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Gravitational waves

e.g. ERM+ (PRL 2019); ERM+ (EPJA 2020); 
ERM & Raithel (2021); ERM+ (PRD 2023) 

see also Bauswein+, Blacker+, Prakash+, Huang+, Ujevic+, 
Radice+, Shibata, Oechslin+, …

Can these events 
reveal extreme 

states of matter?

The final fate of a neutron star binary 

Neutron star 
mergers as  

cosmic colliders?
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A true multi-physics problem
Post-merger gravitational wave emission probes 
new regimes of physics!

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

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

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

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

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

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

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

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

YquarkT

Bauswein+, Huang+, ERM+(2019,2020,2023),Prakash+, 
Radice+,Sekiguchi+,Weih+… (+ many more for EoS uncertainty!)

Neutrino effects?  
(in dense matter)
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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)

Alford+, Camelio+, Foucart+, 
Hammond+, ERM+(2022,2024), 
Pajkos & ERM (2025), Radice+, 
Shibata+,…

Magnetic fields?
Ciolfi+, ERM+(2019,2021,2023ab,2024,2025), Giacomazzo+, 
Kiuchi+, Palenzuela+,…

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

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

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

Bauswein+, ERM+(2021), Figura+, 
Hanauske+,Perego+,Raithel+…
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Beyond the equation of state!

n → p + e− + ν̄e

Weak interactions are crucial for neutron star matter: 

p + e− → n + νe

merger

Equilibrium 
(reactions balance)

Out-of-equilibrium 
(reactions do NOT balance)

see Haber overview talk, and Tue talks
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Beyond the equation of state!

n → p + e− + ν̄e

Weak interactions are crucial for neutron star matter: 

p + e− → n + νe

merger

Equilibrium 
(reactions balance)

Out-of-equilibrium 
(reactions do NOT balance)

δμ ≈ 0 δμ ≠ 0
δμ = μn − μp − μe

Effective chemical potential 
imbalance

How out-of-equilibrium is the post-merger?

−μν
(in case of neutrino trapping) 
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Beyond the equation of state
Hammond+(2023,2022) 
see also Celora+

Chabanov & Rezzolla (2023) 
see also Camelio+, Pandya+

Espino+ (PRL 2023), see also Zappa+, Radice+

Alford+(2018)
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Neutrinos, reactions, viscosity?
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The physics of chemical equilibration

∇αTαβ = − Qβ
ν

uα ∇αYe = Γν (δμ, …)
P = P (nB, T, Ye)

•This system models a two 
species chemical system with 
( equilibrium relaxation)β−

Gavassino+, Celora+

•This system implies the following (exact!) evolution equation 

uα ∇αδμ = −
1
τ

δμ + B∇βuβ

Gavassino+, Celora+

•Choice of rates and neutrino 
transport enters through  
and 

τ
B

•Coupling happens through 
equation of state

see Andersson talk
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Equilibration leads to bulk viscosity
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FIG. 3. Effective out-of-beta-equilibrium pressure contribution ⇧ to the equilibrium pressure P eq during the merger and post-merger phase of
two neutron stars when using the TMA equation of state. Shown is the orbital plane. The green contours denote the rest mass density of the
merger remnant in units of nuclear saturation. All times, t, are stated relative to the time of merger tmer

interactions are correctly included, this leads to a rapid onset
of neutron$proton conversion in the star, as shown in Fig. 2.
In the case of SFHo, this will be largely driven by mUrca, as
most fluid elements have Ye values below the dUrca threshold
(Fig. 1), whereas for TMA it is a combination of dUrca and
mUrca. We can also anticipate that this change in structure
and composition might lead to a change in the (early) mass
ejection (e.g., [115–123]), but leave the details to future work.

We now move on to the main part of our work, which is
to quantify the influence on the global dynamics of the Urca-
driven protonization/neutronization of the dense matter inside
the neutron star. We begin by characterizing the impact of
weak interactions on the fluid as dissipative corrections to a
�-equilibrated flow [72, 124]. In practice, this amounts to
splitting the total pressure, P , into

P (nB , T, Ye) = P eq
(nB , T ) + ⇧ (nB , T, Ye) , (5)

where P eq
= P (nB , T, Ye = Y eq

e ) is the pressure in
��equilibrium, and ⇧ is the bulk scalar pressure correction,
which quantifies how the system deviates from � equilibrium.
It can be shown that the equations of motion (1) to linear or-
der in �µ can be approximated as a bulk-viscous hydrody-
namic system of equations [124–126]. In the Navier-Stokes
limit [92, 124–126] the dissipative pressure correction be-
comes ⇧ = ⇧NS + O (u⌫

r⌫�µ), where

⇧NS = �⇣ rµuµ, (6)

and ⇣ = ⇣ (nB , T ) is the weak-interaction driven bulk viscos-
ity [73, 74]. Applications of semi-analytic expressions for the
bulk viscosity [73] to the background of a non-viscous neutron
star merger calculation have projected that large viscous cor-
rections could arise after the merger [72]. Here, we go beyond
such estimates, as well as first-order bulk-viscous approxima-
tions [124], and instead compute the full dynamics of the Urca
process (in the Fermi Surface approximation) and its influence
on dense matter beyond leading order in �µ by directly ex-
tracting ⇧ from the total pressure (5) in our simulations. Us-
ing our self-consistent approach, we can provide a first quan-
tification of the out-of-equilibrium dynamics in terms of the
relative bulk pressure contribution ⇧/P eq as shown in Fig. 3.

In the very late inspiral, right before the collision, tidal
forces drive the material inside the stars out of equilibrium.
While we only show the last orbit (Fig. 3, left panel), this
could potentially set in even earlier [113]. Overall, we find
that ⇧/P eq & 5% throughout the stars during initial stages
of the collision (Fig. 3, left panel). The subsequent evolution
now strongly depends on whether weak-interaction effects are
included. If Urca processes are not included, the matter does
not re-equilibrate on the dynamical time scale of the merger
and the out-of-equilibrium pressure contribution, ⇧, remains
constant on average for both EoSs (Fig. 4). If instead Urca
processes are included, the system begins to re-equilibrate at
a rate that depends on density and temperature. One can see
that especially in higher density regions nB > 2 nsat, equi-
libration due to dUrca proceeds quickly with the core of the
object having reduced ⇧/P eq by more than one order of mag-
nitude, with the hottest regions re-equilibrating first.

A short time after the merger, at t = 4.5 ms, the TMA
system has largely re-equilibrated. However, post-merger os-
cillations [127] continue to locally drive the system out of
��equilibrium. It is especially this regime where we expect
the feedback on the dense matter to behave like a bulk viscos-
ity [72].

We will now provide a more thorough quantification of
this dynamics by considering density averages over the sys-
tem in the equatorial plane. For this, we utilize the con-
cept of a dynamic inverse Reynolds number [72, 128], � =

⇧/ (eeq + P eq
), with eeq being the total energy density of

the fluid in ��equilibrium. We will in particular rely on a
density-weighted average value h�i. For reference, gravita-
tional wave emission alone causes an effective viscous damp-
ing of density oscillations corresponding to � ' 0.01 [72].
With this in mind, we can now correlate chemical equilibra-
tion and its hydrodynamic feedback in Fig. 4. For TMA,
which is expected to equilibrate faster via dUrca as well as
mUrca, we see that h�i briefly jumps up after the merger, fol-
lowing the no-Urca simulation, but then follows an approxi-
mately exponential decay with a lifetime of about 0.9 ms as
Urca processes establish ��equilibrium. For SFHo, which
is expected to equilibrate more slowly via mUrca processes,

beta-eq. pressure dynamic pressure

•This correspondence is exact (no truncation!)

uα ∇αδμ = −
1
τ

δμ + B∇βuβ uα ∇αΠ = −
1
τΠ

Π +
ζ (Π)

τΠ
∇βuβ

Gavassino & Noronha (2023)

ERM+ (MNRAS 2022)

•Bulk viscosity follows Israel-Stewart-like equations 

➡Allows for resonances 

➡ Far-from-equilibrium dynamics
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Figure 2. Thermodynamic conditions probed during the merger. (Top row) Three representative times during merger showing the temperature ) probed in the
equatorial plane of the collision. The time C is defined with respect to the time of merger. The green lines are contours of baryon number density = in units
of nuclear saturation density =sat. (Center row) Same as above but showing the spatial distribution of bulk viscosities ZNLd for the NLd model probed in the
equatorial plane of the merger. (Bottom row) Distribution of bulk viscosities ZNLd for the NLd model probed by the fluid elements during the merger in terms
of baryon number density = (left) and temperature ) (right) at C = 0.4 ms, corresponding to the middle panels in the top and center rows.

row). However, large parts of the star at densities = . 2=sat, remain
cooler with ) < 10 MeV. In these regions the bulk viscosity for kHz
oscillations reaches its resonant maximum and our calculations will
investigate whether it becomes strong enough to damp the density
oscillations at merger.

4.1 Magnitude of bulk viscosity

The 1 kHz density oscillations are caused by the two neutron star
cores repeatedly bouncing o� each other before they eventually coa-
lesce (Takami et al. 2015). The damping process of these oscillations
can be understood in terms of an e�ective bulk viscosity Z̄ intrinsic
to the merger, associated with gravitational wave emission. We can
gain some insight into this behavior by considering the radial dis-
placement hAi of the two merging cores from their center of mass.
Because we consider an equal-mass merger, the two displacements
are the same.

In the inviscid simulation that we are considering, these oscilla-
tions are dampened over a dynamical time scale gdamp that we can
associate with an e�ective bulk viscosity Z̄ operating at a frequency

l (Cerda-Duran 2010),

g�1
damp =

l2 Z̄

2d̄2̄B2
, (10)

where we have introduced an average rest-mass density
d̄ = (1.5 ± 0.5) dsat and corresponding sound speed 2̄2

B '

(0.1 ± 0.05) 22. Although this expression has been formally derived
for radial perturbations of a spherical fluid body, we can use it as a first
approximation to associate the observed damping time scale gdamp
with an average bulk viscosity Z̄ . The dynamics of the post-merger
oscillations is shown in Fig. 3. We can see that the merging cores
bounce at a frequency 5 = l/(2c) ' 1 kHz, with a damping time
scale (due to gravitational radiation) of gdamp ' (30.4 ± 0.3) ms,
although the oscillations will stop earlier when the two former stellar
cores have merged into a single star. Using Eq. (10), we can associate
this with an e�ective bulk viscosity of

Z̄ ⇡ (6 ± 4) ⇥1028 g/(cm s) . (11)

For any microphysical bulk viscosity to a�ect the dynamics of the
star and, hence, the gravitational wave emission, it should be com-
parable to the e�ective bulk viscosity Z̄ estimated above. With (11)
and (12) as a reference scales, we now evaluate the bulk viscosity on

MNRAS 000, 1–12 (2021)
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Figure 2. Thermodynamic conditions probed during the merger. (Top row) Three representative times during merger showing the temperature ) probed in the
equatorial plane of the collision. The time C is defined with respect to the time of merger. The green lines are contours of baryon number density = in units
of nuclear saturation density =sat. (Center row) Same as above but showing the spatial distribution of bulk viscosities ZNLd for the NLd model probed in the
equatorial plane of the merger. (Bottom row) Distribution of bulk viscosities ZNLd for the NLd model probed by the fluid elements during the merger in terms
of baryon number density = (left) and temperature ) (right) at C = 0.4 ms, corresponding to the middle panels in the top and center rows.

row). However, large parts of the star at densities = . 2=sat, remain
cooler with ) < 10 MeV. In these regions the bulk viscosity for kHz
oscillations reaches its resonant maximum and our calculations will
investigate whether it becomes strong enough to damp the density
oscillations at merger.

4.1 Magnitude of bulk viscosity

The 1 kHz density oscillations are caused by the two neutron star
cores repeatedly bouncing o� each other before they eventually coa-
lesce (Takami et al. 2015). The damping process of these oscillations
can be understood in terms of an e�ective bulk viscosity Z̄ intrinsic
to the merger, associated with gravitational wave emission. We can
gain some insight into this behavior by considering the radial dis-
placement hAi of the two merging cores from their center of mass.
Because we consider an equal-mass merger, the two displacements
are the same.

In the inviscid simulation that we are considering, these oscilla-
tions are dampened over a dynamical time scale gdamp that we can
associate with an e�ective bulk viscosity Z̄ operating at a frequency

l (Cerda-Duran 2010),

g�1
damp =

l2 Z̄

2d̄2̄B2
, (10)

where we have introduced an average rest-mass density
d̄ = (1.5 ± 0.5) dsat and corresponding sound speed 2̄2

B '

(0.1 ± 0.05) 22. Although this expression has been formally derived
for radial perturbations of a spherical fluid body, we can use it as a first
approximation to associate the observed damping time scale gdamp
with an average bulk viscosity Z̄ . The dynamics of the post-merger
oscillations is shown in Fig. 3. We can see that the merging cores
bounce at a frequency 5 = l/(2c) ' 1 kHz, with a damping time
scale (due to gravitational radiation) of gdamp ' (30.4 ± 0.3) ms,
although the oscillations will stop earlier when the two former stellar
cores have merged into a single star. Using Eq. (10), we can associate
this with an e�ective bulk viscosity of

Z̄ ⇡ (6 ± 4) ⇥1028 g/(cm s) . (11)

For any microphysical bulk viscosity to a�ect the dynamics of the
star and, hence, the gravitational wave emission, it should be com-
parable to the e�ective bulk viscosity Z̄ estimated above. With (11)
and (12) as a reference scales, we now evaluate the bulk viscosity on

MNRAS 000, 1–12 (2021)

Bulk viscosity

Gavassino & Noronha

Alford, Harris, Haber,+
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How bulk viscosity in mergers works

uα ∇αΠ = −
1
τΠ

Π +
ζ (Π)

τΠ
∇βuβ

Out-of-eq. 
driving 
term

Weak interaction driven decay

Driving  
dominates

Decay dominates

Far-from-equilibrium regime
driving ~ decay

Transport (trapped vs. non-trapped)

•Driving largely fixed.  
Neutrino conditions 
and equation of state 
determine decay rate! 

Π

t
0
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Neutrino transparent regime
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X+
•Simulate direct and modified 

URCA process in merger 
assuming neutrinos  
free-stream (a bit simplistic) ERM, Haber, Harris,Zhang, Alford, Noronha  (ApJL 2024)

Simulation confirms far-from-equilibrium picture!

Driving
Decay

•Because of mathematical duality, will look the same also for 
trapped regime, but decay can be (significantly) faster.

M1 simulation with trapping (Espino+2023): decay sets in almost directly, effect suppressed  
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Systematic chemistry explorations

Mike Pajkos (Caltech)

Include pions and muons as next step (only trapped equil.)

Pajkos & ERM (2025)

•Pressure corrections of  
similar order to viscous 
correction.

In the merger context, see also Vijayan+ (pions, 2023), Loffredo+ (muons, 2023)
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Gamma-ray bursts from stellar remnants?
ERM & Quataert 2023Combi & Siegel 2023

Kiuchi et al 2024

Gottlieb+2023

ERM 2023

Not a magnetar, but strong 
constraints on BH-disk engine 

Curtis+ 2023; de Haas+2023

Major  
developments 
in numerical relativity in past years!

Bamber+2024

see Kiuchi talk
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The final fate of a neutron star binary 

Small scale

MRI
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Large scale Disk dynamo

 Price+,Kiuchi+,Palenzuela+, Aguilera-Miret+, Chabanov+, Liska+, Christie+, Jacquemin-Ide+, Hogg+, Musoke+, Galishnikova+, others

Magnetic dynamos 
are one of the key 
ingredients in the 
merger!

Image credit: NASA
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Magnetorotational instability dynamo!

ERM (PRD 2023)
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MRI-unstable
Equipartition  

field

Turbulent field

Outer layers of the star subject to strong dynamo 
amplification (Kiuchi+2023). 

Reach near equipartition field strength there.

New subgrid model!
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Pressure anisotropies in the crust?

At near equipartition field strengths could have feedback 
on equation of state (Landau level quantization)

Based on Pais & Providencia (2016)

bμ
p∥

p⊥

Pressure anisotropy can be same 
order as viscosities or thermal effects. Π =

1
2 (P∥ − P⊥)
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GRMHD with polarization
Adding a polarization tensor to nuclear matter 
amounts to the following 

Π = −
2
3

μb2

Bulk pressure 
πμν = μ (bμbν −

1
3

Δμνb2)
Braginskii-like shear 

On the technical side, can come 
up with a hydrodynamical frame 
transformation  
 
The resulting equations 
look like ideal GRMHD!

μb2 = (P⊥ − P∥)
Susceptibility  

ERM, Peterson, Scurto, Pais, Dexheimer (ApJL2025)

Chatterjee et al. (2015)
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Magnetic field configuration

ERM, Peterson, Scurto, Pais, Dexheimer (ApJL 2025)

Background magnetic field for polarization exploration

Caveat: This is on the 
extreme end of things
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Pressure anisotropies in the crust?
First upper bounds on pressure anisotropy in mergers 
(largely crust region).

Up to 10%  
in crust 

 
<0.1% in core 

ERM, Peterson, Scurto, Pais, Dexheimer (ApJL 2025)
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What about neutron star black hole mergers?

In most cases, neutron star will be swallowed whole…
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The likely fate of a black hole neutron star binary 

) The vertical axis, log

Detections are plotted as filled symbols,

pointing arrows. Less-constraining upper

for clarity. Between 0.5 and 8.5 days after

from the near-UV (<4500 Å) to the near-IR

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

epoch and best-fitting blackbody temper-
ature (rounded to 100 K) are listed. SEDs
for each epoch are also plotted individually

) Filter
transmission functions for the observed photometric bands.
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Observational prospects Callister+ (2019)

OVRO Long Wavelength Array
DSA-2000 (planned)

Radio search for GW170104
CHIME-GRB correlation study

Curtin+ (2024)
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Interacting White Dwarf binaries

Recently reported discovery of 
short radio pulses (<1min) in  
galactic white-dwarf — M-dwarf 
binaries with LOFAR.  
 
Similar system also found with 
MeerKAT 

De Ruiter+ (2025)

De Ruiter+ (2025)

Hurley-Walker+ (2025)

Radio emission potentially 
magnetospheric  
(luminosity, polarization) 

Some similarities to proposed neutron 
star binary precursors
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Radio emission from white dwarfs??
First kinetic simulations of relativistic 
electron-cyclotron maser under 
WDMD conditions supports a 
Jupiter-Io-like emission scenario

Zhong & ERM (to be submitted)

NASA: JUNO

Callingham+(2023)

Also Goldreich&Lynden-Bell (1968) 
Qu & Zhang (2025)

Yici Zhong  
(Caltech)

Spectral width and polarization  
consistent (though with caveats)

Zhong & ERM (to be submitted)
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Pre-merger transients

Image: APS

Tidal interactionsWind interactions

Merger transients 
(collapse-like)

Ωorbit − Ωspin

Orbitial motion / binary interaction

Image: Zhang

Zhang+, Ioka+; Sridhar+

Falcke & Rezzolla, Zhang+, Mingarelli+, Levin
Hansen & Lyutikov, Zhang, Cooper+, Piro, Lai, Totani, 
Lyutikov+, Wang+

Tsang+, Blaes+
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Computational breakthroughs
Wind interaction (Non-linear) Alfven waves

Balding transients/shocks Binary interactions
Yuan+(2020, 2022), ERM+(ApJL 2024)

ERM+(2018); Nathanail, ERM+(2017), East+(2020) 
Kim, ERM+(ApJL 2025)

Palenzuela+(2013), Paschalidis+(2013),Ponce+(2014),  
Carrasco & Shibata(2020,2022), 
ERM & Philippov (ApJL 2020,2022, PRL 2023, ApJL 2023), 
Mahlmann & Beloborodov (2025)

Zhong+(2024), Cortes+(2023), Sirdhar+(2021)
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Troja+(2010)

Gamma-Ray Burst Precursors?
Gamma-ray bursts 

precursor

GRB211211A 
Xiao+(2022)

Small number of gamma-ray bursts feature 
precursors seconds before the main event.  

Several explanations possible, including 
resonant shattering of the neutron star 
crust prior to merger. 

Tsang+(2012;2013), Penner+(2013), Neill+

Image credit: Tsang
Main questions: 

• How does the crust fracture? 
➡What type of emission is possible? 
• Constraints on nuclear physics? 

Image credit: Shutterstock

see Tsang talk
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Alfven wave dynamics
In a dipole background Alfven waves 
steepen with distance,  δB/B ∼ r3/2

10°4 10°3 10°2 10°1 100 101 102

tlaunch ° tmerger [s]

10°5

10°4

10°3

10°2

10°1

100

( ±
B

/B
) m

in

NS ° NS

BH ° NS

Small perturbations sufficient!

Requirements for  non-linearity

ERM, Chatziioannou, Kim, Legred (ApJL 2024)

Challenge: Scale separation between compact object and flaring radius!
δB

d ∼ 50 − 100 × Rstar

Non-linear dynamics leads to  
flare/blast wave Yuan+(2021,2022)

Yuan+(2022)

Non-linear dynamics sets in once 
 δB ≫ B Original idea goes back to Blaes+ (1989)

Even small perturbations have 
enough time to steepen!
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Alfven wave-powered precursors!
ERM, Kim, Chatziiouannou, Legred (ApJL 2024)

δB/B
NS

BH

Yuan+(incl. ERM 2022)

Shock-powered 
transient

Reconnection-powered 
X-ray emission

Main wave
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Crustal physics from hyperactive FRBs?
Recent discovery of hyperactive Fast 
Radio Burst with more than 11,000(!) 
bursts with FAST.

Individual burst episodes of up to 
700 bursts per hour.

Clear imprints of 
500 Hz 
periodicity in the 
signal.

Zhang+(2025)

Zhou+(2025)

Potential energy constraints on FRB 
emission mechanism and magnetar 
engine (with many caveats…)

Could this be related to the crust??
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L. Burnaz  
(Caltech/Lyon)

Realistic magnetar quakes!

Couple full crust model to 
magnetosphere

Bransgrove+ (2020), Qu & Bransgrove (2025)

Burnaz, ERM, Bransgrove (arXiv 2025)

A.Bransgrove  
(Princeton)

Surface 
motion 

of  
crust  

oscillation

Qu & Bransgrove (2025)
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L. Burnaz  
(Caltech/Lyon)

Quakes spark blasts!

A.Bransgrove  
(Princeton)

Burnaz, ERM, Bransgrove (arXiv 2025)

Series of fast 
magnetosonic and 
Alfven waves 
launched in the 
magnetosphere 

Cosmic symphony of 
monster shocks, 
nonlinear Alfven 
wave ejecta, 
reconnection
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L. Burnaz  
(Caltech/Lyon)

Oscillation imprints!

A.Bransgrove  
(Princeton)

Burnaz, ERM, Bransgrove (arXiv 2025)

500 Hz signal consistent with crossing 
of crustal thickness for low mass 
magnetar!

tel ≃ H/vel

ν ≃ 1/2tel

Crust crossing 
time probes a 
combination of 
thickness and 
crustal velocity
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Key points

Radio and gamma-ray probes are 
promising future avenues to 
potentially constrain crustal physics 
relevant for the merger, and beyond.

Neutron star mergers are exciting 
probes of hot and dense matter, 
even beyond the equation of state!

Magnetic field and plasma physics 
critical for understanding the secular 
evolution of the remnant, outflows 
and jets!
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TAPIR
Computational Relativistic Astrophysics 

comp-relastro.caltech.edu

Thank you! 

http://comp-relastro.caltech.edu

