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HYPERNOVA SIGNATURES IN THE LATE REBRIGHTENING OF GRB 050525A
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ABSTRACT

We report observations of GRB 050525A, for which a Gemini North spectrum shows its redshift to bez p
. This is the third closest long GRB discovered bySwift. We observed its afterglow using the VLT, Gemini, and0.606

TNG telescopes to search for an associated supernova. We find that the early-time light curve is described by a broken
power law with a break at days after the burst. About 5 days after the burst, a flattening is apparent, followedt ∼ 0.3
by a further dimming. Both the magnitude and the shape of the light curve suggest that a supernova was emerging
during the late decay of the afterglow. This supernova, named SN 2005nc, had a rise time faster than SN 1998bw
and a long-lasting maximum. A spectrum obtained about 20 days (rest frame) after the GRB resembles the spectrum
of SN 1998bw obtained close to maximum light.

Subject headings: gamma rays: bursts — supernovae: individual (GRB 050525A)

Online material: color figures

1. INTRODUCTION

In nearly one decade of optical and infrared studies of gamma-
ray bursts (GRBs), it has been established that at least a large
fraction of long-duration GRBs is directly connected with thedeath
of massive stars. Most evidence arises from observations of su-
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pernova (SN) features in the spectra of a handful of GRB after-
glows. Examples of the spectroscopic SN/GRB connection include
SN 1998bw/GRB 980425 (Galama et al. 1998), SN 2003dh/GRB
030329 (Stanek et al. 2003; Hjorth et al. 2003), SN 2003lw/GRB
031203 (Malesani et al. 2004), SN 2002lt/GRB 021211 (Della
Valle et al. 2003), XRF 020903 with a broad-line type Ib/c SN
(Soderberg et al. 2005), and the recent SN 2006aj/GRB 060218
(Masetti et al. 2006; Fatkhullin et al. 2006; Campana et al. 2006;
Modjaz et al. 2006). In addition, there are about a dozen afterglows
that show rebrightenings and/or flattenings in their light curve
days to weeks after the gamma-ray event (e.g., Bloom et al. 1999;
Zeh et al. 2004). These bumps are interpreted as due to the emer-
gence of SNe. Most of these studies are based on photometric
data, due to the extreme faintness of late-time afterglows. There
is some evidence that the population of SNe associated with GRBs
is quite heterogeneous: several bumps have light curves that are
well matched by faint SNe (e.g., GRB 011121: Garnavich et al.
2003, Bloom et al. 2002; XRF 030723: Fynbo et al. 2004; GRB
020410: Levan et al. 2005; XRF 040701: Soderberg et al. 2005),
rather than bright “hypernovae” such as SN 1998bw. However,
only spectroscopic observations can definitely assess the degree
of “diversity” among GRB progenitors. Moreover, dust echoes
(e.g., Esin & Blandford 2000; Waxman & Draine 2000) can pro-
duce red late-time “rebrightenings” resembling SN bumps, and
spectroscopy is the most effective way to identify their nature.
Despite the intense interest in detailing the diversity of GRB-SNe,
only one association with aSwift burst has been reported to date
(GRB 060218/SN 2006aj). This is very likely due to the higher
redshifts ofSwift bursts ( ; Jakobsson et al. 2006) com-AzS p 2.8
pared with pre-Swift events. In particular, only about 10% of the
∼100 Swift bursts have occurred at redshift less than one. At
redshifts≥1, SNe are almost impossible to detect with current
instrumentation. Thus, the discovery of low-redshift GRBs is a
critical gateway for the study of GRB-SNe. In this Letter, we detail
the measurement of the redshift of GRB 050525A and present the
discovery of an extra component in its late afterglow, together
with spectroscopic evidence for an associated SN. This SN was
dubbed by the IAU SN 2005nc (Della Valle et al. 2006).
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Fig. 1.—Normalized spectrum of the afterglow of GRB 050525A on 2005
May 25.4 UT, obtained on Gemini North with the GMOS instrument. [See the
electronic edition of the Journal for a color version of this figure.]

Fig. 2.—R-band light curve of the afterglow of GRB 050525A. Filled circles
represent our observations (TNG, VLT). Squares are from Klotz et al. (2005)
and were not included in the fit. The dotted, dashed, and dot-dashed lines
indicate the afterglow, the host galaxy, and the SN contributions, respectively.
[See the electronic edition of the Journal for a color version of this figure.]2. GRB 050525A

The long-duration GRB 050525A was discovered by theSwift
satellite (Gehrels et al. 2004) on 2005 May 25.002 UT (Band
et al. 2005). It was a bright event, with fluenceF p (2.01�

ergs cm�2 and duration s (this�50.05)# 10 T p 8.8� 0.590

is the time during which 90% of the photons are collected).
The burst was observed also by numerous other satellites
(INTEGRAL: Götz et al. 2005;Wind: Golenetskii et al. 2005;
RHESSI; Mars Odyssey), allowing for a detailed study of the
high-energy prompt emission spectrum. The optical afterglow
was soon discovered by the ROTSE-III robotic telescope (Ry-
koff et al. 2005a), as a bright, fading source ata pJ2000.0

, (Rykoff et al. 2005b). Theh m s ′18 32 32.6d p �26�20 23�.5J2000.0

optical and X-ray counterparts were also monitored in great detail
by the X-Ray Telescope and the Ultraviolet/Optical Telescope
on boardSwift (Blustin et al. 2006). The brightness of the af-
terglow allowed an intense monitoring of this object, from optical
(e.g., Klotz et al. 2005; Mirabal et al. 2005) to radio (Cameron
& Frail 2005) frequencies, including the first detection of a GRB
at mid-infrared wavelengths (3.6–24mm; Garnavich et al. 2005).

3. OBSERVATIONS AND DATA ANALYSIS

A spectrum of the afterglow was obtained with the Gemini
North telescope equipped with the Gemini Multi-Object Spec-
trograph (GMOS) instrument. The spectroscopic redshift was
measured through both emission and absorption lines, yielding

(Foley et al. 2005; see also Fig. 1). This is at the lowz p 0.606
end of the GRB redshift distribution (Bloom et al. 2003; Berger
& Soderberg 2005; Jakobsson et al. 2006) and is the third lowest
redshiftSwift long-duration GRB aside GRB 050803 (Bloom et
al. 2005) and the recent GRB 060218 (Mirabal et al. 2006). This
event therefore presents a good opportunity for detailed analysis
and modeling. We observed the optical afterglow of GRB
050525A with the Very Large Telescope (VLT) and the Tele-
scopio Nazionale Galileo (TNG), during the period 2005 May–
September (from a few hours up to1100 days after the gamma-
ray event; see Fig. 2). Data reduction was carried out following

standard procedures. The photometric calibration was achieved
by observing several standard star fields on different nights,
yielding a zero-point accuracy of≈0.02 mag. Photometric data
(Fig. 2) show a flattening of the light curve at , startingR ∼ 24
about 5 days after the burst (observer rest frame) and lasting for
about 20 days. The contribution of the host galaxy during this
phase is�40%, as estimated from our late-epoch images, which
show the host magnitude is fainter than . The afterglowR ∼ 25
contribution, as extrapolated from the earlier measurement, is
negligible at these epochs (!3% at 20 days after the GRB). This
fact suggests that the flattening is powered by an additional
source of energy. To further quantify this, we fitted the observed
light curve including the contribution from the afterglow (a bro-
ken power law), the host galaxy, and a SN component:

2FbF(t) p � F � F [s(t � t )]. (1)h SN 0ka ka 1/k1 2[(t/t ) � (t/t ) ]b b

Here , (the early- and late-time slopes), and (the breaka a t1 2 b

time) characterize the afterglow decay (k determines how sharp
is the break); and are the host galaxy and the SN flux,F Fh SN

respectively. We allowed for a time offset between the SNt0

and the GRB, for a temporal stretchs in the light curve, and for
a magnitude difference. For the SN flux, we adopted the light
curves of several type Ic SNe (SN 1998bw: Galama et al. 1998;
SN 2002ap: Yoshii et al. 2003, Pandey et al. 2003, Gal-Yam et
al. 2002, Foley et al. 2003; SN 1994I: Richmond et al. 1996).
Our approach is similar to that adopted by Zeh et al. (2004).
The afterglow component is well fitted with ,a p 1.1 a p1 2

, and days. If we interpret the break as due to a jet1.8 t p 0.3b

effect, this value of makes GRB 050525A consistent with thetb

Ghirlanda relation (Ghirlanda et al. 2004; Nava et al. 2006). In
Figure 2, the solid line shows the best fit using SN 1998bw as
a template, dimmed by 0.9 mag. The Galactic extinction toward
GRB 050525A is mag (Schlegel et al. 1998). TheA p 0.25R

extinction inside the GRB host is uncertain. Blustin et al. (2006)
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Fig. 3.—Fits to the data points by using different SN templates. The solid
horizontal line shows the contribution of the host galaxy. The vertical dotted
line represents the epoch of the spectrum. [See the electronic edition of the
Journal for a color version of this figure.]

Fig. 4.—Gray line: Observed spectrum of GRB 050525A, obtained during
the bump.Blue line: Rebinned spectrum.Black line: Template spectrum for a
blue star-forming galaxy.Red line: Subtracted spectrum (blue�black).Green
line: Spectrum of SN 1998bw 5 days past maximum.Cyan line: Spectrum of
SN 1998bw 10 days past maximum.

suggest assuming an SMC extinction curve, soE(B � V ) ∼ 0.1
that the observedR band (roughly corresponding to the rest-
frameB) suffers an additional mag. This implies that′A ∼ 0.35R

the SN associated with GRB 050525A may have a luminosity
just about 0.3 mag fainter than SN 1998bw. However, fits of
comparable quality (both in terms of visual appearance and )2x
can be obtained by assuming other SN templates. Figure 3 shows
fits obtained with the hypernova SN 2002ap (brightened by
1.3 mag) and the “standard” type Ic SN 1994I (brightened by
1.8 mag). Finally, we note that the best matches to the data points
are obtained by allowing a time offset between a 1998bw-like
SN and the GRB of≈6 days (corresponding to≈3.5 days in the
GRB rest frame) or a time stretch factor . These fitss p 0.7
reproduce the flat shape of the rebrightening. A more exotic
scenario calls for the effect of a light echo. Indeed, sudden flat-
tenings have been observed in the light curves of SNe due to
the occurrence of light echo components (e.g., Schmidt et al.
1994; Cappellaro et al. 2001; J. Quinn et al. 2006, in preparation)
during the late SN decline. However, in these cases the flattenings
were characterized by much longer evolutionary timescales
(∼700 days) than is observed for GRB afterglow bumps (∼10–
20 days). In the SN 1991T light echo, the spectrum at late stages
was similar to that emitted by the SN at maximum light, although
about 10 mag fainter. In our case, if the bump was due to an
echo, we would expect to observe, in the spectrum obtained
during the flattening, the signatures (at considerably fainter level
of luminosity) of the very early optical afterglow. All of this
indicates that a good set of photometric dataalone may not
constrain the SN type unambiguously. This task can be tackled
only by means of spectroscopic observations.

4. SPECTROSCOPY

A spectrum was obtained at the European Southern Observatory
(ESO) VLT-UT1 with the Focal Reducer/Low Dispersion Spec-
trograph 2 instrument on 2005 June 28 (36 days after the burst,
observer frame). The original spectrum ( minute integra-3 # 40
tion) covered the range 5000–10000 with a resolution ofÅ

∼20 . The extraction of the spectrum was performed inside theÅ
IRAF and MIDAS environments. This spectrum, shown in the
rest frame of the GRB as a gray line (Fig. 4), was smoothed with
a 100 wide boxcar filter (blue line) and cleaned from the hostÅ
galaxy emission features. As indicated by the light curve, this
spectrum contains a significant contribution from the host galaxy.
We thus subtracted from our spectrum a template of a blue star-
forming galaxy (black line), normalized to the host brightness and

color. The use of a template (average of 70 blue star-formingR � I
galaxies, from Cimatti et al. 2002), was necessary due to the
faintness of the host galaxy. An unsuccessful attempt to get its
spectrum with VLT was made on 2005 October 1. This observation
allowed us to set a robust upper limit to the magnitude of the host
( ). The use of a blue star-forming galaxy templateR p 25.2� 0.1
is fully justified by several studies, which allow us to conclude
that GRB hosts belong to this type of systems (e.g., Djorgovski
et al. 1998; Fruchter et al. 1999; Le Floc’h et al. 2003; Christensen
et al. 2004). The resulting spectrum (red line) is characterized by
broad undulations resembling the spectra of SN 1998bw (Patat et
al. 2001), obtained∼5 days past maximum (green line). The best
match is obtained by dimming SN 1998bw by mag.21Dm ≈ 0.9
The bump at∼5000 has some contribution from residuals ofÅ
sky emissions that we were unable to remove. For comparison,
we also show the spectrum of SN 1998bw∼10 days past maximum
(cyan line). Inspection of Figure 4 reveals a poor match with the
observed data, suggesting that SN 2005nc was not far from max-
imum when the spectrum was acquired. This result does not sup-
port the best fit to the photometric data, which suggested either a
time lag between the SN and the GRB or a stretch factor!1.
Indeed, in these cases the spectrum would have been obtained
about 10 days (rest frame) past maximum, which is excluded by
spectroscopic observations (see Fig. 4). Spectra of SN 1994I (Fi-
lippenko et al. 1995) obtained close to maximum light also do
not match the observed spectrum.

5. DISCUSSION

Photometric and spectroscopic observations of the rebrightening
associated with GRB 050525A support the idea that the bump
was powered by an emerging SN (SN 2005nc). While photometric
data alone are consistent (within the errors) with different SN

21 The use of a template slightly brighter or fainter than shifts the dateR p 25.2
of the best match with SN 1998bw by about 2 days later and earlier, respectively.
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morphologies (based on either SN 1998bw, SN 2002ap, or SN
1994I templates), the analysis of the spectrum obtained during the
bump allowed us to select a SN akin to SN 1998bw as the best
match, possibly dimmed by∼0.3 mag. The flat shape of the bump
light curve implies that SN 2005nc brightened relatively quickly
after the GRB, with a rise time –12 days in theB band (fort ∼ 10
SN 1998bw, days). This can be explained either by in-t ∼ 14B

troducing a significant stretch factor (!1) or a time lag between
the SN and the GRB. Both possibilities would imply that at the
epoch of our spectrum (36 days after the GRB) the SN provided
a very small contribution to the observed light. This is inconsistent
with our observations, which suggest that the SN and the host
galaxy had comparable brightness ( ) at that epoch. WeR ∼ 25.2
thus conclude that SN 2005nc had a different light curve from
the templates we adopted. Differences among GRB-SNe were
noticed before the present study (e.g., Cobb et al. 2004). We find
that the SN associated with 050525A had a faster rise than SN
1998bw but that it was characterized by a broader, long-lasting
maximum. On the other hand, Maeda et al. (2006) showed that
asymmetric SNe peak earlier if observed close to their polar axis.
GRB 050525A was a bright event, likely observed on-axis. On
the contrary, SN 1998bw may have been observed off-axis (Ya-
mazaki et al. 2003), so that an earlier peak for SN 2005nc could
be expected in this scenario. In spite of the putative existence of
a broad range in the magnitudes at maximum of SNe associated
with GRBs, all GRB-associated SNe that have so far had spec-

troscopic confirmation (see Della Valle 2006 and Woosley &
Bloom 2006 for reviews) appear to belong to the bright tail of the
type Ib/c SN population (all objects mentioned in § 1 have

). Whether this is the effect of an observational biasM ∼ �19B

(which favors the spectroscopic observations of bright SNe) op-
erating on a small number of objects, or whether it has a deeper
physical meaning, is not yet clear. In this Letter, we have found
a new case of association between a GRB and a bright hypernova,
both on robust photometric grounds and spectroscopic evidence.
On the other hand, to provebeyond doubt the existence of a class
of GRB-associated SNe having spectroscopic properties dramat-
ically different from those exhibited by the prototypical hypernova
SN 1998bw still remains one of the most important observational
challenges for the SN/GRB community, whichSwift will hopefully
allow us to address in the near future.
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