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ABSTRACT

SN 2008D was discovered while following up a luminous, unusual X-ray transient in the nearby
spiral galaxy NGC2770. We present early spectra of the optical counterpart (1.77 days after the
X-ray transient) which first allowed identification of the object as a supernova at redshift z = 0.007.
These spectra were acquired during the initial declining phase of the light curve, likely due to the

shock breakout.

They show a relatively flat continuum with broad undulations, and a strong, W-

shaped feature with minima at 3980 and 4190 A (rest frame). We also present extenswe spectroscopic
and photometric monitoring of the supernova covering the photospheric phase. Unlike supernovae
associated with gamma-ray bursts, SN 2008D displayed prominent He features and is therefore of

Type Ib.

Subject headings: supernovae: individual (SN 2008D)

1. INTRODUCTION

While the Swift satellite 2004) was
observing the supernova (SN) SN 2007uy in NGC2770
(z = 0.007), a bright X-ray transient (XT) was
serendipitously detected by the onboard X-Ray Tele-
scope on 2008 January 9.56 UT (Berger & Soderberg
[2008; [Soderberg et all[20084). The outburst lasted about

10 min and then decayed rapidly. Its power-law spectrum
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and light curve shape were reminiscent of gamma-ray
bursts (GRBs) and X-ray flashes, but with a luminosity
many orders of magnitude lower than typical and even
subluminous GRBs (e.g., [Amati[2006). The discovery of
the XT prompted the search for, and discovery of, an op-
tical counterpart (Deng & Zhu [2008 Ilhgnmiﬂ,l [2008;
Valenti et al! 20084). We here report spectroscopic ob-
servations of the source which first established the SN na-
ture of the event. We also present our full spectroscopic
and photometric monitoring covering the photospheric
phase.

2. OBSERVATIONS AND DATA REDUCTION

We first obtained spectra of the emerging SN on 2008
January 11.3 UT, 1.77 days after the XT, using the
FORS2 spectrograph on the ESO Very Large Telescope
(VLT). We subsequently monitored the spectroscopic
evolution of the SN using the Nordic Optical Telescope
(NOT) and the William Herschel Telescope (WHT). All
spectra have been reduced using standard techniques. No
correction for second-order contamination was applied to
the NOT spectra, which may slightly affect the flux cali-
bration redward of ~ 6500 2007). On Jan-
uary 18.22 UT (8.65 days after the XT) we secured a
high-resolution spectrum using the UVES instrument on
the VLT. For this observation, we adopted the ESO CPL
pipeline (v3.3.1), and flux calibration was performed us-
ing the master response curves. The observing log of the
spectra is reported in Table [l

Imaging observations were conducted using the NOT,
the VLT, the Liverpool Telescope (LT) and the United
Kingdom Infrared Telescope (UKIRT). Image reduction
was carried out using standard techniques. For pho-
tometric calibration, we observed optical standard star
fields on five different nights, and created a local sequence
in the NGC 2770 field (Table2]). In the near infrared we
used 2MASS stars as calibrators. Magnitudes were com-
puted using small apertures, subtracting the background
as computed in an annullus centered on the SN posi-
tion. The contribution from the underlying host galaxy
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F1Gg. 1.— Our two earliest spectra obtained 1.77 days after the
XT, when the shock-breakout emission was dominating the ob-
served light. The spectra cover the wavelength ranges 3600-6300
(grism 600B, blue track) and 3800-9200 A (grism 300V, green
track). For comparison, the red line shows a blackbody spec-
trum with temperature 7' = 20,000 K, extinguished assuming
E(B—V) = 0.8 mag (§ B3). The Na I D narrow absorption
from the ISM in NGC 2770 is also indicated, as well as two telluric
features (marked with ‘@’).

light was always negligible, as also apparent from archival
SDSS images (Cool et all[2006). The observing log and
the computed magnitudes are listed in Tables [3] and 4

The spectrum taken on January 15 covers the nu-
cleus of NGC 2770, which allows an accurate measure-
mentof its redshift z = 0.00704 + 0.0009. For Hy = 71
km s~! Mpc~!, the luminosity distance is 29.9 Mpc. The
redshift is slightly larger than the value listed in the NED
database (z = 0.0065).

3. RESULTS
3.1. The Early Spectrum of SN 2008D

The spectrum in Fig.[[lexhibits Na I D absorption lines
at z = 0.0070, thus establishing the extragalactic nature
of the source. Moreover, on top of a relatively flat con-
tinuum there are prominent, broad features, which led
us to identify the optical counterpart as a core-collapse
SN (Malesani et alll2008). [Soderberg et all (2008aH) de-
scribe spectra taken at comparable epochs as featureless,
which is probably due to their smaller covered wave-
length range. [Blondin et al! (2008) report features con-
sistent with those in our spectrum.

We initially classified the SN as a very young Type
Ib/c, based on the absence of conspicuous Si and H lines
(Malesani et all [2008). As the spectrum is among the
earliest observed for any SN, comparable in phase only
to the very first spectrum of SN 1987A (Menzies et all
1987), there is no obvious resemblance with previously
known SN spectra. It is notable, however, that the earli-
est spectrum of the Type Ic SN 19941 was essentially flat
with broad, low-amplitude undulations (though covering
only a narrow wavelength range; [Filippenko et all[1995).

The most pronounced feature is a conspicuous W-
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Fic. 2.— Optical and infrared light curves of SN2008D (Vega
magnitudes). The data points are not corrected for extinction.

shaped absorption profile with minima at 3980 and 4190
A (rest frame). This feature was detected in two in-
dependent spectra obtained with a different instrument
set-up (see Fig.[0). If interpreted as due to P Cygni pro-
files, the corresponding expansion velocity is ~ 15,000
km s~!. The most likely origin is Fe II, which is com-
mon in Type Ib/c SN spectra. If the broad absorption
at ~ 5900 A is interpreted as Si IT A\ 6347, 6371, some
ejecta reached ~ 22,000 km s~! at this epoch. Such
large velocities have been seen only in broad-lined Type
Ic SNe, albeit at significantly later stages (Patat et all
2001; Hjorth et all[2003; [Mazzali et all[2006).

3.2. The Photospheric Phase

Fig. 21 shows the optical and near-infrared light curves
of SN2008D. In the first days after the XT, a fading,
blue component was dominating the optical and UV do-
mains. This can be interpreted as due to the stellar en-
velope cooling after the shock breakout (Soderberg et al.
20084). Our early spectra were taken when this com-
ponent was substantially contributing to the observed
light, hence the physical conditions of the emitting ma-
terial might be different than at later stages. Indeed, the
W-shaped absorption discussed in § 3.I] was no longer
visible from January 13 and onwards (Fig. B).

The later spectra, acquired during the radioactivity-
powered phase and extending over more than two
months in time, established SN2008D as a Type
Ib SN. From January 17 and onwards unambigu-
ous He lines are observed (Fig. [, consistent with
other reports (Modjaz et al! 2008; [Valenti et al. [2008b;
Soderberg et all 2008a). SN 2008D was not a broad-
lined SN. The photospheric velocities on January 15 had
dropped to those of normal SNe, ~ 10,000 km s~ .

From the SN spectra, we computed the photospheric
velocities of the ions responsible for the main features
(Fig.M). We used the SYNOW code (Fisher et alll1999),
which primarily fits Fe lines. We can follow the receding
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Fic. 3.— Spectral evolution of SN 2008D from 1.77 days to
7 weeks after explosion. The spectrum marked as “Jan 16” is the
average of those taken on January 15.95 and 16.26 UT. Close to the
January 29 track we have indicated the most likely identification of
the main lines (HV-Ha stands for “high-velocity Ha”;
[2002). The narrow emission line at 6560 A is residual Her emission
from the SN host galaxy. The broad SN feature around 6800 A is
affected by the B-band atmospheric absorption.
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photosphere as it decreased to ~ 7000 km s~!'. We also

computed velocities for the He lines.

3.3. Dust Extinction

As immediately apparent from the detection of strong
Na I D (equivalent width of 1.3 A for the doublet) the
extinction along the line of sight to SN 2008D is sig-
nificant and almost exclusively arises within NGC 2770
(the Galactic contribution is just Ay = 0.07 mag;
[Schlegel et all[1998). Our best estimate of the reddening
comes from comparing the colors of SN 2008D with those
of other stripped-envelope SNe. These have colors V' —
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F1G. 4.— Photospheric velocity of several ions obtained through

fits to our spectra with SYNOW. The grey points show the velocity
inferred for the 6200 A line if interpreted as Si II (filled diamonds)
or high-velocity Ha (open diamonds). We do not detect H3 at the
same velocity as Ha, making the HV Ha identification unlikely.

indicates a multi-component system, spanning a veloc-
ity range of 43 km s~!. This sets a lower limit of
E(B —V) > 0.2 mag (Munari & Zwitter 1997, their
fig. 4). The Na I D vs. E(B — V) relation for SNe

[2003) suggests E(B — V) to lie in the
range 0.2-0.6 mag. Diffuse interstellar bands (DIBs) are
also detected at 5781.2, 5797.8, and 6283.9 A (rest-frame
wavelengths). Their equivalent widths suggest E(B—V)
to be in the range 0.5-2 mag [2005). Finally,
the equivalent hydrogen column density mferred from the
X-ray spectrum of the XT is Ny = 6. 9+ 5 x 10%! cm™2
(assuming Solar abundances; Bmiﬂbﬂgﬂ_&u DDD&JZ?
The inferred gas-to-dust ratio of Ny/Ay = 2.8 x 10%
em ™2 mag~! is not far from the Galactic value 1.7 x 102
cm~? mag~! (Predehl & Schmitt [1995).

4. DISCUSSION

The precise explosion epoch is so far only known
for a few Type II SNe, thanks either to the detection
of the neutrino signal (SN 1987A; [Hirata et all [1987;
Bionta et all[1987) or of the shock break-out in the UV
detected by GALEX 2008; Gezari et all
2008), and for Type Ic broad-lined SNe associated
with GRBs (e.g., (Galama et all[1998; [Hjorth et alll2003;
Stanck et al] 2003; lzm)ﬂ). SN 2008D is
the first Type Ib SN for which the explosion epoch is
precisely constrained, since the peak of the XT is ex-
pected to occur shortly after the SN explosion (Li [2007;

R~ R— 1 =~ 0.1 around maximum (e.g., [Folatelli et all
2006; Richmond et all [1996; (Galama et all [1998). The
resulting reddening is E(B — V') = 0.8 mag, which corre-
sponds to a V-band exinction of Ay = 2.5 mag assuming
the Galactic extinction law with Ay /E(B —V) = 3.1.
Such a high dust extinction is supported by absorp-
tion features in our high-resolution spectrum (see also

ISoderberg et all 20084). The Na I D1 absorption line

[Waxman et all [2007). The nature of the XT is still de-
bated (Soderberg et all 2008a; Xu et all [2008; [Li [2008)
so it is currently unclear if most SNe Ib will produce
similar emission.

In this Letter we have presented the earliest spectro-
scopic identification of the optical source as an emerging
SN. In our first spectra, obtained 1.77 days after the
XT, we detect a broad W-shaped feature with minima
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Fic. 5.— Bolometric light curves of SN2008D (Type Ib),
SN 1993J (Type IIb), and SN 1999ex (Type Ib). Extinctions cor-
responding to E(B — V) = 0.8, 0.19 and 0.30 mag were assumed.
The shock breakout of SN 1999ex was visible only in the U band.

around 3980 and 4190 A. To our knowledge, this feature
has never been seen before in any SN spectrum. The
corresponding photospheric velocity is ~ 15,000 km s~*.
The subsequent evolution of SN 2008D is very similar
to that observed in SN 1999ex (Stritzinger et all 2002).
The initial fading in the light curve can be interpreted as
due to adiabatic cooling following the initial X-ray/UV
flash due to the shock breakout (Stritzinger et al![2002;
Campana et all [2006; [Soderberg et all[2008a). The sub-
sequent re-brightening is due to the gradual thermaliza-
tion of gamma rays from the radioactive decay of °Ni.
From our UBV RI data, and assuming E(B — V) =
0.8 mag (§[3.3), we constructed the bolometric light curve

of SN2008D (Fig. ). For comparison we also show
the two other He-rich SNe with detected shock break-
out: SN1993J (Richmond et all [1994) and SN 1999ex
(also discovered serendipitously; [Stritzinger et alll2002).
Strikingly, the three SNe had very similar light curves
during the photospheric phase. From the peak bolo-
metric magnitude, SN 2008D synthesized about 0.09M
of %°Ni based on Arnett’s rule (Arnetf [1982). The
strength of the shock breakout component, however, var-
ied substantially for the three SNe (only seen in U for
SN 1999ex). We caution that significant emission may
occur bluewards of the U band during this early phase,
so that the bolometric values may be underestimated at
these stages.

SN 2008D has different properties than the SNe associ-
ated with GRBs, namely the presence of He in the ejecta,
a lower peak luminosity, lower expansion velocity, lower
%6Ni mass. The SN environment is also unlike that of
GRBs (Soderberg et al. 20084; C. C. Thone et al., in
preparation). Whether these two kinds of high-energy
transients are separate phenomena or form a continuum
is unclear, and addressing this issue will require detailed
modeling and the discovery of new examples.

The discovery that a short-lived XT was associated
with an ordinary Type Ib SN opens the possibility of
accessing the very early phases of ordinary SNe, which
will provide new insights into early SN explosion physics.
Future soft X-ray sky-scanning experiments, such as Lob-
ster or eROSITA, may turn out, rather unexpectedly, to
be ideally suited to examining this issue, and alerting us
to the beginnings of many core collapse SNe.
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TABLE 1
LOG OF SPECTROSCOPIC OBSERVATIONS (ONLY IN ELECTRONIC
VERSION)

Epoch Telescope/Instrument  Exposure time (s)
Jan 11.31 VLT /FORS2+G300V 1 x 600
Jan 11.32 VLT /FORS2+G600B 1 x 900
Jan 13.07 NOT/ALFOSC+G4 3 x 1200
Jan 15.17 NOT/ALFOSC+G4 3 x 1200
Jan 15.95 NOT/ALFOSC+G4 1 x 1200
Jan 16.26 NOT/ALFOSC+G4 1 x 1200
Jan 17.20 NOT/ALFOSC+G4 3 x 1200
Jan 18.22 VLT /UVES+Dic#1 1 x 3600
Jan 26.15 WHT/ISIS+R300B/R316R 6 x 600
Jan 29.01 NOT/ALFOSC+G4 3 x 1200
Feb 01.02 NOT/ALFOSC+G4 2 x 900
Feb 04.05 NOT/ALFOSC+G4 2 x 900
Feb 18.15 NOT/ALFOSC+G4 3 x 1200
Feb 25.88 NOT/ALFOSC+G4 2 x 1500
Mar 02.18 NOT/ALFOSC+G4 3 x 1200
Mar 18.87 NOT/ALFOSC+G4 3 x 900

TABLE 2

SECONDARY CALIBRATORS IN THE FIELD OF NGC 2770. THE CALIBRATION ERROR
AMOUNTS TO 0.10, 0.03, 0.04, 0.03, AND 0.04 MAG IN U, B, V, R, AND [,
RESPECTIVELY (ONLY IN ELECTRONIC VERSION)

RA (J2000) Dec (J2000) U (mag) B (mag) V (mag) R (mag) I (mag)
09:09:27.77  +33:05:33.7 19.35 19.18 18.36 17.99 17.54
09:09:18.97  +33:08:28.6 17.41 17.68 17.06 16.90 16.59
09:09:28.11  433:08:21.4 — 21.87 20.31 19.42 18.08
09:09:27.51  +33:08:33.7 21.38 20.24 19.01 18.34 17.63
09:09:26.69  +33:09:41.9 19.61 19.78 19.23 19.03 18.68
09:09:23.73  +33:09:55.4 — — 19.45 18.59 17.35
09:09:26.41  433:10:27.5 18.21 17.91 17.13 16.83 16.42
09:09:32.75  4-33:07:03.7 20.24 19.23 18.15 17.41 16.78
TABLE 3

LOG OF OPTICAL IMAGING OBSERVATIONS. THE REPORTED UNCERTAINTIES ARE 1-SIGMA, AND DO

NOT ACCOUNT FOR THE CALIBRATION ERROR. (ONLY IN ELECTRONIC VERSION)

Epoch U (mag) B (mag) V (mag) R (mag) I (mag) Instrument
Jan 11.02 — 19.00+0.01 18.334+0.01 17.94+0.01 17.43+0.01 NOT/StanCam
Jan 11.26 18.60+£0.02 19.03£0.02 18.35+0.06 17.914+0.02 17.404+0.01 NOT/StanCam
Jan 11.30 — — — 17.94+0.02 — VLT/FORS2
Jan 13.01 19.16£0.05 19.214+0.02 18.45+0.01 18.00£0.01 — NOT/ALFOSC
Jan 15.23  19.40+0.05 19.2740.04 18.13+0.05 17.80+0.01 17.21+0.01 NOT/ALFOSC
Jan 16.03 19.29+0.07 19.11£0.01 18.144+0.01 17.694+0.01 17.09+0.01 NOT/ALFOSC
Jan 17.25 19.1940.07 18.9940.04 17.9940.02 17.54+0.01 16.95+0.01 NOT/ALFOSC
Jan 18.00 19.08+£0.04 18.99+0.05 17.86+0.13 17.424+0.01 16.794+0.01 NOT/StanCam
Jan 20.04 — — 17.75+0.03 17.16+£0.04 16.62+0.07 NOT/StanCam
Jan 25.90 — 18.38+0.08 17.27£0.10 — — LT/RATCam
Jan 29.06 — 18.45+0.01 17.3940.01 16.82+£0.01 16.18+0.01 NOT/ALFOSC
Jan 30.20 — — 17.394£0.02 16.804+0.02 16.194+0.05 NOT/ALFOSC
Jan 30.98 — 18.48+0.07 17.404+0.08 16.88+0.05 16.16+0.04 NOT/ALFOSC
Feb 01.07 19.114+0.04 18.59+0.01 17.454+0.01 16.84+0.01 16.17+0.01 NOT/ALFOSC
Feb 02.01 19.264+0.05 18.67+0.01 17.49+0.01 16.87+0.01 16.18+0.01 NOT/ALFOSC
Feb 04.04 19.454+0.04 18.81+0.03 17.594+0.01 16.92+£0.01 16.23+0.01 NOT/ALFOSC
Feb 11.04 20.544+0.08 19.554+0.03 18.02+0.01 17.2540.01 16.45+0.01 NOT/ALFOSC
Feb 18.98 — 20.18+£0.09 18.53+0.04 17.624+0.01 16.76+£0.01 NOT/ALFOSC
Mar 01.09 — 20.51+0.03 18.87+0.02 18.04+0.01 17.09£0.01 NOT/ALFOSC
Mar 02.13 — — — 18.07+0.02 — NOT/ALFOSC
Mar 10.86 — 20.74+0.04 19.06+£0.05 18.20+£0.02 17.16£0.04 NOT/MOSCA
Mar 17.86 — — 19.2440.08 18.37£0.05 17.48+0.06 NOT/ALFOSC
Apr 02.95 — 21.1440.05  19.58+0.03  18.724+0.04 17.654+0.07 NOT/MOSCA
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TABLE 4

LOG OF NEAR INFRARED IMAGING OBSERVATIONS. THE ERRORS ARE
PURELY DUE TO CALIBRATION. (ONLY IN ELECTRONIC VER,SION)

Epoch J (mag) H (mag) K (mag)  Instrument

Jan 12.555 16.654+0.03 16.20+0.03 16.01+0.03 UKIRT/UFTI
Jan 14.598 16.394+0.03 16.08+0.03 15.73+0.03 UKIRT/UFTI
Jan 15.457 16.274+0.03 15.9440.03 15.57+0.03 UKIRT/UFTI
Jan 17.645 15.914+0.03 15.58+0.03 15.234+0.03 UKIRT/UFTI
Jan 21.004 15.5140.03 15.154+0.03 14.864+0.03 NOT/NOTCam
Jan 23.576 15.454+0.03 15.07+0.03 14.754+0.03 UKIRT/UFTI
Feb 16.240 15.5240.03 15.064+0.03 14.67+0.03 UKIRT/WFCAM
Feb 25.295 15.8940.03 15.2940.03 14.964+0.03 UKIRT/WFCAM




