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Open questions on Binary Neutron Star 
Mergers?
•What is the equation of state of dense nuclear matter?

•How are magnetic fields amplified and sustained?

•What determines the fate of the merger remnant?

•How are relativistic jets launched? Can both NS and BH 

power short GRBs?

•How are the heaviest elements synthesized?

•How different are GW signals from different NS mergers?

•What multi messenger counterparts are produced in BNS 

mergers?
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Mergers?



• Dynamical spacetime: Full Numerical Relativity
• Nuclear Equation of State (EOS): many proposals; largely 

unknown
• Relativistic Hydrodynamics and shocks
• Magnetic fields: instabilities and growth
• Neutrinos driving outflows and changing matter composition

Physical Ingredients for Realistic Binary 
Neutron Star Merger Simulations:

•You want: highest resolutions, best radiation treatment, 

realistic initial conditions, longest possible simulation, 

largest possible set of simulations



The merger of two neutron stars may leave 
different types of remnants

From Radice+, Ann. Rev. Nucl. Part. Sci (2020)
Espino++,  arXiv:2311.12923 
(2023)



From Bernuzzi,
GReGr (2020)

Gravitational Wave signal from BNS 
mergers

Radice+,
ARNPS (2020)



Electromagnetic counterparts of binary 
neutron star mergers



A ‘Zoo’ of Electromagnetic Counterparts 
from Binary Neutron Star Mergers

Ascenzi+ (2021)





GW170817: First 
multimessenger 
event of GWs and 
EM radiation

Abbot+ (2017)



GRB170817 had a very low-luminosity. 
Why?

Abbott++, ApJL (2017)
Kasliwal+, Science (2017)



Bromberg++ (2011, 
2014), Salafia++ 
(2020), Levinson & 
Begelman (2013), 
Hamidani & Ioka 
(2020, 2021), Gottlieb+
+ (2022),...

MODEL: The JET, launched by the ENGINE, 
propagates through the merger EJECTA, and 
feeds the COCOON Gutierrez++, PRD (2025)



Dynamical ejecta + Neutrino-driven 
winds

From Ishi++2018

Gutierrez++, PRD (2025)

(Nedora+19)
Siegel&Metzger 2017



Cocoon shock breakout emission

• Breakout energy:

• Breakout mass:

• Observed in

• Temperature:

Ebo ∼ γs,bo(γ′￼s,bo − 1)mboc2

mbo ∼
4πR2

bo

β′￼sκ

Δtbo,obs ∼ Rbo/γ2
s,boc

Tobs ∼ 50γs,f keV
Gutierrez++, PRD (2025)



Set of simulations with different engine parameters



Most likely BNS ejecta scenario and 
engine parameters?

Gutierrez++, PRD, 111, 6 (2025)



The role of magnetic fields in binary 
neutron star mergers



Why do magnetic fields matter in binary 
neutron star mergers?

● K e y r o l e i n t h e 
l a u n c h i n g o f M H D 
winds, relativistic jets, 
sGRBs, precursors or 
d e l a y e d e m i s s i o n , 
kilonova

Moesta+ (2020)

Ascenzi+ (2021)

Most & Quataert (2023) 



Why do magnetic fields matter in binary 
neutron star mergers?

• During and after the merger, 
instabilities can amplify the 
magnetic field by ~orders of 
magnitude.

EB ∼ 1051 erg

B ≳ 1016 G

• Binary NSs: 
Lorimer (2008)

Bsurf ∼ 108 − 1012 G
EB ∼ 5 × 1041B12 erg

≪ Ek ∼ 1053 erg



Instabilities drive dynamo processes that 
amplify the magnetic field 

• K e l v i n -H e l m h o l t z 
Instability (KHI)

• MRI-driven dynamo, 
winding

• Tayler-Spruit dynamo

• …

Price & Rosswog (2006); Obergaulinger+2010; Zrake & 
MacFadyen (2013); Giacomazzo+2015; Kiuchi+2014,2015;2026

Siegel+2013; Kiuchi+2024; Most (2023); 
Reboul-Salze+2025; Aguilera-Miret+2025;…

Reboul-Salze+2024



An -dynamo has been shown to operate 
to generate large-scale magnetic fields: MRI 
and winding

αΩ

λMRI ∼
B
4πρ

2π
Ω

QMRI ≡
λMRI

Δx
∼ 10

Kiuchi+ (2024) Δx ∼ 12 m



The challenge of small-scale amplification



How to capture the large magnetic field 
amplification after merger in numerical 
simulations?

● High resolution
● Sub-grid modeling
● Initialize artificially large magnetic fields

Kiuchi+ (2014, 2015, 2023, 2024), Ciolfi+ (2019, 2020), 
Palenzuela+ (2022), Aguilera-Miret+ (2022, 2023), Chabanov+ 
(2023), Combi & Siegel (2023), Ruiz+ (2011, 2016, 2020, 2021), 
Kawamura+ (2016);…
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How reliable is to assume artificially 
large magnetic fields in our simulations?

● , 
Mixed, Hydro, BITANT symmetry

● Soft (SFHo) and stiff (DD2) EOS
●

↑ ↑ , ↑ ↓ , Tilted ⇄ , Toroidal

m1/m2 = 1, 1.2

We planned a set of 
b i n a r y s e t u p s t o 
investigate this question



Symmetry breaking across the z=0 plane

Cook, EG++ (2025)



Magnetic field amplification is affected by 
the initial topology of the field
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We investigate the KHI amplification by 
means of a “zoom-in” simulation approach

FIRST: We run a global simulation of BNS merger 
using AthenaK: https://github.com/IAS-Astrophysics/athenak

● SFHo EOS (w/ trapped )
●
●
●

●

ν
M1 = M1 = 1.3M⊙
Bsurf ∼ 1010 G
Δx ≈ 92 m

𝒜ϕ =
πr2

0 I0ϖ2

(r2
0 + r2)3/2 1 +

15r2
0(r2

0 + ϖ2)

8 (r2
0 + r2)2

Stone+ (2026)
Zhu+ (2025)
Fields+ (2025)



Global simulation evolved up to a few milliseconds after 
the merger. We record high-frequency data in the inner 
regions



THEN: when the stars make contact, we map the region 
containing the hot shear-layer to a new “zoom-in” grid

• We run a set of “zoom-in” simulations with resolutions: 
≈ 92m, 46m, 23m, 12.5m, 5.8m, 2.9m





The shear layer rapidly becomes KHI-unstable and generates 
vortical structures where the field undergoes  exponential 
amplification.



As vortices becomes themselves KHI-unstable, the shear layer 
grows in size, merge, and fill a large fraction of the volume 
with turbulent structures.



Small, intermittent current sheets form. The current density 
traces B field gradients, showing where the field is stretched, 
twisted, and folded



The velocity power spectrum rapidly develops a Kolmogorov 
power spectrum



Magnetic spectrum suffers small-scale amplification; develops 
a Kazantsev power spectrum. At later times, magnetic field 
begins to grow at all wavelengths

Similar results in global high-resolution BNS 
simulations
Kiuchi++ (2026)



Magnetic power  grows at all lenghtscales once the 
small-scale field has reached  sufficiently large 
amplitudes



Current/Future steps: •Neutrino oscillations

•Improve neutrino radiation transport:

•Full Boltzmann multi energy

Train models to predict ejecta and disk masses 
from BNS systems: large number of 
simulations

•End-to-end BNS simulation: connect 

various simulation setups to follow BNS 

from merger to months/years after.

Qiu++, PRL (2025)

Smith Clark++ (in prep.)

Khadkikar+ (in prep.), Zhai++ (in 
prep.)

Gutierrez++ (in prep.)

Longo-Micchi++ (in prep.)



Summary
• Binary neutron star mergers are 

extreme events that both pose and 
help answer some of the biggest open 
questions in astrophysics.

• H u g e ‘ z o o’ o f e l e ct ro m a g n e t i c 
counterparts from different outflows.

• Magnetic fields play an essential role; 
difficult to track its evolution in 
simulations.



Backup slides









• Extension of Athena++ to 
dynamical spacetimes (Z4c 
evolution)

• Block-based AMR, CT
• Valencia formulation of MHD
• Tabulated Nuclear EOS
• M1 neutrino transport

Stone+ (2020)
Daszuta+ (2021)
Cook+ (2025)
Daszuta+ (2026)

GR-Athena++
https://github.com/computationalrelativity/gr-athena








