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Landscape of multi-messenger & r-process sources
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A range of central engines

binaries massive star collapse
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NS mergers PNS/Magnetars Collapsars
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Engine diversity: 'Crossover events’ ?!
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EM counterparts are powered by plasma outflows

dynamical ejecta wind ejecta accretion disk ejecta
(~10-100ms) (~0.1-1s)
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outflows
Siegel 2022, Nature Rev. Phys. \

Combi & Siegel 2023a GRB jet (?!)

NS-BH

Some complications for NS-NS (complex post-merger phenomenology):

* plasma instabilities (Kelvin-Helmholtz, Rayleigh-Taylor, Magnetorotational Instability)
* MHD effects, weak interactions, neutrino quantum kinetics, equation of state effects, ...
* dynamical spacetime, gravitational waves, non-linear (magneto-)hydrodynamics

L L3071
Chen+ 202

Contribution to Galactic r-process from NS-BH systems likely subdominant to irrelevant
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BNS remnant diversity & distribution
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Dynamos: B-field amplification and jets
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Signature of a small scale (turbulent) dynamo
in the envelope-disk region driven by the

Magnetorotational Instability (MRI)

Al k 2 AHIE i _—_—
Miiller, Combi, Siegel 2025, in prep.
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Dynamos: B-field amplification and jets

inverse cascade, ,
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Jet chiefly generated by MRI af2-dynamo in outer stellar layers

— 1
* MRI butterfly modes emanating from star-disk transition region

1 .

* Toroidal electromotive force €3 and Br anti-correlated with B¢

—10%

* Toroidal flux becomes buoyant and emerges as magnetic tower

* Jet carries polarity signatures of dynamo modes (‘striped jet’)
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GRB central engines: Jets from NS remnants

Combi & Siegel 2023b, PRL

t = 53.93 ms

* Self-consistent formation of a ‘jet’
from a remnant NS

o= Lgm/M ~5—10

* Maximum terminal Lorentz factor
I < —ug(h/hoo +b%/p) =~ 5—10

* Jet head propagates with v ~ 0.6¢c
through dynamical ejecta and
breaks out by ~50ms

—250)

—500

rest-mass * Jet luminosity: Lem ~ 1052 erg/s
density

—T50

— NS able to power short GRBs ?!
000 —500 0 500 1000 —— Short GRB precursors?

 [Km] — Novel BH GRB jet formation mechanism:
NS jet ‘seeds’ BH jet

= l(lﬂ(l
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n precursor

Polar & disk MHD outflows:
UV/blue precursor & kilonova

early polar wind outflows

Combi & Siegel 2023b, PRL
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* Break-out of fast polar wind material
from surrounding dynamical ejecta
creates UV precursor signal to the
kilonova

* |rradiated MHD disk ejecta consistent
with blue GW 170817 kilonova
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Rotating white dwarf collapse
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collapsing
envelope Combi, Siegel, Metzger 2025, in prep.
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* Rapidly rotating ONeMg white dwarfs
collapse to PNS plus disk as they
approach the Chandrasekhar limit

++ 700 hdikaralavd 3010 Micehis
t+ 2006, Abdikamalov+ 2010, Micchi+

2023

* MRI/MBI in star-disk interface
very effective, quickly forms
uniformly rotating convective
envelope, similar to neutrino-
inefficient accretion onto NSs

'5{& Tatm ﬂ;_f
Q NS -~
RIAF Atmosphere o=l
prn

Page 13/31



Dynamo and self-consistent striped-jet formation

00 t=103.24 ms t=144.84ms t=170.29ms
1 T U T T

* ‘Large-scale’ MRI dynamo
modes migrate from envelope-
1 disk boundary to polar regions
(buoyancy & external
confinement)

* Striped jet with dynamo
frequency forms (winding &
-1 hoop stresses)

o
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convective
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* Similar to dynamo in BNS, likely
—2 implications also for CCSNe!
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Dynamo and self-consistent striped-jet formation

P aanhi ool Flatwane SESE: fn e
Combi, Siegel, Metzger 2025, in prep.
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1 disk boundary to polar regions
(buoyancy & external
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* Striped jet with dynamo
frequency forms (winding &
-1 hoop stresses)
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Jet-driven explosion and magnetar formation

Combi, Siegel, Metzger 2025, in prep
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Promising kilonova & GRB central engine
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Il Collapsars
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Conjecture:

Outflows from compact, neutrino-cooled accretion
disks synthesize most of the Galactic heavy r-process

elements
/ Skgol 2022, Nature Rev. Phys. \
Short GRBs Long GRBs
(NS mergers) (collapsars)
kilonovae SNe lc-BL & (super-) kilonovae

GRB jet

r-process outflow
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R-process: self-neutronization

Siegel & Metzger, PRL 2017 | 'S  Siegel+ 2019 Natur
5 Siegel+ 2019 Nature
NS mergers Combi & Siegel 2023a CO apsa S ’
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accretion disk ejecta [ 3 a ! 0.40
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* Self-neutronization due to e- degeneracy at high densities (accretion rates M)

* Self-regulation based on degeneracy keeps disk neutron-rich (Y.~ 0.1-0.15)

* heating-cooling imbalance in MHD corona & nuclear recombination to He launches disk outflow
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How to observe?

a 1043 _ . i C
i T— SN 1998bw __ Collapsar disk
wind model
MHD SN model
i-ri t=&d
Ni-rich ‘/N\'\/\ ays
SN ejecta - -
: = Collapsar disk t =10 days
~ wind model

N\ A t = 15 days
A * t = 25 days

M t = 35 days
A t = 45 days

t = 60 days

r-process === MHD SN modell

ﬁ ..’

Norm. flux + offset

5000 10000 15000 20000
Days Wavelength (A)

r-process elements lead to near-infrared excess at late times: Siogel, Barnas, Metager 3019, Naturs
‘kilonova within a supernova’ Barnes & Metzger 2022

Barnes & Duffell 2023
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Flux Density (p)y)

How to observe?

Direct observational searches so far
Ni-rich inconclusive regarding r-process

SN ejecta

e ZTF sample of 25 lc-BL: Mrp < 0.12 Msun  Anand+ 2024

r-process « 4 GRB+SNe lc-BL: My, < 0.01—0.15 Mgy Rastinejad+ 2024

%) i
m * GRB 221009A: JWST spectra at ~170d reveal

ordinary lc-BL, no evidence for r-process
Blanchard+ 2024, Nature Astronomy
If GRB y-ray luminosity tracks accretion rate,

absence of r-process expected here, due to neutrino
irradiation killing neutron-richness
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i SiEbLina: 11 popled Hernandez Morales & Siegel 2025, in prep.
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Blanchard+ 2024, Nature Astronomy
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Indirect evidence: GWV galactic archeology

* LVK GWTC-3 BNS population  Lvi+ 2023

160 — BNS
distribution (update to O4 this week!) o NSBH
Third Channel

* EOS constraints; X-ray, radio, GW Legred+ 2021 120

" & e Kriiger & Foucart 100
* BNS ejecta predictions (NR) u
FAR VA E 80
* One-zone chemical evolution model 60
Siegel+ 2019 )
* BNS delay time distribution 40
conditioned on sGRB population 2 =
Zevin+ 2022 0
: 0.00 0.01 0.02 0.03 0.04 0.05
Eu Enrichment [M ;, MW ™)
15 S Saleem, Chen, Siegel+ 2025
1 ¢ Battistini & Bensby (2016)
| - SAGA
1.0 __‘I I 7]',7 ) ) )
jimean Indirect observational evidence from
I - chemical evolution of MW requires
g BiLiEe ~40-90% mass fraction from ‘prompt’
0.0 e i
8 gl i channel (collapsars, MHD supernovae)
i T
b . . . i ‘ ‘ Chen, Landry, Read, Sie 025
-3.0 —2.5 —2.0 =125 -1.0 —0.5 0.0 0.5
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Extreme collapsars and r-process sources

@ : .
< PISN BH mass gap
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Extreme collapsars and r-process sources

Masses in t_he Stellar Grave

< PISN BH mass gap

Super-collapsars

Siegel+ 2022

50

110 130

60 70 80 90

[ Renzo+ 2020

* fill the PISN mass gap “from above”

* compact massive progenitors > 130 Msun,
PISN BH mass gap
rapidly rotating

9 7“\\ _ * extrapolated rate from GRBs with IMF is

20F . - consistent with GW 190521 and
0 C(I: 1DIPI ¥ I(:(j | I ' ' i ' | | Tl
35 40 50 60 70 80 90100 120 140 170 200 230 GW231123
Mg, init [Mo)] ;
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Ejecta composition

representative model

reflects accretion process

* At high accretion rates, flow
neutronizes, various accretion &
nucleosynthesis regimes

2
— full r-process
—
| . . o 5
7 * Ejecta contains high-opacity,
EQ lanthanide-rich material,
— Xia~ 104-10-2
. 2
D — ~ i g
. Siegel+ 2022 > M, »  limited r-process, .
E (SMAI{]%) parameter Space scan
S € [2Mign, M., —p] main r-process,
: Mo (69 < A)
81 macc T:« = _'.‘\-.l'm,,‘E;"f_in] limited r-process, MeI |0—60 Msun
—_— _4 4 M ) (69 < A < 136)
=== EI ec, dISSOC < Mg i o r-process,
il |:;md.uctmn. Mej, r_p ~ I _20 Msun
0 10 20 30 40
Mei Nise ~ 0.05—-1 M
Meiecta [M © ] el Nise sun
Derivation of various nucleosynthesis regimes Man ~ 60—130 Msun
as function of BH mass, see appendix of Siegel+ 2022

Relatively little Fe co-production, can get to [Eu/Fe]~5 at [Fe/H] ~-5
(higher than current record holder Cain+ 2020 )
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New intriguing & extreme r-process sources

Agarwal, Siegel, Metzger, Nagele 2025
Supermassive Stars Poplll Stars
l0g10 Man (Mo ]
2.2 2:2 2‘,3 2;4 2:7 3:1 > 3 =
10 Hirano+ 2UIl4 Pap
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i 10 | P
n 0.5 ESSSSSN pind
= 8|
. 0.0 N
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= Zrn 6
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(@)} y
o Mign 4
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00 05 10 15 20 25 "l
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; : 10 100 1000
* rapidly rotating pre-ZAMS, M > 105 Mgun
. . Mstar [M ]
* collapse pre-ZAMS due to gravitational '

instability
* lead to collapsars Mg ~ 1000 Mgy that
reach ignition
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Can ignition break down?

Agarwal+ 2025
vl Va LV L mernanudes

=, . o Yes!
o 301 ®  Simulation .
5 I Analytical Estimate for heavy BHs and a variety
5 1
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£ |
8 2.0 1 ¥ 3 I .
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O ; T .
L o 10° small disk temperatures
‘ ' < 1MeV
MM}IS ‘
0.401 B Simulation F I ,/’/
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5o 0:35 8 1
% 0.301 T J ‘
L | heaviest BHs to produce
o) | r-process through accretion:
o e ~3000 Msun

Black-hole mass
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New EM transients: Super-Kilonovae

bk = 14.5 days

104 5

W, bk = 29.5 days

M= 53.5 days
W IA"auWV N

Lk = 58.5 days

normalized flux + offset
@)

Lk = 16.5 days

1040 T T T T T
0 20 40 60 80 100 120

time since explosion [days]

SN 2011fe SN 2013ab

10000 20000 30000
SN 2002ap SN 2018zd

wavelength [A]

* representative models span a range of light curve morphologies
* r-process + 3¢Ni powered transients on timescales ~tens of days (‘scaled-up NS merger’)
* red colors and distinctive spectra with broad lines (v ~ 0.1¢)

* up to ~few per year detectable with wide field surveys (Roman Space Telescope, potentially Rubin)
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New EM transients: Super-Kilonovae & nucleosynthesis
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of super-collapsars
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3 1
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2 I3
proton-rich nucleosynthesis
(vp process)

* r-process nucleosynthesis up to Mgx~ 3000 Mun, lanthanide bearing outflows up to 200-500 Msun
* red super-kilonovae up to MgH ~ 200-500 Msun, blue super-kilonovae at larger Mgn

* vp process co-production of proton-rich nuclei at Mgn >~ 100 Msun
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A range of central engines

binaries massive star collapse
> 4
Super-
NS mergers Magnetars Collapsars P
Collapsars

130 - 105 Mgun

0. Evolved Massive
He core

Siegel+ 2022

Agarwal+ 2025

SLSNe SNe Ic-BL
4

kilonovae
-—‘y .
extended (super-)kilonovae
short GRBs emission? long GRBs
e 4+ |
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