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Disk winds

see talks  
by Hayashi, 

Janiuk

see talks by 
Radice, 

Gutierrez, 
Dietrich 

see talks by
Miravet-Tenes, 
Reboul-Salze

see talks by Desai
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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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A path towards better microphysics

Ideal 
GRMHD

Reconnection physics
−

Dissipative 
resistive GRMHD
✤ Scalar resistivity + Hall

Braginskii-like  
non-resistive GRMHD

✤ Heat flux
✤ Anisotropic viscosity

GRPIC

Particle- 
based

Single-fluid-based

Two Fluid 
Dissipative GRMHD

✤ Anisotropic electron 
pressure

Two-fluid-based

See also 10-moment 
in Newtonian context+
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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 + ⃗Jdiv 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 (MNRAS 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

ERM & Philippov (ApJL 2023)
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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

��Pk � P?
�� 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!

uα ∇αΠ = − ζ ∇βuβ + …

uα ∇απμν = − ησμν − τ−1πμν + …

uα ∇αqμ = − κ∇μT − τ−1qμ + …

+δB b<μαπν>
α …

+ΩT bμνqν + …
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Dissipative visco-resistive GRMHD

Sam Dunham 
(Caltech)

Building the first dissipative resistive GRMHD 
code that incorporates all first order 
dissipation terms

Bulk & shear viscosities, heat conduction, resistivity 
and Hall terms using 14-moment formulation

Dunham & Most (in prep)

uκ ∇κV<μ> = −
1
τ

Vμ + ω2
p,eeμ + ωg,ebμνVν

𝒥μ = quμ + Vμ

Denicol+ (2019)

dissipative current

Hall
resistive coupling

advective term
Dunham & Most (in prep)

See also Lier+ for BDNK approaches.

Retain electron degrees of freedom
ωp,e =

4πnee2

me

ωg,e =
eb
me
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Dissipative visco-resistive GRMHD

Sam Dunham 
(Caltech)

On GPUs!
Extend novel flux-conservative formulation 
 to full visco-resistive system in full GR.

ERM & Noronha (2021)

Dissipative sector is fully 
implicit (SSP-RK3 IMEX). 

New flooring model to 
treat highly magnetized 
and nonideal regions. 
  
AMReX-based fully GPU 
compatible  

Dunham & Most (in prep)

On A100 GPU about 3x more expensive 
than ideal (~15 Mio. cell-ups/s)
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Dissipative GRMHD

πxy Vz

ρSam Dunham 
(Caltech)

Dunham & Most (in prep)
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Dynamos in action!

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

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

Image credit: NASA
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Large scale Disk dynamo

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

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

Image credit: NASA
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A simple global mean-field approach
New covariant formulation of mean-
field -term for ideal GRMHD limit 
from dissipative MHD (non-stiff)

α

τuα ∇αJ<μ>
e + Jμ

e = σeμ + αμ
ν bν + βεμναγ ̂βνbα(Je)γ + …

⃗E = − ⃗v × ⃗B + κ ⃗B + β ⃗J

See also Bucciantini, Del Zanna, Shibata for stiff formulations.

Can formulate this perturbatively in 
the dynamo term, to allow easy 
coupling to existing GRMHD codes

ERM (PRD 2023)

Equipartition field
field strength

magnetization
ERM (PRD 2023)

see talks by
Miravet-Tenes, Reboul-Salze
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A true multi-physics problem
Neutron star mergers probe new regimes of 
physics!

Exotic degrees of freedom?
2
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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)

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)

Alford+, Camelio+, Foucart+, 
Hammond+, ERM+(2022,arXiv), 
Radice+, Shibata+,…

Magnetic fields?
Ciolfi+, ERM+(2019,2021,2023), 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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Pressure anisotropies in the crust?
At near equipartition field strengths could have feedback 
on equation of state (Landau level quantization,  
de Haas-van Alphen effect)

Based on Pais & Providencia (2016)
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Pressure anisotropy can be same 
order as viscosities or thermal effects. Π =

1
2 (P∥ − P⊥)

πμν →
Π
b2 (bμbν −

b2

3
Δμν)



Elias R. Most Caltech

Pressure anisotropies in the crust?
At near equipartition field strengths could have feedback 
on equation of state (Landau level quantization,  
de Haas-van Alphen effect)

Based on Pais & Providencia (2016)

bμ
p∥

p⊥

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

1
2 (P∥ − P⊥)

πμν →
Π
b2 (bμbν −

b2

3
Δμν)



Elias R. Most Caltech

First upper bounds on pressure anisotropy in mergers 
(largely crust region).

Pressure anisotropies in the crust?

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

Up to 10% in crust.              <0.1% in core 
New multi-moment scheme for (non-)dissipative 
GRMHD scheme with polarization

Π = −
2
3

μb2 πμν = μ (bμbν −
1
3

Δμνb2) μb2 = (P⊥ − P∥)
Susceptibility  
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What about black hole - neutron star mergers?

In most cases, neutron star will be swallowed whole…
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Crustal dynamics-powered transients?
ERM, Kim, Chatziioannou, Legred (ApJL 2024)

δB/B
NS

BH

Yuan+(incl. ERM 2022)

Shock-powered 
transient

Reconnection-powered 
X-ray emission

Main wave

see Tsang+, Penner+
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L. Burnaz  
(Caltech/Lyon)

Isolated magnetar quakes!

A.Bransgrove  
(Princeton)

Burnaz, ERM, Bransgrove (ApJL 2025)

Cosmic symphony of 
monster shocks, 
nonlinear Alfven 
wave ejecta, 
reconnection

Couple full crustal 
magnetoelasto-
dynamics model 

to magnetosphere
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A new take on collapsing neutron stars

The collapse launches 
fast magnetosonic waves!

Thorne (1971), Price (1972), Baumgarte & Shapiro 
(2003),Lehner+ (2012), Palenzuela+(2013), 
ERM+(2018) See also Stark & Piran (1986) 
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nature of the EM emission, with most of the intensity
concentrated near the equatorial plane of the rotating star. This
lack of anisotropy has direct consequences on the event rate of
blitzars and detection rate of FRBs, indicating that if blitzars
are responsible for FRBs, then the event rate should be close to
a factor of two larger than the detection rate. As a final remark,

we should point out that the correct event rate of blitzars would
be determined by simulating realistic pulsars, meaning that the
rotational axis is misaligned with the magnetic dipole moment.
We intend to extend our present work to the misaligned case.
Having described the overall energetic of the EM emission,

it is interesting to correlate the measured radiated energy with

Figure 3. Top row is the same as in Figure 1, but for the case of the initial model F300.B13, i.e.,a neutron star rotating at 300 Hz and with a magnetic field of
1013 G. Note the presence at late times (right panel) of an ordered magnetic field because the black hole produced is of Kerr–Newman type. Bottom row is the same as
in Figure 1, but for the case of the initial model F600.B13.

7

The Astrophysical Journal, 864:117 (12pp), 2018 September 10 Most, Nathanail, & Rezzolla

ERM+ (ApJ 2018), see also Baumgarte+, Palenzuela+, Lehner+
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What happens following the collapse?
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ERM+ (ApJ 2018), see also Baumgarte+, Palenzuela+, Lehner+

What happens following the collapse?
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ERM, Beloborodov, Ripperda (ApJL 2024)

Shock formation during collapse!

Te
m
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Monster shock!
Beloborodov (2023)
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Black Hole Pulsar from BH-NS! Yoonsoo Kim  
(Caltech)

Kim, ERM, Beloborodov, Ripperda (ApJL 2025)

First demonstration 
of black hole pulsar 

formation

(Black hole no-hair 
theorem still holds, 
pulsar state is transient)

Levin+ (2018), Selvi+ (2024)

Striped wind (gamma/
X-ray transient)
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Observational prospects Callister+ (2019)

OVRO Long Wavelength Array
DSA-2000 (planned)

Search for S250206dm

Kosogorov+(2026)
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Interacting White Dwarf binaries

Two sources confirmed as  galactic 
white-dwarf — M-dwarf binaries 
with hour-long period and minute 
long bursts De Ruiter+ (2025)De Ruiter+ (2025)

Hurley-Walker+ (2025)

No accretion, so radio 
emission magnetospheric 

New population (~12) of long-
period radio transients with 
periods ranging from minutes to 
hours.
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Radio emission from white dwarfs??
Likely emission model in those near 
tidally locked systems is the 
relativistic electron-cyclotron maser 
(ECM) supports a Jupiter-Io-like 
emission scenario

NASA: JUNO

Callingham+(2023)

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

ℒradio ≃ 6.0 × 1027 ergs−1 ζϕ ( ΔΩ
Ω ) ( P

100 min )
−13/3

( ξ
10−2 )

( μ
1034 Gcm3 )

2

( M⋆ + Mc

0.8 M⊙ )
−5/3

( RMD

0.217 R⊙ )
2

Question: How efficiently can the 
ECM operate in a WD system?
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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 (arXiv 2025)

NASA: JUNO

Yici Zhong  
(Caltech)Nonlinear 

maser regime  
up to 10x more 
efficient for 
radio emission. 
 
Linear 
polarization 
possible 
 (with caveats!)
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Vastly different scales

ℒEM ≃ 1043 erg/s

∼ 50 km

≪ 10−7 rg

Reconnection

Current 
sheet

≃ rg ∼ 30 rg

Flare-disk 
interaction

Jet 

≫ 104 rg

Image credit: Ripperda+, Liska+

Galactic scale 
feeding*

≫ 107 rg

Need different multi-scale approach  
to capture physics on all scales!

Microscales Macroscales
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What about macro scales!

Image credit: 
Hopkins
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What about macro scales!

Largest 
direct 

GRMHD  
simulation

Lalakos+ 
(incl.ERM; 2025)

Multi-scale 
GRMHD
Cho+, Guo+

Image credit: 
Hopkins



Elias Roland Most

Jet feedback
In reality, the jet (and other outflows) will feedback on 
the accretion flow. So for real flows, ·MBH ≪ ·MB

Largest contiguous GRMHD Bondi accretion simulation to date!
Lalakos+(incl. ERM 2025)

Aris Lalakos 
(Caltech=>CITA)
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Universal mass accretion

Feedback in magnetically 
arrested regime leads to 
universal accretion behavior

Aris Lalakos 
(Caltech)

For realistic scale separations 
, e.g., in M87, only sub-percent-
level mass accretion from 
outer supply

Lalakos+(incl. ERM 2025)

Compare also Feng+, Xu+, Tchekhovskoy+, Galishnikova+
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Brute force get’s you only so far

Cho+(2023;2024;2025)

Community has developed and explored novel techniques to  
deal with large scale separation when steady state exists!

Multizone method
Cyclic zoom

Work well for single stationary black hole in grid-based codes
Guo+(2025)
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Time dilation methods
New analytic method akin to reduced speed of light.  
Can use sufficiently shallow dilation profile centered on accretor.

Hopkins & ERM (2025)

Allows for generalization to binary motion, boosts etc.
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Time dilation

Potential order of magnitude speed up just as for 
multi-zone / cyclic-zoom approaches

Hopkins & ERM (2025) Bondi

Can use analytic time dilation profiles focus on central black hole 
even works with radiation!
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Cheating only get’s you so far!

Ejected magnetic flux tubes in MAD regime propagate all the 
way out to the Bondi radius!

Aris Lalakos 
(Caltech)

Especially for low angular 
momentum flows jet can start to 
become unstable.  
Different steady state solution!

e.g., Lalakos+2023; 2025(incl.ERM);  
Galishnikova+(2024); Cho+(2025)

Tchekhovskoy+(2011)

MAD BH

Lalakos+ (incl. ERM; 2025)
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What’s a better way to model small-scale feedback? 
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A Neural Operator Black Hole
What’s a better way to model small-scale feedback? 

What about AI??
But for real…
If accretion is described by a 
PDE (can be different ones  
for different states),  
we can write

𝒟[ρ] = 𝒮
Can solve this by computing  
Green’s function 𝒢 ≃ D−1

Neural operators learn spectral 
representation of !𝒢

Z. Li (2020;2021)
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A Neural Operator Black Hole

Bhojwani, C. Wang, H. Wang, ERM, Anandkumar (2025)

Nihaal Bhojwani 
(Maryland/Caltech)

Chuwei Wang 
(Caltech)

H. Wang  
(Caltech)
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A Neural Operator Black Hole

Bhojwani, C. Wang, H. Wang, ERM, Anandkumar (2025)

Nihaal Bhojwani 
(Maryland/Caltech)

Chuwei Wang 
(Caltech)

H. Wang  
(Caltech)

Trained neural operator for Newtonian and GRMHD flows!
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Neural operator can capture variability!

Bhojwani, C. Wang, H. Wang, ERM, Anandkumar (2025)Newtonian MHD in AthenaK

Need proper 
matching to 
different regimes, 
and jet feedback.
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What about black holes?
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Circumbinary accretion disks
Circumbinary disks can form in galaxy 
mergers, potentially with strongly 
magnetized disks. 

Shi, Kremer, Hopkins (2024)

e.g., Mayer+(2007), Shi+(2024)

Accretion from circumbinary disk could be 
a possible channel for driving the binary to 
sub-pc separation 
Begelman+(1980), Pringle (1991), Milosavljevic & Merritt (2003), 
Merritt & Milosavljevic (2005), Colpi (2014)

Interesting also in the context of merging 
binary population seen with Pulsar Timing 
Arrays or future LISA observations  

Interaction with disk may also power 
electromagnetic signatures (LISA)

Image credit: NANOgrav

Amaro-Seoane+(2017),  Agazie+(2023)
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Multi-phase galactic-scale binary accretion? 
Wang, Guo, ERM+ (arXiv 2025)

Zoom-in simulation of accretion onto a binary in an 
M87-like background with realistic ISM cooling 
from ~kpc down to mpc (6 order scale difference!).

Warped circumbinary disk on parsec scales!

H. Wang  
(Caltech)

M. Guo  
(Princeton)
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Multi-phase flow Strong toroidal field and 
hypermagnetized disk

Multi-phase galactic-scale binary accretion? 
Wang, Guo, ERM+ (arXiv 2025)

H. Wang  
(Caltech)

M. Guo  
(Princeton)

Zoom-in simulation of accretion onto a binary in 
an M87-like background with realistic ISM cooling 
from ~kpc down to mpc.



Elias R. Most Caltech

Circumbinary accretion
Circumbinary accretion has  
been studied extensively using  
2D simulations with -viscosityα

Cavity

Mini-disks

Wang & ERM (in prep)

early work by Artymowicz & Lubow (1994)
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Circumbinary accretion
Circumbinary accretion has  
been studied extensively using  
2D simulations with -viscosityα

Cavity

Mini-disks

Wang & ERM (in prep)

early work by Artymowicz & Lubow (1994)

Detailed investigations over the past 
decade paint the following picture:

• Equal mass non-eccentric systems 
spiral outwards due to accretion

• For inspiral need mass ratios  

at substantial orbital eccentricities   

or very thin disks 

0.3 ≲ q ≲ 0.8
eb ≃ 0.4

H/R < 0.02
Tiede+(2020), Dittmann & Ryan(2022)

Munoz+(2019), Zrake+(2021), 
D’Orazio & Duffel (2021)

Farris+(2014), Munoz+(2020), 
Duffel+(2020), Dittmann+(2021) 
Siwek+(2023)

Munoz & Lai, Duffel+
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Circumbinary accretion
Circumbinary accretion has  
been studied extensively using  
2D simulations with -viscosityα

Cavity

Mini-disks

Is this the full picture…?

Wang & ERM (in prep)

early work by Artymowicz & Lubow (1994)

Detailed investigations over the past 
decade paint the following picture:

• Equal mass non-eccentric systems 
spiral outwards due to accretion

• For inspiral need mass ratios  

at substantial orbital eccentricities   

or very thin disks 

0.3 ≲ q ≲ 0.8
eb ≃ 0.4

H/R < 0.02
Tiede+(2020), Dittmann & Ryan(2022)

Munoz+(2019), Zrake+(2021), 
D’Orazio & Duffel (2021)

Farris+(2014), Munoz+(2020), 
Duffel+(2020), Dittmann+(2021) 
Siwek+(2023)

Munoz & Lai, Duffel+
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Accretion regime
Chatterjee & Narayan

Magnetization
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Accretion regime Narayan+, 
Igumenshev+,Tchekhovskoy+, 

Scepi+, Begelman+, Ripperda+,…

EHT (2021)

Chatterjee & Narayan

Magnetization
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SANE Magnetization
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Accretion regime Narayan+, 
Igumenshev+,Tchekhovskoy+, 

Scepi+, Begelman+, Ripperda+,…

EHT (2021)

Circumbinary 
accretion has  
been studied 
extensively using  
2D simulations 
with -viscosityα

Farris+(2014), Munoz+(2020),Duffel+(2020), Dittmann+(2021), 
Siwek+(2023),Munoz+(2019), Zrake+(2021), D’Orazio & Duffel (2021)

Chatterjee & Narayan

SANE MAD*Magnetization
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Accretion regime Narayan+, 
Igumenshev+,Tchekhovskoy+, 

Scepi+, Begelman+, Ripperda+,…

EHT (2021)

???
Circumbinary 
accretion has  
been studied 
extensively using  
2D simulations 
with -viscosityα

Farris+(2014), Munoz+(2020),Duffel+(2020), Dittmann+(2021), 
Siwek+(2023),Munoz+(2019), Zrake+(2021), D’Orazio & Duffel (2021)

Chatterjee & Narayan

SANE MAD*Magnetization
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Accretion regime Narayan+, 
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EHT (2021)
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Circumbinary 
accretion has  
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2D simulations 
with -viscosityα

Farris+(2014), Munoz+(2020),Duffel+(2020), Dittmann+(2021), 
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Chatterjee & Narayan

SANE MAD*

°1.5

°1.0

°0.5

0.0

0.5

1.0

1.5

z
[ a

]
t = 155.0torb t = 157.5 torb t = 158.0 torb

°1.5

°1.0

°0.5

0.0

0.5

1.0

1.5

x
[ a

]

°1.5°1.0°0.5 0.0 0.5 1.0 1.5
y [a]

°1.5

°1.0

°0.5

0.0

0.5

1.0

1.5

x
[ a

]

°1.5°1.0°0.5 0.0 0.5 1.0 1.5
y [a]

°1.5°1.0°0.5 0.0 0.5 1.0 1.5
y [a]

°3.0

°2.5

°2.0

°1.5

°1.0

°0.5

0.0

0.5

1.0

lo
g 1

0
Ø

°3.0

°2.5

°2.0

°1.5

°1.0

°0.5

0.0

0.5

1.0

lo
g 1

0
Ω

Binary MAD

ERM & Wang (ApJL 2024)

Magnetization
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Magnetically arrested circumbinary accretion

ERM & Wang (PRDL 2025)

Interchange instabilities at 
the cavity wall trigger 
magnetic flux eruptions.  
This is the analogous to a 
MAD state of a single 
black hole! Narayan+(2003), 

Igumenchev+(2003), 
Begelmann+(2022)
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ERM & Wang (ApJL 2024) Wang, ERM, Hopkins (arXiv 2025)
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BMAD isn’t cool (literally)!

Strong cooling

No cooling

Wang, ERM, Hopkins (arXiv:2025)

H. Wang  
(Caltech)
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H. Wang  
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Towards merger: Decoupling regime

Magnetospheric accretion (Rayleigh-Taylor Fingers)  
during and after decoupling! ERM & Wang (PRDL 2025)
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Inspiral and merger

Full GRMHD simulations of inspiraling 
PN black holes with Bondi feeding!

Ressler, Combi, Ripperda, ERM(ApJL 2025)
Effective Bondi  

accretion from cavity wall

Non-thermal emission 
from jet interaction, 
and flares close to mergerSean Ressler (CITA)

100 rg

+

ERM & Wang (PRDL 2025)
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Inspiral and merger

Full GRMHD simulations of inspiraling 
PN black holes with Bondi feeding!

Ressler, Combi, Ripperda, ERM(ApJL 2025)
Effective Bondi  

accretion from cavity wall

Non-thermal emission 
from jet interaction, 
and flares close to mergerSean Ressler (CITA)
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+

ERM & Wang (PRDL 2025)
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What happens after merger?
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Post-merger: Jets and disk collisions

200rg

jet

vr = 0.05c, vrt = 166 rg

Horizontal recoil

CBD cavity

accretion disk

recoiling BH

vrt = 414 rg vrt = 746 rg

ρ

σ

200rg 200rg

Kim, ERM+ (in prep)

Y. Kim  
(Caltech => Princeton)

BMAD post-
merger from 
consistently 
decoupled 
CBD

see also de Simone+ 
for different regime
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Kick direction

Ressler, Combi, Ripperda, ERM (ApJL 2025)

Kim, ERM+ (in prep)

Systematic explication of kick direction and sub- and 
supersonic kick velocities
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Kick direction

Ressler, Combi, Ripperda, ERM (ApJL 2025)

Kim, ERM+ (in prep)

Systematic explication of kick direction and sub- and 
supersonic kick velocities
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Oblique cases feature complex behavior

recoil-driven 
cylindrical shock

CBD cavity

recoiling BH

outer accretion flow 
streaming from CBD

jet

inner accretion disk

Oblique recoil

400rg

200rg

ρ

σ

vr t = 1381 rg vr t = 1934 rg vr t = 2348 rg

,  vr = 0.05c vrt = 1354 rg

200rg 200rg

CBD cavity

Y. Kim  
(Caltech => Princeton)

Parametric 
exploration: 
Jet lifetime seems 
to be correlated  
with  tjet ≃ v−3

BH

Kim, ERM+ (in prep)
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Dynamical Strong Field Gravity

Can we use our intuition for relativistic plasmas and fluids to 
understand gravitational wave dynamics?
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Gravity = nonlinear electrodynamics!

Boyeneni, Wu, ERM (PRL 2025)

General relativity can be uniquely and exactly recast as a 
nonlinear electrodynamics system 

Jiaxi Wu (Caltech)

Siddharth Boyeneni  
            (Caltech )

Olivares+ (2021, incl. ERM)

Gravity = Lorentz force Grav. Waves = Poynting flux

E ̂r ≃
M
r2

Charge density + electric field Poynting flux + electric wave field

Coulomb law

also Estabrook+ (1997) 

See also Owen+ for vertex/tendex interpretation
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Nonlinear gravitational wave interaction 
= Turbulence?

Recent interest in the community to understand 
nonlinear gravitational wave interaction giving rise to 
turbulent behavior

Galtier & Nazarenko (2017; 2021)

Ma+ (2025)

See also Carrasco+(2015), Green+(2014), Yang+(2015)

Turbulent cascade?

 Mathematical theory, not there yet…
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For small wavelengths, can show 
that general relativity has same 
nonlinearity structure as MHD! 
 
(Weak) turbulence arises from  
Alfvenic interactions of gravitational 
waves. 
Preliminary numerical simulations 
consistent* with weak MHD spectrum 

Jiaxi Wu 
 (Caltech)

Holly Krynicki 
 (Caltech)

zμ
α̂± = uμuα̂ ± [b μ

α̂ −
Tr(b)

4
δμ

α̂]
∂μ [ −g (zμ

α̂±zα̂
̂ν∓ + Πδμ

̂ν)] + −g (zμ
α̂±zα̂

̂ν∓ + Πδμ
̂ν)

∂μℰ
ℰ

= 0

Krynicki, Wu, ERM (arXiv 2025)

Krynicki, Wu, ERM (arXiv 2025)

Gravitational wave turbulence
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Preliminary

Elsasser equation of GR!
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New Frontiers of Extreme Plasma Physics Modeling in 
Relativistic Astrophysics 
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