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Origin of elements

* Introduction given by Livius Trache-san’s lectures.
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Thermonuclear reaction



Nuclear reaction equations

dna (A)
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Number density: n Reactionrate: r
*B->A+...
. ‘ .= rQ/
BN B C+et +v BN C n=1Q/p
Energy generation rate
° C +D->A+ ... per reaction Q

12C+&%16 O—|—’)/ 120(@57)160
*E+F+G->A+...

3 —12 C 4+ a2, v)*C

How are reaction rates evaluated?



Collision of particles

* Reaction:a+X->Y+b  X(a,b)Y
* The reaction occurs when a collides with X.

* a nucleus move to X nucleus with relative velocity of
V.

The reaction rate r should
be

r(v) = o(v)vn,(va)nx(vx)

b

>

where o(v) is the cross
section for relative velocity
of v=|v, —wvx].
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Total reaction rate
7'::j/7(v)d30ad3vx;

r = nanx(c(v)v)
where (O(’U)”U) Is the average ofa(v)v :

e Maxwell-Boltzmann distribution

n(v) =n e : exp | — me-
~ "\ kT P\ 72kt

e Cross section

S(E)

o(E) = = exp <—

27'('21 2262
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Value of <ov>
fa(v)vexp( o T) d>v
| exp ( 2%BT) d3v

e Sis almost constant for non-resonant reactions.

A
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(kgT)* (2mp)"/?
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Reaction rate

o 5
T ="N1N9 EXP
T72/3 T71/3

where T’7 _ T/107K

/129 (Al + AQ) ) 1/3

—928x%x 107168

; (AlAQZfZQQ)l/B

= 2
p A1+ A

[cgs]

S [keV barn]
1 barn = 10-24cm?



Temperature dependence of
reaction rate

1 p
X T X —exp | — :
T72/3 T71/.3

Oe 1 . 5] 5] 2
— T = - X — - - —_— —
or; — o\ B ) 3B

Oe
° 1/3 —
In stellar core, B>>T,'"° and thus o >> 1.

* The reaction rate is sensitive to the temperature
change. Therefore, the core temperature is
almost fixed for each burning stage.




Temperature for burning stages

Burning stage

H burning 107K
He burning 108K
C burning 6x108K
Ne burning 109K
O burning 2x10°%K

Si burning 3x10°%K



Stellar structure



A star is almost static and shines

In order to be static, stars
need pressure to support
their own gravity.

Pressure

The pressure stems from
thermonuclear fusion reactions.



Stellar structure  <rap.am

e Mass conservation

d M.,
dr

= Anrép

* Equilibrium of force

GM,.dM,

r2

* Equation of state

P =

Arr? P — Axr? (P

KleF%

ZaN

Mr



Lane-emden equation

d _r2dP g2
dr pG dr -

Dimensionless parameters

p=pbEN 1 @ 2d_(9 — _oN
£2 d§ d§

P = PC8(§>N+1

Boundary condition

df
_(N+1P 1/2§ 00 =1 %
ArG  p?

=0
£=0




Solving Lane-Emden eq_.,

| N+1P\?
e Stellar radius: — -
& (47TG p2> 4

1 P4 1/2
Stellar mass: M = (47TG3 pg) ©ON

B(Ex) = 0 ov = —(N+1)¥2 [e2%] _
* Equation of state .
3

* Gas, non-rela. deg. e gas: N=3/2, [P ¢ P

. e ] . N 4
Radiation, rela. deg. e gas: N=3, P NE



Degenerate pressure of electrons

* Degenerate pressure at T=0K

— Non-relativistic: Pe(O) _ 15}§§m pF -~ n5/3
€
— Ultrarelativistic: (0) _ 2me 173
. 3h3p xX n,

* For the ultrarelativistic case,
— Stellar mass

-\ 2
Chandrasekhar’s limitingmass y;  — 1 46 (ﬁ) M,
‘ ' 0.5
— Stellar radius

R x Yp_1/3 > ()
Pe— 00

In reality, e-capture takes place and a
neutron star will form.




Homework

Max. temp. of stars

pkd’ 0

+ EoS: P = - PV
Ty

More massive stars have

higher max. temp.

u: mean molecular weight

log TCA
M>M,

A

= Max. temp.

Ms<M,,

Ideallgas

Relativistic
degenerate gas

>
log p.




Static burning



H burning

* A star mainly consists of H and He.

* However, products of the major two-particle
combinations are unstable.
*ptp->?He->p+p
* p+4He ->°Li->p +4He
* ‘He + “He ->®Be -> “He + *He

* Therefore, bypassing reactions, PP chain and
CNO cycle, are needed for H burning.



PP chain - PPI -

Pure H gas Reaction rate
eptp->d+et+v Fop = App Np Ny /2
°d+:)->3He+y rpd 7‘“pd Ny Ny
— 3 3
dn., n: n(*He)?
= —2)\,,— + 2\
dt Ty T AT
dng n?
At — )\pp?] — )\pdn-pnd
dn(*He) n(*He)?
pm — )\pdnpﬁd — 2/\33 9
dn(*He) n(*He)?

— A
dt BT




PPIl and PPIIlI chains

* If “He exists, the following reactions take place
*He(*He, ) "Be(e™,v) Li(p,* He)*He (PPII)

“He(*He, )" Be(p, v)°B(5Tv)*Be*(*He)*He  (PPIII)

* Since the number of p + p reaction (slow) is once,
these could be faster than PPl depending on
p,T,X.

Table 5-1 Reactions of the PP chains

Average s

Q value, v loss, So, dE T12,
Reaction Mev Mev kev barns barns B yearst

Hi(p,8tv)D? 174420 1263% 378 10522 4.2 X 102¢ 33.81 TR0 109_a
D2(p,v)He? 5.493 235  Xi10=# 7..955CBT0 37.21 4.4 % 105
He3(He3,2p)He* 12.859 5.0 X 103 122.77 2.4 X 10
He?(a,vy)Be’ 1.586 47 9c 1071 —2.8 5107885122728 9.7 X 10°
Be’(e~,»)Li7 0.861 0.80 3.9 X 10!
Li’(p,a) Het 17.347 1.2 Se 102 84.73 1.8 X 103
Be'(p,v)B? 0.135 4.0 X 102 102.65 6.6 X 10!
B#(8*+v)Be®*(a)He*

. 18.074 + 742 3 X 10-¢

t Computed for X = ¥ = 0.5, p = 100, Ts = 15 (sun).



PP chain

* Solve the following equations

e TT D ‘




CNO cycle

* If CNO exist, they work as catalysts.

THE CNO BI-CYCLE
(T<108°K)

->C12+H1__,N13+,Y
N3 >CB+e* 4+,
C13+H1—->N14+'y

N”+H1-—~>015+-y
D A NBG &+
N15+H1—’CJ:12+He‘

or (~4 x107%

N*+H!—>0'%+ y
O +H!' =F7 4y
i 017+e++v

OY+H!—>N¥+He?
J

{
{

{

r= 870sec
log 7 (years) = —4.56
r= 178sec
log v (years) = —5.25
r = 95sec
logr (years) = —5.52

O Proton Y Gamma Ray
O Neutron V  Neutrino
(O Positron

wikipedia



CNO cycle

AsHOU + ai,

Sl B Hp.




CNO

e Beta O
e Beta O

cycle

ecay is faster than proton capture
ecay and "N attain equilibrium.

e Branc

ning ratio to ON cycle is small.

* Split CNO cycle to CN and ON cycle.

dCl2 012 Nl4

|
dt ;
T12 Ti4

dCl3 Clz Cl3
dt T12 T13

dNH Cl3 N 14

dt T13 Ti14




CN cycle abundance evolution

C12 0.0122 1
C3#| = N |0.00305 | + 0.320N | 0.336 | exp (—1.274 X 10~%)
N1 0.985 —1.336

0.222 4
+ 502V | 2405 | exp (—4.983 X 10°%)
- —241.5

* Att-> infinity, most of nucleus are converted to
14N.



PP chain vs. CNO cycle

€ = 2.36 X 10%Xu?Ts~ exp (—33.8175)y.(a)(1 + 0.01237¢!

+ 0.01097¢! + 0.000957's) erg g1 sec!
where

'pt(a) = (P(a) (OQSOFPPI + 0.960Fpp11 + O.721FPPIII)

ecNe = 8 X 10% pXgXonfnTs % exp (—152.31T %) erg g~! sec1

CNO bi-cycle

PP chain




Stellar interior

* PP chain * CNO cycle




He burning

e 8Beis in equilibrium o+ a +—° Be

: h? E,
n("Be) = niwf 2 375 €XP (—’)
- (2mpksT) /2 kT

* 8Be + aLis also close to equilibrium

3 _
n(12C*) = n(®Be)n, f h S exp ( Er )

(QW;J_.L'BT)B/“ kT’
- y N
* The decay rate of “C* > C+yis
n(2CHI, s ni 42.94
Iygs12C = : i = 9.8 x 10 '4ﬁfexp (— T )

{) ¥
2 X3 42.94
can = 3.9 x 10! p_, 1.3""‘ fexp ( — )



Nucleosynthesis during He burning

° 12C(Ot,y)160

* Important reaction affects subsequent burning stage
* The reaction rate is not well determined.

7.161
Ci2 4 Hat

* And probably °*O(a,y)?°Ne



H is exhausted at the center

The Sun expands to be
a redgiant star.

He core burning starts
and the Sun becomes a
horizontal branch star.

The Sun expands to be
an asymptotic redgiant
branch star.






Advanced burning stage
* C burning (g ~ 2.6x10%° pXc?A ¢ erg/g/s)

Reaction Channel Q, Mev
Ct2 4 Ci2— Mg 4 v 13.930
— Na? 4+ p 2.238

— Ne?® + « 4.616

— Mg® +n —2.605

— 0% 4 2« —0.114

* O burning (e ~ 2x10%° pXy%Ag o €rg/g/s)

Reaction Channel Q, Mev
01 + 0 oSk 4o 16.539
— P 4+ p 7.676

— S31 4 9 1.459

— Si2% + « 9.593

— Mg + 2a —0.393



Equilibrium (at high temperature)

*A+B<->C+D
* The reaction releases energy of Q
* Chemical potential of ideal gas

’<kaT>3/Q v

o2 h? N | T

U = —/CBTID N

* Equilibrium condition

ua +pus + Q = pc + pUp



Saha equation

3/2
NANB _ YAYB (kBT mAmB> / eXp( Q )
ne gc \27h? mc kT
* After repeated action,

7 (A-Z) ,.
n‘p Tn _ 2A A—B/Q@A—l exp [ — (2(/_1* Z)
n(A, 7) g(A, Z) | kgT

mepkBT) 3/2

Q(A, Z) = ? Zmy + (A—Z)m, —m(A, Z) 0 = ( 12

Here, the change of Ye is ighored.



Homework

Nuclear Statistical Equilibrium
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Stellar evolution

M=25 Mg, v,=0 kms~!, 2=0.02, «_,,=0.1

:l L I LI I LI I UL I LI I LI I LI I LI I LI I L I LI I LI I li
'H LH
E’He ‘:He
[ "~ ToTooToomosoooeoes 0
;2C ........................................................................................................ I:J,C
20Ng — — — — — — — —— ——————— 20N e
MSN “é‘I‘N
7 ( pr—— == = = — ——2BQ;
5 “Thig
323 329

llIlllllllllllllllllllllllllllll]lllllll]lllllllj_

0 2 4 6 8 10 12 14 16 18 20 22 24
m, [M]

Onion-like structure
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Binding energy of nucleus

9 T

/'\

016
81—

C!ZFlg
He® Jf N
719 Fs!

ge binding energy per nucleon (MeV)

NeZO AIZ?

586 Txelzc IX 136 |
Nd

ak_\/

p3l ci3 Fe

¢
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snllﬁ Y~0

130
Xe Ndldd

56 Cu63 As75 MO'98

182

>6Fe is the most stable nucleus.

Synthesized in the stellar
evolution and supernovae

o-process is main.

, | Synthesized at the bigbang

| | | | | | |

U235

208
U??L

60 80 100 120 140 160
Number of nucleons in nucleus, A

180

200 220 240



r of massive star

Onion-like structure

No nuclear energy
can be extracted
from Fe.

Core collapse

Proto neutron star
is formed.
Surrounding
matter continues
falling.



Infalling matter bounces.




Supernova explosions



Supernova explosion

I.

C,
Neutrino heating

The stellar materials are ejected as a supernova.



Supernovae
: | ol e
L~10%2erg/s~109L .,
Energy 'solrce ...
“Shock heatlng Tor
56N|-56Co radioactive.decay
~ Ex~105"erg
| Gra,vitation'al energy
*  GMZ2;/Rys~105%%erg
Nuclear energy - _
(12C956N|)M ~1O51erg _ %, : R L



Stellar fates

0

log (T, /K)

Langer 12

Jy==e‘e-

capture
limit

10




Stellar fates depend on their masses

Type Ia supernova

o
Brown dwarf White dwarf Neutron star or black hole
} LA A Pair
Mass loss Supernovae instability
A A supernova
\ Core collapse T
A A
Ms<0.08 M@ 0.46 Mo 8 Mo 10Me< 140M.<M,,<300M,
: |
- TH
: /H-e\ H
Ct0 m
SN A-I-e\ /’%
C+0

@ m C+0
> . > >
/
‘ C+0 O-I-Ne-l—Mg
TR DS AN B R E— )



Explosive
nucleosynthesis



Abundance distribution at the
presupernova stage

| NSE QSE O burning 1
0 ¢—> > < _ fg?g

Ne burning - fe58




Density [kg m'3]

Shock wave in the stellar mantle

0s —
0.01s ——
1010 F 0.1 —— 1
1s ——
8 5s ——r
10 -
10s
RN 100s ——
106 u \ 1043 —
10's —
10* | ]
10° t ]
10° | -
107 t -
104 — -
10 104 10° 108 107

Radius [km]

Radiation energy is
dominant after the
shock wave and
radiation are fully
coupled with matter.



Explosive nucleosynthesis

0.1 E

o
o
-—

Abundance [mass fraction]
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Explosive nucleosynthesis

* Temp. behind the shock X
radiation dominated F— aT4 7T

T 5 1/4 po\ ¥
=13
10°K (105lerg) (1O3km)

* Short hydrodynamical timescale
e Slightly higher temp. is required

Explosive C & Ne burning 2x10°%K
Explosive O burning 3-4x10°K
Incomplete Si burning (QSE) 4x10°K
Complete Si burning (NSE) 5x10°K



Explosive nucleosynthesis

Heavier elements are synthesized at higher T layer
(i.e., in the inner layer).

* | ' i..“: N Temperature [10°K]

fSERE S 160 k A
S T~ T Complete Si burning
(U °
- g—Dn ‘ - Fe,o,Ni,Zn,Co,V
& = 12C : :
£ o S ; Incomplete Si burning
§ Q 24'\/'g'_ } Fe,Si,Cr,Mn
© ]
= 283 | O burning
0 I .
< Si
) 6 3




Stellar structure and nucleosynthesis

15

Mr/MG

Radius-mass relation

Max. of synthesized >°Fe mass

10

M( Ni,) (M)

51

Umeda & Nomoto 08



Varieties of supernovae

* Core-collapse SNe (CCSNe)

* Explosions of massive stars (M>8M,)
* Gravitational energy

* Type la SNe (SNe la)

* Explosions of accreting white dwarf
* Thermonuclear energy

* Pair-instability SNe (PISNe)
* Explosions of very massive stars (M~140-300M.,)
* Thermonuclear energy



Nucleosynthesis in CCSNe

* Explosion of massive stars

* M_.>8Ms, R~105%m

» E~10%"-52erg, M,~1-30M, M(Fe)~0.1M,,
* Gravitational energy

* ~1% of released E,,,=GM?/Rys~10>erg

* Large amount of various heavy elements

* Interval from star formation: ~2-20Myr

* First metal-enrichment in the universe is made by
CCSNe.



Abundance pattern of CCSN vyield

—-—
o

o

56Fe-normalized abundance / solar

[HeBe C O NeMg Si S Ar Ca Ti Cr Fe Ni Zn

- |  Flat pattern: i.e., the pattern is
similar to solar abundance pattern.

ELiBN F Na AL P CI K Sc V Mn Co Cu

10 20 30 40 50 60
Mass number A

70




Nucleosynthesis in SNe Ia

* Explosion of white dwarf
* M, .<8Mg, Compact (R~103km)
* E=10°"erg, M,=1.34M., M(Fe)~0.9M,

* Thermonuclear explosion
* Eoyp = Enuc (F Egrav)=A(12C956Ni)M@~1 0°'erg

* Large amount of °°Ni(Fe) and Fe-peak elements

* Interval from star formation: ~Gyr
* The contribution delays comparing with CCSNe.



Nucleosynthesis in SNe la

time = 0.000
T I T I T I T ] T ] T I T C
10° - = ¢
s 1 “Ne
i 1 *Si
c 4
LA - P
@ = 1 “Ar
(1 - -l
w = =
2]
) = =l
= “Fe
L 3 *Fe
- http://cococubed.asu.edu/pix_pages/typela.shtml < *Ni
10° 1 [ | l | l 1 | | l 1 I 1 "-)::‘Ni
0 2 4 6 8 1 1.2 1.4

Interior Mass (M_, ) (c) Frank X. Timmes




Nucleosynthesis in SNe Ia

Mass Fraction

time = 4.000

T | T ] l l I | T ] T
28Gj

l

|

| llIlIlI

Nomoto + 84



56Fe-normalized abundance / solar

Abundance pattern of SN Ia yield

Small amount of light and
| intermediate elements

F Na Al P Cl K Sc V Mn Co Cu

20 30 40 50 60 70
Mass number A



Nucleosynthesis in PISNe

* Explosion of very massive star
* M, .=140-300M, R~10%m, low entropy
* Such massive stars can survive only at small Z.
* E~10°1-3%erg, M.~100Mg, M(Fe)~1-10Mg
* Thermonuclear explosion
° Eexp = Enuc (+ Egrav)
=A("80—>28S,56Ni)(10-100M)~1052-53¢rg
* Large amount of °°Ni(Fe) and even-Z elements

* Interval from star formation: ~Myr



Explosion mechanism of PISNe

10.2
10 Fe photodissociation ~ 1000Me vy + vy 2>et +e°
— instabilit
v Y P
= 9.8 Pohoton deCreases
E 9.6 < =
o et-e- pair Contraction
s 941 creation - -
S . -
O gol instability ® T increases
3 -
o0 9r .
9 Explosive
O burning
88T
< =
8'63 L'l 5 é 7 é é Supernovae

log o. Central density [g/cm?3]



Mass dependence of PISN vyields

Heger&Woosley02



Abundance / Solar

Abundance pattern of PISNe
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[X/Fe]

Abundance patterns of PISNe

Heger model (He core mass)

[ | I I I I i | I I I
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PISN: [Ca/Si] vs.

1.5
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Synthesis of heavy
elements



How are heavy elements produced?

ge binding energy per nucleon (MeV)

7\

016
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|
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1
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Nd 182

>6Fe is the most stable nucleus. Pt

fg!!
oo n-capture process

7

B \6

Synthesized in the stellar
evolution and supernovae

o-process is main.

Synthesized at the bigbang
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U235
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Chart of the nuclides

Proton number (2)

>

S-Process
passes through
stable nuclei

o-pProcess
1

A —

28 %3

2nd peak
T —

3rd peak

C.

ecay

~ r-process
- . passes through
n-rich nuclei

magic number

Nuclei with
N,Z2=2,8,20,28,50,82,126,184
are stable.

>

Neutron number (N)



Fraction of s-process [%]

Production process

100 E_Sr 1st peak in solar abundance
90 F
80 |
70 |
60 |
50 |
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La Tl
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1100
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s-process nucleosynthesis

 Secondary process (seed nuclei are required)
* no s-process in metal-free era

* Stable n-cap. elements are synthesized.
e up to 2%Pp, 299Bj (largest Z among stable nuclei).
* 3 peaks with n magic number

* Halflife of n: 10 min
e Stable n source is required.
BC+4He 2> %O +n  (He shell burning: T>8x107K)
22Ne + “He = ?°Mg + n (He core burning: T>2.5x108K)



r-process nucleosynthesis

* Primary process
* n(n)~102%-3%¢cm-3, s/kg~100, t,,.,~102"Csec

* It passes through unstable n-rich nuclei and
synthesizes large amount of unstable nuclei with n
magic number, that decay to stable nuclei via [3-
decay.

* The 3 peaks shift to smaller Zcompared to the s-
process elements.

* Products: Ag, Pt, Au, etc.



r-process nucleosynthesis

N
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r-process elements

* Universality

Sneden+08

Relative log €

Aloge

Aloge

——

-1 'i Individual stellar abundance offsets with respectto Simmerer et al. (2004) —
I f f I I f
1 c _
0 i!% Wi %
- Average abundance offsets with respect to Arlandini etal. (1999) “stellar model” —
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n-capture sites

* S-process site

* Not metal-free (seed nucleiis

required.)
e AGB stars

n(n)~107 cm-3, 1,,.~104%yr

* Rotating massive stars
(spinstar)

At least, massive stars can

produce light s-elements.

* r-process site

* High entropy & low electron

fraction

* Core-collapse supernovae?

* Neutron star mergers?

XEHD Ndl‘“
i WIBZ
56Fe is the most stable nucleus.

n-capture process

Synthesized in the stellar
evolution and supernovae

g o-process is main.

. Synthesized at the bigbang

A\ VA I 1 1 | ! L I ! L !
0~ 20 40 60 80 100 120 140 160 180 200 220 240
Number of nucleons in nucleus, A

Chart of the nuclides

S-process
passes through
stable nuclei

on number (2)

r-process
passes through
i n-rich nuclei
N=126

magic number
Nuclei with

N,Zz=2,8,20,28,50,82,126,184
are stable.

eutron number (N)



S-Process elements

e AGB stars

* 13C(a,n)160
 22Ne(a,n)25Mg




Recent progress
r-process site

* Neutron star merger
* Gravitational wave

* GW170817

Day 1.17-1.70

Day 7.17-7.70

NASA

GW150914

LVT151012
GW151226
GW170104
GW170814

GW170817

1
time observable (seconds)

A firm evidence of synthesis of
Lanthanoid elements has been

found.
It is not clear whether the neutron

star is the dominant origin of r-
process elements or not.

Utsumi, Tanaka, NT+17



Chemical evolution



Chemical evolution

» Stars and supernovae evolve universe from metal-
free to solar abundance.

* The chemical evolution of universe is studied
Including star formation, feedback, and metal-
enrichment due to stars and supernovae.

* There are several methods:
* 1-zone
* p(t, [a/Fe], [Fe/H])
* Chemodynamical simulation
* p(x, v, t, [a/Fe], [Fe/H])
* Observations
« SEGUE, APOGEE, LAMOST, GALAH, Kepler, Gaia, ...



Chemical evolution

probability criterion

UV background radiation P=1- exp (-cAtty,) Star Formation
(Haardt & Madau 1996) <1 convergent V- v<0
i\z (2) cooling tcool<tayn
W, NS i} (8) Jeans unstable
K ’ % tdyn<tsound
‘o SFR: Schmidt law (tsF=tayn/c)
IMF: power law (slope x)

Feedback
CO(;Ildng — 100% thermal
ependen
@ (Sutherland & Dopita 1993 t° NFs~400
b
*‘ h‘

smgle degenerate Stellar Wind AGB stars
primary WD: 3-8Mo NSMs

) 8-120Mo

secondary: ~1-3Mo SNII 0.2x1051 (Z/Z0)08 erg
Z-effect: [Fe/H]>-1.1 8-50Mo '

(Kobayashi et al. 1998) E(M)=1051-52 erg

E=1.4x1051 erg

yield: W7 (Nomoto et al. 1997) mass-dependent yield (Kobayashi et al. 2006)

© C. Kobayashi



Chemical evolution is recorded in abundance
pattern of metal-poor stars.

Star formation SNe Metal enrichment
H, He H, He
- *@%
A

Metallicity increases with time,
thus metallicity is a time indicator in the mixed universe.

[Fe/H]= log(Fe/H)-log(Fe/H)
) —4 -2 (I) [Fe/H]

Early universe Metal—-poor stars Sun
<<




Metal-poor star

Stars are
formed in the early universe and

HE1327-2326
have small amount of metals. qm’""f (™ (€S0 3. 6m)

1 l 1 1 1 | I 1
500 600

Wa\;_elength [nm]

T I T T T T ] T T T T I T T

Sun

WE1327-2326 coar

(A A Y

CH
HE1327-2326 [Fe/H]N 5 6
MAGNUM Telescope (U, B, V) - A TP S
June 23 & 25, 2004 | 386.5 387 3875

Wavelength [nm] ©Subaru



Discoveries of metal-poor stars
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Core-colla

pse supernova yields

1

050

[X/Fel

-05




Chemical evolution of elements

[X/Fe]

+0.5 |[o/Fe]

[Odd/Fe]




Chemical
evolution

Supernova yields

1 L L L s

[ Mg
0O5F O

Ca

Cr
Zn

[X/Fe]

Al
- Co

| Ni
Na

- Mn ©—

[X/Fe]

logZ/Z,

Nomoto, Kobayashi, NT 13




Chrono-chemo-dynamical
Sl m U |at|0n Kobayashi+07




Milky Wa simulation Kobayashi & Nakasato 2011
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Homework — 1

* Draw several lines of constant masses on the T -
p. plane for different masses with adopting gas
and electron degenerate pressure (T=0K),
X(1?C)=X(%0)=0.5, and ¢y = 16.15.

P _ ka | P(O) B 1 Pc4 1/2
um, M=\ T 3 o
P C
T (S )

f(z) = z(22% — 3)(2® + 1)1/2 4+ 3sinh ! (z)

PF M=const.
MeC log p,

Tr =




Homework — 2

* Derive the dominant isotopes between °°Ni and
alpha in NSE as functions of T and p
N1 421 14Q () — Q(Ni%)

of ‘il 919
TR R kT

Q(A, Z) = c*[Zm, + (A — Z)m,, — m(A, Z)]

) (zmekBT)S/Q

h2

log p

Fig. 7-9 The dominant nuclear constituent in a gas in nuclear statistical

equilibrium when Z/N = 1.



Recent topics



Multi-messenger
astronomy



Gravitational wave




Detection of GW150914

LIGO Hanford

N

=5
>
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o
@
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LIGO Livingston

1
0.7 0.8

Time (sec)




Neutron star merger



GW170817

The component masses is
in the range 1.17-1.60 M,
with the total mass of the
system 2.74+0:04 / ..M.

b
NG st (RD o

Lightcurve from Fermi/GBM (10 — 50 keV)
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Lighteurve from Fermi/GBM (50 — 300 keV)

Lightcurve from INTEGRAL/SPI-ACS
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GW170817

Localization with 3 detectors are as narrow as
28deg? for a 90% credible region.

Distance is 40*% ,,Mpc.

5 times closer than we prepared.

Fermi/
0° GBM

LIGO+17



Where is a GW source?

hscMap

HROKD)I| :ESO/S .Brunier



J-GEM17btc (SSS17a/DLT17ck/AT2017gfo)

Off-center transient located in NGC4993
PS1 2017-08-18 2017-08-19 2017-08-25 2017-08-27

Stacked

Difference

|
IRSF Ks .

NT+18; Utsumi, Tanaka, NT+17



Light curve dlfferent from SNe

-19

Brlght Optlcal

-18 |- -

. Supernova

-15 }

Rapid decline .

14 |

Brightness

-13 |- SNIIP -

12 F |

_11....I....\I....I....I....I....

Dal’k 0 5 10 15 20 25 30

Days after GW170817

Tominaga+; Utsumi+; Tanaka+



Decline slowly in red bands

17 T T T T T T T T T _- T T
i Slow V —e—
. o | R—e—
e - pdecline 1| g —e—
] = Bl r+—e—
) 5 = i e
= L Z
18 - 2 i ﬁ—J —eo—
o (I < | H
0 i RLK
s | ¢
0 I
S 1ol o
'QCD 19 - ]
@ .
Rapid decline
20 | .
L ] L L ] L ) L L | L L ) L
0 5 10 15

Days since GW170817

Tominaga+; Utsumi+; Tanaka+



Such an event is predicted

, mEk —e—
16  Kilonova SERNME —@— =
17 F -
[
— I Near infrared
@ 18 F ©® -
()
=
w 19 F .
m Optical
20 |
21 |
L L L L | L L L L | L L L L
0 5 10 15

Days since GW170817

Tominaga+; Utsumi+; Tanaka+



Why is the kilonova red?

e Flame reaction

DFOL | FTRIOL| D)L |(WEDOL| €L (AL ARAY | INUI4 il

Fo L

* TFTORWRE, IN—F—-DKTT.

Lanthanoids give red colors.

https://www.juku.st/info/entry/157



First evidence of synthesis of
Lanthanoids in neutron star mergers

Day 1.17-1.70 Day 7.17-7.70

&
5

HSC z
IRSF H
IRSF Ks




Confirmed elements in kilonova
spectra

~ AT2017gfo -
Hybrid

10718 |

fl f WM '*""ﬂlw
Y1, Zr|
' BN
1 1 |' Iﬂ 1 1 1 1 | 1 1 1 1 | 1 I 1 1 | 1 X 1 ﬂl
0 5000 10000 15000 20000
Wavelength (A)

25000 30000
Domoto+23



Bolometric Luminaosity [erg/s]

Abundance pattern of AT2017gfo

1x104
1x10%0

1x10%9

1x10%8

- AT2017gfo —e—

* AT2017gfo is too bright to
reproduce solar r-process

pattern.

1

t [day]
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e Fujibayashi+23
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PISN mass gap



GW190521

120 bt T~

100

80

mz[M.:;]
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40

w0

&0 B0 100 120

Livingston

Virgo

Thawe =

* BH merger with
85Msun+66Msun



PISN mass gap

law mass sfars
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Dependence of 12C(a,g)160 rate

:ﬁH:II.IIIII|'II'|'IIIII'IIIII"|'I'I

i
i3

Or sequential BH mergers?

Farmer+20;Costa+21; Kawashimo, ..., NT+24



Abundance of
first galaxies



James Webb Space Telescope/;’%g \

="

e )
- S - o SELEEE
3 3 - - - o =
< ) 8 5
—_— S s — E
— = %
S =
-
. EN2
N ES

Scaled with solar Age of Universe

700Myr 1Gyr

1
g 13 g <
C:_U i { 9/ 0.1
g 0.1 E ﬁi
001 9 ;3 7 ;5 5 :4 0.01 0.1 1 10
Nakajima+23 Redshift Metallicity == Isobe+23

First galaxies at high redshifts have
1. High metallicity of 6-30% of the Sun
2. High N abundance compared to C (and O)



An extreme condition is required
to explain the hlgh N abundance

-1 T v T T T T o
- + CdSN Direct J

Collapse

[N/O]

R 1 " | . | |
6.4 6.6 6.8 7.0 6.6 6.8 7.0 1.2
log(stellar age/yr) log(stellar age/ yr)

* Only the winds of rotating Wolf-Rayet stars
that end up as a direct collapse can explain

the high N/O ratio.

Watanabe, ..., NT+23



Fluorine detection at z=4.4

a ¢ b n
[ o ‘T"E elq: 1.0 F ——— Single-Gaussian fit
“wr ! = =) F
r E o3 o wﬁ .T = C Double-Gaussianfil
[ o o o 1= = 05
| =815 =} O, 'C £ -
L 8 < T T T = C
= 12+ z
Arp 220 &
g | g
L h =]
= x
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e
8
o
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. J e
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Fig. 2 | ALMA spectrum of NGP-120387. a, Spectrum in band & without continuum subtraction. The positions of emission and absorption lines are
indicated by labelled vertical lines. For comparison, the Arp 220 spectrum™, shifted and scaled by arbitrary units, is also displayed (in grey). The frequency
gap is due to the separation of the ALMA spectral windows. By inspection, the plot of the flux density without continuum subtraction shows that the
absorption line is not saturated. By integrating the signal-to-noise ratio (S/N) over the absorption line, we obtain an S/N= 8. b, Observed HF{1-0)

line profile (1., =1,232.48 GHz; ref. ), continuum subtracted. The spectral resolution is 40 kms™, with the velocity scale centred on the HF(1-0)
transition at z=4.420. The single- and double-component Gaussian fits are displayed, with dashed lines indicating the individual components of the
double-Gaussian fit. The error bars show the uncertainties on the flux measurement given by imfit. The bottom panel shows the residuals (data — model)
in units of millijansky in black for the single-Gaussian fit and in red for the double-Gaussian fit. In these two panels, the flux density is not corrected by the
magnification factor (u=5).

Franco+21



N, (cm™)
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Fluorine synthesis
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* Fluorine can be synthesized via
* He convective shell (Limongi & Chieffi

 Neutrino reaction (Yoshida+08)
* N-rich H layel‘(Shibata+ in prep.)
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Enhanced mass loss



Enhanced mass loss

Dense CSM

NASA's Goddard Space Flight Center
Video courtesy of ESA/Hubble/L. Calcada https;//svs_gsfc. nasa .gov/‘| 14




SN2013fs - Confined CSM

Days since explosion
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Brightening before the explosion
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Jacobson-Galan et al. (2022)



What makes the confined CSM?

Enhanced mass loss just prior to the
explosion

Origins?

* Pulsations of red supergiants (Yoon & Cantiello 10)
* Core neutrino emission (Moriya 14)

* Near-surface energy deposition (Quataert + 16)

* Nuclear flash (Woosley & Heger 15)



Oxygen shell flash

- Mams = 15Me, AM, = 0.005M.. | |
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Farmer+16

* 5x104% ergs (10% of binding energy of the envelope)

Is released at the short period.

* The flash takes place when €ppo > €+ .

Chiba+ in prep.



Summary

* The evolution of stars and the Universe are
determined by nuclear reactions.

* Multi-messenger astronomy finds the synthesis
of Lanthanoids in NSMs and a black hole merger
with masses in a PISN mass gap.

* Observations of distant galaxies find high N
abundance and high F abundance.

* An enhanced mass loss prior to the collapse is
observed. An O shell flash might explain the
enhanced mass loss.



