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What do NSMs tell us about the nuclear equation of state (EOS)?
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possible nuclear equation of states
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corresponding mass-radius relationships 	
of cold, non-rotating neutron stars

(plots by A. Bauswein)
‣ softer (stiffer) EOS <=> smaller (larger) neutron star	
‣ softer (stiffer) EOS <=> shorter (longer) lifetime of  merger remnant 

TOV equations



Are NSMs main sites of the “rapid neutron-capture” (r-) process?

number of neutrons

number of 	
protons

neutron capture

beta	
decay

suggested sites of origin
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Main condition: 	
high neutron density = low electron fraction Ye -NSMs are the only confirmed site so far, but are they 

main site?	

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



GW170817/AT2017gfo 	
the first multi-messenger observation of a NS merger

(on August 17th, 2017)

UV+optical+IR spectraOPTICAL SPECTRA OF THE FIRST LIGO/VIRGO NEUTRON STAR MERGER 3

Figure 1. Optical spectra of the BNS merger event GW170817. SOAR and Magellan spectra have been binned by a factor 2 for
clarity. The spectra at times . 4.5 d exhibit a clear optical peak that rapidly moves red. After this time, the flux is dominated by
an IR component discussed in Chornock et al. (2017). The UV data from HST (S/N< 1, essentially an upper limit) and Swift

show blanketing at short wavelengths. Inset: blackbody fits. The early spectra are more sharply peaked than blackbody emission,
due to the deficit of blue flux. At later times, the optical data are consistent with the blue tail of a ⇠ 3000 K blackbody peaking in
the near-IR.

Table 1. Log of optical and UV spectra

MJD Phasea Telescope Instrument Camera Grism or Exposure Average Wavelength Resolution
grating time (s) airmass range (Å) (Å)

57984.0 1.5 SOAR GHTS Blue 400-M1 3⇥1200 1.6 4000–8000 6
57985.0 2.5 SOAR GHTS Blue 400-M1 3⇥900 1.6 4000–8000 6
57986.0 3.5 SOAR GHTS Blue 400-M2 3⇥900 1.6 5000–9000 6
57987.0 4.5 SOAR GHTS Red 400-M1 3⇥900 1.6 4000–8000 6
57988.1 5.5 HST STIS NUV/MAMA G230L 2000 — 1600–3200 3
57990.0 7.5 SOAR GHTS Blue 400-M2 3⇥900 1.9 5000–9000 6
57991.0 8.5 Magellan Baade IMACS f2 G300-17.5 2⇥1200 2.0 4300–9300 6
57992.0 9.5 Magellan Baade IMACS f2 G300-17.5 2⇥1350 2.1 4300–9300 6

a Phase in rest-frame days relative to GW signal.

well fit by a low-order polynomial. Wavelength calibration
was performed by comparison lamp spectra, while flux cali-
bration was achieved using standard star observations on each
night. The final calibrations were scaled to match DECam
photometry observed at the same time (Cowperthwaite et al.
2017). The spectra were corrected for a Milky Way extinc-
tion E(B - V ) = 0.1053, using the dust maps of Schlafly &
Finkbeiner (2011), and cosmological redshift. We assume that
extinction in NGC 4993 is negligible, based on modelling by
Blanchard et al. (2017a).

We additionally obtained one epoch of UV spectroscopy
through Director’s Discretionary Time with the Hubble Space

Telescope using the Space Telescope Imaging Spectrograph
(STIS) with the NUV/MAMA detector and broad G230L
grating, covering ⇠ 1500–3000 Å2. Acquisition imaging was
carried out using the clear CCD50 filter. The transient is de-
tected clearly in a pair of 90 s CCD50 exposures. However,
no trace is visible in the UV spectrum, indicating that the
source is extremely UV-faint. In an effort to use all avail-
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gravitational waves gamma rays

Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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LIGO collaboration ‘17

‣ “Messengers”: 	

• gravitational wave (GW) signal	

• gamma-ray burst (GRB)	

• kilonova (light curve + spectra)	

‣ Each messenger can be exploited to learn about EoS	

‣ most existing EoS constraints derived from GW signal 

and light curve	

‣ EoS constraints using also spectral information???

light curve

Metzger, et al, 2010
predictions

Cowperthwaite, et al 2017
Kilonova observations

Metzger ‘17



What is a kilonova?

‣ radioactive decay of freshly synthesized 
material produces energy (= heat)	

‣ heating rate typically declines as t -1.3

(“Kilo” because 1000 times 	
brighter than a nova)

Metzger et al. ‘10

Supernova 56Ni

‣ heating creates photons -> random-walk diffusion 
through expanding ejecta while density decreases	

‣ emitted light curve encodes information about ejecta 
mass	

‣ spectrum carries information about ejecta 
composition

R = vt

photon	
pathejecta expand 	

with time



Evolution of NS mergers
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Connecting remnant lifetime with the EOS

τBH

Mtot = M1 + M2

0
Mthres

‣ threshold mass  separates prompt-collapse from delayed-collapse cases	
‣  depends only on EOS	
‣ constraint on  -> constraint on EOS

Mthres
Mthres

Mthres

delayed 	
collapse prompt	

collapse



Previous EOS constraint based on KN brightness
(Bauswein, OJ, Janka, & Stergioulas 2017, ApJL, 850, L34 )



Lower limit on NS remnant lifetime

‣ high brightness of AT2017gfo strongly disfavors prompt collapse

confirmed, this would imply that the lower bound on L̃ might
depend on q. Note that the upper bound on L̃ estimated from
the GW signal is also likely to have some dependency on q.
Consequently, a more precise determination of the exclusion
region on L̃ will necessarily require a full Bayesian analysis of
the GW data using L̃ priors informed by numerical-relativity
results.

We plan to improve our modeling by means of new
simulations exploring the set of binary progenitor parameters
compatible with GW170817 and the associated EM
counterparts.
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Figure 1. Remnant disk plus dynamic ejecta masses (upper panel) and BH
formation time (lower panel) plotted against the tidal parameter L̃
(Equation (1)). For models that do not collapse during our simulation time,
we give a lower limit. The horizontal dashed line shows a conservative lower
limit for AT2017gfo, M0.05 , obtained assuming that the entire disk is
unbound. The vertical dotted line is 400L =˜ . Errors on Mdisk and Mej are
estimated following Equation (3) and are added in quadrature.

Figure 2. Tidal parameter L̃ (Equation (1)) as a function of the mass ratio q for
a fixed chirp mass M1.188chirp = . The shaded region shows the region
excluded with a 90% confidence level by the LIGO-Virgo observations (Abbott
et al. 2017b), with the additional constraint of 400L̃ derived from the
simulations and the EM observations. EOSs whose curves enter this region are
disfavored. EOSs are sorted for decreasing L̃ at q=1, i.e., H4 is the stiffest
EOS in our sample, and FPS is the softest.
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Implication of τBH > 0

τBH

MtotMGW170817
tot

τBH > 0

MGW170817
tot < Mthres



From threshold mass to NS properties

total mass is computed from the chirp mass and constraints
on the mass ratio q. Since M is the quantity which is
directly measured, the relations in Tables III and IV may be
more useful for many applications.
For fixed mass ratio, the conversion between Mtot and

M is trivial [Mtot ¼ Mq0.6ð1þ 1=qÞ1.2], and thus the
conversion between Mthres and Mthres. Here we are
mostly interested in the relations for a range in q to
check whether Mthres or Mthres yields tighter relations.
Although the absolute deviations are smaller for Mthres,
the relative deviations are larger. Recall that the
chirp mass is smaller than the total binary mass. The
reason for the larger deviations is that the chirp mass
decreases with binary mass asymmetry for constant total
mass: M ¼ Mtotq−0.6ð1þ 1=qÞ−1.2. Hence, if for a spe-
cific EOS the threshold binary mass was the same for
q ¼ 1 and q ¼ 0.7, Mthres for this EOS differs between
symmetric and asymmetric binaries. This additional q
dependence leads to the stronger relative deviations in the
Mthres relations if the fit includes data for different q. In
other words, because of the definition of the chirp mass,

the relative differences between Mthresðq ¼ 1Þ and
Mthresðq ¼ 0.7Þ are larger than those for Mthres.
Consequently combining q ¼ 1 and q ¼ 0.7 data in a
single relation leads to larger scatter. We also refer to the
discussion below providing tight fits for Mthres and Mthres
including an explicit q dependence. For fixed mass ratio
the relative deviations between fit and data are in fact
identical comparing MthresðX; YÞ and MthresðX; YÞ.
We finally comment on the choice of the independent

variables in the relations for Mthres and Mthres in Tables I,
II, III and IV. These stellar parameters express the EOS
dependence of the collapse behavior and characterize the
EOS in the density regime most relevant for prompt BH
formation. The maximum massMmax of nonrotating NSs is
a natural choice since it determines the threshold to BH
formation for nonrotating stars. However, it is clear from
the different mass-radius relations of nonrotating NSs and
the simulation results for Mthres that also other EOS
parameters affect the collapse behavior (two EOSs with
the same Mmax can yield very different Mthres). In Tables I,
II, III and IV we have chosen for instance the radii or the

FIG. 1. Upper panels: Threshold binary mass Mthres for prompt BH formation as function of the maximum mass Mmax of nonrotating
NSs and the radius of a 1.6 M⊙ NS for q ¼ M1=M2 ¼ 1 (left) and q ¼ 0.7 (right) with the base EOS sample. Blue plane is a bilinear fit
(see Table I) to the data (blue points). Short black lines visualize deviations between fit and data. Lower panels: Same as the upper panels
but with the tidal deformability Λ1.4 of a 1.4 M⊙ NS instead of R1.6 (q ¼ 1 on the left, q ¼ 0.7 on the right; see Table II).

ANDREAS BAUSWEIN et al. PHYS. REV. D 103, 123004 (2021)
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‣ exploit empirical relations (e.g. Bauswein+17,19,21, Kö lsch+23):	
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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

(Bauswein+’21)



Implication of τBH > 0

by more advanced models and future observations, and error bars
can be robustly quantified.

(1) Mass measurement: The total binary mass can be measured
with good accuracy and the error bars are given with high
confidence. We fully propagate the error through our analysis
using the low-spin prior results of Abbott et al. (2017). If
GW170817 was an asymmetric merger as tentatively suggested
by the high ejecta mass, the trueMtot lies at the upper bound of the
error band and our radius constraints become stronger.

(2) Accuracy of empirical relations for Mthres: The empirical
relations (Equations (2) and(3)) are inferred from hydrodyna-
mical simulations (Bauswein et al. 2013a, 2016) and carry a
systematic error5 and an intrinsic scatter (stemming from the
sample of candidate EoSs, which do not perfectly fulfill the

analytic fit). Mthres has been numerically determined with a
precision of  M0.05 . Deviations between fits and numerical
data are on average less than M0.03 and at most M0.075 .6

We do not include this uncertainty in our error analysis because
the numerically determined Mthres of all tested microphysical
candidate EoSs is significantly smaller than the maximum of
the ( )M Mthres max sequence for the radius given by the respective
EoS.7 Recall that the maxima of the ( )M Mthres max sequences are
given by maximally (unrealistically) stiff EoSs only con-
strained by causality. We thus remain conservative by
determining minimum NS radii through the maxima of the
sequences defined by causality.
We note that evidence for a long-lived merger remnant (e.g.,

Lippuner et al. 2017; Margalit & Metzger 2017) further
strengthens our arguments. The longer the remnant lifetime τ,
the larger the difference - >M M 0thres tot , which implies
stronger radius constraints (see above). These considerations
emphasize the importance of a better understanding of the
dependence of the remnant lifetime on the binary mass, which
represents a challenge for numerical simulations, but could yield
even stronger radius constraints (see Section 4). Currently, the
lifetime of presumably more than just a few milliseconds for the
remnant in GW170817 implies an additional buffer in our error
analysis.
The validity of Equations (2) and(3) and their uncertainties

should be explored by future simulations employing an even
larger set of EoSs (including models of absolutely stable quark
matter) and successively improved numerical modeling.
Obviously, the merger outcome for a given EoS can be

directly tested through numerical simulations for the measured
binary masses to validate our constraints.

Figure 1. Threshold binary mass Mthres for prompt collapse as a function of Mmax for different R1.6 (left panel, Equation (2)) and Rmax (right panel, Equation (3); solid
lines). The dark blue band shows the total binary mass of GW170817, providing a lower limit on Mthres. The true Mthres must lie within the light blue areas if
GW170817 resulted in a delayed/no collapse. This rules out NSs with  -

+R 10.301.6 0.03
0.18 km and  -

+R 9.26max 0.03
0.17 km. Causality requires M M1.22thres max (left

panel) and M M1.23thres max (right panel).

Figure 2. Mass–radius relations of different EoSs with very conservative (red
area) and “realistic” (cyan area) constraints of this work for R1.6 and Rmax.
Horizontal lines display the limit by Antoniadis et al. (2013). The dashed line
shows the causality limit.

5 Simulations for determining Mthres and corresponding fits employ a
conformally flat spatial metric with a GW backreaction scheme (Oechslin
et al. 2007; Bauswein et al. 2013a), which results in a slightly decelerated
inspiral (compared to fully relativistic calculations) and thus leads to a slight
overestimation of Mthres by ~ M0.05 . We will quantify this effect in future
work and emphasize that a small overestimation implies that our radius
constraints are conservative.

6 We computed Mthres for six additional EoSs not included in Bauswein et al.
(2013a) to verify this accuracy, in particular, for EoS models yielding relatively
small NS radii (as small as =R 10.371.6 km).
7 Within our sample of 17 candidate EoSs, the true Mthres is on average

M0.17 ( M0.14 for the Rmax sequence) below the maximum Mthres
up of the

( )M M R,thres max relation, which well justifies the neglect of the scatter in
Equations (2) and(3). Three EoSs (eosAU, WFF1, and LS375) are relatively
close to the maximum (~ M0.02 below Mthres

up ). However, these EoS models
become acausal ( >v csound ), i.e., unrealistically stiff, at densities of high-mass
merger remnants, which artificially increases Mthres. For these EoSs, we
determined Mthres with a precision of  M0.025 .
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‣ delayed collapse implies: R1.6 ≳ 10.7 km



New EOS constraint based on KN spectrum
(Sneppen, OJ, Bauswein, Damgaard, Watson, Shingles, Collins, Sim, Xiong, 
Martinez-Pinedo, Soultanis, & Vijayan, arxiv:2411.03427)



Previous limits on the remnant lifetime  in GW170817?τBH

‣ absence of spindown emission (Margalit+17):	
	

‣ if gamma-ray burst was produced by BH (Rezzolla+18): 
	

‣ lifetime of NS remnant largely unconstrained within: 
	

‣ tighter upper limit calls for detailed kilonova 
modeling of the remnant

τBH ≲ few seconds

τBH ≲ 1.7 s

10 ms ≲ τBH ≲ 1.7 s

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
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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,

  = +- -( ∣ ) ( ) ( ) ( )P M M P q q q, , 1 , 51
g

2
g

c c
1 6 5 2 5

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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(Margalit+17)

gravitational waves gamma rays

Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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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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3D AD2 (solid orange), 1D AD1 (dashed blue), and 1D AD2 (dashed orange)
models.
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hydrodynamic modeling 	
of merger + dynamical ejecta

hydrodynamic modeling 	
of remnant + post-merger ejecta

heavy element nucleosynthesis

kilonova radiative transfer

• 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	

• alternatively use ARTIS Monte-
Carlo code (with Belfast) 	

• adopt local time-dependent 
results from nucleosynthesis 
calculations

Kilonova modeling pipeline



Short-lived vs. long-lived NS remnant



short-lived 	
( )τBH = 10 ms

long-lived 	
( )τBH = 120 ms

7

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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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

7

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.
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one (with ⌧BH ⇡ 120 ms, bottom row): In the latter case the
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⌧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
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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
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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

‣ observed spectrum + synthetic spectra 
assuming different amounts of helium in 
ejecta	

‣ observed spectrum appears inconsistent 
with significant 	

‣ conservative constraint: 

X(He)

X(He) ≲ 0.05
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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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abundance in AT2017gfo
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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)

2.6 2.8 3.0 3.2 3.4
Mtot [M�]

0

20

40

60

� B
H
[m

s]

SPH H4
SPH TM1
ET SLy4
Zappa SLy4
Radice DD22
Radice BHBLP
Radice LS220
Radice SFHO
ILEAS SPH SFHO
ILEAS SPH APR4
Fujimoto CO
Fujimoto PT

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
�" = "thres � " gBH=20 ms

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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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
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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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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

(Sneppen+25, 
submitted)
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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

‣ narrow window of 
allowed values	

‣ sensitive to mass ratio q 
that was only poorly 
constrained in 
GW170817



Summary

‣ EOS tightly related to NS remnant lifetime 	

‣ so far poor upper limit on  in GW170817	

‣ new upper limit on  based on absence of helium feature in kilonova spectrum of GW170817	

‣ limit on  -> limit on  -> limit on  -> constraints on NS parameters  and 	

‣ powerful new possibility to constrain EOS!	

‣ yet, still potentially significant uncertainties: need to improve He radiative modeling, hydro 

modeling,  relation

τBH

τBH

τBH

X(He) τBH Mthres R1.6 Mmax

τBH − Mtot


