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Abstract:

The calm of the quiescent sky is regularly interrupted by bursts of light that can outs
explosions are associated with mergers of compact objects, the collapse of stars, anc
gravitational binding energy is released and efficiently converted into radiation. The &
surveys, high-energy telescopes, and gravitational-wave detectors is unveiling how mat
offering insight into fundamental questions such as: How do compact objects form and
mechanisms launch outflows and jets? What determines the nature of the remnants they
of heavy-element production?

In this talk, | will present recent progress in modeling compact-object mergers and
emphasizing how common physical principles govern systems from stellar-mass mergers
will highlight how novel multi-scale, multi-physics simulations connect plasma physics,

the signals we now observe across the electromagnetic and gravitational-wave spectra.
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A surge of light
from extremly
curved spacetime

Multimessenger explosions from

compact objects
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(Perimeter Institute, CITA National Fellow at U. Of Guelph)
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Overview of this talk

A. Multimessenger transients from compact objects.

0

Modelling the physics of compact objects

C. Origins of neutron-star magnetism, gamma-ray bursts,
and rotation.

D. Prospects in multimessenger astrophysics
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Multimessenger transients from
compact objects



Gravitational binding energy can be rapidly released and
transformed into radiation

Stellar Collapse Mergers Accretion
. = Black Hole or Neutron Stars

irsa: 25100099 Page 5/40



What can we learn from cataclysmic events?

Gravity
@ ) Population of compact
l objects and nuclear matter
o

— -——
T \ The origin of elements
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Exploding Massive Stars

Merging Neutron Stars

Exploding White Dwarfs Cosmic_’Ray Fission

Dying Low Mass Stars

ic origin

Elements in the periodic table have a cosm
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What is the origin of heavy elements?

The heavy elements (A > 62) are formed by
neutron capture onto seed nuclei

n o-r L{‘«’ %% —.f‘gp
i)*

¢ @

slow neutron capture (s-process):
timescale for neutron capture longer than for f§-decay

rapid neutron capture (r-process):
timescale for neutron capture shorter than for f3-decay

Dynamical expansion of neutron-rich material is needed
Mergers are natural r-process sites
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The golden event: GW170817
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The golden event: GW170817

kilonova
UV-optical-IR

radio
v i ) ALM;Q? 5 GHz

VLA 10 GHz
Y ¥V uascH:

vy

Binary neutron star merger

&

L

Lighteurve from Ferme /GBM (50 = 300 ke

* More than 50 telescopes following the trigger!

 GW - short gamma-ray burst association.

 First evidence of r-process element production?
GW
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The golden event: GW170817
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Binary neutron star merger

GRB
Shocked : = Afterglow
interstellar

medium

GRB
Prompt emission

Wind + hydro
Ejecta

GRB central
Engine
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Open questions

What is the engine of gamma-ray bursts? NS or BHs?
o How is the magnetic field amplified?
« What happens with the remnant after merger/collapse?

« What are the main sites of heavy-element enrichment in the
Universe?
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The landscape of multimessenger astrophysics

~10 >10° ] [Rubin]  nicer
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many more transients observations in the near future!
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What happens at much larger (~galactic) scales?

Binary supermassive black holes form in gas-rich environments

>10°

» mass [M_]

Galaxy merger — SMBBH

Grfjvitational Wave Periods

Years
to Decades

Minutes

Milliseconds to Hours

These must be luminous events
L ~ Mg x M?

No individual sources detected yet, but some candidates
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Strong evidence for a nano-Hz GW background from pulsar
timing array experiments .. ...,

Use pulsars in the galaxy as precise clocks to
measure gravitational waves of supermassive
binary inspirals.

Future observations may resolve individual
sources.

0.80

Hills-Down (1984) g °®predited | Can we find them now in

40| RTeT® ° ® ®
curve shows EZZ W . _--. electromagnetic radiation?
angular correlation £ N T o

1 - |
No GWB \\.__L"/
-0.20

if there is a GW
background.

Correlation between pulsars, (Eab)

-0.40
0° 30° 60° 90° 120° 150° 180°
Angular separation between pulsars, &ap
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The future: LISA and wide-field EM surveys

VY 0a{0le]ls Could detect

T
Galactic Background
| MBHBsat = =3
# Verification Binaries
= EMRI Harmonics
= LIGO-type BHBs
WAL — Gw1s0014
Gal. Bin. (SNR > 7)

Characteristic Strain

Frequency (Hz)

Some
will be
binaries

LISA will detect mergers
of massive black holes
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Modelling mergers of compact
objects



Multi-physics, multi-scale
theoretical challenge.

Building blocks

Plasma All fundamental forces are tightly-coupled
dynamics

and play a major role in the dynamics

Radiation Weak
transport interactions

Nuclear Initial
matter conditions
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Building blocks “Known” physics
A/

Plasma Fundamental equations of GRMHD

G

a

Radiation Weak ab ab ab \ _
ransoort | o V, (T% + T% + T%) = 0 (VHD+Rad),
V,(mu*) =0,V (nu)y=%
matter conditions .
et +n & R 7

i » %
e’ +e = Veur+ Veu,r
Y = Veu,r + Veu,r

dynamics

, = 8T, (GR), V_*F® =( (MHD),

(Weak reactions)
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Building blocks Less-understood / unknown

-  Many-body QCD in neutron stars.

Strong Plasma .
Gravity dynamics

Radiation Weak
transport interactions

Nuclear Initial
matter conditions
5 . Compact objects to probe fundamental
BSM physics beyond the Standard Model?

(e.g., axions, ultralight bosons)

P(e) (MeV/fm?)

log € (g/cm3)

7 I 14 15 16
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High-performance computing for numerical simulations

New GRMHD code built on top of EinsteinToolkit,
based on open-source GRHydro woesia 2014 sieger201)

Open-source
Modular
Parallel

o Accurate evolution of magnetic fields based
on vector potential. wci2025:0)

Spacetime evolution ° “Force-free”-MHD hybr|d (Desai, LC+2025)
Community-driven  EinsteinToolkit | 4  M1/MO neutrino transport.

e Binary BH metric approximation wc2024,)

+ other codes, depending on the problem
e.g. HARM (Noble 2012) and HAMR (Liska+2020)
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Combining theoretical approaches

Global Simulations Local Simulations Analytical
(bottom-up) (controlled)
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(LC, Thompson, + 2025)
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Origins of neutron-star magnetism, gamma-ray

bursts, and spin
( .O
<
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IIIII

GW170817 showed the explicit association of
neutron-star mergers and gamma-ray bursts

* Powered by the rotational energy of the system. But what is the GRB
central engine? /
* Energy is likely extracted by magnetic fields. Where does the ;

large-scale magnetic field come from?

Counts (s)

y-rays, 50-300 keV GRB 170817A
1,500 - /_7
A J .”L\ - —
10004 o] qj ‘| JL'|_|] el ’] Lj_!.‘___ﬂ,
500

GW strain GW170817
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Rotating black holes can easily launch jets if large-scale
magnetic flux is brought to the ergosphere.

» Helicoidal field structure, magnetized jet.

(Blandford & Znajeck 1977)

Once the gas is accreted/ejected, the jet is gone.
A BH cannot self-sustain the magnetic field!

(e.g. Palenzuela+ 2013, Bransgrove+2021)

Desai, LC+ 2025 in prep

[ pi/ps

But what if the remnant is a neutron star?

0.032 7

=0.001
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y[km]

First self-consistent binary merger simulation showing jet

production from NS remnant (LC & Siegel 2023ab)
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GRB precursor? Or GRB directly from NS?
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inverse cascade, ,

—llILM{

Merger debris

93 ms
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Propagating jet

If the system collapses to BH, the large-scale field can seed the BH.
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Predicting kilonova and nucleosynthesis abundance from
ab-initio simulations ..c : sicsei 202321

Use simulation data and nuclear reaction networks to Disk winds in the presence of a NS remnant
predict nucleosynthesis yields from mergers may explain blue emission in GW170817
10'p =
Dynamical ~ — /
W | v ) 16 / D = 40 Mpc
E i\ ' g 18P -
?A‘ 10-* 1 g !
~\ i‘ §?20 v,
| i . Solar abundance 221
'”_ui ;;J iﬁl |”:_F’()£5t-l1163r!]62r ------- “gﬁfVJ“E“ ii +' : ‘
A o 5 _— < 24} W band —— g band ®
% !””7 ""-'4...‘- ™ —— U band —— B band
Z w0 Y Lidaw *'*-.—A..\__.ﬁ;._." W———""1p ' - T
A o
10 EU Semi-analytical (heating rates, grey transport, simple opacities)
0 w0 " 0 Ilk.u 200 calculation using data from simulations to predict kilonova signal.
Atomic mass mumber
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How does the field go from turbulent to large-scale?

LC & Siegel (2023b PRL), Kiuchi+ (2024, Nat Astronomy), Mueller, LC+ (2025 in prep)

Magnetorotational instability stirs small-scale dynamo ..
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As a result, we obtain a striped jet, which periodically reconnects at the base!
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Disk-driven dynamo is also a promising mechanism for
long GRBs in rotating stellar collapse ... -

» Rapidly rotating (ONeMg) white dwarfs can collapse and form a rotating proto-neutron star when
they exceed the Chandrasekhar limit.

* First 3D GRMHD simulation of such a collapsing white dwarf.

gt t = 135.61 ms

Rotating star at
Chandraskhar mass

Weakly
magnetized

plg/em?]

Electron capture in
the core reduces
pressure support
and collapse

oo o0 100
¥y [km] .
v -trapped envelope v,-cooled disk
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Self-consistent magnetorotational explosion mechanism and
neutron rich winds (.c. 225

t=103.24 ms t=144.84ms t=158.58ms

100 000
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N
m
=
J o
2
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surface
. x[103xk ]
| _ _ _ R-process elements
] Large-scale fields may give rise from winds?
/ . Jet breaks out of
¥ to GRB on ~ second timescales 1HE S
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Conjecture

A compact accretion disk + neutron star system can provide enough flux to generate a gamma-
ray burst and a magnetorotational explosion after collapse/merger.

What is the long-term evolution of the field? Can this be an origin of
magnetars?

Under what conditions is the dynamo active?
If the system collapses to a black hole, what are the properties of the jet?
« Can collapsing white dwarfs explain fast radio burst in globular cluster?
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Disk-driven dynamo is also a promising mechanism for
long GRBs in rotating stellar collapse .. :»

» Rapidly rotating (ONeMg) white dwarfs can collapse and form a rotating proto-neutron star when
they exceed the Chandrasekhar limit.

* First 3D GRMHD simulation of such a collapsing white dwarf.

x10° t =0.0ms

Rotating star at
Chandraskhar mass

7101 10

£ 7

o L8
Weakly e gZa 0.1
magnetized _ Zoom-in 725

B — qt i oty A 0.001
Electron capture in <
the core reduces = / ﬁ :
pressure support = 4
and collapse N -
S
¥ [km] .
v -trapped envelope v,-cooled disk
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Conjecture

A compact accretion disk + neutron star system can provide enough flux to generate a gamma-
ray burst and a magnetorotational explosion after collapse/merger.

What is the long-term evolution of the field? Can this be an origin of
magnetars?

Under what conditions is the dynamo active?
If the system collapses to a black hole, what are the properties of the jet?
« (Can collapsing white dwarfs explain fast radio burst in globular cluster?

Pirsa: 25100099 Page 33/40



The fate of neutron stars after birth

(LC, Thompson+ 2025)

How are isolated millisecond pulsars formed?
How are low-mass black holes formed?

Just dump a lot of mass and angular momentum
onto it (e.g. common envelope, fallback SNe, TDE)

But is the neutron star able to easily accrete it?
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No :(

First simulations of hyperaccreting
neutron stars.

t = 176.1 Pk,

Slowly
rotating
10 envelope

z[M]

Hydrostatic ‘
envelope . i disk -
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