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Solar Abundance
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NUCLEAR ASTROPHYSICS

« How do stars form and evolve?
What powers the stars?
*  What is the origin of the chemical elements present in our Universe?
*  Which nucleosynthesis processes are responsible of the observed solar abundances ?

Abundance curve of the elements

Anders &
QGrevesse
1989

B Pb
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Data sources:
Earth, Moon, meteorites, solar & stellar spectra, cosmic rays...

Characteristics:

- 12 orders-of-magnitude span
-H~75%
- He ~ 23%
-C > U ~ 2% (“metals”)
- D, Li, Be, B under-abundant
- O the 3" most abundant
- C the 4™ most abundant
- exponential decrease up to Fe
- peak near Fe
- nearly flat distribution beyond Fe with some peaks



NUCLEAR ASTROPHYSICS

« How do stars form and evolve?
What powers the stars?
*  What is the origin of the chemical elements present in our Universe?
*  Which nucleosynthesis processes are responsible of the observed solar abundances ?

Lot | Afblundzltnce c‘.ere.Of the.el,en.leflt.s _ Data sources:
1010 Stars Earth, Moon, meteorites, solar & stellar spectra, cosmic rays...
2
i ga A \ Characteristics:
107 - 12 orders-of-magnitude span
108 _H . 750
2 106 Anders & H~75 f)
-‘é 104 QGrevesse - He ~ 23%
= 10" 1989 -C > U~ 2% (“metals”)
= L2 - D, Li, Be, B under-abundant
2 o - O the 3™ most abundant
@ Li'| B Fb - C the 4 most abundant

100 Cosmic .
10-1 E\ B¢ / rays - exponential decrease up to Fe

o2 b . - peak near Fe

TR T TR T B I I R T T
0 50 100 150 200 - nearly flat distribution beyond Fe with some peaks
A=N+2Z




Nuclear landscape and astrophysical processes
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S-process

s-process (s = slow neutron capture process)

Z
N, ~ 108 -10"" n/em? t X
Tp<<T, <N~ 1U07-10"n/cm 06 Ho7 W68
— production of half of the abundance of heavy elements 65
Nuclear reactions
r' beta decay (p)
1.50 S :
© Sr ——4 neutron capture
1.00}
= _ Te Ba
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= 0.00 N Pt N
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m —0.50}F
< l'\
= _1.00} E |
= T ﬂm » Main component
g —1.50} N — production of 90<A<209 elements in low-mass AGB
=, 00k / stars 1-4 Mg (T~0.1 GK)
= S5-process
—2.501 r-process » Weak component
—3.00 ! ! ! ! ! ! ! — production of 56<A<90 elements in intermediate-mass
20 T T B I = AGB star (T~0.3 GK) & massive stars (T~0.2-1GK)
MASS NUMBER A




s-process in rotating metal-poor massive stars -

Weak s-process = S6<A<90 in massive stars M>8M,
» End of core He burning (T ~3-108K, N, =10° cm?) ———>  Main neutron source: 22Ne(al,n)>>Mg
— Starting with '*N in the He core: ¥N(a,y)"8F(B*v)'80(al,y)?*Ne wmmmmp 22Ne(o,n)> Mg
» 22Ne(o,n)>Mg reactivated during C-shell burning @ T~1 GK — N_=10" ¢m?

e Metal-poor massive stars ([Fe/H] <-1)— negligible s-process production (low ?Ne & Fe seed abundance)
«  With fast rotation induced mixing mmmsp 2*Ne production in He core strongly enhanced Nishimura+16, Choplin+18

H-burning shell

4N production via CNO cyele L large production of s-elements between Strontium & Barium 90<A<140

2C,1°0 « Enhanced weak s-process (es-process) Frischknecht+16
HN(oy) *F(B*v)'*O(aLy)**Ne — Important impact on chemical enrichment in early galaxies.
2Ne(a,n)>>Mg

— Source of heavy elements such as Barium in early universe? Barbuy+14
He-burning core



s-process in rotating metal-poor massive stars

But the final abundances of the enhanced weak s-process strongly depends on:

160(n,y)!"O neutron poison effect & 7O(a,n)/1’O(a,y) reaction rate ratio

— neutron recycling efficiency

p—
o
o

¢ ¢ O(a,v)*'Ne (CF88)
e o O(a,v)*Ne/10

25My, Z=10

—

[—
-
o

1077

Overproduction factor, X/ X

—4 ' :
10740 — 160

Mass number, A

Calculation with '7O(a,,n)?°Ne Nacre adopted rate & 7O(a,y)*?Ne CF88 rate
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From nuclear physics to abundances

Nuclear physics Experiments & theory

(cross-sections, resonance parameters, , masses, 3-decays,...)

1 Astrophysics Modelling

— & nucleosynthesis — Abundances
(reaction network) l I

1 Observations —) Abundances
1/2 00
8 1 —E/kT
ov) = | — — Fe dFE
() [”ﬂj (kT)*'? ;‘;

* (Can sometimes be measured directly but mostly @ higher energy




From nuclear physics to abundances

Nuclear physics Experiments & theory

(cross-sections, resonance parameters, , masses, 3-decays,...)

1 Astrophysics Modelling

— & nucleosynthesis — Abundances
(reaction network)

1 Observations —) Abundances

1/2 oo
[ 8 1 _E/KT
<c7v> = [_ﬂﬂj —(kT)3/2 2‘;Ee dE
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Can sometimes be measured directly but mostly @ higher energy

For narrow resonance cases :

Fa/v |

170 + o,
3
o )2 E 2J +1 Ipar, A=70, = Ne
R —Tr B C _
(ov) [ ,ukT] (@7 )z exp[ ij ¥ (COQ/)R (2J 4t 1)' (ZJ x T 1) Lot ;:i Y ?

* Eg=E.-Q is the resonance energy
« I, I, are the partial decay widths
Jo J

A Jo J ¢ total angular momentum of the nuclei A,C & x

|

Can be determined from indirect
measurements (transfer reactions,...)

J*E T I,T,
| — :I I'=1/z
AR,

Y \“,

20Ne+n
.

21Ne



Present status on 1’O(o,n)*’Ne and 7O(a,y)*'Ne

« Core He burning: T ~0.2-0.3 GK —» E_ _~ 0.297-0.646 MeV — E =7.64-8.00 in 2'Ne

« Shell Carbon burning: T~1 GK— E_, ~ 0.783-1.5 MeV— E =8.13-8.85in?Ne =~ __ | _ E, (MeV) g7 |
- 8.304—3/2° ¥4
7O(0,n)*’Ne & "O(a.,y)*'Ne direct measurements: 8.292—3/2 5
(o,n) (oY) S AT — g
- Denker++1994, Best++2013 No diect . 318032 i
- Best++2011, Taggart++2019 o direct measurements @ — =133 3
- Williams++2022 Core He burning energies (E_ , <0.630 MeV) :-;;g +/or E
>
<P}
1/2~ =
: o(E)=(1/E)S(E)exp(-27n) 7.980—3/2
10° ;_ : Best++2013 o
— = = 820
£ 10°L — few hundreds keV << E_iomb <N T
0 =
> - 7.740
207k — o(E) very weak (< 100 pb) e
o | o by
210k — Neutron & y detection: large — 6 o
o L background - 7ss9 . |
< 10° ore 70(a,n)*'Ne Grfsas— 7470 3 LOBIZ)
TR I
4 06 08 1 12 14 1.6 1.8 2 — :
Ec.m. [MeV] 0+ :
Ota : 6.760
20Ne+n
-

21Ne



Present status on 1’O(o,n)*’Ne and 7O(a,y)*'Ne
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O+a 6.760
: 20Ne+n
* Neutron transfer reaction — §,— I', Frost-Schenk++MNRAS2022 H

* a-transfer reaction > §,—> I', (present work/MLL-exp) 2INe



Study of 2!Ne states via 7O(’Li,t)*!Ne a-transfer reaction

03D spectrometer
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do/dQ2 (uWbarn/sr)

FR-DWBA calculations

. SN 7820MeV * From the normalisation of the DWBA (Distorded Wave Born
102 | . . :
8155 My, 911,23 ; - Approximation) calculations (FRESCO code) to the data

55
46 MeV, 3/2°, L =2 .
— Spectroscopic factor

10 | 8
1 :E

do :CSSdO‘

d< exp Q FR—DWBA
10 |

8.069 MeV, 3/2°, L =2 S’,=< ’Li |t ®a> =1 Kubo et al PRC 1978)

7.655 MeV, 7/2°, L =2 S,=< 2INe* |70 @a >
10 F
! ] 2
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70O(a,n) & 70O(a,y) new reaction rates & impact on the s-process in low Z massive stars

Reaction rates calculations:
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— Better neutron efficiency recycling with a factor of about
20 with the present rates than Best+2013 rates



70O(a,n) & 70O(a,y) new reaction rates & impact on the s-process in low Z massive stars

Reaction rates calculations:
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— Better neutron efficiency recycling with a factor of about
20 with the present rates than Best+2013 rates

Overproduction factors X/Xg
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Nucleosynthesis calculations:

—— 170(g;n) : Best+13 170(e, ) : Best+13
—+— 170(a,n) : new rate 170(05 7) : new rate
—|— 17'0((;5.'1) new rate (q:ase 2) YO(a, 7) : new rate (caseZ)
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—Large enhancement ( >30 (>20 dex)) of elements 40 < Z < 60 with
the present new rates in comparison to previous rates

— Two order of magnitude (~x30 (case2) ) on Barium : largest effect

— In line with the observation of an enhanced s-process
in CEMP-s(Carbon Enhanced Metal poor) stars Hansen+2016
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