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Abstract. It is proposed that the region containing fast particles, electrostatic and electromagnetic fields,
around active galactic nuclei is responsible for generating electromagnetic emissions from y-rays to radio
waves. The electrons are accelerated by Langmuir turbulence originating through the process of Raman
forward scattering (RFS). The radiation mechanism is stimulated Raman backward scattering (RBS) where
the fast electron beam loses energy by scattering over spatially periodic magnetic field. The spatially periodic
magnetic field results from the magnetic modulational instability of the Langmuir waves. This model
accounts well for the large luminosities observed in active galactic nuclei over yrays to radio waves and
in addition it relates physically the emission regions at different wavelengths.

1. Introduction

Active galactic nuclei are observed to emit over a wide span of the electromagnetic
spectrum. The electromagnetic radiation is emitted in the form of thermal and non-
thermal continuum as well as line radiation in the optical and ultraviolet range. A
luminosity of 10*°-10*7 ergs s ~! is measured at j-rays to optical frequencies. The
synchrotron and the inverse Compton scattering are believed to be the standard
emission mechanisms with their attendant problems of short electron life time and,
therefore, the necessity of accelerating electrons over extremely short periods of time
(Pacini and Salvati, 1978; Fabian and Rees, 1979). The total energy involved is
10°°-10°2 ergs which corresponds to rest mass energy of 10°~10% M, ¢?, where M is
the mass of the Sun. It is believed that gravity is the source of this vast amount of energy
since conversion efficiency of gravitational energy is high compared to that of some other
processes like nuclear fusion. The central reservoir of energy is assumed to be a
supermassive object of mass 103-10° M, probably a black hole. The energy extraction
is supposed to occur via accretion and or electrodynamic process (Pacini and Salvati,
1982). In the electrodynamic models, the particles are in a state of continuous
acceleration since they are accelerated by the fields they emit. Taking this line of thought
of Pacini and Salvati (1982), in this paper, we present Raman forward scattering (RFS)
as the acceleration process and Raman backward scattering (RBS) as the emission
mechanism in the atmospheres of active galactic nuclei. The rate of loss of energy of
the electrons via RBS is matched with the rate of gain of energy in the Langmuir field
generated by RFS. Demanding the same material to emit over the whole electromagnetic
spectrum, one can determine the configuration of the emission region in terms of spatial
variation of the density, the Lorentz factor y and expansion velocity of the emitting
plasma cloud. The assumption that the material involved in emission has been accreted,
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furnishes a very reasonable estimate of the accretion rate. We propose without giving
details that the time variability in the emission results from the plasma density fluctua-
tions caused by magnetohydrodynamic flows in the emission region.

2. Emission from y-Rays to Radio Waves

We assume that a region around the central massive object, containing fast particles,
electrostatic and electromagnetic fields emits from j-rays to radio waves by a single
mechanism of stimulated Raman backward scattering (RBS) (Krishan, 1983). The
ingredients needed for this mechanism to operate are a relativistic electron beam and
a spatially periodic magnetic field or an electromagnetic wave. Presently the case of
spatially periodic magnetic field is considered.

2.1. ACCELERATION

We propose that the electrons are accelerated in the field of Langmuir waves. The
generation of Langmuir field takes place via RFS wherein two electromagnetic waves
(o, Ky) and (w;, K;) beat so that

where (,, K,) are the plasma frequency and the wave vector of the longitudinal wave.
The plasma oscillations are set by the pondermotive force generated by the beating of
the two electromagnetic waves. In the case of RFS, one of the electromagnetic waves
grows from thermal noise. The phase velocity V), of the plasma wave is given as

Vp=&=u~c[1_w§/w§]l/z’ (2)
K, K,-K,

in the limit w,/w, < 1. In this case plasma wave saturates via electron trapping at high
amplitudes. Since V, ~ c the electrons will remain in phase with the wave for a long time
and thus end up highly accelerated. There are several ways of estimating the magnitude
of the electrostatic field generated through RFS (Tajima and Dawson, 1979; Tajima,
1982; Rees, 1982; and Joshi, 1982). Following Tajima (1982), one finds that

V-E= —4nen’ (3)

or

dren’ 4dmen'V, 4dmen'c mo,cn’
E, = men’ _4men'V, _ ) ’ (4)

K » , @, en

where the maximum value of the density fluctuation is ' ~ n. The rate change of energy
of an electron in the field E; is given by

dw _

eE; -V, 5
d L ®)
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and, therefore, the acceleration time 7, to gain energy ymc? becomes

e 6)

Eice w,

where #n is the plasma density and 7 is the relativistic Lorentz factor.

2.2. GENERATION OF SPATIALLY PERIODIC MAGNETIC FIELD

Modulational instabilities of the high amplitude Langmuir waves has been the subject
of several recent investigations, Belkov and Tsytovich (1979, 1982) and Tsytovich
(1983). Plasma oscillations with inhomogeneous phase distribution produce vortical
currents which increase the spontaneously produced magnetic fields. This process is
called magnetic modulational instability which excites magnetic fields with spatial
periods ranging over K, = w,/c to K, = w,/V,, with the amplitude B = eE}/4mcw,
Belkov and Tsytovich (1979). One need not worry about the decay of this spatially
periodic quasi-stationary magnetic field since it remains excited as long as the Langmuir
field E; remains re-inforced by the beating of the two electromagnetic waves.

2.3. RAMAN BACKWARD SCATTERING

The source region of electromagnetic radiation consists of an ambient plasma of density
n, afast beam of electrons of density #, and velocity ~ C, and a quasi-stationary spatially
periodic magnetic field with spatial period K, = w,/c and amplitude B = eE?/4maw,c.
The rate of loss of energy by beam electrons via RBS has been discussed in Hasegawa
(1978) and Krishan (1983) and is given as

1
Iy =~ 2 o5ye,]'?, (7)
Y
where
eB 1 l: eE; ]2 1 , Amn.e?
; = =- -~ Wy = :
ma,c 4 [ ma,c 4 m

Now demanding that the rate of loss of energy of the electron, Equation (7) is equal to
the rate of gain of energy, Equation (6), one finds that

1
- [zﬁzzwgywp]l/3 = wp/y
I

or

" = 8)y. ®)

b
n
This relates electron beam density to the ambient plasma density. In order to determine
the amount of power emitted through RBS, one has to invoke a saturation mechanism.
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When the back-scattered power increases, it produces a large B, X B, electric field which
traps the beam electrons and increases their thermal spread. The effective thermal speed
produced by the trapping electric field is

2 ) B 1/2
VTm:[elm | s|] |

k,m

where k, is the wave vector of the longitudinal wave excited in the beam electrons in
RBS. One can take the saturation to occur when &, ~ w,/V - because then the plasma
wave (w,, K, ) suffers heavy damping and the process of scattering changes from Raman
back scattering to inverse Compton scattering, i.e., the scattering of the spatially periodic
field by the plasma wave (w,, K,) (RBS) is replaced by the scattering of the spatially
periodic magnetic field by single beam electrons (Compton scattering) (Hasegawa,
1978). Therefore, the maximum amplitude of the scattered field B, (in the beam frame)
is given as

w;  2ef,B, or _ mowy
K?  mk, * 2eBK,
and
Ay \7!
K, = w, (—/ c) , )
Y

where (Ay/y)c is the thermal spread in the beam electrons in the beam frame. The total
power emitted in the frame in which electron beam has a velocity close to ¢ is

A 2 3
L=" 4B2y%4 = (—y) me n A, (10)
47 Y 2

where A is the area of cross-section of the electron beam. We know that in RBS the
emission frequency of the scattered wave w, is
w, = 2y’K,c = 2y°w, .

By equating this to the maximum frequency of emission w,,, one finds that

cr’

,12
w, = 2y2a)p S, = 7D
Ay
or 5 5
(ﬁ’) < @b (11)
V 4y* w?

Choosing (Ay/y)* ~ wj[4y? w? and using Equation (8), we find the power emitted or the
luminosity of the source to be

L~ 107 E;_ , (12)

Y
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and the emission frequency w = 2yw,. It is proposed that the atmospheres of active
galactic nuclei emit the above luminosity L at a frequency of emission w, Equation (12).
Thus high-plasma density region gives rise to high-frequency radiation like y-rays and
low-density regions are the sites of low-frequency emission. The cross section of the
electron beam A varies with density and emission frequency. In fact, one observed that
for fixed values of 7y, the luminosity L has the same value at all frequencies provided that
the product (n4) is a constant. This defines a law for density variation, i.e., n oc (r?) !
for circular cross section. This is the familiar law of density variation for a uniformly
expanding region. Thus, if we model the emission region around active galactic nuclei
with plasma density varying inversely proportional to the cross-section area we have a
mechanism for generating luminosities which are comparable at j-rays, X-rays, optical,
and radio wavelengths. Since observationally, one does find a decline in luminosity with
frequency, although most often L. . > Ly . S L, ica > L we have tried to
model the spatial variation of the plasma density », the Lorentz factor y and, hence, that
of luminosity L. Let us assume the following spatial variations:

R B+2
n=n (~—) =PRI

radio?®

r

a+ 1+ p/2
w=gﬁjﬁx1mvﬂm&mwlw&=@<ﬁ> (13)

r

o oAy (R
L=10 —2(*> R

T, r

r

where A ~ r? and 4, ~ R? is the cross-section area of the j-ray emission region; n,, the
density; and 77, the Lorentz factor for j-ray emission region. The case o= =0
corresponds to the case of uniformly expanding region discussed above. Let us adopt
w, =102 s~ ! and y? = 10°: this gives n, = 10"¥*cm~3 and L, = 10*° ergs s~ ! for
A, = R} = 10°° cm?. The volume of emission can be determined from the total energy
emitted - ie., 10** ' ergs = n,ymc?Q = 8n,mc>R>l. gives [ = 10'¥cm and
Q3 ~ 10 cm.

We discuss the spatial variation of the luminosity and sizes of emission region for two
choices of the indices « and p.

() a=p=1

L is the same at all frequencies

R \25
n=n(R/r)’; r*=r}R,[r) and w=@(4) ;
r

we find for:

w=ow, =107, R>~10*32cm?,
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n,~ 158 x 10 cm~?, QY3 ~ 10 cm,
0= W, = 10", RZ, ~10°°*cm?,
Moo ~ 1034 cm ™3, Q3 ~ 10" cm,
w=wg=10"°, Rz~ 10**cm?,
e~ 10**cm™3 Q7 ~10* cm .

From the above estimates, we find that the effective linear sizes at optical and radio
wavelengths are comparable to the observed sizes. Apparao (1978) and Swanenburg
et al. (1978). To model the variation of luminosity with frequency, we have to choose
unequal values of « and . We choose:

(i) « =3, B=3 so that

R 2.5

n=n(R,/N'"?,  r=nRN", o=o (r)

and ’
L=L(R/R).

We find for
w=w=102, R?=10*cm?, L, =10*ergss™!,
w=w,=10®, R2=10°32cm?, L =25x10"ergss™ !,
W= Wy =10,  RZ, =10%cm?, L, =10"%ergss™ ",
w=0wg=10", RZ~10**cm?, Lp~10*"ergss™!.

Apparao (1978) has listed the values of luminosities at various frequencies and the
estimates shown above are in good agreement. A plot of log(L/w)/(L,/w,) vs log(w/w,)
is shown in Figure 1 and demonstrates the expected behavior of the flux vs frequency
for emission from active galactic nuclei. If one assumes that the material responsible for
emission has been accreted, one can relate luminosity and the accretion rate as

7 (dM dM
L= £<; age>i =10° — 1.,
r? \ dt m,l, dt
or
di4~102‘5gs‘1 for L~ 10*ergss !,

dr

which is satisfactory (cf. Longair, 1981). A comment about the spatial variation of
density, Equation (13) is in order. Now, we know that mass conservation in a hydro-
dynamic system is n4V = constant where V is the velocity of expansion. For the case
B=0 and 4 ~ r*, we get V = constant and this corresponds to the expansion with
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=
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log [(L/w)/(Ly/wy)]
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Fig. 1. A plot of log [(L/w)/(L,/®,)] vs log(w/w,).

uniform velocity. For § = 2, we get ¥ oc r>3 which corresponds to the case of expansion
velocity increasing with distance. One could recall here the Parker flow in which the case
B = 0 corresponds to the flow far from the central object and the case f#0, r #0
corresponds to the flow near the central object (see Parker, 1965).

We propose that time variability of emission is caused by the density fluctuation that
result from mangeto-hydrodynamic flows. One knows that the length scale of these
density fluctuations (on ~ n) varies from R/3 to the collisional mean free path of a
proton, where R is the radius of the plasma region. The time-scale of these fluctuations
varies from R/V to the proton-proton collision time. Thus, in general, one would expect
to observe time variability over a large range of periods in a given region at a given
frequency of emission. The largest period of variation, however, will be proportional to
the size of emission region and inversely proportional to the emission frequency. The
details of this mechanism of time variability will be published elsewhere.
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