Relativistic outflows in binary neutron star mergers
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Multimessenger appearance of BNS mergers
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GW170817 and its colors

- Blue and the red kilonova
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Nucleosynthesis of heavy elements: r-process
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Ye = np/(np +n)<0.5

Ye > 0.25: 15 peak

Y. = 0.15-0.25: 2" peak,
Lanthanides

Y. < 0.15: 3" peak, Actinides




Compact binary merger simulations
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Korobkin et al. 2021
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Multi-component picture

Pre-merger phase: dynamical
ejecta

Post-merger phase: spherical
winds from HMNS

Data need another component
- disk wind?

HMNS wind properties depend
on its lifetime (tbc...)
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Disk winds regulate the transient

Disk winds are bridge between
kilonovae and GRBs

They regulate lanthanide opacity
through stratified Y. and provide
baryonic medium that shapes
relativistic jets

Their properties are tightened
with engine parameters and
nature of progenitor — central for
multimessenger interpretation
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Density t=0.295

Disk wind thermodynamics P
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# Fast wind (v=c ~ 0.11 — 0.23), broad 10°

1 104
range of electron fraction Ye ~ 0.1 — 0.4. o
p lgicm?]

# Mass loss via unbound outflows between
2% and 17% of the initial disk mass.

# Details sensitive to engine parameters:
BH spin and magnetisation of the disk

® More magnetized disk produce faster B R
. V ai I'g C
outflows. BH spin dependence Ye (T=5 GK)

A. Janiuk (2019, ApJ)
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Disk wind nucleosynthesis

#® Heavy elements up to A ~ 200
(incl. Platinum, Gold) produced in disk winds

Density

/ log

# Correlation between the black hole's spin and

810910 Temp. - 70
R

ejected wind mass (Nouri, Janiuk Przerwa, 2023)

#Link to population studies: only a fraction
(~20%) of BH-NS binaries gain a high BH spin
(cf. Drozda et al. 2022)

107

Abundances at 1 Myr
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Jet interactions with disk winds
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Jet from NSNS Jet from NSNS Jet from BHNS Jet from BHNS

# Interaction of a relativistic jet with
postmerger ejecta and accretion
disk wind shapes the structure of
outflow and its radiation
properties.

z[3 %10 ¢m]
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# Distribution of thermal and kinetic ==
energy in jet, cocoon and wind,
depend on our (implicit) binary
merger scenario and presence of )
postmerger (HMNS) ejecta. e e

Urrutia, G. Janiuk A., Nouri F.H., 2025, MNRAS, 358, 124 m
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Launching disk winds

* HARM-EQOS (3-parameter tabulated ‘Helmholtz’ EOS,

neutrino leakage (Rosswog & Liebendoerfer 2003; Fernandez &
Metzger 2013)

* Magnetised winds and weak jets launched, chemical
evolution of winds followed by tracers.

#® Low- and high-Y. media, stratification and geometries
depending on (disk-BH mass ratio, magnetisation, BH spin)

(05-035) Time interval (0.3s - 0.85)

* 3D-kn

k|\.|.|'|‘.|||lll
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Nucleosynthetic output across different engine configurations
]

Lanthanide mass fraction spans nearly two orders of
magnitude between small and massive disks

10!

—— 3D-thick
0 —-—+ 3D-kn

10°4 - solhr Total outflow (¥, (F.)y iwile] X(57<7 <72
Model mass [Ms] T=10GK T=5GK at3Mr, EwFe (Lanthamdes)

2D-Thick-s 2.3x 1078 0388 0424 0.125 8.2 x 107 0.0011
2D-Thin-s 55= 1071 0.382 0.444 0089 461077 0.0M¥7
Actinides 2D-Thick 4.2 %1077 0.328 0.389 0097 1.7 % 1072 0.0020
2D-Thin 1.6 x 1077 0.378 0.448 0111 55x107F 0.0007
2D-kn 8.2 1072 0.160 0.189 0.073 1.04 0.0509
3D-Thick 1.6 1077 0.420 0.485 0.132 83x 1077 0.0003
3D-Thin 1.9 %107 0.377 0.445 0100 12107 0.0008
3D-kn 9.8 % 1077 0.191 0.262 0074 5.7 % 107 0.0265
3D-kn-p 1.8 x 107 0.372 0.420 0.193 4.6 %1072 0.0016

Abundance

Notes. Model parameters ave listed in Table 1. The total mass and angle-averaged electron fraction are computed for unbound tracers cooled 1o the
Lanthanides | 1 NSE-breakdown temperature. The velocity (in units of ¢} is measured at 500 r;. Europium-to-iron number ratios are caleulated across all isotopes
(not normalized to Solar ). The lanthanide-abundance fraction is summed over 57 = Z < 72,

100 150
Atomic Mass Number (A)
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Chemical enrichment from disk winds

]

Time Interval

Ejecta masses 0.01 — 0.1 Mgun )

At=0.202- 0.403 s

Model 3D-kn

At= 0.403- 0.605 s

Broad range of Ye, L~
Velocities upto 0.2 ¢
[Eu/Fe] : 8.3x10* - 5.7x10*
Heavy-to-light ratio depend on CE

properties

<
>

Xas 130/ Xa<130)

- Favored models for rich-red-KN contribution: a=0.6,
Men/Maisk = 8.2/0.78 ~ 10, optically thin to neutrino
— Tuned for ‘peculiar GRB211211A
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Radiation transport calculations

Broad wavelength-band light curves

Radiative transfer: multidimensional,
multigroup Monte Carlo code SuperNu - f “
(Wollaeger et al. 2013; Wollaeger & van I e
Rossum 2014), -

Tabulated, line-binned opacities from the
LANL suite of relativistic atomic physics
codes.

103% f
'}

Detailed lanthanide and actinide opacities
(Fontes et al. 2020, 2023) and iron-group/light
r-process elements (Wollaeger et al. 2018). i e e i

= J(11000-14000 A
—— B (4000-5000 A) —— H (15000-18000 A)
— W (5000-6000 A) K (20000-24000 A)
—— R (6000-7500 A)

Band-integrated luminosity [erg 1]
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Saji et al. (2026, in prep.)
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HMNS: a short-lived remnant

M/M, ,q~1
A binary (< 1kHz) black hole 4 torus (5 — 6kHz) black hole (6 — 7kHz)

7 #
@ For GW170817, the collapse
e I time is still indirectly constrained;

T ?
@ “ ’ Estimates around ~1 s are

binary (< 1kHz)  SMNS (diff. rot.)(2 — 4kilz) SMNS 1 2kHz) black hole/NS?

@ 0 ‘ 4 model dependent.
Q?

[108 — 107 yr] [1ms 1s] [1—10%g]

cf. review by Baiotti & Rezolla 2017
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Recent numerical relativity simulations

® Nedora et al. (2021) connects remnant survival with
persistent spiral-wave winds, relatively high-Y. ejecta,
remnant disk properties, and nucleosynthesis

# Fujibayashi et al. (2023) present remnants
collapsing within approximately 20 ms and separate
dynamical ejecta from post-merger ejecta.

# Bernuzzi, Magistrelli et al. (2025) present long-
lived-remnant calculation with neutrino-radiation
hydrodynamics

# Hayashi et al. (2025) present long, self-consistent
neutrino-radiation GRMHD simulation of an
asymmetric merger undergoing prompt BH formation.
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From remnant evolution to kilonovae

]

Remnant fate: disk mass, ejecta
geometry, composition.

prompt
collapse

Longer-lived remnants allow
stronger neutrino/thermal
processing, producing high Ye, high

short-lived entropy winds.
BNS merger HMNS

Prompt or short-lived collapse
leaves a cleaner BH—disk system,
but usually less polar blue ejecta.

. NR-based fitting studies show that
longer-lived ejecta and disk properties depend
remnant on mass ratio, tidal deformability
(EOS), and microphysics (neutrino

transport).
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Summary

]

Post-merger disk winds contribute to r-process ejecta and kilonova emission.

The same wind and surrounding ejecta reshape the jet collimation, cocoon, and angular structure.

1
2
3. Disk, tidal ejecta, HMNS winds retain the information on the remnant lifetime
4.

Numerical Relativity informed lifetime survey connects remnant evolution to jet emission,
propagation, nucleosynthesis and kilonovae

'l‘ET_! =2 /a : N NARODOWE CENTRUM NAUKI
W o Jem S N s
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BH accretion disk simulations - Post-merger system

Ty = pSutu” + pgh”

i (,Ou,u);u =0
Tiemf™ = bbouiu’ + —bbegh” — bib" T, =0,

P — et . oo,

HARM= High Accuracy Relativistic MHD
(cf. Gammie et al. 2003).

HARM-COOL.: Fermi gas EOS is computed numerically and
tabulated during dynamical simulation with P(p, T), e(p,T)
Postprocessing by nuclear reaction networks.

Implemented on tracer particles.

https://github.com/agnieszkajaniuk/HARM_COOL
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Collapsar disk winds

]

Kiste et al.

Collapsars can also have neutron-rich disk outflows

. . n*
and have been proposed as major r-process sites

Pe oft
1
e

(Siegel, Barnes & Metzger, 2019) shock ke collapsing star
Collapsar accretion disks can eject enough r-process -t - \

material to be important for cosmic heavy-element disk wind
production.

. . . . . . . accretion disk
Their optical/IR emission may be kilonova-like, but it Figure 1. Schematic of a collapsar showing the two propased sites for
nenton-rich nucleosynthesis, emanating from the jet/cocoon or from the

Is embedded in a massive-star explosion environment s
and can be masked by supernova light.

Still, LGRB-associated kilonova events, 2011211A, and
230307A, re-opened the debate on the collapsar-driven  Rjstic et al. (2026, ApJL)
engines
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GRB source of power

BZ luminosity, kilonova models Neutrino luminosities, kilonova model
‘ ‘ 1x1054 ¢ |
2D-kn - - - Lve —
3D-kn 1x1053 L Lye

: Lv,x

1x10%2 |
1x1051 |
1x1050 |

1x10%9 L

1x10%8 [
150 200 250 300 0 100 200 300 400 500 600 700 800

t[ms] t[ms]
— The jet in kilonova-related GRB may be driven by neutrino annihillation, rather than BZ
— SANE evolution of the disk leads to powerful wind outflows, but a weak jet
(Janiuk, Saji, Urrutia, 2026, A&A, 707, 307)
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Kilonova: mergers as safe channel

Shocked

4 Binary neutron star mergers eject material rich in imerstellr
heavy radioactive isotopes.

® Can power an electromagnetic signal called a

kilonova
( Li & Paczynski 1998; Tanvir et al. 2013)

® Dynamical ejecta from compact binary mergers,
M, ~ 0.01 Mg, can emit about 10°-10* erg/s in a
timescale of 1 week.

® Subsequent accretion can provide bluer emission,

if it is not absorbed by precedent ejecta
(Tanaka, 2016, Berger 2016, Siegel & Metzger 2017)
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