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ABSTRACT

Some supernovae (SNe) may be powered by the interactioe &hthejecta with a large amount of circum-
stellar matter (CSM). However, quantitative estimateshef CSM mass around such SNe are missing when
the CSM material is optically thick. Specifically, currestienators are sensitive to uncertainties regarding the
CSM density profile and the ejecta velocity. Here we outlimaethod to measure the mass of the optically
thick CSM around such SNe. We present new visible-light arrdyobservations of SN 2010jl (PTF 10aaxf),
including the first detection of a SN in the hard X-ray banchg$uSTAR. The total radiated luminosity of
SN 2010jl is extreme, at least910°Cerg. By modeling the visible-light data, we robustly shoattthe mass
of the circumstellar material withir- 1016 cm of the progenitor of SN 2010jl was in excess of 19.MThis
mass was likely ejected tens of years prior to the SN exphoshur modeling suggests that the shock velocity
during shock breakout was 6000kms?, decelerating to~ 2600kms?* about two years after maximum
light. Furthermore, our late-timBluSTAR and XMM spectra of the SN presumably provide the first direct
measurement of SN shock velocity two years after the SN maxidight — measured to be in the range of
2000kms! to 4500kms? if the ions and electrons are in equilibrium, apd2000kms? if they are not
in equilibrium. This measurement is in agreement with theckhvelocity predicted by our modeling of the
visible-light data. Our observations also show that theaye radial density distribution of the CSM roughly
follows anr—2 law. A possible explanation for the 10 M., of CSM and the wind-like profile is that they are
the result of multiple pulsational pair instability eveptor to the SN explosion, separated from each other by

years.

Subject headings: stars: mass-loss — supernovae: general — supernovaeidadivSN 2010jl

1. INTRODUCTION

Some supernovae (SNe), especially of Type lin (for a re-
view, see Filippenko 1997), show strong evidence for the ex-
istence of a large amount (i.e2, 10 3M..) of circumstellar
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matter (CSM) ejected months to years prior to the SN explo-
sion (e.g., Dopita et al. 1984; Weiler et al. 1991; Chugai &
Danziger 1994; Chugai et al. 2003; Gal-Yam et al. 2007; Gal-
Yam & Leonard 2009; Ofek et al. 2007, 2010, 2013b; Smith
et al. 2007, 2008, 2009; Kiewe et al. 2012). In some cases
even larger CSM masses, of order 19 Nhave been reported.
However, these claims are based on very rough modeling that
may suffer from more than an order of magnitude uncertainty
(e.g., see Moriya & Tominaga 2012 for discussion). Inter-
estingly, three SNe were recently reported to show outburst
taking place prior to the SN explosion (e.g., Pastorellol.et a
2007, 2013; Foley et al. 2007, 2011; Mauerhan et al. 2012;
Ofek et al. 2013b).

Interaction of the SN blast wave with the CSM in many
cases produces long-lived panchromatic signals from ttadio
X-ray energies (e.g., Slysh 1990; Chevalier & Fransson 1994
Chevalier 1998; Weiler et al. 1991; Chandra et al. 2012a,
2012b; Ofek et al. 2013a). Most important for the interpre-
tation of the light curves of some SNe IIn, Svirski, Nakar,
& Sari (2012) have presented predictions for the optical and
X-ray luminosity evolution of SNe powered by interaction of
their ejecta with the CSM. Observing these signals has the po
tential to both unveil the physical parameters of the exptos
and to measure the CSM mass.

Until recently, hard X-ray instruments lacked the sensitiv
ity to study SN shock interactions. However, with the launch
of the Nuclear Spectroscopic Telescope ArrBly$TAR) fo-
cusing hard X-ray space telescope (Harrison et al. 2013),
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it is now possible to measure the hard X-ray spectrum (3—
79 keV) of such events. This in turn has the potential to di-
rectly measure, in some cases, the shock velocity of the SN
which is hard to estimate using other proxies. Here we ptesen
the first detection of a supernova (SN 2010jl, also known as
PTF 10aaxf) outside the Local Group in the hard X-ray band
usingNuSTAR.

SN 2010jl was discovered on 2010 Nov. 3.5 (Newton &
Puckett 2010) in the star-forming galaxy UGC 5189A (red-
shift z= 0.0107, distance 49 Mpc), and was classified as
a SN lin (Benetti et al. 2010; Yamanaka et al. 2010).

The SN coordinates, as measured in images taken by the

Palomar Transient Factory, am =09"42"535337, § =

+09°2942' 13 (J2000.0). Pre-discovery images suggest that

the SN exploded prior to 2010 Sep. 10 (Stoll et al. 2011).
However, the rise time and explosion date are not well con-
strained. Based on analysis of architalbble Space Tele-
scope images, Smith et al. (2010) argued that the progenitor
mass isz> 30 Mg. Stoll et al. (2011) show that the SN host
galaxy has a metallicity of 0.3 solar.

Patat et al. (2011) report on spectropolarimetry of
SN 2010jl obtained about 15days after its discovery. They
find a significant, and almost constant with wavelengthdine
polarization level (1.7%-2.0%) with constant position leng

Ofek et al.

TABLE 1
PHOTOMETRIC OBSERVATIONS

Telescope Filter MJD-55474  Mag Err
day mag mag

PTF R -178.762 <218

PTF R 39.444 13.514 0.003

PTF R 39.487 13.519 0.002

PTF R 40.489 13.532 0.004

PTF R 40.533 13.532 0.004

NOTE. — PTF, ASAS (Stoll et al. 2011), arflvift-
UVOT photometric observations of SN 2010jl. Time is
measured relative to MJD 55474 (20 days prior tolthe
band peak magnitude). The PTF aBaift magnitudes
are given in the AB system, while the ASAS measure-
ments are in the Vega system. This table is published
in its entirety in the electronic edition @{pJ. A portion
of the full table is shown here for guidance regarding its
form and content.

UTC system, and unless specified differently errors repitese
the 1.0 uncertainties. The structure of this paper is as follows.
We present the observationsd®, and the reduction of the X-
ray data is discussed §8. Our model is described i§#. In

g8 we apply the model to the observations, and we discuss our
results ing6l.

Based on that, they suggest that the axial ratio of the photo-

sphere of the event i 0.7. They also note that the Balmer-
line cores have small polarization, indicating that thegnfo
above the photosphere. They also argue that at the epoch
their observations, the CSM had a very low dust content.
Soon after its discovery, SN 2010jl was detected in X-rays

(Chandra et al. 2012a; Ofek et al. 2013a). Chandra et al.

(2012a) analyzed the first twBhandra observations of this

source. They find a high bound-free absorption column den-

sity, roughly 1% cm~2, about one month after SN maximum

light, decreasing te- 3x 10?3cm~2 about one year after max-
imum light. However, the value of the column density de-

pends on the assumed emission model. Chandra et al. (2012a

reported that the hardest X-ray component in the SN 2010jl
spectra has a temperature above 8 keV, but giveGkiaadra
drop in sensitivity above 8 keV, this temperature is not well
constrained. Here we also reanalyze @f@andra observa-
tions. Based on the X-ray observations of SN 2010jl, Ofek et
al. (2013a) suggested that the optical luminosity of thisiSN
powered by shock breakout in an optically thick CSM.

Here we analyzeNuSTAR, XMM-Newton, Chandra, and
Swift-XRT as well as visible-light and ultraviolet (UV) ob-
servations of the extraordinary Type Iin SN 2010jl. Under th
conditions we show to hold for it, at early times after explo-

f

2. OBSERVATIONS

We obtained multi-wavelength observations of SN 2010jl.
he most constraining observations for our model are the
bolometric light curve of the SN, and the late-time X-rayspe
trum obtained byNuSTAR+XMM. We note that the bolomet-
ric light curve is derived from th&-band observations with a
bolometric correction that we estimate from theft-UVOT

and spectroscopic observations.

2.1. Visiblelight observations

The Palomar Transient Factory (FFfiFLaw et al. 2009;

au et al. 2009) detected SN 2010jl (PTF 10aaxf) on 2010
Nov. 13.4, ten days after its discovery by Newton & Puck-
ett (2010). The PTF data-reduction pipeline is presented by
Laher et al. (in prep.), and the photometric calibrationeds d
scribed by Ofek et al. (2012a, 2012b). The PTF light curve of
this SN as well as the All Sky Automated Survey (ASAS) pre-
discovery data points from Stoll et al. (2011) are preseinted
Figure[1 and listed in Tablg 1. ASAS first detected the SN on
2010 Sep. 10, about 15days priorlttband maximum light

— soon after its solar conjunction.

The first-year PTF flux measurements taken before MJD

sion the shock in the dense wind is radiation dominated. That55760 show a clear power-law declirfB), the second-year

is, the energy density behind the shock is primarily in radia
tion because of the high Thomson optical depths. In this,case
the shock breaks out (i.e., is detectable to a distant obgerv
when the photon diffusion time is comparable to the dynam-
ical time. Straightforward considerations relate the &hae
dius, velocity, mass in the wind ahead of the shock, and lu-
minosity, so that the CSM mass can be inferred. We gen-
eralize earlier discussions to different power-law prefiler

flux measurements obtained between MJD 55760 and MJD
56070 (Fig[l) are consistent with an exponential decay; (i.e
O exp(—t/Texp), Wheret is the time andeyp is the exponential
time scale). We find that the best-fit exponential time scale i
Texp = 1298+ 1.5day (x?/dof = 0.7/15), where the uncer-
tainty is estimated using the bootstrap technique (Efr@219
Efron & Tibshirani 1993). We note that this is longer than the
time scale expected froR¥Co decay £ 111 day). Were this

the wind and the SN ejecta to obtain general relations amongdecay produced b¥#Ni decay t0°°Co and finally>®Fe, then

these quantities, and apply them to optical and X-ray olaserv

at least 27 M, of %5Ni would be required, which is unlikely.

tions of SN 2010jl. Combining our model with the observa- \joreover, at later times the decay rate becomes significant|
tions, we are able to measure the total CSM mass, its density|ower than the exponential decay expected from radicactiv

profile, and the temporal evolution of the shock velocity.

We note that throughout the paper dates are given in the 15 pyp:/aww.astro.caltech.edu/ptf/
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FiG. 1.— Optical light curves of SN 2010jl. The black filled csl@nd magenta filled circles represent the PTF measurenvenitd) are based on image
subtraction. In this case the uncertainties include thed®oi error and a 0.015 mag systematic error added in quesl(@iek et al. 2012a, 2012b). See the
legend for ASAS an@wift-UVOT measurements. The gray lines show the best-fit brokareplaw to the PTIR-band data. The power-law index before (after)
the break is-0.38 (—3.14). The power-law break is at day 344 (with respect to MID78%4The epochs of thehandra and NUSTAR+XMM observations are
marked by vertical dotted lines. The right-hand ordinatis akows the bolometric luminosity for the PR-band data, assuming the bolometric correction is
—0.27 mag. Time is measured from 20 days priot-4mand maximum light. The various physical stages are imelitat the top of the plot. These are the shock
breakout phase, the early power-law decay, and the snow{gtase (seéd). Also shown is the section of the light curve which is fitteell by an exponential
decay (i.e., “exp—t)”).

material (see Fid.l1). Therefore, a more reasonable irg&pr
tion is that the SN light curve is powered by interaction @& th
SN shock with CSM. Interestingly, the second-year and third »
year data (MJD> 56070) are also roughly consistent with a 10
power-law decay. The power-law fits to the light-curve data 7~
are shown in Figurg]l 1 and discussedfth

2.2. Spectroscopy

<
|
7
SN 2010jl was observed spectroscopically by the PTF col- é
laboration on several occasions. A log file of the obsermatio &0
L

"

=

£

is presented in Tablgl 2. The data will be electronically re-

leased via the WISeREP webER¢Yaron & Gal-Yam 2012).

Selected spectra of SN 2010jl are shown in Fiduire 2.
Inspection of the spectra of SN 2010jl show that thelithe

consists of several components. The narrowest features we 978

detected are H, HB, and Hel P-Cygni lines, with a veloc-

ity difference between the peak and minimumo70kms* Lol On by HE' el Ola me |, ca ‘
(see also Smith et al. 2012). Thextprofile in the spectra 4000 5000 6000 7000 8000 9000 10000
can be decomposed into a Lorentzian and a Gaussian, wher: Rest wavelength [A]

. . . - 1 _
the.GaUSSIan has a VeIOCIty width @f~ 300kms . Al.ter FIG. 2.— Selected visible-light spectra of SN 2010jl. The nunmi®ar each
natively, the early-time spectra can be decomposed in&Bthr  spectrum marks its age in days (see Table 2). The last specaken on

day 978 may be contaminated by emission from the underlytmgferming
18 http://www.weizmann.ac.il/astrophysics/wiserep/ region.
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TABLE 2 1000d- i
VISIBLE-LIGHT SPECTROSCOPIC OBSERVATIONS
MJD Day Telescope Instrument T, & o509 1
eff / ~
day day K '_59000 + ﬂ t9; 8= +0.06 |
55505 31  Keck LRIS 7560 HH'» + + +
55507 33  Keck DEIMOS 6800 8500- ,
55507 33  Keck DEIMOS 6320 155 !
55515 41  Lick Kast 7090 ;L
55530 56 Lick Kast 7360 = 15. 1
55538 64  Keck LRIS 7160 £ fotene o -
55565 91  Lick Kast 6590 T 153 ]
55587 113  Lick Kast 6650 oo
55594 120  Lick Kast 6740 g 153 1
55864 390 P200 DBSP 6380 8 4 . |
56332 858 Keck LRIS 10400 '
56414 940 P200 DBSP 10600 15 ‘
56421 947 Keck LRIS 11670 10 10
56452 978 Keck LRIS 9350 MJD-55468 [day]
NoTE. — MJD is the modified Julian day. Day is FIG. 4.— Temperature and radius of a black body that best fitSthift-
the time relative to MJD 55474 (i.e., 20 days before UVOT observations as a function of time. Observations madeenthan
the I-band peak flux). The formal uncertainties in 500 days after maximum light are excluded, as they are signifiy affected
the temperature measurements are about 50-300 K. by the host-galaxy light and we do not yet have a referencgénséthe host.
However, due to metal-line blanketing, the actual ef- The gray line shows a power law fitted to the temperature data.
fective temperature can be higher. A large fraction
of the spectroscopic observations listed here were ) )
presented and discussed in Smith et al. (2012). served SN 2010jl on several occasions. The data were reduced
using standard procedures (e.g., Brown et al. 2009). Flux
1200 ; from the transient was extracted from &1&dius aperture,
. with a correction applied to put the photometry on the stan-
10000- ' dard UVOT system (Poole et al. 2008). The resulting mea-
< 000 ! surements, all of which have been converted to the AB sys-
2000 | tem, are listed in Tablg 1 and are shown in Fidgdre 1. We cau-
~ N . t9; B = —0.04 + 0.03 tion that these results have not incorporated any contoibut
7000- . S ] from the underlying host galaxy, and may therefore overesti
so00” ‘ . mate the SN flux at late times. Specifically, the UVOT mea-
£ * oo o surements in Figufg 1 near 900 days are heavily contaminated
= e oo . ] by an underlying star-forming region in the host galaxy. We
€ fitted a black-body spectrum to the UVOT measurements as a
HEE 150 7 function of time, and the results are shown in Fiddre 4. In the
= fits we corrected the flux measurements for Galactic extinc-
g 145 ool tion, assumindeg_v = 0.027 mag (Schlegel et al. 1998) and
- e Ry = 3.08 (Cardelli et al. 1989). We note that we also tried
14 ‘ . to fit the black-body spectrum witBg_\ as a free parame-

ter, and verified that the best fit is obtained near the Schlege
_ o et al. (1998) value foEg_y. The Swift-derived black-body

i Fr']f 3-—t Temp?ratk‘]”e a”? radius °]f a bt'.aCk ?‘z.dy th%gg.st f':ﬁ"*'b'@" temperature shows some indications that it is rising in tisé fi

ight spectroscopic observations as a function of time.ol ing the spec- : . :

tra, we corrected the flux normalization by comparing thecspesynthetic ~ Z.OO.days after maximum Ilght' However, we CaUt.Ion that

photometry with the PTIR-band magnitudes. We also removed the promi- deviations from a black body caused by spectral lines that
nent emission lines and the Balmer discontinuity. We no# tiecause of are not dealt with in the broad-band observations, as well de
additional metal-line blanketing, this estimate is likelyower limit on the viations from a black-body spectrum (Sm) and metal-

actual temperature. The gray line shows the best-fit powertdethe tem- . . . .
perature measurements in the first 390 days. The measusemenked by line blanketlng, can affect the derived temperature anisad

squares were obtained clearly after the break in the opliigfa curve and Therefore, we argue that the quoted temperatures are likely
were not used in the fit of the temperature as a function of.tintese late- only a lower limit on the effective temperatures.

time measurements may be contaminated by the host-gagity i These temperature measurements differ from those ob-
tained using the spectroscopic observati¢f2s3). However,

Gaussians, in which the widest Gaussian has velocity widthdue to metal-line blanketing and given that the spectrakpea
o ~4000kms?. At late times, about six months after max- is too blue to be probed by visible-light spectra, we conside
imum light, the Hx line develops some asymmetry; it is dis- both the spectroscopic and UVOT observations to be lower
cussed by Smith et al. (2012) and attributed to dust formatio limits on the temperature. The temperature evolution based
We fitted a black-body spectrum to the spectroscopic mea-the visible-light spectra is opposite to that based on th©OV
surements as a function of time, and the derived black-bodyobservations. However, both evolutions seen in figlres 3 and

10°
MJD-55474 [day]

temperatures and radii are shown in Fidure 3. are very moderate. 1§5.7 we investigate the effect of this
uncertainty on our results, and 5.2 we discuss the nature
2.3. Swift-UVOT of the decrease in the black-body radius at late times.

The Ultra-Violet/Optical Telescope (UVOT; Roming et al.

2005) onboard thé&wift satellite (Gehrels et al. 2004) ob- 2.4. NuSTAR
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TABLE 3
L oG OFNUSTAR, XMM, AND Chandra OBSERVATIONS
Inst ObsID MJD Exposure time  Count rate
(day) (s) (ctks?1)
Chandra 11237 55522.12 10046 D+1.0
Chandra 11122 55537.29 19026 &+0.71
Chandra 13199 55538.16 21032 mr+0.74
Chandra 13781 55852.09 41020 35+0.88
NuSTAR 40002092001 56205.98 46000 .2%0.8
XMM 0700381901  56232.72 12914 158

NoTE. — MJD is the modified Julian day. The background-corrected
count rate is in the 0.2—10 keV band folhandra andXMM, and 3-79 keV
for NUSTAR. For Chandra we used an extraction aperture radius'688d
a sky annulus whose inner (outer) radius i§ 200’). For XMM we used
an extraction aperture radius of’32nd a sky annulus whose inner (outer)
radius is 32 (33.5”). For NUSTAR we used an extraction aperture radius
of 60" and a sky annulus whose inner (outer) radius 6 @0’). The
XMM count rate is the combined value from all three instrumeiitse
first threeChandra observations were obtained within a time window of
16 days. Here we analyzed the first three observationsyjparid refer to
them as the firs€handra epoch, whileChandra ObsID 13781 is referred
to as theChandra second epoch.

NuSTAR is the first hard X-ray focusing satellite (Harrison
et al. 2013). Its broad energy range (3-79keV) allows us
to determine the previously unconstrained temperaturbeof t
hardest component of the X-ray spectruduSTAR observed
SN 2010jl on 2012 Oct. 6, roughly 2 yr after the discovery of

3

=

F1G. 5.—Chandraimage of SN 2010jl (ObsID 13781). The SN is the bright
source at the center. The nearby source’ is&st of the SN. The black circle
has a radius of 3Q similar to theXMM extraction region. Several sources are
visible within this extraction radius. There are no addi&ibbright sources
outside this radius and within 6@®f the SN position (i.e., th&luSTAR ex-
traction region).

the SN. We obtained a usable exposure time of 46ks. This

was the first SN observed by tiMuSTAR “supernovae and

In addition, there are multiple weak sources located within

target-of-opportunity program.” Spectra and images whereha source extraction regionsX¥M andNuSTAR (Figure ).

extracted using the standadSTAR Data Analysis Software
(NuSTARDAS version 0.11.1) andiEASOFT (version 6.13).
XSPEC (Arnaud 1996, version 12.8) was used to perform the
spectral analysis in combination with th®M data. A sum-
mary of the high-energy observations of SN 2010jl is given in
Table[3.

2.5. XMM

Shortly after we obtained thBIUSTAR observations, we
triggeredXMM-Newton for a target-of-opportunity observa-
tion (see Tablgl3) with the goal of determining the bounda:-fre
absorption utilizingKMM'’s good low-energy X-ray response.
The observation was carried out during 2012 Nov. 1 for 13ks,
resulting in a usable exposure time~0fl0 ks for the MOS1
and MOS2 detectors and 4 ks for the PN detector, after fil-
tering out periods of high background flaring activity. The
Science Analysis System softwas§, version 12) was used
for data reduction. Spectral analysis combined withNh&-
TAR data was performed usir¥$PEC version 12.8.

2.6. Chandra
Chandra observed the location of SN 2010jl on five epochs

(PIs Pooley, Chandra; Chandra et al. 2012a). All the observa

tions except one are public.

Inspection of th&Chandraimages shows emission from the
SN position, as well as from another source only abdut 2
east of the SN (Fid]5). In order to make sure thatGhen-
dra flux measurements are compatible with the other X-ray
observations we used a relatively large aperture of radius 3
This extraction aperture contains light from the nearbyseu

We use th&Chandra observation to determine their mean flux
and spectrum, and as an additional (known) component while
fitting the spectra froMNuSTAR andXMM. TheChandra data
were analyzed usingSPEJY] V12.7.1 (Schafer 1991). The
Galactic neutral hydrogen column density in the directibn o
SN 2010jl isNy = 3 x 10?%cm~2 (Dickey & Lockman 1990)

All of the nearby sources were fitted jointly with an absorbed
power law assuming Galactic absorption. The fit resulted in
a photon power-law index df = 1.375 and a flux of 8 x
10-®phcnr?s71 in the energy range 0.3—-10key¥/dof =
12.5/12). The spectra as well as the contamination by the
nearby sources are discussed and model&d.in

2.7. SNift-XRT

The Swift X-Ray Telescope (XRT; Burrows et al. 2005) ob-
served SN 2010jl on multiple epochs since the SN discovery.
For eachSwift/XRT image of the SN, we extracted the num-
ber of X-ray counts in the 0.2—-10keV band within an aper-
ture of 9’ radius centered on the SN position. This aperture
contains~ 50% of the source flux (Moretti et al. 2004). The
background count rates were estimated in an annulus around
the SN location, with an inner (outer) radius of’5@00").

The log of Swift-XRT observations, along with the source and
background X-ray counts in the individual observations, ar
listed in Tablé¥. The binnefwift-XRT observations are pre-
sented in Figurgl6 and listed in Table 5.

3. X-RAY SPECTRA OF SN 2010JL
Chandra et al. (2012a) analyzed tlbhandra spectra.

The background was extracted from an annulus with an innerThey found that multiple components are required (e.g., two

(outer) radius of 20 (40"). The observations are plotted in
Figure[6 and presented in Table 3.

17 http://heasarc.gsfc.nasa.gov/xanadu/xspec/
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o XRT 125 TABLE 5
12 : BINNED Swift-XRT DATA
glo— P
5 o (MJD) Range CR Exp. (E)
% sl . 0.25 x predicted L, _, + s 5, (day) (day) (day) (cnt/ks) (ks) (keV)
g ol + + + + *g 55505.5 —-04 3.6 250704 36.02 476+0.28
8 JRRE I 55512.6 —0.7 4.9 222079 26.08 562+0.33
o E 555234 -33 2.8 147730, 679 5004048
s g{ o 555327 -30 3.0  302'%3, 6.63 515+0.70
2’1 556759 -0.3 32  700°13 9.43  453+0.30
=0 ; ; ; ; ; ; ; ; —o 56219.9 -129 1.4  728'13 10.72 306+0.31
2 % 1 56326.9 138 16.7 721'}3, 18.85 272+0.23
4 +*+ . 56355.5 —0.0 0.0  461'5) 0.87 288+1.94
=4 56380.3 —0.0 0.0 707'%%, 15.83 280+0.23
i LS P 56429.1 -24 44  676'055 21.60 292+0.21

NoTE. — SN 2010jl binnedSwift-XRT light curve. (MJD)

JD-2450000 [day]

FIG. 6.— Upper pandl: X-ray light curve of SN 2010jl. The left-hand or-
dinate axis shows th8wift-XRT count rate, while the right-hand ordinate
axis represents thBwift and Chandra X-ray luminosity in the 0.2-10 keV
band assuming a Galactic neutral hydrogen column densBydf0?° cm—2
(Dickey & Lockman 1990) and an X-ray spectrum of the fanf) 0 E~1,
wheren(E) is the number of photons per unit energy. We note that the un-
absorbed luminosity would be a factor of 1.7, 4.5, and 54 ifmigher for

a neutral hydrogen column density 0f22010?3, and 16*cm 2, respec-
tively. The gray line shows.@5 times the predicted X-ray luminosity based

on Equatio 27, assuming = 10 beforet,, andm= 4 afterward (se€5.3). As mentioned in@, the@_ha”dra images ,ShOW seveyal
The XRT andChandra measurements are contaminated by the nearby source Other sources near the position of SN 2010jl. Interestingly
and therefore over estimate the flux by about 1@%wer panel: The mean we identify one source only’Zrom the SN position. We note
X-ray energy of theSwift-XRT photons in the 0.2-10keV range. that the mean photon energies of the primary source (ie., th
SN) and this nearby source are very different, about 4 and
2keV, respectively. We fitted a two point-spread function
(PSF;CALDB, version 4.5.5.1) model to the two sources si-
multaneously using our own code. We use@mandra 4 keV

is the weighted mean modified Julian day of all the obsematio

in a given bin, where the observations are weighted by their e
posure times. Range is the time range aro(MdD) in which

the light curve (TablE]4) was binned. CR is the counts rategalo
with the lower and upperd uncertainties. The source count
rates are corrected for extraction aperture losses (5Q8)is

the mean energy of photons within the 0.2-10 keV range and the
standard error of the mean.

TABLE 4
Swift-XRT OBSERVATIONS

PSF for the SN, and the 2 keV PSF for the nearby source. This

MJD Exposure time  Source Background .

day (ks) () () exercise allows us to measure the flux of the nearby source
Se505.08 193 3 5 (which is useful as a constraint while analyzing data from
5550515 13.49 15 26 other instruments with poorer resolution). This also shows
55505.67 6.70 12 19 that the nearby source is real and not an artifact ofGhan-
55505.89  4.66 6 19 dra PSF. We find that in ObsID 11237 the nearby source con-
55506.08 1.80 0 2

NoOTE. — MJD is the modified Julian day. Source is
the number of counts in the 0.2—-10 keV band within an
aperture radius of’9 centered on the source position.
Background is the number of counts in the 0.2-10 keV
band in an annulus of inner (outer) radius’§200")
around the source. The ratio between the background
annulus area and the aperture area i$92 This ta-
ble is published in its entirety in the electronic edition
of ApJ. A portion of the full table is shown here for
guidance regarding its form and content.

tributes 14.1% of the total flux. We also find that this nearby
source is consistent with being constant in time (over the
Chandra epochs) and has a mean count rate of 0.0010'ct s
(15% error) in the 0.2-10keV band.

We speculate that this source interfered with the X-ray spec
tral fitting reported by Chandra et al. (2012). In fact, usamg
extraction aperture that does not contain the nearby source
changes the result relative to an extraction with a bigger-ap
ture that contains the second source. Therefore, in order to

minimize the contamination, we manually selected a small
Mekald spectra; Mewe et al. 1986) in order to obtain a good aperture (8 radius) with minimal second-source flux (i.e., the
fit. Based on our modeling describeddB, we argue that this ~ aperture was shifted from the source center to exclude pho-
SN is powered by interaction of the SN shock with an opti- tons from the nearby source).
cally thick CSM. In this case, at least in the first 2yr after ~ Table[6 gives a summary of our best-fit models to the var-
discovery, using Mekal (i.e., optically thin emission) qooa ious X-ray observations. We note that some of these models
nents is not physically justified. It is possible that the goo have strong degeneracies between the parameters. Thegrefor
fit obtained by Chandra et al. (2012) is a result of the large itis hard to interpret the X-ray spectra. Moreover, we itk
number of free parameters in their model. In addition, it is @ good physical understanding of the X-ray spectra from opti
possible that the low-energy component suggested by Chancally thick shocks. Given these caveats, in Table 6 we fit sev-
dra et al. (2012) originates from the nearby (soft) souree (s eral models, some of which are motivated by our modeling of
below). Here we attempt to fit physically motivated simple the optical light curve, presented§f.3. TheNuSTAR+XMM
models, with a small number of degrees of freedom. spectral fits are shown in Figure 7. The models we use are ei-
ther Mekal spectra or power laws with an exponential cutoff
which corresponds to the gas temperature. In addition, the
models include bound-free absorption due to solar-meitli

18 Mekal is an emission spectrum from hot diffuse gas with liftes Fe,
as well as several other elements.
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gas. ejecta and CSM are interacting, are known from self-similar
Chandra et al. (2012) reported a detection of a 6.38 keV solutions of the hydrodynamical equations (Chevalier 982
iron Ka emission line in theChandra spectrum taken in the Later on, when the shock runs over a mass of CSM equiva-

first year. In Figuré18 we show theéhandra spectra, uncor-  lent to the ejecta mass, the shock will go into a new phase of
rected for instrumental sensitivity, around the i€nergy. The  either conservation of energy if the density is low enougt an
third observation (ObsID 13199) as well as the coaddition of the gas cannot cool quickly (i.e., the Sedov-Taylor phase),
the first three observations (i.e., first epoch; ObsIDs 11237 to a conservation of momentum if the gas can radiate its en-
11122, 13199) show a possible detection of thee é&mission ergy by fast cooling (i.e., the snow-plow phase). In either
line. In order to estimate the line properties and signifigan case, the light curve in this final stage will be charactetize
we used the maximume-likelihood technique to fit a Gaussianby a steeper decay rate (Svirski et al. 2012).
profile to the line. We find that the best-fit rest-frame energy The observables in this approach are the light-curve rise
(assuming = 0.0107) is 64;]_j8-8§1 keV, the line width iso = time, the luminosity and its decay rate, the time of power-la
0_033{8%22@\/ (this corresponds ta — 154@?388"”‘ s, break in the light curve, and the shock velocity at late times
-0 ) 158 e 1 as measured from the hard X-ray observatlons. Theselobserv—
and the line flux ig3.6735) x 10> countss™. We note that  gples allow us to solve for the shock radius and velocity as a
the ACIS-S energy resolution around 6.4 keV is about 280 eV, function of time, the CSM density profile, and the total mass;
which corresponds to a velocity of 13,000 kntsTherefore, they also provide a consistency test.
our best-fit line width prefers an unresolved spectral liree,(

zero velocity broadening). We also find there is a 2.5% prob- 4.2. The Optical Light Curve
ability that the Kx line is not real. A SN explosion embedded in CSM with optical depth in ex-
cess of~ c/vs, wherec is the speed of light and; is the SN
4. MODEL shock velocity, will have a shock breakout within the opitica

Here we outline a theoretical framework to analyze the ob- thick CSM. The analytical theory behind this was presented
servations in the context of an interaction model. We compar by Ofek et al. (2010), Chevalier & Irwin (2011), Balberg &
this model with the observations . An important caveat ~Loeb (2011), Ginzburg & Balberg (2012), Moriya & Tomi-
for our model is that it assumes spherical symmetry, which is Naga (2012), and Svirski et al. (2012), while simulations of
reasonable only if the deviations from spherical symmetey a Such scenarios were presented by Falk & Arnett (1973, 1977),
of order unity. among others. Here we review the theory and extend it to a

Our modeling strategy is similar to the one described by general CSM power-law density profile and general ejecta ve-
Svirski et al. (2012), but it is more general in the sense thatlocity power-law distributions. _
we do not assume the values of the CSM radial density distri- _Following Chevalier (1982), we assume that the expanding
bution and ejecta velocity distribution. A qualitative bue ~ €jecta have a spherically symmetric power-law velocity dis
of the model is presented #.1. Sectiof 4]2 presents the tribution of the form

model quantitatively and describes the bolometric lumiyos g/ r\~m
as a function of time. 4.3 we discuss the possibility of Pej =1 (6) 1)
detecting radio emission, afd.4 discusses the properties of ) ) o _ ) ]
the X-ray emission. Here pe; is the ejecta density,is the time r is the radiusm
is the power-law index of the velocity distribution, agds
4.1. Qualitative Description of the Model a normalization constant. This model is justified because th

. . _ outer density profile of massive stars can likely be approxi-

A brief outline of the model is as follows. After the SN 5ted as a power law (e.g., Nomoto & Sugimoto 1972). We

shock moves beyond the stellar surface, it propagatesipan 0 eypectm - 10 for progenitor stars with a radiative envelope,

tically thick CSM and some of its kinetic energy is converted gngm~ 12 for progenitor stars with a convective envelope
into optical photons (UV to IR). The relevant source of opac- (e.g., Matzner & McKee 1999). We assume that the ejecta are

ity is mainly Thomson scattering, which is independent of expanding into a CSM with a spherically symmetric power-
wavelength. If the Thomson optical depths large enough,  |aw density profile of the form

the photons are trapped and the shock energy is mediated by

photons — photons diffuse out, scattering upstream elestro Pesm= Kr™", (2

and accelerating them. A radiation-mediated shock “breaks . : : o

down” or “breaks out” (i.e., radiation escapes ahead of the Wherew is the power-law index anld is the normalizatid.
shock) when photons diffuse ahead of the shock faster thar]n @ Wind profilew =2, K = M/(4mnvcsw) is called the mass-
the shock propagates. This happens whenc/vs (Weaver loading parameter with units of g crh (wherevcsy is the

et al. 1976; and see discussion for the case of wind-breakouSM or wind velocity), andV is the mass-loss rate. We note
in Ofek et al. 2010). Heres is the shock velocity, andis the ~ that even if the CSM is ejected in a single outburst, we ex-
speed of light. pect the CSM to spread over a wide range of radii since the

Katz et al. (2011) and Murase et al. (2011) showed that €jecta probably have a wide range of velocities. Given these
if there is a sufficiently large amount of CSM above the assumptions, Chevalier (1982) showed that the forwardisho
shock-breakout radius, the shock will transform from being radius is given by
radiation mediated to collisionless (i.e., the photonsrave Ag™\ 1/(m-w)
longer trapped). At this time the shock (and ejecta) is mgvin rs= (—) t(M=3)/(m-w)
through the CSM and its kinetic energy is converted to radia- Kt (m—3)/(m—w)
tion at a rate ok (pv2/2)(41mr2vs), wheree is the efficiency, = ro(—) , (3)
p is the CSM density, and; is the shock radius (e.g., Svirski to
et al. 2012). The time dependencergfandvs, while the 19 Chevalier (1982) denotds by g andw by s.



normalized counts [s'kev']

Ofek et al.
TABLE 6
SPECTRALMODELING OF THEX-RAY DATA
Instruments ObsIDs MJD  Counts Model
(cnt) Par Val C-stat/dof (goodness)
Chandra 11237,11122,13199 55536 485 zphabs*zbb 33.0/34 (0.76)
Ny 20x 10?2 cm2 (frozen)
KT 3471 2keV
norm (44749 x 1075
zphabs*powerlaw*spexpcut no fit
KT 1.5keV (frozen)
Chandra 13781 55852 1257 zphabs*zbb 73.5/76 (0.20)
Ny (0.7123) x 1072 ¢cm™2
KT 3451 kev
norm (4.7+23) x10°°
zphabs*powerlaw*spexpcut 81.47/76 (0.36)
Ny 0.99+243) x 10”2 cm 2
KT 15keV (frozen)
r —0.45+0.23
norm (141383 x 1075
NUSTAR+XMM  (Table[3) zvphabs*mekal 120.6/95 (0.79)
Ignoring faint sources Ny (1.1122) x 1072 ¢cm2
KT 182152 keV
Faint sources removed zvphabs*mekal 119.7/94 (0.73)
Ny (1.1123) x 1072 ¢em2
KT 17.7 53 keV
Faint sources removed zvphabs*powerlaw*spexpcut 94 (@'9%k)
Ny (0.28"221) » 1072¢cm—2
KT (5.6113) keV
r 0457538
Faint sources removed zvphabs*powerlaw*spexpcut 105.@913)

NH
kT
r

(0.65731%) x 1072 cm2
(10151 kev
1 (frozen)

NoTE. — Separated by horizontal lines are the different modekdfito the three epochs of X-ray spectra. Models that inchedshift (e.g.,
zphabs, zbb) use the SN redshift as a frozen parameter; agegm@n exponential cutoff model of the form éxgE /kT|Y), where we freezg = 1;
and powerlaw is a power-law model of the fofirE ", where the normalization parameter has units of photonskexi—2s~1 at 1 keV. Goodness
is calculated using thispec “goodness 1000” command (i.e., the fraction of realizatimith C-statistic< best-fit C-statistic). ThBIUSTAR+XMM
fits have two versions. Those with “Ignoring faint sources’the second column are fits for all the photons within thedagtraction apertures
of NUSTAR andXMM. This fit is contaminated by the faint sources within the PSE.[). In fits marked by “Faint sources removed” we added a
frozen component to the model that takes into account théoomd spectrum of all the faint sources within the PSF, assored in theChandra

images (seg2.8).

106

10
Energy [keV]

10
Energy [keV]

10
Energy [keV]

FIG. 7.—Pand (a): Best-fit Mekal (zvphabs*mekal) to the combinBdSTAR+XMM observation. The model consists of two components: Therldeted

lines represent the fixed power-law model of the faint neanyrces (see text), and the upper dotted lines represeat/i@bs*mekal best-fit model to the
SN 2010jl X-ray spectrum. The solid lines (stairs) show testlzombined fit for each instrument, while the plus signsvstie data with error bars. The
instruments ar&uSTAR FPM A (blue),NuSTAR FPM B (cyan),XMM PN (green) XMM MOS1 (black), anckMM MOS?2 (red). The fit parameters are listed in

Table[6.Panel (b): Like panel (a) but for zvphabs*powerlaw*spexpc®and (c): Like panel (a) but for zvphabs*powerlaw*spexpcut with fixe= 1.
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ObsID 1137, =48 day ‘ T@ where the last step is obtained using Equdifion 5. Hgge/,,
55t # 77777 #{ *#74’ 777777 * 777777 # andty, are the radius, velocity, and time scale of the shock
1 L ‘ ‘ ) I, breakout, respectively (replacimg, vo, andtp).
O omp itz weaamy ‘ ‘ ‘ T The integrated CSM mass within radiusr timet, assum-
5t * % % * 4 4 # 1 ingw < 3 and star radius, <1, is given by
g 0 ibleliéQ‘t:sz;day 1 +1 1 i } L} (c)l M :é[(; 4m2Kr7Wdr = %ﬁ’w
£ 10t ! _ank (mew ) T 3w (B-W)2/(M-w)s (3-w)(m-3)/(m-w)
2 0$++#¢*¥;++;+ _37W(m73) Vho oo t )
po e : | | o] Assuming fast cooling, following the shock breakout the
ob ] ¢ SO +”+7,;, BN S i kinetic energy is converted into radiation (bolometric lum
e ‘ : 1 1 1 1 J — nosity) at a rate of
101,,+ ,,,,,, : +++$+$++;$ L = 2mer2pve. (10)
Qg v o5 o5 - The value of the efficiency factog, is discussed iff5. We
Energy [keV] note that Equatiofn 10 assumes thats> vesm. Substituting

FIG. 8.— Chandra spectra of SN 2010jl around thedKline energy. The the ex_pressmns fars (Eq'B)’ p (Eq.[Z), andvs (Eq'@') Into
spectra are uncorrected for instrumental sensitivity. fiisethree panels (a— Equatiori 10 we get
c¢) show the individual first three observations. Panel (dy&hthe coaddition L= Lota (11)
of the first three observations, designated as the@inandra epoch. Panel ’
(e) presents the secoi@handra epoch. The time relative to MJD 55474 is

marked on each plot. The bin size is 0.1 keV which corresptmésveloci where
of 4700kmst. l\ﬁeasurements indicated by squares sho&l the bin cgltered q= (2—w)(m—3)+3(w-—3) (12)
around 6.38keV (i.e., the rest-frame energy of thelite). - m—w )
whereA is a constant derived from the self-similar solution. and
The second part of the equation simply absorbs the coeffi- Lo= 27T£Krk2)g""vgotg0“. (13)
cients into arbitrary andte. By differentiating Equatiofi]3 ) ) _
we get the forward-shock velocity as a function of time, ;Jgt'”g Equatio 6 we can removs, from Equatior[ ID and
m—3 /Ag"\ 1/(m-w) - _ 2—-w
=D (2T e/ mw Lo=2mek (T—2)" MEW e (14)
t \ (W=3)/(m-w)
EVO(%) ) (4) Equatior IlL was derived by Svirski et al. (2012) for the spe-
cial case ofv=2 andm=12, 7, 4.
where 3 Equation 1L provides a description of the light curve fol-
vo=z2To (5)  lowing the shock breakout, assuming< 3 andm > 4 (for
m—w o radiative shock). However, another condition is thet 2.
The shock breakout in a CSM environment occurs when the T N€ reason is that v < 2 then the diffusion time scale di-
Thomson optical depth is verges, and therefore the shock will breakout near the edge
of the CSM. In this case we will not see a light curve with
T &2 C/Vpo, (6) a power-law decay (i.e., EQ.111) lasting for a long period of

times as seen in Figuké 1. Therefonex< 2 is not a relevant
solution for SN 2010jl. Figurg]9 presents the valueaois
a function ofm andw. We are not aware of a relevant self-

where v, is the shock velocity at breakout (e.g., Weaver
1976). The expression for the Thomson optical depth, assum

ingw>1,is similar solutioff9 for w > 3.
T: ® cdr— KK 1w @ Equation Il is correct only if the shock is in the fast-coglin
i p w_1's > regime. The free-free cooling time scale is
wherers is the forward-shock radius andis the opacity. We N s( T \Y2/ n -1,
note that forw = 2, Balberg & Loeb (2011) showed that the tf cool ~ 1.8 x 101 (108K) (1crrr3) Z%s  (15)

total optical depth (taking into account the reverse-shumrk . . . .

tribution) is a factor of 1.55 times larger. Chevalier (2p13 WhereZis the atomic number of the atom ands the particle

argues that at late times the reverse shock may dominate thdensity given by

X-ray emission. In this case the effective optical depth may n— Ko w (16)

be even higher. Effectively, this uncertainty can be absorb (Hp)ymy

into the uncertainty in the opacity, which is discussed if5. . ]

We note that our main conclusions do not depend on the late\where(ip) is the mean number of nucleons per particle (mean

time observations. From Equatids 6 &hd 7 we can derive armolecular weight) andy, the proton mass. The criterion for

expression foK, fast cooling is thati o0 < t. Therefore, for time scales of a
< year (3x 107 s), fast cooling requires > 6 x 10’ cm™3,

(w—Drye?
VbhoK 20 i
The Waxman & Shvarts (1993) solution does not corresponadb f

— -1
_° (w—1) (%\/)W Vﬁvgztt‘ﬁ;la (8) cooling, which is the case here.
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15 T We note that g is the luminosity evaluated at time of 1 s rather
146 d 4 4 s thanty, (see definition in E4._11). Additional relations can be
P ¢ =

derived, including relations that dependway and/or the in-
/ . tegrated luminosity (i.e.f Ldt = Lot®*1/[a + 1]), rather than
12} convective, 8 on Lg. However, some of these relations are algebraically
long, and we do not provide them here.
At later times when the mass of the CSM accumulated by

13- N

11- b

radiative

108 - - ox o o ] the ejecta is equivalent to the ejecta mass, the light curve
E o & o ’ evolves in a different way than described so far. In the case
s ! of fast cooling (i.e., cooling time scale [e.g., Eql 15] isshr
& 2 7 than the dynamical time scale), the system enters the snow-
7t -06 ] plow phase. While at these times the reverse shock is ab-
08 0o sent and the formalism of Chevalier (1982) does not apply,
o oo 08 09 - 1 we can obtain the correct time dependence by using an arti-
51 -1 -1 -1 . ficial value of m (no longer related to the ejecta profile). In
4:’::’;‘1-2"”1;Q g gowRlon this snow-plg?/v pha;sehthe Iilght (;:fu(rve evolveks effetlstivelm/\)/i
‘ S : LAt m = 4 regardless of the value of (see Svirski et al. 2012).
Lo 2 21 22 23 2'4W 25 26 27 28 29 The reason is that, while in this case the energy is radiated

Fie. 9. Cont fthe value af (i law index of the earlv-i away, the momentum is conserved, and from momentum con-
1G. 9.— Contours o e value .e., power-law Inaex o e early-time . 3y ~ —4 _
light curve; Eq[IPR) as a function o andw. The dashed-gray lines show serva'uonp_r VA ConStar_]t' we gep LIV, hencem=4. If
several (labeled) interesting values ofofindw. the shock is slowly cooling, we enter the Sedov-Taylor phase
and the light curve will drop rapidly.
Several other important relations can be derived. By rear- Figure[9 suggests that fon = 4, a ~ —3/2, with rela-

ranging Equatiohl8 we get tively weak dependence on the valuewofHowever, the exact

1(1-w) 3 value ofa is sensitive to the value ah, and form slightly

tho = [L(W_ 1)} m=s l()W*Z)/ﬂ*W)_ (17) lower than 4,a can change dramatically. In any case, once
KK m—w °° the swept-up CSM mass is comparable to the ejected mass,
From Equatioi 14 we find we expect substantially more rapid decline of the boloroetri
L - emission.
m—w\w-2 _
=5 (m) Vho ot 2, (18) 4.3. Visibility of a Radio Signal

Given the CSM density profile we can calculate some ad-

and by substituting Equati¢n]18 into Equation 17 we get ditional properties. The column density, assuming 1, be-

m—w c 1/(a-1) tween radius and infinity (i.e., the observer) is
tho= [2mem—(w-1)—vie| T, (19) i
m—3 kLo N = / K —wgr = K ri-w (23)
or alternatively r (Hp)Mp (Hp)mp(w—1)
(a-1)/3 m—w c 1-1/3 The free-free optical depth between the shock region and the
Voo = Ly 2me——_(W—1)— (20) observer is given by (e.g., Lang 1999, Eq. 1.223; Ofek et al.
m-3 kLo 2013a)
These relations suggest that in SNe which are powered by in- ®
teraction we expect to detect correlations between the SN ri T 8.5 x 10728135y 21 / ngdr
time, its peak luminosity, and shock velocity. We note that ’ r 2
this can be used to test the hypothesis that the super-lusino ~8.5x 10728Tej41.35‘/1702.1 K r1-2w (o4)

SN (see review in Gal-Yam 2012) are powered by interaction <Hp>2mS(ZW— 1)

of their ejecta and CSM (e.g., Quimby et al. 2011). As far as ) , ,

we can tell, such correlations are not expected in the contex WhereTe is the electron temperature in units Q1410andv10
of other models (e.g., Kasen & Bildsten 2010). Furthermore, is the frequency in units of 10 GHz. Note thais measured
by inserting Equationis| 8 aid 120 into Equatidn 9, we get the in cm, and that the last expression is valid for> 1/2. If
total CSM mass swept by the shock up to titrees a function T > 1 aradio signal is not expected.

of the observables (e.d-g, tho), 4.4, High-Energy Emission
m—w\ 5/3 (w—1)%/3 /2mrce \ ~1/3 23 NUSTAR opens the hard X-ray band for discovery. Specif-
M :4”C(m_3) 3_w ( Lo ) K ically, the shock temperatures associated with typical SN
o (M=) (Bw—4)+(W—3) (3w—6)+(2-w) (M-3)]/[3(m-w)] shock velocities{ 10* kms™1) are above 10 keV. Therefore,
?gﬁm)(wiw(mi ) if the shock is in an optically thin region, the X-ray tempera
xt . (21) ture constitutes a reliable measurement of the shock wgloci

The shock velocity depends on the shock temperakirg (
and, assuming an equation of state with 5/3 and an equi-
librium between the electrons and protons, is given by (e.g.
M 16 1(L)’1/3( Lo )1/3( K )*2/3 Gnat & Sternberg 2009)

\0.25 10%8ergst 0.34cn¥gr?

tho \2/3 t 7/8 16kT
Veh =
(20 day) (365 day> Mo. (22) RIS

For the specific case af = 2 andm = 10 we can write this
as
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-1/2 1/2
zzgzo(%“g) / ( KT )/ kmst  (25) 5. MODELING THE OBSERVATIONS

10keV. Integrating the visible-light luminosity of SN 2010jl gise
If equilibrium between the electrons and protons is not a lower limit on its radiated energy in the first three years
present, as expected in SN remnants (e.g., Itoh 1978; Drainef > 9 x 10°%erg. This is among the highest radiated bolo-
& Mckee 1993; Ghavamian et al. 2013), then Equalioh 25, metric energies observed for any SN (e.g., Rest et al. 2011).
gives a lower limit on the shock velocity. We note that the ex- This fact, along with the long-term X-ray emission, and emis
pected equilibrium time scale between the protons and elecsion lines seen in the optical spectra, suggest that SN R010j

trons is of order 6¢< 10%(vs/3000kms?t)3n s, wherene is is powered by interaction of the SN ejecta with CSM. There-
the electron density in cn? (i.e., roughly given by Ed_16; fore, here we attempt to understand the SN observations with
Ghavamian et al. 2013). the model described .

However, if the Thomson optical depth is larger than a few, In 5.1 we discuss the modeling of the first-year optical
the X-ray emission becomes more complicated. Katz et al.light curves; we show that the model presente@escribes
(2011) and Murase et al. (2011) showed that after the shockthe observations well, and that it requires a CSM mass in ex-
breakout in a wind CSM environment, the shock transforms cess of about 10 M. Sectiori 5.2 deals with the nature of the
from being radiation dominated to collisionless, and hard X break in the optical light curve and the slope after the break
ray emission should be generated. However, Chevalier & Ir-and in§5.3 we verify the consistency of the X-ray observa-
win (2012) and Svirski et al. (2012) argued that the hard X- tions with our model.
ray photons will be Comptonized to lower energies, and that

when the optical depth is large the X-ray spectrum will have 5.1. Early Optical Light Curve
a cutoff above an energy ef mec?/12. According to Svirski In our model, the rise time is governed by the shock-
etal. (2012), the observed energy cutoff of the X-ray pheton breakout time scale, and the light curve following shock
will be breakout is given by Equatidn 11 witin ~ 10-12 at early
 rmeC2 2 times andm~ 4 at late times. Alternativelyn~ 10-12 and
Kg Tx,obs > MIN [T? 1M s} : (26) W changes with radius. As a reminder, we note that the value

. - o of m at early times is related to the polytropic structure of
where the second term in the minimum function is the shock the stellar envelope (e.g., Matzner & McKee 1999), while

temperature from Equatién25. - . m=4 at late times is obtained from conservation of momen-
Ignoring bound-free absorption, Svirski et al. (2012)-esti ;m §4.2).
mated that the X-ray luminosity is roughly given by Figure[1 suggests that the light curve of SN 2010jl can be
Twobs(t) &f described as a broken power law, with the break between 180
Ly (t) ~ L(t)ﬂ min [17 T(t)}' (27) and 340days after maximum light. Since both Figﬂre 3 and
Te(t) € Figure[4 suggest that the temperature in the first year was

roughly constant and close to 9000 K, the bolometric correc-
tion is rather smatf and constant. Here we adopt a constant
bolometric correction of-0.27 mag, which corresponds to a
black-body spectrum witlh = 9000 K. We apply this bolo-
metric correction to the PTR-band data to obtain the bolo-
metric light curve. Later we test the stability of our soduti

to this assumption.

A power-law fit depends on the temporal zero point, which
in our model is roughly the time of maximum luminosity
minus the shock-breakout time scale. However, since the
shock-breakout time scale is related to the light-curve ris
time, and since we do not have good constraints on the
light-curve rise time, we have to estimate the shock-braako
time scale in a different way. Therefore, we fitted the first-
year PTF luminosity measurements with a power law of the
form Lo obs([t 4 tho] /tho)®, Wheret is measured relative to the

L ASAS | -band maximum light (MJD 55494). Figurel10 shows
&~ e maX[Tal]- (28)  the fit x2, as well asy, as a function ofp,. Hereas is the
power-law index of the bolometric light curve in the first yea
However, we stress that this is only an order of magnitude es-after maximum light. The black arrows indicaig at which
timate of the ionization parameter. Chevalier & Irwin (2012  the first ASAS detection was obtained, apsiderived by fit-
argue that if the ionization parameter is larger that0®, then ting the first three ASAS-band measurements wititalaw
all the metals (which dominate the bound-free absorption) (e.g., Nugent et al. 2011). The fit prefegs ~ 10day but
will be completely ionized, and fdf > 10° the CNO elements  ty, < 25day is acceptable, while the ASAS early detection
will be completely ionized. Here, an important caveat i¢ tha indicatesy, > 15 day.
it is not clear if the estimate of Chevalier & Irwin (2012) is Given specific values of, m, a, w, andLq, Equatior_IP

Heree™ ande!C are the free-free and inverse-Compton cool-
ing efficiencies, respectively (see Chevalier & Irwin 2012;
Svirski et al. 2012), anl is the electron temperature (Equa-
tion[28). Equation 27 neglects the effect of bound-free ab-
sorption, and therefore should be regarded as an upper limit
Furthermore, we note that there is no agreement between dif
ferent theoretical models on the X-ray spectral and flux evo-
lution.

Chevalier & Irwin (2012) defirl an ionization parame-
ter asé = L/(nr?). This definition is only valid when mate-
rial above the shock is optically thin. When the optical tept
(Eq.[2) is larger than unity, one needs to take into account th
fact that the photons diffuse out slower than the speed bf.lig
Since the effective outward-diffusion speed of the phoisns
~ ¢/ 1, we define the ionization parameter as

valid for high optical depth. shows that there is a relation betwdgnandv,,. Moreover,
21 The formal definition of the ionization parameter is diffefebut the 22 The bolometric correction for the PTR-band magnitude is about
definition used by Chevalier & Irwin (2012) is proportionalthe ionization —0.06, —0.27, and—0.60 mag for black-body temperatures of 7500, 9000,

parameter and is used self consistently. and 11000 K, respectively.



12 Ofek et al.

11 -0.25
~ Xz
105- "~ ---%
. 1-03
100t .
AR 1-0.35
o 9% A .
'ﬁ 30 S
“— ~ —
o H 5 -
g 5 045
~ 2 N
> g5 a Teal
s . 1-0.45
< SO
80 .
4-05
75
70 ‘ ‘ ‘ ‘ ‘ ‘ ‘ 055
0 5 10 15 9 25 30 35 40
t,, [day]

FiG. 10.— x2 (solid line) of the fit 0ofLo obs([t —thol/tho)® as a function of

tho. The gray horizontal lines show the minimuyd and the & confidence
level assuming three free parameters. The dashed line shewslue ofa;
(the power-law index of the optical slope in the first yearadisnction ofty,,
where its values are presented in the right-hand ordinase ax
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FiG. 11.— The solutions of Equatidn 119 as a functiontyfand vy, for
various values ofn, given the measured values @f (and hencev) andLg
as a function oty (i.e., Fig.[I0). Also shown, in blue contours, are lines
of equal CSM mass within the break radildyf), assumingy,, = 300 day.
The number above each contour indicates the mass in untg ablar mass.
These solutions assumes= 0.34 cn? g~ ande = 1/4. Pentagons, circles,
squares and triangles show the positions along the varinas In which
w=1.95, 20, 205 and 215, respectively. As explained i, our model is
valid only forw > 2, andw < 2 can be ruled out based on the fact that the
light curve has a power-law shape with small power-law intex-0.4) for
about a year.

based on Figufe 10 we know that £8y, < 25 day. Figuré 11
shows the solutions of Equatién]19 as a functiorygfand
Vo for various values ofn, given the measured values of
(and hencav) andLg as a function ofy, (i.e., Fig.[I0). Also

the measured values bf anda and the calculated values of
W, K, 'ho, Vbo, aNdMyy, as a function of the assumig andm.
For the rest of the discussion we will addgi = 20day and
m=10. In this case, the value Kfis translated to a mass-loss
rate of

V( _
®300kmsT M @)

where we normalized the CSM velocity by by the highest-
velocity Gaussian component in the spectra. This tremendou
mass-loss rate is discussedjbh

Figure[1l assumes= 1/4. The reason for this choice is
that it is expected that a shock propagating through the CSM
will convert only the thermal energy stored in the ejectaato r
diation. The thermal energy of the ejecta is roughly halt®f i
kinetic energy (e.g., Nakar & Sari 2010). In addition, since
the CSM is optically thick, at early times half the photons
probably diffuse inward (and will be released at later tijnes
therefore taking the efficiency roughly another factor ob tw
down. However, at late times we expect the efficiency to in-
crease to about/P — therefore, effectively may change
slowly with time. Indication for this is may be detected as as
a small deviation from the power-law decay in the first year
(Fig.[d). We note that the exact value ofhas a relatively
small effect on the results. For example, assunidng 0.1
(¢ = 0.5) givesMp, > 15 M, (Mpy > 8 Mg).

Another assumption that goes into Figlré 11 is that the
bolometric correction in the first year is constant. However
as seen in Figurés 1 ahH 4, there are some indications fer vari
ations in the bolometric correction. Given this uncertginte
investigated the effect of variable bolometric correctiorour
results. Specifically, we assumed that the effective temper
ture of the photosphere evolveshs- Tyo(t /tho)?, whereTyo
is the observed temperature at shock breakout {8eeAs-
sumingTp, = 9000 K andy, = 20 day, we corrected our light
curve according to the bolometric correction we get from the
temperature, and we investigated the effecf3obn our re-
sults. We find that for-0.2 < 3 < 0.1 the estimate oV,
does not change by more than 20%. Figliles 3[and 4 suggest
that|B| < 0.1. Another unknown factor is the opacity In-
creasing to 0.5cn? g~ will set My, > 8.

The entire analysis presented here assumes that the CSM
and ejecta have spherical symmetry. This is likely not the
case (e.g., Patat et al. 2011). However, an order of unity dev
ation from spherical geometry will not change the resulés dr
matically since the integrated luminosity depends on tked to
mass of the CSM. In order for the results (and specifically
the My, estimate) to change significantly, an extreme geome-
try is probably required. We cannot rule out such a scenario.
However, given that our model explains the observed broken-
power-law behavior, finds valuesimfandw which are consis-
tent with expectations, and successfully predicts therviese
shock velocity (see als§b.2 andds.3), we conclude that our
description is correct. Another important point may be the

shown, in blue contours, are lines of equal CSM mass within clumpiness of the CSM. However, if the Chevalier (1982) so-
the break radius\p,). Here the break radius is defined as the lutions are still valid on average, our results are corrast,
radius of the shock at 300 days — roughly when the observedthey depend on the global (average) properties of the CSM
break in the power-law light curve is detected. Regardléss o and ejecta. Therefore, we conclude that our main result that

the exact values ah, tpo, andvye, Figure[11 shows that the
CSM massMr = 10 M., (see also Eq$.21 andl22). It also
suggests thatl,, < 16 M, but the upper limit is somewhat
weaker due to several uncertainties that are discussed next
Assuminge = 1/4 andk = 0.34cnf g1, TableT presents

the mass in the CSM of SN 2010jl is in excess of about 10 M
is robust. Finally, we note that Svirski et al. (2012) predic
that at early times the color temperature will evolve slowly
with time. This is roughly consistent with the observatiofs
SN 2010jl.
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TABLE 7
DERIVED SNAND CSMPROPERTIES
tho m Lo ay w K ho Vbo My
(day) (ergs?) (genmt=3) (cm) (kmsh)  (Mo)
15 10 74x10*® -036 --- .-
12 2.09 30x10'® 87x10¥ 6100 9.8
20 10 12x10% —0.38 201 30x10Y 1.1x10% 5500 12.8
12 2.13 17x10Y° 10x10Y 5400 12.0
25 10 18x 10" —041 206 20x10'® 1.2x105 5000 14.8
12 2.17 89x10Y° 12x10Y% 4900 14.2
30 10 27x10% —043 211 12x10Y° 14x10% 4600 16.9
12 2.21 43x10%°° 13x10Y 4600 16.4
NOTE. — The various parameters for different valuestgfand m. The calculations

assumes = 1/4 andk = 0.34cnfg L. The adopted values @, andm are marked in
boldface. Missing data indicate that< 2 and therefore the solution is not valid (see text).

5.2. Late-Time Light Curve luminosity of the SN is~ 20 times higher than observed, the

Around 300days after maximum light, the optical light contribution of the X-ray luminosity to the bolometric ligh

curve of SN 2010jl shows a break in its power-law evolu- Curve will modify az to about—3/2. . .

tion, and theR-band power-law index becomes ~ —3. The A second possibility is that the system is approaching the
change in power-law slope at late times may have three posSIOW c0oling stage and some of the energy is not released
sible explanations: (i) we reached the snow-plow phase, ancEficiently as optical photons. Our estimate suggests that a
thereforem changes to about 4 (Svirski et al. 2012); (ii) the € times the cooling time scale is increasing to about 10%
shock became slow cooling and therefore the light curvesirop ©f the dynamical time scale (Fig.112). Therefore, it is possi
rapidly; and (iii) the shock reached the end of the CSM, or ble that the shock starts to be nonradiative, hence exptgini

in other words, the CSM density profile became steeper thantn€ Steeper than expected power-law slope. To summarize the

r—2. Next, we will test these possibilities and find that the Issue, we suggest that the most likely explanation to the dis
snow-plow phase option is the most likely. We note that the crepancy between the observed and predicted valag,a6
- : that at late times there is a substantial bolometric caoect
measurement dfl,, is not affected by the nature of the break. d iblv the shock is b - diati Unfort
Our solution suggests that the CSM densityrgtis ~ and possibly the Shock IS becoming nonradiative. Jnfortu-
T ; . . nately, we do not have reliable multi-band or spectroscopic
10°cm 3. Given this very high density, the shock must be

fast cooling and option (ii) can be ruled out (Eq] 15; see also observations during the second year,

, . : Based on our simple model, Figurel 12 shows the evolu-
Fig.[13, panel d). Assuming = 10, Equatiofi 12 suggests o of the various parameters as a function of time. Panel
that in order to get the observed valag ~ —3, we require

~5 H he Chevalier (1982) self-simil luti (b) indicates that even at late times, about three years afte
w~ 5. However, the Chevalier (1982) self-similar solutions \5yimum light, the density of the CSM at the shock radius
are invalid forw > 3. Nevertheless, the steep value @f

Y = is of order a few times fcm™3. Interestingly, the Thom-
probably means that fin~ 10, w > 3. We note that in this on optical depth above the shock, three years after maxi-
case, the shock will accelerate, and at late times we expec?num light, is decreased to roughly unity. This may explain
Vs = 4000 km s (Fig.[12). This is somewhat higher than the y :

i . why the visible-light spectrum of the SN is becoming bluer,
velocity suggested by oINUSTAR observations (se$b.3). ; ; :
Given the solution presented in Figlird 11 (using, inte- as the region heated by the shock is becoming more exposed

. ) . and the photons emitted in the shock region are affected by
gration of the mass to the break radius gitds < 10Mo.  jagq and less processing. The free-free optical depth [pane
Normal SN explosions have an ejecta mass that is similar, ) apove the shock at 10 GHz, three years after maximum
to an order of magnitude, to our derived CSM mass. There- '

fore, it is likely that the ejecta collected a CSM mass whih i light, is T ~ 10°, assuming the glectron .tempe.zra_ture_ above
equivalent to its own mass and the system reached the snowi€ shock is 10K. Therefore, naively, radio emission is not
plow phase, hence there is a natural explanation to the ehang&XPected in the near future. However, if the electron teaper
in a without changingw (at least not in a major way). Of ture just above the shock is significantly higher and the CSM
course, it is possible that during the values of botmandw 000N is terminated at a few times the shock radius, then
are changing. This idea requires a coincidence between twd@n be small enough and radio emission would be detected.
independent phases and therefore we will not discuss it fur-Finally, we note that the cooling time scale divided by the hy
ther. drodynamicaltime scale [panel (d)] suggests that at latedi
Assumingw = 2 andm= 4, we expectr, ~ —3/2 (see also the system may approach slow cooling, so some energy losses
Svirski et al. 2012), while we observed ~ —3. There are  (NOtin optical radiation) are expected.
several possibilities to explain this. First, at late tin@year An interesting point to note is that Figurkls 3 d0d 4 show
after peak brightness) there may be significant evolutiohén ~ that at late times the effective black-body radius is desrea
bolometric correction. Interestingly, the late-time spa¢see ~ IN9- Svirski et al. (2012) argue that at late times the frac-
Fig.[2) suggest that the SN becomes bluer at late times. WeiOn of the energy released in X-rays is increasing (as seen
note, however, that these late-time measurements areeaffec " SN 2010jl). In this case, the optical photons will deviate
by the underlying star-forming region and are therefore un- oM & black-body spectrum as fewer photons are available
certain. In addition, the missing radiation may be emitted i N the optical, and this can generate an apparent decrease in
the X-ray band. We find that if the intrinsic unabsorbed X-ray e effective black-body radius. In general, this effecist
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FIG. 12.— The CSM properties as a function of time, assurtjng 20 day
andm = 10 (black lines). The gray lines are for= 12, while the dashed-
gray line is form= 8. The black-dashed vertical lines show the breakout
time scale tf,), the time of the optical light-curve break (300 dat), the
times of the first twaChandra epochs X; andx;), and theXMM+NuSTAR
epoch k3). The different panels show the following: (a) CSM mass imith
the shock radius, (b) density of the CSM at the shock radigiscglumn
density between the shock and the observer, (d) free-freingatime scale
divided by the time at the shock radius, (e) Thomson optiepli between
the shock radius and the observer, (f) 10 GHz free-free alpdiepth, (g) ion-
ization parameter (Ef.28), (h) shock velocity, and (i) $h@dius evolution.
Time is measured relative to maximurband light minugy,. We note that
panel (g) shows an additional dashed black line; it reptsstre minimal
ionization parameter (fom = 10) as estimated by replacing the luminosity
in EquatiorZB by the observed X-ray luminosity(~ 1.5 x 10" ergs'1).
The intrinsic X-ray luminosity may be much higher becausdafexample,
bound-free absorption.

caution against the use of black-body fits to estimate the pho
tospheric radius of such explosions.

5.3. Modeling the X-ray Data

We still do not have a good theoretical understanding of the
expected X-ray spectral evolution from optically thick soes
(e.g., Katz et al. 2011; Chevalier & Irwin 2012; Svirski et
al. 2012). Another problem is that the X-ray spectral obser-
vations are hard to model. The reasons are the low number
of photons, contamination from nearby sources, and the de-
generacy between the free parameters in the various models.
Nevertheless, it is interesting to compare the rough egpect
tions with the observations. Given these issues, our approa
is to use the model we constructed based on the optical data
to make some predictions for the X-ray band, and to compare
the X-ray observations with these predictions. Especially
teresting are th&luSTAR+XMM observations which cover a
large energy range and were taken when the Thomson optical
depth is expected to be relatively low~ 3. Here we dis-
cuss the bound-free absorption, the X-ray flux, and the X-ray
spectrum.

Figure[12 shows that the predicted column density above
the shock is very largey 10?6cm~2 during the shock break-
out, dropping to~ 10°° cm~2 during ourXMM+NuSTAR ob-
servations. These predicted column densities are larger, b
about two orders of magnitude, than the bound-free column
densities suggested by Chandra et al. (2012) at early tifnes.
plausible explanation is that the CSM above the shock is ion-
ized by the SN radiation field. Indeed, panel (g) in Fidure 12
suggests that at early times the ionization parametei (8q. 2
is > 10°ergcm s, and possibly as high as 10* ergcm s,

Such a large value is enough to ionize all the metals in the
CSM (Chevalier & Irwin 2012). However, at late times, the
ionization parameter is only 10?ergcms?, which may
leave some bound electrons in heavy elements.

The next simple test is to use the order of magnitude esti-
mate in Equation 27 to predict the X-ray flux as a function
of time. The prediction is shown in Figuié 6 as a gray line.
At early times, about 100days after the SN maximum visi-
ble light, the prediction is consistent with the observasio
About a year later, the X-ray prediction is a factor of four
higher than the observations, while around 2.5 yr after maxi
mum visible light, the predicted X-ray luminosity is a facto
of two higher than observed. We note that Equalion 27 is an
order of magnitude estimate of the luminosity in the entire
X-ray band [including soft and hard>(10 keV) X-rays], and
that it does not take into account the bound-free absorption
which even if not very high, still can affect the emission of
soft X-rays considerably. For example, fdg = 10°2cm2,
the bound-free optical depth (e.g., Morrison & McCammon
1983) at 0.5keV (1 keV) is 7.3 (2.4), which will decrease the
observed X-rays at this energy by a factor of 1600 (11).

According to Svirski et al. (2012), at early times we expect
that the cutoff energy will be aroumd.c?/ 12, while when the
optical depth decreases to roughly a few, we expect that the
cutoff energy will represent the shock temperature [Edj. 26)
Figure[ I3 shows the predicted cutoff energy as a function of
time. Also plotted are th&luSTAR+XMM measured X-ray
temperatures based on the various fits (TRble 6) and assuming
temperature equilibrium between the ions and the electrons
If equilibrium is not present, then our measurement is only a
lower limit on the shock velocity.

Figure[I3 suggests that tHeuSTAR+XMM observation
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10 — ‘ ‘ ‘ and second epochs, respectively. While the fit to the second
— m=1 Y7000 epoch has an acceptalflestatistic (see Tablel 6), fitting the
m=12-— 15000 first epoch while freezing the cutoff energy at 1.5keV failed

14000 Given the unknowns associated with the X-ray emission at
such high optical depthr(= 20), we do not consider this to
be a problem for our model.

We note that the marginal detection of therHine in the
first Chandra epoch §3) is not naturally explained in our
model. In the context of our model, theaKline must be
{1000 generated at relatively large radii where the optical dépth
low.
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5.4. Emission-Line Spectra and Precursor

The spectra of SN 2010jl show a variety of emission lines.
7 ¢ Based on spectropolarimetric observations, Patat et@L1(2
Time [day] suggested that the Balmer lines form above the photosphere.
FiG. 13.— The predicted X-ray cutoff energy (EG26) as a fumciis Therefore, the emission from the Balmer lines will not censt.
time. Different line types and gray-scale levels are fofedéint values of  tute a good estimate of the mass in the CSM (see discussion
m as indicated in the legend. The heavy lines represent themain func- in Ofek et al. 2013c). Smith et al. (2012) show that the line

tion (Eq.[28), while the thin lines represent the two podisiks in Equa- ; ; ;
tion [28 without taking the minimum. The blue squares showtémeper- shape evolves with time, presumably due to the formation of

ature as measured in tMuSTAR+XMM epoch (Tablél6; faint sources re- dust. . . .

moved). The upper square is for the zvphabs*mekal modehdttem square Nevertheless, the width of the Balmer lines gives us an es-
refer:S SO*ZVPhaFS*EowerIaW:Sp%(pCU{, aTng the ?qulafde Imﬂfﬁ!e is f%f timate of the CSM velocity. This is important in order to es-
zvphabs*powerlaw*spexpcut with = 1. The vertical dashed lines show : ;

the epochs of the tw@€handra and theNuSTAR+XMM observations. The t|mate when th?. CSM was eJeCteq from the SN prOgemtor'
right-hand ordinate axis gives the shock velocity corresiing to the cutoff Given the velocities of the Balmer lines of SN 2Qle| beWVeen
energy, based on Equatibn] 25. ~70kmst and~ 300kms?; §2.2), and the typical radii of
the CSM of~ 2 x 108cm, we estimate that the CSM was
ejected from the progenitor 10—-100yr prior to the explo-
Sion. Given this prediction, we searched for archival inszafe

measures the shock temperature, and hence the shock velo

ity. The three models in Tablg 6 in which the faint nearby this sky location. PTF images of the SN location taken about

sources were removed suggest a shock velocity watledn- 504 qavs prior to explosion did not reveal any pre-explosion
fidence interval in the range 1900-4500 km.sWe suggest outbur:}:’t; gee Ofek e?al. (in prep.) for details.y P P

that the most physically motivated model is the power-law
model with exponential cutoff, in which the power-law in- 6. SUMMARY AND DISCUSSION
dex is set tolr = 1. The reason is that below the cutoff '

energy we speculate that free-free processes, with a spec. e present optical and X-ray observations of SN 2010jl
trum n(E) O E-2, will dominate the emission (Svirski et al. (PTF 10aaxf). We extend the model described by Svirski et

; : al. (2012) for a SN shock interacting with an optically thick
iglli)z..l'l'khlf/mog_e IhSL:ggesI,t ?n e?pozegggginggfoelil ﬂg’f CSM. Our model treats many of the unknowns in the problem
o1 KEV, WNICh fransiales 1a/s ~ (MS™.  as free parameters. We show that this model explains many
However, if the ions and the electrons are not in equilib-

| . > of the details in the optical and X-ray data. Most interest-
rium, all we can say is that the shock velocity is larger than ingly, using this model we find that the mass in the CSM must

~2000km s, This measured shock velocity is in agreement pe larger than~ 10 M., and possibly smaller than 20

with the predicted shock velocity of 2600kms™® (Fig-  This large amount of mass must have been ejected from the
ure[12, panel h). Under the assumption that the SN is pow-SN progenitor several decades prior to its explosion. We not
ered by interaction, by comparing the kinetic energy to the that preliminary results based on the radiation hydrodynam
integrated luminosity, the X-ray-derived velocity alonglw  ics light-curve code described by Frey et al. (2013) support
the integrated bolometric luminosity, can be used to roughl our results regarding the large CSM mass required to power
determine the CSM mass. While lacking the exact prefactorsSN 2010jl (Even et al., in prep.)

we derived in4.2, we obtain an order of magnitude estimate  Our model demonstrates that the optical light curves of
of the CSM mass — 10 M. SNe lin driven by interaction of the SN ejecta with optically

We estimate that during thBUSTAR+XMM observation  thick CSM are characterized by long-lived power laws. Fur-
the ionization parameter was 10? ergcms*. According to thermore, the optical light curves can be used in a straightf
Chevalier & Irwin (2012) this value is not enough to ionize ward way to measure the properties of the CSM as well as the
all of the metals. Therefore, our estimate of the ionization SN shock velocity and its evolution with time. We note that
parameter is in conflict with the value of the bound-free col- the shock velocity is directly related to the energeticshef t
umn density we deduced from tiNuSTAR+XMM observa-  explosion. We argue that measurements of the shock veloc-
tions. Possible solutions include the existence of eveddrar ity based on spectral line widths are likely not as accurate a
photons in the shock, or that the estimate of the effectime io this method, since they depend on where the spectral liges ar
ization parameter at high optical depth is wrong. forming.

Given the difficulties in modeling the early-time data ob- SN 2010jl is the first SN to be detected in the hard X-ray
tained byChandra, we attempt to fit these observations with a band usingNuSTAR. TheNuSTAR observation combined with
power law having an exponential cutoff as predicted by Equa- XMM data taken roughly at the same time enable us to mea-
tion[28 (Fig[18) — 1.5keV and 15 keV, for ti@handra first sure the temperature of this emission. From our model, we



16 Ofek et al.
show that this temperature likely represents the shoclkcvelo Chevalier 2012).
ity, and that the measured shock velocity~08000 kms? is
consistent with the prediction of our model, based on the op-
tical data alone. This demonstrates the power of hard X-raydi
observations to measure the SN shock velocity, and possiblyN
even the evolution of the shock velocity with time.
Interestingly, our modeling prefers solutions with CSM
density profilesd r—2 (i.e., wind-like profile). This means
that either the CSM was ejected in a continuous process, o0
multiple bursts, or in a concentrated burst wittebocity dis-
tribution having a power-law index ef 2, and in which the
ratio between the velocity of the fast and slowly moving tgec
is at least a factor of 20. This factor is required in ordento e
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