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ABSTRACT

We report on new VLT optical spectroscopic and multi-waxglh archival observations of SN 1996cr, a
previously identified ultraluminous X-ray source known asidus Galaxy X-2. The spectrum of the optical
counterpart confirms SN 1996cr abena fidetype IIn SN, in accordance with its tentative SN classifimatt
X-ray wavelengths. SN 1996c¢r is one of the closest SM&& Mpc) in the last several decades and in terms of
flux ranks among the brightest radio and X-ray SNe ever dede@ptical imaging from the Anglo-Australian
Telescope archive allows us to isolate the explosion dateteween 1995-02-28 and 1996-03-16, while the
wealth of optical, X-ray, and radio observations that efdsthis source provide relatively detailed constraints
on its post-explosion expansion and progenitor histogluiing an preliminary angular size constraint from
VLBI. Archival X-ray and radio data imply that the progenitaf SN 1996cr evacuated a large cavity just prior
to exploding via either a sped-up wind or a pre-SN explosidre blast wave likely spent1-2 yrs in relatively
uninhibited expansion before eventually striking the @eciscumstellar material which surrounds SN 1996c¢r
to become a prodigious X-ray and radio emitter. The X-ray mttio emission, which trace the progenitor
mass-loss rate, have respectively risen by a factgzfnd remained roughly constant over the pastyr.
This behavior is reminiscent of the late rise of SN 1987A, thu¢e orders of magnitude more luminous and
much more rapid to onset. SN 1996cr may likewise provide ub wiyounger example of SN 1978K and
SN 1979C, both of which exhibit flat X-ray evolution at latenéis. The optical spectrum suggests that the
progenitor was a massive star that shed some of its outetogrevémany M) prior to explosion, while the
complex Oxygen line emission hints at a possible conceslr@d! or ring-like structure. Taken together, this
implies that a substantial fraction of the closest SNe alexkin the last several decades have occurred in
wind-blown bubbles, and argues for the phenomena beingspread.

Subject headingsstars: supernovae: general — stars: circumstellar matte-rays: supernovae — radio:
supernovae —

1. INTRODUCTION

Although thousands of supernovae (SNe) have been discov
ered to date, only several dozen have been detected at eith
X-ray® or radid wavelengths (designated XSNe or RSNe, re-
spectively). Many of these XSNe and RSNe were originally
detected simply as variable X-ray or radio sources, and only
verified as true SNe after careful examination of archivaitop
cal data or through optical follow-up (e.g., Rupen et al. 2,98
Ryder et al. 1993). This particular path to discovery hasmhea
that only a handful of these sources have been well-studie
during the first several hundred days, a period which isoetiiti
for identifying and characterizing the true nature of thee$\

Such SNe typically turn out to be core-collapse SNe of ei-
ther type Ibc, which have been associated with long-dumatio
mma-ray bursts (GRBs), or type I, whereby the intense
-ray and/or radio emission is thought to stem from the inter
action between the expanding shock and a dense progenitor
wind. When well-sampled, the additional multi-wavelength
constraints from XSNe and RSNe can provide physical in-
sights into the late evolutionary stages of massive stats th
are otherwise impossible to obtain. For instance, while ro-
Qust constraints on the overall time-averaged mass-logsin
lous phases of stellar evolution exist, there has been a long
standing debate over the number and sequence of various evo-
lutionary stages for massive stars, and relatively few olase
tional constraints on the actual evolution of mass-loshiwit
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1994; Stothers & Chin 1996; Maeder & Meynet 2000). Be-
cause the SN blast wave travels orders of magnitude faster
than the stellar wind, studying the interaction between the
blast wave and the progenitor stellar wind allows us to probe
tens of thousands of years of evolution in a matter of decades
SNe progenitors are considered to provide the bulk of al pro
cessed stellar material additionally, and thus the cheriaet

tion of these sources can likewise help further our undedsta
ing of overall galactic chemical enrichment.

Here we report on the spectroscopic confirmation of one
such serendipitous source, SN1996cr (Bauer 2007), and
present a multi-wavelength follow-up study using archival
data to determine its explosion date and temporal progertie
SN 1996c¢r was originally detected as Circinus Galaxy (CG)
X-2, an ultraluminous X-ray source in the nearby Circinus
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Galaxy (Freeman etal. 1977), which Bauer et al. (2001) foundimage size than the point sources in the acquisition image,
to exhibit many characteristics of a young, type Il SN en- suggesting that it may be spatially extended or possibly con
shrouded in a dense circumstellar environment. In particu-taminated by a coincident H region. We investigated this
lar, it demonstrated a factor af30 increase in X-ray flux  further by measuring the FWHM orthogonal to the disper-
between 1997-2000,la ~10 keV thermal spectrum with a  sion axis for the strong emission lines [[DA5007 and k,
strong, blended Fe emission-line component at 6.85 keV, andwhich had sizes of 074 and (85, respectively. The in-
spatial coincidence with a strong radio and-dmitting point herent FWHM slowly increased with decreasing wavelength,
source. The proximity of this SN affords us a rare opporgunit such that the FWHMSs quoted above were®6 and 353-4%
to study in detail a type Il SN which is strongly interacting larger than their stellar equivalents, respectively. Tthes
with its circumstellar medium. [O NIIA5007 FWHM is formally unresolved, while thedH
This paper is organized as follows: data and reductionline is extended. The strength, extent, and visible asymmet
methods are detailed §2; confirmation of SN 1996crasa SN in the FWHM profile of the extendedddare fully consistent
and isolation of its explosion date are provided® overall with the underlying Hi region (se&3 for details), although
temporal and spectroscopic constraints for SN 1996c¢r are in we caution that marginally-resolved light echoes could po-
vestigated irg4; and finally conclusions and future prospects tentially contaminate and broaden the PSF (e.g., Sugerman
are explored irg5. Throughout this paper, we adopt a dis- 2003). The spectral resolution (11 A, or 500 kr)svas es-
tance of 384-0.8 Mpc to the Circinus Galaxy (converted from timated from the width of the arclines taken with 401slit,
Freeman et al. 1977). While the Circinus Galaxy lies close to which matched closely the on-sky image size of SN 1996cr.
the Galactic Planellf| =3°8), it is located within a Galactic ~ After bias subtraction and flat-fielding using standard tech
“window” with a visual extinction ofAy =1.5+0.2 and a  niques, the co-added spectra were extracted, wavelenigth ca
neutral hydrogen column density b = (3.040.3) x 107 ibrated, and flux calibrated (using the standard LTT4816).
cm™? (whereas neighboring regions typically hatg = 3.0 Fig. 1 shows the resulting optical spectrum from 2006-01-26
andNy = (5—-10)x 10% cm™?; Schlegel et al. 1998; Dickey & e conservatively estimate the flux errors on the spectrum at
Lockman 1990). Due to its- 65° inclination, however, there  20%.
is significant internal obscuration as wel{ ~ (5-8)x 10%* _ _
cm 2 typically; Bauer et al. 2001]. 2.2. Archival Optical Data

2 OBSERVATIONAL DATA AND REDUCTION METHODS We searched through the European Southern Observatory
. . , ESO), Anglo Australian Telescope (AAT), United Kingdom
We describe below the extensive observational data usedschmidt Telescope (UKST), anHubble Space Telescope
to constrain the properties of SN 1996cr. Fortunately, plen (4s7) archives. We only list here data that ultimately were
tiful archival data exist for the Circinus Galaxy due to the \jsed to constrain the explosion date of SN 1996¢r. Rele-
fact that it hosts the second closest Compton-thick activeyant data are listed in Tables 1-4. Aperture photometry was
galactic nuclei (AGN) to our own Galaxy and exhibits signs herformed throughout, with PSF-fitting employed as a cross-
of vigorous star formation (e.g.,, Matt et al. 1999). The ¢peck; there is only one instance where the PSF-fitting mag-
resulting multiwvavelength dataset provides good consiai  nityde differed from the aperture-measured valug>ato,
on the explosion date and yields useful long-term X-ray \yhich we explicitly document below.
and radio light curves. SN 1996cr lies’26 the south of

the Cchinus Galaxy nucleus. We adopt the position of 2.21.ESO

a =14'13"10°016 = -65°20'44.'4 (J2000), determined from The Circinus Galaxy was observed extensively with SUSI

the radio observations. at the NTT on 1993 April 9 using several narrow-band fil-
2.1. VLT Spectroscopy ters (#369:[Ql], #430:5100A continuum, #6294[N 11],

#700:[SII], #443:7000A continuum, #415:[Fd]\7892)*

as well as with the IRAC2 camera at the ESO/MPI 2.2m tele-
scope on 1994 June 25 using broad-bdndnd H filters.
Reduced images were kindly provided by E. Oliva and A.
Marconi (private communication, 2007), for which cutouts o
SN 1996c¢r are shown in Fig. 2. Details of the observations
%nd reduction procedures are given in Marconi et al. (1994).
The [O1l1], Ha+[N 11], and [SIl] images were the only im-
ages provided to us in a flux-calibrated state, and therefere
the only ones for which we measure photometry. Magnitudes
for the region in the vicinity of SN 1996cr were measured us-
ing a 1’0 radius circular aperture and previously established
zero points. An aperture correction of 0.2 mags was estiinate
empirically using several bright, isolated point sourcethie
images. The resulting aperture-corrected magnitudesrare p
sented in Table 1.

SN 1996cr was visited several times in service mode with
the VLT FORS | spectrograph in two separate campaigns.
The first program was initiated over the course of 2005-03-
06 through 2005-03-17 but never completed, resulting in a
low signal-to-noise spectrum. As such, we do not provide any
further details. The second program was executed over thre
nights (2006-01-26, 2006-02-02, and 2006-03-10), yigdin
a high-quality spectrum confirming the ambiguous features
seen in the spectrum from our first program. Our analyses
focus only on the spectrum from the first night, as the obser-
vations on the subsequent two nights suffer from signifigant
worse seeing~1/5-2"0) such that the co-addition of these
frames failed to improve the signal-to-noise of the finalcspe
trum. Our observations on the first night consisted of four
1200 s exposures taken with the 300V grism and the TEK
(24u pixel) CCD using a slitwidth of 20. The grism and
CCD combination provided a dispersion of 2.66 A pixeind 2.2.2. HST

a total useful wavelength coverage of 3600-7990A. These The Circinus Galaxy was observed with both the WFPC2
images were taken in excellent seeing conditions, in whichand NICMOS instruments aboaHiST on four separate oc-

stellar sources had a full-width half-maximum (FWHM) mea- casions, as outlined in Table 2. Details of the photometric
sured at 060’7 on the FORS | chip over the course of the

night. Our target, SN 1996cr, had an20% larger FWHM 11 hitp:/filters.ls.eso.org/efs/efs_fi.htm
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FIG. 1.— Flux-calibrated VLT FORS spectrum of SN 1996cr from @@@nuary 26. The spectrum suffers from an extinctiompf~ 4-6, which we
have not corrected. Obvious emission lines have been figehti There is strong, narrow ddemission (FWHM: 714 km s1) as well as several broad O
complexes showing a distinct underlying velocity struetuAn empirical model has been fit to the data as describ§di; the green line shows the overall
fit to the spectrum while the red (blue) lines show the indiaidnarrow (broad) components. Strong, broad unidentifistiuals remain around the Hénes
(A\5876,7065); this emission is likely associated with thadtire of a He shell or the progenitor wind, but is not easi§edtangled.

and astrometric reduction of the WFPC2 data are given indata were retrieved through the AAT archife. The ob-
Bauer et al. (2001). Briefly, after standard calibrationte t  servations were comprised primarily of narrow-band imag-
HSTimages, we used th&AF packageDAOPHOT to mea- ing and TAURUS spectral imaging cubes centered on the
sure aperture-corrected magnitudes usindg 2 adius aper-  He 1174686, [O111]AA5007,4959, H~+[N 11]A\6583,6548,

ture for all sources down to thesdetection limit. TheHST
images were then aligned to thk#pparcogTycho astromet-
ric reference frame te<0.’4. Due to the negligible overlap

and [SII]AN6731,6716 emission lines. The original investi-
gators discuss their observational design in Veilleux &mBla
Hawthorn (1997) and Elmouttie et al. (1998), while more

of the F606W observation with the other filters and complete complete data reduction procedures are outlined in Gordon
lack of coverage of SN 1996cr itself, we do not discuss it fur- et al. (2000). To summarize, the TAURUS instrument was
ther. For the NICMOS data, of which only the NIC3 images used in the angstrom imaging mode, wherein narrow-band
provided useful imaging, we used the standard pipeline datdfilters were used at different tilt angles to isolate the diné
products. We performed photometry using’&0adius aper-  Hell, [O 1], Ha+[N 11], and [SII] (Bland-Hawthorn & Jones
ture and applied band-dependent aperture corrections- dete 1998). Each square pixel subtendé@@5 on the sky and the
mined from a set of isolated, unsaturated point sourcesin th atmospheric seeing at FWHM averaged!’2—-2'0. Unfor-
vicinity of SN 1996cr. Cutout images of SN 1996cr are pre- tunately, a significant portion of the archived TAURUS im-
sented in Fig. 3. Notably, SN 1996cr appears to lie at the cen-ages for the Circinus Galaxy have only limited accompanying
ter of a diffuse patch of H emission in the F656N image CCD calibration data; there were often no obvious superbias
and our aperture magnitude here differs from a PSF-fitting frames, dark frames, dome-flats, or flux standards, so the pho
one at> 30 (0.11 magnitudes). We thus adopt the PSF-fitting tometric quality of the reduced data is limited.
magnitude, as well as an additional systematic error of 0.1 Our best-effort reduction proceeded as follows. The over-
magnitudes to reflect the larger uncertainty associateld wit scan regions were used to subtract the bias from each frame
the deblending. and each image was flat-fielded using a sky flat. When mul-
tiple frames in a given filter were available, the images were
293 AAT combined to reject cosmic rays using tiraF task CRREJ
e Source detection and photometry were performed with SEXx-

The Circinus Galaxy was observed numerous times with thetractor (Bertin & Arnouts 1996). A set of 40 relatively brigh
TAURUS Fabry-Perot instrument on the AAT during 1995-
02-21 to 1995-02-28 and 1996-03-15 to 1996-03-20. The

12 http://site.aa0.gov.au/arc-bin/wdb/aat_databasetohtion_log/make
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FiG. 2.— Postage-stamp images centered on SN 1996cr from ESgnignabservations in 1993-1994 courtesy of E. Oliva and Acddai (private commu-
nication, 2007). Images are 24n a side. The position of SN 1996cr is denoted by a&lius circle. Each image is labeled, denoting both theunstnt and
filter used to acquire it and the observation date.

NICS‘ F161-N ) 199‘8—03‘—16 NICJ‘ F16§N ) 199‘8—03‘—16 NIC3‘ F19§N ) 199‘8—03‘—16 NIC3‘ F209N ) 199‘8—03‘—16 NIC3‘ FZIgN ) 199‘8—10‘—16 NIC3‘ F21§N 199‘8—10‘—16

FIG. 3.— Postage-stamp images centered on SN 1996cr ffSFMWFPC2 and NIC3 imaging observations spanning 1996 to 19891996cr appears as a
strong, unresolved emission-line source in the F502N aii®R6mages, but displays only weak continuum as evidensaghitemarkable appearance in all of
the otheHSTimages and the fainter broad-band magnitudes in Table 2Fi§e2 caption for details of image properties.
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AAT 5010/35 1995-02-21 AAT-6594/45 1995-02-22 | AAT 6594/45 1995-02-28 | AAT 6618/55 1995-02-28 | AAT B 1995—02—_58_ AAT R 1995-02-28

= [

1
AAT 4690/20 1996-03-16 | AAT 6730/30 1996-03-16 | AAT 4690/20 1996-03-17 || AAT 4690/20  1996-03-19 || AAT 5020/30 1996-03-19 | AAT 6730/30 1996-03-19
FIG. 4.— Postage-stamp images centered on SN 1996cr from AAgiigabservations. The top six images from 1995-02-21 tb4®B 28 represent the

comparison epoch, while the bottom six images from 1998:®3s 1996-03-19 represent the discovery epoch. Despitpdbequality of some images, it is
clear that SN 1996cr is consistently luminous in all discpvmages spanning several days. See Fig. 2 caption foslefamage properties.
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as similar degraded ones from 1999 and 2001) show a slight
enhancement over the 1995yHeference images from the
AAT and ESO. For the four images that were taken after the
discovery window of SN 1996¢r and properly digitized, we
performed photometry using d’'Q radius circular aperture
and previously established zero points. An aperture chiorec

of 0.2 mags was estimated empirically using several bright,
isolated point sources in the images. The resulting apertur
corrected magnitudes are presented in Table 4.

UKST HA659 1998-03-05 | UKST OG590  1998-03-19

2.2.5. Swift UVOT

The Circinus Galaxy was observed on 2007-03-23 with the
Swift Ultraviolet/Optical Telescope (UVOT) for 617-2461 s
depending on the filter. The images were reduced using stan-
K. o dard pipeline procedures and photometry was performed on
UKST HAG59 _ 1998-04-05 | UKST 0G590__1998-04-05 the images using a/’® radius circular aperture. SN 1996cr

was not detected in any of the six UVOT filters, with aperture-
FiG. 5.— Postage-stamp images centered on SN 1996cr from UK&d-im  corrected 3 upper limits ofV > 19.0, B > 20.2,U > 20.0,

ing observations in 1998. SN 1996cr is still evident as ehslexcess in the UVW1 > 20.4,UVW2 > 20.8, andUV M2 > 21.2.
Ha images compared to similar narrow-band images in Figs. 24anBee

Fig. 2 caption for details of image properties.

2.2.6. SNe Optical Monitoring

isolated, unsaturated stars, which are detected in all K A There are three additional useful upper-limit constraints
andHSTimages, were chosen to register the AAT images to based on the SNe monitoring observations of the Circinus
the HST coordinate frame. The alignment of each AAT im- Galaxy by Rev. Robert Evans on 1995-03-31, 1995-08-13,
age to this reference frame is accuratextd’1-0'2 (1o). and 1996-03-03 (private communication, 2000). We have
The zeropoints for the narrow-band images were obtainedadopted upper limits of > 14 based on R. Evans’ estimated
by bootstrapping the AAT magnitudes to the well-determined limiting magnitude ol = 15.

HSTones. To this end;IST colors were obtained for the 40

stars and matched to standard main sequence stellar tesiplat 2.3. Archival X-ray Data

from the Bruzual Atlas? modified by a standard Galactic
dust model withE(B-V) = 1 (the extinction measured to-
ward the Circinus Galaxy; e.g., Schlegel et al. 1998) using
theIRAF packagesYNPHOT. Among the 40 calibration stars,
25 had colors consistent with one of the stellar templates.
These particular stellar templates and the TAURUS-specific
transmission curvé$were input intasYNPHOTtO convert be-
tweenHSTand TAURUS magnitudes. We used tiRaF task
FITPARAMS to compare interactively thdST-derived magni-
tudes to the SExtractor ones and derive reasonable zetepoin
for each image. We typically rejected a few outliersrim-
PARAMS to obtain an adequate fit (0.3—0.5 magdrror typ-
ically on the zeropoint). The Hg, [O IlI], and [SII] bands
were observed multiple times, so we combined zeropoint esti
mates to ensure that magnitudes for the detected sources we
consistent to withire0.1-0.2 mags across these images. For
bands which sampled comparable spectral windows, we use
SYNPHOTto convert from one band to another (for instance,
from TAURUS 5020 A/30 A taHSTF502N or from the VLT
FORS spectrum to all overlapping bands). The resulting mag-
nitudes are listed in Table 3, while Fig. 4 shows 12 images
taken in 1995 February and 1996 March.

Details of the various X-ray observations are given in Ta-
ble 5. We describe below our reduction methods for each
dataset. When possible, the X-ray fluxes and absorption-
corrected luminosities for SN 1996¢cr were calculated via
spectral analysis iKsPeEC (Arnaud 1996) using the Cash
statistic (Cash 1979). Unless stated otherwise, errorpects
tral parameters are for 68% confidence, assuming one pa-
rameter of interest. Following the treatment of SN 1987A
(e.g., Park et al. 2005), we characterized the X-ray spec-
tra of SN 1996¢r with an absorbed variable-abundance non-
equilibrium ionization (NEI) shock modelvpshockusing
NEI version 2.0 inxsPeQ based on ATOMDB (Smith et al.
2001)% The best-fitted parameters to the combia@dM-

ewtonandChandraHETGS Oth order dataset were as fol-
lows: Ny = 8.4 x 1071 cm2, kT = 134 keV, Zs; = 2.25Z; s;,
%S =35Z5s, Zca= 8Zgca and Zge = 275 re. We note,

owever, that these specific abundances, and even the esti-
mated temperature to some extent, should be used with cau-
tion, as there are known to be significant deviations between
adopted models (e.g., Nymark et al. 2006). The typical col-
umn density,Ny, derived from spectral fits to the data is
much larger than the estimated Galactic absorption column
294 UKST (=3x 107 cmi?), implying significant internal absorption ei-

o o _therfromthe disk of the Circinus Galaxy at large or the imme-

The Circinus Galaxy was observed on numerous occasionsiiate vicinity of SN 1996cr. Fluxes were measured by vary-
with the UKST as detailed in Table 4. The data were retrieved ing the normalization of the above model in the 0.5-2 keV or
from the SUPERCOSMOS archivealthough only a subset  2-8 keV bands. Our adopted model it all of the spectral data
of the photographic plates have been properly digitized andadequately, although we note that there was typically some
archived in a usable form. Fig. 5 shows four images taken in excess residual emission around prominent emission liges,
1998 March and April. The H images from 1998 (as well  well as an apparent 20 soft excess in the 2004 HETGS data.

'3 http:/www.stsci.edu/hst/observatory/cdbs/bz77.html 16 While this model is believed to best characterize the X-nmjssion
14 http:/Avww.aao.gov.au/localiwww/cgt/cedimguideffittat. html from young SNe such as SN 1996cr, there are still many secavesats. See
15 hitp://surveys.roe.ac.uk/ssa/ http://cxc.harvard.edu/atomdb/issues_caveats.htrddtails.
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TABLE 1
ESO (BSERVATIONS
Instrument Filter Date Exp. Seeing Magnitude

SUSI/NTT ESO#369 ([0l ]) 1993-04-09 900 07 > 217
SUSI/NTT ESO#430 (5108 A cont.) 1993-04-09 900”70 —
SUSI/NTT ESO#629 (H~+[N II]) 1993-04-09 480 07 191+0.2
SUSI/NTT ESO#700 ([$1]) 1993-04-09 900 07 212403t
SUSI/NTT ESO#443 (7027 A cont.) 1993-04-09 900”70 —
SUSI/NTT ESO#415 ([FXI]A7892) 1993-04-09 900 'O0r —

IRAC2/ESO-MPI 2.2m  J (1.2&m)
IRAC2/ESO-MPI 2.2m  H (1.6%m)

1993-06-25 360 09 > 220
1993-06-25 360 09 > 198

NoTE. — Column 1:Instrument and telescop€olumn 2: Filter. Column 3: UT date of observation given as
year-month-day.Column 4: Exposure time in secondsColumn 5: Seeing. Column 6: Aperture-corrected Vega
magnitude or 3 upper limit. Details are given iff 2.2.1. The detected magnitudes denotedprovide constraints
on line emission from the H region which spatially overlaps SN 1996cr.

TABLE 2

HSTOBSERVATIONS
Instrument  Filter Date Exp. Magnitude
WFPC2 F606W 1996-08-11 200,400 —
NIC3 F164N  1998-03-16 64 215+0.28
NIC3 F166N  1998-03-16 64 > 2109
NIC3 F196N  1998-03-16 80 204+0.29
NIC3 F200N  1998-03-16 80 289+4+0.27
NIC3 F212N  1998-10-16 160 290+0.18
NIC3 F215N  1998-10-16 160 280+0.19
WFPC2 F502N  1999-04-10 900, 900 .80+ 0.06
WFPC2 F547M  1999-04-10 60 B +0.12
WFPC2 F656N  1999-04-10 800,800 .98+0.11
WFPC2 F814W  1999-04-10 40 2D+0.09

NoTE. — Column 1: HSTinstrument and filter. Filter denotes the central
filter wavelength in nanometers and the filter width (N=narrisl=medium,
W=wide). Details on individual filters can be found in the WEZ2 and NIC-
MOS Instrument Handbooks.Column 2: UT date of observation given
as year-month-day.Column 3: Exposure time(s) in secondsColumn 4:
Aperture-corrected Vega magnitude er @pper limit. Magnitudes were mea-
sured with circular apertures of radiu§ ® and @’5 for WFPC2 and NIC3,
respectively, and corrected for missing flux due to the slodjiee PSF. Note
that increasing the aperture radius in tH8TF656N band to 12 yields a
magnitude of 17.5 (i.e., an increasee25% over the point-like magnitude
from SN 1996c¢r alone) which we attribute to the flux of the uhdeg H i
region. We have added a systematic error of 0.1 magnitudeetd-656N
value to reflect the accuracy to which we can deblend the jgoimtce emis-
sion from the underlying H region. The Hi region alone should have a
magnitude of 1& + 0.2, which is consistent with values measured from our
early-time comparison images. Likewise, increasing thetape in the NIC3
observations any further will begin to include nearby camteating point
sources, as shown in Fig. 3. Finally, we have incorporatealdaiitional sys-
tematic error of 0.1 mag to account for the intrapixel sévigitvariations in
the NIC3 observations.

ahttp://www.stsci.edu/instruments/wfpc2/Wfpc2_hanatrent/
bhttp://www.stsci.edu/hst/nicmos/documents/handbivaks/

TABLE 3
AAT TAURUS OBSERVATIONS

Filter Date Exp.

5020/30 ¢ =0)
6583/45 §; =9)
6583/45 §; =9)
6618/55 §r =7)
R

Seeing Magnitude

1995-02-21 300 12 > 20.0
1995-02-22 300 12 > 183
1995-02-28 267 11 >181
1995-02-28 1442 N > 184
1995-02-28 60 12 > 196
B 1995-02-28 20 14 >221

4690/26 @t =5) 1996-03-16 1200 35 195+ 0.6
6730/30 ¢ =5) 1996-03-16 1200 ‘%0 1584+0.5
4690/26 Z-CUBE §; =5) 1996-03-16 30

4690/26 ¢; =0) 1996-03-17 1200 ‘31 198+0.5
4690/26 @ =0) 1996-03-19 1000 12 197+0.3
5020/30 ¢ =0) 1996-03-19 120 13 187+0.4
6730/30 ¢¢ =0) 1996-03-19 1000 /13 154+0.3
NoTe. — Column 1:Filter, given here as central wavelength and bandwidth in

Angstroms. 6370/30, 6583/45, 5020/30, 4690/26 are nabamd filters used with
the AAT TAURUS Tunable Filter (see AAT Filter Cataldpr details), whileB and

R are standard Johnson filters. Note that for TA&JRUSinstrument, we also list a
tilt angle, which tunes the wavelength range such tat ~ Anom(1 - 0%/28984),
where#; is tilt angle in degreesColumn 2: UT date of observation given as year-
month-day. Column 3: Exposure time in second<olumn 4: Seeing. Column 5:
Aperture-corrected Vega magnitude er Bpper limit. Details are given if§ 2.2.3.

2http://www.aao.gov.au/local/iwww/cgt/ccdimguide/fittat. html

(CTI), performed standardSCAgrade selection, excluded
bad pixels and columns, and screened for intervals of exces-
sively high background (none was found). Analysis was per-
formed on reprocessethandradata, primarily usingc1AO,

but also withFTooLs (v6.3) and custom software including
ACIS EXTRACT (v3.128; Broos et al. 2005). Spectra were ex-
tracted usinghCIS EXTRACT with a 95% encircled-energy re-
gion derived from theChandraPSF library. As SN 1996c¢r

These issues have a negligible effect, however, on our flux eslies at the edge of diffuse emission associated with the AGN,
timates to within errors and will be addressed in more detail a background spectrum was extracted from a local annular re-
a separate publication on X-ray spectral analysis of SN&996 gion after excluding nearby point sources and the strongest
(F. Bauer et al., in preparation). portions of the circumnuclear halo and ionization cone -asso
ciated with the AGN (the annulus size was grown until ap-
2.3.1. Chandra proximately 100 counts could be extracted). We generated
The Circinus Galaxy was observed on several occa- calibration products (including an aperture correctiamthe
sions withChandrausing the backside-illuminated Advanced HETGS/ACIS-S spectra and fit them separately wiksreC
Imaging CCD Spectrometer (ACIS-S) in the focal plane, USing our best-fit model to estimate the flux. The majority of
both with and without the High-Energy Transmission Grat- th€ observations were performed in configurations which mit
ing Spectrometer (HETGS). Archival ACIS-S and HETGS igate pile-up; when significant we have noted the estimated
zeroth-order data were retrieved from ti#handra Data p|Ie—upfrac§|ons for SN 1996cr, and corrected for them gsin
Archive and processed following standard procedures usingth®xSPECpileupmodel of Davis (2001).
ClAO (v3.4) software. Additionally we removed thé’®

pixel randomization, corrected for charge transfer inifficy 2.3.2. XMM-Newton
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TABLE 4
UKST OBSERVATIONS
Plate # Filter Date Exp. Grade Magnitude

OR14405 IllaF/OG590 1991-07-17 2400 AI3* —
OR16161 IllaF/OG590 1994-06-27 2480 BI3* —
OR16238 lllaF/OG590 1994-08-12 3300 AID2 —
OR17455 IllaF/OG590 1997-03-11 300 al* —
OR17484 lllaF/OG590 1997-03-31 300 a* —
HA17930 4415/HAG59 1998-03-05 10800 A2 1%06
OR17954  4415/0G590 1998-03-19 900 a 31809
HA17987 4415/HA659 1998-04-05 10800 AT2 .3#04
OR17988 4415/0G590 1998-04-05 900 a a8 0.7
OR18316 4415/0G590 1999-03-11 900 a* —
HA18323 4415/HA659 1999-03-12 2160 buU* —
HA18328 4415/HAG659 1999-03-14 10800 bT* —
HA19197 4415/HA659 2001-05-24 8400 AU2* —

NoTE. — Column 1:A one- or two-character code for the filter/emulsion combi-

nation along with a running number for all UKST plateSolumn 2: Emulsion and
filter. OG590 is red, while HA659 is . Column 3: UT date of observation given
as year-month-dayColumn 4: Exposure time in second€olumn 5: All plates are
quality controlled and assigned a grade. The first lettehefgrade (usually A,B,C)
indicates the overall quality of the plate. The subsequetters indicate specific de-
fects as follows: | - Denotes image size larger than 40 mrdn Denotes detectable
image elongation on most images. U - Denotes underexposelegi(e to exposure
time). D - Denotes overexposed plate (high central densiByrvey plates are nor-
mally also given a grade number; the lower the number theb#te plate quality.
An A’ grade plate scores 3 or lower. Plates denoted by ™ v@nly available as
lower quality “Finder” (GIF) format and thus are not as phogdrically reliable. Ad-
ditionally, the spatial resolution of plate OR16238 was poor to provide a useful
comparison magnitude due to source blendi@glumn 7: Aperture-corrected Vega
magnitude. Details are given §12.2.4.

The Circinus Galaxy was observed once witiM-Newton

using the EPIC p-n and MOS1/MOS2 detectors on 2001-08-

06 for~ 104 ks. Archival data were retrieved from tK&¥M-

NewtonScience Archive and processed following standard
procedures with SAS (v7.0.0). Additionally, we screened
for and removed intervals of excessively high backgrouad (
15% for MOS1/MOS2 and: 40% for p-n), leaving 85.5 ks,
91.8 ks, and 59.5 ks of useful exposure with the MOS1,
MOS2, and p-n instruments, respectively. Spectra were ex-

tracted with SAS using a circular aperture of radiu§@ and

local background was extracted in a manner similar to that
done for theChandraobservations. We generated calibration

products for the p-n/MOS1/MOS2 datasets and joint-fit the
three spectra withirxsPEC using our best-fit model to esti-

mate the flux.

Additionally, we used thXMM-Newtordata to place upper

limits on the potential flux from SN 1996cr in teSCAand

unresolved observations sample the light curve of CG X-1,
we simply provide here the flux of CG X-1 in its “high” state
(see Bauer et al. 2001) which is75< 10712 ergs s cm™
and 43 x 102 ergs s' cm™ in the 0.5-2 keV and 2—8 keV
bands, respectively, and note that optimistic upper lifats
the flux of SN 1996cr would likely be a factor ef2—3 lower.

2.3.3. ROSAT

The Circinus Galaxy was observed on several occasions
with ROSATusing the High-Resolution Imager (HRI). Pro-
cessed data were retrieved from the High Energy Astrophysic
Science Archive Research Center (HEASARC), and analy-
sis was performed usingrooLs and custom software. We
adopted the best-fit model from the combined observations
(see above) to estimate tROSATHRI upper limits. Upper
limits were measured using a’l@perture and a local back-
ground extracted to match roughly the amount of diffuse and
scattered emission thought to reside within the source-aper
ture. Count rates were converted to fluxes wisPECusing
the finalROSATcalibration products and our adopted best-fit
model. Adopting similar models does not have a significant
impact on our derived flux upper limits.

2.3.4. Swift

The Circinus Galaxy was observed once with Bwift
X-ray Telescope (XRT) on 2007 March 23 for 7.4 ks.
Processed data were retrieved fra@wift Archive, and
analysis was performed usingrooLs and custom soft-
ware. SN1996¢cr is visibly separated from the nucleus
(25”separation) and diffuse circumnuclear emission and ap-
pears to be only marginally contaminated. A spectrum of
SN 1996c¢r was extracted from the event list using a 10 pixel
(23'5) radius circular aperture, masked to exclude emission
from the nucleus and diffuse halo to as large an extent as pos-
sible. Additionally, a background was extracted in a man-
ner similar to that done for thehandraobservations so as to
match roughly the amount of diffuse and scattered emission
believed to be present within the source aperture. Low photo
statistics, however, limited the fidelity of the backgrowsudb-
traction. We generated calibration products for the spettr
and fit it within XsPEC using our best-fit model to estimate
the flux.

2.3.5. ASCA
The Circinus Galaxy was observed once witBCAusing

BeppoSAXiatasets, both of which lack the spatial resolution the Gas Imaging Spectrometers (GIS) and Solid State Imag-
to resolve the galaxy into its various components (e.g., seeNd Spectrometers (SIS) on 1995-02-14for 61.1ks. Prodesse
Fig. 1 of Bauer et al. 2001). To this end, spectra for the en- data were retrieved from HEASARC, providir@3-36 ks of

tire Circinus Galaxy were extracted from &b2adius circular

aperture, excluding emission from SN 1996cr. Unforturyatel

usable data. Analysis was performed usatgpoLsand cus-
tom software. The target appears unresolved W#CAand

the ultraluminous X-ray source CG X-1 is known to vary with Was treated as a point source for extraction purposes. Spec-
a period of 7.5 hr and comprises a non-negligible fraction of tra for the entire Circinus Galaxy were extracted from'a 2
the total X-ray emission from Circinus. Thus we extracted radius circular aperture, while backgrounds were takemfro
a pessimistic spectrum additionally excluding CG X-1. This blank-sky observations at the same position and with idahti

provides conservative upper limits for the total emissiamf
the Circinus Galaxy during thASCAandBeppoSAXbser-

screening criteria. Contamination from a neighboring seur
5" away was minimal. Total fluxes were measured via simul-

vations, under the assumption that the fluxes of the varioustaneous spectral fitting of the GIS and SIS data and upper
emission components within the Circinus Galaxy (aside from limits for SN 1996cr were estimated by subtracting the flux
CG X-1 and SN 1996¢r) have not changed since 1995. Based®Stimated from th&MM-Newtondata as detailed above.

on the spatially resolved observations that we do have, this
assumption appears reasonable. More optimistic upper lim-
its can be estimated by further subtracting the time-avatag

2.3.6. BeppoSAX
The Circinus Galaxy was observed on two occasions with

flux from CG X-1. Given ambiguities in determining how the BeppoSAXusing the Low Energy Concentrator Spectrom-
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TABLE 5
X-RAY OBSERVATIONS

Instrument Date Exp. Fos2kev  F2-8kev  Fisowev Faskev Comment
ASCA 1995-02-14 61.0 <5 <142t <19t <152
ROSATHRI 1995-09-14 4.1 <6 — <23 —
ROSATHRI 1996-02-18 1.1 <23 — <93 —
ROSATHRI 1996-09-13 1.8 <11 — < 44 —
ROSATHRI 1997-03-03  26.4 <2 — <8 —
ROSATHRI 1997-08-17 45.9 <1 — <5 —
BeppoSAX 1998-03-13 85.2 <14 <154 <51t <165

ChandraACIS-S  2000-01-16 1.0 183 142+ 35 62+16 142+35 21% pile-up
ChandraACIS-S  2000-03-14 4.9 143 133+15 514+10 140+16 2% pile-up
ChandraACIS-S  2000-03-14 23.1 B2 120+20 4549 120+£20 20% pile-up
ChandraHETGS 2000-06-15 67.1 122 108+9 43+9 1184+9 3% pile-up
BeppoSAX 2001-01-07 27.2 <80F <614 <292t <620
ChandraACIS-S  2001-05-02 4.4 122 136+20 53+11 136+20 21% pile-up
XMM-Newton 2001-08-06 85.5 161 14445 61+2 154+5
ChandraHETGS 2004-06-02 55.0 283 186+11 88+12 204+11 3% pile-up
ChandraHETGS 2004-11-28 59.0 243 196+12 93+11 215+13 3% pile-up
Swift XRT 2007-03-25 8.0 358 2064+39 124428 222442

NoOTE. — Column 1: Satellite and instrumentColumn 2: Starting date of observatiof€olumn 3: Exposure time in
ksec.Columns 4 and 5Flux in the 0.5-2 keV and 2-8 keV bands respectively, deteethfrom the best-fit model insPEC
in units of 10%* erg $ cm 2. For upper limits, we have adopted the spectrum from theesk&2handraobservation. For
instruments unable to resolve SN 1996c¢r from the brighteusbf the Circinus Galaxy, denoted byupper limit fluxes
were estimated by subtracting the total flux of the Circinaga®y without SN 1996cr from the total unresolved flux (see
§2.3 for details and caveatsJolumns 6 and 7Absorption-corrected flux in the 0.5-2 keV and 2—-8 keV baedpectively,
determined from the best-fit modelksPEcin units of 10%* erg §* cm™. Column 8:Comments.

eter (LECS) and Medium Energy Concentrator Spectrome-strayed by more thar 20% from them. The secondary cal-
ter (MECS) on 1998-03-03 for 83.9/138.0 ks and on 2001- ibrators, which served as the gain, bandpass, and phase cal-
01-07 for 26.9/52.1 ks. Processed data were retrieved fromibrators for the Circinus Galaxy, varied from observation t
HEASARC, providing 83.7/137.2 ks and 26.8/51.7 ks of observation and include sources 19293 (bandpass, alter-
usable data, respectively. Analysis was performed usingnate 1 cm flux), 1329665 (bandpass), 154990 (bandpass),
FTooLsand custom software. The target appears unresolvedl414-59 (phase), and 123684 (phase). Both source and
with BeppoSAXand was treated as a point source for extrac- calibration data were flagged to remove bad time intervals an
tion purposes. LECS and MECS spectra for the entire Circi- channels, time intervals strongly affected by interfegrand

nus Galaxy were extracted from a 3+ddius circular aper-  obvious emission and absorption lines. The calibratioletab
tures (limited by the availability of calibration files), vid were applied to the Circinus Galaxy data, from which decon-
backgrounds were taken from blank-sky observations at thevolved, primary-beam-corrected images were made. On rare
same position and with identical screening criteria. Catita  occasions, a phase self-calibration was required. Integra
nation from a neighboring sourcé&way was minimal. Total  flux densities (determined fromiFIT) or 3o upper limits (de-
fluxes were measured via simultaneous spectral fitting of thetermined fromMSTAT) were then determined for SN 1996cr.
LECS and MECS data, and upper limits for SN 1996cr were These values are provided in Table 6. There appears to be con-

estimated by subtracting the flux estimated from XiM- siderable dispersion in 22.5 GHz flux densities, which were
Newtondata as detailed above. mostly acquired as part of larger Australia Long Baseline Ar
ray observations. We lack comparison data at other wave-
2.4. Archival and Proposed Radio Data lengths to determine if this is simply additional caliboati

uncertainty or potentially real flux variations. Howevedven
that there appears to be dispersion even between obs@wvatio
Radio observations of the Circinus Galaxy spanning 1995taken simultaneously, we caution that the dispersion i$mot
to 2006 were retrieved from the Australia Telescope Com- trinsic, but rather due to systematic errors.
pact Array (ATCA) archivé’ and are presented in Table 6and ~ We note that the only other strong point source in the field
Fig. 6. The data were reduced wi@rIAD (v4.0.5) following of view was the nucleus of the Circinus Galaxy, which is
the procedures outlined in the ATNF Miriad User Mantfal. likely due to emission from the Compton-thick AGN or a
The “primary” flux calibrator is 1934638, which is as-  compact circumnuclear starburst. As a check on the flux of
sumed to be constant in time with flux densities of 14.94, SN 1996cr, we extracted flux measurements from the point-
11.60, 5.83, 2.84, and 1.03 Jy at 20, 13, 6, 3, 1 cm, respeciike nucleus in a manner identical to SN 1996cr. While the
tively. As noted in Table 6, there are a few instances in which nucleus could vary intrinsically and may additionally bex€o
1938-638 is not included as part of the dataset, although thetaminated at long wavelengths by diffuse emission from the
observations are initially “primed” using this source; foich extended disk, it still provides us with a secondary est@mat
cases, fluxes of the “secondary” calibrators were comparedof any systematic error associated with a given observation
to their interpolated historical values from calibratiomm We find that the majority of measurements of the nucleus lie
itoring efforts® and were fixed to those values when they between 10-30% of its mean total flux in each band, although
a few observations (mainly at 22.5 GHz where contamination
'7 http://atoa.atnf.csiro.au/ from water maser emission is possible) vary by a factor of up

15 TP ; . g /
1o Nttp:/Awww.atnf. csiro.au/computing/software/miriad/ to four; we have adopted larger systematic errors for thbse o
http://www.narrabri.atnf.csiro.au/calibrators/

2.4.1. Australia Telescope Compact Array
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TABLE 6
ATCA RADIO OBSERVATIONS
Obs. Date  Obs.ID  Array K-Band | X-Band C-Band S-Band | L-Band Comments
v S v S v S v S
1995-03-03 C204 8640 >0.7 | 4800 >1.3 — — — — | mosaic field “a”
1995-03-03 C204 8640 >0.7 | 4800 >0.9 — — — — | mosaic field “b”
1995-03-30 C363 — — — — — — | 1418 >6.6
1995-04-16 C418 — — — — | 2768 >1.1| 1418 >1.2
1995-05-27 C204 8640 >0.7 | 4800 >1.3 — — — — | mosaic field “a”
1995-05-27 C204 8640 >0.7 | 4800 >0.6 — — — — | mosaic field “b”
1995-06-07 C204 8640 >0.7 | 4800 >15 — — — — | mosaic field “a”
1995-06-07 C204 8640 >1.5| 4800 >0.5 — — — — | mosaic field “b”
1995-07-27 C204 — — — — | 2368 >1.3 | 1376 >3.4
1995-08-01 CT09 — — — — — — | 1418 >17
1996-02-06 C466 — — — — — — | 1664 >1.5
1996-08-01 C363 8640 0.5:0.1 | 4800 >1.2 — — — —
1996-12-15 C586 8512 2.2-0.3 | 4928 1.8:0.2 — — — — | mosaic field “a”
1996-12-15 C586 8512 2.6:0.2 | 4928 1.8:0.2 — — — — | mosaic field “b”
1996-12-05 C505 — — — — | 2368 >0.4 | 1384 >0.7
1997-06-17 V100 8425 14t1 — — — — — —
1997-06-17 V100 8425 153 — — — — — — | spectral-line mode
1997-12-05 V099 — — — — | 2268 223 — —
1997-12-05 V099 — — — — | 2268 3#4 — — | spectral-line mode
1997-12-31 C694 8500 9615 | 4800 119:12 — — — — | 8.5 GHz extrapolated
from 6.0 GHz data
1999-06-19 C788 — — — — — — | 1384 893
1999-06-19 C788 — — — — — — | 1418 853 | spectral-line mode
2000-06-19 V137 — — — — — — — —
2000-06-19 V137 — — — — — — — —
2000-06-19 V137 — — — — — — — —
2002-07-18 V137 — — — — — — — —
2002-07-18 V137 — — — — — — — —
2002-07-18 V137 — — — — — — — —
2003-09-07 C1224 — — — — — — — — | phase cal only, flux forced
2003-11-03 C1049 — — — — — — — —
2003-11-03 C1049 — — — — — — — —
2003-11-04 C1049 — — — — — — — —
2003-11-04 C1049 — — — — — — — —
2003-11-08 C1049 8256 16310 | 5056 22711 — — — —
2004-04-02 Cl424 8640 1628 | 4800 24@:10 | 2368 364:16 | 1384 48119
2004-05-20 CX065 — — — — — — — — | phase cal only, flux forced
2004-06-13 V176 — — — — — — — —
2004-06-13 V176 — — — — — — — —
2004-08-01 V176B — — — — — — — —
2004-08-01 V176B — — — — — — — —
2005-03-14 C1368 — — — — — — — —
2005-04-20 C1368 — — — — — — — — | phase cal only
2005-11-13 C1049 8640 1595 | 4800 24612 — — — —
2006-04-29 C1049 — — — — — — — —
2006-04-29 C1049 — — — — — — — —
2006-06-21 C1049 8640 154t11 | 4800 26110 — — — —
2006-09-14 C1341 — — — — — — | 1418 505-20
2007-06-24 VX013A — — — — — — — —

NoTE. — Column 1:Starting date of observatio@olumn 2:0Observing program IDColumn 3:Array configurationColumns 4, 6, 8, 10, and 1XMean frequency of observed band in
units of MHz. Columns 5, 7, 9, 11, and 13ntegrated flux densities (determined fromFIT) or 3o upper limits (determined fronMSTAT) in units of mJy. Errors include both statistical
and systematic terms. The systematic error is estimateuthe ratio of the measured calibrator fluxes over its esethhistorical value based on monitored light curves (tylpiagiance
was 5-20%) Column 14:Comments. Observations taken as mosaics, in spectraflu, or with limited calibration sources are duly noted.

servations as a result. Thus, aside from the 22.5 GHz data, wdartel et al., in preparation). SN 1996cr was detected only o
are generally confident in our measured fluxes for SN 1996cr.the three baselines involving the Parkes, ATCA and Mopra
) ) telescopes. The flux of SN 1996cr is consistent with previ-
2.4.2. Australia Long Baseline Array ous ATCA measurements, while its extent appears resolved
We carried out Very Long Baseline Interferometry (VLBI) by the longest baselines at3c. Although Gaussian and disk
observations of SN 1996¢r on 2007-06-24 using the follow- models provide adequate fits, we adopt a model consisting of
ing telescopes of the Australian Long Baseline Array: ATCA, an optically thin spherical shell, as was found to be appro-
Mopra, Parkes, Hobart, and Ceduiialhe observations were ~ priate for SN 1993J (see, e.g., Bietenholz et al. 2001; Barte
phase-referenced to the nearby calibrator PMN J18326. et al. 2002). For a ratio of the outer to the inner shell radius
We observed both senses of circular polarization at a fre-of 1.25, we find an outer angular radius ©6 mas, which
quency of 22 GHz with a total bandwidth of 65 MHz, and corresponds te- 2.8 x 10'” cm for an assumed distance of
for a total time of~9 h. We report here only our prelimi- 3.8 Mpc. Modeling a smaller outer to inner shell ratio like
nary results and note that a full description is forthcor{idg 1.10 could perhaps narrow the angular radius{s%o, while
using a filled-center model (equivalent to an inner sheliusad
20 See hitp:/iwww.atnf.csiro.au/vibi/ for details.
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of 0) might increase the angular radius©20%. ~0.8 mags more than a standard conversion of our best-fitted
_ Ny = 8.4 x 107 cm™ from the late-time X-ray spectra; a fac-
2.5. Archival Gamma-Ray Burst Data tor of ~2 variance is commonly seen between extinction and

Among the numerous GRB-associated SNe that now ex-Ny in our own Galaxy (e.g., Burstein & Heiles 1978), so this
ist, nearly all have been identified as type Ibc’s, which sug- discrepancy is probably not necessarily reason for conaérn
gests that they arise from Wolf-Rayet progenitors. Althoug though it could be indicative of further early-time absawpt
SN 1996c¢r is identified as a type IIn SN at late times, it We note that this model should provide adequate conversions
is worth searching for any evidence of temporal and spatialto broad-band magnitudes since early-time SNe spectra are
gamma-ray emission, as its original type may have been quiteoften domingted by strong, broad lines that blend to form a
different. Additionally, there are at least two events inieth pseudo-continuum.

a good observational case can be made for the association of Using SYNPHOT in IRAF to convert from the narrow AAT

a GRB with a type IIn SN: GRB 011121/SN 2001ke (Gar- Hell, [O111], and [SII] bands, we find an equivalent discov-
navich et al. 2003) and GRB 970514/SN 1997cy (Germany ery magnitude o/ ~ 17.8. At the distance of the Circinus

et al. 2000). We find eight BATSE GRB detections over the Galaxy, this equates to an uncorrected absolute magnifude o
lifetime of the ComptonGamma-Ray Observatory (Meegan My =~ -10.2, orMyc < —15 when corrected for the minimum

et al. 1996) which include the Circinus Galaxy within their 3~ €xpected extinction. This provides a strong lower limitcgin
error regions. One of these GRBs, 4B 960202, appears to ligthe SN likely went off prior to the discovery images and the
within the explosion date constraints of SN 1996c¢r, suggest apparent extinction estimated from the discovery mageiud
ing a tentative association. Importantly, however, 4B 9802 is substantially higher.

was detected by multiple Gamma-ray observatories and has a

dramatically smaller error estimate via triangulatiomfrthe 4. CHARACTERIZING SN 1996CR

Interplanetary Network (IPN; Hurley et al. 1999, 2005). The
full IPN 30 confidence annulus is onk¢0°33 wide and lies
>1°3 from the SN at its closest tangential point, thus strongly
ruling out any identification with SN 1996cr.

The basic observational picture for core-collapse SNésstar
at shock breakout (e.g., Chevalier & Fransson 1994, here-
after CF94), where the blast wave emerges from the progen-
itor with a typical velocity of> 10* km s and propagates
3. ISOLATION OF SN 1996¢r’'S EXPLOSION DATE into the CSM formed by the pre-SN stellar wind. The in-

Tables 3-6 give a detailed summary of the observations rel-teraction between the ejecta in the forward shock and the
evant for determining the explosion date of SN 1996¢r. While ©SM leads to the formation of a reverse shock, which trav-
SN 1996¢r was discovered in the X-ray band, the archival els back into the expanding ejecta — at least relative to the
X-ray data available are too limited and subject to poténtia Outward expanding contact discontinuity that separates th
geometrical and structural effects (e.g., early absomptiav-  Shocked ejecta and the shocked CSM. Fig. 7 provides a ba-
ities) to narrow down the explosion date to better than an SIC one-dimensional picture of the overall scenario. The
~ 10 yr window between 1990-2000. Although SN 1996¢cr full three-dimensional structure could be much more com-
is relatively well-sampled at radio frequencies, thoseeoss=  Plicated. For instance, the contact discontinuity is spce
tions similarly suffer from the same early-time effectsygsh ~ Ple to Rayleigh-Taylor instabilities, which are only resed
limiting their utility to date the SN. Fig. 6 demonstrateath N Multi-dimensions (e.g., Chevalier et al. 1992; Dwarkada
the radio emission begins to sharply “turn on” in mid-1996, 2000). Likewise, asymmetries could exist in the CSM or SN
signaling that SN 1996¢cr must have exploded sometime prior€XPlosion itself due to the nature of the progenitor or the ex
to this. Several narrow-band optical images from the AAT istence of a binary companion (e.g., SN 1979C, SN 1987A;
fortuitously bracket the SN explosion date between 1995-02 McCray 1993; Crotts & Heathcote 2000; Montes et al_.12000;
28 and 1996-03-16, allowing us to isolate the SN explosion SUgerman et al. 2005). For a typical slow ¢ 10 km s7),
to within a year. Final confirmation of SN 1996cr comes in dense K ~ 10%-10° M, yr™*) constant progenitor wind,
the form of the optical spectrum, which signals many tedltal the forward shock/CSM interaction produces a very hot shell
features of a SN embedded in dense circumstellar materiaPf shocked CSMT ~ 10° K), while the reverse shock/ejecta
(CSM). interaction produces a denser, cooler shell of shockedaejec

We note that SN 1996¢r’s position coincides with a small, (T ~ 107 K). The latter interaction has a much higher emis-
powerful Hil region. However, it is clear from a comparison Sion measure and generates copious far-UV and X-ray emis-
of Figs. 2 and 3 that much of thecHs due to the unresolved Sion which subsequently photoionizes a broad inner ejesta r
SN-CSM interaction 70%; see also Table 2) and thus is gion fromwhich many of the optical lines are believed to erig
likely to be associated with photoionized wind materiatsur inate. When the CSM density is high and/or the power-law
rounding the progenitor (e.g., Fesen et al. 1999). Contamin density distribution of the ejecta(R™) is steep, the reverse
tion is likely to be negligible for other wavelengths. shoc_:k will remain radiative and a relatively thin, cool, den

The tightest direct temporal constraints arise from compar partially absorbing shell (CDS) should form between the re-
ing theR-band image taken on 1995-02-28 with the narrow- Verse shock and the contact discontinuity. UV and X-ray ra-
band [S Il] image taken on 1996-03-16. As such, we cannotdiation associated with the original shock breakout (detéc
constrain the spectral form of SN 1996cr at these early timesfor the first time from SN 2008D witBwift Soderberg et al.
(i.e., whether itis line- or continuum-dominated), whicake ~ 2008), as well as radiation from the ongoing forward and re-
conversions between various bands somewhat uncertain. Foyerse shocks, may additionally photoionize the outer CSM.
simplicity, we adopt here an intrinsically flat continuum-ab When the CSM is H-rich, this ionization should give rise
sorbed byE(B-V) = 2.2 mags at early times. This is likely to the strong, narrow-line H emission which is thought to
conservative, considering typical early SNe are intriatyjc ~ €pitomize the type IIn class (e.g., Schlegel 1990). To place
quite blue. The extinction was determined using the three SN 1996cr within the context of the above scenario, we ex-

narrow-band discovery-image magnitude constraints and isdmine our temporal and spectral data in detail.
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FiG. 6.— The solid circles denote the light curves Yoiband (top panel), radio (middle panel), and absorptianected X-ray (bottom panel) data. Fluxes
are shown on the left, while luminosities are on the righte Tight grey shaded region on the left denotes the currerdbsxm window. For the/-band, we
also show a typical/-band light curve based on five type lIn SNe (dashed blue.lifbgre is a large range in properties at early times, for kvirie show only
the upper and lower extremes expected; SN 1996cr’s maxirigithdould lie anywhere in between. We have normalized tdnétibitial discovery magnitudes
and adopted a late-time decline rate®¥ = 0.0035 per day to fit théiSTdata. None of the magnitudes has been corrected for extmatihich is likely to
be in excess ofy = 4.5. The dark grey region denotes the range of parameter sz wur adopted SN light curve is not excluded. The radia padvide
relatively robust constraints on emission at early timesiughout the explosion window, and only peak up in late 199 radio emission is fit with a modified
ejecta-CSM interaction model (dashed lines, $de3), which deviates from the standard model in two impdnieays. First, the unusual sharp rise and variable
spectral index cannot be fit by free-free absorption aloné raquires & 100 fold increase in radio luminosity as well. Second, tie-tane slope remains flat
up to the current epoch, rather than exhibiting the charniatiterollover seen in most RSNe. The late-time X-ray ddtevs a relatively strong and significant
rise between 2000-2007 both in the 0.5-2 keV and 2-8 keV bards is very atypical of X-ray detected SNe and suggeststitiesblast wave of SN 1996cr is
encountering a dense circumstellar shell. The dasheddimas empirical power-law fits to the data with labeled slofdw® early-time upper limits in all bands
suggest that either very strong absorption played a rolg earor more likely the progenitor of SN 1996cr formed a cavtiring the final part of its evolution.
The thin solid curves, the colors of which mirror those diieg the SN 1996¢r data, show the corresponding X-ray adib figght curves of SN 1987A for
comparison (Hasinger et al. 1996; Manchester et al. 200%;d@al. 2006). Only the luminosity and days after explosagas apply to the SN 1987A data. The
SN 1987A data have additionally been scaled up by a factor0ffQifor illustrative purposes. While many of the specifies different, the general trend of the
SN 1996¢r X-ray and radio light curves resembles those of @8V A.
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FIG. 7.— Idealized one-dimensional cartoon of a SN and its shaakng
with the stellar wind established CSM, and in the case of 36t0a more
distant Hil region the SN is likely to be surrounded by. The forward shock
and shocked CSM are thought to give rise to radio, UV, and Kanaly emis-
sion (T ~ 10° K), while the reverse shock and shocked ejecta provide the
bulk of the soft X-ray emissionl( ~ 107 K). A CDS immediately behind the
contact discontinuity can potentially absorb the soft }¥-emission, leading
to a variety of photoionized emission lines. Not to scale.

4.1. Optical Light Curve

To assess the early history of SN 1996cr, we compared the

V-band light curves for five type IIn, as well as 25 additional
type Il SNe of varying types, to the optical constraints de-
tailed in §2 and plotted in Fig. 6> The threev > 15 upper
limits from R. Evans here provide some additional insigtd in
the nature of SN 1996c¢r’s light curve. We note that the light
curves of type Il SNe are relatively uniform and can gengrall
be divided into two distinct parts: (1) a sharp rise and vari-
able decline rate betweehV = 0.005-0.035 per day within
the first~100 days, followed by (2) a nearly universal decline
from My ~ —14 with a rate ofAV = 0.003-0.01 per day. The
latter is thought to be linked to the decay $Co (Turatto

et al. 1990; Patat et al. 1994).

The above parameters define our average template ligh
curve, and we use as our pivot point the constraints from

1996-03-16 to 1996-03-19, which lie 0-380 days from maxi-

mum. As a consistency check, we note that the slope betwee

our 1996 and 1999 data points falls roughly within the ex-
pected range for type Il SNe; we adapY = 0.0035 per day
to fit our points. We find that R. Evans’ constraint on 1995-

03-31 excludes earlier explosion maximum dates for all but

the faintest observed light curves, while the limit on 1995-

08-13 excludes brighter than average observed light curve$

up to ~50 days prior to this date, and the limit on 1996-03-
03 fails to exclude any additional time. The dark grey re-

21 SNe light curves from

http://virtual.sai.msu.s0/pavlyuk/snicurve/.

were acquired

BAUER ET AL.

gion in the upper panel of Fig. 6 shows the range of parame-
ter space which is still viable, demonstrating that theggeup
limits exclude SN 1996¢r from being an extremely luminous
type Il SN over~15% of the explosion window. From this
we argue that SN 1996cr ultimately had an uncorrected abso-
luteV-band magnitude somewhere betwedg.2 and-15.5.
Once corrected for4.5 magnitudes of extinction, SN 1996cr
falls within the typical range for luminous type Il SNe. At
late times, SN 1996c¢r lies well above an extrapolation of the
average decay rate, and is in fael.5 magnitudes brighter

in 2006 than in 1999. This fact demonstrates robustly that
SN 1996¢cr must be buoyed either by circumstellar interactio
or unresolved light echoes (e.g., Patat 2005; Patat et @6)20
We discuss these two possibilities furthegh?2.

Several SNe (particularly of the lIn sub-type) have been
shown to be strong near-IR emitters, due to reprocessed emis
sion from hot dust (e.g., Gerardy et al. 2002; Pozzo et al.
2004). Whether the hot dust arises from preexisting dust in
the circumstellar gas or from newly formed dust in the ejecta
is still unclear. TheHSTNIC3 narrow-band constraints we
have demonstrate that any near-IR emission above therearlie
ESO near-IR imaging is likely to be minimal. Thus if a sig-
nificant hot-dust component formed, it must have either been
short-lived (e.g., destroyed by the initial UV flash from the
SN or rapidly cooled) or occurred after the NIC3 observation
in 1998. Mid-IR observations will ultimately constrain the
dust-content of SN 1996c¢r better, since the bulk of antieiga
dust is likely to be at temperatures ©fL00 K (the dust tem-
perature in SN 1987A, for instance, 4180 K; Dwek et al.
2008). While the pre-SN optical imaging does not provide
useful constraints on the progenitor due to the strong extin
tion toward the Circinus Galaxy, the ESO near-infrared data
does not suffer as much. THeband limits in 1994 June are
strong enough to exclude stars withy < -7.5, effectively
excluding the bright end of the luminous blue variable (LBV)
distribution.

4.2. Optical Spectrum

As Fig. 1 demonstrates, the optical spectrum of SN 1996cr
exhibits strong narrow emission lines of H and O that typify
the type Iin SNe class (e.g., Schlegel 1990) superimposed on
very broad emission complexes. The strong narrow lines sug-
gest that circumstellar interaction plays an importang iial
the overall emission almost from the onset and, because of
the strength of this emission, it can often mask the truereatu
of the photospheric emission. For instance, SN 1998S (Fas-
sia et al. 2001) was spectrally a type IIn and photometsicall
a type IIL, SN 2002ic (Hamuy et al. 2003; Deng et al. 2004)
and SN 2005gj (Aldering et al. 2006; Prieto et al. 2008) were
spectral “hybrids” showing type lIn-like H lines superpdse
on otherwise type la-like spectra, and SN 2001em (Chugai &
Chevalier 2006) spectrally evolved from a type Ic to a type Il

N the timescale of a few years.

In the case of SN 1996cr, where we have limited temporal
coverage during the early phases, we cannot deduce its early
photometric or spectral type. We must rely solely on the-late
time SN emission lines in our VLT spectrum to provide diag-
nostics on ejecta abundances and shock emission processes,
s well as potential information on the mass-loss history an
evolutionary status of the SN progenitor (e.g., CF94, Frans
son et al. 2002, Chevalier 2005). As Fig. 8 shows, aside from
the heavy extinction, the spectrum of SN 1996cr bears many
striking similarities to the classic type IiIn SNe, SN1979C
(Fesen et al. 1999), SN 1986J (Leibundgut et al. 1991), and



SN 1996¢r: SN 1987A's Wild Cousin? 13

LA L L L R L B B B L I R R R and thus can be considered as the outer layer of emission.
-13 N We therefore consider the extinction derived from the Balme
decrement to be a lower limit and caution that some interior
components could suffer considerably higher extinctiom W
do not, however, see strong evidence of P Cygni absorption in
any of the emission lines, suggesting that further absampti

in the vicinity of SN 1996cr is probably minimal. This may
also imply that the bulk of the CSM is fully ionized. We find
only marginal evidence for Na D absorption L.50), which

can be used to approximate the overall extinction (e.g., Tu-
ratto et al. 2003). The strength of this absorption appears t

1 small compared to our other estimates, although the spectra
] resolution, signal-to-noise, and potential for contariora

1 from complex line emission (see below) in the VLT spectrum
severely compromise any meaningful constraint. We contend
that the lack of broad-band blue and near-UV detections; com
pared to the strong blue continua typically seen in compara-
ble SNe (e.g., SN 1979C, SN 1980K, SN 1988Z; Fesen et al.
1999; Immler & Kuntz 2005), is fully consistent with our es-
timated extinction parameters and hence is reasonable.

We proceeded to fit all of the obvious emission lines with
narrow Gaussian components. The parameters of each line
were originally fit separately, but eventually the centrairer
lengths and FWHMs of the H, He, and heavier element lines
were tied together as denoted in Table 7 to reduce free param-
eters and improve error estimates; this was justified byabie f
that the free-parameter values overlapped with the nominal
fixed ratio values to within errors. We note that there were,
Lo e b b | however, several large broad residual wings around the H

4000 5000 Wave?gr?oth & 7000 8000 and O lines. Thus we fit blended narrow and broad Gaussians,
g again linking central wavelengths and FWHMs as denoted in
FiG. 8.— A comparison of the optical spectrum of SN 1996cr withsta Table 7. We describe each element separately below.
for a few other type lin supernovae: SN 1979C (Leibundgutlei@91), We should caution that the late-time spectrum we observe
o e st e 5 o e e caseperzons, o SN1996er could potentilly be contaminated by early.
SN 1996¢r has strong, narrow c%mponents similar to SN 1&%\&@ as t_lme SN spectral featur_es due_ to the_presence of U”reso"(ed
broad asymmetric O complexes like SN 1979C and SN 1986J. light echoes from dust in the immediate circumstellar envi-
ronment or in the intervening interstellar medium (e.gtaPa
2005; Patat et al. 2006). Notably, the spectra of SNe near
SN 19887 (Aretxaga et al. 1999), and thus can probably bemaximum light are the most likely to continue on as light
considered to be representative of the class as a whole. echoes, and thus we would expect such contamination to be

We used the contributetRAF packagesSPECFIT (Kriss isolated primarily to the continuum of SN 1996cr since early
1994) to model the various spectral components of SN 1996crlime spectra of SNe routinely exhibit either blue continua o
We began by fitting a power-law continuum, absorbed using psuedo-continua comprised of extremely broad emissi@s lin
the Galactic extinction curve of Cardelli et al. (1989) with which trace the high velocity ejecta (Filippenko 1997). For
Ry fixed at 3.122 However, since there is some degeneracy SN 1996cr, we find only distinct emission lines of low-to-
between the power-law slope and degree of extinction, wemoderate velocity (i.es 5,000 km s*) on top of a smooth
fixed E(B-V) to a value of 1.8 determined by the narrow- continuum, with the only notable exception being the region
line Balmer decremeft and then determined a best-fitted immediately surrounding HE5876. The equivalent widths of
power-law slope of 3.4. This single powerlaw, however, un- these emission lines are also comparable to other wellestud
derestimates the curvature of the continuum between 5500-SNe such as those in Fig. 8, suggesting at least that SN 1996cr
7000 A by~10%, and thus conversely leads to overestimatesis not unusual. We additionally included a few early-time
in some line fluxes and widths. To fit the continuum more ac- light curves of typical SNe in our spectral fitting, and found
curately, we instead adopted a broken power-law model withthat aside from some degeneracy with our continuum model,
slopes of 2.65 above and 4.47 below a break at 64004, re-Such spectra are not generally compatible. Thus we argte tha
spectively, yielding a statistically reliable model of then-  the majority of our line estimates, with the possible excep-
tinuum over the entire spectrum. Note that the narrow Balmertion of Ha, are unlikely to be strongly contaminated. In the

lines are thought to arise from the unshocked progenitodwin case of H, there are rare exceptions, such as the type lin
SN 1994W and SN 1994Y, where early spectra display bright,

22 \While there is known to be some variance in the extinctiorvesifrom relatively narrow H lines on top of blue continua from the
galaxy to galaxy (e.g., Calzetti et al. 1994), such diffeemshould be rel-  outset (e.g., Wang et al. 1996; Chugai et al. 2004). In these
atively minimal above 4000 A. Thus for simplicity we modektaxtinction cases, the narrow lines are interpreted as arising fromflthe S
using this particular Galactic extinction model since agigant fraction of ; ; ;
the extinction comes from our own Galaxy. shock transngltted into a dense, clumpy CSM very close in to

the SN 10 cm). Our radio and X-ray constraints at early

23 Note that the decrement has a slight dependence on temeeeatd . U . .
virtually none on density. times suggest this is an unlikely scenario for SN 1996cr (see
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TABLE 7

LINE IDENTIFICATIONS
# Line Component F Fe Ac FWHM
1 [O 1] A7319 n 1.4-0.5 49.6-17.2 7324.%1.4 =29
2 b 13.6: 1.0 496.6:34.8 73249 (=1*) =29
3 cl 6.2 0.5 208.2:16.4 7420.1 (=30*) =30
4 c2 19.3: 0.7 746.0£26.8 7251.1 (=31*) =30
5 c3 16.8- 0.5 681.8-20.7 7190.5 (=32*) =30
6 J[Arlll]A7136 n 1802 76.4-9.7 7136.8 () =8
7  Hel 7065 n 3.%0.3 138.3:12.7 7065.7 (=21*) =21
8 [SII1 \6731 n 3.6:0.3 210.1#18.9 6732.6:0.8 74424
9 [SlI] x6716 n 4601 239.6-7.8 6717.6 (=8*) =8
10 Hel \6678 n 1.1%+0.2 70.013.8 6675.7 (=21*) =21
11 [NII] X\6583 n 19.4 0.7 1310.&45.4 6582.80.2 =8
12 Ha n 34.5+ 0.8 2306.851.8 6563.6:0.2 669-18
13 b 9.5-1.0 634.4:65.2 6563.0 (=12) 40°HF398
14 [NII] \6548 n 6.4- 0.0 432.3 0.0 6547.8 (=11*) =8
15 [Ol] 6300 n 59404  486.#430.7 6296.2:0.4 =8
16 b 5.3t 0.6 434.9451.3 6296.2 (=15) =29
17 cl 2.10.3 159.8:-26.0 6376.8 (=30*) =30
18 c2 5.8 0.4 504.3:35.5 6231.6 (=31*) =30
19 c3 2.9 0.3 263.#29.2 6179.6 (=32*) =30
20 [FeVII] X6087 n 0.5£0.2 43.8:16.3 6087.0 (f) =8
21 Hel \5876 n 1.6-0.2 187.8:24.1 5873.20.8 91365
22 [NII] A5755 n 1.2-0.2 152.3:22.2 5755.0 (f) =8
23 [Ol] A5577 n 0.20.1 35.6£15.4 5579.0 (=28*) =8
24 b 0.3t 0.2 49.3t28.5 5579.0 (=28*) =29
25 cl 0.3:0.2 48.5£26.1 5644.5 (=30*) =30
26 c2 0.3t 0.1 49.3t20.8 5516.0 (=31*) =30
27 c3 0.3:0.2 48.2:31.0 5469.9 (=32*) =30
28 [Olll] A5007 n 52 0.3 1638.6-92.3 5007.20.3 =8
29 b 3.5t 04 1099.1#130.3 5007.9 (=28) 2796174
30 cl 2.4-0.3 682.5:71.4 5066.4-1.1 2049:19
31 c2 4.5-0.3 1543.@:117.1 4952.60.6 =30
32 c3 1.9:0.3 690.5:94.2 4910.8-0.6 =30
33 [Olll]x4959 n 1.6 (=27%) 540.8 (=27*)  4960.0 (=28*) =28
34 b 1.1(=28%) 362.7(=28%)  4960.0 (=28%) =29
35 cl 0.7 (=29%) 225.2 (=29%) 5018.9!(=30*) =30
36 c2 1.1(=30%) 509.2 (=30%)  4905.2 (=31%*) =30
37 c3 0.6 (=31*) 227.9(=31*)  4866.8 (=32*) =30
38 HB n 1.9 (=11%) 745.0(=11%*)  4861.1 (=12%) =12
39 Hell \4685 n 0.4:0.1 221.8:-59.6 4684.5 (=21*) =20
40 Hy n 0.4 (=11%) 350.2 (=11*)  4340.0 (=12%) =12

NOTE. — Column 1:Component numbeolumn 2:Emission line.Column 3:Component: Narrow (n), Broad
(b), Complex (c#).Column 4: Observed flux in units of T8 ergs §* cm™2. “* indicates the flux of the line is
tied to another line according to the relative ratio of thespective atomic line intensitie€olumn 5: Extinction-
corrected flux in units of 13° ergs §* cm 2. “*” indicates the flux of the line is tied to another line acding to
the relative ratio of their respective atomic line inteiesit Column 6: Central wavelength in A. “*” indicates the
central wavelength of the line is tied to another line actaydo the ratio of their respective atomic rest wavelengths
Column 7:Gaussian Full-Width Half-Maximum in kmi's.

TABLE 8
LINE RATIOS
Line Ratio “n” “b” “cl” “c2” “c3”

[onn 1(4959+5007)1(4363) > 5.40 >362 >508 >225 >228
[om 1(3726+3729)1(7319+7331) < 703 <302 <178 <746 <190
Ol/[O ] 1(7774y1(7319+7331) <0.50 <016 <012 <048 <034
[ol1] 1(6300+6364Y1(5577) > 3.95 >190 >314 >107 >163
[si 1(6731)1(6716) 0881218
[sl] 1(6716+6731)1(4068+4076) > 0.31
[N 1(6548+ 65831 (5755) 114435%
[Ar 1] 1(7136+7751)1(5192) > 0.84
Hel 1(7065)1(5876) 0741078
Hel 1(7065)/1(6678) 198:%5%
Hel 1(6678)1(5876) 037532

NoTE. — Column 1:Line-intensity ratio.Columns 2-6Fitted component values.
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FIG. 9.— A section of the spectrum in Fig. 1 showing in detail ttted
components in the vicinity of the ddline. Obvious emission lines have been
identified and an empirical model has been fit to the data asrided in
§ 4.2; again the green line shows the overall fit to the spectrtite the red
(blue) lines show the individual narrow (broad) componemtthough the
narrow Hx strongly overlaps with the N doublet, our spectral resolution is
sufficient to deblend it.

§4.3 andg4.4). However, since we lack early optical spec-
tra of SN 1996c¢r, interpretation of thenHemission should be
viewed with some discretion.

4.2.1. Hydrogen

We find SN 1996c¢r exhibits both narrow (6628 km s?)
and broad (407%398 km s!) components of H,
with fluxes of (2.3#0.05)x10* ergs §' cm™? and
(6.34+£0.65)x 10 % ergs s* cm?, respectively. This portion
of the spectrum is shown in detail in Fig. 9. The narrow line
appears to be marginally resolved above our estimatediinstr
mental resolution, although this fact should be regardel wi
some caution since the line is strongly blended with;Nve
await confirmation via high-resolution spectroscopicdot
up.
The flux found in our VLT spectrum is consistent to
within errors with that measured from th¢ST F656N fil-
ter seven years earlier, indicating that the overlappimgrig-
gion still only contributes at most 30% to the total narrow-
line flux above and 10% to the broad-line flux. Account-
ing for this contamination, we find corresponding extinatio
corrected luminosities of (2.29.06)x10*® ergs s and
(9.86+0.10)x 10°*" ergs s* for the narrow and broad compo-

15

SN 1995G, and SN 1995N decreased by at least an order of
magnitude in~4 yrs (Aretxaga et al. 1999; Pastorello et al.
2002; Fransson et al. 2002). The.Huminosity thus provides

an important diagnostic on the total ionizing radiationttha
complements the X-ray observations, as this line arises as a
result of recombination and collisional excitation. Ifghio
component is associated with CSM interaction and is pow-
ered by photoionization, then the X-ray luminosity from the
forward and reverse shocks should roughly be proporti@nal t
the Ho luminosity following Eq. 3.7 in CF94 such that

L(Ho) ~ 4.4 x 10°(T/10'K) Y(Lx /10" ergs §*. (1)
This implies Lx = 7.0 x 10T /10°K) ergs §', however,
which is two orders of magnitude larger than the product of
observed absorption-corrected X-ray luminosity and tempe
ature. This would argue for the soft X-rays from the reverse
shock, which should dominate bolometrically, to perhaps be
radiative and hence reprocessed by either unshocked low-
density ejecta or high-density material in the CDS (thisspos
bility is discussed further i§4.2.2). Alternatively, the narrow
line could arise from shocks being driven into dense, slow-
moving clumps associated with the progenitor wind. This
would more naturally explain the discrepancy in observetl an
estimated ionizing flux, in which case the line is instead pow
ered by collisional excitation.

If the narrow Hy stems from the stellar wind, then thexH
luminosity can also be related to the mass of the unshocked
wind as

L(Ha) = (1-5) x 103 (M_4/vi1)* riz ergs s, (2)
whererg is the radius in units of 16 cm, v, is the wind ve-
locity in units of 10 km &%, andM_4 is the mass-loss rate in
units of 10% M, yr* (Deng et al. 2004; Wang et al. 2004).
We assume an emissivity based on Case B recombination at
a temperature of 10,000 K, which is in rough agreement with
our extinction-corrected &/HG/H~ ratios. Our kv luminos-
ity implies a mass-loss rate ef10°vy1 1% Mg yr™. For a
typical red supergiant lifetime gf 10° yr, this implies that at
least a few M, of hydrogen-rich matter was cast off into the
CSM.

The high-velocity component of & on the other hand,
must be related directly to the blast wave in order to have

nents, respectively. The energy generated in either the narachieved its present dispersion. This component could-be as

row or broad hk lines is significantly above that predicted by
the decay of°Co-%Fe at this late stage (e.g., Chugai 1991),
and therefore must instead be related either to mechamieal e
ergy associated with the SN ejecta-wind interaction oripote
tial light echoes.

The line width and systemic velocity of the narrow com-

sociated with the reverse shock or CDS behind the reverse
shock, perhaps from swept-up wind material or hydrogen that
remained on the surface of the progenitor. The broad-line H
velocity is thought to provide a lower limit to the true shock
velocity. However, an observed disperiorn~o4,000 km s is
much lower than the 15,000—40,000 ki mitially expected

ponent argue for an origin beyond the blast wave, associatedor a typical core-collapse SN, and implies that the shock in

with either the shocked or unperturbed progenitor wind.(e.g

SN 1996cr has already slowed down substantially due to cir-

Fransson et al. 2002). If the line does arise from a dense, precumstellar interaction. This observed velocity decredssd o
SN, H-rich CSM, it must have been photoionized and heatedleast>4-10 implies a circumstellar density increase>df6—

by UV and X-ray radiation from the massive progenitor and
the initial shock breakout of the SN. The fact that the l-

minosity has remained relatively constant between thelepoc
of the VLT andHSTobservations suggests that this region is

100. This line is almost certainly powered by collisional ex
citation associated with shocked ejecta.

We additionally see significant narrow-line emission i H
and Hy, as well as marginally in 5l Broad emission com-

now being sustained by ionizing flux from the current ejecta- ponents could also exist for these lines; however, for ipic

wind shock zone (se&4.4), although again contaminating

line ratios with respect to & they would be marginal at best.

echoes from prior epochs is a concern here. For compari-Additionally, such emission would be impossible to deblend

son, the Hv flux of other type liIn SNe such as SN 19882,

from the [Olll] emission complexes.
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R U ; ; symmetric positive and negative velocity peaks indicatif’e
1 1 emission from an equatorial ring, while a third central peak
o 7319 could emerge due to a population of dense clouds embedded
n ] in a much less dense CSM. In the second scenario, the CDS
can only lead to such peaks under a very specific set of con-
ditions such that it is very optically thick to such line emis
sion, it is thin enough that the velocity gradient over thelksh
/ | | is small compared to the thermal velocity, and finally it has
R\ | j[oneseo | a macroscopic velocity larger than its thermal velocity.eTh
R N ENYPEON CDS could be clumpy, lowering the filling factor and allow-
3 3 ing some emission to escape. A final possibility for this ve-
locity structure could arise from the SN blast wave impagtin
a dense shell produced by a wind-blown bubble. In this case,
several secondary shocks could separate the CSM into multi-
ple concentric shells (e.g., Dwarkadas 2005), such thdt eac
peak may represent a different velocity shell. The inned-(re
shifted) shells would be preferentially absorbed compémed
the outer (blue-shifted) shells, just as we observe.
For SN 1996¢cr, we see a broad central peak (“b”,
| | FWHM=2795+174 km s') and two roughly symmetric pos-
0115007 itive and negative peaks (“cl” and “c2”, FWHM= 2049

§

N
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/

1000.0 le3 @ nb Lt Lear

100.0

(015577 |

Flux (10™*¢ ergs cm? s™)
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FOS 19 km $%). The red peak is always fainter than the blue one,

see a fourth, faster negative component (“c3”) which doés no
: have an obvious positive counterpart; with our current sen-
£ 0 11 49597 sitivity such a symmetric component (i.e., “c4?”) must be
at least a factor of 2.5 fainter 3, implying significant ad-
R 7N ditional internal absorption above that of the lower vetpci
N T N peaks, if it exists. This “c3” component could be indicative
5000 of further asymmetry in the structure of SN 1996cr. We need
only look to the nearby SN 1987A, with its triple ring struc-
Fic. 10.— Velocity structure of O emission lines in units of kit.sThe ture, for an example of such p_Ote”t'a| complexity (McCray
VLT spectra in the vicinity of five labeled complexes (blagd their re- 1993, 2007). While the properties of the CSM of SN 1996c¢r
spective model fits (green showing the overall full compadignwhile con- appear to differ dramatically from those of SN1987A, the

tributions from a distinct velocity component are shown iffiedent colors) i i i -
are shown. Each spectrum is offset by a factor of 10 for glafthe solid spectral features hint at an environment that is equa"y dy

vertical line denotes the approximate position of the atetiy narrow (cyan) namic and exotic. An_Other pOSSIbIlIty 1S tha’F the “c3” com-
and broad (magenta) components, while the dashed veitiesl dlenote the ~ ponent represents a light echo from an earlier epoch, where

expansion velocities of components c1 (purple), c2 (rea),é3 (pink); a po- the O lines were shifted by a larger velocity and more heavily

tential symmetric component c4 is not evident in the datahdlgh several absorbed. We reject this. however since it would require the
of the lines are strongly blended, each of the componentairermelatively i ’

distinct. The line components for5007 and\4959 overlap such thatina €3 0Xygen features to peak strongly in the blue part of the

4/ implying significant internal extinction. Interestinglye also

i

0
Velocity (km s)

few instances no single component obviously dominates. spectrum, while we detect them clearly throughout the spec-
trum.
Notably, when we apply our five-component model to the
4.2.2. Oxygen

O lines, we find that our constraints on [[26363 are consis-

We find evidence for one narrow-line and four tent with zero flux if we fit [OI]\6363 and [Q]A6300 sep-
broad-line velocity components in the profiles of the arately. Given the degeneracy between the potential broad
[O 1nI1AN5007,4959, [OI]A6300, and [OI]A7319 lines components of these two lines though, this only provides
as shown in Fig. 10, with velocities of 357765 (“c1”), weak| (\6363)/1(A6300) constraints for the various compo-
66418 (“n”, “b”), 3247+ 36 (“c2"), and-5755+37 km s nents (nx 1.0, bi< 0.8, ¢1< 0.6, ¢ 1.5, ¢3< 0.9). Such
(“c3”). We note there is also marginal evidence for similar ratios are all fully consistent with the normal transitiamlp-
multi-component emission complexes associated with theability of 0.3. For the following, we fit only\6300 and use
[O 1]A5577 and [OI1]1\4363 lines. This is somewhat in its flux to estimate the total intensityfA6300+ A6363) for
contrast to the late-time spectra of many type Il SNe suchthe various components. As such we may incur some small
as SN 1993J, which show evidence for more irregular, additional errors associated with flux contamination betwe
“clumpy”, newly synthesized O complexes (Matheson et al. different velocity components of the two lines. We also cau-
2000). tion that the complex which we attribute solely toli(\7331

A few type Il SNe have shown evidence for three-peaked is likely in fact to be a blend of [QI]AA7319,7331 and
profiles, which have either been ascribed to inhomogeneous|[Call]AA7291,7325. Using our five-component model, how-
partially absorbed disk- or torus-shaped CSMs (e.g., @grar ever, we find that additional lines do not significantly imggo
et al. 2000; Leonard et al. 2000), or from line formation in x2. The relative symmetry and constraints on line centers
the CDS (e.g., Fransson et al. 2005). In such cases, howof the individual components imply that other lines do not
ever, the profiles arise not from the O lines, but from,H  contribute strongly to the overall emission, although bisa
Mg I, or Lyc; this may indicate that SN 1996cr is O-rich. small systematic residuals suggest minor blending isyikel
Nonetheless, the first scenario typically yields two rekdyi The overlapping broad-line O profiles seen in Fig. 10 appear
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to be overestimating the valleys in between distinct compo- 4.2.4. Nitrogen

nent peaks, indicating that either the profiles are not repre \yq fing evidence for strong, narrow N emission in the
sented well by Gaussians or that P Cygni-like absorption may o otym of SN1996¢r in the form of both the nebular
be present but masked by the overall complexity of the emis-|\1 \\6583,6548 (which appear as a resolvable blend with
sion. Higher-resolution spectroscopy is needed to platteibe Ha) and the ’auroral [NIJA5755 lines. The lines have a
constraints on these potential emission and absorptioimieon best-fited FEWHM of 74+24 km s The line-intensity ra-

butions. : P ;
. . tio I (A\6583+ A\6548)/1 (A\5755) implies an electron density of
The fact that the various components show up in all of the Ne > 1x 10° x (10%/T)95 cnr2 for T < 20,000 K (Osterbrock

O lines strongly argues for a scenario in which they arise . ; ;

from physically associated regions within the SN. Since we il?] E:T? iﬁe%?ilniseltikaeli 2222 Jeh(?f(r)]rlgt]ﬁedneanrfg\)//v SHugrgn(ieSsStisO;hat

see several ionization states though, it is likely thatehsr pIng ¢ y. Asarg : .
the majority of the emission must arise from the SN-CSM in-

strong stratification within these distinct spatial regiguery . ? : : ) 2
; T : teraction given the pre-SN imaging constraints. The intplie
likely due to an extended partially-ionized zone; e.g., GF9 velocity of the lines suggest it is likely to have a circunhste

and itis only appropriate to employ nebular-to-aurora ia- lar origin, while the strength of the emission hints at peten

tios for a given ionic species to estimate physical condgio .., . . )
. tial nitrogen enrichment, as has been notably seen in devera
However, our constraints om\3726 3729,A4363, and\5577 other type Il SNe such as SN1979C, SN 1987A, SN 1993,

are poor and do not provide physically interesting tempeeat
and density limits. Table 8 lists these oxygen ratio coistisa SN1995N, and SN 1998S (Fransson et al. 1984, 2002, 2005).

Notably, the relative observed strengths of the O lines are 4.2.5. Sulfur
broadly consistent with the model predictions of CF94 (see
Figs. 4 and 5), whereby the modeled ejecta is photoionized
by X-rays from the circumstellar interaction.

Finally, there appears to be no sign of thd Q7774 re-
combination line either at its systemic value or other veloc
ties seen in the [@) lines (although telluric absorption does

hinder assessment of the blue components). This sugges .
that the narrow O resides in a physically distinct region-sep SUCh as SN 1988Z and SN 1979C (see Fig. 8). The] [&e-

arate from the narrow &, as one typically sees a Toratio. intensity ratii)(!o()\6731)/l (é\(55716_)ejmplies an electron density
The broad, high-velocity O emission is not mirrored in any Of Ne = 400" x (10%/T)%° cm® (Osterbrock 1989). We
other elements, although there is possibly some complexity additionally see a hint of the [B]A\A4076,4069 doublet, al-
the He emission (see below), further arguing that it propabl though the significance of this feature is marginal and sfison

arises from an O-rich shell of processed gas associated wittgffected by our estimated extinction value. Given the gjron
freely expanding ejecta. density contrasts, this component should reside in a difiter

region from [NII].

The spectrum shows strong, narrow IJPAN6731,6716
emission lines with a best-fitted FWHM of 7424 km s?,
which again clearly must come from the SN-CSM iteraction
given the pre-SN imaging constraints. This feature is rela-
tively uncommon in late-time type Il SNe spectra, although
it is seen in several comparatively-aged type Iin SNe spectr

4.2.3. Helium 4.2.6. Argon

SN 1996¢r shows evidence for four prominent, narrow He  Narrow Ar emission is present in the spec-
lines (906101 km §1): He IN7065, Hel \6678, Hel A\5876, trum of SN1996cr in the form of both the nebular
and Hell A\4686. The narrow-line width is marginally broader [Ar 1]JAA7751,7135 and the auroral [ANI]A5192
than that of Hy, hinting that it may be spatially distinct. The lines. Our lower limit to the line intensity ratio
He line ratios do not strongly constrain the electron tem- 1(A5192)/1(A7751+ A\7135), however, is too loose to
perature and density of the gas. The emissivities of Porterplace any useful constraint on the electron temperature or
et al. (()3005)3 constrain the He gas to beTap 10* K and density of this component (e.g., Keenan et al. 1988).
ne = 10 cm™.

We see substantial broad residual emission arout@b5 4.2.7. Iron
and A\5876 which currently defies identification. Unlike the  We find significant high-ionization [F&1I]AA6087,5721
well-formed velocity components associated with the vari- lines, but only a marginal [F&l1])\5158 line. Additionally,
ous O lines, there appears to be no spectral consistency befFe X]A\6375 may be present, although it is currently lost
tween different He lines. For instance, the emission aroundamid the broad [Q] emission. The lack of a strongs158
A7065 appears box-like and quite strong relative to the sys-line constraint unfortunately leads to physically unietr
temic narrow line, while the emission around8876 appears ing electron-density limits (e.g., Keenan & Norrington 798
more spread out and much fainter relative to the systemic nar 1991).
row line. Thus if this broad emission is associated with He, ) -
it is likely present in several regions of the SN, and may be 4.2.8. Unidentified
far more complex than H or O are. There may be additional We also see tentative features\&840,15980,\7011, and
marginal broad features around686, while any potential 7785 which remain unidentified.
features around6678 are masked by the strong, broad H
emission. 4.3. Radio Light Curve

‘The narrow He emission likely arises from the same re-  An expectation from the interaction between the blast wave
gions of the progenitor wind as the narrow hydrogen emis- and the CSM is the production of copious non-thermal syn-
sion, whereas the broad unidentified emission, if it comeschrotron emission from relativistic electrons and enhance
from helium, could be swept up material or expelled clumps. magnetic fields within the thin shell trailing the forward
Either way, its complex profile suggests itis much more ireg shock. The radio emission should be proportional to the in-
ularly distributed compared to H. jection spectrum of electrons and various loss mechanisms,
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which are effectively determined by the composition and-den

sity of the CSM. At early times, however, the radio emis- 100001 gggggm |

sion can be absorbed via free-free (FF) or synchrotron self- TE © 1999 Jun | 7

absorption (SSA) depending on the magnetic field strength E S Toa7 0o

and CSM density and structure. Then as the shock wave - —~ $ 1o9e m|
o o ——

overtakes more and more of the CSM, the radio emission be- 1999

comes progressively less absorbed, leading to a charstiteri
frequency-dependent “turn on” first at higher frequencies a
later at lower ones.

Following the prescription of Chevalier (1982b) the opti-
cally thin radio luminaosity of this shell can be described by

L, o< 4rRPAR K BY*W/2 ) 0-D/2 g7 (3)

wherel,, is the radio luminosity at frequenay, AR is the
thickness of the synchrotron emitting region at rad®)sB
is the strength of the magnetic field, the distribution of ac-

celerated particles is assumed to take a power-law form of

N(E) =KE™, andr is the absorption opacity. Bo®andK
scale with the thermal pressuPewhich itself scales with the
CSM densitypcsu of the synchrotron emitting region. The
opacity T likewise scales wittpcsy, although in the case of
FF absorptionitis proportional to the integrated dendityg

=
>
=
E
>
a
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0.1 ; I . . L
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FiIG. 11.— Radio spectra of SN 1996cr over several epochs. Swld c
cles denote data, while solid and dashed lines denotesidrand absorbed
radio spectra from our best-fitting model. We find dramatiargfes in the
low-frequency slope indicative of time-varying absorpfibut relatively little

the line of sight. We assume here that all absorbing mediachange to the high-frequency slope additionally sugggstietrong increase

are purely thermal, ionized hydrogen with opacities prepor
tional to ™21, We contend that the FF opacity dominates
over the SSA opacity given that (1) the shock velocity re-
quired by SSA, as implied by the radio luminosity and time of
peak emission (see, e.g., Chevalier et al. 2006, and refesen
therein), is many times lower than either the optically indel
late-time shock velocity or the expected early-time shagk v
locity, and (2) the absorption does not deviate substéytial
from 7 oc v™>1 where it is possible to constrain it, as expected
for FF. By comparison, SSA should scale@ga oc 2725,
which is too steep to fit any of our well-sampled epochs. In
this case, the FF opacity is given by

4)

PCSM

-1.35 y -21
) (zem) |
HHMH ®)

where the emission measure, EM, is given as
0o 0o 2
EM=/ Ngdrz/ ( )dr.
r r
Thus the unabsorbed radio luminosity and FF opacityr
afford us two completely independent opportunities todrac
the CSM density profile.

Te
10°K

EM
pccnt®

i A~ 3.28 % 10r7<

in the CSM density.

From Fig. 11, we see that the data taken during the 2006
June and 2004 April epochs are only minimally absorbed
and thus provide a solid constraint both on the intrinsic-syn
chrotron spectral indexa(= -0.79+ 0.02) and the FF ab-
sorption beyond the synchrotron-emitting region. Using ou
model radio spectra to guide the eye (described below), we se
the presence of increasing absorption at the lowest frequen
cies as we progress back through the 1999, 1997, and 1996
epochs. This is a natural consequence of the radio-emitting
region overtaking the CSM which absorbs it. Importantlg, th
observed spectral index between 4.8 GHz and 8.5 GHz does
not change dramatically between 1996 and 2006. If we as-
sume that the intrinsic spectral index is constant, thidigsp
that the spectrum here is optically thin. The 8.5 GHz emis-
sion is thus only modestly affected by FF absorptier2(0%)
even at early epochs and can be considered a relativelytrobus
tracer of the intrinsic radio luminosity at all times. As fuc
the 8.5 GHz flux density appears to jump by a factord60
between 1996 August and 1997 December (515 days) and an
additional factor 0f=1.33 between 1997 December and 2004
April (2384 days). Given that the radio-emitting region is
spread over relatively large scales, the radio emissionldho

With the above in mind, we now examine the radio data for vary smoothly in time. Empirically, we find that a broken
SN 1996cr. Fig. 6 demonstrates that there are strong uppepower law, with indicesy = 8.76+0.24 anda, = 0.71+0.09

limits at four observable frequencies from the earliesttwh

between the three highly constrained epochs above, pmvide

explosion up through the end of 1996. These non-detectionsan adequate fit to the data from other epochs aside from 1996

imply either strong early absorption or the presence of a low

August (2 = 2.65), although there is clearly some degener-

density cavity. Over the next year, we see a dramatic riseacy with other parameters suchaandr (see Fig. 11). This
in the radio emission, first at higher frequencies and later a model should at least provide a qualitative understandfng o

lower ones. The inverted rise, however, is atypical and cann

solely be the result of dwindling absorption, as is common

the light curve during this overall period.
The early upper limits and dramatic increase in the radio lu-

in other RSNe. To make this point clearer, we present theminosity imply a sharp rise ipcsy as well, highlighting the

radio spectrum of SN 1996cr for several epochs in Fig. 11

. possible transition from a fast, sparse stellar wind to a,slo

Much of the radio data were taken separately, and thus adense one. Such transitions typically lead to the formatfon

few of our adopted late-time epochs actually span a severa

la wind-blown bubble (e.g., Weaver et al. 1977; Garcia-Segur

month window; such an approach is validated by the fact thatet al. 1996a,b), and numerous researchers have explored the

strong, rapid radio variability is not expected or obseraéd
late times.

subsequent interaction between the complex CSM associated
with a bubble and the SN blast wave (e.g., Chevalier & Liang
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1989; Tenorio-Tagle et al. 1990, 1991; Dwarkadas 2005).ent also initiated a rise in the radio luminosity by a factér o
Quantitative constraints on the density are difficult toadrnt > 200. Beyond 1996 August, we assume the velocity quickly
however, since the radio luminosity cannot be related to thearrived at a constant value 6f3400 km s'. These assump-
CSM density in the standard manner (i.e., self-similar solu tions allow us to determine approximate radii of 0.054 pc,
tions such that,, o p2&,—p2Z,, for a=0.79; Chevalier 1996)  0.055 pc, 0.059 pc, 0.064 pc, 0.081 pc, and 0.089 pc for the
and requires hydrodynamical simulations to account for the 1996 August, 1996 December, 1997 December, 1999 June,
interaction properly. 2004 April, and 2006 June epochs, respectively.

Our constraints omg, on the other hand, are more straight-  If we take the radius on 1996 August as our shell impact
forward to calculate. Using the Levenberg-Marquardt least date, then, depending on the 380 day ambiguity in the explo-
squares method we directly constrain= 74 (v/1 GHzf! to sion date, the average initial shock velocity prior to thisan-
be 29.3t6.1, 15.8t1.1, 4.1-0.6, 0.69:0.10, and 0.5%0.11 strained to be~37,000-139,000 km™$ (0.12-0.46). The
for the 1996 December, 1997 December, 1999 June, 2004ower value is in line with theoretical and observationglex-
April, and 2006 June epochs, respectively. Unfortunatkly,  tations (e.g., Chevalier et al. 2006), while the upper vidue
1996 August and 1997 June epochs only have 8.5 GHz meaprobably unrealistic. Such a high average shock speed would
surements and do not provide strong constraints, althowgh w be difficult to maintain for more than several days in a typica
are encouraged by the fact that the latter is consistentomith  or even underdense CSM environment. If the explosion did
adopted light-curve model. For the five epochs where we havecome later, then one or more of our assumptions above may

good spectral constraints, we solve f@fsm shen eXplicitly in be incorrect. The late-time velocity of SN 1996cr could be
four contiguous shells such that larger than our adopted value: the largest observed veglocit
135, in_ _out \ 05 in the optical spectrum is<5,800 km s, for instance, and
pesmshel = 3.49 x 108 Te To "To o3 provides a plausible upper limit to the current shock speed;
she 107K [ £ (rydr adopting this value yields initial velocity constraintsaator
' (6) of ~3 lower. Alternatively, the transition between initial and

where we have assumed; = 0.6 and T =10,000 K. The final velocities could have been gradual, taking many weeks
inner and outer radif™ and r, in pc, are taken from O Years to fully drop from one extreme to the other: the

vet;2* we note that the outermost radius is constrained to beProposed CSM shell of SN 1996cr could have asymmetries
~ 2.8 107 cm on 2007-06-24 from our VLBI observation. akintothose seenin SN 1987As ring, for instance, which are
The to-be-determineddependence gfcsy, is encompassed  likely responsible for the onset of hotspots (e.g., Sugerma

by f(r). The form off (r) is iteratively determined by ensuring &t &l. 2002); a long-lived velocity transition could agamwer

that it is consistent with the slope obtained between adjace iNitial velocity constraints by a factor of a few. Finally)e
shells ofpcsmshelr VLBI radius constraint could be too large, due either to our

We next turn to the evolution of the shock velocity, adopted ring model or our adopted distance to SN 1996cr: we
which we need in order to determine the shell radii. From Nnote that uncertainties in our adopted VLBI model are esti-

our optical spectrum, the ejecta (as traced by the O lines)mated to be only-5-20%, while our adopted distance could
and broad K line appear to be expanding at a variety of Vary by a factor of$2.7 at most. Despite these potential
velocities betweerz2000-5800 km €, with the symmetric ~ Problems, though, it is encouraging that our overall vejoci
red and blueshifted velocities e$3250—3550 km¥ stand- model, assuming the lower initial shock velocity at leaster
ing out as the most likely values tracing the blast wave. We mayka;bly similar to the actual time evqu_tion of the shock ve
thus adopt 3400 kms for the current shock speed. Clearly locity in SN 1987A as deduced from radio observations (e.g.,
after the shock impacts a high-density region, its velowity Manchester et fﬂ‘lL 2002). In SN 1987A, the shock expanded
be reduced considerably. During its subsequent evolution i @t~35,000 km §" for its initial three years, be_]iore Impacting
such a region, however, its velocity should evolve strongly With the Hil region and slowing te-4500 km s*.
as can be seen from radio observations of SN 1987A (Manch- USing Equation 6, we can now place constraintspegiv,
ester et al. 2002; Gaensler et al. 2007) and simulationsdfier N €ach shell of material overtaken between the five epochs
(Dwarkadas 2007b). Therefore, without any further informa s shown in Fig. 12. Since we do not know how far out the
tion, a first approximation is to assume a constant velocity Fémainder of the free-free absorbing material extendstirgo
comparable to that derived from the optical spectrum. inter CSM, we do notinclude the las value in this analysisHa
estingly, the high X-ray temperature, if it is in thermal equ  OPservations from the Southern H-Alpha Sky Survey Atlas
librium, also yields an equivalent velocity af3400 km s, (Gaustad et al. 2001) provide constraints on the emissi@n me
although here the velocity is almost certainly related t th Suré toward the Circinus Galaxy 9“107000—2_51’3%00 pc crh,
reverse rather than forward shock and thus may simply be co-0" quivalentlyr = (0.0033-00082)(Te/ 10* K)~™**°. Thus for
incidence. any reasonable temperature of the warm interstellar medium
We therefore adopt an evolution for the blast wave velocity (ISM), it appears that much of the remaining free-free asor
as follows. The shock began with a high initial speed which tion from our last measurement probably resides close to the
it maintained for 1-2 yrs. By 1996 August it encountered a SN in the CSM itself. Future low-frequency radio measure-
dense shell of wind-swept material, and the shock velocity Ments could constrain this potential decline in the absompt
dropped rapidly by a factor proportional to the square root Oddly, we find that thecsu, oc ™ profile derived from the

of the density gradient it encountered. This density gradi- absorption, where ~ 2.5-2.9, seems at odds with the flat
late-time evolution of the radio luminosity itself, whictowid

24 \While a self-similar solution is unlikely to hold under ouwrrcent phys- naively implys~ 1.2° The strong disconnect between the two
ical c_onditions, it is instructive to note that in such a srém _the radii and
velocity would evolve as = (vs/m)t andvs oc t™™, wherem will range be- 25 Radiation losses or strong gradients in the magnetic fialticthanges

tween 0.850.95 for most cases. This would lead to estimated shell radii substantially (e.g., Fransson & Bjérnsson 1998). Note @verw than any ad-
only ~ 20% larger and should highlight the relative quality of canfial con- ditional loss mechanism would have to leave the late-tineetspm relatively
straints.
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Radus (po) 4 evolution. This suggests that either the SN went off aftir th
L T date, the early density did not follow2 profile, or there was
additional heavy absorption that affected even the 8.5 GHz
0% e s data.
At the assumed radii, the CSM density of the shells equates
108 | to ~ 0.05M, located between (1.7-2.810*" cm. Addition-
- ally, the SN blast wave took onkg 1-2 yr to reach this high-
5 density region, equating te(1-2)s/Vy yr in the progenitor
2 Or e dosT time frame. For reasonable wind velocities, this implies th
g ? region was formed a mere70-14,000 yr prior to the explo-
g 10~ T 207 sion.
5 For comparison, the density for a constant progenitor wind
il e 20 (i.e., constanM /v,) can be written as
M v - r K
. ' =6.3x10" =
107~ " 20w pesu % <M@ yr‘l) (km st 10%cm/)
102 . .. L R and a few lines of constaM /v,, are plotted in Fig. 12. No-
10 Radis e 10 tably, the evolution of SN 1996cr beyord 0'° cm appears to
be consistent with a constant winddf/v,, ~ 10771078, typ-

details. Radii are determined assuming a constant velo£i8400 km $ " . ; 9
since 1996 December, anchored by our VLBI size constraintvehas a transitioned to a much Sparser wind Mf/VW 5 10~ before

thick grey line. The CSM densities are estimated from theefming free- this (i.e., during its last many decades/centuries).
free absorption coefficient assuming a fully-ionized CSMe(g.3 for de- There are very few scenarios that can lead to such a CSM
tails), and hence only trace the ionized portion of the CSNhate radii. density distribution. with an initial low density foIIowleby
The green curve denotes the density profile obtained asgysaig o< r 2, e ! ; ' ; ;
which is clearly inconsistent with this assumption. Thesghwints and curve a Iarge d‘?”s_'ty j_ump, and .th.en aregion of decreas[ng denSIty
show the density profile when modeled in a self-consistemmea such that ~ Such a distribution is reminiscent, however, of a wind-blow
pcsm o 'S, wheres is the iteratively determined slope between subsequent bubble, wherein the interaction of a star’s stellar windhwit
?hat?tﬁo'ms totb?2~55a‘2~93a a’.‘ctzgfflresloec“"e'y- ‘é"e caution, h_fwevelf’ either a previous stage of the stellar wind or with a constant
at the exact slope depends intimately upon our adopted velocity evolu- : : : : :
tion, estimated radio size, and adopted distance. The epdgr limit (red) denSIty m_edlum S_UCh as the ISM, results in mate”_al belng
is the required density jump needed to reconcile the avesymated initial swept up into a thin dense shell between the two regions. Go-
shock velocity with the much smaller average velocitiesiirgtd from the op- ing outwards in radius, the bubble density distributiones d
_tlcal sp_ect_rum, assuming th_e density represented by thm@ured_ point scribed by (Weaver et al. 1977; Dwarkadas 2005): A region
is fully ionized. The dotted lines denote constant valuesi gt in units of of freely expanding wind decreasing g€. the wind termi-
M yrt km™ s and bracket the typical values for red supergianty)Land nation shock, a constant-density region 'Of shocked wiral. th
Wolf-Rayet (108) winds. For comparison, we also show the crude density thin dense sﬁell of swent- ambient material and the 0’ ter
profile (thin grey curves) for SN 1987A: the inner segmerit)ie the density ! - ! wept-up ' ! _' ! u
structure required to explain both the X-ray and radio eimmis@Dwarkadas ~ medium, which could be another wind region with density
2007c), while the outer lines (right) denote the upper amettdbounds on  decreasing as?. The circumstellar distribution derived from

the density structure as deduced by light echoes (Sugertar2@05). the radio observations seems to fit this well, with the high-

may indicate that a large portion of the CSM being overtaken density jump denoting the location of the dense shell, which
is actually neutral, and thus not traced by the radio abiorpt W€ may not have seen from free-free absorption if the dense
Since recombination is a strong function of density, this di sheII.was not highly ionized. Interior to the '_sheII is the low
connect may further imply that there is significant clumping density shocked and unshocked wind, for which we only have
within the CSM of SN 1996cr. upper limits. Exterior to the shell is the unshocked ambient

Although we are unable to constrain the density profile en- Medium, presumably also a wind, which we verify from our
countered by the blast wave at early times wia the early free-free absorption. If true, this picture again indisatteat
implied velocity drop argues for a density increasedf20, the stellar parameters changed significantly just a fewsyear
while the radio luminosity jump supports a similar increase {© @ few thousand years before the death of the star, and that
(even larger ifL,, o p2&,—~2%,, holds). Thus it appears that this region was formed by wind-wind interaction. Although
we are seeing the transition between two distinctly difiere the shellis thin, itis extremely dense, and the shock daliid
density regions separated by a dense shell, possibly assdci with this region could be slowed dramatically, and lead to an

with a wind-blown bubble (e.g., Dwarkadas 2005). If we as- increase in radio and X-ray emission, as is observed.
sume the SN exploded into a sparse stellar wirg o r2 SN 1996c¢r can be compared to other observed young RSNe,

initially, then we might expect the shock to adhere to a self- @mong which SN 1987A (see McCray 2005, 2007, for re-
similar solution prior to 1996 August (i.e., radio emission VI€WS) is again a good starting point because of its rising ra
evolves asl, o« t05-t"15 CF94, Chevalier 1996). Thus dio light curve. SN 1987A was detected at radio wavelengths
for explosion dates earlier than 1995-06-07 (i.e., day 98 fo when it first went off, but this initial outburst was very shor
t=1995-02-28), our 8.5 GHz upper limit would constrain the lived (Turtle et al. 1987) and attributed to shock accelerat
CSM density in this region to be even lower still if no fur- of synchrotron-emitting electrons in the stellar wind elos
ther SSA or FF absorption is present. A lower density, how- {0 the star at the time of the explosion (Storey & Manch-
ever, would imply a substantially larger density jump later ester 1987; Chevalier & Fransson 1987). Radio emission

which is difficult to reconcile with our current shock velgei ~ Was again detected from the supernova aft8ryr in quies-
cence, at first rising in a dramatic fashion for several haddr

unperturbed. days and increasing more or less monotonically thereafter (
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Fig. 6). Unlike the early absorption in SN 1996cr, however,

the observed spectral index of SN 1987A has remained rela- _ 5 2

tively constant between1.0 to —0.9, indicating unabsorbed Lx = 4m / A (Tej) ng; 1 dr, (8)
synchrotron emission at all times during this re-emergence

(Manchester et al. 2002). The steady rise in SN 1987A is alsowhere the index refers to values for either the forward or
much steeper than in SN 1996c¢r apdL0* times fainter, in- reverse shock and; is the temperature-dependent cooling
dicating a markedly different CSM-density distributiomda  rate (Chevalier & Fransson 2003). The detection of strong
perhaps sharper density contrasts. The constant momjtorin He-like Fe and Si emission lines in the X-ray spectra (Bauer
at radio, optical, and X-ray wavelengths has illuminategl th et al. 2001) suggests the presence of heavy elements in the
density structure surrounding SN 1987A and directly con- X-ray emitting material, and therefore that the X-ray emis-
firmed multiple evolutionary stages of mass loss (Cheva- sion stems from the shocked ejecta material found behind the
lier & Dwarkadas 1995; Sugerman et al. 2005; Dwarkadas reverse shock.

2007a,b). Unfortunately such consistent monitoring iklac Because the progenitor CSM distribution likely includes th
ing for SN 1996cr, leaving us with only a crude understanding presence of pre-existing shocks and density discontés.ts-

of its density structure to date. Clearly the CSM distribati  sociated with the wind-blown bubble (s§4.3), the interac-
around SN 1996c¢r appears to be much denser and more contion of the SN blast wave with this medium is complex. Due
pactthan SN 1987A, in addition to potentially showing apile to the presence of various discontinuities, the standamiho
up of material around- 10" cm. We note that more modest (e.g Chevalier 1982b, ; CF94) of the interaction of a SN blast
structure in the CSM density, perhaps from the wind-wind in- wave with a power-law ambient density medium is not ap-
teraction of multiple evolutionary stages or inhomogeasit  plicable, and we must rely on detailed hydrodynamical mod-
within a particular stage, has been observed in many well-els to infer the specific mass-loss properties of the pregeni
sampled RSNe light curves now, including SN 1978K (Smith tor (e.g., Dwarkadas 2005, 2007a,c). Furthermore the CSM
et al. 2007a), SN1979C (Montes et al. 2000), SN 1980K may be at least partially photoionized, as is thought to ke th
(Montes et al. 1998), and SN 1993J (Bartel et al. 2002; Weiler case for SN 1987A (e.g., Chevalier & Dwarkadas 1995). As
et al. 2007), and demonstrates that perturbations frgsm o« shown in the previous section for a wind-blown bubble, even
r~2 are probably commonplace. With finer sampling in the if the progenitor star had a constant wind mass-loss rate and
future, we should be able to place stronger constraints®n th velocity (which is not likely), the structure of the CSM can
outlying density structure in SN 1996cr. vary substantially with radius. Thus we cannot assume that
the CSM density directly translates into the wind paranseter

. Nonetheless, we can make some qualitative arguments based
4.4. X-ray Light Curve on Equation 8.

We turn next to the X-ray light curve of SN1996¢cr. The  Between days 1800-4400, we find that the intrinsic X-ray
Circinus Galaxy was observed with a variety of X-ray instru- luminosity scales almost linearly with time. The radiusrove
ments as shown in Fig. 6 and Table 5. From these, we findthis time period should increase by a factoref.6, depend-
that SN 1996c¢r exhibits strong, atypical temporal evolutio ing on the exact nature of the ejecta density profile and the
Unlike most SNe, SN 1996cr is not detected at early times CSM. The width of the emitting region can be approximated
despite relatively frequent and sensitive observatiorisceS  to be about 0.1 times the radius (e.g., CF94), resulting in
thermal X-ray emission effectively traces the density &f th an overall volume change by a factor 86. From the X-
CSM, these early X-ray upper limits, especially when com- ray spectrum, we do not see any significant changes in the
pared to the detections later on, again indicate the presenctemperature or absorption, indicating tiat (T;) remains ap-
of either strong early absorptioM > 2 x 10?2 cm™) or a proximately constant. If the X-ray emission was arisinghia t
low-density cavity immediately surrounding the progenito shocked ambient medium, the density in Equation 8 must de-
Our radio constraints suggest in fact that both are preseht a crease by a factor e£2.2, or equivalently bec r* to produce
likely to affect the X-ray emission: the mass associatethwit the observed dependence. This is significantly differemnfr
the FF absorption is already marginally enough to obscureeither a constant density or ther—> dependence expected
an extrapolation of the detected X-ray slope, while the towe for a stellar wind with constant parameters. Furthermare, f
density implied by the radio luminosity jump would also re- a density profile decreasing &3 the velocity would be ex-
sultin decreased early X-ray emission. When finally detecte pected to decrease with time, and therefore the temperature
on 2000-01-16, the 0.5—-2 and 2—10 keV X-ray fluxes are best-(which is proportional t&?) would drop accordingly. The fact
fitted asox t10240.17 andt080+010 regpectively. The slopes are that this is not seen makes it unlikely that the X-ray emissio
consistent with each other to within the errors, suggestiag is arising from the shocked wind (see Fig. 7).
any apparent emerging soft component is marginal and that We instead contend that the emission is arising from
the detected portion of the rise is likely to be opticallynthi  shocked ejecta behind (in a Lagrangian sense) the reverse
This strong, continued rise is in stark contrast to the eiamiu ~ shock. This scenario is strengthened by the presence of heav
of nearly all other SNe detected to date, which are theoreti-element emission lines in the X-ray spectrum (cf. Fig. 6 of
cally expected to decline as t*+t4 (e.g., CF94) and ob-  Bauer et al. 2001), since such elements are far more likely
servationally follow suit albeit with more scatter (e.g@ed=ig. to reside in the processed ejecta than in the progenitaf’s st
2 of Immler & Kuntz 2005). Sustained increases in the X-ray lar wind. If the SN ejecta did collide with a dense shell of
have only been observed for SN 1987A (Park et al. 2006),CSM from a pre-existing wind-blown bubble, then the for-
SN 2006jc (Immler et al. 2008), and perhaps marginally for ward shock would advance quite slowly, and the bulk of the
SN 1978K (based upon a single early upper limit; Schlegel X-ray emission would arise from the reverse-shocked mate-
et al. 2004). rial. The post-shock temperature just behind the reverseksh

The X-ray luminosity of the forward and reverse shocks at could be quite high ¥10° K) if the density were low —

a particular radius is given by technically the density could drop to zero for expansion in
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a constant-density medium. The electron temperature, how-umn densities (Bauer et al. 2001).
ever, might be an order of magnitude lower if the electroms an ~ The rapid evolution we see here for SN 1996¢r has been
ions have notyet reached equilibrium. The temperaturedvoul noted in a few other objects, such as SN 2002kg (Van Dyk
not change appreciably over this period, consistent with ou et al. 2006; Maund et al. 2006) and SN 2006jc (Foley et al.
observational constraints. The velocity8400 km s in- 2007; Pastorello et al. 2007). Such an evolution has also
ferred from the X-ray temperature in this case would refer to been invoked to explain the enormous energy output from
the electron temperature in the reverse shock, and thugthe a SN 2006gy (Ofek et al. 2007; Smith et al. 2007b), although
tual shock velocity, as traced by the ion temperature, couldthe lack of obvious CSM-interaction measures at X-ray, H
be considerably higher. Note that a similar linearly insrea and radio wavelengths here implies that perhaps something
ing light curve profile was found for the hard X-ray emission more extreme is going on (e.g., Smith & McCray 2007c).
from SN 1987A (Park et al. 2005, 2006). Dwarkadas (2007a) Unfortunately, for many of the older, classic X-ray emit-
has carried out numerical simulations that suggest that thi ting type IiIn SNe such as SN 1978K (Schlegel et al. 2004;
emission arises from the reverse shocked ejecta, as had bee®mith et al. 2007a), SN 1979C (Immler & Kuntz 2005), and
postulated by Park et al. (2006). One puzzle which remains,SN 1986J (Temple et al. 2005), early-time behavior of the X-
though, is how the strong thedHand Oxygen emission-line  ray emission remains completely unknown and thus the fre-
luminosities are powered. This discrepancy could be recon-quency and duration of sudden evolutionary changes in SNe
ciled if there were holes in the CDS, such that a small fractio progenitors is still an open question. The X-ray evolutién o
of the X-ray emission could escape while the rest went into SN 1996cr may allow us to explain the relatively flat latedim
exciting the strong optical line emission. X-ray light curves for objects like SN 1978K and SN 1979C,
We can again gain some further insight by comparing for instance.
SN 1996cr to other SNe. As stated above, SN 1987A has the
most similarities. Like SN 1996c¢r, SN 1987A was undetected 5. CONCLUSIONS
at X-ray wavelengths when it first went off, thereby exclglin We have confirmed SN 1996cr as one of the nearest, and
an explosion directly into a slow, dense wind thatis chamact  subsequently X-ray and radio-brightest, SNe to date. Aethi
istic of a red supergiant. Notably, SN 1987A was detected 130optical imaging data have constrained the explosion date to
days after explosion (Dotani et al. 1987; Sunyaev et al. 987 within ~1 yr prior to 1996-03-16, while a new VLT spec-
although the X-ray emission here was attributed solely o ra trum has identified it as a type IIn SN. The multi-wavelength
dioactivity and appeared to rise and fall over the following constraints detailed above point to a rich progenitor njsto
year. After this brief period, the X-ray emission went unde- As is the case for most type lin SNe, SN 1996cr appears to
tected for another: 3 yrs before resurfacing above the noise have originated from a massive star that shed its outersayer
(Hasinger et al. 1996). Since this time, the X-ray emission at some late evolutionary stage, which now act as the target
has continued to rise as shown in Fig. 6, with its light curve for the outgoing SN shock.
well-modeled by a broken power law (Park et al. 2006). The The optical light curve hints at a mild re-brightening atlat
reappearance of the emission at about 3 years was postulatetimes, possibly driven by line emission, or by X-ray photons
as due to the interaction of the SN blast wave with a region being downscattered and being emitted as optical photons.
of ionized wind material from the progenitor (Chevalier & From the recent optical spectrum, the strong narrow H emis-
Dwarkadas 1995). They suggested that this region is mate-sion points to a significant accumulation of mass in the CSM
rial photoionized from the dense circumstellar shell that s prior to the SN. We are additionally able to resolve the com-
rounds SN 1987A, formed as a result of the interaction of the plex O emission into a number of distinct high-velocity com-
progenitor blue supergiant wind with a pre-existing redessup  ponents with FWHM-2000-3000 km . The origin of such
giant wind. Although the evolution of the star may be differ- distinct O complexes remains somewhat unclear, perhaps ari
ent, a physical scenario broadly like that of SN 1987A, with a ing from one or more of the following: structural asymme-
region formed by mass-loss from a progenitor star, cestainl tries, differential absorption, or multiple concentriosks.
seems plausible for SN 1996cr, although the contrastimg-lig The X-ray and radio emission allow us to quantify the CSM
curve slopes, luminosities, and radial distances cledgii-h  density, tracing out two apparently distinct regions, vahic
light the different CSM density structure. The only other SN cannot be reconciled with a single constant-wind model.
to exhibit a rise at X-ray wavelengths is SN 2006aj, a pecu- From the radio and X-ray upper limits, we infer that the in-
liar type Ib. The light curve of SN 2006aj has been ascribed to ner region < 1 x 107 cm) is likely quite sparse. The outer
the interaction of the blast wave with a dense shell of matteri region | ~ (1.5-28) x 10" cm], as traced by the early radio
left over from an LBV-like outburst of the SN progenite2 absorption, radio luminosity jump, and X-ray emission,d$ n
years prior to the explosion (Immler et al. 2008). well constrained, and is likely associated with the intdosc
The X-ray spectrum for SN 1996cr, moreover, is modeled region between two distinct progenitor winds, which culmi-
by a hot thermal plasm&T = 134 keV) similar to the early  nates in a thin, dense wind-swept shell. This second region
phase of SN1993J (Zimmermann & Aschenbach 2003) butappears relatively denspdsy ~ 10° cm™3), potentially con-
substantially hotter than SN 1987A&T ~ 3 keV with an sistent with a slow-velocity WR-like wind, although the CSM
emerging B keV component), and implies that the condi- density profile traced by the radio absorptigrdy o< r™2°)
tions within the X-ray-emitting region are somewhat diéet. naively seems at odds with the implied CSM density pro-
The hotter temperature could indicate a higher shock veloc-files from the radio and X-ray luminositiepdsy ccconstant
ity, or a larger level of equilibration between the eleckamd  or r™%, respectively). A more detailed understanding of the
ions. The X-ray spectrum of SN 1996c¢r is additionally ab- CSM awaits sophisticated hydrodynamical models.
sorbed below~2 keV. While some fraction of the substantial  The most plausible explanation is one where the progeni-
non-Galactic column density could be due to self-absonptio tor changed evolutionary states just prior to explosidegli
we consider this to be minimal given that other X-ray point transitioning from a WR-like wind to an even faster, less
sources in the Circinus Galaxy have similar X-ray derivdd co dense wind, resulting in portions of the previous CSM be-
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ing swept-up to form a wind-blown cavity surrounded by a mass loss thousands of years before the SN explosion (e.g.,
dense shell. Such a scenario has been recently proposed faloosley et al. 2002; Heger & Woosley 2002), qualitatively
the peculiar type Ib SN 20064a]j (Foley et al. 2007; Pastorello similar to SN 2006aj (Foley et al. 2007; Pastorello et al.200

et al. 2007; Immler et al. 2008). The radio and X-ray emis- Immler et al. 2008), although the limited X-ray and radioadat
sion are constant or still rising, demonstrating that treesbl  point to a relatively smooth density profile, which implies a
wave is still making its way through the dense, swept-uplshel more gradual process was at work. Numerous other SNe in-
at the edge of the cavity. The collision of the blast wave with cluding SN 1994W (Chugai et al. 2004), SN 2001em (Chugai
the shell would result in a transmitted shock expanding into & Chevalier 2006; Bietenholz & Bartel 2007), SN 2006gy
the shell, and a reflected shock expanding back into the SN(Ofek et al. 2007; Smith et al. 2007b), and SN 2006jc (Fo-
ejecta. This reflected shock should be distinguished ilyitia  ley et al. 2007; Pastorello et al. 2007; Immler et al. 2008B) al
from the reverse shock of the SN expanding into the ejecta,show signs of dense, enriched CSM likely produced by gi-
although it will eventually overtake the reverse shock. The ant mass-loss events just prior to their SNe, implying thist t
overall effect could be one of several shocks and rarefactio form of mass-loss is relatively common. LBVs have often
waves travelling back and forth through the ejecta. A spec-been invoked to account for such episodes of extreme mass-
trum would reveal several different velocity structuresr-p  loss (e.g., Gal-Yam et al. 2007; Smith et al. 2007b). Indeed a
haps as we observe in the O lines. The reason why it is seemiant outburst was seen in the case of SN 2006jc just 2 years
mainly in O is unclear, but it could indicate that this is an O- prior to core-collapse (Pastorello et al. 2007). Again itis

rich remnant, similar to Cas A for example (see Fesen et al.clear whether the explosive nature of LBVs can be recon-
2001, and references therein). Or perhaps it is just that theciled with the relatively smooth mass-loss/density gratfie
reverse shock has not penetrated very far into the ejecta, smbserved for SN 1996cr.

that only the O-rich layers have been shocked. We note thatif Our analyses clearly demonstrate that SN1996¢r is a
the shock is indeed progressing into shell of constant ignsi  unique and compelling target. Its proximity and flux enable
then the resulting density gradients would not lead to tihe fo a wealth of observations that would be otherwise impracti-
mation of a CDS at all (e.g., see Fig. 1-4 of Chevalier 1982a).cal for typical SNe. We have reported on initial findings of

If so, then the observed O velocity components may insteada VLBI campaign underway to resolve spatially SN 1996cr
arise from a disk or ring prehaps similar to SN 1987A. at several radio wavelengths, eventually enabling studiies

Once the blast wave makes its way through the dense shellits morphology and temporal expansion. This will provide a
it will emerge from the other side, presumably as a weak more coherent picture, allowing us to set strong limits an th
shock. This should encounter a relatively pristine wind and expansion velocity from the resolved size and potentiadly-c
start to decline in both the radio and X-ray bands. Further firm the implied asymmetries we infer from the optical spec-
regular monitoring of SN 1996c¢r should reveal this. Oncs thi trum. Follow-upHSTimaging will provide constraints on any
happens, we will be able to strengthen many of our currentpotential light echoes in the vicinity of SN 1996cr, posgibl
constraints and assumptions. allowing refined estimates of its explosion date, distaaoeé,

We have compared SN 1996c¢r to the late-time behavior of outlying CSM structure. Likewise, follow-up X-ray obsefrva
SN 1987A, which is the only other SN with a documented tions will hopefully elucidate the nature of the strong dont
dramatic increase at X-ray and radio wavelengths. SN 1996crued rise in the X-ray band and better constrain properties of
is likely propagating through its CSM in a manner similar the reverse shock region. Notably, SN 1996cr is bright ehoug
to SN 1987A expanding into its H region and circumstel- to be efficiently monitored using th€handraHETGS, en-
lar ring (e.g., Park et al. 2006). The X-ray and radio lumi- abling high-resolution studies of its numerous X-ray eiiss
nosities of SN 1996c¢r, however, are several orders of magni-lines and their potential evolution; an in-depth discussi®
tude brighter and comparable to typical type IIn SNe such the current X-ray spectral constraints, including a compos
as SN 1978K and SN 1979C. This is presumably becausdte ChandraHETGS spectrum from the data presented here,
the swept-up CSM is more compact, and perhaps, unlikeare forthcoming (F. Bauer et al., in preparation). Addition
SN 1987A, there is no intervening high-density material en- ally, future optical spectroscopic studies should allovesti-
countered which slows down the ejecta until they reach agations into the temporal behavior of complex emissionsline
dense shell, so the density jump is higher and subsequentlfound in our discovery spectrum. Infrared imaging and spec-
more dramatic. As we follow SN 1996¢r over the next few troscopy will help address the potential for dust formation
decades, we anticipate that it will transition into an etiol notably type Il SNe are thought to contribute strongly to the
similar to other SNe. It is intriguing to think that SN 1996¢cr overall dust content of galaxies. Looking ahead to the near
mightrepresent a sort of “bridge” object between the exeem future, if SN 1996c¢r remains relatively bright at millimete
of SN 1987A and these more luminous type Il SNe. Although wavelengths, we anticipate that observations with ALMA wil
plagued by small number statistics, the fact that two (al- provide a substantial leap in terms of understanding the-str
though perhaps more if we count SN 1978K and SN 1979C)ture and composition of SN 1996cr and its relation to both
of the ~5-10 closest SNe to have exploded in the past four SN 1987A and more typical type Il SNe.
decades show evidence for wind-blown bubbles implies that If any researchers have further serendipitous multi-
the phenomenon is common, and may indicate that currentvavelength observations of SN 1996cr during the critical
SNe searches are somehow biased against them at larger di4995-1996 period, we would be grateful to learn of these.
tances. Systematic constraints exist only for type Ibc SNe
(Soderberg et al. 2006a,b), where late-time radio obsenst
indicate that only~2% of initially undetected targets show  We thank Bjorn Emonts and Bryan Gaensler for help in re-
late-time detections, while40% of detections exhibit abrupt ducing archival ATCA observations, Roger Chevalier, Claes
light-curve variations. Frannson, Dick McCray, Kurt Weiler, and Christopher Stock-

The large mass associated with the pre-SN CSM sur-dale for useful discussions about the nature of the multi-
rounding SN 1996c¢r could have been the result of explosivewavelength emission, Baerbel Koribalski for increasing ou
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awareness of Australian online archives and access toipropr port of Chandra Postdoctoral Fellowship Award PF4-50032
etary ATCA observations, Ernesto Oliva and Alessandro Mar- (FEB), NSF award AST-0319261 (VVD), NASA STScl grant
coni for access to reduced NTT data, Bruno Leibundgut andHST-AR-10649 (VVD), NASA LTSA grant NAG5-13035
Rob Fesen for their spectra of SN 1986J and SN 1979C, Philip(WNB), the Leverhulme Trust (SJS) and the ESF EURYI
Edwards, Steven Tingay, and Tasso Tzioumis for support ofscheme (SJS).

the VLBI observations, Kevin Hurley for directing us to re- Facilities: ATCA, ASCA (GIS, SIS), AAT (TAU-
vised IPN results which allowed us to reject an otherwise ten RUS), BeppoSAX (LECS, MECS), CGRO (BATSE), CXO
tative GRB identification, John Raymond for helping to im- (ACIS, HETGS), Hobart, HST (WFPC2, NICMOS), Max
prove our emission-line tables, and the anonymous referee f Planck:2.2m (IRAC2) Mopra, NTT (SUSI), Parkes ROSAT

useful comments that improved the content and presentatio{HRI), Swift (UVOT, XRT), UKST, VLT (FORS), XMM (p-
of the paper. We gratefully acknowledge the financial sup- n, MOS),
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