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Motivation
• While we currently observe 100s of 

supernovae/year, most are too far away and 
fade quickly
• Early supernova emission is from stellar debris 

which is illuminated by radioactive byproducts 
of the explosion

• Supernova remnants are characterized by 
interactions with their surroundings
• Most SNRs are old (100s-1000s yrs)

• It is rare to be able to watch a SN become a 
remnant in real time!
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SN 1996cr in X-rays
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have mass-loss rates in the range of Ṁ∼10−4 to 0.3 M# yr−1 in the
decades prior to explosion (e.g. Woosley et al. 2002; Smith 2014).
Type IIn SNe are generally X-ray (and less frequently radio) bright,
owing to the shock interaction between the ejecta and CSM. The X-
rays arise from thermal processes, while the radio emission comes
from non-thermal synchrotron emission. Moreover, because they
are masked by strong ongoing CSM interaction (Smith, Mauerhan &
Prieto 2014), type IIn SNe rarely exhibit a classical nebular phase
with a clear radioactive decay tail.

We focus here on the nearby SN 1996cr, which was initially
discovered in the disc of the Circinus Galaxy by Chandra X-
ray Observatory (Bauer et al. 2001; Sambruna et al. 2001) and
later observed as a type IIn (Bauer et al. 2008), although its
explosion epoch is only loosely constrained between 1995 February
28 and 1996 March 16, and its type at early epochs is yet to be
established. SN 1996cr has remained bright at X-ray, optical, and
radio wavelengths for nearly two decades, placing it amongst the
remarkable handful of long-lived CCSNe attributed to strong ejecta–
CSM interactions: e.g. SNs 1978K, 1979C, 1986J, 1988Z, 1993J,
2005kd, 2007bg, 2010jl, 2009ip, 1998S, and 1987A (e.g. Leonard
et al. 2000; Michael et al. 2002; Zhekov et al. 2006; Dewey et al.
2008; Chandra et al. 2012b; Salas et al. 2013; Smith et al. 2014;
Dwarkadas et al. 2016; Margutti et al. 2017). Due to its relative
proximity at d ≈3.7 Mpc, SN 1996cr affords us an exceptional
opportunity to study its features (Bauer et al. 2008; Dwarkadas,
Dewey & Bauer 2010; Dewey, Bauer & Dwarkadas 2011; Meunier
et al. 2013) and evolution in great detail.

SN 1996cr’s radio emission shows an initial rise which is at-
tributed to a combination of increasing CSM density and decreasing
free–free absorption, which provides estimates of the CSM free
electron density and hence insight into the ionization of SN 1996cr’s
CSM (Meunier et al. 2013). The X-ray luminosity likewise ex-
hibits an initial increase with time, seen previously in the famous
SN 1987A (e.g. Michael et al. 2002; Frank et al. 2016) and see later
in SN 2014C (Margutti et al. 2017). This particular tendency, both
in the radio and X-ray bands, is best explained by the interaction
of ejecta material with a density enhancement (i.e. a dense shell) in
the CSM; Fig. 1 compares SN 1996cr’s X-ray light curve to several
other strong CSM-interacting SNe, including SN 1987A (the latter
multiplied by 103 for easier comparison). The luminosity data used
in Fig. 1 is a literature compilation with distinct energy ranges;
for example, SN 1996cr and SN 1987A are shown for 0.5–2.0 keV,
while SN 2010jl and SN 2006jd, are for 0.2–10.0 keV. The X-ray
data for SN 1996cr and other SNe are available in the Supernova X-
ray Database1 (SNaX; Ross & Dwarkadas 2017) and Immler et al.
(2005; SN 1979C).

The optical spectrum of SN 1996cr suggests that its progenitor
was likely a massive star which shed many solar masses prior
to explosion. Notably, the broad, high-velocity, multicomponent
Oxygen line complexes, in the optical range, hint at a possible
concentric shell or ring-like morphology arising from the interaction
of the forward shock and a dense shell produced by a wind-blown
bubble (Bauer et al. 2008). These unparalleled features supported a
deep Chandra campaign (PI Bauer) to obtain high-resolution X-ray
spectra taken between 2008 December and 2009 March.

Dwarkadas et al. (2010, hereafter D10) used hydrodynamical
simulations to model the X-ray light curve and spectra at different
epochs and thereby constrain the surrounding CSM structure of
SN 1996cr. Unlike most other Type IIns, SN 1996cr exploded in a

1http://kronos.uchicago.edu/snex/

Figure 1. Representative X-ray light curves for a handful of strong CSM-
interacting SNe (colour points), SN 1987A (black points, multiplied by 103),
and SN 1996cr (red stars). The data were taken from Ross & Dwarkadas
(2017) and Immler et al. (2005, SN 1979C), with additional points added for
SN 1996cr from XMM–Newton; no attempt has been made to regularize the
X-ray band in which the luminosities from each SN are reported (e.g. some
are reported as 0.5–2.0 keV, while others as 2.0–10 keV). The SNe appear to
separate around ∼1000 d into early and late emitters. While several famous
type IIn SNe start out strong and fade with time, SN 1996cr increases with
time, much like SN 1987A. SNe 1978K and 1979C may have had a similar
evolution, as both exhibit flat X-ray evolution at late times, but lack early
constraints to distinguish them as such.

low-density medium (see above), before interacting with a dense
shell of material located at a distance of d ! 0.03 pc (three times
smaller than SN 1987A’s ring; Dewey et al. 2012). D10 argued that
the dense CSM shell likely formed due to the interaction of a fast
Wolf–Rayet (WR, M > 30 M#) or SN 1987A-like blue supergiant
(BSG, M > 15–20 M#) wind (Ṁ ∼ 10−5–10−4 M# yr−1; Crowther
2007), which turned on "103–104 yr prior to explosion, and plowed
up a previously existing red supergiant (RSG) wind (Ṁ ∼ 10−4

M# yr−1).2 Under this scenario, SN 1996cr should have presumably
exploded as an SN type Ib/c or II peculiar (e.g. Stockdale et al. 2009;
Margutti et al. 2017).

In this paper, we revisit the X-ray spectral analysis of SN 1996cr,
focusing in particular on the unique high spectral resolution and
high signal-to-noise data acquired by Chandra over the past two
decades. The detailed velocity structure of strong X-ray emission
lines detected in this object provides a window into the physical
processes of young SNe and allow us to probe the ejecta dynamics
and abundances with great detail (e.g. Dewey et al. 2011, 2012;
Katsuda et al. 2014). We initially consider different geometrical and
physical scenarios to explain the 2009 Chandra data, which offers
the highest signal-to-noise and hence the firmest constraints. We
then explore the physical nature and evolution of the SN by applying
our best-fitting scenario to high-quality X-ray observations at other
epochs (2000, 2001, 2004, 2013, 2014, 2016, 2018) obtained by
Chandra and the X-ray Multi-mirror Mission (XMM–Newton). Until
now, only SN 1987A3 has had high-resolution X-ray spectroscopic
campaigns using Chandra or XMM–Newton (Burrows et al. 2000;
Michael et al. 2002; Zhekov et al. 2006; Dewey et al. 2008;

2A luminous blue variable (LBV) stage was disfavoured but could not be
completely ruled out.
3SN 1993J has >200 ks of Chandra HETG exposure which has yet to be
published.

MNRAS 490, 4536–4564 (2019)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/490/4/4536/5594019 by guest on 10 January 2021

X-
ra

y 
Br

ig
ht

ne
ss

Chandra image of Circinus Galaxy and SN 
1996cr



Optical Evolution of 96cr
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High velocity oxygen!



SN Ejecta
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R
el

at
iv

e
F

lu
x

+
C

on
st

an
t

SN 1996cr

Jul 2017

tª21 yr

SNR 4449-1

May 2019

tª70 yr

[O III]

HØ [O III]

[O I]

HÆ+[N II]

[S II]

[Ar III]

[O II]

[S III] [S III]



The X-ray Evolution of SN 1996cr
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Evolution of the X-ray spectrum of SN 1996cr as 
recorded by Chandra



The CSM Environments Around 
Massive Stars
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Circumstellar environments around several supernovae and 
supernova remnants, for a host of mass loss parameters. 

Lookback time

SNR age



Summary
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