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- First signatures of CSM- few hrs to days

- Number of narrow emission lines from highly ionized
0.26 d . SOV
species - flash ionization
0.30 d

0.3/ ¢ « lonization of CSM at shock breakout - earliest traces of
042 d CSM (Gal-Yam et al. 2014, Khazov et al. 2016, Kochanek

0.88d 2019
1.40

- Radiation driven process - Produced before sustained
2.0d shock interaction turns on.
] 90
1 8.8d - Disappear within few days - confined CSM (Khazov+16)
-4 10.
¥ 0.9d - Mass loss rate ~ 103 Mo yr'! Denser CSM extending to
1 20.2d
. <10 cm
22.4d
S e et on] 31.30 .
| N \1 J”r“” L]f . M“'M\j! \ \'\““""‘“"‘*w“w"“"“\ ,N[ q\“ J 43.30

Credit; Dan Perley N
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A.note on-flash. ionization 4 3
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SN Sub-type  First FI Representative FI lines

SN 2006bp [P +2d Hell (14200, A4686A), Crv (A5805A) -

SN 2013fs P +03d Heln [(A4686A), MM @ Flasn ionization signatures mostly in
(AA4604, 4620A), N1 & CiIn
(AA4634, 4640A /AA4647, 4650A), lype Il supernovae
O1v/v/vi o

NaG It NI ® Sirioped envelope Supemovae -

SN 2016bkv  low-lum. IIP H (14101, 14340, A4861, A6563A), He I1 very fast evolution, no nearby CsSM

(14686, A5411A), C 111/N 111 blend

SN 2017ahn  fast-decl. II Narrow Balmer series, He 11 A4686 T
SN 2020pni II Ha, He 11, C111/NI1I blend ® Not usuaHy SECN 1N IyPE N

SN 2020t1f II-P/L Narrow symmetric H1and He I lines supernovae - so dense that the
SN 2022acko low-lum. IIP He 11 14686, C 111 breakout radiation is J[rap ped =lale

SN 2022jox IT Hi1, He11, C1v, N1v | | |
SN 2023ixf [P He 11 14686, SV ol | ShocK Interaction dominates rrom

N Vv AA4603, 4619 fhe start.

SN 2024ggi I1P He 11 A4686, C1v AA5801,5812,
N1V AAZ7109,7123, O Vv A5590

22025

Perfect amount of CSM needed!!
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SN 2@@8) Soderberg....PC...2008 B

SN 2007uy © SN 2007u
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Corngoting sk

él\l 2008D - Soderbérg, . O .m..208, \/\/H o flash spectra”/

® X-ray outourst was the ionizing radiation.

e \\Vhy no flash spectra’?

® |[D supernova - very fast evolution of shock breakout
e Non-favoraple CSM geometry

e \ery little CSM - even with non-negligible mass loss, the column density can be
small due to large wind speed.

e Optically thick compact CSM, no radiation did not come out. N
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Forward Shock Il

Reverse Shock B

Image Credit: PC



-lash ionization - months - years of mass |0ss
CS interaction traces years—centuries of mass loss ™=

F _ ' &

Flash ionization is the “UV photograph” of the
progenitor's final days; sustained CSlis the
ONg-exposure Movie of its Mass-loss NIStory. w,
S —— - 23 HASERS

Image Credit: PC.




, Energy conversion: Kmeﬂc —
thermal — NON- thermal — radiation
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o T Time Machine - Look back time= ejecta speed/wind speed

. .
-
. *o
.
.

¢ \/\/ind velocities and ejecta speeds different for different
KINAS Of supernovae

Time scale | ® Type lIP, gjecta speed ~10,000 km/s, wind ~10 km/s,
L ook back time ~1000

Fusion Stage
Hydrogen 171 million yr
Helum fusion| 2 MIIONYT | ¢ 106 1n, gjecta speed ~6000 km/s, wind ~100 kmy/s, 100k
Carbon fusion| 2000 yr ~ack Time ~60
Neon fusion O.7 yr
Oxygen fusion 2.0 yr e [ype Ic, gjecta speed ~30,000 km/s, wind~1000 km/s,
Silicon fusion 18 d 00K back time ~30

ron Core ~1'S

~Image Credit: PC s ot
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Image credit; PC 2025

. s
“‘- - ‘4

Shock

Shocked
Ejecta

Self-similar solutions
Evolution of shocks

a
O i

Unshocked Ejecta
Unshocked CSM

Pej X1

"""""""" OCSM & 1

Chevalier 1982

Arbitrary Unlt

PG 2025 A3

Image Credit: PC



Contact discontiiniiisy

., ~ G8 Inferaction - gptical emisgiont

. ® Shock heating = ionized gas — bright lines - strong optical
pForward Shock emission lines, especially hydrogen

e Narrow emission lines (~100 km/s): from slow, unshockeo
CSM photoionized by the shock radiation

e Broad wings or broad components (thousands of km/s):
from shocked gas or electron scattering

o [f the CSM density is high enough, shock energy doesn't just

Reverse Shoek | go into lines—it powers a bright optical continuum

® [Nis reprocessing Is key w

Image Credit: PC-

nen X-rays are wea

undetected but optical em
(Ofek+06, Chevalier, Fransson 2008)

ssion is strong. - S

e Reprocessing of hign-energy photons into optical bands

< Or

N 20060y
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X-ray emission; = circumsielle

{

e Hot Torward shock - 108K

-
ferward Shock e Reverse shock - 107K . . .
109K n - ejecta density profile pn

e RS density (N-3)*(N-4)/2 x FS density ~factor of ~20

ReversaShock .. -
IOZKe ‘

e \/ost dominant reverse shock ~1keV

e | UMmINOoSIty ~ density?
ContacHdiSceoitinuiisy
e Observational evidence (schlegel+95, Immler+2002,

Dwarkadas+2012)

@ PC




- C8 Interaction - Radio emissipn

e \agnetic field amplification at the contact discontinuity

Forward Shock
o Acceleration of electrons In the Torward shock

e Non-thermal Synchrotron forward shock emission

Contact discoOntinviity e Radio emission from the tfastest gjecta

|

—— \
SN
H_.__h\-q_\-h
forward shock / - \

\
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W\

L Synchrotron

Reaverse Shock

Flux (mJy)

N\
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reverse shock /
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® ash sets the boundary conditions - compact CSM

e Optical - reprocessed X-rays, thermalize UV, reshape optical spectra, mixed with
radioactivity

e X-ray - absorption, reprocessing, inverse-Compton, radiative vs adiabatic physics

e Radio - whether the shocks are truly coupling to the circumstellar medium. Most direct
and least ambiguous tracer of circumstellar interaction
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CSM.and Clreunstellar friterg

e xplosion — flash ionization = CS interaction onset — long-term interaction
1014-10%°cm 101°-10%6¢cm 1016-10%8cm

® ash ionization only
— small amount of nearby CSM, quickly exhausted

® [ash ionization + strong CS interaction
— dense, radially extended CSM

e No flash ionization, but late CS interaction
— Inner region relatively clean, dense CSM farther out (decades—centuries old mass IQS»%/,
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Clash |on|zat|o
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SN 2023iXf - flash f@atures as+

JOCObSOﬂ GO‘OWPZS TeJOI+23 S\PRINE o Flsh ionization - probes opﬂcally T — CSM X-rays

“*UW b generally absorbed

B f A s +1.00d S

: SPRAT +1.1d o SN 2023ixf - flash ionization (Jacobs
: Kast +2.36d TeJa_l_ZS)

—-A—vM
4-2.50d

Kast $2.614 e X-ray detection on day 4 - Moderate CSM
(Grefenstette+23)

ﬁ
!
-r

det +3.36d

KOSMOS +3.41d

HET +3‘473'&"‘

® | atec time data consistent with constant mass-1oss rate
o iz — IRl Standard 1/92 GSM (PG+24)
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;CS mt@ract\orw inX-rays

e Hot forwaro Shock 109K

$

ferward Shock e Reverse shock - 107K . . .
109K n - ejecta density profile pn

e RS density (N-3)*(N-4)/2 x FS density ~factor of ~20

RaversasShock) .
IOZKe |

e \/ost dominant reverse shock ~1keV

e | UMmINOoSIty ~ density?
ContacHdiSceoitinuiisy
e Observational evidence (schlegel+95, Immler+2002,

Dwarkadas+2012)

@ PC




Reverse Sh@@k raohatwe

* Cooling time ~ @ @ )2
. tcoo days,
Chevalier, Fransson 2017 W days

* Radiative reverse SNOCK —rg Luminosity ~ density

e SN 1993J - Radiative Reverse Shock - Fransson+96




X ray emissw@n C\rcum

Reverse Shock raohatwe SN 1998J

e Reverse shock radiative up to ~ o years

after explosion and adiabatic after that
(PC+2009)

Luminosity (1e+38 ergs)
Luminosity (1e+38 ergs)

Chandra ACIS-S NONE —&— Chandra ACIS-S NONE - ® COHS|SJ[GHJ[ \/\/|J[h SN 1 998LJ f |Ode‘|ﬂg
Chandra ACIS-S HETG —@— Chandra ACIS-S HETG —@ — Y
XMM-Newton EPIC-PN +—&— XMM-Newton EPIC-PN +—a—

e | T (Nomoto & Suzuki)

Days since explosion Days since explosion

ASCA ——*
- ROSATIBSPC.

ROSA'%?HCQ —E3— 0.1 IChandra ACIS-S NONE+—<—

ROSAT-PSPC —m— 4 handra ACIS-S HETG —e—

Chandra ACIS-S NONE +—&— , MM-Newton EPIC-PN—2&—

Chandra ACIS-S HETG +—@— ¢ Swift-XRT—4—
XMM-Newton EPIC-PN —&—
Swift-XRT +—&—

100 1000 100 1000
Days since explosion Days since explosion
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X- ray emisswc)n C\rcumsi
Reverse ShoCk raohatwe SN 1993]

N VI O VII  Ne IX-X Mg XI  SiXIlll S XV Ar XVl

O VIl Fe XIV-XXVI Mg XIl  Si XIV DC 2009
i ""‘--"» = —I_
Y ry-I o~ \‘1 .i" /

(Nomoto & Suzuki)

°
3
2
g
D
N
£
2

(Nymark et al. 2000)

sign(d-m)*! 2
-20-10 0 10 1@¢

200/6)

N SN 1993J (Nymark,

Demonstrated multi-temperatu

o0,

-ra

¢ Reverse shock radiative up to ~ 5 years
after explosion and adiabatic after that

e Consistent with SN 1993J modeling

¢ SIngle temperature model invalid

e mogel

NSSORMY,

i




X-ray emission: = circumsieiiae

Cooel dense shell
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Hard X-rays
e Chandra/XMM energy range 0.3-10 keV

>
)
-
o
2]
-—
-
-
O
O
©
()
N
©
=
—
O
-
o
=
<]
X
[
©
O
i
C
-—
4]
2
-
2
w

. . 0.14
Energy (keV) N,,(10% cm-?)




X-ray emission:; = Clrcum
Hard X-rays
e NUSTAR revolutionary

Oct-Nov 2012 XMM+NuSTAR spectra of SN 2010jl
68%, 90% and 99% contours for N, & kT for NuSTAR+XMM data

norm. counts s-!' keV-'
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. 0.6 0.8
Energy (keV) N,, (102 cm-?)
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X-ray emission: = circumsietia
Hard X-rays

e NUSTAR revolutionary

N W
~N O

e [emperature evolution of SN 2014C
Srethauer+22)

N
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o
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Q
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3x 102 4 x 102 6 x 102 103 2 x103

Days since Explosion

« Brethauer+22




X-ray emission: = circumstelia
Hard X-rays

e NUSTAR revolutionary

Epoch |

Epoch I

e [emperature evolution of SN 2014C
(Brethauer+22)

e SN 2023ixf - hard X-rays
(Grefenstette+23)

e Adiabatic forward shock (PC+23)

e Cooling time - larger for forward shock




Hard X- rays - rad|at|ve forvvard Shock (

Oct-Nov 2012 XMM+NuSTAR spectra of SN 2010j|

norm. counts s-' keV-!
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k=2
n

Energy (keV)

DCHS, DC3+16 PC+12

68%, 90% and 99% contours for N, & kT for NuSTAR+XMM data

0.6 0.8
N, (1022 cm-2)




X-ray emission* circumstelidh
Hard X- rays - raohanve forvvard shock (PC+18, PCM O, PCM 2)
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X-ray gmission: Circumstefial

Non-thermal X—rays

* |nverse Compton component of
X-rays

® S
WIT

® S
WIT

ually in type lb/c supemovae

N large ejecta

Jally in Type ||

speeds

P supernovae

N large supply of photons

¢ See Chakraborty+12, 13,
Soderberg

11, Margutti+12 etc.

6 | ~APEC thermal ¥+

component

Chakraborty,...PC...2012

Inverse Compton
powerlaw component

b
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Radio emission . **. ' csm-10=10v6
. t + s .w : +-’- - . ‘a .* s + + ——

FEerward Shock

VSN IX005Kkd
+— SN 2006id
+» SN 2008iy
s+ SN2009ip
+—= SN 1995N
»=% SN 1986)
&+ SN 19887
+—e SN 2010jl R S
4—¢ SN1998bw [ ——
€—® SN1993]

S

P—

ReversasShock

5

Contact discpntinuiay

.c.
c.

10 . 100 . 1000
Days since explosion

8 GHz spectral luminosity (1E+27 erg/s/Hz)

Image Credit: PC



CSM ~1015 10"7cm
AbSOI’pT\OH Of F%ad \O emlSS\Orl .

e Synchrotron emission

e Synchrotron self-absorption (fast ejecta, low mass-10ss

rate, 1o/l llb etc. see Nayana, PC+,2022, 2023)
‘ ‘ o \Magnetic field, size etc

Flux density (m)y)

)




Absorption of Radie emission

(t—t,)/days [t,= (28—Mar—93) —0.250 days.
0 7S L

| L

-ree-free absorption (slow ejecta, large mass-loss rate)

e Density of the medium, mass-loss rate

HASERS



Flux Density (uJy)

Flux Density (uJy)
o
o
o

free-free absorption (radiative shock, cool dense
shell, mixing of cool gas)




llb SN1993] 7l _1c SN1994)
B b SNJ1204 '] Ic-BL 2016coi

10°
Time (days)

GRBSN 1998bw
(O 1in SN1988z

e Degeneracy In physical parameters
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Compgot GSM « 80, séen in AL

O ‘ Ne ] C-Shell

1/2 _
® Radio absorption SSA - , ,

' | : F, =~ F, intrinsic e
e Radio absorption FFA - , intrinsic®

SN 2020o0i
C+0 star

1 10 100
Time toward the SN [yr]

e Optically thin flux -

® arly studies possible with ALMA

\‘\\Q.S yr 5 yr

e SN 20200 (Ic) - Maeda, PC+21 N T

e SN 2018ive (IL->1lb)- Maeda, PC+23, Maeda, Michiyama, pc+2

e SN 202001 - enhanced mass-loss seen - Maeda, PC+21




® | ate time radio emissIion 1IN various
sSupernovae

o \/[ASS - Stroh et al. 2021- 19
supermnovae - up to 40 years olo

o ASKAP - Rose etal. 2024 - 7
7 B e rebrightening SNe - oldest 30 years olo

e Extent of the CSM - how long mass-10ss
ate

‘ »\\U/‘
THTE




Extent of CSM.-.imiplications ¢f bif

Distance from the SN centre ———




AMI 15 7/ GHz 19 t curve SN 2014C

& @ AMI Bump 1554 ] |
|® @ AMI Bump 2 FFA I
* % AMI not fitted |
B B e-Merlin 1.5 GHz|
0 O e-Merlin 5.1 GHz |
1V V Keck spectra |
|V ¥ Other spectra |
i I
I
I
I
I
I

:
- |
'V Andersonét gl. 2017 M

1 1 I

Distance from the SN centre 101 10°
Days post first light (+56656 MJD)

SERS
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Clues 10 the progéhitor- late tign

-

a) 5.5 yr (1988 Sep 29) e) 22.6 yr (2005 Oct 25)

o SN 2007em - VLA, ChandraxXO, PC+2020 '

MilliArc seconds

weaq/Apw
MilliArc seconds

*—+¢ t=218yr
¢ t=23.0yr
oo (=244yr
¢ t=283yr
¢ t=296yr

f) 25.6 yr (2008 Oct 26)

b) 7.4 yr (1990 Jul 21)

©-0 ~d 873
O -0 ~d 923
O -0 ~d 1095
O -0 ~d 1250
@®-0® ~d 1372
~d 1680
O -0 ~d 1980
® -0 ~d 2573
@ -@® ~d 5461
¢ -9 ~d 6675
®-® ~d 6870

[
.-Bietenholz+2017
_..SN 1986 ™.

L

weaq/Apw

L

MilliArc seconds
MilliArc seconds

©

g) 31.6 yr (2014 Oct 23)

c) 15.9 yr (1999 Feb 22)

0]

Flux density (m]y)

~
S
£
=
n
-
)
©
X
=)
LL

--------

MilliArc seconds
MilliArc seconds

2

0 -
d) 19.6 yr (2002 Nov 11) MiliArc seconds

Freq (GH2)

MilliArc seconds

0 -2
MilliArc seconds
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SN 2001em at 19 years
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Massive star
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Supernova x
©
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o ALMA infant supernovae program

e SN 2018ive - Day 4 - 200 (Maeda, PC+2023a)

® A supernova with just a hint of Hydrogen in the spectrum
ALMA 100 GHz Bl todd ek ¢ bl GEER

Maeda, PC+ 2023, Maeda, Michiyama, PC +2023 :
.' 1: : ey

- 200 days after explosion ‘81000 days after explosion-
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Umdérstanding .th'e proge'miyf)r.—My N Supemovae pr@gehi'tors

NMaeda, Michiyama , PC+2023b

— ~1360 days
— ~1700 days

Annika Deutsch

Multiwavelengtn
VLA+GMRT

Study, X-ray, IR, radio

Combined with ALMA
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O Chandra Count rate

NMaeda, Michiyama , PC+2023b
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Circumstellar interaction across
SUPEmovae



Multiwavelengtn Study. . 4 7 8

VLA+GMRT+Chandra+ XMM+NUSTAR- SN 2023ixt
Optical depth %Enz g 1]

100.0 30.0 0.4 0.1 0.06 0.02 0.01

PC+2024, Nayana....PC+2024, _
Berger+2023, Zimmermann 2023 1 immerman+24

Stellar
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Progentors of lin Supemovae , 775

Moriya+2012
PC 2018, 2025

Type lIn? (super-AGB stars)
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November 2010 Chandra spectrum of SN 2010l
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December 2010 Chandra spectrum of SN 2010jl
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October 2011 Chandra spectrum of SN 2010l
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| ate time studies *>3000d , 8

—our interacting supermovae: VLA+GMRT+Chanadra, Hillenkamp, Baer-way, PC+2026

at’XI\/ 260 /‘ | /‘ 989 /‘ Ye]a(r)s] Pre-Explosion for vsh/vlccg)g/l=3000/80 km/s

e—e& SN 2005kd
e—e SN 2006)d
e o SN 20081y
o—eo SN 2009ip
*—& SN 1995N
SN 1986]
SN 1988Z
e—o SN 20105l

SN 2015da Optical SN 2015da X-ray (this work)
SN 2014ab Optical SN 2014ab X-ray (this work)
SN 2013L Optical SN 2013L X-ray (this work)
KISS 158 Optical KISS 158 X-ray (this work)

SN 20051p Optical SN 20051p X-ray

SN 2010j1 Optical SN 2010j1 X-ray
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| ate time studies = highly interactingiem®emovae

—our interacting supermovae: VLA+GMRT+Chanadra, Hillenkamp, Baer-way, PC+2026

arXiv:20071.79891

e 2013L 2014ab, 2015da
Years Pre-Explosion for vgn/vesm=3000/80 km/s KISSTS - anﬂdra, \/LA, GMRT
o L ~ 3000 g

®  orders lower mass-loss rate
than previous

® A rapidly evolving progenitor
Orocess over the last centuries
Aol W SN 2014e0 ey (o ore-explosion.

SN 2013L Optical SN 2013L X-ray (this work)
KISS 158 Optical KISS 158 X-ray (this work)
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Mu\t\vv@ve\@ngth studies of SNZ

Baer-way, Chandra, Modjaz et al. 2@25
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Mu\t\vva\/e\@ngth Stuol\es Asy
Saer-way, Chandra Modjaz et al. 2024
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Mu\t\vv@\/e\@ngth Stud\es Asy,

Baer-way, Chandra, Modjaz et al. 2024
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Mu\t\vva\/e\@ngth Stuol\es Asy
Saer-way, Chandra Modjaz et al. 2024
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Baer—vvay. .

Years Pre-Explosion for vegy = 1700 km/s Years Pre-Explosion for vegy = 1700 km/s
1 10 1072 10! 10° 10!

Opt. — == 1~ CSM density profile Tsuna24 merger Profile

Precursor 2 CSM densi fil . r=> profile
- - 2 ensity profile N T -
Emission yp y "

timeframe Tsuna24 merger M o oc A r~2 profile
h ® Dong24 ML
® This work
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Raphael Baer-way
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® ~OX10Mep/yr mass-loss in last 3 years

bn supermova 2023fyq . My

® \\lerger scenario

Credit: NRAO




Sahana Kumar Br a 3 ar><|\/ 2601 19013

® CaSIs - strong calcium features and notably weak oxygen features

e Physical origins of Casls - thermonuclear or core collapse

o SN 2025c0e - one of the nearest Ca-rich

o SN 2025c0oe shows spectral signatures characteristic of Type o SNe

e Radio, Xray (GMRT, VLA, SwiftXRT, optical)— third X-ray bright




CaSTS Ca\cwum fieh. Su pem q\/a
Sahana Kumar, Saer-way,...PC....arXiv:2601.190718
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CaSTE

Sahana Kumar, Baer- way, . . PC.

e Radio to X-ray 0.12 Me material

within >2x10%°cm - <4x1015cm
extent of CSM

e Around 0.2-0.5Me/yr It the mass
was lost directly in the last 100-200 ' Other CaSTs ™

SN Ibn (23fyq)

days before the explosion SESNe

SN IIn (10jl)
SN IIP (23ixf)

* 25¢coe

1015 1016
CSM radius (cm)




® SNe [N - enhanced mass-loss rate few centuries before explosion
® SNe lbr/len - envelope expulsulsion years before expulsion
® SNe b, Ic - envelopes stripped long before explosion

® CasSls - not known - thermonuclear vs core collapse (if thermonuclear first
X-ray emitting thermonuclear supermova - 2025coe, 2019ehk, 2021gno)

® Binarty - spiral CSM structure, asymmetry, complex CSM

N

NRAO
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® tarliest signature of CSM - Flash ionization

e Explosion ® Sets the inner boundary condition - independent of shock s

L Internal energy driven e Purely radiative phenomenon

® Samples months - years before explosion

® ash lonization

Radiation driven,

| photons at ¢ e Circumstellar interaction as a fossil record of stellar death

® Mass-l0ss rates - decades to centuries before explosion

o US| Onset
Shock-driven, matter ® cruption timescales
at 104km/s
! o binarity
® | ong-term Interaction
Sustained shock e pre-SN instability mechanisms

DOWEr
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Summary: = Obsefvational regine
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® [arliest signature of CSM - Flash ionization

e Alert latency

® RODOLIC SPECtroscopy » Early spectra — final instability in
e (Classification pipelines the progenitor

e Circumstellar interaction as a fossil record of stellar e Study lasting weeks-months —
deatn

eruptive mass loss

® arly optical _ _ _
 CS interaction for years — binary

e Soft to hard X-ray Interaction history

® Early mm, early to late cm radio

® Cadence matters more than depth

e Optical X-ray, radio synergies
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® Hydrogen rich supermovae - moderate long lasting CSM (Red supergiants!)

e [ype llb supermnovae - common late time rebrightenings (binarity important)

(L

® [nteracting hyo
(merger scenario”)

teracting hydroge

SV KINnd

"

dSS €L

ich supernovae - enhanced mass |0ss centuries before explosion

o

ons)

'0gen POOr supernovae - enhanced mass l0ss years pbetore explosion

e Core-collapse Casls - enhanced mass loss months before explosion (weak explosion
with enhanced mass 10ss just before death)

* Fine tuned strategies for different class of supernovae



