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Abstract. Time delays between opposite polarizations, interpreted byfereince between the ordinary and extraordinary
modes, are studied. Twoftirent density and magnetic field models are used, and three emission mechanisms generating radio
waves in double upper-hybrid, plasma, and gyro frequencies are considered. It is found that time delays and their spectra can
reach various values and forms depending on plasma parameters in the radio wave emission and propagation. For the emission
in double upper-hybrid frequency the considerable decrease of the time delay is due to an increase of the electron plasma
density in the radio wave generation. In a dense flare plasma the poweinfiéxe time delay spectrum is negative. On the

other hand, in a diluted plasnabecomes positive, but in this case it is much lower than observed for dm-pulsatien3)(
Furthermore model values are compared with the time delays presented by Fleishman et al. (2002), and it is shown that the best
agreement is with the model assuming the emission on double gyro-frequency. But, in this case the gyro-resonant absorption
limits the angle for escape of radio wavesita< 3—10. Finally, an dfect of the diference of the group and light velocities on

the frequency drift is analyzed. It is shown that such fé@at can be important for wave propagation along magnetic field lines

at frequencies close to the plasma frequency.
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1. Introduction of the original radio signal can generate the delay. But it is

not clear how the mode coupling can cause the time delay. For
- . : rocesses connected with the wave reflection in deeper atmo-
duce millisecond fine structures (Slottje 1981; Gudel & Be heric layers, in principle, they can produce these time delays,

1988; Allaart et al. 1990; Isliker & Benz 1994;rifika et al. . . .
! ’ ’ but in this case reflected radio waves are strongly attenuated at
2001; Fu et al. 2000). Some of them appear as quasiperiqgl'I gy

. . . L§9ers close to the reflection.
pulsations. The short time scale of the pulsations can be nat "Fleishman et al. (2002) analyzed two events demonstratin
rally interpreted in terms of the pulsating mode of the underl ' y 9

ing coherent emission mechanism (Aschwanden 1987). %erlodlc narrowband millisecond pulsations of radio emission

This paper analvzes events with a time delay between both in intensity and polarization degree. Large time delays be-
pap y y Ween L-and R-polarization components were found, of 20 ms.

?oorsgglaprorlggizoagoi'llse.sTgir?zr?;%iiilgzﬂ?(tlg;s?)bfi i?}jt;dr;ﬂTpe radio emission was shown to be generated as unpolarized
PIKES. Ey a plasma mechanism at the second harmonic of the upper-

small delay (of the order of 100s) between dferent spike hvbrid f Ob d ilati f the radiati |
olarizations. They concluded that radio spikes are genera.tgc?.” requency. Observed oscillations of the radiation polar-
P ' ion degree arose due to a delay between group velocities

in their source as fully polarized while the observed polari e
! Ir sou s Iully polanzed whi SErved polanzgs extraordinary and ordinary modes along the propagation

tion degree arises in aféirent region in the corona where the ath. The simple theoretical model predicted a dependence of
plasma frequency and gyrofrequency are much less than #?ggroup delay on frequency &s°

spike frequency. Zlobec & Karligk{1998) and Wang et al. . .
(2000) reported delays for solar radio spikes up to 2-8 ms A delay between ordinary and extraordinary waves must

Zlobec & Karlicky (1998) assumed that the time delay Caﬂr'ise_in magnetized plasma due to th(_e_wave dispersion provid-
be explained by dierent trajectories with élierent lengths for Ing different values of the group velocities of o- and x—wavgs. :
ordinary (o) and extraordinary (x) modes. Chernov & Zlobec 1he expected group delay between the two magnetoionic

(1995) reported larger delays for fiber bursts and zebras uggdes at the frequenay is easy to find from the general
0.1 s. They supposed that the mode coupling and the reflectfgiPr€Ssion

Decimetric and microwave solar radio bursts frequently pr

ori (1 1
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whereuy, v, are the group velocities of the extraordinary and or-
dinary waves, respectivelg;is the coordinate along the prop-
agation pathg, is the coordinate of the wave generation re-

gion. A full integration of the integral (1) in specific models o
of the solar atmosphere has not been made up to now. In pre-
vious studies, for simplicity, this integral has been only esti- >
mated by a multiplication of the term (i — 1/v,) by an dfec-

tive scale of the gradual coronal inhomogeneity, neglecting the
frequency dependence. Computations of the group delay using

this method have been made, e.g. in the paper by Fleishman

et al. (2002). They assumed that the radio emission is gener-
ated on a fixed frequency in a homogenous source and that is
why this model is not suitable for the analysis of spectral char-

acteristics of the time delays. In the following paper the authors 1,0+
(Melnikov et al. 2002) tried to include théfect of a source in-
homogeneity on spectral characteristics of the time delay, but 0,8+
without specific models of the solar atmosphere.
In the present paper we compute the time delay of ordinary 0.6+ .
and extraordinary polarized components of the radio emission Q //'
caused by a dlierence of their group velocities in various mod- S 044 K
els of the solar atmosphere. For the first time the dependence ;
of 5y (see Eq. (1)) on radiation mechanism and frequency are 021 1
considered. ool i
: /109
2:0 2:5 3:0 3:5 4:0

2. Basic equations
Fig. 1. The dependence of the ratio of group and light velocities on

The group velocities of electromagnetic waves can be @Xquency:a) for the extraordinary modeg) for the ordinary mode.

pressed as (Zheleznyakov 1996): The solid line -9 = 0, the dashed line 4 = 45°, and dotted line -
c 6 = 90°. In the computations, = 2 x 10° s, wg = 10° s were
Uox = PoRe00y) * used.
ow
wherec is the speed of light and Real values of velocities for the extraordinary mode are ob-
, B tained for frequencies > 1( /w3 + 4w3 + wg) , and for the
Mox =1- 2 05 S ordinary mode fow > wyp; in both cases for several values of
(—1)W(7 sin™ 0 + u8200829) +B- Esmze the angles.

PP U w2/ B 1t 3 is the elect It can be seen that the group velocity of the ordinary mode
v _”.‘”P/‘”f’ U= wg/w’, B= +'Zr: v ZI_ v/w,v :S €e ecdron close to the limit frequency increases considerably in a tran-
collision frequencywp, wg are the electron plasma and gyrQ;qp, ¢4 the quasi-parallel wave propagation. In the following

frequenpief§6|(jis tkle 1""?9'6 betv;een :jr:}e_prgp;agation gatk;far& mputations the dependence of the group velocity on the an-
magnetic fieldw = 1 for x-mode andv = 2 for o-mode. It 0 g considered.

v < wthen In the quasi-parallel case, i.e. when the following condi-
cd(2 - 20? + (-1)"d — usir?6)¥2 VR @) tions are fulfilled
o= A ’ usin’*6 .
where 2cogg <17
usir? 6
R=2-6v?+ 4" + (-1)"d - usirf, |1+ (-1)" | Vucosd [|> 1oy

A= —2(-1)"U(-2(1— 1?2 co2 8(4 — 5% + 1 — 2usir? 6) the group velocities can be expressed as

+usin* (=2 + 3v? + usir? §)) + d(4(1- v?)? 2¢(1 + (—1)” vucosd)? /1 — m
2\2 ; 2 ; - .
+4u(1 - v?)% cog 0 + usir? (-4 + 6v% + 2usir? 6)), box = —— (1) V(41 ) cosd 1 2000

" — The approximate values of the group velocities validddr>
d= \/U(4(1‘ v?)2 €0 6 + usin” 6). w2, w} can be derived as follows:

In Fig. 1 the dependencies of the ratio of group and light veloc- c 3
ities on frequency, computed using the relation (2), are showk? ~ 7., (=1)2v \/Gcosg' )
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Equation (I) together with Eq. (3) provides wherehy is the height at which the plasma frequency equals
- to 27 fy0. In agreement with Bogod et al. (2001) we talkg =
= 2 f vucosdds. (4) 10°Hzathy = 1.5x10° cm, andTe = 2x 10’ K. Putting the re-
CJs lations (7)—(10) into the Egs. (5), the positienis determined

If the dependence a6 on frequency is neglected then from th@nd then the integral (1) can be computed. The integration is

relation (4) it follows that the time delay is proportionakso®. Made along the heiglit (s = h). In the first magnetic field
But 5 is a function of the frequency. The positiap can be model (relation (7)) the angle between the wave propagation
derived solving one of the following equations: direction and the magnetic field along the integration path is

determined according to the relation
Nwp(S0) = w,

2(h+rg)? — y?
Nws(S) = w, o(h) = arcco:{ ( i’ .
- - V(h+10)2 + y2 \J4(h + 1) — 2

N4/ =w, 5 . .

wp(S0) + wp(%0) = w ®) On the other hand, in the model expressed by the relation (8)
for various types of plasma emission and the equation the angley = 0 is assumed. Computations are performed in

the range of frequencies 2.81-2.89 GHz, because in this range

Txo(w, S0) = 1 (6) Fleishman et al. (2002) found results important for our study.

for the gyro-synchrotron emission, wherg, is the optical . o )
depth andh is the harmonic number. 3. Radio emission on double upper-hybrid

Now, let us consider some specific parametric models of thefrequency

solar atmosphere and some specific mechanisms of the ragine theories of nonthermal emission are based on the
wave generation. Based on these models and general forglleiostatic wave emission from a source at the double
las (1 and 2) we will determine the solar plasma parametersplfésma resonance, i.e. the upper hybrid frequengy

space of electromagnetic wave propagation and the time d€lay, 15 some harmonic of the electron cyclotron frequency:
for various wavelengths, i.e. the delay spectrum will be con-

structed. WuH = yJwi(S0) + w3(S) = Nws (Zheleznykov & Zlotnik
In the first model the magnetic field inducti@is taken 1975; Kuijpers 1975; Mollwo 1983; Winglee & Dulk 1986).
in the form of the vertical dipole, which is situated under theéimultaneously the case of a low-anisotropic plasaaX wg)

photosphere at the depth(see e.g. Gurman & House 1981) is assumed. In these conditions the kinetic instability has the
lowest threshold for a concentration of hot particles unstable at

B(h, y) = Bo(2r)3((h + ro)% + 4?) 2 /4(h +10)2 + y2. velocities which are perpendicular to the magnetic field. If con-
ditions of the double plasma resonance are fulfilled then nar-
Then its component alortgis rowband emissions are generated, which are observed e.g. in

5 s os y the case of spikes and pulsations. Therefore this type of emis-
B(h, y) = Bo(2r)*((h +10)* + ¥*)>%(2(+ 10> = 4?),  (7)  sion will be studied in detalil.
whereh is the height above the photospheydas the coordi- n Ipw-an|§otrop|c pIa_sma an escape of the_ extraordinary
mode in the first harmonic of plasma frequencigsand wg

nate along the solar surfacBy is the induction at distance. . S .. : .
. is.not possible (the refraction index is imaginary). At the first
Ymax = 2r. In computations the parameters were taken

S: ; : .
f=5x10°cm,ro=5x10° cm, y = O.1ymae Bo = 10 G, %_armomc ofthe_upper hybrid frequeneyy the escape is pos
. R . sible, but only in the narrow range of angléslose ton/2.
which corresponds to the magnetic field induction of 2500 G . : : . .
. . erefore, in the following the generation of radio waves in
the photospheric level. In other models the magnetic field v;gls

computed according to the formula by Dulk & McLean (197 e second harmonic of plasma frequencies will be considered

n=2).
h(cm) -15 Computed results of the time delaysand corresponding
B(h) =05 (7 = 1010) (G), (8) power indexesa for various atmospheric densities and mag-

netic fields are plotted in Fig. 2. While the time delay is com-
which is valid for height$ = 1.5 x 10°~7 x 101 cm. On the puted for 2.81 GHz, the power index was determined in the
other hand, the electron densityvas described using the for-2.81-2.89 GHz range. Values kfare hereinafter limited to
mula by Newkirk (1967), which includes a multiplication pawp > wg at heightss,.

rameterk It can be seen in Fig. 2, for the model 1 (solid line), that
in dense flare plasmas, wh&n> 2-3, the power index is
n(h) = k. 8.4 x 10% x 10*32/(1+/ra), (9) negative. On the other hand, in dilute plasmas the irade®-

h 7% 1010 Furth the b i | fcomes positive, but in this case is considerably lower than that
wherers = 7 x cm. Furthérmore, the barometric 1aw ol .o yicted from the simple formuta = (1/vx — 1/vo) X const

the electron density (or the plasma frequency) on height v\fés: 3) and lower than those observed in dm-pulsatians @)
considered as

(Fleishman et al. 2002). In the model 2 (dashed line) the time
h-hg ) WK delayr = 5 ms (for observed time delays see Introduction)

fp = Tpo exp(—gx 10%T, (10) corresponds t& = 4.5. The time delayr = 20 ms is not at
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Fig. 2. The time delayr and the power index in the functionr ~ Fig. 3. The time delayr and the power indea vs. the electron density

1/w? vs. the electron density expressed through the multiplication ga-the barometric solar atmosphere expressed by the multiplication
rameterk: (1) in the barometric solar atmosphere (relation (10)) witharametek, with the dipole magnetic field (the relation (7)).
the dipole magnetic field (relation (7)); (2) in the barometric solar at-
mosphere (10) with the magnetic field described by formula (8) (Dulk For this emission mechanism the time delays 100 us
& McLean 1978); (3) in the atmosphere where the electron densgnd 5 ms correspond fo = 3.2 and 2.0, respectively. Thus,
is described according to the Newkirk formula (9) and the magnegserved time delays can be reached by a variation of the elec-
field by the dipole one (relation (7)); and (4) in the atmosphere wifyy gensity in the solar atmosphere. As in previous cases a
the electron density according to the Newkirk formula (9) and trlfefcrease of the time delay needs to increase the electron den:
magnetic field expressed according to (8). The observed valuessﬂy It is important to mention that in computations, neglect-
7 =20 ms, 5ms, 10@s (see Introduction). o . iy . '
ing the generation position change depending on frequency

o _ (S = so(w)), the results would be opposite. Furthermore, the
(dotted line) the time delay = 5 ms corresponds o = 45.  power index is here always negative, which is in contradiction
Similarly, the time delayr = 20 ms cannot be reached in thgg the results shown by Fleishman et al. (2002).
model 3. Finally, in the model 4 the time delays= 100 us

andt = 20 ms cannot be reached. The vatue- 5 ms can ) o
be found fork = 40. Computed values are limited ko> 30 9. Radio emission on double gyro-frequency

as only in this case is the radio emission generated at heigfifs emission is connected with a generation of longitudinal
h> 1.5 10° cm, for which the formula (8) is valid. electron cyclotron waves or so-called Bernstein modes, which
propagate in the direction perpendicular to the magnetic field.
As in the previous case, these waves dfeatively generated
under the condition ofv, > wg (Bernstein 1958). The cor-
One of the most popular plasma mechanism used is thatr@sponding radio waves are then generated due to the coales:
which two oppositely directed Langmuir plasmons produce tleence of Bernstein modes. In this case the frequency of the ra-
radio emission on double plasma frequency (see e.g. Ginzbdig emission can be = 2 wg. These processes were used for
& Zheleznaykov 1958; Melrose 1970). The results of computan explanation of some radio fine structures of type IV radio
tions of the time delay and the power indeafor this emission bursts (see Zheleznyakov & Zlotnik 1975). If the wavelength
mechanism in the barometric solar atmosphere with the dipolethese waves is much greater than the gyro-radius of thermal
magnetic field are shown in Fig. 3. electrons then their frequency is close to the harmonics of the

4. Radio emission on double plasma frequency
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gyrofrequency. Computations of the emission on the frequency 3
2wg in the barometric solar atmosphere with the multiplication
parametek and the dipole magnetic field at= 0.1 x 2r show
that the time delay depends linearly kin

0

X
r(ms)= 7.3k (11) e -7
] g’ -14 _ - -
and the power index is constant and equals 2.26. This simple 1 ] e

linear dependence follows from the relation (4). Results are /

weakly dependent op, e.g. the power index at = 0 equals 3] ,'

2.31. The time delay increases not more than 3%. Valuds of 44/

are limited ¢1.9) to performance of the conditian, > ws. 0 2 4 6 8 10 12 14 16 18
Fork ~ 3 the time delay is close to that (20 ms) presented by q (degreg)

Fleishman et al. (2002). Note that the valueka$ lower than _ _ _

that given by the limit 2g > w, Which corresponds t < 7.7. Fig. 4. The optical thickness of the extraordinary magevs. angles

Similar values are obtained also in the model with the bar@_between the line of sight and the magnetic field. The dashed line is
— i i — Y

metric atmosphere and the magnetic field described accorditlghe = 2 1° K and solid line forTe = 25 107 K.

to the formula by Dulk & McLean (1978). In this case, the time

delay is extraordinary mode due to gyroresonant absorptiatiepend-
ing on angles between the line of sight and magnetic feeld
T(ms) = 4.8k, was calculated and the results are shown in Fig. 4. It can be

seen that the emission polarization fiy = 2 x 10° K will
and the poweri_ndex is also cqnstant and equals 2.53 (kﬁakt_a 1pe low only for angle® < 3°. This puts a strong limit for
k < 7.4). In this model the time delay of 20 ms is obtaineghe yalidity of this model. A little bit better situation exists for
for k = 4.2. Smaller observed va_lues_ of the time delay (5 ME, = 2 x 10F K. In this case, the cdgcient of linearity in the
and 100us) cannot be reached in this model. If the electrqRation (11) changes slightly to 6.2, and the range of the radia-
density is given by the Newkirk model (Newkirk 1967) theRion escape increases to angies: 10°. In the specific interval
time delays decrease nearly one order of magnitafes) =  f angles the optical thickness of the ordinary mode is of 4—

0.69k, a = 2.05 for the dipole magnetic field andms) = g5 grgers of magnitude lower than the presented extraordinary
0.46k, a = 2.45 for the magnetic field according to Dulk &0

McLean (1978).

6. Frequency drift

5.1. Diagnostic statements . .
g The frequency drift estimated from spectrograms (for example,

Considering that power indexes for the mentioned time delaysing two values of frequeney, » and timet; , for some radio

are close to those observed«3l) it is possible to conclude bursts) depends on the source parameters as follows

that the analyzed emission mechanism agrees with the obsggy- (,, Wy — W1

vational results presented by Fleishman et al. (2002). In sugh_ t 1 1o 1

a situation, some characteristics of the pulsation source, which So(wz) ox So(w1) Yox

was analyzed in the paper by Fleishman et al. (2002), canweeres; is the receiver coordinate is the velocity of the mov-

derived. ing source. The strongesfect on the frequency drift of a dif-
The electron density model with the barometric law is préerence of the group velocity from the velocity of light will

ferred because in the model by Newkirk (1967) the relativebe in the case of the emission on the fundamental plasma fre-

high values ok = 30—40 are needed fer= 20 ms. Taking into quencyw,. Therefore, let us consider this case. An observer

account the low frequency part of the event,ie= 2rx2.81x records the ordinary mode only, even in the case when radio

10° s71, we can estimate the magnetic field (fram= 2wg) as waves propagate along the electron density gradient. Namely,

B = maw/(2€) = 500 G. The magnetic field changesgimes the index of refraction for the extraordinary mode is imaginary

within the distance scale dfg = 1.6 x 10° cm. If the rela- in this case. Now, using the model of active regions described

tion (11) is used thek = 2.7. In the chosen model (10) it meansy Egs. (7) and (10) foy = 0, let us compute the fierence of

that the emission is generated at helykt 1.1x 10° cm, where integrals in the denominator of the relation (12), designated as

the density i = 3.35x 10'1° cm3. tgr2 — tgr1, VS. 6. For simplicity, we assume that the magnetic
Because the averaged polarization degree is very small fiedd intensity depends on the heightonly, and the angl®

must conclude that the wave absorption in layers above thetween the vertical direction and magnetic field lines is con-

source is negligible. At the layer witB = 500x 2/3 G, a stant (i.e. not dependent &i). As in the previous case we use

strong absorption on the third harmonic of the gyrofrequenay = 27 x 2.81x 10° s}, wy = 21 x 2.86x 10° s71, andk = 1.

can be expected. Here, at the heighhot 1.6 x 10° cm de- The results are shown in Fig. 5.

rived from (7), the electron density is = 3.33 x 101° cm™3. Here, it can be seen that for the propagation of electro-

Using these plasma parameters and the formulas presenteti@gnetic waves along the magnetic field some frequency-

the paper by Zheleznyakov (1977), the optical thickness of thime structures with a positive frequency drift can appear

= fs 1 S 1 gg 4 S-S (12)
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to values which are characteristic for spikedQ0us). In the

dense flare plasma, for whidh> 2-3, the power indea is

negative. In a diluted plasmeabecomes positive, but in this

case it is considerably lower than predicted using a simple the-

oretical model, i.er = (1/vx — 1/vo) X const (witha = 3)

and lower than observed values for dm-pulsati@s ). The

best agreement of values presented in the paper by Fleishman

et al. (2002) was found for the model with the emission on dou-

ble gyro-frequency. Other considered mechanisms of the radio

. . i i emission (on double plasma frequency or double upper-hybrid
183 001 01 1 10 100 frequency) do not agree with these results. But, it is necessary

q (degree) to note that due to gyroresonant absorption, in the model with

Fig. 5. The diference of integrals in the relation (18), — ty1 vs. the emission on double gyro-frequency, escape of the observed

the angles between the propagation direction and the magnetic fielddiation is possible only for anglés< 3—-10°. Furthermore,

The model of the active region is described by the Egs. (7) and (ks shown that the féect of a diference in the group and light

for the positiony = 0. The horizontal line corresponds|t¢si(w2) = velocities on the frequency drift can be important for the wave

So(wi))/vs | for vs = 0.3 ¢, alongh in the observer direction. propagation along magnetic field lines for frequencies close to
the plasma frequency. In this case, radiospectrographic struc-
0,035 tures with positive frequency drift can appear even if the agent
7 00301 generating the waves is propagating towards lower densities.
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