band spectra to ones of
normal Hubble type galaxies. Obviously the star-
burst activity may drastically change the spectral
distribution towards the ultraviolet part of the spec-
trum. According to this consideration, we compared
our BV R.I. spectra to the averaged spectral energy
distribution of starburst galaxies from Connoly et
al. (1995). Figs. 2 and 3 demostrate a comparison
of the starburst averaged spectral energy distribu-
tions with the BV R.I. broad-band spectra of the
host galaxies of GRB 980703 and GRB 990123, re-
spectively. The spectra of starburst were groupped
according to increasing values of the colour excess
E(B — V): from S1, with E(B — V) = 0.05 to S6,
with E(B — V) = 0.7 (Connoly et al., 1995). Us-
ing the relation for 7 (Balmer optical depth) from
Calzetti et al. (1994), we derived the values of colour
excess for individual starburst galaxies. They are
E(B - V) < 0.10 for S1, 0.11 < E(B - V) < 0.21
for S2, 0.25 < E(B — V) < 0.35 for S3, 0.39 <
E(B —V) < 0.50 for 84, 0.51 < E(B - V) < 0.60
for S5 and 0.61 < E(B — V) < 0.70 for S6 (see Table
3 in Calzetti et al., 1994). In Fig. 2 and Fig. 3 the
spectra of the S1 and S2 type galaxies were averaged
with a 10A window.

In this case, the calculations of the K-corrections
from equation 5 yield Kg = —0.01 for the host
galaxy of GRB 980703 and Kp = 0.13 for the
host galaxy of GRB 990123. Then, the absolute
magnitudes for the host galaxy of GRB 980703 are
Mpg.,., = —20.60 for model (A), Mg, .,, = —21.12 for
model (B) and Mp,,,, = —21.73 for model (C). For
the host of GRB 990123 Mg are: Mp,,,, = —20.20
for model (A), Mp,,,, = —21.02 for model (B) and
Mg..., = —21.82 for model (C).

rest

5. Estimations of star formation rate

We have roughly estimated also SFR using the con-
tinuum luminosity at Apest = 2800 A (see Madau et
al., 1998). In the calculations we assumed the cosmo-
logical models described above.

For the host galaxy of GRB 980703 the effec-
tive wavelength of the V band for z = 0.966 cor-
responds to 2800A in the rest frame. Using the
flux in the V band we estimated SFR for the host
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Figure 1: A comparison of the host galazy of GRB 980703 and GRB 990128 broad-band rest-frame (z = 0.966
and z = 1.6004, respectively) spectra log Fy = log Fx ops + C with averaged continuum spectra of galazies of
different Hubble types. The spectra were shifted by some arbitrary constants for the best fits. FWHM of each
flter for Aegs with the account for z are denoted by dashed horizontal lines with bars.

Table 2: Fluzes of the host galaxies

Host Band log Fluzz obs log Fluz, ops
y §4pen:2x s-cfr:'Hz
GRB 980703 B —17.468 £ 0.048 —28.656 + 0.048
1% —17.508 £ 0.040 —28.509+ 0.040

R, —17.588 £ 0.032
1. —17.823 £ 0.072

—18.168 + 0.064

GRB 990123 B
V —18.231 £ 0.052

—28.440 + 0.032
—28.483 £ 0.072

—29.356 £ 0.064
—29.233 £ 0.052
—29.308 & 0.056

R,  —18.456+ 0.056
I, —18579+0.120

—29.247 4+ 0.120

zalaxy of GRB 980703: SF Rsapeter ~ 15 £ 2Mg
7171, SFRScalo & 23 2 Mg yr~! for model (A);
SFRsaipeter & 24+ 2 Mg yr=}, SFRscaio ~ 37 %
4 Mg yr! for model (B); SFRsaipeter =~ 43 %
4 Mgy yr', SFRscato =~ 66 £ 6 Mg yr—! for
model (C), where the index of Salpeter and Scalo
ienotes the Salpeter and Scalo initial mass function
IMF) (Madau et al., 1998).

To estimate SFR of the host galaxy of
SRB 990123, we used the interpolated value of the
Aux at the wavelength 2800A in the rest frame be-
tween the R, and I, band. We assumed
erg
log Fu,28OOA =-29.28+0.13 ey
The calculation yields: SFRggipeter = 8 £2 Mg
vl SFRgcq0 ~ 12 £ 4 Mg yr~! for model (A);
SFRsalipeter = 17 £6 Mg yrﬁl, SFRscai0 &~ 25 +
3 Mg yr~! for model (B); SFRsapeter ~ 34£12 Mg
1Y, SFRscaio & 54% +17 Mo yr~! for model (C).

~ b TV
IoXidviE A

Cricuigannse !
- 1. ugecyn
YOMUUUYECEDU

Of course, these estimates are the lower limit to
SFR because our calculations were performed without
any galaxy rest-frame extinction correction. More-
over, uncertainties of our results are estimated for-
mally from the errors of fluxes.

6. Discussion

Observations were carried out a significant time af-
ter the gamma-ray bursts. For the host galaxy of
GRB 980703 it was about 20 days after the gamma-
ray burst, and for the host galaxy of GRB 990123
about a half year. This allows us to consider that the
contribution of the optical transient is very small and
we observed light only of the host galaxies.

As a discussion, it should be noted that there
are uncertainties in the estimates of the abso-
lute magnitudes of the host galaxies due to the
K-correction. In the case of the host galaxy of
GRB 990123 this uncertainty is about 1™, and in
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Figure 2: A comparison of the host galazy of GRB 980703 broad band rest-frame (z = 0.966) spectrum to
spectrum of S2-galazies, log Fy = log F 52 + C (see Connoly et al., 1995). FWHM of each filter for Aefs with
the account for z are denoted by dashed horizontal lines with bars.
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Figure 3: A comparison of the host galazy of GRB 990123 broad band rest-frame (z = 1.6) spectrum to spectrum
of S1-galazies, log F = log F) s1+C (see Connoly et al., 1995). FWHM of each filter for Aes¢ with the account
for z are denoted by dashed horizontal lines with bars.

the case of the host of GRB 980703 it is about
077. However, we consider that a more correct re-
sult is the value of Mp according to the com-
parison with the starburst averaged spectra —
Mprest = —20.60, —21.12, —21.73 for the host galaxy
of GRB 980703 in (A), (B), (C) cosmological models,
respectively, and Mpress = —20.20,-21.02, —21.82
for the host galaxy of GRB 990123. Moreover, our
BV R.I. broad-band spectra are better fitted by the
S1 and S2 spectral energy distribution. To compare
our results to the results of Bloom et al. (1998, 1999)
we assume a cosmology model with Hy = 65 km s™*
Mpc™!, Q,, = 0.2 and Q4 = 0. For the host galaxy
of GRB 980703 we used the value of the luminosity
distance from Bloom et al. (1998), d, = 1.92 x 1028
cm. In the case of the host galaxy of GRB 990123

we used the value of the luminosity distance from
Bloom et al. (1999), d, = 3.7 x 10?® cm. Calcu-
lations from equation 3 yield: Mg, = —20.8 and
Msp,.,, = —20.62 for the host galaxies of GRB 980703
and GRB 990123, respectively, while the values of
Bloom et al. (1998, 1999) are —20.2 and —20.0 for
the host galaxies of GRB 980703 and GRB 990123,
respectively. Note that the estimates of absolute mag-
nitudes of Bloom et al. (1998, 1999) for the both host
galaxies are performed in a different way without the
K-correction by fitting to the spectrum in the case of
the host galaxy GRB 980703 and by interpolating be-
tween the observed STIS and the K-band data points
using a power law in the case of the host galaxy of
GRB 990123.

It should be noted that our estimates of the star
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formation rate are higher than the estimates of Djor-
govski et al. (1998) and Bloom et al. (1999). It is
interesting that for the host galaxy of GRB 980703
our flux at A = 2800A is ~ 3.1 uJy and is match-
ing the value of the flux on July 7 from Djorgovski
et al. (1998). Probably, the OT contribution was al-
ready negligible in the V band on July 7. In the case of
the host galaxy of GRB 990123 our value of the flux
at A = 2800A was estimated by interpolation be-
tween observed points. However, the values of Bloom
et al. (1999) are 0.17 pJy (for 8 = 0) and 0.21 uJy
(for B = —0.8), while ours are 0.5275-18 uJy. This dis-
crepancy can be explained as follows. Our estimate of
the flux was performed by interpolation between the
Re (Aefr = 6588A) and I. (\esy = 80604) bands,
while the values of Bloom et al. (1999) were inter-
polated with the power law between STIS (approxi-
mately V band, Aey; = 5505A) point and K band
(Aers = 2.195um). Moreover, Bloom et al. (1999)
measured the flux of the host galaxy by masking
sets of pixels dominated by the OT because obser-
vations in the K band were carried out on 9 and 10
Febrary, 1999, 17-18 days after the gamma-ray burst
when contribution of the OT was not negligible, while
our observations were performed about a half year
after the gamma-ray burst occurred. Obviously, our
estimate is more accurate than that of Bloom et al.
1999).
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