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•  These	lectures	are	interac>ve,	please	expect	to	
have	to	do	something	

•  You	can	work	in	groups,	talk	with	the	others	
•  You	can	ask	any	ques>on	any>me!		



Chemical	Elements:	The	periodic	table	



By	far	the	most	abundant	
elements	in	the	Universe!	

Chemical	Elements:	The	periodic	table	
Made	in	the	Big	Bang	



All	the	rest	is	only	a	few	percent	at	most!	
Astronomers	call	it	metallicity	
Why	do	we	care	about	it?	

Chemical	Elements:	The	periodic	table	
Made	in	the	Big	Bang	

By	far	the	most	abundant	
elements	in	the	Universe!	



Earth’s	crust	abundances	

The	 seeds	 of	 technology	
elements	 that	 make	
possible	 the	 high-tech	
world	we	live	in	today			
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The Chart of Nuclei represents all the elements and 
nuclei in the Universe. Black boxes are stable nuclei. 

To understand the origin of the chemical elements we 
need to understand how their atomic nuclei are created. 



The	nuclide	chart	

Number of neutrons N 

Number of 
protons Z 

0 



What	is	the	number	of	neutrons	of	the	
stable	isotopes	of	C:	

1.  6	

2.  6	and	7	

3.  7	

4.  12	

	

		
	



What	is	the	12C/13C	abundance	ra>o	in	
the	solar	system:	

1.  ~1	

2.  ~10	

3.  ~100	

4.  ~1000	

	

		
	



What	is	the	half-life	of	13N:	

1.  ~1		minute	

2.  ~10		minutes	

3.  ~10	hours	

4.  ~10	days	
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What	are	stars	
made	of?	



“We	shall	never	be	able	by	any	
means	to	study	the	chemical	
composi@on	[of	stars]	or	their	
mineralogical	structure.”	

Auguste	Comte		
Cours	de	la	Philosophie	Posi@ve,	

1835	



What	is	the	Solar	
System	made	of?	



Method	1.	Analyse	the	light	from	
the	Sun:	Spectroscopy	

Each	dark	line	corresponds	to	an	atomic	transi>on	of	
an	atom/ion	of	a	specific	chemical	element.	

	



Meteor, meteoroid, meteorite:  
What is the difference? 

  

Method	2.	Analyse	the	composi>on	of		
Extra-terrestrial	rocks		

that	formed	when	the	Sun	formed	



The Solar System abundances 
Solar	spectra	+	meteorites:		
•  No	much	He,	C,	N,	O	etc	in	meteorites	

(rock	forming	elements	are	in	there)	
•  It	is	impossible	or	very	hard	to	obtain	

isotopic	abundances	from	spectra	



The Solar System abundances 
Solar	spectra	+	meteorites:		
•  No	much	He,	C,	N,	O	etc	in	meteorites	

(rock	forming	elements	are	there)	
•  It	is	impossible	or	very	hard	to	obtain	

isotopic	abundances	from	spectra	

The	abundances	from	solar	spectra	and	meteorites	show	
the	features	of	nuclear	physics!		
Can	you	find	these	features	in	the	figure?		
1.   IdenQfy	the	peaks,	which	isotopes	are	they?	
2.   Why	are	these	isotopes	more	abundant	than	others?		
Hints:	Remember	(1)	the	magic	numbers:	2,	8,	20,	28,	50,	
82,	and	126,	and	(2)	the	nuclei	with	the	highest	binding	
energy	per	nucleon	



Nuclear	shell	model,	closed	shells	=	stability	
	à	magic	numbers,	apply	to	both	protons	and	

neutrons	
	

We	can	find	proton	or	
neutron	magic	and	
double	magic	nuclei	
on	the	nuclide	chart	



The	binding	energy	per	nucleon	is	the	average	energy	
needed	to	"break	off”	one	nucleon	from	the	nucleus.		



The Solar System abundances 
Solar	spectra	+	meteorites:		
•  No	much	He,	C,	N,	O	etc	in	meteorites	

(rock	forming	elements	are	there)	
•  It	is	impossible	or	very	hard	to	obtain	

isotopic	abundances	from	spectra	

The	abundances	from	solar	spectra	and	meteorites	show	
the	features	of	nuclear	physics!		
Can	you	find	these	features	in	the	figure?		
1.   IdenQfy	the	peaks,	which	isotopes	are	they?	
2.   Why	are	these	isotopes	more	abundant	than	others?		
Hints:	Remember	the	magic	numbers:	2,	8,	20,	28,	50,	82,	
and	126,	and	which	are	the	nuclei	with	the	highest	binding	
energy	per	nucleon…	



The nuclear physics of the Solar System abundances  



magic	numbers:		
2,	8,	20,	28,	50,	
82,	and	126.	

Abundance	peaks	from	
magic	numbers	≥	28	

Fe	peak:	highest	
binding	energy	

The	odd-even	
effect	

The nuclear physics of the Solar System abundances  

Abundance	peaks	from	
magic	numbers	≤	20	



Solar System abundances: nucleosynthesis 

publish	the	first	
classifica>on	of	
nucleosynthesis	
processes	

In	1957,	B2FH		

Burbidge,	Burbidge,	Fowler	&	Hoyle	



Margaret	Burbidge	turned	100	yesterday!	



Solar System abundances: nucleosynthesis 

Neutron	captures	

Nuclear	staQsQcal	
equilibrum	

H,	He,	C,	Ne,	
O,	Si	burning		



Solar System abundances: nucleosynthesis 

Neutron	captures	

Nuclear	staQsQcal	
equilibrum	

H,	He,	C,	Ne,	
O,	Si	burning		 How	do	we	

know	these	
processes	
happen	in	
stars?		

	



SYNTHESIS OF ELEMENTS IN STARS

STARS SHOWING RESULTS OF s-PROCESS
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PLAT. E 5„.
PxATE 3. Portions of the spectra of stars showing the results of the s process. Upper: (a) Normal G-type star,

a Geminorum. (b) Ba II star, HD 46407, showing the strengthening of the lines due to the s-process elements
barium and some rare earths. Middle: (c) M-type star, 56 Leonis, showing TiO bands at XX 4584 and 4626. (d)
5-type star, R Andromedae, showing Zro bands which replace the TiO bands. Lines due to Sr I, Zr I, and BaII are
all strengthened. Lower.' (c) Another spectral region of the M-type star, 56 Leonis; note that Tc I lines are weak or
absent. (d) R Andromedae; note the strong lines of Tc I. The spectrum of R Andromedae was obtained by P. W
Merrill, and the upper two spectra by K. M. and G. R. Burbidge.

Merrill 1952, 
Burbidge et al. 
1957 

normal	star	

normal	star	

normal	star	

peculiar	star	

peculiar	star	

peculiar	star	

Spectroscopy in the 1950s… 
 

Not all stars are made 
of the same stuff!  

Each	line	originates	from	absorp>on	
from	a	specific	atomic	transi>on	

in	a	specific	atom/ion	
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a Geminorum. (b) Ba II star, HD 46407, showing the strengthening of the lines due to the s-process elements
barium and some rare earths. Middle: (c) M-type star, 56 Leonis, showing TiO bands at XX 4584 and 4626. (d)
5-type star, R Andromedae, showing Zro bands which replace the TiO bands. Lines due to Sr I, Zr I, and BaII are
all strengthened. Lower.' (c) Another spectral region of the M-type star, 56 Leonis; note that Tc I lines are weak or
absent. (d) R Andromedae; note the strong lines of Tc I. The spectrum of R Andromedae was obtained by P. W
Merrill, and the upper two spectra by K. M. and G. R. Burbidge.

Merrill 1952, 
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normal	star	

normal	star	

normal	star	

peculiar	star	

peculiar	star	

peculiar	star	

Spectroscopy in the 1950s… 
 

Not all stars are made 
of the same stuff!  

What	is	special	about	techne:um	(Tc)?	
Find	this	element	on	the	nuclide	chart!	



What	is	special	about	techne:um	(Tc)?	
Find	this	element	on	the	nuclide	chart!	



The	Big	Bang	

70%	by	mass	in	the	Sun		 28%	by	mass	



The	simplest	
H	burning:	the	

pp	chain	



The	Main	
Sequence	on	

the	
Herzsprung-
Russell	(H-R)	
diagram	

This	is	the	
nuclear	burning	
that	powers	
stars	like	the	
Sun:	
Energy	of	4	p	>	
Energy	of	1	He	



More	H	
burning:	the	
CNO	cycle.	
The	net	

result	is	the	
conversion	
of	C	and	O	
into	N	



H	burning	The	Big	Bang	



The	nuclide	chart	

Number of neutrons N 

Number of 
protons Z 



Which	nuclear	masses	do	not	exist	in	
stable	form:	

1.  3,	4	and	5	

2.  5	and	8	

3.  1,	2,	and	3	

4.  5	and	7	

	

		
	



He	burning:		
The	triple	alpha	(α	=	4He)	reac>on	



A	
	



See	lectures	by	Prof.	Yamaguchi		



He	burning:		
The	triple	alpha	(α	=	4He)	reac>on	

12C	+	4He	à	16O	



H	burning	

He	burning	

The	Big	Bang	



In	stars	<	10	the	mass	of	the	Sun…	

…the	core	can	reach	100	MK	needed	for	He	
burning,	aler	that	it	will	become	a	white	dwarf		



…the	core	can	get	homer	and	keep	burning	

In	stars	>	10	the	mass	of	the	Sun…	



net nuclear energy generation (burning + neutrino losses) 

net nuclear energy loss (burning + neutrino losses) 
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(reduces by mass loss) ra

di
at

iv
e 

en
ve

lo
pe

 
(b

lu
e 

gi
an

t) 

convective envelope (red super giant) 

H
 b

ur
ni

ng
 

H
e 

bu
rn

in
g 

C
 b

ur
ni

ng
 

(r
ad

ia
tiv

e)
 

C
 s

he
ll 

bu
rn

in
g 

Ne	 O	

burning 

C shell burning 

O	
O	 O	 O shell burning 

Si	

Si	



Evolution of 
central 
density and 
temperature 
of 15 MꙨ 
and 25 MꙨ 
stars 

Once formed, the evolution of a star is governed by gravity:  
continuing contraction  

to higher central densities and temperatures 

Once formed, the evolution of a star is governed by gravity:  
continuing contraction  

to higher central densities and temperatures 

Evolution of 
central 
density and 
temperature 
of 15 MꙨ 
and 25 MꙨ 
stars 



Carbon and Oxygen Burning 
 
 



Neon Burning 
 
 



Fuel Main 
Product 

Secondary 
Product 

T 
(109 K) 

Time 
(yr) 

Main 
Reaction 

H He 14N 0.02 107 CNO 
4 H ! 4He 

He O, C 18O, 22Ne 
s-process 

0.2 106 3 He4 ! 12C 
12C(α,γ)16O 

C  Ne, 
 Mg 

Na 0.8 103 12C + 12C 

Ne O, Mg Al, P 1.5 3 20Ne(γ,α)16O 
20Ne(α,γ)24Mg 

O Si, S Cl, Ar, 
K, Ca 

2.0 0.8 16O + 16O 

Si,S Fe Ti, V, Cr, 
Mn, Co, Ni 

3.5 0.02 28Si(γ,α)… 

Nuclear burning phases for a 20 MꙨ star 



Nuclear Statistical Equilibrium 
 When	the	strong	and	the	electromagne>c	interac>ons	come	

into	equilibrium,	the	nuclear	abundances	depend	only	on	the	
temperature	T,	density	ρ,	and	neutron-richness	Ye.	

Favours	the	produc>on	of	the	nuclei	with	
the	highest	binding	energy	per	nucleon	

4 6 8 10 12
10-2

10-1

100

M
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s 
Fr
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tio

n

Temperature (x109 K)

NSE Distributions at ρ=1e7 g cm-3  Ye=0.5

56Ni

54Fe

56Fe

4He

n and p



The	binding	energy	per	nucleon	is	the	average	energy	
needed	to	"break	off”	one	nucleon	from	the	nucleus.		



(Janka et al. 2005) 

Core	Collapse/Type	II	(H-rich)	Supernovae	



Thermonuclear/Type	I	(no	H)	Supernovae:	
explosion	of	a	white	dwarf	that	has	reached	the	

Chandrasekhar	mass,	how?		
THIS…	

…OR	
THIS?	



H	burning	

He	burning	

The	Big	Bang	

	C,	O,	Ne,	Si	burning		



H	burning	

He	burning	

The	Big	Bang	

Nuclear	Sta>s>cal	Equilibrium	

	C,	O,	Ne,	Si	burning		



H	burning	

He	burning	

The	Big	Bang	

Nuclear	Sta>s>cal	Equilibrium	

	C,	O,	Ne,	Si	burning		

And beyond the Fe peak? 	



Beyond Fe 

•  Need to add energy to do fusion  
•  Nuclear reactions do not contribute 

anymore to the energy of a star 
•  High coulomb barrier prevents proton or 

alpha captures, because they are charged  
•  Have to add neutrons to make heavier 

elements! 



H, 
He 

Z 

N 

C, N, O 

Fe, Co, Ni  

Sr, Y, Zr 

Ba 

Eu 

Au, Pt 

Pb 

U 

Because of their high number of protons (>26), elements 
heavier than Fe have a large Coulomb barrier and can be 

produced only by capturing neutrons.  



Slow and Rapid neutron captures  
During the s process:  
Time scale (n,γ) >> time scaleβdecay 
Nn ~ 108 n/cm3 

During the r process:  
Time scale (n,γ) << time scaleβdecay 
Nn > 1020 n/cm3 



r-only s-only p-only  



1.  Mo	has	one	p-only	isotope	
2.  Zr	does	not	have	any	s-only	isotopes	
3.  Ru	has	one	r-only	isotope	
4.  Zr	and	Mo	have	one	r-only	isotope	each	

Which	of	these	statements	is	wrong?			

Hint:	Track	the	s-	and	
r-process	path	on	the	
nuclide	chart.	



SYNTHESIS OF ELEMENTS IN STARS

STARS SHOWING RESULTS OF s-PROCESS
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PLAT. E 5„.
PxATE 3. Portions of the spectra of stars showing the results of the s process. Upper: (a) Normal G-type star,

a Geminorum. (b) Ba II star, HD 46407, showing the strengthening of the lines due to the s-process elements
barium and some rare earths. Middle: (c) M-type star, 56 Leonis, showing TiO bands at XX 4584 and 4626. (d)
5-type star, R Andromedae, showing Zro bands which replace the TiO bands. Lines due to Sr I, Zr I, and BaII are
all strengthened. Lower.' (c) Another spectral region of the M-type star, 56 Leonis; note that Tc I lines are weak or
absent. (d) R Andromedae; note the strong lines of Tc I. The spectrum of R Andromedae was obtained by P. W
Merrill, and the upper two spectra by K. M. and G. R. Burbidge.

Merrill 1952, 
Burbidge et al. 
1957 

normal	star	

normal	star	

normal	star	

peculiar	star	

peculiar	star	

peculiar	star	

Where does the s process happen? 

Not all stars are made 
of the same stuff!  



•  1.	the	p	and	the	s	processes	

•  2.	the	p	process	

•  3.	the	r	and	the	p	process	

•  4.	the	r,	s,	and	p	processes	

Which	processes	produce	the	long-lived	
(T1/2	>	0.1	Myr)	isotopes	of	Tc?	



•  1.	97	and	98	

•  2.	99	only	

•  3.	99	and	100	

•  4.	98	only	

If	the	s	process	happens	in	the	“peculiar	stars”,	
which	isotopes	of	Tc	are	we	are	seeing	in	these	

stars?		



…go	through	the	asymptoQc	giant	branch	(AGB)	
before	becoming	white	dwarfs.	

Stars	<	10	the	mass	of	the	Sun…	



Ar>st	impression.		
Courtesy	of	Pedro	Garcia-Lario,	ESA	and	Anibal	García-Hernandez,	IAC		



Extended	convec>ve	envelope	
Compact	core	
	
	
	



Compact	core	
	
	
	

Extended	convec>ve	envelope	

Aaaaa
a	

	
	

From	3D	to	2D	
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He-burning	shell	

H-burning	
shell	





	The	neutron	sources	



	The	neutron	sources	

Assuming some mixing 
12C(p,γ)13N(β+)13C 

13C(α,n)16O 
the 13C pocket 



	The	neutron	sources	

Assuming some mixing 
12C(p,γ)13N(β+)13C 

13C(α,n)16O 
the 13C pocket 22Ne(α,n)25Mg 

inside the 
convective 

thermal pulses 
when  

T > 300 MK 



13C	

22Ne	

>me	

104	yr	10	yr	

107	cm-3	

1013	cm-3	

Neutron	density		(cm-3):	
defines	the	details	of	the	
s-process	path		
22Ne	>>	13C		

τ 	=	∫Nnvth	dt	   	

Neutron	exposure	τ		
(mbarn-1):	defines	the	
details	of	the	overall	
distribu>on	
13C	>>	22Ne	



The	neutron	density	is	the	key	quan>ty	the	defines	the	final	
abundances	around	branching	points	



Branching points can appear depending on the neutron 
density! If the neutron density is around 1011 cm-3 we will 
have a branching when half lives are greater than a few 
days, are there any branching points here? 



Branching points can appear depending on the neutron 
density! If the neutron density is around 1011 cm-3 we will 
have a branching when half lives are greater than a few 
days, are there any branching points here? 

Careful	
about	
103Ru!	



1.  1.	

2.  0.8	

3.  0.5	

4.  0	

95Zr	is	a	branching	point	with	half-life	=	64	days	
that	produces	96Zr.	What	is	the	branching	factor	

when	the	neutron	density		Nn	=	1010	cm-3?		
(use	σ95		=	60	mbarn,	v	=	2	x	108	cm/s,	and	λβ=0.693	/T1/2	s)		

f =  
λn 

λn + λβ



H, 
He 

Z 

N 

C, N, O 

Fe, Co, Ni  

Sr, Y, Zr 

Ba 

Eu 

Au, Pt 

Pb 

U 

The	neutron	exposure	is	the	key	quan>ty	the	defines	the	
rela>ve	abundances	of	the	peaks	of	the	overall	distribu>on:	
Which	elements	beyond	Fe	have	isotopes	with	magic	
number	of	neutrons?	



The Solar System abundances 

s-process peaks 

The s-process 
peaks 

correspond to 
stable nuclei 
with neutron 

magic 
numbers  

N = 50, 82, 
126 because 
the neutron 
capture path 
goes rights 

through them. 



The Solar System abundances 

s-process peaks 

r-process peaks 

The s-process 
peaks 

correspond to 
stable nuclei 
with neutron 

magic numbers  

The r-process 
peaks 

correspond  
to unstable 
nuclei with 

neutron magic 
numbers  



Classical r-process
waiting point approximation

Given Nn and T: 
r-process path at constant Sn

beta flow

(n,γ)-(γ,n) equilibriumFinal abundances:
beta decay to stability 
with delayed neutron emission to redistribute matter

see e.g., Kratz et al 1993

During the r-process unstable magic nuclei 
act as “waiting points” 

	
	
	
	
	
	
	
	



r-process
path

20
28

50

82

8

8

20

28

50

82

126

will be measured
with CR at FAIR

stable nuclei

nuclides with
known masses

masses measured
at the ESR

Z

N

will be measured
at FAIR

measured
 at GSI

r-pro
cess

r-process and extreme neutron-rich nuclei

nuclear physics: 
  masses, 
  beta decays, 
  neutron capture,  
  fission barriers and
  yield distribution, ...

The main nuclear 
physics inputs: neutron-
capture cross sections, 

beta-decay rates, 
nuclear masses… are 
known much better for 
the s process than for 

the r process 

aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa	See	lectures	by	Prof.	Yamaguchi		



Neutron star mergers: 
dynamical and/or disk 
ejecta 

Supernova-jet-like explosion
Ye

3D magneto-hydrodynamical simulations:
rapid rotation and strong magnetic fields (?)

matter collimates: neutron-rich jets

right r-process conditions 

Winteler, Käppeli, Perego, et al. 2012

Ye corrected for ν absorption
Ye simulation: only ν emission

(Cameron 2003, Nishimura et al. 2006, Fujimoto et al. 2008)

Neutron-rich jets in magneto-
hydrodynamical supernovae: rapid 
rotation and strong magnetic 
fields, matter collimates 

Astrophysical sites  
need a neutron-rich explosive  
environment 
 

	
	
	
	
	
	
	
	



August 2017: first direct evidence for 
the neutron star merger site 

Figure 1: Photometry of SSS17a compared to fitted kilonova models. A: UV to NIR pho-
tometry of SSS17a from 10.9 hours after the BNS merger to +18.5 days (11). Overplotted
are our best-fitting kilonova model in each band. B: Residuals (in magnitudes) between each
photometry measurement and our best-fitting model. C: The integrated luminosity of our best-
fitting kilonova model compared with the total integrated luminosity of SSS17a (11). We also
show the luminosity of the individual blue and red components of our kilonova model. D: The
derived temperature of our kilonova model compared with the temperature derived by fitting a
blackbody SED to each epoch (11).

14

gravitational 
wave source  
GW170817 
1.7 s after, 
short γ-ray 
burst detected:  
GRB 170817A 

11 hours 
later, optical 
transient 
detected 
SSS17a 

Neutron 
star 

merger 

“Kilonova” 
probably 

generated by 
the radioactive 

decay of r-
process 
products 

First	direct	
observa>onal		
connec>on	



Galactic r-process: the inhomogeneous approach 1975

Figure 2. Influence of increased Jet-SN probabilities on Eu abundances
in GCE. Magenta stars represent observations. Green dots represent model
star abundances based on Winteler et al. (2012), the Jet-SN probability has
been chosen to follow the observations at [Fe/H] > −1.5. A good value
seems to be 0.1 per cent of HMS to end up in a Jet-SN. Note that this model
fails to reproduce the observed abundances at lower metallicities. Blue dots
illustrate the effect on the abundances if the Jet-SN probability is increased
to 1 per cent. This model better reproduces the observed abundances at lower
metallicities, but clearly fails at higher ones.

Figure 3. Same as Fig. 2, but with decreased probabilities. Red dots are the
same as green dots in Fig. 2 with Jet-SN probability of 0.1 per cent; green and
blue dots represent a Jet-SN probability of 10−4 and 2 × 10−5, respectively.
From the comparison of these models, we can see how decreased event
probability shifts the abundance curve down. We also remark an increase of
the spread in abundances when the probability is lowered. The rarer a high
yield event is, the larger is the spread in abundances.

Section 3.2). We have to test whether it is possible to use the same
parameters as in Sections 3.1 and 3.2, since the full combination of
both events could lead to an overproduction of elements. We can use
the earlier parameter explorations to tune the simulated abundance
pattern in order to match the observations. In the following, we will
discuss two possible cases.

(i) PNSM = 3.4 × 10−4, PJet-SN = 0.3 per cent, tcoal = 1 Myr (here-
after model Jet+NSM:A). The results for the model Jet+NSM:A
in comparison with observations are shown in Fig. 4. This model
provides a reasonable explanation of the observations at lower and
higher metallicities, but there is an overproduction of Eu in the
range −2 < [Fe/H] < −1. We conclude that larger coalescence
time-scales and larger probabilities are necessary regarding NSM,
and lower probability of Jet-SNe is necessary to flatten and lower
the modelled abundance curve.

Figure 4. Evolution of Eu abundances in GCE including both Jet-SNe
and NSM as r-process sites. Magenta stars represent observations, whereas
blue dots represent model stars. Model (Jet+NSM:A) parameters are
PNSM = 3.4 × 10−4, PJet-SN = 0.3 per cent, tcoal = 1 Myr.

Figure 5. Same as Fig. 4, but with a different parameter set (Model
Jet+NSM:B). Magenta stars represent observations (with observational er-
rors; however, magenta stars at low metallicities which carry only hori-
zontal errors represent upper limits). Blue dots represent model stars with
PNSM = 3.8 × 10−4, PJet-SN = 0.1 per cent, tcoal = 10 Myr.

(ii) PNSM = 3.8 × 10−4, PJet-SN = 0.1 per cent, tcoal = 10 Myr
(Model Jet+NSM:B). The results for the model Jet+NSM:B in
comparison with observations are shown in Fig. 5. This model ex-
plains the main features of the abundance curve quite well: the
spread at low metallicities, the first confinement of the spread
at [Fe/H] ≈ −2, the plateau between [Fe/H] ≈ −2 and
[Fe/H] ≈ −0.6, and the second confinement of the spread at
[Fe/H] ≈ −0.2. However, there still seem to be difficulties
at [Fe/H] ≈ −2: the scatter in abundances towards low [Fe/H]
ratios seems to be a bit too broad. This spread might be slightly
reduced by additional mixing terms (e.g. spiral arms mixing) or an
additional source providing ratios of [Eu/Fe] =−1, which we did
not consider in this work.

Considering Figs 4 and 5, while the results from both models
Jet+NSM:A and Jet+NSM:B can reproduce the observed spread
of [Eu/Fe] in the early galaxy, model Jet+NSB:B seems to bet-
ter fit the overall [Eu/Fe] versus [Fe/H] distribution. On the other
hand, the evolution of the [Eu/Fe] ratio at low metallicity depends
on the r-process production and on the Fe production in CCSNe (see
Section 4 and discussion). In Fig. 6, we compare the results for the
enrichment history of Eu in the galaxy according to Jet+NSM:A
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to be affected by internal pollution from deeper layers or pollution
from the binary companion.

3 R ESULTS

For a general understanding of the effects of Jet-SNe and NSM on
GCE, namely the parameters PNSM, tcoal, and PJet-SN, we performed
a number of simulations described in detail below.

3.1 Coalescence time-scale and NSM probability

As a prerequisite, we studied the influence of both coalescence time
and the probability of a binary system to become a NSM. In Fig. 1,
we present the evolution of [Eu/Fe] abundances when only NSM
contribute to the enrichment. The results can be summarized as
follows.

(i) Smaller coalescence time-scale leads to an enrichment of Eu
at lower metallicities. Larger coalescence time-scale shifts this to
higher metallicities.

(ii) A higher NSM probability shifts towards a quantita-
tively higher enrichment combined with an appearance at lower
metallicities.

These effects can be explained in the following way.

(i) When binary neutron star systems take longer to coalesce, the
time between the CCSN of both stars and the NSM event is longer.
The longer this delay time, also further nucleosynthesis events occur
in the galaxy during this period, enriching the ISM with metals.
Thus, when the NSM event finally takes place, surrounding stars
have developed a higher [Fe/H] abundance, shifting the system
towards higher [Fe/H] abundances, respectively. This implies an
overall Eu production shift towards higher metallicities.

(ii) With more binary systems becoming NSM, the produced
Eu amount per time step is larger, since every event produces the
same amount of r-process elements. This leads to a higher [Eu/Fe]
abundance, compared to simulations with lower NSM probability.
As the fraction of NSM systems are higher while the CCSN rate is
constant, larger amounts of Eu are produced, while the surrounding

Figure 1. Influence of coalescence time-scale and NSM probability on Eu
abundances in GCE. Magenta stars represent observations. Red dots corre-
spond to model star abundances as in Argast et al. (2004). The coalescence
time-scale of this event is 108 yr and the probability PNSM is set to 4 × 10−4.
Green dots illustrate the effect on the abundances if the coalescence time-
scale of NSM is shorter (around 106 yr). Blue dots show the abundance
change if the probability of HMS binaries to later merge in a NSM is in-
creased to 4 × 10−2 (cf. Section 3.1).

medium evolves regularly. This also leads to a higher abundance of
Eu at lower [Fe/H]. These effects shift the [Eu/Fe] curve to higher
values for the same [Fe/H].

All these results are consistent with the earlier conclusions by Argast
et al. (2004), stating that it is extremely difficult to reproduce the
observed [Eu/Fe] ratios at metallicities [Fe/H] < −2.5 by NSM
alone. A potential solution would be that the preceding supernovae
which produced the two neutron stars of the merging system mix
their ejecta with more extended amounts of the ISM. We utilized
the results following a Sedov–Taylor blast wave of 1051 erg, which
pollutes of the order 5 × 104 M⊙ of ISM until the shock is stopped.
van de Voort et al. (2015) assumed (in their standard case) the
mixing with more than 106 M⊙ of ISM (Shen et al. 2015 utilized
2 × 105 M⊙ in a similar approach). This produces an environment
with a substantially lower [Fe/H] into which the NSM ejecta enter.
Thus, it is not surprising that in such a case the Eu enrichment by
NSM is setting in at lower metallicities. The higher resolution run
shown in fig. 4 of van de Voort et al. (2015) agrees with our results.
Thus, the major question is whether such a very much enlarged
mixing with the ISM by almost two orders of magnitude can be
substantiated. We will discuss these aspects further in Section 5.

3.2 Probability of Jet-SNe

The contribution of Jet-SNe to the galactic Eu abundance differs
from that of NSM. Since Jet-SNe explode directly from a massive
star, they contribute much earlier to the chemical evolution than
NSM. Since the interstellar matter is distributed more inhomoge-
neously than in later evolution stages of the galaxy, high [Eu/Fe]
abundances are possible in individual stars. This leads to a large
spread in the abundances towards lower metallicities. Considering
Jet-SNe, the parameter with the highest impact on GCE for such
rare events, similar to NSM events but ‘earlier’ in metallicity, is
the probability of a massive star to actually become a Jet-SN. A
lower probability leads to a smaller overall [Eu/Fe] abundance,
while a higher probability leads to larger abundances. However, we
also recognize a larger spread in abundances in models with lower
probability. This comes from the fact that the high yield of the event
only sets an upper limit on the abundances. The rarer an event is, the
more and the longer stars remain unpolluted. This results in a larger
spectrum of abundances in stars and therefore in a larger spread in
[Eu/Fe] ratios. Note from Figs 2 and 3 that Jet-SNe might explain
the abundances at low metallicities better than NSM. Thus, while
Jet-SNe alone could be an explanation for the lower metallicity
observations, there is clear evidence of NSM events and therefore
we have to examine the combination of both events. Whether the
apparently to high concentration of model stars with low [Eu/Fe]
values at metallicities −3 < [Fe/H] < 2 in comparison to observa-
tions is related to observational bias or whether we require another
additional source will be discussed in the following sections.

3.3 Combination of sites

If both sites (Jet-SN and NSM) are considered to contribute to
the galactic Eu abundances, their contributions overlap. Therefore,
parameters which lead to the observed [Eu/Fe] abundances have
to be searched for. As described in Section 3.1, NSM contribute
at a delayed stage to the GCE and in our simulations are unable
to reproduce Eu abundances at metallicities [Fe/H] < −2.5, Jet-
SNe, however, contribute Eu early, but only in those regions where
they occurred, and cause a larger spread in the [Eu/Fe] values (cf.
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Figure 2. Influence of increased Jet-SN probabilities on Eu abundances
in GCE. Magenta stars represent observations. Green dots represent model
star abundances based on Winteler et al. (2012), the Jet-SN probability has
been chosen to follow the observations at [Fe/H] > −1.5. A good value
seems to be 0.1 per cent of HMS to end up in a Jet-SN. Note that this model
fails to reproduce the observed abundances at lower metallicities. Blue dots
illustrate the effect on the abundances if the Jet-SN probability is increased
to 1 per cent. This model better reproduces the observed abundances at lower
metallicities, but clearly fails at higher ones.

Figure 3. Same as Fig. 2, but with decreased probabilities. Red dots are the
same as green dots in Fig. 2 with Jet-SN probability of 0.1 per cent; green and
blue dots represent a Jet-SN probability of 10−4 and 2 × 10−5, respectively.
From the comparison of these models, we can see how decreased event
probability shifts the abundance curve down. We also remark an increase of
the spread in abundances when the probability is lowered. The rarer a high
yield event is, the larger is the spread in abundances.

Section 3.2). We have to test whether it is possible to use the same
parameters as in Sections 3.1 and 3.2, since the full combination of
both events could lead to an overproduction of elements. We can use
the earlier parameter explorations to tune the simulated abundance
pattern in order to match the observations. In the following, we will
discuss two possible cases.

(i) PNSM = 3.4 × 10−4, PJet-SN = 0.3 per cent, tcoal = 1 Myr (here-
after model Jet+NSM:A). The results for the model Jet+NSM:A
in comparison with observations are shown in Fig. 4. This model
provides a reasonable explanation of the observations at lower and
higher metallicities, but there is an overproduction of Eu in the
range −2 < [Fe/H] < −1. We conclude that larger coalescence
time-scales and larger probabilities are necessary regarding NSM,
and lower probability of Jet-SNe is necessary to flatten and lower
the modelled abundance curve.

Figure 4. Evolution of Eu abundances in GCE including both Jet-SNe
and NSM as r-process sites. Magenta stars represent observations, whereas
blue dots represent model stars. Model (Jet+NSM:A) parameters are
PNSM = 3.4 × 10−4, PJet-SN = 0.3 per cent, tcoal = 1 Myr.

Figure 5. Same as Fig. 4, but with a different parameter set (Model
Jet+NSM:B). Magenta stars represent observations (with observational er-
rors; however, magenta stars at low metallicities which carry only hori-
zontal errors represent upper limits). Blue dots represent model stars with
PNSM = 3.8 × 10−4, PJet-SN = 0.1 per cent, tcoal = 10 Myr.

(ii) PNSM = 3.8 × 10−4, PJet-SN = 0.1 per cent, tcoal = 10 Myr
(Model Jet+NSM:B). The results for the model Jet+NSM:B in
comparison with observations are shown in Fig. 5. This model ex-
plains the main features of the abundance curve quite well: the
spread at low metallicities, the first confinement of the spread
at [Fe/H] ≈ −2, the plateau between [Fe/H] ≈ −2 and
[Fe/H] ≈ −0.6, and the second confinement of the spread at
[Fe/H] ≈ −0.2. However, there still seem to be difficulties
at [Fe/H] ≈ −2: the scatter in abundances towards low [Fe/H]
ratios seems to be a bit too broad. This spread might be slightly
reduced by additional mixing terms (e.g. spiral arms mixing) or an
additional source providing ratios of [Eu/Fe] =−1, which we did
not consider in this work.

Considering Figs 4 and 5, while the results from both models
Jet+NSM:A and Jet+NSM:B can reproduce the observed spread
of [Eu/Fe] in the early galaxy, model Jet+NSB:B seems to bet-
ter fit the overall [Eu/Fe] versus [Fe/H] distribution. On the other
hand, the evolution of the [Eu/Fe] ratio at low metallicity depends
on the r-process production and on the Fe production in CCSNe (see
Section 4 and discussion). In Fig. 6, we compare the results for the
enrichment history of Eu in the galaxy according to Jet+NSM:A
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