Astrophysics |: Stars and Stellar Evolution
AST 4001

Alexander Heger!?>

1School of Physics and Astronomy
University of Minnesota

°Nuclear & Particle Physics, Astrophysics & Cosmology Group, T-2
Los Alamos National Laboratory

3Department of Astronomy and Astrophysics
University of California at Santa Cruz

Stars and Stellar Evolution, Fall 2008

Stars and Stellar Evolution - Fall 2008 - Alexander Heger Lecture 42: Type la Supernovae, Supernova Summary



Recap Things that blow up

Overview

© Recap

@ Things that blow up

Stars and Stellar Evoluti Alexander Heger Lecture 42: Type la Supernovae, Supernova Summary




Recap Things that blow up

Supernovae

o
5
o)
™M
O
O
P4

Stars and Stellar Evolution - Fall 2008 - Alexander Heger Lecture 42: Type la Supernovae, Supernova Summary



Recap Things that blow up

Supernovae - Overview

Things that blow up

supernovae from massive stars

« CO white dwarf = Type la SN, E~1Bethe g‘
« MgNeO WD, accretion = AIC, faint SN ’

+ “SAGB” star (AGB, then SN)  ECSN "
e “normal” SN (Fe core collapse) = Type Il SN

+ WR star (Fe CC) = Type Ib/c

« “Collapsar”’, GRB = broad line Ib/a SN, “hypernova”
» Pulsational pair SN =» multiple, nested Type I/ll SN
« Very massive stars =» pair SN,<100B (1B=10>" erg)
« Very massive collapsar = IMBH, SN, hard transient
« Supermassive stars = =100000 B SN or SMBH
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Supernovae

Things that blow up

Neutron star-powered supernovae

» CO white dwarf = Type la SN, E~1Bethe

» MgNeO WD, accretion =» AIC, faint SN

« “SAGB?” star (AGB, then SN) & EC SN

» “normal” SN (Fe core collapse) = Type Il SN

 WR star (Fe CC) = Type Ib/c

» “Collapsar’, GRB = broad line Ib/a SN, “hypernova”
» Pulsational pair SN = multiple, nested Type I/l SN
« Very massive stars =» pair SN,<100B (1B=10>" erg)
» Very massive collapsar = IMBH, SN, hard transient
e Supermassive stars = 2100000 B SN or SMBH
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Supernovae
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Thermonuclear supernovae (no r-process)

¢ CO white dwarf =» Type la SN, E~1Bethe

e MgNeO WD, accretion = AIC, faint SN

+ “SAGB” star (AGB, then SN) = EC SN

» “normal” SN (Fe core collapse) = Type Il SN

» WR star (Fe CC) = Type Ib/c

» “Collapsar’, GRB = broad line Ib/a SN, “hypernova”

« Very massive stars = pair SN,<100B (1B=10>" erg)

» Very massive collapsar = IMBH, SN, hard transient
e Supermassive stars = =100000 B SN or SMBH
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Recap Things that blow up

Supernovae

Things that blow up

Black hole-powered supernovae (“Collapsars)

» CO white dwarf = Type la SN, E~1Bethe

e MgNeO WD, accretion = AIC, faint SN

+ “SAGB” star (AGB, then SN) = EC SN

» “normal” SN (Fe core collapse) = Type Il SN

» WR star (Fe CC) = Type Ib/c

» “Collapsar’, GRB = broad line Ib/a SN, “hypernova”
» Pulsational pair SN =» multiple, nested Type I/ll SN
» Very massive stars =» pair SN,<100B (1B=10°" erg)
« Very massive collapsar = IMBH, SN, hard transient
e Supermassive stars = 2100000 B SN or SMBH
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Type la Supernovae

Supernovae . -
P Supernova Types and Light Curves

Supernovae

The Collapsar Engine
t

Accretion disk around black hole
may power jet by neutrino
annihilation or by MHD process.

Jet will explode star
e Te+ fire ball v (“hypernova”; see talk by Andrew MacFadyen)

and may power GRB

if it can escape from the stellar interior; requires
- relativistic jet with high I > 100 and low baryon loading

Y
R=10"5cm

internal shocks

1l

magnetic
fields

Blanford-Znajek
mechanism?
Dynamo?

interaction with

J circumstellar matter
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Supernovae

Supernovae

GRBs, Collapsar Nucleosynthesis

€Hot accretion disk
powers jet that may
make GRB and
explodes star

Nucleosynthesis in
outflow from disk |

(MacFadyen, Zhang, Woosley 2005) (Zhang, Woosley, Heger 2004)

=
B[ The jet may be characterized by interesting
= [ nucfeosynihesis

107
puclei dissociate HEAVY A g E
nv, (_/
Jow Y, for dense flows &~ € P >™We S
V-trapping may increase Y, 47\, convection

PR
™ Toass loss/wind 1
(Pruet et al. 2003) 10tk . J
low Y, gives r-process 100 120 140
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Type la Supernovae

Theoretical Model:

@ accretion of material onto a CO white dwarf star in a binary
star system

grow mass to Chandrasekhar mass
star contacts, stars burning of 12C

“smoldering” phase for some 1000 yr

thermonuclear runaway, formation of thin burning flame that
incinerates star in ~ 1s

explosion, ~ 1B

e produce ~ 0.5Mg, of radioactive *°Ni
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Supernovae

Type la Supernovae

SN Type la Ignition

« Accreting CO white dwarf in binary star system
+~1000 yr of convective “smoldering” carbon burning
*Quick final thermonuclear and ignition

*How many sparks form? Where? Timescale?

meridional equatorial meridional equatorial
@'m@&@ |
= e
4 V4 aa (Kuhlen, Woosley,
Glatzmaier 2005)
vl'

rotating
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Supernovae

Type la Supernovae

SN Type la — A single Spark?

(Zingale et al. 2005)

Fully resolved singe ignition “spark”.

(Calder et al. 2004)
Single slightly off-center ignition spot.

Single off-center ignition gives bubble that quickly rises in one direction
=>» no successful supernova explosion.
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Supernovae

Type la Supernovae

SN Type la Flames - 2D

i 12G 412
- I I I I .

(Zingale et al. 2005)

Due to 2D symmetry front has lots of power on large scales
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Supernovae

Type la Supernovae

SN Type la Flames - 3D

growth of RT front
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Supernovae Supernova Types and Light Curves

Supernovae

Supernova Types

as Function of Mass and Metallicity
(single stars)

SN Type |pre-SN stellar structure

lp > 2 Mg H envelope
lIL <2 Mg H envelope
Ib/c no H envelope

Type Ib/c He core mass at explosion | explosion energy display

>15 Mg direct collapse none
~15...8 Mg weak dim
~8...5 Mg strong dim

<5 Mg strong bright
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Supernovae Supernova Types and Light Curves

Supernovae

Sequence of increasingly stripped cc SNe

Type IIP Type liL/b Type Ib Type Ib/c

H H He He
He C,0

Type lc Type lc-pec

272
c,0 ¢.0 O,Ne,Mg
@ S @
Mg

(adopted from Filippenko 2002) (SN 2002ap?) (SN 02ap?, 98bw?)
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Supernovae

Supernovae Light Curve
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Supernovae

Supernovae Light Curve
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Supernovae

Supernovae Light Curve
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Supernovae

Supernovae Light Curve
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Supernovae Light Curve
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Supernovae Light Curve
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Escape of photons from photosphere
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Supernovae

Retreat of Photosphere during SN Expansion

Photosphere

e, (~5000 K line)
3
/ T \.\‘\ / \fﬁ

/
Hydrogen
envelope

\ Inner part: H* — opaque /
* fransparent

Outer part: H
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Type la Supernovae and Radioactivity
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Type la Supernovae Lightcurve Fitting
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Supernovae

Supernovae Light Curve - SN 1987A
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Supernovae Light Curve - P-Cygni Profile Formation

T — T
2x104— hrir
Emission
I Region
=~ ok Q Absorption
— Region
0 - observer
E =
1%
g I Emission
b Region
g —2x104 9 =
o
E i N
— 4104 —
i 4 blueshifted ! rodshifted » 3
| | I A SO Lt GE 6
—Bx 104 -4x104 -2x104 Q 2=104 4x104

Ling Of Sight Velocity (z)

Alexander Heger Lecture 42: Type la Supernovae, Supernova Summary



Collapsars
Type la Supernovae

Supernovae Supernova Types and Light Curves

Supernovae Light Curve - Composition and Spectra
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