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Signatures of heavy element nucleosynthesis
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@ Solar system abudances contain signatures of nuclear structure and
nuclear stability.

@ They are the result of different nucleosynthesis processes operating in
different astrophysical environments and the chemical evolution of the
galaxy.
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In 1957 Burbidge, Burbidge, Fowler and Hoyle and independently
Cameron, suggested several nucleosynthesis processes to explain the
origin of the elements.
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Both the s process and r process
r-process  constitute a sequence of neutron
82 captures and beta-decays.
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Number of neutrons N
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Three 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, = 1010-12 ¢y =3, Ty > T8
(site: intermediate mass stars)

@ r process: large neutron densities, 1, > 102 cm™3, 7, <« T3
(unknown astrophysical site)

The r-process abundance is obtained by subtracting the calculated s-process abundance
from the observed solar abundance of heavy elements, N, = Ng — Nj. Very different
odd-even staggering in s and r abundances.

@ Can we validate the above assumptions?
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@ The r-process is known to occur already at low metalicities, early times, while the
s-process occurs later in galactic history.

@ If we observe old enough stars we may be able to see a star that contains only
r-process and no s-process.

@ This may also allow to observe the contribution of a single r-process event to the
solar composition.

log £X)

i
" o |
()
‘H\/\M(N\‘
| ‘/\"“\‘J'

oc

Observed minus Solar System t-process only

=----- ¥ ;l] gioo -aa%yn BegaFels] kii ,,,,, ===
Normalized at £
LB I I I
30 40 50 GD 70 80 20
Atomnic number

Aloge() &

log e(X) = log,, (Nx/Ny) + 12.0
from Cowan and Sneden, Nature 440, 1151 (2006)



[MgiFe]

[Eu/Fe]

Implications from observations

Individual stars, Milky Way Halo
Sneden, Cowan & Gallino, 2008

Core collapse Supernovae
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Ji et al 2016 found that only 1 of
10 ultrafaint dwarf galaxies is
enriched in r-process elements
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R process related to rare high yield events not correlated with Iron enrichment

Similar results obtained by 6°Fe and 244Pu observations in deep sea sediments

(Wallner et al, 2015; Hotokezaka et al, 2015)

G. Martinez-Pinedo / r-process nucleosynthesis and its electromagnetic signatures HELMHOLTZ
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First direct signal from “in situ” r process operation.

Aug 22,2017 Aug 26, 2017 Aug 28, 2017

Credit: NASA & ESA. N. Tanvir (U. Leicester), A. Levan (U. Warwick), and A. Fruchter and O. Fox
(STScl)
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@ Ther process is a primary process operating in a site that produces both neutrons
and seeds. Large neutron densities imply a site with extreme conditions of
temperature and/or density.

@ There is strong evidence that the bulk of r-process content in the Galaxy originates
from a high yield/low frequency events.

@ Neutron star mergers may account for most of the r-process material in the galaxy.
However, due to the coalescent delay time they may not contribute efficiently at
low metalicities. Magneto-rotational supernova may contribute at low metalicities.
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[Eu/Fe]
[ EufFe]

[FeH1 3 2 1 0
[FeiH ]
@ Red dots: 10® yr coalescence time

. @ Including MHD-jet supernovae
@ Green dots: 10° yr coalescence time & ) P
Wehmeyer, B,, M. Pignatari, and F-K. Thielemann

@ Blue dots: larger merger probability. , Mon. Not. Roy. Astron. Soc. 452, 1970 (2015)
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Nuclei in the astrophysical environment can suffer different reactions:
@ Decay (decayrate: A = In2/t; )

SONi — 0Co + et + v,
BO+y - UN+p

dn,
dt

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

= =Ny

introduced:
Ny P .
Y, = —, n = -— = Number density of nucleons (constant)
n my,
dy,
dta = At

Rate can depend on temperature and density
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Nuclei in the astrophysical environment can suffer different reactions:

@ Capture processes
a+b—-c+vy

dn,
:;t = —nan{ov)
dy, e
=-=—Y)Y,
dr ", «Yp(oV)

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

@ photodissociation rates
y+c—a+b

dyY.
dtc = YA, = =Yen,{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.
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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-a Dominant in proton-rich environments

3%He -» >C+y

dY, 3 3(p)2
—=—=Y, | —| {(eaw)
dt 31 “\m,

aan Dominant in neutron-rich environments

2%He+n - Be+y

2
dY, 2 , (p)
— ==Y Y,| — | {(aan)
dt 2 "\m,

These reactions are key for the build-up of heavy nuclei.
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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 by:
Fap = Ma(u)v, v = [v, — vy (relative velocity)
(1 +6an)

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

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

3/2 2
n(v)dv = ndmv® (%r%) exp (—’znk—UT)dv = ng(v)dv
@ Electrons, Neutrinos (if thermal) (Fermi-Dirac)
g 4np?
(2rh)3 e EP-WIRT 1 |

n(p)dp = dp

@ photons (Bose-Einstein)

2 4np?

Q) ercler —19P

n(p)dp =
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The product ov has to be averaged over the velocity distribution ¢(v)
(Maxwell-Boltzmann)

(ov) = foo d(v)o(v)vdy
0

that gives:

3/2 [0 2
(ov) = 47T(L) f v30'(v) exp (—ﬂ) dv, m= Maltth
0

2rkT 2kT mgy + my,

orusing E = mv*/2

g \'"* 1 o E
<O-U>:(E) W«f(; a'(E)Eexp(—kB—T)dE (M
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The calculation of the cross section requires the determination of the wave function for
the system projectile (a) and target (A) for a particular value of energy E. This requires
solutions of the Schrodinger equation for a potential

V(r) = Vnuclear(r) + Vcoulomb(r) + Vcentrifugal(r)

@ Nuclear potential: complicated form with strong dependence on energy, E,
angular momentum, J and parity, 7 (due to the internal structure of the target and
projectile). It is of very short range: R = 1.2(AY° + A/lf) fm.

@ Coulomb potential (only for charged particles):

Z. 7462
V(r) = 2
@ Centrifugal barrier:
R+ 1)
V(ir) = ———
) 2mr?

cross section suppressed for high [ values. Normally s-wave (I = 0) and p-wave
(I = 1) dominate.

Cross section is mainly determined by long range behaviour of the potential
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The general form of the total cross section for the formation of a nucleus
with Ac=A,+Ay andZC =Zs+7Zy

a+A—-C—->B+b

muv 2mE

o (E) = thZ(zu DT, A= ho_
[

T, transmission coefficient through the potential barrier.
The problem reduces to a calculation of the tunneling probability
through a barrier.
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COMPOUND
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Fig. 2.7 Three-dimensional square-well potential of radius Ry and po-
tential depth Vy. The horizontal line indicates the total particle energy
E. For the calculation of the transmission coefficient, i is necessary
REACTION : 142 —= C—= 3+4 + Q(Q>0) to consider a one-dimensional potential step that extends from —co to
oo, See the text.

A+n—->B+vy
T(E) =72 Y 21+ DT1W(E)Py(E + Q)

T}, transmision coefficient, P, probability of gamma emission, E neutron
energy (~ keV), Q = my + m,, —mg =S, Q > E,. Normally s-wave
dominates and we have

ow(E) o BTou(E), To(E)xv

1 1
ou(E)c —v=—, (o,v) = constant
v

2 v’
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Stars’ interior is a neutral plasma made of charged particles (nuclei and
electrons). Nuclear reactions proceed by tunnel effect. For the p + p reaction
the Coulomb barrier is 550 keV, but the typical proton energy in the Sun is only
1.35 keV.

<[ COULOMB
BARRIER

PROJECTILE

DISTANCE

POTENTIAL V (r)

CLASSICAL  TURNING
POINT R¢ (E)

NUCLEAR
RADIUS Ry

Assuming s-wave dominates:

R.
o(E) = JT/TZTO(E), To = exp {—% f \2m[V(r) — E]dr}

R’l
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For the coulomb potential and assuming that R, = 0 < R, the integral
gives:

_ ZaZpe? m

" n \2E

77 is the Sommerfeld parameter that accounts for tunneling through a
coulomb barrier.

We can rewrite the cross section as:

-2
T() =e m7’

o(E) = %S(E)e‘z’”’

S is the so-called S -factor and accounts for the short distance
dependence of the cross section on the nuclear potential. It is expected
to be only mildly dependent on Energy.
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S factor makes possible accurate extrapolations to low energy.
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So far we have discussed the so-called “direct reactions” in which the
reaction proceeds directly to a bound nuclear state:
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The cross section can also have contributions from resonances that can
be seen like quasi-bound states. During the reaction a quasi-bound,
compound, state forms that decays by particle or gamma emission.
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The cross section for capture through an isolated resonance is given by
the Breit-Wigner formula:

a+A—->C—->B+b

QD2+ DE-EP+ @27 "k

P 2Jc + (1 +644) Laal'pp 1

o (E) A
P

with' =Tg4 + ['pp + ... (sum over all partial widths for all possible
decay channels). They depend on energy.

Particle width For charged particles is strongly dependent on energy due
to tunneling through coulomb barrier.

Photon width Depends on the so called gamma strength function (will
be discussed later)
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Christian lliadis, Nuclear Physics of Stars
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o 10 Beyond an energy of ~ 2.5 MeV the en- (solid line) and without (dashed line) width
. dothermic *Ni(p,n)*Cu reaction is energet- fluctuation corrections. Reprinted from F. M.
10° ically allowed. The sharp drop in the cross Mann et al., Phys. Lett. B, Vol. 58, p. 420
108 section at the neutron threshold reflects (1975). Copyright (1975), with permission
107 the decrease of the flux in all other decay from Elsevier.
channels of the compound nucleus *Cu.
10 *Zr(ny)”'zr
" @ With increasing mass number reactions are
s determined by a larger number of resonances
= 100
o g 10 o . .
103 @ Often it is not possible to experimentally
| resolve resonances. Astrophysical reaction rate
10 .
1o o 1o is an energy average over many resonances.
Energy (keV)
Fig. 3.30 Cross sections for neutron capture on "Li, *'P, and ®Zr ver- . Py
sus energy. The curve in the upper panel shows a 1/v behavior, while o Hauser- FeSh baCh prO\”deS and statlsncal Iy

resonances are visible in the middle and lower panels.

averaged cross section from the contribution
of many resonances in an energy interval.
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The Hauser-Feshbach expression for the cross section of an (7, y)
reaction proceeding from the target nucleus i in the state u with spin Jf’
and parity n“l’ to a final state v with spin J), and parity xr), in the residual
nucleus m via a compound state with excitation energy E, spin J, and
parity 7 is given by

h2 1 TIJTV
ﬂ Z(zj +—
2MinEin 27! + 1DQ2J, + 1) 4= Ty +Ty

OJIV )(Ei,n) =

(nyy

where E; , and M, are the center-of-mass energy and the reduced mass
for the initial system. J,, = 1/2 is the neutron spin. Normally we have
situations in which T}, > T,. The transmission coefficients, multipolarity
XL, are related to the average decay width and level density () or the
gamma strength function, fx:

Txp = 2mp(Txr) = 2nE" fyy
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The gamma-decay is dominated by dipole transitions. Total transmission
coefficient (sum final bound states)

Ty =) 27E3fi, =2r f E; fi(Ey)p(Ey)dE,

y-strength function (log scale)
(strength function flog scale)

upbend

scissors

Excitation energy E,

A3 AB1aua A

pygmy

Ground state N

of compound nucleus

Favored decay energy determined by a competition between level
density, p, and gamma-strength function.
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Neutron capture rates reflect the behavior of neutron separation energies
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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. Simpler using the concept of chemical
equilibrium.

dn,
;t = —nana(ohas + (1 + Sg)npdy = 0
A
(”“”A) = (1 +60)
n5 e (00)an

Using equilibrium condition for chemical potentials: u, + pa = up

G(Z,A)(T) m(Z, A)kgT

i

2 3/2
#(Z,A):m(Z,A)c2+len[ "(Z’A)( 2 ) ] Gan(T) = Y QU 1)e 5D
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One obtains:

3/2 32
(nanA) _ GaGa (mamA)/ (kBT)/ o~ Q/ksT
NB Jeq Gp mp

Finally, we obtain:

3/2 3/2
1, = GaGa__ (mama)"” ( ksT /e—Q/kBTwu)
YT (1 +6,4)Gg \ mp 27h2

Forareactiona+A — B+ b (0 = my + my — mg — my,):

3/2
_ (1 +6pB) GuGa [ mgmp —Q/ksT
(ov)pp = (16,1 GyCr (mme) e (OV)an
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o f(Q) phase space function (~ Q°).
o B(F) Fermi matrix element (~ (f] > tX|i)).
o B(GT) Gamow-Teller matrix element (~ {f| >, ot [i)).
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The decay Q-value increases with neutron excess.
25 ‘

20~ Ag
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Y
; AA AAAAATTE

1 1 1 1 1 L 1 L
64 68 72 76 80 84 88 92 96 100 104 108
neutron number




Basic concepts Astrophysical reaction rates
0000000000 e00000

@ Gamow-Teller strength is
characterized by the presence of a
resonance at excitation energies
around 10-15 MeV.

@ With increasing neutron-excess a
larger fraction of strength is in the
decay window.

@ Low-lying strength is rather
sensitive to correlations.

—_————
Beta decay

(Z+1,A)

20
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Half-lives decrease with neutron excess.
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T. Marketin, L. Huther, and G. Martinez-Pinedo, Phys. Rev. C 93, 025805 (2016).
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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,, /nseed
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.
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In an astrophysical site there are only two possible ways to achieve large
neutron-to-seeds:

@ Let us consider high temperature neutron-rich matter with high entropy
that it is ejected at high velocities. As the material expands « particles will
be formed. However, the build up of heavy nuclei by 3-body reactions
becomes very unefficient by two reasons: 1) Too many photons per
nucleon due to the high entropy, 2) Too litle time to produce heavy nuclei
due to the fast expansion. It means that we will have an a-rich freeze out
with a few heavy nuclei produced and many neutrons left (Y, ~ Y,/2,

Y, = 1 -2Y,). This is commonly denoted as “high entropy” r-process

@ Let us consider matter very high density matter with low entropies. Due to
the high densities electrons have large fermi energies and will drive the
composition very neutron rich. At some point the neutron drip line is
reached and nuclei start to “drip” neutrons. This is the situation in the
crust of neutron stars where densities are 10'>713 gcm™ and ¥, ~ 0.05:
Yo=1-(AY L), Yy =Y (2 Y| Yy =(Z)] Y. — (A);

Y,/ Y, ~ 500 — 2000. This is commonly denoted as “low entropy”
r-process.
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Independently of the astrophysical site the nucleosynthesis is sensitive to
a few parameters that determine the neutron-to-seed ratio and the
heavier elements that can be produced:

Ap = Ai+ng, Ny = np/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 by 3-body reactions.

expansiton time scale The faster the matter expands, smaller 74y, the
less time one has to build up seeds
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With reduced Y, the peak of the nuclear abundance distribution moves
from °Ni (Y, ~ 90) to heavier neutron rich nuclei (*°Zr for Y, ~ 0.45).
For low Y, becomes energetically favourable to have free neutrons.
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For moderate entropies r process depends mainly on Y.
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For neutron-rich moderate entropy ejecta we have:

Y
s =2\ Ay,

Calculation by Bowen Jiang
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r process calculations require to solve the system of differential equations:

dY(dZt,A) - (mﬁ) (VYA YV Y (ZA = 1) + A(Z A+ DY (Z A + 1)
J

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

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

=0

d;,,: ) Z(

ZA

+ D LZAYZA)
ZA

J
* Z [Z fﬂﬁ./n(Z,A)) Y(Z,A)

zA =1

ﬁ) (V)24 Y, Y(Z, A)
m,

u

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

6 7 10°
e e ; The:
4 ! 10°
neutron/seed E
_—F10°
5 = of —— — 10! E
2 2 . -2Z
2 ) 102%
=] L S
i B2 — @Y 102 £
2 = LE == (v 410 2
— neutrons  § —B 410
— alphas -6F neutron lifetime J49-6
— heavy -7
1 8 ‘ 410
-8
10° 10" 0.1 1 100
Time (s) time (s)

1 ( 1 1 )
Tn Ns \Tay) T

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
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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)
Y(Z,A)  "\mksT A 2G(Z,A) kgT

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

YZA+2) (2102 \ (A+2\ G(ZA+2) Son(Z, A +2)
YZA) "\ mdeT) T4 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, =5x10? cm™ and T = 1.3 GK corresponds at S = 6.46 MeV,
$0=89 /2=323 MeV,
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Path depends on nuclear masses

90 T
[FRDM Masses
[ DZ31 masses =——

proton number Z
T

180

neutron number N
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100 pr——r—"—" 1
90 F

T" 80- r path at

S 70F 1 day

E

2 60 F

S 50 F h

© 7 path at

_C

G 40 ~ 1 second
30 3
20 P I | S T S A R

40 60 80 100 120 140 160
neutron number, N
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Assuming (11, 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

ay(z
% = y(Z - DY(Z - 1) - (DY (2)
with
A5(2) = Y(Z) Z A8(Z. A)Y(Z,A)

Only beta-decays are necessary to determlne the evolution. If the
duration of the r process is larger than the beta-decay lifetimes an
equilibrium is reaches denotes as steady 3 flow equilibrium that satisfies
for each Z value

BZ-DY(Z-1)= DY (2), e Y(Z)x142)
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10_1 ET T T N T T T N L N TT 17T N TT 17T N TT 17T N L N L N TT 1T N L N TT 17T NE
102 E
~ F =
175 - 3
N - .
=Q - \ i ]
QO _ ff

= 107 i E
[} F 3
}:’ F ]
_Cg I i
=] 107 E E
=] E E
e L ]
< L ]
10—5 = \ .

E Abundance E

10—6 111 1 l 111 1 l 1111 l 111 | l 111 | l 111 | l 111 1 l 111 1 l 111 1 l 1111 l 111 | l

40 45 50 55 60 65 70 75 80 85 90 95
Charge Number, Z

1 5 Y(Z.N)
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Short gamma-ray burst
(<2 seconds’ duration)

Stars* in
a compact
binary system .

begin to spiral
inward....
-

..eventually
colliding.

The resulting torus
has at its center

a powerful

black hole.

—_
o
-
o
S
©
~
o
Iy
~
a
<
<
~
c
<
=
=
o
=
5}
O
£
3
2
wv
5
wv
<
@

Todg2ams 7 ﬂ[Em] 15167 ms.
Mergers are associated with short-gamma ray bursts.
They are also promising sources of gravitational waves.

*Possibly neltron stars @ Observational signatures of the r-process?
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In mergers we deal with a variety of initial configurations (netron-star
neutron-star vs neutron-star black-hole) with additional variations in the
mass-ratio. The evolution after the merger also allows for further variations.

dyn. ejecta; t~ 1 ms wind; t ~ 100 ms torus unbinding; t~ 1 s
M ~ 107421072 Mo Mej < 0.05 Maigk ~ 5 X 10 Mo Myj 5 04Mgig ~ 4 x 1072 Mo
v ~ 0.2-0.4 ¢ U $0.08 ¢ vgj ~ 0.05¢
equatorial ¥, 20.25-05 equatorial
— Ye 5 0.05-0.25 Ye ~03-04
SR IEXE _JTEXI - I}
—
NS-NS polar
Yo 2 0.25-0.5 v f’glf‘:o 5
BH formation T
U Mej < 04Mgig ~ 4% 107 Mo
e ~ 0.05 ¢
sGRB Yo~0.1-04
dyn. ejecta; t ~ 1 ms
Mej ~1072-10"" Mg Mej 5 0.4Mgigy ~ 4 1072 Mo
1ej ~0.2-03 ¢ vej ~ 0.1 ¢
Ye50.1 Yo ~0.1-0.4
° e . . + WY - 1!

NS-BH
S. Rosswog, et al, Class. Quantum Gravity 34, 104001 (2017).



Sekiguchi+, PRD 93, 124046 (2016)

Shibata+, PRD 96, 123012 (2017)

Mergers are characterized by large ¥, luminosities
5 FSFHo 1357135 ‘ clectron v ——— 3[DD2 135135 ‘ clectron v~
4 electron anti-v. ——— electron anti-v
heavy v ——— heavy v
3 2
2 1
1 . z
e &b
130-140 j j j j j o
8
]
2 =
=}
M E
3 e, 3
125-145
2t ]
it
it ]
0 S 0 A
-5 10 15 20 25 30 -5 0 5 10 15 20 25
-ty [ms] -ty [ms]
1000 w07} 8450 =

4000

s000

1000

Luminosity [1053 erg/s]

r process in mergers
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Y, is mainly determined by the competition between

Ve+tnp+e
Vetpa2n+er
The evolution of Y, is given by:

dY,
dt

= ﬂvenYn - /lvepr = /1ven - (/lven + /lvep)Yee
usingY, = Y, and Y, = 1 - Y,,. If matter is exposed long time enough to
neutrino fluxes it will reach an equilibrium given by:

/lven

yol=—""
/1Ven + /lf/gp

We need to estimate the neutrino absorption rates.
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If we assume that the produced electron (positron) is extremelly
relativistic (E, = p.c) the cross section for (anti)neutrino absorption is:

T(Ey) = oo(Ey £ A)°
plus sign for neutrinos and minus sign for antineutrinos,
A = myc? — myc? = 1.2933 MeV, and

(1+3g%)G2V
% =9.33(4) x 107 cm? MeV >
Tt

For the absorption rate we need to integrate over the neutrino spectrum
and multiply by the neutrino flux (L,/(4nr*(E,)) obtaining;

Ay = Ly, +2A + a°
Ven = dr? O'O &y, <Eve>

oo =

Ly A?
Ay,p = Inr 20'0 &y, —2A + D

with &, = (E2)/(E, ).
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The equilibrium Y, can be expressed as:

Ly, &5, —2A + A2 /(B )|
Ly, &, +2A+ A*/(E,,)

Yod=|1+

In order to achieve Y, < 0.5 we need:

/lven

q _
Y4 =
/lyen + /IVeP

<1/2= A5,, > A4yn

This can be translated to a condition on the average energies:

L_
&5, — &y, > 4A — [L” - 1] (&5, — 2A]

Ve
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Nucleosynthesis depends on neutron richness of ejecta

1072gT T T I 0 U [ e

E e * Solar Abundances ]
10°%%  ¥,2025Y, ~0.15-0.25 ¥, 015 =

) 10~ é_ .o':' 3
s % L |
—E 1 0_5 E ..o :‘ -
E [ A =

2 | PP i S S 5
< 40-6L °te 3 Q‘"h gt 1
107 : Ol SR
107k Lanthanides%®  ° Actinidres_‘
10-8 NIRRT R R T S S R
60 80 100 120 140 160 180 200 220 240

Mass Number

The relevant nuclear physics depends on the particular conditions.
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Mendoza-Temis, Wu, Langanke, GMP, Bauswein, Janka, PRC 92, 055805 (2015)

éolar r abuﬁdance .
FRDM

abundances at 1 Gyr

10% | E

10-7 I I I I I I I

120 140 160 180 200 220 240
mass number, A

@ Robustness astrophysical conditions, strong sensitivity to nuclear physics
@ Second peak (A ~ 130) sensitive to fission yields.

@ Third peak (A ~ 195) sensitive to masses (neutron captures) and beta-decay
half-lives.
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An Hypermassive neutron star produces large neutrino fluxes that drive

the composition to moderate neutron rich ejecta.

“visedfls o i \
‘vaporation” ; R \
— - )
accreting A

matter p

¥ = vabsorption

accretion disc
hot HMNS y_riven wind

Perego, et al, MNRAS 443, 3134 (2014)

. 190 ms
180 ms
. 170 ms
160 ms
150 ms
140 ms
== 130ms
I 120ms
I 110 ms
100 ms
90 ms

-
® 5

Mass [10™*Mo]
°

= 70ms
= 60ms
2/ 50 ms

.0 0.1 0.4

0. .3
Electron fraction

Martin, et al, Ap) 813, 2 (2015)

102 dynamic
— 90 ms
10t L|— 140ms
190 ms
10°}

50 100 150 200
A

Only nuclei with A < 120 are produced (no
lanthanides, blue kilonova).

See also Lippuner et al, MNRAS 472, 904
(2017)
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—~ 4
@ Accretion disk around BH ejects E 3'2 3 E
relatively neutron-rich matter = 25t 3
[Fernandez, Metzger, MNRAS 435, 2 2F E
1. E 4
502 (2013)] £ f ] 3
. 3] E E
@ Produces all r-process nuclides 2 0-2 . :
(Lanthanide/Actinide rich ejecta) 0.1 015 02 025 0.3 0.35 0.4
[Wu et al, MNRAS 463, 2323 (2016)] Yes
102 ‘ : ‘ ‘ 102 : : ‘ ‘
solar r abundance - solar r abundance -
= 3 2 FRDM masses — = 3 " FRDM+QRPA —
5‘ 10° F B DZ31 masses ---- 3 5‘ 10° o D3C ---- A
= 10 y 4 % 10* 4
P P
o o
2 45 £ 10°
s 10 X’ 4 510 1 \r ]
=} A ke g
R : s V
9 10 12 10 +
107 Al L 107 i L
0 50 100 150 200 250 300 50 100 150 200 250 300

mass number, A mass number, A

See also Just et al, MNRAS 448, 541 (2015), Siegel and Metzger PRL 119, 231102 (2017)
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Electromagnetic signatures of
nucleosynthesis

Supernova light curves follow the
decay of %Ni (t;/, = 6 d) and later
56C0 (t1/2 = 77 d)

L L Y B O B R B O
@ Bouchet & Danziger (1993) 7
39 m Suntzeff et al (1992, 1997) —
“ UVBRIWHK Fransson & Kozma 1997:
» 0.069 Mo *Co
g 0.0033 Mo “Co -
~ 0.0001 Mp “1i -
- J
- 37 —
E’B ]
a ]
36 .
35 PRI

1000 2000 3000
Time (days)
G. Martinez-Pinedo / Kilonova: Electromagnetic signature of the r process HELMHOLTZ
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The decay of r process products produces energy following a power law & ~ ™13 (Way &
Wigner 1948, Metzger et al. 2010). Many nuclei decaying at the same time heating up the

ejecta
—_ 1020 AERAALL INRLLLLALLL ILLULLLLL BLLLLLLL B ALLL ILLLLLLL B RALLI BELLALLLL IR
T — 56N N
Ni
0
7 0% — Fission N
I — Betadecay

10" — Total heating |

1014

Supernova >°Ni
10 10 -

Energy generation (erg s
>

1OB | | | | | | | )
10 105 10 10 102 10~' 10° 10" 102 10°
Time (days)

We expect an electromagnetic transient (Li & Paczynsky 1998) whose properties depend
on:

@ Energy production rate
@ Efficiency energy is absorbed by gas (thermalization efficiency)
@ Opacity gas (depends on composition, presence of lanthanides/actinides)
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Energy production and thermalization gzsgu FA|R @ b

TOEDWAGEAG)
k

&, (t) energy emitted in
particle k

fi.(t) thermalization
efficiency particle k

Thermalization depends on particle,
ejecta dynamics, magnetic field, ...

10! \
\,v’/ ~..
 frdecay 1.0 fission fragments —  p-particles |
) a-decay : = ticl
G::; —— total fission a-particies
£ 102 : : : : 0.8 | —— -Trays
o —— total fission -
g N
5 RSN —~ 0.6}
S 101 RN =
& \-
TN =
o 0.4
1072 Vo =007 .1 i 02\
— Y0 =015 \
L Yp=02 U
1073 e g ) K M 1 0.00
10°° 10* 0% 102 10" 10° 100 102

Days

Days

See Barnes, Kasen, Wu, GMP, ApJ 829, 110 (2016); Kasen & Barnes, arXiv:1807.03319
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Impact of opacity G=u FAR ¢ i

Initially opaque transparent
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)

G. Martinez-Pinedo / r-process nucleosynthesis and its electromagnetic signatures HELMHOLTZ



Impact Lanthanides == FAR @ b

DARMSTADT

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).

21 G. Martinez-Pinedo / r-process nucleosynthesis and its electromagnetic signatures HELMHOLTZ
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1042

1041

1040

Luminosity (erg s

10% — ‘
Time (days)

_
_
o

Luminosity equivalent to 1000 novas (kilonova) in timescales of days.
Depends on amount of ejected material, velocity and composition (opacity)
Metzger, GMP, Darbha, Quataert, Arcones et al, MNRAS 406, 2650 (2010)
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Simple Kilonova model == FAR @ s

7 DARMSTADT

Light curve is expected to peak when photon diffusion time is
comparable to elapsed time (Metzger et al 2010, Kasen et al 2017)
N pKR? B
diff =73 P T 4nR3/3’

R =vt

N[

1 =
. ( KM )E 154 M ( v )—z K 2
peak = (rep) = 12 5\ 001 My) 001 \Tem2 g1

t
1

da
1@ a _a
M 2, v N2 K 2
~ 1.1 x 10%! -1
185 0.01 Mg (6o1) (7o g1
Very sensitive to atomic opacity
k ~1cm? g1, light r process material (blue emission)
k ~ 10 cm? g1, heavy (lanthanide/actinide rich) r process (red emis.)

The Luminosity is L(t) ~ M £(t), &(t) ~ 1010(

Lpeak

G. Martinez-Pinedo /r-process nucleosynthesis and its electromagnetic signatures HELMHOLTZ



r process in mergers

00000000000 00C

In-situ signature of r process nucleosynthesis

NASA and ESA. N. Tanvir (U. Leicester), A. Levan (U. Warwick), and A. Fruchter and O. Fox (STScl)
@ Novel fastly evolving transitent

@ Signature of statistical decay of fresly synthesized r process nuclei
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104k |
P
=y
L qo041EMetzger, GMP, ...,
2z AA, etal, 2010
: 2 ®e
E g 10401 o
H . — = Cowperthwaite, et al, 2017
asCumbres R 39 M . M
oo L C@® 10 1 10
Time (days)

@ Time evolution determined by the radioactive decay of r-process nuclei
@ Two components:

o blue dominated by light elements (Z < 50)
@ Red due to presence of Lanthanides (Z = 57-71) and/or Actinides
(Z = 89-103)

@ Likely source of heavy elements including Gold, Platinum and Uranium
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Two components model G=x F\R
Kasen et al, Nature 551, 80 (2017)

— Light r-process component
— Heavy r-process component
— Composite.

* Blue component from polar ejecta subject to

strong neutrino fluxes (light r process)
M = 0.025 Mg, v = 0.3¢, X, = 107*

* Red component disk ejecta after NS
collapse to a black hole (includes both light
and heavy r process)

M = 0.04 Mg, v = 0.15¢,X},, = 10715

Relative flux, F,, plus offset

Squeezed dynamical Squeezed dynamical
v =0.2¢c-0.3c v =0.2c-0.3¢c

Tidal dynamical Tidal dynamical Tidal dynamical
v=02c-0.3c 3 v=02¢-03¢c v =0.2c-0.3c
Disk wind Disk wind
v<0.1c

G. Martinez-Pinedo /r-process nucleosynthesis and its electromagnetic signatures HELMHOLTZ
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Nuclear fingerprints light curve E=x F\R&

Can we identify particular nuclear signatures in the light curve?
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Observations between 10 and 100 days are sensitive to composition.
Light curve becomes dominated by individual decays

G. Martinez-Pinedo / r-process nucleosynthesis and its electromagnetic signatures

TECHNISCHE
=) UNIVERSITAT

Y47 DARMSTADT

Wu, Barnes, GMP, Metzger, PRL 122, 062701 (2019)
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Signature dominating decay chains

TECHNISCHE
UNIVERSITAT
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==u FAR

1 10
time (days)

Isotope Decay channel tijo Q Eq E. E,
(d) (MeV) (MeV) (MeV) (MeV)
22 Ra af” to 2°°Pb 3.6319(23) 30.875 26.542 0.891 1.474
222Rn aBf” to *'°Pb 3.8215(2) 23.826 19.177 0.949 1.715
22°Ra 8- 14.9(2) 0.356 - 0.097 0.012
225 Ac aB” to *Bi 10.0(1) 30.196 27.469 0.632 0.046
225Ra af” to *"Pb 11.43(5) 29.986 26.354 0.937 0.304
Isotope Decay channel tij2 Q Exinetic En E,
(d) (MeV) (MeV) (MeV) (MeV)
e Fission 60.5(2) - 185(2) - -
1012 ; AT2017gfo, Smartt +(2017) A J 1002F T T ]
-« Spitzer 4.5um, Villar+(2018) e @ AT2017gfo, Smartt+(2017) +a—
) \b.é Spitzer 4.5um, Villar+(2018) e
Bt 1 Bion
'g 100 4 ..g 1040
< )
21039 Lo N, >
= 10 —=0.02Mg), Ye,c=0.15, DZ31 == £10%9L
Q éi;gecay contribution — g
g Y (*22Rn) = 4.0 X 1075 - g 0.04M¢, Ye . =0.15, FRDM =
38, 2 -5 = @) Ye,c=0.15,
g 1% }XE;?: ga; = 4213 X }8 . £ 1038 N 254Cf cnhanccg —_—
= a) =4.1x10"° = Y (?%1Cf)=2 x 1076 —
= Y (225Ra) = 2.7 x 10~ A (*ich
1037 L L 1087 . .

1 10
time (days)

Decline observed light curve at 10 days suggest an upper limit of 0.01 M, of U and Th
Wu, Barnes, GMP, Metzger, , PRL 122, 062701 (2019)
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@ Heavy elements are observed at very early times in Galactic history.
Produced by a primary process that creates both neutrons and seeds.

@ Neutron star mergers are likely the site where the “main r process” takes
place.

@ Radioactive decay of r-process ejecta produces an electromagnetic
transient observed for the first time after GW170817.

@ Observations of Blue and Red kilonova components show that both light
(A < 120) and heavy (A = 120) elements are produced. No direct
evidence of individual elements.

o How can we determine composition?

o What were the heavier elements produced in the merger?

o How does the nucleosynthesis depends on merging system?

o What is the contribution of mergers to light r process elements?

Bibliography:
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