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ABSTRACT

We present observations and interpretation of the Type IIn supernova SN 2008am discovered by the ROTSE
Supernova Verification Project (RSVP). SN 2008am peaked at approximately —22.3 mag at a redshift of z =
0.2338, giving it a peak luminosity of ~3 x 10* erg s~! and making it one of the most luminous supernovae
ever observed. The total radiated energy is ~ 2 x 10°! erg. The host galaxy appears to be an SB1 of normal
luminosity (M,» ~ —20) with metallicity Z ~ 0.4 Z5. ROTSE upper limits and detections constrain the rise time
to be ~34 days in the rest frame, significantly shorter than similar events, SN 2006gy and SN 2006tf. Photometric
observations in the ultraviolet, optical, and infrared bands (J, H, K) constrain the spectral energy distribution
evolution. We obtained six optical spectra of the supernova, five on the early decline from maximum light and a
sixth nearly a year later plus a very late time spectrum (~2 yr) of the host galaxy. The spectra show no evidence for
broad supernova photospheric features in either absorption or emission at any phase. The spectra of SN 2008am
show strong Balmer-line and He1 A5876 emission with intermediate widths (~25 A) in the first ~40 days after
optical maximum. The width formally corresponds to a velocity of ~1000 km s~!. We examine a variety of models
for the line wings and conclude that multiple scattering is most likely, implying that our spectra contain no specific
information on the bulk flow velocity. We examine a variety of models for the ROTSE light curve subject to the
rise time and the nature of the spectra, including radioactive decay, shocks in optically thick and optically thin
circumstellar media (CSMs) and a magnetar. The most successful model is one for which the CSM is optically thick
and in which diffusion of forward shock-deposited luminosity gives rise to the observed light curve. The model
suggests strong mass loss and a greater contribution from the interaction of the forward shock with optically thick
CSM than from the reverse shock. Diffusion of the shock-deposited energy from the forward shock is found to be
important in accounting for the rising part of the light curve. Although there are differences in detail, SN 2008am
appears to be closely related to other super-luminous Type IIn supernovae, SN 2006gy, SN 2006tf, and perhaps
SN 2008iy, that may represent the deaths of very massive luminous-blue-variable-type progenitors and for which
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the luminosity is powered by the interaction of the ejecta with a dense CSM.
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1. INTRODUCTION

The Texas Supernova Search (TSS; Quimby et al. 2005)
and its successor, the ROTSE Supernova Verification Project
(RSVP; Yuan et al. 2007), discovered a new class of super-
luminous supernovae (SLSNe). The advantage of the TSS/
RSVP project is that it is essentially free of selection bias and the
limits of a targeted search. The automated wide field (3.4 deg?)
ROTSE-III telescopes (Akerlof et al. 2003) scan the whole sky,
looking for transients down to ~19 mag. They do not focus on
pre-selected galaxies nor omit galaxy centers. The first TSS/
RSVP discoveries in this new class of SLSNe were SN 2005ap
(Quimby et al. 2007a), SN 2006gy (Quimby 2006; Smith et al.
2007), SN 2006tf (Quimby et al. 2007b, 2007¢c; Smith et al.
2008), and SN 2008es (Yuan et al. 2008b; Gezari et al. 2009;
Miller etal. 2009). These exceptionally luminous supernovae are
rare, with an estimated rate of ~2.6 x 10~ events Mpc > yr~!

7 Clay Fellow.
8 Sloan Research Fellow.

(Quimby et al. 2009). The SLSNe introduced new modes of
stellar death. Traditional ideas about the mechanisms that can
power supernova luminosity were found to be inadequate to
explain the observed properties of these events.

The small, but growing, sample of SLSNe is heterogeneous.
Some show strong emission lines of hydrogen in their spectra
close to maximum light (SN 2006gy, SN 2006tf, SN 20081z,
SN 2008iy) and typically belong to the Type IIn subclass;
some show hydrogen in later phases and a linear decline of the
light curve expressed in magnitudes (SN 2008es). Others may
show no hydrogen at all (SN 2005ap, SCPO6F6). For the super-
luminous Type IIn events, the energy generation mechanism is
very likely the interaction between the ejecta and a circumstellar
medium (CSM) that was shed by the progenitor star in the
years prior to the explosion (Chevalier & Fransson 2003).
SN 2006gy triggered discussions about the possibility of nearby
pair-instability supernovae (Smith et al. 2007). Such models
proved unsatisfactory for SN 2006gy and many other SLSNe
but may account for SN 2007bi (Gal-Yam et al. 2009; Young
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Figure 1. False-color images showing the position of SN 2008am relative to its host galaxy in the Keck/LRIS g (left panel) and R (middle panel) filters. Both Keck
images were taken on 2008 February 12. The right panel contains the true-color SDSS image of the host (blue = g’, green = r/, red = i’ filters). The scale is indicated

in the left panel. North is up and east is to the left on all images.
(A color version of this figure is available in the online journal.)

et al. 2010). Even for some events that do not show clear signs
of CSM interaction, simple radioactive decay diffusion models
(Arnett 1982; Valenti et al. 2008) have proven inconsistent with
the observations (Quimby et al. 2007a, 2009; Gezari et al. 2009).
Other mechanisms that can account for the large luminosity have
been proposed: interaction between expelled shells (Woosley
et al. 2007); interaction between a gamma-ray burst (GRB)-
like jet and the progenitor envelope (Young et al. 2005; Gezari
et al. 2009); a buried magnetar (Kasen & Bildsten 2010;
Woosley 2010); or a very energetic core-collapse explosion
(Umeda & Nomoto 2008; Moriya et al. 2010). In addition,
the possibility that many Type IIn SNe (of normal or high
luminosity) have been spectroscopically confused with radio-
quiet low-luminosity blazars has been discussed (Filippenko
1989). All recent SLSNe candidates have shown spectroscopic
features that are more consistent with SNe.

In the present work, we report on SN 2008am discovered by
RSVP (Yuan et al. 2008a). The paper is organized as follows.
In Section 2 we present the photometric and spectroscopic
observations of SN 2008am and discuss the evolution of its
spectral energy distribution (SED). In Section 3 we consider the
nature of the emission-line features and models to account for
the line profiles, and in Section 4 we discuss the applicability
of various models to account for the light curve. Finally, in
Section 5 we summarize our conclusions.

2. OBSERVATIONS
2.1. The Host of SN 2008am

The host of SN 2008am is SDSS J122836.32+153449.6 that
appears to be a faint, extended object in the Sloan Digital Sky
Survey (SDSS), with an " magnitude of ~20 (see Figure 1). The
position of the centroid of the host is & = 12"28™36:3 and § =
+15934m50% and its redshift is z = 0.2338 (Yuan et al. 2008a;
Section 2.4). We estimate the luminosity distance of the SN to
be 1130 Mpc assuming a ACDM cosmology with Q, = 0.73,
Q) =0.27,and Hy =73 kms~' Mpc~!. On that basis, the host
has an absolute magnitude M, ~ —20 mag and, thus, is not a
dwarf galaxy. The morphology of this galaxy is unknown, but
the shape of its SDSS photometric SED and the optical spectrum
showing narrow emission features of H, [N 11], [O 11], and [O 111]
agree well with an SB1 galaxy template spectrum (Figure 9;
Section 2.4). The metallicity of the host, estimated from the
flux ratios of these narrow emission features, is sub-solar
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Figure 2. ROTSE unfiltered light curve of SN 2008am. The red-filled triangles
represent the sensitivity limits. Upper limits lie on their contemporaneous
sensitivity points and are denoted by downward arrows.

(A color version of this figure is available in the online journal.)

(Z ~ 0.4 Zg), similar to the hosts of other SLSNe (Neill et al.
2011; Stoll et al. 2010; Section 2.4).

2.2. Imaging and Photometry

SN 2008am was discovered in unfiltered ROTSE-IIIb im-
ages on 2008 January 10.4 UT (MJD = 54475.4; Yuan et al.
2008a) when it had an unfiltered magnitude of 18.7. The posi-
tion of the SN in the ROTSE images was determined to be o« =
12h28M36525 and § = +15934M49:1, slightly offset from the
center of its host that appears in the SDSS catalog (Figure 1).
ROTSE-IIIb continued to gather unfiltered photometric data for
~200 days after the discovery. The ROTSE-IIIb photometry is
summarized in Table 1. The ROTSE data are shown in Figure 2
along with the detection limits over the course of the photometry.
The ROTSE-IIIb photometry includes an early upper limit and
data points during the rising phase of the supernova light curve
that can be used to constrain the explosion date of the SN. To
determine the explosion date, we converted the ROTSE magni-
tudes to luminosities assuming zero bolometric correction, and
fit radioactive decay diffusion models (Section 4.1) to the result-
ing light curve. The fitting parameters are the effective diffusion
time, the nickel mass, the explosion date, and a parameter that
controls the gamma-ray leakage. The best-fit radioactive-decay
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Table 1
ROTSE-IIIb Unfiltered Photometry of SN 2008am

MIJD? UT Date Magnitude® Error
54436.13 2007 Dec 2.13 (20.17) ..
54443.13 2007 Dec 9.13 18.92 0.30
54448.63 2007 Dec 14.13 18.97 0.36
54469.54 2008 Jan 4.54 18.35 0.15
54470.54 2008 Jan 5.54 18.60 0.17
54471.54 2008 Jan 6.54 18.59 0.27
54472.54 2008 Jan 7.54 18.42 0.13
54475.41 2008 Jan 10.41 18.49 0.16
54478.54 2008 Jan 13.54 18.38 0.15
54479.54 2008 Jan 14.54 18.25 0.12
54480.36 2008 Jan 15.36 17.99 0.17
54483.54 2008 Jan 18.54 18.17 0.12
54485.54 2008 Jan 20.54 18.13 0.14
54486.54 2008 Jan 21.54 18.34 0.27
54495.54 2008 Jan 30.54 18.31 0.17
54497.54 2008 Feb 1.54 18.30 0.06
54498.54 2008 Feb 2.54 18.32 0.10
54499.95 2008 Feb 3.95 18.82 0.25
54500.95 2008 Feb 4.95 18.28 0.08
54502.95 2008 Feb 6.95 18.38 0.10
54504.95 2008 Feb 8.95 18.42 0.04
54505.95 2008 Feb 9.95 18.52 0.05
54506.95 2008 Feb 10.95 18.35 0.03
54507.95 2008 Feb 11.95 18.36 0.04
54508.95 2008 Feb 12.95 18.48 0.05
54510.95 2008 Feb 14.95 18.59 0.26
54514.95 2008 Feb 18.95 18.49 0.16
54516.95 2008 Feb 20.95 18.30 0.13
54523.95 2008 Feb 27.95 18.53 0.03
54524.95 2008 Feb 28.95 18.75 0.12
54529.41 2008 Mar 4.41 18.60 0.05
54530.41 2008 Mar 5.41 18.61 0.05
54532.41 2008 Mar 7.41 18.55 0.01
54533.41 2008 Mar 8.41 18.66 0.05
54536.41 2008 Mar 11.41 18.64 0.04
54537.41 2008 Mar 12.41 18.70 0.04
54538.41 2008 Mar 13.41 18.73 0.05
54539.41 2008 Mar 14.41 18.93 0.10
54550.41 2008 Mar 25.41 19.00 0.20
54551.41 2008 Mar 26.41 18.87 0.07
54552.41 2008 Mar 27.41 18.78 0.05
54553.41 2008 Mar 28.41 18.95 0.07
54554.41 2008 Mar 29.41 18.84 0.06
54555.41 2008 Mar 30.41 18.78 0.06
54556.41 2008 Mar 31.41 18.93 0.07
54557.41 2008 Apr 1.41 18.81 0.06
54559.83 2008 Apr 3.83 18.79 0.07
54560.83 2008 Apr 4.83 18.84 0.10
54562.83 2008 Apr 6.83 18.88 0.09
54567.83 2008 Apr 11.83 18.96 0.13
54568.83 2008 Apr 12.83 19.04 0.10
54569.83 2008 Apr 13.83 18.96 0.09
54570.83 2008 Apr 14.83 18.74 0.29
54578.83 2008 Apr 22.83 (19.01) ...
54579.83 2008 Apr 23.83 19.14 0.20
54580.83 2008 Apr 24.83 19.35 0.20
54581.83 2008 Apr 25.83 19.07 0.17
54582.83 2008 Apr 26.83 19.00 0.08
54583.83 2008 Apr 27.83 18.97 0.07
54584.83 2008 Apr 28.83 19.03 0.07
54585.83 2008 Apr 29.83 19.02 0.05
54586.83 2008 Apr 30.83 19.07 0.05
54587.83 2008 May 1.83 19.19 0.17
54589.24 2008 May 3.24 18.96 0.09
54590.24 2008 May 4.24 (19.20)

54591.24 2008 May 5.24 (19.04)

CHATZOPOULOS ET AL.

Table 1
(Continued)

MID? UT Date Magnitude® Error
54592.24 2008 May 6.24 19.03 0.22
54596.24 2008 May 10.24 19.47 0.24
54598.24 2008 May 12.24 18.88 0.26
54604.24 2008 May 18.24 (18.72)

54606.24 2008 May 20.24 (19.27)

54609.24 2008 May 23.24 (18.70) ...
54610.24 2008 May 24.24 19.37 0.11
54618.24 2008 Jun 1.24 19.23 0.10
54619.65 2008 Jun 2.65 19.24 0.12
54620.65 2008 Jun 3.65 19.48 0.16
54624.65 2008 Jun 7.65 19.30 0.15
54625.65 2008 Jun 8.65 19.09 0.25
54632.65 2008 Jun 15.65 (19.35)

54637.65 2008 Jun 20.65 (18.82)

54641.65 2008 Jun 24.65 (19.53) .
54645.65 2008 Jun 28.65 19.17 0.19

Notes.

4 MJD values refer to the observer frame.

b Observed value; not corrected for extinction. The values in
parentheses represent upper limits.
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Figure 3. Fit of a simple radioactive-decay diffusion model to the ROTSE
light curve of SN 2008am (filled circles). The “S” letters above the time axis
denote the spectroscopic epochs. The best-fitting explosion date is MID 54438.8,
5.2 days before the first upper limit, 14 days before the first detection, and
34 days before maximum in the rest frame. The derived nickel and ejecta mass
are Mn; = 19 Mg and M,; = 0.2 M (for Thompson scattering opacity « =
0.4 cm? g~! and velocity vg, = 1000 km s~!). The model provides a means
to constrain the explosion date but is clearly not a valid physical model for the
explosion (see the text).

(A color version of this figure is available in the online journal.)

diffusion model is shown in Figure 3. This fitting process yields
an explosion date of MJDey, = 54438.8 £ 1, approximately
18 days prior to the first real detection in the observed frame and
about 14 days in the rest frame. We note that this model was em-
ployed only to determine the explosion date of the SN and may
not account for the real physical situation in SN 2008am (see
Section 4.1). The ROTSE-IIIb maximum occurred at MJID =
54480.4 (2008 January 15.0), about 34 rest-frame days after the
explosion.

At the distance of 1130 Mpc for the ROTSE unfiltered peak
magnitude of 18.0 mag, the absolute ROTSE peak magnitude
of SN 2008am is —22.3 mag (uncorrected for extinction). The
ROTSE response curve peaks in the red and it is calibrated to
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Table 2
PAIRITEL IR Photometry of SN 2008am

MID? UT Date J Band® H Band® K, Band®
54499.95 2008 Feb 3.95 17.65(0.12)  16.96(0.22)  16.78(0.31)
54502.95 2008 Feb 6.95 17.64(0.14)  17.37(0.27)  16.97(0.30)
54503.95 2008 Feb 7.95 17.59(0.14)  17.26(0.21)  16.69(0.22)
54504.95 2008 Feb 8.95 17.78(0.10)  17.40(0.24)  17.15(0.35)
54505.95 2008 Feb 9.95 17.60(0.09)  17.16(0.17)  16.61(0.17)
54506.95 2008 Feb 10.95  17.61(0.14)  17.20(0.21)  17.01(0.34)
54507.95 2008 Feb 11.95  17.62(0.12)  17.20(0.22)  16.88(0.31)
54508.95 2008 Feb 12.95  17.72(0.06)  17.18(0.10)  16.71(0.21)
54509.95 2008 Feb 13.95  17.62(0.18)  17.20(0.18)  16.78(0.30)
54510.95 2008 Feb 14.95  17.67(0.10)  17.45(0.27)  16.63(0.21)
54513.95 2008 Feb 17.95  17.60(0.08)  17.38(0.15)  17.06(0.31)
5451495 2008 Feb 18.95  17.59(0.10)  17.11(0.14)  16.70(0.20)
54515.95 2008 Feb 19.95  17.73(0.11)  17.26(0.16)  16.89(0.20)
54516.95 2008 Feb20.95  17.67(0.16)  17.45(0.23)  16.91(0.34)
5452095 2008 Feb24.95  17.68(0.08)  17.00(0.12)  16.67(0.19)
54521.95 2008 Feb25.95  17.47(0.11)  17.63(0.35)  16.68(0.25)
5452295 2008 Feb26.95  17.75(0.09)  17.30(0.16)  16.96(0.27)
5452395 2008 Feb27.95  17.77(0.11)  17.13(0.15)  16.74(0.27)
5452495 2008 Feb28.95  17.63(0.07)  17.15(0.15)  17.08(0.24)
Notes.

2 MJD values refer to the observer frame.
b Observed value; not corrected for extinction. The numbers in the parentheses
represent the estimated errors of the measured values.

the USNO-B1.0 system (Smith et al. 2003). There is always
a slight offset from a true R magnitude due to the fact that
the shape of a supernova SED is very different from the
reference stars used by ROTSE, but, to a good approximation,
this absolute peak magnitude is close to the real absolute R
magnitude of the event. This establishes that SN 2008am is a
super-luminous event; one of the most luminous supernovae
ever discovered, placing the supernova in the family of SLSNe
together with SN 1992ar (Clocchiatti et al. 2000), SN 1999as
(Hatano et al. 2001), SN 2003ma (Rest et al. 2009), SN 2005ap,
SN 2006gy, SN 2006tf, SN 2008es, SN 2008fz (Drake et al.
2010), SN 20081y (Miller et al. 2010), SN 2007bi (Gal-Yam et al.
2009), SCPO6F6 (Barbary et al. 2009), and recently discovered
luminous PanSTARRS transients (SN 2009kf, Botticella et al.
2010; SN 2010gx, Pastorello et al. 2010).

SN 2008am was followed up with photometric observations
ranging from the ultraviolet (UV) through the infrared (IR).
The Peters Automated Infrared Imaging Telescope (PAIRITEL;
Bloom et al. 2006) obtained J-, H-, and K;-band photometry over
a 25 day period (Table 2). The PAIRITEL J, H, and K| fluxes
are calibrated to the Two Micron All Sky Survey (2MASS)
catalog (Skrutskie et al. 2006). The infrared light curves of
SN 2008am over this phase appear to be flat and are probably
heavily contaminated by the host. In the K,-band, especially, the
detections are most probably indicative of the host rather than
the SN. Thus, we refer to them only as upper limits throughout
this work. Although the infrared observations were obtained for
only a small portion of the life of the SN, they can be used to
better constrain the SED toward the infrared region for some
phases. Contribution by dust IR radiation to the observed J,
H, and K| fluxes cannot be ruled out, but we have made no
allowance for that process.

The Palomar 60 inch (P60) telescope obtained optical pho-
tometry in the bands g, r, i’, and 7’ for a period of ~330 days
in the rest frame. Photometry on the P60 frames was performed

Table 3
Northern Standard Stars Used for the P60 Calibration
1D g r’ i’ 4
SDSS J122838.04+153354.4 17.82 17.05 16.74 16.60
SDSS J122833.68+153505.2 18.18 17.27 16.95 16.79
SDSS J122825.56+153450.2 17.07 16.15 15.85 15.69
SDSS J122851.30+153427.7 17.62 17.37 17.27 17.22
SDSS J122849.58+153536.8 16.33 15.95 15.81 15.75

VY

Note. The magnitudes have been tied to the SDSS g'r'i’z’ system.

using the aperture photometry routines in IRAFE.° The aperture
radius was set to be 20 pixels (7.57 arcsec), and the background
level was measured in an annulus with 30 pixels (11.36 arcsec)
inner and 50 pixels (18.93 arcsec) outer radii, centered on the
source. The P60 data were calibrated via five local tertiary stan-
dard stars having Sloan g’, r’, i’, and 7’ magnitudes in the SDSS
catalog (Table 3). The applied P60 filters were g and  (similar
to the Thuan—Gunn filters; Thuan & Gunn 1976), and i’ and 7’
that resemble the SDSS filters (Fukugita et al. 1996), although
systematic differences exist between the P60 filters and their
standard counterparts (Cenko et al. 2006). Due to the lack of
standard fields observed simultaneously with the SN field, only
approximate calibration of the P60 photometry was possible.
As a first approximation, the SN magnitudes were tied to the g/,
r’,i’, and 7’ magnitudes of the local tertiary standards assuming
only a zero-point shift and no color term. Table 4 details the
results of the P60 photometry of SN 2008am. The error caused
by the neglect of the color term was investigated by compar-
ing the observed differential magnitudes and colors of the local
standards with their cataloged magnitudes. Only the data from
the g filter are affected by the lack of the color term, systemat-
ically at a level of ~0.1 mag. No significant magnitude shifts
were detected in any other filters. The resulting g’, r/, i’, and 7’
AB magnitudes of SN 2008am were then transformed to fluxes
adopting the filter parameters and flux zero points of Cenko et al.
(2009). The lack of the color term caused less than 1o error in
the g’ fluxes, where o is the random error of the photometry.
The SN fluxes were subsequently corrected for host contami-
nation and interstellar reddening. The host correction was done
by removing the host fluxes obtained from SDSS. For the in-
terstellar reddening we used the interstellar absorption maps of
Schlegel et al. (1998), giving E(B — V)mw = 0.025 mag and
the Milky Way reddening law parameterized by Fitzpatrick &
Massa (2007) adopting Ry = 3.1. Throughout this work, we
use only the Milky Way reddening correction to obtain the final
photometry for SN 2008am. The 50-180 day slope of the P60
g, r, i’ light curve is estimated to be 0.0065 & 0.0006 mag day—!.
The 7’ light curve is somewhat flatter over the same period.
Swift photometry was obtained by the Ultraviolet/Optical
Telescope (UVOT; Roming et al. 2005) covering the first ~80
rest-frame days after maximum. The conversions between Swift
magnitudes and fluxes were computed based on the calibration
using the Pickles stellar templates (Poole et al. 2008) instead of
the GRB templates included in the Swift CALDB. The result of
the Swift photometry is detailed in Table 5. In the latest three
epochs, the UVWI, UVM?2, and UVW?2 fluxes seem to level off.
This may be due to the increasing contribution from the flux of
the host galaxy relative to the decreasing SN flux at later epochs.

9 IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in Astronomy
(AURA) under cooperative agreement with the National Science Foundation.
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Table 4 Table 4
P60 Photometry of SN 2008am (Continued)
MIJD? UT Date Filter Magnitude® Error MIJD? UT Date Filter Magnitude® Error
54496.54 2008 Jan 31.54 g 18.78 0.11 54523.95 2008 Feb 27.95 r 18.76 0.07
54505.95 2008 Feb 9.95 g 18.86 0.10 54524.95 2008 Feb 28.95 r’ 18.70 0.05
54508.95 2008 Feb 12.95 g 18.89 0.11 54525.95 2008 Feb 29.95 r 18.77 0.05
54509.95 2008 Feb 13.95 g 18.89 0.11 54531.41 2008 Mar 6.41 r’ 18.72 0.06
54513.95 2008 Feb 17.95 g 19.05 0.15 54533.41 2008 Mar 8.41 r 18.73 0.08
54522.95 2008 Feb 26.95 g 19.03 0.11 54535.41 2008 Mar 10.41 r’ 18.82 0.07
54523.95 2008 Feb 27.95 g 18.96 0.10 54537.41 2008 Mar 12.41 r 18.82 0.07
54524.95 2008 Feb 28.95 g 18.93 0.09 54538.41 2008 Mar 13.41 r’ 18.89 0.08
54525.95 2008 Feb 29.95 g 18.87 0.11 54538.41 2008 Mar 13.41 r 19.00 0.07
54531.41 2008 Mar 6.41 g 19.17 0.12 54539.41 2008 Mar 14.41 r’ 18.78 0.06
54533.41 2008 Mar 8.41 g 19.09 0.11 54543.41 2008 Mar 18.41 r’ 18.95 0.12
54535.41 2008 Mar 10.41 g 19.15 0.13 54544 .41 2008 Mar 19.41 r’ 19.13 0.16
54537.41 2008 Mar 12.41 g 19.54 0.14 54545.41 2008 Mar 20.41 r’ 18.79 0.21
54538.41 2008 Mar 13.41 g 19.21 0.11 54546.41 2008 Mar 21.41 r’ 18.42 0.19
54538.41 2008 Mar 13.41 g 19.40 0.18 54549.41 2008 Mar 24.41 r’ 18.86 0.14
54539.41 2008 Mar 14.41 g 19.40 0.14 54550.41 2008 Mar 25.41 r’ 18.56 0.10
54543.41 2008 Mar 18.41 g 19.58 0.30 54551.41 2008 Mar 26.41 r’ 19.00 0.06
54550.41 2008 Mar 25.41 g 19.45 0.12 54554.41 2008 Mar 29.41 r’ 19.02 0.07
54550.41 2008 Mar 25.41 g 19.27 0.12 54554.41 2008 Mar 29.41 r 19.05 0.07
54551.41 2008 Mar 26.41 g 19.19 0.12 54556.41 2008 Mar 31.41 r’ 18.90 0.07
54554.41 2008 Mar 29.41 g 19.43 0.12 54557.83 2008 Apr 1.83 r’ 18.82 0.07
54556.41 2008 Mar 31.41 g 19.19 0.11 54558.83 2008 Apr 2.83 r’ 18.90 0.06
54557.83 2008 Apr 1.83 g 19.46 0.12 54560.83 2008 Apr 4.83 r 18.84 0.07
54558.83 2008 Apr 2.83 g 19.23 0.09 54561.83 2008 Apr 5.83 r’ 18.91 0.07
54560.83 2008 Apr 4.83 g 19.32 0.12 54562.83 2008 Apr 6.83 r’ 18.92 0.07
54561.83 2008 Apr 5.83 g 19.45 0.11 54563.83 2008 Apr 7.83 r’ 18.94 0.06
54561.83 2008 Apr 5.83 g 19.36 0.13 54564.83 2008 Apr 8.83 r’ 18.87 0.07
54562.83 2008 Apr 6.83 g 19.31 0.10 54566.83 2008 Apr 10.83 r’ 19.01 0.06
54563.83 2008 Apr 7.83 g 19.38 0.12 54568.83 2008 Apr 12.83 r’ 19.03 0.09
54564.83 2008 Apr 8.83 g 19.27 0.15 54570.83 2008 Apr 14.83 r’ 19.19 0.16
54566.83 2008 Apr 10.83 g 19.45 0.13 54580.83 2008 Apr 24.83 r’ 18.82 0.12
54568.83 2008 Apr 12.83 g 19.54 0.13 54582.83 2008 Apr 26.83 r’ 19.23 0.12
54570.83 2008 Apr 14.83 g 19.33 0.19 54584.83 2008 Apr 28.83 r’ 18.97 0.12
54582.83 2008 Apr 26.83 g 19.28 0.19 54588.24 2008 May 2.24 r 19.27 0.08
54584.83 2008 Apr 28.83 g 19.33 0.15 54590.24 2008 May 4.24 r’ 19.17 0.08
54588.24 2008 May 2.24 g 19.76 0.13 54593.24 2008 May 7.24 r 19.13 0.07
54590.24 2008 May 4.24 g 19.17 0.13 54594.24 2008 May 8.24 r’ 19.14 0.07
54593.24 2008 May 7.24 g 19.61 0.12 54596.24 2008 May 10.24 r 19.16 0.12
54594.24 2008 May 8.24 g 19.50 0.13 54598.24 2008 May 12.24 r’ 19.28 0.14
54596.24 2008 May 10.24 g 19.53 0.14 54615.24 2008 May 29.24 r 19.32 0.12
54598.24 2008 May 12.24 g 19.40 0.17 54617.24 2008 May 31.24 r’ 19.20 0.26
54615.24 2008 May 29.24 g 19.56 0.16 54618.65 2008 Jun 1.65 r 19.35 0.10
54617.24 2008 May 31.24 g 19.81 0.16 54619.65 2008 Jun 2.65 r’ 19.61 0.12
54618.65 2008 Jun 1.65 g 18.90 0.19 54624.65 2008 Jun 7.65 r 19.43 0.10
54619.65 2008 Jun 2.65 g 19.47 0.15 54628.65 2008 Jun 11.65 r’ 19.62 0.18
54624.65 2008 Jun 7.65 g 19.62 0.16 54636.65 2008 Jun 19.65 r 18.94 0.16
54625.65 2008 Jun 8.65 g 19.46 0.15 54638.65 2008 Jun 21.65 r’ 19.37 0.19
54626.65 2008 Jun 9.65 g 19.57 0.19 54640.65 2008 Jun 23.65 r 19.19 0.09
54628.65 2008 Jun 11.65 g 19.61 0.21 54642.65 2008 Jun 25.65 r’ 19.16 0.10
54638.65 2008 Jun 21.65 g 18.94 0.21 54645.65 2008 Jun 28.65 r 18.90 0.10
54640.65 2008 Jun 23.65 g 19.52 0.13 54648.06 2008 Jul 1.06 r’ 19.22 0.11
54642.65 2008 Jun 25.65 g 19.53 0.23 54787.72 2008 Nov 1.72 r 19.33 0.17
54645.65 2008 Jun 28.65 g 19.50 0.18 54800.71 2008 Nov 3.71 r’ 19.57 0.17
54648.06 2008 Jul 1.06 g 19.56 0.19 54805.13 2008 Dec 5.13 r 19.57 0.11
54799.19 2008 Nov 27.19 g 19.68 0.16 54811.13 2008 Dec 1.13 r’ 19.51 0.14
54805.13 2008 Dec 5.13 g 20.03 0.18 54836.54 2009 Jan 5.54 r 19.83 0.13
54811.13 2008 Dec 1.13 g 19.81 0.19 54496.54 2008 Jan 31.54 i’ 18.30 0.08
54836.54 2009 Jan 5.54 g 20.23 0.18 54496.54 2008 Jan 31.54 i’ 18.36 0.07
54836.54 2009 Jan 5.54 g 20.26 0.17 54505.95 2008 Feb 9.95 i’ 18.42 0.07
54496.54 2008 Jan 31.54 r 18.58 0.10 54508.95 2008 Feb 12.95 i’ 18.49 0.07
54505.95 2008 Feb 9.95 r 18.60 0.05 54509.95 2008 Feb 13.95 i’ 18.38 0.06
54508.95 2008 Feb 12.95 r 18.60 0.05 54513.95 2008 Feb 17.95 i’ 18.44 0.06
54509.95 2008 Feb 13.95 r 18.50 0.07 54514.95 2008 Feb 18.95 i’ 18.44 0.14
54513.95 2008 Feb 17.95 r 18.68 0.08 54515.95 2008 Feb 19.95 i’ 18.53 0.11
54515.95 2008 Feb 19.95 r 18.39 0.14 54522.95 2008 Feb 26.95 i’ 18.65 0.07
54522.95 2008 Feb 26.95 r 18.66 0.08 54523.95 2008 Feb 27.95 i’ 18.30 0.07
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Table 4
(Continued)

MID? UT Date Filter Magnitude® Error
54524.95 2008 Feb 28.95 i’ 18.43 0.06
54525.95 2008 Feb 29.95 i’ 18.50 0.07
54531.41 2008 Mar 6.41 i’ 18.42 0.07
54533.41 2008 Mar 8.41 i’ 18.49 0.08
54535.41 2008 Mar 10.41 i’ 18.55 0.09
54537.41 2008 Mar 12.41 i’ 18.48 0.13
54538.41 2008 Mar 13.41 i’ 18.57 0.08
54539.41 2008 Mar 14.41 i’ 18.42 0.06
54543.41 2008 Mar 18.41 i’ 18.64 0.11

54544.41 2008 Mar 19.41 i’ 18.58 0.10
54545.41 2008 Mar 20.41 i’ 18.46 0.15
54550.41 2008 Mar 25.41 i’ 18.59 0.09
54551.41 2008 Mar 26.41 i’ 18.66 0.07
54554.41 2008 Mar 29.41 i’ 18.52 0.06
54556.41 2008 Mar 31.41 i’ 18.67 0.07
54556.41 2008 Mar 31.41 i’ 18.74 0.08
54557.83 2008 Apr 1.83 i’ 18.64 0.08
54558.83 2008 Apr 2.83 i’ 18.50 0.11

54560.83 2008 Apr 4.83 i’ 18.62 0.07
54561.83 2008 Apr 5.83 i’ 18.58 0.08
54562.83 2008 Apr 6.83 i’ 18.78 0.08
54563.83 2008 Apr 7.83 i’ 18.55 0.06
54564.83 2008 Apr 8.83 i’ 18.59 0.08
54566.83 2008 Apr 10.83 i’ 18.83 0.08
54568.83 2008 Apr 12.83 i’ 18.70 0.08
54570.83 2008 Apr 14.83 i’ 18.63 0.15
54577.83 2008 Apr 21.83 i’ 18.93 0.18
54578.83 2008 Apr 22.83 i’ 19.26 0.23
54580.83 2008 Apr 24.83 i’ 18.61 0.09
54582.83 2008 Apr 26.83 i’ 18.70 0.10
54584.83 2008 Apr 28.83 i’ 18.85 0.14
54588.24 2008 May 2.24 i’ 18.76 0.08

54590.24 2008 May 4.24 i’ 18.71 0.08

54593.24 2008 May 7.24 i’ 18.68 0.07

54594.24 2008 May 8.24 i’ 18.79 0.10
54596.24 2008 May 10.24 i’ 18.82 0.13

54598.24 2008 May 12.24 i’ 18.84 0.12
54600.24 2008 May 14.24 i’ 18.93 0.16
54606.24 2008 May 20.24 i’ 19.06 0.16
54615.24 2008 May 29.24 i’ 18.57 0.10
54634.65 2008 Jun 17.65 i’ 18.81 0.13

54636.65 2008 Jun 19.65 i’ 18.81 0.11

54640.65 2008 Jun 23.65 i’ 18.94 0.09
54642.65 2008 Jun 25.65 i’ 18.74 0.08

54645.65 2008 Jun 28.65 i’ 19.18 0.14
54648.06 2008 Jul 1.06 i’ 18.95 0.12
54655.06 2008 Jul 8.06 i’ 18.95 0.15

54800.71 2008 Nov 3.71 i’ 19.32 0.15

54496.54 2008 Jan 31.54 4 18.18 0.14
54505.95 2008 Feb 9.95 4 18.74 0.18

54508.95 2008 Feb 12.95 4 18.55 0.12
54523.95 2008 Feb 27.95 4 17.87 0.12
54524.95 2008 Feb 28.95 4 18.29 0.14
54525.95 2008 Feb 29.95 4 18.25 0.12
54531.41 2008 Mar 6.41 4 18.35 0.22
54533.41 2008 Mar 8.41 4 18.36 0.16
54534.41 2008 Mar 9.41 4 18.20 0.13

54536.41 2008 Mar 11.41 4 18.26 0.11

54537.41 2008 Mar 12.41 4 18.74 0.22
54539.41 2008 Mar 14.41 7 18.52 0.14
54543.41 2008 Mar 18.41 4 18.05 0.13

54544.41 2008 Mar 19.41 4 18.30 0.18

54549.41 2008 Mar 24.41 7 18.29 0.20
54550.41 2008 Mar 25.41 7 18.35 0.12
54551.41 2008 Mar 26.41 4 18.52 0.12
54557.83 2008 Apr 1.83 7 18.25 0.15
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Table 4
(Continued)

MID? UT Date Filter Magnitude® Error

54560.83 2008 Apr 4.83 4 18.14 0.14

54566.83 2008 Apr 10.83 4 18.86 0.23

54570.83 2008 Apr 14.83 7 17.92 0.32

54577.83 2008 Apr 21.83 4 18.03 0.17

54578.83 2008 Apr 22.83 4 18.02 0.22

54584.83 2008 Apr 28.83 7 18.00 0.16

54588.24 2008 May 2.24 4 18.72 0.23

54594.24 2008 May 8.24 7 18.15 0.23

54596.24 2008 May 10.24 4 18.37 0.17

54603.24 2008 May 17.24 7 18.22 0.25

54606.24 2008 May 20.24 4 18.70 0.22

54640.65 2008 Jun 23.65 7 18.49 0.13

54655.06 2008 Jul 8.06 4 17.99 0.26

54787.17 2008 Nov 17.17 7 17.71 0.24

Notes.

4 MJD values refer to the observer frame.

b Corrected for extinction.

Table 5
Swift UVOT Photometry of SN 2008am

MID?* UT Date Filter Magnitude® Error
54502.95 2008 Feb 7.95 Vv 18.96 0.30
54503.95 2008 Feb 8.95 Vv 18.37 0.23
54511.95 2008 Feb 16.95 Vv 19.45 0.52
54575.83 2008 Apr 19.83 Vv 19.59 0.32
54502.95 2008 Feb 7.95 B 19.19 0.14
54511.95 2008 Feb 16.95 B 19.47 0.23
54575.83 2008 Apr 19.83 B 19.97 0.19
54502.95 2008 Feb 7.95 U 18.15 0.09
54509.95 2008 Feb 14.95 U 18.54 0.19
54511.95 2008 Feb 16.95 U 18.49 0.14
54575.83 2008 Apr 19.83 U 19.40 0.16
54502.95 2008 Feb 7.95 Uvwli 18.51 0.10
54503.95 2008 Feb 8.95 Uvwli 18.26 0.34
54509.95 2008 Feb 14.95 Uvwli 18.53 0.17
54511.95 2008 Feb 16.95 Uvwli 18.86 0.16
54538.41 2008 Mar 14.41 UvwWI1 19.33 0.13
54575.83 2008 Apr 19.83 Uvwli 19.63 0.15
54502.95 2008 Feb 7.95 Uvm?2 18.52 0.16
54503.95 2008 Feb 8.95 Uvm?2 18.45 0.24
54511.95 2008 Feb 16.95 Uvm?2 18.66 0.15
54538.41 2008 Mar 14.41 Uvm?2 19.18 0.12
54575.83 2008 Apr 19.83 Uvm?2 19.26 0.13
54502.95 2008 Feb 7.95 Uvw2 18.78 0.08
54503.95 2008 Feb 8.95 Uvw2 18.77 0.22
54511.95 2008 Feb 16.95 Uvw2 19.08 0.12
54538.41 2008 Mar 14.41 Uvw2 19.64 0.12
54575.83 2008 Apr 19.83 Uvw2 19.51 0.09
Notes.

4 MJD values refer to the observer frame.
b Observed value; not corrected for extinction.

The rest-frame light curves of SN 2008am for all the available
photometric bands are shown in Figure 4. The top left panel
shows the PAIRITEL IR J and H light curves, the top right panel
the Swift UVOT optical and UV light curves and the bottom
panel the ROTSE unfiltered and P60 optical light curves. The
data sets have been offset for clarity, with longer wavelength
on top and shorter wavelength toward the bottom of each panel.
The broad photometric wavelength coverage allows us to better
constrain the SED of the SN.
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Figure 4. Rest-frame light curves of SN 2008am from the IR to the UV. Top
left panel: the PAIRITEL IR J- and H-band light curves. Top right panel: the
Swift UVOT optical and UV light curves. Bottom panel: the ROTSE unfiltered
(open circles) and the optical P60 (filled circles) light curves. The data have
been offset for clarity.

(A color version of this figure is available in the online journal.)

SN 2008am was observed with the Very Large Array at
8.46 GHz on 2008 February 19.37 UT, approximately 30 rest-
frame days after optical maximum (Chandra & Soderberg 2008).
No source was detected at the SN position above 120 pJy, which
can be considered as a 30 upper limit. Swift X-ray Telescope
(XRT; Burrows et al. 2005) images of SN 2008am were obtained
for the six epochs in parallel with the UVOT observations. No
X-ray source was detected at the position of the SN, after co-
adding all XRT observations. Assuming a power-law spec-
trum with spectral index of —2, the X-ray flux upper limit
was estimated to be ~10713 erg cm™2 s~! (or, equivalently
~10% erg s7!) at ~50 rest-frame days since explosion.

2.3. The SED of SN 2008am

The availability of multi-band simultaneous photometry for
some epochs helps us construct SEDs for SN 2008am and thus
study the evolution and basic properties of the event. Our criteria
for selecting the photometric epochs for which we constructed
the SEDs were two: close sampling in time and maximum
possible wavelength coverage. Those criteria led to the choice
of 10 epochs for which we constructed the photometric SEDs.
For four of those epochs we had available UV+Optical+IR
observations (hereafter UVOIR), for four only Optical (P60 data,
hereafter OPT) and for two (08-01-30 and 08-02-25) Optical+IR
(see Figure 4).

For the 08-02-25 epoch, we interpolated between the previous
(08-02-16) and the next (08-03-14) epoch for which we had UV
data. The error of this interpolated value was estimated using
error propagation analysis for a linear fit. We note that the UV
flux for the interpolated 08-02-25 epoch is uncertain since the
UV light curve decline of emission line objects like SN 2008am
is not well constrained at later times. Adding the interpolated
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Figure 5. Six (five UVOIR plus one OIR) SEDs of SN 2008am and their
corresponding single-temperature blackbody fits. The black arrows in the rest-
frame K-band fluxes indicate upper limits. All the phases in the inset refer to
the rest-frame time in days since maximum. The photometric filters at their
redshifted peak wavelength position are also indicated.

(A color version of this figure is available in the online journal.)

UV data to the Optical+IR data gave us a total of five epochs
of UVOIR data and one epoch (08-01-30) for OIR data that we
will later use to estimate the pseudo-bolometric light curve (LC)
of the event.

Although we see no sign of classic supernova photospheric
P Cygni lines (see Sections 2.4 and 3), the blue continua of
the spectra are consistent with thermal emission. This emission
could arise in shocked CSM that is modestly optically thick
(r ~ 1) to absorption. To produce a quantitative diagnostic,
we fit single-temperature blackbody curves to the set of the
five UVOIR and one OIR photometric SEDs in order to
determine effective blackbody temperatures in the rest frame.
We included the reddening corrections discussed in Section 2.2.
The blackbody curve fits were done in the rest frame of
the SN. Bolometric luminosities were then derived from the
integral of the flux from the corresponding blackbody at the
adopted distance of the supernova. Effective blackbody radii
were derived from the luminosity and blackbody temperature.
We did not attempt to fit the OPT epochs with single-temperature
blackbody curves as the uncertainties of the fit would be large,
given the lack of UV data. We estimated lower limits for the
bolometric luminosity in these four epochs by integrating the
observed SED.

Figure 5 shows the photometric SEDs of SN 2008am for
the six selected epochs together with the best-fit (lowest %x2)
blackbody curve in each case. Figure 6 shows two examples
of UVOIR SEDs and their blackbody curve fits and nearly
contemporaneous spectral continua at +22 days and +33 days
after maximum, respectively. Blackbody fits to the spectroscopic
data were also done in the rest frame and included the reddening
corrections of Section 2.2. The spectra of SN 2008am were
scaled to the simultaneous photometry in each case, before any
reddening corrections were applied. The temperatures derived
from the spectral fits agree with those derived from the fits to
the SEDs within the errors at these two epochs (Figure 6).

Table 6 summarizes the characteristics of the blackbody fits
to the UVOIR and OIR SEDs of SN 2008am, the effective
blackbody temperature, Ty, the effective blackbody radius, Ry,
and the derived bolometric luminosity, Lyo. Figure 7 presents
the evolution of Ty, (upper panel), Ry, (middle panel), and Ly,
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Table 6
Characteristics of the Blackbody Fits to the Photometric SEDs of SN 2008am

CHATZOPOULOS ET AL.

Epoch (MJD) tr (days) x?2/dof Ty (10* K) Rpp (1013 cm) Lol (10% erg s™1)
54495 +12 2.4 0.910 (0.140) 5.530 (0.960) 1.490 (0.410)
54504 +19 1.3 1.200 (0.060) 3.190 (0.220) 1.420 (0.100)
54509 +23 2.7 1.020 (0.180) 4.020 (0.840) 1.230 (0.220)
54512 +25 2.4 1.200 (0.170) 2.520 (0.430) 0.950 (0.150)
54521 +33 2.9 1.020 (0.150) 3.930 (0.840) 1.180 (0.260)
54539 +47 3.7 1.050 (0.230) 3.030 (0.910) 0.790 (0.250)

Notes. The numbers in parentheses represent the estimated error of each parameter. The #¢ column refers to rest-frame days since

maximum.
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Figure 6. Blackbody curve fits for SN 2008am for two epochs for which there
is photometric and spectroscopic overlap. The photometric SED for rest-frame
day +23 (red squares) is constructed using UVOT+P60+PAIRITEL J data and
the SED for rest-frame day +33 (blue triangles) uses P60+PAIRITEL data.
The best-fit blackbody curves for the photometric data are given by the dashed
line (+23 d) and the dotted line (+33 d). The corresponding temperatures (see
Table 6) are given next to the respective blackbody curves. The temperatures
of the blackbody fits to the spectra are 11,100 K on day +22 and 12,200 K on
day +33. The HET LRS spectrum has been scaled down by a factor of five for
presentation.

(A color version of this figure is available in the online journal.)

(lower panel). The filled triangles correspond to the fits to the
UVOIR and OIR SEDs and the open circles to those of four
early Hobby-Eberly Telescope (HET) and Keck spectra (the
fifth, obtained on 2008 January 30.3 has a slightly anomalous
slope that we attribute to observing conditions; Section 2.4). The
single-temperature blackbody fits to the SEDs of SN 2008am
show considerable uncertainty and scatter. The photometric
points scatter around the best-fit blackbody curves and around
the spectral continua. Differences between the spectral and
photometric results at similar epochs may be attributed to the
fact that the optical spectra do not accurately constrain the
maximum of the blackbody curve and that we assumed a single
blackbody to fit the SEDs and not more complex models. At
the latest epochs, there could be other effects (for example,
dust formation) that affect the final estimates. The NIR data are
always in excess with respect to the fitted curves. That may be
an indication that the single-temperature blackbody models do
not accurately represent the emission properties of SN 2008am,
but it is also possible that the NIR data are still somewhat
contaminated by the host galaxy and only represent upper limits
to the corresponding supernova flux. Another possibility is that
the NIR excess is a sign of early warm dust emission (Meikle
et al. 2007; Mattila et al. 2008; Kotak et al. 2009; Fox et al.
2010). The IR data are thus especially uncertain, but these data
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Figure 7. Evolution of the effective blackbody temperature Ty, (upper panel),
the effective blackbody radius Ry (middle panel), and the bolometric luminosity
Lyo (lower panel) of SN 2008am as estimated by blackbody fits to the rest-
frame photometric SEDs for the six epochs for which we have UVOIR and OIR
data. The filled triangles refer to the fits to the photometric SEDs. The open
circles represent blackbody fits to optical spectra at similar phases.

(A color version of this figure is available in the online journal.)

have relatively little weight in the blackbody fits. The blackbody
temperatures and radii derived here are only indicative of the
general conditions and their trends, and not to be treated as
quantitatively precise nor as evidence that the emission is truly
blackbody.

The effective blackbody temperatures are in the range of
10,000-12,000 K, as presented in Table 6 and Figure 7, and
are constant in time within the scatter. The pseudo-bolometric
light curve implies a total radiated energy of about 103! erg.
Other estimates of the total radiated energy will be given in
Section 4 based on several physical models. We will argue
in Section 4.4 that the energy powering SN 2008am is most
probably the interaction between the ejecta and the CSM and
thus the estimates of Ty, Rpb, and Ly do not correspond to
an expanding photosphere coincident with the ejecta of the SN.
The ejecta of the SN and the CSM shocks may be hidden behind
an optically thick CSM. In this case, the values of Ty, Ry, and
Ly, refer to conditions in an optically thick CSM with t ~ 1
representing the effective photosphere of the CSM.

2.4. Spectroscopy

We acquired a total of seven spectra of SN 2008am and
its host galaxy spanning ~2 yr after discovery. Four of them
were taken with the HET Low Resolution Spectrograph (LRS;
Hill et al. 1998) on 2008 January 29.3 UT, 2008 January 30.3,
2008 February 18.3, and 2008 February 25.3, corresponding
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(A color version of this figure is available in the online journal.)

to +11, +12, +27, and +33 rest-frame days after maximum,
respectively. Two other spectra were obtained with the Keck-
I Low Resolution Imaging Spectrograph (LRIS; Oke et al.
1995) on 2008 February 12.0 UT (+22 days after maximum
in rest frame) and 2009 March 31.0 (+352 rest-frame days after
maximum). Another Keck-LRIS spectrum of the host galaxy
was taken on 2010 January 09.0 UT, +554 rest-frame days after
maximum, when the transient had faded below the detection
limit. All spectra were reduced in the standard way using IRAF.
The instrumental resolution was ~17 A for the HET spectra and
~6 A for the Keck spectra.

We will refer to the spectra obtained within a month after
maximum as ‘“early-phase” and the +352 day Keck spectrum
as “late-phase,” respectively. All spectra were corrected for
Milky Way reddening (as described in Section 2.2) and scaled
to contemporaneous photometric data. The epochs of the early
spectroscopic observations relative to the light curve are shown
in Figure 3.

Figure 8 shows the spectral evolution of SN 2008am. Note
that the first HET spectrum (obtained on 2008 January 29.3)
is plotted for completeness, but omitted from further analysis
because of the availability of the second spectrum (taken one day
later, on January 30.3) that was obtained during better observing
conditions giving better signal-to-noise ratio (S/N). The January
30.3 spectrum has a somewhat discrepant slope for reasons we
have been unable to resolve, but the continuum slope of the
spectra does not enter into our analysis except for perhaps a very
small effect on line profiles. The 2008 January 29.3 spectrum
was used in the blackbody fits (Section 2.3; Figure 7).

The spectra were deredshifted by z = 0.2338 determined
from the narrow emission features in the host spectrum. This
value is very close to the one derived by Yuan et al. (2008a)
based on the early-phase HET spectra.

The early-phase spectra show prominent features of H (He,
Hp, and Hy). The He1 5876 A line is detected in the February
12 Keck spectrum and with a smaller S/N in the February 25
HET spectrum. Na D may also contribute to this feature, but we
were unable to make a definite identification.

The HET data had inferior seeing and lower spatial resolution
of the spectrograph that made it impossible to fully resolve
and separate the SN and the host. Given those instrumental
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Figure 9. Late +554 day Keck spectrum of the host of SN 2008am (bottom
panel; black solid curve) compared to an SB1 galaxy template (Kinney et al.
1996; red solid curve). The HB and [O 111] region of the spectrum (top left). The
He, [N11], and [S 11] region of the spectrum (top right).

(A color version of this figure is available in the online journal.)

differences between HET-LRS and Keck-LRIS we chose to
analyze the spectra uncorrected for host extinction, so that we
could treat all the data in a uniform way. The host probabl
contributes to some of the detected emission lines; [O11] 3727 A
and [O 1] 5007 A are undoubtedly present, and [O 111] 4959 A
can also be weakly detected in all HET spectra. Fortunately,
the host contribution to the continuum should be much less,
because the +554 day Keck spectrum, which is attributed to the
host galaxy, shows mainly a flat, low continuum.

Due to better resolution and seeing, the host subtraction
was possible for the early-phase and late-phase Keck spectra.
The small visible spatial extension of the galaxy required a
background region defined as close to the SN as possible to
achieve good background subtraction. Most of the galactic
forbidden emission lines have been removed successfully;
however, this process resulted in a slight oversubtraction in
the core of Ho for the early-phase Keck spectrum, forming
an “absorption” dip on top of the line. That feature is due to
the reduction process and should not be interpreted physically
(see below). Although we show the host-subtracted early Keck
spectrum for comparison, we note again that we do not use it
for our analysis since host subtraction cannot be performed for
the HET spectra given the different spatial resolution.

The late-phase Keck spectrum is also dominated by a broad-
ened Ha line, but all other SN features have already faded
below detectability. The shape of Ho strongly suggests that the
transient was still visible at +352 days after maximum. A few
narrow features at HB and around ~5000 A also appear that are
probably due to contribution from the host.

The host spectrum, obtained with Keck-LRIS at +554 rest-
frame days after maximum (Figure 9), shows the usual narrow
emission features of galaxies with ongoing star formation.
Beside Balmer lines, we identified [O 11] 3727 A, [O 1] 4959,
5007 A, [Nu] 6548, 6583 A, and Her1 5876 A. There are
also indications for the [S1] 6716, 6731 A features, but that
region is heavily contaminated by tellurics, preventing a definite
identification. All lines as well as the shape of the continuum
(Figure 9; Section 2.1) can be very well matched by an SB1
galaxy template (Kinney et al. 1996). The metallicity of the
host was estimated by computing the line flux ratios and the
spectral indices N2 and O3N2 defined by Pettini & Pagel (2004).
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Table 7
Summary of the Ho and HB Properties of SN 2008am

Instrument® UT Date Dayb EWHe)* FWHM(Hw)¢ Aro(Ha)* FMHa) EWMHB) FWHMMHB) ArHB) FMHPB)®
HET-LRS 2008 Jan 30.1  +11 —44 25 150 3.32 —12 32 30 1.40
Keck-LRIS 2008 Feb 12.0  +22 =27 39 —4 1.67 —11 41 102 1.07
Keck-LRISY 2008 Feb 12.0  +22 -32 17 3 1.98 —10 14 179 1.10
HET-LRS 2008 Feb 18.3 427 —48 22 85 2.55 —11 27 67 1.17
HET-LRS 2008 Feb 25.3  +33 —42 24 185 2.16 -7 18 142 0.72
Keck-LRIS 2009 Mar 31.0 +352 -307 25 —60 1.05 -3 3 =72 0.06
Notes.

4 The HET-LRS and Keck-LRIS wavelength are 4020-10200 A and 35008600 A, respectively.

b All the values refer to the rest-frame days after maximum.

¢ The measured equivalent widths and fluxes refer to the rest-frame, galaxy-subtracted, and de-reddened spectra. The equivalent widths and
FWHM are measured in A, the shifts of the line centers with respect to their rest-frame positions (Aip) in km s~!, and fluxes in 10~1°

2

erg cm~2 s~! computed by fitting Lorentzian profiles.

4 These estimates correspond to line profiles not corrected for host extinction.
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Figure 10. Comparison of the Keck spectrum of SN 2008am +22 days after
maximum (rest frame) and the spectrum of the classical Type IIn supernova
SN 1988Z in the rest frame +39 days after maximum (Stathakis & Sadler 1991).
The spectrum of the SLSN 2006gy at a similar rest-frame phase (+19 days after
maximum) is also shown (Smith et al. 2010). The rest-frame positions of the
emission lines of H, He1 (5876 A), and [0 11] AA 4959, 5007 are indicated with
dashed vertical lines.

(A color version of this figure is available in the online journal.)

These resulted in an oxygen abundance of 12 + log(O/H) =
8.38 £ 0.15, significantly below the solar abundance value
(~8.7 £ 0.1). This oxygen abundance suggests a sub-solar
metallicity for the host, about Z ~ 0.4 Z. There is growing
evidence that SLSNe, such as SN 2008am, occur mostly in
metal-deficient hosts (Neill et al. 2011; Stoll et al. 2010).

None of the SN 2008am spectra show any sign of broad
features characteristic of most SNe during the photospheric
phase. There is no sign of P Cygni profiles. The Balmer lines
in the early-phase spectra have FWHM ~ 25 A in the rest
frame, which are usually referred to as “intermediate-width”
lines (e.g., Stathakis & Sadler 1991). Such intermediate-width
features are common characteristics of Type IIn SNe (e.g.,
Schlegel 1990). Based on these observed features, SN 2008am
is certainly a member of the Type IIn subclass. The early-
phase spectra are similar to those of SN 1988Z (Stathakis
& Sadler 1991), SN 1995G (Pastorello et al. 2002), and the
early spectra of SN 2006gy (Smith et al. 2010), all having
blue continua with intermediate-width Balmer lines and without
strong P Cygni profiles. In Figure 10, we plot the +22 day Keck
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Figure 11. Evolution of the Ho (left panel), HB (middle panel), and
He/Na D (right panel) line profiles of SN 2008am. The five spectra correspond
to +12 days, +22 days, +27 days, +33 days, and +352 days from rest-frame max-
imum, respectively, from top to bottom. The final spectrum is of the host galaxy
+554 rest-frame days after maximum. The vertical dotted lines show the rest-
frame location of Ha, HB, and He1 A 5876, respectively. For the Keck +22 day
spectrum, we show the line profiles with (solid red curve) and without (dashed
red curve) the effects of host subtraction.

(A color version of this figure is available in the online journal.)

spectrum together with the spectrum of SN 1998Z at +39 days
after maximum light that had intermediate-width lines with no
P Cygni components (Stathakis & Sadler 1991; Turatto et al.
1993; Aretxaga et al. 1999). A spectrum of SN 2006gy taken
19 rest-frame days after maximum with the HET by one of us
(R.Q.) is also shown in Figure 10 for comparison. Although
some differences in the fine details exist, we argue below that
SN 2008am and SN 2006gy exhibited remarkable similarities
both in their spectral appearance and evolution.

Figure 11 shows the evolution of the emission lines that can
be attributed to SN 2008am. For the early Keck spectrum, we
give both the total flux profile (dashed red curve) and the line
after host subtraction (solid red curve). The left panel presents
He, the middle panel HB and the right panel the He1/Na D
feature that is only weakly detected. Dotted vertical lines
mark the rest wavelength of the features. In Table 7, we list
the basic parameters derived for He and Hp: the shift of
the line center with respect to its rest-frame position (AAg,
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expressed in km s~1), the full width at half maximum (FWHM),
integrated flux (F), and equivalent width (EW) based on fitting of
Lorentzian profiles (more line profile models will be examined
below).

In the earliest spectra, the line centers of both He and HS are
redshifted with respect to their rest-frame position (determined
from the narrow emission features of the host, as mentioned
above). The average redshiftis 115 4 40 km s~! for both Balmer
lines, consistent with some multiple-scattering models (Chugai
2001; Section 3). On the other hand, in the late-phase Keck
spectrum the cores of the Balmer lines are slightly blueshifted
by —60 km s~!. The Ha profile in this spectrum looks narrower
close to the peak, suggesting the presence of an unresolved
narrow component, similar to the late-time Ho of SN 2006gy
(Smith et al. 2010). This slight blueshift with respect to the rest-
frame position may be explained by rotation of the host but might
also arise from the effects of multiple scattering (Section 3).

The early-phase spectra have rest-frame FWHM line widths
of ~22 A and ~23 A for He and Hp, respectively. Formally
expressing these widths in terms of velocity (see Section 3
for a discussion on the effects of scattering), the FWHMs are
~1000kms~! and 1400 km s~! for Ha and HB, respectively. HB
seems to be broader in terms of velocity than He. After removing
the host flux, Ho appears broader in the early Keck spectrum
than in the uncorrected spectrum or in any HET spectra, but
a more detailed analysis showed that this is an artifact due to
the depressed amplitude of the line core as a result of the host
galaxy removal.

The HET spectra contain fluxes from both the SN and
the host, thus the EWs and line fluxes are higher than those
derived from the host-subtracted early-phase Keck spectrum.
Comparing the numbers in Table 7 and correcting for the small
host oversubtraction in the Keck spectrum, the host contribution
to EWs and line fluxes in the HET spectra are estimated to be
~17 A and ~5 x 10719 erg s~ cm~2, respectively.

The evolution of the line strengths and EWs for SN 2008am
is very similar to that presented by Smith et al. (2010) for
SN 2006gy and to several other Type IIn SNe. Shortly after
maximum light the EW of Ha is ~30-40 A, rising to ~300 A
at late phases. The He integrated line fluxes, on the other hand,
tend to decline in time. SNe are quite heterogeneous regarding
the evolution of this parameter according to Smith et al. (2010),
but the majority show a similar decline to that of SN 2008am.
The line fluxes of HB also show a declining trend toward later
phases, but the EW of Hp is roughly constant with time.

During the early phase, the F(Ha)/F(HB) ratio is ~2.3 £ 0.6,
which is close to the expected value in case B recombination
(Osterbrock, 1989). SN 2006gy showed a very similar flux ratio
close to maximum light (Smith et al. 2010). This ratio increases
up to ~17 during the late phases in SN 2008am. This is also in
accord with the observations of other SNe. An even higher flux
ratio (~30) was observed for SN 2006gy (Smith et al. 2010)
and SN 2006tf (Smith et al. 2008) as well as for the strongly
interacting Type IIn SN 1988Z (Turatto et al. 1993).

The Her1 5876 A line clearly shows up in the early-phase
Keck spectrum and is also weakly detected in the HET spectra,
although the latter data are noisy. The rest-frame FWHM of
this line is formally measured to be 1800 4 600 km s~'. This
line width is typical for He1 lines in other Type IIn events
(e.g., SN 2005la, Pastorello et al. 2008). The total integrated
flux in the early Keck spectrum is measured to be ~5.5 x
1071% erg s~! cm~2 by fitting a Lorentzian profile. It is possible
that Na D (AA 5890, 5896) absorption contaminates this feature
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making it weaker. The F(Ha)/F(He1 5876) flux ratio is ~3,
probably reflecting the temperature/ionization conditions in the
line-forming region. We do not detect the He 11 4686 A line in
any of our spectra.

3. THE NATURE OF THE EMISSION LINES IN SN 2008am

We conclude from the lack of broad SN features in the
early-phase spectra of SN 2008am that the observed spectra are
probably formed by CSM interaction, in which the SN ejecta
collide with a dense CSM cloud surrounding the progenitor. In
Section 4, we consider CSM interaction and other mechanisms
to produce the light curve. Presuming CSM interaction plays
some role, the collision should generate a double-shock pattern
with the forward shock running into the CSM and the reverse
shock propagating back into the ejecta. Between the shocks is
a contact discontinuity, where a cool, dense shell (CDS) could
form shortly after explosion. As the blast wave (the forward
shock) runs through the dense CSM around SN 2008am, the
temperature behind the shock is high enough to ionize both H
and He. The emergent emission lines are thus expected to be due
to radiative recombination. The photons can then further interact
with the CSM in the early phases, resulting in the observed
broadened emission lines.

The overall appearance of the intermediate-width Balmer
emission lines on a nearly featureless, blue continuum makes
SN 2008am similar to other Type IIn SNe, in particular the
SLSN 2006gy (Smith et al. 2010). Here we use this similarity to
address the possible line-forming mechanisms that may explain
the observed spectral properties of SN 2008am.

3.1. Possible Line-forming Processes

Smith et al. (2010) delineated three phases for SN 2006gy. In
the first phase, between 0 and 90 days after explosion (extending
20 days after maximum), when SN 2006gy was within a factor
of two of peak light, Hoe showed a nearly symmetric profile
with no P Cygni features. Smith et al. associate this phase with
conditions where there is a shock wave deep within a dense,
opaque circumstellar shell, but the photosphere is in the outer,
unshocked CSM. The He line is presumed to be excited by
photoionization and to be intrinsically narrow, but broadened by
multiple scattering on hot, free electrons (Fransson & Chevalier
1989; Chugai 2001). In the second phase, 90-150 days after
explosion (20-80 days after maximum light), the Ho line in
SN 2006gy broadened somewhat, and developed a distinct,
narrow P Cygni component with a velocity of ~200 km s~! and
strong absorption in the blue wing extending to ~4000 km s~
The red wing is nearly constant during this phase and indicates a
line of intermediate width of ~1800km s~'. Smith et al. attribute
this phase to a condition where the photosphere has receded to
beneath the forward shock so that radiation from the shocked
matter can escape freely. Smith et al. (2010) proposed that the
width of the red wing is determined by the Doppler shift of the
expanding CDS that is presumed to form between the forward
and reverse shocks in the collision of the SN ejecta with the
dense CSM (Chugai 2001). The third phase in SN 2006gy is the
very late phase, 150-240 days after explosion, when the Ho line
becomes narrower. This is the phase when the CSM interaction
is expected to decline in strength and the line-emitting region to
become optically thin. SN 2008am and SN 2006gy had different
rise times in their light curves, but their spectral evolutions show
similarities if account is taken for the different timescales.
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Table 8

Gaussian, Lorentzian, and Exponential Fits to the Observed Ho and HB Line Profiles of SN 2008am
Instrument® UT Date Dayb FWHMg* Ha Oexp® FWHMg* HB Oexp®
FWHM, ¢ FWHM{ ¢
HET-LRS 2008 Jan 30.1 +11 1562 1143 883 1956 1983 883
Keck-LRIS 2008 Feb 12.0 +22 1880 1441 1438 2179 2518 1283
Keck-LRISY 2008 Feb 12.0 +22 1073 755 551 1315 872 503
HET-LRS 2008 Feb 18.3 +27 1317 1003 796 1655 1657 796
HET-LRS 2008 Feb 25.3 +33 1351 1114 901 1042 1087 901
Keck-LRIS 2009 Mar 31.0 +352 1780 1142 918 280 190 148
Notes.

a4 The HET-LRS and Keck-LRIS wavelength ranges are 4020—10200 A and 35008600 A, respectively.

b All the values refer to the rest-frame days after maximum.

¢ The quantity FWHMg corresponds to the fitted Gaussian, FWHML, to the fitted Lorentzian, and oy, to the fitted exponential profiles, all

expressed in km s~

d These estimates correspond to line profiles not corrected for host extinction.

We first examine the possibility that the intermediate-width
lines in the early phase of SN 2008am obtain their wings from
multiple electron scattering, a mechanism favored by Smith et al.
(2010) for SN 2006gy. Our first four spectra of SN 2008am were
obtained when the SN was within a factor of two of maximum
light, in keeping with Phase 1 of SN 2006gy by Smith et al.
Our spectra can be fit well with a single Lorentzian profile (see
below) consistent with multiple electron scattering, and they
show no sign of broad features nor P Cygni lines of any width,
similar to Phase 1. For these reasons, we believe a plausible case
can be made that, despite the different timescales, SN 2008am
could be a close cousin to SN 2006gy, and that our early-phase
spectra are formed in the phase when the photosphere was in a
dense CSM shell, but beyond the forward shock. If this is the
case, SN 2008am could very well have then proceeded to Phase
2 defined by Smith et al. (2010), but we simply failed to obtain
any spectra in this phase, more than 2 mag below maximum
light. At very late phases, the two objects displayed substantially
narrower Ho profiles and are again quite similar. Further support
for this model may come from the fact that in the early phase
both Ha and HB showed peaks redshifted by ~100 km s~! from
their rest-frame wavelength. The same effect was observed for
SN 2006gy by Smith et al. (2010) and it is also predicted by
the electron scattering model of Chugai (2001). Chugai (2001)
assumed a velocity profile in which the velocity decreased with
radius as might be caused by radiative acceleration. Fransson &
Chevalier (1989) assumed a homologous velocity profile in their
multiple scattering models and found profiles with enhanced red
wings and a small blue shift of the peak. The details of the line
profiles might thus contain information on the velocity profiles
in the scattering regions of SN 2008am and related events, but
we have not explored this in any depth.

The second possibility is that the intermediate-width lines
arise from the post-shock motion of the shocked CSM in a
CDS when the photosphere is interior to the forward shock
(Fransson 1984; Chugai et al. 2004; Dessart et al. 2009). This
would correspond to our early spectra being already in the
Phase 2 of Smith et al. (2010). The principal argument against
this interpretation is that we do not see any of the narrow or
broad absorption manifested by SN 2006gy when it was in this
phase, as interpreted by Smith et al. (2010). It could be that the
structure of the CSM around SN 2008am is such that the matter
interior to and beyond the shock is not sufficiently optically
thick to create appreciable absorption. Another possibility is
that these absorption features might have been observed had we
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had better S/N and/or better spectral resolution. We thus cannot
rule out this possibility, but find it somewhat less likely than the
broadening by multiple electron scattering.

Another mechanism that has been proposed to account for
intermediate-width lines is the inward propagation of shocks
into dense clumps of matter that have been engulfed by the
SN shock (Chugai & Danziger 1994), rather than a single post-
shock shell. In this picture, the SN shock sweeps past clumps
in the progenitor wind, but the resulting high pressure of the
shocked low-density CSM drives a shock into the dense clumps.
This may broaden the lines via Doppler motion, and for appro-
priate choices of cloud sizes, densities, and other parameters one
can produce He lines of suitable width and intensity. The prob-
lem with this model in the current context is that it is designed
to have dense clumps separated by less dense, optically thin
material. The latter should allow the SN ejecta to be observed
directly. Since we see no sign of high-velocity SN features, we
find the configuration with the enveloping CDS, as attributed to
SN 2006gy by Smith et al. (2010), to be preferable to the clumpy
model, where the dense clumps have a rather small filling
factor.

3.2. Line Profile Fitting

In the context of the CSM interaction picture, we considered
three different models to account for the line profiles of the early-
phase spectra of SN 2008am: (1) thermal Doppler broadening
producing Gaussian line shapes, (2) single Thompson scattering
on free electrons giving exponential profiles (Laor 2006), and (3)
multiple scattering on hot free electrons resulting in Lorentzian
profiles (Chugai 2001; Smith et al. 2010). The first phenomenon
is common in stellar atmospheres. The second one is proposed
for the broad-line region in active galactic nuclei (AGNs)/quasi-
stellar objects. The third one might pertain to the dense CSM
environment around Type IIn SNe.

We fitted Gaussian, Lorentzian, and exponential profiles to the
observed features. The results are listed in Table 8 and plotted in
Figure 12. The Gaussian fits were inferior compared to the other
two models in terms of conforming to profile shapes. Gaussian
models resulted in FWHM = 1500 #+ 300 km s~! for Ha and
1600 £ 500 km s~! for HB. If interpreted as a simple thermal
Doppler broadening, the corresponding temperature would be
~10% K, which is obviously too high. On the other hand, if the
line width is attributed to bulk kinematic motion, these velocities
are too low to be directly related to the expected velocities of
SN ejecta.
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Figure 12. Gaussian (dashed green curve), Lorentzian (solid red curve), and exponential (dotted blue curve) fits to the Ho (upper and lower left panels) and HB (upper
and lower right panels) line profiles from the Keck spectrum +22 rest-frame days after maximum. In each case, the upper panel shows the fits to the line profile not
corrected for host contribution and the lower panel shows the fits to the host subtracted line profile. Lorentzian profiles provide the best overall fit to the observed line

profiles (see the text).
(A color version of this figure is available in the online journal.)

The exponential fits are motivated by the possibility that the
line-forming region might be a photoionized, but less dense,
optically thin medium, similar to the environment of AGNs.
In this case, the observed line profiles are due to Thompson
scattering on hot free electrons. If the medium is less dense,
hence optically thin to electron scattering, single scattering
is an adequate description. Laor (2006) investigated such a
region and derived the emergent line shape to be ~ exp(—Av /o),
where Av is the Doppler shift from the line center and o is the
velocity. The electron-scattering optical depth can be expressed
as 1, = exp(—(r/(l.lae))z‘222 where o, ~ (kT,/m,) is the
velocity dispersion of free electrons. The fits to the observed
line profiles resulted in o = 800 = 100 km s~!, which gives T,
~0.03 if the electron temperature T, is assumed to be 11,000 K,
close to the continuum effective temperature of SN 2008am.
The resulting optical depth is much below unity, verifying
the general assumption of this model; however, it should be
noted that higher optical depths produce narrower lines in this
model. Since we observe intermediate-width lines earlier and a
narrower line later, the prediction from the Laor model would
be the strong increase of electron optical depth, the opposite of
what is expected in an expanding, diluting SN environment.

The fitting of Lorentzians produced the best fit to all line
profiles. The resulting FWHMs are ~1000 £ 300 km s~! for
Ho and ~1700 =+ 500 km s~! for HB. The narrower He profile
may be the consequence of host contribution to the HET spectra,
which is certainly stronger in He. Indeed, the FWHM of the
host-subtracted early-phase Keck Ha profile is much closer
to the average FWHM of the HB line. Since the line-forming
medium is assumed to be optically thick in this model, the line
widths from the Lorentzian fitting cannot be simply related to
the physical conditions characterizing the whole line-forming
region. A higher density of free electrons should produce wider
profiles and prevent the direct escape of the original narrow-
width line. As a consequence, as the line-forming medium
expands, the line broadening should decrease.
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If multiple scattering is the correct interpretation, then the
width of the lines we measure in the early-phase spectra of
SN 2008am cannot be attributed to bulk kinematic motion. The
width of the lines gives an upper limit on the motion of the line-
forming region but yields no constraint on the velocity of deeper,
optically thick regions. The profiles may give information on the
velocity distribution in the scattering region, since the velocity
profile can affect the resulting scattering-line profile if the
bulk velocity exceeds the electron thermal velocity (Fransson
& Chevalier 1989; Chugai 2001). For multiple scattering, the
line wings are primarily a measure of the electron scattering
optical depth of the line-emitting region. Following Smith et al.
(2010), we estimate the Thompson scattering optical depth from
the formula U = (1 — e™™)/t7, where U is the ratio of the
narrow, unscattered Ho line flux to the total He luminosity.
Since we were unable to fully resolve the narrow component in
the +358 day Keck spectrum, we use a conservative estimate of
U < 0.5. This results in a lower limit of 77 > 2 for SN 2008am
(Smith et al. obtained t7 ~ 15 for SN 2006gy), consistent with
an optically thick scattering medium.

4. MODELS FOR SN 2008am

Figure 13 shows the ROTSE unfiltered light curve of
SN 2008am compared to some other SLSNe and confirms
that SN 2008am is one of the brightest SNe ever observed.
Figure 13 also shows that the late photospheric evolution of
SN 2008am (after ~120 days) in the R band is very similar to
that of SN 2006tf and slower compared to all the other SLSNe
except SN 2003ma (Rest et al. 2009). In the following discus-
sion, we use the derived rise time and ROTSE light curve of
SN 2008am (Section 2.2; Figure 3) to obtain estimates of the
mass of involved ejecta+CSM and to discuss possible power
sources for this exceptional stellar explosion. To do so, we fit
light curve models that account for the diffusion of radiated
energy deposited from a variety of power sources. The fitting
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Figure 13. Comparison of the rest-frame light curve of SN 2008am with those of
other luminous supernovae: SN 2003ma (Rest et al. 2009), SN 2005ap (Quimby
etal. 2007a), SN 2006gy (Smith et al. 2007), SN 2006tf (Smith et al. 2008), and
SN 2008es (Gezari et al. 2009).

(A color version of this figure is available in the online journal.)

in each case is performed by Monte Carlo x> minimization as
described in Chatzopoulos et al. (2009). We also compare to our
derived SED light curves, as appropriate.

4.1. Radioactive Decay Diffusion Models

Although there is no evidence for a classic SN photosphere,
the light curve of SN 2008am (Figure 3) is reminiscent of SNe
powered by radioactive decay. The first model that we consider
for SN 2008am is thus one of radioactive decay diffusion
that was developed by Arnett (1980, 1982) and generalized
by Valenti et al. (2008; see also supplementary information
in Soderberg et al. 2008). In this model, the power source
of the SN luminosity is the radioactive decay of nickel and
cobalt, the energy of which diffuses out from the expanding
envelope. This model was developed in the context of Type Ia
SNe and is appropriate in the absence of an H recombination
phase with a constant opacity in the photospheric phase (the
effects of H recombination were considered by Arnett & Fu
1989 and Chatzopoulos et al. 2009). The light curve is given by
the following formula (Valenti et al. 2008; Chatzopoulos et al.
2009):

X
L(t) = Myie ™ [(eni — €co) / 226" 7 dz + €co
0

X / 2767 VG| (1 — M), (1)
0

where x = t/t,, t, is the effective diffusion time which is
generally close to the rise time to maximum, y = t,,/2tx; with
tni = 8.8 days, s = tu(tco — tNi)/2tcotn; With e = 111.3 days,
My; is the initial nickel mass, and ex; = 3.9 x 10" erg s~! g~!

and ec, = 6.8 x 10° erg s~! g~! are the energy generation rates
due to Ni and Co decay. The factor (1 — e=4’ 72) accounts for
the gamma-ray leakage, where large A means that practically all
gamma rays are trapped. The gamma-ray optical depth of the
ejecta is taken to be T, = k, pR = At2, assuming spherical
uniform density ejecta with radius R = vt and the Ni/Co
confined in the center. This yields A = 3k, M) /(47w v?) which
is controlled by the gamma-ray opacity, «,. The ¢~ scaling
follows from homologous expansion, which is one of the basic
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assumptions of the simple analytic models that we adopt here.
Thus, the main parameters of this model are the nickel mass,
My, and the effective diffusion time ¢,,, which corresponds to
an ejecta mass as given by the following equation for a constant
density envelope:

3 /36 tl%l ob
Mj(z) = ——v—"" 2
SR T (1+2)? @

where f is an integration constant equal to about 13.8 (Arnett
1982; Valenti et al. 2008), « is the mean optical opacity, v the
mean photospheric expansion velocity, 7, o» the observed rise
time, and z the redshift of the SN. As described in Section 3.2, we
have concluded that the observed emission lines are dominated
by multiple electron scattering so that their width yields no
direct information on the bulk kinematic expansion velocity.
In the following, we will scale our results to a characteristic
velocity of v = 1000 km s~ that is consistent with the limit set
by line widths and might be compatible with velocities expected
for shocks traversing dense circumstellar shells.

We provide a characteristic fit of the radioactive decay
diffusion model to the ROTSE light curve of SN 2008am in
order to estimate model parameters for this SN and to determine
the applicability of this model. For the ROTSE light curve of
SN 2008am the explosion date is held fixed, established in
Section 2.2. Thus, we are left with three fitting parameters: My;,
ty, and A. The gamma-ray leakage in this model is very small
over the range of our observations. A decent fit is obtained
for Mni = 19 Mg and t,, = 41 days. The 41 day effective
diffusion time corresponds to an ejecta mass Me; = 0.2 Mg,
using Equation (2) with the fiducial values k = 0.4 cm? g™,
appropriate for Thompson scattering in a pure H plasma, and
v = 1000 km s~!. If we use v = 2000 km s~! instead, which
would be above the upper limit for the velocity implied from
the observed FWHM of the emission lines in the early spectra
of SN 2008am, and adopt a lower value for the optical opacity,
k =0.05 cm? g~!, characteristic of metal-rich ejecta, the ejecta
mass can be scaled up to 3.2 M. Even for this low opacity,
the velocity would have to be v ~ 12,000 km s~! for the
diffusion mass to exceed the required nickel mass, and we have
no rationale to adopt such a high velocity.

The left panel of Figure 14 shows the radioactive decay
diffusion model (red solid curve) fitted to the ROTSE light
curve of SN 2008am (blue filled squares). The radioactive
decay rate of cobalt for My; = 19 M, is shown as the red
dashed curve in the same plot for comparison. The light blue
data points correspond to the pseudo-bolometric light curve of
SN 2008am derived by the SED fits. As we have shown above,
the value of M would be greater for lower « and higher v,
but it never becomes equal to or higher than the nickel mass
for reasonable choices of these parameters given the short rise
time of SN 2008am. This makes the radioactive decay diffusion
model unphysical for this event. Although a large amount of
radioactive nickel has been suggested for some SLSNe as a
product of pair-instability (for example, 22 M, for SN 2006gy;
Smith et al. 2007 and 4.5 My for SN 2006tf; Smith et al.
2008), the inconsistency between the total ejected mass and
the nickel mass in SN 2008am is quite remarkable. Integrating
under the solid red curve of the left panel of Figure 14 yields
a total radiated energy output Eq ~ 2.1 x 10°' erg. On the
other hand, the kinetic energy of the explosion in this model,
Exe = (1/2)Mjv2 .., is 0.6 x 10* erg where vpean = /3/5v
assuming v = 1000kms~! and for k = 0.4 cm? g~!. Even within
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Figure 14. Characteristic fits of various supernova light curve models to the ROTSE light curve of SN 2008am (filled blue squares; downward arrows represent upper
limits). See the text (Section 4) for details on the model fitting and the derived best-fitting parameters of each model. The light blue data points correspond to the
pseudo-bolometric light curve of SN 2008am derived by the SED fits for comparison. Left panel: fit of a radioactive decay model (solid red curve) with Mn; =
19 M and t; = 41 days. The radioactive energy decay rate for the same amount of radioactive nickel is shown for reference (dashed red curve). Middle panel: fit of
a shell-shock diffusion model (optically thick CSM, or hybrid model) for 7; = tmax = 34 days (dashed red curve) and for #; > fmax (solid red curve). The t; = fmax
model cannot fit the light curve of SN 2008am. Right panel: fit of a magnetar spin-down model (solid red curve).

(A color version of this figure is available in the online journal.)

the uncertainties of these estimates, the kinetic and total radiated
energy are also found to be inconsistent. Radioactive decay
may contribute to the output energy, but the most significant
contribution must come from other mechanisms. We discuss
other models in the following sections.

4.2. Shell-shock Diffusion Model

Here we consider a shell-shock diffusion model, similar to
that suggested by Smith & McCray (2007) for SN 2006gy. In
this type of model, the energy that powers the SN light curve
is produced by the diffusion of shock-generated energy through
an optically thick CSM shell of large initial radius. Smith &
McCray (2007) considered the diffusion of shock-generated
energy in a homologously expanding CSM shell in the case
where the shock energy input is instantaneous and at the time
of maximum light. This type of model does not account for
the observed rise of the light curve. Smith & McCray (2007)
adopted an Lo r? rise for their model of SN 2006gy based on
the early portion of the diffusion models of Arnett (1982). They
did not self-consistently consider the input necessary to drive
such a rise. They found the diffusion time on the decline to be
about the observed rise time for SN 2006gy, but we consider
that a coincidence, since such a model fails to account for
SN 2008am, as we show below. In order to account for the rising
part of the light curve of SN 2008am, we consider a forward
shock that propagates through the CSM envelope and deposits
energy for a time £y, = fi.x and then shuts off. The effect of the
reverse shock will be considered below. This model is somewhat
similar to the “top hat” magnetar-input model that is considered
in Kasen & Bildsten (2010) with the exception that we solve
for the general case of large initial radius. The luminosity
deposition function in our model has the form Lg,(¢) = Eg/th
fort < ty, and Ly, = 0 otherwise, where Eg, is the total kinetic
energy deposited by the shock in the CSM shell. This model
formally assumes that the luminosity Eg, /g, is deposited in the
center of homologously expanding matter. While not totally self-
consistent, this model captures the essence of the shell-shock
model on both the rise and decline. Using this energy deposition
function and the first law of thermodynamics coupled with the
diffusion approximation (as was originally done by Arnett 1980,
but for a radioactive decay input), it can be shown that the light
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curve is given by the following expression:

ﬂ[l — 67(12/2t§+R01/1}t§)]’ t < tsh7
L(t) = Itfh
_Shef(t2/2t5+Rnt/vt3)[e(tfh/2t§+Rolsh/ut§) T
sh
3)

where t; is the diffusion timescale, v is the characteristic bulk
velocity of the CSM shell, and Ry is the initial radius of the
optically thick CSM shell around SN 2008am. We note that in
the case where Ry is small, the result for small initial radius is
recovered (Kasen & Bildsten 2010).

To evaluate this model, the second part of Equation (3)
(t > tg)is fitted to the ROTSE light curve decline of SN 2008am
in order to determine Egy, Ry, and ;. Then using the best-fitting
parameters, we plot the expected rise to maximum for the event
within this class of model. We first consider the case for which
the diffusion time on the decline is forced to be equal to the
input time, which is also the rise time to maximum (f,,x =
34 days). The best fit to the data in this case, is obtained
for Eq, = 1.6 x 10°! erg and Ry = 3.0 x 10" cm if Ry is
constrained to be larger than the smallest possible progenitor
radius (10'! cm for Wolf-Rayet stars). Forcing #; on the decline
to be equal to the rise time of 34 days means the light curve
falls below the indicated lower limits. The result of this failed
“fit” is shown as the red dashed curve in the middle panel of
Figure 14. We next consider the general case where t; > fg,,
and we also fit 7; as a free parameter. The best fit is obtained for
Egq = 5.5 x 107" erg, Ry = 1.0 x 10'* cm, and #; = 87 days.
The result of this fit is shown as the red solid curve in the middle
panel of Figure 14. The 87 day diffusion time corresponds to a
CSM shell having a mass Mg, = 1.0 M (using Equation (2),
again for v = 1000 km s~! and ¥ = 0.4 cm?g~"). For the
extreme values of v = 2000 km s~! and ¥ = 0.05 cm? g~ the
shell mass is 16 M. The radius of the shell at maximum light
adopting a constant expansion velocity equal to 1000 km s~!
iS Rmax = 3.7 x 10'* cm. These results are consistent with a
relatively large optically thick CSM shell around SN 2008am.
The total radiated energy within the context of this model is
equal to 10°! erg. Note that the rise in this simple “top hat”
model is concave upward rather than convex.

We conclude that the derived parameters for the CSM shell of
SN 2008am based on a shell-shock diffusion model show that
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it may be less massive and smaller than the ones determined
for SN 20068y (Mher1 = 10 Mg, Ryt = 2.4 x 10" cm; Smith
& McCray 2007) and for SN 2006tf (Mshell =18 MO’ Rshell =
2.7 x 10" cm, Smith et al. 2008 using the same type of model). It
should be noted that the estimates for the properties of the shell
of SN 2006tf are very uncertain due to the lack of data during
the rising part of the light curve and thus the lack of an accurate
explosion date. The larger mass derived for SN 2006gy is mainly
determined by the larger rise time of 70 days versus 34 days for
SN 2008am and by the larger velocity of 4000 km s~' versus
the fiducial 1000 km s~! that we have adopted for SN 2008am.
An estimate of the optical depth of the CSM shell under the
assumption that the derived shell radius is significantly larger
than the radius of the progenitor and for constant density profile
is given by
3k Mghen
A7 R

Tshell = 4)
Assuming that electron scattering in a hydrogen plasma is the
main source of opacity (k = 0.4 cm?>g~!), v = 1000 km s~!
(and taking for the CSM shell the derived parameters Mg =
1.0 Mg and Rgen = Rumax = 3.7 x 10'* cm) an estimate for
the optical depth of the shell around SN 2008am at maximum
light is 7ax ~ 1390 while for SN 2006tf it is T, ~ 480
(Smith et al. 2008) and for SN 2006gy it is Tpmax ~ 330 (Smith
et al. 2007). Thus, although less massive, the CSM shell of
SN 2008am is very optically thick due to its small radius
compared to the shells of those other SLSNe, which results
in higher density. The values of the optical depth will vary
for different choices of optical opacity. For the derived optical
depth, we can estimate when the shell will become optically
thin. Since 1 « R72, R, = Rinax+/Tmax /T2 for a constant
expansion velocity, where R, = Ryax + vAtr. Combining those
two equations yields At = Rpax(+/Tmax/T2 — 1)/v. Thus, we can
estimate how long will it take for the CSM to become optically
thin (7, = 1) for Tyax = 3600 and Rmax = 3.7 x 10'* cm. This
yields At >~ 4.3 yr for v = 1000 km s~ . )

An estimate for the mass-loss rate is given by M =
Mhetivy /(tmaxv). For SN 2008am (Mpen = 1.0 M), we find
M = 0.9 x 10~%v,, Mg yr~! for v = 1000 km s~! and with v,,
in units of km s~!. For the range of wind velocities 10 km s~!
< v, < 1000 km s~! the inferred mass-loss rates range from 0.1
up to 10 M yr~!. These extraordinary mass-loss rate estimates
imply a very massive luminous blue variable (LBV)-type pro-
genitor for SN 2008am, as was suggested for SN 2006gy (Smith
et al. 2008). We note again that the choice of 1000 km s~! as the
expansion velocity of the circumstellar shell, which was con-
strained by fitting Lorentzian profiles to the Balmer emission
lines in the early spectra of SN 2008am (see Section 3.2), is just
for illustration purposes.

We also investigated the possibility that SN 2008am is
powered by the reverse shock that we expect to have formed
due to an ejecta—CSM interaction. Chevalier & Fransson (2003)
estimate the density of the swept up matter behind the reverse
shock to be

(—=n—4)(=n —3)
2

Prev = OCSM» (5)
where n is a constant that describes the density profile of the
ejecta (p.; o R"). The density behind the reverse shock is higher
than that behind the forward shock for n < —7. The luminosity
from the reverse shock scales as Loy o =3/~ The reverse

shock may be adiabatic or radiative depending on the optical
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depth of the shell. We fit a power law of the form L = A¢? to
the decline of the observed ROTSE light curve in order to get an
estimate of n and determine whether this model can account for
SN 2008am. This procedure effectively assumes that the reverse
shock dominates the forward shock and that the diffusion time in
the reverse-shocked gas is small. The best-fit power-law model
gives p = —1.1 £ 0.3 which corresponds to n = —4.7 £ 0.1.
Since n > —7 we conclude that the density behind the reverse
shock may be smaller than that behind the forward shock and
hence that the luminosity from the reverse shock may be lower
than that of the forward shock.

4.3. Optically Thin CSM-Ejecta Interaction

A related model for the luminosity source for SN 2006gy
(Ofek et al. 2007), SN 2002ic (Hamuy et al. 2003) and
SN 2005gj (Aldering et al. 2006) is that of the interaction
between the ejecta and the CSM in the case where the latter is
dense, but optically thin. In such a model, a radiative shock forms
due to the collision between the ejecta and the CSM (Chevalier
& Fransson 1994). We consider the luminosity produced by the
forward shock. The luminosity in this case given by (Ofek et al.
2007)

L =2mpcsuR*v},,

(6)

where pcsy is the local CSM density, R = vgyt is the radius of
the shock at time ¢ and vy, the velocity of the shock. Assuming
that the shock enters the optically thin CSM envelope at a radius
Ry and that the density profile follows a power law of the form
0 = po(R/Rp)", where R = R( + vght and m is the slope of the
density profile (for a constant velocity wind m = —2), we can
rewrite Equation (6) as

L = 27poR*v}[(Ro + vent)/ Rol". @)
In our analysis, we assume that the shock velocity is constant for
simplicity. More accurate solutions that take the change of the
shock velocity into account can be found in Chevalier (1982) and
Chevalier & Fransson (2003). If the CSM around the progenitor
star is everywhere optically thin, R, represents the radius of the
progenitor star.

An estimate for an upper limit of the mass-loss rate of the
progenitor of SN 2008am in the context of an optically thin
CSM comes from the X-ray flux upper limit measurement (see
Section 2.2). According to Immler & Kuntz (2005), the X-ray
luminosity from thermal Bremsstrahlung is given by

2

4 M ;
——=A(T) (v—> (vsn?)™",

b= (rm)?

®)

where Ly is the X-ray luminosity, m, the mean mass per particle
(we adopt m,, = 2.1 x 10~2* ¢ for an H+He plasma), and
A(T) the cooling function of a plasma that has temperature 7.
As in Immler & Kuntz (2005), we adopt A(T) = 3 x 10723
erg cm™> s7! for T = 107 K which is characteristic of the
post-shock temperature. For the available XRT upper limit of
Lx = 10* erg s~! corresponding to ~50 rest-frame days after
explosion and 16 days after maximum, we obtain an upper
limit of M = 0.07 (v,,/1000 km s~') Mg yr~'. It should be
noted that this model assumes a constant wind-density parameter
w = M/vy.

Most of the radiation that is produced in models of the
radiative forward shock is emitted at ultraviolet and X-ray
wavelengths. We assume in the context of this model that the
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ROTSE light curve is a good proxy to the true bolometric light
curve of SN 2008am as would be the case if a substantial
fraction of UV/X-ray luminosity is absorbed and re-radiated
by the shell that forms behind the forward shock. Then, the best
fit of Equation (7) to the ROTSE light curve of SN 2008am
would provide us with estimates of pg, Ry, and m.

The optical depth of the CSM is

KkpoRo
m+1’

o0
Tihin = K/ pdR = — ©))
Ro

where m < —1. In our fitting process, we demand that this
optical depth beyond Ry is less than one for k = 0.4 cm? g~ !.
Thus, we choose the best-fit model for which this condition is
met in order to be self-consistent with the initial assumption
of an optically thin CSM. We were unable to determine a
satisfactory fit of this simple optically thin model to the ROTSE
light curve of SN 2008am that was self-consistent, in terms of
the optical depth. For all the best-fit models the optical depth
was well above unity, and for models with 7y;, < 1 the derived
values for the density and the radius were unphysical.

A purely optically thin model not only fails to account for the
light curve of SN 2008am but also for the observed spectroscopic
characteristics. Chevalier (1982) and Chevalier & Fransson
(2003) predict that the bulk of the luminosity from optically
thin forward shock emission is in the UV and X-ray region of
the spectrum. It seems unlikely that the optically thin case would
reproduce the spectra and spectral evolution of SN 2008am. In
addition, this model being optically thin, it is incompatible with
the failure to see SN photospheric features. We conclude that
an optically thin ejecta—CSM interaction model alone does not
provide a satisfactory explanation for SN 2008am.

4.4. Hybrid CSM Interaction Model

Next, we discuss a hybrid model in which the CSM comprises
both an optically thick and an optically thin region. This is
somewhat similar to the model proposed by Chugai & Danziger
(1994) in which the CSM contains two components: an optically
thin rarefied wind and optically thick clumps or an optically
thick disk around the progenitor. In this model, the light curve
is described by the sum of Equations (3) and (7). We assume
the whole structure follows a single power-law density profile
p o R™ so that the optical depth at a given point is

—KpoR ( R )m
T R

We take the point 7 = 1 at radius R = R; to represent the
boundary between the optically thick and optically thin regions.
In this case, Ry corresponds to the inner initial radius of the
optically thick part of the CSM shell, which is also the radius
of the progenitor star, where the density is py. The radius of
unity optical depth is Ry = [—R{'(m + 1)/(kp)]"/™*, and we
demand that this radius is larger than Ry so that the CSM has
both an optically thin and an optically thick part. This requires
a slightly different set of fitting parameters: Ry, fsh, t4, M, 0o,
and Eg,, and we again fix fg, = fmax = 34 days. The best
fit (plotted in the middle panel of Figure 14) is the same as
that obtained in the purely optically thick shell case indicating
that any contribution from optically thin emission is negligible.
Therefore, for a hybrid model, the optically thick component
(Equation (3)) dominates all phases of the observed ROTSE
light curve of SN 2008am.

(10)
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4.5. A Magnetar-powered SN 2008am?

Kasen & Bildsten (2010) and Woosley (2010) proposed the
idea that the light curves of some SLSNe may be powered by
the spin-down of young magnetars. In such a model, the energy
input by the magnetar is given by the dipole spin-down formula:

E, [—1

L) = ?m,

an

where E, is the initial magnetar rotational energy, #, is the char-
acteristic time scale for spin-down that depends on the strength
of the magnetic field and / = 2 for a magnetic dipole. For a
fiducial moment of inertia, the initial period of the magnetar
in units of 10 ms is given by Pjgp = (2 x 10 erg s’l/E,,)O'S.
The magnetic field of the magnetar can be estimated from Pjg
and 1, as By = (1.3P})/1,y:)", where By is the magnetic field
in units of 10'* G and 1,,,,, is the characteristic time scale for
spin-down in units of years.

Adopting Equation (11) as the energy deposition function
(instead of the corresponding one for the radioactive decays
of Nickel and Cobalt that leads to the Arnett 1980 solution)
and using the first law of thermodynamics coupled with the
diffusion approximation, it can be shown that the light curve of
a supernova powered by a magnetar is given by the following
expression:

X
Lty = Eeeer [ L
t 0

; a +yz)2dz’ (12)
where x = t/t; and y = t4/t, with t; being the characteristic
diffusion time. In this treatment, we assume that the initial
radius of the progenitor star, Ry, is small. We fit Equation (12)
to the ROTSE light curve of SN 2008am and we obtain
E, = 3.2 x 10°! erg, 1y = 64 days and ¢, = 64 days. Note
that in this model, neither #, nor #; corresponds to the time of
maximum light. The fit of this model is shown as the red solid
curve in the right panel of Figure 14. Using the fitted values
of E, and t,, the implied initial period of the magnetar would
be 2.5 ms and the magnetic field ~ 0.7 x 10'* G. The total
radiated energy implied by the magnetar model is ~10°' erg.
The values of P and B lie within the range predicted in Duncan
& Thompson (1992) for magnetars assuming the field to arise in
an «-Q dynamo. The magnetar model does provide a reasonable
fit to the data including the rise time (Figure 14, right panel).
Although the magnetar model provides a decent fit to the light
curve, it gives no natural explanation for the emission lines.

5. CONCLUSIONS

We presented an analysis of the available photometric and
spectroscopic data of the SLSN 2008am. The spectroscopic
signatures of intermediate-width H and He emission lines
(~25 A) place this SN in the category of Type IIn. SN 2008am
was an extremely luminous event, with a peak absolute R
magnitude of Mg >~ —22.3 mag corresponding to a luminosity
of ~2 x 10* erg s~!, putting it in the “hall of fame” of the most
luminous SNe ever observed. The host of SN 2008am is a faint
extended galaxy with magnitude ~20 in the SDSS catalog. At
the redshift of z = 0.2338, the absolute 7’ magnitude of the host
is M,» ~ —20 mag, which is in the range typical for elliptical
and spiral galaxies. The very late (+554 day) Keck spectrum of
SN 2008am is consistent with an SB1 template spectrum. From
the line flux ratios the host has sub-solar metallicity, Z ~ 0.4 Z,.
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We conclude that the host of SN 2008am is a metal-poor, but
normal galaxy, not a subluminous dwarf as is the case for many
SLSNe (Miller et al. 2009, 2010; Drake et al. 2010).

SN 2008am was followed up photometrically from the IR
to the UV. The ROTSE light curve provides a reasonably ac-
curate estimate of the rise time to maximum light of 34 days
in the rest frame, a significantly short time compared to other
SLSNe. The photometric coverage allowed us to create broad-
band SEDs of SN 2008am for six epochs. We fit single-
temperature blackbody curves to the SEDs to study the evolution
of the blackbody temperature and radius as well as to estimate
a pseudo-bolometric light curve. The derived blackbody tem-
peratures (~10,000-12,000 K) are consistent with the continua
of contemporaneous spectra. These temperatures are very high
compared with typical core-collapse supernova photospheres
(5000-6000 K) as well as with the temperatures obtained for
SN 2006gy and SN 2006tf (6000-8000 K; Smith et al. 2008,
2010). The single-temperature blackbody fits for SN 2008am
were imperfect, implying that the underlying emission mecha-
nism is more complex in nature.

Spectra obtained about 10-30 rest-frame days after maximum
light showed intermediate-width emission lines of Ho, HB, Hy,
and a feature at the He1/Na D blend. There is no sign in our
data of broad P Cygni lines that might signify the photosphere
of the underlying supernova nor of narrow P Cygni lines as
displayed by SN 2006gy and SN 2008tf on decline that indicate
absorption in the unshocked, but expanding circumstellar matter
(Smith et al. 2008, 2010). A spectrum obtained 352 days after
our estimated maximum showed only Ho that was significantly
narrower than in the earlier spectra. Our failure to detect P Cygni
features is most likely attributable to our lack of data at phases
fainter than 2 mag from maximum when SN 2006gy began
to show such features, although we cannot rule out issues of
S/N and wavelength resolution. The overall observed spectral
evolution of SN 2008am is similar to that of SN 2006gy at
similar phases, and we conclude that they are closely related.

We considered a variety of models for the emission line
profiles: Gaussian as might typify thermal Doppler broadening,
an exponential profile that might characterize single electron
scattering in an optically thin medium, and Lorentzian that might
represent models of multiple electron scattering (Chugai 2001;
Smith et al. 2010). We find that the latter provides the best fit
to the overall line shape. An important implication is that the
line broadening is probably dominated by electron scattering
in our spectra and that the line width contains little or no
information about the bulk kinetic expansion velocity of the
matter in the CSM or the underlying supernova. An upper limit
to the velocity in the line-forming region is about 1000 km s~.
Chugai made specific assumptions in his models, for instance,
that the velocity profile decreased outward as might result from
radiative acceleration, that might not apply in general. The line
profiles might contain information about the velocity structure
even if scattering dominated (Fransson & Chevalier 1989). The
radiative transfer that results in these line profiles is worthy of
re-examination.

We explored a number of light curve models based on a
generalization of the models of Arnett (1980, 1982) that use
a specified power input and the first law of thermodynamics
coupled with the diffusion equation. The models are constrained
by the rise time, the quasi-bolometric light curve, and the general
nature of the emission line spectra that show intermediate-width
lines with little or no sign of P Cygni absorption on any scale.
We examined models based on radioactive decay, an underlying
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supernova striking an optically thick circumstellar shell, a
supernova shock in an optically thin CSM, and a magnetar. The
radioactive decay model is ruled out because the required nickel
mass would exceed the deduced ejecta mass. The magnetar
model provides a decent fit to the light curve, but no natural
explanation for the emission-line structure. A shell-shock model
similar to that of Smith & McCray (2007) for SN 2006gy in
which the diffusion times on the rise and the decline are equal
fails drastically for SN 2008am, primarily because of the rapid
rise, 34 days in the rest frame. We conclude that the success
of a model with a single diffusion time for SN 2006gy was a
coincidence and not a general property of this class of events.
We could generate a reasonable fit in the context of this model
by including an input power source representing the collision of
the supernova with an optically thick shell that was a “top hat”
function of constant luminosity during the rise that shut off at
34 days, the point of maximum light in this model. In this model,
the timescale of the power source dictated the rise time and a
separately determined diffusion time of 120 days governed the
decline. This model rose with L o< 2 at very early times (as
assumed for the full rise of SN 2006gy by Smith & McCray)
and was overall concave upward in contrast to the observed
light curve that appears to be concave downward. The shape of
the rise depends on the input power profile. We will investigate
more general models in a future paper. The optically thin model
is not an Arnett-like diffusion model, but assumes that the shock
energy is rapidly radiated. This model did not provide a self-
consistent fit to SN 2008am and gives no natural explanation
for the rise nor for the failure to see any high-velocity features
corresponding to the photosphere of the underlying supernova.

The best fit to the ROTSE light curve data was obtained with
an ejecta—CSM interaction model in which the supernova is
not seen directly and the luminosity is produced by shocks and
diffusion in a CSM that is optically thick. For fiducial parameters
of v = 1000 km s~! and ¥ = 0.4 cm? g!, this model gives a
rather small initial radius for the shell, Ry ~ 1.0 x 10'* cm,
with a mass of about 1 My and a total energy input from
the underlying SN/CSM shock of E; = 5.5 x 103! erg. The
model suggests that the optically thick component may dominate
the luminosity and that the forward shock provides a greater
contribution to the luminosity than the reverse shock. This
model suggests a rather large mass-loss rate for the progenitor,
as perhaps would be consistent with an LBV-type mass-loss
process.

As noted above, SN 2008am seems to be a close cousin of
SN 2006gy, showing Lorentzian emission lines shortly after
maximum and a narrower Ho line about a year later. The
Lorentzian lines in both events show a slight redshift of about
100 km s~!. The most notable difference is our failure to see
the distinct broader (4000 km s~!) and narrow (200 km s~!)
P Cygni features that appeared in SN 2006gy 20 to 80 days
after maximum light. Smith et al. (2010) attribute the first
phase of pure emission to conditions where the shock is still
beneath the photosphere of the dense CSM and the second
phase where P Cygni features form to conditions where the
shock has proceeded beyond the photosphere. The high-velocity
absorption is presumably related to the SN ejecta, and the low-
velocity absorption to the motion of the CSM that has not yet
been hit by the shock, but is subject to radiative excitation
and recombination. The most likely explanation of our failure
to detect these P Cygni features is absence of data at the
appropriate phase. The narrower He line in both events nearly
a year after explosion is consistent with the emitting matter
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becoming more dilute with less broadening by multiple electron
scattering.

Other SLSNe seem to fall broadly in the category of
SN 2006gy and SN 2008am. SN 2006tf shows nearly symmetric
emission lines, especially of Ha, up to 40 days after discovery
(there is no data on the rise so the explosion date and date of
maximum are uncertain), with the development of narrow P
Cygni features by 66 days after discovery (Smith et al. 2008).
At these later epochs, there are indications in both the emission
and absorption for rapidly moving material, ~7500 km s~!, pre-
sumably from the underlying SN ejecta. SN 2006tf is somewhat
different from SN 2006gy and SN 2008am in the late phases, a
year after explosion, where the Ho line seems to be formed by
collisional rather than radiative excitation (Smith et al. 2008).
The He line in SN 2006tf at this stage shows a prominent
blue “plateau” extending to about 1000 km s~!. SN 2008iy was
an unusual SN IIn with the unprecedented slow rise time of
400 days (Miller et al. 2010). The post-maximum spectra of
SN 2008iy are somewhat similar to those of SN 2008am, with
strong intermediate-width H and He emission lines. A single-
temperature blackbody failed to provide a good fit to the SEDs
of SN 2008iy, as we found for the SED of SN 2008am (Sec-
tion 2.3). Miller et al. identified three distinct components in
the late-time Her profile of SN 2008iy: broad (~4500 km s~1),
intermediate (~1650 km s~!), and narrow (~75 km s~!). Miller
et al. proposed a model of interaction of the SN ejecta with a
clumpy CSM similar to that for SN 1988Z presented by Chugai
& Danziger (1994). Miller et al. argued that the rise in the light
curve resulted from an increase in the number of clumps with ra-
dius. Given the success of the shell-shock models of SN 2006gy
and SN 2008am, it would be of interest to apply such a model
to SN 2008iy.

As for SN 2006gy and SN 2006tf, the suggestion of a
relatively massive shell around SN 2008am and the estimated
mass-loss rates (~0.1-10 My, yr~!) imply that the progenitor
star must have undergone substantial mass loss in the years
prior to the explosion. Episodic mass loss can occur around
very massive LBV stars, similar to 5 Carinae. The reason
for LBV mass loss is not currently fully understood (Smith
& Owocki 2006). Massive shell ejection can also be the
product of pulsational pair-instability (Rakavy & Shaviv 1967;
Barkat et al. 1967). Models suggest that repetitive shell ejection
takes place for progenitor main sequence masses in the range
95-130 My (Woosley et al. 2007). Supernova-like luminosity
can be produced either during the ejection of each of these
shells individually (Kasen et al. 2008), or during the collisions
between shells ejected at different times (Woosley et al. 2007).

Although there is some sign of high-velocity material in
some of the SLSNe that otherwise resemble SN 2008am, the
nature of the presumed underlying supernova in these Type IIn
SLSNe remains obscure. As noted in the introduction, other
SLSNe show little or no evidence for hydrogen or interaction
with a CSM. In the case of SN 2007bi, this is an important part
of the argument that it is a pair-instability supernova (Gal-Yam
et al. 2009). An important goal in the study of SLSNe remains
the determination of the density distribution in the CSM that
will give important clues to the mass-loss history.
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