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Abstract:

With upcoming LIGO runs and new projects like LSST and ULTRASAT, black hole (BH)-pc
the forefront of astrophysics. A major challenge in studying BH-powered explosions is tt
and the emission site, which has hindered theoretical models from capturing the underly

neutrino-general relativistic magnetohydrodynamic simulations, | will present the first :
model that now enables us to link GRB classes in mergers to their central engines ant
stars, | will demonstrate how our simulations open new frontiers in astrophysics, inclu

acquire their strong magnetic fields, heavy element nucleosynthesis in supernovae, the
of transients, and predictions of new vigorous, coherent, non-inspiral gravitational wave

by LIGO. These insights will be <crucial for extracting the physics of transients f
electromagnetic detections.
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Multi-messenger astrophysics
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Multi-messenger astrophysics
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Stellar
Black
Holes

Binary black holes
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Black hole-neutron star
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GW170817: Multi-Amessenger — New Physics
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GW170817: Multi-Amessenger New Physics
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Future of Multi-messenger Stellar Black Holes

Rubin Observatory
ULTRASAT

UVEX
LIGO-VIRGO-KAGRA O4/05 SYOM

Cosmic Explorer ngVLA

Einstein Telescope
LISA

Particles
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Connecting Observations with the Physics
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Connecting Observations with the Physics

in space and time between the !
black hole and the emission zone . [r

| I

1ls 1 minute 1 hour 1day 1 week

Solution: 3D neutrino + general-

Binagy neutEggetars relativistic magnetohydrodynamic
" simulations with H-AMR (Liska et al. 2022)
from the black hole to photosphere
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» BH factory
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» BH factory
Q Jet labs

O r-process
O GWs
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« Rotation (n,)

« Strong B-fields (nqr,)

Page 14/47




Shedding light
- on-black holes

Black holes are born

with 0.2 < a < 0.5
(Gottlieb et al. 2023b)

> BH factory
Q Jet labs

O r-process

0 GWs
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Jet power

depends on spin

Spin-down to a = 0.1
(Jacquemin-lde, Gottlieb et al. 2023)
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Origin of B-fields?
Rapidly rotating models in MESA with rgic > I'isco
Tayler-Spruit (T'S) dynamo P oo . Not drawn to scale
Small scale random fields

Collapsing star

PNS field with B ~ 101> G

(Kaspi & Beloborodov 2017, Raynaud et al. 2020) | ( ~ T — Rotating accretion disk

—'— Small magnetic loops

> BH factor .. \_
D Jet labs ! - Large-scale poloidal field lines

O r-process
Q GWs el Gottlieb et al. 2024a
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Origin of B-fields?
Rapidly rotating models in MESA with rgic > I'isco
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She’s got her mother’s hair?

Black holes are balding (Most et al. 2024)

Can the black hole avoid balding?

r
thaia ~ 500 ?g (Bransgrove et al. 2021)

The PNS disk spreading from
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v_ BH factory
» dJet labs

O r-process
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Dancing jets

Gottlieb et al. 2022c¢
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v" BH factory
» dJet labs
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Dancing jets

Gottlieb et al. 2022c¢

Page 21/47




v" BH factory
» Jet labs
O r-process

O GWs
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Dancing jets

Gottlieb et al. 2022c¢
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New jet physics

* Wobbling implications:
> Low (intrinsic) GRB rate ~ 100 10 Gpc3yr~1

v" BH factory
v Jet labs

O r-process
O GWs
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* Wobbling implications:

> Low (intrinsic) GRB rate ~ 100 10 Gpc3yr~1

» Quiescent times

v" BH factory
v Jet labs

O r-process
O GWs
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New jet physics
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New jet physics

* Wobbling implications:
> Low (intrinsic) GRB rate ~ 100 10 Gpc3yr~1

» Quiescent times

« New EM transients

» Zero spin black holes power outflows

v" BH factory
v Jet labs

O r-process
O GWs
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Justin Bopp

logio(o)
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Bopp & Gottlieb, in prep.
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Heavy element nucleosynthesis

Q Recipe for expelling r-process elements from collapsing stars?
A

v" BH factory
v' Jet labs

» r-process

O GWs
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|. Prepare a disk: 7¢irc > Tisco

2. Make it neutron-rich: t.oo < tacc ;0or:M > Kign (

3. Eject the neutron-rich gas requires: ¢ =
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Heavy element nucleosynthesis
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Gravitational waves from collapsars
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v" BH factory
v Jet labs

v' r-process
> GWs
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Stochastic gravitational waves
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Stochastic gravitational waves
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Disk-powered GWs: Thin vs. Thick

Analytic models — Numerical models
First-principles collapsar simulations

Thin disks:

* Denser — Stronger GWs

isa s Qc
« Denser — Instabilities (QT = — )

nGX,4

* Compact = Coherent GWs
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GWs from thin disks
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GWs from thin disks
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Detection prospects

1 1

GRB rate translates to: Niigo ~ 0.1 o055 yr~ Ncg ~ 1095 058 yr™

1 1

SN Ib/c rate translates to:  Npjgo ~ 10 058 yr~ Ncg ~ 1023 053 yr™
Multi-messenger signals with GRBs/cocoon emission/Type Ib/c emission
Time and space localization enables targeted search for GWs

Disk GWs are > 100 stronger than CCSN GWs + coherent — easier to form templates

Collapsar disks are the most promising burst-type GW sources to date

v" BH factory
v Jet labs

v' r-process
v GWs
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Collapsars

Black holes are born moderately-spinning, obtaining their field from the PNS
Such BHs promptly power a BZ-jet that matches GRB observations

Jets wobble

Non-spinning BHs power new transients or explain existing ones?

Collapsars can produce r-process elements

Collapsar disks are the most promising non-inspiral GWs in LIGO
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Types of GRBs

Long gamma-ray burst
(>2 seconds’duration)

l A red-giant
star collapses
— . <«— onto its core....

!

...becoming so
A dense that it

/ expels its outer
ayersina
supernova

/_~explosion.
\§“

Y
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Short gamma-ray burst
(<2 seconds’ duration)

»
Stars* in \

a compact
binary system »
begin to spiral
inward....
.

..eventually

colliding.  \ | / |
Sl

U ;
e e Y
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