Radiation from supernovae
and neutron star mergers
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Goals of this lecture

® Why do supernovae (SNe) emit huge luminosity?

® Why does emission from SNe evolve with time?

® What can we learn from observations of SNe?




Light curve (brightness as a function of time)
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Summary: Power source of supernovae

® Erad ~ 10¥ erg
<< Ekin (105! erg) << Egrav (1033 erg)

® Power source

1. Radioactivity (56Ni)
Important in all the types
Type la > Core-collapse




Summary: Light curves of supernovae

® Timescale of emission
® SN ejecta are initially optically thick
® Optical depth decreases with time
® Photons diffuse out from SN ejecta

® Source of opacity:




Observations <=> physical quantities

Light curves Spectra

v ~ E1/2 Mej-1/2

+ chemical composition

t~ K1/Z Mej3/4 Ek-1/4
~ K1/Z Mejl/Z v-1/2
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Wavelength (A)

# E, Mej, M(56Ni), X (element)




Lessons from supernova observations

1. Thermonuclear supernovae




Light curves
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4 types of supernovae
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Host galaxies of supernovae

Elliptical galaxy Spiral galaxy
~ (star forming)

NASA, Swift G  ESO
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Thermonuclear explosion




Thermonuclear supernovae

Normal stars are stable with nuclear burning

Why do white dwarfs explode by nuclear burning?




Explosion of white dwarf
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Pre-explosion Post-explosion

0.5 1.0 1.4 0.5 1.0 1.4

*NSE = nuclear statistical equilibrium

T (K) Elements

(7-9) x 10° NSE + e-capture 56Fe, 54Fe, 58Ni
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How to trigger explosion (progenitor scenarios)

Accretion from
non degenerate star

Merger of two white dwarfs




Summary: Thermonuclear supernovae

® Classified as Type la SNe
® No H line, strong Si line
® Discovered in all types of galaxies

® Thermonuclear explosion of white dwarf in binary

® Thermonuclear runaway
Iggered when mass reaches Chandrasekhar limit




Lessons from supernova observations

1. Thermonuclear supernovae




4 types of supernovae
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Core-collapse SNe and their progenitors

Type li Type |b Type Ic

He

He




Initial mass and supernova types

10 20 30 40 Msun
~10 ~25 ~40

'Red supergianti WR (WN) " WR (WC)




SN progenitors in HR diagram
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Direct observations
(only up to ~< 20 Mpc)

SN 2003gd in
M74 (10 Mpc)

WFPC2 F300W, F606W, F814W

SN2003gd

Smartt+04, Van Dyk+03
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Red supergiant => Type Il SN!!
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Red supergiant => Type Il SN!!
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Wolf-Rayet stars => Type Ib/Ic??

Wolf-Rayet population in Large Magellanic Cloud

WNE wc

Upper limits

Known Wolf-Rayet stars
-
' :

_ Smartt09 ¢

Progenitor
limits

WNO WN8 WN7 WN6 WN5 WN4 WN3 WN2 WN1 WC5

Wolf-Rayet spectral type

No direct evidence




Light curves of Type Ib/Ic supernovae
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Timescale ~ 20 days (similar to Type la)
velocity ~ 10,000 km/s (similar to Type la)



Physical quantities for Type Ib/lc SNe

MEj ~ 1-3 Msun Lyman+16
Ek ~ (0.5-5) x 105! erg



Ejecta mass of Type Ib/Ic SNe

binary (8 Mg < M;

ni

t <20 Mp)
binary (20 Mg < M5 < 150 Mg)
. single (28 My < M i < 150 M)

<+—>

Expected mass from
single-star evolution

Lyman+16

Binary evolution plays an important role



Summary: Core-collapse supernovae

® Type ll supernovae
® Explosion of red supergiants
® Tested with direct progenitor observations

® Type Ib/Ic supernovae

® Explosion of stripped-envelope massive stars

- E— e X - —— juny — —



Lessons from supernova observations

1. Thermonuclear supernovae




Gamma-ray bursts (GRBs)

0 5 10
Tme in Seconds

https://science.nasa.gov/science-news/science-at-nasa/2008/1 6oct_grboverview/



https://science.nasa.gov/science-news/science-at-nasa/2008/16oct_grboverview/

Duration of GRBs

BATSE 4B Catalog
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Long GRBs - supernova association

First observations in 1998
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GRB 980425/SN 1998bw
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SN 19941 (Ic)

4000
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Wavelength (A)

- Type Ic (no H, He)
- Broad line

=> High expansion
velocity

Galama+98




Long GRB - supernovae

Supernova 011121
021211

030329
041006
050525A
0609048
081007
090618
091127
1012198
AN 111209A
GRB-SN bumps 1307024
130831 A
1406068

0.01 0.1 1 10 100

t — ty (observer-frame days)

Cano et al. 2016




Short GRBs

No SN
association
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Host galaxies of short GRBs

Sub—arcsec loc. + XRT
Sample: 36

Discovered also in

elliptical galaxies Inconclusive
19%

c.f. Similar to Type la SNe

Elliptical

Berger 04



IOng GRB Relativistic jets

Core-collapse

‘ BH
Massive stars o '

Accretion disk

R




Light curves of GRB-SN

SN 1998bw —e— -
Type Ib and Io — Brighter than
normal SNe

M(56Ni) ~ 0.5 Msun
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Timescale
t ~ K1/2 E-1/4 Mej3/4
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Days after the explosion




Spectra of GRB-SNe

GRB 980425/SN 1998bw

Type lc
No H, He

Si 11 6355

SN 13941 “broad-line” Ic

v~ 20,000 km/s!

5000 6000 7000 8000 9000 Higher than normal SNe
Wavelength (A) by a factor of 2-3
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Kinet
Timescale Velocity | Ejecta mass DeNe
energy

~15d 8,000 km/s | ~3 Msun

1951 erg




Summary: GRB-SN

® Kinetic energy ~ 1052 erg
Neutrino-driven explosion
is difficult?? => BH

® Relativistic jets
® BH -+ accretion disk

- Rapid rotation may be a key




Summary: explosive transients

Spectrum Galaxy Progenitor | Ejecta mass ARG
energy
Elliptical White - =
Type la No H Spiral e 1.4 Msun 1051 erg
Type ll H Spiral MR ~10 Msun 1051 erg
stars
Type Ib/lc Massive

No H/He

Spiral

stars

~3-5 Msun

1051 erg

R B




