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RADIO CMISS5ION FROM THC SOLAR CORONA DUE TO SHOCK WAVES
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Indian Institute of Astrophy ics
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Abstract

The slowly drifting solar type I radio bursts are believed to be due to the flare
associated shock waves piopagating radially outward tn the corona The main observattonal
characteristics of these bursts show that the shocks responsible are supercrilical and
quasiperpendicular  The electrons accelerated through reflected ton beam excited low
frequency waves form gap distribuiions by gotting seatiered on whistlers and they fill
a large volume just v front and behind the shock front giving rise to the backbone emis
ston The elections accelerated by fast 'ermu process form electron beam escaping
from the shock front and give rise to herringbone ermission The brightness temperatur es,
polarization and frequency splitting are self consistently expiained

1 Introduction

Our knowlidge of Lhe struclure of collisionless, quasi perpondicular shocks has
inereased rapidly in recent ye ns Lhiough dirocl 1n situ obsorvations of the Carth's bow
shock, othie planctary bow shocks and Interplanetary shock waves accampamed by
a delailled compuler simulations {Leroy ct al, 1982) Colhslonles shocks may be respon
ible for much of the particle accelcration that occurs 1n the interplanetary medium
Increase  In encigetic 1on and cleclron fluxes are obierved 0 associalbian wikh solar
{lare shotks, cotolating interaction region shocks and bow shocks in frone of planctary
magnetospheres The coronal shocks are only indnectly observed by white hght and
radiowaves (Lype Il bursla and type I chaing) The particle acceleration in shoek waves
and radio cmission 10 Lhem are not understood complelely  Even though all the above
shocks have complelely difforent physical parameters, the basic physics of these collis
sionless shocks should be Lhe same

Coronal Lype Il burst have been studied ohservationally and theoreticnlly
for last Lhirty yems Cxcellent 1eviews of the subject can be found in Kundu (1965),
Zheleznyskov (1970) and Nalson and Melrose {1985}

The mmn spectral propeities of the metrewave type ll bursts are the (ollowing
(1) Slow drift of the emission from high to low frequencies al less than 1 MiHz sec ' (2)
Typical instantaneou bondwtidths for the drifting bands vary from a few MHz to 100 Mz
(3} Approxumately 60% of the bursts appear in harmonic bands (4) Many of the bursts
show 1 occoneary doubling of the bands; the sphttling Af/f ~ 10% in each of the funda
mental and harmonic bands (5) In some bursts there are several drifting banJds or 'lanes
which are netther harmonically related not consistent wilh simple band sphiting These
aro thought to be generated by separate disturbances propagating through the corona or
by the interaction of a single extended disturbance with several different coronal struc
tures (7) Approximately 20% of Lhe type Il events consist of two components (a) back
hone which 18 a spiky, narrowband emission drifting slawly to lower frequencies and {b)
herringbones, which are fast drifting broad band short duration efements shooting out of
the backbone Lo lower and higher frequencies (8) "Herringbores' have a slightly bul
conslstently higher degree of circular polarization than the 'backbone" Herringbones
resemble type I bursls and are generally interpreted as signatures of a beam of energetic

165



166 G Thejappa

particles accelerated near the source of the backbone (9) Kat and Mcl.can (1968) and
Wild (1969) showed that the type Il sources at 80 MHz are large {(~ 0 5 Ry) wheieas Nelsan
and Robinson (1975) reported that the source size at 43 MHz 1s still larger (~ 1 Rp)

Collisionless shacks are defined as being either uberitical or supercritical In g
suberitical shock enough dissipalion ean (in principle) be provided by anomalous re istivity
to sat1 fy the Rankine Hugoniot conditions of mass, momentum and energy conservation
acros the shock without having to wnvoke 1on kinetic effects In supercritical shocks,
resistivity cannot provide aduquate dissipation sa an 1on kinelie Lreatment of the shock 1g
necessary (The ton dynamics arising in this case gives rise to an effective viscosity) The
transition from sub to supercritical shocks depends on the physical parameters of Lhe
system such as the plasma beta and the angle belween the magnetic field and Lhe shack
normal Edmiston and Kennel (1982) have shown that the critical Mach numbers for
the shock waves he beltween 1 and 2, for thu Lypical solar wind parameters The fact 19
also supported by the ISEE 3 abservations of the interplanctary hocks (Bavassano Catlanea
et al 1986), where i1t has been observed that a majority of the interplanctary shocks
possess an overshoot foot and ramp in the magnetic ficld strocture indicating Lhal
most of them are supercritical Krasnosel kikh et al (198% Thejwppa (1986, 1987),
Benz and Tejappa (1987), Zlobec and Thejappa (1987), and Thejappa et al (1987) use some
of the properties of the supercritical shocks 1n explaning onc or Lhe other propurty of
type Il bursts In this paper we briefly review the appropriate electron acceleration
mechanisms operating in the shock front and apply them to explain the backbone, herring
bones, band splitting, blobby struclure and polarization of type If bur ts

2 Electron Acceleration tn the Shock ront

It 15 now well establishcd experimentally that encrgetic electrons in the energy
range 50 eV 50 KeV originate rather steadily at the Carlhs how shock and propagato
upstream in the sunward direction aleng the interplanetary magnetic field hines The
most energetic electrons (encrgies as high as 50 KoV) are delecled at the edge of
the foreshock region (e the upstream region magnetically connecled to the e nth's bow
shock) and come primarily from a small region near the curve of tinguney of the inter
planetary magnetic field to the bow shock surface, where tho shoek i nearly perpandicul-ar,
lower energy electrons (down to 10 V) smie detected deeper in the fore hock and are
released from a much broader region of the bow shock (Anderson ct al, 1979, Feldman
et al 1983) The energotic electrons have also been shown Lo be clo cly as ociated
with the presence of predominantly electrostallc cleetron plasma wave 1n the foteshock
region (Scarf et al, 1971 I Ubert and Kellog, 1979, Andeison et al 1981, Cteheto nnd
faucheux, 1984, Lacombe el al, 1984), and to act a. a source of eleclrom wgnetic waves
at twice the electron pla ma frequency (Hoang et al, 1981) Cnergelic (~ 2 KeV) clectrons
have also recently been detected upstream of nteiplinetary shocks (Potter 1981)

While the observations have reached a rather mature state, the 15 ue of the
physical understanding of the scceleration of salar wind electron by shock waves 15 Lill
unsetlled However, amorng the various acceleralion mechani ms proposed, 1L appears
that there are two mechanisms operating in the shock front, namely, acceleration through
the waveparticle interactions {Papadopoulos, 1981, Valsberg el al 1981) and fast Formy
acceleration {(Leroy and Mangeney, 1984 Wu, 1984) Here we propose that both Lho
mechanisms are operating 1 the shock front, and the electrons accelcraled by the
reflected 1on excited low frequency waves get separaled from the ambienl population
by getting scattered on whistlers filing the volume just in fiont and behtnd the hack
front giving rise to the continuum type backbone and also to the frequency splitting
whereas the electrons accelerated through the fast ermi mechanism gain very high
velocities when the Oy 18 close to T, and runaway from the ambienlt medium forming
the beams consequently giving rise to herringbone structures
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2a Electron Acceluration through Wave Particle Interaction

As we have mentioned earlier we propose that the shocks responsible for type II
bursts are supcreritical and quasiperpendicutar The quasiperpendicular (Bgp >7.9), super
critical configuration has been exlensively studied, both Lheoretically and observationally
Theory and extensive simulattons [See Leroy et al (1981, 1982)] have shown that the
magnetic profile of such shocks 13 dominated by the temporary reflection of a fraction
of the incident olir wind 1ons, which are mostly tran mitted on thew second approach
to the magnetic ramp In particular the magnetic '"pedestal {(or foot) and 'overshool
(llustrated 1n Migure 1) were shown to be caused hy the reflected 1ons The magnetic
prafile of the 1mulated supereriticol tructure was argued to be nearly Lime stationary
n the shock frame ol refcrence provided a specific range of anomalous bulk resistiviiies
was postulated (Letoy et al, 1981, 1982) Paschmann et al (1982) ‘have reported the
existence of the reflected gyrating' 1ons whuch are highly nonthermal 1on distribulions
with large effective thermal spreads 1in the upstrcam as well as 1n the downstream The
refloccted 1ons behave Like a beam 1n the foot and ramp and hke a ring just behing
the avershoot, cxeiting n bolh the o1 es lower hybrid waves There exist two types of
instabilities (1) Modified two stream instabihily (2) Rosenbluth post Loss cone 1n tability
for [8F,/3V > 0] The lower hybrid waves have very large phase velocities along the
magnetic ficld Line , ranging fram o cut off at the elcetron thermal velocily Ve > 2 x 10°
emf/s Lo grealer thon the velocity of light  The cul off at low phase velocity 1s due
to Landau damping, which allows only Lhose waves with phasa velocity Vpp > Vg to ex
18t In laboralory plasmas lower hybrid waves have been hown lo be (xlremely effective
in accelerating electrons dong magnetic fleld Lincs and 1n productng high energy tails
in etectron dh Lribution functions (Boyd et al, 1976)

The general di persion relation including the eleciromagnolic effects 1s

w? w? w? w? w? 1

b, _pe _pey _pe kz . .pe = (1)
] (1 } ) 2 ( 2 U

w? Ré Kip? 2 ¥ k?c

where wy),e are 1on, clectron plasma frequency and, 2;,¢c are ion, elecltron cyclotron fre

quency rospectively ks the wave vector and ky 1a 1ta component along the magnotic
field and ¢ 19 tho velocily of light

[or k; << k%, solulions to {1) are

1 ¥
2, w2 k2
wp: PP o2 (1 + w?ia/kPe?) (1 + wyel/k?c?)
) k pe p
w? - (2)
12
pe

For [l3/k? << 1 and lwje/lk*c* << 1, Lhe obove equation takes the form

w? = mﬁH[1+(-?;)2~—-:,‘2é1 (3

where wf i = Jwh, /(1 + wle/wde) s called the lawer hybrid resonance frequency These
waves have kK nearly perpendlculf:r to By There s however an electric field companent,
and wavenumber ka << (melml)l 2 k paraliel to [50 The group velocities parallel and
perpendicula to the magnelic field can be obtained from (3) as
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Here we, have a umed that B 1 n the 7 dn‘eatmn Mrom cqualion (4) and the condition
ki < k? we oblain the ratio [VG /V = {k2flkyk ) showing that Vg >|V

5 Xy
Thorefore mo t of the energy flows parallel Lo the mAagnetic field The pljn e velocity

along the ficld is given by V = w/ 11 Using the relation 1 < Me/MP/2k apnd K
= w/c , where 1

(KT 4 KT )
¢ = [ ]
3 m,
18 the 1on woustic velooily, K 1 Bollzsmanin's congtant TE,”l are the electron  1on

temperatures respectivoly, we find thal

i
Vphu =t (mP)

e, > V1., Thu Lhe phise velocity along Lthe ficld hine 18 grealer than the electron
thermgpspm d

As tited ecalicr Lthe ons refleetod from the hock front flow actoss Lhe magnetic
fleld hnes producing L age eloetia tatie field (p >> p.) and they can be considored as
unmagretized  The  distoibution functions of "the 1eflocted 1ons in the upstre :im  and
downslroe wn ¢ in be appioximatod respec tively as

u mo3 ml(V Vb)2
f Ny [Wf;] exp [ "““"é‘?r‘t;“‘—““] (5)
and
1
(mvi) * m{v? v?2)
o TlJ ! b
f exp [ ——7—] (6
h Vh 2Tb
The contribution of uch an wn bcam Lo Lhe dielectric permitlivity 1s given by
LA s R o
€ion beam © Mk av

For thc ion distitbubion functions of the form (3) and (6), lhe growlh rates can be
caleulated using Lhe formula

Y = [im €/ dRge /3w ] (8)
and are given by !
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n
X . b Wy 1 ! 9
X e @) Vi, ° (9)
d
Yb: nb 71} 1 Vb g
s on k) (e o

Growth of the lower hybrid waves is insensitive to the electron ion temperature ratio,
[Te/T,] and can take place even1f T, >> Tgy

McBride et al {1972) have shown that then lower hybrid wave growth saturatas
at an energy density given by

Wil 005 n
~ ]
nKT, {1 +wpe/ﬂe)
where W —| E |2 /8w 15 the energy density of the lower hybrid wave with an

electric field E, Cand n 18 the plasma density Particle acceleration i1s the process which
ltmits the gmwth and leads to the saturation

The statistical acceleration of electrons 1n the tail of the distribulion due to
interaction with lower hybrid lurbulence can be described by the quasi linear diffusion
equation (Davidson, 1972)

af, ) 3 Bf
9

T8V Dy BV11 (12)

where f5 18 the electron distribution function and D115 the quasi linear velooity diffusion
coefficient, where AV is the change 1n velocity of the particle due to wave partiele
intraction 1n time T Bhadra et al (1982) have shown that

2 2
L = 16“9_ & Ky) ki (13)
mg w

where £k is the wave energy density per unit wavenumber For an acceleration region
of length L the effeclive range of kjy 18

km < ki1 i kD (1&)

where %, 1s determined by L, and k 15 determined by the strong l.andau damping
that takes place for k), = LH/ZV

The total wave energy density is thus

Wiy = (ky ke o ke (15)
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The time for electrons Lo be accelerated from V) to Vz by lower hybrid waves 15 given by

Vo Vi)?
TE]CC = ( 2”11 1) (16)

A characteristic acceleration length Lace = <V> Tyee  where <V> 18 the average elect
ron velocity 18 given by {13), (143 and (15) as

w o, n. KT AV? Kk
L - I.H o c CIPEVE (179

ace 2 b4
hmus, Wi Ve Kn

AV - V2 V)

For Lypical coranal paramcter  this length 1s of the order of 1 R,

(b) Eleclron Acceleration by Tast Fersm Processes

The Jump in anlensity of the macroscopic magnetic mimor and combines with
a hump of Lhe cleelrie potontial to reflect adiabakbically part of the incident solar
wind electron distribution (I cldman et al, 1983) The energy of an electron 18 being
con erved before and after 1cflection only 1n a palicular reference frame where the
motionil clectrie field 19 zerp This frame moves at a very large relative velocity with
respect to the ob erver s refercnece frame for noarly perpendicular shock geometries,
thus 1mportant energizalion resulls when coming back to Lhe observer's frame In the
case of adinbalic reflcelion, 1 e, gyroradius << shock Lhickness, the average energy per
reflecled eleetron scales 18 = (3 mV3)*/ Cos®8p,, for large 8, Here Opn 18 the angle
belween up Lream magnelic Neld and shock normal and Vg 1s Lhe upstream flow velocity
(or shark spcod) The cnergization 1s appreciable 1s 8pyy approaches m/2

In the plasma frame upstrcam of <1 quae 1 porpendicular ehock wave, the shock
wave may be conecelved ns a fast moving "magnetic mirmoeor which moves wilh a very
high cffective veloeity Vg along the upstream ambient magnetic fleld 3y, where Vy =
Vi1 Co 64 V @ denotes tho angle bolween the shock normal noand By, Vi1 19 Lhe
so called de Holfman Teller velocity, 1e

- B x (Va x By)
HIT —jln

Vit 14 the component of the up Ltroam bulk velouily V) parallel Lo the magnelic field
lor a newrly poipendicular hock (e, the shock normal no1g almost perpendicular to Bi)
VHT becomes much higher than Viz  and thoic fore can lead to very effectivo energizalion
(Wu, 1984, Lcroy and Mangeney, 1984)

<%+

Since Lhe acceleralion process relios on the mirror refleclion associaled wilth the
shock wave, Lhe cnergized elections inherenlly possess a combined "beam  loss cone
distribution  If one assumes that the upslream electrons (before reflection) possess
a nearly 1 otlopic distribulion Lo the plasma frame, 1 e, 1f one models (L by assuming
that the distribution consisls of Lwo basle parts A "core! distnibution, which 1s character
ived by a thermal Maxwelhan distmbulion with a temperalure of 200 eV and a Halo"
¢ tribution of suprathermal electrons which might have a characterislic energy of
a Tew keV, the eleclrons energlzed by the shock may possess a distribulion function
which 1s characterized by a combined beam and loss cone feature Wu st al (1986) mode!
led theso electrong by a hallow beam distribulion
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(un  unyf? (u ug )? ]

FEO) = Aexpl af) o {19)

where A 15 a normalized coefficient and

A = [ a? e lexpl ‘-fi)m% o) (1 v et (213 )

3 Radio Emission

The radio emission from coronal shocks consist  of two parts (1) slowly drifiing
(backbone) (2) fast drifting {herringbone)

3a. Backbone

It 18 proposed that the electrons accelerated through the low fréquency lower
hybrid waves excited by the reflected ions get separated from the ambicnt clectrons by
getting scattered by the 1on excited whisllers Thay Till a large spnce just 10 fronl
and behind the shock front forming gap distrbutions

These gap distributions radiate both at fundamental and econd harmonic frequen
cles 1n the upstream as well as 1n the downstream which 1s 1n accordance with the
observed band splitting The high energy electrons filling a large volumc surrounding the
shock front gives rise to the radiation 1n the form of a narrow banded continuum (back
bone)

The brightness temperature for such a gap distrtbutions as ugge ted by Melrose
(1975) 18

n v
Lt 12 b _0y 1
T8 = 15 %10 o i &0 (21)
n V
Lo 22 ¢ by O
Ta = 18 x 10 (no) b (22)

ror typieal values like [ny/n, = 10 %, f, = 100 MHz Vo/c -}, we oblain  T§
10K and TE = 10'"K  which agree well with observed vnlue

3b Herringbone Structures

Asg 1t 18 shown earlier, the electrons by fast Fermi acceleration process may attan
very large velocities for nearly perpendicular shock waves And also It was mentioned
that the electrans possess a hallow beam distributlons

For (R3/wfe << 1, a hallow beam can excite two types of instabilities those acting
matnly on the positive gradient 1n uy, reducing the shift uj1p and others  Lhat are mamnly
driven by the perpendicular gradient eroding the ring Among Lhe electrostatic ring or loss
cone instabilities the upper hybrid modes grows fastest Benz (1980) derived Lhe saturated

energy level by assuming that nonlinear shift of the cyciotron frequency 1s the mam
mechantsm of saturation a
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uh 2 nb G 2
= 10 ° —=(+) {(23)
noKTe Ny Ve
For typical parameters mv}f—&b-— ~ 65x%x10°%
¥p P noKTe = X

As mentioned earhier, the refiected 10ns excite lower hybrid waves whose energy
saluration | given by equation {11)

We propose that the upper hybrid waves exciled by Lhe electron beams accelerated
by fast Fermi process interact among themselves and with the lawer hybrid waves
excited by the reflected lon beams giving rise to the herringbone structures at harmonie
and fundamental frequencies The condilions for coupling of three waves are

= W

u)em L * w

L2
(24)

> s +
Kem = Kiq ' kg

lor Lhe electrostatic (pump) waves propagabing 1n & cold magnetized plaama, the
wave numbers k 11,2 must satiafy the electroslalic approximation (Stix, 1962)

kp > K112 Kmin (25)
where
2
2 . L.
Ken = o7 | Eu' max (26)

It is the mimmum wave numbery |€ij|max 18 the tlargest of the dielectric elements

of the plasma compuled by using the electroslatic wave frequencies, Ayls the Debye
wave number The first Inequality in (25) 18 inherently satisfied by all plasma waves and
1s consistent with cold appoximation We have Lhus the following condition for the
cold plasma

§ w v
e (_J)_B) )>..E_B_

(27
ckiq2 B
The Eigen made should also satisfy the respective dispersion relations
D, k)= 0 (28)

The eigenmode frequencies of Lhe electrostatic waves can be easily obtained from the
electrostatic dispersion relation [Dgg = 0, s0 that

1
2 2 L) 2 2 2 2
Wi = 3 W}, [uuLlh 4 Yhe Q2 cos®o 12} (29)

where = w2+ ﬂ;)l/2 ts the upper hybrid resonance frequency The plus or minus

pa
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sign above corresponds to the upper or lower hybrid branch of magnetized electron plasma
waves, respectively

For freely propagating R X () and L O {(+) electromagnetic waves therr fre
quencies must be above the respective mode cut off frequencies (mL 0 and Wy ><) te

Wy, > L O (30)
R X

depending on the mode of propagation (L O or R X) Waves with frequencies higher

than the cut off frequencies will propagate freely in the medium Waves with frequencies

below the cut off frequencies will be trapped and reflected at the cuteff (n: =0)

The cutoff freguencie for the L. O and R X modes can be obtawned by setting n= O,

which gives

i

w W 3N

LO
and

1

1
w 5[981(4wée+92]2] 32

R X

In the present case, there are two possible cases {a) w1 = w2 ®wyy (b)) wy = wyh
antd w2z - W_h resulting In frequencies of the electramagnetic waves ws = 2 wyy nd wa
wyh respectively The radiation at fundamental will be mainly in the ordinny made since
X mode at wy can not escape from the source regilon The O mode waye propagating
perpendicular to the magnetic field are hnearly polarized parallel to By As soon
they lsave the quasi transverse reglon, however the waves [araday iotate to nearly
vanishing cireular polarization as ob el ved

Since the energy density of the lower hybrid waves excited by the reflected 1on
beams for exceeds that of the high frequency election beam cxeited upper hybrid waves
the opacity, W, 18 due to the lower hybrid wave

For &£ = d4n{mg/m,) = 0 3 Steradian and 8gn #~ 839, the radio brighlness tempera
ture 1t the fundamental 18 (Benz and Thejappa, 1987)

Top = Typ & 7Tx 107K (33)

compatible with ohservations

Radiation ab about 2 wgl can be emitted from the region of upper hybrid instability
in the electron foreshock The coalesence proce s 18 very effective sinco the wave
fill only a small angle near the perpendicular plane [or coronal conditions the absorplion
coeffictent of this mechanism 1s

W
i uh
b ® 2x10 ——-———-——nOKTE (34)

With the estimated values of W, and the source dimensions derived from abserva
tions 1t 15 clear that the harmonic radiation 18 marginally optically thiek The maximum
brightness temperature of the harmome 18 again T, and

Again the tansverse waves are preferentislly emitted perpendicular Lo ED Their

Imtial Linear polarization 1s smeared out by Faraday rotation Thus the observed net
circular polarizatian nearly vanishes
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Conclusions
1 The shocks respon 1ble for solar type Il bursls are super critical
2 The reflecled 1ons from the shock fronmt excite low frequency waves both In
upstre um and downslream
3 There are Lwo electron acceleration mechanisms operating 1n the shock front

The low frequency waves excited by the ton beams accelerate electrons along the
magnetic field, and 1n most aof the case the accelerated electrons get scattered
by the whistler and fill a small gap 1n the downstream and upstream of lhe shock

The distribution of such elections 1s a gap distribution The resultant redio emi.sion
give t18e to hbackbone

5 The eleclrons acecleraled by the firsl Fermi proce s, gain vlery high energies when
8gp 1s nearly 1/2 and escape both tn the upstream and downstream The upper
hybiid waves excited by these slectron beame Interact with themselves and lower

hybrid waves giving rise to fasbl drifting herringbones at the harmome and funda
mental respectively
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