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NEUTRON STAR-NEUTRON STAR
MERGER AND GAMMA-RAY BURST

750

=~ Lightcurve from INTEGRAL/SPI-ACS
% 120000 9 (> 100 keV)

8 117500

I ALt o o 1 .H._L IlJJ“lJWL L .“ I l,‘l
A ) T

—4 -2 0
Time from merger (s)

e both LIGO (both detectors)
and VIRGO: NS-NS merger
(masses “comme il faut", not
clear if final BH is formed
- too high freq.)

® Fermi gamma-ray satellite
sees a Gamma Ray Burst 2 sec
later

e Optical transient identified
in a nearby galaxy (40 Mpc)
few hours later - kilonova

e X-ray afterglow days later



Precursor emission - (7)

e Can emission be generated before the merger?
e Can we detect it?

Yes, and yes

difficult, but these are
beautiful physics problems




Plan of the talk

e Unipolar Inductor: expected power

 Generation of jets before NSs mergers (Alfven wings)
e “Dansing” NSs: pre-merger flares

e Generation of jets in NS-BH mergers

 Magnetic hair of black holes

e Cherenkov emission by uncharged Schwarzschild BH
e Observational strategies

e "“To do” list




The paradigm: relativistic Faraday’s
wheel/unipolar inductor

e Pulsar Electrodynamics e |o, ajovian unipolar
Goldreich & Julian, 1969 inductor Goldreich &
' | - Lynden-Bell, 1969
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Rotating magnetized sphere generates EMF
Linearly moving conductor generates EMF
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 |In both cases parallel E-field is generated

. pPulsars: EH is quickly killed due to vacuum breakdown

e Plasma is accelerated: pulsar emission and Jovian aurora




Extension to GR: BZ-effect

e Rotation: Blandford-Znajek
e new effects at GR + EM + plasma (vol Il + vol VIl
e Rotating space drags” B-field similar fo metal plate
e details are still debated (should a field line cross horizon, or

5 10
[re]

Chashkina + , 2021

Later: extension to GR:- linearly moving BH




Power of relativistic unipolar inductor

¢ 0 e N
Expected power:|L ~ —(A®D) (e P sesctroen

dr iy
EM-dominated relativistic sources, e Pes /o
maftter inerfia not important T Y
4r/c = 377 Ohm - space is very
bad conductor : |

Potential: E-field fimes size:
AD~EXI,E~ (B
e linear: f, size I, B-field:
(AD) ~ SIB
e Rotating NS:
o AD ~ ByRy(Qyg/c)’
e whichis AD ~ B; - X R; -




Relativistic lo-dupiter
(linear motion through B-field)



Possible precursor emission

Before merger a NS or BH moves through companion’s
B-field: what EM signal we expect?
Old systems, not much gas around
By~ 101°G
W
c=—> 1, vy ~ c- allis relativistic (simple!)
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NS-NS merger as relativistic lo-Jupiter

Hansen & Lyutikov 2001: NS in the B-field of
companion
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L~ (vK/c)szRI%,Sc ~ 10" erg s-1 <i5>
a

Not very bright for all-sky X-ray telescopes,
tens of Mpc (expected sources typically
at ~ 200 Mpc)

Unless coherent! - Radio
F, ~ (kilo) — Jansky from Gpc

That was the best model for the Lorimer
Burst, not anymore, FRBs are not mergers,
FRB rates >> NS-NS mergers

Can emission be beamed?




Generation of jets before NSs mergers



Magnetic draping

v
B-field formally diverges
Steady state: d £, = 0: E, = — v, B, = const




Different ways to resolve the draping
problem

Depletion layers in planetary-solar wind interaction

Highly magnetized plasma has only fields (littfle charges
only try to ensure E.B=0).

The system must become dissipative:

regionsE-B # 0 -> Currentj”, non-thermal emission

regions with E>B




NS-NS mergers: dissipative B-field draping

Magnetic draping (Lyutikov 2023).

metal sphere moving through B-field: Double-jet structure is expected
 Weak B-field in the bulk

e ~ equipartition field in narrow layer
e Generationof E-B #0, |E| > | B




Relativistic sub-Alfvenic

e NS magnetosphere:

. Pa=
° :BNL:BS:BA

15



NS-NS mergers: dissipative B-field draping

J., front view

J side view

IQO
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Y/R. X/R.

(Sharma+, in prep)

MHD simulations,
Athena++

e Relativistic sub-Alfvenic flow
e Double jets are generated (Alfven wings)
 Emitted power collimated, Radio like in pulsars




Double jets = Alfven wings

Ly




NS-NS mergers: dissipative B-field draping

(Sharma+, in prep)

B? front
view

B?, top view




Supersonic: just shocks




Power will follow the current

e Expected beaming of radiation

e Current instabilities: production of coherent emission
e modulation at orbital frequency

e Coherent radio?¢ - Coherent radioll




Mergers of binary NSs
(both magnetized)



Double-magnetized spinning NS: smooth
interaction of two magnetospheres

Lyutikov 2019

E'B:—Q(V1XB1)'B2%O

- gaps!

- Emission along B-field with
largest B (?)

- Modulated at orbital

- Power larger by a/Rns

Magnetic connection at
co-rotation ~ 103 erg
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(No need to diffuse through crust)




F|are S | Cherkis & Lyutikov 2021

e Store energy slowly in connected magnetospheres —release
explosively

« Combination of spins and orbital motion can “unwind”

e Special configurations of interacting NSs
e Fully locked
* Oomegai=-omega?

- NOT EXPECTED
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Basic-Z:
L TF Gy — 2()

Dirac’s belt

{ ESSIES




Cherkis & Lyutikov ApJ, 2021




e Did you get the trick?







X-spin




Topology of magnetically coupled
stars

e Direction of B-field from #1
to #2:. a path on 2-sphere

e Curl Bis not important:
each hair in a braid can be
twisted: we are for braiding

e Need to track 3 points on
the 2-sphere of B-direction
to define braiding.

O - omega of 1
— E— A- mu of 1

B: radius 1-2

cut in the middle




Topology of magnetically coupled
stars

{ NS {] MM

e Recall Y-spin: topological bifurcation (when
points A & B overlap)

e Recall X-spin: depending on phase the angle
may or may not flip

L ——— T



Counting twists

X uis ‘X s0o




Precursors to LIGO

 There is one global untwisting resonance
W1 + Wy = 2()
 For 10 msec pulsar, 2:1 resonance at (-2) seconds
 There are numerous locally untwisting braids

e Can produce (differently) modulated signals

 May release a fraction of total connected B-field
energy (twisted by ~1)

Lp.= = 10 —
r/c (GMyg)?/

e Higherresonances can be as efficient: amount of
connected flux

 Numerous periodic, and changing, signals expected.

=3 X 1044Bf2PS_7f/23 ergs !




BH-NS magnetospheric interactions
are inherently dissipative

(and surprisingly, are expected to look similar
to single magnetized NS-NS)



A Schwarzschild BH
moving across B-field

generates
E.B =0 and EM wind




regIOnS Of E|| and E>B - Lyutikov 2011
Alfven wings again!!!

e

x/MO | _4_2024
2 x/M

Len ~ M?BiB§
] ' M
I~ BB .

LEMu:
) C5R




Similarity between NS and BH moving
through B-field

e Similarity between metal sphere moving through

magnetized plasma and vacuum BH moving through B-
field - both create Alfven wings - is surprising.

e ~Membrane paradigm: BH is a bad conductor




Simulations

i
:
?t I>5:28Be—12
i Charge density for head-on
i collision of two BH
; Palenzuela et al
@ﬁ
!
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Morozova + 2013
spinning BH moving
through B-field

L = (c18* + cpa®)B*M*

Rotation + linear motion |




Two BHs in B-field

Lyutikov 2010

(GM)3/2
spdce ~ C2R5/2

- - | @

(GM)’

cOR
042-44

9)

Liy B’ ~ 10" erg s—1b32m62(RG/R)

Epy~ 1 erg

b__—




EM emission during
NS to BH collapse



Early stage of NS collapse: pulsar-like
EM signal during prompt collapse - not
much

e Power increases but collapse time is very short
Q 4
Lys ~ BygR%sc¢ (RNS )

. C
RO\
L~ L
vs ()

teot ~ \/R s/(GMys) ~0.1msec (rotgtional support will prolong)

o After NS collapse, the BH rotates with smaller

frequency!

4 2

X € Rys 3 1
Q 2.9 x 10°rads™ P

5 (GMns)? N e X NS, -3

Qp =~

e 0=0.04forams- NS slows down!

What happens to B-field at the moment BH is formed?




Magnetic hair of black holes




“Black holes have no hair”

t/M = 0.00 t/M =89
t/M =133 t/M =134
t/M =159 t/M=17.7

Such process is prohibited if outside is plasma _ n

Baumgarte & Shapiro, 2003




Lyutikov 2011
Lyutikov+2012

Magnetic hair Of BHS Bransgrove+ 2021

e Loop-hole in “NO-HAIR"” theorem: frozen-in B-fields

e Open field lines remain on the BH

* Hair are conserved (in ideal plasma) R p
Ny = e®_/(mch) = BygeRy Qysl (c2h) = 1041 —2_ 28

101265 Tmsec
e Analytics: time-dependent B-field in Schwarzschild geom.

2 . 2
B¢ T _RSQSIHOBSa Br — <&) Bsa

ar T

2
OB,
e (Rs) cos
r

Q=Q(r—t+r(1-a?) In(ra?)) a—\/1—2M/r

* Nonlinear, time-dependent solution in GR
(small a)

«arbitrary €2(z, 6) in Schwarzschild metric (monopolar geom.)
* fully nonlinear Alfven mode




Slowly balding black holes,
( Lyutikov and McKinney 2011)

Fields are NOT anchored
in heavy crust Expected for With conducting

no numerical resistivity __ | magnefosphere
FON 1 It seems B-field slides off
o ;.\.‘\'\ expected frori} falrly fast...
107 < T~ “no hair’ . ’
wep NPT t's a statement about the
AN e b N resistivity of the equatorial
Tearing mode dr{eig(ihéping e current sheet

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

Bransgrove+ 2021
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Cherenkov emission by Schwarzschild
(uncharged) BH

Uniting vol. Il and vol. VIl
GR/EM and physics of confinuous media

First example (2) of classical (not 71'0), truly
charge-neutral “particle” producing EM
radiation




Cherenkov emission

polarization shock front
e w—kyy=0->w0"'=0- 1in
particle’s frame radiation field
Is stationary ....
* |In quantum language

0= mvrecoil/2 + hw- 222

T — T
Tamm & Frank, 1947
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Collective emission by the particles of the medium




e |f we have a medium with n> 1 (Vpnase<C). EQ. EM waves at
W > W

 Uncharged BH moving with v> c/n produces Cherenkov
emission in external magnetic field.




Khlebnikov & Lyutikov 2025

Schwarzschild (uncharged) BH moving in
dielectric in B-field will produce Cherenkov
emission

-3 -2 -1 0 1 2 3



BH: there is no source for EM emission! (??)

«[First example (2] of classical (not 7], fruly charge-
neutral “particle” producing EM radiation

e Maxwell + GR + medium

e We lving homogeneous Maxwells’ equation
[8,,» u*]A 5 0, no source

external | |distorsion
B-field due to BH |
e perfurbations of distorfions

perturbations

e decay exponentially in p in normal regime
 wave-like in Cherenkov regime

e choice of gauge is super-important

e (" = (e — Duru?) A
aispersion

e choice of velocity field: “straight” motion

v = O‘— separates polarization and




In Isotropic coordinates
(closest analogue of Cartesian)

The only case of no emission: locallyv | | B
There is emission for | | propagation,

Effective source is distributed:
p(22° - p?)

(,02 + Zz) 0.

different k are sourced

SP =

Q]

Cherenkov parameter:|A]
Cherenkov regime — |
0.01L

|5AO<K1(Ak7p)}exponer 0.1 0.2 0.5 1 2 5 |
. . . k, p
cylindrical wave in Cherercovregnre

Causality: Landau-like rule (Laplace, not Fourier, for emission
iIn complex k-plane)

effective source density
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all fully analyftic

. Power L ~ RéBzc X

e Observability:
e not stellar, need 4 > Ry

e primordial BHs- smaller power ~ 1032 erg/s
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Lyutikov, in prep

Another new cute effect: extra emission by
BH evaporating in B-field:
0

nl al¥| =]

e Time-dependent distortion of B-

field hy g[gyiiy' eMmission

. 2 2 dw
~ C
51207G*M,’ o
e Ty — - AAWKING
time

e Whatis the correct metric for
evaporating BH?

————

membrane paradigm is wrong, still




Chances/strategies to detect
precursors



Do we have a chance to detect
precursor emission?

Bright (X-ray all-sky monitors): < 10 Mpc
Bursty (small average power, but high peak power)

Modulated is good (can pick modulated signal from below
noise)

Early warning (so can slew)
Time-machine




Best chance to detect LIGO precursors: low

1
frequency radio et a0t
~ 290 Lightcurve from Fermi/GBM (10 — 50 keV)

Expected EM power of precursor emission is
mild, < 108 (=t/msec)™"* erg/s
» flares: pre-merger flashes at spin+ and
orbital beats: n(w; + @w,) = mL2, 104
erg/s
* pbeaming in high energy needed
e LIGO early warning: up to a minute,

* ~10sec before merger, 100 d692
Optical

e flashesofm ~ 15

* LSSTimage will be only in one plate

e Readout While Exposing mode
Radio:

e Jansky-level flashes

Fy,peak = 0.5 JY”R,—3U9_1d2—O%)

e delayed by ~ A7 = 14 secyy 2dzoo

2250 -
2000
1750 1 L

Event rate (counts/s)

1500
1250

1750
1500
1250

1000 1, gl

Event rate (counts/s)

750 4

Lightcurve from INTEGRAL/SPI-ACS
1200001 (> 100 keV)

117500

Event rate (counts/s)

Frequency (Hz)

Time from merger (s)

5 RW Early Warning Response Capability

LOFAR

d ONn O KV DA
as a function of latency



To do:

e Alfven wings in PIC 3D:
e Shoot a NS across B-field
e Shoot a BH across B-field




extra slides




GW150914 and the EM signal

GW150914: claimed EM signal of 104? erg/s
Liyv ~ (25Q)?
EM ~ ( B2) /c By ~ 102G
Such fields are not expected on BHs

e Herzenberg dynamo? - No, BHs are bad conductors  Herzenberg dynamo
« Charged BH? (surface electrostatic E-field of 5% of Schwinger...)

QpH = GM\/LEM/C5/2 = 5 x 10 coulombs

Association of GW150914 with Fermi signal is unlikely.

N.B. A critically spinning BH in critical (Schwinger) B-field will
have critical E-field, but inductive, not electrostatic. BH
charge will be lost not by attraction of opposite charges,
but by the loss of magnetic flux.




Membrane paradigm is wrong

Horizon is a null surface
Extended horizon is a time-like surface
Different mathematical structure

Eg: Parker/Bondi solution cannot be formulated as
boundary value problem: it's a critical point flow




Also: Gertsenshtein-Zeldovich effect

 Coupling of gravitational waves to magnetic field
 Ring-down after NS -> BH collapse

/M)




