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Stimulated Raman scattering of water maser lines in astrophysical plasmas
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Radiative transfer equations are derived and solved for the stimulated Raman scattering of water
maser lines in the astrophysical plasmas with electrons density of ab8ut1@®m 3. In
stimulated Raman scattering, the energy of the water maser line is transferred to the side band
modes: Stokes mode and anti-Stokes mode. The Stokes mode is easily produced by backward
Raman scattering while the anti-Stokes mode is created by the interacting intersecting masers in the
plasma. The intensity of the Stokes mode is higher than that of the anti-Stokes mode. These side
band modes are proposed as explanation for the extreme velocity features observed in the galaxy
NGC 4258. The threshold value of the brightness temperature for the Raman scattering is about
10*- 10K, and it is satisfied in the case of NGC 4258. 1®99 American Institute of Physics.
[S1070-664X%99)02610-5

I. INTRODUCTION II. BEAMING OF RAMAN MASERS

Stimulated scattering processes become important in as- The principal mechanism behind the beaming of astro-
trophysical plasmas when the incident radiation on plasm&hysical masers is the frequency change of the resonance
has a very high brightness temperatufig ¥ 10:°K).1* In radiation. As usual for astrophysical masers, the Raman ma-
practice, line radiation of water masers in the galactic nuclepers are also expected to be strongly beamed. The masers are
and continuum radiation from quasars are considered to hamplified in the direction with the smallest gradient in the
such a high brightness. Stimulated Raman and Comptofesonance frequency where the optical depth of the reso-
scatterings will occur in the high and low density plasmashance radiation becomes maximum. For the case of Raman
respectively, depending upon whether the collective effect ofasers, the change in the resonance frequency is produced
electrons works or natThough a number of studies on the by two effects: change of plasma frequency due to tempera-
stimulated Raman scattering have been made, the transfer &fe€ and density variations, and Doppler effect due to the gas
line radiation with shifted frequency is not well understood. flow in plasma.
Fernandez and Reinnisthave made an attempt to formu- The frequencies of incident and scattered waves are re-
late the theory of stimulated Raman scattering with radiativéated by
transfer equation for specific intensities.

In this paper, we have made an attempt to study stimu-

lated Raman scattering of the water maser line with Shifte%herewo », and w, are the frequencies of incident, scat-

frequt_ancy. A practical gpplicatio_n of this theory is aimed ©tered and longitudinal waves, respectively. The frequency of
gxplaln the extreme hlgh—velocny.features of water masetye longitudinal wave is determined by the dispersion rela-
lines at 22.235 GHz in the galactic nucleus of NGC 42584i0n

The high-velocity features of this line appears separated by

1000 km st from the main component of the water maser w5= w5+ 3vk], 2
line. Though the recent Very Long Baseline Interferometry

(VLBI) observations showed some evidence of this compovvherevtzszT/me and wf,e=477NeeZ/me, e andm, are the
nent arising from the rotating disk, all the observati¢fts ~ charge and mass of electraN, and T are the density and
example, the weakness of the compongate not necessar- temperature of electron plasma, akg is the Boltzmann
ily well explained by the rotating disk modélThe beaming  constant.

of Raman maser is discussed in Sec. Il. The radiative transfer For the case w;<wg, we can approximateks
equations for stimulated Raman scattering are derived ang 2w coséz/c and 6;=(7— 0,)/2, where 65 is the angle
solved in Sec. lll. Further we discuss the limitation and ap-betweenk, andks, and 6, is the angle betweek, andk,,
plicability of our model to the astrophysical maser phenom-andc is the speed of light. Therefore, the dispersion relation
enon in Sec. IV. can be transformed as

W1= Wo— W3, (1)
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w5= w5+ 6(v{/c?) w§(1—Cosb;). (3 V-E=4me(N;—N,), (10
In astrophysical plasmas, density and temperature of the 1B
plasma are not constant in space, and hence the resonance VXE=— ot (13)
frequency varies along the propagation path of the waves.
In addition, the Doppler effect due to the gas flow in 47 1 0E
plasma changes the frequency, which can be expressed in the VxB= T] + c (12

rest frame as
Equationq8) and(9) are the electron continuity and momen-
tum equations, respectively. Equatidh0) is the Poisson
wherev is the velocity of the plasma in the rest frame, andequation. The last two, Eq$ll) and (12), are Maxwell’s
Ny and i, are the unit vectors representing the propagatiorequations. Her& andB are the electric and magnetic fields
directions of incident and scattered waves, respectively.  of the waves involved in the three-wave process.

The frequency shift along the coordinase which is Taking curl on the both sides of EL1) and substituting
taken in the direction of scattered wave, can be expressed &s). (12) for VX B, we get

2

dwl ~ N n N J°E 2 0"]
E=w0(n1‘V)(v-n0/c)—wm(nl~V)(v~n1/c) sz te VX(VXE)+47TE=0. (13
— (A V)ws, (5)  LetNg=Ng+ SN andN;= N, be the electron and ion densi-

ties, respectively, wheréN is the electron density perturba-

where w4q is the original value of frequency,. The first tion induced by th q tive f f th diati
two terms on the right-hand-side represent the frequencjOn induced Dy the ponderomotive force of the radiation

change due to Doppler motion of the gas, and third term i |eId,.and Ny is the stationary background neutralizing ion
due to the density and temperature changes in plasma. density. o i

The transfer of line radiation in the moving medium has The current density is defined as
been well studied and an approximation of large velocity  j=e(N;v;— Ngv,). (14)

gradient has been developed. For example, for a sphericall_?[ ] ) o o
expanding cloud, the Doppler terfim this casas,= w,) can aking the time derivative gfand substituting into Eq13),

be written as we get
2
dow wo dv IE Y d(6Nv)
(E) :-a(cosgl_l), (6) W_I—C VX(VXE)—47TGNOE—47TG a Y
Doppler (15)

where we have taken theaxis parallel to the direction of
incident radiation, which is considered to be the direction o
maximum optical depthf;=0). The frequency of the scat-
tered radiation is not influenced by the Doppler motion of the ~ dN=—7—_V-E. (16)
matter in the case of pure-forward scattering.

The density-temperature gradient term can be written ilJsing Egs.(9) and (16), Eq. (15 can be written as

1From Eq.(10), we find

unit of (wg/c) (dv/dr) as 2
J°E 2 2 No ,
do wo dv WJFC V><(V><E)+wpeE—3N—vTV(V-E)
—_— =— ——[cos#{a,+b,(1—cosb,)} e
ds/,_; ¢ dr )

B Wpe d(SNv)
+5in6; cosey{a,+b,(1— cosy)} =—4m7eNy(V-VVv+ V) — T(VX B)+4me pramt
+sing, sing,{a,+by(1—cosh,)}], (7) a7

where vectorsa and b are the nondimensional parameters,Now, using v(V-v)=(1/2)Vv?—vXx(VXv) and VXv
which are proportional to the densifg) and temperaturéb) =eB/(mq),® Eq. (17) can be written as
gradients. 2
’E , _,_ 3No, )
W_ \Y E—EN—eVTV(V~E)+a)peE
Il. STIMULATED RAMAN SCATTERING OF MASER HVWV -E)
vV
The fundamental set of equations for the study of stimu- =~ ——— —27€ NoVvZ—4meNgrV. (18
lated Raman scattering in the plasma medium are
N We use plane-wave approximatfosuch as
&te +V-(Ngv) =0, (8) 1 _
Ert=5 X {E(rpeltin
il V—eEl B 32VN 9 -
E'l'v- V__m_e +EV>< _N_eVT e~ VoV, ( ) +Ei*(r,t)e_i(“’it_ki ~r)} (19)
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and a similar approximation for the electron motions: upshifted waves never grow. However, the resonance can
occur for either of the upshifted or downshifted components
v(r,t)= 2 {Vl(f t)el(@it=ki 1) in general, but both the components appear only in the case

of pure-forward scatterind.

For the longitudinal wave, Landau damping is more ef-
ficient than the binary collisional damping. The Landau
In Egs.(19) and(20) the amplitudess; andv; are the slowly  damping rate of the plasma wave is given by
varying functions of space and time, whereO, 1, 2 and 3

+vi*(r,t)e“(‘°it‘ki Y, (20)

1/2
stand for incident(pump wave (q,wg), Stokes mode F=(— (@pew 3)3e X — w2/(2|ks|v7)?2]. (27)
(ky, ), anti-Stokes modekp, , ,) and longitudinal plasma 8/ (lkglvr
wave (K3, ws), respectively. In the steady state, Eq&3), (24) and (26) reduces to

The stimulated Raman scattering instability excites reso-

nantly when the following phase matching conditions are  9Eo  Co a
N —=——Ey— —E,Ej, (28
satisfied: IXg c c
w1= 0o~ w3, Ki=Ko—kKs, (213 JE, C1 a
—— =~ Eot —EoE3, (29
w2=wo+ w3z, k2:k0+ k3. (Zlb) axl c c
The growth rate of instability is given By
g yis g \ E,m Eo 30
12 F+
_k3V0 ﬂa (22)
Y73 wy) where we have assumed incident wave and scattered wave

. : . larized in th directiorty(=0). EliminatingE
wherevy=eE,/(mew,) is the quiver velocity of the elec- E(reetv\?:e?\”tzhi éraizc;)saarr:ée@é)resvéom(d ) Eliminating &,
trons in the incident radiation field. ’

Using the first-order approximatiomo the electron mo- JEy  Co aa
tion we find the transfer equations for electric field ampli- ~ gx,~ ¢ © (F+c )
tudes: for the incident radiatiofpump

|E1|Eo. (31

The complex conjugate of E¢31) is given by

o % B a(EsE E,E% *
at CaT_ CoEo— a(E Ezcosy; — E;E5 cosyy), JED :_@ES aa IE,%E2 @2
(23 2% c (F+c )
for the Stokes mode Multiplying Eq. (31) by E§ and Eq.(32) by E,, and adding,
we get
JEy 9B . )
p +C(9_X1__C1El+aEOE3 CcoSyq, (29 ﬁ:—ﬁ| - 2aas . 33
%o c % c(T+cy TO

for the anti-Stokes mode

JE,  JE, .
7+C0_x22 —CoE,— aE(E] cosy, (25

Similarly from Eg.(29), we find

0"'1 201 2&’&’3

e arrey ol 133

and for the longitudinal wave

wherel ,=|Eo|? andl,=|E,|? are the intensities of the inci-
JEs  OEs

— tvy—= —C3E3+ a3(EET cosyy dent and scattered waves. In E§3) the first term on the
at IX3 right-hand-side represent the free—free collisional damping.
+E,EX cosyy), (26) While the second term in E33a represents stimulated

absorption of the incident radiation and in E83b) it rep-

wherec; = (wpe/ w;)?v (1=0,1,2,3) represents the free—free resents the stimulated emission of the scattered radiation.
dampmg process and the electron-ion collision frequency

—4mnetInA/MV3.  The  coefficients are o /- Solution of Eq. (33)
= k3e/(4mew0), a3=w§ea/(wow3). Herevg=3v$k3/w3 is When the amplitudes df, andl, are not too large, we
the group velocity of longitudinal wave anf] (i=1 or 2 is  solve Eq.(33) numerically. But wherl, andl, are too large
the angle betweei, andE; or E,. The coordinate; (i we can ignore the collisional damping terms and find the
=0,1,2,3) represent the direction of propagation of eachanalytical solutions.
wave. The direction of propagation of the incident and the scat-
Only the frequency downshifted compone(Btokes tered waves in the thick and the thin plasma media are shown
mode is excited, and the upshifted componganti-Stokes  in Fig. 1. Letd be the angle between the coordinatgsand
is not amplified at the general scattering angles even if it i, , then we havex,=Xx, cosé, and Eq.(33) becomes
resonant®!? |t should be noted that the second terms on the
right-hand-side of Eqs(24) and (25) are plus and minus. ﬁ:_cos(e) |
This means that only the downshifted waves grow, but the — ds

: (349

0
+ —I4l
Ag L0
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(a) Thick Plasma

Scattered radiation -10

Incident radiation

(b) Thin Plasma 0

Scattered radiation

FIG. 2. The incident wave intensity; /| . and scattered wave intensity/I .
vs s in the case thick plasma medium at different scattering angles

FIG. 1. The scattering geometry of the incident maser radiation in the casg +20° 140°, 160° and 1801, is a normalization constant and the param-

of thick plasma(a) and thin plasmdb) media. eters=(2vcwpe/Cwo) Xy -

Incident radiation

When the stimulated absorption lgf and emission of;

% L ﬁ N EI | (34b) are very large compared to free—free absorption rates we can
ds Ap ' A, YO ignore the collisional damping terms in E(3), therefore,
we have
where ds=Aydx;, Ag=2c¢y/c, Bg=aaz/{c(I"+c3)}, A di 5
=2c,/c, andB,=Bj. 20 cog )2, 36
Defining Wo=log(l/I) andW,=log(l,/lo), wherel. is ds e )Ao 1o (363
a normalization constant, we write E@4) as di. B
1 1
aw, B, s A—OIOI 1. (36b)
——=—cog0)| 1+ I expWy)|, (359 _ _ . .
ds Ao Solutions of Eq.(36) can easily be obtained using the fol-

lowing convenient transformatiorts:

ds A, A—OlceXP(Wo)- (35b) y _B1| U~ B0| 3
0= p, 0" 1—0030)A—0 1 (37
We numerically solve Eq(35) using the plasma density,
=3x10°cm 3, the electron temperatur€=4200K, fre-
quency of the incident radiatiomy=22.235GHz andl
:AO/BO .

The incident and the scattered wave intensities as func- 10 ' 6= 11232:'
tions of s, at different values of the scattering angte 1400
=120°, 140°, 160° and 180° in a thick plasma medium, are log(lyle) e
plotted in Fig. 2. Ats=0, we started with initial conditions o
lo/l;=1 andl;/1,=10 %0 As s increases scattered wave
intensity grows much faster than incident wave intensity, in-
dicating transfer of energy from the incident wave to the
scattered wave. At largg say 3.6, and/=180°, intensity of
the incident wave becomes very large, consequently, the
scattered mode also becomes much stronger. The rargye of
over which the incident and the scattered waves interact,
increases with decreasirgy Similarly, Fig. 3 shows the in-
cident wave and the scattered wave intensities as functions of
s, at different values of the scattering angle 120°, 140°, 0 0.5 1
160° and 180° in the case of thin plasma medium. Again at s
=0, We_g,sotarted with initial conditionsollc_= 10° .and FIG. 3. The incident wave intensity /I . and scattered wave intensity/|
|1/|9=Z_I.O . Atlarges, say 1, andg=180°, intensity of vs s in the case thin plasma medicum at different scattering anéles
the incident wave becomes very large, consequently, scat:120°, 140°, 160° and 1801, is a normalization constant and the param-
tered mode also becomes much stronger. eters=(2v,wpe/Cwg)X; -

Now, Eq.(36) becomes
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' ' then the energy transfer can take place between the two ma-
ser beams. In this process, the longitudinal wave produced
by the backward scattering of the incident radiation is ex-
actly frequency matched with the upshifted scattered wave
produced by the other incident radiation. The threshold con-
dition for the backward Raman scattering is

C(C(g
Wi, = e, |Eol? cod > 1. (41)
1C3

The frequencies of the two intersecting maser beams
need not be exactly the same. The threshold condition im-
plies that the intersecting angle of two masers has an allow-
ance of aboutt 10° becausé&; andk; have a beam angle of
this order of magnitude.

S In this case, the transfer equations become very similar
to Eqgs.(24)—(26) as

FIG. 4. Energy transfer between the coupled modég(§) corresponding

to the pump waveand the parametes=(2v.wpe/Cwg)X; . 9E, 9E,
Tﬂ:a_xl: —C1E;+ aE(E} cosyy, (42
JE} JE}
dU _2 _2 _ ’r =% ’
dSo —_U,U,, (389 o te 7, C,E;— aEGE] cosy, (43
du, and
E = U0U1. (38b) §E3 (9E3 .
_ _ r vga7= —C3E3+ a3(EgE] cosy,
In the case of forward Raman scattering, we can define a 8
constant of motion +ELEL* cosiy), (44)
Uo(s)+U(s)=m=Uy(0) +U,(0), (39  where the primed quantities are for the second maser beam,
the solutions of Eq(38) can then be written as gnd ké'— ko=ks. In this process, the perfect pha§e matching
is achieved for both the upshifted and downshifted compo-
Ug(s)= mUo(0) (403 nents, and we can repeat the analysis similar to the former
0 Uy(0)+U4(0)exp(ms)’ treatment(Sec. Ill). The growth rate is obtained as
mUy(0) s |Eol® Bol®
Uy(s)= 02(0) Uo(O)expg—m9) (40b) s cos i, — . cos b | cq. (45)

The s dependence of the solutions is depicted in Fig. 4. WeFor ¢, = ¢»,=0, the threshold condition is
notice that the energy from the pump will get monotonically
, aag
transferred to the scattered mode. (|Eo|2_|E0|2) —2co>1. (46)
Cs

B. Production of the anti-Stokes component by . . . .
intersecting masers Therefore in order to excite the upshifted component the in-

) ] ) . tensity of the first incident maser must be greater than the
It is clear from the previous section that the dOW”Sh'ﬂedintensity of the second maser.

component can be easily created in astrophysical conditions.

However, the upshifted component can only .be produced N, RESTRICTIONS OF THE THEORY

the forward Raman scattering, which requires brightness

temperature of the order of 4K, and it is impossible to We have not included the incoherency effect due to the

reach in astrophysical masers. incident maser radiation. The bandwidth and maser beam
We propose a special mechanism by invoking an inhosolid angle determine the coherence scale length. If we take

mogeneity in the plasma to explain the upshifted featureshe maser beam solid angle to be fGnd the bandwidth of

seen in the spectrum of NGC 4258. The possibility of en-1 km/s, we can evaluate the coherency length approximately

hancing the forward scattering by the backward scattering ims L.=\(AQ) ! or L,=\c/Avo~10*—1C\, whereX is

the plasma, which has parabolic density profif® or by  the wavelength of the maser radiation. The Landau damping

coupling Raman scattering with Brillouin scattering in the time of the longitudinal plasma wave is one order of magni-

backward scatterirt§ has been known from the experiments tude higher than the coherence time scalelQ °s) of the

on laser-plasma interactions in the laboratory plasma. incident radiation. Hence the monochromatic approximation
Suppose two maser beams are intersecting in the plasmased in the present analysis seems to be a good approxima-

If the maser beams are intersecting in such a way that thetyjon. The effect of incoherence on the growth rate of stimu-

produce the same longitudinal wave at the same directiorlated Raman scattering is discussed in Ref. 11. The second
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