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Signatures of nucleosynthesis

o
o
|

I
(0]

—
o
w
|
o

o
o
|

-

o
3]
|

Abundance relative to Silicon = 10°
S =
o s
T T
-

Neutron capture processes:

S Process
I Process
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« Heavy elements produced in neutron

capture processes

» Observations indicate that r process
operates from early Galactic history in rare

(high yield) events
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R process nuclear needs

Astrophysical environment should
provide enough neutrons per seed
for the r process to operate

Afinal = Ainitial T "seed

Ngaed depends mamly on
neutron richness ejecta

azpb =

Neutron stars are an important
reservoir of neutrons
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r-processrequires properties of
exotic neutron-rich nuclei:

* Nuclear masses

- Beta-decay rates

» Neutron capture rates

* Fission rates and yields
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Astrophysical sites == FAR ¢

Core-collapse supernova Compact binary mergers
Woosley+ 94, Takahashi+ 94 Lattimer & Schramm 74, 76. Eichler+ 89, Freiburhaus+ 99

Stephan Rosswog

== -

Optimal conditions ® ©
Yield / Frequency © ©
Direct signature ® ©
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Mergers: variety of ejecta ==u F)\R

ind; t~100 torus unbinding;
NSNS e win ms orus un mt 1~nglgs

/N
SRA L L ERY LEE] . 1

. : BH f ti
Two main sources of ejecta: kR

 Dynamical ejecta (M <0.01 M)
 Accretion disk ejecta (M < 0.1 M@)

Ejecta properties depend on central %l%

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

.. = A o = | EBe@s

NSBH
S. Rosswog, et al, Class. Quantum Gravity 34, 104001 (2017).
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Nucleosynthesis dependenceonY, == FAR ¢ s

Nucleosynthesis mainly sensitive to proton-to-nucleon ratio, Y,
Vvo+nap+e  vs v,+p2n+e’
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Neutron rich ejecta
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BH-NS ejecta and NS-NS ejecta in the equatorial plane is very neutron rich
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Dependence on nuclear masses == FAR ¢ i
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Mendoza-Temis, et al, PRC 92, 055805 (2015)
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mass number, A
* Robustness astrophysical conditions, sensitive nuclear physics
« Second peak (A ~ 120) sensitive to fission yields (Goriely, 2015)
* Third peak (A ~ 195) sensitive to masses and half-lives
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Impact of the merger remnant == FAR &
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After the merger an hyper massive neutron star is formed that can be temporarily
stable before collapsing to a black hole
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Large neutrino fluxes mainly in polar

s W I, region decrease neutron-to-proton ratio
vaporation” R TS .

(:p_ 8 ) by reactions

\ accreting e —
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accretion disc

hot HMNS v-driven wind
Martin, et al, ApJ 813, 2 (2015) , Wuetal, MNRAS 463, 2323 (2016)
0} | |  [— ooms |] 10 I ‘."0 ' solarrabundance s ]
10°L —— 140 ms | | -;.‘ s-def ===~ 1
) f ~—— 190 ms - 10.3 | &, .
107 !\ 6 : :"'. % :
7 | | =y 1 i ]
~.§ 107} \ | Once neutron star 2 0B ! E} ih‘ :‘l;:.
€ w0 "g 1\//\* | collapses to a black §1o-5 i I }Q"a‘h” ,:’ . ]
ks | hole neutrinos ER1 ; S v
s ] . 6L fj ot ]
AT _ emission ceases. L ¢ i i T
"l |Absence of Lanthanides | Larger neutron-to- . | Presence of Lanthanides :
10 Ll ] 2 BRE . PR T T ST RS ISR B S S T
' ‘ ‘ : , : 0 50 100 150
° » 10& 190 200 prOton ratio mass number, A 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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Electromagnetic signatures of == FAR &
nucleosynthesis —

FEBRUARY 23, 1987
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Supernova light curves follow the
decay of *®Ni (t,,, = 6 d) and later
56C0 (tl/Z =77 d)
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Energy production from r process = F\R & i
ejecta |
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
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We expect an electromagnetic transient (Li & Paczynski 1998) 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)
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Impact of opacity ==u F\R &

" 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.

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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Impact Lanthanides

Figure from M. Tanaka
open s shell

open d-shell

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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Kilonova: Electromagnetic transient - m=m PR G
powered by decay of r-process nuclel
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Pian et al., Nature 551, 67 (2017)

Wavelength (4)

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|;, = 107%)
Red due to presence of Lanthanides (M = 0.04 M, v = 0.15¢, X5, = 10719)

No direct evidence production of specific nuclei. No spectral features identified
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Nuclear fingerprints light curve = F\R & i
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Can we identify particular nuclear signatures in the bolometric light curve?

Model A o

TABLE I.  Late-time kilonova models (see text for explanations).

Model C ===
Model D — Nuclear
& ... Model Al Model Y,. AY, Apesk Mg (Mg) wvej(c) masses
A 0.15 0.04 130and 195 0.040 0.1 FRDM
B 0.25 0.04 80and 130 0.040 0.1 FRDM
C 0.35 0.04 80 0.055 0.1 FRDM

> 0.45 0.04 60 0.030 0.1 FRDM
é_ ) 0.15 0.04 130 and 195 0.020 0.1 DZ31
FEL R
HE A o, 1 At late times light
¥ A\ Lonlmmnnmnnns curve is determined
LES W A S, 1 by nuclear heating.
00 25 A %1 Opacity uncertainties
1037 . mass number, A, s . do not play a role
1 10 100 (ejecta is
time (days) transparent)

Observations between 10 and 100 days are sensitive to compaosition.
Light curve becomes dominated by individual decays

Wu, Barnes, GMP, Metzger, PRL 122, 062701 (2019)
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Main heating sources late times ==uF\R{

Relevant a-decays Wu, Barnes, GMP, Metzger, PRL 122, 062701 (2019)
Color code | Half-life Decay Mode |  Qp- Qec |Qp+| Sn Sp |Qa| Son Sp | Q- |
Qg-n BE/A (BE-LDM Fit)/A | Epstex. st. |E2+ | E3- |Eq4 | Ea4/Exy |B2| B(E2)ap/B(E2)20 | o(n,y) | o(n,F)
T —
212Ac 213Ac 214Ac | 215Ac | 216Ac 21TAc 218Ac 219Ac 220Ac 221Ac 222Ac 223Ac Jz‘& 226Ac 22TAc 228Ac
< Ta = ays
211Ra 212Ra 213Ra | 214Ra | 215Ra 216Ra 2I/7Ra 2l18Ra 219Ra 220Ra 22lRa 222Ra s 2"“'_‘""‘ o =
o = 11.4 days To = 3.6 days
67 210Pr 211Fr [ 212Fr | 213Pr | 214Pr 21SPr 216Fr 217PFr 218Pr 219Fr 220Fr 22 ’ 2l 225Fr 225F%
209Rn 210Rn 2lIRn| 212Rn | 213Rn 2l14Ra 2ISRa 216Ra 217Rn 218Ra 215548 20R 9a§!n 225Rn
8 days
N 208At  209At 210At | 2L1AL | 212At  213At  214At 222At 223At 224At
8_}
217Po 220Po 221Po 222Po 223Po

218Bi 219Bi 220Bi 221Bi 222Bi

217Pb 218Pb 2I9Pb 220Pb

216Tl  217Tl

09Tl 20Tl 211Tl 212Tl 213TL  214T1

123 125 127 129 131 133 125 137 N

Plus fission of 2°4Cf

See also:
Zhu et al., ApJ 863, L23 (2018), Wanajo, ApJ 868, 65 (2018).
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Signature dominating decay chains == FAR & i
Isotope Decay channel ti/2 Q FE. FE. E,
(d) (MeV) (MeV) (MeV) (MeV)
221Ra aB” to ?°°Pb 3.6319(23) 30.875 26.542 0.891 1.474
*22Rn aB” to *'°Pb 3.8215(2) 23.826 19.177 0.949 1.715
**Ra B~ 14.9(2) 0.356 - 0.097 0.012
225 A¢ aB” to *Bi 10.0(1) 30.196 27.469 0.632 0.046
*22Ra, af” to 2°"Pb 11.43(5) 29.986 26.354 0.937 0.304
Isotope Decay channel 12 Q EXinetic En Ey
(d) (MeV) (MeV) (MeV) (MeV)
BAct Fission 60.5(2) - 185(2) - -
T 10%2 . | | | 31002l
60 w  F
8 41 HEB
— 00 koo O 7 Z1on
S >
0 .. ¢
Fg o - 1 =101
< . e T =
= 39- ____...-‘-""""_ Model Al
."% 10 =~ B-decay contribution : 4,? 1079
e F Y (*%2Rn) = 4.0 x 107° ——— 2,8 N4 SN\ &
S 1038l Y(®28Ra) =27 x 1075 e N N T = I
& Y (??4Ra) = 4.1 x 1075 §10 T
= 225 —9 -5 _ 254 Cf enhanced = Ou
— 1037 Y(l Ra'). e . = L% Y(*%Cf)=2 x 1078 — . °d
1 . 10 100 1 10 100
time (days) time (days)
At late times alpha decay chains of ?22Ra and 22°Ac and 2>4Cf fission dominate
Wu, Barnes, GMP, Metzger, , PRL 122, 062701 (2019)
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Kilonova from GW170817 originates from the statistical
radioactive decay of heavy elements

(One) Astrophysical site of the r process is identified
Signatures of individual decays not yet identified

Observations in time scale 10-100 days may contain
signatures of such decays.
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