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Core-Collapse SNe: Massive Stars

Presupernova Structure

Radius (km)

Mass (Solar Mass)

Delayed Neutrino Explosion Model

Gravitational Collapse

Neutron Star

Marginally Explains Energetic of
(Normal) Core-Collapse SNe (10°'ergs)  e.g., Janka et al. 2002




Fate of Massive Stars

. SMg: Core-Collapse Supernovae
Neutron Star Formation

. 5 Me Supernovae/Hypernovae
Black Hole Formation?

. 3 Mg Direct Collapse to a BH
Black Hole Formation?

. 4 Mg Pair Instability SNe (PISNe)

(No Central Remnant)

. Mg . Direct Collapse to a BH?
BH + Explosion?

Cycle in the Galaxy/Universe
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Solar Abundances
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Abundances in Halo-Stars

and Galactic Chemical Evolution
[X/Y]=log(X/Y) — log(X/Y),
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Observational Properties

of
Hypernovae
Spectra of
Supernovae & Hypernovae
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Classification of Supernovae
la -- Siline -- Exploding WD
SNI -- noH Ib -- Helines
N [

Ic -- noHe, Si { -- Core-Collapse

SNII -- H line

Evolution of Massive Stars (Mass Loss)C
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Light Curves of
Supernovae & Hypernovae
\‘L__, Light Curve Broadness
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CO Star Models for SNelc
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Evidence
of
Asphericity and Black Hole Formation
In
Hypernova explosions




Gravitational Collapse
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Egrav ~ GMgen?/Rrem ~ G(1.5Mg)#/(10km) ~ 6x 10°3ergs
Egrav / Esupemova ~ 0.002 ; Marginally attained in simulations.

En ! E ~0.02 (NS), 0.002 (BH) ; 7?7

grav Hypernova

Jets in the Universe
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1) Asphericity in Core-collapse SNe
(in general)
SN1987A: Asymmetrical, but not spherical, ejecta

Optical Polarization in core-collapse SNe > 0.5 %
(in SNe la < 0.2 - 0.3%)
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HST Image of SN1987A Optical Spectropolarimetry of
Wang et al. 2002 SNe 1993J, 1996cb, Wang et al. 1999

2) Light Curves of Hypernovae
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Spherical Hydro Model Maeda et al. 2003, ApJ, submitted




3) Late time spectra of SN1998bw
Line Width Inversion of Fe and O

Observer

[O1] 6300A

Broader Fe lines than O lines in the observations.

Interpretation as an

[O1] 6300A

|. :|
Maeda et al. 2002




4) Optical Polarlmetry of SN2002ap

Feb, 2002
<1% at OI7773
Outer Region
March,2002
<2% at Call IR
Inner Region

l

1)Different
asphericity in
different depths.

2)The Polarized flux is
well fitted by radiation
redshifted by 0.23c.
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A Hypothetical ‘Jet’ Interpretation

F )

(1 _Vred/ C) ]

I:)jet (7\‘) =f

Vv

The jet could be a °6Ni-rich blob.

High ionization state is expected.

red = Vet (1 + CcOs i) =0.23 c,
Thus Vi, > 0.115c.

F A

Observer




[X/H]

5) BH Formation in a HN explosion

Abundances in Nova Sco [ X [H]=log,,(X/H)-log,o(X/H)s

15
L L \ SN matter
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N (0] Mg Si S Ti Fe
-0.5

* Enhancement of O,Mg,Si,S,Ti by a factor of 6-10.
Israelian et al. 1999

Hypernova model for the formation
of the BH in Nova Sco

Abundance in Nova Sco BH mass in the model

4.8M at the explosion

SN

08 | N el

O

5.4M now (Post SN)

He C O Ne Mg Si S Ca Ti Fe

BH o
Mys=40, M;,.=16, E;;=30
Mgy at the explosion ~ 5M

Black hole formation with Hypernova explosion.
Podsiadlowski et al. 2002




The properties of hypernova explosions

» High velocity material (Fe)
* Low velocity & high density material (O)
— Contrary to conventional spherical models.

» forms a black hole, but explodes with large
Es, (>10).
— Black hole formation does not always leads to
a failed supernova.

Do jet-induced explosions satisfy these
conditions?

Jet-induced explosion model




Previous Works

Energy Mass cut Yields
Input
Many Prompt By hand Done |8-300M
Spherical E;,=1-100
Nagataki Prompt Byhand Done | SN1987A
1998&2000 | Aspherical (No Accretion) 4| 20M, Eg =1
Maeda et al.| Prompt By hand Done || SN1998bw
2002 Aspherical || (No Accretion) 40M, E;,;=1-30
Khoklov et |Jet induced | Hydro 4| No 15M, E; =1
al. 1999 (By hand) (By Accretion)
This Work |Jet induced |Hydro Done |20M,40M
(accretion) | (By Accretion) E.,=1-30

Model: Jet-induced Explosion

16MgHe (M,,s=40),

IVIRemO

1.0 — 3.0Mg

8My He (Ms=25
(Nomoto&Hashimoto 1988)

|

p 50
Radiation Pali

—
ewtonian Gravity

r t Ep = Mc2 ,0.01

Postprocessing

K. Maeda, in preparation
222 isotopes (Tielemann et al.)
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E51=11, MBH(fina|)=5.9M, M(56Ni)=O.llM
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Growth of a central remnant

Inefficientr
0 Jet

starting from 1.5 — 3Mg,.

s efficient
Still a strong explosion AN Jet |

follows (E5;>10).

@ 0 20 40
Time

A hypernova with a stellar mass black hole (sec)
(X-ray Novasco; Large Si,S with black hole formation).

Final Remnants’ masses and Kinetic Energies
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* A more massive star makes a more energetic explosion
(As seen in ‘Hypernova Branch’).




Fe, O Distribution
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Jet-Driven Explosion Model

* High velocity material (Fe)

* Low velocity & high density material (O)
— Contrary to conventional spherical models.

» forms a black hole, but explodes with large E.,
(>10).
— Black hole formation does not always leads to a
failed supernova.

These conditions can be satisfied.
—) Nucleosynthesis features?

Abundances in Extremely Metal-Poor stars
and
Early Galactic Chemical Evolution




Abundances in Halo-Stars

and Galactic Chemical Evolution

[X/Fe] [X/Y]=log(X/Y) — log(X/Y)e
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Abundances in Extremely Metal-Poor Stars
as Relics of SN Explosions
in the Early Galactic Evolution

Only one explosion likely
Popll Star produced metal- poor stars
For n with [Fe/H]= -4 ~-2.5
[X/Fe]=log(X/Fe)-log(X/Fe)g

Ryan et al. 1996, Shigeyama & Tsujimoto 1998,
Nakamura, Umeda, Nomoto, Thielemann, Burrows
1999)

The abundance of these stars
are determined by the
nucleosynthesis in individual
Core-Collapse SNe.

ormation The SNe should be massive
because of their short lifetime.

The First Stars (Pop lll, metal-free)
l
Shal low IMF
l
Massive Stars

!
Pre-galactic Metal-enrichment?
Reionizing Source?
(z=0, Ters 10°K)

Io

Mass Fraction

3o

100 100 102 10°
Stellar Mass (M)
Nakamura & Umemura 2001
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Explosive Nucleosynthesis in SNe

Before the Explosion After the Explosion
;13ME.‘Z=0, Pre—Suplernova | | ; . 134, K3

| a -~ il

.-.‘.

rezliom LagiX]
P

Mass Fraction Log(X)

Maga I

4Mr (M) U]

Explosive Nucleosynthesis in SNe

» Explosion Shock heating Explosive
Nucleosynthesis

* Tpeak (peak temperature after the shock passage)
— Tpeak > 5 109K -- Complete Si burning
 (Products: e.g., %Ni, Zn, Co)
— 4 10°K < Tpeak <5 10°K -- Incomplete Si burning
e (Products: e.g., %Ni, Mn, Cr)
» the matter outside the “Mass-Cut” is ejected

— The location of Mass-cut is somewhere in the explosive Si-

burning region, but uncertain (because of the uncertainty in
the explosion mechanism).

— The location of Mass-cut may be constrained by
observations of %¢Ni mass and Zn, Co, Mn, Cr
abundance.
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Hypernova Nucleosynthesis

E~10%Terg

Low energy
N/

-

10%2erg

’ Complete
T>5x109K\1/ T3/p Si-burning
i i -
N, @, #4Zn, Ti Collapsar?
Magnetar?

(1) M(Complete Si-burning) A
Zn,Co/Fe 2 Mn,Cr/FeN Fe/O,Si

(2) more a-rich < High entropy
Zn/Fe A —%4Ge TilFe A

(3) more O burns

High energy

For the same
Mass-cut,

mass fraction of
complete Si-
burning region
becomes larger.

Si,8,Ca/0 2
Low Energy High Energy Explosion
o n0 mt I fewanme pgn
\ ’i T Ly 1 ; \45
M M) '




L. ®pja0 AT, [B/Fe]l=0s, CFODC LD

: (Si, S, Ar, Ca, Ti)
oLy ; : /(Mg, O)
R i P [ & ZilFe

SOM,, B0, By =, ™= 02N, [0/Fe]=0.0, CFRBL.C
1T e rC 0 Ne Mg® 5 4r Cm TICr Fe W1 Zn

o B gy -
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Hypernova Nuclosynthesis

eM(Complete Si-burning) S
Zn,Co/Fe A Mn,Cr/Fely 0O,Si/Fey
(If Mass-cut is deep enough)

®More a-rich « High Entropy
Zn/Fe P «siGe  TilFe A

®More O burns
Si,S,Ca/Oﬂ




Zn production

Large Explosion
Energy is required
to get [Zn/Fe]>0.3

* We claim Zn is mainly
produced in Hypernova
explosive nucleosynthesis
for low [Fe/H]

« is not successfulin | N e e
the ALL previous o5 [ p 1owmetsl [FeH]<3 Halo- stars
models T Q This work, E, =1 :

« is important Bob L ]
because, for %5 SR Y E
Damped Lyman-a ©E LR GO ‘ ]
system abundance, | - S wwes
[Zn/Fe]=0 has L e
been often s T
assumed. o 15 ep . 25 @

Zn production
[ UL [ LU U LU L USRS U
. Energetic

e (M )
Hypernova models




L ow energy
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more 54Ge I e

4 0.1 1 0.1
decay to 6 Zn Time {zec} Time (sec)

— Zn abundance is R — . N
maleum for Ye . EEM=1.Y!=O.5 HCaseCE E 0 (CaseD)
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is a symmetric §-=p
species 3

Ye: electron mole E.‘..‘O‘ll,. — B
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Mixing  Fall-Back Model (1D)
Mixing Region Fall Back

Initial M cut Final M cut
Ejected °6Ni mass can (should) be smaller
without changing the Zn,Co/Fe ratio

Matter Mixing by Rayleigh-Taylor I nstability

Kifonidiset al. 1999




b . N Maeda et al (2002)
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Comparison with Extremely Metal-Poor Stars
Umeda & Nomoto 2002

» Typical (Averaged) Abundance
(Norris, Ryan, Beers 2001)

— [Fe/H] ~ -3.7

* C,N rich — Extremely Metal-Poor Stars
« CS 22949-037
— [Fe/H]=- 4.0, [C/Fe]=+1.1
« CS 29498-043
— [Fe/H]= - 3.8, [C/Fe]=+1.9
« CS 22957-027
— [Fe/H]= - 3.1, [CIFe]=+2.4




Typical (Averaged) Abundance NRrBo1

25M g, E5;=1, Mcut=2.20M,, (Normal energy model)

RS AR AR ®E Mg Al Mcout
. Co, Zn/  Mcut \,
= - - :; -
[ m AR s Mot
¥\ T { E
;n "B . | L] I :I|| e Mn o ;

Typical (Averaged) Abundance: [Fe/H]~-3.7

25M ¢, E5,=20, Mixing =2.35 - 4.88M , (High energy model)

Mcut(l)=2.35, M cut(f)=4.88, f=0.1 --- Mixing & Fallback
E . ] - ¥
[ 4 ) '., i .'. i, T
i ;1_.
_; H lid H ':\. -t e K T " : g ¥ Mn Ca ©a .'a:

Mg, Al, Zn- OK. (Large +'Mixing Efféct) -
Sc, Co, Ti— Not enough  Another Effect (e.g., Jet)?
Mn -- Low energy? Ye?




C,N rich — Extremely Metal-Poor Stars

CS 22949-037, [Fe/H]~ -4.0 (NRBOL; Depagne et al. 2002)
30M 4, E5;=10, Mixing=2.46 - 6.69M , , f= 0.005

semn Little Fe  Ni)
* = CNJOFe/

ok i
i i Ca,Sc,Ti, Co,Zn:

‘e kv es e Notenough
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C,N rich — Extremely Metal-Poor Stars

CS29498-037, [Fe/H]~-3.8 (Aoki et al. 2002)
25M ¢, E5;=10, Mixing=2.09 - 4.95M, , f= 0.004
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C,N rich — Extremely Metal-Poor Stars

CS22957-027, [Fe/H]~-3.1 (Aoki et al. 2002)
25M ¢, E5;=1, Mixing=2.16 - 4.84M , f= 0.003
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Mixing in SNe = Jet-Driven SNe?

| [CO/Fe] / é" I LI | IH.I LI I LELELL ; T I L] lé
56F@ 160 £ pq.h =
» S i | SR, :
0.1 wnseo| B 3
) I E
o l }l{}
0,001 5 8], 2 Co
' 32 I ;
E S e E i - . =
1 e - W -
le-04 i | . .Mass | ..i-‘.'.-.-.,- -“;'.EJ';
15 17 1.9 21 B el 2 =
< > < > = = S
Complete No burning ;‘l | 1 , : E
SI burnlng O’Mg i Ll = | P I I | ol .t L1
Co, Zn
T/10°K Peak Temperature & Density
g L35 I
Z =F z

Accreted]

' He 0.1 0.01

J T —-— -
Spherical. | | & .
L W .
Fi - i T@ b ngh T + Low P

_ Material are
) EJeC/ted Accrgted preferentially
27 6 8 ejected.

' -y * Log(Density[g cm-3])




Velocity Inversion of isotopes
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Spherical, 10°2ergs, 0.1M Ni

Abundances in the whole ejecta
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Fe-Peak Elements in the Jet Model
compared with Metal-Poor Stars
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C,N rich — Extremely Metal-Poor Stars

CS22957-027, [Fe/H]~-3.1 (Aoki et al. 2002)
25M o, Es;=1, Mixing=2.16 - 4.84M, , f= 0.003
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Most Fe-deficient Star
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Summary (1)

* The studies on hypernovae indicate;
— Velocity inversion of Fe and O
— Dense core
— Black hole formation

» Jet-induced explosions satisfy the above
condition!
— Blow up heavy isotopes (e.g., Fe, Zn) to the surface.
— A black hole grows, with an energetic explosion
— Mg, & efficiency of the jets (e.g., rotation?)
— Mgy 7 («=inefficient Jets) = Lgy
— Mgy = Abundances (e.g., Mgy » = [S/Si], [O/C] ™)




Summary (2)
« Extremely Metal-Poor Stars
— Large [Zn,Co/Fe]
e Large E and/or Jet
— Small [Mg, O, Mn, Cr/Fe]
» Mixing and Fallback Effect
— Trends in Fe-peak Elements
» More massive star for lower [Fe/H]
— Most-Fe deficient Star
 Very small Fe ejected (~10°M), significant mixing
o Effect of Jet
— Large [Zn, Co/Fe] (high T along the jet axis)
— Similar effect to mixing and fallback: [Zn,Co,Mg,O/Fe]
— Large [Sc, Ti/Fe]
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2) Light Curves of Hypernovae
Radioactivities in SN ejecta

Decay T Ee* (keV) % Ey (keV) %
56Ni > 56Co 8.8 158 99
days 750 50

812 87

%6Co > %6Fe | 111.3 660 19 847 100
days 1238 68

2598 17

57Co >5Fe | 391.0 14 89
Days 122 89

136 11

44Ti > 4Ca 69.2 597 94 68 100
years 78 100

1156 100

Optical output as a result of y ray transfer
in SN ejecta

......... % Lopticar ~ L, (1-€Xp(-1,)) + L ¢,

: optical
ety )
T, =K,pR =1, (V1lday) -
1, MAUE
Optical

Non-thermal e Excitations Radiative deex.
y rays 0.01 -1 MeV lonizations Recombinations
hv ~ 1 MeV Secondary e- Heatin Coll. Excitations
1-30eV 9 hv~1-10eV




Optical Light Curves of
‘Original’ models
\Spherical Hydro

Model curves fainter than

fe)
observed after ~ 50 days. a
Needs to increase T, = K,/pR.

But must not in the outer layers
(V>10000km/s).
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==) Larger p in the central region. -10 0 100 200 300 400 500

SN M, Es; M (°®Ni) Time [day]

1997ef 9.5 21 0.11
1998bw 10.2 45 0.5
2002ap 2.4 5.4 0.07

. -20
Models with o

Inner Dense Cores 18 L -19 ]

Observations fitted well!!

SN e'fect

Spherical Hydro

High Density

Bol

Required in L.C Modeling
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K. Maeda, in preparation -10
SN Vi, (km/s) M, 56Ni;,  5®Nigy,
1997ef 3500 5.0 0.084 0.050
1998bw 5000 3.9 0.12 0.44
2002ap 3000 1.1 0.014 0.065




