Day 4: Supernova nucleosynthesis

Cassiopeia A Supernova Remnant
(exploded in 1667 — the last Galactic "naked eye” supernova)
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Supernova nucleosynthesis

—xplosive nucleosynthesis: O, Mg, Si, S, Ca, Ti, Fe
shock wave heats falling matter

Nuclear statistical equilibrium
(NSE)

charged particle reactions
(-Process

r-process
weak r-process

UP-Process

neutrino-driven gjecta



Origin of heavy elements
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Solar system abundances

Solar photosphere and meteorites: chemical signature of gas cloud where the Sun formed

All nucleosynthesis processes
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Solar system abundances

Solar photosphere and meteorites: chemical signature of gas cloud where the Sun formed

All nucleosynthesis processes
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Neutron capture processes
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Neutron capture processes

slow and rapid neutron capture compared to beta decay
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Nucleosynthesis calculations

—volution of density, temperature and Ye from
astrophysical simulation or parametric model

Calculate initial composition:
high temperature = Nuclear Statistical Equiliorium (NS

-process

—volve composition using full reaction network

abundance

solar system  nucleosynthesis t\'l
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r-process: required conditions

Seed nuclel capture neutrons faster than beta decay

<Aseed> + Yn/)@eed — <Ar>
Yn/)/éeed > 100

- If seed nuclel were present: secondary process
- If seed nuclel are first produced: primary process




r-process: required conditions

Primary r-process:

high entropy and Ye~0.45:

- fast expansion starting at high temperatures (NSE)
- neutrons + protons form a-particles which recombine into seed nuclel
- a-rich freeze-out: 85% a-particles, 0.05% seeds, 0.1% neutrons

- sites: high entropy neutrino-driven egjecta (7)

low entropy and Ye~0.1:

- fast expansion of high density neutron-rich matter

- neutron rich nuclei (drip line) in NSE and beta equilibrium, 99% neutrons
- sites: neutron star mergers, jets, accretion disks




Heavy element: solar system
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r-process: elemental abundances in the oldest stars
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HE 0107-5240
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r-process in oldest stars and in Solar system same relative abundances:
Robust r-process



r-process: elemental abundances in the oldest stars
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The Basics of Chemical Evolution

heavy

B ante star formation

(~13 Gyr ago) Time Today
(evolution of our Galaxy)



The Basics of Chemical Evolution

higher concentration of
heavy element (metallicity)
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The Basics of Chemical Evolution

higher concentration of
heavy element (metallicity)

(~13 Gyr ago) Time Today
(evolution of our Galaxy)



The Basics of Chemical Evolution

higher concentration of

heavy element (metallicity)
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How to « Observe » Chemical Evolution”
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Trends with metallicity [Fe/H]
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Origin of heavy elements?

Rapid neutron capture process

Explosive and high neutron densities

Supernova Neutron star mergers

Neutron star

-
NEUTRON STAR ILLUSTRATION

Cas A (Chandré X-Ray obsérvatory)

Neutron-star merger simulation (S. Rosswog)




Observations and galactic chemical evolution

Evolution with time (or metallicity) -> Galactic Chemical Evolution (GCE) Coté et al. ApJ (2019)
-> r-process sites: mergers vs. supernovae 04
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Nucleosynthesis In supernova: r-process

(B2FH 1957)

+ Supernovae suggested by B2FH in 1957
Prompt explosion (Hillebrandt 1978, Hillebrandt et al. 1984)
Neutrino-driven wind (Meyer et al. 1992, Woosley et al. 1994)

- Magneto-rotational supernova (Winteler et al. 2012)
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Neutrino-driven wind

Ye < 0.5: n+seeds — heavy nuclei neutrons and protons form a-partic
i U a-particles recombine into seed nuc
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Neutrino-driven wind parameters

r-process = high neutron-to-seed ratio (Yn/Yseed~100)

- Short expansion time scale to inhibit a-process and formation of seed nuclel

- High entropy is equivalent to high photon-to-lbaryon ratio: photons dissociate seed nuclel into nucleons

- Electron fraction: Ye<0.5

Photon-to-baryon ratio:

—ntropy per baryon in relat

D = n},/ (ONA) « (KT3) / (0ONA)

\vistic gas:
S « (KT3) / (0ONa) = s = 10/0®

Iogmd)
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10
high entropy
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Neutrino-driven wind and r-process
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Electron fraction

depends on supernova neutrino transport ana Ye<05if €o.—€v, 2 4A =5 MeV
neutrino interactions in outer layers of neutron star
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Neutrino-driven wind parameters and r-process

Necessary conditions identified by steady-state models (e.g., Otsuki et al. 2000, Thompson et al. 2001
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Neutrino-driven wind parameters and r-process

Necessary conditions identified by steady-state models (e.g., Otsuki et al. 2000, Thompson et al. 2001)

Conditions were not realized in simulations

(Arcones et al. 2007, Fischer et al. 2010, Hudepohl et al. 2010,
Roberts et al. 2010, Arcones & Janka 2011, ...)

Swind = 50 - 120 ks/nuc
T =few ms
Ye > 0.57

Additional ingredients: wind
termination, extra energy source,
rotation and magnetic fields,
neutrino oscillations
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Nucleosynthesis In supernova: r-process

(B2FH 1957)

+ Supernovae suggested by B2FH in 1957
Prompt explosion (Hillebrandt 1978, Hillebrandt et al. 1984)
Neutrino-driven wind (Meyer et al. 1992, Woosley et al. 1994)

Magneto-rotational supernova
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Magneto-rotational supernova (MR-SN) — Moritz Reichert lecture

I\eutron—rich Mmatter ejected by Strong magnetic fle‘d (Cameron 2003, Nishimura et al. 2006)

2D and 3D + parametric neutrino treatment | a-elements " Reichertetal. 2021
(Nishimura et al. 2015, 2017, Winteler et al. 2012, Mosta et al. 2018) 0 - Fe-peak
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Supernova nucleosynthesis

—xplosive nucleosynthesis: O, Mg, Si, S, Ca, Ti, Fe
shock wave heats falling matter

Nuclear statistical equilibrium
(NSE)

charged particle reactions
(-Process

- SS
weak r-process
LUP-Process

neutrino-driven gjecta



Lighter heavy elements (Sr to Ag)
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Constraints from observations
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conditions in supernova explosions:
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AStrOphySiCS uncertaintieslvariabi"ty Bliss, Witt, Arcones, Montes, Pereira (2018)

Steady-state model: all possible conditions and nucleosynthesis pattern in neutrino-driven ejecta
Based on Otsuki et al. 2000: study of 3 000 trajectories

Four characteristic patterns
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Nuclear physics uncertainty

- time : 9.936e-03 s, T': 4.193e+00 GK, p : 2.481e+05 g/cm®
Path close to stability:

masses and beta decays known 40 K

oeta decays slow
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- (a,n) reactions move matter to higherZ N
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Sensitivity study

Bliss et al., PRC (2020)

Independently vary each (a,n) reaction rate

between Fe and Rh by a random factor
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Sensitivity study: key reactions Bliss et al., PRC (2020)
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Sensitivity study: key reactions Bliss et al., PRC (2020)

Key reactions = large correlation + significant impact on abundance for several astro conditions

Reaction Z MC tracers

PFe(a, n) **Ni 39 — 42,45 34, 36

Fe(a, n) "'Ni 36, 37 3

%Co(a, n)*°Cu 39-42, 45 20, 34, 36

Co(a, n) ™*Cu 36, 37 3

"Ni(a, n)""Zn 36-42 2.3,17,18,32

T*Ni(a, n) °Zn 36-42 2,3,18, 32

Cu(a, n) °Ga 47 35

TCu(a, n)*Ga 37 3

27n(a, n) °Ge 39-42 36

°7Zn(a, n) ”Ge 36, 37-42 2,3,17, 18,32

B7n(a, n)®' Ge 36, 3742 2,3,17, 18,32

P7n(a, n)¥2Ge 36, 37-42 2,3,18, 32

807n(a, n)¥Ge 36, 37, 39-42 2,3,18, 32

SlGa(a, n) *As 36, 38, 39, 41 17, 32

BGe(a, n)®'Se 39-42 36

0Ge(a, n)*Se 36-39, 42 28,33, 36

2Ge(a, n) ¥ Se 36-39, 41 11,17, 19, 27, 28, 33

3 As(a, n) %°Br 36, 37, 41 11,26, 27, 28, 33

$4Se(a, n) ¥ Kr 36-42, 44, 45 2,.6,7,8,9,10, 11, 18, 19, 20, 22, 23, 24, 26, 27, 28, 29, 30, 31, 33, 34, 36
85Se(ar, n) B¥Kr 36-42, 44, 45 2,.6,7.8,9,10, 11, 18, 19, 22, 23, 24, 26, 27, 28, 29, 30, 31
Br(a, n) *Rb 37-39 6,7,8,9, 10, 22, 23, 24, 26, 28, 29, 30, 31
"Br(a, n) ’Rb 37, 39 6,9, 10, 29, 31

BBr(a, n)’'Rb 39 26

oKr(a, n)*Sr 38-42, 44, 45, 47 4,5,7, 8,13, 14, 15, 16, 20, 24, 25, 33, 34, 35



Comparison to observations

Psaltis et al., ApJ (2022)

Abundance with uncertainties for several astro conditions — compare abundance ratios
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Comparison to observations Psaltis et al., ApJ (2022)

Abundance with uncertainties for several astro conditions — compare abundance ratios
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What has been measured so far?

e 3%Kr(a,n), °Zr(a, n) and '’Mo(a, n) at ATOMKI

G.G. Kiss et al., Astrophys. J 908, 202 (2021) » T.N. Szegedi et al., Phys. Rev. C 104, 035804 (2021)

e °Ga(a, n), *>*°Kr(a, xn), *Br(a, xn) at NSCL/FRIB (HabaNERO/SECAR)

F. Montes, J. Pereira et al.

o 50 Kr(a, xn), 8’ Rb(a, xn), %8Sr(a, xn), 1"’ Mo(a, xn) at Argonne (MUSIC)
M. L. Avila, C. Fougeres et al.

W.J. Ong et al., Phys. Rev. C 105, 055803 (2022)

o 35Kr(a, n) and **Sr(a, n) at TRIUMF (EMMA)

C. Aa. Diget, A. M. Laird, M. Williams et al.

C. Angus et al., EPJ Web of Conferences, NPA-X (2023) Th alnass | S PS a H: | S



Supernova nucleosynthesis

—xplosive nucleosynthesis: O, Mg, Si, S, Ca, Ti, Fe
shock wave heats falling matter

Nuclear statistical equilibrium
(NSE)

charged particle reactions
(-Process

r-process
weak r-process

UP-Process

neutrino-driven gjecta
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Table 1

M. Arnould, S. Goriely | Physics Reports 384 (2003) 1-84

List of the species commonly classified as p-nuclides, with their solar system abundances relative to 10° Si atoms proposed
by two compilations [13,15]

Nucleus Anders and Grevesse [13] Error (%) Palme and Beer [15] Error (%)
"Se 0.55 6.4 0.6 5
BKr 0.153 18 0.19 —
84Sr 0.132 8.1 0.12 5
*2Mo 0.378 5.5 0.38 5
%Mo 0.236 5.5 0.23 5
*Ru 0.103 5.4 0.1 10
%Ru 0.035 5.4 0.03 10
102pgq 0.0142 6.6 0.014 10
106cq 0.0201 6.5 0.02 10
108cq 0.0143 6.5 0.014 10
1B1p 0.0079 6.4 0.008 10
1280 0.0372 9.4 0.036 10
1148n 0.0252 9.4 0.024 10
1158n 0.0129 9.4 0.013 10
120Te 0.0043 10 0.0045 10
124xe 0.00571 20 0.005 —
126xe 0.00509 20 0.004 —
130B, 0.00476 6.3 0.005 5
132Ba 0.00453 6.3 0.005 5
B8 a 0.000409 2 0.0004 5
BéCe 0.00216 1.7 0.002 5
B8Ce 0.00284 1.7 0.003 5
144Sm 0.008 1.3 0.008 5
12Gd 0.00066 1.4 0.001 5
6Dy 0.000221 1.4 0.0002 5
S8py 0.000378 1.4 0.0004 5
162y 0.000351 1.3 0.0004 5
164y 0.00404 1.3 0.0042 5
1%yp 0.000322 1.6 0.0003 5
74y f 0.000249 1.9 0.0003 5
180T 2.48e-06 1.8 2.00e-06 10
180y 0.000173 5.1 0.0002 7
1840s 0.000122 6.3 0.0001 5
190p¢ 0.00017 7.4 0.0001 10
%Hg 0.00048 12 0.001 20




P-process

Transformation of pre-existing s- or r-nuclel by photodisintegrations when T increases

complemented by neutron and proton captures

f e — —~

Br79 l
se7s A ses0 CITN ses2 v |
o RN V..
V.. T rprocess
¥... " decay chains
S process y

Arnould & Goriely 2003

|
O 0«0
-
O
O
O
O
O

©
e
®
0
o
0
=
B
—
S
=

l l

O
O->0->0-
->0O-

Y

- supernova shock
- type la supernovae



P-process

Photodisintegrations depend on temperature:
T > 1.5 x 10° K required for photodisintegration,
but not exceed 3.5 X 10° K to prevent reaching NSE and produce Fe group nuclel

Constraints: 3-5 - -
- abundant enough seed nuclel,

- high enough temperatures,

- short enough time scales for the hot phases,

- protons if (p,y) contribute

20M,

\
\

15M, \

w
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N
O

P0ssible astrophysical sites:
- core-collapse supernova shock
- Type la supernovae
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P-process

core-collapse supernova

Abundances [Si=10°]

152

10—6 T R M B R h 180T.anl

production factor (ejecta)
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5.2 r-process: nuclear physics input

nuclear masses, beta decay, reaction rates (neutron capture), fission

120 T T T T T T L Ll J v : — - -
. Stable nuclei —— '
L Known nuclei / [ !
—@-| | Drip line K o il T = e
v o : ol 30" N =258
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a 40} :
Z=28 $
< = O 90 {230 244 :
,, /(lf_ g N 232 240 248 256
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Neutron number, N

Erler et al. (2012)



Mass Residual [MeV]

5.2 r-process: nuclear masses

02 = 0.650 MeV FRDM1995 |
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Mass Residual [MeV]

5.2 r-process: nuclear masses

1 ] 1
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- - - e e e - - e e e T — - -

—
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M.R. Mumpower et al. / Progress in Particle and Nuclear Physics 86 (2016) 86-126
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5.2 r-process: nuclear masses

Abundance

?(a) Abundances based on density functional theory
10} PR I LA - SIX sets of different parametrisation (Erler et al. 2012)
L0 s T K - two realistic astrophysical scenarios
0 el ST
| Ny
_6 o
10
NS merger
() s ‘ | First systematic uncertainty band for r-process abundances
10_4 3 . o oo, s e o
o o ':.’ * o o .
R s L PN >+ 1 Uncertainty band depends on A,
L . Por¥y & . - :
10 | w7 w4 K1 incontrast to homogeneous band for all A
-6 ° -
10 F
| jet-like SN
1 xd l : | : | . | - ! - ! - A
O ™80 100 120 140 160 180 200

Mass number A Martin, Arcones, Nazarewicz, Olsen (2016)



Two neutron separation energy

Nucleosynthesis path at constant S,: (n,y)-(y,n) equilibrium

4 N~ ' ' ' | ' ' ' ' | ' ' ' ' | ' —
SLy4 . Neutron capture

i \ Beta decay

- - Szn/Z =1.5 MeV

— 54 —— 56 —— 58 —— 60 —— 62 64
— 55 —— 57 —— 59 —— 61 63 65
910 115 120 125

Neutron number N

Martin, Arcones, Nazarewicz, Olsen (2016)



Two neutron separation energy -> abundances

Abundances : ch.j peak . rargé%?krth . o p.eak
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5.2 r-process: beta decay

M.R. Mumpower et al. / Progress in Particle and Nuclear Physics 86 (2016) 86-126
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5.2 r-process: decay to stability

Abundances at freeze-out (Yn/Yseed=1): 0dd-even effects 10°} Yn/Yseed =1
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Final abundances are smoother like solar abundances.

abundance

Why does the abundance pattern change?
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5.2 r-process: decay to stability
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5.2 r-process: neutron captures

Sn (Z=50) “u (Z=63)
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5.2 r-process: neutron captures

Compare neutron capture calculations
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proton number, Z
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Fission: barriers and yield distributions
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