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Introduction : a bit of history
Where do we come from?
Where was produced the matter that surrounds us?

The answer came from astrophysics. . .

In 1920 A. Eddington : stars are nuclear powered
In 1929 R. Atkinson and F. Houtermans :

fusion of light elements produces energy
e.g. fusion of 4 protons into 4He

4 p→ 4He + 2e+ + 2νe + 26.73 MeV

In 1938-39, H. Bethe and C. Critchfield : pp chain and CNO cycles
(H. Bethe got NP in 1967)
In 1957, seminal paper of Burbidge, Burbidge, Fowler and Hoyle
on nucleosynthesis in stars [Rev. Mod. Phys. 29, 257]
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Introduction : nucleosynthesis in a nutshell
By fusion of light elements we can reach the Fe-Ni region
because reactions are exoenergetic and Coulomb repulsion is small

Beyond, processes based on n or p capture lead to heavy nuclei :
s, r, p, rp processes. . .
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Abundances of elements

Abundance measured relative to Si fixed to 106.
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pp chain and CNO cycle

pp chain p + p→ 2
1H + e+ + νe or p + e− + p→ 2

1H + νe

2
1H + p→ 3

2He + γ
(85%) (15%)

3
2He + 3

2He→ 4
2He + 2p 3

2He + 4
2He→ 7

4Be + γ
ppI

(15%) (0.02%)

7
4Be + e− → 7

3Li + νe
7
4Be + p→ 8

5B + γ

7
3Li + p→ 4

2He + 4
2He 8

5B→ 8
4Be + e+ + νe

ppII
8
4Be→ 4

2He + 4
2He

ppIIISummary : 4p→ 4
2He + 2e+ + 2νe + 25MeV
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pp chain and CNO cycle

CNO cycle(s)
If the star contains C, N or O
they can be used as catalyst
to synthesise 4He from 4 p
e.g. CNO C cycle :

12C + p → 13N + γ
13N → 13C + e+ + νe

13C + p → 14N + γ
14N + p → 15O + γ

15O → 15N + e+ + νe
15N + p → 12C + α CNO C cycle

Summary : 4p→ 4
2He + 2e+ + 2νe + 25MeV

Other cycles : CNO N cycle (14N as catalyst), NeNaMg cycles
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Reaction rate and Gamow window
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Reaction rate and Gamow window

Reaction rate
We consider the radiative-capture reaction : 1 + 2→ 3 + γ
The reaction rate is the number of reactions occurring
per unit time and volume

r = N1N2 σ v

The velocity v is distributed according to Maxwell-Boltzmann

φ(v) ∝ e−E/kT

⇒ 〈σ v〉 = 4π
∫

φ(v) σ(v) v3 dv

∝

∫
e−E/kT σ(E) E dE
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Reaction rate and Gamow window

σ(E) at low energy
Due to Coulomb barrier σ plummets at low E
because reaction takes place only through tunneling

3He + α→ 7Be + γ also noted 3He(α, γ) 7Be
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Reaction rate and Gamow window

Astrophysical S factor

The rapid drop explained
by the Gamow factor e−2πη,

η =
Z1Z2e2

4πε0~v

is Sommerfeld parameter

⇒ σ(E) =
S (E)

E
e−2πη

The astrophysical S factor
varies smoothly with E
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Reaction rate and Gamow window

Gamow peak

〈σ v〉 ∝
∫

e−E/kT σ(E) E dE

=

∫
e−E/kT e−2πη S (E) dE

⇒ S (i.e. σ) must be known
only in the Gamow peak

g(E) = e−E/kT e−2πη  0

 0.2

 0.4

 0.6

 0.8

 1

 0  5  10  15  20  25  30

E/kT

e-E/kT

Gamow

e-2π Za ZX e2/h v
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Reaction rate and Gamow window

Example
For the reaction 3He(α, γ) 7Be in the sun
Z1 = 2, A1 = 3
Z2 = 2, A2 = 4
T = 0.015 T9

Gamow peak
at E0 ' 20 keV

⇒ difficult to measure due to background.

Solutions :
Rely on theory to extrapolate down to astrophysical energies
Use indirect techniques, e.g. Coulomb breakup
8B + Pb→ 7Be + p ↔ 7Be(p, γ)8B
Go to an underground laboratory to reduce background
e.g. LUNA collaboration [E. Masha’s talk on Tuesday]
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Reaction rate and Gamow window

LUNA accelerator facility at the Gran Sasso
Located below the Gran Sasso mountain in the Apennines
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Reaction rate and Gamow window

LUNA result for 3He(3He, 2p)4He
LUNA can reach the Gamow peak in some cases
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Reaction rate and Gamow window

He and other fusions
When enough 4He has built up,
if temperature and pressure are high enough,
He fusion starts

But 8Be is unbound : 8Be→ 4He + 4He
This A = 8 gap is bridged by the triple-α process

3α→ 8Be∗ + α→ 12C∗

which occurs through the Hoyle state : Jπ = 0+ resonance in 12C
predicted by F. Hoyle and observed by W. Fowler (NP in 1983)

At a later stage, C may capture α to form O
or fuse with itself to form Ne, Na or Mg
⇒ Onion structure of star. . .
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Life and death of a star

The onion star
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Life and death of a star

What happens next?
Depending on the mass of the star :

M . 10M� :
I ends with C-O core (M . 8M�)

or O-Ne-Mg core (M ∼ 8–10M�)
I H outer layer is expelled→ planetary nebula
I nuclear reactions stop and what remains cools down
→ white dwarf (M ∼ M� and R ∼ R⊕)
where gravity is compensated by the pressure of

the electrons, which form a Fermi gas

18 / 38



Life and death of a star

Planetary nebula : Cat’s eye nebula

19 / 38



Life and death of a star

What happens next?
Massive star (M > 10M�)

I C burning→ Fe-Ni core
I Gravity strikes back : gravitational collapse of the core
→ neutron star (M ∼ M� and R ∼ 10 km; ρ ∼ ρ0)

where gravity is compensated by
the repulsive core of the NN interaction
[see A. Watts’ talk on Monday
V. Mantovani Sarti’s talk on Wednesday
W. Newton’s talk on Wednesday
J. Lattimer’s talk on Friday]

or black hole. . .
I outer layers expelled : supernova (type II)
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Life and death of a star

Type II SN : Crab nebula
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Life and death of a star

Neutron star
4 J. Piekarewicz

Fig. 2 An accurate rendition of the fascinating structure and exotic phases in the interior of a
neutron star—courtesy of Dany Page

of neutrons, protons, and electrons. Finally, there is also the fascinating possibility,
marked with a question mark in Fig. 2, of an inner core made of strange quark matter
or some other exotic state of matter. However, as alluded earlier in this paragraph,
we will limit our discussion to the uniform stellar core that accounts for practically
all the mass and for nearly 90 % of the size of a neutron star.

We have organized this chapter as follows. In Sect. 2, we discuss the two main
ingredients required to understand the structure of neutron stars: (a) the equation
of state of an electrically neutral, relativistic free Fermi gas of neutrons, protons,
and electrons in chemical equilibrium and (b) the solution of the TOV equations.
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Equation of State for nuclear matter

1 pp chain and CNO cycle

2 Reaction rate and Gamow window

3 Life and death of a star

4 Equation of State for nuclear matter

5 s, r, p, rp processes

6 Summary
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Equation of State for nuclear matter

Equation of State
To understand the formation of neutron stars,
need to understand the nuclear matter

[see V. Mantovani Sarti’s talk on Wednesday
& W. Newton’s talk on Wednesday

& J. Lattimer’s talk on Friday]
But no need for microscopic calculations
⇒ (nuclear) Equation of State (EoS)

State of a perfect gas given by P, V, T , N : PV = N k T

For nuclear matter, the state variables are
Z : proton number
N : neutron number
or in infinite matter α = (N − Z)/A, the n-p asymmetry
ρ the density

EoS obtained from the energy of the system per nucleon ε
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Equation of State for nuclear matter

Nuclear EoS
Back to liquid-drop formula (Bethe Weizsäcker)

B(Z,N) = avA − asA2/3 − aC
Z(Z − 1)

A1/3 − aSym
(A − 2Z)2

A

ε ≡ −
B(Z,N)

A
−→
A→∞
−av + aSym α

2 with α = (N − Z)/A

Liquid drop assumes constant density ρ = ρ0 ' 0.16 fm−3

We need density dependence

ε(ρ, α) = ε(ρ, α = 0) + S (ρ)α2 + . . .

where S is the symmetry energy
Clear short review paper : [Horowitz et al. JPG 41, 093001 (2014)]
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Equation of State for nuclear matter

Symmetry energy
S characterises the increase in energy from N = Z
Taylor expanded around ρ = ρ0 :

S (ρ) = S v +
L
3

(
ρ − ρ0

ρ0

)
+

1
18

Ksym

(
ρ − ρ0

ρ0

)2

+ . . .

  

S is said
stiff if dS/dρ > 0
soft if reaches
saturation
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Equation of State for nuclear matter

Constraints
S can be constrained from nuclear experiments (laboratory) :

neutron skin thickness (balance between surface tension
and asymmetry term)

Giant Monopole Resonance (breathing mode)
Giant Dipole Resonance (n to p oscillations)
heavy-ion collisions (n to p ratio in emitted fragments)

[see V. Mantovani Sarti’s talk on Wednesday]
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Equation of State for nuclear matter

Constraints
from astrophysical observations [see A. Watts’ talk on Monday

& W. Newton’s talk on Wednesday
& J. Lattimer’s talk on Friday]

Mass and radii of neutron stars (existing 2 M�)

[J. Lattimer Ann. Rev. Nucl. Part. Sci. 62, 485 (2012)]
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Equation of State for nuclear matter

Constraints
from nuclear physics

EFT prediction of EoS

[K. Hebeler et al. Astrophys. J. 773, 11 (2013)]
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s, r, p, rp processes

1 pp chain and CNO cycle

2 Reaction rate and Gamow window

3 Life and death of a star

4 Equation of State for nuclear matter

5 s, r, p, rp processes

6 Summary
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s, r, p, rp processes

How do we get heavier elements?
Increasing Coulomb barrier suppress fusion
Once Fe synthesised no more fusion

To explain formation of heavier elements
Burbidge, Burbidge, Fowler and Hoyle (B2FH) suggest in 1957
successive captures of n by seed nuclei : s and r processes
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s, r, p, rp processes

s process
The s process is a slow process of n capture by stable nuclei
slow means slower than β decay, i.e. requires small n flux
e.g. He burning stage of AGB stars

13C + α→ 16O + n
22Ne + α→ 25Mg + n

Synthesises elements close to stability⇒ does not explain
isotopes away from stability
heavy elements (U, Th. . . )
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s, r, p, rp processes

r process
The r process is a rapid process of n capture by stable nuclei
rapid means faster than β decay, i.e. requires high n flux
e.g. core-collapse supernovæ

n-stars mergers

Synthesises elements far away from stability⇒ requires
masses of radioactive isotopes [see A. Spyrou’s talk on Monday]

location of nuclear shells
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s, r, p, rp processes

Binary neutron star merger (BNS)
August 2017 : gravitational wave measured by LIGO and Virgo
Understood as a Binary neutron star merger (BNS)

In the mid-1960s, gamma-ray bursts (GRBs) were discovered
by the Vela satellites, and their cosmic origin was first established
by Klebesadel et al. (1973). GRBs are classified as long or short,
based on their duration and spectral hardness(Dezalay et al. 1992;
Kouveliotou et al. 1993). Uncovering the progenitors of GRBs
has been one of the key challenges in high-energy astrophysics
ever since(Lee & Ramirez-Ruiz 2007). It has long been
suggested that short GRBs might be related to neutron star
mergers (Goodman 1986; Paczynski 1986; Eichler et al. 1989;
Narayan et al. 1992).

In 2005, the field of short gamma-ray burst (sGRB) studies
experienced a breakthrough (for reviews see Nakar 2007; Berger
2014) with the identification of the first host galaxies of sGRBs
and multi-wavelength observation (from X-ray to optical and
radio) of their afterglows (Berger et al. 2005; Fox et al. 2005;
Gehrels et al. 2005; Hjorth et al. 2005b; Villasenor et al. 2005).
These observations provided strong hints that sGRBs might be
associated with mergers of neutron stars with other neutron stars
or with black holes. These hints included: (i) their association with
both elliptical and star-forming galaxies (Barthelmy et al. 2005;
Prochaska et al. 2006; Berger et al. 2007; Ofek et al. 2007; Troja
et al. 2008; D’Avanzo et al. 2009; Fong et al. 2013), due to a very
wide range of delay times, as predicted theoretically(Bagot et al.
1998; Fryer et al. 1999; Belczynski et al. 2002); (ii) a broad
distribution of spatial offsets from host-galaxy centers(Berger
2010; Fong & Berger 2013; Tunnicliffe et al. 2014), which was
predicted to arise from supernova kicks(Narayan et al. 1992;
Bloom et al. 1999); and (iii) the absence of associated
supernovae(Fox et al. 2005; Hjorth et al. 2005c, 2005a;
Soderberg et al. 2006; Kocevski et al. 2010; Berger et al.
2013a). Despite these strong hints, proof that sGRBs were
powered by neutron star mergers remained elusive, and interest
intensified in following up gravitational-wave detections electro-
magnetically(Metzger & Berger 2012; Nissanke et al. 2013).

Evidence of beaming in some sGRBs was initially found by
Soderberg et al. (2006) and Burrows et al. (2006) and confirmed

by subsequent sGRB discoveries (see the compilation and
analysis by Fong et al. 2015 and also Troja et al. 2016). Neutron
star binary mergers are also expected, however, to produce
isotropic electromagnetic signals, which include (i) early optical
and infrared emission, a so-called kilonova/macronova (hereafter
kilonova; Li & Paczyński 1998; Kulkarni 2005; Rosswog 2005;
Metzger et al. 2010; Roberts et al. 2011; Barnes & Kasen 2013;
Kasen et al. 2013; Tanaka & Hotokezaka 2013; Grossman et al.
2014; Barnes et al. 2016; Tanaka 2016; Metzger 2017) due to
radioactive decay of rapid neutron-capture process (r-process)
nuclei(Lattimer & Schramm 1974, 1976) synthesized in
dynamical and accretion-disk-wind ejecta during the merger;
and (ii) delayed radio emission from the interaction of the merger
ejecta with the ambient medium (Nakar & Piran 2011; Piran et al.
2013; Hotokezaka & Piran 2015; Hotokezaka et al. 2016). The
late-time infrared excess associated with GRB 130603B was
interpreted as the signature of r-process nucleosynthesis (Berger
et al. 2013b; Tanvir et al. 2013), and more candidates were
identified later (for a compilation see Jin et al. 2016).
Here, we report on the global effort958 that led to the first joint

detection of gravitational and electromagnetic radiation from a
single source. An ∼ 100 s long gravitational-wave signal
(GW170817) was followed by an sGRB (GRB 170817A) and
an optical transient (SSS17a/AT 2017gfo) found in the host
galaxy NGC 4993. The source was detected across the
electromagnetic spectrum—in the X-ray, ultraviolet, optical,
infrared, and radio bands—over hours, days, and weeks. These
observations support the hypothesis that GW170817 was
produced by the merger of two neutron stars in NGC4993,
followed by an sGRB and a kilonova powered by the radioactive
decay of r-process nuclei synthesized in the ejecta.

Figure 1. Localization of the gravitational-wave, gamma-ray, and optical signals. The left panel shows an orthographic projection of the 90% credible regions from
LIGO (190 deg2; light green), the initial LIGO-Virgo localization (31 deg2; dark green), IPN triangulation from the time delay between Fermi and INTEGRAL (light
blue), and Fermi-GBM (dark blue). The inset shows the location of the apparent host galaxy NGC 4993 in the Swope optical discovery image at 10.9 hr after the
merger (top right) and the DLT40 pre-discovery image from 20.5 days prior to merger (bottom right). The reticle marks the position of the transient in both images.

958 A follow-up program established during initial LIGO-Virgo observations
(Abadie et al. 2012) was greatly expanded in preparation for Advanced LIGO-
Virgo observations. Partners have followed up binary black hole detections,
starting with GW150914 (Abbott et al. 2016a), but have discovered no firm
electromagnetic counterparts to those events.

2

The Astrophysical Journal Letters, 848:L12 (59pp), 2017 October 20 Abbott et al.

[AJL 848, L12 (2017)]

EM signals (γ, UV, optical, IR. . . ) have also been recorded
confirming that BNS mergers are sites for r-process

32 / 38



s, r, p, rp processes

Binary neutron star merger (BNS)

Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).

4

The Astrophysical Journal Letters, 848:L12 (59pp), 2017 October 20 Abbott et al.

[AJL 848, L12 (2017)]

GRB 2 s after GW
⇒ vGW ∼ c
EM spectrum bears
signature of r-process nuclei
decay
Multi-messenger astronomy
BNS better explains
nucleosynthesis of
heavy elements than SN
Phys. Today 2017 12, 19
Phys. Today 2018 01, 300

Add neutrino measurement
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s, r, p, rp processes

Binary neutron star merger (BNS)
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representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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[AJL 848, L12 (2017)]

GRB 2 s after GW
⇒ vGW ∼ c
EM spectrum bears
signature of r-process nuclei
decay
Multi-messenger astronomy
BNS better explains
nucleosynthesis of
heavy elements than SN
Phys. Today 2017 12, 19
Phys. Today 2018 01, 300
Add neutrino measurement
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p and rp processes
s and r processes synthesise only n-rich nuclei
How to explain the presence of p-rich nuclei ?
p and rp processes are similar processes
with successive p captures

p process :
Slow capture of protons
Synthesises p-rich nuclei close to stability
Possible site : O-Ne layer in supernova
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rp process
rapid p-capture reactions
synthesises elements
away from stability
cf r process
Possible sites :

X-ray burst
accretion by neutron
star of H- and He-rich
material from
companion star
type Ia supernova
same accretion on
white dwarf

[Schatz and Rehm NPA 777, 601 (2006)]
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s, r, p, rp processes

Type Ia SN : 21 January 2014
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Summary

Summary
Nuclei are synthesised in stellar environments during various
processes

pp chain, CNO cycles, He burning,. . .
s and r processes (n capture)
p and rp processes (p capture)

[Smith and Rehm Annu. Rev. Nucl. Part. Sci. 51, 91 (2001)]
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Summary

Stardust
Abundances of elements and production mechanisms

38 / 38


	pp chain and CNO cycle
	Reaction rate and Gamow window
	Life and death of a star
	Equation of State for nuclear matter
	s, r, p, rp processes
	Summary

