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The time until black hole formation in a binary neutron-star (NS) merger contains invaluable information
about the nuclear equation of state (EoS) but has thus far been difficult to measure. We propose a new way to
constrain the merger remnant’s NS lifetime, which is based on the tendency of the NS remnant neutrino-driven
winds to enrich the ejected material with helium. Based on the He �_1083.3 nm line, we show that the feature
around 800–1200 nm in AT2017gfo at 4.4 days seems inconsistent with a helium mass fraction of -He & 0.05
in the polar ejecta. Recent neutrino-hydrodynamic simulations of merger remnants are only compatible with
this limit if the NS remnant collapses within 20–30 ms. Such a short lifetime implies that the total binary mass
of GW170817, "tot, lay close to the threshold binary mass for direct gravitational collapse, "thres, for which
we estimate "thres . 2.93 "� . This upper bound on "thres yields upper limits on the radii and maximum
mass of cold, non-rotating NSs, which rule out simultaneously large values for both quantities. In combination
with causality arguments, this result implies a maximum NS mass of "max . 2.3 "� . The combination of
all limits constrains the radii of 1.6 M� NSs to about 12±1 km for "max = 2.0 M� and 11.5±1 km for "max =
2.15 M� . This ⇠ 2 km allowable range then tightens significantly for "max above ⇡ 2.15 M� . This rules out
a significant number of current EoS models. The short NS lifetime also implies that a black-hole torus, not a
highly magnetized NS, was the central engine powering the relativistic jet of GRB170817A. Our work motivates
future developments to further corroborate and improve uncertainties in our chain of arguments, regarding NLTE
spectral modeling, helium production in merger outflows, and the dependence of the remnant lifetime on the
binary mass, with the potential to tighten our constraints from existing data and in particular from future events.
This novel method may provide a powerful tool to get a handle on the poorly constrained remnant lifetime, the
still debated central engine of short GRBs, and the high-density EoS.

I. INTRODUCTION

Neutron-star mergers (NSM) provide natural laboratories
for studying the incompletely known properties of high-density
matter quantified by the equation of state (EoS). The EoS re-
lates the pressure and density of neutron-star matter, and is
uniquely linked to the stellar parameters of neutron stars such
as the mass-radius relation or the tidal deformability, measure-
ments of which, in turn, constrain the EoS [1–7]. From the first
gravitational-wave detected NSM-merger, GW170817, several
binary parameters like the observer distance, the total binary
mass, the binary mass ratio and the dimensionless tidal de-
formability, ⇤, could be constrained [8, 9]. Since ⇤ scales
tightly with the NS radius, this has been constrained to be
. 13.5 km in the mass range around 1.4 M� , which rules out
very stiff models of high-density matter [10, 11].

GW170817 was accompanied by the kilonova (KN)
AT2017gfo [12–26], i.e. optical/infrared emission resulting
from radioactive decays connected to the rapid neutron-capture
process (r-process [27–29]) in the matter outflows during and
after the merger [30–32]. A large number of studies have since
employed the properties of the kilonova to derive additional

EoS constraints all relying on the fact that the merger dynamics
and thus the matter ejection are sensitive to the EoS, and there-
fore the electromagnetic emission should carry an imprint of
the properties of high-density matter.

Early on, the argument was made that GW170817 did not
result in a prompt gravitational collapse to a black hole as the
high brightness of AT2017gfo disfavors such a scenario, which
would be accompanied with reduced ejecta mass and therefore
relatively dim kilonova luminosity [33–37], but see [38]. This
implies that the measured total binary mass of GW170817 was
below the threshold binary mass for prompt collapse, which is
an EoS-dependent quantity. Following this reasoning NS radii
cannot be too small (' & 10.5 km) and the EoS cannot be
too soft, as this would have resulted in direct black hole (BH)
formation [33, 39].

Several studies also presented arguments that a black hole
did eventually form during the subsequent evolution of the ro-
tating merger remnant. First, a NS remnant surviving longer
than a few seconds or more should likely have injected a
large fraction of its rotational energy through magnetic spin-
down [40] into the ejecta, which seems incompatible with
the absence of a corresponding late-time signal in the elec-
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The time until black hole formation in a binary neutron-star (NS) merger contains invaluable information
about the nuclear equation of state (EoS) but has thus far been difficult to measure. We propose a new way to
constrain the merger remnant’s NS lifetime, which is based on the tendency of the NS remnant neutrino-driven
winds to enrich the ejected material with helium. Based on the He �_1083.3 nm line, we show that the feature
around 800–1200 nm in AT2017gfo at 4.4 days seems inconsistent with a helium mass fraction of -He & 0.05
in the polar ejecta. Recent neutrino-hydrodynamic simulations of merger remnants are only compatible with
this limit if the NS remnant collapses within 20–30 ms. Such a short lifetime implies that the total binary mass
of GW170817, "tot, lay close to the threshold binary mass for direct gravitational collapse, "thres, for which
we estimate "thres . 2.93 "� . This upper bound on "thres yields upper limits on the radii and maximum
mass of cold, non-rotating NSs, which rule out simultaneously large values for both quantities. In combination
with causality arguments, this result implies a maximum NS mass of "max . 2.3 "� . The combination of
all limits constrains the radii of 1.6 M� NSs to about 12±1 km for "max = 2.0 M� and 11.5±1 km for "max =
2.15 M� . This ⇠ 2 km allowable range then tightens significantly for "max above ⇡ 2.15 M� . This rules out
a significant number of current EoS models. The short NS lifetime also implies that a black-hole torus, not a
highly magnetized NS, was the central engine powering the relativistic jet of GRB170817A. Our work motivates
future developments to further corroborate and improve uncertainties in our chain of arguments, regarding NLTE
spectral modeling, helium production in merger outflows, and the dependence of the remnant lifetime on the
binary mass, with the potential to tighten our constraints from existing data and in particular from future events.
This novel method may provide a powerful tool to get a handle on the poorly constrained remnant lifetime, the
still debated central engine of short GRBs, and the high-density EoS.

I. INTRODUCTION

Neutron-star mergers (NSM) provide natural laboratories
for studying the incompletely known properties of high-density
matter quantified by the equation of state (EoS). The EoS re-
lates the pressure and density of neutron-star matter, and is
uniquely linked to the stellar parameters of neutron stars such
as the mass-radius relation or the tidal deformability, measure-
ments of which, in turn, constrain the EoS [1–7]. From the first
gravitational-wave detected NSM-merger, GW170817, several
binary parameters like the observer distance, the total binary
mass, the binary mass ratio and the dimensionless tidal de-
formability, ⇤, could be constrained [8, 9]. Since ⇤ scales
tightly with the NS radius, this has been constrained to be
. 13.5 km in the mass range around 1.4 M� , which rules out
very stiff models of high-density matter [10, 11].

GW170817 was accompanied by the kilonova (KN)
AT2017gfo [12–26], i.e. optical/infrared emission resulting
from radioactive decays connected to the rapid neutron-capture
process (r-process [27–29]) in the matter outflows during and
after the merger [30–32]. A large number of studies have since
employed the properties of the kilonova to derive additional

EoS constraints all relying on the fact that the merger dynamics
and thus the matter ejection are sensitive to the EoS, and there-
fore the electromagnetic emission should carry an imprint of
the properties of high-density matter.

Early on, the argument was made that GW170817 did not
result in a prompt gravitational collapse to a black hole as the
high brightness of AT2017gfo disfavors such a scenario, which
would be accompanied with reduced ejecta mass and therefore
relatively dim kilonova luminosity [33–37], but see [38]. This
implies that the measured total binary mass of GW170817 was
below the threshold binary mass for prompt collapse, which is
an EoS-dependent quantity. Following this reasoning NS radii
cannot be too small (' & 10.5 km) and the EoS cannot be
too soft, as this would have resulted in direct black hole (BH)
formation [33, 39].

Several studies also presented arguments that a black hole
did eventually form during the subsequent evolution of the ro-
tating merger remnant. First, a NS remnant surviving longer
than a few seconds or more should likely have injected a
large fraction of its rotational energy through magnetic spin-
down [40] into the ejecta, which seems incompatible with
the absence of a corresponding late-time signal in the elec-
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PART 2: Implications on helium limit on lifetime and EOS	
(PART 1: talk by Rasmus Damgaard on Friday)

3

FIG. 1. VLT/X-shooter spectrum of AT2017gfo 4.4 days post merger
with a blackbody continuum overlaid ()BB = 3200 K from the best-fit
blackbody compilation in Sneppen et al. [66]) and P Cygni features for
various helium abundances computed using the model described in
Sect. II. Given a sufficient helium abundance, -He ⇠ 0.01, a sizeable
absorption feature will be produced in the region 800–1000 nm. The
other spectral features in the spectrum have been tentatively linked to
Y �� (600–800 nm) and La ���, Ce ���, Te ��� (1200–1600 nm, 2000 nm).

vious studies of supernovae [e.g. 76] and of kilonovae [74].
Details on the computational modeling can be found in Snep-
pen et al. [75], but we note that the atomic data for helium is
reliable (particularly in comparison to r-process elements) due
to the substantiating experimental data, the multitude of prior
applications (including in astrophysical contexts) and the sim-
plicity of the few electron system for computational concerns.
The atomic data employed includes �-values [77], thermally-
averaged transition rates from collisions with electrons [78],
recombination rates, and photoionisation cross-sections [79].

In our models we assume homologously expanding ejecta
with a power-law density dependence in velocity, d = d0{U.
The normalisation constant, d0, is chosen such that the ejecta
mass in the velocity range 0.1–0.52 is 0.04 M� , around the
estimated ejecta mass for AT2017gfo [e.g. 23, 25]. We con-
sidered a large range of power-law slopes from constant density
(U = 0) to steep declines (U = �5) but adopt U = �5 for our
fiducial model (see App. A). We note this choice yields a
mass for the high-velocity ejecta (& 0.22) of ⇠0.01 M� , which
is consistent with observational constraints from AT2017gfo
[e.g. 15, 80, 81]. The model assumes a uniform mass fraction
of helium, -He, which is treated as a free parameter. The elec-
tron number density, =4, is also assumed to follow the same
velocity profile (i.e. =4 / {U) but with free normalisation. In
all cases considered here, we will adopt a photospheric ve-
locity at 4.4 days of {ph = 0.192 [75, we note a slightly lower
value ⇠ 0.152 can also be consistent with observations and
would provide even stronger limits, see App. A 1], and place
the outer boundary of the calculation at {max = 0.52. For

FIG. 2. The fraction of helium in each ionisation state (top panel),
the fraction of helium in the 1s2s 3S state (middle panel) and the
helium density required to produce the observed feature (red line,
bottom panel) as a function of photospheric electron density. All other
parameters have their standard values, as described in App. A 2. For
comparison, in the top panel, we also show the Sr �� fraction given a
recombination rate, U = 3⇥10�12 s�1 cm3. In the lower panel, dotted
and dash-dotted lines shows =4 as a function of =He given various
assumed -He and adopting a mean mass, � = 100, and same mean
charge as helium for all other species. While the unphysical regime
where =4 is smaller than the electron density solely contributed by
helium is shown in the grey shaded region. The electron densities
expected near the photosphere (indicated with shaded orange region,
=4 ⇡ 6⇥106–108 cm�3, see App. A 3) predict He �� should constitute a
major ionisation state and thus a sizeable population will be in 1s2s 3S.
This implies i) a small density of helium, =He ⇠ 105–106 cm�3 would
be sufficient to produce the observed feature and ii) such electron
density cannot solely be explained from the electrons contributed by
helium ions, but require other ions.

the electron temperature, we assume, for the baseline model,
the relativistically Doppler-corrected blackbody temperature,
i.e. )4 = 2800 K at 4.4 days (but explore a broader temper-
ature range in App. A 4). We note, the relativistic Doppler-
correction leads to a slight decrease from the observed black-
body temperature of )BB = 3200 K. We also assume that the

8

FIG. 5. Mass of material ejected until the given time that will end
up as helium relative to the mass of all material ejected until that
time in our hydrodynamic simulation models (cf. Appendix B). Only
material in the observationally relevant velocity range, 0.19 < {/2 <
0.3, is considered. We count as ejecta all material that at a given
time lies beyond the radius of 50 km and is expanding faster than
0.1 2. The helium abundance plateaus following BH formation at C =
gBH, indicated for each model with black circles. The observational
constraint -He = 0.05 is shown by the dashed line. Neutrino winds
continuously inject helium into the ejecta but only as long as the
HMNS is present, leading to a strong correlation between the helium
abundance and the HMNS lifetime. In this set of models only the two
short-lived models (denoted by “short” suffixes) with gBH = 10 ms
satisfy the observational constraint.

Since the HMNS injects the wind with mass fluxes that vary
only slowly with time, the relative fraction -He (C) of mass end-
ing up as helium in the observationally relevant (cf. Sect. II)
velocity band 0.19 . {/2 . 0.3 keeps growing continuously
for the long-lived (gBH > 10 ms) models, reaching values of
20–40 % until abruptly saturating when the HMNS undergoes
BH formation; see Fig. 5. Given a sufficiently long HMNS
lifetime, helium becomes the most abundant element (by mass)
in the entire outflow. Clearly, all the long-lived models shown
in Fig. 5 are immediately ruled out by the observational con-
straint -He < 0.05 (cf. Sect. II), while the short-lived models
are compatible. Assuming that our set of models is representa-
tive concerning the behavior of -He (C) (see discussion below),
Fig. 5 implies that the observational constraint can only be
fulfilled for relatively short lifetimes of

gBH ( AT2017gfo ) . 20 � 30 ms . (3)

In other words, the HMNS remnant in AT2017gfo must have
collapsed within a few tens of milliseconds after the merger,

because otherwise it would have blown out enough helium to
be clearly observable in the kilonova spectra according to the
P Cygni analysis of Sect. II. Importantly, given the rapid growth
of -He (C), even a less constraining bound, of say -He < 0.1,
would result in a strong lifetime constraint.

We note in passing that the large angular anisotropy created
by the polar neutrino winds would also be at odds with the
quasi-spherical geometry suggested by the observed spectral
features in AT2017gfo (cf. for instance the P Cygni features
and discussions in [66, 85], but see also [134]).

A few comments are in order regarding the lifetime con-
straint, Eq. 3. First, we stress that our set of models is still rel-
atively small and therefore probably not exhaustive regarding
the impact of different progenitor masses, mass ratios, EoSs,
and turbulent viscosity prescriptions. However, the model-by-
model variation of the time corresponding to -He (C) = 0.05
is not more than about a factor of two, even for cases where
the lifetimes gBH differ by one order of magnitude, suggesting
a certain robustness of the helium-enrichment mechanism and
therefore a relatively mild sensitivity of the lifetime constraint,
Eq. 3, with respect to these uncertainties. Considering specif-
ically the viscosity, it is worth noting that the non-viscous
model (sym-novis) exhibits the fastest rise of -He (C) among
all considered models, while a lifetime of gBH & 20 ms is only
suggested by models with a relatively strong, and therefore
possibly less realistic, viscosity.

An additional source of uncertainty is represented by the
physics approximations adopted to make the simulations com-
putationally feasible (concerning the treatment of general rel-
ativity, turbulent viscosity, and neutrino transport; see [121]).
While the idea of HMNS remnants producing high-.4 winds is
not new, the question of how fast these winds enrich the ejecta
with helium is a difficult, quantitative question, sensitive to the
detailed thermodynamic conditions and neutrino distribution
near the HMNS surface, and to our knowledge this question
has rarely been addressed so far (see, however, [66, 74] for
studies discussing the impact of helium on kilonova spectra).
Although our HMNS models capture more physics ingredi-
ents than many previous studies – in particular in that they
adopt spectral neutrino transport – the remaining simplifying
assumptions of our models may or may not have an impact on
the -He (C) curves. At any rate, the dichotomy between long-
lived and short-lived models seen in Fig. 5 is striking, and
we leave it to future work to explore in more detail the uncer-
tainties of the -He (C) dependence and of the implied lifetime
constraint, Eq. 3.

A meaningful comparison with other literature results is
difficult, if not impossible, at this point, because so far only
a small number of merger-remnant simulations exist that are
capable of describing neutrino winds3 combined with a (full
or approximate) treatment of general relativistic gravity, while
only a fraction of those report helium abundances, and none

3 Pure neutrino-leakage schemes (based on Ref. [135] without additional
treatment of neutrino absorption), which are often adopted in the merger
literature, only describe (net) neutrino cooling, i.e. no heating, and are
therefore unable to capture neutrino winds.

11

2.0 2.1 2.2 2.3 2.4 2.5
Mmax [M�]

10

11

12

13

R
1.

6
[k

m
]

viable

no prompt collapse

excluded by low XHe

causality

q=1
q=0.85
q=0.73

FIG. 7. Constraints on the radius of a 1.6 M� NS (left) and the radius, 'max, of the maximum-mass configuration (right) as function of
maximum mass "max. Stellar parameters in the upper right corner (blue area) are ruled out for a total binary mass ⇠ 0.2 M� below the
threshold mass for prompt black-hole formation "thres. This binary mass is derived from the maximum lifetime of ⇠20 ms inferred for the
merger remnant from the absence of strong He features in the kilonova spectrum, as explained in the text. Small NS radii in the lower left are
excluded if GW170817 did not undergo a prompt gravitational collapse (as argued in [33, 39]) based on the high kilonova brightness (purple
area). Solid lines in the respective regions display constraints for assumed binary mass ratios of @ = 1 (black), @ = 0.85 (yellow) and @ = 0.73
(magenta). Dashed lines of the same color include additionally the uncertainty from the scatter in the fit formula for "thres (@,"max, '). The
color shading of the blue and purple area indicates confidence levels of exclusion (in 10% steps) from considering the posterior distribution of
the binary mass ratio of GW170817. Shading for the area between the 0% and 10% levels are not plotted. For the upper limit, note the initial
steep increase with the 50% level close to the yellow line (@ = 0.85). For the lower limit, the confidence of exclusion drops steeply between the
90% level (close to the black solid line for @ = 1) and the 50% level (close to the yellow solid line for @ = 0.85). Causality excludes the dark red
region. Stellar parameters in the light red area are empirically not found in a large set of microphysical EoS models. White dots in the left panel
show absolute limits at the 90% confidence level given by "max = 2.0 M� for the upper limit and the intersection with the empirical exclusion
region (light red area) for the lower limit. These dots show the '1.6 constraints visualized in Fig. 9. See main text for more information.

FIG. 8. Same as Fig. 7 but for the tidal deformability⇤1.4 of a 1.4 M�
NS.

in [9]). Thus, it is statistically very unlikely that the mass ratio
was in the range @ . 0.7. Using the posterior distribution
of @ from Ref. [9], we use ten different shadings to indicate
the exclusion levels in Fig. 7 in 10% steps resulting from the
distribution of @, which we propagate through Eq. (5).

Note that the dependence on @ in Eq. (5) is such that stronger

deviations from the @ = 1 case only occur for very asymmetric
systems because of the X@3 terms in Eq. (4). The line for @ =
0.85 (yellow) is very close to that of the equal-mass mergers
(black) in Fig. 7. Thus the probability that a radius is excluded
rises quickly in the region between the lines with @ = 1 and
@ = 0.85 (different shadings are hardly distinguishable in this
range in Fig. 7). The 50% exclusion contour is very close to
the @ = 0.85 line (yellow); the 90% limit follows closely the
@ = 0.73 line (magenta) for "max . 2.4 M� .

Large radii cannot be ruled out if GW170817 was very asym-
metric. The reason for this lies in the behavior of "thres (@),
which is relatively flat for small binary mass asymmetries
(@ ⇡ 1) and declines stronger for larger asymmetries, i.e.
smaller @ (see e.g. Fig. 4 in [39] or [138, 140, 144]). Even a
stiff EoS could thus yield a relatively small "thres if the binary
was very asymmetric implying only a weak constraint on the
radius. In addition, significant binary mass asymmetries imply
a higher total binary mass of GW170817, for which only the
chirp mass is well known, and thus weaken our upper radius
limit.

We note that the fit formulae do not consider intrinsic spins
of the NSs, which however affect "thres only for very large and
probably unrealistic values [141, 186]. We show the impact of
strong first-order phase transitions on our constraints in App. C
and find that they would weaken the radius constraints by a few
hundred meters if "max ⇠ 2 M� and if phase transitions are as
extreme as the ones adopted in [39]. We also present the limits

(arXiv: 2411.03427)
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Are NSMs main sites of the “rapid neutron-capture” (r-) process?
nuclear chart

number of neutrons

number of 	
protons

neutron capture

beta	
decay

periodic system with suggested site of origin

Ye =
nproton

nneutron + nproton

!
< 0.5

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



What do NSMs tell us about the nuclear equation of state (EOS)?

Pirsa: 18060046 Page 10/70

possible nuclear equation of states

Pirsa: 18060046 Page 10/70

corresponding mass-radius relationships 	
of cold, non-rotating neutron stars

(plots by A. Bauswein)

‣ softer (stiffer) EOS <=> smaller (larger) neutron star
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Kilonova modeling pipeline
hydrodynamic modeling 	

of merger + dynamical ejecta

kilonova radiative transfer

t ∼ 𝒪(10 days)

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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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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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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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 “end-to-end” 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

(details in Just et al., ApJL 951, L12, 2023)
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Final ejecta distribution (  ~ 120ms model)τBH

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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dynamical	
 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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abletopredictthefinal,spatialdistributionofthetotalejecta,a
taskthatcanonlybeaccomplishedbyend-to-endmodelsthat
capturethelaunchandexpansionofallejectacomponentsand
theirdynamicalinteractionwitheachother.

Thedynamicalejecta,definedhereasall11material
fulfillingr(tmap)>250km,arelaunchedduringthemerger

inaroughlysphericalfashion(Bausweinetal.2013;
Hotokezakaetal.2013).Duringthesubsequentevolutionof
theNSremnant(tmap<tpm<tBH),neutrinoemission,starting
offatratesof∼1053ergs−1perneutrinospeciesandmean
energiesof∼15,20,and30MeVforνe,eŌ,andνx,respectively
(seepanels(g)–(i)ofFigure2),drivesathermalwindfromthe
NSsurfacewithahalf-openingangleof∼20°–40°towardboth
polardirections.Thisneutrino-drivenwind(NDW),whichin
mostofourmodelsdominatesmatterejectionduringtheNS
torusphase,drillsthroughlargeparts(uptovelocitiesof
v/c∼0.5–0.6)ofthedynamicalejecta,pushingmostofthem

Figure1.Snapshotsofmodelsym-n1-a6atdifferentpostmergertimes,tpm.Panels(a)–(d)showthedensityρ,radialvelocityvr,electronfractionYe,andentropyper
baryons,aswellasvelocityarrows(leftside)andcontoursoftemperatureT(rightside).Panel(e)showsthemassfractionsoflanthanidesplusactinides,XLA,andof
elementsinthefirst,second,andthirdr-processpeaks,overlaidwithgreenlinesdenotingthetime-dependentlocationoftheradialphotosphere(computedasinJust
etal.2022).Panel(f)showsamapcolor-codingthethreemainejectacomponents,theopacityκ,andtheeffectiveradioactiveheatingrateQheat.Panels(a)–(d)show
datafrombothhemispheres,andpanels(e)and(f)showdatafromjustthenorthernhemisphereassumingequatorialsymmetry.

11Notethatwedonotneedtoimposeanadditionalcriteriontofilterout
gravitationallyboundfromunboundmaterialbecausethetimeatwhichwe
identifyejecta(100s)islateenoughtoensurethatallmaterialcountedasejecta
isindeedgravitationallyunbound.
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‣ polar high-Ye neutrino-driven wind “bubble” surrounded by dynamical ejecta	
‣ slow viscous ejecta	
‣ strongly anisotropic yield distribution



What was the lifetime  of the 	
NS remnant in GW170817?

τBH

‣ prompt collapse scenario ( ) almost certainly 
excluded because of bright KN <=> high ejecta masses 
(see, however, Kiuchi ’19)	

‣ absence of spindown emission (Margalit+17) + 
observed sGRB signal (Rezzolla+18) => sec	

‣ lifetime of NS remnant remains largely 
unconstrained within 

τBH = 0

τBH ≲ 1

10 ms ≲ τBH ≲ 1.7 s

Daniel M. Siegel: GW170817—implications for the astrophysical site of the r-process 3

values by [34,56,35,51],

vej,blue = 0.27c, Mej,blue = 0.016M�, XLan,blue . 10�4,
vej,red = 0.1c, Mej,red = 0.05M�, XLan,red = 10�2,

(2)
with uncertainties defined by the above mentioned param-
eter ranges. While those may reasonably well cover the un-
certainties in the velocities and lanthanide mass fractions,
the ejecta masses likely come with larger uncertainties (see
below).

There have also been attempts to interpret the
GW170817 kilonova with single-component models [38,
62,63]. Such models require a small but finite lanthanide
mass fraction XLan ⇡ 10�3, which, in turn, requires a
fine-tuned distribution in electron fraction sharply peaked
around Ye = 0.25 [65,66]. This is in conflict with Ye distri-
butions from numerical simulations of the NS merger and
post-merger phase, which show that ejecta components
give rise to fairly broad distributions in electron fraction
([67,68,69,70,71]; see Sec. 3 for more details). Alterna-
tively, such a lanthanide fraction could be obtained by
mixing of lanthanide-rich and lanthanide-poor material in
just the right amount if ejection of material still proceeds
on the timescale ⇠ 1 s of the r-process (such that mixing
can occur after the r-process has concluded; see also the
discussion in Ref. [72]). However, this scenario seems
unlikely, as it requires fine-tuning regarding the relative
amount of ejecta material to be mixed as well as special
conditions under which the ejection of material proceeds.

Uncertainties

Systematic uncertainties in the ejecta masses not consid-
ered in the observational analyses arise from geometric
and multi-dimensional e↵ects, and uncertainties in the
radioactive heating rate as well as the thermalization
e�ciency of the radioactive decay products. Geometric
and multi-dimensional radiation transport e↵ects may
well lead to order-unity uncertainties. While those e↵ects
have been investigated to some degree [73,74], they
have not yet been explored extensively in the context of
GW170817 (however, see [35,60,64]). Geometric e↵ects
due to deviations from spherical symmetry have been
estimated to result in mass uncertainties by a factor . 2
[35]. The radioactive heating rate for ‘blue’ (lanthanide-
free) kilonova ejecta (mean electron fraction Ye > 0.25)
is uncertain by a factor of a few due to the dominance
of single isotopes [65], its thermalization e�ciency is
relatively robust [31,75]. For ‘red’ (lanthanide-bearing)
kilonova ejecta (mean electron fraction Ye < 0.25), the
radioactive heating rate is fairly robust [31,76,65], while
the thermalization e�ciency is uncertain up to a factor
of a few or more at late times [75,77]. The latter mostly
results from the sensitivity to the precise amount of
translead nuclei being synthesized in the outflow (which
also depends on the nuclear mass model), as translead
nuclei emit a larger fraction of radioactive energy through
↵-decay and fission, which thermalizes more e�ciently
than energy from �-decays [75]. Uncertainties in the total
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Figure 1. Dynamical ejecta masses and velocities from vari-
ous binary neutron star merger simulations encompassing dif-
ferent numerical techniques, various equations of state, binary
binary mass ratios 0.65 � 1.0, e↵ects of neutrinos and mag-
netic fields [88,89,67,83,68], together with the corresponding
ejecta parameters inferred from the ‘blue’ and ‘red’ kilonova of
GW170817 (see the text for details). Also shown for compari-
son is the parameter range for post-merger disk ejecta (see the
text for details).

ejecta mass of GW170817 considering thermalization
e�ciency, composition, and mass model are found to be of
a factor .2 [78]. Overall, this motivates at least a factor
of two uncertainty in the ejecta masses of the individual
components, which we shall adopt for the discussion here
(see below and Figs. 1 and 3).

3 Interpretation of the GW170817 kilonova

In the light of the kilonova parameters discussed above,
we turn to the question of what these observations imply
for the astrophysical site of the r-process in NS mergers.
We shall focus here on binary NS mergers, although the
possibility of a BH–NS merger is also briefly discussed
below.

Numerical simulations of the binary NS merger and
post-merger phase have revealed several types of neutron-
rich ejecta over the last two decades, which we shall briefly
discuss in the context of GW170817: dynamical ejecta
including tidal and shock-heated components [22,23,79,
80], neutrino-driven and magnetically driven winds from
a (meta-)stable remnant NS [81,82,83,84], and outflows
from a post-merger neutrino-cooled accretion disk [85,86,
87]. In a typical NS merger event, all of these processes
are at play to some extend, giving rise to ejecta mate-
rial with di↵erent properties (amount of ejected material,
composition, velocities); therefore, in principle, kilonovae
with multiple components are naturally expected, which
further motivates the multi-component interpretation of
the GW170817 kilonova discussed above.

(compilation by Siegel ’19)

first analysis with more flexible EOS parameterizations (e.g.,
Raithel et al. 2016). For each EOS, the uncertainty range of
the GW170817-measured binary gravitational mass (LIGO
Scientific Collaboration & Virgo Collaboration 2017) translates
into a corresponding uncertainty range of baryonic mass, defined

by the probability distribution





ò ò d= + - -

´  

( ∣ )
( )

( ( ) ( ) ∣ ) ∣ ( ) ∣∣ ( )∣ ( )

P M

dM dM M M M M

P g M g M g M g M

, EoS

, . 4

rem
b

1
b

2
b

1
b

2
b

ej rem
b

EoS 1
b

EoS 2
b

EoS 1
b

EoS 2
b

Here ( ∣ )P M M,1
g

2
g is the posterior joint probability distribution

function of NS gravitational masses inferred from the
BNS waveform  (LIGO Scientific Collaboration & Virgo
Collaboration 2017), = ´ -

M M2 10ej
2 is a conservative

lower limit for the mass loss from the system as inferred from the
KN ejecta, and the EOS enters in converting between
gravitational and baryonic masses, = ( )M g Mg

EoS
b . We approx-

imate the posterior by changing variables to the chirp massc

and mass-ratio =q M M1
g

2
g,
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assuming independent asymmetric Gaussian distributions for
both ( )P c and P(q), consistent with the median and 90%
quoted confidence levels on c, M1

g, M2
g, and Mtot

g . Specifi-
cally, we assume ( )P q, c   m sµ - - [ ( )exp , 2c

2 2

m s- -( ) ]q 2q q
2 2 for q 1 and P=0 otherwise, with

m s m=   M1, 0.164, 1.188q q and where s  ,

´ -
M2.63 10 3 ( ´ -

M2.07 10 3 ) for   mc ( <c

m ), respectively.
For each EOS, we then compare the inferred remnant

mass to the “allowed” range between the maximum mass to
avoid prompt collapse (using the relation ( )M R M,th 1.6 max of
Bauswein et al. 2013), to the minimum baryonic mass, which
results in an SMNS with an extractable energyDT (Equation (1))
less than the upper limits on the kinetic energy of the KN and
GRB emission = +E E E 10 ergEM KN GRB

51 . Integrating the
probability distribution of the remnant mass within this allowed
range yields the “consistency” of the given EOS with the
GW170817observations,

ò= ( ∣ ) ( )P M dMConsistency , EoS , 6
S

rem
b

rem
b

where S is the domain in which both D ( )T M Erem
b

EM

and M Mrem
b

th.
One example of this analysis is illustrated in Figure 2.

Clearly, EEM is so much smaller thanDTmax that the extractable
energy curve intersects EEM at the very precipice of the SMNS–
HMNS transition. We also find for all of the EOSs that we have
examined that »M M1.18smns

b
max
b largely irrespective of

compactness, consistent with previous findings (e.g., Lasota
et al. 1996). These two facts allow for the formulation of an
approximate analytic criterion on the maximal non-rotating NS
mass consistent with GW170817,

 x ( )M M , 7max
b

rem
b

where x  –1.16 1.21 and the EOS is only necessary in
translating baryonic to gravitational masses.
In addition to several key properties of each EOS, Table 1

provides the probability that each EOS is consistent with
constraints from GW170817. For instance, the very hard MS1,
MPA1, and ENG EOS are disfavored, with consistencies of
0.0%, 0.0% and 5.2%, respectively. However, the softer EOSs
with  –M M2.1 2.2max

g show much higher consistencies.

Figure 4. Constraints on properties of the NS EOS—radius of a M1.3 NS,
R1.3, and maximal non-rotating gravitational mass, Mmax

g —based on joint
GW-EM observations of GW170817. Different EOSs are represented as points,
the color of which corresponds to the consistency of the given EOS with
observational constraints. The similarly colored diagonal curves represent
polytropic EOSs of index n, while the gray shaded regions to the bottom right
are ruled out by the requirement of causality (see the text). Clearly, a low NS
maximal mass is preferred due to constraints ruling out SMNS formation. The
background gray curve shows the cumulative probability distribution function
that the maximum mass Mmax

g is less than a given value (see the text), from
which we find  M M2.17max

g at 90% confidence. The bottom panel shows
masses of observed Galactic NSs, from which a lower limit on Mmax

g can be
placed (vertical dashed line).

Table 1
EOS Properties and Consistency with EM Observations

Mmax
g R1.3 Msmns

g DTmax Consistency
EOS ( )M (km) ( )M (1053erg) (%)

MS1 2.77 14.9 3.31 1.8 0.0
MPA1 2.45 12.4 2.97 1.8 0.0
APR3 2.37 12.0 2.84 1.7 0.2
ENG 2.24 12.0 2.67 1.4 5.2
WFF2 2.20 11.1 2.63 1.6 10.2
APR4 2.19 11.3 2.61 1.5 18.4
SLy 2.05 11.8 2.43 1.2 100.0
H4 2.02 14.0 2.38 0.8 100.0
ALF2 1.98 12.7 2.41 0.9 100.0
GNH3a 1.96 14.3 2.29 0.7 100.0
ALF4a 1.93 11.5 2.35 1.0 99.8
BBB2a 1.92 11.2 2.27 1.1 99.4
MS2a 1.80 14.3 2.10 0.6 99.9

Note. All EOSs are approximated as piecewise broken polytropes (Read et al.
2009).
a Ruled out by  M2.01 0.04 mass of PSR J0348+0432 (Antoniadis
et al. 2013).
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Helium abundance from observed spectrum of AT2017gfo

‣ observed spectrum (at 4.4 days) appears 
inconsistent with significant helium 
mass fractions	

‣ resulting constraint 	

‣ see talk by Rasmus on Friday for 
more details!

X(He) ≲ 0.05
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FIG. 1. VLT/X-shooter spectrum of AT2017gfo 4.4 days post merger
with a blackbody continuum overlaid ()BB = 3200 K from the best-fit
blackbody compilation in Sneppen et al. [66]) and P Cygni features for
various helium abundances computed using the model described in
Sect. II. Given a sufficient helium abundance, -He ⇠ 0.01, a sizeable
absorption feature will be produced in the region 800–1000 nm. The
other spectral features in the spectrum have been tentatively linked to
Y �� (600–800 nm) and La ���, Ce ���, Te ��� (1200–1600 nm, 2000 nm).

vious studies of supernovae [e.g. 76] and of kilonovae [74].
Details on the computational modeling can be found in Snep-
pen et al. [75], but we note that the atomic data for helium is
reliable (particularly in comparison to r-process elements) due
to the substantiating experimental data, the multitude of prior
applications (including in astrophysical contexts) and the sim-
plicity of the few electron system for computational concerns.
The atomic data employed includes �-values [77], thermally-
averaged transition rates from collisions with electrons [78],
recombination rates, and photoionisation cross-sections [79].

In our models we assume homologously expanding ejecta
with a power-law density dependence in velocity, d = d0{U.
The normalisation constant, d0, is chosen such that the ejecta
mass in the velocity range 0.1–0.52 is 0.04 M� , around the
estimated ejecta mass for AT2017gfo [e.g. 23, 25]. We con-
sidered a large range of power-law slopes from constant density
(U = 0) to steep declines (U = �5) but adopt U = �5 for our
fiducial model (see App. A). We note this choice yields a
mass for the high-velocity ejecta (& 0.22) of ⇠0.01 M� , which
is consistent with observational constraints from AT2017gfo
[e.g. 15, 80, 81]. The model assumes a uniform mass fraction
of helium, -He, which is treated as a free parameter. The elec-
tron number density, =4, is also assumed to follow the same
velocity profile (i.e. =4 / {U) but with free normalisation. In
all cases considered here, we will adopt a photospheric ve-
locity at 4.4 days of {ph = 0.192 [75, we note a slightly lower
value ⇠ 0.152 can also be consistent with observations and
would provide even stronger limits, see App. A 1], and place
the outer boundary of the calculation at {max = 0.52. For

FIG. 2. The fraction of helium in each ionisation state (top panel),
the fraction of helium in the 1s2s 3S state (middle panel) and the
helium density required to produce the observed feature (red line,
bottom panel) as a function of photospheric electron density. All other
parameters have their standard values, as described in App. A 2. For
comparison, in the top panel, we also show the Sr �� fraction given a
recombination rate, U = 3⇥10�12 s�1 cm3. In the lower panel, dotted
and dash-dotted lines shows =4 as a function of =He given various
assumed -He and adopting a mean mass, � = 100, and same mean
charge as helium for all other species. While the unphysical regime
where =4 is smaller than the electron density solely contributed by
helium is shown in the grey shaded region. The electron densities
expected near the photosphere (indicated with shaded orange region,
=4 ⇡ 6⇥106–108 cm�3, see App. A 3) predict He �� should constitute a
major ionisation state and thus a sizeable population will be in 1s2s 3S.
This implies i) a small density of helium, =He ⇠ 105–106 cm�3 would
be sufficient to produce the observed feature and ii) such electron
density cannot solely be explained from the electrons contributed by
helium ions, but require other ions.

the electron temperature, we assume, for the baseline model,
the relativistically Doppler-corrected blackbody temperature,
i.e. )4 = 2800 K at 4.4 days (but explore a broader temper-
ature range in App. A 4). We note, the relativistic Doppler-
correction leads to a slight decrease from the observed black-
body temperature of )BB = 3200 K. We also assume that the



20.01.2025  | Hirschegg meeting  |  Oliver Just  |

Nucleosynthesis conditions for helium production

17

6

FIG. 3. Helium mass fraction as a function of electron fraction,
.4, and entropy, B, for parametrized outflow conditions (as in [91])
and expansion timescales typical of dynamical ejecta (gexp =1 ms;
solid lines) and post-merger ejecta (gexp =10 ms; dotted lines). The
nucleosynthesis calculations are from [92] except that the nuclear
network is started at 8 GK instead of 6 GK to account for quasi-
statistical equilibrium corrections [93, 94]. The absence of a helium
feature in AT2017gfo rules out a significant fraction of the ejecta to
have .4 & 0.45 and B & 40 kB Baryon�1.

near-perfectly filling in the distinct signature of strong absorp-
tion in the limited timespan where a helium feature is relevant
(i.e. the late-photospheric epochs), and ii) yielding no distinct
evidence in preceding or subsequent epochs. Thus such a
bias requires fine-tuning. The various other observed spectral
features of AT2017gfo highlight how distinctly an individual
element (under the correct conditions) can yield interpretable
and relatively isolated spectral signatures.

III. HELIUM PRODUCTION IN NEUTRON-STAR
MERGER MODELS

Helium is produced in nucleosynthesis conditions with
high electron fractions, .4 & 0.45, and/or high entropies,
B & 40 kB Baryon�1, as highlighted in Fig. 3. The dynam-
ical outflows expelled during the first ⇠ 10 ms of NS mergers
[95–99], as well as the viscous post-merger ejecta [100–104],
typically show a broad pattern of conditions for .4 and B with
only a small fraction of material, if any, exhibiting sufficiently
high values of either quantity to enable helium production.
These ejecta components are therefore relatively inefficient
sources of helium.

In contrast, high values of .4 and B are characteristic of
outflows powered by, or even just irradiated by, neutrinos.
Neutrino-driven winds are well known from the field of core-
collapse supernovae (CCSNe) [e.g. 105–111]. In such winds,

material originating from high-density regions with strong
electron degeneracy (and therefore typically low .4) is ejected
as a consequence of continuous deposition of energy from
absorption of neutrinos. The absorption reactions raise the
entropy, lift the degeneracy, and increase the electron fraction
of the ejecta.

An estimate of .4 resulting in neutrino winds2 can be ob-
tained by neglecting neutrino emission and considering the
equilibrium state achieved when the rates of a4-absorption
onto neutrons become equal to those of ā4-absorption onto
protons. This defines the value that .4 would relax to for
given, fixed thermodynamic conditions and neutrino distribu-
tions. An estimate of this equilibrium value using the total
number-loss rates, !# ,a , and typical mean-squared energies,
hn2ia , is given by [106, 112]:

. eq,abs
4 ⇡

✓
1 + !# ,ā4 hn2iā4

!# ,a4 hn2ia4

◆�1

. (2)

Under quasi-stationary thermodynamic conditions the average
.4 of the neutrino-emitting region changes only slowly, sug-
gesting that equal numbers of a4 and ā4 are emitted per time,
i.e. !# ,ā4 ' !# ,ā4 . Moreover, given that the (absorption
and scattering) opacities of a4 are comparable to those of ā4,
neutrinos of both species are emitted with similar spectra, i.e.
hn2ia4 ' hn2iā4 . For these reasons . eq,abs

4 typically lies in a
range close to 0.5 in neutrino winds. Considering that helium
is produced very efficiently for .4 & 0.45 for a broad range of
entropy conditions (cf. Fig. 3), this suggests neutrino winds
to be suitable sites of helium production. However, Eq. 2
only provides a crude estimate of the actual .4, because it
adopts a spherically symmetric field of free-streaming neutri-
nos, neglects the inverse (i.e. neutrino emission) processes,
and assumes the absorption reactions to occur fast enough for
.4 to reach the weak-equilibrium value. These assumptions are
particularly problematic in NSMs, which due to the more com-
plicated geometry compared to CCSNe produce more complex
spatial distributions of neutrinos. Therefore, given the strong
sensitivity of the helium yields on .4, hydrodynamic simula-
tions need to be conducted with genuinely multi-dimensional
neutrino-transport schemes capable of describing neutrino ab-
sorption in order to reliably predict helium yields in NSMs.
An additional challenge, particularly for modeling the long-
term evolution of merger remnants, is posed by the circum-
stance that small-scale turbulence, triggered primarily by the
magneto-rotational instability [113], can have a substantial
impact on the thermodynamic conditions and therefore the
neutrino distributions and thus may, at least indirectly, affect
the helium yields in neutrino winds from NSMs.

Due to their complexity, the properties of neutrino winds
in NSMs are relatively poorly understood so far, despite a fair

2 Although a clean distinction is often difficult, we use the general term “neu-
trino wind” here to refer to both types of outflows, those genuinely powered
by neutrino heating and those (partially) powered by other mechanisms but
subject to significant neutrino absorption, while “neutrino-driven wind”
explicitly refers to the former type of outflow.

‣ nucleosynthetic production of helium requires 
high electron fraction  and/or high entropy Ye s
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FIG. 4. Snapshots from two numerical simulations in which the NS remnants are short lived (model “sym-n1-a6-short” with gBH = 10 ms; top
row) and long lived (“sym-n1-a6” with gBH = 122 ms; bottom row) at three characteristic times after merger illustrating the launch of early,
fast outflows (left column) and late, slow outflows (middle column) as well as the final ejecta configuration in velocity space (right column),
where .4, d, and {A are the electron fraction (measured before onset of the r-process), mass density, and radial velocity, respectively, and
d̃He = d"He/dVA/d⌦ = d-HeV

2
A (2C)3 is the final helium density in dimensionless velocity space (with VA = A/(2C) and solid-angle element

d⌦) rescaled by V2
A to enhance visibility for outflows with strong density decline. Being a stronger source of neutrinos than a BH-torus remnant,

the NS remnant produces a far more massive and extended helium-rich, high-.4 ejecta component at early times, while the late BH-torus
outflows are inefficient helium sources in both cases.

number of works devoted to their study [e.g. 101, 114–123].
A characteristic tendency reported by many works adopting
detailed neutrino schemes [e.g. 101, 103, 115, 119, 124–126]
seems to be the stronger impact of neutrino irradiation near
the poles compared to the equator, which results in particu-
larly high .4 values and neutrino-heating rates along the po-
lar directions. Neutrino winds can in principle be launched
both before and after collapse of the NS remnant (which we
denote as HMNS hereafter). However, since BH-tori are con-
siderably weaker sources of neutrino emission than HMNSs,
the neutrino-wind masses in BH-torus remnants are predicted
to be much smaller than those of other ejecta components
[100, 101, 127, 128]. Conversely, neutrino winds from the
HMNS can be as massive as, if not more massive than, the
dynamical and BH-torus ejecta [104, 118, 121], particularly
when being enhanced due to magneto-hydrodynamic effects
[49, 129, 130]. Thus, the ejecta launched during the HMNS
phase are likely distinguished from the dynamical and BH-
torus ejecta in that they produce a substantially greater amount
of helium.

This notion is supported by our recent “end-to-end”
neutrino-hydrodynamics simulations (see [121] and Ap-

pendix B for details) that describe all three evolutionary phases
of matter ejection, namely the dynamical merger, the HMNS
phase, and the final BH-torus evolution. In order to follow the
properties of the neutrino wind as closely as possible, these
models adopt a leakage scheme accounting for neutrino ab-
soprtion [131] until 10 ms post merger and, subsequently, an
energy-dependent two-moment transport scheme with a lo-
cal closure (i.e. an M1 scheme; [132]). Angular-momentum
transport due to small-scale turbulence is described using a
recently developed two-parameter viscosity prescription in-
spired by the U-viscosity scheme of Ref. [133]. The snapshots
shown in Fig. 4 illustrate the crucial difference between a
model with a short-lived HMNS remnant (with BH-formation
time at gBH ⇡ 10 ms, top row) and a long-lived one (with
gBH ⇡ 120 ms, bottom row): In the latter case the HMNS,
due to its longer lifetime, gives rise to a massive and ex-
tended high-.4, high-entropy neutrino-driven wind along both
polar directions, leading to substantial helium enrichment at
final ejecta velocities of 0.15 . {/2 . 0.6 within a cone of
⇠ 20�40� half-opening angle (see right panels of Fig. 4 for the
spatial distribution of helium in the final ejecta configuration
as well as Fig. A.4 for the mass distribution in .4 and B).

7

FIG. 4. Snapshots from two numerical simulations in which the NS remnants are short lived (model “sym-n1-a6-short” with gBH = 10 ms; top
row) and long lived (“sym-n1-a6” with gBH = 122 ms; bottom row) at three characteristic times after merger illustrating the launch of early,
fast outflows (left column) and late, slow outflows (middle column) as well as the final ejecta configuration in velocity space (right column),
where .4, d, and {A are the electron fraction (measured before onset of the r-process), mass density, and radial velocity, respectively, and
d̃He = d"He/dVA/d⌦ = d-HeV

2
A (2C)3 is the final helium density in dimensionless velocity space (with VA = A/(2C) and solid-angle element

d⌦) rescaled by V2
A to enhance visibility for outflows with strong density decline. Being a stronger source of neutrinos than a BH-torus remnant,

the NS remnant produces a far more massive and extended helium-rich, high-.4 ejecta component at early times, while the late BH-torus
outflows are inefficient helium sources in both cases.

number of works devoted to their study [e.g. 101, 114–123].
A characteristic tendency reported by many works adopting
detailed neutrino schemes [e.g. 101, 103, 115, 119, 124–126]
seems to be the stronger impact of neutrino irradiation near
the poles compared to the equator, which results in particu-
larly high .4 values and neutrino-heating rates along the po-
lar directions. Neutrino winds can in principle be launched
both before and after collapse of the NS remnant (which we
denote as HMNS hereafter). However, since BH-tori are con-
siderably weaker sources of neutrino emission than HMNSs,
the neutrino-wind masses in BH-torus remnants are predicted
to be much smaller than those of other ejecta components
[100, 101, 127, 128]. Conversely, neutrino winds from the
HMNS can be as massive as, if not more massive than, the
dynamical and BH-torus ejecta [104, 118, 121], particularly
when being enhanced due to magneto-hydrodynamic effects
[49, 129, 130]. Thus, the ejecta launched during the HMNS
phase are likely distinguished from the dynamical and BH-
torus ejecta in that they produce a substantially greater amount
of helium.

This notion is supported by our recent “end-to-end”
neutrino-hydrodynamics simulations (see [121] and Ap-

pendix B for details) that describe all three evolutionary phases
of matter ejection, namely the dynamical merger, the HMNS
phase, and the final BH-torus evolution. In order to follow the
properties of the neutrino wind as closely as possible, these
models adopt a leakage scheme accounting for neutrino ab-
soprtion [131] until 10 ms post merger and, subsequently, an
energy-dependent two-moment transport scheme with a lo-
cal closure (i.e. an M1 scheme; [132]). Angular-momentum
transport due to small-scale turbulence is described using a
recently developed two-parameter viscosity prescription in-
spired by the U-viscosity scheme of Ref. [133]. The snapshots
shown in Fig. 4 illustrate the crucial difference between a
model with a short-lived HMNS remnant (with BH-formation
time at gBH ⇡ 10 ms, top row) and a long-lived one (with
gBH ⇡ 120 ms, bottom row): In the latter case the HMNS,
due to its longer lifetime, gives rise to a massive and ex-
tended high-.4, high-entropy neutrino-driven wind along both
polar directions, leading to substantial helium enrichment at
final ejecta velocities of 0.15 . {/2 . 0.6 within a cone of
⇠ 20�40� half-opening angle (see right panels of Fig. 4 for the
spatial distribution of helium in the final ejecta configuration
as well as Fig. A.4 for the mass distribution in .4 and B).

‣ driven through absorption of neutrinos on free nucleons	
‣ estimate of :Ye

Y eq,abs
e ≃

1

1 +
⟨ϵ2

ν̄e⟩LN,ν̄e

⟨ϵ2
νe⟩LN,νe
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FIG. 4. Snapshots from two numerical simulations in which the NS remnants are short lived (model “sym-n1-a6-short” with gBH = 10 ms; top
row) and long lived (“sym-n1-a6” with gBH = 122 ms; bottom row) at three characteristic times after merger illustrating the launch of early,
fast outflows (left column) and late, slow outflows (middle column) as well as the final ejecta configuration in velocity space (right column),
where .4, d, and {A are the electron fraction (measured before onset of the r-process), mass density, and radial velocity, respectively, and
d̃He = d"He/dVA/d⌦ = d-HeV

2
A (2C)3 is the final helium density in dimensionless velocity space (with VA = A/(2C) and solid-angle element

d⌦) rescaled by V2
A to enhance visibility for outflows with strong density decline. Being a stronger source of neutrinos than a BH-torus remnant,

the NS remnant produces a far more massive and extended helium-rich, high-.4 ejecta component at early times, while the late BH-torus
outflows are inefficient helium sources in both cases.

number of works devoted to their study [e.g. 101, 114–123].
A characteristic tendency reported by many works adopting
detailed neutrino schemes [e.g. 101, 103, 115, 119, 124–126]
seems to be the stronger impact of neutrino irradiation near
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FIG. 5. Mass of material ejected until the given time that will end
up as helium relative to the mass of all material ejected until that
time in our hydrodynamic simulation models (cf. Appendix B). Only
material in the observationally relevant velocity range, 0.19 < {/2 <
0.3, is considered. We count as ejecta all material that at a given
time lies beyond the radius of 50 km and is expanding faster than
0.1 2. The helium abundance plateaus following BH formation at C =
gBH, indicated for each model with black circles. The observational
constraint -He = 0.05 is shown by the dashed line. Neutrino winds
continuously inject helium into the ejecta but only as long as the
HMNS is present, leading to a strong correlation between the helium
abundance and the HMNS lifetime. In this set of models only the two
short-lived models (denoted by “short” suffixes) with gBH = 10 ms
satisfy the observational constraint.

Since the HMNS injects the wind with mass fluxes that vary
only slowly with time, the relative fraction -He (C) of mass end-
ing up as helium in the observationally relevant (cf. Sect. II)
velocity band 0.19 . {/2 . 0.3 keeps growing continuously
for the long-lived (gBH > 10 ms) models, reaching values of
20–40 % until abruptly saturating when the HMNS undergoes
BH formation; see Fig. 5. Given a sufficiently long HMNS
lifetime, helium becomes the most abundant element (by mass)
in the entire outflow. Clearly, all the long-lived models shown
in Fig. 5 are immediately ruled out by the observational con-
straint -He < 0.05 (cf. Sect. II), while the short-lived models
are compatible. Assuming that our set of models is representa-
tive concerning the behavior of -He (C) (see discussion below),
Fig. 5 implies that the observational constraint can only be
fulfilled for relatively short lifetimes of

gBH ( AT2017gfo ) . 20 � 30 ms . (3)

In other words, the HMNS remnant in AT2017gfo must have
collapsed within a few tens of milliseconds after the merger,

because otherwise it would have blown out enough helium to
be clearly observable in the kilonova spectra according to the
P Cygni analysis of Sect. II. Importantly, given the rapid growth
of -He (C), even a less constraining bound, of say -He < 0.1,
would result in a strong lifetime constraint.

We note in passing that the large angular anisotropy created
by the polar neutrino winds would also be at odds with the
quasi-spherical geometry suggested by the observed spectral
features in AT2017gfo (cf. for instance the P Cygni features
and discussions in [66, 85], but see also [134]).

A few comments are in order regarding the lifetime con-
straint, Eq. 3. First, we stress that our set of models is still rel-
atively small and therefore probably not exhaustive regarding
the impact of different progenitor masses, mass ratios, EoSs,
and turbulent viscosity prescriptions. However, the model-by-
model variation of the time corresponding to -He (C) = 0.05
is not more than about a factor of two, even for cases where
the lifetimes gBH differ by one order of magnitude, suggesting
a certain robustness of the helium-enrichment mechanism and
therefore a relatively mild sensitivity of the lifetime constraint,
Eq. 3, with respect to these uncertainties. Considering specif-
ically the viscosity, it is worth noting that the non-viscous
model (sym-novis) exhibits the fastest rise of -He (C) among
all considered models, while a lifetime of gBH & 20 ms is only
suggested by models with a relatively strong, and therefore
possibly less realistic, viscosity.

An additional source of uncertainty is represented by the
physics approximations adopted to make the simulations com-
putationally feasible (concerning the treatment of general rel-
ativity, turbulent viscosity, and neutrino transport; see [121]).
While the idea of HMNS remnants producing high-.4 winds is
not new, the question of how fast these winds enrich the ejecta
with helium is a difficult, quantitative question, sensitive to the
detailed thermodynamic conditions and neutrino distribution
near the HMNS surface, and to our knowledge this question
has rarely been addressed so far (see, however, [66, 74] for
studies discussing the impact of helium on kilonova spectra).
Although our HMNS models capture more physics ingredi-
ents than many previous studies – in particular in that they
adopt spectral neutrino transport – the remaining simplifying
assumptions of our models may or may not have an impact on
the -He (C) curves. At any rate, the dichotomy between long-
lived and short-lived models seen in Fig. 5 is striking, and
we leave it to future work to explore in more detail the uncer-
tainties of the -He (C) dependence and of the implied lifetime
constraint, Eq. 3.

A meaningful comparison with other literature results is
difficult, if not impossible, at this point, because so far only
a small number of merger-remnant simulations exist that are
capable of describing neutrino winds3 combined with a (full
or approximate) treatment of general relativistic gravity, while
only a fraction of those report helium abundances, and none

3 Pure neutrino-leakage schemes (based on Ref. [135] without additional
treatment of neutrino absorption), which are often adopted in the merger
literature, only describe (net) neutrino cooling, i.e. no heating, and are
therefore unable to capture neutrino winds.
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of them report helium abundances in just the relevant velocity
band 0.19 . {/2 . 0.3. We remark, however, that the results
reported by Refs. [122, 127] for the neutrino wind of long-lived
HMNSs appear to be in broad agreement with our models.

The polar nature of the helium-rich wind is particularly well
suited for our observational constraint because of the near-
polar viewing angle in AT2017gfo and the circumstance that
absorption features in KN spectra are formed mainly along
the line-of-sight. The broad velocity distribution of the wind,
ranging from 0.1 2 to 0.6 2 is further auspicious for observ-
ability, because it safely encompasses the velocities of the
line-forming region, 0.192 . { . 0.32, at around 4-5 days
post merger. In earlier spectra, the observed line-forming re-
gion could constrain ejecta at larger velocities - even reaching
out to ⇠0.452 at 1.17 days [66]. However, as deliberated in
App. A 1, at earlier times radiative transitions will suppress
the He � feature and imply weaker abundance constraints for
such outer layers.

IV. EQUATION OF STATE CONSTRAINTS

A. Lifetime

The upper limit on the remnant lifetime can be turned into
an EoS constraint by recognizing that the lifetime indicates
the proximity of the measured total binary mass, "tot, to the
threshold mass for prompt black hole formation, "thres. The
lifetime is expected to steeply decrease with higher total binary
mass to reach roughly zero at "thres. In essence, therefore,
the absence of significant amounts of He implies an upper
limit on "thres. "thres scales well with stellar parameters
(e.g. radii, maximum mass, tidal deformability) of non-rotating
NSs [35, 39, 136–144], which can thus be constrained. This
line of argument has already been presented in [33] (see Fig. 5
in that paper for a hypothetical case).

In a first step, we thus consider the dependence gBH ("tot),
where one expects that the lifetime decreases with "tot since
more mass destabilizes the remnant (e.g. [147]). The loss and
redistribution of energy and angular momentum of the central
object are governed by the magneto-hydrodynamical evolu-
tion, gravitational-wave emission and neutrino emission. For
higher binary masses these processes take less time to drive
the remnant to a more compact and ultimately unstable con-
figuration. The exact dependence of the lifetime on the binary
masses is notoriously difficult to determine because the rem-
nant lifetime in numerical simulations is strongly affected by
numerics, e.g. the numerical resolution, discretization schemes
or the choice of the initial orbital separation, and the physics
included (e.g. neutrinos, magnetic fields or effective viscos-
ity) [138, 145]. In addition, gBH ("tot) may not even be unique
for a given numerical scheme and input physics but be to a
certain extent subject to stochastic simulation-to-simulation
variations. One should also expect a dependence on the EoS
and the binary mass ratio as well. Surveying the literature
there are hardly any studies available that explicitly determine
gBH ("tot) by running sequences of models with fine spacing
in "tot within the range of interest (0 ms . gBH . 40 ms)
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FIG. 6. Upper panel: Remnant lifetimes in sequences of simula-
tions of equal-mass mergers varying only the total binary mass "tot.
Colors and symbols refer to different EoS and simulation tools, re-
spectively. From the literature we adopt data from [34, 145, 146]
(from [145] we only include calculations at a fixed binary mass
for different simulation settings to indicate uncertainties). Dashed
lines indicating life times of 2 ms and 20 ms are drawn to estimate
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tot for the various EoS models. Arrows
display lower limits on gBH, where gBH is given by the end of the
simulation time, until which no gravitational collapse took place.
Lower panel: Same sequences as in the upper panel but shifted by
�" gBH=2 ms

tot to read off an estimate of �" .

based on a set of consistent simulations (i.e. with calculations
varying only "tot but otherwise using the same numerical and
physical setup), which is essential to obtain values that can be
meaningfully compared (but see Holmbeck et al. [59], Lucca
and Sagunski [148] for a meta-study, which however does not
include sufficiently fine spaced model setups within a consis-
tent treatment; and see discussion and Fig. 6 in Kölsch et al.

[138], which includes @ < 1 cases). For the sake of our argu-
ment, however, a coarse estimate suffices taking advantage of
the fact that gBH ("tot) is likely a very steep function (as sug-
gested by simulations). We intend to estimate an upper limit
on �" being the difference between "thres and the measured
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merger remnant from the absence of strong He features in the kilonova spectrum, as explained in the text. Small NS radii in the lower left are
excluded if GW170817 did not undergo a prompt gravitational collapse (as argued in [33, 39]) based on the high kilonova brightness (purple
area). Solid lines in the respective regions display constraints for assumed binary mass ratios of @ = 1 (black), @ = 0.85 (yellow) and @ = 0.73
(magenta). Dashed lines of the same color include additionally the uncertainty from the scatter in the fit formula for "thres (@,"max, '). The
color shading of the blue and purple area indicates confidence levels of exclusion (in 10% steps) from considering the posterior distribution of
the binary mass ratio of GW170817. Shading for the area between the 0% and 10% levels are not plotted. For the upper limit, note the initial
steep increase with the 50% level close to the yellow line (@ = 0.85). For the lower limit, the confidence of exclusion drops steeply between the
90% level (close to the black solid line for @ = 1) and the 50% level (close to the yellow solid line for @ = 0.85). Causality excludes the dark red
region. Stellar parameters in the light red area are empirically not found in a large set of microphysical EoS models. White dots in the left panel
show absolute limits at the 90% confidence level given by "max = 2.0 M� for the upper limit and the intersection with the empirical exclusion
region (light red area) for the lower limit. These dots show the '1.6 constraints visualized in Fig. 9. See main text for more information.

FIG. 8. Same as Fig. 7 but for the tidal deformability⇤1.4 of a 1.4 M�
NS.

in [9]). Thus, it is statistically very unlikely that the mass ratio
was in the range @ . 0.7. Using the posterior distribution
of @ from Ref. [9], we use ten different shadings to indicate
the exclusion levels in Fig. 7 in 10% steps resulting from the
distribution of @, which we propagate through Eq. (5).

Note that the dependence on @ in Eq. (5) is such that stronger

deviations from the @ = 1 case only occur for very asymmetric
systems because of the X@3 terms in Eq. (4). The line for @ =
0.85 (yellow) is very close to that of the equal-mass mergers
(black) in Fig. 7. Thus the probability that a radius is excluded
rises quickly in the region between the lines with @ = 1 and
@ = 0.85 (different shadings are hardly distinguishable in this
range in Fig. 7). The 50% exclusion contour is very close to
the @ = 0.85 line (yellow); the 90% limit follows closely the
@ = 0.73 line (magenta) for "max . 2.4 M� .

Large radii cannot be ruled out if GW170817 was very asym-
metric. The reason for this lies in the behavior of "thres (@),
which is relatively flat for small binary mass asymmetries
(@ ⇡ 1) and declines stronger for larger asymmetries, i.e.
smaller @ (see e.g. Fig. 4 in [39] or [138, 140, 144]). Even a
stiff EoS could thus yield a relatively small "thres if the binary
was very asymmetric implying only a weak constraint on the
radius. In addition, significant binary mass asymmetries imply
a higher total binary mass of GW170817, for which only the
chirp mass is well known, and thus weaken our upper radius
limit.

We note that the fit formulae do not consider intrinsic spins
of the NSs, which however affect "thres only for very large and
probably unrealistic values [141, 186]. We show the impact of
strong first-order phase transitions on our constraints in App. C
and find that they would weaken the radius constraints by a few
hundred meters if "max ⇠ 2 M� and if phase transitions are as
extreme as the ones adopted in [39]. We also present the limits

‣ exploit empirical relations (e.g. Bauswein+19, 
Kö lsch+23):	

‣ strong upper limit on NS radius for given 
maximum TOV mass	

‣ lower limits from bright KN (delayed collapse) 
and causality ( )	

‣ radius: 	

‣ maximum mass: 	

‣ uncertainties due to poorly constraint mass 
ratio

csound < c

10.7 ≲ R1.6[km] ≲ 12.3

Mmax < 2.3 M⊙
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binary mass of GW170817.
In Fig. 6 we collect data from different simulations show-

ing the lifetime as a function of the total binary mass for
equal-mass binaries. This includes different calculations with
our smoothed-particle hydrodynamics (SPH) code employing
the conformal flatness approximation as in [149, 150]4. The
runs labelled “ILEAS SPH” incorporate a account for neu-
trino emission effects [131]. We also include runs with the
Einstein Toolkit [151] in full general relativity as in [152]
but for the Sly4 EoS [153] and a set of simulations from the
literature in full GR partly in combination with a neutrino
treatment [34, 146]. For the latter, the simulation setups are
coarsely spaced in "tot. To indicate uncertainties we add cal-
culations for a fixed binary mass and EoS, but with different
numerical resolution, neutrino treatment and partly a scheme
to model turbulent viscosity from Zappa et al. [145]. For clar-
ity we drop some data points with a prompt collapse, which
presumably have a total binary mass much in excess of "thres.
There are different definitions of a prompt collapse and of
"thres discussed in the literature [35, 138, 143]. To estimate
�" = "thres�"tot, we adopt the notion of Agathos et al. [139]
and Kölsch et al. [138], defining "thres as the system with gBH
= 2 ms. In Fig. 6 the dashed horizontal lines indicate life times
of 2 ms and 20 ms. Reading off �" by the intersections of
the respective curves for the various EoSs at 2 ms and 20 ms,
we find values in the range between 0.048 M� and 0.319 M�
with only two out of the eleven EoSs exceeding 0.2 M� (see
lower panel in Fig. 6). We stress again that these values are
only tentative because of the limited number of sequences, the,
in places, coarse sampling in "tot and our poor knowledge of
underlying (numerical or physical) uncertainties.

The sparseness of the current data prevents us from estimat-
ing �" for a limit of gBH = 30 ms or even gBH = 40 ms, but
gBH ("tot) typically becomes steeper in this range (as indicated
in the figure) and thus �" should not be much affected by the
exact limit on gBH implied by the observed lack of helium.

For the following derivation of the EoS constraints we there-
fore adopt �" = 0.2 M� as a sensible choice and we present
results for �" = 0.3 M� and �" = 0.4 M� as a more con-
servative approach in App. C. We note that Fig. 6 of [138]
indicates a similar range of �" ⇡ 0.2 M� (also for asymmet-
ric binaries). A value of �" = 0.2 M� implies that for the
measured binary mass of "GW170817

tot = 2.73+0.04
�0.01 M� [9], the

threshold mass for prompt gravitational collapse is unlikely to
exceed 2.93+0.04

�0.01 M� .

B. Constraints on stellar parameters: radius, tidal
deformability and maximum mass

An upper limit on the threshold mass implies constraints on
NS radii and the maximum mass of non-rotating NSs, "max,
because "thres scales tightly with these properties [35, 39, 136–
144]. Generally, the threshold mass increases with "max and

4 Note that the calculations in [150] employ a different SPH kernel function
as compared to earlier simulations.

NS radius, ', (or equivalently the tidal deformability, ⇤).
Consequently, both quantities, "max and ', cannot simultane-
ously become too large to accommodate a given upper limit on
"thres. Furthermore, "thres depends on the binary mass ratio
@ [39, 138, 140, 144]. A number of fit formulae for "thres
have been developed describing these dependencies based on
the analysis of a large set of numerical simulations determin-
ing "thres for different EoS models and mass ratios [39, 138].
The exact fit formulae and their tightness are affected by the
number and type of considered EoS models, the binary mass
ratio, and the numerical tool.

For our constraint we employ the fit formulae from Ref. [39],
which simultaneously include a dependence on the EoS and @
for a very large number of EoSs (more than 20 models). We
note that the influence of the binary mass ratio turns out to
be considerable, which is why it is important to use a fit that
equally covers the EoS and mass ratio dependence. We adopt
the prescription

"thres (@,"max, ') = 21"max+22'+23+24X@
3"max+25X@

3'
(4)

from [39] with fit parameters 28 and X@ ⌘ 1 � @. The radius '
may be the radius '1.6 of a 1.6 M� NS or the radius 'max of the
maximum mass configuration. ' may also be replaced by the
tidal deformability of a NS with fixed mass, e.g. 1.4 M� . See
Tab. VI in [39] for the fit parameters 28 resulting from different
underlying datasets; we choose the fits for the EoS sample
‘b’, i.e. the subset of purely baryonic EoS models which are
compatible with pulsar observations [183–185] and the tidal
deformability from GW170817 [9] (see App. C for further
comments on the choice of the fit formula; for convenience
Tab. I lists coefficients of all relations employed in this study).

For "thres  "GW170817
tot + �" , it immediately follows that

' 
"GW170817

tot + �" � 21"max � 23 � 24X@3"max

22 + 25X@3 , (5)

where �" can be further increased to include additional
sources of error, e.g. the tightness X" of the fit formulae. We
display the constraint on '1.6 resulting from Eq. (5) in Fig. 7
(blue area in the upper right in the left panel). In Fig. 7 the lines
refer to fixed binary mass ratios adopted in Eq. (5). In Eq. (5)
we include the total binary mass of GW170817 using the well
measured chirp massM via "tot = M@�3/5 (1+@)6/5. Dashed
lines indicate the constraints for fixed mass ratios adding the
mean deviation X" = 0.017 M� of the fit from the underlying
data as additional error to �" (see eighth column in Tab. VI
for X" in [39]).

In GW170817, the binary mass ratio was found to be in the
range 0.73  @  1 at the 90% confidence level assuming a
low spin prior [9]. Figure 7 shows a strong dependence on the
binary mass ratio with @ = 0.73 yielding the weakest constraint
unless "max ' 2.3 M� . Equation (5) shows a complicated
behavior with @ depending on the chosen "max, which for
intermediate "max can even be non-monotonous. For smaller
"max, the maximum allowed radius is increasing with the
binary mass asymmetry in Eq. (5). The posterior probability
of @ from GW170817 shows a relatively flat distribution for
0.8 . @ . 1 to decrease more steeply below ⇠ 0.8 (see Fig. 7
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FIG. 9. Constraints on NS parameters as in Fig. 7 overplotted with ex-
emplary mass-radius relations for various microphysical EoSs (green
and red lines) [36, 153–182]. If the remnant of GW170817 was short-
lived, this excludes stellar parameters in the blue areas (see main
text). NS radii are constrained from below (purple areas) because the
brightness of the kilonova AT2017gfo points to no prompt collapse
yielding a lower limit on "thres. The color shadings of the constraints
on {"max, 'max} above " = 2.0 M� (thin dashed horizontal line)
resemble the exclusion probability implied by the posterior distribu-
tion of the binary mass ratio in GW170817 [9] similarly as in Figs. 7
and 8. Causality rules out the area in the upper left corner. Note that
a mass-radius curve is only excluded if its {"max, 'max} lies in one
of the excluded regions. The horizontal bars around " = 1.6 M�
display the upper and lower limit on '1.6 with the purple and blue
areas providing the absolute limits independent of "max (at 90% con-
fidence based on the binary mass ratio distribution; see black dots in
left panel of Fig. 7 and main text). The magenta, yellow and cyan bars
give the bounds for specific values of "max. For "max & 2.15 "�
the causality or empirical limit, respectively, become more stringent
then the lower bound from the “no prompt collapse” argument and
the allowed range of '1.6 becomes increasingly smaller approaching
zero for "max ⇡ 2.3 "� and thus EoSs with "max & 2.3 "� are
ruled out. Mass-radius relations shown in red are excluded by our
constraints. See main text for more detailed explanations.

resulting from alternative fit formulae [138] in the appendix,
which only mildly affect the quantitative results. Thus the
main uncertainty still remains that of the binary mass ratio.

As already apparent from Eq. (5), the new upper limit on
'1.6 depends on the maximum mass and becomes stronger for
larger "max. This is clear because ' and "max both increase
"thres (cf. Eq. (4)), and a larger "max is only compatible
with "thres . 2.9 M� if the radius is correspondingly smaller.
The fact that our limits depend on "max make them more
constraining than an individual number suggests: large radii
are only compatible with relatively small "max – just above
the current lower bound [183–185]. This is rather atypical for
many EoS models, which often reach far beyond 2 M� if the
radius '1.6 is larger than ⇠ 12 km. Our constraint thus rules
out a significant number of current EoS models, which can
be directly seen in Fig. A.5, where the stellar parameters of a
sample of microphysical EoS models are overplotted.

We include two additional constraints in Fig. 7. In the lower

left part we display the excluded region (purple) derived from
the argument that GW170817 was likely not a prompt collapse
event, which would be incompatible with the relatively high
brightness of the kilonova [33]. A prompt collapse is likely
connected with reduced mass ejection and, thus, one concludes
that "thres > "⌧,170817

tot . Following [33, 39], this implies a
lower limit on the radius. We update and improve this con-
straint in comparison to [33, 39] by employing for consistency
the same @-dependent fit formula for "thres (Eq. (4)) and by
considering the posterior sample of @ from GW170817. In-
stead of only computing an absolute lower limit as in [39] we
show the lower limit as function of "max. As for the upper
limit, the lower limits directly result from Eq. (4) as

' >
"GW170817

tot � 21"max � 23 � 24X@3"max

22 + 25X@3 . (6)

Again we find a significant impact from the binary mass ratio
especially for "max ⇡ 2 M� . This can be seen from the lines in
the lower left of the figure, where in contrast to the upper limit
the @ = 1 case represents the more conservative limit. The
dashed lines again indicate the uncertainties of the fit formula
(by shifting "GW170817

tot ! "GW170817
tot � X" in Eq. (6)). We

again propagate the posterior sample of @ from GW170817
through Eq. (6) and use different shadings in Fig. 7 to visualize
the exclusion level in steps of 10% (purple area). As for the
upper limit the resulting distribution becomes very steep in the
range corresponding to small binary mass asymmetries. The
90% level is close to the black solid line (@ = 1) and the 50%
level follows closely the yellow @ = 0.85 line.

Like the upper limit, the lower limit on the radius also de-
pends on the maximum mass and effectively the combined
constraint appears like a “sliding window”, where larger radii
are favored for relatively small maximum masses ⇠ 2 M� and
smaller radii are only compatible with larger "max. The slid-
ing window essentially is a result of our main argument that
"GW170817

tot < "thres  "GW170817
tot +�" . Recall that the lower

limits are independent of �" and the presence or absence of
helium, and �" determines the width of the allowed range in
'1.6.

The second additional constraint we consider arises because
causality limits the stiffness of any EoS. In the lower right of
Fig. 7 (left panel) we display an area which is excluded by
causality requiring that the speed of sound {B cannot exceed
the speed of light 2. This limits the maximum stiffness of the
EoS and consequently rules out large "max for a given '1.6.
Being less conservative, we obtain an “empirical” limit by con-
sidering pairs {'1.6,"max} from a large set of microphysical
EoSs and determining the limit such that all models lie within
this phenomenological bound. See [33, 36, 39] and App. C for
the details on the “causality limit” and the “empirical limit”.

One may expect that an upper limit on "thres also implies
a constraint on "max. This constraint is visible in Fig. 7,
where the intersection between the empirical or causal limit
(red area) and the upper limit on '1.6 (blue area) provides
the highest possible "max. Based on the argument of a low
helium mass fraction, we can rule out "max & 2.3 M� for
�" = 0.2 M� . We emphasize that large "max far in excess
of 2 M� are only compatible with a relatively narrow range of

‣ Mass-radius relationship for various 
EOS models	

‣ large number of EOS models excluded 
(red lines)	

‣ in particular EOS models with 
simultaneously large  and R1.6 Mmax
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FIG. 7. Constraints on the radius of a 1.6 M� NS (left) and the radius, 'max, of the maximum-mass configuration (right) as function of
maximum mass "max. Stellar parameters in the upper right corner (blue area) are ruled out for a total binary mass ⇠ 0.2 M� below the
threshold mass for prompt black-hole formation "thres. This binary mass is derived from the maximum lifetime of ⇠20 ms inferred for the
merger remnant from the absence of strong He features in the kilonova spectrum, as explained in the text. Small NS radii in the lower left are
excluded if GW170817 did not undergo a prompt gravitational collapse (as argued in [33, 39]) based on the high kilonova brightness (purple
area). Solid lines in the respective regions display constraints for assumed binary mass ratios of @ = 1 (black), @ = 0.85 (yellow) and @ = 0.73
(magenta). Dashed lines of the same color include additionally the uncertainty from the scatter in the fit formula for "thres (@,"max, '). The
color shading of the blue and purple area indicates confidence levels of exclusion (in 10% steps) from considering the posterior distribution of
the binary mass ratio of GW170817. Shading for the area between the 0% and 10% levels are not plotted. For the upper limit, note the initial
steep increase with the 50% level close to the yellow line (@ = 0.85). For the lower limit, the confidence of exclusion drops steeply between the
90% level (close to the black solid line for @ = 1) and the 50% level (close to the yellow solid line for @ = 0.85). Causality excludes the dark red
region. Stellar parameters in the light red area are empirically not found in a large set of microphysical EoS models. White dots in the left panel
show absolute limits at the 90% confidence level given by "max = 2.0 M� for the upper limit and the intersection with the empirical exclusion
region (light red area) for the lower limit. These dots show the '1.6 constraints visualized in Fig. 9. See main text for more information.

FIG. 8. Same as Fig. 7 but for the tidal deformability⇤1.4 of a 1.4 M�
NS.

in [9]). Thus, it is statistically very unlikely that the mass ratio
was in the range @ . 0.7. Using the posterior distribution
of @ from Ref. [9], we use ten different shadings to indicate
the exclusion levels in Fig. 7 in 10% steps resulting from the
distribution of @, which we propagate through Eq. (5).

Note that the dependence on @ in Eq. (5) is such that stronger

deviations from the @ = 1 case only occur for very asymmetric
systems because of the X@3 terms in Eq. (4). The line for @ =
0.85 (yellow) is very close to that of the equal-mass mergers
(black) in Fig. 7. Thus the probability that a radius is excluded
rises quickly in the region between the lines with @ = 1 and
@ = 0.85 (different shadings are hardly distinguishable in this
range in Fig. 7). The 50% exclusion contour is very close to
the @ = 0.85 line (yellow); the 90% limit follows closely the
@ = 0.73 line (magenta) for "max . 2.4 M� .

Large radii cannot be ruled out if GW170817 was very asym-
metric. The reason for this lies in the behavior of "thres (@),
which is relatively flat for small binary mass asymmetries
(@ ⇡ 1) and declines stronger for larger asymmetries, i.e.
smaller @ (see e.g. Fig. 4 in [39] or [138, 140, 144]). Even a
stiff EoS could thus yield a relatively small "thres if the binary
was very asymmetric implying only a weak constraint on the
radius. In addition, significant binary mass asymmetries imply
a higher total binary mass of GW170817, for which only the
chirp mass is well known, and thus weaken our upper radius
limit.

We note that the fit formulae do not consider intrinsic spins
of the NSs, which however affect "thres only for very large and
probably unrealistic values [141, 186]. We show the impact of
strong first-order phase transitions on our constraints in App. C
and find that they would weaken the radius constraints by a few
hundred meters if "max ⇠ 2 M� and if phase transitions are as
extreme as the ones adopted in [39]. We also present the limits

‣ exploit empirical relations (e.g. Bauswein+19, 
Kö lsch+23):	

‣ strong upper limit on NS radius for given 
maximum TOV mass	

‣ lower limits from bright KN (delayed collapse) 
and causality ( )csound < c
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binary mass of GW170817.
In Fig. 6 we collect data from different simulations show-

ing the lifetime as a function of the total binary mass for
equal-mass binaries. This includes different calculations with
our smoothed-particle hydrodynamics (SPH) code employing
the conformal flatness approximation as in [149, 150]4. The
runs labelled “ILEAS SPH” incorporate a account for neu-
trino emission effects [131]. We also include runs with the
Einstein Toolkit [151] in full general relativity as in [152]
but for the Sly4 EoS [153] and a set of simulations from the
literature in full GR partly in combination with a neutrino
treatment [34, 146]. For the latter, the simulation setups are
coarsely spaced in "tot. To indicate uncertainties we add cal-
culations for a fixed binary mass and EoS, but with different
numerical resolution, neutrino treatment and partly a scheme
to model turbulent viscosity from Zappa et al. [145]. For clar-
ity we drop some data points with a prompt collapse, which
presumably have a total binary mass much in excess of "thres.
There are different definitions of a prompt collapse and of
"thres discussed in the literature [35, 138, 143]. To estimate
�" = "thres�"tot, we adopt the notion of Agathos et al. [139]
and Kölsch et al. [138], defining "thres as the system with gBH
= 2 ms. In Fig. 6 the dashed horizontal lines indicate life times
of 2 ms and 20 ms. Reading off �" by the intersections of
the respective curves for the various EoSs at 2 ms and 20 ms,
we find values in the range between 0.048 M� and 0.319 M�
with only two out of the eleven EoSs exceeding 0.2 M� (see
lower panel in Fig. 6). We stress again that these values are
only tentative because of the limited number of sequences, the,
in places, coarse sampling in "tot and our poor knowledge of
underlying (numerical or physical) uncertainties.

The sparseness of the current data prevents us from estimat-
ing �" for a limit of gBH = 30 ms or even gBH = 40 ms, but
gBH ("tot) typically becomes steeper in this range (as indicated
in the figure) and thus �" should not be much affected by the
exact limit on gBH implied by the observed lack of helium.

For the following derivation of the EoS constraints we there-
fore adopt �" = 0.2 M� as a sensible choice and we present
results for �" = 0.3 M� and �" = 0.4 M� as a more con-
servative approach in App. C. We note that Fig. 6 of [138]
indicates a similar range of �" ⇡ 0.2 M� (also for asymmet-
ric binaries). A value of �" = 0.2 M� implies that for the
measured binary mass of "GW170817

tot = 2.73+0.04
�0.01 M� [9], the

threshold mass for prompt gravitational collapse is unlikely to
exceed 2.93+0.04

�0.01 M� .

B. Constraints on stellar parameters: radius, tidal
deformability and maximum mass

An upper limit on the threshold mass implies constraints on
NS radii and the maximum mass of non-rotating NSs, "max,
because "thres scales tightly with these properties [35, 39, 136–
144]. Generally, the threshold mass increases with "max and

4 Note that the calculations in [150] employ a different SPH kernel function
as compared to earlier simulations.

NS radius, ', (or equivalently the tidal deformability, ⇤).
Consequently, both quantities, "max and ', cannot simultane-
ously become too large to accommodate a given upper limit on
"thres. Furthermore, "thres depends on the binary mass ratio
@ [39, 138, 140, 144]. A number of fit formulae for "thres
have been developed describing these dependencies based on
the analysis of a large set of numerical simulations determin-
ing "thres for different EoS models and mass ratios [39, 138].
The exact fit formulae and their tightness are affected by the
number and type of considered EoS models, the binary mass
ratio, and the numerical tool.

For our constraint we employ the fit formulae from Ref. [39],
which simultaneously include a dependence on the EoS and @
for a very large number of EoSs (more than 20 models). We
note that the influence of the binary mass ratio turns out to
be considerable, which is why it is important to use a fit that
equally covers the EoS and mass ratio dependence. We adopt
the prescription

"thres (@,"max, ') = 21"max+22'+23+24X@
3"max+25X@

3'
(4)

from [39] with fit parameters 28 and X@ ⌘ 1 � @. The radius '
may be the radius '1.6 of a 1.6 M� NS or the radius 'max of the
maximum mass configuration. ' may also be replaced by the
tidal deformability of a NS with fixed mass, e.g. 1.4 M� . See
Tab. VI in [39] for the fit parameters 28 resulting from different
underlying datasets; we choose the fits for the EoS sample
‘b’, i.e. the subset of purely baryonic EoS models which are
compatible with pulsar observations [183–185] and the tidal
deformability from GW170817 [9] (see App. C for further
comments on the choice of the fit formula; for convenience
Tab. I lists coefficients of all relations employed in this study).

For "thres  "GW170817
tot + �" , it immediately follows that

' 
"GW170817

tot + �" � 21"max � 23 � 24X@3"max

22 + 25X@3 , (5)

where �" can be further increased to include additional
sources of error, e.g. the tightness X" of the fit formulae. We
display the constraint on '1.6 resulting from Eq. (5) in Fig. 7
(blue area in the upper right in the left panel). In Fig. 7 the lines
refer to fixed binary mass ratios adopted in Eq. (5). In Eq. (5)
we include the total binary mass of GW170817 using the well
measured chirp massM via "tot = M@�3/5 (1+@)6/5. Dashed
lines indicate the constraints for fixed mass ratios adding the
mean deviation X" = 0.017 M� of the fit from the underlying
data as additional error to �" (see eighth column in Tab. VI
for X" in [39]).

In GW170817, the binary mass ratio was found to be in the
range 0.73  @  1 at the 90% confidence level assuming a
low spin prior [9]. Figure 7 shows a strong dependence on the
binary mass ratio with @ = 0.73 yielding the weakest constraint
unless "max ' 2.3 M� . Equation (5) shows a complicated
behavior with @ depending on the chosen "max, which for
intermediate "max can even be non-monotonous. For smaller
"max, the maximum allowed radius is increasing with the
binary mass asymmetry in Eq. (5). The posterior probability
of @ from GW170817 shows a relatively flat distribution for
0.8 . @ . 1 to decrease more steeply below ⇠ 0.8 (see Fig. 7
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‣ neutrino-driven winds appear to enrich NSM ejecta with significant amounts of 
helium	

‣ observational limit on  can be used to constrain NS lifetime	

‣ use empirical relations for threshold mass to translate to NS properties	
‣ promising new possibility to constrain nuclear EOS!	

‣ Further implications:	
‣ GRB170817 probably not from a magnetar	

‣ secondary component of GW190814 with  was a BH 
(not NS!)	

‣ Caveats:	
‣ He radiative modeling, He production modeling,  relation	

X(He)

M2 ≈ 2.5 − 2.67M⊙

τBH − Mtot
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Thank you for your attention!
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Backup slides



Short vs. long lived NS remnant

short-lived 	
(10ms)

long-lived 	
(120ms)
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FIG. 4. Mass-distribution histograms in the space of electron fraction
and entropy per baryon (both measured when the temperature drops
below 5 GK) for ejecta material resulting in two numerical simula-
tions in which the HMNS remnant is short-lived (model “sym-n1-
a6-short” with ⌧BH = 10 ms; left panel) and long-lived (model “sym-
n1-a6” with ⌧BH = 122 ms; right panel). The neutrino-driven wind
in the long-lived model produces a substantial amount of ejecta with
Ye & 0.45.

tween a model with a short-lived HMNS remnant (with BH-
formation time at ⌧BH ⇡ 10 ms, top row) and a long-lived
one (with ⌧BH ⇡ 120 ms, bottom row): In the latter case the
HMNS, due to its longer lifetime, is able to accelerate a mas-
sive and extended high-Ye, high-entropy neutrino-driven wind
along both polar directions, leading to substantial helium en-
richment at final ejecta velocities of 0.15 . v/c . 0.6 within
a cone of ⇠ 30� half-opening angle. As can be seen in Fig. 4,
the distinct neutrino-driven wind component can also be iden-
tified in the final mass distribution of ejecta as a function of
the electron fraction and entropy.

Since the HMNS injects the wind with mass fluxes that vary
only slowly with time, the relative fraction XHe(t) of mass end-
ing up as helium in the observationally relevant (cf. Sect. II)
velocity band 0.15 . v/c . 0.25 keeps growing continu-
ously for the long-lived (⌧BH > 10 ms) models, reaching val-
ues of 10-20 % until abruptly saturating when the HMNS un-
dergoes BH formation; see Fig. 5. Given a su�ciently long
HMNS lifetime, helium becomes the most abundant element

(by mass) in the entire outflow. Clearly, all the long-lived
models shown in Fig. 5 are immediately ruled out by the ob-
servational constraint XHe < 0.03 (cf. Sect. II), while the
short-lived models are compatible. Assuming that our set of
models is representative concerning the behaviour of XHe(t)
(see discussion below), Fig. 5 implies that the observational
constraint XHe < 0.03 can only be fulfilled for short or inter-
mediate HMNS lifetimes of

⌧BH ( AT2017gfo ) . 20 . . . 30 ms . (3)

In other words, the HMNS remnant in AT2017gfo must have
collapsed already a few tens of milliseconds after the collision,
because otherwise it would have blown out enough helium to
be clearly observable in the kilonova spectra.

We note in passing that the large angular anisotropy cre-
ated by the polar neutrino-driven winds would also be at odds
with the quasi-spherical geometry suggested by the observed
spectral features in AT2017gfo (cf. for instance the P Cygni
features and discussions in [69, 70], but see also [17]).

A few comments are in order regarding the lifetime con-
straint, Eq. (3). First, we stress that our set of models is
still relatively small and therefore probably not exhaustive re-
garding the impact of di↵erent progenitor masses, mass ra-
tios, EOSs, and turbulent viscosity prescriptions. However,
the model-by-model variation of the time corresponding to
XHe(t) = 0.03 is throughout smaller than a factor of two, even
for cases where the lifetimes di↵er by one order of magnitude.
This indicates a relatively mild sensitivity of the lifetime con-
straint, Eq. (3), to the aforementioned input parameters.

An additional source of uncertainty is represented by the
physics approximations adopted in order to make the simu-
lations computationally feasible (concerning the treatment of
general relativity, turbulent viscosity, and neutrino transport;
see [40]). While the notion of HMNS remnants producing
high-Ye winds is not new (e.g. [21, 53]), the question of how
fast these winds enrich the ejecta with helium is a delicate,
quantitative question, sensitive to the detailed thermodynamic
conditions and neutrino field near the HMNS surface, and to
our knowledge this question has not never been addressed so
far (see, however, [70, 73] for studies discussing the impact
of helium on kilonova spectra). Although our HMNS mod-
els capture more physics ingredients than many previous ones
– in particular they are the first to adopt spectral M1 neu-
trino transport – the remaining simplifying assumptions of our
models may or may not have an impact on the XHe(t) curves.
At any rate, the dichotomy between long-lived and short-lived
models seen in Fig. 5 is striking, and we leave it to future
work to explore in more detail the uncertainties of the XHe(t)
dependence and of the implied lifetime constraint, Eq. (3).

A meaningful comparison with other literature results is
di�cult, if not impossible, at this point, because so far only
a small number of merger-remnant simulations exist that are
capable of describing neutrino-driven winds1 and (full or ap-
proximate) treatment of general relativistic gravity, while only

1 Pure neutrino-leakage schemes (based on [65] without additional treatment
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FIG. 7. Constraints on the radius of a 1.6 M� NS (left) and the radius, 'max, of the maximum-mass configuration (right) as function of
maximum mass "max. Stellar parameters in the upper right corner (blue area) are ruled out for a total binary mass ⇠ 0.2 M� below the
threshold mass for prompt black-hole formation "thres. This binary mass is derived from the maximum lifetime of ⇠20 ms inferred for the
merger remnant from the absence of strong He features in the kilonova spectrum, as explained in the text. Small NS radii in the lower left are
excluded if GW170817 did not undergo a prompt gravitational collapse (as argued in [33, 39]) based on the high kilonova brightness (purple
area). Solid lines in the respective regions display constraints for assumed binary mass ratios of @ = 1 (black), @ = 0.85 (yellow) and @ = 0.73
(magenta). Dashed lines of the same color include additionally the uncertainty from the scatter in the fit formula for "thres (@,"max, '). The
color shading of the blue and purple area indicates confidence levels of exclusion (in 10% steps) from considering the posterior distribution of
the binary mass ratio of GW170817. Shading for the area between the 0% and 10% levels are not plotted. For the upper limit, note the initial
steep increase with the 50% level close to the yellow line (@ = 0.85). For the lower limit, the confidence of exclusion drops steeply between the
90% level (close to the black solid line for @ = 1) and the 50% level (close to the yellow solid line for @ = 0.85). Causality excludes the dark red
region. Stellar parameters in the light red area are empirically not found in a large set of microphysical EoS models. White dots in the left panel
show absolute limits at the 90% confidence level given by "max = 2.0 M� for the upper limit and the intersection with the empirical exclusion
region (light red area) for the lower limit. These dots show the '1.6 constraints visualized in Fig. 9. See main text for more information.

FIG. 8. Same as Fig. 7 but for the tidal deformability⇤1.4 of a 1.4 M�
NS.

in [9]). Thus, it is statistically very unlikely that the mass ratio
was in the range @ . 0.7. Using the posterior distribution
of @ from Ref. [9], we use ten different shadings to indicate
the exclusion levels in Fig. 7 in 10% steps resulting from the
distribution of @, which we propagate through Eq. (5).

Note that the dependence on @ in Eq. (5) is such that stronger

deviations from the @ = 1 case only occur for very asymmetric
systems because of the X@3 terms in Eq. (4). The line for @ =
0.85 (yellow) is very close to that of the equal-mass mergers
(black) in Fig. 7. Thus the probability that a radius is excluded
rises quickly in the region between the lines with @ = 1 and
@ = 0.85 (different shadings are hardly distinguishable in this
range in Fig. 7). The 50% exclusion contour is very close to
the @ = 0.85 line (yellow); the 90% limit follows closely the
@ = 0.73 line (magenta) for "max . 2.4 M� .

Large radii cannot be ruled out if GW170817 was very asym-
metric. The reason for this lies in the behavior of "thres (@),
which is relatively flat for small binary mass asymmetries
(@ ⇡ 1) and declines stronger for larger asymmetries, i.e.
smaller @ (see e.g. Fig. 4 in [39] or [138, 140, 144]). Even a
stiff EoS could thus yield a relatively small "thres if the binary
was very asymmetric implying only a weak constraint on the
radius. In addition, significant binary mass asymmetries imply
a higher total binary mass of GW170817, for which only the
chirp mass is well known, and thus weaken our upper radius
limit.

We note that the fit formulae do not consider intrinsic spins
of the NSs, which however affect "thres only for very large and
probably unrealistic values [141, 186]. We show the impact of
strong first-order phase transitions on our constraints in App. C
and find that they would weaken the radius constraints by a few
hundred meters if "max ⇠ 2 M� and if phase transitions are as
extreme as the ones adopted in [39]. We also present the limits
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FIG. A.5. Constraints on stellar parameters similar to Figs. 7 and 8 adopting �" = 0.2 M� (left panels), �" = 0.3 M� (middle panels)
and �" = 0.4 M� (right panels). Color shading of the blue and purple area indicates confidence levels of exclusion (in 10% steps) from
considering the posterior distribution of the binary mass ratio of GW170817. Note the initial steep increase with the 50% level very close to
the 10% level for the upper limit and the steep decrease between the 90% level and the 50% level for the lower limit. Green and red data points
are stellar parameters from a large set of microphysical EoS models considered in [39]. Red crosses refer to EoS models which are excluded
by our constraints. Dots in the upper row show which constraints are visualized in Figs. 9 and A.6 (see main text).

approximation in [39]. We do not consider these fits as default
choice because they are based on a significantly smaller num-
ber of EoS models and calculations for a wider range of binary
mass ratios, which is not required for the range inferred from
GW170817. Thus, the coverage of the range in @ and EoSs
models applicable to our constraints is not as comprehensive as

the on in [39]. Note that the comparisons in [138, 142] show a
generally very good agreement between the calculations in full
general relativity and the ones within the conformal flatness
approximation [142]. At any rate our plots (Fig. A.7) show
that the main uncertainties originate form the unknown "max
and binary mass ratio @.


