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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
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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Motivation

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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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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I call it “sweeper” theory.
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Einstein’s equations

Field equations

Rµν − (1/2)Rgµν +Λgµν = (8πG/c4)Tµν

where Rµν is the Ricci curvature tensor, R is the scalar curvature, gµν

is the metric tensor, Λ is the cosmological constant, G is Newton’s
gravitational constant, c is the speed of light and T µν is the
(conserved) stress-energy tensor (T µν

;ν = 0) of matter and of the e.m.
fields. Note the Bianchi identity Rµν

;ν − (1/2)R;ν gµν = 0.
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Einstein’s equations: GW linearized limit

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

hµν = ηµν −gµν

and use the gauge freedom1

Choose the T T gauge (Transverse traceless gauge)

�hT T
µν =−(16πG/c4)Tµν

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

hi j =
2G
Rc4 Q̈T T

i j|ret

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



Maxwell’s equations in a curved space time

Fµν = Aν ,µ −Aµ ,ν , F[µν ;λ ] = F[µν ,λ ] = 0 Bianchi identity

Fµν

;ν = (−g)−1/2 [(−g)1/2 Fµν ],ν = (4π/c) jµ

jµ

;µ = (−g)−1/2 [(−g)1/2 jµ ],µ = 0

j0 (−g)1/2/c = chargedensity. In vacuum [(−g)1/2 Fµν ],ν = 0.

Wave equation in vacuum (with the Lorenz gauge Aµ

;µ = 0)

�Aµ = Rµν Aν covariant derivatives do not commute, (λ/R)2 effect.

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

Rµν = (hα
µ ,να +hα

ν ,µα −h ,α
µν ,α −h,µν)



EMw - Gw interaction



E.M. gravitational wave detectors.

Care with boundary conditions and gauges.



Lorentz force in a curved space time

Lorentz force on a charged massive particle

∂ pµ/dτ =−Γ
µ

αβ
pαuβ +qFµ

γ uγ

First term on the rhs describes geodesic motion, second term
discriminates q/m. First term is metric, second is not.2

A more intrisic way of writing the force equation is

uγ uµ

;γ ≡ Duµ/dτ = (q/m)Fµ

γ uγ

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

D2
ξ

µ/dτ
2 =−Rµ

ανβ
uαuβ

ξ
ν .

2Despite some attempts, e.g. by Weyl



Particle acceleration



Fluid equations in curved space-time

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

(ρuµ); µ = 0, uµ uµ

;ν = 0, ρ rest frame mass energy density

T µν = (e+ p)uµuν + pgµν T µν

;ν = 0, e rest frame total energy density

p rest frame pressure, e = ρ(1+ ε), ε internal energy per unit mass.

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

F µν

;ν = 0, F µν = (−g)−1/2
ε

µναβ Fαβ/2

and the e.m. momentum energy tensor

T µν
em = [Fµα F ν

α − (gµν/4)Fαβ Fαβ ]/(4π)

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



EMW↔ GW



EMW↔ GW - Coherence problems



GW + B⊥ → EMW dielectric/magnetic medium

Estimate for collapse double pulsar in interaction region ∼ 60Rs
h∼ 10−3 , B∼ 108T
E ∼ 50MV/m
ω/(2π)≤ 103Hz



GW + B⊥ → EMW dielectric/magnetic medium



GW + B⊥ → EMW dielectric/magnetic medium



GW + B→ EMW Magnetosonic



Vlasov Einstein system

pµ ∂ f
∂xµ
−Γ

µ

αβ
pα pβ ∂ f

∂ pµ
= 0 with gµν pµ pν =−m2c2

∂ f
∂ t

+
p j

p0
∂ f
∂x j−

1
p0 Γ

j
αβ

pα pβ ∂ f
∂ p j = 0 onmassshell

T µν = c(−g)1/2
∫

f pµ pν d p1 d p2 d p3

−p0

nµ = (−g)1/2
∫

f pµ d p1 d p2 d p3

−p0



Vlasov Einstein Maxwell system

pµ ∂ f
∂xµ

+(−Γ
µ

αβ
pα pβ +qFµ

α pα)
∂ f

∂ pµ
= 0

∂ f
∂ t

+
p j

p0
∂ f
∂x j +

1
p0 (−Γ

j
αβ

pα pβ +qF j
α pα)

∂ f
∂ p j = 0

jµ = q(−g)1/2
∫

f pµ d p1 d p2 d p3

−p0

————————————
Should be reformulated in noncanonical Hamiltonian form
(done by K.M. for EV). Casimirs.. stability etc.



Einstein Vlasov - Noncanonical Hamiltonian



Einstein Maxwell Vlasov system
3+1 separation, lapse function

d/dζ 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. η is the determinant of the spatial part of the metric tensor.



EVM spherically symmetric equilibria



Vlasov dispersion relation



Parametric processes: as in Raman scattering



Nonlinear parametric processes: wave-wave
interactions



Perpendicular and parallel propagation



Plasmas and BH’s



GW’s from laser plasma interactions



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 resonances3

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.

3Note: polarization effects↔ selection rules
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Efficiency in a vacuum magnetic field

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


