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Late-time emission uniquely probes the nature of supernovae 
and their progenitor systems

What can we learn?

1. Probe mass loss hundreds to thousands of years prior to explosion. 
2. Access abundant emission from layers of metal-rich ejecta. Over 

time ever-deeper layers will slowly reveal themselves. 

By combining multiwavelength observations, with advanced models capable of predicting emission 
from various emission processes, it is possible to test both explosion models for the SN ejecta, as 
well as abundances and densities of the CSM. These observations can also inform about the poorly 
understood mechanisms of extreme mass loss. 

Ultraviolet is key wavelength region yet inadequately utilized.
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New opportunities to investigate terminal phases of stellar evolution

Smith et al. (2007)

Soraisam et al. (2022)

The landscape of SN discovery is 
changing, bringing new 
opportunities to investigate stellar 
evolution in phases leading up to a 
terminal supernova.

Here, contrast prototypical light 
curves (left) with some of the many 
rebrightenings being discovered by 
ZTF (right). The frequency and 
timescales of these post-explosion 
interactions are only beginning to 
be understood.

Photometry suggests what may be 
going on, but spectroscopy needed 
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Arnett & Meakin (2011)

Interior structure of the progenitor star immediately prior to explosion may be 
very turbulent and mixed.
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Cassiopeia A
SN 1680 (approx)



Milisavljevic & Fesen (2015, Science)

3D Reconstruction of a SN Debris Field

Cas A’s distribution of optically-
emitting ejecta exhibits large-
scale coherent structure that 
was imprinted early in the 
explosion
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SN-CSM interaction
SN-CSM interaction is associated with outgoing fast shock and a 
slow reverse shock. UV and optical emission originates from 
CSM and the shocked ejecta. The interaction may be with a 
non-uniform medium with clumps, shells and general 
asymmetries. 

The UV and optical line emission provide an ideal diagnostic of 
the nucleosynthesis in the SN ejecta, and a probe of the 
abundances and conditions in the CSM. The UV is exceptionally 

informative because of its many strong high and low 

ionization lines. 

From observing the evolution of the spectrum as the reverse 
shock is moving into deeper and deeper layers of the ejecta, we 
can perform a form of tomography of the structure and 
understand the nucleosynthesis of the SN. We can also map 
out the history of abundances and mass loss rates during the 
last few thousand years in connection to the last burning stages 
of the progenitor star.
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Bauer et al. (2008)



SN-CSM interaction

Pun et al. (2002)

SN 1987A
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SN-CSM interaction is associated with outgoing fast shock and a 
slow reverse shock. UV and optical emission originates from 
CSM and the shocked ejecta. The interaction may be with a 
non-uniform medium with clumps, shells and general 
asymmetries. 

The UV and optical line emission provide an ideal diagnostic of 
the nucleosynthesis in the SN ejecta, and a probe of the 
abundances and conditions in the CSM. The UV is exceptionally 

informative because of its many strong high and low 

ionization lines. 

From observing the evolution of the spectrum as the reverse 
shock is moving into deeper and deeper layers of the ejecta, we 
can perform a form of tomography of the structure and 
understand the nucleosynthesis of the SN. We can also map 
out the history of abundances and mass loss rates during the 
last few thousand years in connection to the last burning stages 
of the progenitor star.



Models show that most of the radiation excited by the X-
rays from the shock interaction with the circumstellar 
medium (CSM) is re-emitted as high ionization lines in the 
far- and near UV. 

Observations in the near and far UV and of SNe at 

information-rich epochs t > 1 yr after maximum light are 

extremely limited.

By combining optical and UV observations, and in most 
cases also X-ray and radio observations, with advanced 
modeling with combined shock/photoionization code, we 
can test both explosion models for the SN ejecta and 
abundancies and densities of the circumstellar media. 

SN-CSM interaction

Fransson et al. (2014)

SN 2010jl
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Milisavljevic & Fesen 2017

SN-CSM interaction with a smooth wind

Reverse shock excites outer high-velocity ejecta
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Weil et al. (2020)

SN-CSM interaction with a smooth wind
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Reverse shock excites outer
high-velocity ejecta



Explosions can be monitored for decades via SN-CSM interaction  

Milisavljevic & Fesen 2017
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UV observations 
are rare and 
incomplete



Changes in features follows progression of reverse 
shock into inner layers of ejecta

SN 1979C

Milisavljevic+ 2009
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In the case of SN 1979C the reverse 

shock has reached the inner oxygen rich 

layers of the SN core, displaying broad 

lines from the O core and allowing us to 

study the nucleosynthesis directly.

Need for late-time UV spectroscopy
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The relative strengths of the CNO lines 
(all present with different ionization 
stages in the far UV range) provide 
information of the location and 
composition at the reverse shock. 
Asymmetry in the UV emission line 
profiles can probe the dust grain size 
distribution in the ejecta, since large or 
small grains will affect the UV profiles 
differently from those observed in the 
optical



In the case of SN 1993J, after 
about 1 year, the optical 
spectrum became dominated by 
emission lines excited by the 
circumstellar interaction.

Emission lines in UV provide 
access to diagnostics not 
accessible in optical and NIR. 

Solid line N/C = 12.4 and N/O = 6
Dashed line N/C = 0.25 and N/0 = 0.12 (solar)

Need for late-time UV spectroscopy

Fransson et al. (2005)
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Bietenholz et al. (2003)
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Need for late-time UV spectroscopy

Dan Milisavljevic UVEX late-time supernova spectroscopy



SN 2014C: Supernova Metamorphosis

R a d i c a l  F r o n t i e r s  o f  S t e l l a r  E v o l u t i o n D a n  M i l i s a v l j e v i c

SN 2014C: SN-CSM interaction between a 
stripped star and eruptive mass loss



SN 2014C: Supernova Metamorphosis

Adapted from Milisavljevic et al. (2015) 

SN Ib that initially expanded in cavity, then encountered H-rich shell 
approximately 1 Msun in mass approximately 5 x 1016 cm from the explosion site.
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Figure 1: Real-time monitoring of the delayed interaction between an H-poor star’s supernova
explosion (SN 2014C) and its previously stripped H-rich envelope. (A) A spectrum of SN2014C
obtained around the time of maximum light compared to the H-poor type Ib SN2008D. (B)
Months later, SN 2014C exhibits typical type Ib emissions originating from O- and Ca-rich inner
ejecta, but also unexpected new and extended (FWHM ≈ 1400 km/s) Hα emission normally only
seen in strongly interacting SNe. (C) One year after explosion, Hα emission dominates the
spectrum. Also seen are low and high ionization emissions of narrow to broad widths originating
from many regions (see Fig. 3 for enlargement). SN 2014C represents the first time a type
Ib SN has been seen to slowly evolve into a strongly interacting type IIn.

5. References: [1] Margutti, R., Milisavljevic, D., et al., 2014, ApJ, 780, 21. [2] Smith,
N., & Arnett, W.D., 2014, ApJ, 785, 82. [3] Pastorello, A., et al., 2007, Nature, 447, 829.
[4] Ofek, E.O., et al., 2013, Nature, 494, 65. [5] Bauer, F., et al., 2008, ApJ, 688, 1210.
[6] Salas, I., et al., 2013, MNRAS, 428, 1207. [7] Corsi, A., et al., 2014, ApJ, 782, 42. [8]
Smith, N., 2014, ARA&A, 52, 487. [9] Chugai, N., & Chevaler, R., 2006, ApJ, 641, 1051.
[10] Fransson, C., et al., 2014, ApJ, 797, 118. [11] Fransson, C., et al., 2002, ApJ, 572, 350.

Description of the Observations

We request a total of 8 orbits of HST time to obtain a set of UV spectroscopic and UV/optical
imaging observations of SN2014C over two visits. UV observations with STIS and COS
will permit line diagnostics to be performed that will inform about the progenitor star’s
mass loss in the poorly understood period prior to core collapse. We will use the spectral
synthesis code CLOUDY to model the photoionized emission to find the parameters of the
gas. High-resolution imaging with WFC3/UVIS is also requested to probe the SN’s stellar

4

Optical

X-ray

Margutti, Kamble, DM+ 2017
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Multi-wavelength characterization
As forward shock plows through circumstellar material, X-ray and radio emission is 
produced that probes the mass loss environment.

See also interesting results by Tinyanont+ 2016 (Spitzer), Vinko et al. (2017), Sun et al. (2020), Thomas et al. (2022) 

Figure 2: Radio and
X-ray light-curves
of Type Ib/c SNe.
SN2014C (filled stars)
shows a very peculiar
steady increase of
radio and X-ray lumi-
nosity from early to
late times, a signature
of the continued
shock interaction
with a thick medium.
Vertical thick lines:
times of the proposed
NuSTAR monitoring.

SN2014C indicates standard explosion param-
eters (kinetic energy Ek⇠1051 erg, ejecta mass
Mej⇠2M�, Margutti et al., submitted). The
X-ray and radio emission at t < 30 days [Fig.
2] is also standard among Ib/c SNe and con-
sistent with the propagation of the SN shock
into a low-density medium that is typical of
H-stripped SNe.

However, over the timescale of .1 yr,
SN 2014C experienced a complete metamor-
phosis, and spectroscopically evolved from an
ordinary H-poor SN of type Ib into a strongly
interacting SN (Milisavljevic et al., 2015). Sig-
natures of the developing SN shock interac-
tion with a dense, H-rich medium are observed
across the spectrum. Optical spectra show an
increasing presence of H↵ emission with time,
from negligible at early times, to totally domi-
nant⇠280 days after peak, [Fig 1], while the X-
ray and radio emission of SN2014C get signifi-
cantly more luminous with time [Fig. 2]. This
is a peculiar behavior. Type Ib/c SN do not
typically show a steady increase in radio and
X-ray flux on such long time scales [Fig. 2]. To
add to the peculiarity of SN2014C, our coor-
dinated NuSTAR-Chandra campaign revealed
that the X-ray emission is of clear thermal ori-
gin (as opposed to the radio synchrotron emis-
sion), and originates from a hot plasma with
temperature T⇠20 keV [Fig. 3].

Our modeling indicates that we are witness-
ing in real time the passage of the supernova
shock wave through the hydrogen envelope that
the progenitor star ejected in the decades to
centuries before exploding. (Margutti et al.,
submitted)

Immediate Objectives: We propose to
use the SN2014C shock as a probe of its en-
vironment. The SN shock interaction with the
medium is a well known source of radio and X-
ray emission (e.g. Chevalier & Fransson 2006).

Our radio observations of SN2014C are well
explained by synchrotron emission from a pop-
ulation of non-thermal electrons (Kamble et
al., in prep.). The modeling of the radio
spectrum however carries a degeneracy of the
inferred shock radius and environment den-
sity with the microphysical parameters ✏B and
✏e (amount of post-shock energy in magnetic
fields and and electrons, respectively).

Contemporaneous coverage at both extremes
of the spectrum (radio and X-rays) is the only
way to break the model degeneracy, and obtain
a precise determination of the density and lo-

cation (and hence of the total mass) of the H-
rich material. Fig. 4 shows that the X-rays are
dominated by thermal processes (as opposed
to the non-thermal synchrotron emission). In
this case F⌫ / V n2T�0.5. The X-ray spec-
tral shape constrains T while the normalization
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Figure 1. The AMI 15.7 GHz light curve of SN 2014C. SN data points that make up bump 1 (blue diamonds) and bump 2 (green circles)
were modelled separately. The best fit SSA and FFA model (see Table 3) are shown in the same colours for bumps 1 and 2, respectively.
The vertical dashed lines indicate the start times we defined for bumps 1 and 2 (34.5 and 186.2 days post-burst) for modelling purposes.
Data points not included in the modelling (red stars) are early time AMI detections of SN 2014C. The 1.5 and 5.1 GHz eMERLIN
detections of SN 2014C are also included on the light curve. The observation times of our Keck spectra and the optical spectra described
in (Milisavljevic et al. 2015) are denoted by red and black triangles, respectively.

MNRAS 000, 1–18 (2016)

Adapted from Margutti, Kamble, DM+ 2017

Chandra+NuSTAR

Anderson+ 2017

Two distinct 
regions of mass 
loss
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ray and radio emission of SN2014C get signifi-
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that the X-ray emission is of clear thermal ori-
gin (as opposed to the radio synchrotron emis-
sion), and originates from a hot plasma with
temperature T⇠20 keV [Fig. 3].

Our modeling indicates that we are witness-
ing in real time the passage of the supernova
shock wave through the hydrogen envelope that
the progenitor star ejected in the decades to
centuries before exploding. (Margutti et al.,
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vironment. The SN shock interaction with the
medium is a well known source of radio and X-
ray emission (e.g. Chevalier & Fransson 2006).

Our radio observations of SN2014C are well
explained by synchrotron emission from a pop-
ulation of non-thermal electrons (Kamble et
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inferred shock radius and environment den-
sity with the microphysical parameters ✏B and
✏e (amount of post-shock energy in magnetic
fields and and electrons, respectively).
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of the spectrum (radio and X-rays) is the only
way to break the model degeneracy, and obtain
a precise determination of the density and lo-

cation (and hence of the total mass) of the H-
rich material. Fig. 4 shows that the X-rays are
dominated by thermal processes (as opposed
to the non-thermal synchrotron emission). In
this case F⌫ / V n2T�0.5. The X-ray spec-
tral shape constrains T while the normalization
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We also do not observe Fe II lines at 9071, 9128, or 9177Å,
which would be expected to accompany the Fe II λ8451 line
(Fransson et al. 2002).

2.4. Properties of the Unshocked CSM

Properties of the surrounding unshocked CSM shed from the
progenitor star of SN 2014C can be estimated using the relative
line strengths of narrow features observed in our optical
spectra. The forbidden oxygen lines provide a lower limit to the
density. We do not detect narrow [O II] λ3727, but we do detect
[O III] λλ4959, 5007, indicating that electron densities are well
above 104 cm−3 in this emitting region (Osterbrock &
Ferland 2006). An upper limit to the density can be estimated
from the relative line strengths of [Fe VII]. Comparing these line
strengths with the CHIANTI database (Landi et al. 2013), we
find that the density is less than 107 cm−3. An estimate of the
temperature can be derived using the [O III] line diagnostic
R=λ(4959+5007)/λ4363 for densities between 105–
106 cm−3 using the TEMDEN task in IRAF (Shaw &
Dufour 1994). We measure R=9.8±0.2, which is associated
with temperatures between (2–8)×104 K.

The ratio of [N II] λ6583/ B xH 0.3 in the day 373 spectrum
is higher than the ratio observed in the day −4 spectrum (i.e.,
before interaction commenced) where it is ≈0.15. An increase
in temperature, which would be anticipated from the hard
ionizing spectrum and high density that suppresses some of the
forbidden line cooling, may explain the high ratio. The increase
could also be indicative of nitrogen-enriched CSM from CNO
processing in the progenitor star.

Knowledge of the X-ray luminosity Lx around day 373 can
further constrain properties of the unshocked CSM. The
ionization parameter is defined as

Y � ( ) ( )L nr , 1x
2

where n is the electron density number and r is the radius of the
emitting region. Lx at this time is ∼5×1040 erg s−1 and
consistent with a temperature of 18 keV (Margutti et al. 2015).

Kallman & McCray (1982) find that the Fe VII ion fraction
peaks at about 30% for Y _ 10 in models with photoionizing
10 keV bremsstrahlung spectra that are expected to be at least
approximately applicable to SN 2014C. Thus,

Y� _ q � ( )nr L 5 10 cm . 22
x

39 1

Although there must be a range of ionization parameters
present, the ratio of [Fe XIV] λ5303/[Fe X] λ6374 is only
0.18±0.03, which indicates that ξ only goes up to ≈25.
The emission measure EM is defined as

�

Q

I

�

�

( )

( )[ ]

( )

n r f
L f

j A

EM 4 3

3

2 3

Fe

Fe

VII

where �j is the emissivity, ( )A Fe is the Fe abundance
(2.75×10−5), η is the ion fraction, and f is the filling factor.
We measure the line flux of [Fe VII] λ6087 to be
5.2×10−15 erg cm−2 s−1, which translates to a luminosity of
1.4×1038 erg s−1. The emissivity for the [Fe VII] λ6087 line
from CHIANTI is 1.3×10−20 erg s−1 cm−3 sr−1.
Solving Equation (3) for r in terms of Equation (2),

Q
�

( )
( )

( )r
nr

fEM 4 3
, 4

2 2

yields a radius of q �f4.9 10 cm.15 1 Recasting Equation (2) in
terms of n and substituting this value of r we find that

Y� _ q �( ) ( )n L r f2 10 cm . 5x
2 8 2 3

With the constraint that 1 �n 10 cm6 3 from the forbidden
oxygen and iron line diagnostics, Equation (5) implies that
f0.1, which is reasonable since the gas that contributes to
the highest ionization Fe lines may fill only some of the
volume. The temperatures, densities, and filling factor we
derive suggest that the emission is not uniformly distributed

Figure 6. Dereddened MMT spectrum of SN 2014C. The emission arises from various regions of shocked and photoionized CSM and stellar ejecta. Broad
components are identified in bold below the spectrum, and narrow components are identified above the spectrum.
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Emission arises from various regions of shocked and photoionized CSM 
and stellar ejecta. Many coronal lines are observed. Emission from 
reverse-shock-heated metal-rich ejecta is observed.

Accelerated SN-SNR transition

Brethauer, Margutti, DM et al. (2022) 
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Late-time interaction is increasingly 
recognized across SN types and timescales

Mauerhan et al. (2018)

SN 2004dk: A Type Ib
that evolved into 
Type IIn 12 years 
after explosion.
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Graham et al. (2019) In order to constrain the prevalence, 
location, and quantity of CSM in SN Ia systems, performed a 
near-ultraviolet (NUV) survey with the Hubble Space 
Telescope (HST) to look for the high-energy signature of SN Ia
ejecta interacting with the CSM. SN 2015cp, an SN 1991T-like 
overluminous SN Ia, was experienced late-onset interaction 
between its ejecta and the surrounding CSM 664 days after 
its light-curve peak. 

Late-time interaction is rare among SN Ia (< 6%) but provide 
unique opportunity to probe progenitor system.
Imaging alone was unable to constrain nature of CSM.

Attempted UV spectrum was unsuccessful

SN Ia – CSM interaction

Optical spectrum
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Conclusions

Probe mass loss hundreds to thousands of years prior 
to explosion. Informs about poorly understood mass 
loss mechanisms.

Access abundant emission from layers of metal-rich 
ejecta. Over time ever-deeper layers will slowly 
reveal themselves, mapping out nucleosynthesis. 

Ultraviolet light is a powerful probe of supernovae. The UVEX combination of 
imaging + spectroscopy has the potential to transform our understanding of 
supernova progenitor systems and explosion dynamics.
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