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Long-standing	question:	
Where	do	heavy	(r-process)	elements	come	from?
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rapid	neutron	capture	process	requires:	

✓ high	neutron	richness	

✓ fast	expansion	

✓ high	temperature	

➡ can	only	take	place	in	outZlows	from	astrophysical	explosions

suggested	environments:	

★ core-collapse	supernovae	

★ magneto-rotational	supernovae	

★ neutron	star	mergers	(only	source	con;irmed	so	far	in	observed	event	on	
GW170817	on	August	17th,	2017!)

open	questions:	

✤ what	elements	are	created	in	which	ejecta	component?	

✤ what	are	properties	of	exotic	nuclei	and	reaction	rates	far	away	from	the	valley	of	
stability		where	the	r-process	proceeds?	

✤ what	is	the	electromagnetic	signal	called	kilonova?	

✤ are	neutron	star	merger	dominant	sites	of	r-process?
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OutHlows	during	the	Hirst	~20	milliseconds:	Dynamical	ejecta

✓ matter	pushed	out	
dynamically	due	to	violent	
collision	

✓ computationally	very	
challenging	to	describe	
transport	of	neutrinos	
(E~10	MeV)

hydrodynamical	simulations

✓ robust	r-process	between	
80	<	A	<	240	

✓ not	very	sensitive	to	stellar	masses	
✓ but	sensitive	to	adopted	nuclear	
input	and	to	neutrino	transport	
scheme	

➡ suggests	that	dynamical	ejecta	are	
viable	r-element	sources

6 I. Kullmann et al.

Figure 2. (Color online). Fractional mass distributions of the mat-
ter ejected as a function of Ye at the time of ⇢ = ⇢net together with
the mean electron fraction hYei. From the top: a) DD2-125145, b)
DD2-135135, c) SFHo-125145 and d) SFHo-135135 NS-NS merger
models.

Figure 3. (Color online). Same as Fig. 2 for the two cases, with-
out (a) or with (b) weak nucleonic interactions, of the DD2-135135
model discussed in the text. Note that the ILEAS case with neu-
trinos corresponds to Fig. 2b.

third-r-process peak nuclei xA>183,(i.e. with A > 183) are
summarised in Table 1 for each model. In particular, the
ejecta of all four systems can be seen to consist of 88 up to
95% of A > 69 r-process material with lanthanides plus ac-
tinides ranging between 11 and 15% in mass. In all four mod-
els, the third r-process peak is rather well produced and in-
cludes between 11 to 15% of the total mass. The DD2-125145
model has a relatively larger production of the heaviest r-

Figure 4. (Color online). Final mass fractions of the material
ejected as a function of the atomic mass A for our DD2 1.25–
1.45M� DD2 1.35–1.35M� SFHo 1.25–1.45M� and SFHo 1.35–
1.35M� NS-NS merger models. The solar system r-abundance dis-
tribution (open circles) from Goriely (1999) is shown for compar-
ison and arbitrarily normalised to the DD2 asymmetric model at
the third r-process peak (A ' 195).

process elements, as indicated by a larger value of xA>183,
which reaches about 30% in the equatorial region.
For the DD2-135135 model, Fig. 5 shows the final isotopic

abundance distributions of the case without neutrinos com-
pared to the case where neutrino interactions are included.
If we assume the initial Ye distribution to be una↵ected by
weak interactions (Fig. 3a), the resulting distribution is char-
acteristic of what has been obtained by most of the calcula-
tions neglecting neutrino absorption, i.e. the production of
A >⇠ 130�140 is considerably enhanced due to the dominance
of Ye < 0.1 trajectories and an e�cient fission recycling. The
production of A ' 130 nuclei in the second r-process peak is
linked to the non-negligible presence of Ye > 0.15 trajecto-
ries (see Fig. 3 and the discussion in Sect. 2). The “no neu-
trino” case is found to be composed of 2.1 (4.7) times more
lanthanides (actinides) and a significantly more pronounced
third r-process peak (Table 1).
The final elemental abundance distributions obtained from

the four hydrodynamical models including weak processes are
shown in Fig. 6. As for the isotopic distributions, there are
only minor di↵erences between the four elemental distribu-
tions. In particular, the production of actinides is larger for
the two asymmetric merger models. However, the 232Th to
238U ratio remains rather constant and equal to 1.35–1.39 for
all four models (Table 1), a property of particular interest to
cosmochronometry (e.g Goriely & Janka 2016).
The elemental distributions of the DD2-135135 cases with

and without neutrinos are presented in Fig. 7. We can see
that a rather di↵erent prediction is obtained when including
weak processes, in particular, a significantly smaller amount
of Z >⇠ 50 elements is produced. However, although the ac-
tinide production for the ILEAS case is significantly smaller
compared to the reference neutrino-less simulation, the ele-
mental ratio Th/U remains rather constant. For the ILEAS
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nucleosynthesis	analysis
Dynamical ejecta with weak processes II: Kilonova 13

Figure 7. Same as Fig. 4 but comparing the four hydrodynamic models with different nuclear EoSs and binary mass ratios and not
distinguishing between polar and equatorial regions, i.e. only spherically averaged or integrated quantities are shown. Note that the top
middle panel now shows q instead of q/Mej.

Figure 8. Same as Fig. 7 but comparing the fiducial model DD2-135135 with its counterpart DD2-135135-noneu, in which neutrino
reactions have been neglected after the plunge.

and equilibration of trapped neutrinos. The advection of
trapped neutrinos can be accounted for without significant
efforts and even without computing any neutrino interaction
rates – basically by replacing the electron fraction with the
total lepton fraction in optically thick regions (e.g. Goriely
et al. 2015; Ardevol-Pulpillo et al. 2019). However, the main
challenge lies in the reliable description of the emission and
absorption rates in the semi-transparent regions surrounding
the hot merger remnant once it is formed. In order to quan-

tify the impact of (not) including any neutrino interactions
after the first touch of the two stars, we introduced in Part I
a variation of model DD2-135135 (called DD2-135135-noneu
here), in which Ye is held constant after the point when the
two stars plunge into each other. In this model the abun-
dances of elements with mass numbers 90 <

⇠ A <
⇠ 140 are

found to be reduced, while the mass fractions of lanthanides
and heavier elements are enhanced by a factor of 2�3. More-
over, the pole-to-equator composition gradient basically dis-
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absorption rates in the semi-transparent regions surrounding
the hot merger remnant once it is formed. In order to quan-

tify the impact of (not) including any neutrino interactions
after the first touch of the two stars, we introduced in Part I
a variation of model DD2-135135 (called DD2-135135-noneu
here), in which Ye is held constant after the point when the
two stars plunge into each other. In this model the abun-
dances of elements with mass numbers 90 <

⇠ A <
⇠ 140 are
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✓ powered	by	radioactive	decay	
of	newly	synthesized	elements	

✓ requires	detailed	knowledge	of	
r-process	path	

✓ light	curve	peaks	at	~	1	day	in	
infra-red	wavelengths	

➡ challenging		to	explain	kilonova	
of	GW170817	with	typical	
dynamical	ejecta

kilonova	light	curve

(arXiv:2109.14617,	arXiv:2109.02509)
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OutHlows	during	the	next	~	10	seconds	from	black-hole	torus	remnant

✓ matter	ejected	due	to	
viscous	heating	in	turbulent	
torus	

✓ about	20-40%	of	initial	torus	
can	become	ejected	

✓ typically	more	mass	ejected	
than	in	dynamical	ejecta

hydrodynamical	simulation

✓ production	of	heavy	elements	
strongly	depends	on	Mtorus	

✓ sensitive	to	adopted	nuclear	
models	

➡ supports	that	black-hole	tori	in	
mergers	are	generic	r-process	
sources
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Figure 13. Left column: Histograms for the mass distribution versus electron fraction Ye as measured at radii of 104 km in the hydrodynamic simulations.
Right column: Corresponding abundance distributions of nuclei synthesized in the ejecta as function of mass number, A. The colors refer to the same models
that are plotted on the left. Mass fractions corresponding to the models are normalized to sum up to unity, while the solar abundance pattern (depicted by open
circles) is normalized to the A = 130 mass fraction of model m01m3A8. In all panels the thick (thin) lines are used for models including (neglecting) neutrino
absorption. The black lines always refer to the same, fiducial model, m01M3A8(-no⌫). From top to bottom (only) the following ingredients are varied with
respect to those of the fiducial model: Initial torus mass, black hole mass, black hole spin, viscous ↵ parameter, neutrino interaction physics (Qnp and me

corrections (green lines) and weak magnetism correction (red lines)), treatment of turbulent viscosity (lt=const. viscosity (green lines), and MHD (red lines)).
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nucleosynthesis	analysis

neutron	richness	tends	to…	
✓ …	increase	with	Mtorus	due	to	
electron	degeneracy	

✓ …	decrease	again	for	very	high	
Mtorus	because	of	higher	neutrino	
luminosities	

➡ highest	neutron	density	for	
0.01<Mtorus/Msun<0.1

16 Just et al.
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Figure 10. Schematic illustration of the characteristic weak-interaction regimes encountered in neutrino-cooled disks and their corresponding equilibrium
electron fractions in dependence of the mass accretion rate onto the central BH, ṀBH. The torus can roughly be divided into a region where only neutrino
absorption is relevant (A), where both neutrino emission and absorption are relevant (B), where only neutrino emission is relevant (C), and where all weak
interactions are inefficient (D). The cases 1 to 4 indicate different regimes of mass accretion rates onto the BH. See Sect. 2 for the definition of the corresponding
Ye -equilibria and the emission/absorption timescales, as well as Sect. 4.2.1 for a discussion of the regions A, B, C, and D.

direction through the entire computational domain. A straightfor-
ward estimate of ⌧opt can be obtained by adopting for the neutrino
energy the mean energy of released neutrinos measured far away
from the torus, given by L⌫/L⌫,N . We use the approximate formula
(e.g. Bruenn 1985)

abs(✏ ) ⇡
�0

4mec2 (3g2
A + 1)nB✏2 , (18)

for calculating all optical depths in this paper (where �0 = 1.761⇥
10�44 cm2 and gA = 1.254). The solid lines in panels (j) and (k)
of Figs. 2 and 3 depict the evolution of ✏ and ⌧opt(✏ ) computed in
this way for various models. However, the numbers resulting in this
case for ✏ and ⌧opt(✏ ) are systematically underrated, because they
disregard the fact that preferrably neutrinos of higher energy are
absorbed, owing to the ✏2 dependence of abs. Therefore, a more
appropriate energy for measuring the impact of absorption is given
by the average energy of all neutrinos captured by nucleons per unit
of time, i.e.

✏abs =

R
r<r1

ėabsdV
R
r<r1

ṅabsdV
, (19)

where ṅabs = �⌫̄e np + �⌫e nn and ėabs is the corresponding energy-
absorption rate that results after replacing ✏2 by ✏3 in the rates
�⌫e/⌫̄e , cf. Eq. (1). The resulting changes in ✏ and ⌧opt(✏ ) / ✏2

are quite significant, approximately a factor of 2 and 4, respec-
tively, during the neutrino-dominated phase. For the fiducial model,
m01M3A8, with a relatively low torus mass of 0.01 M� the optical
depth computed in this way exceeds 10 during the first ⇠ 20 ms
and drops below ⌧opt = 1 only after t ⇡ 60 ms. The sharp depen-
dence of the optical depth on the detailed neutrino energy spectrum

highlights the importance of using an energy-dependent neutrino
transport scheme for investigating optical-depth related effects in
neutrino-cooled disks.

We provide for each model in Table 2 the time-integrated
mean energies of released and absorbed neutrinos as well as the
maximum value of the optical depth10 attained by each model dur-
ing its evolution, ⌧max

opt . We find higher values of ⌧max
opt for models

that lead to more compact torus configurations, namely for larger
disk masses, smaller BH masses, higher BH spins, and lower val-
ues of the viscous ↵-parameter. An enhanced role of absorption
for faster spinning BHs has also been reported in Fernández et al.
(2015). It turns out that ⌧max

opt is not only a useful measure for the
importance of neutrino absorption in a given torus configuration,
but it also correlates, though only approximately, with the aver-
age electron fraction of the torus and, therefore, of the ejecta, as
can be seen in Fig. 11. The reason for this correlation is simple:
High optical depths tend to be found in tori with high densities and
therefore more degenerate electron distributions and correspond-
ingly low values of Y eq,em

e (see, e.g., Fig. 1).
Lastly, to enable the comparison with popular neutrino leak-

age schemes we compute another measure for the importance of

10 The reason why in Table 2 we employ a fixed neutrino energy of ✏ =
20 MeV to compute maximum optical depths instead of ✏abs from Eq. (19)
is simply to enable a straightforward comparison between all models, even
those neglecting neutrino absorption.
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analysis	for	different	torus	masses	Mtorus

(MNRAS	509,	1377	,2022)
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✓ outZlows	of	mergers	and	their	remnants	appear	as	dominant/important	sites	of	
heavy	element	production	

✓ quantitatively	reliable	models	needed	to	interpret	future	observation	of	neutron	
star	mergers	

✓ many	more	kilonova	events	expected	with	upgraded	GW	detectors	and	new	
telescopes	

✓ challenges:	
✴ self-consistent	modeling	including	neutrino	interactions,	magnetic	Zields,	
turbulence	

✴ radiative	transfer	of	kilonovae	and	atomic	data	of	heavy	elements	
✴ improved	nuclear	input	from	theoretical	models	and	experiments	(FAIR)	
critical	to	understand	nucleosynthesis	output	and	interpret	kilonova	

✴ impact	of	“exotic”	physics,	e.g.	neutrino	oscillations,	axions,	dark	matter?	

Conclusions

Thank	you	for	your	attention!
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