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ABSTRACT

We present early photometric and spectroscopic data on the afterglow of GRB 060218 and report the evolution
of the underlying supernova SN 2006aj. Our data span a time range of 4—-23 days after the GRB and clearly establish
that SN 20064j is a fast-evolving broad-lined Type Ic SN with an extremely short rise~ib@edays) and a large
optical peak luminosityN], = —18.7 mag). The supernova properties are deduced well since the gamma-ray burst
(GRB) afterglow does not contribute a significant amount to the total light output. The spectra show broad lines
indicative of large expansion velocities but are better matched by those of SN 2002ap and SN 1997ef (not associated
with a GRB) than those of the prototypical GRB-related SN 1998bw. We refine the redshift estinmate to
0.03351+ 0.00007 The host galaxy is a low-metallicity dwarf galaxy (Whk, ..., = —16.0 mag), similar to host
galaxies of other GRB-associated SNe.

Subject headings: galaxies: distances and redshifts — gamma rays: bursts — supernovae: general —
supernovae: individual (SN 2006aj)

Online material: color figure

1. INTRODUCTION the velocity and nucleosynthesis structure of the ejecta and give

The connection between lona-duration i bursts 2" insight into the energetics of the SN explosion. Here we
9 ; gamma-ray burs Sreport on the spectral and photometric evolution of GRB

(GRBs) and supernovae (SNe) that arise from the core CouapseO60218/SN 20063

of very massive stars stands on firm footing (see, e.9., Stanek™ 5 ,"5006 Fapruary 18, at 03:34:30 UT, the Burst Alert Tele-

2005 for a recent review). Circumstantial evidence includes thescope (BAT) on board th&wift Gamma-Ray Burst Explorer

location of GRBs near sites of massive star formation (Bloom detected the bright GRB 060218 (Cusumano et al. 208}t

et al. 2002_) and the detectiqn _of unusyal “bumps” in_the GRB X-Ray Telecope (XRT) and UV/Optical Telescobe (UVOT)

afterglow light curves that mimic a SN light curve and its colors also detected its aftergiow in the X-ray (Cusumano et al. 2006

Eeh%" Btlr?orm ert atI\.N1999; Garpg;;mht etal. ?05)33 .Mtﬁreturnpor; ennea et al. 2006) and optical bands (Cusumano et al. 2006)
antly, there are two cases of direct associations. the 1emporay, , |aaq 10 a precise determination of the optical counterpart’s

and spatial coincidence between SN 1998bw and GRB 980425position asR.A. = 03"21"39.71 and decl= +16°52 026

(Galama et al. 1998) and the metamorphosis of the GRB(e . .
; quinox J2000.0; Marshall et al. 2006b). GRB 060218 lasted
083,:)32?( s?ecltrlzjcr)rz)ér.ltg_th?r: Oft alsggggﬁo&a%hcalled StN Izgggghabout 2000 s (Barthelmy et al. 2006), establishing it as one of
(Stanek et al. , Hjorth €t al. , Matheson €t al. ' the longest GRBs, and had peculiar gamma-ray and X-ray af-
Kawabata et al. 2003; Kosugi et al. 2004). Based on Spectraya oiow broperti Gehrels et al. 2006). Due to the un |
SN 1998bw and SN 2003dh were classified as peculiar Type erglow properties (- enrels et al. ). Due (o the u usua
properties and relative brightness of GRB 060218, extensive

Ihc dsrzleegsrl:lc?r Ir?()a'Iilzrr]r?tir:sfhg(i)rri-cgcl:lt?gsiu?l:ﬁut:l?;lIShﬁ;NﬁdeQ—o and rapid follow-up observations in all wavelength bands en-
stign velocities requiring hi ph ex iosion ener ie); ((galamasued around the globe. Spectroscopic observations of the host
gt al. 1998; Iwamoto%t al g19998' Pa?at et al 200%' Mazzali et galaxy, .W.hICh had been detected in preburst images by the
y ! ' X ; ’ Sloan Digital Sky Survey (SDSS; Cool et al. 2006), and of the

al. 2003), in line with the collapsar model for long-duration . . .

’ ) optical transient (OT) were undertaken by several groups. Their
GRBs (Woosley 1993; MacFadyen & Woosley 1999). There spectra revealed a blue continuum due to the afterglow light,
is some evidence of spectroscopically confirmed supernovae

for other GRBs, however, with less confidence (Della Valle et ”af“’gv |h°St glalaxy emission I'ers atda redSh'fllZfOf: 0.033 h
al. 2003; Malesani et al. 2004). Spectral confirmation of GRB- (Mirabal & Halpern 2006a), and broad spectral features char-

: L : . acteristic of a supernova (Masetti et al. 2006; Soderberg et al.
related SNe is crucial since spectra provide understanding 0f2006b; Mazzali & Pian 2006; Fugazza et al. 2006: Fathkhullin

* Observations reported here were obtained at the MMT Observatory, a joint et al. 200_6)’.Wh|Ch was deSIQnated_ SN 2006aj (Soderberg et
facility of the Smithsonian Institution and the University of Arizona. al. 2006a; Mirabal & Halpern 2006b; Fugazza et al. 2006). SN
2 Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cam- 2006aj was visible afT ~2 days (whe®T  is time after
bridge, MA 02138; mmodjaz@cfa.harvard.edu, sblondin@cfa.harvard.edu, purst) in the rest frame of the GRB (Masetti et al. 2006; Mirabal
wbrown@cfa.harvard.edu, pchallis@cfa.harvard.edu, hhao@cfa.harvard.edu& Halpern 2006b), much earlier than GRB 030329/SN 2003dh

mhicken@cfa.harvard.edu, kirshner@cfa.harvard.edu. .. .
2 Department of Astronomy, Ohio State University, Columbus, OH 43210; (where the SN was visible 2T ~8 days in the rest frame).

kstanek@astronomy.ohio-state.edu, prieto@astronomy.ohio-state.edu. With a redshift ofz = 0.033, this is the lowest redshift GRB/
* Department of Physics, 225 Nieuwland Science Hall, University of Notre SN after GRB 980425/SN 1998bw & 0.0085 ), and closer
Dame, Notre Dame, IN 46556; pgarnavi@nd.edu. than GRB 030329/SN 2003dh at= 0.1685

® Smithsonian Institution, Fred Lawrence Whipple Observatory, 670 Mount : L
Hopkins Road, P.O. Box 97, Amado, AZ 85645, Due to its proximity and early emergence of the SN, a densely

® Steward Observatory, University of Arizona, 933 North Cherry Avenue, time-sampled and high-quality study of GRB 060218/SN 2006aj
Tucson, AZ 85721. can shed light on GRB-related core-collapse SNe, their explosion
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mechanism, and progenitor history. Here we present such a data I ARRRE
set of spectroscopic and photometric observations. i

T

2. OBSERVATIONS 10 AT =

3.97d

After the announcement of the SN-GRB association via the
GRB Coordinates Network (GCN), we promptly established our
monitoring program of GRB 060218/SN 2006aj. Spectra and pho-
tometry were obtained on a nearly nightly basis starting UT 2006
February 22 with the 6.5 m Multiple Mirror Telescope (MMT)
and the 1.5 m Tillinghast and 1.2 m telescopes at the Fred
Lawrence Whipple Observatory (FLWO). The spectrographs uti-
lized were the Blue Channel (Schmidt et al. 1989) at the MMT, |
and FAST (Fabricant et al. 1998) at the FLWO 1.5 m telescope. 6.96d |

I Moy,
All optical spectra were reduced and calibrated employing standard
techniques in IRAFand our own IDL routines for flux calibration. i 1
All of our photometry data were obtained with the FLWO - 796d |
1.2 m telescope. In this Letter we report on\2®and points L 1
obtained between 2006 February 22 and March 13 UT, i.e., 4l 8974 |
between 4 and 23 days after the burst. The light curve was g
extracted using the ISIS2 image subtraction package (Alard I " ‘ 1
2000). To obtain absolute calibration, we observed Landolt r e, 9.96d

standards (Landolt 1992) on 2006 March 4 UT. The derived L 1
transformation coefficients and color terms were used to cal- 2L M 11.98d |
ibrate a sequence of nine stars near SN 2006aj. For future M

references and cross-calibrations, this transformation gives I |

-

495d

5.96d

Scaled f, + Constant
(o)

V:1521i001 mag for the SDSS Star atRA: _IIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIII1II2I.I8§I(1IIII_
h m — ! -
03"21"42.77and decl= +16°51 3946 (J2000.0). The ab 4000 5000 6000 7000 8000
solute photometric calibration is thought to be accurate to Observed Wavelength (A)
~5%. We note that our calibration yields comparison star J
magnitudes in the SDS§riz systeni that are fainter than Fic. 1.—Observed spectral evolution of the GRB 060218/SN 2006aj, from
those given in Cool et al. (2006). The offsets in the respective February 22.12 UT (3.97 days after the burst) to March 3.00 UT (12.85 days
bands are+0.81 mag (' ),+0.40 mag B), +0.27 mag {) after the burst), dereddened By = 0.46  mag of Galactic extinction (Schlegel

. : et al. 1998). The spectra consist of a power-law continuum, typical of GRB
+0.20 mag R), +0-23_ma9 ) an_d+0.15 mag i ). Using afterglows, and the broad features characteristic of a peculiar, broad-lined SN
the same transformation, we obtaih= 20.21  mag for the Ic. The narrow emission lines originate from the host galaxy at a redshift of

host galaxy, using data from Cool et al. (2006) and our own z = 0.0335
Landolt calibrations.

gamma rays: the isotropic equivalent energy amounts to
3. RESULTS E., = 6 x 10* ergs (extrapolated to 1-10,000 keV band in
3.1. GRB 060218/SN 20064 the GRB rest frame), which is102to 10" that of cosmo-
) logical GRBs (e.g., Ghirlanda et al. 2005; Friedman & Bloom
Figure 1 shows a montage of our spectra, corrected for apgs) put larger than that for GRB 980425/SN 1998bw. The
We do not correct for host-galaxy extinction, which is con- 150 Sakamoto et al. 2006 Cg‘;;pana et al. 2006).
strained to be small, namelf(B — V) ~0.04 mag from the  Figyre 2 presents our eayband light curve for GRB 060218/
equivalent widths of Na D lines in high-resolution spectra gy 20064 filled cirdes). In addition to our FLWO 1.2 m data,
(Guenther_ et aI._ 2006). On top of a smooth power-l_aw contin- e have added some data from the literature to extend our time
acteristic of a “broad-lined” SN Ic: broad blends of Feand reported by Marshall et al. (2006a, 2006b) and Nousek et al.
Si 1 A6355, while no hydrogen or helium absorption lines are (2006). Campana et al. (2006) preséift early-time data
detected. The SN signatures are visible in our earliest spectrun“(AT <'10° s, or 11.6 days) of GRB 060218/SN 2006aj and argue
atobservedT = 3.97 days and become stronger as a functionfor tantalizing evidence of an observed thermal shock-breakout
tified as Hy, [O m] A5007, H3, and [On] A3727 atz = collapse of the core. Ow-band data clearly show a second peak
0.03351= 0.00007arising from Hir regions in the rlostga[zalxy. and the shape of a “supernova bump.” The combined GRB af-
Assuming@, = 0.3,Q, = 0.7, andH, = 72 km's Mpc",  erglow/shock breakout decline very quickly, and the SN com-
this corresponds to a luminosity dlstance of 143 Mpc. Using ponent dominates the OT light early aaT(>3  days) and cer-
the value for the fluence detected Byift (Campana et al.  tainly when our spectra were obtained. At those times, SN 20063j
2006), GRB 060218 appears to be an underluminous event inis 6-13 times brighter than the host galaxy. To compare the be-
havior of this bump, we used théband light curve of SN 1998bw
” IRAF is distributed by the National Optical Astronomy Observatory, which (Galama et al. 1998), shifted to = 0.0335 and dimmed by
is operated by the Association of Universities for Research in Astronomy, Inc., — 0.46 mag due to the Galactic extinction (Schle el et al
under cooperative agreement with the National Science Foundation. A, = " 9 ) - . 9 . ’
8 Using the transformation equations of R. Lupton; see http://www.sdss.org/ 1998; Fig. 2 dotted ling). We find that the SN 2006aj associated
dr4/algorithms/sdssUBVRITransform.htm. with GRB 060218 evolved much faster than SN 1998bw. Indeed,
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\ Fic. 3.—MMT spectrum of GRB 060218/SN 2006aj taken on March
L | Host Galaxy V=20.21 J 03.00 UT, which corresponds taT = 12.85 days after the burst and
L ‘ L_:’ ol ~3 days afterV maximum. The broad absorption trough at 5990 due
0 5 10 15 20 o5 to blueshifted Sin A6355 is visible, as Well_as the broad Eeblends_ at
~4400A and O A7774 at 73007 . For clarity, the host galaxy emission
lines have been removed and the spectra have been scaled and shifted.

FiG. 2.—Observed/ light curve of GRB 060218/SN 2006aj based on the From the sample of representative spectra of broad-lined SNe Ic at com-
FLWO 1'.2 m dataf{led points) and Swift UVOT data taken from the GCN parable phases, itis clear that SN 1997ef and SN 2002ap are better matches

(open points). Superimposed is the light curve of SN 1998bwk-corrected than SN 1998bw.
and time-dilated t@ = 0.0335 , stretched by a factor of 0.6, dimmed by 0.46

mag of Galactic extinction, the SN host galaxy contribution added, and shifted . . . . .
by 0.35 mag to match that of SN 2006apl{d lin¢). No correction for host  Indicates that the expansion velocities in SN 2006aj were lower

galaxy extinction has been applied to SN 20064aj or the comparison light curve than in SN 1998bw and, by extension, in SN 2003dh. Our
of SN 1998bw. Se § 3 for details. $ee the electronic edition of the Journal earlier spectra of SN 2006aj in addition to this spectrum are
for a color version of this figure] very similar to those of SN 1997ef and SN 2002ap, which are
broad-lined SNe that had no obvious association with GRBs
we find a good fit to oul-band data if we stretch the time axis and are thought to be due to less energetic explosions than SN
of the light curve of SN 1998bw by a “stretch factor” sf= 1998bw (Ilwamoto et al. 2000; Foley et al. 2003). This visual
0.6. The combined fit of th&/ = 20.21 mag host galaxy (Cool match is supported by cross-correlating the spectra with our
et al. 2006) added to the stretched SN 1998bhand lightcurve  comprehensive library of SN Ic and GRB/SN spectra (M. Mod-
dimmed by 0.35 mag is shown with the solid line. Qdband  jaz et al. 2006, in preparation) via our SN-identification al-
light curve of SN 2006aj peaks afT = 10.0+ 0.5 days (i.e., gorithm (Matheson et al. 2005; S. Blondin et al. 2006, in prep-
2006 February 28.15 UT andafl = 9.7  days in the rest frame aration). Thus, the spectra of SNe associated with GRBs seem
of SN 2006aj) at an apparent magnitue= 17.45+ 0.05mag.  to display a certain variety of expansion velocities. Considering
After correcting for a Galactic extinction @, = 0.46 mag and poth the light curve and spectral properties of SN 2006aj, we
host galaxy light contamination, this value corresponds to a peakconclude that its expansion velocities lie between that of SN
absolute magnitude d¥l, = —18.7+ 0.2 mag for SN 2006aj. 1998bw and of SN 2002ap, while a large synthesiHimass
The rise time for SN 200643 is the shortest ever measured for ajs needed to explain the large luminosity, in addition to a ge-

SN Ic and is significantly shorter than for GRB 980425/SN ometry and ejecta mass that support the fast escape of photons.
1998bw and GRB 030329/SN 2003adt1@—-16 days; Galama et  \We encourage polarization studies and nebular line spectros-
al. 1998; Matheson et al. 2003), while SN 20063j is almost as copy to constrain the geometry of the explosion. Also, late-
bright as SN 1998bw. This is an unusual behavior compared totime observations should give a cleaner window into the core

the sample of GRB-related SNe (see Fig. 3 in Stanek et al. 2005)of the ejecta and help constrain density distribution and the
We note that there is a hint of a short plateau phase betw#2n  apundance of nucleosynthesis products.

and 15 days after the bur3thus, we conclude that SN 20063 is
a fast-evolving SN and that the SN dominated the light of the OT.
In order to study the SN component of GRB 060218/SN 3.2. Host Galaxy
2006aj more closely, we plot in Figure 3 our MMT spectrum  For the adopted luminosity distance of 143 Mpc, the pre-
from UT 2006 March 03, aAT = 12.85 days, thus3 days burst broadband SDSS photometry yields an absolute mag-
afterV maximum, when the SN fully dominates the total light nitude for the host galaxy dfl, ..., = —16.0 mag. This value
output. The broad absorption trough at 5980 (rest wave- is less than that for the Small Magellanic Cloud, a dwarf
length) due to blueshifted i A6355 is visible, as well as the  galaxy withM, = —16.9 mag. We generated a spectrum of
broad Fen blends at~4400A , while no lines of hydrogen or  the host galaxy emission lines by averaging the MMT spectra
helium are detected. For comparison, we show spectra of otherand subtracting a lower order fit to the continuum. The emis-
broad-lined SNe Ic at similar phases: the classical SN 1998bwsion-line fluxes were measured with thglot task in IRAF
(Patat et al. 2001), the SNe 1997ef (lwamoto et al. 2000), andand are given here corrected for Galactic extinction and nor-
2002ap (Foley et al. 2003; M. Modjaz et al. 2006, in prepa- malized to K8 [whereF(HB) = 0.9 + 0.1 x 10 *° ergs cn¥
ration). The spectrum of SN 2006aj exhibits features that ares™]: H8 = 1.0 Hox = 3.0, Hy = 0.3, [O m] A4959 = 1.2
more well defined and narrow than those of SN 1998bw, which [O 1] A5007 = 4.0 [O 1] A3727= 1.6 and [N 1]

Days after burst
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A6584< 0.2 (not detected, I upper limit). Comparison of = Matheson et al. 2003; Sollerman et al. 2005) and those of
the line fluxes with the broadband SDSS photometry (Cool more distant GRBs (e.g., Fruchter et al. 1999; Le Floc’h et
et al. 2006) indicates that the host galaxy contribution to the al. 2003).
continuum flux is negligible and becomes important only at

very short wavelengths (3000-4080 ). The relative strengths

of the Balmer lines indicate little host galaxy extinction with

E(B — V) ~ 0.05-0.11 mag. We derive an integrated H- We have presented early photometric and spectroscopic data
minosity of L(Ha) = 7.3 x 10* ergs s', which translatesto  on GRB 060218/SN 20064 that clearly establish SN 2006aj
a current star formation rate @FR(Hx) = 0.06 M, yr as a fast-evolving broad-lined SN Ic with an extremely short
(Kennicutt 1998). This lower limit is relatively high for such rise time and a large optical peak luminosityzat 0.0335

an underluminous galaxy. In order to derive the metallicity The spectra indicate large expansion velocities that are smaller
of the host system, we used tRg, iterative diagnostic thatthan those found in the prototypical GRB-related SN 1998bw.
involves the emission-line ratios of [@] A3727, [O mi] The host galaxy appears to be a low-metallicity dwarf galaxy.
A5007, [N1u] A6584, and B (Kewley & Dopita 2002). We

. 4 AP d S
derive an ionization parameter g~ 8 x 10°  cm'sand an We would like to thank the staffs of the MMT Observatory

oxygen abundance ofog (O/H)+ 12 =80+ 0.1 , which and FLWO. In particular we would like to acknowledge C.

g(f)rlges?gm)s +t012a Eoglglss (%)%Iahg S: Lgmg}gsinsr?é:]? bz%%%a)mcerremonti and G. Williams for obtaining some of the spectra,
9 T y i ﬁnd the observers at the FLWO 1.2 m for obtaining service

We note that th&,, diagnostic also possesses an Upperbrancphotometry. M. M. thanks T. Matheson for useful comments

that predicts an oxygen abundance of log (OAH)2 = : .

8.7 +p0 1 However, tyh%s upper branch is exgll(Jdedlby con- ?n t:]]el r?a}n;scnpt and MWGerI]Ier,kL.Igsvf\t/Iey, and 'z thedgmn
Cy Do ; or helpful discussions. We thank tt@ift team and the ob-

sidering the upper limit on [h] A6584 (see Kewley & Dopita servers who provided their data and analysis through the GCN.

2002, Fig. 7). Furthermore, the higher oxygen abundanceSupernova research at Harvard University has been supported
would predict a much brighter host galaxy according to the by a grant from the National Science Foundation, AST 02-

luminosity-metallicity relationship (e.g., Lee et al. 2003; Tre- 05808
monti et al. 2004). Thus, we conclude that the host galaxy '
of GRB 060218/SN 2006aj is a low-metallicity, low-lumi- Facilities. MMT(Blue Channel spectrograph), FLWO:

4. CONCLUSIONS

nosity galaxy, very similar to those of other GRBs/SNe (e.g., 1.5m(FAST), FLWO:1.2m(Keplercam)
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