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Nonlinear interactions between gravitational radiation and modified Alfvén modes
in astrophysical dusty plasmas
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We present an investigation of nonlinear interactions between gravitational radiation and modified
Alfvén modes in astrophysical dusty plasmas. Assuming that stationary charged dust grains form
neutralizing background in an electron-ion-dust plasma, we obtain the three-wave coupling coefficients
and calculate the growth rates for parametrically coupled gravitational radiation and modified Alfvén-Rao
modes. The threshold value of the gravitational wave amplitude associated with convective stabilization is
particularly small if the gravitational frequency is close to twice the modified Alfvén wave frequency. The
implication of our results to astrophysical dusty plasmas is discussed.
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I. INTRODUCTION

There exist several mechanisms for conversion between
gravitational waves (GWs) and electromagnetic waves [1—
18] in plasmas. One of the most basic processes occurs
when GWs propagate across an external magnetic field,
which gives rise to a linear coupling to the electromagnetic
field [1], leading to the excitation of magnetohydrody-
namic (MHD) waves in a plasma [3-5]. In order to excite
perturbations with frequencies different from that of the
GW, naturally nonlinear couplings must be considered.
There exist numerous examples of such mechanisms in
plasmas, giving rise to, e.g. three-wave couplings between
GWs and electromagnetic waves. Wave coupling mecha-
nisms involving GWs are studied for several different
reasons. In some cases, the emphasis is on the basic theory
[6-9]. In other works, the focus is on GW detectors [10—
12], on cosmology [13—-15], or on astrophysical applica-
tions such as binary mergers [16], gamma ray bursts [17],
pulsars [18], or supernovas [19].

In the present paper, we will consider gravitational wave
propagation in plasmas containing charged dust particles
[20]. The latter are prominent components in many astro-
physical systems and may contribute significantly to the
dynamical properties of such systems [21-23]. It also has
been claimed that supernovae can be significant sources of
dust particles [24], although this claim is debated [25].
Previous work involving dusty plasma-gravitational wave
interactions [19] have considered general relativistic ver-
sions of the dust MHD equations [20,26]. However, in
cases where the dynamics is not dominated by the charged
dust particles, other approximations are more useful [27].
In order to describe the modified Alfvén mode (MAM) (or
the Alfvén-Rao mode [27]) that can propagate in a mag-
netized dusty plasma, we will apply the infinite mass
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approximation for immobile charged dust grains. Thus,
the only force felt by the charged dust particles will be
the gravitational force, which is an appropriate approxima-
tion for a broad range of Alfvén wave frequencies. Using
the standard mode coupling theory [28], we then obtain the
coupling coefficient describing the nonlinear interaction
between two MAMs and one GW. Using these results, we
consider the parametric excitation of the Rao mode in the
vicinity of binary mergers. Provided that the gravitational
wave frequency is close to twice the Rao cutoff frequency
[27], the threshold value for the GW amplitude for the
parametric interaction is much reduced compared to the
ideal MHD theory [29], assuming that the limiting ampli-
tude is determined by nondissipative stabilization.

I1. BASIC EQUATIONS

The metric describing a linearized gravitational wave of
arbitrary polarization propagating in the z direction on a
flat background can be written as

ds* = —d* + (1 + hy)dx* + (1 — hy)dy* + 2hydxdy
+ dz%. (D

A convenient choice is to introduce an orthonormal tetrad
e;, where eq = 9, and the spatial part is written as V =
(e, €5, €3) = Vo + V,, where V and V, are given by

Vo = (3, 3y 9.), 2)

Vo = —3(hsd, + hxdy, hyd, — hyd,,0), 3)

and e = (61, 0, 0), €, = (0, €y, 0), €3 = (O, O, 63).

Below we will derive the evolution equations for the
matter and fields in the low-frequency MHD limit, in the
presence of a gravitational wave. We consider a cold
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plasma composed of the electrons, ions, and micron-sized
charged dust particles. The momentum equation for the
ions, when neglecting pressure and considering the elec-
trons as massless fluid, reduces to

(8, + V[ : V)Vl- = qi (Vi - Ve) X B + gi’ (4)
where
1 Uiz . .
g = _§<1 - 7)[(vixh+ + viyhy)e;

. . 1 .
+ (vichx — Uiyh+)ez] - ?C[(U%x - U,‘Zy)h+
+ 2vixvi)'hx]e3y
is the gravitational acceleration of the ions [30]. For low
phase speed (in comparison with the speed of light) the

displacement currents are neglected, and Maxwell’s equa-
tions are written as

c .
qinv; — en,v, = ETV X B~ jg (5)

atB =V X (Ve X B) - jBr (6)
where

ie = —3(E, — B)h, + (E, + Bhx]e,
+3l(E, + By + (E, — Byhx]ey,
is = —3(E, + B)h, — (E, — By)hx]e,
—(E. = B)hy + (E, + B)hy]e,,
are effective currents due to the GWs, see e.g. Ref. [7].
Combining Egs. (4) and (5) and assuming the plasma to

be quasineutral with negatively charged dust, that is g;n; —
en, — qqsny = 0 where g; > 0, we obtain

(0, +v, Vv, =

<—ndqdvi + LV X B — jE)
en,m;c 41
X B+ g, (7)

By using Eq. (5) we can eliminate v, in (6) to obtain

8,B=V><{<wv— ¢ VxXxB+ JE)XB}—jB.

en, ' 4en, en,
®)
Finally, the ion continuity equation is
amn; + V- (nyv;) =0. ©)]

For later use it will be convenient to collect the gravita-
tional terms on the right-hand side of the equations.
Furthermore, we let the ions to be of charge ¢; = e.
Equations (7)—(9) are then written as
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minc(d, + v; - Vo)v; + ngqqv; X B — }(Vo X B) X B
T

— %(vg X B) X B + n,cm;g; — jp X B, (10)

v, X B Vo X B) X B
atB _ vo X |:an, _ C( 0 ) i|
n, 41ren,
v; X B Vo XB) X B
=vg><[nlvl _C( 0 ) i|+v
n, 41ren,
irXB
xIEZZ (11)
en,
and
alni + VO . (I’livl') = —Vg . (I’livi), (12)

where the dust charge is defined by ¢; = Z;e. We note that
in the absence of the GW-source terms, Eqgs. (10)—(12) are
MHD equations modified by the presence of infinitely
heavy dust particles. Because of the dust charges in the
quasineutrality condition, the relative contributions to the
currents are modified as compared to ideal MHD. As a
consequence, a characteristic frequency () called the Rao
cutoff frequency [27] enters in the linear wave modes.
Wave modes propagating almost perpendicular to the ex-
ternal magnetic will be denoted as Alfvén-Rao modes. In
what follows we will be particularly interested in these
modes, as they give the simplest way to introduce a char-
acteristic time scale (Q,}‘), which is longer than the ion
Larmor period, into the MHD equations. Furthermore, as
we will demonstrate, these modes are particularly easy to
excite when the condition w, = 2Q) is met, where W, is
the gravitational wave frequency.

III. DERIVATIONS OF THE COUPLED MODE
EQUATIONS

In general a monochromatic wave of sufficient ampli-
tude is subject to a number of instabilities, which can
transfer the wave energy into other modes. If energy-
momentum conservation allows for resonant three-wave
interaction, typically this mechanism gives rise to the most
rapid instability [28]. Thus, in order to study this process, a
system of three weakly interacting waves will be consid-
ered: two dust MHD waves with frequencies and wave
numbers (w1 », K1), and a GW with arbitrary polarization
propagating parallel to the background magnetic field with
the frequency and the wave number (w,, k). We note here
that a gravitational wave propagating in a finite angle to the
magnetic field produces a linear coupling to the electro-
magnetic field [1]. In the next step of the calculations, such
linearly induced fields will complicate the description of
the nonlinear mode coupling to a large extent. Thus our
motive to let k, be parallel to the external magnetic field is
to avoid a linear coupling between the GW and the MHD
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modes and be able to focus on the nonlinear phenomena.
As a prerequisite to obtain the nonlinear coupling, we first
study the linear modes of the system (10)—(12), omitting
the gravitational contributions. Considering the plasma
waves to be plane wave perturbations on background
quantities such that B = Byz + B', n; = ng + n’,and v, =
v/, where By and n, are constant and the primed quantities
denote the perturbations, allows us to write the linear part
of (10)-(12) as

C, [kB' — BK]

P—= 2Ry 5 — 13
v i > vV X1Z Ne - ,  (13)
[(k-V)Z — k,v] im;cC,
B' = \[Fmnom;,C S
oMt ) e[Amngm;
kk X B/
X == (14)
w
n' ="k v, (15)

w

where Qp = nyq Bo/m;j(ng — Z;ny)c is the Rao cutoff

frequency and C, = noBy/(ny — Z n )\[Amnom; is the
Alfvén speed. The frequency matching is

w, = w; T w,, (16)

8

and since the gravitational dispersion relation reads w, =
ck, and C4 < ¢, the wave number matching can be ap-

proximated by
kg:k1+k2=>klz_k2. (17)

Thus we may consider the excitation of MHD wave modes
with wave vectors that are almost perpendicular to the GW
(or the external magnetic field). In particular we choose a
coordinate system such that k, =0 and let |k, | <
|k1 .|, which allows the linear eigenmodes of the system
to be represented by the following eigenvector

/ 1
vy 0,
v, , o
v | =
B’ Ux| Cyq [4mnom; k . (] 8)
Z x
' iy
n Bk,

The dispersion relation is now readily obtained and can be
expressed as

w? =02+ 22, (19)

which is the Alfvén-Rao mode [27], that reduces to the
compressional Alfvén (or fast magnetosonic) wave in the
limit of zero dust density. We note that the dispersion
relation (19), together with (16) and (17), implies w, =
2&)1 = 2&)2.

Next, assuming the dust MHD waves and the GWs
to be plane waves with weakly varying amplitudes, we
write iy = by x(ei® 7o) e and Y =
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J(t)e'®i2r=@20) 4+ ¢ ¢ where c.c. stands for complex con-
jugate, and ¢’ represents any component of B’, v/, and n'.
Making use of the linear eigenvector (18) as approxima-
tions in the nonlinear terms in the system (10)—(12), and
keeping only the resonant part to second order in the
amplitudes, we obtain the coupled mode equations [28]
2
9,01 20 = iﬁ<1 + m—f>ﬁ; L 2055 . (20)
4 Wy : :

For the GWs we obtain, by using Einstein’s equations
linearized in k., hy, and keeping only the resonant part
of the energy-momentum tensor,

- 402
o, = i— m,-n0<1 + 2R>ﬁ1xﬁ2x, 2y
We g
and
- Q
d,hy = —4Km,-n0w—§l71xl72x, (22)

8

for the + and X polarization, respectively.
Noting that the gravitational wave energy density can be
written as

2

wy
Eg = Wg(|h+|2 + |h><|2) = 2;(

hil> + 1hyl?),  (23)

and the Alfvén-Rao wave energy density as

! 181,22
E,= W1,2|v1,2x|2 = Emino(lvl,lez + |Ul,2y|2) + 877;
= min0|v1,2x|27 (24)

we can deduce three independent conservation laws from
the coupled mode equations (22), (21), and (22). For the
total wave energy, i.e.

d(E, + E, + E)) _

0, (25)
dt
the difference in Alfvén-Rao wave quanta, i.e.
d(Nl B NZ) =0, (26)
dt

and the sum of wave quanta, i.e.

d2N, + N; + N;) =0
dt '

where we have introduced the number density of gravita-
tional wave quanta N, = E,/hw, and of the Alfvén-Rao
wave quanta Ny, = E;,/hw;,. The existence of these
conservation laws are equivalent to the Manley-Rowe re-
lations [28].

For simplicity, we have made the derivation of the
coupled mode equations considering only time-dependent
amplitudes. However, we note that a generalization to
allow for weakly space-dependent amplitudes can be

27)
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made by the simple substitution 9, — 9, + v, - V for each
mode [28], i.e. for a general slowly varying amplitude the
coupled mode equations reads

2, lxh+

403 -
(a +l)g12(9 )Ulzx—lT<1+ >
g

+ 20,75 | iy, (28)

- 402
(9, + cd,)h, = iwimin()(l + w—>U1xv2x, (29)

8 8

and

~ Q
(9, + cd,)hy = —4dxm;n —g U1, Uoy, (30)
)

g
_ 2 :
where vy, = ki, C5/ w10, Where ky,, is the x compo-

nent of the wave vector for modes 1 and 2, respectively
[31].

IV. SUMMARY AND DISCUSSION

We have considered the nonlinear interaction between
the modified Alfvén (or the Alfvén-Rao) mode and gravi-
tational waves in a magnetized dusty plasma. In order to
describe this process, dust MHD equations incorporating
the effects of the gravitational waves have been derived. In
particular, we have focused on the case where a gravita-
tional wave of arbitrary polarization propagates parallel to
the magnetic field. We have then calculated the three-wave
coupling coefficients for MHD waves propagating almost
perpendicular to the magnetic field, in which case the latter
wave modes obey the Alfvén-Rao dispersion relation (19).
From the coupled mode equations we note that the GW can
parametrically excite Alfvén-Rao modes, which grow as
exp(y?), where y depends on Q, w,, hy etc. Fur-
thermore, it can be seen that 7y is roughly independent of
the GW polarization, and of the order y ~ |A x|w,. This
estimate is the same as for the decay into high-frequency
waves, see Ref. [2], or MHD waves, see e.g. Refs. [3,29].
The highest growth rate may be reached for approximately
monochromatic gravitational waves, which could be pro-
duced by compact binaries close to merging, see e.g. [29],
or during the black-hole ringdown [32].

However, we note that the high gravitational amplitudes
only exist during a limited time, and that the finite group
velocity of the decay products has a stabilizing effect on
the parametric process. To study this effect we consider the
decay of a homogeneous intense gravitational wave
which for definiteness has the polarization 7 = &, . The
amplitudes of the Alfvén-Rao modes are assumed to
have the form o, = ¥y, exp(iKx — iQ¢) and o5, =
05 exp(iKx — iQr). Inserting this ansatz latter into
Eq. (28), we immediately obtain the nonlinear dispersion
relation
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2 492
_ 2% (1 +—) i, 2
w

(Q — vy K)(Q —v,K) =
16 s

€1V

Next, introducing v, = |v,| = |v,,|, we deduce from
(31) that the growth rate of the Alfvén-Rao modes is

1 4022
=_J (1 +—> i P — 16K22,  (32)
4 w

8

provided that the second term under the root sign is smaller
than the first one. While Eq. (32) formally shows that
sufficiently long wavelength amplitude perturbations al-
ways are unstable, in reality there is a minimum wave
number possible. This wave number K ;, is set by the
shortest nonoscillatory scale of the problem, which may
be either the inverse inhomogeneity scale length Vn,/n,
Rk, or (ct,)~!, where Ry, is the background curvature
and 1, is the pulse duration time. Note that the pulse
duration here refers to the time during which the pulse
has a sufficiently constant frequency, such as not to break
the frequency matching condition. The threshold value on
the gravitational wave amplitude for the parametric exci-
tation now becomes

~ 8Kminvg
h +tre T .

w

(33)

8

Since the group velocity of the Alfvén-Rao mode ap-
proaches zero when @ — Qp, we note that /i, — 0
when @, — 2Q. Introducing the frequency mismatch
0w = w, — 2Qp, and using Eq. (33), we find that the
threshold value is

~ 86w
h+tre= © KminCA' (34)

8

Thus, we conclude that provided the gravitational spectrum
contains twice the Rao frequency, parametric excitation of
MHD waves occur more easily in a dusty plasma, that may
exist in astrophysical systems, see e.g. Refs. [21-24], as
compared to a plasma without dust particles. As a conse-
quence of the low threshold, GW-induced Alfvén-Rao
modes may be excited at a comparatively large distance
from the gravitational wave source. The aim of this study
has been to shed further light on the gravitational-MHD
interactions that take place in the vicinity of gravitational
wave sources, such as collapsing compact binaries, quak-
ing neutron stars, black holes during ringdown, or super-
novas [33].
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