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The ultimate fate of a neutron star binary 

rate for this mass of r-process material, Mr–p, is
plotted in Fig. 4A.
Although heating from ~0.01 M⊙ of r-process

ejecta could explain thepeak observed luminosity,
it would have several further consequences. First,
the fast rise (<0.5 days) would require that the
specific opacity, k, of this material be less than
~0.08 cm2 g–1 (34). The opacity is strongly de-
pendent on the presence of lanthanide elements,
because they have a large number of bound-
bound transitions due to the presence of an open
f shell (37). This low inferred opacity would thus
imply that the early ejecta cannot be lanthanide-
rich. Then, the abundance of lanthanides is
strongly dependent on the neutron richness of
the ejecta, often expressed as the electron frac-
tion Ye, where Ye = 0.5 for symmetric matter
(equal proportions of neutrons and protons) and
Ye = 0 for pure neutrons. To produce material
with such lowopacity that is relatively lanthanide-
free would require Ye ≳ 0:3.
Second, this low inferred opacity would cause

the associated material to quickly become op-
tically thin (within ~2 days, when SSS17a is blue/
hot). A low optical depth is inconsistent with the
continuing optical emission that we observed
over the following weeks from SSS17a, so this
model necessitates an additional higher-opacity
component. Comparing the r-process heating to
the later light curve yields a mass estimate of
0.05 ± 0.02M⊙ (Fig. 4A), but for SSS17a to remain
optically thick for a time scale of 2 to 3 weeks
requires an opacity k ≳ 5cm3g!1 . The evolution
of the light curve over this time interval therefore
constitutes evidence for a second, lanthanide-rich
component, which dominates at later times when
the SSS17a is red/cool.
Such two-component ejecta are generally ex-

pected for neutron star mergers (38, 39). This
structure could correspond to two distinct phys-
ical components, where the lanthanide-rich com-
ponent arises from material ejected on dynamical
time scales via processes such as tidal forces (40)
and the lanthanide-free component forms on
longer time scales (~seconds), such as from the
accretion disk wind (41). Alternatively, both of
these compositional components could arise
from the same dynamical ejecta (42, 43). The exact
contribution of each component to the observed
light curve depends on themass ratio of the merg-
ingbinary, aswell as the orientation relative to the
line of sight (44). For example, it is possible that
the blue component could be underestimated if it
is partially obscured/absorbed by the material
producing the red component. Detailed mod-
eling, which accounts for these degeneracies, is
presented in a companion paper (45).
Figure 4C shows the evolution of the mea-

sured radii. A comparison to model curves for
material moving at 10, 20, and 30% of the speed
of light indicates that the photosphere expands
at relativistic speeds in the first few days. How-
ever, after about 5 days, the photosphere begins
moving inward. This behavior is reminiscent of
hydrogen-rich core-collapse supernovae after hy-
drogen recombination (46), and a similar process
may be occurring here. In the case of an r-process

powered transient, recombination of the open
f-shell lanthanide elements, such as neodymium,
is expected to begin at a temperature of ~2500 K
(37). These ionized elements are the dominant
opacity source, so the recombination causes the
opacity to decline rapidly and the photosphere to
move inward. This interpretation is corroborated
by the effective temperature of ~2500 K that we
measure from the SED for t > 5 days and supports

our assumption of a roughly constant temper-
ature throughout the remainder of the evolution.
Other processes have been considered for pro-

viding an optical counterpart to neutron star
mergers, including magnetic dipole spin-down,
heating from radioactive nickel, and cocoon
emission [e.g., (47–49)]. These models must be
compared with our detailed observations as well.
For instance, luminosity poweredby the spin-down
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Fig. 3. Evolution of the UV to near-IR
SED of SSS17a. (A) The vertical axis, log
Fl,o, is the logarithm of the observed
flux. Fluxes have been corrected for
foreground Milky Way extinction (34).
Detections are plotted as filled symbols,
and upper limits for the third epoch
(1.0 days postmerger) as downward
pointing arrows. Less-constraining upper
limits at other epochs are not plotted
for clarity. Between 0.5 and 8.5 days after
the merger, the peak of the SED shifts
from the near-UV (<4500 Å) to the near-IR
(>1 mm) and fades by a factor >70. The
SED is broadly consistent with a thermal
distribution, and the colored curves repre-
sent best-fitting blackbody models at each
epoch. In 24 hours after the discovery of
SSS17a, the observed color temperature
falls from ≳ 10,000 K to ~5000 K. The
epoch and best-fitting blackbody temper-
ature (rounded to 100 K) are listed. SEDs
for each epoch are also plotted individually
in fig. S2 and described in (34). (B) Filter
transmission functions for the observed photometric bands.
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Fig. 4. Physical parameters derived from the
UV to near-IR SEDs of SSS17. Vertical dashed
lines indicate the time of merger and 4 days
postmerger, between which SSS17a undergoes
a period of rapid expansion and cooling. (A)
Pseudo-bolometric light curve evolution; repre-
sentative r-process radioactive heating curves
are also shown. Although the initial observed
peak is consistent with ~0.01 M⊙ of r-process
material (blue curve), this underpredicts the
luminosity at later times. Instead, the late-time
(>4 days) light curve matches radioactive
heating from 0.05 ± 0.02 M⊙ of r-process
material (red curve). (B) Best-fitting blackbody
model temperatures. At 11 hours after the
merger, SSS17a is consistent with a blackbody
of ≳ 10,000 K. Between 4.5 and 8.5 days, the
temperature asymptotically approaches ~2500 K,
the temperature at which open f-shell lan-
thanide elements are expected to recombine.
Radii and luminosities beyond 8.5 days are
computed assuming a temperature of

2500þ500
!1000 K and are plotted as squares. This

temperature range is highlighted by the orange
horizontal band. (C) Best-fitting blackbody
model radii. Curved lines represent the radius of material moving at 10, 20, and 30% the speed of
light. At early times the increase in radius with time implies that the ejecta are expanding
relativistically. After ~5 days, the measured radii decrease, likely due to recombination.
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The final fate of a neutron star binary 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Figure 2. Shown are the evolution of the co-moving magnetic energy density b2, the rest-mass density ⇢, the electron fraction Ye and the local fluid temperature
T in the meridional plane. The top row shows models computed using the TNTYST EOS, while the bottom row the BHB⇤� EOS. All results are shown at
' 100ms after merger.

3 RESULTS

In this work, we study the merger and post-merger evolution of near
equal-mass BH-NS binaries. Before turning to the properties of the
accretion disks formed in such mergers, we first provide a very brief
overview of their formation. We do this by considering the fiducial
system TNT.chit.0.35. In order to illustrate the disk forma-
tion process, we begin by summarizing the dynamical formation
of the disk in Fig. 1, which reports the co-moving magnetic en-
ergy density b2, the rest-mass density ⇢, the electron fraction Ye

and the local fluid temperature T . The different rows correspond
to meridional (top panels) and equatorial (bottom panels) views of
the accretion disk around the BH, while the different columns cor-
respond to different times after the merger. The general dynamics
of this process have been studied extensively in purely hydrody-
namical simulations (Etienne et al. 2009; Kyutoku et al. 2011; Fou-
cart et al. 2012). In order for a massive disk to form during and
after merger, tidal disruption has to occur outside of the innermost
stable circular orbit (ISCO) of the BH (Pannarale et al. 2011b; Shi-
bata & Taniguchi 2011). Starting from the left panel, we can see
that shortly after tidal disruption, an initial accretion disk begins
to form around the BH. Originating from the cold NS matter, the
initial disk is very neutron rich (Ye < 0.05), but already reaches
temperatures T . 10MeV. The disk quickly grows in mass and
size due to fall-back accretion from the tidal arm (middle column),
begins to circularize and a steady accretion flow develops over time.
As expected, this happens on the dynamical timescales of the disks,
which are proportional to the disk mass Mb

disk, so that the light-
est disks circularize first. Initially, the pure neutron matter is far

out of beta-equilibrium under these conditions and will rapidly re-
equilibrate via beta decay of neutrons, leading to an increasing pro-
tonization especially of the low-density parts of the disk. At the
same time, the magnetic-field strength is increasing throughout the
disk, exceeding 10

14
G locally. More details on the magnetic-field

evolution will be given in Sec. 3.3. Finally, after more than 50ms

past merger, the disk has settled into an initial quasi-equilibrium,
consisting of a very neutron-rich disk, probing rest-mass densities
. 10

11
g cm

�3. A disk formed by this process will then set the ini-
tial conditions for the long-term evolution in terms of the accretion
flow and mass ejection (Fernández et al. 2015, 2017).

3.1 Disk properties

One of the most important observables of such a gravitational-wave
event would be the associated optical counterparts, in particular the
kilonova afterglow (see Metzger 2017, for a review). In the case of a
BH–NS merger with a massive remnant accretion disk, this will be
caused primarily by secular (essentially magnetically and neutrino
driven) disk mass ejection (Fernández & Metzger 2013; Fernández
et al. 2015; Siegel & Metzger 2017). In addition, dynamical mass
ejection will also lead to an early red kilonova component (Kyutoku
et al. 2013, 2015; Foucart et al. 2013b; Kawaguchi et al. 2016). Pre-
vious simulations of realistic (e.g., Fernández et al. (2017); Nouri
et al. (2018)) or idealised (e.g., Siegel & Metzger (2017); Fernán-
dez et al. (2019)) remnant disks have shown that a large fraction of
the disk material will become unbound. Therefore, it is important

MNRAS 000, 000–000 (2021)

Comment on: Realistic accretion disks

ERM+ (MNRAS 2021)

Numerical relativity simulations of BH-NS (with MHD + leakage)
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What do real disks look like?
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What about magnetic fields?

ERM+ (MNRAS 2021)

•The poloidal and toroidal field components on 
average satisfy simple power laws
 BT/P ∝ ρn
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Figure 8. Density-dependent distributions of the poloidal, BP, and toroidal, BT, components of the magnetic field at the same time as in Fig. 2 (t� tmer '
100ms). The simulations shown use the TNTYST EOS and n is defined in Eq. (6).

Conversely, this also confirms our initial conclusion that the MRI is
likely not resolved in the least massive and, hence, smallest of the
disks. While this clearly indicates that any subsequent evolution of
this disk at current resolution is not feasible, it also allows us to
draw an important conclusion about the correct initial conditions
for the magnetic field. Namely, that the profiles seen in the third
column of Fig. 8 should be indicative for realistic initial magnetic-
field topologies in disks formed directly in BH-NS mergers. Since
the subsequent magnetic-field evolution is very modest, these dis-
tributions represent the initial magnetic-field configuration in the
disk as soon is it equilibrates after merger. More importantly, these
distributions are rather different from those normally employed in
simulations starting from axisymmetric tori in equilibrium, which
often even ignore the presence of a toroidal component.

This qualitative behaviour described before is the same for all
disks. However, the larger poloidal-toroidal ratio is indicative of
the fact that the MRI is active in increasingly larger parts – and at
higher densities – of the disks. For the high-spin case, �̃ = 0.35,
we can clearly see that the MRI is active throughout the disk and
that both poloidal and toroidal field grow beyond the simple power-
law behaviour outlined before. Looking at the corresponding Fig.
A2 in Appendix A, it is possible to deduce that this behaviour holds
also for a different EOS, and that the overall magnitude of the mag-
netic field remains insensitive to the initial choice of EOS for the
inspiraling NS. Nonetheless, the slope coefficients nP,T are slightly
larger when compared to the simulations with the TNTYST EOS.
Although this change is rather minor, it does hint that the slightly

MNRAS 000, 000–000 (2021)
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Conversely, this also confirms our initial conclusion that the MRI is
likely not resolved in the least massive and, hence, smallest of the
disks. While this clearly indicates that any subsequent evolution of
this disk at current resolution is not feasible, it also allows us to
draw an important conclusion about the correct initial conditions
for the magnetic field. Namely, that the profiles seen in the third
column of Fig. 8 should be indicative for realistic initial magnetic-
field topologies in disks formed directly in BH-NS mergers. Since
the subsequent magnetic-field evolution is very modest, these dis-
tributions represent the initial magnetic-field configuration in the
disk as soon is it equilibrates after merger. More importantly, these
distributions are rather different from those normally employed in
simulations starting from axisymmetric tori in equilibrium, which
often even ignore the presence of a toroidal component.

This qualitative behaviour described before is the same for all
disks. However, the larger poloidal-toroidal ratio is indicative of
the fact that the MRI is active in increasingly larger parts – and at
higher densities – of the disks. For the high-spin case, �̃ = 0.35,
we can clearly see that the MRI is active throughout the disk and
that both poloidal and toroidal field grow beyond the simple power-
law behaviour outlined before. Looking at the corresponding Fig.
A2 in Appendix A, it is possible to deduce that this behaviour holds
also for a different EOS, and that the overall magnitude of the mag-
netic field remains insensitive to the initial choice of EOS for the
inspiraling NS. Nonetheless, the slope coefficients nP,T are slightly
larger when compared to the simulations with the TNTYST EOS.
Although this change is rather minor, it does hint that the slightly

MNRAS 000, 000–000 (2021)
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A challenge for computational  
relativistic astrophysics
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rate for this mass of r-process material, Mr–p, is
plotted in Fig. 4A.
Although heating from ~0.01 M⊙ of r-process

ejecta could explain thepeak observed luminosity,
it would have several further consequences. First,
the fast rise (<0.5 days) would require that the
specific opacity, k, of this material be less than
~0.08 cm2 g–1 (34). The opacity is strongly de-
pendent on the presence of lanthanide elements,
because they have a large number of bound-
bound transitions due to the presence of an open
f shell (37). This low inferred opacity would thus
imply that the early ejecta cannot be lanthanide-
rich. Then, the abundance of lanthanides is
strongly dependent on the neutron richness of
the ejecta, often expressed as the electron frac-
tion Ye, where Ye = 0.5 for symmetric matter
(equal proportions of neutrons and protons) and
Ye = 0 for pure neutrons. To produce material
with such lowopacity that is relatively lanthanide-
free would require Ye ≳ 0:3.
Second, this low inferred opacity would cause

the associated material to quickly become op-
tically thin (within ~2 days, when SSS17a is blue/
hot). A low optical depth is inconsistent with the
continuing optical emission that we observed
over the following weeks from SSS17a, so this
model necessitates an additional higher-opacity
component. Comparing the r-process heating to
the later light curve yields a mass estimate of
0.05 ± 0.02M⊙ (Fig. 4A), but for SSS17a to remain
optically thick for a time scale of 2 to 3 weeks
requires an opacity k ≳ 5cm3g!1 . The evolution
of the light curve over this time interval therefore
constitutes evidence for a second, lanthanide-rich
component, which dominates at later times when
the SSS17a is red/cool.
Such two-component ejecta are generally ex-

pected for neutron star mergers (38, 39). This
structure could correspond to two distinct phys-
ical components, where the lanthanide-rich com-
ponent arises from material ejected on dynamical
time scales via processes such as tidal forces (40)
and the lanthanide-free component forms on
longer time scales (~seconds), such as from the
accretion disk wind (41). Alternatively, both of
these compositional components could arise
from the same dynamical ejecta (42, 43). The exact
contribution of each component to the observed
light curve depends on themass ratio of the merg-
ingbinary, aswell as the orientation relative to the
line of sight (44). For example, it is possible that
the blue component could be underestimated if it
is partially obscured/absorbed by the material
producing the red component. Detailed mod-
eling, which accounts for these degeneracies, is
presented in a companion paper (45).
Figure 4C shows the evolution of the mea-

sured radii. A comparison to model curves for
material moving at 10, 20, and 30% of the speed
of light indicates that the photosphere expands
at relativistic speeds in the first few days. How-
ever, after about 5 days, the photosphere begins
moving inward. This behavior is reminiscent of
hydrogen-rich core-collapse supernovae after hy-
drogen recombination (46), and a similar process
may be occurring here. In the case of an r-process

powered transient, recombination of the open
f-shell lanthanide elements, such as neodymium,
is expected to begin at a temperature of ~2500 K
(37). These ionized elements are the dominant
opacity source, so the recombination causes the
opacity to decline rapidly and the photosphere to
move inward. This interpretation is corroborated
by the effective temperature of ~2500 K that we
measure from the SED for t > 5 days and supports

our assumption of a roughly constant temper-
ature throughout the remainder of the evolution.
Other processes have been considered for pro-

viding an optical counterpart to neutron star
mergers, including magnetic dipole spin-down,
heating from radioactive nickel, and cocoon
emission [e.g., (47–49)]. These models must be
compared with our detailed observations as well.
For instance, luminosity poweredby the spin-down
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Fig. 3. Evolution of the UV to near-IR
SED of SSS17a. (A) The vertical axis, log
Fl,o, is the logarithm of the observed
flux. Fluxes have been corrected for
foreground Milky Way extinction (34).
Detections are plotted as filled symbols,
and upper limits for the third epoch
(1.0 days postmerger) as downward
pointing arrows. Less-constraining upper
limits at other epochs are not plotted
for clarity. Between 0.5 and 8.5 days after
the merger, the peak of the SED shifts
from the near-UV (<4500 Å) to the near-IR
(>1 mm) and fades by a factor >70. The
SED is broadly consistent with a thermal
distribution, and the colored curves repre-
sent best-fitting blackbody models at each
epoch. In 24 hours after the discovery of
SSS17a, the observed color temperature
falls from ≳ 10,000 K to ~5000 K. The
epoch and best-fitting blackbody temper-
ature (rounded to 100 K) are listed. SEDs
for each epoch are also plotted individually
in fig. S2 and described in (34). (B) Filter
transmission functions for the observed photometric bands.
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Fig. 4. Physical parameters derived from the
UV to near-IR SEDs of SSS17. Vertical dashed
lines indicate the time of merger and 4 days
postmerger, between which SSS17a undergoes
a period of rapid expansion and cooling. (A)
Pseudo-bolometric light curve evolution; repre-
sentative r-process radioactive heating curves
are also shown. Although the initial observed
peak is consistent with ~0.01 M⊙ of r-process
material (blue curve), this underpredicts the
luminosity at later times. Instead, the late-time
(>4 days) light curve matches radioactive
heating from 0.05 ± 0.02 M⊙ of r-process
material (red curve). (B) Best-fitting blackbody
model temperatures. At 11 hours after the
merger, SSS17a is consistent with a blackbody
of ≳ 10,000 K. Between 4.5 and 8.5 days, the
temperature asymptotically approaches ~2500 K,
the temperature at which open f-shell lan-
thanide elements are expected to recombine.
Radii and luminosities beyond 8.5 days are
computed assuming a temperature of

2500þ500
!1000 K and are plotted as squares. This

temperature range is highlighted by the orange
horizontal band. (C) Best-fitting blackbody
model radii. Curved lines represent the radius of material moving at 10, 20, and 30% the speed of
light. At early times the increase in radius with time implies that the ejecta are expanding
relativistically. After ~5 days, the measured radii decrease, likely due to recombination.
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2

spacing �x = 0.2 fm and timestep �t = 0.08 fm/c. It was
shown that the HICs system dynamics and entropy produc-
tion as calculated with the hydrodynamical approach are quite
similar to the complementary predictions of non-equilibrium
transport models [72, 73]. We are interested in simulating
low-energy nuclear collisions - hence, our initial state consists
of two drops of cold T = 0 nuclear matter, colliding head-on,
with Lorentz-contracted Woods-Saxon density distributions,
propagating towards each other with relativistic speed in the
center-of-mass frame of the collision. For each energy, a near
central collision of two gold nuclei (Au) is computed, at fixed
“impact parameter” b = 2 fm (i.e., b is the offset of the centers
of the two nuclei along the transverse x-axis), at lab energies
of Elab = 450 and 600AMeV per nucleon. These energies
are presently available for experiments of the HADES detec-
tor set-up at GSI [11].

For our BNS simulations, in addition to the equa-
tions of general-relativistic hydrodynamics [74], we need to
solve the Einstein equations in the conformal Z4 formula-
tion [75–78]. The full set of equations is evolved using
the Frankfurt/IllinoisGRMHD (FIL) code [79, 80],
which operates on top of the Einstein Toolkit infrastructure
[81]. Making use of nested box-in-box mesh refinement [82],
our simulations use 7 levels of refinement with the highest
resolution of 250 m and outer box size of 1500 km. The ini-
tial conditions [83] for our simulations are two equal-mass
nonspinning binaries with total masses of 2.6 and 2.8M�
consistent with GW170817-like events [1]. It is important
to stress that despite the use of perfect-fluid hydrodynamics
and, hence, the absence of physical viscosity (see e.g., [84–87]
for formulations including viscosity), our codes are fully able
to capture entropy production in the compressional regime of
the flow by means of local Rankine-Hugoniot shock junction
conditions [74]. In the case of FIL, this is achieved by lo-
cally solving the set of Riemann problems approximately us-
ing the HLLE algorithm [88]. In the case of SHASTA, this is
handled by a flux-corrected diffusion algorithm that has been
thoroughly vetted [70] and compared against HLLE solvers
[71].

Results and Discussion. For both, the macroscopic and
the microscopic events, we have performed analogous sim-
ulations using the same description of nuclear matter, which
– as discussed – is valid across the entire QCD phase dia-
gram. Hence, despite a difference in lengthscales of 18 orders
of magnitude, it is possible to perform a meaningful compar-
ison of the first impact of the two stars and two gold ions. In
the following, we will summarize the basic evolution of the
two colliding systems.

For a HIC, the two gold nuclei approach each other head-
on along the z-direction, with relative velocities v & 0.5 c
and only a small offset along the transverse x-axis, called the
impact parameter b. This produces dense hot matter with the
longest lifetime and highest compression at given beam en-
ergy. Once the two nuclei make contact, the cold nuclear mat-
ter in the center is rapidly heated by shock compression. Dur-
ing this incident stage, entropy is generated and the maximum
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FIG. 1. Distributions of entropy per baryon S/A (top colormaps)
and temperature T (bottom colormaps) for a BNS merger (NS+NS)
with total mass Mtot = 2.8M� (left panels) and a Au + Au HIC
at Elab = 450MeV (right panels). Colored lines mark density
contours in units of nsat. The snapshots in different rows refer
to t = �2, 3ms after merger for the BNS, respectively, and to
t = ±5 fm/c before and after the full overlap for the HIC.

compression is reached [72, 89]. Once both incoming nuclei
are compressed in a single fireball, matter starts to rapidly ex-
pand along an isentropic trajectory until the freeze-out sur-
face, when it dilutes so much that the hydrodynamic picture is
no longer valid. In our simulations, this corresponds to cells
at roughly n ⇠ 1

2nsat ⇡ 2.6 ⇥ 1014 g cm�3. In the case of
BNSs, the two stars are initially on a quasi-circular orbit, but
the emission of gravitational waves, carrying away orbital en-
ergy and angular momentum, does ultimately cause the two
stars to collide (see, e.g., [90] for a review). Differently from
a HIC, the collision will not be head-on. Instead, tidal forces
will deform the neutron stars prior to merger, with small-scale
turbulence induced in the shearing interface between the two
stars (see, e.g., [91]). During the merger, the two stars are
compressed to a few times nsat and heated considerably, lead-
ing to supersonic velocities and the formation of a shock. This
causes a steep increase in temperature and a local production
of entropy, as it happens in a HIC.

The differences in the early-time dynamics between BNS
mergers and HICs are shown in the top row of Fig. 1, where
we report the temperature (lower colormap), the entropy per
baryon (upper colormap), and the density (isocontours) for

Comparison with Au+Au!
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rate for this mass of r-process material, Mr–p, is
plotted in Fig. 4A.
Although heating from ~0.01 M⊙ of r-process

ejecta could explain thepeak observed luminosity,
it would have several further consequences. First,
the fast rise (<0.5 days) would require that the
specific opacity, k, of this material be less than
~0.08 cm2 g–1 (34). The opacity is strongly de-
pendent on the presence of lanthanide elements,
because they have a large number of bound-
bound transitions due to the presence of an open
f shell (37). This low inferred opacity would thus
imply that the early ejecta cannot be lanthanide-
rich. Then, the abundance of lanthanides is
strongly dependent on the neutron richness of
the ejecta, often expressed as the electron frac-
tion Ye, where Ye = 0.5 for symmetric matter
(equal proportions of neutrons and protons) and
Ye = 0 for pure neutrons. To produce material
with such lowopacity that is relatively lanthanide-
free would require Ye ≳ 0:3.
Second, this low inferred opacity would cause

the associated material to quickly become op-
tically thin (within ~2 days, when SSS17a is blue/
hot). A low optical depth is inconsistent with the
continuing optical emission that we observed
over the following weeks from SSS17a, so this
model necessitates an additional higher-opacity
component. Comparing the r-process heating to
the later light curve yields a mass estimate of
0.05 ± 0.02M⊙ (Fig. 4A), but for SSS17a to remain
optically thick for a time scale of 2 to 3 weeks
requires an opacity k ≳ 5cm3g!1 . The evolution
of the light curve over this time interval therefore
constitutes evidence for a second, lanthanide-rich
component, which dominates at later times when
the SSS17a is red/cool.
Such two-component ejecta are generally ex-

pected for neutron star mergers (38, 39). This
structure could correspond to two distinct phys-
ical components, where the lanthanide-rich com-
ponent arises from material ejected on dynamical
time scales via processes such as tidal forces (40)
and the lanthanide-free component forms on
longer time scales (~seconds), such as from the
accretion disk wind (41). Alternatively, both of
these compositional components could arise
from the same dynamical ejecta (42, 43). The exact
contribution of each component to the observed
light curve depends on themass ratio of the merg-
ingbinary, aswell as the orientation relative to the
line of sight (44). For example, it is possible that
the blue component could be underestimated if it
is partially obscured/absorbed by the material
producing the red component. Detailed mod-
eling, which accounts for these degeneracies, is
presented in a companion paper (45).
Figure 4C shows the evolution of the mea-

sured radii. A comparison to model curves for
material moving at 10, 20, and 30% of the speed
of light indicates that the photosphere expands
at relativistic speeds in the first few days. How-
ever, after about 5 days, the photosphere begins
moving inward. This behavior is reminiscent of
hydrogen-rich core-collapse supernovae after hy-
drogen recombination (46), and a similar process
may be occurring here. In the case of an r-process

powered transient, recombination of the open
f-shell lanthanide elements, such as neodymium,
is expected to begin at a temperature of ~2500 K
(37). These ionized elements are the dominant
opacity source, so the recombination causes the
opacity to decline rapidly and the photosphere to
move inward. This interpretation is corroborated
by the effective temperature of ~2500 K that we
measure from the SED for t > 5 days and supports

our assumption of a roughly constant temper-
ature throughout the remainder of the evolution.
Other processes have been considered for pro-

viding an optical counterpart to neutron star
mergers, including magnetic dipole spin-down,
heating from radioactive nickel, and cocoon
emission [e.g., (47–49)]. These models must be
compared with our detailed observations as well.
For instance, luminosity poweredby the spin-down
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Fig. 3. Evolution of the UV to near-IR
SED of SSS17a. (A) The vertical axis, log
Fl,o, is the logarithm of the observed
flux. Fluxes have been corrected for
foreground Milky Way extinction (34).
Detections are plotted as filled symbols,
and upper limits for the third epoch
(1.0 days postmerger) as downward
pointing arrows. Less-constraining upper
limits at other epochs are not plotted
for clarity. Between 0.5 and 8.5 days after
the merger, the peak of the SED shifts
from the near-UV (<4500 Å) to the near-IR
(>1 mm) and fades by a factor >70. The
SED is broadly consistent with a thermal
distribution, and the colored curves repre-
sent best-fitting blackbody models at each
epoch. In 24 hours after the discovery of
SSS17a, the observed color temperature
falls from ≳ 10,000 K to ~5000 K. The
epoch and best-fitting blackbody temper-
ature (rounded to 100 K) are listed. SEDs
for each epoch are also plotted individually
in fig. S2 and described in (34). (B) Filter
transmission functions for the observed photometric bands.
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Fig. 4. Physical parameters derived from the
UV to near-IR SEDs of SSS17. Vertical dashed
lines indicate the time of merger and 4 days
postmerger, between which SSS17a undergoes
a period of rapid expansion and cooling. (A)
Pseudo-bolometric light curve evolution; repre-
sentative r-process radioactive heating curves
are also shown. Although the initial observed
peak is consistent with ~0.01 M⊙ of r-process
material (blue curve), this underpredicts the
luminosity at later times. Instead, the late-time
(>4 days) light curve matches radioactive
heating from 0.05 ± 0.02 M⊙ of r-process
material (red curve). (B) Best-fitting blackbody
model temperatures. At 11 hours after the
merger, SSS17a is consistent with a blackbody
of ≳ 10,000 K. Between 4.5 and 8.5 days, the
temperature asymptotically approaches ~2500 K,
the temperature at which open f-shell lan-
thanide elements are expected to recombine.
Radii and luminosities beyond 8.5 days are
computed assuming a temperature of

2500þ500
!1000 K and are plotted as squares. This

temperature range is highlighted by the orange
horizontal band. (C) Best-fitting blackbody
model radii. Curved lines represent the radius of material moving at 10, 20, and 30% the speed of
light. At early times the increase in radius with time implies that the ejecta are expanding
relativistically. After ~5 days, the measured radii decrease, likely due to recombination.
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rate for this mass of r-process material, Mr–p, is
plotted in Fig. 4A.
Although heating from ~0.01 M⊙ of r-process

ejecta could explain thepeak observed luminosity,
it would have several further consequences. First,
the fast rise (<0.5 days) would require that the
specific opacity, k, of this material be less than
~0.08 cm2 g–1 (34). The opacity is strongly de-
pendent on the presence of lanthanide elements,
because they have a large number of bound-
bound transitions due to the presence of an open
f shell (37). This low inferred opacity would thus
imply that the early ejecta cannot be lanthanide-
rich. Then, the abundance of lanthanides is
strongly dependent on the neutron richness of
the ejecta, often expressed as the electron frac-
tion Ye, where Ye = 0.5 for symmetric matter
(equal proportions of neutrons and protons) and
Ye = 0 for pure neutrons. To produce material
with such lowopacity that is relatively lanthanide-
free would require Ye ≳ 0:3.
Second, this low inferred opacity would cause

the associated material to quickly become op-
tically thin (within ~2 days, when SSS17a is blue/
hot). A low optical depth is inconsistent with the
continuing optical emission that we observed
over the following weeks from SSS17a, so this
model necessitates an additional higher-opacity
component. Comparing the r-process heating to
the later light curve yields a mass estimate of
0.05 ± 0.02M⊙ (Fig. 4A), but for SSS17a to remain
optically thick for a time scale of 2 to 3 weeks
requires an opacity k ≳ 5cm3g!1 . The evolution
of the light curve over this time interval therefore
constitutes evidence for a second, lanthanide-rich
component, which dominates at later times when
the SSS17a is red/cool.
Such two-component ejecta are generally ex-

pected for neutron star mergers (38, 39). This
structure could correspond to two distinct phys-
ical components, where the lanthanide-rich com-
ponent arises from material ejected on dynamical
time scales via processes such as tidal forces (40)
and the lanthanide-free component forms on
longer time scales (~seconds), such as from the
accretion disk wind (41). Alternatively, both of
these compositional components could arise
from the same dynamical ejecta (42, 43). The exact
contribution of each component to the observed
light curve depends on themass ratio of the merg-
ingbinary, aswell as the orientation relative to the
line of sight (44). For example, it is possible that
the blue component could be underestimated if it
is partially obscured/absorbed by the material
producing the red component. Detailed mod-
eling, which accounts for these degeneracies, is
presented in a companion paper (45).
Figure 4C shows the evolution of the mea-

sured radii. A comparison to model curves for
material moving at 10, 20, and 30% of the speed
of light indicates that the photosphere expands
at relativistic speeds in the first few days. How-
ever, after about 5 days, the photosphere begins
moving inward. This behavior is reminiscent of
hydrogen-rich core-collapse supernovae after hy-
drogen recombination (46), and a similar process
may be occurring here. In the case of an r-process

powered transient, recombination of the open
f-shell lanthanide elements, such as neodymium,
is expected to begin at a temperature of ~2500 K
(37). These ionized elements are the dominant
opacity source, so the recombination causes the
opacity to decline rapidly and the photosphere to
move inward. This interpretation is corroborated
by the effective temperature of ~2500 K that we
measure from the SED for t > 5 days and supports

our assumption of a roughly constant temper-
ature throughout the remainder of the evolution.
Other processes have been considered for pro-

viding an optical counterpart to neutron star
mergers, including magnetic dipole spin-down,
heating from radioactive nickel, and cocoon
emission [e.g., (47–49)]. These models must be
compared with our detailed observations as well.
For instance, luminosity poweredby the spin-down
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Fig. 3. Evolution of the UV to near-IR
SED of SSS17a. (A) The vertical axis, log
Fl,o, is the logarithm of the observed
flux. Fluxes have been corrected for
foreground Milky Way extinction (34).
Detections are plotted as filled symbols,
and upper limits for the third epoch
(1.0 days postmerger) as downward
pointing arrows. Less-constraining upper
limits at other epochs are not plotted
for clarity. Between 0.5 and 8.5 days after
the merger, the peak of the SED shifts
from the near-UV (<4500 Å) to the near-IR
(>1 mm) and fades by a factor >70. The
SED is broadly consistent with a thermal
distribution, and the colored curves repre-
sent best-fitting blackbody models at each
epoch. In 24 hours after the discovery of
SSS17a, the observed color temperature
falls from ≳ 10,000 K to ~5000 K. The
epoch and best-fitting blackbody temper-
ature (rounded to 100 K) are listed. SEDs
for each epoch are also plotted individually
in fig. S2 and described in (34). (B) Filter
transmission functions for the observed photometric bands.
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Fig. 4. Physical parameters derived from the
UV to near-IR SEDs of SSS17. Vertical dashed
lines indicate the time of merger and 4 days
postmerger, between which SSS17a undergoes
a period of rapid expansion and cooling. (A)
Pseudo-bolometric light curve evolution; repre-
sentative r-process radioactive heating curves
are also shown. Although the initial observed
peak is consistent with ~0.01 M⊙ of r-process
material (blue curve), this underpredicts the
luminosity at later times. Instead, the late-time
(>4 days) light curve matches radioactive
heating from 0.05 ± 0.02 M⊙ of r-process
material (red curve). (B) Best-fitting blackbody
model temperatures. At 11 hours after the
merger, SSS17a is consistent with a blackbody
of ≳ 10,000 K. Between 4.5 and 8.5 days, the
temperature asymptotically approaches ~2500 K,
the temperature at which open f-shell lan-
thanide elements are expected to recombine.
Radii and luminosities beyond 8.5 days are
computed assuming a temperature of

2500þ500
!1000 K and are plotted as squares. This

temperature range is highlighted by the orange
horizontal band. (C) Best-fitting blackbody
model radii. Curved lines represent the radius of material moving at 10, 20, and 30% the speed of
light. At early times the increase in radius with time implies that the ejecta are expanding
relativistically. After ~5 days, the measured radii decrease, likely due to recombination.
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Degeneracy roughly 
correlated with slope of 
the symmetry energy .L

2

ter, with L likewise varying from . 40 MeV to more than
100 MeV. While these correlations hold for the radii of in-
termediate mass stars, the dependence on L breaks down
for higher-mass stars (M > 1.8 M�), which are governed
less strongly governed by saturation physics [17].

FIG. 1: Correlations between R1.4 and ⇤1.4 for a sample
of > 10, 000 piecewise polytropic EoSs. Each EoS has five
polytropic segments, spaced log-uniformly in density between
0.5 and 7.4nsat, with uniformly-drawn pressures. All EoSs
support a maximum mass of at least 1.97 M�. The symme-
try energy slope is extracted according to eq. (6). We find
that, although R1.4 and ⇤1.4 are well correlated, there is a
significant scatter in the trend, which depends approximately
monotonically on the value of L.

Taking advantage of the types of correlations shown
in Fig. 1, as well as correlations between ⇤1.4 and the
higher-order symmetry energy coe�cients, many stud-
ies have used the measurement of the tidal deformabil-
ity from GW170817 [18, 19] to derive new constraints
on the nuclear symmetry energy [20–25]. For exam-
ple, Ref. [23] demonstrated that, for a mono-parametric
family of EoSs, GW170817 implies small values of 9 .
L . 65 MeV. In a recent study combining astrophys-
ical data from GW170817, NICER, and the existence
of massive pulsars, together with theoretical constraints
from chiral e↵ective field theory, Ref. [26] confirmed that
the astrophysically-inferred slope of the symmetry energy
(L = 52+20

�18 MeV) is in mild tension with the PREX-II
result. For a recent review on the status of astrophysical
and laboratory constraints on the symmetry energy in
light of GW170817 and the PREX-II experiment, see [9].

In this work, we explore a new regime for probing the
nuclear symmetry energy: the post-merger phase of a bi-
nary neutron star merger. The post-merger phase probes
higher densities and larger temperatures (T > 40MeV)
than in the inspiral. As a result, astrophysical observ-
ables of the post-merger phase provide an ideal labo-
ratory for probing the properties of hot, dense matter.
For example, the gravitational waves (GWs) emitted by
the post-merger remnant are expected to be a sensitive

probe of the underlying cold EoS [27–31], with additional
corrections from the finite-temperature part of the EoS
[32, 33]. The dynamics of the post-merger phase will also
influence the quantity, velocity, and composition of the
dynamical ejecta , which can in turn influence the associ-
ated kilonova, if detectable [34–37]. Modeling all of these
e↵ects requires accurate numerical relativity simulations
of the post-merger phase that account for all relevant
physical processes, including weak-interactions and finite
temperature e↵ects, see e.g. [31] for a recent review.

Whereas most early studies resorted to ideal-fluid de-
scriptions for the finite temperature part of the EoS and
neglected nuclear composition entirely, many recent stud-
ies have instead made use of a limited number of publicly
available EoS tables1 that enable self-consistent finite-
temperature e↵ects and out-of-(weak) equilibrium com-
position e↵ects. One drawback of the latter approach,
however, is the relatively small sample of available mod-
els, which can vary from one another in multiple nuclear
parameters simultaneously, rendering systematic studies
of the impact of individual nuclear parameters on merger
simulations nearly impossible.

In this work, we take a third approach, enabled by
a recently-developed framework for extending arbitrary
cold EoSs to finite-temperatures and arbitrary compo-
sitions. The finite-temperature part of this EoS frame-
work utilizes a Fermi Liquid Theory approach for includ-
ing the leading-order e↵ects of degeneracy, while the ex-
trapolation to non-equilibrium compositions is based on
a parametrization of the nuclear symmetry energy [38].
The ability of this framework to model finite-temperature
e↵ects in neutron star merger simulations was recently
explored by Ref. [33]. In summary, this framework allows
for the construction of new parametric, finite-temperature
EoSs, which are ideally suited for systematic investiga-
tions of EoS imprints in neutron star mergers.

In particular, many previous studies have found that
the post-merger GW emission or mass ejecta depend on
the characteristic radius or tidal deformability of the un-
derlying EoS [27–31, 35, 37]. These interconnected de-
pendencies typically would make it di�cult to disentan-
gle variations in these macroscopic properties from any
variations in the nuclear model, e.g., in L. To start to
resolve this problem, in this work, we explicitly construct
a set of seven new EoS models that fix R1.4 or ⇤1.4, while
systematically varying in L. In this way, we aim to disen-
tangle the role of these macroscopic properties from the
possible role of L in determining the post-merger observ-
ables.

To further restrict the comparison of the EOSs to the
supranuclear part, where L plays a role, we construct
each EoS to have an identical finite-temperature compo-

1 E.g., from the CompOSE database,
https://compose.obspm.fr/, or from
https://stellarcollapse.org/.
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Degeneracy roughly 
correlated with slope of 
the symmetry energy .L

2

ter, with L likewise varying from . 40 MeV to more than
100 MeV. While these correlations hold for the radii of in-
termediate mass stars, the dependence on L breaks down
for higher-mass stars (M > 1.8 M�), which are governed
less strongly governed by saturation physics [17].

FIG. 1: Correlations between R1.4 and ⇤1.4 for a sample
of > 10, 000 piecewise polytropic EoSs. Each EoS has five
polytropic segments, spaced log-uniformly in density between
0.5 and 7.4nsat, with uniformly-drawn pressures. All EoSs
support a maximum mass of at least 1.97 M�. The symme-
try energy slope is extracted according to eq. (6). We find
that, although R1.4 and ⇤1.4 are well correlated, there is a
significant scatter in the trend, which depends approximately
monotonically on the value of L.

Taking advantage of the types of correlations shown
in Fig. 1, as well as correlations between ⇤1.4 and the
higher-order symmetry energy coe�cients, many stud-
ies have used the measurement of the tidal deformabil-
ity from GW170817 [18, 19] to derive new constraints
on the nuclear symmetry energy [20–25]. For exam-
ple, Ref. [23] demonstrated that, for a mono-parametric
family of EoSs, GW170817 implies small values of 9 .
L . 65 MeV. In a recent study combining astrophys-
ical data from GW170817, NICER, and the existence
of massive pulsars, together with theoretical constraints
from chiral e↵ective field theory, Ref. [26] confirmed that
the astrophysically-inferred slope of the symmetry energy
(L = 52+20

�18 MeV) is in mild tension with the PREX-II
result. For a recent review on the status of astrophysical
and laboratory constraints on the symmetry energy in
light of GW170817 and the PREX-II experiment, see [9].

In this work, we explore a new regime for probing the
nuclear symmetry energy: the post-merger phase of a bi-
nary neutron star merger. The post-merger phase probes
higher densities and larger temperatures (T > 40MeV)
than in the inspiral. As a result, astrophysical observ-
ables of the post-merger phase provide an ideal labo-
ratory for probing the properties of hot, dense matter.
For example, the gravitational waves (GWs) emitted by
the post-merger remnant are expected to be a sensitive

probe of the underlying cold EoS [27–31], with additional
corrections from the finite-temperature part of the EoS
[32, 33]. The dynamics of the post-merger phase will also
influence the quantity, velocity, and composition of the
dynamical ejecta , which can in turn influence the associ-
ated kilonova, if detectable [34–37]. Modeling all of these
e↵ects requires accurate numerical relativity simulations
of the post-merger phase that account for all relevant
physical processes, including weak-interactions and finite
temperature e↵ects, see e.g. [31] for a recent review.

Whereas most early studies resorted to ideal-fluid de-
scriptions for the finite temperature part of the EoS and
neglected nuclear composition entirely, many recent stud-
ies have instead made use of a limited number of publicly
available EoS tables1 that enable self-consistent finite-
temperature e↵ects and out-of-(weak) equilibrium com-
position e↵ects. One drawback of the latter approach,
however, is the relatively small sample of available mod-
els, which can vary from one another in multiple nuclear
parameters simultaneously, rendering systematic studies
of the impact of individual nuclear parameters on merger
simulations nearly impossible.

In this work, we take a third approach, enabled by
a recently-developed framework for extending arbitrary
cold EoSs to finite-temperatures and arbitrary compo-
sitions. The finite-temperature part of this EoS frame-
work utilizes a Fermi Liquid Theory approach for includ-
ing the leading-order e↵ects of degeneracy, while the ex-
trapolation to non-equilibrium compositions is based on
a parametrization of the nuclear symmetry energy [38].
The ability of this framework to model finite-temperature
e↵ects in neutron star merger simulations was recently
explored by Ref. [33]. In summary, this framework allows
for the construction of new parametric, finite-temperature
EoSs, which are ideally suited for systematic investiga-
tions of EoS imprints in neutron star mergers.

In particular, many previous studies have found that
the post-merger GW emission or mass ejecta depend on
the characteristic radius or tidal deformability of the un-
derlying EoS [27–31, 35, 37]. These interconnected de-
pendencies typically would make it di�cult to disentan-
gle variations in these macroscopic properties from any
variations in the nuclear model, e.g., in L. To start to
resolve this problem, in this work, we explicitly construct
a set of seven new EoS models that fix R1.4 or ⇤1.4, while
systematically varying in L. In this way, we aim to disen-
tangle the role of these macroscopic properties from the
possible role of L in determining the post-merger observ-
ables.

To further restrict the comparison of the EOSs to the
supranuclear part, where L plays a role, we construct
each EoS to have an identical finite-temperature compo-

1 E.g., from the CompOSE database,
https://compose.obspm.fr/, or from
https://stellarcollapse.org/.
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FIG. 1: (Color online) Left : Slope of the symmetry energy at
nuclear saturation density ⇢

0
(blue upper line) and at (2/3)⇢

0

(green lower line) as a function of R208
skin. The numbers next to

the lines denote values for the correlation coe�cients. Right :
Gaussian probability distribution for the slope of the symme-
try energy L=L(⇢

0
) inferred by combining the linear corre-

lation in the left figure with the recently reported PREX-II
limit. The six error bars are constraints on L obtained by
using di↵erent theoretical approaches [9–16].

To assess the impact of the combined PREX–PREX-
II measurements (henceforth referred simply as “PREX-
II”)—we provide predictions for several observables using
a set of 16 covariant energy density functionals. These
are FSUGold2 [17] together with a set of eight systemat-
ically varied interactions—FSUGold2–L047, L050, L054,
L058, L069, L076, L090, L100—with identical isoscalar
properties as FSUGold2, but isovector properties defined
by the associated value of the slope of the symmetry en-
ergy L. For example, FSUGold2=FSUGold2–L113 pre-
dicts a slope of the symmetry energy of L = 113MeV.
Another set of accurately calibrated density functionals is
given by RMF012, RMF016, RMF022, and RMF032 [18],
where now the labels are associated to the predicted
value of R208

skin. For example, RMF032 predicts a neu-
tron skin thickness of R208

skin=0.32 fm. Finally, TFa, TFb,
and TFc, with R208

skin=0.25, 0.30, and 0.33 fm, respectively,
were created to test whether the large central value of
R208

skin=0.33 fm originally reported by the PREX collabo-
ration [1] was incompatible with other laboratory exper-
iments and/or astrophysical observations [19]. We found
then, that there was no compelling reason to rule out
models with large neutron skins.

From the compilation of all these 16 models one obtains
for the binding energy per nucleon and the charge radius
of 208Pb the following values: B/A = 7.88 ± 0.01MeV
and Rch = 5.51 ± 0.01 fm, which compare well against
the experimental values of B/A = 7.87MeV and Rch =
5.50 fm, respectively. A detailed description of the fitting
protocol—including an explanation of the model and the

observables used in the calibration procedure—may be
found in Refs. [17–19]. Moreover we underscore that the
models considered here span a wide range of values for
both the neutron skin thickness of 208Pb and the asso-
ciated slope of the symmetry energy. Indeed, the range
of adopted values is almost as wide as the one used in
the multi-model analysis of the sensitivity of the symme-
try energy to the electric dipole polarizability and weak-
charge form factor of both 48Ca and 208Pb [20, 21].
The strong correlation between L and R208

skinin the con-
text of the new PREX-II measurement is illustrated
in Fig. 1. The left-hand panel displays the well-known
correlation between the slope of the symmetry energy
at saturation density and the neutron-skin thickness of
208Pb. Also shown in Fig. 1(a) is the even stronger cor-
relation between Rskin and the slope of the symmetry
energy at the slightly lower density of e⇢

0
= (2/3)⇢

0
⇡

0.1 fm�3 [5, 9, 22–25]. At such a lower density, which
represents an average value between the central and sur-
face densities, the symmetry energy is well constrained
by the binding energy of heavy nuclei with a significant
neutron excess. Relying on the strong Rskin-L correlation
together with the improved PREX-II limit, one obtains
the gaussian probability distribution for L displayed in
Fig. 1(b). Using the same analysis on both J and eL—the
latter representing the slope of the symmetry energy at
e⇢
0
—we derive the following limits:

J = (38.1± 4.7)MeV, (5a)

L = (106± 37)MeV, (5b)

eL = (71.5± 22.6)MeV. (5c)

As indicated in Fig. 1(b), these limits are systematically
larger than those obtained using either purely theoreti-
cal approaches or extracted from a theoretical interpre-
tation of experimental data [9–16]. We underscore that
the models used in this letter represent a particular class
of relativistic EDFs.

We note that theoretical interpretations of elastic
nucleon-nucleus scattering cross sections together with
quasielastic reactions to isobaric analog states obtained
limits on L that are consistent with our findings [26].
The PREX-II result is also considerably larger—and
in many cases incompatible—with experimental deter-
minations of R208

skinby methods that are highly model
dependent [27–30]. A notable exception is the disper-
sive optical model analysis of the Washington Univer-
sity group that reported a neutron skin thickness of
R208

skin= (0.25 ± 0.05) fm [31]; a revised lower value of
R208

skin=(0.18±0.07) fm—still consistent with [31]—was re-
ported shortly thereafter in Ref. [32].

To further underscore the tension between PREX-II
and our current understanding of the EOS, we display
in Fig. 2 a summary of simultaneous constraints on both
J and L as reported in Refs. [11, 33]. We have adapted
Figure 2 from Ref. [11] by including the PREX-II limits
on both J and L derived in Eq.(5). Note that with the
exception of the analysis of Ref. [13], all other approaches

Reed+(2021) 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FIG. 3: Two-dimensional spatial distributions of the rest-mass density ⇢, temperature T , electron fraction Ye, and entropy s
per baryon. Shown are meridional (top) and equatorial (bottom) views for three di↵erent values of the slope L of the nuclear
symmetry energy. The results shown are for the R1.4 = 12 km models with mass ratio q = 0.85 at time t = 25 ms after merger.

B. Numerical Setup

In this work, we simulate the final orbits, merger, and
post-merger phase of a binary neutron star coalescence.
This requires us to model both the evolution of the
fluid as well as the self-consistently coupled dynamical
evolution of the space-time. For the latter, we solve the
equations of general relativity using the Z4c [61, 62]
formulation, which is based on the Z4 formulation
[63], that allows for a dynamical damping of constraint
violations to the Einstein field equations [64]. Following
[65], we choose damping parameters 1 = 0.02 and
2 = 0. The gauge conditions adopt moving puncture
gauges, i.e. 1+log slicing with Gamma-driver conditions
[66], with damping parameter ⌘ = 0.5. We further find it
beneficial to add an inverse radial fall-o↵ to the damping
parameters outside of a sphere of r = 500 km, to preserve
numerical stability [67]. To damp high-frequency noise
in the gravitational field sector, we add Kreiss-Oliger
dissipation [68].

On the dynamically evolved background, we solve
the equations of ideal general-relativistic (magneto-
)hydrodynamics (GRMHD) [69, 70], in the limit of
vanishing magnetic field strength. Weak interactions
are included following the leakage prescription outlined

in [71, 72], which accounts for local energy losses and
composition changes due to neutrino interactions.

We solve these equations using the Frankfurt-
/IllinoisGRMHD code (FIL) [60, 73], which is de-
rived from the publicly available IllinoisGRMHD code (
ILGRMHD ) [74]. To solve the Einstein equations, FIL pro-
vides a fourth-order accurate numerical implementation
of the Z4c system using the methods outlined in [75].
Di↵erent from ILGRMHD, FIL utilizes a fourth-order accu-
rate conservative finite-di↵erence algorithm based on the
ECHO scheme to solve the GRMHD equations [76]. Cru-
cially for this work, FIL provides its own microphysics
infrastructure, which can handle fully tabulated EoSs.
The codes makes use of the publicly available Einstein
Toolkit infrastructure [77] and specifically the Carpet
moving boxes refinement code [78]. Specifically, we set
up our simulation domain to extend to an outer bound-
ary of 3022 km in each direction and to consist of 8 refine-
ment levels of doubling resolution, where the finest one
covering the stars has a resolution of 262m. For compu-
tational e�ciency, we employ reflection symmetry across
the vertical z-direction.

Proof-of-principle!

See also Jacobi talk
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FIG. 2: Equations of state included in our sample. The top
panel shows the zero-temperature, �-equilibrium pressure; the
middle panel shows the mass-radius relation; and the bottom
panel shows the tidal deformabilities. The dashed lines in-
dicate EoSs with R1.4 ' 11 km, which were constructed to
have identical ⇤1.4=193. The solid lines correspond to EoSs
with R1.4 = 12 km, and the dotted lines correspond to the
R1.4 = 13 km EoSs.

Even though this parameterization is an agnostic way
of describing the EoS, the polytropic pressure at nsat

still uniquely determines L, which we show as follows.
We start with the general expression for the energy per
baryon of zero-temperature nuclear matter,

Enucl(n, Ye, T = 0) = E0(n) + Esym(n)(1 � 2Ye)
2 (2)

where n is the baryon number density, Ye is the electron
fraction, and E0(n) is the energy of symmetric nuclear
matter. The corresponding pressure is thus

P (n, Ye, T = 0) = n
2


@E0(n)

@n

�
+

n
2


@Esym(n)

@n

�
(1 � 2Ye)

2
. (3)

In this derivation, we neglect the contribution of elec-
trons, which add a . 10% correction into the determi-
nation of L below. At the nuclear saturation density,
@E0(n)/@n is zero by definition, and so the first term in
eq. (3) vanishes. In order to simplify the second term,
we use the fact that, for matter in �-equilibrium, the
electron fraction is completely determined by the sym-
metry energy, i.e., Ye,� = Ye,�(n, S, L), to leading-order
in the symmetry energy expansion [see, e.g., Appendix A
of 38]. Following [23], we approximate the �-equilibrium
neutron excess as

(1 � 2Ye,�)
2 = a+ bu+ O(u2) (4)

where u ⌘ (n/nsat) � 1, a = a(S), b = b(S,L), and
we have suppressed the dependencies of Ye,� on the den-
sity and symmetry energy parameters for clarity. With
this approximation, we thus have (1 � 2Ye,�)2|nsat ⇡ a.
Finally, we can further simplify eq. (3) by substituting
in L ⌘ 3nsat (@Esym/@n) |nsat , which follows from the
definition in eq. (1). Combining these results, the �-
equilibrium pressure at nsat is given by

P (nsat, Ye,� , T = 0) =
ansatL

3
, (5)

or

L =
3P (nsat, Ye,� , T = 0)

ansat
. (6)

For a similar derivation, see [23]. For the EoSs con-
structed in this paper, we fix S=32 MeV, in order to
be consistent with recent theoretical and experimental
constraints [9]. Accordingly, a(S) = 0.833 [23].
Using eq. (5), we vary the pressures in our piecewise

polytropic model to fix L to either 40, 100, or 120 MeV.
These values were chosen in order to span the range of
constraints from astrophysics and from the recent PREX-
II measurement [9]. Fixing L e↵ectively sets the pres-
sures at the first two fiducial densities, which bracket
nsat. We then vary the remaining pressures in the poly-
tropic model to construct sets of EoSs that match in ei-
ther R1.4 or ⇤1.4. We show the resulting sample of seven
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FIG. 5: Late-time (t = 24.88 ms) profiles for each of the M⇤-EoSs. Each column corresponds to the specific set of M⇤-EoSs
parameters indicated, and the rows show the density (top), thermal pressure (middle), and temperature (bottom) profiles. We
find that the thermal pressure in the outer layers of the star is primarily determined by the value of n0, while the temperature
of the inner core (|X/M | . 1) is determined by ↵.

FIG. 6: Characteristic Pth/Pcold (left), temperature (middle), and thermal index (right) at each density. We define the
characteristic quantity as the median of the distribution of values within a particular density bin, at a fixed time just after
merger (t = 6.5 ms). We only extract temperatures for the M⇤-EoSs, which have a microphysical relationship between Pth and
T .

and ↵ = 1.3 leads to the lowest core velocity and the
largest peak velocity. The other M⇤-parameter choices
lead to more similar velocity profiles. In all cases, the
overall shape of the angular velocity profile remains the
same as has been found in earlier studies (see [74] and
discussion therein).

C. Gravitational wave signal

We extract the GW signal, as discussed in § IVD, for
each evolution and show the resulting strains in Fig. 9, for
the ` = m = 2 mode. We separate the four M⇤-EoS evo-
lutions (left) from the two constant-�th evolutions (right)
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the ` = m = 2 mode. We separate the four M⇤-EoS evo-
lutions (left) from the two constant-�th evolutions (right)
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Having an analytic, parametric framework for the ther-
mal physics would be necessary if we hope to one day
infer the properties of finite-temperature matter from
neutron star merger observations. Finally, compared to
an analytic framework, these tabulated EoSs add an ex-
tra computational expense to already-expensive numeri-
cal simulations.

In order to span a larger range of underlying physics
at a low computational cost, many authors have turned,
instead, to an ad-hoc and analytic approach, in which
the energy density, ✏, and pressure, P , are decomposed
according to

✏ = ✏cold + ✏th (1a)

P = Pcold + Pth, (1b)

where the subscript “cold” indicates that the thermody-
namic quantity is calculated at zero-temperature, while
the subscript “th” indicates the thermal contribution to
that quantity. The cold component can be a microphysi-
cal EoS or an agnostic parameterization, and is typically
assumed to be in �-equilibrium. A thermal correction is
then added to the cold component, in order to allow for
shock heating in the system. In the so-called “hybrid”
approach, which was first introduced in [22] and is now
widely used, the thermal correction is approximated as

Pth = ✏th (�th � 1) , (2)

where the thermal index, �th, is assumed to be constant
with a value that is independent of the cold EoS.

In certain regimes, such as for an ideal fluid or for a gas
of relativistic particles, the thermal index is indeed con-
stant. In fact, the values of �th that are commonly used
in recent binary neutron star simulations, �th 2 [1.5, 2],
are approximately consistent with an ideal-fluid EoS, for
which �th = 5/3. This is why the hybrid approach is
sometimes referred to as an ideal-fluid approximation.
However, for the degenerate matter that is expected to
be found in the cores of neutron stars, �th has a strong
density dependence, which is neglected in this hybrid ap-
proach [see, e.g., 23]. By neglecting the e↵ects of degener-
acy, the hybrid approach has been shown to overestimate
the thermal pressure by up to four orders of magnitude
at densities of interest [24], and can introduce significant
shifts into the post-merger gravitational wave frequencies
found in NSNS simulations [10, 25].

Within Landau’s Fermi liquid theory, the density-
dependence of �th can be written directly in terms of
the particle e↵ective mass [26, 27]. Using this fact, the
authors in [24] (hereafter RÖP) introduced a framework
for calculating finite-temperature e↵ects based on a new
parametrization of the particle e↵ective mass, which is re-
ferred to as the M⇤-approximation. This two-parameter
model allows for a robust calculation of the thermal pres-
sure including the leading-order e↵ects of degeneracy,
while still keeping the flexibility of Eqs. (1a)-(1b). As
with the hybrid approach, the M⇤-approximation of the
thermal pressure can be added to any cold EoS, whether

it is microphysical or parametric in nature. This frame-
work for calculating the EoS at arbitrary temperatures
and proton fractions was found to closely approximate
the results of a large family of EoS tables, with errors
of . 30% in the thermal pressure at densities of inter-
est (cf. the four orders-of-magnitude errors of the hybrid
approach) [24].

While other frameworks for calculating the EoS in
terms of the particle e↵ective mass have been proposed
[e.g., 28–31], these models depend on a much larger
number of parameters, which dramatically increases the
computational cost of exploring their parameter spaces
with NSNS merger simulations. By capturing the rele-
vant thermal physics with just two free parameters, the
M⇤-approximation makes it computationally possible to
study the role of each parameter in merger simulations in
full numerical relativity. Additionally, because the M⇤-
approximation can be combined with any cold EoS, it
becomes possible to explore any part of the full EoS pa-
rameter space within this framework.

In this paper, we implement the M⇤-framework for
calculating finite-temperature e↵ects into neutron star
merger simulations in full general relativity. We test the
implementation and performance of the M⇤-framework
in evolutions of isolated rotating stars in equilibrium,
with both zero and non-zero initial temperature profiles,
as well as in full evolutions of NSNS mergers. In all cases,
we find that our implementation of the M⇤-framework
maintains the stable equilibrium of stars over many dy-
namical timescales. We also perform a parameter study
to explore the range of outcomes from select NSNS merg-
ers with di↵erent values ofM⇤-parameters. In particular,
we study four sets of M⇤-parameters which span a broad
range of possible nuclear physics, and we compare the
evolutions with these M⇤-parameters to evolutions with
constant values of �th, to demonstrate the di↵erences be-
tween the M⇤- and hybrid approaches. We find that the
inspiral phase and the time to merger are una↵ected by
the choice of M⇤-parameters, but that the thermal pro-
file of the remnant and the post-merger GW signal are
both sensitive to finite-temperature e↵ects. We find no
numerically significant di↵erence in the total amounts of
matter ejected for the various M⇤-parameters explored
in this work, although the ejecta can be a factor of a few
lower for �th = 2, compared to any of the M⇤ evolutions
or the hybrid evolution with �th = 1.5.

The structure of the paper is as follows: We start in
Sec. II with a brief discussion of the current uncertain-
ties in the finite-temperature EoS. Section III presents an
overview of the tests performed in this paper. In Sec. IV,
we discuss the numerical methods used in our simula-
tions, with the implementation of the M⇤-framework
discussed in detail in Sec. IVA. Finally, in Sec. V, we
present the results from the NSNS merger simulations,
and we discuss how di↵erent assumptions about the ther-
mal physics a↵ect various merger properties. Conver-
gence tests and resolution studies can be found in Ap-
pendices A and B. Unless otherwise specified, we adopt
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Configuration Gravitational mass Initial temperature Cold EoS Thermal treatment

�th = 1.66
Single star 1.4 M� Pth = 0 � = 2 polytrope M⇤(n0 = 0.12 fm�3,↵ = 0.8)

�th = 1.66
Single star 1.4 M� Pth = 0.1Pcold � = 2 polytrope M⇤(n0 = 0.12 fm�3,↵ = 0.8)

�th = 1.5
�th = 2

NSNS 1.4 M� + 1.4 M� Pth = 0 ENG (piecewise polytropes) M⇤(n0 = 0.08 fm�3,↵ = 0.6)

M⇤(n0 = 0.08 fm�3,↵ = 1.3)

M⇤(n0 = 0.22 fm�3,↵ = 0.6)

M⇤(n0 = 0.22 fm�3,↵ = 1.3)

TABLE I: Summary of tests run. The parameters n0 and ↵ in the M⇤ model are described below.

cold over time. In the second, we evolve a rotating, sin-
gle neutron star, to which we add a non-zero temperature
gradient. By studying whether the temperature gradient
can be maintained without loss of stability and without
spurious growth, this provides a more stringent test of
the M⇤-EoS. Finally, we evolve a set of NSNS mergers
with a large range of M⇤-parameters. This enables us
to study the performance of the M⇤-EoS in a dynam-
ical setting, in which the stars start cold and develop
significant temperature gradients through shock-heating.
Additionally, by using a wide range of M⇤-parameters,
we perform an initial parameter study of how each M⇤-
parameter a↵ects the late-stage properties of an NSNS
merger and we compare the outcomes to the ideal-fluid
approximation. We summarize the various tests run in
Table I.

IV. NUMERICAL METHODS

All simulations were performed with the Illinois dy-
namical spacetime, general-relativistic magnetohydro-
dynamics (GRMHD), adaptive-mesh-refinement code,
which has most recently been described in Etienne et al.

[40], and is built within the Cactus/Carpet framework
[41–43]. The spacetime is evolved using the Baumgarte-
Shapiro-Shibata-Nakamura formulation of the Einstein
equations [44, 45]. We use 1+log time slicing of the lapse
[46] and a 2nd-order “Gamma-driver” condition for the
shift [47]. Additionally, we modified the original Illinois
GRMHD code to use the primitive variable recovery rou-
tine described in East et al. [48].

A. The M⇤-approximation of thermal e↵ects

During the evolutions, the EoS is calculated locally at
each time step. The total energy and pressure are taken
to be the sum of a cold component and a thermal compo-
nent, as in Eqs. (1a)-(1b). For the hybrid evolutions, the
thermal component is trivially calculated according to
Eq. (2), for constant �th. In the M⇤-formalism, the ther-
mal pressure and energy are not so simply related. In this
section, we summarize the M⇤-framework for calculating
Pth and Eth from one another, as was first presented in
RÖP.
In this framework, the thermal energy per baryon and

the thermal pressure are given by

Eth(n, T, Yp) =
4�fsT 4
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where n is the baryon number density, T is the tempera-
ture, Yp is the proton fraction, � is the Stefan-Boltzmann
constant, c is the speed of light, fs is the number of rel-

ativistic species, a is the level-density parameter, M⇤
SM

is the relativistic Dirac e↵ective mass of symmetric nu-
clear matter, and me is the electron mass. The adiabatic
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where the first term disappears because Efl is a constant
and the remaining term is given simply by

PPL(n) = Psym(nt)
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Appendix B: Chemical potentials

In this appendix, we describe the calculation of the
chemical potentials, which are used to determine the neu-
trino transport opacities within our numerical evolutions
(following Appendix A of [124]).

Because chemical potentials cannot be straightfor-
wardly calculated within the original M⇤-framework of
Ref. [38], we here introduce an approximate calculation
for the chemical potentials. We take advantage of the
fact that the neutrino opacities depend primarily on the
di↵erence between the nucleon chemical potentials,

µ̂(n, Yp, T ) ⌘ µn(n, Yp, T ) � µp(n, Yp, T ), (B1)

where µn and µp are the neutron and proton chemical po-
tentials, respectively. The individual nucleon potentials,
µn and µp, do not enter the calculation of the absorption
opacities, and they enter the scattering opacity only via a
term that accounts for Pauli blocking among the degen-
erate nucleons [124]. Moreover, because Pauli blocking
is relevant only at high densities, where the bulk of the
matter is already expected to be optically thick to neu-
trino transport [e.g., 125], we do not expect the exact
treatment of µn and µp to significantly a↵ect the final
optical depth of the remnant, as long as µ̂ is modeled
accurately.

We, therefore, construct a self-consistent model for µ̂

at high-densities, based on the nuclear symmetry en-
ergy model used throughout this paper. We then de-
fine the individual chemical potentials relative to the val-
ues from the SFHo EoS table, such that µn(n, Yp, T ) =
µn,SFHO(n, Yp, T ) and µp(n, Yp, T ) ⌘ µn,SFHO(n, Yp, T )�
µ̂(n, Yp, T ). Because we are already matching to the full
SFHo table at low densities, using this EoS provides max-
imum consistency in our calculations. We again stress
that this is mostly done for convenience with respect to
the existing numerical infrastructure. Except for Pauli-
blocking, the values for µn and µp never enter separately
in our simulations. Furthermore, ��equilibrium is solely
determined by the di↵erence, µ̂.

We calculate µ̂ from the symmetry energy as follows.
The chemical potential of species i is defined as

µi ⌘
@Ei

@Yi

����
S,n

(B2)

where Ei is the energy per baryon of that species, Yi is
the corresponding number fraction, and S is the entropy.
For uniform n-p-e matter, this implies

@Etot(n, Yp)

@Yp
= µp + µe � µn, (B3)

where Etot represents the total energy, including con-
tributions from neutrons, protons, and electrons. We
have here assumed charge neutrality and conservation
of baryon number, which require that Ye = Yp and
Yp = 1� Yn, respectively. As in eq. (2), the total energy
for zero-temperature n-p-e matter can also be written in
terms of the symmetric matter energy and a symmetry
energy correction, i.e.,

Etot(n, Yp, T = 0) = E0(n)+Esym(n)(1�2Yp)
2+Ee(n, Ye),

(B4)
where we have additionally included the energy contri-
bution from electrons, Ee(n, Ye). Di↵erentiating with re-
spect to Yp, we find

@Etot(n, Yp, T = 0)

@Yp
= �4(1 � 2Yp)Esym(n) + µe. (B5)

Combining eqs. (B3) and (B5), the zero-temperature dif-
ference in chemical potentials for neutrons and protons
is then

µ̂(T = 0) = 4(1 � 2Yp)Esym(n). (B6)

Equation (B6) thus ensures that µ̂ is consistent with the
complete EoS model, for a given set of Esym parameters.
We note that this approach assumes that the thermal
part of the chemical potential is the same for neutrons
and protons. While this is an approximation, it is con-
sistent with the overall decomposition of thermal e↵ects
from composition-dependent e↵ects in the EoS frame-
work of Ref. [38], where it was found that adding in the
composition correction to the thermal model had a neg-
ligible e↵ect on the total energy of the EoS (see [38] for
further discussion).
Finally, we use the tabulated values from SFHo for the

electron chemical potentials, which are simply given by
the normal chemical potential for the Fermi-Dirac distri-
bution function [44].6

We reiterate that, on the short timescales (⇠ 25 ms)
considered in this paper, the high-density matter is ex-
pected to remain optically thick to neutrinos [125]. Thus,
we do not expect this high-density approximation for the
chemical potentials to a↵ect the outcomes of our evolu-
tions or any of the conclusions in this paper. However,
for longer-term evolutions, for example to simulate cool-
ing of the neutron star remnant, this approximation may
not be su�cient and should be further tested before use.

Appendix C: Details on the gravitational wave
analysis

Finally, in this appendix, we detail our methods for
analyzing the GW emission. We extract the GW signal

6 See also the EoS manual from the webpage of M.
Hempel, https://astro.physik.unibas.ch/en/people/matthias-
hempel/equations-of-state/.
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In this appendix, we describe the calculation of the
chemical potentials, which are used to determine the neu-
trino transport opacities within our numerical evolutions
(following Appendix A of [124]).

Because chemical potentials cannot be straightfor-
wardly calculated within the original M⇤-framework of
Ref. [38], we here introduce an approximate calculation
for the chemical potentials. We take advantage of the
fact that the neutrino opacities depend primarily on the
di↵erence between the nucleon chemical potentials,

µ̂(n, Yp, T ) ⌘ µn(n, Yp, T ) � µp(n, Yp, T ), (B1)

where µn and µp are the neutron and proton chemical po-
tentials, respectively. The individual nucleon potentials,
µn and µp, do not enter the calculation of the absorption
opacities, and they enter the scattering opacity only via a
term that accounts for Pauli blocking among the degen-
erate nucleons [124]. Moreover, because Pauli blocking
is relevant only at high densities, where the bulk of the
matter is already expected to be optically thick to neu-
trino transport [e.g., 125], we do not expect the exact
treatment of µn and µp to significantly a↵ect the final
optical depth of the remnant, as long as µ̂ is modeled
accurately.

We, therefore, construct a self-consistent model for µ̂

at high-densities, based on the nuclear symmetry en-
ergy model used throughout this paper. We then de-
fine the individual chemical potentials relative to the val-
ues from the SFHo EoS table, such that µn(n, Yp, T ) =
µn,SFHO(n, Yp, T ) and µp(n, Yp, T ) ⌘ µn,SFHO(n, Yp, T )�
µ̂(n, Yp, T ). Because we are already matching to the full
SFHo table at low densities, using this EoS provides max-
imum consistency in our calculations. We again stress
that this is mostly done for convenience with respect to
the existing numerical infrastructure. Except for Pauli-
blocking, the values for µn and µp never enter separately
in our simulations. Furthermore, ��equilibrium is solely
determined by the di↵erence, µ̂.

We calculate µ̂ from the symmetry energy as follows.
The chemical potential of species i is defined as

µi ⌘
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where Ei is the energy per baryon of that species, Yi is
the corresponding number fraction, and S is the entropy.
For uniform n-p-e matter, this implies

@Etot(n, Yp)

@Yp
= µp + µe � µn, (B3)

where Etot represents the total energy, including con-
tributions from neutrons, protons, and electrons. We
have here assumed charge neutrality and conservation
of baryon number, which require that Ye = Yp and
Yp = 1� Yn, respectively. As in eq. (2), the total energy
for zero-temperature n-p-e matter can also be written in
terms of the symmetric matter energy and a symmetry
energy correction, i.e.,

Etot(n, Yp, T = 0) = E0(n)+Esym(n)(1�2Yp)
2+Ee(n, Ye),

(B4)
where we have additionally included the energy contri-
bution from electrons, Ee(n, Ye). Di↵erentiating with re-
spect to Yp, we find

@Etot(n, Yp, T = 0)

@Yp
= �4(1 � 2Yp)Esym(n) + µe. (B5)

Combining eqs. (B3) and (B5), the zero-temperature dif-
ference in chemical potentials for neutrons and protons
is then

µ̂(T = 0) = 4(1 � 2Yp)Esym(n). (B6)

Equation (B6) thus ensures that µ̂ is consistent with the
complete EoS model, for a given set of Esym parameters.
We note that this approach assumes that the thermal
part of the chemical potential is the same for neutrons
and protons. While this is an approximation, it is con-
sistent with the overall decomposition of thermal e↵ects
from composition-dependent e↵ects in the EoS frame-
work of Ref. [38], where it was found that adding in the
composition correction to the thermal model had a neg-
ligible e↵ect on the total energy of the EoS (see [38] for
further discussion).
Finally, we use the tabulated values from SFHo for the

electron chemical potentials, which are simply given by
the normal chemical potential for the Fermi-Dirac distri-
bution function [44].6

We reiterate that, on the short timescales (⇠ 25 ms)
considered in this paper, the high-density matter is ex-
pected to remain optically thick to neutrinos [125]. Thus,
we do not expect this high-density approximation for the
chemical potentials to a↵ect the outcomes of our evolu-
tions or any of the conclusions in this paper. However,
for longer-term evolutions, for example to simulate cool-
ing of the neutron star remnant, this approximation may
not be su�cient and should be further tested before use.

Appendix C: Details on the gravitational wave
analysis

Finally, in this appendix, we detail our methods for
analyzing the GW emission. We extract the GW signal

6 See also the EoS manual from the webpage of M.
Hempel, https://astro.physik.unibas.ch/en/people/matthias-
hempel/equations-of-state/.
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R1.4 = 12 km , L = 40 MeV

FIG. 6: Time-integrated ejected mass Mej and mass-weighted average electron fraction Ye projected onto a sphere at radius
r = 295 km from the origin. The data is shown using Mollweide projection for the unequal mass models.

We then time integrate the the mass flux to compute
the amount of mass ejection dMej/d⌦ per solid angle.
Additionally, we also compute the mass-weighted elec-
tron fraction as an indicator for average nuclear compo-
sition.

The resulting spatial and compositional distributions
of the ejecta for the unequal mass mergers (q = 0.85)
are shown in Fig. 6 using Mollweide projection. Start-
ing with the reference case of R1.4 = 12 km, we observe
the following di↵erences between the small L = 40MeV
case and the L > 100MeV cases. First, the L = 40MeV
case features a rather spatially isotropic distribution of
mass ejecta. Additionally, the electron fraction reaches
the highest average values in all three values of L, hav-
ing Ye > 0.25 for large parts of the mass ejection, for
the R1.4 = 12 km EoSs. With increasing slope parame-
ter L, we find that the ejection becomes more equatorial,
with the largest amounts of ejecta in the L = 120MeV
case. Consistent with the increase of equatorial ejection,
which is likely tidally driven [99], the electron fraction
of the ejecta decreases to values below Ye < 0.1 in those
regions. Overall the electron fraction reaches lower val-
ues also in polar regions for large L, compared to the
L = 40MeV cases. For unequal mass mergers, these
trends are inversely correlated with ⇤1.4, whereas for
equal masses the trend is less clear. From Fig. 2, we
can see that there are strong variations in radius of the
secondary star (M2 = 1.25M� for the unequal mass bi-
nary). As a result, we find that for those systems, tidal
e↵ects take over that correlate more strongly with the

compactness. For those mass ratios, the larger L models
tend to produce more equatorial ejetca, despite having
smaller tidal deformabilities. Albeit somewhat counter
intuitive, there have been previous examples in the lit-
erature in which tidal disruption was better captured in
terms of the compactness, than with the tidal deformabil-
ity [100]. These results suggest that perhaps the picture
is more complicated than either a single compactness or
⇤ parameter can generically capture. Qualitatively, the
same behaviour also applies to the R1.4 ' 11 km cases
(Fig. 6, left column), where the L = 100MeV simulation
features enhanced neutron rich outflows in the equatorial
plane compared with the L = 40MeV case, despite the
fact that these EoSs have an identical ⇤1.4. Finally, as
we saw for the R = 12 km models, the ejection in the
R1.4 = 13 km cases is very similar for L=100 MeV com-
pared to 120 MeV.

In order to provide a more quantitative description
of the mass ejection, we next consider one-dimensional
histograms of the entropy per baryon, s , electron
fraction, Ye, and velocity, v, 5 for the dynamical ejecta.
These are shown in Fig. 7. Starting with the average
electron fraction we can see the overall distributions
for the R1.4 = 12 km EoSs are surprisingly similar. As

5 We estimate the velocity from the local Lorentz factor of the
fluid element.
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R1.4 = 12 km , L = 100 MeV

FIG. 6: Time-integrated ejected mass Mej and mass-weighted average electron fraction Ye projected onto a sphere at radius
r = 295 km from the origin. The data is shown using Mollweide projection for the unequal mass models.

We then time integrate the the mass flux to compute
the amount of mass ejection dMej/d⌦ per solid angle.
Additionally, we also compute the mass-weighted elec-
tron fraction as an indicator for average nuclear compo-
sition.

The resulting spatial and compositional distributions
of the ejecta for the unequal mass mergers (q = 0.85)
are shown in Fig. 6 using Mollweide projection. Start-
ing with the reference case of R1.4 = 12 km, we observe
the following di↵erences between the small L = 40MeV
case and the L > 100MeV cases. First, the L = 40MeV
case features a rather spatially isotropic distribution of
mass ejecta. Additionally, the electron fraction reaches
the highest average values in all three values of L, hav-
ing Ye > 0.25 for large parts of the mass ejection, for
the R1.4 = 12 km EoSs. With increasing slope parame-
ter L, we find that the ejection becomes more equatorial,
with the largest amounts of ejecta in the L = 120MeV
case. Consistent with the increase of equatorial ejection,
which is likely tidally driven [99], the electron fraction
of the ejecta decreases to values below Ye < 0.1 in those
regions. Overall the electron fraction reaches lower val-
ues also in polar regions for large L, compared to the
L = 40MeV cases. For unequal mass mergers, these
trends are inversely correlated with ⇤1.4, whereas for
equal masses the trend is less clear. From Fig. 2, we
can see that there are strong variations in radius of the
secondary star (M2 = 1.25M� for the unequal mass bi-
nary). As a result, we find that for those systems, tidal
e↵ects take over that correlate more strongly with the

compactness. For those mass ratios, the larger L models
tend to produce more equatorial ejetca, despite having
smaller tidal deformabilities. Albeit somewhat counter
intuitive, there have been previous examples in the lit-
erature in which tidal disruption was better captured in
terms of the compactness, than with the tidal deformabil-
ity [100]. These results suggest that perhaps the picture
is more complicated than either a single compactness or
⇤ parameter can generically capture. Qualitatively, the
same behaviour also applies to the R1.4 ' 11 km cases
(Fig. 6, left column), where the L = 100MeV simulation
features enhanced neutron rich outflows in the equatorial
plane compared with the L = 40MeV case, despite the
fact that these EoSs have an identical ⇤1.4. Finally, as
we saw for the R = 12 km models, the ejection in the
R1.4 = 13 km cases is very similar for L=100 MeV com-
pared to 120 MeV.

In order to provide a more quantitative description
of the mass ejection, we next consider one-dimensional
histograms of the entropy per baryon, s , electron
fraction, Ye, and velocity, v, 5 for the dynamical ejecta.
These are shown in Fig. 7. Starting with the average
electron fraction we can see the overall distributions
for the R1.4 = 12 km EoSs are surprisingly similar. As
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R1.4 = 12 km , L = 120 MeV

FIG. 6: Time-integrated ejected mass Mej and mass-weighted average electron fraction Ye projected onto a sphere at radius
r = 295 km from the origin. The data is shown using Mollweide projection for the unequal mass models.

We then time integrate the the mass flux to compute
the amount of mass ejection dMej/d⌦ per solid angle.
Additionally, we also compute the mass-weighted elec-
tron fraction as an indicator for average nuclear compo-
sition.

The resulting spatial and compositional distributions
of the ejecta for the unequal mass mergers (q = 0.85)
are shown in Fig. 6 using Mollweide projection. Start-
ing with the reference case of R1.4 = 12 km, we observe
the following di↵erences between the small L = 40MeV
case and the L > 100MeV cases. First, the L = 40MeV
case features a rather spatially isotropic distribution of
mass ejecta. Additionally, the electron fraction reaches
the highest average values in all three values of L, hav-
ing Ye > 0.25 for large parts of the mass ejection, for
the R1.4 = 12 km EoSs. With increasing slope parame-
ter L, we find that the ejection becomes more equatorial,
with the largest amounts of ejecta in the L = 120MeV
case. Consistent with the increase of equatorial ejection,
which is likely tidally driven [99], the electron fraction
of the ejecta decreases to values below Ye < 0.1 in those
regions. Overall the electron fraction reaches lower val-
ues also in polar regions for large L, compared to the
L = 40MeV cases. For unequal mass mergers, these
trends are inversely correlated with ⇤1.4, whereas for
equal masses the trend is less clear. From Fig. 2, we
can see that there are strong variations in radius of the
secondary star (M2 = 1.25M� for the unequal mass bi-
nary). As a result, we find that for those systems, tidal
e↵ects take over that correlate more strongly with the

compactness. For those mass ratios, the larger L models
tend to produce more equatorial ejetca, despite having
smaller tidal deformabilities. Albeit somewhat counter
intuitive, there have been previous examples in the lit-
erature in which tidal disruption was better captured in
terms of the compactness, than with the tidal deformabil-
ity [100]. These results suggest that perhaps the picture
is more complicated than either a single compactness or
⇤ parameter can generically capture. Qualitatively, the
same behaviour also applies to the R1.4 ' 11 km cases
(Fig. 6, left column), where the L = 100MeV simulation
features enhanced neutron rich outflows in the equatorial
plane compared with the L = 40MeV case, despite the
fact that these EoSs have an identical ⇤1.4. Finally, as
we saw for the R = 12 km models, the ejection in the
R1.4 = 13 km cases is very similar for L=100 MeV com-
pared to 120 MeV.

In order to provide a more quantitative description
of the mass ejection, we next consider one-dimensional
histograms of the entropy per baryon, s , electron
fraction, Ye, and velocity, v, 5 for the dynamical ejecta.
These are shown in Fig. 7. Starting with the average
electron fraction we can see the overall distributions
for the R1.4 = 12 km EoSs are surprisingly similar. As

5 We estimate the velocity from the local Lorentz factor of the
fluid element.
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We then time integrate the the mass flux to compute
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Additionally, we also compute the mass-weighted elec-
tron fraction as an indicator for average nuclear compo-
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the R1.4 = 12 km EoSs. With increasing slope parame-
ter L, we find that the ejection becomes more equatorial,
with the largest amounts of ejecta in the L = 120MeV
case. Consistent with the increase of equatorial ejection,
which is likely tidally driven [99], the electron fraction
of the ejecta decreases to values below Ye < 0.1 in those
regions. Overall the electron fraction reaches lower val-
ues also in polar regions for large L, compared to the
L = 40MeV cases. For unequal mass mergers, these
trends are inversely correlated with ⇤1.4, whereas for
equal masses the trend is less clear. From Fig. 2, we
can see that there are strong variations in radius of the
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the amount of mass ejection dMej/d⌦ per solid angle.
Additionally, we also compute the mass-weighted elec-
tron fraction as an indicator for average nuclear compo-
sition.

The resulting spatial and compositional distributions
of the ejecta for the unequal mass mergers (q = 0.85)
are shown in Fig. 6 using Mollweide projection. Start-
ing with the reference case of R1.4 = 12 km, we observe
the following di↵erences between the small L = 40MeV
case and the L > 100MeV cases. First, the L = 40MeV
case features a rather spatially isotropic distribution of
mass ejecta. Additionally, the electron fraction reaches
the highest average values in all three values of L, hav-
ing Ye > 0.25 for large parts of the mass ejection, for
the R1.4 = 12 km EoSs. With increasing slope parame-
ter L, we find that the ejection becomes more equatorial,
with the largest amounts of ejecta in the L = 120MeV
case. Consistent with the increase of equatorial ejection,
which is likely tidally driven [99], the electron fraction
of the ejecta decreases to values below Ye < 0.1 in those
regions. Overall the electron fraction reaches lower val-
ues also in polar regions for large L, compared to the
L = 40MeV cases. For unequal mass mergers, these
trends are inversely correlated with ⇤1.4, whereas for
equal masses the trend is less clear. From Fig. 2, we
can see that there are strong variations in radius of the
secondary star (M2 = 1.25M� for the unequal mass bi-
nary). As a result, we find that for those systems, tidal
e↵ects take over that correlate more strongly with the

compactness. For those mass ratios, the larger L models
tend to produce more equatorial ejetca, despite having
smaller tidal deformabilities. Albeit somewhat counter
intuitive, there have been previous examples in the lit-
erature in which tidal disruption was better captured in
terms of the compactness, than with the tidal deformabil-
ity [100]. These results suggest that perhaps the picture
is more complicated than either a single compactness or
⇤ parameter can generically capture. Qualitatively, the
same behaviour also applies to the R1.4 ' 11 km cases
(Fig. 6, left column), where the L = 100MeV simulation
features enhanced neutron rich outflows in the equatorial
plane compared with the L = 40MeV case, despite the
fact that these EoSs have an identical ⇤1.4. Finally, as
we saw for the R = 12 km models, the ejection in the
R1.4 = 13 km cases is very similar for L=100 MeV com-
pared to 120 MeV.

In order to provide a more quantitative description
of the mass ejection, we next consider one-dimensional
histograms of the entropy per baryon, s , electron
fraction, Ye, and velocity, v, 5 for the dynamical ejecta.
These are shown in Fig. 7. Starting with the average
electron fraction we can see the overall distributions
for the R1.4 = 12 km EoSs are surprisingly similar. As

5 We estimate the velocity from the local Lorentz factor of the
fluid element.

• Mass ejection shows 
correlation with .L

• Higher  leads to  
overall more ejecta.

L

• Spatial distribution and 
composition very similar.

ERM & Raithel (2021)
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FIG. 7: Histograms of the electron fraction, the average entropy per baryon, and the velocity of the dynamical mass ejecta
for simulations with mass ratios q = 0.85. The histograms refer to time integrated quantities and have been normalized to the
respective amount of total mass ejection Mej. The di↵erent colours refer to simulations with di↵erent slopes L of the nuclear
symmetry energy, while R1.4 denotes the radius a 1.4 M� star for each EoS.

discussed for Fig. 6, there are di↵erences for the lowest
Ye bins, with large L models containing slightly more
mass at small Ye < 0.05, but the fall-o↵ at large Ye is
nearly identical for all values of L. This behaviour is very
similar for the R1.4 ' 11 km cases. Interestingly, the
di↵erence between the L = 100MeV and L = 120MeV
at intermediate electron fractions Ye > 0.15 is more
pronounced for large stars with R1.4 ' 13 km; however,
these di↵erences remain small.

Di↵erent from essentially all previous studies (see e.g.
Refs. [27, 31, 101] for a review), our EoS are specifi-
cally constructed to vary only in the high-density part,
while also using the same finite-temperature model (see
Sec. II A). In all cases, the low density EoS is, however,
the same. Given the large insensitivity of the results to
changes in high-density physics between the models, this
leads us to conjecture that the composition of the ejecta
is largely determined by low density EoS, which governs

the outer regions of the stars from which they are ejected.

In contrast, when considering the distribution of en-
tropies s per baryon for the mass ejecta, we find a small
trend with L. Specifically, we find that in all cases an
ordering is present, where larger L slope parameters can
lead to a suppression of highly shocked material with
large, s > 40 kB / baryon.

Finally, we comment on the prospect for high veloc-
ity ejecta, which is especially relevant in the context of
the recently observed X-ray rebrightening of GW170817
[40]. We find that, in all cases, high velocity tails with
v > 0.6 c are present, which constitute about 1% of the
overall mass ejecta. Di↵erent from the specific entropy
s, no concrete ordering in terms of L can be inferred
from our data. For large stars (bottom row of Fig. 7),
higher values of L lead to a suppression of fast ejecta.
On the other hand, for R1.4 = 12 km models, large and
small values of L produce almost identical distributions,
except at very low velocities. It, therefore, seems that
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symmetry energy, while R1.4 denotes the radius a 1.4 M� star for each EoS.

discussed for Fig. 6, there are di↵erences for the lowest
Ye bins, with large L models containing slightly more
mass at small Ye < 0.05, but the fall-o↵ at large Ye is
nearly identical for all values of L. This behaviour is very
similar for the R1.4 ' 11 km cases. Interestingly, the
di↵erence between the L = 100MeV and L = 120MeV
at intermediate electron fractions Ye > 0.15 is more
pronounced for large stars with R1.4 ' 13 km; however,
these di↵erences remain small.

Di↵erent from essentially all previous studies (see e.g.
Refs. [27, 31, 101] for a review), our EoS are specifi-
cally constructed to vary only in the high-density part,
while also using the same finite-temperature model (see
Sec. II A). In all cases, the low density EoS is, however,
the same. Given the large insensitivity of the results to
changes in high-density physics between the models, this
leads us to conjecture that the composition of the ejecta
is largely determined by low density EoS, which governs

the outer regions of the stars from which they are ejected.

In contrast, when considering the distribution of en-
tropies s per baryon for the mass ejecta, we find a small
trend with L. Specifically, we find that in all cases an
ordering is present, where larger L slope parameters can
lead to a suppression of highly shocked material with
large, s > 40 kB / baryon.

Finally, we comment on the prospect for high veloc-
ity ejecta, which is especially relevant in the context of
the recently observed X-ray rebrightening of GW170817
[40]. We find that, in all cases, high velocity tails with
v > 0.6 c are present, which constitute about 1% of the
overall mass ejecta. Di↵erent from the specific entropy
s, no concrete ordering in terms of L can be inferred
from our data. For large stars (bottom row of Fig. 7),
higher values of L lead to a suppression of fast ejecta.
On the other hand, for R1.4 = 12 km models, large and
small values of L produce almost identical distributions,
except at very low velocities. It, therefore, seems that

• Fast ejecta present in all 
cases. 

• Potentially interesting in 
the context of late X-ray 
aferglows.

Hajela+ (2022)

Figure 2 | X-ray and radio light-curves of GW170817 X-ray (upper panel) and radio (3 GHz, lower panel) evolution
of the emission from GW170817 as detected by the CXO and the VLA (light-blue circles). Open circle: peak pixel flux
value within one synthesized beam at the location of GW170817 from Balasubramanian et al.26 At �t > 900 days the
X-ray emission shows an excess compared to the off-axis jet afterglow model (solid blue line, §4 and §6) that indicates
the emergence of a new emission component. Red-to-orange dashed lines: synchrotron radiation from the kilonova
afterglow calculated using semi-analytical models32 where we parametrized the kilonova kinetic energy distribution
as Ek / (��)�↵ for � � 0.35 and we used a total kilonova kinetic energy of 1051 erg. These models require
p < 2.15 to avoid violating our radio upper limit. Here we use p = 2.05 and we emphasize with a solid thick line the
↵ = 5 model. Other kilonova afterglow parameters assumed: ✏B = 0.001, ✏e = 0.1, n = 0.001 cm�3. Grey shaded
area: synchrotron emission calculated from kilonova kinetic ejecta profiles derived from ab-initio numerical relativity
simulations using a neutron-star mass-ratio q = 1 and the LS220 equation of state (§7). These simulations emphasize
the contribution from the merger’s dynamical ejecta. The shaded area corresponds to values pKN = 2.05 � 2.15,
n = 6⇥ 10�3 cm�3, ✏e = 0.1 and ✏B = 0.01.
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FIG. 9: Same as Fig. 8, but for the equal-mass binaries.

FIG. 10: Characteristic strain, including all `=2, 3 modes, for a face-on merger at 40 Mpc. The top two and bottom left
panels are for the q = 0.85 binaries, while the bottom right panel corresponds to the equal-mass binary. The vertical solid
line marks the dominant f2 spectral peak, while the dotted lines indicate the location of the secondary peaks f1 and f3. The
markers indicate the approximate location of spectral peaks associated with the m = 1 mode, which are expected to occur
at ' f2/2 where present. Finally, the R1.4 = 12 km, L = 40 MeV EoS is also plotted in the lower left panel with the faded,
dashed pink line, to illustrate the similarity of this spectrum with the R1.4 = 13 km spectra. The gray dash-dot and dotted
lines indicate the design sensitivity curves for advanced LIGO [103] and Einstein Telescope [104], respectively.

the post-merger GWs that persists for all EoSs in our sample. Instead, we find that f2 correlates more strongly

For fallback scenarios see:   
Metzger & Fernandez , Ishizaki+, and others
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Out-of-equilibrium 
transport

Nuclear physics Plasma physics

The many faces of neutron star mergers

Neutrino physics
Gravitational  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Different precursor transients

Beloborodov(2020)

Callister+ (2019)

Radio search for 
GW170817

Gamma-rays?

Xiao+ (2022)

See also Palenzuela+; Carrasco & Shibata; East+

X-ray?

Tsang+(2012), Neill+(2021)
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Electromagnetic precursors 
Adding the right twist
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Twist induced by 
relative motion of the 

neutron stars

Electromagnetic precursors 
Adding the right twist

Image credit: NASA
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Corotating frame

Electromagnetic precursors 
Adding the right twist

ERM & Philippov  
(ApJL 2020)
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Corotating frame

A new radio transient?
ERM,Philippov  
(ApJL 2020)Differential motion 

leads to the emission 
of strong 
electromagnetic flares.


Relativistic force-free 
electrodynamics simulations 
in corotating frame
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Prior to merger, 
potentially up to 20* 
sufficiently strong flares 
could be emitted 
(*: for ).B ≃ 1011 G

A new radio transient?

ERM,Philippov (MNRAS 2022)  

Callister+ (2019)

Radio search for 
GW170817

Are these flares 
observable?

ERM,Philippov (ApJL2020)  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Emission mechanism
•Need to convert the emitted 

electromagnetic energy into 
observable signals!
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Orbital current sheet

Plasmoids!
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Emission mechanism
•Need to convert the 

emitted electromagnetic 
energy into coherent 
radiation !

•Borrow idea from magnetar 
Fast radio burst model :  
Flare -current sheet 
interaction Lyubarsky (2020) 


Plasmoid merger

Mahlmann+ (2022)
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Emission mechanism

•Depending on the field 
strength, plasmoid mergers 
will lead to the emission of  
a radio or X-ray transient.

Philippov+(2019)

ERM & Philippov  
(in prep)

Repeating  
flares

Current 
sheet

•Flare -(orbital) current 
sheet interaction triggers 
reconnection. Lyubarsky (2020) 


Current sheet

Plasmoids

Physical scale: ~cm

∂t𝒥 ≠ 0

Plasmoids
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Flare-current sheet interaction
Toroidal field 
(flare)

Dissipation rate

ERM & Philippov  
(arXiv:2022)
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Emission mechanism

Plasmoid 
formation

•Depending on the field 
strength, plasmoid mergers 
will lead to the emission of  
a radio or X-ray transient.

Philippov+(2019)

Repeating  
flares

Current 
sheet

•Need to convert the 
emitted electromagnetic 
energy into coherent 
emission!

•Flare -(orbital) current 
sheet interaction triggers 
reconnection. Lyubarsky (2020) 


Fast Radio Burst-like 
transients  
( )ν ≃ 10 − 20 GHz

ERM & Philippov  
(arXiv:2022)
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Out-of-equilibrium 
transport

Nuclear physics Plasma physics

The many faces of neutron star mergers

Neutrino physics
Gravitational  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Vastly different scales

ℒEM ≃ 1043 erg/s
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flare

Ab-initio modeling  
(e.g.,particle-in-cell)?

Need a multi-scale approach to capture (effects of) all scales!

Effective models  
(e.g.,moment methods)?

∼ 50 km
∼ 200 km

∼ 1000 km ∼ 10−5 km

current sheet reconnection
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Model local AND global scales

ERM+ (in prep)

While accounting for microphysics 
on small scales, we want to capture 
global dynamics within the same 
simulation.

Adopting a fluid-like* description, 
allows to implicitly overstep scales, 
and to use mesh-refinement techniques. 

ERM & Noronha (PRD 2021)

* Caveat: 
Single-velocity description 
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Inspiration from nuclear physics
Non-equilibrium transport is critical to understand 
momentum anisotropies in heavy-ion collisions.

Leverage advances made by the nuclear physics 
community to study astrophysical systems!

Image credit: Weih/CMS/MUSESImage credit: Weih/CMS/MUSES

e.g., Romatschke+(2008),  Denicol+(2012,2018,2019), Kovtun+(2017), 
Bemfica+(2017,2022),  and many others 

Image credit: Weih/CMS/MUSES
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Collisional (λ ≃ 0)

Kinetic theoryHydrodynamics

Hydrodynamics as an effective theory

∇μTμν
hydro = 0 pμ∂μ f = 𝒞 [f]

(xμ, pμ)…
mean free path λ

L

Collisionless (λ ≃ L)
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Collisional (λ ≃ 0)

Kinetic theoryHydrodynamics

Hydrodynamics as an effective theory

Tμν = Tμν
hydro + ϵTμν

(1) + ϵ2Tμν
(2) + …

∇μTμν
hydro = 0 pμ∂μ f = 𝒞 [f]

(xμ, pμ)

Hydrodynamics
Dissipative

…
∇μTμν = 0

Perturbatively include corrections to hydrodynamics

mean free path λ

ϵ ∼
λ
L

≪ 1

L

Collisionless (λ ≃ L)
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Dissipative fluid dynamics 

Tμν = euμuν + PΔμν + ΠΔμν + qμuν + qνuμ + πμν

Hydrodynamics Dissipative corrections

Bulk pressure

uα ∇αΠ = − ζ∇βuβ + …

Anisotropic  
pressure

uα ∇απμν = − ησμν − τ−1πμν + …

14-moment evolution equation
Energy diffusion/ 

heat flux

uα ∇αqμ = − κ∇μT − τ−1qμ + …
ζ

⃗v
∂yvx η

∇T →

Hot Coldκ

Shear viscosity

heat conductivity

bulk viscosity

see also Israel & Stewart (1979) 

See 
also

 

Shibata 

talk
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New Physics at every order!
Tμν = Tμν

hydro + ϵTμν
(1)

8 Elias R. Most et al.
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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)

ERM+ (MNRAS 2022; arXiv 2022)

See also Alford+, Celora+, 
Hammond+, Camelio+

Bulk viscosity  
in neutron star mergers

Pandya, ERM, Pretorius (PRD 2022; arXiv:2022)

PU Grad. Student

Alex Pandya

Novel approaches to 
simulations of first-order 

relativistic hydrodynamics

Mathematical formulation based on: 
Bemfica+(2017,2022), Kovtun+(2017)
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Dynamos and 
resistive effects in 

neutron star 
mergers

New Physics at every order!
Tμν = Tμν

hydro + ϵTμν
(1)

ERM+ (in prep)

➡Dissipative Magnetohydrodynamics
ERM & Noronha (PRD 2021); ERM, Noronha & Philippov (2022)

Alternative formulations:  
Andersson+,Chandra+, Dommes+,Gusakov+, Rau & Wasserman,…

Novel numerical 
scheme to 
simulate this!

Credit: ESA/space.com

“Magnetic fields are the 
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Dissipative Magnetohydrodynamics
First numerical scheme to handle 
general viscosities in the presence of 
magnetic fields for relativistic fluids.
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FIG. 7. Two-dimensional Kelvin-Helmholtz test with anisotropic heat conduction, shear viscosity and finite thermal gyrofrequency at t = 3.4.
the left column shows results in the extended magnetohydrodynamics (Braginskii-like) limit of the closure. The center column in addition
adds a subgrid model to include kinetic effects (limiting the pressure anisotropies according to mirror and firehose instabilities) that increase
collisionality. The right column corresponds to a non-resistive viscous simulation. The rows show the pressure anisotropy
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�� relative

to the magnetic field, the in-plane shear-stresses ⇡xy and the norm of the in-plane heat flux |q|.
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ERM & Noronha (PRD 2021)

Leverages a 14-moment closure 
derived from kinetic theory by 
the nuclear physics community.

Denicol+(2018,2019)
ERM & Noronha (PRD 2021)

Pressure anisotropy

Novel fully flux conservative 
approach with stiff relaxation.

Well suited to handle highly 
turbulent astrophysical flows!

ERM+ (in prep)
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Dissipative Magnetohydrodynamics

ERM & Noronha (PRD 2021)

The scheme fully accounts for 
anisotropies induced by the 
presence of magnetic fields 
(gyrofrequency ).Ωg
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FIG. 4. Anistropic heat conductivity test. Starting from an initially hot inner cylinder at temperature Th surrounded by an ambient medium
at temperature Tc (left column), the evolution of relativistic causal heat conduction is shown for two different times in the middle and right
columns. The rows correspond to various degrees of anisotropy with respect to the magnetic field (shown as white streamlines). We can see
that in the most anisotropic case (bottom row), heat can only flow along the magnetic field lines. A more detailed description is given in Sec.
IV C.

reliably recovered. In particular, it is worth highlighting that
causaulity, which limits the instantaneous spreading of heat,
can significantly slow down dissipation compared to standard
parabolic heat conduction, for which T (x = 0, t) / t�1/2.

C. Two-dimensional heat conduction

We now continue to explore the effects of thermal conduc-
tivity in a two-dimensional setting. In particular, we follow a

setup first proposed by [? ],

⇢ =

(
0.8

p
x2 + y2 < 0.08,

1.0
p

x2 + y2 > 0.08,
(117)

P = � � 1, (118)

Bx = 10�4, (119)

By = 10�4 sin (16⇡x) . (120)
(121)

As before, all quantities not explicity listed have been ini-
tialized to zero. We emphasize that the initial condition is
in pressure equilibrium and, in the absence of initial veloci-
ties, would remain static in the absence of dissipative effects.
Adopting an equation of state � = 4/3, this corresponds to

bμ

T

Anisotropic  
heat conduction

bμ

rL ∼
T

Ωg

Heat flux along 
magnetic field

qμ

See also Chandra+, Foucart+
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New Physics at every order!
Tμν = Tμν

hydro + ϵTμν
(1) + ϵ2Tμν

(2)ERM & Philippov (in prep)

Reconnection powered transients
Magnetic dissipation

before merger

Current force-free electrodynamics 
simulation cannot capture 
reconnection physics correctly. 
(timescale, dissipation rate, …)

Need to model  dynamics in global simulations.e+ e−

➡Dissipative Two-Fluid MHD

ERM, Noronha & Philippov (2022) Electrons

−

Positrons
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Generalize 10-moment two-fluid 
approach from space physics to 
relativistic setting!

Confidential manuscript submitted to JGR-Space Physics

Figure 1. Meridional cuts of electron (panel a and c) and ion (panel b and d) flow speeds

along x as colored contours. ux,e and uy,e can reach ±400km/s and ±160km/s, respectively, but

the color map limits are cut and set to be the same for all panels for visualization purpose. Black

arrows represent in-plane flows for the two species. Black curves are in-plane magnetic field line.

The cyan dashed lines in panel (a) roughly mark the boundaries of the Alfvén wings.

there is a clear separation of thicknesses for the dense electron and ion current sheets,
since they scale with electron and ion inertia lengths, respectively. The total current is
carried mainly by the lighter electrons consistent with the theoretical expectation. The
current sheet extends along the field line separatrices on one end far into the wings,
and on the other end down to the Ganymede’s surface. Both Jy,e and Jy,i are finite
upstream of the magnetopause at about x = �1.8RG, but they cancel each other in
this region. No plasmoid generation / FTE formation were observed in this particular
simulation. This could be caused by insu�cient resolution in electron kinetic scales
below which thin current sheets can break into flux tubes, and/or that the uniform ke,i
chosen might not best fit the local wave length scales and e↵ectively damped microin-
stabilities responsible for FTE formation. The size of the magnetosphere is slightly
smaller than obtained in previous studies, but is still reasonable. The bottom panels
(d) and (e) are cuts of Jy,e and Jy,i at the downstream side reconnection site. The cut
direction is across the current sheet approximately at x = 2.5RG (and y = 0) as marked
by the vertical dashed lines in panel (a) and (b). The horizontal dashed lines mark
the half-maximum locations, which were used to calculate the FWHM (full width half
maximum) current sheet thickness. Thus the electron current sheet thickness is around
0.15RG ⇠ 3.8de,Jovian and the ion current sheet thickness is about 0.4RG ⇠ 2di,Jovian
, where de,Jovian and di,Jovian are inertia length based on the upstream Jovian plasma
density. This again is consistent with the general kinetic picture that electron and ion
current sheet thicknesses are mainly characterized by electron and ion scales, respec-
tively (though the exact scaling laws have not been generally identified) [Wang et al.,
2015].

4.1.3 Comparison with in-situ measurements

Figure 3 shows the simulated and observed magnetic field data along the pub-
lished G8 flyby trajectory of the Galileo satellite (depicted by the red line in the left
panel of Figure 3). The orange solid lines are steady-state modeled values and the blue
lines are observed values. The x and y components of the simulated magnetic field
agree well with the observed within the majority of the magnetosphere. The simulated
Bz, however, is too flat within the magnetosphere compared to the spatially enhanced

–8–

Wang+(2018)

Ganymede

number density

momentum density

(an-)isotropic stresses 

Inspiration from space physics ϵ2Tμν
(2)

⃗E = − ⃗v × ⃗B + η ⃗J + ⃗J div v + div
↔
𝒫 + …

Need generalized Ohm’s law to model collisionless physics.

(xμ, pμ)

0th order 1st order 2nd order

Need  
2nd order!

Bessho&Bhattarcharjee (2008)
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Inspiration from space physics
Generalize 10-moment approach from 
space physics to relativistic setting!

electron current electron temperature

ϵ2Tμν
(2)14

Uμ ∇μee = . . . Uμ ∇μ𝒥<ν>
e = . . .

Uμ ∇μπ<αβ>
e = . . .

anisotropic electron pressure

∇μNμ
e = 0 ∇μNμ

p = 0 ∇μTμν = 0
number density total energy-momentum

ERM, Noronha & Philippov (2022)

➡Dissipative Two-Fluid MHD

eμ = η𝒥<ν>
e − τUμ ∇μ𝒥<ν>

e + δJ𝒥<ν>
e ∇μUμ + δπ ∇μπμν

e + …
0th order 1st order 2nd order

Need generalized Ohm’s law to model collisionless physics.

dynamical part
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Out-of-equilibrium 
transport

Improved nuclear physics 
Systematic studies  
needed to clarify imprints 
of hot dense matter 
in post-merger observables.

Summary

Multi-scale  
modeling  
New approaches  
needed to captures 
physics at different 
scales.

Precursors 
Neutron star mergers 
could be preceded by  
Fast Radio Burst-like 
transient at higher 
frequencies (10-20 GHz)


