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Equation of state from inspiral
Weber+(2007)

Claudia’s talk!
Λ̃

Equation of state 

Tidal deformability
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Chatziioannou (2021)

Pratten, Schmidt, Williams (2022)

Equation of state from inspiral

Waveform systematics  
(e.g., dynamical tides) 
 
Uncertainties in recovery of Λ̃

CE-era:  inspirals per year,  with SNR 100𝒪 (105) 𝒪(100)
Evans+ arXiv:2109.09882

Large number of high 
SNR events promises 
tight constraints on EoS

Hinderer+, Steinhoff+,Pratten+, Gamba+

Gamba+,Read+,Yagi+,Raithel+,Chen+,…
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Nuclear physics from the inspiral
Highly accurate inspirals could constrain 
nuclear matter parameters

Essick+ (2023)

Ripley+ (2024)

Phase transitions at μB > 900 MeV
Chatziioannou+, Han+, De+, Tews+, Essick+, Mroczek+, Tan+, 
Drischler+, Pang+, Annala+,Gorda+,…

 best for strong first-order transitions 

Can also use data to try an look for 
dynamical EoS corrections  

      Chemical equilibration Yang+,Arras+,Weinberg+,Most+,.. 

        General viscosities Cutler+, Ripley+,…  

        Phase conversion dissipation Han+,… 

Nuclear symmetry energy
Essick+, Li+,Holt+,…
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Prompt-collapse and the maximum mass

Alsing+(2018)

Highest densities probed in 
maximum mass neutron stars

Can directly probe QCD and sound speed
Drischler+, Ecker+, Gorda+,Tews+…

Mergers may not probe higher densities
Ujevic+

Bauswein+(2020)

Numerical relativity simulations (in 
various approximations) have shown 
strong correlations between prompt 
black hole formation and maximum mass 

Bauswein+,Köppel+,Tootle+,Kölsch+,Kashyap+ 

Threshold mass may reveal compressibility
Perego+

See also Ye+, Fishbach+,Tan+,Landry+, 
Most+, Dexheimer+, Fattoyev+, Zevin+
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Cosmic Colliders: Hot and dense matter!Elias R. Most et al.: On the Deconfinement Phase Transition in Neutron-Star Mergers 5
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Fig. 2. Portion of the QCD phase diagram covered by the
simulation immediately after deconfinement to quark matter
has taken place in its center. The background color is the same
as in the left panel of Fig. 1. The blue scale shows the distance
to the center of the hypermassive neutron star.

2.9M�. The blue color code shows the distance to the cen-
ter of the HMNS up to 8 km of radius. We can see that
the hadronic part of the HMNS covers a large area of the
phase diagram extending up to T > 55 MeV [59; 60]. In
the region where the deconfinement takes place, there is a
large temperature increase related to the gravitational col-
lapse due to the softening of the EoS across the first-order
phase transition. The softening is related to the extent
of the energy or baryon number density jump across the
phase transition, the latter having already being shown
in the horizontal axis of Fig. 3 of Ref. [5]. Note that our
deconfinement phase transition is not an adiabatic pro-
cess. During this stage, even if the temperature was kept
constant, the entropy SB would increase by a factor ⇠ 3,
related to the appearance of color degrees of freedom and
different interactions in the quark phase. In the decon-
fined phase, the temperature reaches even larger values
T ' 60 MeV. Beyond the rightmost point of the phase
diagram, an apparent horizon starts to form and, as the
simulation proceeds, the HMNS collapses to black hole in
a few ms.

Note that the time-averaged charge fraction measured
during the whole simulation is larger than YQ = 0.05,
as shown in the left panel of Fig. 3. This panel is simi-
lar to the left panel Fig. 1, in the sense that it also fol-
lows the evolution of the densest and hottest points of the
merger simulation, but it relates the charge fraction and
the baryon chemical potential. Overall, the charge frac-
tion achieved is larger for larger chemical potentials, go-
ing up to YQ ' 0.12, right before the temperature starts
to increase. When this happens, YQ drops as a result of
the appearance of the quarks (medium-green diamonds).
This occurs before the phase transition takes place for the
densest points. For the hottest points, YQ increases at the
deconfinement phase transition (orange to brown circles),
beyond which they they correspond to the stellar center.

Since electric charge neutrality is always required for
stellar stability, the charge density of electrons has to bal-

ance the charge density of baryons and quarks. As a con-
sequence, the lepton fraction Ye, defined as the number of
electrons over the number of baryons and quarks, is the
same as the charge fraction

Ye =
L

B
=

neP
i QB,i ni

=

P
i Qi niP

i QB,i ni
= YQ. (11)

It was found in Ref. [61] using several hadronic equations
of state that the electron fraction does not go above Ye =
0.12 in neutron star mergers, the same limiting value we
obtained.

The right panel of Fig. 3 again follows the evolution
of the densest and hottest points of the merger simula-
tion, but now relates the charged chemical potential and
the baryon chemical potential. It is interesting to note
that, separately in each phase, the relation between the
two quantities is approximately linear (the light-green di-
amonds present a slightly different slope because they
represent a cold region with no quarks). The very dif-
ferent slopes at different times (top and bottom of panel)
stem from the fact that the charged chemical potential
increases (in absolute value) with density much faster in
the hadronic phase than in the quark one. This behaviour
has already been shown in Ref. [23] for both charged and
lepton chemical potentials for the particular case of fixed
temperature and in chemical equilibrium. The jump from
the bottom to the top line points to the first-order decon-
finement transition that takes place in the simulation.

Next, we concentrate again on a specific (same as in
Fig. 2) time during the simulation after the deconfinement
to quark matter has taken place to discuss how the dif-
ferent chemical potentials are spatially distributed within
the HMNS. The contours in Figs. 4–6 refer to values of the
rest-mass density boundaries between 1012 � 1015 g/cm3,
the latter being equivalent to 0.6 fm�3. The left part of
Fig. 4 shows the charged chemical potential. It can be seen
how it increases (in absolute value) with density towards
the center of the HMNS until the phase transition takes
place, when it decreases rapidly (in absolute value). The
right part of Fig. 4, on the other hand, reports the elec-
tron chemical potential and shows that it increases (on
average) toward the center of the HMNS, being almost
not sensitive to the deconfinement phase transition. The
difference between these two quantities can be seen as a
measure of the distance from chemical equilibrium, when
by construction µe = �µQ.

At zero temperature, we can use the definition of the
number density ni = (�i/6⇡2)k3Fi

and of the Fermi mo-

mentum kFi =
q

(µi + vec2 � M⇤
i
2), together with Eqs. (5)

and (11) to write a general relation connecting electron
and charged chemical potential

µe =

" 
X

i

�i
�e

Qi[(QBiµB + QiµQ + vec)2 � M⇤
i
2]3/2

!2/3

+ m2
e

#1/2
. (12)

quark matter

hadronic matter

Claudia’s talk!

Most+ (2019;2020) 

Bauswein+,Öchslin+,Most+, Raithel+, Figura+, Kastaun+,Prakash+, Blacker+,Liebling+, 
Huang+, Perego+,Hammond+,Radice+… 
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Equation of state from post-merger

Takami+ (2014, 2015)
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FIG. 3. Mf2 dimensionless frequency as a function of the tidal coupling constant T
2 . Each panel shows the same dataset; the

color code in each panel indicates the di↵erent values of binary mass (top left), EOS (top right), mass-ratio (bottom left), and
�th (bottom right). The black solid line is our fit (see Eq. (2) and Table II); the grey area marks the 95% confidence interval.


A,B
(`) , where A, B label the stars in the binary [1, 11].
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assuming q = MA/MB � 1. The leading-order term of
the tidal potential is simply A

T (r) = �
T
2
r
�6.

A consequence of the latter expression for A
T (r) is

that the merger dynamics is essentially determined by
the value of 

T
2

[16]. All the dynamical quantities develop
a nontrivial dependence on 

T
2

as the binary interaction
becomes tidally dominated. The characterization of the
merger dynamics via 

T
2

is “universal” in the sense that
it does not require any other parameter such as EOS, M ,
and q. (There is, however, a dependency on the stars
spins.) For example, at the reference point tmrg, the cor-
responding binary reduced binding energy E

mrg

b , the re-
duced angular momentum j

mrg, and the GW frequency

M!
mrg

22
can be fitted to simple rational polynomials [16]

Q(T
2
) = Q0

1 + n1
T
2

+ n2(T
2
)2

1 + d1
T
2

, (2)

with fit coe�cients (ni, di) given in Table II.
In view of these results, it appears natural to investi-

gate the depedency of the postmerger spectrum on 
T
2
.

Our main result is summarized in Fig. 3, which shows
the postmerger main peak dimensionless frequency Mf2

as a function of 
T
2

for a very large sample of bina-
ries. Together with our data we include those tabu-
lated in [19, 24]. The complete dataset spans the ranges
M 2 [2.45M�, 2.9M�], q 2 [1.0, 1.5], and a large varia-
tion of EOSs. The peak location is typically determined
within an accuracy of �f ⇠ ±0.2 kHz, see also [18]. Each
of the four panels of Fig. 3 shows the same data; the color
code in each panel indicates di↵erent values of M (top
left), EOS (top right), q (bottom left), and �th (bottom
right). The data correlate rather well with 

T
2
. As indi-

cated by the colors and di↵erent panels, the scattering of
the data does not correlate with variations of M , EOS, q,
�th. The black solid line is our best fit to Eq. (2), where
we set n2 = 0 and fit also for Q0, see Table II. The fit
95% confidence interval is shown as a gray shaded area
in Fig. 3.

Bernuzzi+ (2015), see also Bauswein+(2014)

Post-merger frequency 
spectrum is quasi-universal! 

Can correlate  with EoS!f2/fpeak
Shibata, Bauswein+, Stergioulas+, Hotokezaka+, 
Takami+, Bernuzzi +,Rezzolla+, Raithel+, 
Vretinaris+,…
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A true multi-physics problem
Post-merger gravitational wave emission probes 
new regimes of physics!
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A true multi-physics problem
Post-merger gravitational wave emission probes 
new regimes of physics!

Exotic degrees of freedom?
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FIG. 1. Snapshots on the equatorial plane at three representative times of the evolution of the low-mass binary. For each snapshot, the left
part of the panel reports the temperature T , while the right part reports the quark fraction Yquark. The green lines show contours of constant
number baryon density in units of the nuclear saturation density nsat. Note that a PT takes place only shortly before the HMNS collapses to a
black hole (cf. right panel).

neutron-star core, another description is needed for the crust
and the very low density regions produced in binary mergers.
For these, we have matched the CMF EOS to the nuclear sta-
tistical equilibrium description presented in [19].

To describe the evolution of the merging system, we solve
the coupled Einstein-hydrodynamics system [20] using the
newly developed Frankfurt/IllinoisGRMHD code (FIL),
which is a high-order extension of the publically available
IllinoisGRMHD code [21], part of the Einstein Toolkit

[22]. In particular, FIL, which belongs to the family of Frank-
furt Relativistic-Astrophysics Codes (FRAC), implements a
fourth-order accurate conservative finite-difference scheme
[23] using a WENO-Z reconstruction [24], coupled to an
HLLE Riemann solver [25]. The code handles temperature
dependent EOSs utilizing a novel infrastructure, and the con-
version from conservative to primitive variables follows [26]
for purely hydrodynamical simulations. To account for weak
interactions, a neutrino-leakage scheme is implemented fol-
lowing [27–29]. The FIL code can also handle neutrino heat-
ing via an M0 scheme [30] and has recently participated in a
multi-group code comparison demonstrating its ability to pro-
vide an accurate and fully convergent description of the dy-
namics of merging compact stars. We will comment further
on the its capabilities in an upcoming publication.

The spacetime is evolved using the Z4c formulation of the
Einstein equations [31], which is a conformal variant of the
Z4 family [32] (see also [33]), following the setup in [34],
while the gauges are the same as in [35, 36]. The initial data
is modeled under the assumption of irrotational quasi-circular
equilibrium [37] and is computed by the LORENE library.
The binaries are initially at a distance of 45 km and perform
around five orbits before the merger. The numerical grid uses
the fixed-mesh refinement driver Carpet [38], with a total
of seven refinement levels having a highest resolution of '

250 m covering the two stars and a total extent of ' 1500 km.

Results. While we have evolved a larger spectrum in masses
for binaries with either equal or unequal masses, we next con-
centrate on two cases that best illustrate the onset of a first-
order PT. These are equal-mass binaries with total masses
M = 2.8 and 2.9M�, hereafter referred to as the low- and
high-mass binaries, respectively. Lower-mass binaries lead to
post-merger objects with zero or minute quark fraction, while
higher-mass binaries collapse to a black hole before a PT can
fully develop. As anticipated above, a distinctive feature of
our approach is the ability to cleanly and robustly determine
the role of quarks in the merger remnant by using the same
EOS with and without quarks. Because of this, for each of
the two masses we perform two identical simulations either
employing the standard CMF EOS where quarks and a strong
first-order PT are included (i.e., CMFQ), or a purely hadronic
version in which the quarks are not included (i.e., CMFH). In
the case of the high-mass, CMFQ binary, we have also per-
formed a simulation with a very-high resolution of ' 125 m.
Leading only to a 1.5% difference in the collapse time, this
confirms that the reference resolution reported here is suffi-
cient to capture qualitatively the dynamics of the PT.

We begin by describing the overall evolution during and
after the merger of the low-mass binary with total mas M =
2.8M�. In particular, Fig. 1 reports three representative snap-
shots on the equatorial plane. Right after the merger time tmer,
and slightly before the time shown in the left panel of Fig.
1, the regions with high temperatures are near the central re-
gions of the hypermassive neutron star (HMNS). Some time
later, and in analogy with what was shown in previous studies
[35, 39], the temperature distribution shows two “hot spots”
in spatially opposite regions (middle panel) that also corre-
spond to local minima of the number density (see [35] for a
detailed discussion in terms of the Bernoulli constant). Inter-
estingly, already a few milliseconds after the merger, a small
but nonzero amount of quarks constituting . 0.02% of the

YquarkT

Bauswein+, Huang+, Most+,Prakash+, 
Radice+,Sekiguchi+,Weih+… (+ many more for EoS uncertainty!)
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A true multi-physics problem
Post-merger gravitational wave emission probes 
new regimes of physics!

Exotic degrees of freedom?
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FIG. 1. Snapshots on the equatorial plane at three representative times of the evolution of the low-mass binary. For each snapshot, the left
part of the panel reports the temperature T , while the right part reports the quark fraction Yquark. The green lines show contours of constant
number baryon density in units of the nuclear saturation density nsat. Note that a PT takes place only shortly before the HMNS collapses to a
black hole (cf. right panel).

neutron-star core, another description is needed for the crust
and the very low density regions produced in binary mergers.
For these, we have matched the CMF EOS to the nuclear sta-
tistical equilibrium description presented in [19].

To describe the evolution of the merging system, we solve
the coupled Einstein-hydrodynamics system [20] using the
newly developed Frankfurt/IllinoisGRMHD code (FIL),
which is a high-order extension of the publically available
IllinoisGRMHD code [21], part of the Einstein Toolkit

[22]. In particular, FIL, which belongs to the family of Frank-
furt Relativistic-Astrophysics Codes (FRAC), implements a
fourth-order accurate conservative finite-difference scheme
[23] using a WENO-Z reconstruction [24], coupled to an
HLLE Riemann solver [25]. The code handles temperature
dependent EOSs utilizing a novel infrastructure, and the con-
version from conservative to primitive variables follows [26]
for purely hydrodynamical simulations. To account for weak
interactions, a neutrino-leakage scheme is implemented fol-
lowing [27–29]. The FIL code can also handle neutrino heat-
ing via an M0 scheme [30] and has recently participated in a
multi-group code comparison demonstrating its ability to pro-
vide an accurate and fully convergent description of the dy-
namics of merging compact stars. We will comment further
on the its capabilities in an upcoming publication.

The spacetime is evolved using the Z4c formulation of the
Einstein equations [31], which is a conformal variant of the
Z4 family [32] (see also [33]), following the setup in [34],
while the gauges are the same as in [35, 36]. The initial data
is modeled under the assumption of irrotational quasi-circular
equilibrium [37] and is computed by the LORENE library.
The binaries are initially at a distance of 45 km and perform
around five orbits before the merger. The numerical grid uses
the fixed-mesh refinement driver Carpet [38], with a total
of seven refinement levels having a highest resolution of '

250 m covering the two stars and a total extent of ' 1500 km.

Results. While we have evolved a larger spectrum in masses
for binaries with either equal or unequal masses, we next con-
centrate on two cases that best illustrate the onset of a first-
order PT. These are equal-mass binaries with total masses
M = 2.8 and 2.9M�, hereafter referred to as the low- and
high-mass binaries, respectively. Lower-mass binaries lead to
post-merger objects with zero or minute quark fraction, while
higher-mass binaries collapse to a black hole before a PT can
fully develop. As anticipated above, a distinctive feature of
our approach is the ability to cleanly and robustly determine
the role of quarks in the merger remnant by using the same
EOS with and without quarks. Because of this, for each of
the two masses we perform two identical simulations either
employing the standard CMF EOS where quarks and a strong
first-order PT are included (i.e., CMFQ), or a purely hadronic
version in which the quarks are not included (i.e., CMFH). In
the case of the high-mass, CMFQ binary, we have also per-
formed a simulation with a very-high resolution of ' 125 m.
Leading only to a 1.5% difference in the collapse time, this
confirms that the reference resolution reported here is suffi-
cient to capture qualitatively the dynamics of the PT.

We begin by describing the overall evolution during and
after the merger of the low-mass binary with total mas M =
2.8M�. In particular, Fig. 1 reports three representative snap-
shots on the equatorial plane. Right after the merger time tmer,
and slightly before the time shown in the left panel of Fig.
1, the regions with high temperatures are near the central re-
gions of the hypermassive neutron star (HMNS). Some time
later, and in analogy with what was shown in previous studies
[35, 39], the temperature distribution shows two “hot spots”
in spatially opposite regions (middle panel) that also corre-
spond to local minima of the number density (see [35] for a
detailed discussion in terms of the Bernoulli constant). Inter-
estingly, already a few milliseconds after the merger, a small
but nonzero amount of quarks constituting . 0.02% of the

YquarkT

Bauswein+, Huang+, Most+,Prakash+, 
Radice+,Sekiguchi+,Weih+… (+ many more for EoS uncertainty!)

Finite-temperature  
and composition?
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FIG. 4: Temperature T in the equatorial plane at t ' 20 ms after merger for unequal mass (q = 0.85) mergers with EoSs
having a characteristic radius of R1.4 = 12km. The green lines indicate contours of constant rest-mass density, with values
labelled with respect to the nuclear saturation density. The di↵erent panels show results for varying slope parameter L from
40 to 120 MeV.

FIG. 5: Temperatures T , electron fractions Ye and lepton chemical potential µl probed at di↵erent densities n in the massive
neutron star remnant. The densities are stated relative to saturation density nsat. The models are the same as shown in Fig.
4.

L lead to di↵erent temperatures in the colder center of the star. This suggests that, at least within some part of

Bauswein+,Figura+, Hammond+, 
Hanauske+,Perego+,Raithel+…
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A true multi-physics problem
Post-merger gravitational wave emission probes 
new regimes of physics!

Exotic degrees of freedom?
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FIG. 1. Snapshots on the equatorial plane at three representative times of the evolution of the low-mass binary. For each snapshot, the left
part of the panel reports the temperature T , while the right part reports the quark fraction Yquark. The green lines show contours of constant
number baryon density in units of the nuclear saturation density nsat. Note that a PT takes place only shortly before the HMNS collapses to a
black hole (cf. right panel).

neutron-star core, another description is needed for the crust
and the very low density regions produced in binary mergers.
For these, we have matched the CMF EOS to the nuclear sta-
tistical equilibrium description presented in [19].

To describe the evolution of the merging system, we solve
the coupled Einstein-hydrodynamics system [20] using the
newly developed Frankfurt/IllinoisGRMHD code (FIL),
which is a high-order extension of the publically available
IllinoisGRMHD code [21], part of the Einstein Toolkit

[22]. In particular, FIL, which belongs to the family of Frank-
furt Relativistic-Astrophysics Codes (FRAC), implements a
fourth-order accurate conservative finite-difference scheme
[23] using a WENO-Z reconstruction [24], coupled to an
HLLE Riemann solver [25]. The code handles temperature
dependent EOSs utilizing a novel infrastructure, and the con-
version from conservative to primitive variables follows [26]
for purely hydrodynamical simulations. To account for weak
interactions, a neutrino-leakage scheme is implemented fol-
lowing [27–29]. The FIL code can also handle neutrino heat-
ing via an M0 scheme [30] and has recently participated in a
multi-group code comparison demonstrating its ability to pro-
vide an accurate and fully convergent description of the dy-
namics of merging compact stars. We will comment further
on the its capabilities in an upcoming publication.

The spacetime is evolved using the Z4c formulation of the
Einstein equations [31], which is a conformal variant of the
Z4 family [32] (see also [33]), following the setup in [34],
while the gauges are the same as in [35, 36]. The initial data
is modeled under the assumption of irrotational quasi-circular
equilibrium [37] and is computed by the LORENE library.
The binaries are initially at a distance of 45 km and perform
around five orbits before the merger. The numerical grid uses
the fixed-mesh refinement driver Carpet [38], with a total
of seven refinement levels having a highest resolution of '

250 m covering the two stars and a total extent of ' 1500 km.

Results. While we have evolved a larger spectrum in masses
for binaries with either equal or unequal masses, we next con-
centrate on two cases that best illustrate the onset of a first-
order PT. These are equal-mass binaries with total masses
M = 2.8 and 2.9M�, hereafter referred to as the low- and
high-mass binaries, respectively. Lower-mass binaries lead to
post-merger objects with zero or minute quark fraction, while
higher-mass binaries collapse to a black hole before a PT can
fully develop. As anticipated above, a distinctive feature of
our approach is the ability to cleanly and robustly determine
the role of quarks in the merger remnant by using the same
EOS with and without quarks. Because of this, for each of
the two masses we perform two identical simulations either
employing the standard CMF EOS where quarks and a strong
first-order PT are included (i.e., CMFQ), or a purely hadronic
version in which the quarks are not included (i.e., CMFH). In
the case of the high-mass, CMFQ binary, we have also per-
formed a simulation with a very-high resolution of ' 125 m.
Leading only to a 1.5% difference in the collapse time, this
confirms that the reference resolution reported here is suffi-
cient to capture qualitatively the dynamics of the PT.

We begin by describing the overall evolution during and
after the merger of the low-mass binary with total mas M =
2.8M�. In particular, Fig. 1 reports three representative snap-
shots on the equatorial plane. Right after the merger time tmer,
and slightly before the time shown in the left panel of Fig.
1, the regions with high temperatures are near the central re-
gions of the hypermassive neutron star (HMNS). Some time
later, and in analogy with what was shown in previous studies
[35, 39], the temperature distribution shows two “hot spots”
in spatially opposite regions (middle panel) that also corre-
spond to local minima of the number density (see [35] for a
detailed discussion in terms of the Bernoulli constant). Inter-
estingly, already a few milliseconds after the merger, a small
but nonzero amount of quarks constituting . 0.02% of the

YquarkT
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FIG. 4: Temperature T in the equatorial plane at t ' 20 ms after merger for unequal mass (q = 0.85) mergers with EoSs
having a characteristic radius of R1.4 = 12km. The green lines indicate contours of constant rest-mass density, with values
labelled with respect to the nuclear saturation density. The di↵erent panels show results for varying slope parameter L from
40 to 120 MeV.

FIG. 5: Temperatures T , electron fractions Ye and lepton chemical potential µl probed at di↵erent densities n in the massive
neutron star remnant. The densities are stated relative to saturation density nsat. The models are the same as shown in Fig.
4.

L lead to di↵erent temperatures in the colder center of the star. This suggests that, at least within some part of
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FIG. 1. Snapshots on the equatorial plane at three representative times of the evolution of the low-mass binary. For each snapshot, the left
part of the panel reports the temperature T , while the right part reports the quark fraction Yquark. The green lines show contours of constant
number baryon density in units of the nuclear saturation density nsat. Note that a PT takes place only shortly before the HMNS collapses to a
black hole (cf. right panel).

neutron-star core, another description is needed for the crust
and the very low density regions produced in binary mergers.
For these, we have matched the CMF EOS to the nuclear sta-
tistical equilibrium description presented in [19].

To describe the evolution of the merging system, we solve
the coupled Einstein-hydrodynamics system [20] using the
newly developed Frankfurt/IllinoisGRMHD code (FIL),
which is a high-order extension of the publically available
IllinoisGRMHD code [21], part of the Einstein Toolkit

[22]. In particular, FIL, which belongs to the family of Frank-
furt Relativistic-Astrophysics Codes (FRAC), implements a
fourth-order accurate conservative finite-difference scheme
[23] using a WENO-Z reconstruction [24], coupled to an
HLLE Riemann solver [25]. The code handles temperature
dependent EOSs utilizing a novel infrastructure, and the con-
version from conservative to primitive variables follows [26]
for purely hydrodynamical simulations. To account for weak
interactions, a neutrino-leakage scheme is implemented fol-
lowing [27–29]. The FIL code can also handle neutrino heat-
ing via an M0 scheme [30] and has recently participated in a
multi-group code comparison demonstrating its ability to pro-
vide an accurate and fully convergent description of the dy-
namics of merging compact stars. We will comment further
on the its capabilities in an upcoming publication.

The spacetime is evolved using the Z4c formulation of the
Einstein equations [31], which is a conformal variant of the
Z4 family [32] (see also [33]), following the setup in [34],
while the gauges are the same as in [35, 36]. The initial data
is modeled under the assumption of irrotational quasi-circular
equilibrium [37] and is computed by the LORENE library.
The binaries are initially at a distance of 45 km and perform
around five orbits before the merger. The numerical grid uses
the fixed-mesh refinement driver Carpet [38], with a total
of seven refinement levels having a highest resolution of '

250 m covering the two stars and a total extent of ' 1500 km.

Results. While we have evolved a larger spectrum in masses
for binaries with either equal or unequal masses, we next con-
centrate on two cases that best illustrate the onset of a first-
order PT. These are equal-mass binaries with total masses
M = 2.8 and 2.9M�, hereafter referred to as the low- and
high-mass binaries, respectively. Lower-mass binaries lead to
post-merger objects with zero or minute quark fraction, while
higher-mass binaries collapse to a black hole before a PT can
fully develop. As anticipated above, a distinctive feature of
our approach is the ability to cleanly and robustly determine
the role of quarks in the merger remnant by using the same
EOS with and without quarks. Because of this, for each of
the two masses we perform two identical simulations either
employing the standard CMF EOS where quarks and a strong
first-order PT are included (i.e., CMFQ), or a purely hadronic
version in which the quarks are not included (i.e., CMFH). In
the case of the high-mass, CMFQ binary, we have also per-
formed a simulation with a very-high resolution of ' 125 m.
Leading only to a 1.5% difference in the collapse time, this
confirms that the reference resolution reported here is suffi-
cient to capture qualitatively the dynamics of the PT.

We begin by describing the overall evolution during and
after the merger of the low-mass binary with total mas M =
2.8M�. In particular, Fig. 1 reports three representative snap-
shots on the equatorial plane. Right after the merger time tmer,
and slightly before the time shown in the left panel of Fig.
1, the regions with high temperatures are near the central re-
gions of the hypermassive neutron star (HMNS). Some time
later, and in analogy with what was shown in previous studies
[35, 39], the temperature distribution shows two “hot spots”
in spatially opposite regions (middle panel) that also corre-
spond to local minima of the number density (see [35] for a
detailed discussion in terms of the Bernoulli constant). Inter-
estingly, already a few milliseconds after the merger, a small
but nonzero amount of quarks constituting . 0.02% of the
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Figure 4. Relative importance of bulk viscosity in the late inspiral and early post-merger. (Top) Three representative times during the late inspiral and merger
showing the relative fraction of the bulk scalar ⇧ to energy density 4 and pressure %. The green lines are contours of baryon number density = in units of nuclear
saturation =sat. The bulk viscosity is computed using the NLd model.

4.2.1 Density-weighted bulk-viscous ratio

A rough way to characterize the direct e�ect of bulk viscosity on the
entire merger system is via a density weighted average

hji =
⌧

⇧
(4 + %)

�
:=

Ø
d+

p
W4⇧/(4 + %)Ø
d+

p
W4

. (14)

Here
p
W is the three-dimensional spatial volume element. Since high

density regions a�ect the gravitational wave emission more strongly,
hji provides an indication of the direct impact of bulk viscosity on
gravitational wave emission at each instant during the merger.

We show the evolution of hji in Fig. 5 for the three di�erent mod-
els for weak interaction-driven bulk viscosity discussed in Sec. 2.
The overall scale of hji is around (0.3-3) ⇥ 10�4, not much smaller
than the intrinsic inviscid value (5), indicating that the direct bulk
viscous e�ect on gravitational wave emission may be noticeable.
Moreover, there are various non-linear amplification mechanisms
that could make bulk viscous e�ects even more important. For ex-
ample, bulk viscous heating could bring cooler regions closer to the
resonant maximum of bulk viscosity at ) ⇠ 4 MeV. Nonlinear fluid
mechanical e�ects could lead to e�ects on the amount of disk mass
formation, dynamical mass ejection during the collision, as well as
as the temperature distribution inside the remnant. We note that bulk
viscosity is also e�ective in shocks propagating from the merger
remnant (right panel of Fig. 4). This opens up the tantalizing possi-
bility of bulk viscosity to also a�ect dynamical mass ejection (see
e.g. Abbott et al. (2017c)). While likely a�ecting only a small part of
the material that will eventually become unbound and partake in the
r-process nucleosynthesis that gives rise to an electromagnetic after-
glow (see e.g. Metzger (2020) for a review), we cannot rule out the
possibility of bulk viscous imprints on electromagnetic afterglows.

We also note that the variability across the di�erent models shows
how uncertainties in the nuclear physics can translate in to large
di�erences in impact on the merger. Focusing on the NLd model
(red solid line), we can see that hji attains values of 5 ⇥ 10�4 at
merger and remains roughly constant on over a time scale < 10 ms
after merger. In contrast, model BSR12 (solid green line) reaches
those maximum values in the inspiral but continuously declines in
the post-merger. These dramatic di�erences are related to the EoS-
dependence of some of the nonlinearities discussed in the previous
subsection: the bulk viscosity has a non-monotonic resonant depen-
dence on temperature, with the resonant maximum depending on
density and the EoS, as we saw in Fig. 1.

Figure 5. Bulk viscous ratio evaluated using three di�erent nuclear matter
models to compute the bulk viscosity. Shown are density weighted averages
(solid lines) and maximum values (dashed lines). The time C is defined relative
to the time of merger.

4.2.2 Maximum bulk-viscous ratio

The maximum value of j is of interest because it can be compared
with other relativistic systems, see Sec. 4.3. Its evolution is shown by
the dashed lines in Fig. 5. Starting out at 10�3 in the inspiral, we can
see that the maximum value of the bulk viscous ratio j peaks around
5% at the initial collision, and then drops to around 1%. This behavior
is independent of the EoS used to compute the bulk viscosity, with
all of them leading to similar evolutions. A comparison with heavy-
ion collisions in Sec. 4.3 suggests that such bulk viscous ratios are
su�cient to a�ect dynamical evolution of a neutron star merger.

4.2.3 Bulk-viscous frequency shift

It is interesting to note that one can estimate a global frequency
associated with the appearance of bulk viscosity. While previous
analyses (e.g. Alford et al. (2018); Alford & Harris (2019)) have
studied local oscillations of the fluid, we can use our post-processing
of a full merger simulation to investigate the gravitational wave emis-
sion associated with the bulk component of the stress-energy tensor.
More specifically, we use the quadrupole formula (see e.g. Baum-
garte & Shapiro (2010); Mueller et al. (2013)) based on the energy

MNRAS 000, 1–12 (2021)
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FIG. 4: Temperature T in the equatorial plane at t ' 20 ms after merger for unequal mass (q = 0.85) mergers with EoSs
having a characteristic radius of R1.4 = 12km. The green lines indicate contours of constant rest-mass density, with values
labelled with respect to the nuclear saturation density. The di↵erent panels show results for varying slope parameter L from
40 to 120 MeV.

FIG. 5: Temperatures T , electron fractions Ye and lepton chemical potential µl probed at di↵erent densities n in the massive
neutron star remnant. The densities are stated relative to saturation density nsat. The models are the same as shown in Fig.
4.

L lead to di↵erent temperatures in the colder center of the star. This suggests that, at least within some part of
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