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Why do we

. Archival data- moments before death =~

- Limited to nearby supernovae
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Why do we study circumstellar interaction in Supernovae

- Mapping between massive star and supernovae
- Mass-loss rate measurements

. The initial to final mass ~ 50% uncertainty (

)

- Complexities due to binarity, magnetism, rotation,
metallicity, wind clumping, asymmetry.

de pqrtqs+2021

PITL,

Credil: NASA/NRAO
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Evolution of supernova progenitor

“+ Time Machine - Look back time= gjecta speed/wind speed "

- Wind velocities and ejecta speeds different for different kinds of
supernovae

- Type lIP, ejecta speed ~10,000 km/s, wind ~10 km/s, Look back
time ~1000

Type lIn, ejecta speed ~6000 km/s, wind ~100 km/s, look back
Time ~60

. Type Ic, ejecta speed ~30,000 km/s, wind~1000 km/s, look back
time ~30



Why do we study circumstellar interaction in Supernovae

- Multiwvelength study of circumstellar interaction in a Type lon supernova

. Please see poster and 1m talk by Raphael Baer-way

A Multiwavelength Autopsy of the @twsmvmam
Interacting Supernova 2020ywx [N Aserom™

e Observatory

Raphael Baer-Way, Poonam Chandra, Maryam Modjaz, Roger Chevalier, Sahana Kumar, Craig Pellegrino
rbaerway@virginia.edu

Introduction

While interacting supernovae (defined by extensive interaction between the supernova ejecta and dense pre-existing circumstellar material) are being
discovered at increasing rates across the electromagnetic spectrum, their progenitor channels are still relatively unconstrained

Combining evidence across wavelengths is a robust way to constrain possible progenitor mechanisms

We seek to do this for SN 2020ywx-a type lin supernova at 96 Mpc which showed signatures of strong interaction from the earliest observations

Through radio (GMRT+VLA), optical/NIR photometrict+spectroscopic (ZTF+MMT+Magellan+Keck+LCO) and X-ray (Swift+Chandra) observations, we constrain the
mass-loss rate across wavelengths/time and different components of interaction

opticalll R Circumstellar Medium X-Rays

SN 2020ywx is similar to other SNe |In vcsm~115 km/s In the X-rays, SN 2020ywx is highly

in the optical-multi-component line luminous-2nd most luminous X-ray SNe
emission from ejecta+shell between * lin of all time-peaking at 7x10" ergs/s
forward and reverse shock+unshocked e X-ray emission is coming from the

' ' | Credil: NASA/NRAO






!wl

-

Credit: Dan Perle

L1 11! i.llllllllllll|lllllllllllllllllllllllllllllllllllllll

llll|-lllllllllIlllllllllllllllllll lllllllllllllllllllllllllllll
\i ' I ]-a

l’

N 4.5

111!

111111r|lTTITITIIltTTTll1rr'|lITIIrTII'rTTTr
~ ',l' i

| _

. s

‘;’.

CEL LG

el 1 1 | [ P S YO

0.26 d
0.30 @
0.37d

0424 |

0.88 @

2.00
5.3d
8.8d
10.9d
20.2d
22.4d
27.1d
31.3d

%h 1Omzatl‘®b 3 4

o Observoﬂons of Supernovoe within hours of days

- Number of narrow emission lines from highly
j ionized species - flash ionization

« |lonization of CSM at shock breakout - earliest
traces of CSM (Gal-Yam et al. 2014, Khazov et al.
2016, Kochanek 2019)
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Flash ionization

Shock bredkout - SN 2008D

SN 2008D shock breakout
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« Observations of supernovae within hours of days
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026 d * Number of narrow emission lines from highly
030 d | ionized species - flash ionization

0.37/d . |
0424 I’ lonization of CSM at shock breakout - earliest

0 88 d traces of CSM (Gal-Yam et al. 2014, Khazov et al.
| 2016, Kochanek 2019)

2.0d .. Disappear within few days - confined CSM

5.3d (Khazov+16)
8.8d

10.9d . Mass loss rate ~ 103 Mo yr!-Denser CSM

20.2d extending to <107 cm

22.4d
27 1d - Type lIP iPTF13dqgy (SN 2013fs, Yaron et al. 2017).

31.3d Several ZTF supernovae (Bruch+23, Perley+19)
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Flash lonization
EEESNPelE - o\ 2023ixf - flash ionization (Jacobson-Galan+23,
| 1 o rlw6hb ‘ TejCH‘23)
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- SPRAT +1.1d - Standard evolution at later time - X-ray data (PC+24)
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O Chandra data
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- Broken PL
© Swift-XRT data.
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Den—se' CSM- also seen in other bands

~« Enhanced mass-loss rates also seen in ALMA mm data (Maeda, PC+21, Maeda, PC+23,
Maeda, Michiyama, pc+23)

O | Ne | C-Shell | C | ‘
~0.5yr 5 yr
.. A.=10000

SN 20200i
C+0 star

S

1 10 100
Time toward the SN [yr]

Credil: NASA/NRAO



F*o.rward Shock

10°°K

ReversaShock
IOZKe

ContacHdiScentimuity

@ PC
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ot forward shock - 109K

« Reverse shock - 107K

« Most dominant reverse shock ~1keV

« Luminosity ~ density?

as+2012)

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

tional evidence (Schlegel+95, Immler+2002,

o PITE:

Credil. NASA/NRAO



X- ray emission - circumstellar interaction

Reverse shiock rad1at1ve

- Cooling time ~

@ @ 2
Chevalier, Fransson 2017 W days) 7

- Radiative reverse shock,

Luminosity ~ density

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

S

Credil: NASA/NRAO
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X ray emission - circumstellar interaction
Reverse shiock radiative - SN 1993]J

.« Reverse shock radiative up to ~ 5 years after

explosion and adiabatic after that
(PC+2009)

Asch x Rl - Consistent with SN 1993J modeling

Chandra ACIS-S NONE —&— Chandra ACIS-S NONE —&—
Chandra ACIS-S HETG —@— Chandra ACIS-S HETG —@ —

XMM'NeWtonS%v[in![(_:)Equ. —A XMM-Newton E|i3|9-P[\'l IF—A—1 D ( N O m O-:O & S L Z u |< )

ROSAT-HRI —H—
ROSAT-PSPC —m—
Chandra ACIS-S NONE —&—
Chandra ACIS-S HETG —e—
XMM-Newton EPIC-PN —&—

100 1000
Days since explosion

PC+2009 wITY.
' Credil: NASA/NRAO



X ray emission - circumstellar interaction

Reverse shHock rad1at1ve SN 1993]

N VI O VII  Ne IX-X Mg XI  SiXlll SXV Ar XVl
O VIl Fe XIV-XXVI Mg XII  Si XIV
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Nymark et al. 2006, Nymark, PC, Fransson+2009

.« Reverse shock radiative up to ~ b years after

explosion and adiabatic after that
(PC+2009)

. Consistent with SN 1993J modeling

(Nomoto & Suzuki)

. SIngle temperature model invalid (Nymark

et al. 2006)

- Demonstrated multi-temperature model in

SN 1993J (Nymark, PC, Fransson 2006)

| Credil. NASA/NRAO



X-ray emission - circumstellar interaction

.« Reverse shock radiative up to ~ b years after
explosion and adiabatic after that

. Consistent with SN 1993J modeling
(Nomoto & Suzuki)

ngle temperature model invalid (Nymark

R Fransson et al. 1996 (PC+2009)
5
B e

T~ 200 days

S

Fransson et al. 1996

t al. 2006)

- Demonstrated multi-temperature model in

N 1993J (Nymark, PC, Fransson 2006)

VETS

Credil: NASA/NRAO



ion - circumstellar interaction

Cool dense shell
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X-ray emission - circumstellar interaction

Hard X-rays
- Chandra/XMM energy range 0.3-10 keV
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X-ray emission - circumstellar interaction
s 'Hard Yot

- NUSTAR revolutionary

Oct-Nov 2012 XMM+NuSTAR spectra of SN 2010jl

68%, 90% and 99% contours for N, & KT for NuSTAR+XMM data
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X-ray emission - circumstellar interaction
Hard X-rays |

- NUSTAR revolutionary

w
o

SN 2014C |

., - Temperature evolution of SN 2014C
- 21 (Brethauer+22)
O,
S 18
e
(O
GL) 1
o
= |
— "

3x10% 4 x10? 6 x 1072 103 2 % 103 "

Days since Explosion
. Brethquer+2?2 ; T
y s
o s f

Credil. NASA/NRAO



X- ray emission - cucumstellar interaction
Hard X- rays

- NUSTAR revolutionary

+ Epoch |
+ Epoch Il

- Temperature evolution of SN 2014C
(Brethauer+22)
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« SN 2023ixt - hard X-rays
(Grefenstette+23)

- Adiabatic forward shock (PC+23) ~'

- Cooling time - larger for forward shock

Energy (keV)

SN 2023ixf - Grefenstette+23 < h

Credil. NASA/NRAO



X-ray emission - circumstellar interaction
Hard X-rays - radiative forward shock (PC+18, PC+15 PC+12)

Oct-Nov 2012 XMM+NuSTAR spectra of SN 2010jl 68%, 90% and 99% contours for N, & kT for NuSTAR+XMM data
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X-ray emission - circumstellar interaction
Hard X-ray’s - radiative forward shock (PC+18, PC+15, PC+12)

cm )

21

-
—_—
S’
.
S
)
=
L
-
=
=
-’
—_—
o
O

Column density

100
Days since explosion

Credil: NASA/NRAO



X- ray emission- Clrcumstellar interaction

Non- thermial X- rays.

. Inverse Compton component of X-

rays

Inverse Compton
WL J( powerlaw component

- Usually in type Ib/c supernovae with
arge ejecta speeds

] -.-....--'APEC thermal
component
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- Usually in Type IIP supernovae with

arge supply of photons PEJ
. See Chakraborty+12, 13, g«
Soderpberg+11, Margutti+12 etc. Energyz(kev)
Chakraborty,...PC.22012 :
‘2 11 s

Credil. NASA/NRAO



X-ray emission - circumstellar interaction

. Picture of progenitor evolution

Luminosity (1e+38 ergs)
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Radio émission

{ . - Magnetic field amplification at the contact discontinuity

Acceleration of electrons in the forward shock

erward Shock .
- Non-thermal Synchrotron forward shock emission

- Radio emission from the fastest ejecto

Raverse Shoek

—

CO htdct ¢ forward shock / H”‘“ﬂ-\&

Flux (mlJy)
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Radio émission
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Absorpt

ion of Radio emission

SM o
« Synchrotron emission

+«—— Unshocked CSM « Synchrotron self-absorption (fast ejecta, low mass-loss rate,
Ib/lIc, b etc. see Nayana, PC+,2022, 2023)

- Magnetic field, size etc
Shocked CSM

+«—— Shocked ejecta
B

Unshocked Ejecta

v "Q ™

SN photosphere

Flux density (m]y)

Explosion centre

NoyanQ,PC+§2/

Credil. NASA/NRAO
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Absorption of Radio emission
o . S;nchrotron émission e

+«—— Unshocked CSM Synchrotron self-absorption (fast ejecta, low mass-loss rate,
Ib/Ic,IIb etc. see Nayana, PC+,2022, 2023)

- Magnetic field, size etc

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

- Density of the medium, mass-loss rate

(t—ty)/days [ty= (28—Mar—93) —0.250 days.]

- Neiler+0O2 Ay

Credil. NASA/NRAO



Absorption of Radio emission
; . Synchrotron emission

- Synchrotron self-absorption (fast ejecta, low mass-loss rate,
Ib/Ic,IIb etc. see Nayana, PC+,2022, 2023)
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- Magnetic field, size etc
- Free-free absorption (slow ejecta, large mass-loss rate)

- Density of the medium, mass-loss rate

Flux Density (uJy)

v

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

1000
Days since explosion Days since explosion

RO

InternalFFA

Credil: NASA/NRAO
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Radio emission- low frequency observations critical

- Low frequency observations critical

« GMRT sub-GHz view of supernovae (400-1400 MHz, PC+2218, Nayana+23,21,Thesis of A. J.
Nelelgle) , A
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Binarity In supernovae progenitors
Maeda, Chandra et al 2023, Maeda, Michiyama and Chandra 2023 et al., Apd

e SN 2018ive - dmming 200 days after the initial explosion
o Reprigntening at 1000 days - ALMA data

e A large amount of CSM surrounding the exploding star at O. 1
ight-years.

e | arge amounts of CSM - outcome of a strong binary
iNteraction that took place about 16OO years oefore the SN
explosion. . AMAI00GHz -

200 day s after egplosion 1000 days after explosion-




BiNarity In supernovae progenitors

AMI 15.7 GHz light curve - SN 2014C

€ AMI Bump 1 SSA |
@ @ AMI Bump 2 FFA I
* % AMI not fitted I
B B e-Merlin 1.5 GHz|
O @ e-Merlin 5.1 GHz| |
V¥V V Keck spectra |
V¥ V¥V Other spectra |
I

I

I

I

I

I
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10°
Days post first light (+56656 M|D)




SN 2001em - binarity

e ' { e A shell at 3 years when

-—-=- Powerlaw
— Broken powerlaw

@ Measurements Phase-1 Phase-2 Phase-3

nner ejecta|
Quter gjecta

(O ) B A

Flux density (m]y)

Low density wind

Post shell rariflied wind

10?

Frequency (GHz)

Distance from the SN centre

Frequency (GHz) ' @
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SN 2001em - binarity

a) 5.5 yr (1988 Sep 29) 8.4 GHz e) 22.6 yr (2005 Oct 25) 5.0 GHz

' 0@

Bietenholz+2017 | 1
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c) 15.9 yr (1999 Feb 22) 5.0 GHz g) 31.6 yr (2014 Oct 23)
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0 -2
d) 19.6 yr (2002 Nov 11) 5.0 GHz MilliArc seconds

Bietenholz+2016
SN 1986J VLBI
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Vicroscopic parameters

Radio and X-ray emission - under the equipartition assumption

Need not be true always

Synchrotron

/ cooling break at

Inverse Compton cooling

Synchrotron cooling

Flux density (mJy)

& v .
ypchratraPcobling

4 F |
Y | RS . T 7Y Frequency (GHz) requency

l ® 14 GHZ_ ‘ ® 5GHz | Nayana, PC, Ray 2018
hverse Compton gooling

SN 2004d;j

N

v




Inhomogeneities in shocks
- e TR S

0.9

Bjornsson+13, 1/, PC+19

4 Relativistic electrons © Magnetic field
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>

§ |

< Unshocked CSM

0.8 -

0.7 —

0.6 —

o, / |

Shocked CSM

05 <R g ﬁ; Forward shock
<EB _6}5
Shocked ejecta 0%
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Inhomogeneities in shocks
3 v < Vabs(Bo)

! ; _ 3p+T7+58" —a(p+4
(V) x  v* wherea' = p__2(1+5§) ) Vabs(Bo) < V < Vaps(B1
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Progenitor histories via radio olbservations

o SN 2017hce - a lype lin SN - radio, X-ray, IR studies for 4 years

® Shock preakout - mass loss rate 0.1 Mo/yr-1 at one month
(80 years before the star exploded)

® Power generated by the shock (IR) - Few 100 days IR -.2 x
10-3 Mo/yr-1 (300 yrs before explosion)

e Radio data - 1000 days mass loss rate 6 x 104 Mo/yr-1’
(3000 years before explosion)
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~+ Circumstellar interaction
between stellar evolution

- Flash ionization <1015 cm
- X-ray emission ~101°-1016

~« Radio emission ~ 10 - >1

@PC @PC

Radio Flash ionization

t=0 yr
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- Optical surveys capturing supernovae within hours - Young
supernova Experiment, DLT40, ZTF etc

- Radio racilities
« ALMA mm bands (>100 GHz)
- VLA (1-40 GHz)
- GMRT (0.4-1.4 GHz)

~+ « X-ray facilities

. " . Chandra, XMM-Newton, SWift-XRT (<10 keV)

« NUSTAR (<100 keV)

Radio
=-1000 yr t=0 yr

X-rays Flash ionization
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