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Nucleosynthesis beyond iron

Two main processes contribute to the nucleosynthesis beyond Iron: s-
process, r-process and p-process (y-process)
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@ s process: low neutron densities, n,, = 101912 em=3, 7, > T8

(site: intermediate mass stars)

@ r process: large neutron densities, n, > 1020 cm_3, ™ < T8
(site: binary neutron star mergers?)

@ Additional process(es) required to produce neutron-deficient p-nuclei
« y-process: photodissociation material enriched by s-process
« vp-process: (p,y) and (n,p) reactions catalysedby v, + p > n+e*

2 Gabriel Martinez-Pinedo / Challenges heavy element nucleosynthesis HELMHOLT?Z



<;§7‘ TECHNISCHE
/ UNIVERSITAT
'“’  DARMSTADT

R process needs == [Fi|R"

Astrophysical environment should
provide enough neutrons per seed

for the r process to operate q
Afinal = Ainitial T "seed Bsve”
Ngaeq depends mainly on i
neutron richness ejecta B G
p-process ' o h
S-process
Vp-process
SN | 126
fP-process i r-process requires properties of exotic
Ni g 62 neutron-rich nuclei:
ottt Beta-decay rates
' 50 * Neutron capture rates
Ol « Fission rates and yields
JHe 7= 55 o
2 8

Benchmark against observations:
» Indirect: Solar and stellar abundances (contribution many events, chemical evol.)

» Direct: Kilonova electromagnetic emission (single event, sensitive Atomic and

Nuclear Physics)
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Pipeline for r-process in mergers

Simulations

-50 0 50

x [km] 15.167 ms

Bauswein et al, ApJ 773, 78 (2013)

* Properties ejecta: proton-to-

nucleon ratio (Y,)
* Role of equation of state
* Role of neutrinos

Which r-process elements are produced in mergers?

-

Nucleosynthesis

r-process

* Physics of neutron-rich
and heavy nuclei

Are mergers the (main) r-process site?
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spectra modelling
Watson et al, Nature 574, 497 (2019)
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Nucleosynthesis dependenceonY,
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Nucleosynthesis mainly sensitive to proton-to-nucleon ratio, Y, = n,,/(n, + n,)
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Phases during the operation of the E=X [\R e
r-process
Weak freeze-out: proton-to-nucleon ratio determined by
(anti)neutrino absorption and their inverses

Seed production: Charged particle reactions operating
for T = 2 GK produce the seed nuclei and neutrons

Neutron-capture phase: neutrons are captured on the
available seed nuclei on a typical times of ~ 1 s. Different
equilibria are achieved:

(n,y) 2 (y,n) equilibrium defines the r-process path that is
mainly sensitive to the nuclear masses

Beta-flow equilibrium: abundance given element is proportional
to the beta-decay half-lives. R-process peaks associated to
nuclei with longest half-lives.
Freeze-out and decay to stability: fully dynamical
phase in which competition between neutron-captures,
beta-decay (and fission) determines the final abundance
pattern. Most sensitive phase to the nuclear input
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R-process operation == F\R

Heavy elements produced by the r-process. Radioactive decay liberates energy

T=350GK, n,=2937e+35cm>, R, =6233. s=0621ky/nuc, t=00131s T (GK) log n, (cm™)
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Neutron star mergers: E==u [|R
Different ejection mechanisms

o ~ S. Rosswog, et al, Class. Quantum Gravity 34, 104001 (2017).
Gravitational wave emission

NSNS ) . wind; t~100 ms torus unbinding;
i dyn. ejecta; t~ 1 ms £ Tt
SEAELIEEY _TEXI = I}
Central Neutron Star Central Black Hole
NS-driven rapidly-spinning neutron-rich BH formation
outflow neutron star dynamical ejecta black hole .U,

sGRB
weak } Vb ; \ : ‘
' " collapse |/

Two sources of ejecta:

« Dynamical during the early phases of
the merger (M < 0.01 M)

« Accretion disc on longer timescales
(M < 0.05 M)

main
I-process

A

[-process ¢

accretion disk
outflow

accretion
disk

magnetar-diven black hole-driven  Liftetime neutron-star determines
GRB jet GRB jet i i
S. Rosswog and O].eKorobkin, Annalen Der Physik 2022, 21200306 (2022). ImpaCt neutrinos
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Long term merger simulations == FAR @ v
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First long-term simulations with neutron sym-nl-a6
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components of the ejecta: dynamical, | ynamical
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Production of p-nuclei from r-process seeds: the vr-process

The vr-process == [iR

Zewei Xiong

Zewei Xiong,!** Gabriel Martinez-Pinedo,"? Oliver Just,! and Andre Sieverding®

Y GSI Helmholtzzentrum fiir Schwerionenforschung, Planckstrafie 1, D-64291 Darmstadt, Germany
? Institut fiir Kernphysik (Theoriezentrum), Technische Universitit Darmstadt,
Schlossgartenstrafie 2, D-64259 Darmstadt, Germany
S Maz Planck Institute for Astrophysics, Karl-Schwarzschild-Strafle 1, D-85748 Garching, Germany
(Dated: May 19, 2023)

We present a new nucleosynthesis process that may take place on neutron-rich ejecta experiencing
an intensive neutrino flux. The nucleosynthesis proceeds similarly to the standard r-process, a
sequence of neutron-captures and beta-decays, however with charged-current neutrino absorption
reactions on nuclel operating much faster than beta-decays. Once neutron capture reactions freeze-
out the produced r-process neutron-rich nuclei undergo a fast conversion of neutrons into protons
and are pushed even bevond the [-stability line producing the neutron-deficient p-nuclei. This
scenario, which we denote as the wr-process, provides an alternative channel for the production
of p-nuclei and the short-lived nucleus Nb. We discuss the necessary conditions posed on the
astrophysical site for the vr-process to be realized in nature. While these conditions are not fulfilled
by current neutrino-hydrodynamic models of r-process sites, future models, including more complex
physics and a larger variety of outflow conditions, may achieve the necessary conditions in some
regions of the ejecta.

A new nucleosynthesis process that may operate in binary neutron star
mergers under strong neutrino fluxes when nuclei are present:
charged-current neutrino-nucleus reactions faster than f~ decays.
Novel mechanism for production of p-nuclei from neutron-rich nuclei.
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Role of neutrinos in r-process

Large (anti)neutrino fluxes
drive compositionto Y, ~ 0.5
during alpha-particle
formation (Meyer et al, 1995)
large neutrino fluxes during
the phase of neutron
captures erode r-process
peaks related to long beta-
decays (Langanke, GMP,
2003)

v, absorption cross sections
~ (N —-2)

What will be the resulting
nucleosynthesis?

Gabriel Martinez-Pinedo / Challenges heavy element nucleosynthesis
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Possible source of light p-nuclei and
92Nb

r52 - g 7 +1207:811.. | 151; 704 : 1300 - -
R | e 2w e N Y-process fails to produce light
= at24.. B* 0 . .
£, fid Rl / p-nuclei ®2%4Mo and °:%8Ru in
5 | mos | ni100 | Iniot n104 | In105 In
sms 31s ‘ 59s 166 1578 ) 18m | ©s | 48m 208m -
B S T 4 W solar proportions
" B0 ? pp2-4 421; 89 o7, [ 604
7l cas | cam Cd 100 Cd 103 | Cd 104 :
| 92s . 16s e 49.1s g-nzfz m 3 57.7m 49m
E ;;%1‘;‘11.15; E%::z igf‘m LJ:?&“ i;iim... m&n g i o . .
6 | Ago7 %8 | Agoo Ag102 | Ag103 | Agi0d Ag 106 METECI Ao o0 MYKEN Ao Supernova neutrino winds:
fos 3s 7S 1058 [20m ; Bm | 18m [ 57s | 11h | 395m | 92m | 72m (41290 | 83d | 24m [ sa3s N 418a | 241m | w96s ORI 2109d
5 L Peei L gl P lir e . ot B [ £ . .
. e B B s o - - - B+ Ejecta with Y, ~ 0.48 produce
5 Pd 96 Pd Pd 99 Pd 10 d 103 Pd 10 Pd 10 Pd 106 Pd 107 Pd 108 Pd e
'2.0rn _17.7m 214m 0 .96 d n3e (B 469m 92
ey | N £ Mo
m 9 m i Eall 8 8¢
[ LT R [N SEIRERTIE o yp-process (Y, = 0.55)
o = o o R - 2 Ll o | S [ 94 96.98
3, o B - (yes |l [ | PSSl e - e - " g 11000 47, @2. g 47
N oo AVIER fuse | fuss o A TTRRTTRET produces **Mo, *°“°Ru.
ars 518m 29d 8 6 6 7 8 .44 h 3736d 34
53 f-f2.18. |[p-004
o NS ssmeen... N T hea |0 L2t
3_ ';Tc,stal : Teos A T | To - BERESS cioa At Te 2:4 01'; Jo5 [T ) 92 .
» m %224 [NEDS Ea 60h | 21 2 z .2m 6m i
A A W B S0 L " Long-lived ®°2Nb present in early
3 =N At e e wen I 4 745; 652 S - 7346; 136; y358; 531; Y¥143; 108; 270; 1
3 =3 b () 0. 200, 13 oy w09+7 a2z |2 3 5 ity | Y78 210... 535; 884; 89G... | 321; 150... 969: 2
o (R Mot | Mogs [ Moge [ Moz [ s e e % solar system. Cannot be
83t 5 1.1
4. £ h % ) 26.. ¥212; 146; .08 22 P49
" . i m 'y ; So1;- 224..] ggﬁdz« 7st):70; »,35‘;7' d d b th
0 M \b 9 Nb 92 b Nb94 | Nb95 | Nb96 | Nb97 3 N 07 Nb:oz Mwas ’“&Lf pro uce y e Vp'process
wh n‘ I » L 10154 ‘;:’; 18132 B 6.25m 5::0:. as‘sn ue7d 234h 53 7ds 43s | 138 158 08s
o [ % tEk 73 Nty . : ] ot vl st B C d Il th le
| $-0.06... BT04;1.4 3‘9'10'083 ; 1148; ;546 | p-2830 5;19:205; B=46... B an We pro uce a Ose nuc el
"I :\(4 ;757: 724.. f.%—m s . ;504 ... g?ﬂ.‘m‘ g;ﬂ)ﬂ 535; "12264.8"2 . .
a N |
B T SR | R N L e e ey In the same environment
el B [ e [ (e |EEAR S B [ e | s e including heavier p-nuclei?
50 52 54 56 58 60 62

Neutron Number ——>

12 Gabriel Martinez-Pinedo / Challenges heavy element nucleosynthesis HELMHOLTZ



13

B2 TECHNISCHE

Phases during the operation of the ==u FARC s
VI-process
Seed production: Strong neutrino fluxes drive material
toY, ~ 0.5

Neutron-capture phase: neutrons are used relatively
fast by two competing mechanisms:

n(v,, e~ )p converts neutrons into protons that are captures in
medium mass nuclei

A(v,,e”X) X = n,p, a speeds up the decay of nuclei and the
build up of heavy nuclei
Fast “decay” to stability and beyond:
A(v,, e~ X) reactions drive material to beta-stability and
beyond

Neutrons, protons and alphas produced by both charged-current
and neutral current spallation reactions.

Protons and alphas captured mainly in light nuclei

Equilibrium between A(v,,e~X) and A(n,y ) determines final
abundance

Gabriel Martinez-Pinedo / Challenges heavy element nucleosynthesis HELMHOLTZ



Nucleosynthesis (no neutrino-nucleus)

i:233; t=1.336e-03s; T=7.733e+00GK; rho=1.954e+06 g cm-3;
n_n=2.657e+29 cm-3; R_n/s =1.170e+08; S = 8.353e+01 kb/nuc;
Ye = 4.228e-01; Yn = 2.258e-01; Yp = 7.141e-02;

Yalpha = 1.757e-01; Yheavy = 1.930e-09;
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Nucleosynthesis (with neutrino-nucleus) m=mx FAIR ¢

v—A Cross sections from

n_n = 2.152e+29 cm-3;

t =1.494e-03s; T =7.532e+00 GK;
R_n/s = 7.002e+07;
Ye = 4.262e-01; Yn = 1.996e-01;

Yalpha = 1.871e-01;

rho = 1.791e+06 g cm-3;
S = 8.355e+01 kb/nuc;
Yp = 5.211e-02;
Yheavy = 2.851e-09;
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Dependence on neutrino fluence

Increasing neutrino fluence allows to

produce heavier p-nuclei

Abundances

A .

80 100 120 140 160
Mass number, A

0.55 e -
0.50 " e TIEIE

[~ .:: n‘.‘ H ’é“
0.45 | iy so Ber FUeY IS

& o =]
0.40 -.'.‘"'.-"5'.'(" 8
0.35 f v |
050 | cer by
» , " ' o2
0.45F c 4 A I

i S’ Q‘;—:H‘"
0.40 et ~
0_55::::::: } —+
0.50 |

045F
0.40 |

=== I .
1230l

Texp /\ue n ‘ T=3GK

Dependence Y, and neutrino fluence

Current neutrino-hydrodynamical models far from the necessary conditions
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Conditions current merger models == FAR € W

Dynamical, neutron-star torus, black-hole torus
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« Material reaches the necessary fluence conditions but it is too hot form nuclei

 Anon-thermal ejection mechanism is necessary (magnetic fields?)
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Coproduction of all p-nuclei =1 FAR{ v
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« All p-nuclei can be consistently produced
« Assuming the same astrophysical site produces both r-process and
p-nuclei around 1% of the ejecta should reach vr-process conditions
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Multi-messenger observations (Gravitational and
Electromagnetic waves) from binary neutron star
mergers provide unique opportunities to study the
production of heavy elements:

Neutron star mergers identified as one astrophysical site where
the r-process operates

Kilonova observations provide direct evidence of the “in situ
operation of the r-process”

Strong synergies with FRIB and FAIR experiments

vr-process: new mechanism production p-nuclei:

Gamow-Teller and (spin-)dipole resonances near stability
determine neutrino cross sections.

Important role of (n,y) cross sections near stability.
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