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Abstract.

We present the results of a deep photometric study of the GRB 000926 host galaxy

field with a newly designed instrument SCORPIO at the 6 m telescope of SAO RAS. The expected
potentialities of using this new device in the photometric mode are demonstrated. It is shown that
the limiting magnitudes (S/N = 3) of B=27.0, V' =26.3, R¢=26.4 and I¢=25.1 are achieved. We
also present the results of the BV Rc¢lc photometry of the host galaxy of GRB 000926 itself. For
the objects in the field the classification “star-like — extended” is performed, and for each class
an attempt of classification by their colors is made. It is shown that the colors of the host galaxy
correspond to those of the extended objects in the field with the same magnitudes. Moreover, the
colors of the host galaxy are located in the “blue part” of the color distribution of the objects,
which is explained by vigorous star formation in the host galaxy.
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1. Introduction

Recently, accumulation of the statistics for the
gamma-ray burst (GRB) afterglow and its host galax-
ies has shown that most probable progenitors of GRB
are massive stars. This, in turn, stimulated interests
in GRBs, the events which are closely related to star
formation history (SFH) in the Universe (see, e.g.,
Blain & Natarajan, 2000; Ramirez-Ruiz et al., 2000,
and references therein). Today there are many meth-
ods, which differ in the working spectral range, for es-
timation of SFH effects. Each of the methods has its
own advantages and drawbacks. For example, stud-
ies in optics are most sensitive, but strongly affected
by internal extinction in galaxies; radio methods, in
turn, are free from this selection effect, but are still
less sensitive than optical, and thus give only part
of all information (see review of Adelberger & Stei-
del (2000)). Studies of GRB host galaxies are an ad-
ditional independent method of SFH determination.
Following the report of Berger (2001), we repeat here
the main advantages of this method:

1. GRBs are bright events and, consequently, it
is possible to detect them to high redshifts. Thanks to
the wide spectral range of the afterglow (from X-ray
to decimeter radio), it is possible to precisely localize
not only a host, galaxy, but to accurately measure the
distance using optical spectra of the afterglow and
host galaxies.

2. In fact, dust does not affect the outcoming

gamma rays: bursts — galaxies: photometry

gamma radiation, thus it is possible to create a sam-
ple of galaxies free from the influence of dust.

3. The already accumulated data are sufficient to
assert that the sample of GRB host galaxies occupies
a wide range of luminosities, to Mp ~ —15™ (see
Fig. 1 from Berger, 2001). In contrast to this, cur-
rent methods of SFH estimation reach luminosities of
the order of L,, the “knee” of the local luminosity
function.

As it was noted, GRB host galaxies occupy a wide
range of both luminosities and apparent magnitudes
(Sokolov et al., 2001). It is clear, faint objects need
deep photometric studies. Thus, as an expected “by-
product” of host galaxy studies may be deep fields.
Clearly, these observational data contain many possi-
bilities for different kinds of science activities, that is
construction of the luminosity function in relation to
redshift, search for certain kinds of objects (neutron
stars, distant galaxies, transient events, etc.), number
counts and so on.

In this paper we present the results of pho-
tometry of objects in the GRB 000926 host galaxy
field. The structure of the paper is as follows:
in the first Section we describe the method of
deep photometric observations with the SCORPIO
(“Spectral Camera with Optical Reducer for Photo-
metrical and Interferometrical Observations”, see at
http://wuw.sao.ru/ “moisav/scorpio/scorpio.html);
in the second one we present the data reduction and
the technique of photometry we used; in the third
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Figure 1: The GRB 000926 host galazy field in the B, V', R¢ and I¢ bands. The size of the fragments is slightly

different, but about 4.3 x 4.3 arcmin.

section we describe the results of studies for field
objects and for the GRB 000926 host galaxy itself.
In the last section we present couclusions.

2. Observations

Observation of the GRB 000926 host galaxy field
was performed in the frame of the observational
program of Sokolov V.V. “Optical identification of
gamma-ray bursts”, which is in progress at the 6m
telescope of SAO RAS. The data were obtained
with the SCORPIO iustrument and a CCD ma-
trix detector of 1034 x 1034 pixels, 24 x 24 pm in
size (corresponding to a spatial resolution of about
07289/pixel) with a read-out-noise of 3 electrons
and a 1.2/ADU gain. A set of f{ilters close to the

standard BV Rele Johnson-Kron-Cousins photomet-
ric system {Bessel, 1990) was used. The weather
conditions were good. In Table 1 the night log of
the observations is presented. The standard stars
from the list of Landolt (PG1633, 1992) and Stet-
son { http://cadcwww.dao.nrc.ca/cadcbin/wdb/
astrocat/stetson/query) were used for photomet-
ric calibration.

It should be noted that images obtained with thin
CCD detectors are not free from fringes (interference
“pattern”), especially in the red part of the spectrum.
To eliminate these artifacts, a dithering method was
used in the course of working out technique of obser-
vations with the SCORPIO. The telescope was shifted
between exposures. This makes it possible to con-
struct a superflat image, containing the fringe pattern
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Table 1: The observational log of the GRB 000926 host galazy field

Date, UT Band Seeing  Zenithal Exposure and  Total integration
FWHM distance frame numbers time, sec

25. July, 2001 B 173 34° 500 x 5 2500

25. July, 2001 1% 1”3 28° 300 x 7* 1500

24. July, 2001 Rc 172 11° 180 x 7 1260

25. July, 2001 Ie 173 10° 120 x 15 1800

*Two frames are with a problem of seeking. These frames were not used.

Table 2: Results of reduction

Band Integration time Sky brightness Sky brightness Atm. extinction*
(sec) (25) it (grrmsss)
B 2500 4.19 22.69 0.34
1% 1500 8.46 21.76 0.21
Re 1260 24.76 21.16 0.15
Ic 1800 75.69 18.99 0.10

* The extinction coefficients were assumed from Neizvestny (1983).

of the CCD matrix signal, making use of median av-
eraging, for instance. Fringes being an additive com-
ponent of a CCD image, superflat is to be subtracted
from the reduced frames. This procedure was applied
in these observations.

3. Data reduction and photometry

Primary data reduction was performed using the
MIDAS package. The data were bias-subtracted, flat-
fielded and corrected for fringes in the R¢ and I¢
bands. Cosmic ray events were removed using the
MIDAS routine FILTER/COSMIC. Then the frames in
each band were summed. The seeing (FWHM) in the
sums is 1.3, 1.3, 1.2 and 1.3 arcsec in the B, V, R¢
and I¢ bands, respectively. In Table 2 and Fig. 1 the
results of the reduction and the fields in the B, V', R¢
and I bands are presented.

As fields in different bands had different orien-
tation relative to the world coordinate system, we
transformed all final frames to the same coordinate
system using the WCStools package and USNO-42.0
astrometrical catalog. The mean astrometrical error
was about 0.5 arcsec. In Fig. 2 the intersection of all
bands is presented (common field). The total area of
the intersection is about 12 arcmin?.

To transform instrumental b, v,r,7 magnitudes to
the standard BV Rc¢l;, we make use of the following
equations:

B-b 26.82(+0.01) + 0.16(£0.02) - (b — v),
V—w 26.82(+0.01) — 0.07(+0.02) - (b — v),
R.—r = 27.29(+0.02) 4 0.03(£0.05) - (v — 1),
I —i = 26.25(£0.02) + 0.11(£0.04) - (r —4).

where the tranformation coeflicients were determined

with the aid of the standard stars from the PG1633
field (see Sect. 2).

For searching out and photometry of objects
in the field, we used the SExtractor routine
(Source Extractor, Bertin and Arnouts, 1996). The
SExtractor allows one to measure several kinds of
magnitudes. For these reasons, we present here a
short summary of the SExtractor measurement al-
gorithm. The SExtractor defines the following mag-
nitudes:

e Isophotal magnitude which is integral within
the area above the given threshold.

e Corrected isophotal magnitude which is mea-
sured by the following methods. Intensity profile of
an object is approximated by Gaussian and then a
corresponding correction of measured magnitude is
applied.

e “Automatic” (adaptive aperture) magnitude
which has been defined by Kron (1980). First, a “first
ri(r)
I(r)
that for star-like and galaxy profiles convolved with
Gaussian, about 92% of light is enclosed within an
aperture of kry radius, where k &~ 2. In SExtractor
an algorithm is worked out, where the aperture is pre-
sented by an ellipse with ekr; and kr| /e as major and
minor axes (e is the ellipticity).

e Aperture magnitude which is the magnitude
measured within a circular aperture specified by the
user.

moment” r; = is calculated. Kron showed

The total magnitude is defined to be equal to “au-
tomatic” one provided that there is no object with a
magnitude capable of increasing the total magnitude
by more than 0.1™ in the corresponding aperture. On
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Figure 2: The field common for all bands.
Field corner coordinates:
North: &2000.0 = 17h04m06582, (52000‘0 = +51°49’49’.’4
Bast: az000.0 = 17104124342, §5000. 0 = +51°47'24"'8
South: aspp0.0 = 17h04H110597, d2000.0 = +51°45'04"7
West: 0000 = 17103M5230, §a000.0 = +51°47/47"4.

the contrary, a corrected isophotal magnitude is se-
lected.

The detection threshold was chosen to be 1.5¢
of background fluctuation (¢ — RMS of background
statistics). This corresponds to 27.56, 26.64, 26.62
and 25.22 magnitude per arcsec in the B, V', R¢ and
Ic bands, respectively (~ 1% of the sky brightness).
We triggered positive detection, when the object oc-
cupied of at least 5 pixels connected one-by-one with
intensity of each of the above given thresholds. Ap-
proximation of the background is a very important
procedure in searching for objects automatically. Here
we examined this procedure “by eye”. The approx-
imated background was checked for the absence of
structures around bright objects and sharp variation
on small scales (less than ~ 5-7 FWHM).

A total of 1243, 1026, 1244 and 1025 objects were
found in the B, V, Rc and I¢ bands, respectively.
Note, these catalogs may contain spurious detections

because of the effects of the backround noise. In the
resulting catalog the isophotal, “total” and aperture
magnitudes were measured for each object (see Bertin
and Arnouts, 1996). An object with a S/N = 3 being
assumed to be the limit of detection (internal mag-
nitude error is & 0.36), the limiting magnitudes are
27.6,26.8,26.8 and 25.6 in the B, V, R¢ and I¢ bands,
respectively. But a more reliable limit was defined as
the mean magnitude of objects with the given S/N
ratio. Thus for S/N = 3 the limiting magnitudes are
27.0,26.3,26.4 and 25.1 in the B, V, Rc and I¢ bands,
respectively. In Fig. 3 we present “magnitude-error”
diagrams for all detected objects with a S/N greater
than 3. Objects with limiting magnitudes were ex-
amined “by eye”, and we found that some of them
are probably spurious detections. These objects were
ruled out from the final catalog. In Fig. 4 the ex-
amples of objects with limiting magnitudes are pre-
sented.
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Figure 3: The “magnitude~error” diagrams for all field objects with S/N > 3.
4, Results to consider with assurance that an object is real, be-
)

4, 1 . Number counts

Field photometry of the objects allowed us to
construct the “magnitude-counts” distributions. In
Fig. 5 we present the results for objects with a
S/N > 4. Following the definition of limiting mag-
nitude from Sect. 3, we found that for this sample
the limiting magnitudes are 26.6, 25.9, 26.1 and 24.7
in the B, V', R¢ and I bands, respectively. It should
be noted that for correct interpretation of these re-
sults, in particular the slope, we need a completeness
curve, but this is beyond the scope of this paper.

4.2. Object colors in the common field

Now we will deal with the objects, which have been
detected simultaneously in all the bands. To match
coinciding objects, we used the IRAF package and its
tasks from STSDAS. The astrometrical error of our
frame referring to the world coordinate system was
about 0.5 arcsec, thus the confidence region we de-
fined is one arcsec (about 3 pixels). For analysis of
the data we defined a sample of objects in the com-
mon field with a S/N > 4. This sample consists of
192 objects. The detection in all the bands allows us

cause of different orientation of the field in the differ-
ent bands, which, in turn, suggests that there is not
any correlation with the flat-field pattern or CCD bad
pixels.

In Fig. 6 and Fig. 7 we present the two-color and
“magnitude—color” diagrams for all objects of this
sample. As colors are correctly measured within the
same aperture in all the bands, for analysis of the col-
ors we chose the aperture magnitude. The apperture
size was defined as 12 pixels, which is 3.6 arcsec or
~ 3FWHM of a star-like profile.

In Figs. 8 and 9 examples of the reddest and bluest
objects in the common field are presented.

4.3. Star-like objects

To select star-like objects, we used the criterion given
in SExtractor. We selected the objects which have -
the index of stellarity greater than 0.7 in all the
bands (SExtractor STAR CLASS). There are 15 such
objects. In Fig. 10 we show a two-color diagram for
all star-like objects in the common field. To classify
the objects, we compared the object colors with those
of star spectra from the Vilnus library. Fig. 10 shows
our classification of the objects. As can be seen from
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Figure 4: Objects with limiting magnitudes. Ellipses mark apertures within measurements were performed.
Inner ellipse approzimately corresponds to isophotal object size, outer is total magnitude apperture.

the figure, the colors of almost all objects are well
represented by the colors of main-sequence dwarfs.

4.4. Extended objects

The colors of the extended objects (those that do not
fall within the class of star-like ones on the basis of
the criterion from 4.3) are compared with the colors of
the galaxies of different Hubble types from Fukugita
et al. (1995) at different redshifts. In Fig. 11 we show
this comparison for two-color diagrams. As it can be
seen from the figure, the colors of the majority of the
extended objects correspond to those of galaxies with
redshifts up to ~ 1. However, there are objects which
need more detailed studies.

4.5. Host galaxy of GRB 000926

In Fig. 12 the 30 x 30 arcsec neighbourhood of
the GRB 000926 host galaxy is shown. Using
SExtractor, we succeeded in detecting the host
galaxy in the B band only. In the V and R¢ bands
the algorithm, probably, did not resolve the galaxy
and the nearby extended structure (see Fig. 12), in
the Ic band there was no detection at all. The pho-
tometry of the host galaxy was performed by hand
using the MAGN/CIRCLE procedure in the MIDAS pack-
age. Within the 2-arcsecond aperture the galaxy has
the following magnitudes:

B =2613+£0.17,V = 25.85+£0.22, Rc = 26.31£0.25
Ie =24.7+ 0.4 (Dodonov et al., 2001).

However,' the detection of the object in the B
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Figure 5: Integral “magnitude—counts” distributions for objects detected in all bands with S/N > 4.

band by the SExtractor still provides an opportu-
nity to compare its SExtractor magnitude to that
reported in Dodonov et al. (2001). Within the two-
arcsecond aperture the SExtractor measured mag-
nitude is 25.80 £ 0.14. However, as we have the B-
band magnitude only, we should take into account
the uncertainty caused by the color term absence in
the instrumental-to-standard transformation. Follow-
ing the RMS of the color distribution its value is
not greater than 0.1 magnitude. Thus, the magnitude
measured by SExtractor is 25.80+0.18, which within
lo is in agreement with the magnitude obtained by
hand. Note that the small difference in the magni-
tudes is, in principle, possible, because of the meth-
ods of determination of the aperture center (Gauss
approximation of intensity distribution of the object
profile or the mean weighted with intensity distribu-
tion).

Observations of the GRB 000926 optical tran-
sient and the host galaxy were also performed with
the Hubble Space Telescope and WFPC2 (Price et
al., 2001; Harrison et al., 2001; Castro et al., 2001).
The final HST epoch data were obtained on UT

May 19.63-19.86, 2001 (about two month prior to
our observations) in the F450W, F606W and F814W
bands (Castro et al., 2001). Transformation of the
HST SMAG magnitudes measured within the aper-
ture radius 0725 to the standard Johnson-Cousins
ones gives the following results (see Table 4 in Cas-
tro et al., 2001): B= 25.86 £ 0.14, V= 25.66 £ 0.05,
Re= 25.29 £ 0.06 and Ic= 24.95 £+ 0.06. Note that
the quoted errors are statistical only (Castro et al.,
2001). In the B, V and I bands these magnitudes
are in good agreement within the uncertainties with
our photometry. The consistency of the magnitudes
allows us to consider that we observed, indeed, a con-
stant source, i.e. the host galaxy. It should be noted
that our R¢ magnitude is about 1" fainter than the
HST one. This magnitude inconsistency might be
caused by several reasons. Firstly, one may suppose
that this is due to some feature on the SCORPIO
CCD (e.g. bad pixel). But this explanation can be re-
jected because the telescope was shifted by about 9
arcsec (30 CCD pixels) between each exposure in the
course of observations (see Sect. 2). Another reason
may follow from possible uncertainties of the method
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Figure 7: The “magnitude—color” diagrams for all the objects with a S/N > 4 in the common field.

used by Castro et al. (2001) for transformation from
HST F606W and F814W to Johnson-Cousins Re
based on Holtzman et al. {1995) definition. In ac-
cordance with Table 10 from Holtzman et al. (1995)

one is not allowed to obtain the Rc-band magnitude
directly from the F606W and F814W bands. Proba-
bly, the HST R¢ magnitude was obtained by interpo-
lating between the V' and I¢ bands and assuming a
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smooth host galaxy spectral energy distribution, but
the authors did not discuss this. Alternatively, it can
be supposed that there is some absorption feature in
the host galaxy continuous spectrum. It is interesting
that for the host galaxy redshift = 2.0379 (Castro et
al., 2001), the graphite absorption “bump” at 22004
in a “Milky Way”-like extinction curve falls exactly in
the observed Rc¢ band. As was shown by modeling of
spectral energy distribution of the GRB 980703 host
galaxy (Sokolov et al., 2001), this feature can actu-
ally be present. But we stress that the deficit of the
Rc-band flux must be checked by data with a higher
S/N ratio.

It is interesting to compare the colors of the host
galaxy to the colors of the field objects. For this pur-
pose, we chose the objects with magnitudes B > 25™
from the “S/N > 4” catalog. All the chosen objects
are extended in accordance with the STAR CLASS pa-
rameter. This comparison of B —V and V —1I¢ colors
is shown in Fig. 13. Our choice of the B—V and V -1
colors is explained by an uncertainty in the R¢-band
magnitude as was discussed above.

As one can see from Fig. 13, the colors of the host
galaxy occupy the “blue part” of the field galaxy color
distribution. Naturally this effect can be explained by
star formation in the host galaxy, which, in turn, sup-
ports the scenario of a massive star to be a progenitor
of gamma-ray bursts.

5. Conclusion

It should be stressed in conclusion, that the main goal
of the paper was demonstration of possibilities of field
photometry in GRB host galaxy fields. The results
showed that deep photometric limits were achieved
indeed. The method of object classification by colors
was demonstrated. Moreover, we made a comparison
of the host galaxy colors with the field objects’ colors.
We showed by this that the host galaxy does not ex-
hibit any color peculiarity, at least for the B — V' and
V' —1I¢ colors (see Fig. 13), but for the unusual behav-
ior of the host galaxy continuum in the R¢ band.

Nevertheless, it seems that the GRB 000926 host
galaxy is a typical object for its epoch (redshift).
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Figure 8: Framples of the reddest objects (B ~V > 2.0, the first row is
the third is the Re-band and the lower is the I¢-band).

the B-band, the second is the V -band,
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Figure 9: Examples of the bluest objects (B — V < 0.0, the first row is the B-band. the second is the V' -band,
the third is the R¢-band and the lower is the [o-band ).
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Figure 10: Colors of the star-like objects in the common field. Classification is also shown. As can be seen.
colors of almost all the objects are good represented by colors of the main-sequence dwarfs.
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Figure 11: Comparison of the extended object colors in the common field with the colors of galazies of different
Hubble types on different redshifts (z = 0.0,0.2,0.5,0.8). The colors of the majority of the extended objects

correspond to those of galazies with a redshift up to ~ 1.
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Figure 12: The 30 x 30 arcsec neighbourhood of the GRB 000926 host galazy. The circle marks the position of
the optical transient (size is 1 arcsec in accordance to astrometrical error).
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Figure 13: Comparison of the GRB 000926 host galazy colors with the colors of the field objects with the same
magnitudes (B, > 25™ ).
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