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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

10 / 43



Reaction rate and Gamow window

Astrophysical S factor
Due to Coulomb barrier σ plummets at low E
because reaction takes place only through tunneling
Example : 3He+α→ 7Be+γ
also noted 3He(α, γ) 7Be

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
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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
Go to an underground laboratory to reduce background
e.g. LUNA collaboration
Use indirect techniques, e.g. Coulomb breakup
8B + Pb→ 7Be + p ↔ 7Be(p, γ)8B
Measurement in a storage ring [Yu. Litvinov’s talk on Thursday]
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Reaction rate and Gamow window

Storage Ring
Store heavy ions, e.g. produced at RIB facility, in a ring
Example : Experimental Storage Ring (ESR) @ GSI

Precision measurement
of nuclear masses
Lifetime spectroscopy
Measurement of reaction
cross sections
[Yu. Litvinov’s talk Thursday]
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Reaction rate and Gamow window

Measurement of reaction cross sections @ ESR
96Ru(p,γ)97Rh [PRC 92, 035803 (2015)]
124Xe(p,γ)125Cs [PRL 122, 092701 (2019)]

measured as proof of principle (useful in p-process model cf. infra)
Incoming beam @ 100AMeV slowed down in ESR to 5–10AMeV

H2 gas-jet target
I windowless (less background)
I thin (no multiple collisions,

but reduced luminosity)

High revolution frequency
(250–500 kHz) increases luminosity
DSSSD in dipole detects products

A measurement of small cross sections, on the contrary,
requires high luminosities.
The description of charged-particle processes in explo-

sive nucleosynthesis—e.g., the γ process occurring in core-
collapse and thermonuclear supernovae [5–7] and the rp
process on the surface of mass-accreting neutron stars [8]—
requires large reaction networks including very short-lived
nuclei. Experimental data are extremely scarce [9], espe-
cially in the mass region A > 70, and the modeling relies
on calculated cross sections. It is therefore essential to test
the theory and its central input parameters. In this Letter we
report the first study of the 124Xeðp; γÞ125Cs reaction. The
cross section is measured on the high energy tail of the
Gamow peak, which is located between 2.74 and 5.42 MeV
at 3.5 GK in the γ process [4]. While the 124Xeðp; γÞ
reaction serves as a major milestone for improving the
experimental technique to reach lower center-of-mass
energies, it also provides important constraints on the so
far purely theoretically predicted reaction rates used to
model the γ process.
In the past, it has been demonstrated at different rare

ion beam (RIB) facilities by experiments on ions of mass
A < 40 [10–13] that inverse kinematics techniques can be
successfully applied to study capture reactions on unstable
nuclei. The experiment presented in this Letter has been
performed at GSI, Darmstadt [14,15]. Here, the combina-
tion of the heavy-ion storage ring ESR [16] and the
FRagment Separator (FRS) [17] can address all of the
aforementioned challenges for reaction measurements in
the Gamow window even for the heavy ion beams of
interest for the γ process. Stored low-energy ions orbit the
ring at several hundred kHz, repeatedly impinging on the
thin internal target. This recycling of the beam boosts
the available luminosity by at least 5 orders of magnitude,
compensating for thin targets and limited beam intensities.
Recently, a pilot experiment at ESR investigating the

reaction 96Ruðp; γÞ97Rh demonstrated the feasibility of this
approach for proton-capture reactions [18]. However, only
a beam energy of 9 AMeV could be reached. For a 96Ru
beam impinging on a 1H target this converts to a center-of-
mass energy of 8.976 MeV, still several MeVaway from the
Gamow window. Going to even lower energies is a
challenge for both accelerator and experiment.
For the current experiment, the 124Xe beam was accel-

erated to about 100 AMeV in the UNIversal Linear
ACcelerator (UNILAC) and SchwerIonenSynchroton
(SIS18), extracted to the ESR transfer beam line, com-
pletely stripped off bound electrons and finally injected into
the ESR. Once the beam was stored, its momentum spread
was brought down to and maintained at Δp=p ≈ 10−5 with
the electron cooling system of the ring [19]. In the next
step, the ions were decelerated to the desired energies of a
few AMeV. About 106–107 124Xe54þ ions at energies as low
as 3 AMeV can potentially be stored in the ESR. At this
point the internal ultrapure H2 target was switched on

reaching densities of about 1014 atoms=cm2 [20]. This
corresponds to an energy loss of about 5–10 eV, which is
compensated by the electron cooler. The beam passed
through the hydrogen target with a revolution frequency
of about 250–500 kHz, resulting in peak luminosities of
about L ¼ 1026 cm−2 s−1. Measurements at 5 beam ener-
gies starting from 8 AMeV and reaching down as low as
5.5 AMeV were performed to investigate the 124Xeðp; γÞ
reaction in inverse kinematics. Atomic interactions with the
atoms of the target and the residual gas limit the storage
time of highly charged ions at low energies. With the
124Xe54þ beam stored at 7 AMeV a beam lifetime of about
2.5 s could be achieved, resulting in a reasonable meas-
urement period of about 12 s before the ring had to be
refilled. A single fill cycle of the ESR took about 50 s,
implying a duty cycle of about 25%.
The 125Cs products of the (p; γ) reaction are subject to a

negligible momentum recoil caused by the emission of the
γ cascade, see, e.g., Ref. [21]. This allows the entire recoil
cone to be covered by a single particle detector. In order to
separate the reaction products from the stored beam, the
detection system is implemented at the end of the first
dipole magnet downstream of the target as shown in Fig. 1.
The lower magnetic rigidity results in a separation from the
stored beam of about 4 cm, which was also predicted by
beam-optical simulations. It should be noted that for an
undisturbed detection of the (p; γ) reaction products, it is
essential to utilize a fully stripped primary beam.
Otherwise, the stored ions which loose an electron at the
target would hit the detector at approximately the same
position as the (p; γ) products, due to a comparable
magnetic rigidity. This would lead to a fatal background
contribution, since at low energies the cross section for
ionization is much larger than for proton capture.
The main challenges for this experiment were the storage

and detection of ions at Gamow window energies. In order
to store highly charged ions at energies below 10 AMeV
ultrahigh vacuum (UHV) conditions of about 10−11 mbar

FIG. 1. The figure shows the experimental setup at the ESR
from the gas target to the next dipole magnet. Three Ge x-ray
detectors are placed around the interaction region at angles of 35°,
60°, and 90°. The DSSSD is positioned in the last quarter of the
dipole to intercept the produced 125Cs ions, which are separated
from the circulating 124Xe beam due to their magnetic rigidity.

PHYSICAL REVIEW LETTERS 122, 092701 (2019)

092701-2

[PRL 122, 092701 (2019)]

X-ray detectors to monitor luminosity

15 / 43



Reaction rate and Gamow window

Results for 124Xe(p,γ)125Cs
[PRL 122, 092701 (2019)]

in the entire ring are crucial. Otherwise the atomic
interactions of the revolving beam with the residual gas
atoms would reduce possible storage times to the sub-
second level [22,23], which would render reaction studies
impossible. These boundary conditions dictate a highly
restrictive list of materials that can be brought into the UHV
environment. Therefore, the regular particle detection
systems at the ESR are operated inside detector pockets,
which are separated from the ring vacuum by entrance
windows made of 25–100 μm stainless steel [24]. As heavy
ions of energies below 10 AMeV hardly penetrate such
windows, the design and implementation of a new in-
vacuum detection system was the major step towards the
low energies of the Gamow window.
The new in-vacuum setup consists of a Micron

Semiconductor Ltd. W1-type double-sided silicon strip
detector (DSSSD) [25] of 500 μm thickness, which stops
low-energy ions completely. To be compatible to the UHV
environment, the wafer is mounted on a ceramic printed-
circuit board, equipped with low-outgassing cables and
designed for in situ bakeout at about 125 °C. The DSSSD is
able to detect ion energy deposits of several hundred MeV
at 100% efficiency with a spatial resolution of about 3 mm
and an energy resolution better than 1%. The setup has been
installed at 53.5° bending angle of the 60° dipole magnet
downstream of the target as indicated in Fig. 1.
To extract absolute (p; γ) cross section values in the

analysis, the luminosity in the ring has to be known. It
depends on the areal thickness of the target, the beam current,
and their mutual geometric overlap. For this purpose, the
investigation of the (p; γ) cross section is carried out relative
to a measurement of the radiative electron-capture process
from the H2 target to theK shell of 124Xe54þ (K-REC). High-
purity germanium semiconductor detectors surrounding the
target at 90°, 60°, and 35° with respect to the beam axis were
used to detect the x-ray signature of the K-REC. The REC
process is one of the dominant processes in ion-atom (ion-
electron) collisions and has been studied in detail in recent
decades [26]. These studies have demonstrated that all
experimental REC results can be well understood within
the framework of the relativistic distorted-wave approach.
Based on this approach the K-REC differential cross sections
can be predicted with an uncertainty ≤ 2%. The main source
of this uncertainty arises from the fact that a molecular H2

target is used instead of atomic H [27].
For all beam energies the DSSSD was positioned about

1 cm away from the orbit of the beam to capture the (p; γ)
products in the center of the active area. The hit distribution
across the surface of the DSSSD at 7 AMeV is shown in
Fig. 2. The narrow cluster of 125Cs ions from the (p; γ)
reaction in the center of the detector is clearly visible above
the broad background of 124Xe ions from Rutherford elastic
scattering off the hydrogen target.
For ion detection with the DSSSD a coincidence con-

dition between the front and back side of the detector in

combination with a simple energy threshold at 1=3 of the
nominal ion energy has been applied. This leads to a clean
ion-hit identification also taking into account interstrip
events, which result in energy sharing between adjacent
strips [28]. Since no notable losses have been observed, an
ion detection efficiency of 100% is assumed.
The determination of the (p; γ) cross section σðp; γÞ can

be described as

σðp; γÞ ¼ Nðp; γÞ
ϵKΔΩ
NK

dσK
dΩ

: ð1Þ

Here, Nðp; γÞ is the number of detected 125Cs ions, NK

denotes the number of K-REC x-rays detected with the
efficiency ϵK within the solid angleΔΩ, and dσK=dΩ is the
K-REC differential cross section.
The extraction of the number of proton-capture events

from the two-dimensional histograms was accomplished
by fitting and subtracting the Rutherford background. The
shape of this background component was simulated with
the Monte Carlo based MOCADI code [29]. The simulation
took into account the well-known Rutherford scattering

FIG. 2. The ion hit distribution measured with the DSSSD is
shown. On top of a broad background of elastically scattered
124Xe ions a narrow cluster of 125Cs ions can be identified as
products of the (p; γ) reaction.
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FIG. 3. Depicted is the spectrum of x-ray radiation recorded by
the 90° detector at the target with a beam energy of 8 AMeV. The
K-REC peak at 45 keV is used for luminosity normalization.
Various other atomic processes are visible through their charac-
teristic lines. For details see text.
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DSSSD can disentangle 125Cs
from scattered 124Xe

HF code SMARAGD [34,35], which relies on a widely used
combination of nuclear models for astrophysical rate
prediction [36,37]. In detail, the nuclear input to the HF
code consists of the microscopic protonþ nucleus optical
model potential by [38] with low-energy modifications by
[39], the nuclear level density by [40] including a parity
dependence according to [41], and the gamma-strength as
described in Refs. [36,40].
Of special astrophysical interest is the energy range

below the neutron-emission threshold Sn ¼ 6.71 MeV
[4,5,7]. In this region the proton width is typically the
most sensitive input parameter for (p; γ) cross sections
[42], making it a key ingredient for HF rate predictions in
the γ process [5]. In Fig. 4 the experimental cross section
values are compared to results of the SMARAGD code. For
the unmodified SMARAGD prediction the deviation of about
30% at the lower end of the measured energy range is
within the expectations, since the underlying models aim at
a global description of nuclear properties. However, better
agreement can be obtained by locally increasing the proton
width for the compound nucleus 125Cs by 30% which
increases the calculated cross section by about the same
amount. This confirms that the usually adopted uncertainty
of about a factor of 2 for global HF rate predictions of
(p; γ) and inverse reactions [6] holds in this mass region.
Above the neutron-emission threshold, the cross-section

predictions are additionally sensitive to the γ and neutron
widths. Therefore it is impossible to unambiguously
identify the source of the strong deviation between theory
and experiment at these energies. Varying all widths shows
that it is impossible to simultaneously reproduce the data
points at the two highest energies. Either the cross section
at the highest measured energy is strongly overpredicted
or the data point at the second-highest energy is under-
predicted. The latter case is shown in Fig. 4, which requires
a strong increase in the neutron width or alternatively a
strong decrease of the γ width in the compound nucleus to
bring down the cross section to coincide with the data point

at the highest energy. Such a strong variation would be
typical for a single resonance structure but this would not
be expected at the high level density found in the com-
pound nucleus 125Cs at the populated excitation energies.
In summary, with the study of 124Xeðp; γÞ125Cs pre-

sented here, the in-ring method for direct (p; γ) measure-
ment was proven to be applicable for heavy nuclides and to
provide measurements in an astrophysically relevant
energy range. In combination with the rare ion beam
production in the FRS at GSI [17] this offers new
opportunities to significantly improve weakly constrained
astrophysical reaction rates used in nuclear reaction net-
works responsible for the synthesis of the p nuclei in
explosive stellar scenarios. The present data for 124Xeðp; γÞ
between 5.5 and 8 MeV provide a sensitive test of cross-
section predictions and especially the prediction of the
proton width, which is important for the theoretical
modeling of astrophysical proton capture and inverse
reactions. Although several modifications of theoretical
parameters were needed to describe the experimental
dataset, we can confirm that the theory provides reliable
(p; γ) predictions within the assumed accuracy of about a
factor of 2. This especially holds for the proton width and
the lower part of the measured energy range.
In the future it is envisioned to extend the proton-capture

campaign to radioactive beam studies, addressing key
reactions like 59Cuðp; γÞ, which has high impact on the
light curve and heavy element production in x-ray burst
models [43]. The only strong limitation for radioactive
beam experiments at the present ESR facility is the half-life
of the stored ion; it should be on the order of tens of
seconds at least. Moreover, with the in-ring technique it is
conceivable to broaden the range of reaction channels that
can be studied in inverse kinematics, e.g., (α; γ) or (p; n)
reactions would be possible with only minor modifications
to the experimental setup.
Driven by the high scientific potential, there are several

initiatives for new storage-ring facilities around the world
with a focus on low-energy studies. The storage ring at
HIE-ISOLDE project [22], for instance, combines a low-
energy ring with an ISOL-type RIB facility, while the
CRYRING@ESR project [44] represents a low-energy
extension of the ESR machine. This work delivers a proof
of principle for one of the key physics cases connected to
such ring projects.

This project has received funding from the European
Research Council (ERC) under the European Union’s
Horizon 2020 research and innovation programme (Grant
Agreement No. 682841 “ASTRUm”). This work is sup-
ported by the Helmholtz International Center for FAIR (HIC
for FAIR), by the Bundesministerium für Bildung und
Forschung (BMBF) (05P15RFFAA, 05P15RGFAA), by
the Science and Technology Facilities Council (STFC)
UK (ST/L005824/1, ST/M001652/1, ST/M006085), by
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FIG. 4. Comparison of experimental and predicted cross
sections: the red solid line shows the predictions obtained with
the same input as used in the reaction rate libraries for
astrophysics; the green dashed line shows a similar calculation
but with the proton width increased by 30% and the neutron
width increased by a factor of 2.5 (see text for details).
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σ(p,γ) measured close to
Gamow window
⇒ constrain reaction model
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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. . .

17 / 43



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
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Life and death of a star

Planetary nebula : Cat’s eye nebula
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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 J. Lattimer’s talk on Monday
J. Piekarewicz’s talk on Thursday]

or black hole. . .
I outer layers expelled : supernova (type II)

[see E. O’Connor’s talk on Friday]
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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
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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 J. Lattimer’s talk on Monday
& J. Piekarewicz’s talk on Thursday]

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 from the lab
S can be constrained from nuclear experiments (laboratory) :

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

[see J. Piekarewicz’s and V. Tsaran’s talks on Thursday]

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

[see S. Yennello’s talk on Thursday]
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Equation of State for nuclear matter

Constraints from the sky
from astrophysical observations [see J. Lattimer’s talk on Monday]

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 theory
from nuclear-structure calculation

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 [see E. O’Connor’s talk on Friday]

n-stars mergers

Synthesises elements far away from stability⇒ requires
masses of radioactive isotopes
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.
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EM signals (γ, UV, optical, IR. . . ) have also been recorded
confirming that BNS mergers are sites for r-process

35 / 43



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 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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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
[A. Franckowiak Wednesday
C. Distefano Tuesday]
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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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Type Ia SN : 21 January 2014
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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
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