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Motivation

@ The recent announcement of the detection of a
gravitational wave event, and the debate that followed on
whether or not it was, or should have been, accompanied
by an electromagnetic signal, is likely to bring renewed
interest to the field of the interaction of an electromagnetic
plasma with a time varying gravitational field



Motivation

@ The recent announcement of the detection of a
gravitational wave event, and the debate that followed on
whether or not it was, or should have been, accompanied
by an electromagnetic signal, is likely to bring renewed
interest to the field of the interaction of an electromagnetic
plasma with a time varying gravitational field

@ Such an interaction can take place
A) in the superstrong field of a system of compact
gravitational objects surrounded by a relativistic plasma
B) in the field of a gravitational wave.
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theory,
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@ For Case (A) there is ample recent literature, mostly within
a general relativistic magnetohydrodynamic (or two fluid)
theory,

@ For Case (B) there is a string of papers dating back at least
from the " 70s. These papers are mainly aimed at studying
the conversion of gravitational waves into electromagnetic
or longitudinal plasma waves from the point of view of the
gravitational waves damping and/or detection, or even
possibly of their generation under laboratory conditions.

@ On the contrary, in the astrophysical community interest
has been focussed mainly on discrete processes, such as
photon-graviton conversion and viceversa, more than on
collective processes in plasmas.
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@ There is an enormous imbalance in strength between
electromagnetic and gravitational interactions at the
particle level. Nevertheless, it would appear natural to think
that, if the huge objects that are supposed to be involved in
the collapse that generated the gravitational waves are in
contact with, or through their ultrastrong fields can interact
with, an electromagnetic medium a fraction of the energy
released must take the form of electromagnetic energy.



Motivation

@ There is an enormous imbalance in strength between
electromagnetic and gravitational interactions at the
particle level. Nevertheless, it would appear natural to think
that, if the huge objects that are supposed to be involved in
the collapse that generated the gravitational waves are in
contact with, or through their ultrastrong fields can interact
with, an electromagnetic medium a fraction of the energy
released must take the form of electromagnetic energy.

@ A possible conversion mechanism can be identified by
observing that, while the gravitational fields per se tend to
make all matter move (free fall) along the geodesics of the
deformed space geometry independently of matter being
charged or not, they can induce charge and current
separation in the presence of electromagnetic fields.
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Abstract

‘We present here an overview of recent work in the subject of astrophysical
manifestations of super-massive black hole (SMBH) mergers. This is a field
that has been traditionally driven by theoretical work, but in recent years has
also generated a great deal of interest and excitement in the observational
astronomy community. In particular, the electromagnetic counterparts
to SMBH mergers provide the means to detect and characterize these highly
energetic events at cosmological distances, even in the absence of a space-
based gravitational-wave observatory. In addition to providing a mechanism for
observing SMBH mergers, EM counterparts also give important information
about the environments in which these remarkable events take place, thus
teaching us about the mechanisms through which galaxies form and evolve
symbiotically with their central black holes.
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ABSTRACT

Mergers of stellar-mass holes (BHs), such as GW 150914 observed by Laser Interferometer Gravitational
Wave Observatory (LIGO), are not exmcled to_have electramagne[ic counterparts, However, the Fermi GBM
detector identified a 4-ray transient 0.4 s after the gravitational wave (GW) signal GW 150914 with consistent sky
localization. I show that the two signals might be related if the BH binary detected by LIGO originated from two
clumps in a dumbbell configuration that formed when the core of a rapidly rotating massive star collapsed. In that
case, the BH binary merger was followed by a 4-ray burst (GRB) from a jet that originated in the accretion flow
around the remnant BH. A future detection of a GRB afterglow could be used to determine the redshift and precise
localization of the source. A population of standard GW sirens with GRB redshifts would provide a new approach
for precise measurements of cosmological distances as a function of redshift.

| call it “sweeper” theory.
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The Advanced LIGO detectors made the first direct detection of gravitatiohal-waves (GW) on September 14 2015 by observing the characteristic signal from a merger of
two black holes, about 30 solar masses each and at a distance of 410 MpcyThe Fermi Gamma-ray Burst Monitor (GBM) covered 75% of the likely sky position of the
source, and while no nearby GBM frigger was generated on-board in resporige to any bright gamma-ray burst (GRB), an automated offline pipeline designed to detect
sub-threshold signals identified a weak event of moderate significance begingllg 0.4s after the GW coalescence time and lasting for 15. We discuss the inifial detection
and follow-up of the GBM event, including its plausibility as an EM counterparfwhen none is expected for the binary black-hole system observed. More generally, we
discuss the ability for Fermi-GBM to find, characterize, and localize high-energy counterparts to GWs in the advanced LIGO era. In the coming years, detections and
upper limits by Fermi-GBM for binary coalescence events involving a neutron star should reveal the progenitor behind short GRBs, aid in coordinating other targeted EM
follow-up, and provide details about burst energetics and beaming.

To cite this abstract, use the following reference: http//meetings.aps.org/link/BAPS. 2016 APR X4.1



Einstein’s equations

Field equations

Ruv —(1/2)Rguv +Aguy = (87‘CG/C4) Ty

where R,y is the Ricci curvature tensor, R is the scalar curvature, g,y
is the metric tensor, A is the cosmological constant, G is Newton’s
gravitational constant, c is the speed of light and TV is the
(conserved) stress-energy tensor (T“;Vv =0) of matter and of the e.m.
fields. Note the Bianchi identity R"Y, — (1/2)R., g*¥ =0.

_ _oP P P A P A
Ruy =Rgy = 0Ty — v + 17 )T =T T

Fpuv = (1/2)gpl [gku,v +8iv.u _guv.l]

The covariant derivative is defined such that g}, = 0 ( for a 4-vector
as
T#;AZT“,A+FMAp7p"“" with u=0y etc. )



Einstein’s equations: GW linearized limit

Linearize the space time metric (with proper boundary conditions at
infinity) with respect to the Minkowski metric n,,,

huv = Nuv — guv

and use the gauge freedom'
Choose the TT gauge (Transverse traceless gauge)

O], =—(16aG/c*) Ty

that can be solved in a given frame in terms of the retarded
potentials g,k and involve (in the appropriate limit) the second time
detivative of the quadrupole moment of the source.

lj C4 Q |ret

1 care with matter boundary conditions 77 requires free falling matter.



Maxwell’s equations in a curved space time

F*y = (—g) '?[(=9)' P F*Y) v = (4m/c) j*

. ~1)2 1/2 .
Fu= (=)~ "l =0
7°(—g)'/?/c = chargedensity. In vacuum [(—g)"/2 F*V] , = 0.
Wave equation in vacuum (with the Lorenz gauge A’"‘;u =0)
[JA* = RyyAY  covariant derivatives do not commute, (1 /R)?effect.

It can be viewed in terms of an inhomogeneous “dielectric/magnetic”
medium. Linearized Ricci tensor (in general)

R,UV = (hau,va +hav7ua - huv,a’a - h#V)



EMw - Gw interaction

ANNALS OF PHYSICs: 47, 173-181 (1968)

The Interaction Between Electromagnetic and Gravitational Waves*
FreD 1. COOPERSTOCK

Dublin Institute for Advanced Studies, School of Theoretical Phvsics, Dublin, Ireland

A perturbation theory is develo ‘or the interaction between free electromagnetic
fields and weak gravitational fields. An effective four-current generator for the
electromagnetic perturbation is explicitly derived. The theory is applied to calculate
the change in the electromagnelic ficld and energy density of a high-frequency plane
polarized monochromatic electromagnetic wave bounced between two perfectly
conducting walls in the presence of a low-frequency gravitational wave.



E.M. gravitational wave detectors.

Volume 684, number 2 PHYSICS LETTERS 20ctaber 1978

ELECTROMAGNETIC DETECTOR FOR GRAVITATIONAL WAVES

F.PEGORARO, L.A. RADICATI
Seuola Normate Superiore, Pisa. Jtaly

and

Ph. BERNARD and E. PICASSO
CERY. Geneva, Switzerland

Received 29 fune 1978

We analyze the mode of operation of a two-level parametric slectromagnetic deecor o yoviaionl vaves which s
tunable and potentiaily more sensitive than the mechanical antennas corrently considere

In this letter we analyze the principle of operation v
of the two-level electromagnetic detector for gravita-
tional waves (g suggested by Pegoraro, Picasso and
Radicati [1]. A similar detector, which uses both the
resonznce with the electromagnetic field and with the
mechanical structure of the detector has been pro-
poscd by Caves [2]. We will show that the principle
‘which underlies these detectors is analogous to the one
used in parametric processes and in particular in fre-
‘quency converters [3). This analogy will help to clarify
why the cross section of these electromagnetic detec.
tors can be larger than the one of the mechanical an-
tennas [4]. We will also discuss the limitations, which
the availuble technology sets on the lowest g.w. flux
mezsurable with our detector.

Both ours and Caves’ detector consist of an cleciro-
‘magnetic resomator, with two levels whose frequencics
wqand w, arc both much larger than the frequency @ | Tig. 1. Skeich of the mugnetic ield distribation in the sy
of the g.v. and satisfy the resonance condition, w, metrcal and in the antisymmetsical level corresponding 10 the
o, = 2. our scheme the two levels azc obtained TEouy mode. In the right part of the fieure, the resomant tran-

ition induced by ihe 8w, I represenicd.
by coupling o identica high frequency resorators.

symmetrical tevel

Care with boundary conditions and gauges.



Lorentz force in a curved space time

Lorentz force on a charged massive particle
opt/dt = —F“aﬁpauﬁ +qF"u”

First term on the rhs describes geodesic motion, second term
discriminates ¢/m. First term is metric, second is not.?
A more intrisic way of writing the force equation is

u'u, = Dut /dt = (q/m)F",u?

In the absence of the e.m. fields the quantity of relevance is the
geodesic separation £# which obeys the equation

D*EH JdT? = —R’évﬁuauﬁﬁv.

2Despite some attempts, e.g. by Weyl



Particle acceleration

Tae AsTrRomrvsical Journar, 604:297-305, 2004 March 20
i 2004. The American Astronomicsl Society. All fights reserved. Printed in USA.

IMPULSIVE ELECTRON ACCELERATION BY GRAVITATIONAL WAVES

Loukas Vianos, GEorRGE Vovatzis, aND DEMETRIOS PAPADOPOULOS
Department of Physics, University of Thessaloniki, Thessaloniki 54421, Greece
Received 2003 September 8: accepted 2003 December 4

ABSTRACT
of a strong gravitational wave with the plasma during the collapse of a
tion of a black hole or during the merging of neutron star binaries
onditions this coupling may result in an efficient energy-space
diffusion of particles. We suggest that the atmospiee created around the central engine is filled with three-
dimensional magnetic neutral sheets (magnetic nulls). We demonstrate that the passage of strong pulses of grav-
itational waves through the magnetic neutral sheets accelerates electrons to very high energies. Superposition of
many such short-lived accelerators, embedded inside a turbulent plasma, may be the source of the observed
impulsive short-lived bursts. We conclude that in several astrophysical events, gravitational pulses may accelerate
the tail of the ambient plasma to very high energies and become the driver for many types of astrophysical bursts.

Subject headings: gamma rays: bursts — gravitational waves

We investigate the nonlinear interact
massive magnetized star and subsequent
(the central engine). We found that under certal



Fluid equations in curved space-time

Relativistic fluid (a closure, such as an equation for the entropy
density, must be added)

(pu').y =0, uyu"., =0, p rest frame mass energy density
THY = (e+ p)utu’ + pg"Y  TH"Y, =0, e rest frame total energy densit
p 254 Y gy y
p rest frame pressure, e = p(1 +¢), € internal energy per unit mass.

In the presence of e.m. fields, single fluid equations:
add the homogeneous Maxwell’s equations

FHy =0, T =(—g) e P Fyy /2
and the e.m. momentum energy tensor
Tin = [FFYF," — (" /4)FopF*P]/ (47)

In Einstein’s equation it can lead to em to gw conversion

Source term quadratic in the e.m. fields : g.w. spin 2, e.m.w. spin 1.



EMW < GW in the presence of a static magnetic field

SOVIET PHYSICS JETP

VOLUME 14, NUMBER 1

WAVE RESONANCE OF LIGHT AND GRAVITIONAL WAVES

M. E. GERTSENSHTEIN
Submitted to JETP editor July 29, 1960

J. Exptl. Theoret. Phys. (U.8.8.R.) 41, 113-114 (July, 1961)

netic or electric field is estimated.

The energy of gravitational waves excited during the propagation of light in a constant mag-

ACCORD[NG to general relativity, light and
gravitational waves propagate at the same speed,
and their rays coincides with no geodetics. There-
fore, if the waves of gravitational and light waves
are linearly related, wave resonance, a well known
phenomenon in radio physics, sets in and makes
possible an appreciable transfer of energy even at
low coupling. In the present note we estimate the
extent of excitation of gravitational waves by light.

The equations of a weak gravitational field in
the presence of an electromagnetic field (see {11)
are

Cp* = —l6mycivik, =0,

o= P — L& P FlL gl — s — L ke,

JANUARY, 1962
ida(x)ldx = V ylact FOF f tEb (9. (4)
The solution of {4) has the form
:
a () = PV ymet fo U\ FO ()b () ds +a(0),  (5)

where the integration is along the ray. If a(0)
=0, the external field is constant and the absorp-
tion or scattering of light along the ray is small
in the region under consideration, i.e., b(s)

= const, and then

tne

ax)/b{0) |* = ty/mct) £, (6)

where T is the time of travel of the ray in a con-
stant field. In the derivation of (6) we assumed
the convolutions of the dimensionless amplitudes



EMW « GW

IL NUOVO CIMENTO

RIVISTA INTERNAZIONALE
ORGANO DELLA SOCIETA ITALIANA DI FISICA

BOTTO GLI AUSPICI DEL CONSIGLI0 NAZIONALE DELLE RICERCHE
E DEL COMITATO NAZIONALE PER L'ENERGIA NUCLEARE

Vor. LXXB, N. 2 Berie decima

11 Dhicembre 1970

Conversion of Photons into Gravitons and Vice Versa
in a Static Electromagnetic Field ().

D. Boocal®rTI and V. DE BARBATA

Tstituta Nasionale di Fisica Nuclears - Sexione di Bolagna
Tstituto di Fisica dell' Universith - Bologna

P. ForriNt
Istituts di Fisica dell Universits - Bologna

C. Guarpt
Istituto di Fisica dell’ Universits - Ferrara

(ricevuto il 6 Febbraio 1970

Summary. — Production of gravitational waves by photons ineident
on a statie electromagnetic fleld as well as the production of photons
by gravitational waves incident on a static electromagnetic field are
studied. The possibility of using these rosnlts for the detection of gra-
vitational waves is also examined.




EMW <« GW - Coherence problems

Electromagnetic and gravitational waves in a stationary magnetic field
Ya. B. Zel'dovich
Institute of Applied Mathematics, USSR Academy of Sciences
bmitted May 3, 1973)
Zh. Eksp. Teor. Fiz. 65, 1311-1315 (October 1973)

‘The interaction between clectromagnetic and gravitational Waves in an external stationary magnetic
field is investigated. In the strictly coherent case, the transformation of one wave into another is
complete. (A particular case of this process is the effect discovered by Gertsenshtein) In the
presence of mates ynetic waves reduces the coherence length and the effect.

In the remaiabe paper of censensmml” hecon-  a few estimates for astrophysical cond.\bons based on
sidered the ic wave  the result, . The frac-
(EMW) into a gravitational wive when the electromag- tion of energy of the EMW tranaiormed mto the energy
netic wave propagates through a constant transverse of GW in the field H, along the pathlength R equals
magnetic field Ho. The EMW is transformed into a GW - w
of the same frequency and wave vector, due to the
cauality of their veloeitios of propagation. Thus, inl!l  This quantity is small under aboratory conditions and

the role of coherence in the transformation under con-  even under pulsar condition

Shdexation was eatibited B Atn BAam i1 Haef0A R e a0t

Gravitational Hertz experiment with electromagnetic radiation in
a strong magnetic field

N I Kolosnitsyn" and V N Rudenko™

'Smidt Earth Physics Institute RAS. kolosnitsynn@mail.ru, Moscow 119810, Russia,
“Institute of Nuclear Rescarches RAS, <valentin.rudenko@gmail.com> . Russia
’Sternberg Astronomical Institute MSU, Universitetskii pr. 13, Moscow 119234, Russia.

Abstract. Brief review of principal ideas in respect of the high frequency gravitational radiation
generated and detected in the laboratory condition is presented. Interaction of electro-magnetic and gravita-
tional waves into a strong magnetic field is considered as a more promising variant of the laboratory GW-
Hertz experiment. The formulae of the direct and inverse Gertsenshtein-Zeldovich effect are derived. Nu-
merical estimates are given and a of a possibility of observation of these effects in a lab is car-
ried out.




GW + B, — EMW dielectric/magnetic medium
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RADIO WAVE EMISSIONS DUE TO GRAVITATIONAL RADIATION

MATTIAS MARKLUND,>* GERT BRODIN,*® AND PETER K. S. Dunsay'®
Received 1999 July 26; accepted 2000 February 7

ABSTRACT

‘We consider the interaction of a weak gravitational wave with electromagnetic fields in a thin plasma
on a Minkowski background spaceime usin the 1+3 orthonormal frame formalism. Becawss gravita
: he same dispersion relation, clectromagnetie waves G s STE.
uvsly ‘generated as a resull of (his interaction. In the case of the nleraction with a static magnetic field,
the amplitude of the clectromagnetic waves depends on the size of the excitation region in which the
magnetic field is contained. It is argued that because of the presence of a plasma this process can also
lead to the generation of higher harmonics of the original mode. Estimates are given for this effect in the
case of a binary pulsar and a cold clectron plasma. It is found that the emitted radiation will lic in the
radio frequency band. We also speculate on the possible relevance of this process on situations in cos-

mology, in particular, whether this could be used to constrain primordial magnetic fields.

E*(z, 1) = E oy, €xp [i(kowz — 01)],

lk

I}

dz

out

B( 2 exp (Ak

Estimate for collapse double pulsar in interaction region ~ 60Rs

h~ 1073,
E ~

B~108T
50MV /m

0/(21) < 103Hz

tensor, Maxwell's equations V, F** = p /%, V|, F; ; = Oread
VE=pg+pu/eo» (3a)

V-B=p,, (3b)

eo(E)—V x B= —j (3c)

eoB)+V xE= 7jB s (3d)

where the “effective ” (gravity induced) charge densities and
current densities are given by

= HoJm

pp= —Tg,Ef — T B, , @)
pp= —T% B + T, )
Je=[—(T% — T%o)EP + T, E*

— (%, B, + I, By)le, ,
[~ — I%o)B? + IT*, B
+ (0 E, + T2 Eple, ,

Je




GW + B, — EMW dielectric/magnetic medium

PHYSICAL REVIEW D 70, 044014 (2004)
Nonlinear coupled Alfvén and gravitational waves
Andreas Kallberg.* Gert Brodin," and Michael B]adl&y'

Department of Physics, Umeé: University, SE-901 87 Ui, Sweden
(Received 9 December 2003; published 17 August 2004)

In this paper we consider nonlinear interaction between gravitational and electromagnetic waves in a
strongly magnetized plasma. More specifically, we investigate the propagation of gravitational waves with the
direction of propagation perpendicular to a background magnetic field and the coupling to compressional
Alfvén waves. The gravitational waves are considered in the high-frequency it and the plasma is modeled
by a multifiuid description. We make a self-consistent, weakly nonlinear analysis of the Einstein-Maxwell
system and derive a wave equation for the coupled gravitational and electromagnetic wave modes. A WKB-
pprosinain s then applied and as a result we obtain the nonlinear Schr dinger cqution for the slow

nplitudes. The analysis is extended to 3D wave pulses, an iscuss the applications to
en ergers. Tt tums out that the el iation from a binary
‘merger should experience a focusing effect, that in principle could be detected.

DOL: 10.1103/PhysRevD.70.044014 PACS
PHYSICAL REVIEW D, VOLUME 63, 124003

Photon frequency conversion induced by gravitational radiation

Brodin
Department of Plasma Physics, Umea University, SE-901 87 Umed, Sweden

attias Marklund
National Defense Research Establishment FOA, SE-172 90 Stockholm, Sweden
and Department of Electromagnetics, Chalmers University of Technology, SE-412 96 Goteborg, Sweden

artin Servin
Department of Plasma Physics, Umea University, SE-901 87 Umea, Sweden
Received 5 December 2000; published 4 May 2001)

We consider the propagation of radiation in a magnetized plasma It is shown
that large density perturbations can be generated, even for small deviations from flat space, provided the
cyelotron frequency is much larger than the plasma frequency. Furthermore, the induced density gradients can
generate frequency conversion of electromagnetic radiation, which may give rise to an indirect observational
effect of the waves
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Gravitational and magnetosonic waves in gamma-ray bursts
J. Moortgat and J. Kuijpers

Deparument of Astrophysics, University of Nijmegen, PO Box 9010, 6500 GL Nijmegen, The Netherlands
e-mail: kui jpers@astro. kun.nl

Received 12 November 2002 / Accepted 29 January 2003

Abstract. On of the possible sonrecs of ganuma ray bursts (GRES) arc merging, compact newtronstar binarics. More than 0%
of the binding encrgy of such a binary s rclcascd in the form of gravitational waves (GWs) in the last fow soconds of the
spiral-in phase before the formation of a black hole. In this article we investigate whether a fraction of this GW eneray is
transferred to magnetohydrodynamic waves in the magnetized plasma wind atound the binary. Using the 3+ 1 orthonormal
teded frmalsn. v 6y he ropagaion, of & monochronai,pla e, sy ol oW perpendiar o te
ambient magnetie field in an nltra-relativistie wind, Arst in the comaving and then in the observer frame. A set of
el it sty GROD cqtons s deved i e fomof consenalion ows Lo e umm
ter densities
v i e dve g angmeto acoustc waves o, wih amplindes roporions o e amplitnde
and Trequency and the strength of the background magnetie fild

Astrophysics

Throughout Sects. 2-5, Gaussian geometrized units are
adopted (¢ = 1) amd Latin indices stand for 0,1,2, 3. Tn Sect. 6,
however, the numerical results ane given in ST units

2. Covariant fluid equations

2.1. Electromagnetic field equations

Maxwell’s cquations in terms of the electromagnetic fild ten
sors and the 4-current density %, = (7, ) are:

Vb = 4njs  and  V,FY

68

where the covariant Faraday tensor F and its dual #**, can be

decomposed into 4-vectors that, in the rest frame of an observer

with 4-velocity 1, reduce (o the eleciric and magnetic field
enghs, E° = (0, E) and B = (0, B) (Lichnerowicz 1967)

F = 1fEb -+ e Boy | F =

= P LB

Tnvideal MHD, the electric field vanishes in the rest frame of the
plasma: E = 0. Therefore E* = F®u, = 0 in any frame and
Faraday’s tensor reduces to; F = e® By

3. Magnetohydrodynamics in the comoving frame

‘The physical situation we want to consider s that of a perfectly
conducting, ideal plasma in the presence of a background mag-
netic field along the x-axis, perpendicular 1o the direction of
Gw pmmganon (Fig. 1. First we study the plasma rest frame
where: B = Bye,, 4 = pando®=79=p® = [V = g0 -

The effect OA the GW is 1o induce small perturbations in
all these quantities. Therefore, all equations will be linearized
around the unperturbed stat.

3.1. Maxwell's equations

The relevant, linearized Maxwell equations in the specified
tedrad are (Marklund et al. 2000):

GEY «
vx0_ 9E "
ar

= anfy)+ £ @
"

VxrO L 2o 5
s O )

where the gravitationally induced current densities are just the
collected Ricei rotation coeflicients or GW-terms

Boan®
20

w
m
o and j

©
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A&A 377, 701 706 (2001) Astronomy
DOI: 10.1051/0004-6361:20010839 Q— PHYSICAL REVIEW D 70, 023001 (2004)
@ ESO 2001 Astrophysics ) o

Gravitati waves in r ivistic plasmas

J. Moortgat* and J. Kuijpers’
Department of Astrophysics, University of Nijmegen, PO Box 9010, 6500 GL Nijmegen, The Netherlands

Fast magnetosonic waves driven by gravitational waves
(Received 25 December 2003; published 15 July 2004)

5 1N s 1 L Viahos! Cuijpers?® .
D. Papadopoulas', N. Stergioulas!, L. Vlahos!, and J. Kuijpers’ We study the propagation of gravitational waves (GW's) in a uniformly magnetized plasma at arbitrary
angles to the magnetic field. No a priori assumptions are made about the temperature, and we consider both a
! Dcpurl tent of Ph)sxa Am\um,mun Umvumv of Thessaloniki, 54006 Thessaloniki, Greece ke
2 plasma at rest and a plasma flowing out at velocities. Tn the 3+1 tetrad descrip-

rtment of Astrophysi of Nijmegen, PO Box 9010, 6500 GL Nijmegen, The Netherlands

S Metomomint Titote Ve Ui, PO Bt 50 00 3508 T Urect, The Neterionds tion, we find that all three fundamental low-frequency plasma wave modes are excited by the GW 5. Alfven

waves are excited by a X polarized GW, whereas the slow and fast magnetoacoustic modes couple to the +
‘polarization. The slow mode, however, does not interact coherently with the GW. The most relevant wave
mode is the fast magnetoacoustic mode which in a strongly magnetized plasma has a vanishingly small phase
Abstract. T wave (GW) through tized plasma i considered. In particular, W

lag with respect to the GW allowing for coherent interaction over large length scales. When the background

cravs (MSW) by » gravittional e, uing he linearizd genesi
witational

Received 18 April 2001 / Accepted 7 June 2001

we study the excitation of fast magnetoson
relativ .mmm treating the gravi

et i Minkovskibeckerou spce . Wo sho that (e preachc of avhacionsl e
Wil drive magnetosonic waves in the plasma and discuss the potentil sstrophyseal mmplications.

PHYSICAL REVIEW D 74, 104009 (2006)
Interaction of gravitational waves with strongly magnetized plasmas PHYSICAL REVIEW D 72, 024029 (2005)
o5 G Excitation of dynamic modes with gravitational waves:

A testbed for numerical codes

Heinz Isliker."* Ingmar Sandberg.? and Loukas Vlahos'
Astronomy and Mechanics, Department of Physics, University of Thessgfoniki,

Section of Astrophysi
GR 541 24 Thessaloniki, Greece

ZDrparlme/zl o/EEI:iuqréL:I and gn%ur;;r Engl:derrmg, Mm:mu! Te;ﬁu{% lllmz\&r%m o{lmcxsx (I:?'R 15 bz? Athens, Greece Matthew D. Duez, Yuk Tung Liu, Stuart L. Shapiro,” and Branson C. Stephens
jepesmbe franusCrIpt recel pubis Y Department of Physics, University of Hlinois at Urbana-Champaign, Urbana, llinois 61801, USA
We study the interaction of a gravitational wave (GW) with a plasma strongly magnetized. The (Received 16 March 2005; published 28 July 2005)
GW is considered a small disturbance, and the plasma is modeled b—h_!_Pd_l_yn T lativist e of . o . . .
the induction cquunon of ideal MHD and the single fluid equations. The equations are specified to two ‘We consider a gravitational wave oscillating in an initially magnetized fluid. The fluid is

solutions

perfectly conducting and isentropic, and the magnetic field is initially uniform. We find analy

for the case in which the gravitational wave is lincar and unaffected by the background fluid and field. Our

solutions show how_gravitational waves can excite three magnetohydrodynamic (MHD) modes in the

fluid: Alfvén waves, and both fast and slow magnetosomic waves. Our analylic solutions arc particularly

useful for testing numerical codes designed to treat general rela D in dynamical spacetimes, as
ion paper.

we demonstrate in a compa



Vlasov Einstein system
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Vlasov Einstein Maxwell system
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Should be reformulated in noncanonical Hamiltonian form
(done by K.M. for EV). Casimirs.. stability etc.



Einstein Vlasov - Noncanonical Hamiltonian

ANNALS OF PHYSICS 225, 114-166 (1993)

Hamiltonian Structure of the Vlasov—Einstein
System and the Problem of Stability for
Spherical Relativistic Star Clusters

Henry E. KAnDRUP

Depariment of Astronamy and Institute for Fundamental Theory,
University of Florida, Gainesville, Florida 12611

AND
P. J. MorrisoN
Depariment of Physics and Instinne for Fusion Studies,

University of Texas, Austin, Texas 78712

Received November 18, 1992

The iltoni: 2 of the VI Ei system, which is appropriate for

collisionless, self-gravitating systems like clusters of stars that are so dense that gravity
must be described by the Einstein eguation, is presented. [n particular, it is demannralbd
R ¥

energy H ypyg. This facilitates a geometric understanding of the evelution of / in an infinite-
dimensional phase space, providing thereby a natural inerpretation of the constraints
associated with conservation of phase space. This geometric interpretation also facilitates
the derivation of improved critéria [or linear bility by focusing on dynamically accessible

o cxpl




Einstein Maxwell Vlasov system
3+1 separation, lapse function

PHYSICS OF PLASMAS 17, 112118 (2010)

Vlasov equation and collisionless hydrodynamics adapted to curved
spacetime
1. Y. Dodin and N. J. Fisch ause the 6D space is considered Euclidean). Then, using

Department of Astrophysical Sciences, Princeton University, Princeton, New Jersey 08544, USA
(Received 18 June 2010; accepted 14 September 2010; published online 30 November 2010) at f, 7= nf, one gets

The modification of the Vlasov equation, in its standard form describing a charged particle
distribution in the six-dimensional phase space, is derived explicitly within a formal Hamiltonian é‘[ f)
approach for arbitrarily curved spacetime. The equation accounts simultaneously for the Lorentz 7. +
force and the effects of general relativity, with the latter appearing as the gravity force and an

additional force due 1o the extrinsic curvature of spatial hypersurfaces. For an arbitrary spatial ¢
metric, the equations of collisionless hydrodynamics are also obtained in the usual three-vector
form. © 2010 American Institute of Physics. [doi:10.1063/1.3497005]

i'd—qu}»f 2 (‘E-qf):O. ©7)

ap'\ di

which we henceforth call the divergence form of the Vlasov
equation. Equation (97), considered in combination with Eq.
(57) for d¥'/df and Eq. (78) for dp'/dt [and Eq. (72) for A'],
represents the main result of this paper. In Sec. V, it will also
be used to yield three-vector equations of collisionless
plasma hydrodynamics.

d/d¢ is the "time” partial derivative after intrducing the socalled "lapse function”, defined in terms of the proper time
of a fiducial observer, and a “shift vector” which is the rate at which the mesh in 3D space moves with respect to the

fiducial observer. 1 is the determinant of the spatial part of the metric tensor.



EVM spherically symmetric equilibria
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A numerical investigation of the steady states of the
spherically symmetric Einstein—Vlasov-Maxwell
system
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Abstract

‘We construct, by numerical means, static solutions of the spherically symmetric
Einstein-Vlasov—Maxwell system and investigate various features of the
TOTIORE. ~ THTS EX(ER0E 3 Previon T TR 2007
Class. Quantum Grav. 24 1809) of the chargeless case. We study the possible
shapes of the energy density profile as a function of the area radius when the
electric charge of an individual particle is varied as a parameter. We find profiles
which are multi-peaked, where the peaks are separated cither by vacuum or
a thin atmosphere, and we find that for a sufficiently large charge parameter
the solutions break down at a finite radius. Furthermore, we investigate the




Vlasov dispersion relation

PHYSICAL REVIEW D VOLUME 28, NUMBER 10 15 NOVEMBER 1983

of gravitational waves ina ized plasma

P. G. Macedo® and A. H. Nelson
Department of Applied Mathematics and Astronomy, University College, Cardiff, United Kingdom
(Received 22 February 1983)

The propagation of gravitational waves parallel and perpendicular to a magnetic field in a col-
lisionless plasma is considered. In the parallel case weak cyclotron damping of the gravitational
waves exists, while in the perpendicular case there is coupling between gravitational and clectromag-
netic waves due to the generation of currents by the gravitational wave.

We can see from this dispersion relation that this mode behaves almost as an electromagnetic mode due to the smallness
of ¢4, except for the case when @~a; in which case the electromagnetic-gravitational coupling becomes stronger and the
expansion in powers of ¢, ceases to be valid.

As we can see from (99), this mode behaves as a pure gravitational wave in a nondispersive medium except for a narrow
frequency band near 2a_where the coupling again gets stronger. The energy flux is dominated by the gravitational field

PHYSICAL REVIEW D 82, 124029 (2010)
Linear theory of gravitati wave pr

P fonina i relativistic Vlasov plasma

Mats Forsberg and Gert Brodin
Department of Physics, Umed University, SE-90187 Umed, Sweden

We consider of waves ina plasma, using the linearized Maxwell-
Viasov equations coupled to Einstein’s equations. A set of coupled electromagnetic-gravitational wave
equations are derived that can be stmightforwardly reduced to a single dispersion relation. We demon-
strate that there is a number of different resonance effects that can enhance the influence of the plasma on
the gravitational waves.




Parametric processes: as in Raman scattering

'VOLUME 82, NUMBER 15 PHYSICAL REVIEW LETTERS 12 APRIL 1999

Parametric Excitation of Plasma Waves by Gravitational Radiation

Gert Brodin*
‘Deparmment of Plasma Physics, Umed University, S-901 87 Umed, Sweden

Mattias Marklund"
Deparment vaInsnm Physics, Umed Um\('rsm 5-901 87 Umed, Sweden

Mdebosch 7L ica

and Deparment of

(Recel\ed 9 Oclobx 1998)

We consider the parametric excitation of a Langmuir wave and an electromagnetic wave by Consider a binary system of two equal masses m — 3Mo _system of Wo e ual masscs m, 3M
gravitational radiation, in a thin plasma on a Minkowski background. We calculate the coupling separated by a distance of six Schwarzschild radii r =
coefficients starting from a kinetic description. The growth rate of the instability is thus found. The 12Gm/c®. "The frequency of the emitted gravitational

waves is of the order wg = 10* rad/s. It is difficult to ob-
tain a precise value of the amplitude A, , but an estimate
can be obtained by considering two point masses sepa-
rated by a fixed distance. Then hy ~ Gmrlwd/(2c*R),
‘where R is the distance from the system. At a distance

The Vlasov equation for the distribution f = f(x*, p) of 1/60.a i.g.. roughly 10 earth-moon distances), this
(where p,»,... =1.x.y.z and a,b,... = x,y,2) reads mp hoosing the electron number den-
6] sity as 719 — 5 X 10° m ~* and the temperature as T .

plocf + pPadaf + (q@uvF ™ p” — p'G)apef =0, 10 eV, the growth rate given by (19) is y & 10~

o)) (The plasma parameters chosen correspond M
undisturbed interstellar matter (ISM). If one assumes that
the black hole pair moves through the ISM with high
speed (a few hundred km/s), the plasma density at the

where G¢ = T',p#p”/p', and this is coupled to
Maxwell’s equations

F¥, = poj* distance 1/60 a.u. can be unaffected by a Bondi-type in-
flow [12].) Comparing the growth rate with the decay
= z 1oq f F& pOp el p ) dp. a) rate due to collisional or Landau damping [10], we note

s

that the gravitational amplitude is orders of magnitude
above threshold, in spite of the comparatively large dis-

. 2
Fluro1 =0, @b tance from the source that was chosen.



Nonlinear parametric processes: wave-wave

interactions

PHYSICAL REVIEW D, VOLUME 62, 104008

wave i

with plasmas

Gert Brodi
Department of Plasma Physics, Umea University, SE-901 87 Umeé, Sweden

ttias Marklund®
Deparmment of Plasma Physics, Unea University, SE-901 87 Uned, Sweden;
Department of Electromagnetics, Chalmers University of Technology, SE-412 96 Gateborg, Sweden;
and Department of Mathematics and Applied Mathematics, University of Cape Town, Rondebosch 7701, South Africa

Peter K. S. Dun
Department of Mathemarics and Applied Mmhmmm Lmvuw\ of Cape Town, Rondebosch
tober 2000)

1, South Africa

We consider the interactions of 2 strong gravitational wave with electromagnetic HeldS
orthonormal tetrad formalism. A general system of equations is derived, deseribing the inflvence
allel (pp) ,mmmm wave on a cold relativistic mu.\ucmnpon:m 1
on phenomena that are TIT i part
it is shown that parametric excitations of plasma oscxllaum\s ke 1 plmce du.e 1o higher order "m\nanoual
nonlinearities. The implications of the results are discuss

bridge University Press 2010

J. Plasma Physies (2010), vol. 76, parts 384,

345

nteraction between gravitational waves and
plasma waves in the Vlasov description

BRODIN. M. FORSBERG,
MARKLUND and D. ERTIKSSON

Department of Tcn, Sweden

v
(mabtins marklund@me.com)

(Received 12 November 2000 and aceepted 27 November 2009, first published online

25 January 2010)
Abstract. The nonlinear interaction between electromagnetic. electrostatic and
gravitational waves in a Viasov plasma is reconsidered. By using a orthonormal fet-

11

rad des ents are computed. Comparing with
previous results, it is found that the present theory leads to alzebraic expression
that are much reduced, as compared to those computed using a coordinate frame
avitational

iption the three-wave coupling

we caleulate the back reaction on the

Furthermore, here

formalism o
v conservation law is deduced in the limit of a cold plasma

waves, and a simple enes




Perpendicular and parallel propagation

PHYSICAL REVIEW D, VOLUME 64, 024013

Cyclotron damping and Faraday rotation)of gravitational waves

i Servin and Gert Brodin
Department of Plasma Physics, Umea University, SE-901 87 Umea, Sweden

Mattias Marklund
Department of Electromagnetics, Chalmers University of Technology, SE-412 96 Géteborg, Sweden
(Received 5 February 2001; published 15 June 2001)

We study the of gravitational waves in a plasma with an external magnetic field
parallel to the direction of propagation. Because of resonant interaction with the plasma particles the gravita-
tional wave experiences cyclotron damping or growth, the latter case being possible if the distribution function
for any of the particle species deviates from thermodynamical equilibrium. Furthermore, we examine how the
damping and dispersion depends on temperature and on the ratio between the cyclotron and gravitational wave
frequency. The presence of the magnetic field leads to different dispersion relations for different polarizations
which in turn imply Faraday rotation of gravitational waves.

PHYSICAL REVIEW D 68, 044017 (2003)

between gravitational waves, electr ic waves, and plasma flows

Martin Servin and Gert Brodin
Department of Physics, Umea University, S-901 87 Umea, Sweden
(Received 11 February 2003; published 22 August 2003)

In magnetized plasmas gravitational and electromagnetic waves may interact coherently and exchange
energy between themselves and with plasma flows. We derive the wave interaction equations for these pro-
cesses in the case of waves propagating perpendicular or parallel (0 the plasma background magnetic field. In
he latter case, the electromagnetic waves are taken to be circularly polarized waves of arbitrary amplitude. We
allow for a backeround dift flow of the plasma components which increases the number of possible evolution
scenarios. The interaction equations are solved analytically, and the characteristic time scales for conversion
between gravitational and electromagnetic waves are found. In particular, it is shown that in the presence of a
drift flow there are explosive instabilities resulting in the generation of gravitational and electromagnetic
waves. Conversely, we show that energetic waves can interact to accelerate particles and thereby produce a
drift flow. The relevance of these results for astrophysical and cosmological plasmas is discussed.



Plasmas and BH’s
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DYNAMICS OF PLASMA CLOSE TO THE HORIZON OF A SCHWARZSCHILD BLACK HOLE

'WENCHIEN CHOU AND TOSHIKT TATMA
Department of Physics, University of Texas, Austin, TX 78712
Received 1998 January 12; accepted 1998 October 9

ABSTRACT

General relativistic plasma dynamics relevant to the condition very close to a black hole event horizon
is developed. The plasma is studied using the 3+ 1 paradigm of general relativistic magnetohydro-
dynamics. The equilibrium and dynamical solution of such a plasma in Rindler's coordinates are present-
ed. We assume a pressure source at the horizon that provides the balancing force to stop the radal infall
of the plasma, We show that the plasma near the black hole is sul ¢ convective instability when
the magnetic field is absent and to the magnetic buoyancy instability when a toroidal field exists. These
instabilities are largely suppressed, however, in the presence of a poloidal magnetic field. Therefore, when
a poloidal magnetic field is twisted and changed into a toroidal field by plasma rotation, the plasma is
destabilized due to these instabilities. The manifestation of these instabilities is a jet formation from this
inner region of a black hole atmosphere. Since this lormation mechgniem i deep in the grailational
potential of a black hole, the energy liberated and the jet formed by this mechanism can be very sub-
tantial, We Suggcst that this meohanisn provides a viable model of recent obscrvations of the Super-
Tuminal jets from the galactic black hole candidates GRS 1915+105 and GRO J1655—40.

Tue AsTROPHYSICAL JOURNAL, 817:183 (6pp), 2016 February 1 40i10.3847/0004-637X /817
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PLASMA-WAVE GENERATION IN A DYNAMIC SPACETIME
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ABSTRACT

We propose a new electromagnetic (EM)-emission mechanism in magnetized, force-free plasma, which is driven
by the evolution of the underlying dynamic spacetime. In particular, the emission power and angular distribution of
the emitted fast-magnetosonic and Alfvén waves are separately determined. Previous numerical simulations of
binary black hole mergers occurris magne sma _have recorded copious amounts of EM radi n
oo Syt oL B i
merger. This raises the possibility of and EM on binary black hole
systems. The mechanism proposed here provides a candidate analytical characterization of the numerical results,
and when combined with previously understood mechanisms such as the Blandford—Znajek process and kinetic-
motion-driven radiation, it allows us to construct a classification of different EM radiation components seen in the
inspiral stage of compact-binary coalescences.




GW'’s from laser plasma interactions

HIGH FREQUENCY GRAVITATIONAL WAVES GENERATION IN

LASER PLASMA INTERACTION

Xavier RIBEYRE® and Vladimir TIKHONCHUK

Centre Lasers Intenses et Applications, UMR 5107, CNRS, Université Bordeaus 1, CEA,

Université Bordeauz 1, 351, cours de la Libération, 32405 Talence, France
* Bmail: ribeyre ficelia u-bordeaur fr

Estimates of the emitted power and the metrie perturbation of the gravitational waves
genersted in laser plasma interaction are performed. The expected intensities are too low

to be detected with the present day instruments.

3. Conclusion

Although all considered schemes have quite different geometries sizes and time
scales, the generated GW powers and metric perturbations are not much differ-
ent. This follows created by the ohservation that hgy from a point-like source can
be estimated as GE/Re!, where £ is the available energy. With the maximum laser
energy available today of 1 MJ, hgw cannot be larger at the distance of few metters
than 10-3%. The noise detection level (hgw Jmn =~ 107 given in Ref. 4 is many
or magnitude higher. We conclude that available today laser sources are in-
ufficient to generate HFGW on a detectable level. The limitation that we found for
the point-like sources (with the size of the order of the emission wavelength) apply
also to the sources of a larger size that might use interference effects to collimate
emission in a certain solid angle. Although this may increase the intensity at the
detector by one or two orders of magnitude, this do not affect the total emission
power, which is still far away from the detection threshold




Then, in conclusion?

@ The efficiency of conversion g.w. <> e.m.w.in a magnetized
vacuum (Gertsenshtein mechanism) is low but can be of
interests for higly magnetized collapsed objects.




Then, in conclusion?

@ The efficiency of conversion g.w. <> e.m.w.in a magnetized
vacuum (Gertsenshtein mechanism) is low but can be of
interests for higly magnetized collapsed objects.

@ There are several plasma mechanisms and resonances®
that can enhance the coupling between gravitational and
electromagnetic waves.

Parametric processes appear to be of interest for a
(Vlasov) plasma (in particular for relatively low frequency
g.w. interacting with higher frequency e.m. waves).

SNote: polarization effects «» selection rules



Then, in conclusion?

@ The efficiency of conversion g.w. <> e.m.w.in a magnetized
vacuum (Gertsenshtein mechanism) is low but can be of
interests for higly magnetized collapsed objects.

@ There are several plasma mechanisms and resonances®
that can enhance the coupling between gravitational and
electromagnetic waves.

Parametric processes appear to be of interest for a
(Vlasov) plasma (in particular for relatively low frequency
g.w. interacting with higher frequency e.m. waves).

@ However it is not easy to estimate, under sufficiently
general conditions, a realistic transformation efficiency
between g.w.’s (in general time dependent gravitational
fields) and e.m. waves in a plasma.

SNote: polarization effects «> selection rules



Efficiency in a vacuum magnetic field

Efficiency. To calculate the efficiency, assume:
¢ a static, homogeneous magnetic background field, F/(*),

¢ a typical length- or timescale for the interaction region, L = T'¢,

® it convolutions of dimensionless amphtudes,
¢ and no incoming gravitational waves, a

The energy transfer efficiency from EMWs to GWs is then given by:

iG F(O)Z 12

This efficiency is the same for EMW = ¢W and GW = EMW conversions since the relations
are symmetric under time reversal. For a neutronstar binary or magnetar with a large
surface magnetic field F(9 ~ 10'® Gauss and an interaction region (where one can speak
of plane Gws) from Ry = 180 km to Ry = 500 km. and a dipolar decay of the magnetic
field, something of the order of 107° of the energy could be converted, which still might
be substantial considering the huge amounts of energy released in supernova and binary
mergers.

J. Moortgat: arXiv:gr-qc/0104006 - Essentially Gertsenshtein theory - 1960



