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[Ascenzi+2021, Journal of Plasma Physics]
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See Gottlieb’s talk for cocoon Gamma Ray Burst (GRB)
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[Ascenzi+2021, Journal of Plasma Physics]
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[Ascenzi+2021, Journal of Plasma Physics]
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wegisua A multi-messenger view of neutron star mergers

INEN

Itituto Nazionale di fisica Nucleare
Sezione di Ferrara

Wind + hydro
Ejecta /2

GRB central
Engine

[Ascenzi+2021, Journal of Plasma Physics]
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‘Kilonovae are day to week-long thermal, supernova-like transients, which are powered by the
radioactive decay of heavy, neutron-rich elements synthesized in the expanding merger ejecta’

[Metzger 2020, LRR]
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Proton Neutron

Seed nucleus
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‘Kilonovae are day to week-long thermal, supernova-like transients, which are powered by the
radioactive decay of heavy, neutron-rich elements synthesized in the expanding merger ejecta’

[Metzger 2020, LRR]
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‘Kilonovae are day to week-long thermal, supernova-like transients, which are powered by the
radioactive decay of heavy, neutron-rich elements synthesized in the expanding merger ejecta’

[Metzger 2020, LRR]

Rapid neutron captures [r-process]
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‘Kilonovae are day to week-long thermal, supernova-like transients, which are powered by the
radioactive decay of heavy, neutron-rich elements synthesized in the expanding merger ejecta’

[Metzger 2020, LRR]

Unstable nuclei -> radioactive decay
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‘Kilonovae are day to week-long thermal, supernova-like transients, which are powered by the
radioactive decay of heavy, neutron-rich elements synthesized in the expanding merger ejecta’

[Metzger 2020, LRR]

T ~ 5000 - 10 000 K @1 day

a- and f- particles, y-rays and fission fragments

!

Decay products thermalise within the ejected material and set its temperature
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‘Kilonovae are day to week-long thermal, supernova-like transients, which are powered by the
radioactive decay of heavy, neutron-rich elements synthesized in the expanding merger ejecta’

[Metzger 2020, LRR]

uv “ IR ‘

Kilonova

>

T ~ 5000 - 10 000 K @1 day

Thermal emission at ultraviolet-optical-infrared wavelengths
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‘Kilonovae are day to week-long thermal, supernova-like transients, which are powered by the
radioactive decay of heavy, neutron-rich elements synthesized in the expanding merger ejecta’

[Metzger 2020, LRR]
—20

See Bianco’s talks
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Multi-component asymmetric ejecta in GW170817
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Pre-discovery

Discovery

[Tanvir+2017, ApJ]
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Pre-discovery

[Tanvir+2017, ApJ]

Wind + hydro
Ejecta /

See Radice’s talk
for the blue KN

Discovery

[Ascenzi+2021, Journal of Plasma Physics]

Blue KN: early times powered by decay of ‘light’ r-process elements
with low’ UV/optical opacities, i.e. flux escapes in UV/optical

Red KN: late times powered by decay of ‘heavy’ r-process elements

with ‘high’ UV/optical opacities, i.e. flux is suppressed in UV/optical
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Kilonova modelling @

Wind + hydro
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GRB central
Engine

[Ascenzi+2021, Journal of Plasma Physics]

Parameters for red and blue KNe are extracted from 1D and/or semi-analytical modelling
No geometry | No viewing angle dependence | No reprocessing
Simple energy input (e.g. uniform+constant) | Simple opacities (e.g. uniform+grey)

Masses for red KN and blue KN are larger than predicted by numerical relativity simulations
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Averaged ejecta velocity [c] Averaged electron fraction Y,

Parameters for Red and Blue KN from [Siegel 2019, Eur. Phys. J. A.]



Kilonova modelling with radiative transfer <R

Istituto Nazionale di Fisica Nucleare
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POSSIS: A 3D Monte Carlo radiative transfer code to model explosive transients
[MB+2015, MNRAS; MB 2019, MNRAS; MB 2023, MNRAS]

See Kerzendorf’s talk OBSERVATIONS

Light curves

MODELS

1, lerg/sicm? /A]

ooooo /
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7

[MB+2019, Nature Astronomy] (BNS)
[MB+2021, MNRAS] (BHNS)
[Shrestha, MB+2023, MNRAS] (BNS with jets)

Modelled grids available at

. https://github.com/mbulla/kilonova_models
GitHub
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Kilonova modelling with radiative transfer
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Idealised

Large grids of models (~1000)
Typical runtime/model ~ 100-500 CPUh

Logp (g cm™)
[ |
18 —16 —14 —12 —10

0.50 DYNAMICAL

0.25
O
 0.00
IS
—0.25

—0.50

—0.50 —=0.25 0.00 0.25 0.50
v,/ c
[MB 2023, MNRAS]



Kilonova modelling with radiative transfer

Istituto Nazionale di Fisica Nucleare
Sezione di Ferrara

6D GRID WITH POSSIS
varying ejecta parameters
(masses, velocities and compositions) %5

[1024 models, 11264 different KNe]
25

7‘20.

25
INTERPOLATING GRID WITH NMMA

25

25

https://github.com/nuclear-multimessenger-astronomy/nmma

Y20+

[Dietrich, Coughlin, Pang, MB+2020, Science] 95

[Pang, Dietrich, Coughlin, MB+2024, Nature Comms. ]

25

25

A

Tim Dietrich
Professor

25

Peter Pang
PhD student

[Anand, Pang, MB+, arXiv:2307.11080]
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https://github.com/nuclear-multimessenger-astronomy/nmma
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Kilonova modelling with radiative transfer CNEM
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No tension with numerical-relativity simulations
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[MB 2023, MNRAS]

Fiducial model — 17 u r z K
Heating rates —16° ] ] fv‘—’\
(Korobkin+2021), = ji _
thermalisation @©
L . E 134
efficiencies and opacities  ~—
(Tanaka+2020) —121
depending on local —11
properties of the ejecta _18_

Time since merger (days)
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[MB 2023, MNRAS]
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Idealised

Large grids of models (~1000)
Typical runtime/model ~ 100-500 CPUh
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[MB 2023, MNRAS]

Numerical simulations

From numerical-relativity and/or
hydrodynamic simulations

[Neuweiler, Dietrich, MB+2023, PRD]
[Markin...MB+2023, PRD]
[Schianchi...MB+2024, PRD]

Anna Neuweiler
PhD student
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PhD student

Federico Schianchi
PhD student
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See Ciolfi’s talk

log,,(p [g/cm?®]) [Pavan, Ciolfi+2021, MNRAS] [Urrutia+ arXiv:2401.10094]
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[Soares, Bosch, Lazzati & Mosta 2023, ApJ]

[Mosta, Radice+2020, ApJ]
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Jet-ejecta interaction and its impact on the kilonova ™!

[Nativi, MB, Lundman, Rosswog+2021, MNRAS]

Brighter earlier

neutron-rich Jet close to axis
(high opacity) Opaque matter ,
material punched to
-5
10 MO
Lorenzo Nativi

PhD student

Decrease in density -> decrease in optical depth
-> optically thin ejecta -> photons escaping more easily
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Wind models from
[Perego+2014, MNRAS]

[Nativi, MB, Lundman, Rosswog+2021, MNRAS]

Brighter earlier
close to axis

neutron-rich Jet
(high opacity) Opaque matter
material punched to lower
densities . ‘

10\ Mg |
i . Lorenzo Nativi
PhD student

Wind [no jet] Jet 10% erg 57! Jet 10°! erg s7*
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— 0.2 |
Z 01
= 0.0
= —0.1
I —0.2 1
S 0.3

—0.2 0.0 0.2 —0.2 0.0 0.2 —0.2 0.0 0.2

vy = x/(1day) [c] vy = x/(1day) [c] vy = x/(1day) [c]
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[Nativi, MB, Lundman, Rosswog+2021, MNRAS]

1.5
| Jet 10°! erg s7!
g-band
Lot r-band
| i-band

Jet making kilonova
brighter and bluer

Increase in magnitudes

along the jet axis

0.0 05 1.0 15 20 25 3.0 35 40 45 5.0
Days since merger
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[Klion, Duffel, Kasen & Quataert 2021, MNRAS] Jet making kilonova brighter
Density Temperature and bluer along the jet axis
0.6 F T T T TTTT] T T T TTTT] T T
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dependence
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[Shrestha, MB+2023, MNRAS]
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K
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Manisha Shrestha
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Jet-ejecta interaction and its impact on the kilonova ~CM:Y ()
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[Shrestha, MB+2023, MNRAS]

—&— K190 (This work)

—#— Kpyg (Nativi et al. 2021)

—®— Fgey = 1 cm? g1 (Klion et al. 2021)
-0 Kgey = 0.3 cm? g~ ! (Klion et al. 2021)
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Exact impact on

kilonova depending |
on OpaCitieS! Manisha Shrestha

Postdoc
Shrestha, MB+2023
Ejecta along jet axis still
moderately optically thick
Flux redistribution to other angles

Nativi, MB+2021 Klion+2021
Ejecta along jet axis optically thin
Flux “freely” escaping along z
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Exact impact on kilonova likely model-dependent!
logq, (p [g/cm3]) [Pavan, Ciolfi+2021, MNRAS] [Urrutia+ arXiv:2401.10094]

R AR A AR 54321012 3 0.40
X — [Combi & Siegel 2023, APJ]
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[Soares, Bosch, Lazzati & Mosta 2023, ApJ]

[Mosta, Radice+2020, ApJ]
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Kilonova modelling:
o0 Radiative transfer simulations
o0 3D models including different ejecta components
o State-of-the-art heating rates, thermalisation efficiencies and

opacities that depend on local properties of the ejecta

Jet-ejecta interaction:
O Strong impact on the kilonova at early times

o Effect depending on input models and opacities



