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ABSTRACT

We report spectroscopic and photometric observations of the Type IIb SN 2011dh obtained between 4 and 34 days
after the estimated date of explosion (May 31.5 UT). The data cover a wide wavelength range from 2000 A
in the ultraviolet (UV) to 2.4 um in the near-infrared (NIR). Optical spectra provide line profiles and velocity
measurements of H1, Her, Ca1, and Fe 1 that trace the composition and kinematics of the supernova (SN). NIR
spectra show that helium is present in the atmosphere as early as 11 days after the explosion. A UV spectrum
obtained with the Space Telescope Imaging Spectrograph reveals that the UV flux for SN 201 1dh is low compared
to other SN IIb. Modeling the spectrum with SYNOW suggests that the UV deficit is due to line blanketing
from Tin and Co1. The H1 and He1 velocities in SN 2011dh are separated by about 4000 km s~ at all phases.
A velocity gap is consistent with models for a preexplosion structure in which a hydrogen-rich shell surrounds
the progenitor. We estimate that the H shell of SN 2011dh is &8 times less massive than the shell of SN 1993]
and A3 times more massive than the shell of SN 2008ax. Light curves (LCs) for 12 passbands are presented:
Uvw2, UVM2, UVWI,U,u’, B, V,r',i’, J, H, and K;. In the B band, SN 2011dh reached peak brightness of
13.17 mag at 20.0 £ 0.5 after the explosion. The maximum bolometric luminosity of 1.8 £ 0.2 x 10*? erg s~
occurred ~22 days after the explosion. NIR emission provides more than 30% of the total bolometric flux at the
beginning of our observations, and the NIR contribution increases to nearly 50% of the total by day 34. The UV
produces 16% of the total flux on day 4, 5% on day 9, and 1% on day 34. We compare the bolometric LCs of
SN 2011dh, SN 2008ax, and SN 1993J. The LC are very different for the first 12 days after the explosions, but
all three SN IIb display similar peak luminosities, times of peak, decline rates, and colors after maximum. This
suggests that the progenitors of these SN IIb may have had similar compositions and masses, but they exploded
inside hydrogen shells that have a wide range of masses. SN 2011dh was well observed, and a likely progenitor star
has been identified in preexplosion images. The detailed observations presented here will help evaluate theoretical
models for this SN and lead to a better understanding of SN IIb.
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1. INTRODUCTION

SN 2011dh (= PTFlleon) was discovered in the nearby
“Whirlpool” galaxy M51 (D = 8.05 Mpc) less than a day after
the explosion. The early detection and close proximity of SN
2011dh provide optimal conditions for detailed observations of
the supernova (SN).

Core-collapse SNe are classified according to their observa-
tional characteristics. Type II SN are hydrogen rich, and their
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spectra display prominent Balmer series features. SN Ib do not
have hydrogen features in their spectra, but helium is clearly
detected. The spectra of SN Ic lack features of both hydrogen
and helium. This sequence is usually interpreted as evidence for
progressive stripping of hydrogen and helium from the outer
atmosphere of the progenitor star. The stripping may be due to
stellar winds or mass transfer to a companion star. SN Ib and
SN Ic are often described as “stripped-envelope core-collapse”
(SECC) events.

Type IIb SNe may form a separate class, or they may be part
of a continuum of related SN. The spectra of SN IIb display
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strong hydrogen features at early phases with no evidence for
helium. He features appear after about two weeks, and they
become stronger with time as the H features weaken rapidly.
The weakness of H features in SN IIb suggests that they are
related to the SECC group. SN IIb have been proposed as an
intermediate step between SN II and SN Ib (Filippenko et al.
1993; Nomoto et al. 1993; Woosley et al. 1994). For a review
of the relationship between SN classifications and progenitor
structure, see Nomoto et al. (1995).

There are two proposed progenitor channels for SN IIb: an
isolated star (=25 M) that loses most of its hydrogen envelope
through stellar winds (e.g., Chiosi & Maeder 1986) and a close
binary system where mass transfer strips most of the hydrogen
from the outer layers of the progenitor star (e.g., Podsiadlowski
et al. 1993). The progenitor in the mass transfer model may be
relatively low mass and compact, similar to a Wolf—Rayet star
(Dessart et al. 2011).

The immediate postexplosion luminosity of SN IIb is pro-
duced by a hot atmosphere that has been heated by the shock
from the explosion. The SN luminosity fades as the shocked at-
mosphere expands and cools. SN IIb from compact progenitors
are expected to display relatively weak early emission from the
shock-heated atmosphere with the thermal powered luminosity
declining rapidly (a few days) after the explosion (Chevalier
& Soderberg 2010). This behavior was observed in SN 2008ax
(Pastorello et al. 2008; Roming et al. 2009; Chornock et al.
2011; Taubenberger et al. 2011). On the other hand, SN IIb with
more mass and extended radii in their hydrogen envelopes are
expected to have longer cooling times, such as ~20 days ob-
served for SN IIb 1993J (Schmidt et al. 1993; Wheeler et al.
1993; Lewis et al. 1994; Richmond et al. 1994, 1996). A decline
in the observed brightness of SN 201 1dh is reported from day 1
to day 3, which is consistent with this cooling (Maund et al.
2011; Arcavi et al. 2011; Bersten et al. 2012; Tsvetkov et al.
2012).

A second luminosity source is provided by radioactivity in
the SN core. The contribution from the core increases with
time, and within a few days it is equal to the declining thermal
luminosity. From that minimum, the SN brightness increases
until it reaches the second, or radiation, peak. An initial thermal
maximum, a decline to a minimum, and a subsequent rise to a
second maximum have been observed in the light curves (LCs)
of several SECC SN: SN IIb 1993] (Schmidt et al. 1993; Wheeler
et al. 1993; Lewis et al. 1994; Richmond et al. 1994, 1996), SN
IIb 2008ax (Pastorello et al. 2008; Roming et al. 2009; Chornock
et al. 2011; Taubenberger et al. 2011), SN IIb 201 1fu (Kumar
et al. 2013), SN Ib 2008D (Modjaz et al. 2009), and the peculiar
SN II 1987A (Arnett et al. 1989).

The first spectrum of SN 2011dh was obtained by Silverman
et al. (2011) less than 3 days after discovery. The presence
of strong Balmer lines and the absence of helium led them to
classify SN 2011dh as an SN II. Other reports noted similarities
between the early spectra of SN 2011dh and Type IIb SN 1993J
without identifying He features (Maund et al. 2011; Arcavi et al.
2011). Marion et al. (2011) confirmed the Type IIb classification
by identifying He 1 lines in near-infrared (NIR) spectra obtained
16 days after the explosion (=3 days prior to the B-band
peak). The final version of Maund et al. (2011) discusses He1
lines in optical spectra obtained 20, 30, and 40 days after the
explosion.

Some authors find evidence for a compact progenitor of SN
2011dh. Van Dyk et al. (2011), Prieto & Hornoch (2011),
Arcavi et al. (2011), Soderberg et al. (2012), Krauss et al.
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(2012), and Bietenholz et al. (2012) use optical, radio, and
X-ray observations and theory to suggest that the progenitor
of SN 2011dh had a radius of the order of 1 Ry. Horesh et al.
(2013) derive an intermediate preexplosion radius and suggest
that a continuum of sizes for SN IIb progenitors exists rather than
a bimodal distribution consisting only of compact or extended
stars.

Other authors conclude that the progenitor of SN 2011dh had
an extended radius such as that found in a supergiant-type star.
The location of SN 2011dh was imaged by the Hubble Space
Telescope (HST) in multiple filters prior to the explosion, and
a yellow supergiant star has been identified near the position
of the explosion. An active debate in the literature discusses
whether or not this star is a plausible progenitor. Observational
evidence in support of the yellow supergiant as the progenitor
for SN 2011dh is presented by Maund et al. (2011) and Murphy
et al. (2011). Theoretical support for the interpretation that the
progenitor had an extended radius (=200 Ry) is provided by
Bersten et al. (2012), Benvenuto et al. (2013), and Ergon et al.
(2013).

Almost 700 days after the explosion, Van Dyk et al. (2013)
observed the location of SN 2011dh with HST Wide Field
Camera 3 (WFC3) and determined that the yellow supergiant
star in that area has disappeared. Their result suggests that the
yellow supergiant was correctly identified as the progenitor, and
theoretical explanations can now focus on much more specific
physical models.

Here, we report high-cadence observations of SN 2011dh
obtained between 4 and 34 days after the estimated date of ex-
plosion (May 31.5 UT). Both photometric and spectroscopic
data cover a wide wavelength range from 2000 A in the ultravi-
olet (UV) to 2.4 um in the NIR. The detailed observations of SN
2011dh presented here will help constrain theoretical models of
SN IIb and contribute to an improved understanding of SN IIb
and all SECC SNe.

The chemical structure of SN 2011dh is explored by mea-
suring line profiles and velocities for absorption features in
the spectra. Velocity measurements reveal the relative loca-
tions of line-forming regions in radial space, and the changing
strengths of the lines with time provide clues about the relative
abundances. Observations with the Space Telescope Imaging
Spectrograph (STIS) on HST and the Swift U grism provide
rare UV spectroscopy of a SN IIb and extend the range of our
spectroscopic analysis.

LCs are presented for 12 passbands: UVW2, UVM2, UVWI,
U,u',B,V,r,i', J, H, and K. We construct a bolometric LC
for SN 2011dh and compare the result to a bolometric LC for
SN 2011dh reported by Ergon et al. (2013). We also compare
the bolometric LCs of SN IIb 1993J (Richmond et al. 1996) and
SN IIb 2008ax (Pastorello et al. 2008). The LCs for these SN
IIb display many similarities after the initial period of influence
from the thermal luminosity.

The data acquisition and reduction details are presented in
Section 2. Spectral features are identified and discussed in
Section 3. Velocity measurements are described in Section 4,
including a discussion of the gap between H1 and He1 veloci-
ties. Synthetic spectra from SYNOW are used to confirm line
identifications and to discuss physical properties in Section 5.
Multiband LCs and color evolution are presented and discussed
in Section 6. The bolometric LC is described in Section 7 and
compared to other bolometric LC for SN IIb. Temperature esti-
mates are discussed in Section 8. A summary and conclusions
are presented in Section 9.
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2. OBSERVATIONS

The Whirlpool galaxy (M51) is a lovely galaxy that is
frequently imaged by professionals and amateurs. SN 2011dh
was not detected in an image obtained by the Palomar Transient
Factory (PTF) on May 31.275 to a limiting magnitude of
g = 21.44. The first detection of SN 201 1dh was by amateur A.
Riou on May 31.893 (UT), and there were several independent
discoveries soon thereafter (Reiland et al. 2011). The PTF also
made an independent discovery on June 1.191, and many early
sources reference the SN with the PTF name: PTF11eon. For
this paper, we adopt an explosion date of May 31.5 UT (MJD
55712.5), and we express the times of all observations in days
relative to the explosion. Uncertainties of a few hours for the
time of #y do not affect the presentation of our results or our
conclusions.

Distance measurements for M51 have a significant scatter.
Tonry et al. (2001) use surface brightness fluctuations (SBFs) to
determine D = 7.7 £ 0.9 Mpc. However, M51 is a large spiral
galaxy, and there may be significant dust present that would
compromise the effectiveness of the SBF method. The Tonry
et al. (2001) result matches the value of D = 7.7 £ 1.3 Mpc
found in the Nearby Galaxies Catalog that was determined using
the Tully—Fisher method (Tully 1988). A higher value for D is
found by Vinké et al. (2012), who use the expanding photosphere
method to measure the distance to M51 as D = 8.4 £ 0.7 Mpc.
Feldmeier et al. (1997) also measure D = 8.4 + 0.6 Mpc using
a planetary nebula luminosity function.

For this paper, we use the mean value of these four measure-
ments for calculations that include distance (D = 8.05 Mpc).
We note that the maximum difference of +0.35 Mpc between
our adopted value for D and any of the referenced measure-
ments introduces only +0.1 mag uncertainty in the luminosity
measurements. Such a small difference has no significant effect
on our results. We use a heliocentric velocity of 600 km s~!
(NASA /TPAC Extragalactic Database; Rush et al. 1996) to cor-
rect wavelength measurements to the rest frame.

Extinction from the host is low. Vinké et al. (2012) and Arcavi
et al. (2011) do not detect Na D lines at the redshift of M51 in
high-resolution spectra. Arcavi et al. (2011) set an upper limit
on extinction from the host at E(B — V) < 0.05 mag. Ritchey
& Wallerstein (2012) identify weak absorption components
from Na D and Caun H&K in high-dispersion spectra, but
they conclude that the overall weakness of the Na D detection
confirms a low foreground and host galaxy extinction. The
HST/STIS spectrum in our sample shows interstellar Mg
(A2795) absorption with an equivalent width of approximately
1 A, which is consistent with the assumption of low extinction.

Galactic extinction is E(B — V) = 0.035 mag (Schlegel et al.
1998), so that the V-band extinction correction is 20.1 mag.
We correct for Milky Way extinction when constructing the
bolometric luminosity, but in the figures and tables we present
the measured values.

2.1. Spectroscopy

Figure 1 shows 26 spectra of SN 2011dh obtained between
4 and 34 days after the explosion. The sample includes optical
spectra (3480-7420 A) obtained at the F. L. Whipple Obser-
vatory (FLWO) 1.5 m Tillinghast telescope using the FAST
spectrograph (Fabricant et al. 1998) on days 4-9, 24-28, 30-32,
and 34 with respect to the time of explosion. FLWO/FAST data
are reduced using a combination of standard IRAF and custom
IDL procedures (Matheson et al. 2005).
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Figure 1. UV and optical spectra from SN 2011dh from 4 to 34 days after
the explosion. Data were obtained with HST/STIS (day 24, 2800—-10000 A),
Tillinghast/FAST (3400-7400 A), HET/LRS (4200-10000 A), and Swift/U
grism (days 10 and 11, 2800—-4600 A). The phase with respect to the explosion
is displayed to the left of each spectrum, and the dates of observation are listed
to the right. Spectral features are discussed in Section 3. Observing details are
listed in Table 1.

Additional optical spectra (4200-10100 A) were obtained on
days 6, 11, 14, 17, 22, and 29 with the 9.2 m Hobby-Eberly
Telescope (HET; Ramsey et al. 1998) at the McDonald Obser-
vatory using the Marcario Low-Resolution Spectrograph (LRS;
Hill et al. 1998). HET/LRS spectra are reduced with standard
IRAF procedures. On some of the nights, two spectra were ob-
tained that cover different wavelength regions. In those cases,
the spectra were combined to form a single spectrum for each
phase. The observational details are given in Table 1.

Low (R =~ 200, A = 0.65-2.5 um) and medium (R =~ 1200,
A = 0.80-2.4 um) resolution NIR spectra were obtained on
days 8, 12, and 16 with the 3 m telescope at the NASA Infrared
Telescope Facility (IRTF) using the SpeX medium-resolution
spectrograph (Rayner et al. 2003). Figure 2 displays the NIR
spectra with nearly contemporaneous optical spectra. IRTF
data are reduced using a package of IDL routines specifically
designed for the reduction of SpeX data (Spextool v. 3.4;
Cushing et al. 2004).
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Table 1
Spectroscopic Observations of SN 2011dh

Date? Instrument Range R Exp.
(UT) A) ()

Jun 4.2 FAST 3480-7420 1350 900
Jun 5.2 FAST 3480-7420 1350 1500
Jun 6.1 HET 4200-10100 280 900
Jun 6.2 FAST 3480-7420 1350 1200
Jun 7.2 FAST 3480-7420 1350 1200
Jun 8.2 FAST 3480-7420 1350 900
Jun 8.4 IRTF 8000-24000 1200 1800
Jun 9.2 FAST 3480-7420 1350 900
Jun 9.9 SWIFT 2000-4600 150 900
Jun 11.1 SWIFT 2000-4600 150 1135
Jun 11.2 HET 4200-10100 280 900
Jun 12.4 IRTF 8000-24000 1200 1800
Jun 14.2 HET 4200-10000 280 900
Jun 16.4 IRTF 8000-24000 1200 1800
Jun 17.2 HET 4200-10100 280 900
Jun 22.2 HET 4200-10100 280 900
Jun 24.0 HST 2160-10230 4300 3600
Jun 25.2 FAST 3480-7420 1350 720
Jun 26.2 FAST 3480-7420 1350 720
Jun 27.2 FAST 3480-7420 1350 720
Jun 28.3 FAST 3480-7420 1350 840
Jun 29.2 HET 4200-10100 280 900
Jun 30.3 FAST 3480-7420 1350 900
Jul 1.2 FAST 3480-7420 1350 900
Jul2.2 FAST 3480-7420 1350 960
Jul 4.2 FAST 3480-7420 1350 900

Notes. The time of explosion is approximately May 31.5 UT, and the time of B
max is approximately June 20 UT.
2 All observations in 2011.

Table 2
Peak Magnitudes and Filter Details
Band M, peak Dpeak a Nobs )"n:id
(mag) @A)
PAIRITEL®
K; <11.91¢ >24¢ 18 21590
H <11.91¢ >24¢ 18 16620
J <12.02¢ >24¢ 17 12350
KeplerCam
i 12.45 232 27 7747
v 12.26 21.7 27 6217
Vv 12.44 20.6 26 5375
B 13.17 20.0 25 4270
u 14.42 16.6 14 3525
Swift
Vv 12.63 20.9 37 5468
B 13.39 19.5 39 4392
U 13.90 16.5 40 3465
Uvwi 15.53 15.1 27 2600
UvM?2 27 2246
Uvw2 27 1928
Notes. Systematic offsets of ' = —0.05 mag, B = +0.15 mag,
V = +0.11 mag, ' = —0.04 mag, and i’ = +0.08 mag are found

between the FLWO 1.2 m data and other published data (see Section 2.2).
Accounting for these offsets, the FLWO light curves match Arcavi et al.
(2011, i") and Tsvetkov et al. (2012, u’ BV r’) within £0.05 mag.

2 Whole days with respect to the time of explosion.

® Filter details from Cohen et al. (2003).

¢ Final measurements on day 24 precede the peak by a day or two.

MARION ET AL.

b

Flux (log F + C)

i Top: optical Day 8, NIR Day 8
|~ Middle: optical Day 11, NIR Day 12
I Bottom: optical Day 17, NIR Day 16

1.0830 2.0581

1 1 1 1 | | | I — |
0.4 05 06 0.7 0.8 1.0 12 141618 2.124

Rest Wavelength (um)

Figure 2. Optical and NIR spectra of SN 201 1dh from 0.32 to 2.44m obtained 8
to 17 days after the explosion. H1is strong at these early phases, and Balmer and
Paschen lines (e, 8, and ) are marked at 12,000 km s~!. Several He1 lines are
marked at 8000 km s~!, with the NIR A11.0830, 2.0581 and the optical L5876
lines labeled. He 1 is not detected on day 8 (top). The combined evidence of the
labeled He1 features suggests that He1 is present on days 11 and 12 (middle).
He 1 features are obvious on day 16 (bottom). The dotted lines are blackbody
temperature curves.

Low-resolution UV spectra were obtained by Swift with the
UVOT U grism (2000-4600 A) on days 10 and 11. The data were
downloaded from the Swift archive.'> Swift data are analyzed
within HEAsoft following the standard recipe in the “UVOT
User’s Guide.’!® The raw frames are converted into “DET”
images by applying the swiftxform task after flat fielding
and bad-pixel masking. The final spectra are extracted and
calibrated with the uvotimgrism task. Wavelength and flux
calibrations are corrected by matching the U-grism spectra with
contemporaneous ground-based spectra covering 3000-5000 A.

A spectrum of SN 2011dh was obtained on day 24 with
STIS on the HST under observing program GO-12540 (PI: R. P.
Kirshner). Three STIS gratings were employed with the CCD
detector G230LB (3600 s), G430L (800 s), and G750L (350 s),
and the combined spectrum covers 216010230 A. The HST
data are reduced using the Space Telescope Science Institute
STIS pipeline.

2.2. Photometry

Photometry of SN 2011dh was obtained in 12 filters, and the
LCs are displayed in Figure 3. Table 2 gives the peak magnitudes
and dates of peak for each passband. The values were determined
by fitting a parabola to the data. The central wavelengths for each
filter are also in Table 2.

SN 2011dh was observed at the FLWO with the 1.2 m
telescope and the KeplerCam instrument in the uBVri bands

15 http://heasarc.gsfc.nasa.gov/docs/swift/archive/

16 http://heasarc.gsfc.nasa.gov/docs/swift/analysis/;
UVOT_swguide_v2_2.pdf
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Figure 3. UVOIR photometry of SN 2011dh in 12 filters obtained on days 4-34
by the Swift satellite, the FLWO 1.5 m with KeplerCam, and the FLWO 1.3 m
with PAIRITEL. Uncertainties are smaller than the symbols used for plotting
except where indicated for some of the PAIRITEL data. The Swift U band and
the KeplerCam u’ band are plotted with the same offset, and the light curves
are different by about 0.5 mag. We fit the data for each filter with a polynomial
and list the peak magnitudes, dates of peak, and the central wavelengths in
Table 2. SN 2011dh had not reached maximum in the NIR before the final JHK
observations on day 24.

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

(Table 3). The KeplerCam data are reduced using IRAF and
IDL procedures as described in Hicken et al. (2007). These data
have not been s corrected, and no host-galaxy subtraction was
performed since the SN was well separated from the galaxy
center and other stars. The ' BV r'i’ instrumental magnitudes
were measured with point-spread function (PSF) fitting on
template-subtracted images using the methods described in
Hicken et al. (2012).

Transformation to the standard photometric system was
performed using local comparison stars around the SN in the
same field of view. The linear transformation equations were
calibrated using Landolt (1992) standards for UBV and Smith
et al. (2002) standards for ’ and i’ bands. For 1’ we transformed
the Landolt (1992) U-band magnitudes to u’ via the equation
u' = U +0.854 mag (Chonis & Gaskell 2008). The zero points
of the transformations were determined on five photometric
nights. The zero points for images obtained on nonphotometric
nights were determined by differential photometry using local
comparison stars as anchors (see Table 4 and Figure 4). Note
that our BV data are in Vega magnitudes, while the u’r’i’ data
are in AB magnitudes.

The r’- and i’-band measurements of the field stars were
checked against their magnitudes in the Sloan Digital Sky
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Figure 4. M51, SN 2011dh, and local comparison stars used for differential
photometry on nonphotometric nights. (See Table 4 and Section 2.2.)

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

Survey DR10 database. The values were in agreement to
~0.02 mag. The same level of agreement was found when
comparing the common field stars with the measurements by
Arcavi et al. (2011) and Tsvetkov et al. (2012). However,
systematic offsets of 0.04-0.15 mag exist between the FLWO
u'BVr'i" data of SN 2011dh and the measurements reported
by Arcavi et al. (2011) and Tsvetkov et al. (2012). The
offsets are essentially constant for all phases and have values
of ' = —0.05 mag, B = +0.15 mag, V = +0.11 mag,
r’ = —0.04 mag, and i’ = +0.08 mag. Accounting for these
offsets, the FLWO LCs match Arcavi et al. (2011, '), Tsvetkov
et al. (2012, w’BVr’), and Sahu et al. (2013, UBVRI) within
£0.05 mag. The FLWO data in Table 3 and Figure 3 are our
measurements, and no offsets have been applied.

NIR images were obtained in the J, H, and K bands by the
Peters Automated Infrared Imaging Telescope (PAIRITEL), a
1.3 m f/13.5 telescope located at the FLWO (Table 5). The data
are processed into mosaics using the PAIRITEL Mosaic Pipeline
version 3.6 implemented in Python. Details of PAIRITEL
observations and reduction of SN data can be found in Friedman
(2012).

UVOT photometric data were downloaded from the Swift
archive (Table 6). Swift photometry is reduced with HEAsoft
following standard procedures. Individual frames were summed
with the uvotimsum task, and magnitudes were determined
via aperture photometry using the task uvotsource with a
5 arcsec radius aperture. This sequence produces standard
Johnson magnitudes in UBYV filters and flight system magnitudes
in UVW2, UVM?2, and UVWI. The transmission profiles of the
UVWI and UVW?2 filters have extended red wings that permit
flux contributions from beyond the intended wavelength regions.

3. SPECTRA

The earliest spectrum in Figure 1 was obtained on June 4.2
UT, which is less than 4 days after the estimated time of the
explosion. The final spectrum in our sample was obtained on
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Table 3
Photometric Measurements with the FLWO 1.2 m and KeplerCam
Date (UT)* u' u'err B Berr Vv Verr r’ rerr i’ i'err
55716.2 15.676 0.012 15.115 0.011 14.692 0.010 14.534 0.015 14.759 0.020
55717.2 15.754 0.023 14.866 0.009 14.363 0.008 14.186 0.010 14.510 0.013
55718.2 15.563 0.016 14.580 0.009 14.056 0.009 13.924 0.012 14.242 0.017
55719.2 15.307 0.011 14.264 0.007 13.743 0.008 13.602 0.011 13.941 0.014
55721.1 14.971 0.154 13.849 0.006 13.305 0.010 13.165 0.016 13.543 0.020
55722.1 14.854 0.134 13.677 0.007 13.128 0.010 13.007 0.013 13.358 0.017
55723.2 e e 13.549 0.011 13.018 0.011 12.899 0.013 13.208 0.013
55724.2 e e 13.462 0.006 12.879 0.009 12.758 0.012 13.087 0.019
55725.2 e e 13.397 0.006 12.788 0.009 12.650 0.012 12.981 0.015
55726.2 e e 13.351 0.004 12.735 0.006 12.605 0.008 12.890 0.010
55727.2 e e 13.295 0.006 12.667 0.008 12.525 0.013 12.814 0.017
55729.2 e e 13.199 0.007 12.555 0.009 12.419 0.011 12.686 0.016
55730.2 e e 12.514 0.008 12.391 0.010 12.634 0.012
55731.3 e e 13.165 0.006 12.490 0.008 12.342 0.010 12.587 0.014
55732.1 14.456 0.008 13.164 0.009 12.463 0.008 12.311 0.011 12.537 0.015
55733.3 e e 13.183 0.008 12.451 0.010 12.281 0.013 12.506 0.014
55734.2 14.578 0.006 13.211 0.004 12.456 0.005 12.282 0.006 12.481 0.007
55735.2 e e 13.293 0.004 12.488 0.003 12.290 0.005 12.467 0.005
55736.2 14.877 0.010 13.386 0.008 12.515 0.010 12.315 0.011 12.495 0.014
55738.2 15.261 0.011 13.650 0.006 12.676 0.005 12.398 0.005 12.523 0.006
55739.2 15.510 0.011 13.810 0.005 12.773 0.004 12.482 0.007 12.571 0.007
55740.2 e e 13.900 0.006 12.868 0.003 12.551 0.003 12.618 0.003
55742.2 16.059 0.018 14.236 0.009 13.069 0.010 12.687 0.011 12.727 0.016
55743.2 16.215 0.024 14.324 0.008 13.169 0.004 12.765 0.003 12.756 0.003
55744.2 16.443 0.026 14.474 0.008 13.249 0.006 12.829 0.008 12.818 0.010

Notes. Systematic offsets of u’ = —0.05 mag, B = +0.15 mag, V = +0.11 mag, r’ = —0.04 mag, and i’ = +0.08 mag are found
between the FLWO 1.2 m data and other published data (see Section 2.2). Accounting for these offsets, the FLWO light curves match
Arcavi et al. (2011, i") and Tsvetkov et al. (2012, u’ BV r’) within £0.05 mag.

2 Average time of observation for a sequence with multiple filters. Estimated date of explosion: MJID = 55712.5.

Table 4
Sequence of Local Comparison Stars
ID R.A.(J2000) Decl. (J2000) u' u' err B B err Vv Verr r’ r' err i’ i’ err
A 13:30:21.93 +47:09:05.7 17.230  0.098 16.454 0.021 15.895 0.014 15686 0.017 15495 0.023
B 13:30:14.29 +47:14:56.0 17922 0.110 16918 0.021 16.295 0.012 16.052 0.016 15.839 0.018
C 13:30:13.86 +47:07:30.1 17.877 0.092 16.475 0.020 15.653 0.012 15334 0.016 15.064 0.016

Note. Finding chart is displayed in Figure 4.

) TableS July 4, which is 34 days after the explosion. Observing details
Photometric Measurements with PAIRITEL for each spectrum are given in Table 1. The wavelengths of lines,
Date (UT)? J Jerr H H err K, K, err features, or spectra are expressed in angstroms for wavelengths
557171 13875 0193 13762 0535  13.607 0369 less than 8000 A and in microns fqr Wfivelengths greater than or
55718.2 13.624 0153 13473 0401  13.497 0.341 equal to 0.80 m. When a discussion 1nclude§ wavelengths that
55719.2 13398 0123 13400 0370  13.077 0.255 cross 8000 A, all wavelengths are expressed in the same units.
55720.2 13.196  0.100  13.154 0292  13.027 0.296 The times of observation are expressed in whole days relative
55721.2 12993 0082  13.017 0255  12.969 0.185 to the explosion. As a point of reference, the B-band maximum
557222 12.821 0.068 12.807 0.205 12.702 0.151 occurred about 20 days after the explosion.
557232 12696  0.061  12.659  0.178 12510  0.153 Figure 2 displays optical and NIR spectra from SN 2011dh
55724.2 12585 0055 12532 0155 12317 0.122 covering the wavelength region 0.32-2.40 um. The NIR data
22;;2; E‘S‘;; g'ggg 3;;2 8.145151; 12.427 0.125 were obtained at the IRTF with SpeX on days 8, 12, and 16,
: : : ‘ ‘ o o while the corresponding optical data were obtained at the FLWO
55727.2 12.327 0050 12291  0.130 12214  0.162 . .
with FAST on day 8 and the HET with LRS on days 11 and 17.
55728.2 12.230 0.044 12.140 0.119 12.047 0.156 . .
557302 12143 0041 12102 0110  11.933 0.133 B}ackbody (BB) temperature curves are pliotted as dotted 11n§s in
55731.2 12.105 0.038 12.016 0.097 12.,000 0.101 Flgure 2. The observed shapes of the optlcal and NIR continua
557322 12.039  0.036 12.045  0.105 11.934 0.108 are fit best by BB curves for 8500 K at 8 days, 8400 K at
55733.2 12051 0036 11908 0.088  11.986 0.030 12 days, and 8100 K at 16 days. A more detailed discussion of
55734.2 11.868  0.081  11.868  0.077 11976 0.039 temperature estimates can be found in Section 8.
55735.2 11.898 ~ 0.099  11.931 0217 11931 0217 Figure 1 shows that the HST/STIS spectrum obtained on
day 24 extends from 2100 to 10000 A, although the portion
Note. * Average time of observation for a sequence with multiple filters. beyond 9000 A suffers from fringing. Features of Canm H&K

Estimated date of explosion: MJD = 55712.5.
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Table 6
Photometric Measurements with Swift

Date (UT)* UVW2 W2err UVM2 M2err UVW1 Wlerr U Uerr

55716.0 1631 0.03 1594 003 1540 0.02 1495 0.02
55716.7 16.61 0.05 16.19 005 1556 0.03 15.09 0.02
55717.7 16.83 0.07 1651 0.08 1581 0.05 15.14 0.03
55719.0 16.74 0.06 1670 0.04 15.86 0.04 14.88 0.02
55720.6 17.00 0.14 16.84 0.17 1576 0.04 14.47 0.02
55721.8 16.80 0.08 17.19 0.11 15.68 0.03 14.28 0.02
55723.1 1693 0.13 1723 0.13 1559 0.03 14.14 0.02
55723.8 16.78 0.14 1738 0.17 15.67 0.05 14.07 0.02
55725.1 16.89 0.05 17.16 0.08 15.63 0.03 13.99 0.02
55726.6 1698 0.05 1760 0.12 1559 0.03 14.01 0.02
55728.8 1697 0.10 17.66 0.16 1560 0.06 13.93 0.05
55729.2 16.86 0.10 1742 0.14 15.61 0.06 13.87 0.05
55730.3 16.80 0.08 17.41 0.11 1556 0.06 13.89 0.05
55731.5 16.89 0.10 1762 0.16 1553 0.06 1391 0.05
557325 16.89 0.08 17.66 0.12 1563 0.06 13.93 0.05
55733.5 17.01  0.09 17.67 0.13 1564 0.06 13.99 0.05
55734.4 17.03  0.09 1759 0.13 1570 0.06 14.08 0.05
55735.7 1697 0.09 1781 0.15 15.82 0.07 14.25 0.05
55736.2 17.17  0.10 1796 0.18 15.84 0.07 1431 0.05
557372 1745 0.2 1780 020 16.03 0.08 14.56 0.05
55738.8 1739 0.09 1779 031 1624 0.05 1482 0.03
55740.2 1770  0.13 1877 058 16,51 0.05 15.13 0.03
55741.4 1777 0.15 1829 026 16.67 0.08 1534 0.04
55741.8 17.89 0.15 1843 025 16.66 0.07 1549 0.04
55743.8 1847 026 19.15 051 17.10 0.11 1590 0.05
55745.2 18.11 0.19 1895 041 17.02 0.10 16.02 0.06
55746.1 18.54 027 1832 022 1731 0.12 16.18 0.06

Note. * Average time of observation for a sequence with multiple filters.
Estimated date of explosion: MJD = 55712.5.

A3945 and the Car infrared triplet A8579 are both observed in
a single spectrum. At other phases, it is necessary to combine
spectra from multiple sources to cover this range. The optical
portion of the STIS spectrum is in good agreement with a FAST
spectrum obtained on the same date and with the HET spectrum
obtained on day 22.

A unique part of the HST spectrum is the UV coverage.
Figure 5 shows the 2000-4200 A region of the HST/STIS
spectrum from SN 2011dh on day 24, plotted with STIS spectra
of SN IIb 1993] (Jeffery et al. 1994) and 2001ig at comparable
phases. The flux from SN 2011dh is clearly suppressed below
3300 A relative to the other SN IIb. Fen, Tit, and Cri are
expected to be strong contributors to the UV spectrum, and these
lines can create a line-blanketing effect that shifts flux from the
UV to longer wavelengths. In Section 5, we analyze the UV
region of this spectrum using model spectra from SYNOW. The
spectrum of SN 2001ig is from the HST archives and has not
been previously published.

3.1. Hydrogen Features

Silverman et al. (2011) reported that a Keck I+LRIS spectrum
of SN 2011dh obtained on day 3 revealed P Cygni profiles for
hydrogen lines that are characteristic of Type II SNe. The data
in our sample begin the following day. Figure 6 displays the
strongest H 1 features by phase in velocity space. Figure 6 shows
that H1 features are strongest in the earliest observations, and
they become progressively weaker and narrower with time. Ho
is the only H 1line that continues to form a significant absorption
by the end of these observations, 34 days after the explosion.
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T T
HST/STIS/FOS spectra of Type IIb supernova

SN 1993J IIb (17d)

SN 2001ig IIb (12d)

log(Flux) + C

SN 2011dh IIb (24d)

1
Wagg?gngth (R)
Figure 5. HST/STIS data from three Type IIb SN. The spectra are displayed
from 2000 to 4200 A to show detail in the UV region. The SN 2011dh spectrum
obtained on day 24 (bottom) reveals a reduced UV flux at wavelengths less than
3300 A compared to spectra from SN IIb 2001ig on day 12 (middle) and SN IIb
1993J on day 17 (top). We model this region with SYNOW (Section 5), and the

results suggest that the UV suppression is due to line blanketing from Ti 1 and
Co.

1 1
3500 4000

2500

Maund et al. (2011) report that the transition from H-dominated
spectra to He is nearly complete 40 days after the explosion.

In the first 2 weeks after the explosion, Ho line profiles
show possible evidence for two separate absorption compo-
nents. At day 4, the Ho absorption feature can be fit by two
Gaussians with minima that correspond to velocities of 17,300
and 15,400 km s~'. Silverman et al. (2011) reported the Ho
velocity on day 3 to be 17,600 km s~!, which suggests that they
measured the blue component. Figure 6 shows the development
of the Hu feature by phase. The component on the red side of
the double bottom becomes dominant after day 8, and by day 24
it provides the only minimum for the He line profile. For con-
sistency, we measure Ha velocities using the red component at
all phases.

The source of the blue component in the Ho features is
ambiguous. One possibility is a second H-rich region with a
velocity about 2000 km s~! higher. No comparable high-velocity
(HV) components are found in the absorption features from
other H1lines, but they could be disguised by blending. SYNOW
models suggest this is a possibility. The addition of a second H
region to SYNOW models can fit the observed “double” Ho
line profiles without producing strong HV features for other H1
lines. An outer H layer could also be created by interaction with
circumstellar material as described by Chugai et al. (2007).

Sitt A6355 is another possibility for the source of the blue
absorption component in He, but that identification requires
the Sim velocities to be 5000 km s~! lower than Caiur and
4000 km s~! lower than Fem at these early phases. Those
velocities seem unlikely, although SYNOW models can produce
features that match the observed He line profiles using Si11 for
the blue component.

Figure 6 shows that line profiles for most Hi1 features
are distorted by the influence of other lines that are gaining
strength with time while H1 is fading. HB velocities follow
the general shape of the Ha velocity curve with values about
1500 km s~! lower than Ho. HB is distorted on the red side
by P Cygni emission from a strong blend of Mg 14481 and
Fen 14561. Figure 6 shows how the HB feature is shoved to
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Figure 6. Hydrogen features by phase in velocity space. All H1 features are
strongest in the first spectra, and they become weaker and narrower with time.
The Ha velocity is 15,400 km s~ on day 4 and declines to about 12,500 km s~
on day 14. From day 14 to day 34, the Ho velocity remains nearly constant at
about 12,000 km s~!. Section 3.1 describes distortions and blends that affect
each H1 line as H weakens and other lines become stronger. Flux values for Pajg
are multiplied by 5 to facilitate comparison. Velocities are listed in Table 7.

longer wavelengths, which results in lower measured velocities
for HB. After maximum brightness, He1 A4492 produces the
same effect on HB.

Hy is squeezed by Ca1t H&K emission on the blue side and
by the Mg 11 A4481 and Fe 11 A4561 feature on the red side. Our
data do not cover the Hy region between days 11 and 24, and it
is not possible to identify Hy in the spectra after day 24.

Paor A1.8751 is located in a wavelength region with high
atmospheric opacity. In Figure 2, we follow standard practice for
displaying NIR spectra and omit the wavelength regions where
the atmospheric transmission is less than 50% (1.32—1.38 and
1.79-1.88 um). After those data have been removed, the only
information we have about the Pax line profile is the extreme
red tail of the emission component.

The H1 line that is most free from blending is Pag A1.2818.
Features from this line are displayed in the rightmost panel of
Figure 6, and they show that the strength of the H1 signal is
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clearly diminishing from day 8 through day 16. Unfortunately,
our NIR spectra cover only a limited range of dates.

3.2. Helium Features

The presence of helium in the spectra of SN IIb differentiates
them from other Type II SN, but classification is only one reason
to search for helium. The development of He 1 features provides
information about the transition in SN IIb from a hydrogen-
dominated epoch soon after the explosion to the later phases
dominated by helium. NIR spectra provide the most reliable
detections of He1 features in early observations of SN because
optical He1lines other than A5876 are weak or blended. Figure 2
shows that He1 lines at optical wavelengths are difficult to
identify in the early data (see also the discussions of He1 lines in
SN 2008ax by Chornock et al. 2011 and by Taubenberger et al.
2011).

Evidence from the 11.0830 line in isolation is insufficient to
confirm the presence of He1 (besides the fact that it violates
the admonition in the previous paragraph). A broad absorption
feature from about 1.02 to 1.06 um is found in the spectra of
most core-collapse SN, including SN Ic, which never display
clear evidence for He1. Pay A1.0938, He1 A1.0830, and Fenl
A1.0500 are usually the most prominent contributors to this
feature. Several other strong lines are found in this region,
and a combination of them is likely to help form the line
profile. Good candidates include C1A1.0603, Mg 11 A1.0927, Si1
AA1.0608,1.0962, S1A1.0457, Fer A1.0863, and Timr 11.0691,
but it is often difficult to define specific minima and associate
them with individual lines.

Her1 lines are marked in Figure 2 at 8000 km s~!. Eight
days after the explosion (the top spectrum) no He1 features
are detected. At 11 and 12 days (middle), He1 A15876,1.0830
features are evident, while A 2.0581 is weak. Taken together,
these features show that helium is present 11 days after the
explosion, but separately, the features would not be convincing
detections due to blends with Nart A5892 and Pay A1.2818,
respectively. The spectra obtained on days 16 and 17 reveal
unambiguous features of He I from 15876 and both strong NIR
lines AX 1.0830, 2.0581, as described in Marion et al. (2011).

In Figure 2, Pay and He1 A1.0830 are positioned within
100 km s~! of each other due to the velocity difference between
the blueshifts for H1and He 1. Pay dominates the red component
of the 1.02-1.06 um feature on day 8, and all H1 lines are strong
at this phase. On day 12, the red end of the feature has developed
more of a P Cygni profile as He1 A1.0830 begins to influence
the line profile, but Pay remains strong. Fe 11 A1.0500 probably
forms the absorption at the blue end of this feature at all phases.

The absorption feature for He1 A2.0581 is pushed to the red
by the strong emission component of the Pac P Cygni profile
that is mostly hidden in the high-opacity region that we omit
from the spectra.

Figure 7 displays features for three optical and two NIR He1
lines by phase in velocity space. Other He 1lines begin to emerge
on about day 17, which is near the time of B max, and all He1
features become deeper and broader with time. In the early
spectra He1 23889 is blended or obscured by Cann H&K and
Sit A3858. After B max, He1 13889 is strong enough to distort
the Can H&K feature by extending it on the blue side, but
accurate measurement of the HeI contribution is not possible.
He1 14492 is blended with Fe 11 A4561 and Mg 14481, and it
is not possible to unravel the He1 contribution from the blend.
He1 15016 is blended with Fe 1 25018 at all phases covered by
these data. He 1 A6678 begins to flatten the emission component
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Figure 7. He1 features by phase in velocity space. Helium is not detected until
11 days after the explosion when features of He1 A5876 and 11.0830 (day 12)
confirm the presence of Hel (see also Figure 2). He1 features progressively
strengthen through the time covered by these observations, and velocities are
nearly constant from day 14 to day 34. Weaker lines such as 16678 are not
clearly detected until day 22. Flux for the 12.0581 feature is multiplied by 10
to facilitate comparison. Velocities are listed in Table 7.

of Ho on day 14, but contributions from this line are obscured
by Ho emission until 22 days after the explosion. He1 A7065
is weak in spectra from days 14 and 17, but because this line is
relatively unblended, it provides a reliable benchmark for He1
velocities at all phases. Table 7 shows that the velocities for all
Her lines are within 1000 km s~! of He1 A7065 after day 24
when He 1 has become established.

3.3. Ca11 and Fe 11 Features

Cau and Fe 11 are the only unambiguous identifications in the
spectra of SN 201 1dh other than H1 and He 1.

Cau is clearly detected from both the infrared triplet (IR3,
20.8579) and Cant H&K (13945). These strong lines create
broad absorption features with rounded bottoms, which makes
it difficult to identify distinct absorption minima. Ca1 does
not appear to have separate contributions from two absorption
regions as found in the early Ho features. To measure the
Can features, we define a straight-line continuum between
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the flux at specific wavelengths on both sides of each feature.
Because the bottom of the line profile is a broad curve, small
changes in the position of the assumed continua due to noise
or imperfect telluric removals can create differences up to
2000 km s~! in the positions of the minima of these features.
Consequently, velocity uncertainties for Ca 11 are greater than for
velocities measured from narrow features. By using a consistent
measurement technique, we provide a satisfactory description of
the behavior of Ca1r velocities in the spectra from SN 2011dh.

On days 6 and 11, the IR3 profile is similar to the combined
profile of HV and photospheric Cair that is often seen in early
spectra from Type Ia SNe (Mazzali et al. 2005). However, it is
not possible to clearly define separate minima in the IR3 feature,
and Can H&K displays no evidence for a HV component at
these epochs. After day 17, the profile of the Ca1r IR3 feature
becomes asymmetrical, and the blue side has a steeper gradient
than the red side. The Ca 11 H&K feature becomes stronger from
the first observation on day 4 through day 11. This is followed
by a gap in our coverage of this wavelength region from day 12
to day 23. On day 24, Can H&K is still strong, but the feature
declines after day 27 and is very weak by day 34. Cant H&K is
likely to be blended with Sitt 13858 and He 1 A3889.

Fe 11 becomes stronger from the earliest observations through
day 14 and then slowly declines. The 25169 line is most fre-
quently used to represent Fe 11 velocity in SN IIb (Taubenberger
et al. 2011). An absorption feature from this line is detected in
all optical spectra in our sample. Unlike H1 and He 1, for which
the velocity remains nearly constant after day 17, the Fe1r ve-
locity steadily declines through the entire time period covered
by our observations. Fe 11 44561 blends with Mg 11 14481 to cre-
ate a strong absorption feature in the early spectra. This feature
becomes stronger but even less defined when He 1 A4492 begins
to contribute about day 17. Fe i1 A5018 is distinct on days 4-14.
This line is subsequently blended with He1 A5016 and eventu-
ally obscured as the helium lines become stronger. Fe 11 11.0500
is present and measured in all of the NIR spectra.

3.4. Other Features

The following ions show hints of absorption features from
some of their stronger lines. We discuss the most likely identi-
fications.

O1 is not detected through day 17 but may be emerging
in the day 22 and 29 spectra from the A7773 O1 line. The
absorption feature found near 0.90 um in the NIR spectra
on days 8, 12, and 16 is not primarily due to O1 20.9264
because the stronger O1 A7773 line is not detected before
day 22.

Mg is likely to be present in the NIR spectra from the
210.9227 line that contributes to the strong absorption near
0.9 pmin a blend with O110.9264 and Sint A0.9413. Mg
11.0927 is a part of the broad absorption feature from 1.01
to 1.06 um, but no individual lines are identified in this
blend other than Pay, He111.0830, and Fe 1 11.0500. Mg 11
14481 definitely contributes to the absorption feature found
near 4350 A in a blend with Feu A4561. The minimum
of this feature corresponds to less than 7000 km s~ for
Mg 11, which is inconsistent with the velocities of other
intermediate-mass elements. This suggests that the 4350 A
absorption feature is dominated by Feu early and Hel
14492 after day 17.

Sinm does not produce obvious absorption features.
Sizt A6355 may contribute to the Ho double feature
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Table 7

Velocity Measurements of H and He Lines (km s7h)
Epoch? Ha Hp Hy Pag He15876  He16678  He17065 He11.0830  Her2.0581
4 15400 13800 14100
5 14500 13,000 13900
6 14100 12700 13600
7 13700 12200 13500
8 13500 12,000 13400
9 13300 11600 13100
10 12600
11 13100 11,000 12500 e 8400 cee
12 12200 8200
14 12500 10800 e 7600
15 . 12,000
16 8,000 7200
17 12400 10700 e 7500 e
18 11900
19 .
20
21 . . .. .
22 12100 10600 7500 6500
24 12100 10900 7600 6600 7400
25 11900 11,000 7400 6600 7200
26 12100 11,000 7600 6900 7200
27 12,000 10800 7600 7100 7100
28 11900 10800 7500 7200 7100
29 12,000 10700 7400 7600 7,000
30 12,000 10900 7500 7300 6900
31 12,000 10900 7600 7300 7,000
32 11900 10800 7700 7200 7,000
34 11800 10800 7800 7100 6800

Note. * Whole days with respect to the time of explosion.

(Section 3.1). However, the minima of the blue compo-
nents correspond to Sin A6355 velocities of 8500 km s~
on day 4 and less than 8000 km s~! on days 8—10. Those
velocities are more than 4000 km s~ less than for any other
lines measured during these phases. Sit A3858 may influ-
ence the blue side of the Ca1t H&K feature, but detection
is not possible. Sint 24130 is a candidate for the flat top
and slight absorption in the Cant H&K emission compo-
nent found near 3950 A in the early spectra. However, the
velocities required are greater than observed for He. In the
NIR, Si1t A0.9413 may contribute to the 0.9 um feature in
a blend with Mg 10.9227. The small absorption features
in the H band at about 1.65 ym on days 12 and 16 could be
from Sin A1.6930.

Tin and Cour are the likely source of the steep drop of
the continuum flux below 3300 A due to line blanketing
(Figure 5). Unlike SN 2001ig, there are no distinct ab-
sorption features in this region that can be associated with
individual lines, but SYNOW model spectra (Section 5) re-
quire significant contributions from Ti 11 and Co 11 to match
the reduction of the UV continuum level observed in early
spectra from SN 2011dh.

4. VELOCITY MEASUREMENTS

Velocity measurements for H1, He 1, Ca11, and Fe 11 are plotted
by phase in Figure 8, and they are listed in Tables 7 and 8. The
symbol shapes correspond to the ions: circles = H1, squares =

10

He1, diamonds = Caii, and triangles = Feu. The different
lines for each ion are represented by different colors. Open
symbols (HB and Cam) indicate greater uncertainties in the
velocity measurements.

All velocities decline rapidly from the first detection through
the time that He1 appears (marked at 11 days on Figure 8). A
more gradual rate of decline follows until the time of B max
at day 20. After maximum brightness, H1 and He1 velocities
remain constant, while Can and Fen velocities continue to
decline.

Beginning on about day 24, Ca11 velocities move away from
the H-layer velocities toward the lower He-layer velocities. Fe 11
velocities decline at a nearly constant rate throughout the entire
period covered by these observations except for an abrupt drop
from about day 9 to day 12. This break may be due to an opacity
effect because it occurs at about the same time that we begin
to see evidence for He1. After day 22, Feu velocities do not
become constant, like H1 and He1, but they continue to decline
through the end of our observations. Fe1 velocities separate
from H1 velocities about two weeks earlier than Ca11 velocities
make the same transition. The relative velocities between ions
we find for SN 2011dh are similar to those reported for SN
2008ax by Taubenberger et al. (2011).

4.1. Separate Line-forming Regions for H and He

Figure 8 makes it easy to see that H1 and He1 velocities
in SN 2011dh maintain a nearly constant separation of about
4000 km s~! during the period in which both ions are detected.
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Figure 8. Velocities of H1, He1, Ca1i, and Fe 11 plotted by phase. Each ion has
its own symbol, and each line is a different color. All velocities decline rapidly
until about day 11, when He1 is first detected. H1 and He 1 velocities are nearly
constant after B max, while Ca 11 and Fe 11 continue to decline. The gap between
the H1 velocities (circles) and He1 velocities (squares) is ~4000 km s at
all phases. The open symbols indicate features for which there is increased
uncertainty in the velocity measurements (see Sections 3.2 and 3.3). Values
used in the figure are listed in Tables 7 and 8.

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

The detection of both H1 and He1 at the same phase but at
different velocities was discussed by Branch et al. (2002) for
SN Ib. They use SYNOW models with a detached hydrogen
component at 13,000 km s~! and a helium region at 9000 km s~
to fit spectra of SN Ib obtained near B max. Models for SN IIb
by Dessart et al. (2011) match our observations of the relative
strengths of H and He features by phase. They also predict
that hydrogen velocities will always exceed helium velocities.
Previous observations of separated velocities for hydrogen and
helium have been reported for SN IIb 2008ax (Chornock et al.
2011) and SN IIb/Ib 2011ei (Milisavljevic et al. 2013).

Figure 9 presents another way to view the velocity relation-
ship between the H and He regions. He1 15876 (left column,
blue) and He (center, red) are plotted by phase and in velocity
space with the same relative flux scale. He1 is absent or very
weak at early times, and it is blended with Na D. The first detec-
tion of He1 is on day 11 (Section 3.2), and Figure 9 shows that
He1 features become progressively stronger while H1 features
weaken.

The right panel shows the H1 and He1 features plotted
together with their line depths normalized to the same value.
Generally, similar line profiles are observed for the first few
days, but this is a coincidence with the Ho profile that has a
double minimum and the He1 profile that is strongly blended
with Na D and has been magnified by the normalization.

The minima of the features from Ha and Her A5876 are
obviously separated from day 11 when Her1 first develops a
defined minimum. From day 11 to day 22 the velocities for both
lines decline slightly, but the separation between them remains
essentially constant. From day 22 to day 34 the velocities for
both lines are nearly constant.
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Table 8
Velocity Measurements of Ca1r and Fe 11 Lines (km s7h)

Epoch® Cam3945 Camn8579 Fem4561 Fen 5018 Fen 5169 Fem 1500

4 13700 12700 11400

5 12500 B 12300 12200 11,000

6 12600 14300 11800 11500 10900

7 12500 11700 11200 10700 I
8 12400 11900 10900 10100 9500
9 12100 11400 10700 10000

10 11800

11 11800 13,000 10500 8800 8800 e
12 9100
14 e 12700 8900 8,000 7800

16 8700
17 e 12100 8800 7600 7500

18

19

20

22 e 10800 8200 6900 6900

24 10600 10000 7500 6800 6900

25 10800 7300 6600 6600

26 10700 6900 6500 6400

27 10700 e 6400

28 10300 e 6100

29 e 9600 e

30 9900 6,000

31 9800 5800

32 9500 5700

33 .. ...

34 9200 5300

Note. * Whole days with respect to the time of explosion.

These velocity measurements provide evidence that H lines
are formed in a region that is expanding ~4000 km s~' faster
than the layer in which He lines are produced. This separation
is consistent with a model in which the progenitor explodes
inside a hydrogen-rich shell. In the first days after the explosion,
H-shell opacity conceals all of the material inside the shell.
Opacity in the shell region is diluted by expansion of the SN,
and when the H layer becomes optically thin, the helium-rich
regions below are exposed. In SN 201 1dh this happens on about
day 11. Milisavljevic et al. (2013) also use H and He velocities
to suggest that the progenitor of SN 201 lei retained a hydrogen
envelope at the time of explosion.

4.2. Mass of the Hydrogen Envelope

Velocity measurements of H1 and Her1 in Type IIb SNe
2011dh, 2008ax, and 1993J provide enough information to
compare the relative masses of the high-velocity, hydrogen-rich
shells that surrounded the progenitors. From a basic formula
for the optical depth of the hydrogen layer, we derive a simple
model for the mass of the hydrogen shell. We assume that the
first detection of He1 features occurs when the surrounding
H-rich layer becomes optically thin. Therefore,

tgy=1=«k7 X p XdR, @)
where k7 is the electron scattering opacity, p is the density, and
dR is the thickness of the H layer. We also assume homologous
expansion for the SN, so R ~ vy X .. The density is taken to
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Figure 9. He1 15896 (left, blue) and Ha (middle, red) normalized to a flat
continuum and plotted in velocity space. The left and center panels have the same
relative flux scaling. He1 becomes progressively stronger from day 11 through
the end of our data. Hu is strong early and becomes weaker and narrower with
time. The right panel shows H1 and He1 plotted together with the line depths
for both features normalized to the same value for comparison. By the time He 1
develops a clearly defined minimum on day 11, the H1 and He1 velocities are
separated by about 4000 km s~!. The velocity gap remains essentially constant
from day 11 to day 34.

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

be constant, and we make a substitution: p o< M/ R3. Then we
obtain

@

where vy is the velocity of the outer edge of the hydrogen shell
and 1y s the time after the explosion when the He layer is first
observed. Thus, . represents the time when the optical depth
in H envelope reaches T = 1.

For all three of the SN IIb, the blue edge of the Ho
absorption feature at the time of the first He1 measurements
is 220,000 km s~ L. If we accept vy as a constant, then the mass
of the hydrogen-rich shell is directly proportional to the square
of the time from explosion to helium detection.

We have shown that for SN 2011dh, g ~ 11 days, and from
the literature we find for SN 2008ax ty. &~ 4 days (Chornock
et al. 2011; Taubenberger et al. 2011) and for SN 1993]J #y. =

2
My o (vH X tHe),
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Figure 10. SYNOW model spectrum (dashed line) and a combined Swift/
HET/IRTF spectrum (solid line) from days 11 and 12. The top panel shows
the UV-optical region (3000-10000 A), while the bottom panel shows the NIR
(0.8-2.2 um) with an overlap of ~2000 A. A detailed discussion of SYNOW
modeling is given in Section 5.

18 days (Barbon et al. 1995). These values for . indicate that
the mass of the hydrogen shell surrounding the progenitor of
SN 2011dh must be between the masses of the shells for SN
2008ax and 1993]J.

Using Equation (2), we calculate

My(SN 2011dh) ~ 8 x My(SN 2008ax)

My(SN 2011dh) ~ 0.3 x Mu(SN 19937).

Supporting evidence is provided by the times required for the
luminosity to decline from the initial shock-heated maximum
to the minimum between the thermal and radiation peaks. As
for the time of He1 detection, the time of the LC minimum for
SN 2011dh is between the other SN IIb. The time to minimum
is &4 days for SN 2011dh, ~1 day for SN 2008ax (Chornock
etal. 2011; Taubenberger et al. 2011), and &9 days for SN 1993]
(Richmond et al. 1994, 1996).

5. MODEL SPECTRA

Figure 10 shows the combined Swift/HET/IRTF spectrum
of SN 2011dh (solid line) obtained 11 and 12 days after the
explosion plotted with a model spectrum covering 0.3-2.2 um
(dashed line) created with the parameterized modeling code
SYNOW (Branch et al. 2003).

The SYNOW model successfully fits the shape of the con-
tinuum and accounts for the presence of most spectral features.
The optical depth profile is assumed to be a function of velocity:
T = T(Umin) X (V/Vmin) ™", Where vy, is the minimum velocity
for a given ion. The following ions (with their reference optical
depths) are included in the model: H1 (10), Her (0.2), Mg
0.7), Sin (1), Ca (50), Tim (1), Fen (1), and Co1 (1).

The best SYNOW fit to the complete optical and NIR
spectrum is achieved with a power-law index of n = 6, a
temperature of Tgg = 9000 K, the velocity of H lines at
Uphot = 12,000 km s~!, and the velocities of all other lines
at vphoy = 9000 km s~!. These are parameters for a simple line-
fitting model and should not be considered physically precise.
However, the SYNOW results clearly imply that the H line-
forming region is located at a higher expansion velocity than
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Figure 11. SYNOW model (dashed line) and the optical and NIR data from Figure 10 with each panel zoomed in on specific spectral features: He1 A5876 (top left),
Ho (top right), Cant H&K (bottom left), and Ca 11 IR3 plus He1 A1.0830 (bottom right). A comparison spectrum from which specific ions have been removed is plotted
as the dotted line in each panel: He 1 is omitted in the top left and lower right panels, Si1n is omitted in the upper right, and Ti 11 and Co 11 are omitted in the lower left.
In each case, the fit with the dashed line is better than the fit with the dotted line. A detailed discussion of SYNOW modeling is given in Section 5.

the region forming the other lines. This is consistent with
the observed separation of H1 and He1 velocities described in
Section 4.1.

5.1. Early Evidence for He 1

SYNOW models can help determine when He1r becomes
present in the spectra of SN 2011dh. He1 detections on day 11
have been discussed, and we seek confirmation from the models
for these identifications. Figure 11 zooms in on individual
features to facilitate a detailed comparison of the model to the
data.

The top left panel shows that the weak absorption feature
near 5750 A (solid line) is most accurately modeled (dashed
line) when He1 is included with a low optical depth (0.2). Note
that the flux scale in this panel makes the feature appear stronger
than it actually is relative to the other features in Figure 11. The
model does not reproduce the line profile exactly, but it matches
the size and location of the feature. The dotted line shows that
a model without He 1 generates a poor fit to the data. The lower
right panel of Figure 11 shows that the feature observed near
10500 A in the day 12 data (solid line) is primarily due to Pay
(dotted line). However, the model fits the data better when He 1
is included (dashed line).

Thus, the SYNOW models suggest that He 1is present 11 days
after the explosion even though He 1 does not produce strong ab-
sorption features at this phase. Model results are not detections,
but when they are consistent with the observational evidence
(Section 3.2), they reinforce the identifications of features such
as He1 AA5876, 1.0830 in the day 11 and 12 spectra.

5.2. Ha Features with Two Components

We use SYNOW to explore the double bottom found in the
Ho profile of early spectra from SN 2011dh. The He feature is
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displayed in the upper right panel of Figure 11. The data (solid
line) show that the blue component on day 11 is weaker than
found in earlier data but still forms a distinct notch in the blue
side of the profile. The dashed line is from a model that includes
Siu at the same velocity as Hel, and although it produces a
deeper absorption than observed, it shows a notch near 6200 A
that is similar in shape to the observed feature. The dotted line is
from a model without Si 11, and it fails to reproduce the observed
inflection.

SYNOW can also produce a notch like the one found in the
data when we include a high-velocity hydrogen line-forming
region at 15,000 km s~! in addition to the H layer that forms the
primary absorption at 12,000 km s~'. We model the HV region
with a shallower optical depth profile (n = 5 instead of 6).
The model with HV hydrogen only generates a detectable blue
component for He. It does not generate similar HV notches for
the other H 1 lines. That result is consistent with the observations
that do not find HV components (notches at 15,000 km s~!) for
other H1 lines (Figure 6).

In this case, SYNOW provides two plausible answers to the
question about the source of the two-component line profile, but
it does not give clear guidance to help us choose between them.

5.3. Ca 11 Features

The bottom left panel of Figure 11 shows that the Cat H&K
13945 feature (solid line) is successfully fit with a SYNOW
model using an n = 6 optical depth profile (dashed line).
Howeyver, the same model does not fit the observed Ca 11 infrared
triplet (IR3, A8579) seen in the bottom right of Figure 11. The
IR3 forms a stronger and more extended absorption than the
n = 6 model used to fit Caut H&K. The model can be improved
with respect to the IR3 feature by using a shallower optical depth
profile (n = 5) or by inserting an HV Cau layer, but both of
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these solutions produce spectra that are incompatible with the
observed Cant H&K profile. The unusual IR3 profile may be
caused by line blending and not HV Cali, but we are unable to
reproduce the observations of Cair IR3 with any of the other
ions expected to be found in Type II SN atmospheres (Hatano
et al. 1999).

5.4. UV Flux Deficit

We also use SYNOW models to explore the steep drop in the
continuum flux of SN 2011dh at the blue end of the HST/STIS
spectrum compared to other SN IIb (Figure 5). This wavelength
region is included in the lower left panel of Figure 11, but at
this phase the data are from Swift/U-grism observations. The
model spectrum plotted with a dashed line matches the data
(solid line) reasonably well, and contributions from both Tin
and Co1r are required to fit the observed UV-continuum level.
The dotted line is produced by a model that omits both Tit
and Co 11, and it clearly has excess flux at wavelengths less than
3700 A. Despite the suggestion from SYNOW that Ti 11 and Co 11
are present, individual absorption features from Ti1t and Co1t
are not identified in the Swift data from days 10 and 11 or the
HST from day 24.

6. LIGHT CURVES

Figure 3 displays LCs for SN 2011dh in 12 filters covering
4-34 days after the explosion. For all figures and tables we
express the times of observation in whole days relative to the
estimated date of explosion. Data were obtained with Swift filters
(UVW2, UVM2, UVWI, and U), FLWO/KeplerCam filters
(', B,V,r', and i), and FLWO/PAIRITEL filters (J, H, and
K;). The measurements for each filter are listed by phase in
Tables 3, 5, and 6. The data for bands from UVWI through i’
were fit with a polynomial to estimate the peak luminosities and
the times of maximum brightness that are displayed in Table 2.

All references to “peak” or “maximum” in the follow-
ing discussion refer to the observations in this sample that
cover the second, or radiation-powered, peak. We note that
systematic offsets of 0.04-0.15 mag are found between the
FLWO/KeplerCam u’'BVr’i’ data and other published opti-
cal data (see Section 2.2). The data presented here are our
measurements, and no offsets have been applied.

Evidence for cooling from the initial shock-heated peak can
be seen in the first few observations that show a decline in
brightness for the U band and bluer passbands. In our sample,
minima are reached on day 5 for u’, day 6 for U band, and day 7
for UVWI. The UV LCs subsequently rise toward a second peak
as radioactivity in the core begins to provide the luminosity. At
the phase of our first observations (4 days after the explosion)
the LC for the B band is at minimum, and the LCs for all longer
wavelength filters have passed their minima and are already
rising toward the radiation peak. An initial decline was also
observed at optical wavelengths in data of SN 201 1dh obtained
prior to day 4 (Maund et al. 2011; Arcavi et al. 2011; Bersten
et al. 2012).

The U-band peak occurs on day 16, and as the filter wave-
length increases, the time to peak increases. SN 2011dh reached
a B-band peak of 13.18 mag on day 20.0 £ 0.5 and a V-band
peak of 12.44 mag on day 20.6 £ 0.5. The dates and magnitudes
of the JHK; maxima are uncertain because we lack NIR pho-
tometry after day 24, although inspection of Figure 3 suggests
that the NIR LCs are within a day or two of their maxima on
day 24.
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Figure 3 shows that LCs for all bands experience a relatively
steep initial rise in brightness with a noticeable change in slope
between days 9 and 12 to a more gradual rate of increase.
This phase corresponds to the initial detection of He1. From
that phase through the time of maximum brightness the rate of
increase is slower. After the peak in each band, the decline is
almost linear through the end of our data on day 34. This pattern
is similar in all bands from UVWI to H, with the phase of the
changes occurring earlier at shorter wavelengths. The LC of SN
2011dh presented by Sahu et al. (2013) and Ergon et al. (2013)
also show this behavior.

The LC for UVM?2, which is the shortest wavelength filter
in our sample, declines steeply from the thermal peak through
about day 15, but the subsequent radioactive diffusion is at too
low a temperature to revive the LC. The luminosity in UVW2
is essentially flat from day 6 through day 23, which is the time
of bolometric maximum. UVWI] is the bluest filter to exhibit a
radiation-powered second peak.

The transmission curves of the Swift/UVOT UVWI and
UVW?2 filters have extended red tails, so the measured flux
in these bands includes a contribution from the red side that
is beyond the intended wavelength region. We have shown
that SN 2011dh has a very low UV flux during the time
of our observations, and it is likely that there are significant
contributions from optical wavelength regions to the Swift
measurements in these filters. This “red leak” may contribute to
the differences in timing of the minima and overall LC shape
between the UVM?2 band and the UVWI and UVW?2 bands.

6.1. Photometric Colors

B- and V-band colors for SN 2011dh are plotted by phase in
Figure 12. At day 4, the optical minus IR colors (B — J, B —
H,V — J,V — H) are ~0.5 mag redder than optical minus
optical colors at this early phase. The optical minus IR colors
rapidly become bluer at about 0.035 mag day~' through day 9,
while the optical minus optical colors show little change through
day 11.

At about day 9, the optical minus IR colors reach a minimum
and immediately start reddening, but with a slower rate of
change. The timing of these minima coincides with transparency
in the H shell since He 11is first detected on day 11. This is also the
phase when measured velocities of most absorption features stop
their rapid decline (Figure 8). From day 10 through the time of
maximum brightness (*day 21) all colors shift gradually to the
red, indicating that the atmosphere is cooling. After maximum,
expansion continues to cool the SN, and the rate of reddening
increases. The color evolution that we find for SN 201 1dh agrees
with the colors reported by Sahu et al. (2013) and Ergon et al.
(2013).

The B —V colors in SN 2011dh are similar to those of SN
1993J with a period of reddening through about day 8 followed
by a very gradual reddening for about 2 weeks and then a steeper
increase (Barbon et al. 1995; Richmond et al. 1996). B— V in
SN 2011dh is ~0.2 mag greater from day 4 to day 22 but very
close to B — Vin SN 1993]J from day 22 through the end of our
observations.

From day 4 to day 20, B — V development in SN 2008ax is
very similar to the B — i’ behavior observed in SN 2011dh.
The color gets bluer from the initial measurement, reaches a
minimum near 0.2 mag on day 12, and then begins to redden.
By day 22, B — Vin SN 2008ax is close to the same values found
in SN 201dh and SN 1993]J. For both SN 1993J and 2008ax,
B — V stops increasing on about day 40.
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Figure 12. B- and V-band colors for SN 2011dh. The optical minus NIR colors
are redder at the earliest observations and decline rapidly through day 9, while
optical minus optical colors are bluer in the initial observations and remain
nearly constant over days 4-9. All colors redden from day 10 through day 34,
which indicates the atmosphere is cooling.

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

The V — R color curve of SN 2011dh is generally similar to
V — R color behavior in SN Ib and SN Ic found by Drout et al.
(2011). These SN types are similar to SN IIb in that they are
core-collapse events with little or no hydrogen in the spectra.
The mean V — R values from Drout et al. (2011) display an early
decline through day 12 (with respect to the explosion), a period
of little change through day 20, and an increase through about
day 36. The V—R curve in SN 2011dh is slightly flatter, but
V — i’ is a close match.

7. BOLOMETRIC LIGHT CURVE

We construct a bolometric LC for SN 2011dh from UVOIR
data obtained by Swift, KeplerCam, and PAIRITEL. The flux
measurements are given by phase in Table 9, and the LC is
plotted in Figure 13. A second bolometric LC for SN 2011dh,
compiled by Ergon et al. (2013) from a different data set, is
also displayed. Bolometric LCs for two other Type IIb SN are
also displayed. SN 1993J (Richmond et al. 1994) is shown with
green triangles, and 2008ax (Pastorello et al. 2008) is plotted
with purple diamonds.

The spectral energy distributions (SEDs) were sampled at the
central wavelength of each observed passband. Measurements
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Table 9
Bolometric Luminosity by Phase

Epoch?  Total Flux b NIR Flux NIR UV Flux uv
(days) (10%2 erg s~ (10%? erg s™1)  Fraction (10%? erg s™1)  Fraction
4 0.29 0.09 0.31 0.05 0.16
5 0.35 0.11 0.31 0.04 0.11
6 0.43 0.14 0.32 0.03 0.08
7 0.56 0.17 0.31 0.04 0.06
8 0.67 0.21 0.31 0.04 0.06
9 0.80 0.24 0.31 0.04 0.05
10 0.94 0.30 0.32 0.05 0.05
11 1.05 0.33 0.32 0.05 0.05
12 1.17 0.37 0.32 0.05 0.04
13 1.27 0.41 0.32 0.05 0.04
14 1.34 0.44 0.33 0.05 0.04
15 1.43 0.47 0.33 0.05 0.04
16 1.52 0.51 0.34 0.06 0.04
17 1.59 0.54 0.34 0.06 0.04
18 1.65 0.56 0.34 0.06 0.04
19 1.69 0.58 0.34 0.06 0.03
20 1.74 0.61 0.35 0.06 0.03
21 1.77 0.62 0.35 0.05 0.03
22 1.78 0.64 0.36 0.05 0.03
23 1.78 0.68 0.38 0.04 0.03
24 1.73 0.67 0.39 0.04 0.02
25 1.65 0.67 0.40 0.03 0.02
26 1.58 0.66 0.42 0.03 0.02
27 1.48 0.63 0.43 0.03 0.02
28 1.39 0.61 0.44 0.02 0.02
29 1.29 0.58 0.45 0.02 0.01
30 1.21 0.55 0.46 0.02 0.01
31 1.14 0.54 0.47 0.01 0.01
32 1.07 0.51 0.47 0.01 0.01
33 1.01 0.49 0.48 0.01 0.01
34 0.97 0.47 0.49 0.01 0.01
Notes.

2 Whole days with respect to the time of explosion.
b Total measurement uncertainties are ~10% of the bolometric flux.

were corrected for Galactic reddening E(B — V) = 0.035 mag
using the total-to-selective extinction ratios for all filters given
in Schlegel et al. (1998). Magnitudes were converted to quasi-
monochromatic flux densities using the central wavelengths for
each filter as listed in Table 2. The flux was integrated by wave-
length using a simple trapezoidal rule. The UV contribution
was determined by integrating the reddening-corrected Swift
UV fluxes for filters UVW2, UVM?2, and UVWI. The missing
far-UV fluxes were estimated by assuming zero flux at 1000 A
and approximating the SED with a straight line between 1000 A
and A.(UVW2) = 2030 A. The missing mid-IR flux was approx-
imated by integrating the Rayleigh—Jeans tail of a blackbody
from the flux measured at the central wavelength of the reddest
filter to infinity. The total measurement uncertainties are ~10%.

The maximum bolometric luminosity of 1.8 x 10%? erg s~!
was reached about 22 days after the explosion (Table 9). NIR
contributions to the total bolometric flux account for about 30%
of the total bolometric flux from day 4 through the bolometric
maximum. After maximum, the NIR fraction increases, and it
reaches 49% on day 34. The UV fraction of the total is 16% on
day 4, and it declines rapidly to 5% on day 9 and then to 1% on
day 29.

Our results for the bolometric luminosity and fractional
contributions of the UV and NIR agree with the results presented
by Ergon et al. (2013) and by Lyman et al. (2013). Figure 13
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Figure 13. Bolometric light curves of three SN IIb. SN 1993J (Richmond et al.
1994) is displayed as green triangles and is shifted up by 0.10 log(erg s~!) for
clarity. SN 2011dh data from this paper are displayed with blue circles, and
SN 2011dh data from Ergon et al. (2013) are shown as red squares. SN 2008ax
(Pastorello et al. 2009) is plotted with purple diamonds, and the LC is shifted
down by 0.15 log(erg s~1). The LC for the three SN ITb LCs are very different for
the first 12 days, but the maximum luminosities, times of maxima, and decline
rates are similar. The phases at which He1 was first detected in each of the SN
IIb are marked with the same colors as the symbols.

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

shows that the bolometric LC for SN 201 1dh from this paper and
that from Ergon et al. (2013) are very close before the bolometric
maximum. After maximum there is a small divergence due to the
way that the NIR contribution is calculated. Our sample lacks
NIR photometry after day 22. From 23 to 34 days the reddest
filter in our sample is i’. That means that the blackbody used to
estimate the missing IR flux begins at 0.775 um. Ergon et al.
(2013) include MIR data from Spitzer, and they calculate the
missing IR contribution with a blackbody beginning at 4.5 um.

The Richmond et al. (1994) bolometric LC for SN 1993] in
Figure 13 is based on optical (UBVRI) observations. The missing
contributions on both the blue and red sides are estimated
by using the optical data to establish a temperature at each
phase. The amount of blackbody flux that would be emitted
outside the UBVRI window is added to the total from the optical
measurements. The bolometric LC for SN 2008ax was produced
by Pastorello et al. (2008). They compiled several data sets of
SN 1993] to construct a new UVOIR LC and then rescaled the
UBVRI data for SN 2008ax data using the same fractional NIR
contribution estimated for SN 1993J.

The early LC from SN IIb 2011dh, 2008ax, and 1993] have
very different shapes due to differences in the cooling times
of the shock-heated material surrounding each SN. However,
the maximum bolometric luminosities, the times of maxima,
the decline rates, and the B — V colors are similar for all three
SN IIb. The near uniformity in the bolometric LCs after the
first few days suggests that the hydrogen shells only affect the
LCs during the early, cooling phase. The similar bolometric
luminosities suggest that the >°Ni yields must have been close to
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Figure 14. Estimated temperature by phase for SN 2011dh from 4 to 34 days
after the explosion. The circles are temperature estimates based on blackbody
fits that include NIR data. The squares are temperature estimates made using
optical data only.

the same for each explosion. These conclusions are all consistent
with progenitors of SN IIb having similar compositions and
masses, but they explode inside hydrogen envelopes that can
vary significantly.

8. TEMPERATURES

Figure 14 shows estimated temperatures for SN 2011dh by
phase. The filled circles are temperature estimates obtained by
fitting BB curves by eye to a full set of optical and NIR SEDs
from passbands BV r'i’J H K . The filled squares are temperature
estimates using only optical SEDs (BVr'i’) that are fit to BB
curves by minimizing x2. Both methods suggest very little
change in temperature from day 4 to day 12, which is consistent
with nearly constant values for B — V during this epoch. The
phase at which the temperature begins to decline is also when
the H layer becomes transparent and reveals the He region below.

Figure 2 shows BB curves fit to the optical and NIR spectra
obtained 8, 12, and 16 days after the explosion. We find a
very consistent relationship between BB temperature curves,
the complete optical and NIR spectra, and the SEDs for optical
and NIR passbands u'BVr'i’JHK. We do not plot SEDs on
the already crowded Figure 2, but the temperature curves fit
to optical and NIR spectra pass directly through the SEDs for
passbands Vi’J HK at all three phases. The circles in Figure 14
represent the temperature of a BB curve that we chose by
eye to fit the Vi'JHK SEDs. Line blending is less severe in
the NIR than at UV and optical wavelengths, which puts an
additional premium on the PAIRITEL data that are available
through day 24. After day 24, we replace the JH K SEDs by
integrating the Rayleigh—Jeans tail of a blackbody.

The SEDs for u’, B, and r’ are less reliable. For example,
the r’-band SED is complicated by the large Ha absorption
feature in spectra of SN 2011dh. BB curves that pass through the
V-band and i’-band SEDs are always a little below the r’-band
SED. The suppressed continuum flux for SN 2011dh at less than
4000 A means that a blackbody is not a realistic representation
of data from SN 2011dh at these wavelengths. That means that
any method of estimating temperature with BB curves does not
actually fit data to the peak of the BB curves.

Temperature estimates made by fitting to a wider wavelength
range that includes the NIR appear to be more effective than
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estimates made with optical data alone. Our estimate for the
day 4 temperature is 8500 K, which is ~1000 K higher than
the temperature estimate for a day 3 optical spectrum provided
by Arcavi et al. (2011) and ~700 K higher than the estimate of
Bersten et al. (2012).

9. SUMMARY AND CONCLUSIONS

Our results show details of chemical layering in SN
2011dh that have not been previously reported for SN
IIb. We demonstrate the importance of NIR measurements
for line identification, temperature estimates, and bolometric
estimates.

A UV spectrum from HST/STIS shows a significant deficit in
continuum flux at wavelengths below 4000 A when compared
with other SN IIb. SYNOW model spectra are used to demon-
strate that line blanketing from Ti 11 and Co 11 are responsible for
the suppressed UV flux. We also use SYNOW models to inves-
tigate blended features and to support spectral evidence for the
presence of He in a spectrum obtained on day 11.

Velocities of H1, He 1, Ca 11, and Fe 11 lines are measured from
4 days after the explosion through day 34. All velocities are
at maximum in the earliest observations and decline rapidly to
about day 10. The change in the decline rate coincides with
the first detection of He1 in the spectra. H1 and He1 velocities
become constant by day 20, while Can and Feu velocities
continue to decline. The relative velocities between ions and
the velocity decline rates found in SN 2011dh are similar to
observations of SN IIb 1993J and SN IIb 2008ax.

We show that early measurements of both H1 and Her are
important for understanding the transition in SN IIb from the
early phases when hydrogen dominates the spectra to later
times when H fades and He becomes dominant. We present
the earliest secure identification of He1 lines in spectra of SN
2011dh. NIR spectra confirm that He1 is present 11 days after
the explosion. Using measurements of four H1 lines and five
Her lines, we show that the H and He line-forming regions
are separated by ~4000 km s~ at all phases. We suggest that
this gap is consistent with an optically thick, H-rich shell that
encloses the explosion and conceals material beneath it. In SN
2011dh, expansion makes the H shell transparent and reveals the
slower-moving He-rich region on about day 11.

Using the time intervals from the explosion to the first
detection of Hel, we estimate the relative masses for the
hydrogen-rich envelopes surrounding three SN IIb. We estimate
that the mass of the hydrogen shell surrounding the progenitor
of SN 2011dh was about three times more massive than the shell
around SN 2008ax but about eight times less massive than the
shell that enclosed SN 1993].

We present photometry of SN 2011dh from 12 filters and
construct a bolometric LC that has a maximum luminosity of
1.8 4 0.2 x 10*? erg s~! on day 22. The NIR fraction of the
total bolometric luminosity in SN 2011dh is 31% on day 4, and
it rises to 49% on day 34. The UV contribution to the total flux
is 16% on day 4, declining to 5% on day 9 and to 1% on day 29.

We compare the bolometric LCs for SN IIb 2011dh, SN
IIb 2008ax, and SN IIb 1993]J. The LC display significant
differences in the first 12 days after the explosion due to different
cooling times of the shocked regions. At subsequent phases,
however, the LC for the three SN IIb are very similar. Thus, the
hydrogen shell mass appears to influence only the very early LCs
of these SN IIb. The agreement of the bolometric luminosities,
the times of the maxima, the decline rates, and the B — V colors
for these three SN IIb suggests that the progenitors may have
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had similar masses and composition when they exploded inside
hydrogen shells of differing masses and distributions.

The progenitor of SN 2011dh has recently been identified as
a yellow supergiant star. Successful models based on that pro-
genitor will have to match the detailed velocity measurements
and LC data presented here.
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