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Are NSMs main sites of the “rapid neutron-capture” (r-) process?
nuclear chart
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Main condition: 	
high neutron density = low electron fraction Ye

- other suggested sites: core-collapse supernovae, 
magneto-rotational SNe, collapsars	

- NSMs are only confirmed site so far	
- NSMs probed with multi-messenger astronomy:	
Kilonovae, gravitational waves, GRBs
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of merger + dynamical ejecta
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(see posters by G. Leck,  
A. Flörs + talk by C. Collins)

the underlying 3D model in any viewing angle. We contend
that this demonstrates the need for multidimensional models of
kilonovae, even when the direction dependence of the
observables is not required. This has important implications
for interpreting analyses based on 1D empirical models (e.g.,
Gillanders et al. 2022).

While the use of advanced treatments of radioactive decay
and thermalization and atomic absorption and emission help to
reduce systematic uncertainties in the radiative transfer
calculations, the results of our study also highlight the
importance of using accurate atomic data. We have shown
the importance of calibrating energy levels in atomic structure
calculations to observed transition wavelengths, with major

differences in the resulting synthetic spectra being produced
when calibrated atomic data are used for Sr, Y, and Zr. There
are many heavy ions for which no calibrated atomic data are
published, while work in this direction is ongoing (e.g., Flörs
et al.). Future applications of calibrated data to radiative
transfer calculations are likely to help in explaining additional
features of kilonova spectra and correlating these with merger
dynamics and remnant properties.
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Figure 4. Time series of spectra in the polar direction of the 3D AD2 model compared to reddening- and redshift-corrected spectra of AT2017gfo (Pian et al. 2017;
Smartt et al. 2017). The area under the spectra has been colored by the emitting species of the last interactions of the emerging packets. The times of the ARTIS and
AT2017gfo spectra intentionally do not match.

Figure 5. Spherically averaged spectra at 0.8 days for the 3D AD1 (solid blue),
3D AD2 (solid orange), 1D AD1 (dashed blue), and 1D AD2 (dashed orange)
models.
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Ideally:	
• consistent merger + post-merger simulations until homologous expansion	
• nucleosynthesis + kilonova based on all ejecta components	

In practice, however, most existing studies:	
• neglect post-merger ejecta or assume analytic estimates 	
for nucleosynthesis + KN studies
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Challenge of post-merger evolution

‣ required ingredients:	

- neutrino transport	
- MHD and turbulent viscosity	
- general relativity	

‣ extremely expensive to resolve all 
relevant length-scales in 3D	

‣ approximations necessary for efficient 
long-term evolution
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hydrodynamic modeling 	
of merger + dynamical ejecta

hydrodynamic modeling 	
of remnant + post-merger ejecta

heavy element nucleosynthesis

kilonova radiative transfer

Setup of our models

• 3D smoothed-particle hydro 
with conformal flatness 
condition	

• ILEAS neutrino scheme

• initial conditions mapped from 
merger simulations	

• 2D axisym. special relativistic 
with TOV potential	

• energy-dependent M1 neutrino 
transport	

• newly developed scheme to 
parametrize viscosity in the NS 
indep. of the surrounding disk 

• extraction of ~5000 outflow 
tracers per model to sample 
local hydrodynamic history 
until 100 s	

• post-processed by two nuclear 
networks (GSI & ULB)

• 2D axisymmetric radiative 
transfer using approximate M1 
scheme	

• using local time-dependent 
results from nucleosynthesis 
calculations
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Results 1: NS remnant lifetime until BH formation
steep drop marks	
BH formation

variation of 	
viscosity

symmetric	
models	
( )M1

M2
= 1

‣ asymmetric models collapse 
earlier than symmetric models 
(for same viscosity)	

‣ strong sensitivity to viscosity	
—> good understanding of 
viscosity required to predict NS 
lifetime for given progenitor

asymmetric	
models	

( )M1

M2
= 0.75
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‣ only mild sensitivity to viscosity and mass ratio	
‣ trend of less neutron-rich matter for longer NS lifetime

Results 2: Ejecta composition — all models

15
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polar outflow is indeed driven by neutrino heating, mostly by
neutrino captures on free nucleons but with an additional boost
due to neutrino pair annihilation. Given the intrinsic angular
structure of the NDW, with the highest velocities being reached
close to the polar axis, it can be assumed that multidimensional
effects, such as collimation by the other ejecta components,
play a relevant role in explaining the high velocities. For
stronger viscosity in the NS remnant (i.e., lower nvis or higher
αvis), the neutrino luminosities, and therefore the NDW mass
fluxes (see panel (b) of Figure 2), are higher at given times due
to faster dissipation of rotational kinetic into thermal energy.
However, due to the reduced NS lifetimes, the total mass of the
NS torus ejecta (counted here as all material that isfulfilling
r(tBH)> 1000 km and not being dynamical ejecta) shows only
a modest sensitivity to viscosity, m M0.02 0.04ej

NS » –  (see
Table 1), in particular more modest than in the models of long-
lived NSs reported by Fujibayashi et al. (2020a), in which the
ejecta from the torus (which tends to be more massive for
higher viscosity) are launched entirely during the lifetime of the
NS remnant.

Once the NS collapses, the neutrino luminosities quickly
decrease, and the NDWs are mostly shut off. Consistent with
previous studies using viscous equilibrium BH tori (Fernán-
dez & Metzger 2013; Just et al. 2015a; Fujibayashi et al.
2020a), viscous matter ejection becomes operative once
neutrino cooling starts to become inefficient and dominated
by viscous heating (see panel (c) of Figure 2), and it produces
an outflow of roughly spherical geometry (see the reddish
region in the density map in panel (d) of Figure 1). This
viscously driven (and dominant) part of the BH torus outflow
carries away about 20%–40% of the torus mass at BH
formation, mtor

BH; i.e., it inherits the uncertainties connected to
viscosity imprinted on mtor

BH (see Section 3.2). Due to their
low velocities of vej

BH~ 0.03–0.06c (see Table 1), the viscous
BH torus ejecta barely interact with the faster outflow
components ejected earlier.
In models with high values of mtor

BH, we also observe,
similar to Just et al. (2016), an additional BH torus outflow
component, namely, a jetlike outflow powered by neutrino–
antineutrino pair annihilation, which transports a small

Figure 3. Mass vs. Ye histograms for models sym-n1-a6, sym-n10-a3, and asy-n1-a6 (panels (a)–(c)) and the corresponding mass fractions of synthesized elements vs.
atomic mass number using nuclear network A (panels (d)–(f)) for each ejecta component and the total ejecta (see labels). The third row shows, for model sym-n1-a6,
yields vs. atomic mass number (panel (g)) and elemental abundances (panel (h)) obtained with network B, as well as the specific radioactive heating rate for the
indicated ejecta components and networks. All yields are shown for a time (typically about 100 Myr) when all elements, except the three longest-lived Th and U
isotopes, have decayed into stable nuclei. Black circles in panels (d)–(h) show solar r-process yields (Goriely 1999) scaled to the predicted total yields of Sr, the only
confirmed element in AT 2017gfo (Watson et al. 2019; Domoto et al. 2021; Gillanders et al. 2022). Orange triangles in panel (h) denote abundances observed for the
metal-poor star HD 222925 (Roederer et al. 2022) scaled to match the solar Eu abundance. The gray dotted line in panel (i) shows the heating rate

t10 1 days10
pm

1.3´ -( ) erg g−1 s−1 for reference.
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indicated ejecta components and networks. All yields are shown for a time (typically about 100 Myr) when all elements, except the three longest-lived Th and U
isotopes, have decayed into stable nuclei. Black circles in panels (d)–(h) show solar r-process yields (Goriely 1999) scaled to the predicted total yields of Sr, the only
confirmed element in AT 2017gfo (Watson et al. 2019; Domoto et al. 2021; Gillanders et al. 2022). Orange triangles in panel (h) denote abundances observed for the
metal-poor star HD 222925 (Roederer et al. 2022) scaled to match the solar Eu abundance. The gray dotted line in panel (i) shows the heating rate
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Ye histogram nucleosynthesis yields

‣ different Ye  and yields for each ejecta component	
‣ relative contribution of each component only accessible through end-to-end modeling

Results 2: Ejecta composition — model with tBH~120ms 
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neutrino captures on free nucleons but with an additional boost
due to neutrino pair annihilation. Given the intrinsic angular
structure of the NDW, with the highest velocities being reached
close to the polar axis, it can be assumed that multidimensional
effects, such as collimation by the other ejecta components,
play a relevant role in explaining the high velocities. For
stronger viscosity in the NS remnant (i.e., lower nvis or higher
αvis), the neutrino luminosities, and therefore the NDW mass
fluxes (see panel (b) of Figure 2), are higher at given times due
to faster dissipation of rotational kinetic into thermal energy.
However, due to the reduced NS lifetimes, the total mass of the
NS torus ejecta (counted here as all material that isfulfilling
r(tBH)> 1000 km and not being dynamical ejecta) shows only
a modest sensitivity to viscosity, m M0.02 0.04ej

NS x –  (see
Table 1), in particular more modest than in the models of long-
lived NSs reported by Fujibayashi et al. (2020a), in which the
ejecta from the torus (which tends to be more massive for
higher viscosity) are launched entirely during the lifetime of the
NS remnant.

Once the NS collapses, the neutrino luminosities quickly
decrease, and the NDWs are mostly shut off. Consistent with
previous studies using viscous equilibrium BH tori (Fernán-
dez & Metzger 2013; Just et al. 2015a; Fujibayashi et al.
2020a), viscous matter ejection becomes operative once
neutrino cooling starts to become inefficient and dominated
by viscous heating (see panel (c) of Figure 2), and it produces
an outflow of roughly spherical geometry (see the reddish
region in the density map in panel (d) of Figure 1). This
viscously driven (and dominant) part of the BH torus outflow
carries away about 20%–40% of the torus mass at BH
formation, mtor

BH; i.e., it inherits the uncertainties connected to
viscosity imprinted on mtor

BH (see Section 3.2). Due to their
low velocities of vej

BH_ 0.03–0.06c (see Table 1), the viscous
BH torus ejecta barely interact with the faster outflow
components ejected earlier.
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component, namely, a jetlike outflow powered by neutrino–
antineutrino pair annihilation, which transports a small
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indicated ejecta components and networks. All yields are shown for a time (typically about 100 Myr) when all elements, except the three longest-lived Th and U
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‣ late-time increase in NS-torus winds from 
Ni56 and Co56 decay	

‣ But: not visible in KN due to inefficient 
thermalization 	
(see, however, poster by Max Jacobi)

‣ observed metal-poor star HD 222925 
(Roederer ’22, talk by A. Frebel)	

‣ deficient in Z>55, but reproduce drop at Z<33

Results 3: Elemental yields & nuc. heating rate (tBH~120ms model)
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‣ Ye ~ 0.25–0.3 at birth of BH torus 
because of expansion before BH 
formation	

‣ higher than the “canonical” Ye=0.1 
assumed in previous studies	

‣ less efficient r-process in BH-torus ejecta 
than previously assumed

away from the rotation axis while accelerating near-axis
material in front of the NDW. By doing so, the NDW strongly
enhances the anisotropy of the ejecta compared to that of the
original dynamical ejecta (see panels (a) and (b) of Figure 4, or
compare the contours of Ye and κ between Figure 1 of the
present study and Figure 2 of Just et al. 2022). We note that
Fujibayashi et al. (2020a) and Kawaguchi et al. (2021, 2022)
reported a similar anisotropy for their models of long-lived NS
remnants.

While the velocities in the NDW are in the range 0.05 v/
c 0.6, the average velocity lies at about v/c∼ 0.2 in most
models (see Table 1). This value is significantly higher than the
corresponding values reported in studies using a more
approximate description of neutrino effects and the central
NS (Dessart et al. 2009; Perego et al. 2014; Fahlman &
Fernández 2018), though seemingly well in agreement with
Fujibayashi et al. (2020a), who adopted a gray leakage-plus-
M1 scheme in GR. We demonstrate in Appendix E that this fast

Figure 2. Global properties of the four models mentioned in the bottom right, namely, the maximum density (panel (a)), outflow mass fluxes through the sphere at
r = 104 km and mass fluxes into the central BH once formed (panel (b)), ratio of the total neutrino luminosities to the volume-integrated viscous heating rate
(panel (c)), masses of the NS and torus (panel (d)), angular momenta of the NS and torus (panel (e)), radii of the NS surface in the equatorial and polar directions
(panel (f)), luminosities of electron-type neutrinos (panel (g)) and heavy-lepton neutrinos (panel (h)), neutrino mean energies (computed as the ratio of energy-to-
number fluxes; panel (i)), mass-averaged radius of the torus (∫rdm/∫dm; panel (j)), and mass average of the torus electron fraction (∫Yedm/∫dm) and its equilibrium
value Ye

eq (panel (k)). The torus is defined as all material below r = 104 km having ρ < 1012 g cm−3, and the NS is defined as all material with ρ > 1012 g cm−3. All
neutrino-related quantities are measured in the lab frame at r = 500 km by an observer at infinity. The neutrino fluxes vanish initially (at tpm  tmap = 10 ms) because
the plot shows only data from the postmerger simulations (which are initialized at tmap with vanishing neutrino fluxes).
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BH  
formation

Results 4: Torus Ye @ BH formation
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Results 5: Ejecta spatial distribution (tBH~120ms model)
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NS-torus ejectadynamical ejecta	BH-torus ejecta

able to predict the final, spatial distribution of the total ejecta, a
task that can only be accomplished by end-to-end models that
capture the launch and expansion of all ejecta components and
their dynamical interaction with each other.

The dynamical ejecta, defined here as all11 material
fulfilling r(tmap)> 250 km, are launched during the merger

in a roughly spherical fashion (Bauswein et al. 2013;
Hotokezaka et al. 2013). During the subsequent evolution of
the NS remnant (tmap< tpm< tBH), neutrino emission, starting
off at rates of ∼1053 erg s−1 per neutrino species and mean
energies of ∼15, 20, and 30MeV for νe, eŌ , and νx, respectively
(see panels (g)–(i) of Figure 2), drives a thermal wind from the
NS surface with a half-opening angle of ∼20°–40° toward both
polar directions. This neutrino-driven wind (NDW), which in
most of our models dominates matter ejection during the NS
torus phase, drills through large parts (up to velocities of
v/c∼ 0.5–0.6) of the dynamical ejecta, pushing most of them

Figure 1. Snapshots of model sym-n1-a6 at different postmerger times, tpm. Panels (a)–(d) show the density ρ, radial velocity vr, electron fraction Ye, and entropy per
baryon s, as well as velocity arrows (left side) and contours of temperature T (right side). Panel (e) shows the mass fractions of lanthanides plus actinides, XLA, and of
elements in the first, second, and third r-process peaks, overlaid with green lines denoting the time-dependent location of the radial photosphere (computed as in Just
et al. 2022). Panel (f) shows a map color-coding the three main ejecta components, the opacity κ, and the effective radioactive heating rate Qheat. Panels (a)–(d) show
data from both hemispheres, and panels (e) and (f) show data from just the northern hemisphere assuming equatorial symmetry.

11 Note that we do not need to impose an additional criterion to filter out
gravitationally bound from unbound material because the time at which we
identify ejecta (100 s) is late enough to ensure that all material counted as ejecta
is indeed gravitationally unbound.
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‣ polar high-Ye neutrino-driven wind “bubble” surrounded by dynamical ejecta	
‣ slow viscous ejecta	
‣ strongly anisotropic yield distribution
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amount of torus material in a narrow stream along the
rotation axis (see Figure 1), reaching up to velocities of
0.5–0.6c but being unable to break out from the dynamical
ejecta owing to insufficient energy supply.12 However, due to

its low mass and relatively small volume, this choked jet has
only a very small impact on the overall nucleosynthesis pattern
and KN signal.

3.4. Nucleosynthesis Yields

In all of our models, the dynamical ejecta (Figure 3, red lines)
are the main source of material with Ye< 0.25 and A> 140,
despite having a subdominant mass among the three ejecta

Figure 4. Differential mass of lanthanides and actinides per solid angle along the polar angle (panels (a) and (b)); bolometric, isotropic-equivalent luminosity and effective
(i.e., including thermalization as in Rosswog et al. 2017) heating rate (panels (c) and (d)); photospheric temperature (panels (e) and (f)); and photospheric velocities (panels (g)
and (h)). The left (right) column shows plots for all models based on the symmetric (asymmetric) binary mass configuration. The bottom three rows share the same x-axis, and
solid (dashed) lines denote quantities averaged over the entire sphere (over solid angles with θ < π/4), while black circles denote data observed in AT 2017gfo (from
Waxman et al. 2018). The crosses in panels (c) and (d) denote peak emission properties obtained from one-zone estimates (Metzger 2019) using the mass, average velocity,
and average opacity of all NS torus ejecta with Ye > 0.3. Nucleosynthesis-related properties were obtained from network A.

12 A more powerful jet that is able to break out (such as observed with
GW170817; Mooley et al. 2018) may be powered through the GR Blandford–
Znajek process (Blandford & Znajek 1977; see, e.g., Gottlieb et al. 2022 for
recent numerical models), which our postmerger simulations are unable to
describe.
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Figure 4. Differential mass of lanthanides and actinides per solid angle along the polar angle (panels (a) and (b)); bolometric, isotropic-equivalent luminosity and effective
(i.e., including thermalization as in Rosswog et al. 2017) heating rate (panels (c) and (d)); photospheric temperature (panels (e) and (f)); and photospheric velocities (panels (g)
and (h)). The left (right) column shows plots for all models based on the symmetric (asymmetric) binary mass configuration. The bottom three rows share the same x-axis, and
solid (dashed) lines denote quantities averaged over the entire sphere (over solid angles with θ < π/4), while black circles denote data observed in AT 2017gfo (from
Waxman et al. 2018). The crosses in panels (c) and (d) denote peak emission properties obtained from one-zone estimates (Metzger 2019) using the mass, average velocity,
and average opacity of all NS torus ejecta with Ye > 0.3. Nucleosynthesis-related properties were obtained from network A.

12 A more powerful jet that is able to break out (such as observed with
GW170817; Mooley et al. 2018) may be powered through the GR Blandford–
Znajek process (Blandford & Znajek 1977; see, e.g., Gottlieb et al. 2022 for
recent numerical models), which our postmerger simulations are unable to
describe.
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‣ good agreement with GW170817, 
except at early times	

‣ may support the idea that GW170817 
was a delayed-collapse scenario with 
massive post-merger ejecta

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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dynamical ejecta only:

Results 6: KN bolometric light curve
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How to get solar-like pattern?

short-lived remnant (10ms): long-lived remnant (~120ms):

‣ … for short NS remnant lifetime! 	
‣ suggests that short-lived dominate over long-lived events for GCE	
‣ similar conclusion as Fujibayashi et al. ‘22
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RHINE: R-process Heating Implementation with NEural networks

RHINE

input output

ρ
·ρ
T
Ye
Yn
Yh
Ah

·Ye
·Yn
·Yh
·Ah
·erest
·eν

(Z. Xiong, OJ, G. Martinez-Pinedo, in prep.)

see poster by Z. Xiong!

‣ efficient & accurate scheme to capture 
r-process heating in hydrodynamic 
simulations	

‣ use machine learning to predict hydro 
source terms on-the-fly

The Astrophysical Journal Letters, 738:L32 (6pp), 2011 September 10 Goriely, Bauswein, & Janka

Figure 3. Time evolution of the total radioactive heating rate per unit mass, ⟨Q⟩, mass number ⟨A⟩, and temperature ⟨T ⟩ (all mass-averaged over the ejecta) for the
1.35–1.35 M⊙ (solid lines) and 1.2–1.5 M⊙ (dotted lines) NS mergers.
(A color version of this figure is available in the online journal.)

Figure 4. Final nuclear abundance distributions of the ejecta from 1.35–1.35 M⊙ (squares) and 1.2–1.5 M⊙ (diamonds) NS mergers as functions of atomic mass. The
distributions are normalized to the solar r-abundance distribution (dotted circles).
(A color version of this figure is available in the online journal.)

the neutrons are exhausted, as shown in Figure 3 by the time
evolution of the mass number ⟨A⟩ mass-averaged over all the
ejecta. After several hundred ms, when neutrons get exhausted
by captures (Nn ∼ 1020 cm−3), n-captures and β-decays compete
on similar timescales and fashion the final abundance pattern
before the nuclear flow becomes dominated by β-decays (as
well as fission and α-decays for the heaviest species) back to
the stability line. The average temperature remains rather low
during the late neutron irradiation, around 0.5 GK (Figure 3),
so that photoreactions do not play a major role.

The final mass-integrated ejecta composition is shown in
Figure 4. The A = 195 abundance peak related to the N = 126
shell closure is produced in solar distribution and found to be
almost insensitive to all input parameters such as the initial
abundances, the expansion timescales, and the adopted nuclear
models. In contrast, the peak around A = 140 originates
exclusively from the fission recycling, which takes place in

the A ≃ 280–290 region at the time all neutrons have been
captured. These nuclei are predicted to fission symmetrically
as visible in Figure 4 by the A ≃ 140 peak corresponding
to the mass-symmetric fragment distribution. It is emphasized
that significant uncertainties still affect the prediction of fission
probabilities and fragment distributions so that the exact strength
and location of the A ≃ 140 fission peak (as well as the possible
A = 165 bump observed in the solar distribution) depend on
the adopted nuclear model.

While most of the matter trajectories are subject to a den-
sity and temperature history leading to the nuclear flow and
abundance distribution described above, some mass elements
can be shock-heated at relatively low densities. Typically at
ρ > 1010 g cm−3, the Coulomb effects shift the NSE abun-
dance distribution toward the high-mass region (Goriely et al.
2011), but at lower densities, the high temperatures lead to the
photodissociation of all the medium-mass seed nuclei into

4

heating  
rate

(Goriely+’11)
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End-to-end models + RHINE

without RHINE: with RHINE:

‣ accelerates BH-torus ejecta from ~0.04c  to ~0.08 c	

‣ makes ejecta more spherical (consistent with Grossman+Rosswog ‘14)
23



19.09.2024  |   NPA Dresden |     Oliver Just  |

Summary

‣ new end-to-end models capturing all phases of matter ejection	
‣main results:	
- asymmetric collapse earlier than symmetric merger models	
- reproduce abundance pattern of Sun and of HD222925 reasonably well	
- long-lived events deficient in A>140 —> short-lived events may dominate GCE	

- good, though not perfect, agreement with AT2017gfo supports delayed-collapse 
scenario in GW170817	

‣ new scheme RHINE to capture r-process heating in hydrodynamic models	
- boosts slow BH-torus ejecta from ~0.04c to ~0.08c
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