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clectromagnetic counterparts and jet formation

Magnetic field amplification at merger KH|

Role of B-field topology and NS spin
Neutrino emission and magnetar |ets

r-process nucleosynthesis of heavy elements







Since /0's observed flashes of gamma rays observed with energies
[ 0-09-23 erg;

Two families of GRBs: anc

ast 10-100 s; likely due to the collapse of very massive stars.
ast 1-10 s; we know they are due to NS mergers (GW /081 7)

All GRBs show but how 1Is a jet produced
from a binary merger?

Need to solve equations of GRMHD In addition
to the Einstein equations
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WWhat happens when magnetised

stars collide?

Magnetic fields

Neutron stars
Masses: 1.5 suns
Diameters: 17 miles (27 km)
Separation: 11 miles (18 km)

Simulation begins

7.4 milliseconds

13.8 milliseconds

Magnetic fields in the HMNS have complex
topology: dipolar fields are destroyed.
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Magnetic fields

Neutron stars
Masses: 1.5 suns | : '
Diameters: 17 miles (27 km) o

Separation: 11 miles (18 km)

Simulation begins 7.4 milliseconds 13.8 milliseconds
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- These simulations have shown that the merger of a
= magnetised binary has all the basic features behind SGRBs
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J/M?* = 0.83 Mo, = 0.063Me  tacer ~ Mior /M ~ 0.3 s



With due differences, other groups confirm this picture

Kiuchi+ 2014
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t=6.091 ms
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at merger, a strong S produced by the
between the stellar surfaces.

t=6.091 ms t=6.091 ms

L,
//JI/I//////f/I/I/
G P,

this leads to instability (KHI) and large vorticity

N turn this leads to orowth of magnetic Tielc
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dractice, we

nigh resolution anc

model this

enormous computational cost

this Is because there Is

all we know Is that magnetic fielc
biNC

dC

dritional

of a

dim

Drocess yet des

dite simulations at ultra-

S.

N the development of KH|

S 9row

ing/kinetic energy In the system

til with

N few mMs!

dlification of the B-field takes
magnetorotational (shearing) instability (MRI)

dlace |ater on because




simple question: does the amplification depend on the

internal magnetic field in NSs i1s unknown

a global s the standard assumption but not only one

a number of pulsar models postulate the existence of only

full HR) crust (HR)

722\

assuming the can we tell the difference
via numerical simulations?



full crustal
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significant C
surface anc

A closer comparison

fferences: crustal fielc

not further am

dlifiec

by Interior turbu

s partly lost at the

cNnce



KHI d turbulent winding

crustal fields are initially more
efficient In amplifying the B-field

however, their amplification i1s quickly
quenched because of mass loss not
present in full fields

full (HR) when a shearing amplification Is
ETESE]%R) active, i.e., t —t_.. 2> 5ms, crustal
crust (LR) flelds are one order of magnitude
WEELGH
Bottom line: crustal magnetic fields lead to large magnetic-fielc

amplifications iIn BNS mergers




crust (HR)
full (HR)

different magnetic fields in the
remnant will lead to different
(weaker) EM emission

GWs will also be different: weaker
for full configuration (more energy
into B-field) and smaller [=2, m=/
deformations (magnetic tension)




IR: (t — tg,) = 0.45ms

The role of stellar spin Ln
the B-field amplification

Ng, Jiang, LR (2026)



NSs at merger not expected to have
arge spins If produced In a binary

N globular clusters, dynamical capture Is
potential formation channel

have considered rapidly spinning stars
with alisned/misaliagned spins

R (irrot.), UU (17), DD (1), DU (11)

spin Introduces changes also In the
inspiral; tidal deformation i1s different

Interestingly, both the B-field growth
rates and the fields after KHI differ
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binaries

produce conside

rable

vorticity but not the largers

produces smalles

and smallest "final" B-field

rodu

]

L vorticrty

ces largest vorticrty
and largest "final" B-field

produces vorticity only Iin
Ns with misaligned spin
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tangential discontinuity in UU s large but )% vorticity

tangential discontinuity in DD s also large but )% vorticity

UU merges with small radial velocity; DD merges with large radial velocity

larger shocks allow the KHI to shear larger magnetic field with greater magnification






Already Iin the 50’s, nuclear physicists had tracked the production of

N stars via nuclear fusion.

( A>56) cannot be produced In stellar interiors but can be

t:2.40e+01s / T:0.03GK / s : 4.36e-02 gicm’

synthesised during a

SN simulations have shown that temperatures/energies not enough
to produce (A>120).

o produce such elements very high temperatures

anc material 1s needed.

Physical condrtions In are

berfect candidates for this process!

100 150 200
neutron number, N



x (M) ‘ 0 y (M)

L. Bovard, LR



Spatial distribution of Mejimpacts detectability of EM counterpart:
most of Mejlost at low latitudes;
depending on EOS/mass, contamination also In polar regions




(1.1}

Spatial distribution of Ye iImpacts detectability of EM counterpart:
high Y. In polar regions: blue (optical) macronova
low Ye In equatorial regions: red (FIR) macronova



Mass ejection can erther be (shocks; 100 ms) or secular (magnetic or
neutrino-driven winds; |-10 s).

-ven tiny of ejected matter (0.0] Me) sufficient to explain observed

abundances.

Abundances for cood agreement with solar. for different , NS
and
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Mass ejection can erthe
neutrino-driven winds;

abundances.

Abundances for
and

" be (shocks; 100 ms) or secular (magnetic or

-10 s).

-ven tiny of ejected matter (0.0] Me) sufficient to explain observed

cood agreement with solar. for different , NS
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Mass ejection can erther be (shocks; 100 ms) or secular (magnetic or
neutrino-driven winds; |-10 s).

-ven tiny of ejected matter (0.0] Me) sufficient to explain observed

abundances.

Abundances for cood agreement with solar. for different , NS
and

m=emem  TI2— M1.25 DD2 — M1.45
—— DD2-M1.35 == DD2— q09
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GW 17081/ produced total of 16,000 times
the mass of the Earth in heavy elements

(10 Earth masses in gold/platinum)
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3esides nucleosynthesis, the ejected matter also provides important EM information.

VWhen critical densities and temperatures are reached, matter undergoes radioactive
decay emitting light (optical/infrareq): (L1 & Paczynski '93).
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Days after LIGO trigger

simulations observations (Tanvir+2017)

s kilonova measured with GW | /0817, showing it was a BNS merger.

Using simulations, it i1s possible to reproduce qualitatively the signal



Inclusion of B-fielc

formation of a

'C

field Is ejectec
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dse to a BH, naturally leads to the

B-fields from small
scale values (10'Y G) to magnetar values (10!° G)

magnetic fields lead to large am

bact KHI; larger B-fielc

at merger

r~-process nucleosynthesis Is
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Own the maximum compactness

LR, Ecker(2023)



realistic

[his s a very old question and we have a very important limit in
oeneral relativity (Buchdahl Theorem)

M 4
— < —~0444
R 9

We could ask this question for the 10° we have constructec

However, compactness can change as a function of mass and a
criterion Is needed to compare the maximum compactness




o aaadress this ¢

realistic

uestion we formulate the following

%max — %TOV

In other words the

the

T his conartion ca

FOSs and a sim

D

S at

e theorem can be proven.

More In general, however, It Is hard to

DIOVE.

alinec

by the star with

n be shown to be true for a large number of possible




realistic

s the ctrue for realistic EOSs!  The can be cast as
d6 (M) | dInR
Cox=Crov =~ & ——=—— (12— 20
adM R(M) din M

All we need to check i1s whether
the term In the round brackets Is
validated by all our stellar models.
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Hence, the conjecture Is
then a conjecture. ..




realistic

We can finally answer the guestion

f the pQCD constraint Is
imposed, the evidence Is that

¢ < 1/3

Violation of this bound woulc
brovide important information:
anomalous QCD behaviour at
largest densities
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realistic

CT()V ,Jnax
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Spectra of post-merger shows peaks, some

When used together with tens of observations, they will set tight
constraints on EOS: radius known with drecision.

A after a BNS merger leaves GW and opens
a gate to access quark matter beyond accelerators.

The sound speed Is likely to be N a NS and rts
maximum value Is reached at the centre/interior for light/heavy stars.

Long ringdown, IS to constrain NS properties relating slope anc
EOS at highest densities and pressures.

HQCD imprints intriguing upper bound on stellar compactness: ¢ < 1/3.




Threshold Mass to
prompt collapse

Képpel, Bovard, LR, ApJL (2019)
Tootle, Papenfort, Most, LR ApJL (202 1)




Given an

DIOIM

A universal behaviour !

bt colla

~0OS, a

bse. Is this

ex|sts that marks the



Threshold mass

et AL e Rdahad Dol oy it St IR RAE SIS i

black hole + torus (5 — 6kHz) black hole(6 — TkHz)

LR

binary (< 1kHz)
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A universal behaviour !

Given an EQOS, a ex|sts that marks the
rompt collapse. Is this

Select useful EOSs that self-consistently incorporate

SEHo
TM1
BHBA®
Togashi+




A universal behaviour !

Given an EQOS, a ex|sts that marks the
rompt collapse. Is this

Determine rigorous definition of collapse
and produce dimensionless quantity

tcoll — tBH — tmerg . R3
Tff(M,R) . _\/2M :

tmerg ©  Min(a) = aperg := 0.35, 2
t

o s min(a) = ag, = 0.2.



A universal behaviour !

Given an EQOS, a ex|sts that marks the
rompt collapse. Is this

Express measured values in terms of dimensionless
collapse time.

® DD2 ® BHBA¢®
® SEFHo ® Togashi+
® TMI

M
th 1415

r—{
=
-
-
=
S

TOV




A universal behaviour !

Given an EQOS, a ex|sts that marks the
rompt collapse. Is this

Seek universal behaviour via

Cooo :=(M/R). o A fit 1s possible but not
satisfactory. A fit obtained by requiring that
—— This work
—== Bauswein+ 2017 Mth/MTOV 0
for
Croy — 1/2
My, b
= a




Another universal behaviour

Given an EQOS, a ex|sts that marks the
rompt collapse. Is this

The detection of a merger not leading to prompt
collapse

Moy = 2.747007 Mo,

> 0. 74191410

TOV —0.04

R




Another universal behaviour

Given an EQOS, a ex|sts that marks the
rompt collapse. Is this

The detection of a merger not leading to prompt
collapse

|_>

Bauswein + 2017

10.2 104 10.6 108 1.0 1.2
R, [km]

R, = —0.88 M* + 2.66 M + 8.91



A more general behaviour

All results so far true for binaries
My, will depend also on and

Inturtively, My, Increases with zlgle

We have considered 40 configurations, simulations

TNTYST

C\ear\y, Mth — Mth(EOsv q, X)




A more general behaviour

s this behaviour

Assume

Mn = M (EOS, q, x) = <(EOS) f(q, x)

where £(EOS) comes from ¢ =1,x =0 (Koéppel+ 2019)

b
k(EOS) 1= (a e ) M.
TOV

and f(q, x) I1s a quadratic function of g and X

f(q,x) :=a1 +az(1 —q) + asx + as(l — q)x + as(1 — ¢)* + agx?



Does this work!?

Indeed a

exists and yields:

from fit
of ~27, and
below ~67%.
M, by ~10%
felg SpINS
M.y, by ~5%
for SpINS
TNTYST
Note: dependence on g balance between larger "discs”

for small g and increased stability for large g yields



Possible to extend logic for lower limit on radius:

R, (M) where R, (M) is from Képpel+ 2019
f(g,x) and f(q,x) Is the same as for My,

: 2 .
10.25 11.00 11.75 12.50 : 10.50 11.00 11.50 10.25 10.50 10.75 11.00
R, [km] R, [km] R, [km]

Antialigsned binaries provide significantly tighter constraints:
R > 10.24 km for y = —0.3 R > 9.44 km for y = 0.3

TOV — TOV —



Limits on radii and
deformabilities

interpolating
4 — tropes

crust | outer  outer
core core

Ist segment | 2nd segment

1.0 1.5
logy(n) fm™




| Imits on radil and deformabillities

*Can new constraints be set on typical radius and
tidal deformability by using GW | /7081 /¢

*lgnorance can be
barameterised anc
EOSs can be buillt
aroitrarily as long as
they satisty specific
constraints on low
and high densities.




Construct most generic family of NS-matter EOSs
| ] N logu(p) [L’\ (T:m:EJ | |
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polytropic fit of Drischler+ (2016) by matching 4
BPS (large impact on results) polytropes



We have produced 106 EOSs with about 107 stellar models.

Can impose
differential
constraints
from the

and
from the

from
GWI170817 . - -

Radius (km)




Closer look at a mass of M = 1.40 M4

Can play with different <o b
constraints on L e
mMaximum mass and
tidal deformabllity.

< 800
- < 1000
< M., <2.16; 400 < A14< 1000

v < 2.16; 400 < Aq4 < 800

Overall distribution Is
very robust

12.00 < R1,4/km < 13.45
(Ry.4) = 12.45km | . s
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Closer look at a mass of M = 1.40 M4

Play with different constraints on Mtov and tidal deformability

Overall distribution Is very robust

PDF for pure hadronic EOSs PDF for phase-transition EOSs

- Rl y <. 800 2L Vs A 1 4 < &A0
400 << Ay 4 <640 2.01 < M,_, <2.16; A1 1< 800
[ 500<A1.4 <800 2.01< M, <2.16; J400<A; 4 <800
il & ! < ‘.)' { 1 4 ) j % 1 v
[ 400< -}1.4 - 1200 M = 1.40 M, hadronic
- [ 400< A, 4 <800 ~

M — 1.40 M.,

o o branch
2015 2.16 i
N twins | ~. 907

i\lr(':'ml 1.4
|

12.00 < R1,4/km < 13.45
<R1.4> — 12.45km



Can explore statistics of all properties of our 10?2 models.

In particular can study PDF of tidal deformabllity:

LIGO has already
set upper lImit; ﬂ - 12

70 < Ay 4 < 720

|
O

|
o

Our sample sets a
lower lImit:

]\14 > 37D

the largest so far.

| |
oL S

|
=)

logo(PDF for pure hadronic EOSs)

| |
600 300 1000






https://arxiv.org/abs/2507.08942

GRMHD simulations of acc
sophistication and are able -

ndford-Znaj

he Bla

energy -

a, = 0.9374

rom rotatir

86GHz

ek (BZ) r

g BHSs anc

echanism offers most natural rou

e 1o extract -

power relativistic jets. However, I

retion onto supermassive BHs have reached high level of
0 reproduce morphology and energy spectrum of M3/ jet

‘he rotational

- assumes a F

- regime

Blandford and Znajek MNRAS (1977)



Particle-in-cell simulations provide ab-initio description of FF conditions near BH

-xtension to GR not easy but provides first-principle dynamics near BHSs

Carried out extensive campaign of e, /e_ pair plasma in 2D with new code FPIC
and “classic” split-monopole of BZ solution

logy, (n/n.,)
1.4 1.6 1.8

rsin @ [ M]



SR-PIC simulations provide important input for large-scale jet emission

Extension to GR not easy but provides first-principle dynamics near BHs

Carried out extensive campaign of e,/e_ pair plasma in 2D with new code
and “classic” split-monopole of Blandford-Znajek (BZ) solution

log 10 (1 /'/ Ny ’

1.6

rsin@ [M)]



Among the new results. ..

*evidence plasmoids can collide and merge Inside and outside croosphere

*evidence plasmoids can also split inside croosphere and reach infinity

*outgoing plasmoids have radial velocity v ~ 0.7 independent of BH spin

) ,'.,_)




reconnection rate &£ essential for all considerations of EM emission

simulations allow to compute £ = R(r, a-)

reconnection grows with BH spin and reaches maximum &£ ~ 0.14 inside
ergosphere of maximally rotating BH




Blandford-Znajek luminosity

The BZ luminosity can be expressed very generically as

-

k depends uniquely on the B-field topology (k,,, = 1/(67x) for split monopole)

Where (Camilloni+ JCAP 2022)

@, 1s the magnetic flux across the event horizon

F, . (£2,) 1s a nonlinear function of the event-horizon velocity €2,

Foo(Q) = Q2 | 1+@(MQ))*+B(MQ,)* +7 | MQ, |+ (5+&log | MQ, | )(MQh)6]



The BZ can be measured from the simulations

K
Py, = - @ F(Q,)
/A

0.99  0.999

[he measured BZ power matches very
well analytic expression at @(Q )

Good match is present also for GRMHD
simulations; only difference Is value of k

Behaviour for extremal BHs can be

® GRPIC data . ,
JEEOULEE Captured with fit of quartic term

= ]-param fit




~vidence of negative-energy positrons
inside ergosphere and accreting

Process IS not steady and accretion rate
increases with BH spin

Accretion of negative-energy particles
also for electrons but with smaller rates

Results suggest that

are present In force-free
magnetospheres of rotating BHS:
extraction 1s combination of effects.




Probing neutron-star
matter in the lab

Eip, = 450 A MeV

4 S/A =122 -

Mtot — 26I M@

freeze — out




We have explored the
dynamics of BNS mergers

and HIC using the same
SONY

Chiral Mean Field model,
based on the three-flavor
chiral Lagrangian for
hadronic matter:

|||||||||‘_|||||||||||||

Crossover transition for
deconfinement occurs at
T R ' both, finite and zero

. temperature
20

IIII|IIII|IIII[




BNSs: core 1s hot and with high entropy;
ring Is formed. Remnant Is gravitationally
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not and high entropy

DOUNAd.

HICs: collision product 1s hot and with high entropy but

expands rapidly cooling isentropically.



logig N [Az?At]
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BNSs: core Is hot and with high e

pligeln)%

ring Is formed. Remnant Is gravita

lonally

n/ Nsat

not and high entropy

DOUNAd.

HICs: collision product is hot and with high entropy but
expands rapidly cooling isentropically.




