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Solar system abundances

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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Nucleosynthesis processes

In 1957 Burbidge, Burbidge, Fowler and Hoyle and independently
Cameron, suggested several nucleosynthesis processes to explain the
origin of the elements.

 

 

 

 
 

X-ray bursts 

 

Both the s process and r process
constitute a sequence of neutron
captures and beta-decays.
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Nucleosynthesis beyond iron

Three processes contribute to the nucleosynthesis beyond iron: s process, r
process and p process (γ-process).
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s process: low neutron densities, nn = 1010−12 cm−3 , τn > τβ
(site: intermediate mass stars)

r process: large neutron densities, nn > 1020 cm−3 , τn � τβ
(unknown astrophysical site)

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

Can we validate the above assumptions?
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Time evolution: metalicity

[Fe/H] ~ -5

[Fe/H] ~ -3

Astronomers use the metalicity:

[Fe/H] = log10

(
NFe

NH

)
∗
− log10

(
NFe

NH

)
�

as a proxy for age.
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Metal-poor star observations

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.
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Implications from observations

Individual stars, Milky Way Halo 

Sneden, Cowan & Gallino, 2008
Ji et al 2016 found that only 1 of 

10 ultrafaint dwarf galaxies is 

enriched in r-process elements 

R  process related to rare high yield events not correlated with Iron enrichment

Similar results obtained by 60Fe and 244Pu observations in deep sea sediments

(Wallner et al, 2015; Hotokezaka et al, 2015)
G. Martínez-Pinedo / r-process nucleosynthesis and its electromagnetic signatures3
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Kilonova/Macronova luminosity

First direct signal from “in situ” r process operation.

Credit: NASA & ESA. N. Tanvir (U. Leicester), A. Levan (U. Warwick), and A. Fruchter and O. Fox
(STScI)
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Introduction: Summary
The r 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.

Red dots: 108 yr coalescence time

Green dots: 106 yr coalescence time

Blue dots: larger merger probability.

Including MHD-jet supernovae

Wehmeyer, B., M. Pignatari, and F.-K. Thielemann
, Mon. Not. Roy. Astron. Soc. 452, 1970 (2015)
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Types of reactions

Nuclei in the astrophysical environment can suffer different reactions:

Decay (decay rate: λ = ln 2/t1/2)

56Ni→ 56Co + e+ + νe
15O + γ → 14N + p

dna

dt
= −λana

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

Ya =
na

n
, n ≈ ρ

mu
= Number density of nucleons (constant)

dYa

dt
= −λaYa

Rate can depend on temperature and density
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Types of reactions

Nuclei in the astrophysical environment can suffer different reactions:

Capture processes
a + b→ c + γ

dna

dt
= −nanb〈σv〉

dYa

dt
= − ρ

mu
YaYb〈σv〉

destruction rate particle a by reaction with b: λa(b) = ρYb〈σv〉/mu

photodissociation rates
γ + c→ a + b

dYc

dt
= −Ycλc = −Ycnγ〈σc〉

〈σc〉 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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Three body reactions

Due to the fact that there is no stable nuclei with A = 5 and 8, nuclei
heavier than 4He have to be build by 3-body reactions. The most
relevant reactions are:

3-α Dominant in proton-rich environments

3 4He→ 12C + γ

dYα
dt

= − 3
3!

Y3
α

(
ρ

mu

)2

〈ααα〉

ααn Dominant in neutron-rich environments

2 4He + n→ 9Be + γ

dYα
dt

= −2
2

Y2
αYn

(
ρ

mu

)2

〈ααn〉

These reactions are key for the build-up of heavy nuclei.
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Reaction rates
Consider na and nb 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:
raA =

na(va)nA(vA)
(1 + δaA)

σ(v)v, v = |ua − uA| (relative velocity)

In stellar environment the velocity (energy) of particles follows a thermal
distribution that depends of the type of particles.

Nuclei (Maxwell-Boltzmann)

n(v)dv = n4πv2
( m
2πkT

)3/2
exp

(
−mv2

2kT

)
dv = nφ(v)dv

Electrons, Neutrinos (if thermal) (Fermi-Dirac)

n(p)dp =
g

(2π~)3

4πp2

e(E(p)−µ)/kT + 1
dp

photons (Bose-Einstein)

n(p)dp =
2

(2π~)3

4πp2

epc/kT − 1
dp
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Stellar reaction rate

The product σv has to be averaged over the velocity distribution φ(v)
(Maxwell-Boltzmann)

〈σv〉 =

∫ ∞

0
φ(v)σ(v)vdv

that gives:

〈σv〉 = 4π
( m
2πkT

)3/2 ∫ ∞

0
v3σ(v) exp

(
−mv2

2kT

)
dv, m =

mamb

ma + mb

or using E = mv2/2

〈σv〉 =

(
8
πm

)1/2 1
(kT )3/2

∫ ∞

0
σ(E)E exp

(
− E

kBT

)
dE (1)
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Cross section determination

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, π (due to the internal structure of the target and
projectile). It is of very short range: R = 1.2(A1/3

a + A1/3
A ) fm.

Coulomb potential (only for charged particles):

V(r) =
ZaZAe2

r

Centrifugal barrier:

V(r) =
~2l(l + 1)

2mr2

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

Cross section is mainly determined by long range behaviour of the potential
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Cross section

The general form of the total cross section for the formation of a nucleus
with AC = Aa + AA and ZC = Za + ZA

a + A→ C → B + b

σ(E) = πo2
∑

l

(2l + 1)Tl, o =
~

mv
=

~√
2mE

Tl transmission coefficient through the potential barrier.
The problem reduces to a calculation of the tunneling probability
through a barrier.
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Neutron capture

Fig. 2.7 Three-dimensional square-well potential of radius R0 and po-

tential depth V0. The horizontal line indicates the total particle energy

E. For the calculation of the transmission coefficient, it is necessary

to consider a one-dimensional potential step that extends from −∞ to

+∞. See the text.

A + n→ B + γ

σn(E) = πo2
∑

(2l + 1)Tl,n(E)Pγ(E + Q)

Tl,n transmision coefficient, Pγ probability of gamma emission, E neutron
energy (∼ keV), Q = mA + mn − mB = S n, Q � En. Normally s-wave
dominates and we have

σn(E) ∝ o2T0,n(E), Tn(E) ∝ v

σn(E) ∝ 1
v2 v =

1
v
, 〈σnv〉 = constant
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Charged-particle reactions
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.

Assuming s-wave dominates:

σ(E) = πo2T0(E), T0 = exp
{
−2
~

∫ Rc

Rn

√
2m[V(r) − E]dr

}
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S-factor

For the coulomb potential and assuming that Rn ≈ 0 � Rc the integral
gives:

T0 = e−2πη, η =
ZaZAe2

~

√
m
2E

η is the Sommerfeld parameter that accounts for tunneling through a
coulomb barrier.
We can rewrite the cross section as:

σ(E) =
1
E

S (E)e−2πη

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

S factor makes possible accurate extrapolations to low energy.
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Direct reactions

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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Resonant reactions

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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Resonance cross section

The cross section for capture through an isolated resonance is given by
the Breit-Wigner formula:

a + A→ C → B + b

σ(E) = πo2 (2JC + 1)(1 + δaA)
(2Ja + 1)(2JA + 1)

ΓaAΓbB

(E − Er)2 + (Γ/2)2 , o =
1
k

=
~

p

with Γ = ΓaA + ΓbB + . . . (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)



Signatures of heavy element nucleosynthesis Basic concepts Astrophysical reaction rates General working of the r process r process in mergers Summary

Hauser-Feshbach cross section and reaction rate

Fig. 3.30 Cross sections for neutron capture on 7Li, 31P, and 90Zr ver-

sus energy. The curve in the upper panel shows a 1/v behavior, while

resonances are visible in the middle and lower panels.

Christian Iliadis, Nuclear Physics of Stars

Fig. 2.29 Cross section versus bombard-

ing energy for the 64Ni(p,γ)65Cu reaction.

Beyond an energy of ≈ 2.5 MeV the en-

dothermic 64Ni(p,n)64Cu reaction is energet-

ically allowed. The sharp drop in the cross

section at the neutron threshold reflects

the decrease of the flux in all other decay

channels of the compound nucleus 65Cu.

The curves show the results of Hauser–

Feshbach statistical model calculations with

(solid line) and without (dashed line) width

fluctuation corrections. Reprinted from F. M.

Mann et al., Phys. Lett. B, Vol. 58, p. 420

(1975). Copyright (1975), with permission

from Elsevier.

With increasing mass number reactions are
determined by a larger number of resonances

Often it is not possible to experimentally
resolve resonances. Astrophysical reaction rate
is an energy average over many resonances.

Hauser-Feshbach provides and statistically
averaged cross section from the contribution
of many resonances in an energy interval.
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Hauser-Feshbach cross section

The Hauser-Feshbach expression for the cross section of an (n, γ)
reaction proceeding from the target nucleus i in the state µ with spin Jµi
and parity πµi to a final state ν with spin Jνm and parity πνm in the residual
nucleus m via a compound state with excitation energy E, spin J, and
parity π is given by

σ
µν
(n,γ)(Ei,n) =

π~2

2Mi,nEi,n

1
(2Jµi + 1)(2Jn + 1)

∑
J,π

(2J + 1)
T µ

n T ν
γ

T µ
n + T ν

γ

where Ei,n and Mi,n are the center-of-mass energy and the reduced mass
for the initial system. Jn = 1/2 is the neutron spin. Normally we have
situations in which Tn � Tγ . The transmission coefficients, multipolarity
XL, are related to the average decay width and level density (ρ) or the
gamma strength function, fXL:

TXL = 2πρ〈ΓXL〉 = 2πE2L+1
γ fXL
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Structure dipole gamma-strength function

The gamma-decay is dominated by dipole transitions. Total transmission
coefficient (sum final bound states)

T1 =
∑
ν

2πE3
γ f1,ν = 2π

∫
E3
γ f1(Eγ)ρ(Eγ)dEγ

Ex
ci
ta
'o

n	
en

er
gy
	E

x	

Sn+	En	

γ	

Ground	state		
of	compound	nucleus		

γ-strength	func'on	(log	scale)	

γ	energy	Eγ

upbend	

scissors	

pygmy	

Favored decay energy determined by a competition between level
density, ρ, and gamma-strength function.
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Systematics 〈σv〉 and neutron separation energies

Neutron capture rates reflect the behavior of neutron separation energies
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Inverse reactions

Let’s have the reaction

a + A→ B + γ Q = ma + mA − mB

We are interested in the inverse reaction. One can use detailed-balance
to determine the inverse rate. Simpler using the concept of chemical
equilibrium.

dna

dt
= −nanA〈σv〉aA + (1 + δaA)nBλγ = 0(

nanA

nB

)
eq

= (1 + δaA)
λγ

〈σv〉aA

Using equilibrium condition for chemical potentials: µa + µA = µB

µ(Z, A) = m(Z, A)c2+kT ln

 n(Z, A)
G(Z,A)(T )

(
2π~2

m(Z, A)kBT

)3/2 , G(Z,A)(T ) =
∑

i

(2Ji+1)e−Ei/(kT )
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Inverse reactions

One obtains:(
nanA

nB

)
eq

=
GaGA

GB

(
mamA

mB

)3/2 (
kBT
2π~2

)3/2

e−Q/kBT

Finally, we obtain:

λγ =
GaGA

(1 + δaA)GB

(
mamA

mB

)3/2 (
kBT
2π~2

)3/2

e−Q/kBT 〈σv〉

For a reaction a + A→ B + b (Q = ma + mA − mB − mb):

〈σv〉bB =
(1 + δbB)
(1 + δaA)

GaGA

GbGB

(
mamA

mbmB

)3/2

e−Q/kBT 〈σv〉aA
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Beta-decay
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Systematics beta-decay Q-values

The decay Q-value increases with neutron excess.
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Structure Gamow-Teller strength

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.
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Systematics half-lives

Half-lives decrease with neutron excess.
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T. Marketin, L. Huther, and G. Martínez-Pinedo, Phys. Rev. C 93, 025805 (2016).
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Rate Examples: 4He(αα, γ)
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Rate Examples: (p, γ)
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Rate Examples: (α, γ)
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Rate examples: (n, γ)
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R-process sites

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: nn/nseed.

If the seed nuclei have mass number Aseed and we have nn/nseed

neutrons per seed, the final mass number of the nuclei produced
will be A = Aseed + nn/nseed.

For example, taking Aseed = 90 we need nn/nseed = 100 if we want
to produce the 3rd r-process peak (A ∼ 195) and nn/nseed = 150 to
produce U and Th.
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R-process sites
In an astrophysical site there are only two possible ways to achieve large
neutron-to-seeds:

1 Let us consider high temperature neutron-rich matter with high entropy
that it is ejected at high velocities. As the material expands α 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 α-rich freeze out
with a few heavy nuclei produced and many neutrons left (Yα ≈ Ye/2,
Yn ≈ 1 − 2Ye). This is commonly denoted as “high entropy” r-process

2 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 1012−13 g cm−3 and Ye ∼ 0.05:
Yn = 1 − 〈A〉Ye/〈Z〉, Ys = Ye/〈Z〉; Yn/Ys = 〈Z〉/Ye − 〈A〉;
Yn/Ys ∼ 500 − 2000. This is commonly denoted as “low entropy”
r-process.
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r-process nucleosynthesis relevant parameters

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:

A f = Ai + ns, ns = nn/nseed ∼ s3/(Y3
e τdyn)

Ye The lower the value of Ye more neutrons are available and
the larger ns

entropy Large entropy s ∼ T 3/ρ, 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 τdyn, the
less time one has to build up seeds
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Dependence on Ye

Ye = 0.5

Ye = 0.35

Ye = 0.45

With reduced Ye the peak of the nuclear abundance distribution moves
from 56Ni (Ye ∼ 90) to heavier neutron rich nuclei (90Zr for Ye ∼ 0.45).
For low Ye becomes energetically favourable to have free neutrons.



Signatures of heavy element nucleosynthesis Basic concepts Astrophysical reaction rates General working of the r process r process in mergers Summary

Dependence abundances (at 3 GK) on Ye

For moderate entropies r process depends mainly on Ye.
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Calculation by Bowen Jiang
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r process calculations

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

dY(Z, A)
dt

=

(
ρ

mu

)
〈σv〉Z,A−1YnY(Z, A − 1) + λγ(Z, A + 1)Y(Z, A + 1)

+

J∑
j=0

λβ jn(Z − 1, A + j)Y(Z − 1, A + j)

−
( ρmu

)
〈σv〉Z,AYn + λγ(Z, A) +

J∑
j=0

λβ jn(Z, A)

 Y(Z, A)

dYn

dt
= −

∑
Z,A

(
ρ

mu

)
〈σv〉Z,AYnY(Z, A)

+
∑
Z,A

λγ(Z, A)Y(Z, A)

+
∑
Z,A

 J∑
j=1

jλβ jn(Z, A)

 Y(Z, A)

We are neglecting fission
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Evolution during r process

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

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

µ(Z, A + 1) = µ(Z, A) + µn

Y(Z, A + 1)
Y(Z, A)

= nn

(
2π~2

mukBT

)3/2 (
A + 1

A

)3/2 G(Z, A + 1)
2G(Z, A)

exp
[
S n(Z, A + 1)

kBT

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

Y(Z, A + 2)
Y(Z, A)

= n2
n

(
2π~2

mukBT

)3 (
A + 2

A

)3/2 G(Z, A + 2)
4G(Z, A)

exp
[
S 2n(Z, A + 2)

kBT

]
The maximum of the abundance defines the r-process path:

S 0
2n(MeV) =

2T9

5.04

(
34.075 − log nn +

3
2

log T9

)
For nn = 5 × 1021 cm−3 and T = 1.3 GK corresponds at S 0

2n = 6.46 MeV,
S 0

n = S 0
2n/2 = 3.23 MeV,
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r process path

Path depends on nuclear masses
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Two-neutron separation energies
r-process path defines by those nuclei with: S 2n(Z, A) & S 0
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A. Arcones, GMP, Phys. Rev. C 83, 045809 (2011)
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path dependence on time
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Beta-flow equilibrium

Assuming (n, γ)� (γ, n) equilibrium, it is sufficient to compute the time
evolution of the total abundance for an isotopic chain

Y(Z) =
∑

A

Y(Z, A)

The differential equation reduces to

dY(Z)
dt

= λβ(Z − 1)Y(Z − 1) − λβ(Z)Y(Z)

with

λβ(Z) =
1

Y(Z)

∑
A

λβ(Z, A)Y(Z, A)

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

λβ(Z − 1)Y(Z − 1) = λβ(Z)Y(Z), i.e. Y(Z) ∝ τβ(Z)
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Abundances vs beta lifetimes
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Neutron star mergers: Short gamma-ray bursts and r-process
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Mergers are associated with short-gamma ray bursts.

They are also promising sources of gravitational waves.

Observational signatures of the r-process?
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Merger channels and ejection mechanism

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.

⇒
⇒

BH formation

sGRB

⇒ ⇒⇒⇒

NS-BH

⇒⇒

NS-NS

⇒⇒ ⇒⇒⇒ ⇒ ⇒

dyn. ejecta; t ~ 1 ms wind; t ~ 100 ms torus unbinding; t ~ 1 s
Mej ∼ 10−4–10−2 M�

Ye & 0.25–0.5
polar

equatorial

dyn. ejecta; t ~ 1 ms
Mej ∼ 10−2–10−1 M�

Ye . 0.1

Ye . 0.05–0.25

Mej . 0.4Mdisk ∼ 4 × 10−2 M�Mej . 0.05 Mdisk ∼ 5 × 10−3 M�
vej . 0.08 c

vej ∼ 0.1 c
Mej . 0.4Mdisk ∼ 4 × 10−2 M�

Ye & 0.25–0.5
vej ∼ 0.05 c

Ye ∼ 0.1–0.4

Mej . 0.4Mdisk ∼ 4 × 10−2 M�
vej ∼ 0.05 c

Ye ∼ 0.1–0.4

Ye ∼ 0.3–0.4

Ye ∼ 0.4–0.5

equatorial

polar

vej ∼ 0.2–0.4 c

vej ∼ 0.2–0.3 c

S. Rosswog, et al, Class. Quantum Gravity 34, 104001 (2017).
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Impact of neutrinos on NS-NS mergers

Mergers are characterized by large ν̄e luminosities

With the increase of the binary asymmetry degree,

the shock heating effect becomes less important

and the temperature for a substantial fraction of

the dynamical ejecta is decreased. As a result, the

positron production and resulting positron capture

are suppressed. Hence, the neutron richness is

preserved to be relatively high (the value of is

preserved to be low).

(III) For the DD2 models, the effect associated with the

binary asymmetry found for the SFHo model is not

remarkable: The typical values of and specific

entropy depend mildly on the binary asymmetry

degree, although we still observe a monotonic

decrease of these values (see, e.g., Fig. ). This

weak dependence is due to the fact that the ejecta are

composed primarily of tidally ejected matter irre-

spective of the mass ratio, as already mentioned.

C. Neutrino irradiation

For the DD2 models, the remnant MNS are long lived,

while for the SFHo models, the remnants collapse to a

black hole in 10 ms after the onset of merger. Therefore, a

high-luminosity neutrino emission is continued for a long

time scale from the remnant of the DD2 models, while the

strong emission continues only briefly for the SFHo models

(see Fig. ). As a result, a long-term neutrino-irradiation

effect [12,34 37] plays an important role in heating up the

ejecta and increasing the value of (see the bottom two

panels of Fig. ), in particular, in the region above the

remnant MNS pole (see Fig. ) of the DD2 models.

As we pointed out in Ref. [12], the possible interpre-

tation for the increase of by the neutrino irradiation is

described as follows: The luminosity of electron neutrinos

emitted from the remnant hot MNS is quite high as shown

in Fig. . In such an environment, neutrino capture

processes, and , could

be activated in the matter surrounding the MNS. By the

balance of these reactions, the fractions of neutrons and

protons are determined and the equilibrium value of is

given by (e.g., Ref. [38]

e;eq i þ

where 293 MeV, and

denote averaged neutrino energy of and , and

and denote the luminosity of and , respectively. For

the DD2 models, 10 MeV, 15 MeV, and

=L , and consequently, the expected equi-

librium value is 45 . This suggests that due to

the neutrino irradiation, the neutron richness of the origi-

nally neutron-rich matter with should be

decreased (the average of is increased) towards the

equilibrium value.

However, this neutrino irradiation effect depends on the

binary asymmetry because, as Fig. shows, the neutrino
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FIG. 3. Luminosity curves of (red solid), (blue dashed), and heavy (green dotted-dashed) neutrinos for the models with the SFHo

(left) and the DD2 (right), respectively (note that the scales in the vertical axis are different among the plots). For heavy neutrinos, the

contribution from only one heavy species is plotted. The vertical dashed lines in the left panel show the time at the formation of a

remnant black hole. We note that the relatively high heavy-neutrino luminosity for the SFHo models before the collapse to the remnant

black holes reflects the fact that the temperature of remnant MNS is higher and the pair-process neutrino emission is more active than

those for the DD2 model.

DYNAMICAL MASS EJECTION FROM THE MERGER OF PHYSICAL REVIEW D 93, 124046 (2016)
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FIG. 1. Merger remnant for the SFHo EOS with ( ,m ) = (1 ). The upper left and right panels show the profiles
of the rest-mass density and electron fraction for the merger remnant, i.e., a black hole surrounded by a torus. The lower left
and middle panels show the profiles of the rest-mass density and electron fraction for the dynamical ejecta component. The
white region in these panels indicates that no ejecta component is present in the inner region. These snapshots are generated
at 40ms after the onset of merger. The lower right panel shows the mass histogram of the ejecta component as a function
of for the regions of z > x θ < 45 ) and z < x θ > 45 ).

star surrounded by a torus is universally formed for
= 2 7–2 (see Fig. 2). The torus mass depends

weakly on the mass ratio and it is for
and for 85. The electron fraction for the
high-density region of the torus is slightly larger than
that in the torus surrounding a black hole found in the
SFHo models because the matter in the torus experi-
ences shock heating more efficiently around the massive
neutron stars. A more remarkable fact is that in the
outer region of the torus at 100 km, the electron
fraction is quite high as 25 (see the upper panel
of Fig. 2) because of the irradiation by neutrinos emitted
from the central massive neutron star and surrounding
torus (e.g., Refs. [34, 35, 42, 43]): In such an environ-
ment, the neutrino capture processes,
and + ¯ , take place quite efficiently in the
matter surrounding the massive neutron star and torus,
and by the balance of these reactions, the fraction of
neutrons and protons approaches an equilibrium value

in which the value of is enhanced to be 5 and
approximately given by (e.g., Ref. [44])

e,eq 1 +
〉 − 2∆

+ 2∆
(2.1)

where ∆ = 1 293MeV (the mass energy difference be-
tween neutron and proton), 〉 ≈ 10MeV and 〉 ≈
15MeV denote the averaged neutrino energy of and
, and 1053 erg s) and ) denote the

luminosity of and ¯ , respectively. Note that this en-
hancement of is not seen for the case that a black hole
is formed soon after the merger because of the absence
of the strong neutrino source (compare the upper panels
of Figs. 1 and 2).
(iii) For the SFHo models, the dynamical ejecta mass is

01 irrespective of the mass ratio (see Table II).
The electron fraction is distributed for a wide range be-
tween 0.05 and 0.5 [34, 35] (see the lower panels of Fig. 1),
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FIG. 2. The same as Fig. 1 but for the merger remnant for the DD2 EOS with ( ,m ) = (1 ). The snapshots
are generated at 80ms after the onset of merger. For this case, a massive neutron star is located at the center (compare the
upper panels of Figs. 1 and 2).

also irrespective of the mass ratio. In such ejecta, an ap-
preciable fraction of lanthanide elements should be syn-
thesized [21, 45–47], significantly enhancing the opacity.
For this EOS, the dynamical mass ejection occurs in a
quasi-isotropic manner because not only the tidal effect
but also the shock heating play an important role for
ejecting matter (see the lower left panel of Fig. 1). Nev-
ertheless, the matter is ejected primarily along the binary
orbital plane and ejecta in the polar direction has a mi-
nor fraction, because of the strong tidal effect during the
merger. The ejecta near the binary orbital plane is al-
ways neutron rich with 25 (see the lower panels
of Fig. 1), although the ejecta in the polar region is less
neutron-rich.

(iv) For the DD2 models, the dynamical ejecta mass
depends strongly on the mass ratio: For = 1, it is
002 , while for = 0 86 it increases to 0 005

The electron fraction is again widely distributed for a
range between 0.05 and 0.5 [34, 35] (see also the lower
panels of Fig. 2) irrespective of the mass ratio. For this
EOS, the matter is ejected primarily toward the direc-
tion of the binary orbital plane, because the tidal effect

during the merger plays a dominant role for the mass
ejection. As in the SFHo case, the ejecta in the binary
orbital plane is neutron rich with 25, in particular
for the highly asymmetric binaries. On the other hand,
the ejecta in the polar region is less neutron-rich with

25 (see the lower-right panel of Fig. 2).
(v) The average velocity of the dynamical ejecta is 0 15–
25 depending on the EOS and mass ratio. For the

SFHo case, the average velocity is by 20–30% larger than
that for the DD2 case for a given value of mass because,
for this EOS, the neutron-star radius is small, and hence,
the shock heating effect during merger enhances the ki-
netic energy of the ejecta.
In the above summary, the points worthy to note are

as follows: (I) No models predict the mass of the dy-
namical ejecta larger than 0 02 . This implies that
if a luminous optical-IR counterpart which requires the
ejecta mass of 02 is discovered, we have to con-
sider ejecta components other than the dynamical ejecta.
(II) Irrespective of the EOS and binary mass ratio, the
electron fraction is widely distributed and the highly
neutron-rich matter is always present in the dynamical
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Why is Ye modified?

Ye is mainly determined by the competition between

νe + n� p + e−

ν̄e + p� n + e+

The evolution of Ye is given by:

dYe

dt
= λνenYn − λν̄e pYp = λνen − (λνen + λν̄e p)Ye,

using Ye = Yp and Yn = 1 − Yn. If matter is exposed long time enough to
neutrino fluxes it will reach an equilibrium given by:

Yeq
e =

λνen

λνen + λν̄e p
.

We need to estimate the neutrino absorption rates.
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neutrino absorption rates on nucleons

If we assume that the produced electron (positron) is extremelly
relativistic (Ee = pec) the cross section for (anti)neutrino absorption is:

σ(Eν) = σ0(Eν ± ∆)2

plus sign for neutrinos and minus sign for antineutrinos,
∆ = mnc2 − mpc2 = 1.2933 MeV, and

σ0 =
(1 + 3g2

A)G2
FV2

ud

π~4c4 = 9.33(4) × 10−44 cm2 MeV−2

For the absorption rate we need to integrate over the neutrino spectrum
and multiply by the neutrino flux (Lν/(4πr2〈Eν〉) obtaining:

λνen =
Lνe

4πr2σ0

(
ενe + 2∆ +

∆2

〈Eνe〉
)

λν̄e p =
Lν̄e

4πr2σ0

(
εν̄e − 2∆ +

∆2

〈Eν̄e〉
)

with εν = 〈E2
ν〉/〈Eν〉.
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Equilibrium Ye

The equilibrium Yeq
e can be expressed as:

Yeq
e =

[
1 +

Lν̄e

Lνe

εν̄e − 2∆ + ∆2/〈Eν̄e〉
ενe + 2∆ + ∆2/〈Eνe〉

]−1

In order to achieve Ye < 0.5 we need:

Yeq
e =

λνen

λνen + λν̄e p
< 1/2⇒ λν̄e p > λνen

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

εν̄e − ενe > 4∆ −
[
Lν̄e

Lνe

− 1
] [
εν̄e − 2∆

]
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Dependence nucleosynthesis on Ye

Nucleosynthesis depends on neutron richness of ejecta

𝑌𝑒 ≳ 0.25 𝑌𝑒 ≈ 0.15−0.25 𝑌𝑒 ≲ 0.15

Lanthanides Actinides

The relevant nuclear physics depends on the particular conditions.
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Nucleosynthesis low Ye ejecta
Mendoza-Temis, Wu, Langanke, GMP, Bauswein, Janka, PRC 92, 055805 (2015)
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Second peak (A ∼ 130) sensitive to fission yields.

Third peak (A ∼ 195) sensitive to masses (neutron captures) and beta-decay
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Post-merger Nucleosynthesis (NS remnant)

An Hypermassive neutron star produces large neutrino fluxes that drive
the composition to moderate neutron rich ejecta.

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

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

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

See also Lippuner et al, MNRAS 472, 904
(2017)
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Post-merger nucleosynthesis (BH remnant)

Accretion disk around BH ejects
relatively neutron-rich matter
[Fernández, Metzger, MNRAS 435,
502 (2013)]

Produces all r-process nuclides
(Lanthanide/Actinide rich ejecta)
[Wu et al, MNRAS 463, 2323 (2016)]
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See also Just et al, MNRAS 448, 541 (2015), Siegel and Metzger PRL 119, 231102 (2017)



Electromagnetic signatures of 

nucleosynthesis

15 G. Martínez-Pinedo / Kilonova: Electromagnetic signature of the r process

Supernova light curves follow the 

decay of 56Ni (𝑡1/2 = 6 d) and later 
56Co (𝑡1/2 = 77 d)
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Energy production from r-process ejecta

The decay of r process products produces energy following a power law ε ∼ t−1.3 (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 & Paczyńsky 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)



Energy production and thermalization

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

 𝑞(𝑡) =  

𝑘

𝑓𝑘 𝑡  𝜀𝑘(𝑡)
 𝜀𝑘 𝑡 energy emitted in

particle k

𝑓𝑘 𝑡 thermalization

efficiency particle k 

Thermalization depends on particle, 

ejecta dynamics, magnetic field, … 

See Barnes, Kasen, Wu, GMP, ApJ 829, 110 (2016); Kasen & Barnes, arXiv:1807.03319



Impact of opacity 

Initially opaque 

to photons

transparent

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)

Temperature

decrease

Figure from M. Tanaka
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Impact Lanthanides

Large number of states of Lanthanides/Actinides leads to a high opacity

Figure from M. Tanaka

Barnes & D. Kasen, Astrophys. J. 775, 18 (2013);Tanaka & Hotokezaka, Astrophys. J. 775, 113 (2013).

G. Martínez-Pinedo / r-process nucleosynthesis and its electromagnetic signatures21
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Kilonova: Electromagnetic signature of the r process
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Metzger, GMP, Darbha, Quataert, Arcones et al, MNRAS 406, 2650 (2010)



Simple Kilonova model

Light curve is expected to peak when photon diffusion time is 
comparable to elapsed time (Metzger et al 2010, Kasen et al 2017)

𝑡diff =
𝜌𝜅𝑅2

3 𝑐
, 𝜌 =

𝑀

 4𝜋𝑅3 3
, 𝑅 = 𝑣𝑡

𝑡peak ≈
𝜅𝑀

4𝜋𝑐𝑣

1
2
≈ 1.5 days

𝑀

0.01 𝑀⊙

1
2 𝑣

0.01𝑐

−
1
2 𝜅

1 cm2 g−1

1
2

The Luminosity is 𝐿 𝑡 ≈ 𝑀  𝜀 𝑡 ,  𝜀 𝑡 ≈ 1010
𝑡

1day

−𝛼

erg s−1 g−1

𝐿peak ≈ 1.1 × 1041erg s−1
𝑀

0.01 𝑀⊙

1−
𝛼
2 𝑣

0.01𝑐

𝛼
2 𝜅

1 cm2 g−1

−
𝛼
2

Very sensitive to atomic opacity

𝜅 ≈ 1 cm2 g−1 , light r process material (blue emission)

𝜅 ≈ 10 cm2 g−1 , heavy (lanthanide/actinide rich) r process (red emis.)
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AT 2017 gfo: electromagnetic signature from r process

In-situ signature of r process nucleosynthesis

NASA and ESA. N. Tanvir (U. Leicester), A. Levan (U. Warwick), and A. Fruchter and O. Fox (STScI)

Novel fastly evolving transitent

Signature of statistical decay of fresly synthesized r process nuclei
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AT 2017 gfo: interpretation
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Metzger, GMP, ..., 
AA, et al, 2010

Cowperthwaite, et al, 2017

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

Two components:

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



Two components model

Kasen et al, Nature 551, 80 (2017)

• Blue component from polar ejecta subject to 

strong neutrino fluxes (light r process) 

𝑀 = 0.025𝑀⊙, 𝑣 = 0.3𝑐, 𝑋lan = 10−4

• Red component disk ejecta after NS 

collapse to a black hole (includes both light 

and heavy r process)

𝑀 = 0.04 𝑀⊙, 𝑣 = 0.15𝑐,𝑋lan = 10−1.5

G. Martínez-Pinedo / r-process nucleosynthesis and its electromagnetic signatures29



Nuclear fingerprints light curve

Can we identify particular nuclear signatures in the light curve?

Observations between 10 and 100 days are sensitive to composition. 

Light curve becomes dominated by individual decays W
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Signature dominating decay chains

Wu, Barnes, GMP, Metzger, , PRL 122, 062701 (2019)

Decline observed light curve at 10 days suggest an upper limit of  0.01 𝑀⊙ of U and Th

G. Martínez-Pinedo / r-process nucleosynthesis and its electromagnetic signatures34
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Summary

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.

How can we determine composition?
What were the heavier elements produced in the merger?
How does the nucleosynthesis depends on merging system?
What is the contribution of mergers to light r process elements?

Bibliography:
Cowan, et al.,Making the Heaviest Elements in the Universe: A Review of the Rapid
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