 FOEEEMEt (B THES) |
with H.-T. Janka (MPA), B. Mulller (Monash Univ.)

AR =
20155F5H15-17H, fRXZF

R rizn iTHES



1. nucleosynthesis during the first 1 second;
what do we see in the innermost SN ejecta?
(Wanajo, Janka, Muller 2011, 2013, and in prep.)

2. nucleosynthesis during the next 10 seconds;
do we see an r-process? (Wanajo 2013)

3. how close to successful supernova explosions?
sensitivity to neutrino opacity (Melson+2015)

HFMEEMRS FOR Yk AR 2



1. nucleosynthesis during the first 1 second;
what do we see in the innermost SN ejecta?
(Wanajo, Janka, Muller 2011, 2013, in prep.)
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explosion @ explosion
(~10 M) § (> 10 M)

yes

yes

HFEM AR FOR Yk AR 4



1010 1% low-mass SNe (~ 8-10 M)
102 diluted outer envelope
— 1 8 8 Men CRERECOE makes explosion easy
e 1@
6 8.1M Fe core
5 105 sun
= %84 Dl S « massive SNe (> 10 M)
2107 dense outer envelope
Z .
3 181 makes explosion hard
10,
10
1 TR e
10 10 10 10 10

radius [km]
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X/Xo

known problems in SN nucleosynthesis

.01

production factors from all SNe; Timmes+1995

| I T 1 ﬁl T T le T l I l 1T 1 l I T l | l T 1
[ R=8.5Kpc T=10.45 Gyr =
- Typell

N i G
H 1F 0
H
L - 4*‘[‘1" ?ﬂé
- |
3 E
- ’
'8 1
| pe i

;J_l i I IL_JL] LL | 1 l | | l | | I4l || | | ILI [ Ing -]
0 8 16 24 32 40 48 56 64 72

A

previous SN
nucleosynthesis based on
parameterized 1D models
¢ no production of light
trans-iron (Zn to Zr;
Z=30-40, A = 64-90) nor
r-process elements

+* little production of
48Ca (double magic),
®4Zn (main isotope),
Mo (p-isotope)



what crucial for nucleosynthesis are...

B important physical parameters

: N <» entropy; S (o« T3/p)
controls n, p, oo amounts

¢ expansion timescale; T
(e-folding time of T)
controls n, p, o amounts

E «» electron fraction; Y,

. (protons per nucleon)

controls n/p ratios




innermost ejecta of SNe

Janka+2012

Explosion and
_ _nucleosynthesis

Neutrino-
driven “wind”

V,+n—>p+e

— +
V.+p—>n+e

M REM R R MR SHR

** elements up to iron are
formed in the outer layers

% (light) trans-iron elements
likely to be formed in the
innermost layers

*¢ difficult to constrain Y,
from simulations because
of its sensitivity to
neutrino spectra



oo Y, is determined by 1D self-consistent explosion of a 9 M, star
Hidepohl+2009

- 4' rrrrprrrrr T TRd I ! I |10
V,+n—>p+e T 0 Aderetion Phas

— +
V.+p—>n+e

L [1052 erg s_l]
[N

s equilibrium value is

0=
-1 ]
Y ~ 1+L17e SVe_zA : %12
) L,e,. +2A 2710-
A=M -M, =129 MeV ~ | {
8 B e I e St

1 | I | | | N T . | | 111 | | I - 1
0 0.05 0.1 015 0.2 2 4 6 8
Time after bounce [s]

% for Y, <0.5 (i.e., n-rich)
g.—E,>4A~5MeV neutrino spectra in the early times are
for . =L crucial for nucleosynthesis !!!

HFMEEMRS FOR Yk AR 9



2D SN simulations with v-transport

8.8 M, ECSN 8.1 Mg CCSN

0.56 30

—2000 0 2000
T

i

3
3

** a number of self-
consistent SN

¥ models with

2 peutrino transport

6 are now available

o [k/o ] —— YE 42 4000 2000 0 2000 4000 °
Y, x [km] s [k,/nucleon] . .
o
« very first result of
27 Mg CCSN y
35 ' 35 :
"% SN nucleosynthesis
0.54 30 .
2 with such models
0.53 25
21 -
0.52
14 15
0.51
10
7
0.50 5
0 0.49
4000 2000 0 2000 4000 6000 4000 2000 0 2000 4000 6000
i x [km] s [k,/nucleon] ¥ x [km s [k,/nucleon]
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8.8 M@ self-consistently exploding

ONeMg core supernova

simulation by Bernhard Miiller

M REM R R MRS




Q.10 0

0.3
IR I feR




27 M@ self-consistently exploding

Fe core

simulation by Bernhard Miiller

M REM R R MRS
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L L L |
88 M ECSN
sun

107 _ M -

10_8 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
045 0.50 0.55

Y

(S

U Uy T
I5M_CCSN
sun

107 i .

-6 ;
107 |_h
10‘8 1 1 1 | 1 | 1 1 | 1 | 1 | ]

0.50 0.55

Y

[

HFEM AR

L L
8.1M CCSN
sun

.Y, distribution in the
innermost ejecta
(~0.01 Mg )

¢ light SNe have

0.40

045

0.50

0.55

0.60

g more n-rich ejecta
R (less neutrino-
- 27MsunCCSN
processed)

il “* massive SNe have
m more p-rich ejecta
0@ 045 050 055 oe (MOreneutrino-

e processed)
Tt 15



mass fraction relative to solar

Ti Fe /n Se Sr Ma

Ni | Ge

mass fraction relative to solar

107 10
102 102
3 FK Vv G B Y 3 K Vv G B Y
102 B sc Y vn " 0o, %2 as P Rb, ¥ Nb, 103 E se VY min 000, %% As, P Rb, ¥ Nb.
20 30 40 20 30 40
atomic number atomic number
4 F T T T T
% %10 ?daTicheNl
3 210°F
= 2 F
o ) 102 =
= 5 1 F27M CCSN
i =10 E sun
L L 0 B e e oA e — e L
8 gl
S 310" |
= Nl ) E
2 2107 ¢
g 8 3K _ V. Co_Ga Br_ Y
E Elo E_ ISCI IMnI Icul IASI IRbI INbI
20 30 40
atomic number atomic number

Wanajo+2015, in prep.

RS R R

' nucelosynthesis in the
iInnermost ejecta
(M~ 0.01 Mg)

*» light SNe make

more trans-iron
elements (Zn to Zr)

** massive SNe make

few trans-iron

elements (mainly
Zn and Zr)

16



a little bit more of ECSNe: %8Ca

www.kadonis.org

I 467y 4711 481y 491y 5013
8.25 7.44 73.72 5.41 5.18

100 ; g
40ca 4lca 42ca 43ca 44ca 45Ca 46Ca 48,
96.9%4 102.01 ka 0.647 0.135 2.09 162.62 d 0.004 0.187
39K 40y 41, :

93.2581 BWSLEEY 6.7302

48Ca

s doubly magic (Z = 20, N = 28) n-rich isotope

< almost stable (t,,, = 1.9 x 10%° yr by double -decay)

¢ origin is unknown; only suggested are hypothetical SNe la



a little bit more of ECSNe: °°Fe

www.kadonis.org

S8N;j S9N
68.077 75.99 ka
38.7 mb 87 mb, p* 30 mb

: 59C° ,
38 mb
54Fe SSFe 56Fe 57Fe SaFe :
5.845 2.74 a 91.754 2.119 0.282 :
27.6 mb 75 mb, B* 11.7 mb 40 mb 12.1 mb

®0Fe

* n-rich radionuclide with t, , = 2.62 x 10° yr (Rugel+2009)
¢ live ®OFe in the early solar system (e.g., Tachibana+2003)
¢ live ®9Fe in the Milky Way Galaxy (e.g., Harris+2005)

** CCSNe (n-capture in He, O/Ne layers) can be the sources?



10 g I I I I | I I I I I I I I E .
" 48, Op, ;i'“--% +q bOth are mad.e.m |
107! ol Ni -1 NSE-like conditions with
E e ; © Y. =0.40-0.45
HF J& i- E & 8 . .
T MERRE: g in . .
“';10 T 9 o Z ** nucleosynthesis is
S1040L . ] extremely sensitive to Ye;
. B 1 afew percent level of
107 &/ 3 accuracy is needed !!!
60, f
10
0.40 S
)/
c
Wanajo+2013
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M REM RS

nucleosynthesis during the next 10
seconds;

is the answer blowing in the wind?
(Wanajo 2013)

FI R 4k A6 th

20



A

t = 0.00E+00 s N_ = 0.00E+00 cm™

n

p = 0.00E+00 g cm™ S, = 0.00E+00 MeV

T = 0.00E+00 K Y,/Y, = 0.00E+00
X, = 0.00E+00 Tg/Tp = 0.00E+00

T
120

M REM R R MRS




how to make the 3rd peak and beyond

physical condition for making A > 200 (Hoffman+1997)

** high entropy scenario (S > 100 k; nuc?)
fzoo =(5/230 kB nuc?t)®/ [(Ye /0.4)3(t/20ms)] =1

“* low entropy scenario (S < 100 k; nuc?)
Y,<0.2 withany S, T



10° ——r

‘Woosley et al. 1994
it “As a caveat, however, we note that
this agreement may be too good.”

& 10
g by the authors
S o L el
10 ° (i AW W
ﬁ : 0{ v fl
10"";—
10'3-..'.l.L.l...l...l...| o

80 100 120 140 160 180 200 220
Mass Number
¢ successful r-process in the neutrino-driven winds of S,_,~400 k;/nuc
(1D hydro, 20 Mg, star; Meyer+1992; Woosley+1994)

¢ but such high entropy is unlikely
(< 200 ki/nuc; Takahashi+1994; Qian+1996; Otsuki+2000)
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neutrino-driven wind is “proton-rich” ?

lllllllllllllllllllllllllllllllllllllllllllllllll lllllllllllllllIlllllllllllllllllllllll

- U.Ul

t (sec)

Woosley+1994

— SKA
— Shen

— LS

1 2 3 4 5 6
t [s]

7 8

o

self-consistent explosion of a 9 M, star
S L R R R Hidepohl+2009

% Y, >0.5in all recent neutrino-transport simulations because of
similar neutrino energies and luminosities for all flavors (i.e.,
protons are favored due to the p-n-mass difference)

** no r-process is expected regardless of S or 7?7?




% for p> 1013 gcm33,
symmetry energy enhances
v, + n and suppress v, + p
(Reddy+1998; Roberts
+2012; M.-Pinedo+2012)

<e > (MeV)

¢ proto-NS wind can be
n-rich (downto Y, ~ 0.4 ?)
in the early phase,
NOT in the late phase
(Pauli-blocking for charged
current reactions; Fischer
e +2012)

Time (s)

Roberts+2012
A ES Rt 25

0.55

0.5

Ye,NDW

045}

=T

-, d
— = T

Illll\-JIII

—



e,NDW

“history” of Y, evolutions: who is right?

L, 73.:0 ll.'() GI?O Bl.IO ll()l.() Jl.?l.() llll.O lﬁl.l) | z
0'6: B L ] < 0.60
- Roberts+2012 2 0.58
0.55F T 3 0.56
1 <+ 0.54
05 201 2 ‘< S 0.52
= = 0.50
0.45[ PPl D (0.48
. e L
o) = s - ] 0.46
e TR —
Time (s)

Woosley+1994

b)

EaRoAL

Illlllllllll

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll]lllllllllllllllllll

Hidepohl+2009

— SKA
— Shen
— LS

2009

12 3

t [s]

4 5 6 7 8 9

HV1a rtinlez—Pineldo+201|4
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is the answer blowing in the wind?

400

|||||||Alll|llllll
M=121. 1.8 2.2 .4MSu

n

0 2 4 6 8 10

time [s]

100

T T [ T T T [ T T 1T T 11
M|= 1.2 l.Jl 1.8| 2.2 5

0 2 4 6
time [s]

semi-analytic full-GR wind model (Wanajo 2013)

@ My =1.2,1.4, .., 2.4 [Mg]

% Ry = 30 (t/t,) + 10 [km]; t, = 0.2 < t < 10.2 [s]

< L,=40 (t/t))"* [10°! erg s!]

@ <e>=12,14, 14 [MeV]

for all flavors

for v,, v, and the others

8

10



[E—
~

T T T T T T T T T | T T T | T T T | [ | T T T | T T T T T T | T T T |
0.55 Y =040 ] . M=12141618202224M .
[ ] 10F ]
0.50 - ‘ K ]
i ’ o8-/, -~  _——-—mm———=——_T"== -
. l s B :
[ ] < o6F -
045 il E :
L i 04 u
[ ] 02F .
0.40 _I 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |_ 0-0: 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | :
0 ) 4 6 8 10 0 2 4 6 8 10
time [s] time [s]

ad hoc Y, evolution (to mimic Roberts+2012)
“* only very massive proto-NSs (> 2.2 M) satisfy f,,, 2 1
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| IMI:1I.21|.4|1.6|1.é2.|02{22|.4|1\48;nI < only (unrealistically)
o solar r-abundance massive proto-NSs
1074 1 (>2.2 Mg) make the heavy
S 1 r-elements
2107 E
B . .
E . T @ tuni
= . TR typical proto-NSs
" S 1 (<2.0Mg) make
1078 = 3 weakr-elements
10-9 : | | | | | | | | Va2 | | | | | | | A| | | | : (A ~ 90 - 130) Only
50 100 150 200 250

mass number

Wanajo 2013
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Isosurfaces:
Entropy/Nucleon

= 3. how close to successful supernova explosions?

cm/s

sensitivity to neutrino opacity (Melson+2015)

M REM R R FI R 4k A6 th 30



Melson+2015 3D SN simulation

E 5 10 15 20 (20 M@)

s without s
(8,°=0)
explosion failed

s with s quarks
(g,°=-0.2)
explosion
succeeded!!!

-1 0 1 —1 0 1 —10 0 10
x1 [107 cm)] x1 [107 cm] x1 [107 cm]
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strange quarks help the explosion?

s lowest-order differential neutrino-nucleon scattering cross section
doy _ G12:€2
dQ 472

[c%(l + cos b)) + c§(3 — COS H)]

¢ strange quark contribution g_° (< 0)
1
Ca = 5 (£ga — gZ) where the plus sign is for vp and the minus sign for vn
% c,% decreases in the (n-rich) neutrinospheric region
- ~10% reduction of neutral-current opacity (g, = 1.26, g_.5=-0.2)
- ~10% increase of neutrino luminosities and mean energies

- more efficient neutrino heating in the gain region

** only a 10% change of neutrino opacity can help the explosion !!!



MiniBooNE; Golan+2013

With np —nh contribution

800 1000 1200 1400 1600

M, (MeV)
experiments

*»* large (negative) value
with large errors:
g°:=-0.8t00

HFEM AR

lattice QCD; Abdel-Rehim+2014

0.01 ————
¢ tr=12a
B t=13a
0.00} g ti=14a ..................................................................................
L tr=15a
-0.01|
g -0.02} ﬂ%
-0.03} ﬁ H% Pf% ,H
-0.04}
0
2 3 4 5 6 7 8 9 10 11
tj/a
theory
*** small (negative) value
with small errors:
g.>=-0.05to —0.02
st 33



" _ﬁ..'rf,»oc_-z..:m--

+* core-collapse SNe can make light trans-iron elements (Zn to Zr)
but r-process elements (see NS merger works; Wanajo+2014)

** nucleosynthesis in the innermost ejecta is higly sensitive to
neutrino spectra; a few percent accuracy for Y, is needed

** 10% change of neutrino opacity can help SN explosions
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