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ABSTRACT

We present optical and near-infrared follow-up observations of the X-ray flash (XRF) of 2003 July 23. Our
observations in the R band cover the temporal range from 4.2 hr to 64 days after the high-energy event. We also
present the results of multicolor imaging extending to the K band on three epochs. The light curve of the R-band
afterglow the first week after the burst is similar to the light curve for long-duration gamma-ray bursts (GRBs),
i.e., a broken power law with a late time slope of a ~ 2.0 (F, o t~). Furthermore, the spectral energy dis-
tribution (SED) has a power-law (F, o< v~?) shape with slope 3 ~ 1.0. However, the decay slope at ¢ < 1 day is
shallow, consistent with zero. This is in qualitative agreement with the prediction that XRFs are off-axis classical
GRBs. After the first week there is a strong bump in the light curve, which peaks at around 16 days. The SED
after the peak becomes significantly redder. We discuss the possible interpretations of this bump and conclude
that an underlying supernova is the most likely explanation since no other model appears consistent with the
evolution of the SED. Finally, we present deep spectroscopy of the burst both in the afterglow and in the bump
phase. A firm upper limit of z = 2.3 is placed on the redshift of XRF 030723 from the lack of Ly« forest lines in
the spectrum of the afterglow. The lack of significant absorption and emission lines in either of the two spectra

excludes a spectroscopic redshift determination.

Subject headings: cosmology: observations — gamma rays: bursts — supernovae: general —

X-rays: individual (XRF 030723)

1. INTRODUCTION

X-ray flashes (XRFs) are transient sources of X-ray photons
that are distributed isotropically on the sky. Their existence as
a class with a different nature than X-ray bursters in the
Galaxy was first put forward by Heise et al. (2001) based on
data from the BeppoSAX satellite. They introduced an opera-
tional definition for XRFs, namely, a fast transient source with
duration less than 1000 s in the Wide Field Camera (covering
2-25 keV) that did not trigger the Gamma Ray Burst Monitor
(covering 40—700 keV). BeppoSAX detected 20 such events in
the 6 yr it was operational (Heise et al. 2003). A HETE-2 burst
is classified as an XRF if its X-ray fluence (S) exceeds its
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gamma-ray fluence, i.e., log[(02—30 keV)/S(30—400 keV)] >
0 (Lamb et al. 2003). Classical gamma-ray bursts (GRBs) are
defined as having log [S(2—30 keV)/S(30—400 keV)] < —0.5,
while bursts belonging to the intermediate class are classified
as X-ray—rich GRBs, following Castro-Tirado et al. (1994).
XRFs can be interpreted as the same phenomenon as clas-
sical GRBs, with the difference being that the high-energy
spectra for XRFs are softer than for GRBs (Heise et al. 2001;
Barraud et al. 2003). The high-energy spectra (vF,) of GRBs
are well described by the so-called Band function (Band et al.
1993), which is composed of two smoothly connected power
laws. The energy at which the two power laws connect is
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referred to as Ejcai and is where most of the energy usually is
emitted. For classical GRBs E, is typically a few 100 keV
(Preece et al. 2000). The high-energy spectra of XRFs are
also well fitted by the Band function, but with values of
Epeak below 100 keV and in some cases even below 10 keV
(Kippen et al. 2002; Barraud et al. 2003). For classical GRBs
there is a correlation between spectral hardness, defined as
the fluence in the X-ray band divided by the fluence in the
gamma-ray band, and the fluence in the gamma-ray band in
the sense that hard bursts have a higher total fluence Nemiroff
et al. 1994. XRFs follow this correlation Barraud et al. 2003.
These properties of GRBs and XRFs would be naturally
explained if XRFs were GRBs at very large redshifts. How-
ever, the lack of excessive time dilation compared to GRBs
argues against this interpretation (Heise et al. 2001). More-
over, Amati et al. (2002) find in a sample of 12 BeppoSAX
GRBs with known redshifts that the total isotropic equivalent
energy radiated in the 1-10,000 keV range is positively cor-
related with Ejc,. This also argues against very large redshifts
for XRFs. Instead, the current view is that XRFs are the result
of either (1) classical GRBs seen off-axis (Yamazaki et al.
2002, 2003; Dado et al. 2003; Rhoads 2003), (2) so-called
dirty fireballs, which are relativistic jets with a larger baryon
load and hence (assuming external shocks) lower I'-factor than
those of classical GRBs (Dermer et al. 1999; Heise et al.
2001), or (3) fireballs with large I'-factors and/or low baryon
loading that in the case of internal shocks lead to the emission
of less energetic photons (Zhang & Mészaros 2002; Barraud
et al. 2003).

Prior to XRF 030723, four XRFs had been localized to
arcminute accuracy. The first was the BeppoSAX burst XRF
011030 (e.g., Heise et al. 2001), for which a likely afterglow
was detected at radio (Taylor et al. 2001) and X-ray wave-
lengths (Harrison et al. 2001). The first XRF localized by
HETE-2 (XRF 011130) did not lead to an unambiguous af-
terglow detection despite extensive efforts at optical, X-ray
and, radio wavelengths. XRF 020427, localized by BeppoSAX,
exhibited an X-ray afterglow, localized to arcsecond accuracy
by the Chandra X-Ray Observatory (Fox 2002). The first
HETE-2 XRF for which an afterglow was identified was XRF
020903 (Ricker et al. 2002). A candidate optical and radio
afterglow was detected and a bright galaxy coincident with the
transient was found at z = 0.251 (Soderberg et al. 2003b).
Finally, Watson et al. (2004) suggest that the Integral burst
GRB 031203 was actually an XRF on the basis of the mod-
eling of a dust echo in our galaxy observed by XMM (Vaughan
et al. 2004). For GRB 031203 a radio afterglow (Frail 2003),
but no optical afterglow, has been detected. The likely redshift
of this burst is only 0.105, based on the spectrum of a galaxy
coincident with the position of the radio afterglow (Prochaska
et al. 2004).

Hubble Space Telescope (HST) observations have been
obtained of the fields of XRF 011030, 020903, and 020427. In
all cases a candidate host galaxy has been identified. XRFs
011030 and 020427 exhibited blue R ~ 24 host galaxies,
typical of GRB host galaxies (Bloom et al. 2003). The gal-
axies are probably not at a very high redshift (z < 3.5; Bloom
et al. 2003). The host galaxy of XRF 020903 exhibits a
complex morphology (Levan et al. 2002; Soderberg et al.
2003b). A single emission line at 8485 A has been detected
from the host galaxy of XRF 020427 (van Dokkum & Bloom
2003).

XRF 030723 was detected by the FREGATE, WXM, and
SXC instruments on board the HETE-2 satellite on 2003 July

23.26965 UTC (HETE trigger H2777). The event was local-
ized with the SXC to a 2’ radius error circle at high Galactic
latitude (b = 50°) in the constellation Pisces Aus Prigozhin
et al. 2003. The burst duration (799) was 25 s. The total
fluence in the 7-30 keV band was ~2x 1077 ergs cm 2,
and in the 30-400 keV band the fluence was less than 7 x
10~% ergs cm~2. It was hence clearly an XRF according to the
HETE-2 definition. Observations of the X-ray afterglow to
XRF 030723 has been reported by Butler et al. (2004). In the
radio band only an upper limit of 180 pJy at 8.46 GHz (July
26.42 UT) has been reported (Soderberg et al. 2003a). In this
paper we present a comprehensive optical and near-infrared
(near-IR) study of its afterglow—the first such study for any
XRF.

2. OBSERVATIONS

We initiated optical follow-up observations of the SXC
error box 4.2 hr after the flash. This was done near morning
twilight from the Danish 1.5 m Telescope (D1.5m) at ESO’s
La Silla Observatory. Based on these observations we flagged
the object later found to be the optical afterglow as the
brightest source (R = 20.9) not present in the Digitized Sky
Survey. Images were secured at the D1.5m also on the
following night to facilitate detection of the afterglow as a
transient source. Comparison of the images from the first and
second epoch observations revealed no apparent transients in
the error box (Jensen et al. 2003). This later turned out to be
due to the small initial variability of the afterglow: within the
errors the afterglow had the same R-band magnitude 4.2 and
21.0 hr after the burst. The detection of the optical afterglow
was subsequently reported by Fox et al. (2003). The fact that
we had observed an initially flat light curve suggested to us
that XRF 030723 was an off-axis GRB. Off-axis bursts should
be observable only to modest redshifts (Yamazaki et al. 2002),
and we therefore decided to conduct a targeted effort at de-
tecting emission from the expected associated supernova
(Stanek et al. 2003; Hjorth et al. 2003a). We continued to
observe the afterglow at optical and near-IR wavelengths for
the following 64 days using the D1.5m and ESO telescopes at
the La Silla and Paranal observatories. The afterglow was also
observed at 8.1 hr after the burst with the 0.6 m telescope on
Mount John in New Zealand in wide MOA (Microlensing
Observations in Astrophysics) R/-, and BV-band filters. The full
journal of observations is given in Table 1. The data were re-
duced using standard techniques for debiasing and flat-fielding.

3. RESULTS
3.1. Astrometry

We have determined the celestial position of the optical
afterglow by comparison with nine stars from the Two Micron
All Sky Survey (2MASS) catalog. We find the position
R.A. = 21"49m24342, decl. = —27°42""47730 (J2000.0) with-
in an rms scatter of 0706. The 2MASS astrometry is tied to
the International Celestial Reference System (ICRS) via the
Tycho 2 Catalog and is accurate to 70—80 mas. The position
we derive is consistent with the position reported by Fox et al.
(2003).

3.2. The Light Curve

The optical photometry of the XRF was carried out using
the DAOPHOT/ALLSTAR/ALLFRAME photometry pack-
ages developed by Stetson (1987, 1994). Initially each image



TABLE 1

LoG oF OBSERVATIONS AND PHOTOMETRY OF THE AFTERGLOW OF XRF 030723

Date At Exposure Time Brightness

(UT) (days) Filter/Grism (s) Instrument (mag)
Jul 23.44329............ 0.1736 R 300 D1.5m/DFOSC 20.92 £ 0.11
Jul 23.6090.............. 0.3394 BV-MOA 3 x 300 0.6m/MOA 21.47 +£0.25
Jul 23.6090.............. 0.3394 RI-MOA 3 x 300 0.6m/MOA >20.9
Jul 24.133.. 0.863 R 3 x 600 D1.5m/DFOSC 20.98 4 0.05
Jul 24.333.. 1.063 R 3 x 600 D1.5m/DFOSC 21.15 £ 0.05
Jul 24.360.. 1.090 14 3 x 600 D1.5m/DFOSC 21.63 4+ 0.03
Jul 24.384................ 1.114 Jg 15 x60 NTT/SOFI 19.81 + 0.06
Jul 24.397................ 1.127 H 15 x 60 NTT/SOFI 19.14 £ 0.11
Jul 24.409................ 1.139 K 15 x 60 NTT/SOFI 18.33 +£ 0.06
Jul 24.421 1.151 Jg 15 x 60 NTT/SOFI 19.79 + 0.08
Jul 24.433.. 1.163 H 15 x 60 NTT/SOFI 19.26 +£0.12
Jul 24.446.. 1.176 K 15 x 60 NTT/SOFI 18.42 £ 0.10
Jul 24.396.. 1.126 i 3 x 600 D1.5m/DFOSC 20.72 £ 0.04
Jul 24.411................ 1.141 R 4 x 600 D1.5m/DFOSC 21.24 £+ 0.05
Jul 25.114................ 1.844 R 3 x 600 D1.5m/DFOSC 22.00 £ 0.10
Jul 25.346................ 2.076 R 7 x 600 D1.5m/DFOSC 22.31 £ 0.07
Jul 25.378 2.108 Jg 15 x 60 NTT/SOFI 20.14 £ 0.16
Jul 25.391.. 2.121 H 15 x 60 NTT/SOFI 19.50 + 0.22
Jul 25.403.. 2.133 K 15 x 60 NTT/SOFI 19.08 + 0.25
Jul 25.408.. 2.138 R 8 x 600 D1.5m/DFOSC 22.13 £ 0.05
Jul 26.236 2.966 vV 50 VLT/FORS1 23.41 £ 0.07
Jul 26.239 2.969 14 50 VLT/FORS1 23.28 4+ 0.07
Jul 26.33.....ciie 3.06 G300V+GG375 22 x 600 VLT/FORS1 Spectra
Jul 27.160 3.890 K 10 x 60 VLT/ISAAC 21.04 £+ 0.21
Jul 27.171.. 3.901 Jg 10 x 60 VLT/ISAAC 22.46 +0.23
Jul 27.180.. 3.910 H 10 x 60 VLI/ISAAC 21.06 £+ 0.15
Jul 27.212.. 3.942 U 6 x 300 VLT/FORS1 23.83 £0.15
Jul 27.228................ 3.958 B 300 VLT/FORS1 24.31 £ 0.07
Jul 27.232............... 3.962 B 300 VLT/FORS1 24.57 +0.10
Jul 27.236................ 3.966 14 300 VLT/FORS1 24.04 £+ 0.06
Jul 27.241................ 3.971 Vv 300 VLT/FORS1 24.12 £ 0.12
Jul 27.245................ 3.975 R 300 VLT/FORS1 23.64 £ 0.05
Jul 27.249........cc.c... 3.979 R 300 VLT/FORS1 23.56 £+ 0.05
Jul 27.255.. 3.985 i 300 VLT/FORS1 23.08 £+ 0.08
Jul 27.260.. 3.990 i 300 VLT/FORS1 23.08 4 0.08
Jul 29.150.. 5.880 R 300 VLT/FORS1 24.63 £0.13
Jul 29.154 5.884 R 300 VLT/FORS1 2438 +0.11
Jul 29.158................ 5.888 R 300 VLT/FORS1 24.62 +£0.13
Jul 31.100................ 7.830 R 6 x 300 VLT/FORS2 25.00 £ 0.14
Aug 3.240 ............... 10.970 R 12 x 300 VLT/FORS2 25.16 £ 0.07
Aug 6.228 . 13.958 14 6 x 600 NTT/SUSI2 24.39 £ 0.08
Aug 6.240 . 13.970 i 6 x 600 NTT/SUSI2 2392 +0.23
Aug 6.254 . 13.984 R 6 x 600 NTT/SUSI2 24.28 4+ 0.07
Aug 6.308 ............... 14.038 R 6 x 600 VLT/FORS1 24.14 £ 0.03
Aug 6.368 ............... 14.098 B 6 x 600 NTT/SUSI2 25.04 £0.10
Aug 7.291 ..o 15.021 R 180 VLT/FORS2 24.16 £ 0.09
Aug 7.296 15.026 R 180 VLT/FORS2 24.20 + 0.11
Aug 7.359. 15.089 600RI+GG435 15 x 540 VLT/FORS2 Spectra
Aug 8.327. 16.057 R 180 VLT/FORS2 24.04 £0.13
Aug 8.331. 16.061 R 180 VLT/FORS2 24.03 £ 0.10
Aug 8.380 16.110 600RI+GG435 10 x 540 VLT/FORS2 Spectra
Aug 9.39%6 ............... 17.126 R 6 x 300 VLT/FORS2 24.16 £ 0.04
Aug 10335 ............. 18.065 R 14 x 600 D1.5m/DFOSC 23.88 + 0.44
Aug 14.168 ............. 21.898 K 150 x 60 VLT/ISAAC 21.19 £ 0.11
Aug 17.052 ... 24.782 R 15 x 600 NTT/SUSI2 25.08 & 0.09
Aug 19.007 ... 26.737 B 3 x 600 VLT/FORS1 >26.8
Aug 19.091 ............. 26.821 U 15 x 600 VLT/FORSI1 >27.0
Aug 19.168 ............. 26.898 R 3 x 600 VLT/FORS1 24.99 + 0.06
Aug 19.191 ............. 26.921 i 3 x 600 VLT/FORSI1 23.88 4 0.05
Sep 3.291 oo 42.021 R 6 x 600 VLT/FORS1 2597 £0.12
Sep 25.135 ..o 63.865 R 4 x 600 + 480 VLT/FORS1 26.58 +0.29

Note.—Upper limits are measured in a circular aperture with diameter of 2” and are 2 o.
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Fic. 1.—Left: The R-band light curve of the afterglow of XRF 030723. The filled circles are the measurements from this work (Table 1), and the two open circles
are the tentative early detections from the ROTSE-III Telescope (Smith et al. 2003a). The dashed and solid lines are the result of broken power law and Beuermann
function fit to the first 12 data points. Right: The late-time bump. In this plot we have subtracted the extrapolation of the power-law component from the afterglow
(based on the Beuermann fit). The errors include the photometric error as well as the formal error from the subtraction of the Beuermann fit. We also include the
latest reported detection (open circle) of Kawai et al. (2003). The dashed curve shows the B-band light curve of the Type Ic SN 19941 redshifted to z = 0.6, and
scaled up in flux by 1 mag. This combination of redshift and a very fast light curve provides the best match to the late light curve.

was run through DAOPHOT and ALLSTAR to produce a point-
spread function (PSF) and a star list. Subsequently daomaster
and daomatch were used on the ALLSTAR photometry to de-
rive positional transformations between the images and gen-
erate a master star list. From the master star list seven isolated
objects were selected as PSF stars and then a new PSF was
generated for each image using these stars. After this step, we
obtained the final PSF photometry using the ALLFRAME
program (Stetson 1994), with the PSFs and positional trans-
formations generated above. The error bars reported on the
photometry are those produced by ALLFRAME. The relative
magnitudes were transformed to the standard system using
observations of the Mark A field. For the near-IR data we
used aperture photometry and used 2MASS stars in the field
for photometric calibration. The zero-point uncertainties
are of the order 0.03 mag for both the optical and near-IR
bands.

The afterglow is not detected in the early MOA RI-band
image, but it is clearly detected in the BV-image, which has a
much lower sky background. We estimate an R-band magni-
tude by calibrating to internal V reference stars and assuming
V — R = 0.5, the color determined on July 24.3.

In the left panel of Figure 1 we have plotted the R-band
light curve ranging from 4.2 hr to 64 days after the XRF. Here
we also show the tentative early unfiltered detections (2.7 and
3.1 o) from the ROTSE-III Telescope (Smith et al. 2003a).
The decay curve based on our data is consistent with being flat
during the first 24 hr after the burst. Assuming that the
ROTSE-III detections are real, they imply a declining phase
during the first few hours. Around 1 day after the burst the
decay slope steepens to about o = 2 (F, x t~*) and remains
so for the following 4—5 days. About a week after the burst the
light curve starts to deviate from its fast decay. It then quickly
rises to a secondary maximum peaked at around 16 days,
followed by another steep decline with power-law slope
similar to that prior to the bump.

To quantify the properties of the early R-band light curve
we have fitted a broken power law:

ﬁe(rb)(ti) i<t
fa(t) = ’ (1)

t\ "
](R(tb) (t_) ) if ¢ > Ip,
b

to the first 12 data points, up to 6 days past the burst. We find
a; =0.10 £ 0.06, ap = 1.84 £ 0.04, 1, = 1.14 + 0.04 days
and x? = 37 for 7 degrees of freedom. Hence this functional
form is formally rejected by the data. We then followed
Beuermann et al. (1999) and fit an empirical function of the
form

Jr(t) = [(kll_a')7” + (kzt—az)fn]fl/n7

where ¢ is the time since the XRF, measured in days. For large
values of n this function approaches the broken power law,
whereas small values provide a smoothly broken power law.
We found that » ~ 1.5 gave the best fit. The decay slopes for
n=1.5 are oy = —0.08 £ 0.08 and o, =2.15 £ 0.08 with
x> =12 for 7 degrees of freedom. In Figure 1 we have
overplotted the two fits as a dotted (broken power law) and
a solid (Beuermann) line.

3.3. Spectral Enerqy Distribution

The multiband observations of XRF 030723 allowed us
to construct the spectral energy distribution (SED) at five
epochs (July 24.4, July 25.4, July 27.2, August 6.3, and
August 19.0 UT). The optical and near-IR magnitudes were
corrected for Galactic reddening [E(B — V') = 0.053; Schlegel
et al. 1998] and transformed to specific flux using the con-
version factors given by Fukugita et al. (1995) and Allen
(2000), respectively. Given that all multiband observations
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TABLE 2
Evorution or THE XRF 030723 SED

Observing Epoch

(UT) Filters B x?/dof
Jul 244 e, VRiJ HK, 0.96 + 0.04 1.5
Jul 254 e, RJHK, 131 4£0.13 3.6
Jul 272, UBVRiJ,HK, 1.00 £ 0.07 22
Aug 6.3 ... BVRi 1.03 £0.25 3.1
Aug 19.0 oo, RiK, 1.15 £ 0.10 58.3

were not performed exactly at the above mentioned five
epochs, their corresponding fluxes were rescaled assuming a
power-law decay (F, o< t~“). Based on the properties of
the light curve, the assumed values for @ were o =2 for
July 24.4, July 25.4, July 27.2, and August 19.0 UT and
a =0 for August 6.3 UT. In any case, the near-IR /optical
magnitudes are well clustered around the aforementioned five
epochs, so the final results are not strongly dependent on the
assumed values of a. A power-law fit in the form F, oc v
was carried out for the five epochs. The results are summa-
rized in Table 2.

A power law provides a tolerable fit for the first four
epochs. The spectral index is consistent with being constant
with a value around 3 ~ 1.0. There is no indication of a sig-
nificant spectral bend due to extinction as seen for, e.g., GRB
000301C (Jensen et al. 2001), GRB 000926 (Fynbo et al.
2001a; Price et al. 2001), or GRB 021004 (Holland et al.
2003). To constrain the amount of extinction we assumed an
intrinsic power-law shape of the SED, an SMC-like extinction
curve from Pei (1992), and a redshift in the range z = 0.3-1.0
(see § 4.2). For z = 0.3 the 2 o upper limit on the rest frame
Ay i1s 0.5 mag and for z = 1.0 the limit is 0.4 mag.

Unlike the earlier epochs, the August 19.0 UT SED shows a
clear deviation from the power law (x?/dof = 58.3). Figure 2
shows the five epoch SEDs. The constraining U- and B-band
upper limits of August 19.0 UT (see Fig. 2, filled triangles)
indicate a clear deficit of flux at wavelengths shorter than
~5000 A (observer frame) at this epoch.
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Fic. 2.—Evolution of the SED from July 24.4 to August 19.0. As seen, the
SED is consistent with a power law in the first four epochs. However, after the
bump in the light curve there is a strong deviation away from the power-law
SED due to a faster drop in the bluest bands.
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Fic. 3.—Top: The normalized spectrum of the optical afterglow from
July 26.3. The dotted line shows the noise spectrum. There are no absorption
lines significant at more than 2 0. We show only the spectral region from
3750 A to 6800 A that is largely unaffected by strong sky-subtraction resid-
uals. Bottom: The solid line shows the spectrum of XRF 030723 taken during
the peak of the light-curve bump (August 7.4—-8.4). The spectrum has been
rebinned in 30 A wide wavelength bins. For comparison we show the spectra
of SN 1998bw (taken at 3 days past B-band peak; Patat et al. 2001) and
SN 19941 (taken 1 day past B-band peak; Clocchiatti et al. 1996). Both spectra
have been redshifted to z = 0.6 (see § 4.3) and scaled in flux to match the level
of the bump spectrum. The spectrum of the bump is compatible with that of a
SN with a high expansion velocity similar to SN 1998bw or SN 2002ap, while
we can probably exclude a SN with a low expansion velocity (as SN 1994I).

3.4. Spectroscopy

Spectra of the source were obtained with the VLT on three
epochs (see Table 1). A 13.2 ks spectrum was obtained on
July 26.3 when the afterglow had a magnitude of V' ~ 23.3.
We used the 300V grism with the GG375 order separation
filter and a 170 wide slit providing a resolution of 13.3 A over
the spectral region from 3800 to 8900 A. The spectrum shows
a featureless continuum with no strong (larger than 3 o) ab-
sorption or emission lines superposed. The normalized spec-
trum is shown in the upper panel of Figure 3.

We also secured spectra of the afterglow at the phase of
the light-curve bump. This was complicated by the bright
Moon, which was located near the field of XRF 030723 on the
sky around the time of the bump. The spectra were secured on
August 7.4 and 8.4 with a total integration time of 13.5 ks.
These spectra were obtained with the 600RI grism and the
GG435 order separation filter and a 170 wide slit providing a
spectral coverage of 5300—-8600 A with a resolution of 6.6 A.
The spectrum shows a faint continuum with no narrow ab-
sorption or emission lines detected above 3 o significance
(Fig. 3). This spectrum is consistent with the broadband
photometry from August 6.3.

3.5. The Host Galaxy

In our latest R-band image from September 25.1 there
is a faint, extended source with magnitude R =26.8 + 0.4
at the position of the afterglow (Fig. 4 and Fynbo et al.
2003). However, a deeper and later image taken with the
SUBARU Telescope shows the presence of a R=27.6+
0.4 point source at the afterglow position (Kawai et al. 2003).
The nearest other galaxy is located about 2” north of the
position of the afterglow. While we cannot exclude this
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Fi6. 4—The 24 x 24 arcsec? field around the position of XRF 030723 from
our latest VLT R-band image 64 days after the burst. East is to the left, and
north is up. The position of the afterglow is marked with a cross (the size of
the cross corresponds to the 10 o error circle on the astrometry). There is some
evidence for an extended source with position angle about 90° (east of north)
at the position of the afterglow (Fynbo et al. 2003). However, a later and
deeper SUBARU image shows only a fainter point source at the afterglow
position (Kawai et al. 2003). Further deep imaging is required to reveal the
nature of the host galaxy.

object as the host galaxy, it is most likely unrelated to XRF
030723. We therefore consider R = 27 to be an upper limit
on the magnitude of the host galaxy of XRF 030723. Further
deep imaging is required to reveal the nature of the host
galaxy.

4. DISCUSSION
4.1. The Afterglow

This study of XRF 030723 is the first example of an XRF
optical afterglow that has been extensively monitored. The
properties of the early light curve and SED are consistent with
the hypothesis that XRFs are due to the same phenomenon as
classical GRBs, but seen at a larger viewing angle. In this
scenario the early light curve is the result of the competition
between two effects: (1) the decrease in observed flux from the
afterglow with time as for normal on-axis GRBs and (2) an
increase in flux from the afterglow as more and more of the jet
becomes visible to the observer with time. The combination of
these effects results in a flatter early light curve than for GRB
afterglows and even a rising early light curve for some
viewing angles (see Granot et al. 2002; Rossi et al. 2002; see
Dado et al. 2003 for a discussion in the case of fireball and
cannonball models). In addition, the shape of the jet may be
important. In the collapsar model there is more slowly moving
material further away from the jet axis, and the early optical
afterglow from an XRF will be dominated by emission from
this material (Zhang et al. 2004; Kouveliotou et al. 2004).
The exact shape of the early light curve will hence be a func-
tion of the jet structure, the viewing angle, and the density
profile of the environment. It is possible to reconcile the ten-
tative ROTSE-III detection with the off-axis scenario in the
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following way: The steep decline following the constant phase
indicate that this radiation comes from material that is off-axis,
i.e., our line of sight is outside the range of angles in which
this material flows out. The decay rate during the ROTSE
observations is poorly constrained, but a steep decay, ap-
proximately 772, is most consistent with our first data point.
That means that this material, too, is viewed off-axis, and very
likely it is the same material that caused the off-axis prompt
emission to which we attribute the XRF. Because the strength
of off-axis emission decreases very steeply with angle away
from the axis, this suggests that our line of sight is not too far
outside the opening angle of the fast material that made the
prompt emission. That then does not leave much solid angle
for the slower material that caused the plateau. The time of its
break, about 1 day after trigger, implies an opening angle of
about 10° for explosion energies and external densities typical
of ordinary GRBs, and a minimum initial Lorentz factor of
5-10 for this material. Its total energy must be larger than that
of the faster material in order to cause the strong reflare re-
sponsible for the flat light curve. It is important to note that
for this interpretation it is not required that the slower material
be further off-axis than the fast material: it could also occupy
the same cone, but follow behind the fast material and cause
a reenergizing of the original forward shock.

We note that flat light curves have been seen also for a few
classical GRBs. The optical afterglow of GRB 970508 was
almost constant from 3 to 24 hr after the burst. It then rose by
about 1 mag before it entered the usual power-law decline
(Pedersen et al. 1998). Panaitescu & Kumar (2002) interpret
this light curve as the result of a slightly off-axis GRB. The
ROTSE-III observations of the optical afterglow of GRB
030418 showed a rise during the first 600 s and a roughly
constant level during the following 1400 s (Smith et al.
2003b). Finally, we note that the light curve of GRB 000301C
displayed a flat light curve 3—4 days after the GRB (Jensen
et al. 2001).

The late afterglow light curve, i.e., from 1 to 5-6 days after
the burst, is also as expected for off-axis GRBs. The value
ay ~ 2 is the canonical late time slope (see, e.g., Andersen
et al. 2000, their Fig. 4.) reflecting the slope of the distribution
of energies for relativistic electrons producing the afterglow
emission in the synchrotron model (e.g., van Paradijs et al.
2000). Finally, the spectral slope of § ~ 1.0 is also typical for
GRB afterglows (e.g., Simon et al. 2001).

The afterglow of XRF 030723 has also been detected in the
X-ray band with the Chandra X-Ray Telescope on July 25 and
August 4 (Butler et al. 2004). The properties of the X-ray
afterglow is within the range of classical GRBs. The decline of
the X-ray afterglow from July 25 to August 4 corresponds to a
power-law decay slope of ax = 1.0 £ 0.1 (Butler et al. 2004).
This is slower than the optical decay suggesting either a
nontrivial behavior of the afterglow or that the bump could
also be present in the X-ray light curve. For a full discussion
of X-ray emission from GRBs, XRFs, and supernovae (SNe)
we refer the reader to Kouveliotou et al. (2004).

4.2. Limits on the Redshift

We first discuss which limits we can place on the redshift
from the afterglow spectrum. The lack of Lya absorption
down to 4000 A due to H 1 in the intergalactic medium (the
Ly« forest), allows us to infer a firm upper limit of z < 2.3 for
the redshift of XRF 030723. It should be noted that this is the
first time a firm redshift limit can be set from an XRF after-
glow spectrum—and that this has led to the firm conclusion
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Fig. 5.—Upper limit on the rest-frame equivalent width as a function of
redshift. In the three panels labeled Mg 11, Fe 11, and C 1v we present the 2 o
upper limits (solid lines) on the total W, measured in the afterglow spectrum
as a function of assumed redshift for the mentioned transitions. The upper
limits are compared to GRBs with known Mg 11 ( plotted with plus signs), Fe
(open diamonds) and C v (crosses) equivalent widths. The dashed and dotted
lines show the mean and 1 o spread of the W, GRB measurements. The
lower right panel shows the combined plot of the three other panels.

that this XRF is not simply a high-redshift GRB. If we would
furthermore make the assumption that the absorption system
associated with the host galaxy of XRF 030723 has properties
similar to those of GRB absorption systems, we can place
stronger limits on the redshift. The 1 o observed equivalent
width (W) for absorption lines over the region 4000—6400 A
is about 1 A. This is the region where the signal-to-noise ra-
tio in the spectrum is highest and the spectrum is not affected
by strong sky-subtraction residuals. GRB absorption systems
appear to always have strong Lya absorption lines (Jensen
et al. 2001; Fynbo et al. 2001b; Meller et al. 2002; Hjorth
et al. 2003b; Vreeswijk et al. 2004). From the lack of Ly« ab-
sorption an upper limit of z = 2.1 can be inferred. GRB ab-
sorbers also show C 1v absorption lines at 1548/1550 A with
rest equivalent width (W) in the range 1.2-5.1 A (see the
same references as for Lya). Therefore a C 1v line should
have been detected at more than 3 ¢ significance if the red-
shift is larger than z = 1.6. Furthermore, the Mg 1 doublet at
2800 A has a total W, in the range 2.6—12 A for GRB
absorption systems (e.g., Metzger et al. 1997; Andersen et al.
1999; Vreeswijk et al. 2001; Jensen et al. 2001; Castro et al.
2003; Jha et al. 2001). The absence of Mg 1 absorption would
exclude the redshift range 0.4 < z < 1.4 under the assumption
of absorption lines similar to GRB absorbers.

We have performed a cross-correlation between the observed
afterglow spectrum and a simulated spectrum containing only
absorption from Fe m and Mg m, but this cross-correlation did
not reveal any significant peaks. Because of the lack of red-
shift information we turned to the following method. Assum-
ing a redshift, we used the spectrum to measure the variance
within one resolution element at the expected position of a
feature. By doing this for a sequence of redshifts we can plot
the 2 o upper limit on W, for Mg i1, Fe 11, and C 1v. For Fe m we
only used the two strongest features, Fe 1 12382 and 12600.
The upper limits are compared to known equivalent widths
of GRBs in Figure 5. The figure shows that if the absorption
lines from the absorption system associated with XRF 030723
had been similar to the absorbers associated with known GRBs,
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we would have expected an absorption line from either Mg 1,
Fe 1, or C v if the redshift is larger than z = 0.5.

However, if at z < 0.5 the host galaxy is extremely faint.
Bloom et al. (2003) argued that two XRF hosts were at z > 0.6
based on their luminosities, and the host of XRF 030723 is
almost 3 mag fainter than these hosts. In fact, at z < 0.5 the
host galaxy has to be fainter than M =~ —15. We therefore
consider this low-redshift unlikely.

It is more plausible that the absorption system associated
with XRF 030723 is weaker than typically found for GRB
absorbers. This would imply that XRF 030723 is located in
an environment with lower density than found for most GRBs
so far. We consider the upper limit of z < 2.3 the only strong
limit we have on the redshift of XRF 030723 based on the
afterglow spectrum.

Finally, we note that Atteia et al. (2004) have determined
fiducial redshifts (pseudo-z) for a sample of HETE bursts. The
pseudo-z is based on the high-energy properties of the burst.
For XRF 030723 Atteia et al. report a pseudo-z of 0.59.

4.3. The Nature of the Bump

For long-duration GRBs the relation to SNe became firmly
established with the discovery of the Type Ic supernova SN
2003dh associated with GRB 030329 (Stanek et al. 2003;
Hjorth et al. 2003a). If XRFs are simply the same phenome-
non as long-duration GRBs but seen further away from the jet
axis, we would also expect to see supernovae underlying the
light curves of XRFs. It would thus be natural to try to explain
the bump we see in Figure 1 as the signature of a SN. The
putative supernova peaks after about 16 days in the R band,
and the spectral energy distribution after the peak becomes
significantly redder than the early power-law spectra (see
§ 3.3). This motivates us to investigate whether the bump is
consistent with a supernova origin, in terms of peak lumi-
nosity, timing, and SED.

The peak time of approximately 16 days after the XRF is
early even for a local supernova. The light-curve peak is also
unusually narrow. Fitting a simple Gaussian to the peak gives
a value of 1.7 mag for Amys, i.e., the increase in magnitude
between peak and 15 days later. Correcting for time dilation
corresponding to a reasonable redshift, the intrinsic width gets
even smaller (and Ams larger). Early, narrow SN light-curve
peaks are expected from progenitor stars that have lost (most
of) their hydrogen (and helium) envelopes. Of the known
supernovae, the one we have found to produce the best match
to the light curve is the Type Ic SN 19941. In the right panel of
Figure 1 we plot the B-band light curve of SN 19941 redshifted
to z = 0.6 on top of the light curve of XRF 030723. We have
subtracted an extrapolation of the power-law afterglow com-
ponent (from the Beuermann fit). The errors include the
photometric error as well as the formal error from the sub-
traction of the Beuermann fit. As seen, the match is qualita-
tively acceptable except for data points before the peak. We
cannot, however, exclude an afterglow light-curve shape that
is different from the purely empirical Beuermann function.
Such a difference would give large systematic errors on the
data point prior to the peak. In particular, a steeper late time
decay slope would leave more room for a longer rise time for
the SN. SN 19941 displayed a very fast light curve (Richmond
et al. 1996). Further, the observations of SN 19941 show that
the peak width becomes narrower at shorter wavelengths, so a
near-UV light curve will surely be intrinsically more narrow
than a B-band light curve, partially canceling the time dilation
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effect. In addition, the decline rate, as measured by Ams, also
differs considerably between different Type Ic supernovae.
Richmond et al. (1996) estimate for SN 19941 that Am5(U) ~
2.5 (our estimate), Amis5(B) ~ 2.1, and Am;5(V) ~ 1.7, while
the peak magnitude was reached after 8, 9, and 10 days (Tpcak),
in the U, B, and V bands, respectively. For SN 1998bw we
estimate the corresponding numbers from Galama et al. (1998)
to be Ami5(U) ~1.3, Ams(B) ~1.0, Amys(V) ~ 0.7, and
Toeak(U) = 13.5, Tpear(B) = 14.7, and Tpear(V) = 17.0 days.
Finally, SN 2002ap reached maximum brightness in U at
6.2 days, and in V at 9.9 days (Foley et al. 2003). There is
thus a large variation in both the rise time and decay time
of Type Ic supernovae. It is, however, obvious that any su-
pernova connected to XRF 030723 has to have a light curve
which is at least as fast as SN 19941, and quite unlike SN
1998bw.

Although SN 19941 is the fastest Type Ic to date, there is
no reason to exclude even faster scenarios. In a simple model,
the width of the light curve at the peak is set by 7peax o
k'PM3AE-1/4 (e.g., Amett 1996), where E is the total energy,
M the mass of the ejecta, and « the opacity. A faster light
curve could therefore imply a smaller ejecta mass or/and a
more energetic explosion. A lower effective opacity, caused
by, e.g., a higher effective temperature, would also decrease
Tpeak- Because the estimated C—O core mass of SN 19941 is
only ~2.1 M, (Iwamoto et al. 1994), the most likely reason
for a faster timescale is a higher kinetic energy, possibly in
combination with a large asymmetry. As several studies have
shown (e.g., Maeda & Nomoto 2003; Woosley & Heger
2003), a highly asymmetric explosion may result in a fast
rise time. A less central distribution of the radioactive °Ni
would further enhance this effect. Because the diffusion time
74 o< R*pk o< 1/(Vt), faster expansion in the polar direction
leads to a shorter 7, and a faster rise time (Hoflich et al. 1999).

The absolute magnitude at the peak is determined by the
amount of ejected °Ni, which is not necessarily correlated
with the parameters determining the width of the peak. The
late bump of XRF 030723 peaked at R = 24.0. This may
provide a hint as to the redshift for the object. At a redshift of
z = 0.4, the apparent supernova bump would be as faint as
SN 19941. While the putative supernova could in principle
be even fainter than the mediocre SN 19941, even lower red-
shifts would also make the host an unusually faint galaxy (see
§ 4.2). On the other hand, for a redshift of z = 1.0, the as-
sumed bump would correspond to a supernova about 3 times
as bright as the powerful SN 1998bw.

There is not much information from the SED (Fig. 2) to
confirm a supernova origin for the late bump. However, the
clear red evolution of the SED can exclude many other pos-
sible origins (see below). If the redshift is as high as z ~ 1,
most of the observed optical emission (UBVRI) will corre-
spond to the near-UV regime, which is poorly known for
Type Ib/c supernovae at early phases. An HST spectrum of
SN 1994I does show a strong depression in the UV at 11 days
past B maximum (Millard et al. 1999). This is also seen in
Type la and Type IIP supernovae, and it is interpreted as
arising from the strong UV blanketing due to the abundance of
overlapping lines from especially Ca 11, Fe 1, and Fe 1, as well
as bound-free absorption by C 1. The only really early near-
UV spectrum of a Type Ic supernova we are aware of is a
HST spectrum of SN 2002ap taken 6 days before maximum
(courtesy of the SINS-team, PI: Kirshner). This spectrum also
shows a steep decline into the UV. The flux decreases by a
factor of 10 between 4300 to 2700 A.
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We stress, however, that a comparison with the very limited
local sample of Type Ic supernovac may be misleading for
several reasons. It is quite likely that the X-ray flash emerges in
the polar direction, where the expansion velocities are highest
and the density lowest. These parts of the ejecta may also have
a higher 3Ni fraction, and therefore a higher effective tem-
perature. These factors may together lead to a higher degree of
ionization at these stages, which would make UV line blan-
keting less effective. A measurable UV flux at the time of the
peak—as would be needed to interpret the light-curve bump as
due to a supernova at z ~ 1, could therefore result.

If we interpret the nondetections in the UB bands after the
peak as due to the UV-blanketing, the redshift would have to
be in the range z ~ 0.3—1.0. The late K-band detection also
argues against a lower redshift, to match the SED of known
Type Ic supernovae (e.g., Yoshii et al. 2003).

The absence of any supernova features in the spectrum
taken in the bump phase is not surprising since the expected
small-amplitude undulations in this limited wavelength range
are not likely to stand out at this signal-to-noise ratio (see
Fig. 3). This is true for SNe with large expansion velocities
like SN 1998bw. We can, however, probably exclude SNe
with lower expansion velocities, as for SN 19941 (see Fig. 3).
Very broad spectral features, and a narrow light curve, are
expected from an energetic and asymmetric explosion viewed
pole on (e.g., Iwamoto et al. 1998; Hoflich et al. 1999).

In summary, an interpretation of the late, red light-curve
bump as due to a supernova at redshift z = 0.3—1.0 appears
to be consistent with the observations. This fits nicely with the
recent findings of a firm supernova connection for GRB
030329 (Garnavich et al. 2003; Stanek et al. 2003; Hjorth
et al. 2003a) and with the spectroscopic redshift (z = 0.25) of
the probable host of XRF 020903 (Soderberg et al. 2003b).
Regarding the SED we can only qualitatively say that the SED
is consistent with a supernova that is emitting strongly in the
UV at maximum, but for which the UV-depression sets in at
later phases. A more secure and quantitative statement is
prevented by the poor knowledge of the early UV spectra of
Type Ic supernovae and the lack of a spectroscopic redshift.

Other explanations to consider for the bump are (1) a
refreshed shock (Granot et al. 2003 and references therein), (2)
a two-jet model like the one proposed for GRB 030329
(Berger et al. 2003; Huang et al. 2004), (3) the encounter with
the termination shock of the progenitor wind or other density
enhancements (e.g., Ramirez-Ruiz et al. 2001), (4) a dust-echo
(Esin & Blandford 2000; Reichart 2001), and possibly (5)
microlensing (Garnavich et al. 2000). The sharp rise of the
light curve in the bump phase is difficult to explain for den-
sity variations or refreshed shocks. The light curve can be
reasonably well described by a two-jet model (Huang et al.
2004). However, the fundamental problem with most of the
alternative models is to explain the SED. A power-law SED is
expected at all epochs, and this is clearly excluded by the data.
On the other hand, an increasing absorption of blue light is
probably a generic feature for a supernova. We find the dust
echo unlikely as the host appears to be a tiny dwarf galaxy that
most likely has a very low dust content. Therefore, we con-
sider a SN the most likely explanation for the late light-curve
bump. Within this scenario, the evolution of the X-ray after-
glow remains to be fully understood.

5. CONCLUSIONS

We have presented the first detailed multicolor study of the
afterglow of an XRF. The properties of the early light curve
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are in agreement with the predictions for off-axis classical
GRBs both in the fireball and cannonball models. After the
first week there is a strong bump in the light curve, peaking at
around 16 days after the XRF. The SED after the peak of the
bump becomes significantly redder and can no longer be fitted
by a power law. We have considered the possible inter-
pretations of this bump, e.g., an underlying supernova, a
second jet, a refreshed shock or an encounter with a density
enhancement. We conclude that a SN is the most likely ex-
planation since no other model can qualitatively explain the
evolution of the SED. We also present deep spectroscopy of
the burst both in the afterglow and in the bump phase. Un-
fortunately, no redshift determination has resulted from the
spectra as there are no significant absorption or emission lines
detected. A firm upper limit of z < 2.3 on the redshift is
established from the lack of any Ly« forest lines in the af-
terglow spectrum. If the bump in the light curve is indeed due
to a supernova the most likely redshift is in the range ~0.3—
1.0. The lack of significant absorption lines in the afterglow
spectrum and the lack of any indication of extinction in the
afterglow SED is indicative that the progenitor was in an
environment with lower density than typically found for
GRBs. The host galaxy has not been unambiguously detected.
From the upper limit of R = 27.0 and the preferred redshift
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range of z~ 0.3-1.0 we conclude that the host is a dwarf
galaxy.
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