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ABSTRACT

The modulational instability of a large-amplitude, linearly polarized electromagnetic
wave propagating in an electron-positron plasma is considered, including the
combined effect of relativistic mass variation of the plasma particles, harmonic
generation, and the non-resonant, finite-frequency electrostatic density perturbations,
all caused by the large-amplitude radiation field. The radiation from many strong
sources, such as AGN and pulsars, has been observed to vary over a host of time-
scales. It is possible that the extremely rapid variations in the non-thermal continuum
of AGN, as well as in the non-thermal radio radiation from pulsars, can be accounted
for by the modulational instabilities to which radiation may be subjected during its
propagation out of the emission region.

Key words: instabilities — plasmas - radiation mechanisms: miscellaneous - pulsars:
general — quasars: general - radio continuum: galaxies.

1 INTRODUCTION

Observations of active galactic nuclei (AGN) in all bands of the electromagnetic spectrum have been reviewed by Wiita
(1985). He concentrated on quasars, radio galaxies, Seyfert galaxies and BL Lacertae objects, with an emphasis placed on the
energy production efficiency, compactness and variability. Observations have revealed that many compact radio sources
have, in addition to the usual long-term variability, an intrinsic variability with time-scales less than a day. Heeschen et al. (1987)
found, quite unexpectedly, variations of ~1 d at a wavelength of 11 cm in several flat-spectrum sources. Observations of
intraday radio variability in compact radio sources and their probable explanation are given by Quirrenbach (1990).

Generally, the time-scale of the amplitude variation is associated with the size of the emitting region, such that shorter time-
scales are associated with smaller regions. (Time-scales refer to the e-folding time or the doubling time of the amplitude.) How-
ever, variations observed for durations shorter than, for example, the doubling time may not, when extrapolated to actual
doubling time, provide a meaningful limit on the physical size of the emitting region.

Optical variations in blazars on time-scales ranging from a few minutes to decades are well established (e.g. Webb et al. 1988).
In several instances, day-to-day changes of more than 1 mag have been observed to occur (Smith & Hoffleit 1963; Angione
1969; Shen & Usher 1970; Eachus & Liller 1975; Liller & Liller 1975; Miller 1975, 1977). For example, Oke (1967) observed
a 0.25-mag change in 1 d for 3C 279; Bertaud et al. (1973) reported a variation for BL Lacertae of 1.3 mag in 1 d and of 0.7
mag in 74 min. Racine (1970) detected optical variability of 0.1 mag within a few hours in BL objects.

OJ 287 is the only AGN for which claims have been made (Kiplinger 1974; Folsom et al. 1976; Smith et al. 1985) for the
existence of periodicity P less than 1 d. Visvanathan & Elliot (1973) reported the detection of P=39.2 min in the optical band,
which was later confirmed by Frolich (1973). Carrasco, Dultzin-Hacyan & Cruz-Gonzalez (1985) reported the existence of
P=23.0 and 40.0 min in OJ 287. This object’s long history of variability, the evidence of variability with time-scales of 1 d or
less and the possibility that such variability may be periodic conspire to make this object a prime candidate for the investigation
of microvariability.

There are several mechanisms which can account for the radio variability and the spectral characteristics of AGN. Details of
the time dependence and the polarization behaviour of the flux are needed to separate the intrinsic variability from the propaga-
tion effects.

One might expect that the rapid optical variability of blazars could be explained by gravitational microlensing. However, the
comparatively large size of the nuclei of AGN in the radio regime (enforced by the Compton brightness limit) tends to smear out
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such variations, unless the Einstein radii of the microlenses are large. Lensing by massive stars (M <100 M) could account for
variations in the cm regime, but apparent transverse velocities of order 40 ¢, much higher than observed in superluminal sources,
are required to produce time-scales of ~ 1 d. Moreover, the amplitude of the variations is expected to increase with frequency,
since the source size scales roughly with A~ !; this clear contradiction with the observed behaviour of quasar 0917 + 624 seems to
rule out microlensing as a possible explanation for rapid variability (Quirrenbach 1990).

Another more plausible mechanism for intraday radio variability is refractive interstellar scintillation (RISS). The wavelength
dependence and short time-scale of the variations, however, argue against this explanation; very small scatterers must be present
close to the Sun (<100 pc) if this is the mechanism. Heeschen et al. (1987) speculated that unusual filaments associated with the
galactic loop III could be responsible for an enhanced scattering in high-declination sources, but the statistics of intraday
variations in (Quirrenbach 1990) samples with 60°<6=<90° and 35°<<50° are consistent with each other, indicating that the
observed effects do not depend on celestial coordinates. Polarization variations and possible correlations with optical variability
present further difficulties for the RISS hypothesis. Intrinsic variability seems therefore to be the most plausible explanation for
the intraday variability.

Effects such as the absorption, spectral modification and change in polarization of intense radiation propagating through
plasma in AGN have been explained by a sequence of plasma processes and have been shown to be much faster than single-
particle processes (e.g. Krishan & Wiita 1986, 1990; Krishan 1988; Beal 1990; Gangadhara & Krishan 1990). The stimulated
Compton and Raman scatterings for the generation of continuum radiation from relativistic electron beams in the quasar have
been shown to be efficient processes (Gangadhara & Krishan 1992). The generation of such beams has been explained in many
accretion scenarios for AGN (e.g. Lovelace 1976; Blandford & Payne 1982; Wiita, Kapahi & Saikia 1982; Rees 1984).

The radio flux of pulsars fluctuates over time-scales of 1 us to 1 yr. Observations of pulsars PSR 1133+ 16 at 600 MHz
and PSR 1944 + 17 at 1.4 GHz, made by Cordes (1983), showed a pulse sequence, with a broad range of quasi-periodic and
intermittent stuctures, which is weakly frequency-dependent. Intrapulse fluctuations, revealed most effectively by autocorrela-
tion analysis of the intensity and/or Stokes parameters, include narrow spikes and micropulses with durations from 1 us to a
few ms which also show quasi-periodicities of 0.1 to a few ms. Broader features and subpulses (Az=1-100 ms) sometimes
appear as envelopes of micropulses and as modulations of amorphous noise-like structures. From the central limit theorem, one
concludes that a large number of independent emitters contribute to the signal in a resolution time of 1-10 us, so even the
narrow micropulses may be incoherent composites of many coherent emissions.

The observational data (Gil 1986; Smirnova et al. 1986; Smirnova 1988) strongly support the hypothesis that pulsar
micropulses are a temporal phenomenon and can be interpreted within the amplitude-modulation mechanism (Rickett 1975).
As discussed by Chain & Kennel (1983) and others (Mofiz, de Angelis & Forlani 1985), modulational instability provides a
natural mechanism for amplitude modulation. According to pulsar models (Ruderman & Sutherland 1975; Arons &
Scharlemann 1979), the pulsar magnetosphere is composed of secondary electrons and positrons.

In this paper, we consider the modulational instability of a large-amplitude, linearly polarized electromagnetic (EM) wave
propagating in an electron—positron plasma. We take into account the combined effects of relativistic mass variation of plasma
particles, harmonic generation, and the finite-frequency electrostatic density perturbations which are created by the
ponderomotive force of the EM wave. We show that modulation instability is a possible mechanism for the short-time intrinsic
variability of compact radio sources. In addition to accounting for the extremely short time variability, this mechanism could
prove to be a valuable diagnostic for the source region. In contrast, other mechanisms, such as refractive interstellar scintillation
and microlensing, depend on very specific conditions far away from the source of the radiation.

2 THE MODULATIONAL INSTABILITY

An electron-positron plasma is found in the early Universe (Rees 1983), in active galactic nuclei (AGN) (Miller & Wiita 1987),
in pulsar atmospheres (Goldreich & Julian 1969) and in the Van Allen Belt (Voronov et al. 1986). The collective plasma effects
in an electron-positron plasma are of significant interest (e.g. Lominadze, Machabelli & Usov 1983; Shukla et al. 1986). Lately,
the processes of non-linear wave conversion (Gedalin, Lominadze & Stenflo 1985) and self-modulation of EM waves have
attracted a great deal of attention (Chain & Kennel 1983; Shukla 1985; Mofiz, de Angelis & Forlani 1985; Kates & Kaup 1989;
Tajima & Taniuti 1990).

In an AGN, the electron—positron plasma exists at a distance of about r= 10 Ry, from the central engine (Lightman 1983),
where Ry, =2 GM [c?is the Schwarzschild radius. In pulsars, the plasma exists at a distance of about » = 100 R, from the neutron star
(Cordes 1983), where R, ~ 10 kmis the neutron-star radius. In the present model, the electron—positron plasma is considered to be
uniform and at rest with respect to the source of radiation.

Let us consider the non-linear propagation of a large-amplitude, linearly polarized EM wave with an electric vector

E,=E,cos(ky r—wyt)é

through an electron—positron plasma. The EM wave can cause such non-linear effects as charged particle mass modulation,
harmonic generation and forced density perturbations. The non-linear processes occur on a time-scale slower than the radiation
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oscillation period and are responsible for the spatio-temporal modulation of the EM wave packet. The charged particle mass
modulation arises from relativistic mass variation in the EM fields, whereas the harmonic generation is due to the coupling of the
particle quiver velocity with the radiation magnetic field. On the other hand, radiation pressure creates forced density perturbations
(k, ). Thus a constant-amplitude EM wave interacting with small-amplitude non-resonant perturbations will generate upper
(ko + k, wy + w) and lower (k, — k, w, — w) EM sidebands. The non-linear processes, as described above, provide the possibility
of coupling sidebands with the original pump. A low-frequency non-linear force will result, which, in turn, will reinforce the low-
frequency perturbations, thereby lending support to the amplitude modulation of the radiation.
The non-linear interaction of a large-amplitude, plane-polarized EM wave with an electron-positron plasma is governed by

dp
—+V-J=0, 1
ot (1)
G v _ 1 %L 2
m; é—t+vj. (I‘,vj)-—q, E+—C-vI-XB - " Vn,, (2)
V-E=4np, (3)
1 oB
VXE=—— — 4
¢ Ot “)
and
4 1 oE
VXB=""J4= (5)
c ¢ Ot
where I'; = (1 — v?/c?)~1/2is the Lorentz factor, cis the speed of light, y;, n;, v, T}, m;and q;are, respectively, the adiabatic exponent,

the number density, the fluid velocity, the temperature, the rest mass and the charge of particle species j (equals e for electrons and p
for positrons). Here, o = e(n, — n,) and J= e(n,v, — n v,) are the charge and the current densities. Equations (1) and (2) are the
charge conservation and relativistic momentum equations, respectively, equation (3) is Poisson’s equation and equations (4) and
(5) are Maxwell’s equations. We take m, = m, = m,, q.= — q,= — e, where e s the magnitude of the electron charge. The electric
and magnetic fields are given by

1 0A
E="V(})—'E a (6)

and
=VXA, (7)

where @ and A are the scalar and vector potentials, respectively.
Inserting equations (6) and (7) into equation (5) and choosing Coulomb gauge V- A= 0, we can rewrite equation (5) as

1 @), 4w, 12
(V 2 at)A— T+ at(v) (8)

We now separate Jinto a transverse component J, (associated with the EM wave) and a longitudinal component J, (associated with
forced electrostatic perturbations). The longitudinal part of J can be related to E = — V ¢ via equations (1) and (3). By eliminating o
between equations (1) and (3), we obtain

v? (%‘—f) =4nV-J.

Since V-J, =0, we obtain

3¢
V(at) 4. ()
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Substitution of equation (9) into equation (8) yields
a2
(czvz—ﬁ) A= —4ndl, (10)

The total transverse current density is defined as
Jt=e(npup_neue)’ (11)

where the total particle number density and the rapidly varying (quiver) velocity are expressed as n;=ny +n; +n; and
u;=u; +uy,, respectively. Here, the equilibrium number density 7, is much larger than the first-order density perturbations
(namely n;, and n;, which arise due to the harmonic generation and the radiation pressure, respectively).

The first- and second-order velocity vectors are given by u;, = — q;A/myc and u, = (1/2) u;, u} /c?, respectively. Note that u;,
is associated with the gamma factor and represents the effect of weak relativistic particle-mass variation in the radiation fields.

For linearly polarized EM waves, the Lorentz force u;, X B gives rise to a term which oscillates at the second harmonic. The
corresponding density perturbation is

2

2 2
Ny =n _ _hoa (05— wp) (12)

" (4og- 0))

(Shukla et al. 1986), where a = eA/mc?, and w, =(4mnye?/m)'/* is the plasma frequency.
The total plasma current density is thus given by

62 a
Jt=——— 1_% (2n0+nes+nps)A9 (13)

where ¢=(3/4)— (0§ — w3)/[(4w§— w?). We note that g =1/2 for 0§ > w}

Itis instructive to point out that for c1rcularly polarized EM waves the harmonic generation non-linearity is absent and n,, and n,,
are identically zero. For this case, equation (13) also holds with g=1.

We now suppose that

Alr, )==[A,(r, ) e ™"+ A¥(r, 1) e~ Ror™ @), (14)

where A (r, t)is aslowly varying function of space and time, and A (r, ¢) isits complex conjugate. Squaringequation(14)onbothsides,
we obtain A2 =(1/2)A,- A¥, where we have neglected the higher frequency terms 2w, because they are non-resonant.

Substituting the expressions for J, and A(r, ¢) into equation (10) and equating the coefficients of ¢"*"~“” and e ~*""~“* on
both sides, we obtain

2 2 * 2 2 *

. 9 q €(A-A)) 4me q € (A, A))
[02V2+1202k0'v—62k3 ar —t+i2w, at+ wg—sz[l—Z “——’;1—(2)“(}‘4—— A= . (nes+nps) l—z —;1—;2)—;‘4—- A, (15)
and

2 2 * 2 2 *

. ., 0 q €(A-A/) 4me g €(As-A))
{C2V2_12c2k0~v—czk(z)—'a7—12w0'a—t+ wﬁ—Zwﬁ{l—Z 7364_— A:= e (nes+nps) 1—Z W A:. (16)
Using A ((r, t)= A, + SA(r, t), and linearizing equations (15) and (16), we have

2972, A 2 62 . 0 2 242 2 82
¢’V +i2c k0~V—5;5+12woé—t+w0—c ko —2w, l—z (Ag+06A)
w’ qe s
2 moc 4
202 _n.2 P a 2_ 272 2 e
c’V'=i2c kO-V—w—szoé—ljwo—c ky—2w, 1——4— (AT +0A™)
wZ qez 82
=——2 T (0A-AT+A, 0A™) AT+ wlON|1-—| A7, (18)
2 mye 4
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where 0A(r, t)is the perturbation, e? = ge?| A |*/mfc* and ON=(n+ n,)/n,.
The relation between &2 and the luminosity of radiation L is given by

2 2 2
., qelAg" 2qe 1 L s q
= S ==21x10°5 5, 19
¢ mict  mic® wi r? ol r? (19)

where ris the distance between the source of radiation and the plasma medium.
From the zeroth-order terms in equations (17) and (18), we have

2

wi=20? (1 -%) rER (20)

This is the dispersion relation for an intense EM wave (k,, w,) propagating in an electron—positron plasma. It shows that the plasma
frequency of the electron—positron plasma gets depleted by a factor of £2/4.
From the first-order terms in equation (17) and (18), we now find

2

2
[c2V2+_i2c2ko-V-a—+i2wog+ wi—cki—2w} (1 —%)] 0A

ar ot
w’ qe2 &
= ——52 mgc4(6A-A:+AO'6A*)AO+wﬁéN(l—Z) A, (21)

and

3 2\]
csz—i2c2k0-V——2—i2w0g+w3—c2k3—2w§ (1——3—) oA*

ot ot
ol qé & v
= mgc4(6A-A:+AO~6A*)A:+wf,éN(l—z A5, } (22)

where w,>> w and w is the frequency of the plasma slow motion. Fourier transformation of equations (21) and (22) with

1 0 0 . .

aA(k,w)=5;J J SA(r, t)e ) @rdr (23)
and
61\7(k,w)=%J' J ON(r, e "®" " d*rds (24)
gives

w: gqet . &
D, 0A="2 == (A AT+ Ay 0A") Ay — wlON[1-=| A, (25)

2 mgce 4
and

* w; qez * * 4k 2 o x e’ *
D_0A =—22 W(éA-AO+AO~6A JAG— w, 6N 1——4— A7, (26)
0

where D, =(ky £ k)?c? —(wy £ w)*+2w}(1 — £*/4) are the dispersion relations for the Stokes mode (k;, w;) and the anti-Stokes
mode (k,, w,) when the following resonant conditions are satisfied:
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Wy — 0= Wy, ky—k=k, (27)
Wyt 0= w,, ky+k=k,.
Combining equations (25) and (26), we obtain
e w’ 1 1
6A-A}',‘+A0‘6A*=[—wﬁlef(l—z) 51\7+—22 82(6A-A:+A0-6A*)} D_+5—)' (28)
- +

We must now calculate the low-frequency electron and positron density fluctuations 7, and n,, produced by the radiation
(ponderomotive) force F,= —Vy,, where y, is the ponderomotive potential, which corresponds physically to radiation
pressure. The ponderomotive force depends quadratically on the amplitude and produces a slowly varying longitudinal field,
which leads to slow longitudinal motion and modifies the density. The ponderomotive potential is given by

2 2
e

(A%),=

e

Y,= (A AD,, (29)

2 2
2m0C myc

where the angular bracket ( ), represents the w frequency component of an average over the fast time-scale w,>> w. In the
presence of the ponderomotive force, the slow motion of the plasma is governed by the following linearized equations:

on;,

a; +n0V'vis=0, (30)
dv. ) 1 & )

Lio _diye—~ 5 V(6A-A%+A, 0A%)— 02V | (31)
ot mg 2 mgc ngy

and

V2¢=—4ﬂ: Z q'n's’ (32)

77T

j=ep

where @ is the scalar potential associated with electrostatic perturbations and v,;=(kp Tj/m,)!/* is the thermal velocity of the
particle species j, where kg is the Boltzmann constant.
When the continuity and momentum equations for the electron fluid are combined with equation (32), we obtain
aZ
22
g—yeva +w§ nes=wf,nps+S, (33)

where the source term is defined as S =(nye?/2m3c?) V(A Af + Ay 0A*).
Similarly, for the positron fluid, we have
aZ
2
(W—ypv,sz2+ w?,) ps = Wy Hes 8. (34)

Fourier-transforming equations (33) and (34), we obtain

(02— y K2 0% — 02) Fiy = — 02F, + S (35)
and
(0= y, K20, — 02) fipy= — 02Fi + S, (36)

In the absence of the EM wave, we obtain from equations (35) and (36)

2

-y ——% 37
fg,p(wz—yszv?f) 7

which is the dispersion relation for electrostatic plasma oscillations in a warm electron-positron plasma. By summing equations
(35) and (36) and assuming y, =y, = yand T, = 7, = T, we obtain

2 .

G KHOA A%+ A, 04%), (38)

(wz_ )’kzvxz)éN= 2 2
mgyc

where v, = (kg T/m,)'/2.
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Substituting the expression for 6N from equation (38) into equation (28), we obtain

o’ 1 1 2 2\ 1 1
1-%e 2| 4 — k)= — kPt 1S + )
[ > £ .t D. (0° = yk“vy) w,k’c p 2\o- * D, (39)

This is the dispersion relation for the modulational instability of an EM wave propagating in an electron—positron plasma. Note
that equation (39) is general and can be applied to the circularly polarized radiation for which g=1.
Since & < wy, we have D, = k*c* + 2k-kyc* F 2ww,. For a cold plasma (i.e. w?>> y;k?v?), equation (39) can be written as

1 k2 2 1 k2 2 1 2.2 2 k2 2 2
(w_k.,,gy:__c{__c__ﬂpi e s (40}
q o 4

where the group velocity of the EM wave is denoted by v, =k,c?/w,. The last two terms on the right-hand side of (40) are the
contribution of the radiation pressure driven finite-frequency density perturbations.
In a special case, for k= ew,/c, the solution to equation (40) is given by

1 1 2\ 172
w=§k~vgi§/(k-vg)ziZkzcz—Z-ieE(l—%” . (41)

Equation (41) predicts an oscillatory instability for
2\ 12 L2
Jog))s etk
q 4 2w,k"c

and a typical growth rate is found to be

3\1/2 2\ T/
e e -5 @
Wy

It follows that the growth rate of the modulational instability for the case k= ¢ew /c is proportional to £*2[2(1 - £2/4)/q]'/, in
contrast to the growth rate of the relativistic modulational instability (Chain & Kennel 1983), which is proportional to &2.

Since w < w,, the w* and w? terms in (39) can be dropped, and for ¢/ < v, <K ¢, ® = 90°, v, = ¢, k<<kjand g=~1/2 we have
expressions for the quasi-period of the modulation,

P=2_“ __ 2 1 i (43)
o, wocosd y

and for the e-folding time,
1 2 2\ -12 1

=t =S 36 Y ot —12 5] L, (44)
I'  wyc c B y

where y=k/ky, B= w,/w,, T is the growth rate of the modulational instability, w, is the frequency of the electrostatic density
perturbation and @ is the angle between k; and k.

3 LARGE-AMPLITUDE EM WAVES IN AGN AND PULSARS AND THE EFFECT OF THEIR
INCOHERENCE ON THE MODULATIONAL INSTABILITY

The above results have been derived assuming the incident field to be monochromatic. In reality, however, some amount of
incoherence is always present. It has been shown by Tamour (1973) and Thomson et al. (1974) that the effect of the finite
bandwidth Aw, of the incident field on the instability can be taken care of by replacing the damping rate of the sidebands I'; by
(P +2&)=~(T,+Aw,), where £ is the number of phase jumps per unit time. This replacement is possible because I'; is a
measure of the length of time an electron is allowed to oscillate with the driving field before being knocked out of phase by a
collision. The effective damping increases again when the driving field suffers a phase shift, and the two effects are additive. Thus
replacement of I'; by I'; + Aw, certainly raises the threshold for the instability.

Another source of incoherence in the EM radiation is the lack of definite polarization. In an unpolarized beam, the tip of the
electric-field vector undergoes random changes of direction. Thus an electron in such a field undergoes changes in its direction
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of motion at the same rate. This essentially increases the effective collision frequency of the electrons and thus raises the
threshold for the modulational instability. In the case of quasars, 1-10 per cent of the radiation is known to be polarized.

If T is the growth rate due to a monochromatic pump at w,, then the actual growth rate I'" due to the broad pump with a
spectral width Aw, > T is given by

Ir'= !
Aw,

r2 (45)

(Kruer 1988).

Thus the reduction in the growth rate due to the finite bandwidth may be compensated to some extent by the high-luminosity
radiation believed to be generated by coherent emission processes.

Several coherent processes, such as (i) emission from bunches of relativistic electron beams (Ruderman & Sutherland 1975),
(ii) curvature radiation (Asséo, Pellat & Sol 1980; Gil & Snakowski 1990a,b) and (iii) the parallel acceleration mechanism
(Melrose 1978), have been proposed for the radio emission from pulsars. On the other hand, the role of coherent emission
processes in the generation of continuum emission from AGN was emphasized long ago (Burbidge & Burbidge 1967) and has
now begun to receive the attention it deserves (Baker et al. 1988; Krishan & Wiita 1990; Weatherall & Benford 1991;
Gangadhara & Krishan 1992; Lesch & Pohl 1992). Thus the presence of incoherence, due to finite bandwidth and lack of
polarization in the radiation field, effectively increases the damping rate and therefore the threshold (in the kinetic treatment)
and reduces the growth rate (¢, increases) of the modulational instability. Here, since we use a fluid treatment of the modulational
instability, there is no damping of the sideband modes, and therefore there are no thresholds. However, due to a smaller pump
luminosity being available (say 1-10 per cent) at a frequency w,, the growth rate T and frequency o, are reduced, with an
attendant increase in the e-folding time ¢, and the period P.

4 DISCUSSION

In this paper, we have shown that low-frequency electrostatic density perturbations can be non-linearly excited due to the
interaction of a large-amplitude, linearly polarized EM wave with an electron—positron plasma. The superposition of low-
frequency oscillations (k, ) over the high-frequency waves (k,, ®,) produces an amplitude-modulated wave:

A(r,f) =AO[1 +%4 e cos(k-r—1t/P)| cos(k, r— w,t) (46)
0

(from equation 14). Initially, 0A is infinitesimally small, but it grows exponentially with time and reaches saturation due to some
non-linear processes. Since the modulational instability has been investigated here in the linear regime, we can not find the depth
of modulation. For the sake of illustration, with 0A4/A,=0.5, ¢,=200s and P=23 min, we have plotted the amplitude-
modulated vector potential as a function of time in Fig. 1. In the beginning, i.e. for 0<¢<92 min, dA is small and starts to grow
exponentially. For 0<¢<92 min, the incident radiation therefore remains unchanged; but for =92 min, 6A grows and the
radiation is modulated.

For the case of BL Lac object OJ 287, we derive a value of dA4/A,=0.02 from the observations of Carrasco, Dultzin-Hacyan
& Cruz-Gonzalez (1985). For the plasma parameters assumed in Section 4.1 for an AGN, we obtain a period of 23 min. This

11.00 T T T T

6.80

2.60

-1.60

-5.80

A (1.0E—16 gauss—cm)

=10

00 . . .
50.00 72.40 94.80 117.20 139.59 161.98
t (minutes)

Figure 1. The modulated vector potential of the EM wave versus time ¢.
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object has redshift z=0.306, magnitude m, =12 and modulated luminosity L=4 X 10 erg s~ 1. Using H, =50 km s~! Mpc~1,
the value of A, corresponding to this luminosity is given by 6.86 X 10~ '® G cm. For ¢, =200 s, Fig. 2 shows the modulated flux
f=w3| A(?)|?/(87c) as a function of time.

We solve equation (39) numerically, using conditions typical of an AGN and a pulsar, to find w = w, + il =2z /P+il/t,.

4.1 Inan AGN

The typical values of the plasma and radiation parameters at a distance r =r,5 X 10> cm from the central engine of an AGN are
(Lightman & Zdziarski 1987; Krishan & Wiita 1990; Gangdhara & Krishan 1992) pair density ;= ny X 10° cm, temperature
T;=T,%x10*K and luminosity in the radio band L=L,, X 10** erg s~'. For ®=90° the instability is growing only and non-
periodic, but for ® = 0° the instability is purely oscillatory.

Fig. 3 shows the period P=2x/w, of the modulational instability of a radio wave of frequency v, =10° Hz as a function of the
wavenumber y = k/k, of the density perturbations at three plasma densities corresponding to 8= w,/w, =2, 100 and 400. The
figure shows that P is inversely proportional to y, as expected from equation (43). When y<< 1, P can be as large as a few days.
The e-folding time ¢, i.e. the reciprocal of the growth rate of the modulational instability, is plotted as a function of yin Fig. 4.
For y<1, ¢, is inversely proportional to y, as expected from equation (44). (Note the logarithmic axes of these and following
plots.)

Fig. 5 shows the period P as a function of Ly,/r? for =2, 100 and 400, and y=10"°. This figure shows that the period P of
the modulation is nearly independent of the value of L,,/r}s. The e-folding time ¢, is plotted in Fig. 6 as a function of L,,/r}s. If
we include the effect of incoherence in the incident radiation, then ¢, will increase.
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£ I 2 SN $=89°.99
o L j
G 9.80-| I g 156
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o »
° I —
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| o
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S |
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- |
| )
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Figure 2. The theoretical light curve of BL Lac object OJ 287
showing the modulated emission of radiation.

Figure 4. The e-folding time ¢, =1/T" versus y=k/k, at three
plasma frequencies, w, = @,/2, w,/100 and w,/400.
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Figure 3. The period of modulation P=2n/w, versus the wave- 9(Laz/ris)

number y=k/k, of electrostatic density perturbations at three
plasma frequencies, w, = @,/2, w,/100 and w,/400.

Figure 5. The period of modulation P versus Ly,/ris at w,= wy/2,
,/100 and w,/400.
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The period of modulation P is a strong function of the angle ® (see Fig. 7). At frequencies close to the plasma frequency
(wy=2w,), the instability occurs over a large range of ® (87:5<®<92°5). If the radiation frequency is much above the plasma
frequency, then the instability is confined to a narrow range of ® around 90°. The large-period (P> 1 h) pulses are produced
when @ is close to 90°.

Fig. 8 shows ¢, as a function of ®: when ® = 90°, ¢, is small and the density perturbations grow very fast in time. The instability
therefore becomes very strong near @ = 90°.

Figs 1-8 describe the modulational instability of a radio wave with frequency w,=6.3 X 10° rad s~ ! for plasma parameters
typical of an AGN. Consider now the modulation of optical radiation (w,=4 x 10!> Hz) in the electron-positron plasma. The
period P=2n/w, versus y =k/k, is plotted in Fig. 9. For 8> 1000, the period is independent of . The value of the period of
modulation P lies in the observed range of time-scales (10-50 min) of variations in the optical flux (Frolich 1973; Visvanathan &
Elliot 1973; Kiplinger 1974; Folsom et al. 1976; Dultzin-Hacyan & Cruz-Gonzalez 1985; Smith et al. 1985). The figure shows
that, at smaller wavenumbers y <1071, pulses of P>1 d are produced. Fig. 10 shows ¢, as a function of y at three values of
B=1000, 2000 and 3000: ¢, is inversely proportional to y for y<10~75. At y=10"73, growth rate is maximum. The
modulational instability of X-ray radiation at 8= 10° exhibits variations similar to those in the optical case.

The period of modulation P is independent of L,,/r?; in the optical range (see Fig. 11). The values of y=5x1078,2.5x 10~8
and 1.7 X 1078 adopted here are those values for which the growth rate is maximum in Fig. 10. At y=10"1°, growth is not
maximum but P is large. Fig. 12 shows ¢, as a function of L,,/r?s, at different values of 8 and y.
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Figure 6. The e-folding time versus L,,/r}s at w0, = wy/2, wy/100 Figure 8. The e-folding time ¢, versus ®=cos™'(k-k,) at w,=
and w,/400. y/2, wy/100 and w,/400.
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Figure 7. The period of modulation P versus ®=cos~!(k-k,) at Figure 9. The period of modulation P of optical radiation versus y
w, = wy/2, 0,/100 and w,/400. for 8> 1000.
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4.2 Inapulsar

Typical values of the plasma and radiation parameters at a distance 7=100R,, = 10® cm (neutron-star radius R,, =~ 10 km) for
the pulsar PSR 1133+16 are pair density n;=ny,x10° cm~3, temperature 7,=T; % 10°K and luminosity, in the band
Av<v=600 MHz, L=L;,x10%* ergs~' (Cordes & Hankins 1977; Cordes 1983). Micropulses of duration 1 ps to a few ms at
600 MHz have been observed. Fig. 13 shows P as a function of y. The period P is found to lie in the observed range. Fig. 14
shows the e-folding time ¢, as a function of y. The growth rate is a maximum at y=0.2.

5 CONCLUSION

In our model, we have taken an electron—positron plasma with uniform and isotropic distributions of temperature and density.
We have also assumed that the plasma is at rest with respect to the source of radiation. If the plasma is moving with relativistic
velocities, then the relativistic effects must be taken into account. If the plasma is non-uniform in density and anisotropic in
temperature (T, # T,), then Vr, # 0 and y, # x,. Tajima & Taniuti (1990) investigated the non-linear interaction of the EM wave
and acoustic modes in an electron-positron plasma, invoking the assumption of quasi-neutrality in the dynamics of plasma slow
motion and ignoring the relativistic mass variations of charged particles. Here we have investigated the non-linear interaction of
the EM wave with electrostatic density fluctuations in an electron-positron plasma including harmonic generation and
relativistic mass variation. The relativistic mass variation of electrons and positrons produces non-linear wave equations (15 and
16) for an EM wave propagating in the electron—positron plasma. The ponderomotive force of the EM wave leads to the
excitation of low-frequency density perturbations. We have generalized the non-linear dispersion relation of Chain & Kennel
(1983) to include the contribution of the forced electrostatic density fluctuations and the harmonic generation. The modu-
lational instability of an EM wave produces localized EM pulses. This is an intrinsic process since it occurs in the source itself.
The growth rate of the instability is proportional to £*2[2(1 —&2/4)/¢]'/%. The electron-positron plasma is modulationally
unstable for either linear or circular polarization. A strong magnetic field can also affect the process: we intend to study this in
detail in later work.

We believe that plasma processes such as modulational instability are potential mechanisms for the rapid variability and the
production of micropulses in AGN and pulsars. Most of the mechanisms proposed previously require very specific environ-
mental conditions; microlensing, for example, requires the nuclei of AGN to be large and transverse velocities to be of order
40c, and refractive interstellar scintillation requires very small scatterers close to the Sun (<100 pc) and unusual filaments
associated with the galactic loop IIL Since conditions for modulational instability exist naturally in the source region, modulation
of the EM radiation may take place by this process.
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