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ABSTRACT

We present the results from a Hubble Space Telescope ACS study of the supernovae (SNe) associated with
gamma-ray bursts (GRBs) 040924 (z = 0.86) and 041006 (z = 0.71). We find evidence that both GRBs were
associated with an SN 1998bw—like supernova dimmed by ~1.5 and ~0.3 mag, respectively, making GRB 040924
the faintest GRB-associated SN ever detected. We study the luminosity dispersion in GRB/XRF-associated SNe
and compare to local Type Ibc SNe from the literature. We find significant overlap between the two samples,
suggesting that GRB/XRF-associated SNe are not necessarily more luminous and do not necessarily produce more
S6Ni than local SNe. Based on the current (limited) data sets, we find that the two samples may share a similar >Ni

production mechanism.

Subject headings: gamma rays: bursts — radiation mechanisms: nonthermal — supernovae: general

1. INTRODUCTION

Gamma-ray burst (GRB) explosions harbor both spherical
supernova (SN) ejecta and highly collimated engine-driven jets
(Galama et al. 1998; Matheson et al. 2003; Hjorth et al. 2003).
This “spherical+jet” paradigm for the geometry of GRBs implies
that both explosion components must be studied independently.
Early (¢ < few days) optical observations trace the synchrotron
radiation produced from the engine-driven relativistic jets, while
late-time (¢ 2 20 days) observations probe the optical emission
from the nonrelativistic spherical SN ejecta, powered by the de-
cay of *Ni. Such observations allow us to address the following
fundamental questions regarding the GRB/SN connection: what
is the diversity among GRB-associated SNe, and how does the
sample compare to local Type Ibc supernovae (SNe Ibc)?

Three of the best-studied events, SNe 1998bw, 2003dh, and
20031w (associated with GRBs 980425, 030329, and 031203, re-
spectively) were strikingly similar, with brighter optical luminos-
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ities and faster photospheric velocities than local SNe Ibc (Galama
et al. 1998; Patat et al. 2001; Matheson et al. 2003; Hjorth et al.
2003; Malesani et al. 2004). These events suggested that the SNe
associated with GRBs belong to a distinct subclass of “hyper-
energetic” SNe. However, there are also several counterexamples:
underluminous SNe associated with GRBs and X-ray flashes
(XRFs; events very similar to GRBs but differentiated by a soft
prompt energy release peaking in the X-ray band; Heise et al.
2001) with optical luminosities significantly fainter than SN
1998bw. The most extreme examples are GRB 010921 (Price
et al. 2003; but see Zeh et al. 2004) and XRF 040701 (Soderberg
et al. 2005b), for which the associated SNe are at least 1.3 and
3.2 mag fainter than SN 1998bw, respectively.

Motivated by our fundamental questions, we began a Hubble
Space Telescope (HST) program to study the diversity in SNe
associated with GRBs and XRFs (GO-10135; PI: Kulkarni). In
Soderberg et al. (2005b), we presented the results of our HST
SN search in XRFs 020903, 040701, 040812, and 040916. We
showed that at least some XRFs are associated with SNe, but
that there may be a significant dispersion in their optical peak
magnitudes.

Here we present the results from our HST study of the SNe
associated with GRBs 040924 (z = 0.86) and 041006 (z = 0.71).
In § 3 we show that each is associated with an SN 1998bw—like
SN dimmed by ~1.5 and ~0.3 mag, respectively, making GRB
040924 the faintest GRB-associated SN detected to date. These
two events suggest a notable dispersion of peak optical magni-
tudes for GRB-associated SNe.

Finally, we compile optical peak magnitudes and **Ni mass
estimates for all GRB/XRF-associated SNe and local SNe Ibc
to study the diversity among these two samples. In § 4 we ad-
dress the question of whether both samples are drawn from the
same parent population of core-collapse SNe.

2. SN LIGHT-CURVE SYNTHESIS

In modeling the GRB-associated SNe, we adopted optical data
for the local SNe 19941 (Richmond et al. 1996), 1998bw (Galama
etal. 1998; McKenzie & Schaefer 1999), and 2002ap (Foley et al.
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TABLE 1
HST OBservVATION LOG

Observation Date At Exposure Time HST Magnitude Extinction Johnson Magnitude
Target (UT) (day) (s) Filter (AB)* (A, (Vega)*
GRB 040924......... 2004 Nov 2.4 38.9 3064 F775W 26.44 £+ 0.23 A;=0.113 1=2575+023
2004 Nov 2.5 39.0 3211 F850LP 25.60 £+ 0.11 A, =0.106 z=24.96 + 0.11
2004 Nov 26.5 63.0 3932 F775W >27.59 A;=0.113 1>26.90
2005 Feb 18.5 147.0 3932 F775W
2005 Feb 19.5 148.0 3932 F850LP .
GRB 041006......... 2004 Nov 2.3 26.7 3832 F775W 24.01 £+ 0.05 A;=0.044 I=2347 £+ 0.05
2004 Nov 2.3 26.7 3430 F850LP 23.58 + 0.04 A, =0.041 z=123.01 + 0.04
2004 Nov 27.4 51.9 4224 F775W 25.11 £ 0.10 A;=0.044 I=2457 £ 0.10
2004 Dec 23.4 77.8 4224 F775W 25.83 £ 0.19 A;=0.044 1=2529 +£0.19
2005 Feb 10.3 126.8 4224 F775W 26.26 £+ 0.25 A;=0.044 1=2573 £0.25
2005 Feb 11.2 127.7 4224 F850LP 25.90 + 0.21 A, =0.041 z=253240.21

? AB system magnitudes in the HST filters given in the fifth column. Photometry was done on residual images (see § 3). We have assumed the source flux to be
negligible in the final (template) epoch for GRB 040924. For GRB 041006, we estimated the source flux in the template epoch using PSF photometry and corrected
the residual photometry accordingly. All represent observed magnitudes, not corrected for foreground extinction.

® Galactic extinction from Schlegel et al. (1998).

¢ Magnitudes from the sixth column, converted to the Vega system and corrected for foreground extinction using A; given in the seventh column.

2003) as templates. These three SNe were selected on the basis of
their well-sampled optical light curves, which represent an over-
all spread in the observed properties of Type Ibc SNe. To pro-
duce synthesized light curves for each of these template SNe,
we compiled optical UBVRI observations from the literature and
smoothed the extinction-corrected (foreground plus host galaxy)
light curves. We then redshifted the light curves by interpolating
over the photometric spectrum and stretching the arrival time of
the photons by a factor of (1 + z). The details of each template
data set are described in Soderberg et al. (2005b).

3. HST GRB-SN SEARCH

Using the Wide-Field Camera (WFC) of the Advanced Cam-
era for Surveys (ACS) on board HST, we imaged the fields of
GRBs 040924 and 041006. For each target we undertook ob-
servations at several epochs, spanning ¢t ~ 30 and ~150 days, in
order to search for optical emission associated with an under-
lying SN. Each epoch consisted of 2—4 orbits, during which we
imaged the field in filters, F775W and/or F§50LP, correspond-
ing to SDSS i’ and z’ bands, respectively.

The HST data were processed using the multidrizzle routine
(Fruchter & Hook 2002) within the stsdas package of IRAF.
Images were drizzled using pixfrac = 0.8 and pixscale = 1.0,
resulting in a final pixel scale of 0705 pixel~!. Drizzled images
were then registered to the first epoch using the xregister pack-
age in IRAF.

To search for source variability and remove host galaxy con-
tamination, we used the ISIS subtraction routine by Alard (2000),
which accounts for temporal variations in the stellar point-spread
function (PSF). Adopting the final epoch observations as tem-
plate images, we produced residual images. These residual im-
ages were examined for positive sources positionally coincident
with the afterglow error circle. To test our efficiency at recov-
ering faint transient sources, false stars with a range of magni-
tudes were inserted into the first-epoch images using IRAF task
mkobject. The false stars were overlayed on top of the diffuse
host galaxy emission at radial distances similar to that measured
for the afterglow. An examination of the false stellar residuals
provided an estimate of the magnitude limit (3 ) to which we
could reliably recover faint transients.

Photometry was performed on the residual sources within a
0”5 aperture. We converted the photometric measurements to in-

finite aperture and calculated the corresponding AB magnitudes
within the native HST filters using the aperture corrections and
zero points provided by Sirianni et al. (2005). For comparison
with ground-based data, we also converted the photometric mea-
surements to Johnson /- and z-band (Vega) magnitudes using the
transformation coefficients derived by Sirianni et al. (2005) and
adopting the source color given by the first-epoch F775W and
F850LP observations.

In the following sections we summarize the afterglow prop-
erties for both targets and the photometry derived from our HST
SN study. A log of the HST observations for the GRBs follows
in Table 1.

3.1. GRB 040924
3.1.1. Prompt Emission and Afterglow Properties

GRB 040924 was detected by the Wide-Field X-Ray Monitor
(WXM) on-board the High Enerqy Transient Explorer 2 (HETE-2)
satellite on 2004 September 24.4951 UT. Preliminary analysis
showed the peak of the spectral energy distribution was sofft,
Epeak ~ 42 £ 6 keV, and the ratio of X-ray (7-30keV ) to gamma-
ray (30—400 keV) fluence, Sx/S, ~ 0.6, classifying this event as
an X-ray—rich burst (Fenimore et al. 2004). Using the Roboticized
Palomar 60 inch (1.52 m) telescope (P60; S. B. Cenko et al. 2006,
in preparation), we discovered the optical afterglow at position
a = 02"06™22355, § = +16°0648"8 (J2000.0) with an uncer-
tainty of 0”2 in each coordinate (Fox 2004), well within the 674
(radius) localization region. As shown by our extensive P60 mon-
itoring, the afterglow was R ~ 18.0 mag at ¢ =~ 16 minutes and
subsequently decayed.

We continued to monitor the afterglow emission from ¢ ~ 0.01
to ¢ &~ 1 day after the burst (Table 2), producing a well-sampled
R-band light curve. As shown in Figure 2, these data show a shal-
low initial decay, followed by a steepening at# ~ 0.02 days. In an
effort to characterize the light-curve behavior, we fit a smoothed,
broken power-law model (e.g., Beuermann et al. 1999) of the form

£\ £\028 —1/s
Fu(t)ZFu,0{<tb) +<fb> ] ) (1)

where #;, is the break time in days, £, is the normalized flux density
at t = tp, and o and o, are the asymptotic indices at t < ¢, and
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TABLE 2
PaLomar 60 IncH R-Banp OBservATIONS OF GRB 040924

Observation Date At

(UT) (day) Magnitude®
2004 Sep 24.506.... 0.011 17.8 + 0.1
2004 Sep 24.509.... 0.014 17.9 + 0.1
2004 Sep 24.512.... 0.017 18.0 & 0.1
2004 Sep 24.513.... 0.018 18.1 + 0.1
2004 Sep 24.514.... 0.019 18.0 + 0.1
2004 Sep 24.517.... 0.022 18.1 + 0.1
2004 Sep 24.519.... 0.024 18.2 + 0.1
2004 Sep 24.526.... 0.030 18.5 £ 0.1
2004 Sep 24.527.... 0.032 18.5 + 0.1
2004 Sep 24.530.... 0.035 18.6 + 0.1
2004 Sep 24.539 0.044 19.0 + 0.1
2004 Sep 24.875 0.380 21.9 £ 0.1
2004 Sep 24.8%4.... 0.399 22.1 £ 0.1
2004 Sep 24.909.... 0.414 222 + 0.1
2004 Sep 24.926.... 0.430 22.1 £ 0.1
2004 Sep 24.942.... 0.447 222 + 0.1
2004 Sep 24.957.... 0.462 223 £ 0.1
2004 Sep 24.972.... 0.477 223 + 0.1
2004 Sep 24.988.... 0.493 222 4+ 0.1
2004 Sep 25.003.... 0.508 224 + 0.1
2004 Sep 25.018.... 0.523 225+ 0.1
2004 Sep 25.036 0.540 225+ 0.1
2004 Sep 25.050....c.cciiireieeeeeeee e 0.555 22.7 £ 0.1
2004 Sep 25.066.... 0.571 22.6 + 0.1
2004 Sep 25.081.... 0.586 224 + 0.1
2004 Sep 25.097.... 0.602 224 + 0.1
2004 Sep 25.224..c..ooieiiiieeee e 0.729 22.6 £ 0.1

? Corrected for Galactic extinction according to Schlegel et al. (1998).

t > t,, respectively. Here s is used to parameterize the sharpness of
the break. A best fit (x? = 3.3) is found for the following param-
eters: F, 0~ 90.4 ply, o = 0.39, ay = 1.22, 1, = 0.021 days,
and s ~ 10. To interpret this steepening as a jet break (Rhoads
1999; Sari et al. 1999) would imply a electron spectral index,
N x y7? with p & 1.2. This value is significantly lower than those
typically observed (p ~ 2.2; Yost et al. 2003) and far below the
range predicted by the standard blast wave model, p = [2-3]
(Sari et al. 1998). We therefore ascribe this early afterglow phase
(and steepening) to another process, perhaps similar to that ob-
served for the initial slow decay of GRB 021004 (Fox et al.
2003), interpreted as interaction with a stellar wind medium (Li
& Chevalier 2003).

Terada & Akiyama (2004) report that the afterglow was K =~
17.5 + 0.1 mag at ¢ = 0.1 days. Comparison with the R-band
afterglow model at the same epoch provides a spectral index,
F, < v? with 3 ~ —0.7, between the R and K bands. Adopting
this spectral index, we interpolate our R-band afterglow model
to the 7 and z bands for comparison with our late-time HST ob-
servations (§ 3.1.2).

Optical spectroscopy later revealed that the burst was located
at aredshift of z = 0.859, based on identification of several host
galaxy emission lines (Wiersema et al. 2004).

3.1.2. HST Observations

HST ACS imaging was carried out on 2004 November 2.4
and 26.5 and 2005 February 19.0 UT (¢ = 39, 63, and 147 days
after the burst). For the first and third epochs, we observed with
both the F775W and F850LP filters, while the second epoch
consisted of just F775W observations. We astrometrically tied
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the HST and P60 images using four sources in common, which
results in a final systematic uncertainty of 0722 (2 o).

Our HST observations reveal that the optical afterglow
error circle coincides with a strongly variable source at a@ =
02"06™m225552, 6 = +16°06'49711 (J2000.0), lying ~0”3 north-
west of the host galaxy nucleus. We interpret this source as a
combination of afterglow plus SN emission. Figure 1 shows the
first epoch, template image and first-epoch residual for both the
F775W and F850LP filter observations. There is no evidence for
a point source in our third-epoch (template) images. We there-
fore make the reasonable assumption that the transient source
flux is negligible at that time. The resulting HST photometry is
listed in Table 1.

Figure 2 shows the HST photometry along with our /- and
z-band afterglow models (see § 3.1.1) and some early-time data
compiled from GRB Coordinates Network circulars (GCNs; Silvey
et al. 2004), all corrected for Galactic extinction. By comparing
the afterglow models with the HST photometry, we find evidence
for a ~1.9 mag rebrightening at ¢ ~ 39 days. We note that the
timescale of this rebrightening is roughly consistent with the
peak time of SN 1998bw at z = 0.86.

3.1.3. Associated SN

We interpret the observed late-time rebrightening as an associ-
ated SN component. Comparison with our synthesized (redshifted)
SN light curves reveals that an associated SN 1998bw—like SN
would be ~1.5 mag brighter than the HST observation at ¢ ~
39 days, while SN 19941 and SN 2002ap—like light curves are
fainter by ~0.8 and ~1.5 mag, respectively. To fit the HST ob-
servations, we add the contribution from a template SN light
curve (see § 2) to the afterglow model. We allow the brightness
of the synthesized template to be scaled but do not allow for the
light curve to be stretched. Moreover, we assume that the GRB
and SN exploded at the same time. By fitting the HST /- and
z-band data simultaneously, we find a best-fit solution (Xf ~ 0.8)
for an SN 1998bw—like SN dimmed by ~1.5 mag (Fig. 2). We
note that on this timescale, the SN emission clearly dominates
that of the afterglow model. Therefore, even if the afterglow
underwent a late-time (¢ > 2 days) jet break, our SN fits would
not be significantly affected.

Host galaxy extinction could affect our SN light-curve fits
since it implies that the associated SN was more luminous than
the observations suggest. Fortunately, we can constrain the host
galaxy extinction using optical /IR afterglow observations, since
extinction will produce an artificial steepening of the synchrotron
spectrum. Making the reasonable assumption that the synchro-
tron cooling frequency was above the optical/IR bands at early
time, we have By & —0.7 = —(p — 1)/2 and thus p =~ 2.4.
For p < 2 the standard blast wave model is violated, therefore
implying that the spectral index must be steeper than Sop /iR =
—0.5. Adopting this limit for the intrinsic spectral index of the
afterglow implies a constraint on the host galaxy extinction of
Ay host < 0.16 mag. This corresponds to limits on the observed
extinction of A; =~ A4, < 0.20 mag, implying that the associated
SN was at least 1.3 mag fainter than SN 1998bw. We therefore
conclude that the SN associated with GRB 040924 was between
1.3 and 1.5 mag fainter than SN 1998bw at maximum light, mak-
ing this event the faintest GRB-associated SN ever detected.

3.2. GRB 041006

3.2.1. Prompt Emission and Afterglow Properties

GRB 041006 was discovered by the HETE-2 WXM on 2004
October 6.513 UT. The ratio of 2—30 and 30—400 keV channel
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F775W
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t = 38.9 days t=147.5 days Residual

Fic. 1.—Six-panel frame showing HST ACS imaging for GRB 040924 at t ~ 38.9 days (epoch 1) and ¢ ~ 147.5 days (epoch 3) in the F775W and F850LP filters. By
subtracting epoch 3 images from those of epoch 1, we produced the residual images shown above. We have applied the same stretch to all frames. As clearly shown in the
residual images, a transient source is detected coincident with the 0722 (2 o) optical afterglow position (circle).

fluences showed the event was an X-ray—rich burst. The event
was localized to a 5/0 (radius) localization region centered
at o= 00"54™m53%, § = +01°12/04" (J2000.0; Galassi et al.
2004).

Using the Siding Springs Observatory (SSO) 40 inch
(1.02 m) telescope, we discovered the optical afterglow at o =
00"54™50517, 8 = +01°14'0770 (J2000.0; Da Costa et al. 2004),
consistent with the HETE-2 error circle. As our early-time (¢ ~
0.024-0.122 days; Table 3) SSO 40 inch and 2.3 m observations
show, the afterglow was V' = 18.1 mag at ¢t ~ 35 minutes and
subsequently faded in the B, ¥, and H bands.

Stanek et al. (2005) have presented an extensive compilation
of (extinction-corrected) R-band afterglow data from ¢ ~ 0.03
to ¢ &~ 64 days, primarily from the MMT and from the GCNs (see
references therein). They fit the evolution of the early light curve
(up to ¢t ~ 4 days) with the broken power-law model given in
equation (1), finding best-fit parameters of F,, o ~ 50.0 pJy, a; =~
0.57, ap = 1.29, t, = 0.14 days, and s = 2.59. As in the case of
GRB 040924 (§ 3.1.1), this observed steepening is too shallow to
be interpreted as a jet break under the standard blast wave model.
We instead interpret this early afterglow phase as due to another
process, possibly the result of an off-axis viewing angle as pro-
posed by Granot et al. (2005).

Combining our early-time SSO data with those compiled
by Stanek et al. (2005), we estimate the spectral index of the
optical/IR afterglow to be B,p/1r &~ —0.5 by fitting a power law
to the B-, V-, R-, and H-band data. Adopting this spectral index,
we interpolate the R-band model to the 7 and z bands for com-
parison with our late-time HST observations (§ 3.2.2).

Optical spectroscopy at ¢ = 0.6 days revealed that the burst
was located at z > 0.712, based on tentative identification of
several absorption lines in the low signal-to-noise spectrum
(Fugazza et al. 2004). To confirm this redshift measurement, we
acquired a spectrum of the optical afterglow with the Gemini
Multi-Object Spectrograph (GMOS) on Gemini North (GN-
2004B-Q-5; PI: Price) commencing at 2004 October 7.36 UT
(t =~ 0.85 days). Using the R400 grating and a 1” slit, we ob-
tained four individual 1800 s exposures. Data were reduced and
extracted using the gemini.gmos package in IRAF. We iden-
tify four absorption lines and one emission line (Table 4 and
Fig. 3), which we interpret as arising from Mg, Can, and [O 1]
at a redshift of z=0.716, in broad agreement with the ear-
lier measurement by Fugazza et al. (2004). Based on the high
equivalent widths and the presence of [O 1], this is likely the
redshift of the host galaxy, and not due to an intervening system
along the line of sight. Using the R-band afterglow model and
the photometrically derived spectral index, we flux calibrate the
spectrum and obtain an approximate [O 1] emission line flux of
1.3%x 1077 ergs cm™2 s—!. Adopting the conversion factor of
Kennicutt (1998), this line flux corresponds to a star formation
rate of 0.5 M, yr~! at the redshift of the host galaxy."

3.2.2. HST Observations

HST ACS imaging was carried out on 2004 November 2.3
and 27.4, 2004 December 23.4, and 2005 February 10.5 UT

'S We have adopted a cosmology with Hy =65 km s~' Mpc~! and
(e, 24)=(0.3, 0.7).
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Fic. 2—Constraints on a SN associated with GRB 040924. As discussed
in § 3.1.1, we fit a broken power-law model to our P60 R-band afterglow data
reported in Table 2 (insef). Adopting a spectral index of 3 ~ —0.7, we then
extrapolate the R-band afterglow fit to the / and z bands (gray dashed lines).
Extinction-corrected data have been compiled from the GCNs and are over-
plotted ( gray arrows; Silvey et al. 2004). We fit the late-time HST data (circled
dots) by summing the contribution from the afterglow model plus that from a
SN. We find a best-fit (solid black lines) by including an SN 1998bw-like SN
(gray solid lines) redshifted to z = 0.86 and dimmed by ~1.5 mag.

TABLE 3
SSO 40 Incu anD 2.3 m OBseErvATIONS OF GRB 041006

Observation Date At

(UT) (days) Filter Telescope Magnitude®
2004 Oct 6.537 0.024 vV 40 inch 18.11 + 0.02
2004 Oct 6.541 ... 0.028 v 40 inch 18.20 + 0.04
2004 Oct 6.546.... 0.033 vV 40 inch 18.29 + 0.02
2004 Oct 6.550.............. 0.037 v 40 inch 18.38 + 0.03
2004 Oct 6.555............... 0.042 vV 40 inch 18.48 + 0.03
2004 Oct 6.582.............. 0.069 B 40 inch 19.18 + 0.07
2004 Oct 6.586 0.073 B 40 inch 19.24 + 0.06
2004 Oct 6.590.... 0.077 B 40 inch 19.29 + 0.07
2004 Oct 6.595.... 0.082 Vv 40 inch 18.99 + 0.03
2004 Oct 6.605 .... 0.092 H 23 m 17.16 £ 0.07
2004 Oct 6.612 0.099 H 23 m 17.12 £+ 0.06
2004 Oct 6.620.............. 0.107 H 23 m 17.19 £ 0.06
2004 Oct 6.627 .............. 0.114 H 23 m 17.47 £ 0.06
2004 Oct 6.635 .............. 0.122 H 23 m 17.43 £ 0.07

? Corrected for Galactic extinction according to Schlegel et al. (1998). B-
and 7-band photometry is relative to the field calibration by Henden (2004)
while the H-band photometry is relative to 2MASS.
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TABLE 4
GRB 041006 Spectroscopic LINES

Rest
Observed Wavelength Equivalent Width Line Wavelength

A) A) Identification A)
4798.16.....coveernn. 4.4 Mg 1 2796
4810.35. e 39 Mg 2803
6396.31. 1.7 O 3727
6750.32. . 14 Can 3935
6810.06.......cceveeeennnne 1.1 Can 3970

(t = 27, 52,78, and 127 days after the burst). For the first and
fourth epochs, we observed with both the F775W and F850LP
filters, while the second and third epochs consisted of just F775W
observations. We astrometrically tied the HST and SSO images
using five sources in common, resulting in a final systematic un-
certainty of 0753 (2 o).

Our HST observations reveal that the optical afterglow
error circle coincides with a strongly variable source at a@ =
00"54™50%229, § = +01°14'05”82 (J2000.0). The source is sit-
uated directly on top of a faint host galaxy, which is at the detec-
tion limit of our HST images. We note the presence of a brighter
galaxy ~1” from the afterglow position, which was misiden-
tified as the host galaxy by Covino et al. (2004) on the basis of
ground-based images.

Figure 4 shows the first epoch, template image, and first-
epoch residual for both the F775W and F850LP filter observa-
tions. From the figure, it is clear that the source is still faintly
detected in our final epoch (template) observations. To assume
negligible source flux in the template images is therefore not
valid. We estimate the flux of the source in our template images
by performing PSF photometry on the object. In calculating the
magnitude of the source in the first, second, and third epochs,
we add the template epoch flux to the residual image photom-
etry. The resulting HST photometry is given in Table 1.

Figure 5 shows the HST photometry along with our /- and
z-band afterglow model (see § 3.2.1) and some early-time data com-
piled from the GCNs (Ferrero et al. 2004; Hoversten et al. 2004),
all corrected for Galactic extinction. By comparing the afterglow
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Fic. 3.—Gemini/GMOS spectrum of the optical afterglow for GRB 041006
at ¢ ~ 0.85 days. Based on three absorption features and one emission line, we
determine the redshift of the host galaxy to be z = 0.716, consistent with the
earlier report of z = 0.712 by Fugazza et al. (2004).
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Fic. 4—Six-panel frame showing HST ACS imaging for GRB 041006 at # ~ 26.7 days (epoch 1) and 7 ~ 127.3 days (epoch 4) in the F775W and F850LP filters.
By subtracting epoch 4 images from those of epoch 1, we produced the residual images shown above. We have applied the same stretch to all frames. As clearly
shown in the residual images, a transient source is detected coincident with the 0753 (2 o) optical afterglow position (circle).

model with the HST data, we find evidence for a ~2.1 mag
rebrightening at ¢ ~ 27 days, roughly consistent with the peak
time of an SN 1998bw-like SN at z = 0.71. We note that this
rebrightening was discovered earlier (# ~ 12 days) using ground-
based facilities and was interpreted as the emerging flux from
an associated SN (Bikmaev et al. 2004; Garg et al. 2004; Stanek
et al. 2005).

3.2.3. Associated SN

As discussed in § 3.2.1, Stanek et al. (2005) presented an ex-
tensive compilation of R-band observations that span the epoch
of rebrightening. By removing the contribution from the after-
glow, they find evidence for an associated SN with a peak mag-
nitude ~0.1 mag brighter than SN 1998bw and with a light-curve
stretched by a factor of 1.35 in time.

To confirm this result, we compared our redshifted template
SN light curves with our late-time HST observations and found
that an associated SN 1998bw—like SN would be ~0.2 mag
brighter than the HST observation att ~ 27 days, while SN 19941—
and SN 2002ap—like SN light curves are fainter by ~1.4 and
~2.3 mag, respectively. In an effort to characterize the light curve
of the associated SN, we fit the HST observations in a manner
similar to that done for GRB 040924 (§ 3.1.3). By fitting the HST
I- and z-band data simultaneously, we find a best-fit solution
(x? &~ 0.4) for an SN 1998bw-like SN dimmed by ~0.3 mag.
We emphasize that this fit does not include any stretching of the
light curve. Moreover, we find no improvement in the quality of
the fit when template stretching is included. This result is in-
consistent with the findings of Stanek et al. (2005). We attribute

this discrepancy to contamination from the host and a nearby
galaxy (see Fig. 4), which plagues the Stanek et al. (2005) late-
time photometry.

We note that the presence of host galaxy extinction would
imply that the associated SN was brighter than our estimates.
We use the optical/IR afterglow observations to constrain the
host galaxy extinction in a manner similar to that performed for
GRB 040924 (§ 3.1.3). However, in this case, the observed spec-
tral index (Bopi/ir = —0.5) is comparable to the theoretical limit
and is therefore consistent with negligible host galaxy extinc-
tion. We conclude that the SN associated with GRB 041006 was
~0.3 mag fainter than SN 1998bw at maximum light and de-
cayed at a comparable rate.

4. DISCUSSION

In the sections above, we showed that GRBs 040924 and
041006 were each associated with a SN similar to SN 1998bw
but dimmed by ~1.5 and ~0.3 mag, respectively. These two
events clearly show that there is a significant spread in the lu-
minosity of GRB-associated SNe, suggesting a dispersion in the
production of *°Ni. Such a dispersion has already been observed
for local SNe Ibc (Richardson et al. 2002).

To better study this dispersion, we compile optical peak mag-
nitudes (rest-frame) and °Ni mass estimates for GRB/XRF-
associated SNe and local SNe Ibc from the literature ( Tables 5 and
6). In this compilation we consider all the GRB/XRF-associated
SNe with spectroscopic redshifts of z < 1; SN searches at higher
redshifts are plagued by UV (rest-frame) line-blanketing. Since
spectroscopic confirmation of the SN component is only available
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Fic. 5—Constraints on a SN associated with GRB 041006. Adopting the
R-band afterglow data reported in Stanek et al. (2005), we reproduce their broken
power-law fit (inset). Adopting a spectral index of § ~ —0.5 we then extrapolate
the R-band afterglow fit to the 7 and z bands (gray dashed lines). Extinction-
corrected data have been compiled from the GCNs are overplotted ( gray circles;
Ferrero et al. 2004; Hoversten et al. 2004). We fit the late-time HST data (circled
dots) by summing the contribution from the afterglow model plus that from a SN.
We find a best fit (black solid lines) by including an SN 1998bw—like SN ( gray
solid lines) redshifted to z = 0.71 and dimmed by ~0.3 mag.
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for the four nearest events in this sample (GRBs 980425, 020903,
031203, and 030329; see Table 5), photometric data is used to
constrain the brightness of an associated SN. We note, however,
that uncertainty associated with host galaxy extinction and de-
composition of the afterglow emission from the SN can impose a
nonnegligible uncertainty in the estimated SN peak magnitude.
For the local sample, we include only the events with published
photometry. The latter may impose a slight bias in favor of brighter
and peculiar SNe.'®

In Figure 6 (top), we show ®Ni mass estimates and peak
optical magnitudes for GRB/XRF-associated SNe and local
SNe Ibc. From the figure, it is clear that (1) peak magnitude
scales roughly with *Ni mass, and (2) GRB-associated SNe do
not necessarily synthesize more *°Ni than ordinary SNe Ibc.

We next compare their peak optical magnitudes, since the cor-
relation between >Ni mass and peak optical magnitudes should
manifest itself as a similar dispersion. In Figure 6 (bottom) we
show a histogram of peak optical magnitudes for all GRB/XRF-
associated SNe and local SNe Ibc. Examination of the two sam-
ples reveals noticeable overlap; while GRB/ XRF-associated SNe
tend to cluster toward the brighter end of the distribution, some of
the faintest SNe Ibc observed are in fact associated with GRBs
and XRFs (e.g., GRBs 010921, 040924, and XRF 040701) and
the most luminous events are actually drawn from the local sample.
Apparently, GRB/XRF-associated SNe are not necessarily over-
luminous in comparison with local SNe Ibc. Moreover, by as-
suming a rough scaling of **Ni production with peak optical
magnitude, this implies a notable overlap between the two sam-
ples with respect to their dispersion in synthesized material, con-
sistent with the data shown in the upper panel.

The following question naturally arises: are both GRB/
XRF-associated SNe and local SNe Ibc drawn from the same
population of events? To address this issue, we performed a
Kolmogorov-Smirnov (K-S) test on the two sets of SN peak
magnitudes. Our K-S test reveals that the probability the two

16 Three of the 13 local SNe Ibc included in this compilation were published
as “luminous” events. By removing them from the local sample, the probability
that both GRB/XRF-associated SNe and local SNe are drawn from the same
parent population is reduced to ~50%.

TABLE 5
PeaK MAGNITUDES AND °Ni Masses FoR GRB- anp XRF-associatep SNe

Redshift My pea” S6Ni Mass

GRB Name (2) (mag) Reference (M) Reference
GRB 970228 ..o 0.695 —~18.16%03 1
GRB 980425 0.0085 —19.13 £ 0.05 2 0.6 £ 0.1 3,4
GRB 980703. 0.966 —19.68% )4 1
GRB 990712. 0.434 —18.0210%3 1
GRB 991208. 0.706 —18.86073 1
GRB 000911 1.058 —18.261%12 1
GRB 010921 0.45 <-17.80 5
GRB 011121 0.36 —18.8310:97 1
GRB 020405 0.698 —18.63701% 1
XRF 020903 . 0.251 ~18.53 £ 0.5 6
GRB 021211. 1.006 —18.427012 1
GRB 030329. 0.169 —18.83 £ 0.30 7,8 0.407913 8
GRB 031203 0.1055 —19.63 £ 0.15 9
XRF 040701 wooocvvveeeerrnrerreeennnns 0.2146 <—15.95 6
GRB 040924 ........ccrvvvverrarrnnnreenes 0.859 —17.63 £ 0.10 10
GRB 041006 ........rveeeerrirrrenneeens 0.716 —18.83 £ 0.05 10

? Assuming an SN 1998bw-like light-curve with no additional stretching.
RErerRENCES.— (1) Zeh et al. 2004; (2) Galama et al. 1998; (3) Iwamoto et al. 1998; (4) Woosley etal. 1999; (5) Price et al. 2003;
(6) Soderberg et al. 2005b; (7) Deng et al. 2005; (8) Lipkin et al. 2004; (9) Malesani et al. 2004; (10) this paper.
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TABLE 6
PEAK MAGNITUDES AND °Ni Masses For NEarBy SNe Ibc

My, peatc SONi Mass

SN Name (mag) Reference (M) Reference
SN 983N ittt —18.89 £+ 0.57° 1 0.25 2
SN 1983V ettt —18.61 £+ 0.41 3
SN T984L...eeeei e —18.50 £+ 0.10 4 0.20 + 0.05 5
SN 1987M.. —19.40 £ 0.5 6 0.26 7
SN 1990B .. —1791 £ 0.3 8
SN 1991D .. —19.6 £ 0.6 9 0.7 9
SN 1992ar —19.7 £ 0.5 10 0.5+92 10
SN T994L.iiiiiciecereeie et —17.69 + 0.58° 11 0.07 £+ 0.035 12
SN 1997ef —17.1 £ 0.2 13 0.15 + 0.03 13
SN 1999as —2144+02 14 4.0 +0.5¢ 14
SN 1999ex . —17.86 £+ 0.26 15 0.16 16
SN 2002ap . —17.4 £ 04° 17 0.07 £+ 0.02 18
SN 2003L ...ttt —18.18 £ 0.2 19

# Absolute magnitude brightened by 1.22 mag to be in agreement with the distance assumed by Gaskell et al. (1986).

® Absolute magnitude dimmed by 0.4 mag to be in agreement with the distance assumed by Iwamoto et al. (1994).

¢ Absolute magnitude brightened by 0.2 mag to be in agreement with the distance assumed by Mazzali et al. (2002).

4 Given the similarity of the SN 1999as light-curve to Type IIn events, it has been suggested that circumstellar interaction con-
tributes to the bright peak luminosity observed for this SN. While there is still no direct indication of such interaction from optical
spectra (no narrow emission lines), it is estimated that the explosion must have produced at least ~1 M, even after correcting for any

circumstellar matter interaction (Kasen 2004).

REerereNcEs.— (1) Clocchiatti et al. 1996; (2) Gaskell et al. 1986; (3) Clocchiatti et al. 1997; (4) Tsvetkov 1987; (5) Baron et al.
1993; (6) Filippenko et al. 1990; (7) Swartz et al. 1993; (8) Clocchiatti et al. 2001; (9) Benetti et al. 2002; (10) Clocchiatti et al. 2000;
(11) Richmond et al. 1996; (12) Iwamoto et al. 1994; (13) Iwamoto et al. 2000; (14) Hatano et al. 2001; (15) Stritzinger et al. 2002;
(16) Hamuy et al. 2003; (17) Foley et al. 2003; (18) Mazzali et al. 2002; (19) A. M. Soderberg et al. 2006, in preparation.
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Fic. 6.—Top: Rest-frame optical peak magnitudes for GRB-associated SNe
(circled dots) and local SNe Ibc (gray circles) have been compiled from the
literature ( Tables 5 and 6) and are plotted against the mass of **Ni synthesized in
the explosion. For °Ni estimates without errors, we adopt the fractional uncer-
tainty associated with the peak luminosity. Peak optical magnitudes clearly trace
the mass of *Ni ejected. Apparently, GRB-associated SNe do not necessarily
produce more °Ni than ordinary local SNe Ibc. Bottom: Histogram of peak op-
tical magnitudes for GRB/XRF-associated SNe and local SNe Ibc. There is a
significant overlap between the two samples. Our K-S test reveals that there is a
~91% probability the two samples are drawn from the same population.

samples have been drawn from the same parent population is
~91%. It is therefore conceivable that both SNe Ibc and GRB/
XRF-associated SNe belong to the same SN population and
thus share a common °Ni production mechanism.

This result may imply that GRB/XRF-associated SNe and
local SNe Ibc share a common progenitor system and/or ex-
plosion mechanism. Yet we know from radio observations of
local SNe that most Type Ibc SNe lack the engine-driven rela-
tivistic ejecta observed in GRBs (Berger et al. 2003; Soderberg
etal. 2004, 2005a). This may be accounted for in the spherical+jet
paradigm, where the production of *Ni and relativistic ejecta
are independent parameters of the explosion, each of which can
be individually tuned. Additional studies of both GRB/XRF-
associated SNe and local SNe Ibc will enable us to better map out
this two-dimensional parameter space and address in detail the
nature of the progenitors and explosion mechanisms.
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