Probing progenitor systems and explosion
dynamics of supernovae with
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Late-time emission’ umquely probes the nature of supernovae
and the|r progemtor systems |

i ;_
What can we Iear ? ‘ _ iy

1. Probe mass loss hundreds to thqusands o

»

2. Access abundant emlssmrLfrom la ;

time ever-deeper Iayers W|II sI oW themselves. .

By combining muIUwaveIength observatlons W|th advanced models capable of predlctmg 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
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The landscape of SN discovery is
changing, bringing new
opportunities to investigate stellar
. evolution in phases leading up to a
=l tcrminal supernova.
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Here, contrast prototypical light
curves (left) with some of the many
B rebrightenings being discovered by
~ ZTF (right). The frequency and
. timescales of these post-explosion
# interactions are only beginning to
" be understood.
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Photometry suggests what may be
. going on, but spectroscopy needed
. to accurately interpret.
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3D Reconstruction of a SN Debris Field

’ Cas A's distribution of optically-
? : emitting ejecta exhibits large-
. g . scale coherent structure that
et g (f— was imprinted early in the
o e B explosion

Milisavljevic & Fesen (2015, Science)




SN-CSM interaction

SN-CSM interaction is associated with outgoing fast shock and a ' Ambient Reverse

. i i Shock
slow reverse shock. UV and optical emission originates from Sl o R
CSM and the shocked ejecta. The interaction may be with a | gﬂ'xa’d

" non-uniform medium with clumps, shells and general
asymmetries. :

UV, Optical

The UV and optical line emission provide an ideal diagnostic of Emission Lines

the nucleosynthesis in the SN ejecta, and a probe of the — - o
abundances and conditions in the CSM. The UV is exceptionally Ejecta Hard X-ray
informative because of its'many strong high and low T

jonization lines. L s ~

UV, Soft X-ray

. y. Shocked
From observing the evolution of the spectrum as the reverse B Ejecta

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 * 0 Stellar Wind
last few thousand years in connection to the last burning stages ' S, SETE- LB SE o
of the progenitor star. , ot W - Bauer et al. (2008)

Cool Dense
Shell (CDS)

Shocked
Wind

Contact
Discontinuity
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SN-CSM interaction

SN-CSM interaction is associated with outgoing fast shock and a

L L
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 - i . o

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 i - 1'\:/s,o:|v1‘ zN-N] -
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 mweo NI cusi (o
last few thousand years in connection to the last burning stages 1700 1900 2100 2300 2500 2700 2900 3100

of the progenitor star. - : & 2iun.cbal (2002)
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SN-CSM interaction

SN 2010jl

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 |on|zat|on lines in the
far- and near UV.
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Observations in the near and far UV and of SNe at
information-rich epochs t > 1 yr after maximum Ilght are

extremely limited.
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By combining optical and UV observatlons and |n rpost
cases also X-ray and radio observations, W|th advanc d
modeling with combined shock/photmomzahm‘tode
can test both explosion models forthe SN ejecta aﬁd
abundancies and densities of the circumstellar medlg
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SN-CSM interaction with a smooth wind
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SN-CSM interaction with a smooth wind
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Explosions can be monitored for decades via SN-CSM interaction

UV observations
are rare and
incomplete

Dan Milisavljevic
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Changes in features follows progression of reverse
shock into inner layers of ejecta
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Need for late-time UV spectrosco‘py

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.

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 |
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Need for late-time UV spectroscolpy

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.

VLBI at 8.4 GHZ
o]

Bietenholz et al. (2003)
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Need for late-time UV spectroscopy
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SN 2014C: SN-CSM in,.t‘e'ra‘ction ’betwee'n'a_
stripped star and eruptive mass loss -~ -




Scaled flambda + constant

Dan Milisavljevic

4000

SN 2014C: S‘upernova Metamorphosis

E} bt"
SN Ib that initially expanded in cavity, then encountered H-rich shell g T
approximately 1 Msun in mass approximately 5 x 10 cm from the explosion site. = = #0= 0 s
‘ g .‘ )v:"h .;w. 2 # : " ‘:,_' 4".‘._‘.- 3 ) B . R ..
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Multi-wavelength characterization

As forward shock plows through circumstellar material, X-ray and radio emission is kb -
produced that probes the mass loss environment. ® R s 3

AMI 15.7 GHz light curve - SN 2014C — | . b LN
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See also interesting results by Tmyano,gt+ 2016 (Spltzer) mGo é‘t al. (2017) Sun et aI (2020) Thomas et al. (2022)
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Accelerated SN-SNR transition
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- Late-time interaction is increasingly 2
recognized across SN types and timescales'.
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SN la- CSViner

c.tion

d

-

Graham et al. (2019) In order to constrain the prevalence, e

location, and quantity of CSM in SN Ia systems, performed a - 10 e I or
near-ultraviolet (NUV) survey Wlt.h the Hubbl.e Space | 8:81 " Mm bt byt W’W' M
Telescope (HST) to look for the high-energy signature of SN la g% 430050005500 8000~ 6808~ 7000 7006065805~ oo
ejecta interacting with the CSM. SN 2015cp, an SN 1991T-like ¢ T3 gl i .
overluminous SN la, was experienced late-onset interaction  , : ' Optical spectrum
between its ejecta and the surrounding CSM 664 days after ¥ ! v ]

its light-curve peak.

lem—2 Al

Late-time interaction is rare among SN la (< 6%) but provide

unique opportunity to probe progenitor system.
Imaging alone was unable to constrain nature of CSM.
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Conclusions Y s

e
Ultraviolet light is a powerful probe of supernovae. The UVEX combmatlon of ,u},ﬁs e
imaging + spectroscopy has the potential to transform our understanding of v
supernova progenitor systems and explosion dynamics. B

:’.“’4*'

‘ﬁ-&ﬂ

Probe mass loss hundreds to thousands of.year "
to explosion. Informs about poorly understood massaﬂ < INVN ' i _
5 o " bos ILF ~: '. : ;";_ - _  3 o - e Ch S »«" ‘
loss mechanisms. e _ P T 70 0
Access abundant emission from layers of metal-rich
ejecta. Over time ever-deeper layers will slowly

reveal themselves mappmg out nucleosyntheS|s. : ,
Y *}"5 - - : - £
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