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R-process review
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Solar system abundances

Neutron capture processes:

s process

r process

Solar photosphere and meteorites: 

chemical signature of gas cloud where the Sun formed

Signatures of nuclear structure and nuclear stability

Contributions of different nucleosynthesis processes
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Stellar evolution

and explosions
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Nucleosynthesis processes

Neutron capture

beta decay

• s process: 

slow neutron capture

low neutron densities

• r process:

rapid neutron capture

high neutron densities

• Both involve a sequence 

of neutron captures and 

beta decays
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Fusion reactions during stellar evolution produce 

elements up to Iron



s and r process peaks

Maximum abundances related

to neutron magic numbers

Neutron capture

beta decay
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Nucleosynthesis beyond iron
Several processes contribute to the nucleosynthesis beyond Iron: s-

process, r-process and p-process (γ-process)
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Additional process(es) required to produce neutron-deficient p-nuclei
• p-process or γ-process: photodissociation material enriched by s-process
• νp-process: (p,γ) and (n,p) reactions catalysed by ҧ𝜈𝑒 + 𝑝 → 𝑛 + 𝑒+

(site: binary neutron star mergers?)

M. Arnould, S. Goriely / Physics Reports 384, 1 (2003)



Metal-poor stars observations

• Observations indicate that r process operates from early Galactic history in 

rare (high yield) events
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Kilonova: signature of the r-process
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Metzger & Berger 2012

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

Line of view GW170817 



R process modelling 

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

𝐴final = 𝐴initial + 𝑛seed

nseed depends mainly on 
neutron richness ejecta

Neutron stars are an important
reservoir of neutrons

requires properties of exotic 

neutron-rich nuclei:

• Beta-decay rates

• Neutron capture rates 

• Fission rates and yields
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Benchmark against observations:

• Solar and stellar abundances (indirect)

• Electromagnetic emission, kilonova (direct), sensitive Atomic and Nuclear Physics



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



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



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 or entropy.



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 during the
r-process.



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

(2πℏ)3

4πp2

e(E(p)−µ)/kT + 1
dp

photons (Bose-Einstein)

n(p)dp =
2

(2πℏ)3

4πp2

epc/kT − 1
dp



Stellar reaction rate

The product σv has to be averaged over the relative 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)

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



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:

λγ =
GaGA

(1 + δaA)GB

(
mamA

mB

)3/2 (
kBT
2πℏ2

)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

G partition function nuclei.



Beta-decay
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 64 31Ga ≈

33.7% 6.5

<0.6% >7.5

<0.25% >7.5

26.8% 5.22.64% 6.10.21% 7.225.3% 5.15.9% 5.73.59% 5.6

1.24% 5.5~0.13% ~6.3~0.3% ~5.8

0+ 0
2.630 m

QEC=7165

1521

λβ =
ln 2
K

f (Q)[B(F)+B(GT )], K =
2π3(ln 2)ℏ7

G2
FV2

udg
2
Vm5

ec4
= 6147.0±2.4 s

f (Q) phase space function (∼ Q5).
B(F) Fermi matrix element (∼ ⟨ f |

∑
k tk
+|i⟩).

B(GT ) Gamow-Teller matrix element (∼ ⟨ f |
∑

k σtk
+|i⟩).

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



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 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.
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Systematics half-lives

Half-lives decrease with neutron excess. Strong sensitivity to decay
energy.
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T. Marketin, L. Huther, and G. Martínez-Pinedo, Phys. Rev. C 93, 025805 (2016).



Neutrino-nucleus reactions
If nuclei are subject to large neutrino fluxes
absorption of νe charge-current interactions
can accelerate the “decay” of neutron rich
nuclei (λ = λβ + λνe )
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Due to large neutrino energies cross section
is dominated to transitions to Gamow-Teller
resonance.



Rate Examples: 4He(αα, γ)
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Rate Examples: (p, γ)

0.1 1 10

Temperature (GK)

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

10
10

R
at

e 
(s

−
1
)

64Ga(p,γ)  np = 1027 cm−3

65Ge(γ,p)



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.



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
heavy 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.

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



Dependence abundances on entropy

All calculations use a constant Ye = 0.45
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Farouqi, et al, Astrophys. J. 694, L49 (2009).



Seed 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 ∼ 0.5) to heavier neutron rich nuclei (90Zr for Ye ∼ 0.45).
For low Ye becomes energetically favourable to have free neutrons.



Dependence on Ye

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

ns = As

(
Zs

As

1
Ye
− 1

)
, A f = As + ns

Calculation by Bowen Jiang



Dependence nucleosynthesis on Ye

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

νe + n⇄ p + e− ν̄e + p⇄ n + e+

𝑌𝑒 ≳ 0.25 𝑌𝑒 ≈ 0.15−0.25 𝑌𝑒 ≲ 0.15

Lanthanides Actinides

The relevant nuclear physics depends on the particular Ye conditions.



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



Phases during the operation of the

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, 𝛾) ⇄ (𝛾, 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  

6 Gabriel Martínez-Pinedo / Challenges heavy element nucleosynthesis



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



Classical r-process, (n, γ)⇄ (γ, n) equilibrium

(γ,n) photodisintegration

Equilibrium favors
“waiting point”

β-decay

Temperature: ~1-2 GK
Density: 300 g/cm3 (~60% neutrons !)

Pr
ot

on
 n

um
be

r

Seed

Rapid neutron
capture

neutron capture timescale: ~ 0.2 µs

Need: • mix of suitable heavy seed nuclei (A=56-90) and neutrons
• sufficient large number density of neutrons (max at least ~1e24 cm-3)
• sufficient large neutron/seed ratio (at least ~100)



(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

(
2πℏ2

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

(
2πℏ2

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,



r process path

Path depends on nuclear masses



Two-neutron separation energies
r-process path defined by those nuclei with: S 2n(Z, A) ≳ S 0
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A. Arcones, GMP, Phys. Rev. C 83, 045809 (2011)



path dependence on time



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)



Abundances vs beta lifetimes
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Nuclear masses

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



Beta-decays
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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.



Nuclear physics input:

beta-decay half-lives

Gabriel Martínez-Pinedo / Heavy element nucleosynthesis through electromagnetic observations

• 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 

Need data for beta decay half-lives around N ~ 126
C. Robin, GMP, in preparation

DC3*: Marketin+PRC 93, 025805 (2016)

Skyrme: Ney+ PRC102, 034326 (2020)
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Fission

Fission determines heavier nuclei produced by the r-process

Important for energy production electromagnetic transients

Challenge: extrapolate known data to neutron-rich nuclei

Fission is described as a tunneling process through a barrier. neutron-induced
fission is the dominating process for nuclei at which S n ≈ B f .

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



What is the role of fission in the 

r-process nucleosynthesis?

23 G. Martínez-Pinedo / Nucleosynthesis Superheavy Nuclei by the r-process

Known Superheavy

nuclei

r-process nuclei

Current r-process modes predict substantial 

production of nuclei around A~ 280 (Z ~ 96 N ~ 184)

However during their decay to beta stability they 

fission on timescales of seconds to hours. 

Can we find signatures of (super)heavy nuclei in 

kilonova light curves?

Giuliani et al  PRC 97, 034323 (2018)

Goriely and GMP  NPA  944, 158 (2015).



Superheavy region: mine-field due to 

low fission barriers

24 G. Martínez-Pinedo / Nucleosynthesis Superheavy Nuclei by the r-process

Giuliani, GMP, Wu, Robledo, PRC 102, 045804 (2020)

• During the r-process operation 

mainly (n,fiss) limits the 

production of superheavy nuclei

• After freeze-out a competition 

between beta-delayed, 

spontaneous and neutron 

induced fission. 

• Similar results for different 

barriers sets

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



Fission yields

The fission fragment distribution impacts the final abundance pattern.
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Multiphysics picture of r-process

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

Neutron star mergers

Inspiral signal GW170817

r-process: nucleosynthesis and electromagnetic transient 

Phase diagram QCD matter Atomic opacities Neutron-rich exotic nuclei

1



Nucleosynthesis dependence on 𝒀𝒆

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

Nucleosynthesis mainly sensitive to proton-to-nucleon ratio, 𝑌𝑒 = 𝑛𝑝/(𝑛𝑛 + 𝑛𝑝)

𝜈𝑒 + 𝑛 ⇄ 𝑝 + 𝑒− vs   ҧ𝜈𝑒 + 𝑝 ⇄ 𝑛 + 𝑒+

𝑌𝑒 ≳ 0.25 𝑌𝑒 ≈ 0.15−0.25 𝑌𝑒 ≲ 0.15

Lanthanides Actinides

2



Ejecta in neutron star mergers

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

Two main sources of ejecta:

• Dynamical ejecta (𝑀 ≲ 0.01 M⊙)

• Disk (secular) ejecta (𝑀 ≲ 0.1 M⊙)

Ejecta properties depend on central 

remnant (neutron star or black hole). 

It determines the strength of neutrino 

emission 

S. Rosswog, et al, Class. Quantum Gravity 34, 104001 (2017).
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Mass ejection neutron star merger

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. Martínez-Pinedo / Heavy element nucleosynthesis: the r-process4



Post merger structure

5 G. Martínez-Pinedo / Heavy element nucleosynthesis: the r-process

S. Rosswog and O. Korobkin, Annalen Der Physik 2022, 2200306 (2022).



Dynamical ejecta (simulations) 

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

Mendoza-Temis, et al, PRC 92, 055805 (2015)

• Initially dynamical ejecta was assumed 

to be very neutron rich (𝑌𝑒 ≲ 0.1).
• Starting with the work of Wanajo et al 

2014, several studies have shown that 

weak processes modify the neutron-to-

proton ratio

• Largest impact in the polar regions

Robust abundance pattern mainly 

determined by fission products

Collins et al, arXiv::2209.05246
See also: Kullman+ 2022, Just+ 2022

no neutrinos with neutrinos

SPH Simulation Vimal Vijayan

Neutrino transport: ILEAS 

1.35 – 1.35 𝑀⊙, SFHo EoS

6



Elemental abundances

▪ At kilonova timescales (days) elemental abundances 

have not yet converged to final abundances

G. Martínez-Pinedo / Heavy element nucleosynthesis: the r-process7



Disk (secular) ejecta

After the merger, a hyper massive neutron star is formed that can be temporarily 

stable before collapsing to a black hole 

Large neutrino fluxes mainly in polar 

region decrease neutron-to-proton ratio 

by reactions 

𝜈𝑒 + 𝑛 → 𝑝 + 𝑒−

ҧ𝜈𝑒 + 𝑝 → 𝑛 + 𝑒+

Once neutron star 

collapses to a black 

hole neutrinos 

emission ceases. 

Larger neutron-to-

proton ratio

Absence of  Lanthanides Presence of  Lanthanides

Martin, et al, ApJ 813, 2 (2015) Wu et al, MNRAS 463, 2323 (2016)

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

see also Lippuner et al, MNRAS 472 904 (2017) 
See also Just et al, MNRAS 448, 541 (2015),

Siegel and Metzger PRL 119, 231102 (2017). 

8



Long term merger simulations 

9 G. Martínez-Pinedo / Heavy element nucleosynthesis: the r-process

First long-term simulations with neutron 

star lifetimes 0.1-1 s and describe all 

components of the ejecta: dynamical, 

NS-remnant ejecta, and final viscous

ejecta from BH torus. 

Just et al, arXiv:2302.10928

HD-222925



Electromagnetic signatures of 

nucleosynthesis

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

Supernova light curves follow the 

decay of 56Ni (𝑡1/2 = 6 d) and later 
56Co (𝑡1/2 = 77 d)

Diehl & Timmes, PASP 110, 637 (1998)   

10

Supernova 1987A



Electromagnetic transient from r 

process

At early times (days), the decay of r process products produces energy following 

a power law ሶ𝜀~𝑡−1.3 (Way & Wigner 1948, Metzger et al 2010). Many nuclei 

decaying at the same time heating up the ejecta

Supernova 56Ni

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

Kilonova: Luminosity like 1000 novas
Metzger et al, MNRAS 406, 2650 (2010)

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

11



Impact of opacity 

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)

Initially opaque 

to photons

transparent

Temperature

decrease

Figure from M. Tanaka

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

Τ4𝜋𝑅3 3
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2
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0.01𝑐

𝛼
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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.)

G. Martínez-Pinedo / Heavy element nucleosynthesis: the r-process13



Impact Lanthanides/Actinides

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

Figure from M. Tanaka

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

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

Opacity dominated by bound-bound transitions

14



AT2017gfo: 

electromagnetic transient GW170817

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

Novel fast evolving transient powered radioactive decay r-process material

Emission evolves from blue to red in a few days

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

15



Kilonova: Electromagnetic transient 

powered by decay of  r-process nuclei

▪ 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 𝑀⊙, 𝑣 = 0.3𝑐, 𝑋lan = 10−4, dynamical 

ejecta?, signature weak processes)

▪ Red due to presence of Lanthanides (𝑀 = 0.04 𝑀⊙, 𝑣 = 0.15𝑐, 𝑋lan = 10−1.5, ejecta 
accretion disk?, points to delayed formation of a black hole),  implies 𝑀max NS =
2.21−0.13

+0.10 𝑀⊙ (Huth+ 2022)

Metzger, et al, 2010

predictions

Cowperthwaite, et al 2017

Kilonova observations

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

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

16



Identification Sr in kilonova spectra

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

Watson et al, Nature 574, 497 (2019)

• First direct spectroscopic identification of an 

r-process element

• Strontium is produced in High 𝑌𝑒~ 0.35
ejecta: direct evidence of the role of 

neutrinos in merger ejecta

Lanthanum and Cerium suggested to account for  

features at  12000-14000 Å (Domoto et al, 2022)

17



Nuclear fingerprints light curve

Observations between 10 and 100 days are sensitive to composition. 

Light curve becomes dominated by individual decays: 254Cf
Wu, Barnes, GMP, Metzger, PRL 122, 062701 (2019), Zhu+ 2018

G. Martínez-Pinedo / Heavy element nucleosynthesis: the r-process18

At late times light curve is 

determined by nuclear 

heating. Opacity 

uncertainties play a smaller 

role (ejecta is transparent) 

Bolometric light curve is easy to determine theoretically (𝐿~𝑀ej ሶ𝜀eff) 

but difficult to determine observationally 



R-process in mergers

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

Simulations

Bauswein et al, ApJ 773, 78 (2013)

Nucleosynthesis
Light curve and

spectra modelling
Watson et al, Nature 574, 497 (2019)

• Different sources of ejecta, 

dynamical and secular, with 

different properties (𝑌𝑒)

• Role of equation of state

• Role of neutrinos 

• Physics of neutron-rich 

and heavy nuclei
• Radioactive energy 

deposition

• Thermalization decay 

products (Barnes+ 2016, 

Kasen+ 2019) 

• Spectra formation:  

atomic data depends on 

ejecta evolution (LTE vs 

NLTE) 

• Which r-process elements are produced in mergers?

• Are mergers the (main) r-process site?

19



3D Kilonova light curves

3D modelling using radiation transport 
monte-carlo ARTIS code

Gray Ye dependent opacities
Lead by: Christine Collins
arXiv:2209.05246 

Angular dependence
disappears once ejecta
becomes transparent

Similar blue to red color
evolution to AT2017gfo

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

Tanaka+ 2020

Dynamical ejecta

Dynamical + Secular (SphSym. )

20



End to end kilonova models

21 G. Martínez-Pinedo / Heavy element nucleosynthesis: the r-process

• 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

Just et al, arXiv:2302.10928



Energy levels - Opacity

▪ 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)

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

All relevant levels & transitions known

Some levels & transitions known

Very incomplete levels & transitions data

22



Atomic opacities and spectral 

modelling 
▪ 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)

▪ 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)

▪ Extensions: Follow individual decays including γ-ray deposition and transport.

Particle energy deposition assumed local but not instantaneous.  

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

A. Flörs

G. Leck

R. Silva

L. Shingles

Kromer & Sim, MNRAS 398, 1809 (2009)

https://github.com/artis-mcrt/artis

23
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Atomic Opacities (LTE)
▪ Sobolev optical depth (for a line 𝑙)

𝜏𝑙 =
𝜋𝑒2

𝑚𝑒𝑐
𝑡 𝑓𝑙 𝑛𝑙 𝜆𝑙

▪ Expansion opacity (homologous expanding material, not 

used in the radiation transport modelling)

𝜅exp
bb =

1

𝜌𝑐𝑡
σ𝑙

𝜆𝑙

Δ𝜆bin
(1 − 𝑒−𝜏𝑙)

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

Oscillator

strength 

Population lower level

(Saha eq. and partition functions) 

Transition wavelength

2.4 d
1.4 d

3.4 d
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vmax

inner 
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Level energies: Nd II

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

• Include enough configurations to achieve convergence low lying states and

level densities. 

• Opacities after calibration to known levels using the Flexible Atomic Code.

25

Flörs, Silva, et al, arXiv:2302.01780 



Nd opacity

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

• Good agreement with Gaigalas+ 2019

• Differences below 2000 Å due to Nd III contribution

• Limited data Nd III, calibration difficult

𝜌 = 10−13g cm−3 𝑇 = 5000 K

A. Flörs G. Leck R. Silva

26



Actinides vs Lanthanides

▪ Actinides have larger opacities than Lanthanides

▪ Confirmed by independent calculations HFR code (U. Mons)

▪ Very limited data for actinides

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

Silva et al, Atoms 10, 18 (2022); Flörs, Silva, et al, arXiv:2302.01780

Offers a method to identify presence of Actinides in spectra.

27



Towards fully consistent 3D models

▪ 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⊙)

▪ LTE simulation: follows 2591 nuclei (283 ions with gamma-ray transport 
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

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

L. Shingles

28

Shingles et al, in preparation

https://github.com/artis-mcrt/artis


Angular dependence spectra

G. Martínez-Pinedo / Heavy element nucleosynthesis: the r-process29

Polar direction Equatorial direction

Uncalibrated Uncalibrated

Calibrated Calibrated

Differences reflect directional dependence of nucleosynthesis yields Shingles et al, in preparation



Comparison AT2017gfo

30 G. Martínez-Pinedo / Heavy element nucleosynthesis: the r-process

Similar spectral evolution that AT2017gfo once differences in brightness are accounted
Shingles et al, in preparation



Directional dependence

▪ Having 3D models allows to 

determine the directional 

dependence of all relevant 

quantities.

▪ Strong dependence both in polar 

and azimuthal angles

31 G. Martínez-Pinedo / Heavy element nucleosynthesis: the r-process



Nucleosynthesis beyond iron

Several processes contribute to the nucleosynthesis beyond Iron: s-

process, r-process and p-process (γ-process)

32 G. Martínez-Pinedo / Heavy element nucleosynthesis: the r-process

Additional process(es) required to produce neutron-deficient p-nuclei
• p-process or γ-process: photodissociation material enriched by s-process
• νp-process: (p,γ) and (n,p) reactions catalysed by ҧ𝜈𝑒 + 𝑝 → 𝑛 + 𝑒+

(site: binary neutron star mergers?)

M. Arnould, S. Goriely / Physics Reports 384, 1 (2003)



The 𝝂𝒓-process

33 G. Martínez-Pinedo / Heavy element nucleosynthesis: the r-process

• 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 𝛽− decays.

• Novel mechanism for production of p-nuclei from neutron-rich nuclei. 

Zewei Xiong 

GSI



Role of neutrinos in r-process

▪ Large (anti)neutrino fluxes 

drive composition to 𝑌𝑒 ∼ 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)

▪ 𝜈𝑒 absorption cross sections 

∼ 𝑁 − 𝑍

▪ What will be the resulting 

nucleosynthesis?

34 G. Martínez-Pinedo / Heavy element nucleosynthesis: the r-process



Possible source of light p-nuclei and 
92Nb

35 G. Martínez-Pinedo / Heavy element nucleosynthesis: the r-process

γ-process fails to produce light 

p-nuclei 92,94Mo and 96,98Ru in 

solar proportions

Supernova neutrino winds:

• Ejecta with 𝑌𝑒 ∼ 0.48 produce 
92Mo

• 𝜈𝑝-process (𝑌𝑒 ≳ 0.55) 

produces 94Mo, 96,98Ru.

Long-lived 92Nb present in early 

solar system. Cannot be 

produced by the 𝜈𝑝-process 

Can we produce all those nuclei 

in the same environment 

including heavier p-nuclei?



Phases during the operation of the

νr-process
▪ Seed production: Strong neutrino fluxes drive material 

to 𝑌𝑒 ∼ 0.5

▪ Neutron-capture phase: neutrons are used relatively 

fast by two competing mechanisms:

▪ 𝑛 𝜈𝑒 , 𝑒
− 𝑝 converts neutrons into protons that are captures in 

medium mass nuclei

▪ 𝐴 𝜈𝑒, 𝑒
−𝑋 𝑋 = 𝑛, 𝑝, 𝛼 speeds up the decay of nuclei and the 

build up of heavy nuclei

▪ Fast “decay” to stability and beyond:

𝐴 𝜈𝑒 , 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 𝜈𝑒 , 𝑒
−𝑋 and 𝐴 𝑛, 𝛾 determines final 

abundance
36 G. Martínez-Pinedo / Heavy element nucleosynthesis: the r-process



Nucleosynthesis (no neutrino-nucleus)

37 G. Martínez-Pinedo / Heavy element nucleosynthesis: the r-process

r-process abundances

p-process 

abundances

(not scale)



Nucleosynthesis (with neutrino-nucleus)

38 G. Martínez-Pinedo / Heavy element nucleosynthesis: the r-process

𝜈−𝐴 cross sections from 

Sieverding, et al, ApJ 865, 143 (2018).

Final abundance quilibrium between 𝜈𝑒 , 𝑒
− and (𝑛, 𝛾)

p-process 

abundances

(not scale)

r-process abundances



Dependence on neutrino fluence

39 G. Martínez-Pinedo / Heavy element nucleosynthesis: the r-process

Increasing neutrino fluence allows to 

produce heavier p-nuclei
Dependence 𝑌𝑒 and neutrino fluence  

Current neutrino-hydrodynamical models far from the necessary conditions  



Conditions current merger models

40 G. Martínez-Pinedo / Heavy element nucleosynthesis: the r-process

Dynamical,  neutron-star torus,   black-hole torus 

• Material reaches the necessary fluence conditions, but it is too hot form nuclei

• A non-thermal ejection mechanism is necessary (magnetic fields?)



Coproduction of all p-nuclei

41 G. Martínez-Pinedo / Heavy element nucleosynthesis: the r-process

• 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 𝜈𝑟-process conditions 



Summary

▪ 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 

G. Martínez-Pinedo / Heavy element nucleosynthesis: the r-process42
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