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ABSTRACT. The probability for coalescence of electrostatic Bernstein mo-
des propagating obliquely to an smbient magnetic field and having random pha-
ses 1s evaluated in a kinetic weak turbulence description. Using knowledge of
dispersion from linear theory and of the saturation spectrum of the waves in a
temperature anisotropy instability from numerical simulation (Gitomer et al.,
1972 ), the brightness temperature Tb of the emitted high-frequency electro-
magnetic waves is calculated. Rather crude approximations are necessary when
evaluating the probability, nevertheless the result is considered to permit a
reliable order of magnitude estimate - usually sufficient in astrophysical ap-
plications. Characteristic parameter values of the outer corona give T5<10 2K.

APKOCTHAA TEMIIEPATYPA SJAEKTPOMAHUTHOI'O M3JAVYEHMA ONPELEJNEHA M3 BOJH
BEPHUTEAHA PACTIPOCTPAHSXIMXCA INOJ YVT'IOM B KOPOHAJNBHOR ILIABME: B paukax Teopxu
cxa6off TypOyZeHTHOCTN BHYMCAEHE BePOSTHOCTH CAMSENS 9XEKTPOCTATHUECKMX BOAH
Bepumredina, pacnpoCTPAHSXMMXCHA MOX YyrAOM X BHeMHeMy MACHMTHOMY moav. Ycmnoabsys
auHefliHOe AMCOEDPCNMOHHOE COOTHOMEHNE M ualneanui B pa6ore Gitomer x 6p.(1972),
YpoBeHb HaCHmeHMS HeyCToRuMBOCTH, OCycaoBAeHHOR aHusoTponxel TemmepaTypH, MM
onmpeneaMaAx APKOCTHYD TEMIEPATYDY OXEeKTDOMATHHTHOrO MsxyueHus T . Hecmorps ma
TO, 4YTO NPM BHYMCACHMM BEPOATHOCTH OHAK CHSASEN BeCbM@ CHIAIbBHHE YNPOMEHMS, @O~
AyyeHH pesyABTaAT R8eT BOSMORHOCTDb ONeHNTh T N0 NMOPAAKY BeAHUMHH, YTO OGHYHO

OHBaeT RZOCTATOYHO B ACTPOJMBMYECKHX MPHAOXEHNSX. [Jad BepxHeR XOpOHN OmAO NOAY-
YeHO 8HavYeHMe Tb<=1012 %K.

URSENIE JASOVEJ TEPLOTY ELEKTROMAGNETICKEHO ZIARENIA V KORONE, ZO SIKMEHO
PRECHODU BERNSTEINOVYCH VIN CEZ KORONALNU PLAZMU: Pomocou tedrie slabej turbu-
lencie, boli vypo&ftané pravdepodobnosti zluZovania vin typu Bernsteina. Uva-
Zovany bol pripsd B3ikmého (k smeru vonkajdieho magnetického pola) prechodu
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Bernsteinovych vin. Jasové teplota Tb bola polfitand z linedrneho disperzného
vztahu, prifom anizotropia teploty urlovala hladinu nasytenia nestability
(Gitomer a i., 1972). Odhliadnuc od toho, Ze pri vypodte pravdepodobnosti sa
vychédzalo zo silného zjednodulenia problému, ziskany vysledok umoZiiuje urdit
réd hodnoty Jasovej teploty, &o zvyZajne stal{ pre astrofyzikdlne aplikdcie.
Pre horni kordnu bola zistené hodnota Tb<10’2 k.

1. INTRODUCTION

It has been argued in the companion paper (Kliem, 1986) that electrosta-
tic electron cyclotron harmonic waves (e.s, ECW) - a generalization of Bern-
stein waves at oblique propagation angles 0<|6 = arc tan(kl/kf)=%/2 - might
be of importeance in certain events of nonthermal radio burst emission from the
outer corona with brightness temperatures up to T,~ 10‘04(. We shall consider
here e.s. ECW that were excited in a compressed plasma with P 'wp /w 2t and
sufficiently snisotropic temperature, A = T1/TnZ 3 initially, and that grew in
a few cyclotron periods to the saturation level Esat' being maintained at this
level by further perpendicular compression or decaying slowly on the collisio-
nal time scale. Due to fast wave growth the plasma can be characterized by
A<3 most of the time, therefore only the branch below w c possessing the lo-
west instability threshold (AX3) need be considered. Linear theory shows
that th1e ranges of unstable wavenumberog and frequencies are, respectively, 1/2
0.1 rc Sky, Ikﬂll"'o 5 1y, 0.5=W/wW 51, where r, = Vy /Wy, vy = (Ti/m)

and @’ (k 2) -w will be used to denote e.s. ECW. The un§tab1e region of the
dispersi.on surface is well aproximated byw (g‘) =W, o+ vg k, =@ (1 - 0.23
(kyy T, y3/2, k, r,) (numerical values shift slight.ly upward for P>1 ). Numeri-
cal simulation (Gitomer et al., 1972) has shown that Egy ¢ (&, ) scatters rather
irregularly inside the unstable domain about the mean value E' t'/B?t nTy = '~
6.10"4, For order of magnitude estimates E, t(k ) = Esat may be used. The ther-
mal level of e.s. ECW would be E2/8.IL nTNg(g - 80 called plasma parameter S10 -8
in the outer corona).

Coalescence 0'+ 6'— 0 of two e.s. ECW (¢'=7') into an e.m. mode ¢ = 0, x
is considered within the framework of standard weak turbulence descriptions
(e.g. Melrose, 1980; Smith, 1970). The nonlinear current density describing the
coupling of linear modes in a megnetized plasma is usually ceslculated in hydro-
dynamic approximation owing to mathematical difficulties. Very general and com-
plocated formulae have been written down by Sauer (1972) and Melrose and Sy
(1972) who used the Vliasov equation for magnetized plasma. Sauer (1972) has
slso been able to evaluate expressions exactly for perpendicular or parallel
propagation of (both) modes O', 0", Obliquely propagating modes that are ab-
sent in hydrodynamic plasma description are to be treated here. Only electron
dynamics must be taken into account.
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2. COALESCENCE PROBABILITY

Introduce a pertubation expension F = FO +Fy +F, + ..., Fs+1 <<Fs’ for
any quantity F = £(x, v, t); E(x, t); B(x, t) into Vliasov-Maxwell equations
and define the Fourier decomposition for a stationary snd homogeneous situati-
on.

F(x, t) =ﬂ axdw F(g,w)ei(s-x. ~wt) M)
We have E; = 0, B, = B, = ... = 0. The essence of linear theory is the wave

equation D(k,w). E,(k,w) = 0, where det(D) = 0 gives dispersion, and the re-
lation

£,(x, ¥, t) = (e/m)c™! B (x, t) .YV £, (2)
where the "inverse Vlasov operator G"" meens integration along unpertubed

particle trajectories (cf. Krall and Trivelpiece, 1973, eq. (8.8.5)). In se-
cond order

- -1 - 2)
£,(x,%,t) = (e/m)G {gz Vo to* B Ty fi}_f(z),,,( )
The second term represents the coupling of linear normal modes (67, 0") and

gives rise to the nonlinear current density ;1(2 . The wave equation takes on
the form D.E, = - (4T i/w );1(2 )(L, w)., We write down explicitely

t
£ = (e/n) [ av o EEE IOV g 0 Vo) @)

t
£02)(,y,0) = (e/m)j av o[k (-*-"""“’("“')]ﬂ d3k1dc.u1ﬂ Sryaw, .

- kgl ) A0y = c0p) By Ky, @) - Vs £y 06,00, 0) (5)

The unperturbed trajectories in B, sre x’(t’) with boundary condition x’(t) =
= X. Introduce the abbreviation #, = (gi,wi) and the vector U (X, x,, 3{2)
by

‘1(2) (%) = -en fd3v !f(2) =ﬁ aR,ad, I(3-R,-%,) E (%)E (%)M (6)

The space and time averaged power density, P, of groeth of §2 (emission in
mode 6 ), calculated as the work done by j ) against its self consistent
field gz, may be shown to be

(2‘55)'3jd3k P% (x)

P =
1lim 27 6 3 6 6 % (2) 6 2
“n vpe B x| £ @10 @) )
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in the approximation of a lossless plasma (Melrose, 1980; Smith, 1970). Here
go- (k) is the polarization vector of made ¥ and R; (k) is the corresponding
ratio of electric to total wave energy at k (cf. Melrose, 1980, eq. (2.93)).
With the random phase approximation, writtm here as E1 (M- )E1 (a(.’ )

= | By (%12 TV )" Ty- #)), and with By (%, ;) = B «rcw 2-w "(ky,,))
the spectral power density becomes ’

1lim —~\8 -
(23)° & 3, a3 ¢ 6 o
P (k) = Vb""‘ vg RE (k)fj a°k, a7k, f(k~k1-k2) J'(w!-wk1-wk2) .

. e (k)Ulz\Ek] | ""l @)

By rewriting this equation in the language of the semi-classical formalism
(e.g. Melrose, 1980) the coalescence probability is obtained (} - Planck’s
constent)

G en_ Y R AR AN 2
" kg 1e<2u>mx-;,-gz>f(wk-wkl- w£2> £ w.uf.
I c-l
For 6"= ' g factor (1/2) must be added to this expression. We have approxi-
mated the dispersion w’k and the spectrum l Ek l in Sec. 1; w K’ e (k)

end RE (k) are known (sel’nelrose, 1980; Helrose and Sy, 1972) so that we now
have to determine U(k,k.k,) by evaluating (4) end (5). Since A3 end w0’ r (&)
depends only weakly on A (remember the approximation of loasless plasma), we
may chooae £, to be the isotropic Maxwellian (A = 1): fu(v) = (2Rvy 2y /2,

« exp(=v /2't ). The integration along the unperturbed tra:jectories

= (v /w, )sin(wc(t’-t) +¥) - (w/cw, )sin¥ + x,

y' = =(vw/w,deos(w (t2=t) + ¥) + (vp/cw Jeos ¥+ y,2° = v(t'-t) + 2

becomes elementary with the usual expansion of exp [i(kl vy /e, )sin ‘f’] into a
Bessel function series know from linear dispersion theory. Great simplifica-
tion is achieved by utilizing the freedom to choose ky = 0, lg‘ - ki, here
(which will later be k, = 0). (This breaks the usual symmetry of w’” ", sin-
ce kyy # 0, ky # 0 then in general.)

E, (k)
2106y, ) = 1 —jm: 1k f“(v){1 oy “1{kevi/oo, Jsin,
. t

2 an (v, /eo) &2 } (10)

ky vy ~w+new

This function will be integrated over dt’ in (5) and then further in (6) over
¥ dv, d¥ v, dv, where fll effectively cuts the integration for v, , ;> 2vt.
Consider the integrals in the following order: dv, , d¥, dv, , dt’. The con-
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tributions of the resonances give the plasma dispersion function Z((cww - n e, )
/21/ k; v )1 for real argument. Most terms vanish under the integration d “f.
As compared to the contribution from unity in (10),~ 10 terms of order <! sur-
vive in the remaining sum with different signs. Since later on we will only
integrate over f,, f,, multiplied by smoothly varying functions, and do not
take derivatives or divide by expressions derived from f‘, we may obtain or-
der of magnitude results by (drastically) approximating

£, k¥, w)xi(e/av,?) (E/k) tM(v) (1)

¥With negligible loss of accuracy we may put k g 0 in the exponential term
in (5), end after the now simple integration dt’ we may also put w-k, v, N w
(because ‘;l«l_, 2| )+ The result is already

?

22, y,0) = - (em-vtz)'1 1’“(v)”¢;lat‘l an, F(x-a %),

. B (% )5, (%, 0.y (12)
and we identify
o , 3 B/uT ( w
k,k:,k = k, tw- ik, W ik, _w + k
=\=3=2 k1k2(w2 -w?) 1x ly ¢? 1Ix ¢ ly
€
kyy (02 ~w 2)ew), = (k) (13)

The function lg"-"r (g).g]"’ simplifies considerably for k, = 0 or k; = 0. We
write the result for 6= 0, k; = 0 in which case the resulting Tb turns out
to be higher than in the other 3 complementary cases (within one order of
megnitude ): [_e_ XK (k ).gl = 2"/21;,&/(1:,1:2( o +eo ).

3. BRIGHTNESS TEMPERATURE

We must now integrate (d3k1) over the saturation spectrum in (8). The

function o’v(w &k' - wol;- 1) is rewritten as

za”(wl - 2wl1)=¢l"(ku -k o2 v:' (_151)1 , where vgJ: (k)=

-3/2 6 6
& - 0.23(ky 1,072, | and o (ky, o(kyy , Ky )y Kyy) =05 ()2, for ky = 0,

which we choose here for demostration (and maximum T,b)' The remaining integral
is

J dky k170 /(x,2 k2 |v |)~ -1 (14)

to a good approximation. With unstable ares ~1/4rc2 in the kl " -k1l - plane
we have
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PO (k  )=32 (270 (3a°r 21, /0T )2 129 Tl 2Y2 (141 )"2ng (xy), ~ (15)
Y= wc/wo(k" )0

For parameters such that £f_ = 61 MHz, fc = 56 MHz, Ven T c¢/50, and A = 5 one
has (e3ﬁzr§ T,/mT)2 1.5 1074 erg cm'3vti .

The corresponding brightness temperature is for optical thin radiation
T8 (k) = (vg (&) PT (&) ‘ (16)

where vP(k) is the group velocity of modeS . For the source depth we have
from the paper Kliem (1986): 1<5.10% cm (for the same parameter values). At
a frequency of observation of f = 80 MHz we get finally

™ (k,) <10'2 K

Evaluating sbsoption in a similar manner, it is confirmed that the optical
depth T %(k,) ~ 1.3 1077 em™'.1 remains small. Details will be presented in a
later publication (Kliem, 1986a, in preparation).
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