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Solar photosphere and meteorites:
chemical signature of gas cloud where the Sun formed
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Signatures of nuclear structure and nuclear stability
Contributions of different nucleosynthesis processes
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Fusion reactions during stellar evolution produce ’
elements up to Iron Egﬂf
A
N
n Jansan:
c HH
9 .,Pb
o 184
2 p-process
g S-process
= Vp-process * S process:
Z SN 126 slow neutron capture
low neutron densities
rp-process
r-process * I process:

26N g 82 beta decay rapid neutron capture
2008 —P iR i Neutron capture high neutron densities
o « Both involve a sequence

ZHBe g [ Number of neutrons N of neutron captures and
ie beta decays
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Neutron capture
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Nucleosynthesis beyond iron == 1L |:
Several processes contribute to the nucleosynthesis beyond Ir
process, r-process and p-process (y-process)
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M. Arnould, S. Goriely / Physics Reports 384, 1 (2003)
@ s process: low neutron densities, n, = 10112 ecm™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
* p-process or y-process: photodissociation material enriched by s-process
« vp-process: (p,y) and (n,p) reactions catalysedby v, + p > n+e*
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« Observations indicate that r process operates from early Galactic history in

rare (high yield) events

G. Martinez-Pinedo / Heavy element nucleosynthesis: the r-process HELMHOLTZ



Kilonova: signature of the r-process

Line of view GW170817

Jet—ISM shock (afterglow)
Optical (hours—days)
Radio (weeks-years)

Ejecta—ISM shock
Radio (years)

' Kilonova .
ptical (t ~ 1 day)
! Merger ejecta v

5 / Tidal tail and disk wind
v~0.1-03c¢c

Metzger & Berger 2012
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Kilonova: An electromagnetic
transient due to long term
radioactive decay of r-process
nuclei

» Electromagnetic counterpart
to Gravitational Waves

» Diagnostics physical
processes at work during
merger

« Direct probe of the formation
r-process nuclei



R process modelling

Astrophysical environment should

provide enough neutrons per seed

for the r process to operate ool
&} o

Afinal = Ainitial T "seed HERAT

nseed de-pends ma.lnly on Y “L
neutron richness ejecta Pb |

82 e 184

Neutron stars are an important
reservoir of neutrons

2
SN : a8
fik r-process requires properties of exotic
N L e = neutron-rich nuclei:
oCa_ oo - Beta-decay rates
o I Eaiie 50 - Neutron capture rates
He wﬂ m—r » Fission rates and yields
2

Benchmark against observations:
« Solar and stellar abundances (indirect)
« Electromagnetic emission, kilonova (direct), sensitive Atomic and Nuclear Physics
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R-process operation ==u F\R

Heavy elements produced by the r-process. Radioactive decay liberates energy
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Nuclei in the astrophysical environment can suffer different reactions:

@ Decay (decayrate: A = In2/t;,)

SONi — 0Co + et + v,
BO+y—-"N+p

dn,
dt

In order to dissentangle changes in the density (hydrodynamics) from
changes in the composition (nuclear dynamics), the abundance is

= =Ny

introduced:
Y, = n_a’ n= £ _ Number density of nucleons (constant)
n m,
dy,
dta =t

Rate can depend on temperature and density



Nuclei in the astrophysical environment can suffer different reactions:

@ Capture processes
a+b—-c+vy

dn,
;t = —n,np{ov)
dy, e
=-Lyy
7 m »{ov)

destruction rate particle a by reaction with b: 1,(b) = pY,{ov)/m,

@ photodissociation rates
y+c—a+b

dyY.
d; =Y . = =Y, (oc)
(o c) photodissociation cross section averaged over thermal photon

spectrum.
The balance between capture and photodissociation is determined by the
photon-to-baryon ratio or entropy.



Due to the fact that there is no stable nuclei with A = 5 and 8, nuclei
heavier than “He have to be build by 3-body reactions. The most
relevant reactions are:

3-& Dominant in proton-rich environments
3%He - >C + 0%

2
dyY, 3
d—: = —;Yg (ﬁ) (aaa)

my,
aan Dominant in neutron-rich environments

2*He+n - Be+y
dy, 2 0 2
d_ta = _EY‘%Yn (m—u) (aan)

These reactions are key for the build-up of heavy nuclei during the
r-process.



Consider n, and n,, particles per volume of species a and b. The number of

nuclear reactions per unit of time and volume
a+A—-B+b

is given b)r'? _ ng(a)na(va)
ad = (1 + 6aA)

In stellar environment the velocity (energy) of particles follows a thermal

distribution that depends of the type of particles.
@ Nuclei (Maxwell-Boltzmann)

o, v = v, —val (relative velocity)

I’I’lU2

3/2
= ndmv? (L) -
n(v)dv = ndnv kT exp T

)dv = ng(v)dv

@ Electrons, Neutrinos (if thermal) (Fermi-Dirac)
g 4np?
(2rh)? eEP-WIRT 4

n(p)dp = dp

@ photons (Bose-Einstein)

2 4np?

=
L

n(p)dp =



The product ov has to be averaged over the relative velocity distribution
¢(v) (Maxwell-Boltzmann)

(ov) = f“’ d(v)o(v)vdv
0

that gives:

m \32 [ mv? MMy,
o =amigar) ), oWy A m=

or using E = mv?*/2

g\ 1 o E

Function of temperature with strong T-dependence for charged-particle
reactions



Neutron capture rates reflect the behavior of neutron separation energies
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Rates computed at 7 = 1 GK.



Let’s have the reaction

a+A—->B+y Q=my;+my—mp

We are interested in the inverse reaction. One can use detailed-balance
to determine the inverse rate:

L= G,Ga Mama 312 kgT 3/26_Q/kBT<o.U>
7 (1+6,)Gp\ mp 2nh?

Forareactiona+A — B+ b (Q = m, + mg — mg — my):

_ (I +6pp) G,Ga

T = T 5u) GoCs (

ngmay

3/2
) e 2T (00
mpmp

G partition function nuclei.



Ag

2630m

64,
31Ga
Qec=7165

41124 _05% 55
46054 20 13% 6.7
aa542 12055

260045 _<0.25%. 275,

Lot $ 191030 0% 225
i i

99154

0_s37% 65

In2 273 (In )1’
= OB +BGT), K= — UMD 4704045
X GV

o f(Q) phase space function (~ Q°).

@ B(F) Fermi matrix element (~ {(f| 2 t’jli)).

o B(GT) Gamow-Teller matrix element (~ (f| > O't’_ili)).

@ Heavier nuclei contributions from forbidden decays (leptons carry
angular momentum)



The decay Q-value increases with neutron excess.
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@ Gamow-Teller strength is
characterized by the presence of a
resonance at excitation energies
around 10-15 MeV.

@ With increasing neutron-excess Q
increases and a larger fraction of
strength is in the decay window.
Half-lives become shorter.

@ Low-lying strength is rather
sensitive to correlations.

e
Beta decay

(Z+1,A)

20



Half-lives decrease with neutron excess. Strong sensitivity to decay
energy.

T1/2 [S]
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T. Marketin, L. Huther, and G. Martinez-Pinedo, Phys. Rev. C 93, 025805 (2016).



If nuclei are subject to large neutrino fluxes
absorption of v, charge-current interactions
can accelerate the “decay” of neutron rich

nuclei (4 = A3 + 4,,)
L — T L
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Neutrino rates are not sensitive to
shell-effects o= o< (N — Z).
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Due to large neutrino energies cross section
is dominated to transitions to Gamow-Teller
resonance.
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Rate (s"l)
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Rate (s
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@ Any r-process site should be able to produce both the “seed” nuclei
where neutrons are captured and the neutrons that drive the
r-process. The main parameter describing the feasibility of a site to
produce r-process nuclei is the neutron-to-seed ratio: 1,/ seed-

@ If the seed nuclei have mass number Ageeq and we have n,, /niseed
neutrons per seed, the final mass number of the nuclei produced
will be A = Ageed + 1/ Mseed-

o For example, taking Aseeq = 90 we need 1, /nseeq = 100 if we want
to produce the 3rd r-process peak (A ~ 195) and n,, /ngeeq = 150 to
produce U and Th.



Independently of the astrophysical site the nucleosynthesis is sensitive to
a few parameters that determine the neutron-to-seed ratio and the
heavy elements that can be produced:

Ap = Ai+ng, Ny = ny/Nseed ~ 8 /(Y2 Tayn)

Y, The lower the value of Y, more neutrons are available and
the larger n;

entropy Large entropy s ~ T*/p, means low density and high
temperature (large amount of photons). Both are
detrimental to the build up of seeds.

expansiton time scale The faster the matter expands, smaller 74y, the
less time one has to build up seeds



All calculations use a constant Y, = 0.45
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Farougqi, et al, Astrophys. ). 694, L49 (2009).
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With reduced Y, the peak of the nuclear abundance distribution moves
from °Ni (Y, ~ 0.5) to heavier neutron rich nuclei (*°Zr for Y, ~ 0.45).
For low Y, becomes energetically favourable to have free neutrons.



For moderate entropies r process depends mainly on Y.
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For neutron-rich moderate entropy ejecta (s ~ 20) we have:

Zs 1
ng = As A—zz— , Ap=As+ng

Calculation by Bowen Jiang



For moderate entropies s < 30 nucleosynthesis depends on neutron
richness of ejecta. Determined by

Vetnap+e Ve+tpa2n+er
10 2gr——— : g T U1 I R
A e Solar Abundances
102k« Y, 2025Y, ~0.15-025 Y, S0.15 3
[ o ° S
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T F

= L ° € 4
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g 10 E . . * o E
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o ol R
107 B Lanthanides®®  °  Actinides 1
10_8:\ AR R O R R SR R R
60 80 100 120 140 160 180 200 220 240

Mass Number

The relevant nuclear physics depends on the particular Y, conditions.



r process calculations require to solve the system of differential equations:

dY(dZt,A) - (n%) (V) Y Y (ZA = 1) + A(Z A+ DY (Z A+ 1)
J

+ ) AgnZ = LA+ PYZ = 1,A+ ))

=0
J
- ((mﬁ) (@AY + M Z A + ) /lﬂ,,,(Z,A)] Y(Z,A)

=0

ay,
e - Z(mﬁ)wvh,AYnY(z,A)

ZA u

+ D LZAYZA)

ZA

J
+ Z [Z s ,,,(Z,A)) Y(Z, A)
zA \j=1

We are neglecting fission
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Phases during the operation of the G=u FAR G s
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,v) 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

Gabriel Martinez-Pinedo / Challenges heavy element nucleosynthesis HELMHOLTZ



Example of r process calculation for very neutron rich ejecta (Based on
trajectory from merger simulation from A. Bauswein)

6 g 10°

!/ 4 2

. / 10‘

neutron/seed 310

2r _——310°
8 = of o3
g 2 L2
g z 4102%
E e fF g
E 2 — @y 10° 5
2 = b -- (1) 410 2

— neutrons  § 410

— alphas -6 neutron lifetime § {g-6

— heavy 7

8 410°

| | 10—5

100 10' 0.1 1 10
Time () Time (s)

11 ( 1 1 )
T Ns \Ty)  Tyn)

The last phase of the r process when the neutron-to-seed decreases very fast is
known as freeze-out. During this phase neutron captures and beta-decays

compete with each other. It is during this phase that the final abundances are
shaped.

From Meng-Ru Wu



Need: < mix of suitable heavy seed nuclei (A=56-90) and neutrons
« sufficient large number density of neutrons (max at least ~1e24 cm3)
« sufficient large neutron/seed ratio (at least ~100)

Temperature: ~1-2 GK
Density: 300 g/lcm3 (~60% neutrons!)

neutron capture timescale: ~ 0.2 us

Proton number

\

(y,n) photodisintegration

Equilibrium favors
“waiting point”




Neutron capture reactions proceed much faster than beta-decays and an (n,y) 2 (y, n)
equilibrium is achieved

HZA+ 1) =p(ZA) + pn

YZA+1) 22 VP (A+ 1V Gz A+ 1) S, (Z,A+1)
YZA)  "\meksT A 2G(Z,A) ksT

Only even-even nuclei participate in the path so we can write:

YZA+2) [ 2102\ (A+2\ GZA+2) Son(Z, A +2)
YZA) "\ maksT A 4G(Z,A) ksT

The maximum of the abundance defines the r-process path:
2T. 3
§9.(MeV) = ﬁ (34.075 ~logn, + 5 log T9)

Forn, =5x 10*' cm™ and T = 1.3 GK corresponds at §9, = 6.46 MeV,
§9=59 /2=323 MeV,



Path depends on nuclear masses

920
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[FRDM masses
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% Differences in regions
closer to stability (long

70 beta-decay half-lives)
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charge number, Z
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Assuming (n,y) 2 (y, n) equilibrium, it is sufficient to compute the time
evolution of the total abundance for an isotopic chain

Y(Z) = Z Y(Z, A)
A

The differential equation reduces to

dy(Z
% = (Z - DY(Z - 1) = (2D)Y(2)
with
A5(Z) = Y(Z) Z A5(Z, A)Y(Z, A)

Only beta-decays are necessary to determme the evolution. If the
duration of the r process is larger than the beta-decay lifetimes an
equilibrium is reaches denotes as steady S flow equilibrium that satisfies
for each Z value

BZ-1DY(Z-1)=2)Y(2), ieY(Z)ox1s(Z)



Abundance, £ (s)
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Exact impact of nuclear masses depends on the particular astrophysical
conditions. For neutron-rich conditions, 3rd peak abundances are
sensitive to the particular mass model used.

1072 T T T E
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Mass number, A

Correlation between the magnitude of the 3rd peak abundances and the
production of actinides.



Proton number (2)

L L L I I I
0 20 40 60 80 100 120 140 160
Neutron number (N)

@ Beta decays determine the speed at which light elements are converted into heavy
elements.

@ Material tends to accumulate on nuclei with longest beta-decay half-lives. Around
magic neutron numbers r-process path moves closer to stability producing the
observed r-process peaks.

@ Relatively few half-lives are known experimentally. Global theoretical calculations
are necessary.
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Nuclear physics input: G=uF\R{
beta-decay half-lives

» Beta-decay half-lives determine the speed at which heavy elements are build starting
from light ones

* N~126 Half-lives have a strong impact on the position of the A ~ 195 peak

RQTBA (thi k) —o— QRPA FRDM —&— QRPA Sk .
shollmodel (Suzuk atal) - # -  QRPA HFESY 1 G matix —v— RORPA DOC DC3*: Marketin+PRC 93, 025805 (2016)
shell model (Zhi et al) —m— CQRPADF3 —— EXP —e—t Skyrme: Ney+ PRC102, 034326 (2020)
o T T T 5
° N 100 [-(3) b B
a 3
107 g 80 - = f
e g A— ,2
3 E ] ]
g or i Sk: i Y -3
& R g0 (TSkVrme )T3CH). _1
10° 20 - 4 i L ( 142 i }/2 )7 -5
50 100 150 200
36 38 40 42 44 46 48 L Neutron Number N
102 10 T T T T T T T
‘ O B GAPA
! = = -+ \ ----
10 N=126 // & 108 | ) D3C — 4
= 2
2 .
] ]
= %
E] -]
c)
z 10 7 1 1 1 1 1 1 1
C. Robin, GMP, in preparation 120 140 160 180 200 220 240

mass number, A

Need data for beta decay half-lives around N ~ 126
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@ Fission determines heavier nuclei produced by the r-process

@ Important for energy production electromagnetic transients

@ Challenge: extrapolate known data to neutron-rich nuclei

r-process
(n fission)

Be

Spontaneous fission

Fission is described as a tunneling process through a barrier. neutron-induced
fission is the dominating process for nuclei at which S, ~ By.

Giuliani, GMP, Robledo, Phys. Rev. C 97, 034323 (2018)



What is the role of fission in the == FAR @ b
r-process nucleosynthesis? :

Giuliani et al PRC 97, 034323 (2018)

120" palae T
Known Superheavy Sy 07 g

[

-g 110

3

c

E 100

<)

& 90 ,
r-process nuclei

180 200

220 240
Neutron number 103 [ ‘

% S‘olar
Current r-process modes predict substantial 10 g 3 é
production of nuclei around A~ 280 (Z ~ 96 N ~ 184) i
g 10° !
However during their decay to beta stability they E i ’ P‘,*
fission on timescales of seconds to hours. < A ,-‘u‘* ';‘
o t=1s ——t=11s h

—a—t=2s —— t=20s

Can we find signatures of (super)heavy nuclei in .+ t=5s — t=1h

i i ? 08 e,
kilonova light curves? T T

Goriely and GMP NPA 944, 158 (2015).
23 G. Martinez-Pinedo / Nucleosynthesis Superheavy Nuclei by the r-process HELMHOLTZ




24

Superheavy region: mine-field dueto  z=zw FR @ v
low fission barriers

Proton number

DARMSTADT

Giuliani, GMP, Robledo, PRC 97, 034323 (2018).

During the r-process operation
mainly (n,fiss) limits the B spont. fis. . (ny) (n,fis)
production of superheavy nuclei 120 mm a-decay ()  (n,2n)
. -

After freeze-out a competition  11q . —
between beta-delayed, } ...
s 100 i
pontaneous and neutron
induced fission. 90 ATDHFB-r

120 140 160 180 200 220 240

Similar results for different
Neutron number

barriers sets

Bf— sn
120 T 8
100 1 g
FRDM+TF FRDM+TF FRDM+TF 4
=
120 g )
2
100 0
L] A T PN RS i T -2
175 200 225 125 150 175 200 225 150 175 200 225 250
Neutron number Neutron number Neutron number
Giuliani, GMP, Wu, Robledo, PRC 102, 045804 (2020)
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The fission fragment distribution impacts the final abundance pattern.

)

Kodama & Takahashi 1975

P, (%]

S

abundance

P, (%]

[From Eichler et al, ApJ 808, 30 (2015)]

— Kodama & Takahashi 1975
-- ABLA07
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r-process: nucleosynthesis and electromagnetic transient
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Nucleosynthesis dependenceonyY, E=u FAIRC wex

Nucleosynthesis mainly sensitive to proton-to-nucleon ratio, Y, = n,,/(n, + n,)
Vvo+nap+e  vs v,+p2n+te’

10_2;| —T T
B e Solar Abundances -
10°F%  Y,2025Y ~015-025 ¥, 015 =

g 107 E
= - ° g
ER T N :
g E ;&," S * #"" ® E
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Ejecta in neutron star mergers == F\|R¢
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NSNS

wind; t~100 ms torus unbinding;
t~1s

/N
20=2Qe0 = @@ ) = - “ :

dyn. ejecta; t~ 1 ms

Two main sources of ejecta: BH formation
 Dynamical ejecta (M < 0.01 M)
* Disk (secular) ejecta (M < 0.1 M)

U
sGRB
Y + - = { Sibel iy -
Ejecta properties depend on central

remnant (neutron star or black hole).
It determines the strength of neutrino
emission

NSBH
S. Rosswog, et al, Class. Quantum Gravity 34, 104001 (2017).
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Mass ejection neutron star merger =X F\R (" wm

- DARMSTADT

Andreas Bauswein
(GSI Helmholtzzentrum fur Schwerionenforschung)

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)

Ejecta properties depend on central remnant (neutron star or black hole).
Determines the strength of neutrino emission

G. Martinez-Pinedo / Heavy element nucleosynthesis: the r-process
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Post merger structure =N [\R

Central Neutron Star Central Black Hole
NS-driven rapidly-spinning neutron-rich
outflow neutron star dynamical ejecta black hole

“weak
r-process

weak
r-process

2 collapse

Ir-process

accretion
disk

r-process

-

accretion disk
outflow

magnetar-driven black hole-driven
GRB jet GRB jet

S. Rosswog and O. Korobkin, Annalen Der Physik 2022, 2200306 (2022).
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Abundance at 1 Gyr

Dynamical ejecta (simulations) === FAIR @2 Wi

SPH Simulation Vimal Vijayan
Neutrino transport: ILEAS
1.35-1.35 M, SFHo EoS

 Initially dynamical ejecta was assumed P I S I I S
: | — Equatorial (60° < @ < 120°)
to be_ very_neutron rich (Y, < 0._1). of — Polar@<600> 120 | ]
« Starting with the work of Wanajo et al - 2 gjeca =UUR Ve |

2014, several studies have shown that = of 1
weak processes modify the neutron-to- b ] :
24 |

proton ratio

« Largest impact in the polar regions : —:I‘L:
0 b= e |

n
[

0 0.1 0.2 0.3 0.4 0.5 0.6
. i ® solar r abundance 3 E . . 3
o2l O neutrinos FRDM ] F it with neutrinos  — Tota ]
0 E el -—-- WS3 3 108 — Polar
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100 ek, — HFB21 43 10 1
C . f: |l &
- _D I
10_45_ ' . _Eg 1075 lli ||"
- ° ® L :g l';i;"
5[ 1= ~ M ,
10-5F v, 45 10 il
r f . J1< \
107°F Robust abundance pattern mainlyg 107
10_71 4, determined by fission products | - S I T I
60 80 100 120 140 160 180 200 220 240 60 90 120 150 180 210
Mass number, A Mass Number, A

Mendoza-Temis, et al, PRC 92, 055805 (2015) Collins et al, arXiv::2209.05246.
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Elemental abundances ==ux FlR:

At kilonova timescales (days) elemental abundances
have not yet converged to final abundances

IIIIIIII|IIII|IIIIIIIIIIIIII|IIII|IIII|]]II|IIII
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0 i ... v—leyr §
i +—a | day
107F * | E
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o - ‘ | ® o ° l' L ]
g i | ® . '\ ]

O ' | .
<10™¢ | 1 Wy E
: | [ | 5
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Atomic Number, Z
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Disk (secular) ejecta ==u [\R

After the merger, a hyper massive neutron star is formed that can be temporarily
stable before collapsing to a black hole

ho pubf 4y ve 0d

H

) v

v

- 0 C
- "

“viseOus * O { :
vaporation” FREYAY” o
' 10}
\ accreting

b
O matter

Large neutrino fluxes mainly in polar
L region decrease neutron-to-proton ratio
| by reactions
| Ve+tn-op+e”

# = v absorption 173 + p —-n + e+

accretion disc

hot HMNS | _4riven wind
Martin, et al, ApJ 813, 2 (2015) , Wuetal, MNRAS 463, 2323 (2016)
10°f ‘ ‘ C — ooms |1 10 I ‘."0 ' solarrabundance s
10°} B igg ms || -;:‘ s-def ==== ]
. ‘ N ms = 1072 o E
10 " ] > i
107 \ ° vt X ;
3 . . 1 = 1o Li | . 2 .
T a0 | ~ | Once neutron star =R i ih‘ ,-'3;’-.
€ w0 "u' \/ﬂ* | collapses to a black § w0 I I ;@‘a‘h” U
ks | hole neutrinos R : SR O
6 ] .. 6 i i i
R _ emission ceases. L ¢ i i T
10_8- Absence of Lanthanides | Larger neutron-to- o ;L‘Prqsence of Lanthanides :
10 _| ‘ ‘ . . ] ) 2 BRE . PR T T ST RS ISR B S S T
0 50 10c’)R 150 200 proton ratio 0 50 m;(s)gnumb g;S’OA 200 250
_ See also Just et al, MNRAS 448, 541 (2015),
see also Lippuner et al, MNRAS 472 904 (2017) Siegel and Metzger PRL 119, 231102 (2017).
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Long term merger simulations

74 TECHNISCHE

== FAR G e

(=

First long-term simulations with neutron 10-2 sym-nl-a6
star lifetimes 0.1-1 s and describe all - — total
components of the ejecta: dynamical, | ynamical
. . . — -torus
NS-remnant ejecta, and final viscous _10-3 | — BH-torus
ejecta from BH torus. ~ g
o > i
< 104 3
ust et al, arXiv:2302.10928 . in , ,
10 7 Lol o b
@) 0.0
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“"\""""""""\“"]‘_ E 7 T 7 1T LI T
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Electromagnetic signatures of
Siipemova 19874 ¢ B nucleosynthesis
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Electromagnetic transient from r =N FAR s
process

At early times (days), the decay of r process products produces energy following
a power law é~t~13 (Way & Wigner 1948, Metzger et al 2010). Many nuclei
decaying at the same time heating up the ejecta

= 1020 UEELLLL LY IRALLLLL (LR DR LL DU IR ELLLL LA LL) BRURL L —
T — 56N ]
Ni

=14]
— 107 — Fission ] 104F E
% — Betadecay =
%D 107 — Total heating »
= 5 2o
g 10™ 4 =104
2 1 =
T 102 - g
) B -
31010 ot i E 1040;— E
g Supernova *Ni i - Kilonova: Luminosity like 1000 novas
S T, WY - Metzger et al, MNRAS 406, 2650 (2010)

10 105 10 102 102 10~ 10° 10' 102 10°  10¥—————— — "7

Time (days) Time (days)

We expect an electromagnetic transient with properties depending:
Energy production rate
Efficiency energy is absorbed by the gas (thermalization efficiency)
Opacity of the gas (depends on composition, presence of
Lanthanides/Actinides)

Ejected mass and velocity can be inferred from observations
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Impact of opacity E=u R

D -
W DARMSTADT

»
>

Luminosity

> time

" transparent
Initially opaque

to photons

-

Temperature
decrease

Figure from M. Tanaka

The transition from an opaque to transparent regime depends on the interaction
probability of the photons (opacity). Depends on the structure of the atoms
(presence of Lanthanides/Actinides)

Low opacity: early emission from hot material at short wavelengths (blue)

High opacity: late emission from colder material at longer wavelengths (red)
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Simple Kilonova model = [yR¢
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Light curve is expected to peak when photon diffusion time is

comparable to elapsed time (Metzger et al 2010, Kasen et al 2017)
. pKkR? M
diff =73 P T 4gR3 /3

. ( kM ) 154 M 2( % )—z K
peak ~ \4rcy) = 2 5 001 Mg ) 001/ \TemZg?

The Luminosity is L(t) = M &(t), &(t) =~ 10" (1 dtay) ergs gt

R = vt

N[ =

a a

41 1 M VIR K 2
Lyeak ~ 1.1 x 10 -
peak w8 <0.01 M@> (6512) (1 cm? g—1>

Very sensitive to atomic opacity
k ~1cm? g™t light r process material (blue emission)
k ~ 10 cm? g~1 | heavy (lanthanide/actinide rich) r process (red emis.)
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Impact Lanthanides/Actinides = [\R ¢ umers

Opacity dominated by bound-bound transitions

Figure from M. Tanaka
open s shell

open d-shell

openfshell i 91 94 ,99 100 701 102 103

Ac Th Pa U Np Pu Amsz Bk Cf ‘Es Fm:MdNo! Lr

Large number of states of Lanthanides/Actinides leads to a high opacity
Barnes & D. Kasen, Astrophys. J. 775, 18 (2013);Tanaka & Hotokezaka, Astrophys. J. 775, 113 (2013).
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AT2017gfo: ==u FAR G i
electromagnetic transient GW170817

M. R. Drout et al. Science 2017;358:1570-1574

SSS17a

2017 August 17 2017 August 21

Swope & Magellan Telescopes

Novel fast evolving transient powered radioactive decay r-process material

Emission evolves from blue to red in a few days
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Kilonova: Electromagnetic transient ~ E==1 Fi|R
powered by decay of r-process nuclel

Pian et al., Nature 551, 67 (2017)

! T T 1 1 1 ! ! 2.5
10%2F E
= ] ~pl3 2.0
Y - @ ]
%o - ] > ]
2 104E J = 1.5
2 : : x
‘B - Metzger, et al, 2010 1 @
,% L predictions /.. 1 1o
40| L '
5 10%) E
— - Cowperthwaite, et al 2017
Kilonova observations ) 0.5
39 | ] 1 1 I 1 1 Ll
10 1 10
Time (days) 9075000 10000 15000 20000 25000

Wavelength (A)

Time evolution determined by the radioactive decay of r-process nuclei

Two components [Kasen et al, Nature 551, 80 (2017)]

Blue dominated by light elements (Z < 50) (M = 0.025 Mg, v = 0.3¢, X|;, = 10~%, dynamical
ejecta?, signature weak processes)

Red due to presence of Lanthanides (M = 0.04 M, v = 0.15¢, X}, = 1015, ejecta
accretion disk?, points to delayed formation of a black hole), implies M,,,x(NS) =
2211319 Mg (Huth+ 2022)
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Identification Sr in kilonova spectra

Watson et al, Nature 574, 497 (2019)

Identification of strontium in the merger of two
neutron stars

Darach Watson'~, Camilla J. Hansen™*, Jonatan Selsing =", Andreas Koch®, Daniele B. Malesani'", Anja C. Andersen’, Johan I L.
Fynbo' . Almudena Arcones™ ., Andreas Bauswein ", Stefano Covino”, Aniello Grado'", Kasper E. Heinte''""", Leslie Hunt'*, Chryssa
Kouveliotou' ™" Giorgos Leloudas'” | Andrew Levan' ™', Paolo Mazzali' ™', Elena Pian'" [See end for affilistions]
60
—— Blackbody + Srit

Srn | Srufi | R. Blackbody
0 "4

/ \\\  First direct spectroscopic identification of an
“¥ N r-process element

« Strontium is produced in High Y,~ 0.35
ejecta: direct evidence of the role of
neutrinos in merger ejecta

s R iatiatt. s { “~  Lanthanum and Cerium suggested to account for
P~ i P4 . == features at 12000-14000 A (Domoto et al, 2022)

Observed wavelength [A]
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Nuclear fingerprints light curve
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Bolometric light curve is easy to determine theoretically (L~Me]- € off)

but difficult to determine observationallv
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PHYSICAL REVIEW VOLUME 103, NUMBER 5

Californium-254 and Supernovae*

G. R. BursInGE AND F. HoviE,T Mount Wilson and Palomar Observatories, Carnegie Institution of Washington,

California Institute of Technology, Pasadena, California

AND

E. M. Bursingg, R. F. Caristy, aND W. A. FowLERr, Kellogg Radiation Laboratory,

California Institule of Technology, Pasadena, California
(Received May 17, 1956)

SEPTEMBER 1, 1956

10 100
time (days)

At late times light curve is
determined by nuclear
heating. Opacity
uncertainties play a smaller
role (ejecta is transparent)

Observations between 10 and 100 days are sensitive to compaosition.

Light curve becomes dominated by individual decays: 2>4Cf
Wu, Barnes, GMP, Metzger, PRL 122, 062701 (2019), Zhu+ 2018
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R-process in mergers

Light curve and

Simulations NUCleosyntheSiS Spectra mode”ing
Waﬁotson et al, Nature 574, 497 (2019)

= Blackbody + Sri1
14.5 Sri ‘ Sr11 <=4+« Blackbody

Bauswein et al, ApJ 773, 78 (2013)

r-process

i ] B [ORUR Er
—40 R - }.._-_.,. 25davst
-50 0 50 ]
x [km] 15.167 ms ;3 . . . Nl
@ 4000 5500 Obse?:/(ig MVEIelr:):iO[A] 14500 20000
« Different sources of ejecta, * Physics of neutron-rich + Radioactive energy
dynamical and secular, with and heavy nuclei deposition
ifferent properties (Y, L
different properties (¥e) - Thermalization decay
* Role of equation of state products (Barnes+ 2016,

Kasen+ 2019)
» Spectra formation:
Which r-process elements are produced in mergers? atomic data depends on

Are mergers the (main) r-process site? ‘Iilll‘?g evolution (LTE vs
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3D Kilonova light curves

3D modelling using radiation transport

monte-carlo ARTIS code

Gray Ye dependent opacities
Lead by: Christine Collins

Ye

K

; 2 o
arXiv:2209.05246 Tanaka+ 2020 s
Ye < 0.1 195* 1041 i
Angular dependence oo Ye=hl 22
; . ) e <0. 335
disappears once ejecta 02<Y, <025 560 5
becomes transparent 0.25 <Y, <0.3 536 1q40
Similar blue to red color AR
evolution to AT2017gfo < '
. N f AT2017gfo (Waxman 2018) \
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End to end kilonova models

« Based on grey opacities using approximate radiative transfer model
« promising agreement with AT2017gfo after times of several days
* Inconsistencies at early times needs a more dominant neutrino-driven wind

v, [10%cm/s]

21
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bolometric luminosity

L [erg/s]
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1 =—— sym-nl0-a6

— [ avg. over all @
—-= Lavg. over8<mn/4
-+ eff. heating rate

X NDW peak, 1-zone model

asy-nl-a6 $ AT2017gfo (Waxman'l8)

— . —
1 10

time [d]

Just et al, arXiv:2302.10928
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Energy levels - Opacity === F\|R ¢ i
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Early evolution (t < 1 week, local thermodynamic equilibrium)
Bound-bound opacities
Not enough data for levels and transitions (theory: Gaigalas+ 2019, Tanaka+ 2020, Fontes+ 2020)

Nebular evolution (t = 1 week, non LTE)

Electron-ion cross sections, photoionization cross sections, recombination coefficients
(Hotokezaka+ 2021, Pognan+ 2022)
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N
S,
Sh=7"

Atomic opacities and spectral = FAR G
modelling R.Siva_
Systematic bound-bound opacity calculations |

Calculations for all elements between Iron and Actinides
using Flexible Atomic Code

[Gu CJP 86, 675 (2008), https://github.com/flexible-atomic-code/fac], U Lisbon

Extended set of configurations to ensure convergence low lying states and
density of levels

Benchmark against data or calculations with alternative codes (HFR, U Mons)

TECHNISCHE
UNIVERSITAT
DARMSTADT

Kromer & Sim, MNRAS 398, 1809 (2009)

A RTl S https://github.com/artis-mcrt/artis

3D Monte Carlo Radiative Transfer

Consistent description of energy deposition, transport and spectral formation
3D geometry ejecta

Both photospheric (thermal) and nebular (non-thermal) epochs (Shingles+ 2020
and 2022) L. Shingles
Extensions: Follow individual decays including y-ray deposition and transport. = W
Particle energy deposition assumed local but not instantaneous. " \

i i
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Atomic Opacities gLTE)
Sobolev optical depth (for a line 1)

Transition wavelength

me? —
EETEVAAN
Inner e
boundary / \
' Oscillator Population lower level

strength (Saha eq. and partition functions)

Expansion opacity (homologous expanding material, not
used in the radiation transport modelling)
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Level energies: Nd Il

* Include enough configurations to achieve convergence low lying states and
level densities.
» Opacities after calibration to known levels using the Flexible Atomic Code.

100000 =
- 8 configs. no opti. — 22 configs. + extra 112
- = 8 configs. — 22 configs. + extra + calib. |
- === .E = — 15 configs. — NIST -
80000 - = = 22 configs. -10
| = = ——— 1
B [ -
- . L ]
i 18
= 60000 |- 1 =
|
£ : 1 2
2 = L]
w 40000 |- .-=- iy
i 14
20000 - .
i -2
0 0

4f* 6s 4f35d? 4f*5d 4f35d 6s Af* 6p Af*5d6p  4f36s6p

Configuration Flors, Silva, et al, arXiv:2302.01780
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Nd opacity ==1u F\R
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« Good agreement with Gaigalas+ 2019
« Differences below 2000 A due to Nd Il contribution
 Limited data Nd lll, calibration difficult
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Actinides vs Lanthanides = fF|

Actinides have larger opacities than Lanthanides
Confirmed by independent calculations HFR code (U. Mons)

Very limited data for actinides
T = SO(I)OK

1 -
Nd GRASP2K A
Nd HULLAC
Nd FAC £
Nd HFR :
U FAC
—— U HFR

(AU ISR RS ———
S Y ——

 —
o
i)
|
|
|
|
|
|
|
|
|
]
|
|
|
|
|
1
1
1
1
1
1
1
-
|
|
|
|

expansion opacity [cm? g 1]

T T
I

0 5000 10000 15000 20000 25000
wavelength [A]
Silva et al, Atoms 10, 18 (2022); Flors, Silva, et al, arXiv:2302.01780

Offers a method to identify presence of Actinides in spectra.
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Fa at 1 Mpc [10713 erg/s/cm?/A]

Towards fully consistent 3D models  E===u FAIR @ g

Monte Carlo 3D radiative transfer using the ARTIS code.
https://github.com/artis-mcrt/artis

Matter distribution based on SPH Dynamical
ejecta (0.005 M) .9

i

LTE simulation: follows 2591 nuclei (283 ions with gamma-ray transpor
and electron thermalization, 44 millions atomic transitions lines

AD1: Japan-Lithuania database Z=28-88, Tanaka+ 2020

AD2: AD1 + calibrated lines for Sr, Y, and Zr, Kurucz 2018
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Shingles et al, in preparation
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Differences reflect directional dependence of nucleosynthesis yields shingles et al, in preparation
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Comparison AT2017gfo
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Similar spectral evolution that AT2017gfo once differences in brightness are accounted
Shingles et al, in preparation
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Directional dependence

Having 3D models allows to
determine the directional
dependence of all relevant
guantities.

Strong dependence both in polar
and azimuthal angles

G. Martinez-Pinedo / Heavy element nucleosynthesis: the r-process
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Nucleosynthesis beyond iron ==u FAR ¢ i

Several processes contribute to the nucleosynthesis beyond Iron: s-
process, r-process and p-process (y-process)
. : : — 107 —,

80 | i - I

S

701 p-drip

1 Dﬁ]

6l L

501

n-drip

Abundances [Si
=)

40 1

10~
ant - - | | | | HEIr wu_l_u:r. |
0 60 30 00 T 80 100 120 140 160 180 200
N A
M. Arnould, S. Goriely / Physics Reports 384, 1 (2003)
@ s process: low neutron densities, n, = 10112 ecm™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
* p-process or y-process: photodissociation material enriched by s-process
« vp-process: (p,y) and (n,p) reactions catalysedby v, + p > n+e*
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The vr-process == FiR

Zewei Xiong

arX1v:2305.11050v1 [astro-ph.HE] 18 May 2023

Production of p-nuclei from r-process seeds: the vr-process

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?

G. Martinez-Pinedo / Heavy element nucleosynthesis: the r-process
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Charge Number —>
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Phases during the operation of the
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
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Nucleosynthesis (no neutrino-nucleus)

=3 0
10 r-process abundances
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i: 233;

n_n = 2.657e+29 cm-3;

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

Yheavy = 1.930e-09;

Ye = 4.228e-01;
Yalpha = 1.757e-01;

rates [s ']
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Nucleosynthesis (with neutrino-nucleus) E=u F4|R

i:232;, t=1.494e-03s; T=7.532e+00GK; rho=1.791e+06gcm-3; v—A Cross sections from

n_n=2.152e+29cm-3; R n/s=7.002e+07; S = 8.355e+01 kb/nuc; i i
- Ye = 4.262e-01; Yn = 1.996e-01; Yp =5.211e-02; Sleverdlng, etal, ApJ 865, 143 (2018)'

Yalpha = 1.871e-01;  Yheavy = 2.851e-09; 10" ————— —
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Dependence on neutrino fluence

Increasing neutrino fluence allows to

produce heavier p-nuclei

Abundances

A .
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Dependence Y, and neutrino fluence

Current neutrino-hydrodynamical models far from the necessary conditions
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Conditions current merger models = F\|R ¢ wwew
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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 ==xuF\R?
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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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Summary ==muFAR{

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 laboratory experiments at future
facilities.

Challenges:
Impact of weak processes and EoS in the ejecta properties
Improved nuclear and atomic input (FAIR facility)
Kilonova spectral modelling
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