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Extreme matter in neutron star mergers
Ejecta 

extreme neutron-rich conditions —> successful r-process

Kilonova observation after GW170817: weak and strong r-process

Martin et al. (2015)
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Equation of state and neutrinos
GR simulations: different EoS (Bovard et al. 2017) 
                           impact of neutrinos (Martin et al. 2018)
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Equation of state and neutrinos
GR simulations: different EoS (Bovard et al. 2017) 
                           impact of neutrinos (Martin et al. 2018)





Core-collapse supernovae: ejecta

Standard neutrino-driven supernova:

Weak r-process and vp-process

Elements up to ~Ag


Magneto-rotational supernovae 
Neutron-rich matter ejected by strong magnetic field  
(Cameron 2003, Nishimura et al. 2006)


2D and 3D + parametric neutrino treatment :

• jet-like explosion: heavy r-process

• magnetic field vs. neutrinos: weak r-process

Nishimura et al. 2015, 2017, Winteler et al. 2012, Mösta et al. 2018
Obergaulinger



Impact of astrophysical uncertainties

Steady-state model to explore possible nucleosynthesis patterns in 
supernova neutrino-driven ejecta

Input parameters: Mns, Rns, Ye

Nucleosynthesis ~3000 trajectories

Bliss, Witt, Arcones, Montes, Pereira (2018)



Characteristic nucleosynthesis patterns

NSE1 NSE2

CPR1 CPR2

Bliss, Witt, Arcones, Montes, Pereira (2018)

binding energies  
partition functions

Q-values of (α,n) reactions Individual reactions

NSE: 

nuclear statistical 
equilibrium

CPR: 

charged particle 
reactions



Classification of nucleosynthesis patterns

at 3GK

• Estimate nucleosynthesis based on Yn, Yalpha, Yseed

• Provide representative trajectories to explore 

impact of nuclear physics input (nuc-astro.eu)
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http://nuc-astro.eu


Reactions in neutrino-driven supernova ejecta
• Important reactions: α-, n-, p-capture reactions, β-decays

• τexpansion << τβ → (α,n) are key reactions

• α-process (Hoffman & Woosley 1992)

• Absence of relevant experiments  
→ theoretical reaction rates based on Hauser-Feshbach model

J. Bliss, A. Arcones,  
F. Montes, and J. Pereira (2017)



Equation of State



Core-collapse supernovae: Equation of State
There are several studies based on different EoS 

  - different underlying theory or 

  - all nuclear physics inputs changed simultaneously 

Janka (2012)



Spherically symmetric supernova simulations  
with FLASH, M1 neutrino treatment, enhanced neutrino energy deposition

(Couch & O’Connor, 2018)

Core-collapse supernovae: Equation of State

Yasin, Schäfer, Arcones, Schwenk (in prep.)



Equation of State effects
First exploration of individual nuclear physics input  
Skyrme functional: Lattimer & Swesty (1991)

can limit J and L, illustrated by the purple rectangle (Astrophysics). A detailed review of these constraints can be
found in [32, 38]. Note that this analysis has certain limitations. Most of the experimental data can only be mea-
sured for particular isotopes and is then extrapolated. However, this combination of available constraints provides
a unique possibility to illustrate how joined effort from theory, experiments and observations can help to constrain
the EOS. The results are summarized in Table 3.1. Consistent limits for the nuclear parameters can also be derived
from chiral effective field theory (� EFT), an overview can be found in Table 3.1. Additionally, measurements of
the isoscalar giant monopole resonance provide boundaries for the incompressibility, however these experiments
are partly dependent on theory and are not completely unambiguous.

Strong constraints come from neutron star (NS) observations. Observed masses can be compared to the EOS mass-
radius relationship for cold NS (T ⇠ 0) by solving the Tolman-Oppenheimer-Volkoff equations in � -equilibrium
[30]. Especially masses of pulsars can be measured with great precision. In the past few years, two massive NS
with MNS = (1.928± 0.017) M� [39] and MNS = (2.01± 0.04) M� [40] have been observed. An EOS that is not
able to support this maximum mass is not consistent with observations and can therefore be ruled out. This is
illustrated in Fig. 3.4 and Fig. 3.5.
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Figure 3
Typical M−R curves for hadronic equations of state (EOSs) (black curves) and strange quark matter (SQM)
EOSs ( green curves). The EOS names are given in Reference 13, and their P−n relations are displayed in
Figure 2. Regions of the M−R plane excluded by general relativity (GR), finite pressure, and causality are
indicated. The orange curves show contours of R∞ = R(1 − 2 GM /Rc 2)−1/2. The region marked rotation is
bounded by the realistic mass-shedding limit for the highest-known pulsar frequency, 716 Hz, for PSR
J1748-2446J (14). Figure adapted from Reference 15.

energies. The pressure is

p(u, x) = u2ns

(
∂e
∂u

)

x
≃u2ns

[
Ko

9
(u − 1) + K ′

o

54
(u − 1)2 + d S2

du
(1 − 2x)2

]
+ pℓ + · · · , 5.

where pℓ is the lepton pressure. In the vicinity of u ≃1, with x ≪ 1, pℓ is small and the pressure is
almost completely determined by dS2/du. Laboratory constraints on the nuclear symmetry energy
are discussed in Section 6.

2.2. The Maximally Compact Equation of State
Koranda et al. (16) suggested that absolute limits to neutron star structure could be found by
considering a soft low-density EOS coupled with a stiff high-density EOS, which would maximize
the compactness M/R. The limiting case of a soft EOS is p = 0. The limiting case of a stiff EOS is
d p/dε = (c s /c )2 = 1, where cs is the adiabatic speed of sound that should not exceed the speed of
light; otherwise, causality would be violated. The maximally compact EOS is therefore defined by

p = 0 for ε < ε0; p = ε − ε0 for ε > ε0. 6.
This EOS has a single parameter, ε0, and therefore the structure equations (Equation 2) can be
expressed in a scale-free way:

dw

d x
= − (y + 4πx3w)(2w − 1)

x(x − 2y)
;

d y
d x

= 4πx2w. 7.

Here, w = ε/ε0, x = r
√

Gε0/c 2, and y = m
√

G3ε0/c 4. Varying the value of w at the origin
(w0) gives rise to a family of solutions described by dimensionless radius X and total mass Y. The
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Figure 3.4.: Overview of several constraints for the mass-radius
(MR) relationship of cold NS from [38], [41].

Figure 3.5.: MR relation for the LS220 and
Shen EOS, chiral EFT provides an
uncertainty band [42].

There are additional constraints for the mass-radius relationship shown in Fig. 3.4. Certain regions can be ruled
out by general relativity limits (GR) finite pressure arguments (P <1) and causality (speed of sound must be
smaller than speed of light). Also, the highest observed pulsar frequency (Rotation) gives a lower limit.

EOS ns B K J L m
⇤

MNS R1.4MNS

[fm�3] [MeV] [MeV] [MeV] [MeV] [M�] [km]

LS220 0.155 16.00 220.0 28.61 73.7 1 2.06 12.2

Shen 0.145 16.26 281.2 36.89 110.8 0.634 2.22 14.6

� EFT 0.157 - 0.171 15.29 - 16.43 175 - 254 28.4 - 35.7 32.4 - 69.8 ⇠ 0.8 9.7 - 13.9

LL 2013 29.0 - 32.7 40.5 - 61.9 10.7 - 13.1

Exp. 0.15 - 0.16 ⇠ 16 220 - 260

Table 3.1.: Nuclear parameters adopted in the LS220 EOS [36] and Shen EOS [44]. Chiral e�ective field theory
(� EFT) values from [42, 45–48]. Lattimer & Lim (LL 2013) [37] combine constrains from theory, experi-
ments and observations. Experimental limits as discussed in [32, 49, 50].
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χEFT: Hebeler et al 2010, Hebeler et al  2013, Drischler et al 2017

Lattimer & Lim, 2013

Exp: Shlomo et al 2006



Conclusions
Neutron star mergers  
r-process and kilonova 
microphysics in simulations (EoS and neutrinos): improvement necessary 

Core-collapse supernovae 
Nucleosynthesis of lighter heavy elements: astro and nuclear uncertainties

EoS: First exploration of individual nuclear physics input 
         Effective mass determines PNS contraction

Julia Bliss Hannah Yasin,  
Sabrina Schäfer


