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1. Introduction 

It is now the beginning of the third solar cycle since the birth of the solar radio 
astronomy. During the last two solar cycles, we have been able to observe enormous 
manifestations of solar radio bursts in a wide frequency range observable from the 
ground. Many theories have been proposed for the interpretation of the nature of 
the various types of bursts. 

In the present review, an attempt is made to review the current theories and 
models of solar bursts in order to show the extent to which the theories contribute 
towards the interpretation of the nature of the bursts. 

For observational background, a comprehensive text-book (KUNDU, 1965) and 
many good reviews have been available so far (KtJNDU, t963; FOKKZR, 1963; WILD, 
1964; MAXWELL, 1965) and a theoretical (and observational) review on the solar 
bursts has been given by WILD, SMERD, and WEISS (1963). Recently, a review on the 
implications of solar bursts for the study of the corona was given by TAI~AKt;RA 
(1966). In order to avoid duplication of these reviews, emphasis is put in the present 
review on the theory of gyro-synchrotron emission and on the interpretation of bursts 
on microwaves. 

In the solar atmosphere, radio waves are emitted directly from the electrons in 
acceleration. An acceleration of electrons is caused by the Coulomb force at the 
collisions with ions (free-free emission). Another acceleration is due to centrifugal 
force in the course of rotation of electrons in the magnetic field (gyro-synchrotron 
emission). The theory of gyro-synchrotron emission is given in Section 2, and the 
theory is applied in Section 3 to the interpretation of microwave bursts and Type IV 
bursts. Free-free emission is not so important as the origin of intense solar bursts, 
so that it is excluded in the present review. 

Indirect generation of the radio waves is possible in the solar atmosphere through 
plasma electron-waves, which are generally longitudinal waves and can be excited by 
a fast stream of charged particles. In this case, it is necessary for the plasma waves 
to convert their energies to the electromagnetic waves. Theoretical background of the 
plasma waves and electromagnetic waves in the plasma is shown in Section 4, and 
it is applied in Section 5 to the interpretation of solar bursts mainly on meter waves. 
In these sections you will find some duplications of the previous reviews by WILD et 

al. (1963) and by TAr:AKURA (1966). 
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The intensity spectrum and polarization state of the electromagnetic waves thus 
emitted in the solar atmosphere are modified during the propagation through the 
outer solar atmosphere. In this respect, the theory of propagation of electromagnetic 
waves in a plasma penetrated by a magnetic field (Magneto-Ionic theory) is important 
for the interpretation of observed characteristics of solar bursts. However, the M.I. 
theory is well established for the study of the propagation of waves in the terrestrial 
ionosphere, and many text-books have been published so far on this subject, so that 
the M.I. theory is excluded in the present review. 

Finally, in Section 6 acceleration of electrons in the solar atmosphere is briefly 
reviewed. 

2. Gyro-Synchrotron Emission 

The charged particles, electrons in our case, gyrating in a magnetic field emit electro- 
magnetic waves, which is generally called gyro-synchrotron emission. If the electrons 
are non-relativistic (K~ mocZ), the emission is mainly confined to the gyro-frequency. 
This emission is generally called gyro-emission. If the electrons are extremely rela- 
tivistic (K>>moc2), the emission predominates at higher frequencies than the gyro- 
frequency. This emission is called synchrotron emission. 

The gyro-synchrotron emission is an efficient process to emit radio waves if the 
magnetic field is comparatively strong. In the solar atmosphere above sunspot regions, 
the magnetic field of the sunspots penetrates into the corona with decreasing intensity 
with height: typically 102 gauss at about 5 x 10 4 km and 1 gauss at about 106 km 
above the sunspot regions (TAKAKURA, 1964b, 1966). Thermal electrons are always 
gyrating in this magnetic field with r.m.s, speed VT of 6.7 X 103 km/s for 106 ~ in the 
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Fig. 1. Coordinate system for the gyro-synchrotron emission. 
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corona, thus they emit the gyro-emission or absorb incident waves as a reverse process 

of  emission. When a flare or a similar activity occurs, a part  of the thermal electrons 
is accelerated up to relativistic velocities and then emits gyro-synchrotron emission. 

It  should be remarked that the observed circular component  of  those solar bursts 
which are attributed to the gyro-synchrotron emission implies that an effective energy 

range of electrons is generally not extremely relativistic. It  should be remarked also 
that the energetic electrons emit the radio waves in a plasma, whose density and 
magnetic field decrease outwards, so that the whole emission is not always observed 
f rom the earth. Low-frequency part  of the radio spectrum cannot propagate,  due to 

the over-dense plasma, or generally suffers absorptions, both gyro-absorption and 
free-free absorption, due to thermal electrons in the outer layers. 

2.1. GYRO-SYNCHROTRON EMISSION FROM AN ELECTRON 

A distant electric field due to an electron in motion is given by (e.g. HEITLER, 1954) 

with 

r 11 E =  r r + c V , ~ '  , 

(vr) 
s ~ r + - - ,  

c 

(2.1) 

where the radius vector r is f rom the observer to the electron, and e is the charge of 
an electron (positive value). 

In a general case in which the electron moves along a helical path making an angle 
~o with the magnetic field direction, the orthogonal components of the electric field 

at a distant observer situated on a line which passes through the electron and makes 
an angle 0 with the magnetic field (cf. Figure 1) is given by (TAKAKURA, 1960C) 

eb cos 0 sin ~ - fl cos cp sin 

Ex( t )  - c2r (1 - fi cos~o cosO - fl sin~o sinO cos~) a '  
(2.2) 

where 

e~ fi sin ~o sin 0 - cos ~ + fl cos ~o cos 0 cos ( 

Ey( t )  - cZ r (1 - fl cosq~ cos0 - t9 sin~0 sin0 cos()  a ' 

fi sin rp sin 0 
g - sing = (01t. 

1 - fi cos9  cos0 

(2.3) 

(01 indicates a fundamental angular frequency at the observer, t is the time referred 
to the observer, and fl = v/c. The fundamental angular frequency is given by 

(01 = (0 , , (1  (1 c o m e  c o s 0 )  - *  , (2.4) 

where (0n=27rf i~=eH/moc,  which is angular gyro-frequency. The first bracket of  
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Wave form o f  x -component  o f  electric field emitted f rom an electron in a circular orbit  
(~0 = ~/2). Numerals  on the curves indicate fl sin 0. (After TAKAKURA, 1960b.) 

Equation (2.4), (1 -/32) 1/2, represents a relativistic correction for the mass of electron, 
and the second bracket represents a Doppler shift. 

As an example, the wave forms of the distant electric field are illustrated in Figures 
2 and 3, for which cp = ~z/2, i.e., a trajectory of the electron is a circle. In the figures 
t = 0, which is referred to the observer, corresponds to a retarded time referred to the 
electron when an angle between v and ( - r )  is smallest (cf. Figure 1). As is shown in 
Figures 2 and 3, the peaks of  the wave forms become sharper and concentrate near 
t = 0 as fi approaches to unity, showing that the harmonic components increase with/3. 

The nth harmonic components are derived from the Fourier transform of Equa- 
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Fig. 3. Wave form of y-component of electric field (cf. Figure 2). 
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tions (2.2) and (2.3), 

2eb cos 0 - fl cos (p 
AX t l - -  , c2rflsin~osinO(l_flcosqocosO)2 nJ"(nc~)' (2.5) 

- 2eb 1 
A y  n - -  nJ2 (n~)  , (2.6) 

' c2r  (1 - ~ c o s  ~o c o s  0 )  2 

where ~ = (fi sin (p sin 0)/(1 - f l  cos q~ cos 0), J.  (z) is the Bessel funct ion of  the first kind 
of  argument  z and order  n, and J~(z) is its derivative with respect to z. 

The energy P,(fi, q>, 0) emitted by an electron per unit t ime per unit  solid angle 
at 0 in the nth harmonic  is reduced f rom Equations (2.5) and (2.6): 

crZ ( Ai, , A + )  2ne2nZf2(flsin~o)2(1- fl 2) 
v.(~, ~, 0) = 4~ + = ~ ( ~  cos~co~os0~ • 

x E{J; (n~)} 2 /'cos 0 - fi cos (p\2 . . . .  2- ] (2.7) 

The first term in the square bracket  represents a component  polarized normal  to 
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the magnetic field (y-component),  and the second term is its orthogonal component 
(x-component). The frequency of the nth harmonic is (cf. Equation 2.4) 

f = n~oa/2~ = nf,~ (1 -/~2)1/2 (1 - fl cos ~ cos 0) - i  . (2.8) 

A general tendency of P,(fi ,  ~o, O) for 0<~o~<rc/2 is as follows. For small values 
of fl, the P, is maximum at n = 1 and 0 = 0. With increasing n, the P, decreases and 
0m,~ (which represents 0 at which P, is maximum for a given n) increases up to 
(P<0max<rg/2. On the other hand, for large values of h, ( 1 - / 3 2 ~ 1 ) ,  P, is maximum 
around a critical harmonic number n~ ~ ~ (1 - fi2)- 3/2 x sin 3 ~o (cf. Equations 2.18 and 
2.8) and 0 m , ~  ~0 with an effective width of6  ~ (1 -/32)~/2, except for small values of ~o. 
With decreasing n, P, decreases and 0m~ ~ decreases: only in a special case of n = 1, 0m. ~ 
is zero and P1 (fl, ~o 0) is comparatively large even for the large values of ft. 

The shape of polarization ellipse R, for the nth harmonic is given by 

_ ( c o s  0 - ,8 c o s  .,,. 
R, =- Ax,,,/A,,,, = \ f l  s in ~ s~n b /1 J;  (n~)" (2.9) 
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Fig. 4. Emission polar diagram of intensity and polarization at the third harmonic (n = 3) of gyro- 
synchrotron emission from an electron with fl = 0.7 and a pitch angle r = 45 ~ The polarization is 

linear at 0 = 0c which satisfies cos0 = f l  cos ~0. 
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If  R, is negative in a range of 0 < ~/2, the sense of rotation of electric vector is the 
same as that of the extraordinary made in a tenuous plasma, and this is also the same 
as the sense of rotation of electrons in the magnetic field. In a range ~z/2 < 0 < ~, the 
positive sign of R, corresponds to the sense of extraordinary mode, since the sign of 
the magnetic field is opposite to each other at 0<r~/2 and 0 > ~r/2. Equation (2.9) 
shows that the wave is polarized linearly (R, = 0) in y-direction at a critical angle 0 c 
given by, 

cos 0c = fl cos ~0, (2.10) 

and at smaller and larger values of 0, the sense of rotation of the elliptical polarization 
is opposite to each other. For the extremely relativistic case (1 -/?2 ~ 1) this critical 
direction of emission 0c is nearly equal to the pitch angle ~o of the electron, while for 
the non-relativistic case (/?2 ~ 1) 0~ is close to re/2. 

The polarization state and the directivity of emission are diagrammatically illus- 
trated in Figure 4 for an electron with a medium energy (/?=0.7) and for n=3 .  It 
should be remarked that the sense of rotation of polarization ellipse is that of ordinary 
mode in a range of 0 from 0~ to ~z/2. This range is wider for smaller values of pitch 
angle q~. 

In an extremely relativistic case, the polarization ellipse at 0 = ~0 + A O is reduced 
from Equation (2.9) to 

(1 - / ? )  coscp - AO sinq)nl/3 (2.11) 
R n  "~ - -  s i n  2 ~o 

for high-order harmonics at which the emission is predominant; in this case 
d.(noO/.l'~(no 0 .~ .l.(n)/d'~(n) '~n ~/3. For example, if q~ = ~z/2, R..~ AOn 1/3, so that at the 
critical harmonics nr ~ { (1 - fi2)- 3 / 2  = 3 3 -- 3 7 around which the emission is maximum, 
R. is about 3AO/& Accordingly, the polarization is nearly circular at the half power 
width AO ~ ~ ; the sense of rotation is opposite to each other for + AO and - AO. 

In a non-relativistic case, Equation (2.9) reduces to 

R, ~ - cos0 + / /coscp  sin20 (2.12) 

for low-order harmonics, in which the emission is confined: d,(ne)/d'(ne)~cr for 
(ncQ 2 ~ 1. 

2.2. VOLUME EMISSIVITY OF AN ENSEMBLE OF ELECTRONS 

a. General Case 

Though the spectrum of emission from an electron is discrete lines, the emission from 
an ensemble of those electrons which have a distribution of both momenutm p 
(p - mv/moc =/?(1 - /72)-  1/2) and pitch angle ~o shows a continuous spectrum. KAWA- 
BATA (1964) has given a general formula for the volume emissivity. If we indicate the 
distribution function of electrons as N(p,  (p), the number density of those electrons 
which have the momentums ofp  top  + dp and pitch angles of q0 to qo + do is 27rN(p, q~) 
p2 sinq0 dpdqo. Then we have a volume emissivity t/(f, 0), that is, the emission energy 
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per second from a unit volume in a unit bandwidth at f into a unit steradian at 0, 

q(f ,O)df=~ f f P,,(p,~o,O)N(p,q~)2rcp2sinq)dpd~o, (2.13) 

where 

2~ze2f 4 ~  V 2 (~/1 + p2 COSsin200 - p cos (p)2 x J~ (na)] P,,(p, (p, O) - kp sinZq)J;Z(n~) + 

and e=fp sinq~ sinO/nfH, which are a mere transformation of Equation (2.7) using 
fl=p(l+p2) -~/2, and the integration must be carried out over a p-~0 domain, the 
electrons of which contribute to the emission in a frequency range from f to f +  dfi 
Sincefis a function ofp  and ~0, the integration domain is determined by (cf. Equation 
2.8), 

f =  nfH(~/1 -t- p2 _ p cos~o cos0) -1 (2.14) 

By using this equation, we can reduce Equation (2.13) to a single integral with respect 
to p or q). 

When cos 0 r 0, 
P2 

q(f,O) (21r)2e21 f 2 V l f E  - ~  c ~ O ~  / ~n p2 sin2 (p j,;Z(nc0 

n Pl 

(x/1 + p2 cos0 - p cos ~0)2 j2(nct) ] 
+ sin2 0 N (p, (p) p dp (2.15) 

._l 

where Pl and P2 are positive roots of Equation (2.14) setting cosq)= ___ 1, and in the 
integrand 

~ i - _ t _  p 2 nf~t 
f 

COS q~ = 
p cos 0 

When 0 = re~2, 

,( f ,  rc/2) (2rOZe2f ? fnzf2 )3 /2 f  c L a \ f  2 - 1 [sin29j/2(no:)+cosacpj2(ncO] x 
n 0 

N (p, cp) sin qo dq~ (2.16) 
and in the integrand 

p = \ ~ - -  1 . 

The summation over n is to be carried out for n >fsinO/fu, which contribute to the 
emission at f ,  since the frequency range of the nth harmonic is from 0 for p = oo to 
a maximum frequency nfH/sin 0 for p = cot 0 (cf. Equation 2.14). 

As an example, the volume emissivity is shown in Figures 5 and 6 setting as 0 = 60 ~ 
or 0=30 ~ and N(p, ~0)=p -4. Figure 5 shows the contribution of each harmonic 
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Fig. 5. Each harmonic component of volume emissivity of gyro-synchrotron emission from an 
ensemble of electrons is plotted against the frequency; N(p, ~o)=p-4, 0 = 60 ~ (After TAKAKURA, 
UCmDA, and KaL) Numerals on the curves indicate harmonic number n. The volume emissivity 

r/(f, 0) is given by a summation over n from 1 to infinity (cf. Figure 6a). 

separately for some values of  n, and Figure 6a and 6b show the volume emissivity 
which is a summation over all harmonics as given by Equat ion (2.15). It  should be 

remarked that  the low frequency part  o f  the spectrum (f/fu<2-3) suffers strong 
modification during the propagat ion  due to the reflection or absorpt ion (Section 2.4). 

The emissivity itself also suffers a depression due to an influence of  the medium at 

low frequencies (Section 2.3). 

b. Extremely Relativistic Case (pa >> 1 or 1 __f12 ~ 1) 

After SCHWINOER (1949), the power emitted per second per unit frequency interval 
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Fig. 6. Volume emissivity t/(f, 0) of gyro-synchrotron emission from an ensemble of electrons with 
N(p, gO =p-4 is plotted against frequency. (After TAKAKURA, UCmDA, and KAI.) - (a) 0 = 60 ~ At 
the frequencies above f / f n  = 30, extremely relativistic approximation is used (cf. Equation 2.20). 
With decreasing frequencies, the approximation of Equation (2.20) becomes poorer, since the con- 
tribution of low-order harmonics increases. - (b) 0 = 30 ~ At the frequencies above f / f z  = 40, ex- 
tremely relativistic approximation is used. With decreasing frequencies, the approximation becomes 

poorer. 
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at f by an extremely relativistic electron in all directions is given by 

O9 

PI(P'CP)-2x/3~e2fnsinq~ 
it 

where 

(2.17) 

u= f/fc and fc= ~pafnsinqo. (2.18) 

This emission is emitted into an effective solid angle contained between two cones 
of semi-angle q~ + 6 and q~- 6. The effective solid angle is therefore 4n6 sin cp, so that 
the emission into a unit solid angle around 0 = q0 is 

1 PI(P, O, ~o) ~ Py(p, q)), (2.19) 
4n6 sin ~0 

where q0 is to be set to 0. It should be noted that this approximation is poor at small 
values of 0 even i fp  2 >> 1, since the contribution of low-order harmonics is compara- 
tively large (n c g 3p3 sin 3 q~, q)g 0) and also the approximation q~ ~ 0 is not valid (cf., 
'general tendency of P,(fi, q), 0)' mentioned previously). 

The volume emissivity of an ensemble of electrons is given by (cf. Equation 2.13) 

0 - - 6 o 0  

q(f,O)~ f f Pf(p,O, cp)N(p, qo)2~zpZsinq~dpd~o 
0 + 6  P l  

co 

2 f 6P I (p, O, q) = O) N(p, ~o = 0) 2np 2 sin 0 alp. 

PJ 

Substituting Equations (2.19) and (2.17), we have 

oo oo 

q(f,O) = 2x//3~eZfHsinO f = O)p2 [u f Ks/3(z)dzJ dp, (2.20) 

P l  g 

where Pl, lower limit to p, is set for the assumed extremely relativistic treatment 
(pZ>> 1), but may be set to 0 at f >  40f~ sin0, at which the contribution of electrons 
withp f rompl  to 0 is small. The function of u in the square bracket of Equation (2.20) 
is given by OORT et al. (1956) and also by others (e.g., GINZBURG et al., 1965). Equa- 
tion (2.20) is not valid for small values of 0 as mentioned for Equation (2.19); e.g. 
at 0=0,  Equation (2.20) gives t/=0, but Equation (2.15) gives t / r  for n=  1. 

For the isotropic distribution of p, the distribution function of the momentum 
N(p, q~) and that of the kinetic energy N(e) are equated by 

4rcp 2 N (p, q~) dp = N (e)d~, (2.21) 

where e =K/mo c2 ; (1 +8) 2 = 1 + p 2 .  
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If N(e)=Fe -~ in an extremely relativistic range of e 1 to e2, it is well known that 
the volume emissivity is proportional t o f  (1 -~)/2 in a frequency range 3ze2z sin 0 >>f/f~ >> 

3 2 >>~% sin0 (e.g., WESTFOLD, 1959); this is not valid, however, for small values of 0, 
as mentioned above. The extremely relativistic treatment, however, seems to be rare 
in the application to the solar bursts, except for the microwave bursts on millimeter 
wavelengths or shorter. 

c. Non-Relativistic Case (p2 ~,~/~2 ~ 1)  

The gyro-emission from a single electron in the nth harmonic is given by the approxi- 
mation to Equation (2.7) for (nc02 ~ 1, 

2=e2 2 (riP~2) 2" 
P,(p, ~0, O)~ ~ - - f ~  [(n-7 l~.T~z (sin (p)2" (sin 0) 2"-2 

x [ 1  + cos 20 + 2 cos0 cosqo {n + (n + 2) cos 20}p],  (2.22) 

and the frequency of emission is ;]1 
f ~ nfH 1 - p  cos0 coscp - (2.23) 

The volume emissivity of an ensemble of non-relativistic electrons is reduced from 
Equation (2.13) to (KAI, 1965b), 

P2 
t](f, 0) ~ 4n2e2 t~2n+l (sin0)2"-2 f 

~ - -  fH (/~ !)2 22n COS0 {I+cosZO+O(A)} (p2p2)n 
Pl 

x N (p, ~0) p dp (2.24) 

at the frequency o f f =  nfn(1 + A), where 

O(A) = (n - 2 - --n ) A 
cosZO + 2 ( n +  1) c~ 1 + A '  

and the lower limit of integration p~ is given by a positive root of 

A p2 
- - + p l c o s 0 - -  . (2.25) 

I + A  2 

The upper limit of integration P2 is set as P2 ~ 1 for the present assumption of non- 
relativistic treatment. 

The gyro-emission seems to be unimportant as the origin of intense solar bursts, 
but it is more important as the absorption of the solar bursts as an inverse process 
of the gyro-emission from thermal electrons at the low-order harmonics of gyro- 
frequencies in the radio source and also in the outer layers through which the bursts 
propagate. More detail of the thermal gyro-absorption will be mentioned in Section 
(2.4). 



316 TATSUO TAKAKURA 

2.3. INFLUENCE OF THE AMBIENT PLASMA ON THE GYRO-SYNCHROTRON EMISSION 

In the previous sections, we have neglected the influence of ambient thermal plasma 
on the emissivity of gyro-synchrotron emission. In the solar atmosphere, energetic 
electrons which emit gyro-synchrotron emission gyrate in the ionized medium whose 
plasma frequency fp is in some cases comparable to the gyro-frequencyfn.  Even if 
f n  >fp, the emissivity and polarization of the low-order harmonics are affected by the 
ambient medium. It is mainly attributed to the refractive index/~y which is not unity 
in the ionized medium. Suppose that an electron is gyrating in a circular orbit and 
0 #0 .  A path length from the electron to the observer changes as a function of the 
location of the electron on the orbit. A difference of the path lengths for two points 
on the orbit, for example, results in a difference of  travel times of the emission fi'om 
the two points. The difference of the travel times is a function of the refractive index. 
Therefore, the radiation field given by Equations (2.2) and (2.3) (cf. Figures 2 and 3) 
is not valid if the refractive index of the medium around the orbit of the electron is 
not the unity. Moreover, the refractive index is a function of f ,  f~i,fp and 0 so that the 
general treatment of the gyro-synchrotron emission in the ionized medium is very 
complicated. 

TWlSS and ROBERTS (1958) have treated this problem and shown some numerical 
results. For/32 < 0.15 and (fv/ fn) 2 = 0.8, the total emission power decreases compared 
with the emission in a vacuum by a factor of about 0.02 for the fundamental, 0.8 for 
the 2nd harmonic, and 0.7 for the 3rd harmonic. Besides changing the total emission 
power, the ionized medium also modifies the emission polar diagram P,(O), especially 
at the fundamental frequency. Thus, the influence of the ionized medium is very 
strong for the fundamental frequency but may not be too serious for the harmonics 
even iffv is comparable to fn.  

In the extremely relativistic case and 1 - /zy ~ 1, where #y indicates refractive index, 
the emission which corresponds to Equation (2.17) reduces to (e.g., GINZBURG et al., 
1964, 1965), 

co 

P~(p,~o) - 2 x/3 rceZ fH sin [ l + ( l c  -   )p22-1/2[ 3 u* fKs/3(z) dz], (2.26) 

u* 

where 

u* f [1 -}- (1 /22"~p2~ 3/2 
= f e e  - -  f J  " 

The influence of the medium is therefore to be neglected i f  

(1 -//2]p2 p2 IJ ,~ 1 for >> 1. 

Since/~}~ 1 - ( fv / f )  2 for 1 - # f ~  1, Equation (2.27) reduces to 

f 2  >> (pf,)2, 

(2.27) 

(2.28) 
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o r  

( V( (fife)2 ~ \f• ~:~m ~J \3ppJ 

2.4. G Y R O - S Y N C H R O T R O N  ABSORPTION 

The absorption of the wave is an inverse process of the emission, that is, an efficient 
emitter is an efficient absorber. Therefore the absorption coefficient ~ is intimately 
related to the volume emissivity q. Since the gyro-synchrotron emission is an efficient 
emission process in the solar atmosphere, the gyro-synchrotron absorption is also 
important for the solar bursts. The absorption plays two roles for the bursts: One is 
self-absorption due to both non-thermal and thermal electrons in the radio source 
itself. If  the number of electrons is sufficient, the source can be optically thick at 
certain frequencies, in other words, the emission is saturated at the corresponding 
frequencies. Another is thermal gyro-absorption due to thermal electrons in the outer 
layers during the propagation of the bursts. This absorption is generally strong, 
especially for extraordinary mode, at the low-order harmonics of gyro-frequencies in 
the outer layers. 

By an analogy to the optical absorption, TwIss (1958) has treated the absorption 
coefficient at radio frequencies, and has shown a possibility of negative absorption 
for the gyro-emission, and for some other emission processes. The negative absorption 
means that the wave grows as the wave propagates in the medium similarly to the 
operations of the Maser and Laser. A comprehensive review on the absorption coef- 
ficient has been given by WILD et aL (1963) and also by SMERD (1965). The absorption 
coefficient is intimately related to 

(moc2~A(oON !P, q)) ON (p, ~0) + (2.30) 

where h is Planck's constant, Windicates total energy, W= mc2/moc 2 = (1 +pZ)S12, and 
A~o denotes a change in direction of the electron motion due to the emission or ab- 
sorption of a photon. If the sign of (2.30) is positive, there is a possibility of negative 
absorption; but this is not sufficient to be negative absorption (WILD et al., 1963; 
SMERD, 1965). 

The general formulae of the absorption coefficients for the gyro-synchrotron emis- 
sion in the tenuous plasma (fp ~ f )  have been given by KAWABATA (1964). The general 
treatment of the absorption is, however, very complicated by the following reasons. 
The absorption due to an electron with a given p and rp is such that the polarization 
ellipse and the frequency of the absorption are the same as those of the emission from 
this electron. Accordingly the absorption coefficient due to an ensemble of the elec- 
trons is a complicated function of the polarization ellipse of the incident wave. On 
the other hand, the polarization ellipse of the incident wave generally changes as the 
wave propagates through the medium due to the absorption selective to the polari- 
zation. Therefore, the absorption rate changes according to the propagation of the 
wave, even if the medium is homogeneous. In order to know the attenuation of the 
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incident wave of a given initial polarization ellipse, we have to solve the transfer 
equations (KAWABATA, 1964). Another more complicated effect arises, if the Faraday 
rotation is appreciable in the absorbing medium. The Faraday rotation is not neces- 
sarily negligible when the polarization is concerned, even if the refractive index of 
the medium is close to unity. Accordingly, the polarization ellipse generally changes 
as the wave propagates through the medium due to both the Faraday rotation and 
the above-mentioned absorption selective to the polarization. 

Thermal gyro-absorption, that is the absorption due to the thermal electrons with 
Maxwellian distribution in the presence of the magnetic field, is a very important 
absorption for the solar bursts. This was first pointed out by GINZBURG and ZHELEZ- 
NYAKOV (1959b). The absorption coefficient of the thermal gyro-absorption has been 
calculated by several workers (SITENKO et al., 1957; KAKINUMA et al., 1962; ZHELEZ- 
NYAKOV, 1962; KAI, 1965b). The formulae of the absorption coefficients reduced from 
the general formulae of KAWABATA (1964) by KA! (1965b) are most convenient for 
the computation. The absorption coefficients at the nth harmonics of the gyro-fre- 
quency, for the extraordinary wave ~:(~) and for the ordinary wave tc(~ ~, are 

(2rc)3e 2 1 n2n-l~ n-(3/2) 
~(°) (co, O) e lq'loC COIl lit! 2 2n 3 / 2  (sinO) 2n-2 × 

")(co, o) 
(27c)3 e 2 n2, - 1 ~n-(3/2)  

mocco H n! 2 2n 3 /2  

where ~ = tcT/mo c2, 

x (cl + c2 cos 0) 2 1 
cos 0 exp ~ c o s  2 0 / '  (2.31) 

(sin 0) 2".2 (c2 - cl cos 0) 2 
cos 0 

1-  co ; I  

xexp  - ~cos 20 ] 

2 ( I - X )  + 4 ( 1 - 3 2 )  i + 

C1 = I yr4 y2 ~ yr4 ]1/2-]  

2 Y ~ + 2 ( I _ X ) 2 + l _ X [ 4 ( 1 _ X ) 2 + Y 2 ~  ] 
k. 

YL 
C2 z 

2y2 +2(1  - X) 2 + 1 - X 4(1 ~ X )  2 + y2~ j 
X=(cop/co)2 Yz= Yc°s0, YT= YsinO and Y=con/co , . 

(2.32) 

For the derivation of these formulae, it is assumed that the Faraday rotation is large 
enough, so that a phase relation between ordinary and extraordinary modes is ran- 
domized and the two modes propagate independently as if no coupling exists between 
them. These absorption coefficients thus derived coincide numerically with those given 
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by SITENKO and STEPANOV (1957) on a strong field approximation,  if the refractive 

indices of  the waves are nearly equal to unity. An example of  these absorption coef- 

ficients computed by KAKINUMA et al. (1962) is shown in Figure 7. 

KAI (1965b) has given a condition of negative absorption for the gyro-synchrotron 
emission. In the case ofisotropic distribution of pitch angle 9, the absorption is always 
positive, even if ~?N(p, co)/~3 p is positive in a range o fp .  The only possible condition 
for the negative absorption is that the distribution of ~o is confined around 7r/2 (nearly 

circular orbits) and the energies of  electrons are not extremely relativistic. I t  is re- 
marked that the absorption can be negative in this case, even if ON(p, q~)/@ is 
negative. 

2.5. THE CHANGE OF ENERGY DISTRIBUTION OF ELECTRONS WlTH TIME 

The radio spectrum of emission is a function of energy distribution N(e) (or momen- 

tum distribution N(p, ~o)) as shown in Section 2.2. In order to account for the time 
variation of radio spectrum of radio bursts caused by the gyro-synchrotron emission, 

a time variation of the energy distribution N(e, t) must be computed. Though the 

decay rate of  an electron due to the emission loss is simply given by the following 
Equation (2.34), the decay curve of a radio burst caused by an ensemble of  electrons 

is not so simple, but it is a function of N(e, t). The decay curve has been calculated 
by TAKAKURA and KAI (1966) for the application to the microwave impulsive bursts. 
It  is assumed that an appreciable acceleration ends off at the time of maximum 

Fig. 7. 
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intensity of the burst giving an initial energy distribution of the energetic electrons 
trapped in a magnetic tube situated in the lower corona between bipolar sunspots. 

The total emission power per second from an electron is 

8~  2 e 2 
P - f n  a <sin 2 ~o> {82 + 28}, (2.33) 

3 c 
and 

- ds/dt  = P/mo c2 . (2.34) 

The pitch angle ~0 changes with time for the electron trapped in the magnetic tube, 
but the period with ~o g ~r/2 is generally longer than ~0 g 0. Therefore, <sin 2 q0> is set 
to unity in the following treatment, for simplicity, but this factor may be included in 
f ,  as a smaller effective value of the magnetic field-strength. 

The change in the kinetic energy of an energetic electron due to both the emission 
and the collisions with ambient thermal electrons of number density N o is given by 

- v n  ~ - + 8  +v~8-3/2, (2.35) 

where vn= 3.8 x l O - 9 H Z ( s i n  z ~o> sec -1 (H in gauss), and vc~ 1.5 x 10 - 1 6  N o sec-1 
(No in cm-  3) in the corona. Two terms in the bracket represent the synchrotron loss 
and gyro-emission loss respectively, and the last term represents the collision loss. 

8 = 1 at about 500 keV (/~ = x/3/2 andp = x/3), so that a dominant term in Equation 
(2.35) can easily be found for given values of the kinetic energy of an electron. For  
example, if H is several hundred gauss and N o is of the order of 10 9 cm -3, as is a 
typical case of the bursts on microwaves, the collision term becomes smaller than 
emission terms for the electron above about 15 keV (8g0.03), while the 82 term is 
negligible at the energies below about 200 keV (8 g 0.4). As in that case of  type IV 
bursts on meter waves, in which His  several gauss and N o is of the order of 10 6 c m  - 3 ,  

the collision term becomes smaller for the electrons above about 40 keV (8 ~ 0.08). 
t 1 / 2  t Inarangee>0.04,however,anothercoll is iontermvcs- ,wherevc~2X 10-14N0sec -1 

(No in em-a) ,  is more adequate than the collision term (Vc 8-3/z)  in Equation (2.35). 
The change of the energy distribution N(8, t) of electrons with an initial distri- 

bution N(8o) is given by 
t 

0 

where e o is the initial value of e at t=  0 and t D is the deflection time (SI'zTZER, 1962). 
The exponential term in the above equation indicates a rate of decrease of number of 
electrons due to the escape of the electrons from the magnetic tube, since the electrons 
which have attained small pitch angles due to the collisions in the magnetic tube can 
penetrate into the chromosphere and lose energies by collisions there. In Equation 
(2.36), e o and dso/d8 are the function of 8 and t as a solution of Equation (2.35). 
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For example, if N(go)=Feo ~, Equation (2.36)reduces to (TAKAKURA and KAI, 
1966), 

t 

N(e,t'=Fe-~Iexp{(1-y'vHt :-Die-3/2dt}Ix[1--~{exp(vHt'--I}] '-2 
o (2.37) 

for e>0 .04  but e smaller than 2[exp(vHt)--l]  -a, which corresponds to eo=OO at 
t=0 .  Where ZD~2.4 X 1012No 1 sec (N o in cm -a) in the corona. 
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Fig. 8. Time variat ion o f  energy distribution funct ion o f  energetic electrons, N(e, t). Initial distri- 
but ion is assumed as N(e, 0) ~ e  -5 normal iz ing  at e = 0.02 ( K ~  104 eV); e = K/mocL (After TAKAKURA 
and KAI, 1966.) Numera l s  on  the curves indicate time. A n  effect o f  escaping electrons is taken into 
account for the sol id curves, while  dashed curves correspond to the case in which their escape is 

neglected. H = 1000 gauss and No = 109 c m  -3. 
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For ~ > v o ~  but e is smaller than a value which corresponds to eo~�89 at t = 0 ,  

t 

0 

• {1- + 1] 
LvH 

(2.38) 

It may be noted again that N(~) de=4~rp2N(p, ~o) dp if the distribution of the pitch 
angle ~0 is isotropic; (1 + e)2= 1 +p2. 

Examples of N(e, t) are shown in Figures 8 and 9, in which 7 = 5 and 3, respectively, 
H =  1000 gauss and N o = 10  9 c m  - 3 .  The gyro-synchrotron emission from these elec- 
trons decreases faster for larger values of 7, as is evident from these diagrams and 
also from a term exp(1 -7 )  rut in Equations (2.37) and (2.38). Therefore, the decay 
time of the solar bursts due to the gyro-synchrotron emission is not only the function 
of the magnetic field-strength and collision frequency, but also a function of the 
initial energy distribution function; for steeper slope of the distribution function the 
decay time is faster. The similar result is derived also for the initial distribution func- 
tion of the exponential law, exp(-%/ec),  in which the decay time is faster for smaller 
value of ~c (TAKAKURA et al., 1966). 

STEIN and NEY (1963) computed a time variation of the electron energy distribution 
for exp (-%/400),  but their computation is incorrect. Their result corresponds to set 
deo/de = 1 in Equation (2.36); the exponential term in this equation can be neglected 

Fig. 9. 
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in their case. However, e o and deo/de are the function of e and t as a solution o f  
Equation(2.35). If  the computation is made correctly, N(e, t), dN/dEin  their notation, 
slightly inereases with time at low energies (TAKAKURA et al., 1966) due to an accumu- 
lation of higher-energy electrons into the low and narrower energy range according 
to their emission loss. 

3. Gyro-synchrotron Emission and Solar Bursts 

In the various types of solar bursts, type IV bursts and microwave impulsive bursts 
have been attributed to the gyro-synchrotron emission. With the Nancay interfero- 
meter at 169 Mc/s, BOISCHOT (1957, 1958) was able to distinguish between ordinary 
noise storms related to active centers and an enhanced continuum emission following 
major outbursts associated with important flares. This prolonged continuum emission 
was designated as type IV. 

BOISCHOT and DENISSE (1957) have explained this emission as due to synchrotron 
emission from relativistic electrons of 3 MeV assuming a coronal magnetic field of 
1 gauss. 

TAKAKURA (1959, 1960) has applied the gyro-synchrotron emission from mildly 
relativistic electrons (1 MeV-10 keV) in sunspot magnetic field of about 103 gauss to 
the interpretation of microwave bursts, designating also as type IV burst. Subse- 
quently the designation of 'Type IV' has been extended with some confusions to any 
prolonged continuum bursts following big solar flares (Section 3.3). 

3.1 .  MICROWAVE BURSTS (OBSERVATIONAL) 

Some of bursts on microwaves (>  1000 Mc/s) are gradual type, i.e., 'gradual rise and 
fall' and 'post-burst increase'. They are weak and are attributed to the thermal emis- 
sion, both free-free emission and thermal gyro-emission, from sporadic coronal con- 
densations (e.g., KAWABATA, 1960, 1966; KUNDU, 1963). These bursts will be excluded 
in the following description. 

A great majority of bursts on microwaves are impulsive, that is, the intensity rises 
to a single maximum and then decreases more slowly. The duration of such simple 
bursts, at 2800 Mc/s for example, ranges from 1 minute to 10 minutes, but about 10% 
of them have longer durations of up to 1 hour (post-burst increases are excluded). 
Sometimes several bursts occur in succession to form a complex group of bursts. 
Their durations at 2800 Mc/s are mainly a few minutes to 30 minutes, but about 10% 
of them have longer duration up to 5 hours (post-burst increases are excluded). 

The intensities of these microwave bursts cover a wide range from one flux unit 
(10-22wm-2(c/s)-~) to 104 units; the lower limit may be determined by the sensi- 
tivity of radiometers. 

It is controversial whether these microwave bursts can be divided into subgroups 
or not. The bursts of short duration, less than about 10 minutes, are generally called 
'microwave impulsive bursts' (M-type or microwave early burst, cf. Figure 16), and 
prolonged bursts (above 20-30 minutes) associated with intense flares are designated 
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as 'microwave type IV bursts (type IV#)',  which are generally complex groups of 
strong bursts but some of which are prolonged simple bursts. Nevertheless, if we plot 

the histograms of durations (z), intensities (I)  and z x I for all microwave bursts or 
for each simple and complex burst, we cannot find any significant subgroup from 
these histograms; significant maximum is only one for each histogram. Also the other 
characteristics of  the bursts, i.e., spectrum, polarization, position and motion of the 

source and size of the source, cannot divide the microwave bursts (excluding gradual 
type) into distinctly different subgroups. I t  may imply that the mechanism of emission 
is the same for all microwave bursts but physical parameters involved in this mecha- 

nism vary f rom bursts to bursts in a wide range. 
Even though the distinction between the impulsive bursts and type IV# bursts is 

not clear, these are distinguished for convenience, roughly, as follows: The impulsive 
bursts are minor events which frequently occur associating with minor flares, and are 
not followed generally by type IV bursts on meter and decimeter waves. Type IVp 
bursts are exceptional events associated with important  flares, and are generally 
followed by type IV bursts on meter and/or decimeter waves. 

The microwave bursts as a whole are generally associated with optical flares, both  

large and small. The starting time of the microwave bursts coincides with the 'ex- 

plosive phase'  of  the flares (CovINGTON et  al., 1961). 
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Fig. 10. Time profile and time variation of the spectrum of a microwave impulsive burst on July 12, 
1959. (After HACHENBERG and WALLIS, 1961 .) (1) Maximum at 0906 UT. (2) Maximum at 0907.5 UT. 

(3) Postburst increase at 0910 UT. The spectrum is flat at high frequencies. 



THEORY OF SOLAR BURSTS 325 

The spectrum of the microwave bursts is a broad-band continuum with a maximum 

intensity generally at about 1 0 ' - 3  x 103 Mc/s. Towards the lower frequencies the 
spectrum decreases steeply, while towards the higher frequencies the decrease is 

generally more gradual (TAKAKURA, 1960C; HACHENBERG et  al.,  1961). Some examples 
are shown in Figures 10 to 12. Figures 10 and 11 show two similar impulsive bursts but 
with different spectra. Figure 12 shows a type IV# burst. 

The microwave bursts are partially polarized circularly and, for about 60~ of 
them, the sense of circular polarization reverses somewhere between 4000 Mc/s and 
2000 Mcls, at which the polarization degree is smallest (KAKINUMA, 1958 ; TANAKA 
et  al. ,  1959). The polarization degree at the higher frequencies is less than 50~. The 
sense of polarization, at least at high frequencies, seems to have a correlation with 

the occurring location of the burst on the solar disk (KAKINUMA, 1958) as is observed 
for the slowly varying components (PIDDINOTON et  al. ,  1951; KAKINUMA, 1956; 
TANAKA et  al. ,  1958; TANAKA et  al.,  1960). That  is, when the bursts occur on the 

northern hemisphere and the longitude is more than 40 ~ , the senses of  polarization 
are opposite to each other for the bursts occurring on the east side and on the west 
side of  the northern hemisphere: right-handed for the sources on the east side in the 
last solar cycle. The bursts which occur in the southern hemisphere also have the 
similar tendency but the sense is opposite, i.e., the sense is left-handed for the sources 
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Fig. 11. Time profile and time variation of the spectrum of a microwave impulsive burst on Sep- 
tember 2, 1959. (After HACHEZ'mERO and WALLIS, 1961.) (1) Maximum at 0740.5 UT. (2) Minimum 
at 0741.5 UT. (3) Maximum at 0742.3 UT. (4) Decay part at 0745 UT. (5) Postburst increase at 0750 

UT. The spectrum decreases at high frequencies, showing a non-thermal spectrum. 



326 T A T S U O  T A K A K U R A  

,aS 
S. 

/ 
I 

U T  -----~ 

sr 

J 

, i  i i  

~ 4 5  /0 

A/  
p 

"Ca_ 

i_ 

J , i . i ,  

~ A  

Fig. 12. Time profile and time variation of the spectrum of a microwave type IV burst on January 
15, 1960. (After HACHENBERG and WALLIS, 1961.) (1) Maximum at 1348.5 UT. (2) Minimum at 
1355 UT. (3) Maximum at 1357.5 UT. (4) Maximurn at 1405.5 UT. (5) Maximum at 1408 UT. 

on the east side. The bursts occurring in a central zone have both senses of  polari- 
zation irrespective of  the northern and southern hemispheres. Referring to the sense 
of  polarization of slowly varying components, it has been concluded that  the bursts 
at 9400 Mc/s is extraordinary mode (KAKINUMA, 1958). 

The position of microwave burst coincides fairly well with both an associated 
flare and a persistent source of slowly varying component.  No significant motion of 
burst sources has been observed (KtJNDU, 1959 ; KAKI~UMA et  al., 1961). 

Recently a brightness distribution of an impulsive burst with non-thermal spec- 
t rum was observed by chance at Toyokawa with the 9400 Mc/s interferometer with 
a fan beam of 1.1 minutes of a r c  (TANAKA et  al., 1967). The brightness distribution 
had two sharp maxima separated by 2 minutes of arc, each of which was above a 
sunspot of a bipolar group. The two maxima had opposite senses of circular polari- 

zation, and the polarization degree was 70~o for the stronger preceding maximum. 
This fine structure is just as predicted by TAKAKURA and KAI (1966); cf. Figure 15. 

Microwave bursts are intimately connected with bursts of  X-rays in an energy 
range of 1 to several hundred keV. Of these X-rays, hard X-rays ( > 2 0  keV) show 
remarkably similar profiles to their coincident impulsive bursts (e.g., KvNDv, 1961, 
1963 ; ANDERSON et  at.,  1962; FROST, 1964). Even in a lower-energy range of X-rays 
(1-2.4 keV), 'bursts '  with non-thermal spectra were at times superposed on slow 
enhancements (POUNDS, 1965). These X-ray bursts were also coincident with micro- 
wave impulsive bursts. 



T H E O R Y  O F  S O L A R  B U R S T S  327 

~o 
IE 

04 

I O 

X 

U_ 

I 0 ~ 

d 

I I I i i 

2000 Mc 

_2 
3750 Mc 

,d 9400  Mo 

500 

"E 
0 
0 

I00 

2200 

L X-Ray 
( > 20 Key ) 

I I I I I I I I 

2230 2300 
Time (U T) 

Fig. 13. Hard X-ray burst (>  20 keV) associated with a microwave type IV burst on September 28, 
1961. The X-ray record is after ANDERSON et al. (1962). The microwave bursts were observed at 
Toyokawa, Japan (courtesy of H. Tanaka and T. Kakinuma). Decimeter and meter wave components 

of the type IV burst were also observed at Fort Davis (MAXWELL, 1963). 

A t  a type  IV burst ,  however ,  the ha rd  X- ray  burs t  was associa ted  only wi th  the 

ini t ia l  phase  of  the  r ad io  bursts ,  as shown in F igure  13 : the du ra t ion  o f  the  X- ray  

burs t  was a b o u t  2 minutes ,  while tha t  o f  the microwave  burs t  was a b o u t  40 minutes .  

A n  in t imate  assoc ia t ion  o f  X- ray  burs ts  (and  mic rowave  impuls ive  bursts)  wi th  'ex- 

p los ive '  flares has been shown by MORETON (1964). 
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Energetic electrons (>40 keV) ejected from the sun were detected in the inter- 
planetary space by VAN ALLEN and KRIMIGIS (1965) and ANDERSON and LIY (1966). 
These electrons were generally preceded by the microwave bursts. 

3.2. APPLICATION OF GYRO-SYNCHROTRON EMISSION TO 

MICROWAVE IMPULSIVE BURSTS 

In this section, the gyro-synchrotron mechanism will be applied to the interpretation 
of the observed characteristics of the microwave impulsive bursts, but the same inter- 
pretation can be applied also to type IV/~ bursts under some modification of physical 
parameters such as magnetic field, energy distribution of electrons, and density of 
ambient thermal electrons, since the impulsive bursts and type IV/~ bursts seem to 
be one family, as mentioned in the previous section. 

On the other hand, HACHENBER~ and WALLIS (1961) have proposed, basing on 
the radio spectrum, that the impulsive burst is due to free-free emission (Brems- 
strahlung) from a hot sporadic condensation with T~  10 7 ~ and N o ~ 102~ cm -3. 
Even though many of the impulsive bursts have the spectra similar to the free-free 
emission, the others have non-thermal spectra. For example, Figure 10 shows a spec- 
trum similar to the free-free emission, but Figure 11 shows non-thermal spectrum: 
the free-free emission never decreases with increasing frequency in this frequency 
range. Furthermore, their other characteristics are similar to each other, so that there 
is no basis to divide these bursts into two subgroups if these spectra can be accounted 
for by one emission mechanism. WILD (1964) pointed out that the time variation of 
the spectrum is difficult to be accounted for by the free-free emission, even when the 

spectrum is similar to that of free-free. 
In the total flux of the burst, a component of the free-free emission may be in- 

cluded, e.g., as a part of post-burst increase. However, the flux value attributable to 
the free-free emission may be less than 50 units i n  10-22wm-2(c/s) -1 as the post- 
burst increases generally are: even for the post-burst increases, thermal gyro-emission 
may be predominant compared with the free-free emission at the frequencies below 
104 Mc/s or so. Therefore, a major part of the impulsive burst which can have the 
flux of several thousands units is to be attributed to another process, such as gyro- 

synchrotron emission. 

a. Spectrum and Polarization 

Suppose that the magnetic field and energetic electrons are homogeneous throughout 
a radio source. The expected radio spectrum from this source can be deduced from 
Figure 6, though the spectrum depends on the energy distribution of the energetic 
electrons. At low frequencies, say f / fH <3, an absorption of the spectrum due to 
thermal gyro-absorption at low-order harmonics of local gyro-frequencies in the outer 
layers must be taken into account (cf. Section 2.4). The absorption is serious for both 
extraordinary and ordinary modes at n= 1 and 2, and only extraordinary mode 
suffers some absorption at n=3  in a plausible model of a coronal condensation 
around which the microwave bursts originate (cf. Figure 7). Now, the local gyro- 
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frequencyfu(h ) decreases with increasing height according to a decrease in the mag- 
netic field-strength with height. Therefore, the gyro-synchrotron emission from the 
radio source at the frequencies f / fu<2 (cf. Figure 6) must pass though the outer 
layers in which the second harmonics of the local gyro-frequenciesfu (h) become equal 
to the frequencies ( f / fu  < 2) of the emission. In the same manner, the emission from 
the radio source at the frequencies of 2f• to 3f/~ must pass through the outer layers 
in which the third harmonics of the local gyrofrequencies become equal to the fre- 
quencies of the emission. Consequently, the emission is almost absorbed in a fre- 
quency range off / f~ < 2. In the frequency range off / f~ = 2 to 3, an extraordinary 
component of the emission suffers some selective absorption. Thus, an expected 
spectrum to be observed on the earth is that the spectrum has a maximum at about 
(3 ~ 4 ) f ~  and a decreasing slope of the spectrum towards lower frequencies is steep. 
The decreasing slope at the higher frequencies depends on the energy-distribution 
function of electrons. If  the energy distribution is given by a power law N(e)=Fe -~, 
the decreasing slope at high frequencies, say f / f~  > 50-100 at which extremely rela- 
tivistic treatment is approximately valid, is nearly proportional t o f  (1- ~)/2; for small 
values of 0, the approximation is valid only at higher frequencies (cf. Section 2.2.b). 

An integral number density of energetic electrons necessary to account for the 
observed intensity is 1 - 103 cm - 3. 

The influence of ambient plasma on the emissivity itself, as mentioned in Section 
2.3, depresses the spectrum at low frequencies. Even though quantitative study of the 
depression is not yet made for the gyro-synchrotron emission from mildly relativistic 
electrons, this influence would be important at low frequencies, sayf/fr~ is below 2-5 
(cf. Section 3.4). Furthermore, the radio source may be optically thick at low fre- 
quencies due to self-absorption. Therefore, quantitative interpretation of the spec- 
trum at low frequencies is left for the further study. 

If  a microwave burst originates from a double source above a bipolar spot group 
as was recentl yobserved (Section 3.1), the spectrum of the burst is a sum of two 
spectra from the double source. The two spectra have a similar profile but both 
intensity scale and frequency scale are to be shifted in proportion tofH of the corre- 
sponding source, as shown diagrammatically in Figure 14. The sense of circular 
polarization of the gyro-synchrotron emission from electrons with isotropic distri- 
bution of pitch angles is generally that of the extraordinary mode. Therefore, the 
senses of polarization of emission from two sources with opposite senses of magnetic 
field (bipolar spots) are opposite to each other. Accordingly, the polarization state 
o f the total spectrum is that the sense of polarization reverses with frequency, as shown 
in Figure 14. This polarization state may change during the propagation due to the 
mode coupling (COHEN, 1960) in the same manner as the slowly varying component 
(TAKAKURA, 1961b). That is, the two sources may have the same sense of polarization, 
for example at 9400 Mc/s, for the bursts occurring near the limbs of the solar disk, 
and the sense is opposite for the bursts occurring near the north-east limb and those 
of the north-west limb, as is actually observed (Section 3.1). 

On an assumption that the source of a microwave burst is single, the sense reversal 
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Fig. 14. Diagramatic representation of expected radio spectrum originating from a double source 
of a microwave burst (cf. Figure 15). Chain curve: spectrum due to the preceding (predominant) 
p-spot. Dashed curve: spectrum due to the following (weaker) f-spot, sett ingf~ (f-spot) -- �89 (p-spot). 
Solid curve: Sum of above two spectra. Sense reversal of circular polarization from R to L with 

frequency is expected to occur at about f0. 

with frequency was attributed to other causes. KAKINUMA (1958) attributed this to a 
difference of reflection levels for extraordinary mode and ordinary mode; the latter 
is deeper. TAKAKURA (1960b,c) attributed it to a selective absorption of extraordinary 
mode due to thermal gyro-absorption a t f = f ~ ,  and later to its 2nd and 3rd harmonics 
(TAKAKURA, 1964b, 1966). COHEN (1961a) attributed it to the mode coupling. 

b. Time Variation of the Spectrum of Impulsive Burst 

The radio spectrum mentioned above changes with time according to a time variation 
of energy distribution N(~, t) of energetic electrons. On the other hand, N(e, t) can 
be computed as given in Section 2.5. Therefore, the time variation of the radio spec- 
trum can be computed in principle and is to be compared with the observation. 
However, it is laborious so that the systematic computation has not yet been made. 
TAKAKURA and KA~ (1966) have computed the time variation of that total emission, 
which is an integration of the spectrum with respect to the frequency, and compared 
with the observed decay curves of microwave impulsive bursts with a spectral maxi- 
mum at about 4000 Mc/s. The observed decay curves fit with the initial energy distri- 
bution of electrons with a power law N(e0)=F~o 7 for 7 of 3 to 5 in an assumed 
magnetic field of 500 gauss. If  the power law is assumed in a range 0.01<~o<40 
(5 keV-20 MeV), an effective energy range of electrons, from which 80% of the total 
emission are emitted, are 15 keV-1.5 MeV for 7=3,  8 keV-125 keV for 7=4,  and 

6 keV-30 keV for ~ = 5. 
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c. Microwave Bursts and X-Ray  Bursts 

Hard X-ray (>20 keV) has been attributed to the Bremsstrahlung due to col- 
lisions of energetic electrons (>  20 keV) with thermal particles including neutral 
hydrogen (e.g., PETERSON et al., 1959). The total number of the energetic electrons 
required to account for the X-ray intensities is 103-104 times greater than that avail- 
able to emit coincident microwave impulsive bursts as the gyro-synchrotron emission. 
In order to account for this discrepancy, TAI(AKURA and KM (1966) have proposed 
a model of flare region emitting both a microwave impulsive burst and an X-ray 
burst (Figure 15). In this model, a major part of the energetic electrons is trapped in 
a region X in which the magnetic field is weak, say 10 2 gauss (fH=280 Me/s), and 
the density of thermal electron is comparatively high, say 5 • 10 I~ cm -3 (fp=2000 
Me/s). Accordingly, gyro-synchrotron emission from the major part of the energetic 
electrons cannot escape, and only a small fraction of the energetic electrons trapped 
in an outer region contributes to the radio burst. This model also predicts such 
double-source structure of the radio burst as actually observed later (cf. Section 3.1). 

In order that a part of energetic electrons can escape into the outer corona emitting 
type II[ bursts (Section 5.1) and further out to the interplanetary space, a part of the 
magnetic field lines from the sunspot region should be extended out to the inter- 
planetary space. This radially outward magnetic field is also required for the inter- 
pretation of the limiting polarization of type I noise storms (TAKA~URA, 1961b). 

At a type IV/~ burst, hard X-ray was associated only at the initial phase of the 
radio burst (Figure 13). This implies that at type IVp bursts a major part of energetic 
electrons, accelerated at an initial phase of a flare, are lost in a short time emitting 
an X-ray burst in region X (Figure 15), while smalJer numbers of electrons are 
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Fig. 15. A compound model of radio source and hard X-ray source. (After TAKAKURA and KAI, 
1966.) X: Source for hard X-ray burst. R1, R2: Sources for microwave impulsive burst. R2 may or 
may not appear as the radio source depending on the magnetic field strength of the following spot. 
A part  of the field lines from the preceding spot may be extended into the interplanetary space. 



332 T A T S U O  T A K A K U R A  

accelerated again or accelerated for longer time only in the outer layer emitting a type 
IV# burst. This may also imply a qualitative difference between type IV/z bursts and 
microwave bursts; the acceleration mechanism of electrons could be different at the 
initial phase and later, and the impulsive bursts correspond to the initial phase. 

3.3. TYPE IV BURSTS (OBSERVATIONAL) 

Type IV bursts are prolonged continuum bursts following big flares. A review on this 
type of burst has been given by FOKKI~R (1963). 

The spectrum of a fully developed type IV burst as a whole covers almost all 
frequency range observable on the earth, and it is complex and full of variety. There- 
fore, the nomenclature of type IV bursts was confused at the early stage of research. 
The wide-band spectrum does not mean that the whole emission originates from a 
single source at a time. A broad outline of the spectra of type IV bursts as a whole 
was to be seen from a spectral diagram derived from single frequency records at 
several different frequencies throughout the radio spectrum (TAKAKURA et  al., 1961 ; 
KAKINUMA et al., 1961). Subsequently, such spectral diagrams have been obtained 
for the later type IV bursts. The question of how to define subclasses of type IV burst 
was treated also in a number of papers and was discussed at the conferences in Cloud- 
croft (I.A.U. Symposium No. 16, August 1961) and at Kyoto (Conference on Cosmic 
Rays and the Earth Storm, September 1961). The structure of a fully developed type 
IV burst, as envisaged during discussions at the Kyoto Conference is shown in Figure 
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Fig. 16. 
components of the type IV burst, as envisaged during discussions at the Kyoto Symposium 

(after WILD, 1962). 

I 2 
T i m e  ( h o u r s )  

The structure of a fully developed outburst showing the meter, decimeter and microwave 
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16 (WILD, 1962). The original type IV designated by BOISCHOT (1957, 1958) is type 
IVmA and IVmB in Figure 16. 

Type IVmA is also called 'moving type IV'. This burst lasts for tens of minutes 
following type III bursts and/or a type II burst, and the source of type IVmA moves 
outwards with speeds of 103-104 km/s to great heights in the corona, sometimes 
exceeding 10 solar radii, and then stops or moves slowly downwards with decreasing 
intensity (BoISCHOT, 1958; WILD et al., 1959a; KRISHNAN et al., 196t; KUNDU et al., 
1961; PHILIP, 1964; MALITSON et al., 1966). The moving type IV seems to be rare at 
frequencies above 200 Mc/s (KuNDU et al., 1961 ; MORIMOTO, 1961) but is common at 
lower frequencies. The emission is weakly circularly polarized and the sense of polar- 
ization seems to be that of extraordinary mode (WEISS, 1963b), but this may not be 
conclusive (KAI, 1965a). The source size is large (>  10') and an emission cone is broad. 

Type IVmB is also called 'stationary type IV'. This burst may follow type IVmA 
or occurs without type IVmA. The duration is an hour or two, and the stationary 
type IV may further be followed by a 'continuum storm', which lasts for a few hours 
or more and may develop into type I noise storms (PIcK-GUTMANN, 1961; BOISCHOT 
et al., 1962). There is, however, still considerable doubt as to whether the continuum 
storm is a distinct component or merely a mixture of prolonged stationary type IV 
and type I noise storm. The stationary type IV burst is characterized by a source 
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Fig. 17. Normalized spectrum (FIFo) and circular polarization degree (P) of microwave type IV 
bursts. (After KAI, 1965a.) 
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whose position is fixed close to the level f rom which type I noise storms, type I I I  and 
type II  bursts originate at a given frequency. The source size is small (3 '-5 ')  and the 
emission is directive. The emission is usually strongly circularly polarized in ordinary 
mode (WHss, 1963b; KAL 1965a). Almost all of  type IV at 200 Mc/s seem to have 

linearly polarized component  of about  10% (KM, 1963); the bandwidth of the receiver 
is 100 kc/s. 

On microwaves, a microwave burst starts almost coincidentally with a flare, ten 
to tens of  minutes before the start of  type IV burst on meter waves. This microwave 
burst, which is now designated as type IV/~, is generally a complex group of bursts 
and lasts tens of minutes (cf. Section 3.1). The characteristics of type IV/t are almost 
identical with those of  impulsive bursts, as mentioned in Section 3.1. An average 
spectrum and circular polarization degree are shown in Figure 17 (KM, 1965a). 

On decimeter waves, the start of type IVdm is obscure, since the spectrum of the 
early phase is very complex and full of  variety; the low-frequency tail of microwave 
burst, amorphous patches and/or fast drift bursts, and sometimes high frequency part  
of  a type II  burst, are generally mixed together at the early phase. Whether the type 
IVdm is a distinct component  or lower extension of type IV/~, or high frequency part  
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Fig. 18. Wide-range spectrum of a fully developed type IV burst on November 14, 1960, showing 
three maxima corresponding to meter, decimeter, and microwave components. (After TAKAKURA, 

1963a.) Swept-frequency record of this burst was also obtained (TAKA~CU~A, 1962). 
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of type IVm, is still controversial. However, the wide-range spectrum of fully de- 

veloped type IV bursts shows generally three maxima at the same t ime after 10 to 30 
minutes f rom the start of  the burst, as shown in Figure 18. Such a spectrum cannot 

be attributed to a single source, but we need at least three sources with different 
physical parameters such as magnetic field and/or energy distribution of electrons. 

The duration of type IVdm is one to a few hours. The source is fixed close to the 
flare region (KuNDU et al., 1961), and the emission is sometimes characterized by a 
large fluctuation of intensity. But this may be attributed to an impulsive component  
superposed on a continuum. The impulses are generally highly polarized circularly 

(up to about  1009~) as ordinary mode and have a bandwidth narrower than the 
continuum. The duration of each impulse is of  the order of 1 minute. The continuum 
is also partially polarized circularly, in the same sense as the impulses. 

3.4. APPLICATION OF GYRO-SYNCHROTRON EMISSION TO TYPE IV BURSTS 

Synchrotron emission was first applied by BOISCHOT and DENISSE (1957) to the inter- 
pretation of type IV on meter waves. Assuming a magnetic field of  1 gauss, they 
showed that 1033 electrons of  3 MeV were required to account for the observed 

intensity at 169 Mc/s. However, without knowing the intensity and polarization over 

the whole spectrum, we cannot uniquely determine both the energy of the electrons 
and the magnetic field. Here, it should be remarked again that the observed evidence 
of circular polarization implies that the electrons that contribute effectively to the 

emission at radio frequencies are not extremely relativistic; in the extremely relativistic 
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Fig. 19. Synchrotron emission spectra of electrons having an exponential rigidity distribution 
exp(--R/Ro) in a vacuum (dashed curves) and in a medium characterized by c~=3fH/2fp--0.25 
(solid curves). (After RAMATY and LINGENFELFTER, 1967.) V--f, V0 = f r r  and B = H in our symbols. 
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case, the polarization is linear at the source but becomes unpolarized due to Faraday 
rotations in the solar atmosphere. 

TAKAKURA and KAI (1961) made rough estimates of effective energy of electrons 
and the magnetic field from the observed bandwidth and spectral maximum of each 
type, type IV/~, type IVdm and type IVm. These values were about 4 x 105 eV and 
700-2000 gauss for type IV#, 5 x 10 4 eV and 80-200 gauss for type IVdm, and 6 x 104 
eV and 20-45 gauss for type IVm. The magnetic field-strengths are, however, to be 
reduced approximately by a factor �89 if we take the thermal gyro-absorptions at low- 
order harmonics (cf. Section 2.4) into consideration (TAI~AKURA, 1964b, 1966): the 
absorption shifts the maximum of emission spectrum towards higher frequencies 
(Section 3.2a). 

Recently RAMATY and LINGENFELTER (1967) showed that the influence of ambient 
plasma described in Section (2.3) is very important for the interpretation of the 
spectra of type IV bursts. The ambient plasma suppresses the synchrotron emissivity 
appreciably at low frequencies. The suppression results in a shift of the maximum of 
emission spectrum towards higher frequencies (Figure 19). Thus, they have derived 
the magnetic field of 1-2 gauss for type IVm and the rigidity spectrum R (= mvc/e = 
(rnoc2/e)p) of electrons to be exp(-R/1 MV). Even if their calculation is valid only 
for extremely relativistic cases so that the above result may include some errors at the 
low frequencies, the suppression of synchrotron emission at low frequencies, e.g. 
f <  10fp = 60 fn  in their case, due to the influence of coronal plasma, seems to be very 
important for the interpretation of the spectra of type IV bursts on meter and deci- 
meter waves. The influence is smaller for type IV# sincefp is smaller than or compa- 
rable tofFt, but the influence would be worth consideration at low frequencies, probably 
at f <  10fp=(2-5)ft~, though the approximation used by Ramaty et al. cannot be 
applied in this case and we must use rigorous treatment as did TwIss and ROBERTS 
(1958) (cf. Section 2.3). Referring to their numerical estimate of the influence of 
medium described in Section 2.3, the influence may be smaller compared with the 
gyro-absorption at f <  3fu. 

The interpretation of the spectrum and polarization can be made in more detail 
for type IV# in the same manner as is made for microwave impulsive bursts in Section 
3.2, since general characteristics of type IV# and impulsive bursts are similar. Longer 
duration and complex time variation of type IV/z imply a successive supply of ener- 
getic electrons, and the acceleration of the electrons is to be made in an upper region 
for a limited number of electrons (cf. Section 3.2.c). Longer decay time and broader 
spectrum compared with short impulsive bursts of a minute or so imply that the slope 
of the energy distribution of electrons for type IV# may be more gentle, i.e., 7 is 
smaller if the distribution is power law. 

The interpretation of stationary type IV (IVmB), continuum storm, and type 
IVdm by gyro-synchrotron emission meets with a difficulty. These bursts seem to be 
circularly polarized as ordinary mode, while the gyro-synchrotron emission is gener- 
ally emitted predominantly in the extraordinary mode. In this respect, plasma waves 
have been proposed as the origin of these bursts (Section 5.4). 
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The gyro-synchrotron mechanism for the type IVmB and type IVdm cannot, how- 
ever, be completely discarded. TAKAKURA (1962) proposed that a source of type IVdm 
burst could be above the following (weaker) sunspot; the emission is extraordinary 
mode referring to thefollowbTg (weaker) sunspot but the polarization sense looks as 
that of ordinary mode if we refer to the preceding (stronger) sunspot. Another possi- 
bility is that a sense reversal occurs during the propagation of emission due to a mode 
coupling treated by COHEN (1960), though the reversal may or may not occur, de- 
pending on the magnetic configuration in the outer layer. 

4. Plasma Waves and Electromagnetic Waves in a Plasma 

In a plasma penetrated by a magnetic field, there are generally three wave-modes 
ascribed to the motion of electrons if we disregard the motion of ions. They are the 
plasma (electron) wave, the ordinary and the extraordinary waves. In the absence of 
a transverse component of the magnetic field, the plasma wave is a longitudinal 
space-charge wave and the other two are transverse electromagnetic waves. A trans- 
verse component of the magnetic field provides a coupling between the space charge 
wave and the electromagnetic waves as will be shown below. Such coupled waves have 
both transverse and longitudinal electric fields. 

Low frequency modes ascribed to the motion of ions are important as VLF 
emission in the terrestrial magnetosphere, but have no direct relation to the solar 
radio bursts, since such low frequency waves cannot propagate up to the earth, even 
if they are excited in the solar corona. 

4.1. DISPERSION EQUATION 

In order to describe the characteristics of waves in the plasma, dispersion equation is 
usually used. The dispersion equation, which gives wave number k as a function of 
the frequency, is obtained by the use of Maxwell's field equations and Boltzmann's 
equation. This kinetic treatment has been made by SITENKO and STEPANOV (1957) and 
the detail has been published by GINZBURG (1961). More simple approximation has 
been given by a transport treatment, which uses Maxwell's field equations and Max- 
well's momentum transfer equation. This transport treatment has been made by 
PIDDIN6TON (1955) and a comprehensive treatise has been published by DENISSE and 
DELCROIX (1963). 

The transport treatment gives, 

(1-x-(Vc)2#2)E~-i(YsinO)(1-#2)Ey = 0  ] 

i(YsinO) E x + ( 1 - X - #  2) E,-iYcosO(1-#2)Ez 0 } (4.1) 
i ( r c o s 0 ) ( 1 - / )  =o ] 

where # =  ck/co indicates refractive index, X=(c%/co) 2, Y= (con/o), V r is r.m.s, ther- 
mal velocity of electrons, and a plane wave of the form exp {i(cot-kx)} propagates 
to the x-direction making an angle 0 with the magnetic field. The magnetic field is in 
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a x - z  plane. Ex, y,~ are electric field components of the wave. The dispersion equation 
is given by setting the determinant of Equations (4.1) to zero. 

The polarization state, e.g. Ey/E~ and Ex/Ey , for a given wave which satisfies the 
dispersion equation can be obtained by Equations (4.1). 

If (Vr/c)2# 2 ~ 1 - X ,  Equations (4.1) are identical to those of magneto-ionic theory, 
which gives characteristics of ordinary and extraordinary modes. This approximation 
is not valid, if the refractive index # is large: (Vr/c)2~ 1 even in the corona in which 
(Vr/c)2~ 5 x 10-* at a million degree. The characteristics of the ordinary and extra- 
ordinary modes are important for the radio bursts in order to know the propagation 
effect of the bursts. However, the magneto-ionic theory will not be described further 
in the present review, since it is well known and is shown in many text-books (e.g., 
RATCLIFFE, 1959; BUDDEN, 1961; DENISSE et al., 1963; SPITZER, 1962). 

If/Z2>> 1, Equations (4.1) give 

#2 ~ (r { l  - -  X - -  ( g  sin 0) 2 (1 - y 2  c o s  2 0 ) - 1 } .  (4.2) 

This is the dispersion equation for the electron plasma waves. For this mode, Equa- 
tions (4.1) show that the longitudinal component (Ex) is predominant. 

4.2. E X C I T A T I O N  AND DAMPING OF THE PLASMA WAVES 

The refractive index of the electron plasma waves is large (Equation 4.2), i.e., the 
phase velocity Ve = ~o/k = c//z is small. Therefore, the plasma waves can be excited by 
a passage of a fast charged particle through the plasma at a speed Vo greater than V~o 
in a process analogous to the Cerenkov emission of electromagnetic waves. 

Suppose that a single charged particle, either electron or proton, is passing through 
a plasma along the magnetic field with a speed Vo. The particle excites plasma waves 
which satisfy the dispersion Equation (4.2). Those waves which travel along with the 
electron satisfy the Cerenkov condition, 

(2) 
Ve - k - V~ cos 0, (4.3) 

where 0 is an angle between the wave and the velocity of the particle. From Equations 
(4.2) and (4.3), we have for y 4 =  (e)H/m)4 ~ 1 

2 2 s i n  2 0 
fo 2 ~ (Dp -1- O) H 

Vr 2' 
(4.4) 

Accordingly, the frequency of plasma waves excited by a charge particle is the 
function of 0, and may have very high frequencies if Vo cos0= V ~  Vr, but the 
damping of the wave increases with decreasing the phase velocity due to the Landau 
damping, and at Vo < V r the waves are evanescent, as will be shown later. Therefore, 
the frequencies of plasma waves are mainly confined to near the plasma frequency 
fp iffp >>fn. The intensity of the waves in the absence of the magnetic field has been 
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calculated by COHEN (1961b). The self-absorption of the plasma waves which gives 
an upper limit to the intensity of the plasma waves, has been given by GINZBURG and 
ZELEZNYAKOV (1958). 

The above treatment is for a single electron (or proton). Now we shall treat an 
ensemble of electrons which have a velocity distribution N(V~). The distribution 
N(V~) includes both electron streams in x-direction and thermal electrons which form 
the plasma. Suppose that a plasma wave is propagating in this medium with a phase 
velocity Ve in x-direction. The electrons are accelerated or decelerated by the longi- 
tudinal electric field of the plasma wave and the interaction is most efficient for elec- 
trons near the wave velocity, Vx~ Vo, because they stay in a force of the same phase 
for a long time. The electrons faster than the wave tend, on the average, to give energy 
to the wave, while the electrons slower than the wave gain energy. If  a gradient of 
N(Vx) is positive at Vx-- V~, there are more faster electrons than slower electrons, so 
that the wave tends to be built up at the expense of the kinetic energy of the electrons. 
On the other hand, if the gradient is negative as in Maxwellian-like distribution, the 
wave tends to be damped. The damping of the plasma wave in a Maxwellian distri- 
bution is designated as Landau damping (LANDAU, 1946; BOHM et al., 1949). 

BOHM and GROSS (1949) have given the damping (or growing) factor of the plasma 
waves, with exp { ik (x -  V~t) + Ft}, 

r -  + k OVx J.= o 

for Ve >> Vr, where z indicates collision time of thermal electrons. The first term leads 
to collision damping. The second term, however, can lead either to excitation if 
ON/~Vx is positive at Vx = Vo or to further damping if ON/~Vx is negative. In a Max- 
wellian distribution, N(V~) = (mo/27c~T) 1/2 exp ( -  mo V~/2~cT), the second term reduces 
for V, >> VT to the Landau damping given by 

- {o)v/(kD) 3} e x p { -  �89 for kD ~ 1, (4.6) 

where D indicates Debye length, 

1 
D - (tcT/4)ze2No) ~/2 4~(Vr/o)p). (4.7) 

The Debye length is a measure of a length that the thermal electrons with speed 
VT travel during one period of plasma oscillation. Therefore, if 1/k~ D, i.e., the wave- 
length ;L~<D or V,p~< VT, the electrons which have contained within a wavelength of 
the plasma wave are almost renewed due to the thermal motion in one period of the 
oscillation, so that the wave becomes evanescent. 

If a beam of fast electrons with velocities around Vo,~(>> VT) is streaming in a 
plasma, the distribution function of electrons N(V~,) which includes thermal electrons 
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Fig. 20. Velocity distribution of electrons. Hatched part: a hump of fast electrons which can excite 
plasma waves. Dashed curve: at the origin in which the acceleration of electrons was made (Section 5.1). 

may have positive gradient at about  Vo, x as shown by a hatched hump in Figure 20. 
In this case the plasma waves with Vo~ V0,x grow with time as shown by Equation 
(4.5), but we cannot obtain a finite amplitude of the plasma waves f rom this equation. 
BOHM and GROSS (1949) have calculated the amplitude of electric field strength E o 
of  the plasma waves in the absence of the magnetic field at the steady state, basing 
on a balance of an energy gain of  the plasma waves f rom the beam of  electrons and 

an energy loss of  plasma waves due to the collision damping. 

mo 5 f l 6 / c o y  ~ F~N(V~)3 12 
= - -  co Vd ~ ~ - - / - - /  - - / ~ /  , (4.8) 

Eo 2e ' t 3 \co / ~o L ov~ 3v~=vo, x J 

where z o and z are collision time of  the streaming electrons and that  of  thermal 
electrons, respectively. In Equation (4.8), co is given by Equation (4.4), setting con = 0 

and V o cos 0 = Vo, ~, but co is nearly equal to cop if Vo, ~ >> V~. 
An upper  limit of  E o is given by, 

E2/8~r = a N o x r ,  (4.9) 

where a ~  1, but as an extreme case a can be appreciably greater than unity (GINzBURG 
et al., 1966). 
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4.3. CONVERSION OF ENERGY FROM PLASMA WAVES 

TO ELECTROMAGNETIC WAVES 

The plasma waves are longitudinal mode and cannot propagate outside the plasma. 
In order that the electromagnetic waves originate from the plasma waves, conversion 
of energy from the longitudinal mode to the transverse mode is necessary. Two 
conversion mechanisms have been proposed by GINZBURG and ZH~LEZNYAKOV (1958 
and 1959a, b). 

One is the mode coupling of the two waves due to large-scale inhomogeneities of 
the density of the plasma and/or the magnetic field. The coupling is greatest in the 
regions in which the phase velocities of the both modes are close to each other at a 
given frequency and also where the gradient of the density and/or magnetic field is 
steep. It is analogous to the mode coupling of two magneto-ionic modes treated by 
COHEN (1960). The coupling coefficient has been estimated to be of the order of 10-7 
in the normal corona (GINZBURG and ZHELEZNYAKOV, 1958, 1959b). However, the 
coupling may be more efficient, if hydromagnetic waves are propagating in the coup- 
ling region; the waves have steep gradients of the density and the magnetic field. 

Another mechanism of the conversion is scattering of the plasma waves on small- 
scale fluctuations of plasma density (GINZBURG and ZHELEZNYAKOV, 1958, 1959a). 
There are two kinds of fluctuations in the plasma: one is due to the motion of ions 
and another is due ~o the electrons. The former is density fluctuations with low fre- 
quencies and is quasi-neutral, while the latter is space-charge fluctuations at about the 
plasma frequency. Even if there exists no disturbance in the plasma, the plasma has 
inherent thermal fluctuations due to thermal motions of ions and electrons. 

The power P' of radio waves caused by the scattering of plasma waves due to 
thermal density fluctuations has been calculated by GINZBURG and ZHELEZNYAKOV 
(1958, 1959a) on an analogy of the optical Rayleigh scattering, 

P' ~e4N~ c3E~ VT)V~ ' (4.10) 

where V indicates a volume of the scattering region, E 0 is given by Equation (4.8), 
and the phase velocity of the plasma waves excited by a beam of electrons is given by 
V~p~ Vo, x. The scattered radio waves have about the same frequency as the plasma 
waves and the emission is mainly in the forward direction. 

On the other hand, scattering of plasma waves by the space charge fluctuations 
shows quite different characteristics, since these fluctuations are also electron plasma 
waves. This wave-wave interaction is called combination scattering. The intensity of 
scattered radio waves P" is given by (GINZBURG and ZELEZNYAKOV, 1958, 1959a), 

p, ,~  e4No V 2(VT) 2 
- ~m~ocaEo V; . (4.11) 

More rigorous treatment has been made by TERASHIMA and YAJIMA (1963). They have 
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given smaller intensity for the combination scattering by a factor (Ve/c) 2, but for the 
Rayleigh scattering they had the same result as Equation (4.10). 

The radio waves caused by the combination scattering is approximately twice the 
plasma frequency and the emission is mainly in the transverse direction but slightly 
predominates in the backward direction (SMERD et al., 1962). More efficient scattering 
may be possible if non-thermal fluctuations exist, as discussed by STURROCK (1964). 

5. Plasma Waves and Solar Bursts 

5.1.  TYPE III BURSTS 

This type of bursts is characterized by a short duration (1 ~ 10 sec) and a rapid fre- 
quency drift with time from high to low frequencies. The starting frequencies are 
distributed mainlyfrom 350 Mc/s to 50 Mc/s (MALVILLE, 1962) and the lower extension 
of the bursts was observed down to 1.5 Mc/s (HARTZ, 1964). Harmonic structure 
(frequency radio of 1 to 2) is observed, but not easily recognized in most cases, be- 
cause the rapid frequency drift and broad bandwidth tend to merge the fundamental 
and the second harmonic. 

The existence of harmonics and systematic frequency drift led WILD et al. (1954) 
to the plasma hypothesis as the origin of the type III bursts, i.e., the plasma oscillations 
are excited successively at each layer of the corona by an agent moving rapidly out- 
wards through the corona. A systematic variation of position with frequency, which 
was predicted by the hypothesis, has been confirmed by WILD et al. (1959b) by meas- 
urements with an interferometer. The velocities of the sources of type III bursts are 
0.2 to 0.5 times the velocity of light. DE JAGER (1960, 1962) has suggested that the 
fast moving agent is a group of electrons. 

The polarization of type III bursts is that they are almost unpolarized or only 
weakly polarized circularly at 200 Mc/s, but about 50% of the bursts at lower fre- 
quencies are fairly strongly polarized (KOMESAROFF, 1958; RAO, 1965). The sense 6f 
the circular polarization at 200 Mc/s seems to be that of the ordinary mode (ENOME, 
1964). Linearly polarized component was detected with a narrow-band polarimeter 
(10 kc/s bandwidth) at 200 Mc/s (AKABANE et al., 1961) and also at 74 Mc/s (BHONSLE 
et al., 1964). 

The plasma theory has been applied for the interpretation of the above charac- 
teristics of the type III bursts. Suppose that an acceleration of electrons for the order 
of 1 sec occurred at the flares or at more minor activities around the base of the 
corona. The velocity distribution N(Vx) of the accelerated electrons may have negative 
gradient at the origin (Figure 20, dashed curve). The electrons with lower energies 
have a shorter mean free path, so that such electrons are lost by collisions during a 
passage through the corona. Therefore, after a certain time and at a certain distance 
from the origin, the velocity distribution may have a hump (positive gradient) at a 
high velocity range, as shown by a hatched hump in Figure 20. Thus, the plasma waves 
can be excited by the stream of the fast electrons. If  a predominant magnetic field 
exists, the stream is guided along the lines of force. 
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Observed lower limit of the speed of type III sources of 0.2c (10 keV) is consistently 
explained by the above-mentioned propagation effect (DE JAGER, 1960; MALVILLE, 
1962; STURROCK, 1964; TAKAKURA, 1966) if the stream starts from about the base of 
the corona. More energetic electrons ( >  10 keV) can escape into the interplanetary 
space, unless the magnetic field prevents them (TAKAKURA, 1966). Actually the solar 
electrons of such energies were detected in the interplanetary space (VAN ALLEN et al., 
1965; ANDERSON et al., 1966). 

In order to make quantitative study of the time variation of spectrum of type III 
bursts, we have to solve the spacial and time variations of N(Vx),  but this problem is 
not yet solved. An estimate of the order of magnitude of intensity has been made by 
GINZBURG and ZHELEZNYAKOV (1958, 1959a) by using Equations (4.8), (4.10), and 
(4.11). The number density of the fast electrons of the order of 106 cm-  3 is required 
for the burst at 100 Mc/s on an assumption that a half width of the hump in N(Vx) 
is equal to VT, though there is no theoretical basis on this assumption and furthermore 
N'  (Vx) is the most essential parameter for the intensity. If  non-thermal fluctuations 
exist, they scatter the plasma waves more efficiently to emit the radio waves, so that 
smaller number of fast electrons is enough to explain the observed intensity. 

5.2. TYPE II BURSTS 

Type II bursts are generally associated with important flares and are characterized by 
a slow frequency drift. Harmonic structure is observed in about 60% of them. The 
starting frequency of the fundamental usually lies below 175 Mc/s, but can start at 
frequencies as high as 240 Mc/s (HADDOCK, 1959; MAXWELL et al., 1962), and the 
lower extension is observed down to 10 Mc/s. The motion of type II sources is not 
always outward but tangential movement is sometimes observed (WEIss, 1963a). The 
speed of the source is of the order of 103 km/s. 

In many type II bursts the individual harmonic bands are themselves double. The 
splitting is about 10 Mc/s in the fundamental band and is twice as great at the 2nd 
harmonic (ROBERTS, 1959). The polarization of type II bursts is that they are almost 
unpolarized, even if the bands are split. Some type II bursts exhibit a form of fine 
structure which appears to diverge from a type II burst. This structure was designated 
as herring-bone (ROBERTS, 1959), which at times exhibits strong circular polarization 
(STEWART, 1966). 

Prior evidence suggesting the occurrence of frequency drift in type II bursts was 
given by PAYNE-SCOTT et al. (1947). They suggested that the frequency drift was 
related to a physical agency moving outwards through the solar atmosphere. This 
explanation was based on an idea put forward by MARTYN (1947) that the emission 
at any frequency originates near the level where the coronal electron density reduces 
the refractive index to zero (plasma hypothesis). WILD (1950) and WILD et al. (1953) 
confirmed this hypothesis, basing on the dynamic spectrum observations. 

The question may arise as to how the disturbance of the order of 103 km/s can 
excite plasma waves, since the speed of the disturbance is below the thermal velocity 
of electrons in the corona: Vr~7  x 10 3 km/s at 106 ~ 
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The disturbance has been attributed to the hydromagnetic shock waves (UCHIDA, 
1960; PmEL'NER et al., 1964). At the shock front of the wave propagating in x-direction 
across the magnetic field (z-direction) an electron current i = - eNVy flows in y-direc- 
tion due to 

aH 4re 
- i (in the shock system), (5.1) 

~x c 

where ion current is neglected. The drift velocity of electrons Vy is then proportional 
to AH/Al, where both the thickness Al of the shock front and an increment of the 
magnetic field A H  at the shock front are the function of the magnetic mach number 
~ '  of the shock. At the front of a weak shock (e.g., UCmDA, 1960) 

Z H / H  - 1) .  (5.2)  

A fine structure of the shock front has been calculated by SAGDEEV (1962a). The thick- 
ness Al of the shock front is approximately given by 

r 
z l  - d / - 2 )  1 / 2  (5.3)  

Putting V r = V r at which d l '=  dlc, we have 

3 (87rNotcT~l/3 
 ttc l+4\ u 2 / ' (5.4) 

for (87CNotcT/Z-I 2) ~ 1 (SAGDEEV, 1962b; PIKEL'NER et al., 1964). 
If  the Mach number is greater than the critical value given by Equation (5.4), the 

drift velocity of electrons Vy at the shock front is faster than Vr, so that the plasma 
waves can be excited due to a relative motion of the electrons and ions; in a system 
fixed to the electrons ions are moving with - Vy. This critical condition (Equation 5.4) 
may determine that height range in the corona which corresponds to the observed 
frequency range of type II bursts (TAKAKURA, 1966). 

The explanation of band-splitting was attempted without much success (ROBERTS, 
1959; STURROCK, 1961; TAKAKURA, 1964a). Recently, ZAITSEV (1966) attempted to 
explain the band-splitting by means of the oscillatory structure of the magnetic field 
behind the shock front. The oscillatory magnetic field indicates electron drift currents 
of + y  and - y  directions. The plasma waves excited by these two opposite currents 
have band-splitting of A f / f ~  2V/c  due to the Doppler effect. 

TIDMAN (1965) and TIDMAN et al. (1965) have proposed that the type II bursts 
are due to plasma waves excited by the suprathermal electrons coexisting with the 
thermal plasma in a turbulent collisionless bow shock wave. The suprathermal elec- 
trons have a Maxweliian distribution with high temperature. TIDMAN et al. (1966) 
have attributed the band splitting of the type II bursts to the magnetic field. If  the 
suprathermal electrons have some anisotropic distributions, such as a pancake in 
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velocity space drifting along the magnetic field, the magnetic field gives rise to a 
splitting of the plasma lines by an amount co2/2o)v for the fundamental and the 
amount is twice for the second harmonic. 

5.3. TYvE i BURSTS 

This type of bursts is characterized by a short duration and a narrow bandwidth. The 
bursts occur in succession to form a long enduring noise storm with a continuum. 
The frequency range of the noise storm is below about 300 Mc/s. In decametric range, 
noise storm is very rare (J. WARWICK, private communication), but similar activities 
as the noise storms were observed in a range of 1.5-10 Mc/s from a satellite (HARTZ, 
1964). Type I bursts occur at times as a group forming a narrow chain with durations 
of 1 minute or several minutes (WILD, 1957; WILD et al., 1964; HANASZ, 1966). The 
chain drifts systematically in frequency at a rate which corresponds to the speed of 
about 200 km/s. WILD et al. (1964) suggested that the chain may be produced in 
hydromagnetic waves or shock waves. 

Most of the type ! bursts and noise storms are strongly circularly polarized, but 
unpolarized noise storms are also frequent (TsuCHIYA, 1963). Wide band type I bursts 
are observed at times (VITKEVlCH et al., 1959, 1960). On the other hand, type III 
bursts also occur sometimes in groups for fairly long periods, and narrow-band type 
III bursts and polarized type III bursts are observed. Therefore, there is a question 
as to whether the type I bursts and type III bursts are distinctly different types of 
bursts. 

On the basis of the general similarity between type I and type III, TAKAKURA 
(1963b) has proposed to explain the type I bursts due to plasma waves excited by 
electron stream with rather slow speed V0 as several times V r. The slow speed is 
required to explain the narrow bandwidth and short duration of the type I bursts. 
The bandwidth and the duration are attributed to the lifetime of the electron beam. 
Owing to the short lifetime of  the electron beam, the acceleration of the electrons 
must be carried out in the radio source. One possible mechanism of the acceleration 
is a collision of two wave packets of hydromagnetic waves. It is shown that a group 
of electrons has the speed Vo~ 3Va after the collision, where Va= H/(4~zp) 1/2 is the 
velocity of the hydromagnetic waves (cf. Section 6.2). CHERa'OVRUD (1963) has also 
proposed the plasma waves as the origin of type I bursts. 

Recently, TRAKI-ITENGERTS (1966) proposed that the countercurrent of electrons 
due to electric field produced by a charge separation at the pulse front of hydromag- 
netic waves is responsible for the excitation of plasma waves. He also suggested that 
the charge separation may inhibit the excitation of plasma waves proposed by TAKA- 
I~URA (1963b). The model of Trakhtengerts seems to be favorable to the explanation 
of the rather slow drift speed of the chain of type I bursts. However, the charge 
separation is reduced by a large amount if we take into account the reflection of 
thermal electrons at the back of the pulse of the hydromagnetic waves; if the speed 
of the pulse is slow compared with the speed of the thermal electrons, many thermal 
electrons make overtaking collisions with the back of the pulse. 
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5.4. OTHER BURSTS 

As mentioned in Section 3.4, some components of type IV burst could be due to 
plasma waves. DENISSE (1960) has attributed the stationary type IV (IVmB) and the 
continuum storm (cf. Section 3.3) to the plasma waves excited by energetic electrons, 
which are accelerated during a flare, remain trapped in the corona and slowly diffuse 
downwards. KAI (1965b) has applied the plasma waves for the interpretation of both 
type IVdm and type IVmB. 

Type V burst is a broad-band continuum appearing on meterwaves for a minute 
or so after a type III burst (WILD et al., 1959a, b). WILD e? al. (1959b) attributed the 
type V to the synchrotron emission from a part of that electron stream responsible for 
the type III burst. However, a lack of circular polarization and general similarity of 
characteristics between type V and type III led WEISS et al. (1965) to the suggestion 
that the type V is due to plasma waves excited by fast electrons trapped in a magnetic 
bottle in the corona. 

6. Acceleration of Electrons in the Solar Atmosphere 

A primary origin of solar bursts is an acceleration of electrons in the solar atmosphere. 
However, quantitative study of the acceleration of electrons from a viewpoint of the 
radio bursts has not been well established. General treatment of acceleration of 
charged particles has been given, for example, by HAYAKAWA et aI. (1964) and 
SAKURAI (1965). 

Effective energy range and spectrum of the energetic electrons have been indirectly 
estimated from the characteristics of radio bursts and X-rays, as shown in Table I. 
Recent direct observations of solar electrons (104 N 105 eV) in the interplanetary space 
are included in the Table (VAN ALLEN et al., 1965; ANDERSON et al., 1966). More 
energetic electrons (>  100 MeV) also were detected by MEYER et al. (1962). If the white 
light from flares is caused by synchrotron emission as suggested by STEIN and NEY 
(1963), 1032 electrons of l0 s eV with a spectrum e x p ( - E / 2 0 0  MeV), must be created 
at such a flare. However, the white-light flares could be accounted for also by the 
free-free emission from low energy electrons of the order of 10 eV; thermal emission 
from dense hot gas with 105 ~ or even slightly less, is enough to appear as the white- 

light flare. 
Several mechanisms have been proposed for the acceleration of electrons. The 

differences between the acceleration conditions for electrons and protons are as fol- 
lows: Electrons suffer more energy losses due to both collisions and gyro-synchrotron 
emission as compared with ions. Gyroradius of electron is smaller for given energy 
than proton in the non-relativistic range. Initial velocities of electrons are higher than 
protons if the acceleration starts from a thermal distribution. Observational evidence 
shows that the final velocities, rather than energies, of electrons and protons seem to 
be of the same order after the acceleration at the flares. 
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(6.1) reduces to 
dK 

dt 

In a non-relativistic range, 

6.1.  BETATRON ACCELERATION 

Electrons are accelerated if the magnetic field changes with time. The energy gain AK 

of an electron during one period T of gyration is given by 

e 2 dH (6. l) 
A K  = e E dl  = cnrg dt ' 

where rg = (T/2n) I/1 = (mc /eH)  V• indicates the gyroradius of the electron. Equation 

A K  rno V• ~1_ d H )  
T - 2(1 - /~2) I / e \H  d t  " (6.2) 

o r  

which reduces to 

dKz ( d H )  - K  1 
dt a H ~ -  , (6.3) 

de• ( 1  dH~ 
- -  ~ / 3  k 
dt \ H  dt ] 

e•177 o = H/Ho,  (6.4) 

where the suffix 0 indicates initial value. Only velocity component Vj_ perpendicular 
to the magnetic field increases due to the betatron acceleration in the non-relativistic 
range. 

In an extremely relativistic case, 

de sin2 P e 

dt 2 
(6.5) 

where (p indicates an angle between the velocity of electron and the magnetic field. 
The maximum energy attainable (e/%) is limited by H / H  o as shown by Equation (6.4). 
A probable ratio of H / I t  o may be 102, e.g., Ho = 1 gauss and H =  100 gauss, and at 
most l0 s . The minimum energy of those electrons which can gain energy is determined 
by equating the energy loss (Equation 2.35) and the energy gain (Equation 6.3 or 6.5). 

6.2 .  FERMI ACCELERATION 

Electrons are accelerated statistically by the reflections due to hydromagnetic shocks. 
This acceleration mechanism is a kind of Fermi acceleration, which is famous as the 
acceleration process for the cosmic rays. 

A momentum gain of an electron at a head-on collision with a shock front is 

A p =  2 ( ; ) ( 1 + p 2 )  a/2 for U 2 ~ C  2 , (6.6) 

where u indicates a speed of the shock which is of the order of the speed of Alfven 

wave V A = H / x / 4 n p  and p = m V / m o c .  Ap is positive for a head-on collision and is 
negative for an overtaking collision, so that a statistical net gain of the momentum 
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is proportional to a difference between the collision frequencies of the head-on and 
overtaking collisions. The mean frequency of the collision is (V+ u)/lfor the head-on 
collisions and ( V -  u)/I for the overtaking collisions, where l indicates a mean distance 
between the shock fronts ; hence, the difference is 2u/l. Therefore, the rate of momen- 
tum gain or energy gain is statistically, 

dp (;)2c p2, j2 
dt - 4 i(1 + , 

o r  

de 
= 4/\/u-I] 2-c (e 2 + 2e) ~/2 (6.7) 

dt \ c ]  l 

In this process, only momentum parallel to the magnetic field increases, so that 
the pitch angle of electron (p decreases with increasing momentum. A reflection 
condition at the hydromagnetic shock is given by the conservation of magnetic 
moment of the electron �89 V 2 sin 2 (p/H, such as 

H~ < sin2 (p0, (6.8) 
gs 

where Hs indicates the magnetic field at the shock front and (p0 is the pitch angle at 
the static field H o. Therefore, some mechanism is necessary to redistribute the pitch 
angle for the electron to have repeated accelerations. TAKAKURA (1961a, 1962) pro- 
posed that the redistribution could be attributed to the Coulomb collisions with 
ambient thermal electrons, since the deflection time t D (SVITZ~R, 1962) is one order 
shorter than the energy exchange time t E (SPITZ~R, 1962). 

For  the above statistical acceleration, the rate of energy gain is proportional to 
(u/c) 2. More efficient Fermi type acceleration of electrons is possible, for which the 
rate of energy gain is proportional to u/c. WENTZEL (1963) has presented a successive 
acceleration of this type due to a hydromagnetic shock which moves to a stronger 
magnetic field. While the electrons are accelerated ahead of the shock and able to 
penetrate into stronger field, the shock field may become sufficiently stronger, so that 
the electrons are unable to escape the trap to be accelerated for a long time. The 
maximum energy attainable is limited by a condition that 

gyroradius of the electron rg~ shock thickness A1 

where Al~ c/cop (cf. Equation 5.3), since for rg > A l the electron cannot be reflected 
at the shock front. 

TAKAKURA (1963b) has calculated a time variation of velocity-distribution func- 
tion of electrons in front of a wave packet of Alfv6n waves after a collision of two 
wave packets propagating in opposite directions to each other. As an example, the 
distribution function may have a hump at about V=(3.1-3.2)V A in a layer several 
thousand kilometers ahead of the wave with an effective thickness of 102 km for 
0.2-0.4 seconds after the collision. This acceleration process has been applied to the 
origin of type I bursts. However, as suggested by TRAKHENGERTS (1966), if the elec- 
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tric field would be caused at the pulse front of hydromagnetic wave and it would have 
an essential effect on the distribution of electrons (Section 5.3), the above estimate is 
not valid. 

Fermi type acceleration of electrons due to reflections by the electric field at the 
wave packets of plasma waves may be possible. This is an inverse process of the exci- 
tation of plasma waves by the fast electrons. However upper limit of this acceleration 
seems to be low, as follows: 

In order that the electrons are reflected due to the plasma waves, the electric 
potential q~p must be greater than K/e, where K is kinetic energy of the electron. The 
upper limit of the kinetic energy Kma x is then 

Kma x = ecpp. 

On the other hand, an upper limit of ~Op is given by Equation (4.9) setting E 0 =k(pp. 
The upper limit reduces to 

Kmax = ~/~moVeV r , (6.9) 

where we have set a = 1 and k = cop/V~o. Therefore the maximum speed of the electron 
attainable by this process is below V~; since V~o > Vr. On the other hand, if the plasma 
waves are excited by electron beams, we have assumed that the electrons are already 
accelerated due to a certain process up to V~> Ve, so that the acceleration of other 
electrons up to V< V~, may be less important. 

6.3.  CYCLOTRON ACCELERATION 

In laboratory experiments, X-rays with energies greater than 105 eV were observed 
coming from a plasma in a magnetic field of 2000 gauss penetrated by an electron 
beam of 104 eV. STIX (1964) has attributed this acceleration to the cyclotron acceler- 
ation of electrons due to electric field of those plasma waves which are excited by the 
electron beam and propagating slightly obliquely to the magnetic field. 

In order that this acceleration occurs in the solar atmosphere, another primary 
acceleration of electrons up to 103-104 eV is necessary for the excitation of the plasma 
waves; the excitation of the plasma waves may also occur at the hydromagnetic shock 
front (Section 5.2). Then a part of these electrons and/or thermal electrons could be 
accelerated due to the cyclotron process to higher energies. 

7. Concluding Remarks 

In concluding this review it should be remarked that part of the present theories of 
solar bursts are not firmly established. Improved measurements of solar bursts during 
the coming active period will possibly upset some theories or force us to modify the 
present theories. Quantitative studies of the bursts on decimeter waves and longer 
waves are especially delayed because of the poorness of both observational and 
theoretical backgrounds. Quantitative study of the acceleration of electrons is also 
highly desirable. 
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