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Neutron star Coalescence
Neutron star jet/wind
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Neutron star Coalescence
Shocks

t = 57.66 ms

Magnetospheric interactions Neutron star jet/wind

1000

—250

—500

—750 \.’”
_

-1 UOQ nnn

see talks by Desai

see talks by
Miravet-Tenes, see talks.
Reboul-Salze by Hayashi,
Janiuk

Black hole Jet

Magnetoturbulence and Dynamos Disk winds
\ Ml 1oz, Vb2 (G
| see talks by '
Radice,
Gutierrez,

Dietrich

logg pp[g/cm™H] & .
Caltech

Elias R. Most
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Supermassive Black Hole Coalescence

Circumbinary
driven inspiral? .
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EM transients
leading up to
merger

Circumbinary
driven inspiral?
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EM transients
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Vastly different scales

Image credit: Ripperda+, Liska+
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Vastly different scales

Image credit: Ripperda+, Liska+

Macroscales
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Need different multi-scale approach
to capture physics on all scales!
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Current s I
sheet o
Flare-disk
Reconnection Interaction

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

Elias R. Most Caltech



Hydrodynamics as an effective theory

Magnetohydrodynamics Kinetic theory
Vﬂ Tllf;dro =0 p Maﬂf =6 [f ]

Collisional (1 ~ 0) w Collisionless (1 ~ L)
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Hydrodynamics as an effective
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Hydrodynamics as an effective theory

Perturbatively include corrections to hydrodynamics

uy __ | v 1, 2 Uy A

Dissipative

Hydrodynamics Hydrodynamics Kinetic theory
Vﬂ Tlﬁl}lfjdro =0 Vﬂ " =0 p”()ﬂf =6 [f]

Collisional (1 ~ 0) w Collisionless (1 ~ L)
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A path towards better microphysics

Single-fluid-based Two-fluid-based Particle-

Dissipative based
resistive GRMHD

% Scalar resistivity + Hall

Two Fluid
Dissipative GRMHD

“* Anisotropic electron
pressure

Braginskii-like
non-resistive'.GRMHD /See also 10-moment

in Newtonian context m

% Heat flux Reconnection physics
v % Anisotropic viscosity phy -
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Inspiration from space physics
Generalize 10-moment two-fluid

@) wlon/d /| approach from space physics to
" relativistic setting!

0 (myn) N 0 (msnsuj,s)

number dewsitg

=0,
ot axj i ’
momentum oenstt
. o (mnu;)  OP;, J
st o = Msds (Bt e By)
J
0P, 0Qn, (an-)isotropic stresses
> ? S
\ ot OX =Nngq,u; Ej] + Fe[imlpmj],sBl'
, m S
{ Wang+(2018)
4 4

Need generalized Ohm’s law to model collisionless physics.

R U ey T o Need
E=—vXB4+nJ+Jdivv+div &L + ... 2nd order!

oth order  1storder 2nd order Bessho&Bhattarcharjee (2008)
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Inspiration from space physics

14

JL2023) Generalize Jﬂ-moment approach from
space physics to relativistic setting!

ERM & Philippov (A

number denstty total energy-momentum

VN'=0 VN'=0 V,T"=0

electron temuperature electron current

U'V e, = ... UMV, F37 = ...

a vu',sotrop'w electron pressure

= Dissipative Two-Fluid MHD UFV s = ...

ERM, Noronha & Philippov (MNRAS 2022)

Need generalized Ohm’s law to model collisionless physics.

oth order d1st order olgwamicmpart 2nd order
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Inspiration from space physics 2T
JL 2023) Generalize M%ﬁ)ment approach from

space physics to relativistic setting!

ERM & Philippov (A

number denstty total energy-momentum

VN'=0 VN'=0 V,T"=0

electron current

UrV, Fs =

a stotropLo electrom pressure

electron temperature

UrV e, =...

= Dissipative Two-Fluid MHD

ERM, Noronha & Philippov (MNRAS 2022)

Need generalized Ohm’s law to model collisionless physics.

oth order d1st order dgwamicaLpar’c 2nd order
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Dissipative Magnetohydrodynamics

First numerical scheme to handle !’Oessure anisotropy

general viscosities in the presence of 7

magnetic fields for relativistic fluids. "\ \ )
ERM & Noronha (PRD 2021) o [l /)) -
_4_D
Leverages a |4-moment closure i, E
derived from kinetic theory by ? (6
—L0 e e oo o oa O

the nuclear physics community. -
DenlCO|+(2018,2019) ERM & Noronha (PRD 2021)

u* VIl =—¢Vaul + ...

Novel fully flux conservative
u’v, g = — kVAT — 17 1g" + ...

approach with stiff relaxation.

+Qrb"qg, + ...
Well suited to handle highly uevV o = — pot — ¢t gt 4
turbulent astrophysical flows! +8, bHg>
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Dissipative visco-resistive GRMHD

Building the first dissipative resistive GRMHD R

code that incorporates all first order

dissipationterms  Dbunham &Most (in prep)
See also Lier+ for BDNK approaches.

(Caltech)
Bulk & shear viscosities, heat conduction, resistivity

and Hall terms using 14-moment formulation penicol+ (2019)

Retain electron degrees of freedom
R 4nn e*
- - . a)p,e —
dissipative current m,
<p> * 2 b
MKVKV H ?VM + a)p,ee'u;'l' a)g,eb'MUVU a)g,e — ;—
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Dissipative visco-resistive GRMHD

T g
27 g : o

_ ERM_& Noronha (2021)
Extend novel flux-conservative formulation

to full visco-resistive system in full GR. Qe}.

Dissipative sector is fully (Caltech)

implicit (SSP-RK3 IMEX). 01
New flooring model to o1
treat highly magnetized > 00
and nonideal regions. 01
AMReX-based fully GPU Y
compatible = oof

On A100 GPU about 3x more expensive _;

-2.0 -1.8 —1.6 —-1.4 —1.2 -1.0

thanideal (~15 Mio. cell-ups/s)  punham & Most (inprep) =



Dissipative GRMHD PurhamsMostinprep)

Electron L5 |

number density = &
S 1}
Sam Dunham Dissipative v
(Caltech) 3 N
current Vlsc?gsmstress

107°
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Dynamos in action!

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

Price+,Kiuchi+,Palenzuela+, Aguilera-Miret+, Chabanov+, Liska+, Christie+, Jacquemin-Ilde+, Hogg+, Musoke+, Galishnikova+, Gutierrez+ others
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Dynamos in action!

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

Image credit: NASA

Small scale

Price+,Kiuchi+,Palenzuela+, Aguilera-Miret+, Chabanov+, Liska+, Christie+, Jacquemin-Ilde+, Hogg+, Musoke+, Galishnikova+, Gutierrez+ others
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A simple global mean-field approach

New covariant formulation of mean-

field a-term for ideal GRMHD limit
from dissipative MHD (non-stiff) N ¢~ 40 ERM (PRD2023)

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

vV 7+ JF = oet + a'bY + ,Be’“‘”“”,BAyba(Je)}, + ...
— N — o <

E=—-vXB+«kB+ fpJ

Can formulate this perturbatively in

the dynamo term, to allow easy N
. o« e x | km
coupling to existing GRMHD codes

E' = —¢7* ;B +k|(1 —v*)B' + (v;B")v'| + O(x?) see talks by
Miravet-Tenes, Reboul-Salze
ERM (PRD 2023)
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A true multi-physics problem

Neutron star mergers probe new regimes of
physics! Magnetic fields?

Ciolfi+, ERM+(2019,2021 2023) Giacomazzo+,
Kiuchi+, Palenzuela+,...

LUV

Finite-temperature

Exotic degrees of freedom? and composition?

Bauswein+, Huang+, ERM+(2019,2020,2023),Prakash+, aausweLn+, ERM"'(ZOél_)’;iGIJUra*,
Radice+,Sekiguchi+,Weih+... (+ many more for EoS uncertainty!) anauskes,reregot, aithel+...

Neutrino effects?

(in dense matter)

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

Pressure anisotropy can be same I — l ( P _p )
order as viscosities or thermal effects. oL

1018

_IIII

16
10 101 100
np [fm_?’]

Based on Pais & Providencia (2016)
Elias R. Most
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Pressure anisotropies in the crust?

First upper bounds on pressure anisotropy in mergers

(Ial"gGI)’ Crust I"egiOn). ERM, Peterson, Scurto, Pais, Dexheimer (ApJL 2025)
NL3wp(B = 0 EOS _ _ NL3wp(full EOS A

—15 n . = =
—-15-10 -5 0 o5 10 15 —-15-10 -5 0 &5 10 15 -15-10 -5 0 &5 10 1o

z [km] z [km] z [km]
Up to 10% in crust. <0.1% in core

New multi-moment scheme for (non-)dissipative

GRMHD scheme with polarization o
Susceptibility

2 1
1= — gﬂlﬂ 7 = (b”b” - EA/“‘”N) ub* = <P |- P”>
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What about black hole - neutron star mergers?

In most cases, neutron star will be swallowed whole...
Elias R. Most Caltech




Crustal dynamics-powered transients?

ERM, Kim, Chatziioannou, Legred (ApJL 2024)

Shock-powered
fransient

see Tsang+, Penner+

300

200

Z-AX1sS

100

S
//7
—

Reconnection-powered
X-ray emission

Caltech
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|Isolated magnetar quakes!

1.00

L. Burnaz A.Bransgrove
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A new take on collapsing neutron stars

C Ipd(C




A new take on collapsing neutron stars

Thorne (1971), Price (1972), Baumgarte & Shapiro
(2003),Lehner+ (2012), Palenzuela+(2013),
ERM+(2018) See also Stark & Piran (1986)

0)—(@

The collapse launches
fast magnetosonic waves!
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A new take on collapsing neutron stars

Thorne (1971), Price (1972), Baumgarte & Shapiro
(2003),Lehner+ (2012), Palenzuela+(2013),
ERM+(2018) See also Stark & Piran (1986)
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The collapse launches
fast magnetosonic waves!
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ERM+ (ApJ 2018), see also Baumgarte+, Palenzuela+, Lehner+
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A new take on collapsing neutron stars

Thorne (1971), Price (1972), Baumgarte & Shapiro

(2003),Lehner+(2012), Palenzuela+(2013),
The CO”apse IaunCheS ERM+(2018) See also Stark & Piran (1986)
fast magnetosonic waves!

00—((e

What happens following the collapse?

"
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|
|
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|
I
I

ERM+ (ApJ 2018), see also Baumgarte+, Palenzuela+, Lehner+
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A new take on collapsing neutron stars

Thorne (1971), Price (1972), Baumgarte & Shapiro
(2003),Lehner+ (2012), Palenzuela+(2013),

ERM+(2018) See also Stark & Piran (1986)
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What happens following the collapse?

The collapse launches
fast magnetosonic waves!
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Shock formation during collapse'
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Monster ShOCk! ERM, Beloborodov, Ripperda (ApJL 2024)
Beloborodov (2023)
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“an Black Hole Pulsar from BH-NS!

Kim, ERM, Beloborodov, Ripperda (ApJL 2025)

/

First demonstration
of black hole pulsar

formation

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

Levin+ (2018), Selvi+ (2024)

Striped wind (gamma/
X-ray transient)

Elias R. Most Caltech



“an Black Hole Pulsar from BH-NS!

Kim, ERM, Beloborodov, Ripperda (ApJL 2025)

/

First demonstration
of black hole pulsar

formation

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

Levin+ (2018), Selvi+ (2024)

Striped wind (gamma/
X-ray transient)

Elias R. Most Caltech



Kosogorov+(2026)

—— Merger Event :

===- First Alert '

—-=— Second Alert
Buffer Start

Observaticnal prospeCtS Callister+ (2019)
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21:40
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U |
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-_—
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Interacting White Dwarf binaries

o
w

New population (~12) of long-
period radio transients with
periods ranging from minutes to

=
-

Flux density [Jy/beam)]
o
N

0.40

hours. i 035 2
Two sources confirmed as galactic i« 020
white-dwarf — M-dwarf binaries e 0102
with hour-long period and minute TP Prmeea
De Ruiter+ (2025) De Ruiter+ (2025)
IOng burStS Hurley-Walker+ (2025) — Pop=125.5 min Predicted
L, e mn .. Liming sliion

200

No accretion, so radio AN w
emission magnetospheric 14 \/ /i \/
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Radio emission from white dwarfs??

Likely emission model in those near NASA: JUNO
tidally locked systems is the
relativistic electron-cyclotron maser
(ECM) supports a Jupiter-lo-like

emission scenario

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

emiISSIOonN

] oot Question: How efficiently can the
P ECM operate in a WD system?

cone

electrons _—

accelerated o 60 1027 B g AO P —13/3 5
. =~ 0. Cres —
radio AN 100 min 102
e star-planet 5 _5/3 )
flux tube //l M* + MC RMD
planet in o :
sub-Alfvénic orbit 10°* Gem 0.8 M, 0.217 R,

Callingham+(2023)
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Vastly different scales

Image credit: Ripperda+, Liska+

Macroscales |
> 10%r, > 107,

Jet Galactic scale
feeding™*

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

Intergalactic . | +i| Circumgalactic
Medium . Medium

Galactic
Nucleus

BH Radius of
Influence

e

1 ¢

Image credit:
Out ,
Accret?oirDisk = Ho P kins
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What about macro scales!

Intergalactic Y 4| Circumgalactic
Medium . " 2 Medium

Galactic
Nucleus

BH Radius of
Influence

Lalakos+ | Image credit:
(II’]CIERM, 2025) Accretion Disk | | HOPklnS
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Jet feedback

In reality, the jet (and other outflows) will feedback on
the accretion flow. So for real flows, My < M

Aris Lalakos
(Caltech=>CITA)

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

Elias Roland Most



Universal mass accretion

Lalakos+(incl. ERM 2025)

[(a)

<MBH>RAD X T§0'87

( Mgy ) MAD Ry

Aris Lalakos =107
(Caltech) Py
aw
. . .§m10-2
Feedback in magnetically =
arrested regime leads to 1073
universal accretion behavior by
—~ 70, 1
< 60 0 e

For realistic scale separations o '
, e.g.,in M87, only sub-percent- 2501 - |

level mass accretion from 52001« S———
outer supply 31(5)8 |

| 10 10° 10* 10°
<1‘1"I;;> — (1.0 4£02) x 103 x (1 (1)*;) —0.66:£0.03 T [1g]

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

Community has developed and explored novel techniques to

deal with large scale separation when steady state exists!
Cyclic zoom

Multizone method

\ 101 ask
\ \ 1] il (i1 | Region || ][] il
}_ ‘ ‘ —ﬁ
Cho+(2023;2024;2025) 1n° g Time k
Guo+(2025)

Work well for single stationary black hole in grid-based codes

Elias Roland Most



Time dilation methods

New analytic method akin to reduced speed of light.
Can use sufficiently shallow dilation profile centered on accretor.

Hopkins & ERM (2025)

Standard: Dilated:
DU"—P}(xtU ) L DU; = F(x,1,U,...)
Dt A a Dt

sfrefch g~ timeline

local time assignment:

local timesteps At : ~ alt,
m (\ ﬁ “felt” For
-ﬂfﬁf ‘! ! '! | U, update
Y ' yYyv
Inner boundary region: Af, small a(x,) < 1, At,=a™ ! At,
, ] - |

Outer boundary region: Af, large a(x;, 1) = 1, At; = At (no dilation)

Allows for generalization to binary motion, boosts etc.

Global simulation timeline

<
~

<
I ~ %
’

e
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Time dilation

Can use analytic time dilation profiles focus on central black hole
even works with radiation!

Bondi

Hopkins & ERM (2025)

T : ' i | T l | I LR ALL B
a = 1 (No Dilation) gl ceeeeene X Ao |
10 @ = MIN[(r/rp)1/2, 1] 3 . si%*f
i a = MIN][r/rp, 1] ] = [
k= i
R Q é\\?
a Qi K _
“~i-. é 10 é .'..
s 1f ; e *
o C ° - R
= I \‘s\ R "cé 10° E ‘ E
- C ;
- M : % : ;
R \ A ~— L * 4
\ - * .o
8 102 | % '..‘ 4
0.1 3 7 E @) f
[ Density p(7,t)/po(t = 0) O | 1 o
[ ===~ Velocity —v,(r,t)/ceo ] .
. . e . " L 101 bl PR, T BT BT B
0.1 1 10 10—° 104 103 102 101 100

Radius r/rg Dilation Factor a.¢ at ~ 10 Rinner

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

Elias Roland Most



Cheating only get’s you so far!

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)

ris Lalakos
(Caltech)

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

il Y '.';':‘ o\ & 7/ N \.A:
i /” | 'gfv ’\

t=1.3 x 10%¢,

—7 /AL L TV | )
§,“ R R 3
\ ‘i VALY W\
B IR VL
T
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A Neural Operator Black Hole

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 Al??

But for real...

If accretion is described by a
PDE (can be different ones
for different states),

we can write

Dlp]l =3

Can solve this by computing
Green’s function € ~ D!

Neural operators learn spectral
. ' .
representation of &!_ 2020:2021)

Elias Roland Most



A Neural Operator Black Hole |

repeat
/ ‘ |
Nihaal Bhojwani
(Maryland/Caltech)

Time Scale in the coarser level

Time Scale in the finer level
Zoom out

Model prediction
time step

MR POO]

Roll out

D ) > o Chuwei Wang

el [ Neural .
Operator Long-term Simul. (Caltech)
—

SUIPOO,]

H.ang
(Caltech)

Bhojwani, C.Wang, H.Wang, ERM, Anandkumar (2025)
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A Neural Operator Black Hole |

repeat

i/ 4 ¢/
Nihaal Bhojwani
(Maryland/Caltech)

Time Scale in the coarser level

Roll out

—_

Long-term Simul.

Chuwei Wang
(Caltech)

50 (Caltech)

Bhojwani, C.Wang, H.Wang, ERM, Anandkumar (2025)
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Neural operator can capture variability!

Need proper
matching to
different regimes,

3000
4.0

; .- and jet feedback.
1000 N 3 % True Ejn¢ True vy
s £ é 3.0 <
e | ~
s s
~1000 -~~mnmf - - -

2.0 Pred Fi,t Pred v,

—2000 e e o
: 1.5
—309%000 —2000 —1000 0 1000 2000 3000
L [Tg]

Newtonian MHD in AthenaK Bhojwani, C.Wang, H.Wang, ERM, Anandkumar (2025)
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What abut black holes?

 —

il

- \

Elias R. Most Caltech



Circumbinary accretion disks

Circumbinary disks can form in galaxy

mergers, potentially with strongly
magnetized disks. 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)

Shi, Kremer, Hopkins (2024)

Interesting also in the context of merging
binary population seen with Pulsar Timing

Arrays or future LISA observations
Amaro-Seoane+(2017), Agazie+(2023)

Interaction with disk may also power
electromagnetic signatures (LISA)

Image credit: NANOgrav

Elias R. Most Caltech



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

H.an M.GUO‘ from ~kpc down to mpc (6 order scale difference!).
(Caltech) (Princeton)

200 pC :

Warped circumbinary disk on parsec scales!

Elias R. Most Caltech



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.

A A
) < =
% l : / 3
- o |
5 2% 3 — \
. 5 }

H.Wang M. Guo
(Caltech) (Princeton)

Multi-phase flow Strong toroidal field and
hypermagnetized disk

1071

1010

T[K]

10?

—7500 —5000 —2500 0 2500 5000 7500
r[M]
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Circumbinary accretion Wars . ER¥ (1 prep

Circumbinary accretion has
been studied extensively using

2D simulations with a-viscosity
early work by Artymowicz & Lubow (1994)
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Circumbinary accretion Wars . ER¥ (1 rep

Circumbinary accretion has
been studied extensively using

2D simulations with a-viscosity
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
Munoz & Lai, Duffel+

. . . Farris+(2014), Munoz+(2020),
* For inspiral need mass ratios 0.3 S ¢ S 0.8 pyfel+(2020), Dittmann+(2021)

t substantial orbital triciti ~ 0.4 Siwek+(2023)
at substantial orbital eccentricities ¢, ~ U. Munoz+(2019), Zrake+(2021),
or very thin disks H/R < 0.02 D'Orazio & Duffel (2021)

Tiede+(2020), Dittmann & Ryan(2022)
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Circumbinary accretion Wars . ER¥ (1 rep

Circumbinary accretion has
been studied extensively using

2D simulations with a-viscosity
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
Munoz & Lai, Duffel+

Farris+(2014), M 2020
e For inspiral need mass ratios 0.3 < g < 0.8 S:,'«:s;((zozo)) Dl.jt?:;z;m(n+(232|)

t substantial orbital triciti ~ 0.4 Siwek+(2023)
at substantial orbital eccentricities €, = V. Munoz+(2019), Zrake+(2021),
or very thin disks H/R < 0.02 D'Orazio & Duffel (2021)

Tiede+(2020), Dittmann & Ryan(2022)

Is this the full picture...?



Accretion regime

'10“
10!

: l Magnetization

-20
-30
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. . Narayan+,
ACCI’GtIOﬂ reglme Igumenshev+,T);hekhovskoy+,

Scepit, Begelman+, Ripperda+,..

EHT (2021)

Magnetization
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. . Narayan+,
ACCI’etIOn reglme Igumenshev+,T);hekhovskoy+,

Scepit, Begelman+, Ripperda+,..
Chatterjee & Narayan

40p

30

20

10

0

y/ry

-10

EHT (2021)

—20 -20

-30

\.__
3 u -
S Magnetization
T/Ty

-30

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

Circumbinary
accretion has
been studied
extensively using
2D simulations
with a-viscosity
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Farris+(2014), Munoz+(2020),Duffel+(2020), Dittmann+(2021),
Siwek+(2023),Munoz+(2019), Zrake+(2021), D’Orazio & Duffel (2021)

Circumbinary
accretion has

been studied ? ? ?

extensively using = = =
2D simulations

with a-viscosity
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. . Narayan+,
ACCI’etIOn reglme Igumenshev+,T);hekhovskoy+,

Scepit, Begelman+, Ripperda+,..
Chatterjee & Narayan p—
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EHT (2021)
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Farris+(2014), Munoz+(2020),Duffel+(2020), Dittmann+(2021),
Siwek+(2023),Munoz+(2019), Zrake+(2021), D’Orazio & Duffel (2021) ERM & Wang (Ap]L 2024)

Circumbinary P =i 'y
accretion has '
been studied
extensively using
2D simulations
with a-viscosity

% | Binary
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Magnetically arrested circumbinary accretion

) before eruption aligned cavity flux
Interchange instabilities at gz w17 W
- the cavity wall trigger . el o |

magnetic flux eruptions. R

This is the analogous to a
MAD state of a single

black hole! Narayan+(2003),
lgumenchev+(2003),

| Begelmann+(2022)

2) eruption in process

ERM & Wang (PRDL 2025)

twisted dual jets

) end of current eruption cycle

—15 10 05 OO 05 10 15

Wang, ERM, Hopkins (arXiv 2025) vl ERM & Wang (ApJL 2024)
Elias R. Most

Caltech



(Caltech)

Wang, ERM, Hopkins (arXiv:2025)
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H.Wang
(Caltech)

iWang, ERM, Hopkins (arXiv:2025)
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Towards merger: Decoupling regime

200 —100 0100 200 —200 —100 0 100 200
y[r”g] y[rg]

Magnetospheric accretion (Rayleigh-Taylor Fingers)

during and after decoupling! ERM & Wang (PRDL 2025)

Elias R. Most Caltech



Inspiral and merger

Effective Bondi ERM & Wang (PRDL 2025)
accretion from cavity wall Ressler, Combi, Ripperda, ERM(ApJL 2025)

100 Iy

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

0.5

- —0.5

Non thermal emission
from jet interaction,
seanResslercra)  and flares close to merger

-1.0
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Inspiral and merger

Effective Bondi ERM & Wang (PRDL 2025)
accretion from cavity wall Ressler, Combi, Ripperda, ERM(ApJL 2025)

100 Iy

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

0.5

- —0.5

Non thermal emission
from jet interaction,
seanResslercra)  and flares close to merger

-1.0
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What happens after merger?

n"

dens /| ‘p
E §.0e+01 | /‘A,‘r /’l’/

— 6

Elias R. Most Caltech



Post-merger: Jets and disk collisions

Horizontal recoil P_
v, = 0.05¢, v,r = 1667, >
m
' Y y recoiling B '
Y. Kim /‘ 4 accretlon disk
(Caltech => Princeton)
1\, 4
CBD cavity ’ ’ .
-
BMAD post- g ~
[

merger from o
ConSiStentIy vt =4l4r, vt =746, : ’ \:

decoupled
CBD
Kim, ERM+ (in prep)

see also de Simone+
for different regime

Elias R. Most Caltech
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Kick direction

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

Vertical kick, v, =0.05c

g
. AN, -
r
“ ‘.‘ A
" -
. !‘ “
LS 2y
Ay > o
3;.‘.;.'-‘ & 3 ’
9 5
g £ /S
2 ¢ & v h E
14,
S 4 ’'a i.
W
¥ -
———
110}
7 g

Yy
LX 500 r,
Kim, ERM+ (in prep)
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Kick direction

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

Vertical kick, v, =0.05c

g
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Kim, ERM+ (in prep)
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Obligue cases feature complex behavior

Oblique recaoil
v, = 0.05c¢, V,f = 1354 ré’

outer accretion flow
streaming from CBD

Y. Kim
(Caltech => Princeton)

Parametric

exploration:

Jet lifetime seems

to be correlated
-3

with tjet ~ Vo

Kim, ERM+ (in prep)

Caltech

Elias R. Most



Dynamical Strong Field Gravity

A

Can we use our intuition for relativistic plasmas and fluids to
understand gravitational wave dynamics?
Elias R. Most Caltech



Gravity = nonlinear electrodynamics!

See also Owen+ for vertex/tendex interpretation

General relativity can be uniquely and exactly recast as a

nonlinear electrodynamics system §ovares: 12021 e ERM

Gravity = Lorentz force Grav. Waves = Poynting flux

fl//l |/ @\C?E‘)\,\é
WA A S
/,/_:

= INT

/ Charge density + electric field§ Poynting flux + electric wave fieldy -~~~

LA /A e Y SN NN N --f S VAV W u ~

. M
E" ~ — Goulomb law : -
r Boyeneni, Wu, ERM (PRL 2025) Jiaxi Wu (Caltech)

12
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Nonlinear gravitational wave interaction
= Turbulence?

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

tU rbUIent behaVIOr See also Carrasco+(2015), Green+(2014), Yang+(2015)

Turbulent cascade?

1.15 T

1.10 1

S

1.05 T |

w

Emergent Excitation

-
-
-
-
-
-
-
-
—
-
-
-
P
-

1.00 7

N

095 T

Frequency (w)

i
|

0.90 *

0 1000 2000 3000 4000 5000 6000
Time (AL-) Ma+ (2025)

Galtier & Nazarenko (2017: 2021)

Mathematical theory, not there yet...



Gravitational wave turbulence

For small wavelengths, can show
that general relativity has same

nonlinearity structure as MHD! Holly Krynicki  Jiaxi Wu
(Caltech) (Caltech)
Krynicki, Wu, ERM (arXiv 2025)

(Weak) turbulence arises from m | e
Alfvenic interactions of gravitational " |/ VW "

waves. S0 e T
Preliminary numerical simulations o

consistent™ with weak MHD spectrum ——; b A

Elsasser equation of GR!

' 0,8
++/-8 (z”+zy+ + H5”>

&

=0

Krynicki, Wu, ERM (arXiv 2025)
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