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Summary. The “backbone” emission of shock initiated coronal
(metric) type II solar radio bursts is considered. The source has
extremely narrow bandwidth and appears to be stationary in
relation to the shock. The increasingly complete understanding of
the phenomena associated with the Earth’s bow shock is tapped
for suggestions on the responsible particles, their energies and the
emission mechanism of radio waves. We propose that the
radiation originates from electrons and ions of a few keV energy,
the dominant populations of accelerated particles upstream of the
bow shock. These particles may locally form velocity distribution
that are unstable towards growing electrostatic waves (Z-mode,
ion-acoustic and/or lower hybrid waves). The “backbone” source
seems to require an exciter that is different from the classical type
III producing beam. We suggest a shifted ring distribution (the
result of fast Fermi acceleration). Ion beams may excite ion-
acoustic and lower-hybrid waves and provide low-frequency
turbulence. A model is developed which can explain the major
observed features by wave-wave coupling between electron
plasma waves themselves and with ion waves. Observational tests
at interplanetary and bow shock waves are proposed.

Key words: collisionless shock waves — particle acceleration — type
11 solar radio bursts

1. Introduction

Accelerated particles at the Earth’s bow shock and, in lesser detail,
also at interplanetary shocks have been extensively observed by in
situ spacecraft. Resolution of small scale structure has recently led
to considerable progress in the understanding of the physics of
collisionless shocks. On the other hand, a large body of remote
observations of flare initiated coronal shocks has been compiled in
white light and radio waves (metric type II bursts), but the
problems of coronal particle acceleration and radio emission are
far from being settled. This work is based on the assumption that
despite the different shock parameters the basic physics of these
collisionless shocks is essentially the same. Given the present
knowledge on the nearly collisionless shocks and recent high
resolution metric radio observations, we propose here a new
emission process for metric type II bursts.

Coronal (metric) type II events have been observed for more
than three decades. The subject has most recently been reviewed
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by Nelson and Melrose (1985) and Simnett (1986). Figure 1 shows
an example of high resolution observations made by the digital
spectrometer IKARUS at ETH Zurich (Perrenoud, 1982). We
consider the following observational points essential for a possible
emission mechanism:

1) Type II events consist of two components: a spiky, narrow
band drifting slowly to lower frequency (metaphorically termed
“backbone’”) and rapidly drifting, broad-band structures shoot-
ing out of the backbone to lower and higher frequency, called
“herringbones”. The two components can easily be distinguished
in a spectrogramme (cf. Fig.1, bottom) and are obviously
different in their intrinsic time scale and bandwidth. Roberts
(1959) reported evidence of ““herringbone” structure in 20% of his
set of metric type II events, but none has yet been observed in
interplanetary shocks. ‘“Herringbones” have a slightly, but con-
sistently higher degree of circular polarization than the “‘back-
bone”. Note in Fig. 1 that patches in the “backbone” have
halfpower bandwidths of only 2—-3% of the emission frequency.
Single “herringbones” resemble type III bursts and are generally
interpreted as signatures of a beam of energetic particles ac-
celerated near the source of the “backbone” (i.e. escaping from
the shock). It is widely accepted that the “herringbone” emission is
due to Langmuir waves excited by the gentle-bump-instability
similar to type III bursts. These electrostatic waves scatter off ion
density fluctuations and/or low frequency ion waves to radiate in
the ordinary mode at the local plasma frequency. Additionally,
they also are known to interact with Langmuir waves propagating
in opposite direction, giving rise to emission at the harmonic.

2) Here we concentrate on the unknown emission mechanism
of the “backbone”. Its small bandwidth seems to exclude interpre-
tations by a type III-like exciter, as attempted by several previous
authors. Assuming that the bandwidth is fully determined by
inhomogeneity (an upper limit), the source diameter is less than a
few percent of the density scale height, or about 1000 km in the
undisturbed corona (but less if the source is more inhomo-
geneous). The source seems to be quasi-stationary in relation to
the shock. Such a small size is far below expectation of conven-
tional models for type III-like exciters. It is also more than an
order of magnitude smaller than the region of beam excited
Langmuir waves at the bow shock (Anderson et al., 1981, see
below). This source size and the observed flux lead to a bright-
ness temperature ot the ‘“backbone” structures in Fig.1 of
=5 10'2K.

3) Despite the obvious difference of the two components there
are also striking similarities. The two components are always
found to have the same sense of circular polarization (cf. Nelson
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Fig. 1. Top: Spectrogramme of a section of a solar type II radio burst recorded with the IKARUS spectrometer at ETH Ziirich on 1980 April 6. The brightness
indicates radio flux in a logarithmic scale. Bottom: Two enlargements of the above overview showing horizontal “backbone” and vertical (skew) “herringbone”

structures

and Melsose, 1985). This suggests emission in the ordinary mode
also for the ““backbone’ component.

4) A very basic property is the frequent appearance of
harmonic bands, although the fundamental may sometimes be
missing in sources from near or behind the limb (Nelson and
Melrose, 1985). It is important that not only the “herringbones”
show harmonic structures (as do type III bursts), but even more
frequently this is observed for the “backbone”. It indicates a
similarity of the emission mechanisms of the two components,
which, in general terms, seems to require the presence of high-
frequency turbulence and ion density fluctuations or low-
frequency waves in both cases. We further note that harmonic
structure is also observed in radio emission from interplanetary
shocks (Lengyel et al., 1985; Cane et al., 1982) and the Earth’s bow
shock (Hoang et al., 1981, and references therein).

A rich collection of observations on the Earth’s bow shock has
been gathered by the ISEE and other spacecraft throughout the
1970’s and early 80’s. Extensive reports have been published in a
special issue of the J. Geophys. Res. 86, 4319-4536 (1981), and
Russel and Hoppe (1983) have reviewed the results. It is clear now
that a significant amount (about 1%) of the solar wind energy is
converted into suprathermal and energetic particles accelerated
into the upstream region. There are four major constituents: (i)
reflected protons forming field aligned beams of a few keV in the
sunward direction, (ii) diffuse protons with broad energy and

angular distributions, which may (at least partially) originate from
the beam by quasi-linear diffusion, (iii) electron beams of 1-2 keV
energy particles observed mainly on interplanetary magnetic field
lines which are newly connected to the bow shock, and (iv) a
suprathermal electron tail (<1keV) in the sunward direction.
Electrons and protons with energies >100keV have also been
reported. Energetically, they are however unimportant.

An overview on the major upstream waves at the Earth’s bow
shock has been presented by Anderson et al. (1981) and Tsurutani
and Rodriguez (1981). In particular note strong magneto-acoustic
and Whistler waves generally associated with ion beams, and field
aligned Langmuir waves at the local plasma frequency. The waves
correlate with the electron beams (Scarf et al., 1971) and have
phase velocities of 1-2 10° cms~?! corresponding to the observed
electron energies of a few keV. These relatively slow beams are
reminiscent of the herringbone structures of coronal type II
bursts, which often have relatively small frequency drifts com-
pared to flare initiated type III bursts generally associated
with 20keV electrons. With Holman and Pesses (1983),
Krasnosel’skikh et al. (1985), Thejappa (1986) and others we
conclude that the herringbone type of emission is caused by this
species of low energy electron beams.

In addition, ion-acoustic waves of unknown origin are fre-
quently observed in regions upstream of parallel shocks, and
other, even lower frequency, unidentified electrostatic emissions
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have been reported by Anderson et al. (1981). Vaisberg et al.
(1983), and Galeev et al. (1986) have possibly identified lower-
hybrid waves.

The IMP-6 and ISEE-3 spacecraft have also observed the
radio emission of the bow shock (Hoang et al., 1981, and
references therein). The bandwidth of the harmonic is extremely
narrow (sometimes less than 3% of the center frequency) and is
apparently caused by inhomogeneity in the upstream solar wind.
The fundamental and harmonic bands resemble the “backbone”
emission of coronal shocks. A warning against rapid conclusions
may be appropriate: “Herringbone” structure would be expected
to drift very slowly due to the density scale height of the solar wind
being about three orders of magnitude larger than in the corona. It
would not have been distinguished by the spectrometers of these
experiments from ‘““backbone” emission. Assuming unpolarized
emission Hoang et al. observed the harmonic emission from a
point source (< 10° km size) displaced some 10-30 Earth radii (up
to 60) from the subsolar point. However, if the emission is 100%
linearly polarized, its centroid position agrees very suggestively
with the subsolar point. It remains unclear whether the radio
emission of the bow shock is the equivalent of the “herringbone”,
the “backbone”, or both superposed.

Similar phenomena have been found in shocks travelling in
interplanetary space. Not every shock, however, has all the bow
shock features (Kennel et al.,, 1982). In fact, the bow shock
comprises quasi-perpendicular as well as quasi-parallel sections,
on the other hand interplanetary shocks may have smaller
curvature with less variation in shock angle. Generally, the
particle fluxes are less intense but extend to higher energies. This
may be explained by the lower Mach number, but greater spatial
extent of interplanetary shocks.

Coronal shocks are expected to be even more different (e.g. due
to the relatively stronger magnetic field). We note en passant that
just the power emitted in radio waves of the coronal type IT back-
bone (about 5 108 erg/s) exceeds the energy flux of all upstream
particles from the Earth’s bow shock (10'7-10'%ergs™!). In
addition to the established properties of coronal type I events and
collisionless shocks we make the following assumptions for which
there is observational evidence, but yet no proof:

1) The velocity of shocks causing type II bursts is supercritical,
i.e. their Mach number exceeds a threshold (between about 1.1
and 2.2 depending on the upstream plasma parameters) as
suggested by Thejappa (1987). At the critical Mach number an ion
acoustic subshock develops on which potential a considerable
fraction of ions is reflected and energized. Bavassano et al. (1986)
have shown that most interplanetary shocks are supercritical and
consequently show signature of ion reflection, such as magnetic
overshoots and “feet” of magnetic turbulence in the upstream
region. The assumption is compatible with the observation of
Gosling et al. (1976) that the rate of type II burst association of
coronal mass ejections (CME) observed in white light increases
with their speed. However, Kahler et al. (1985) concluded that
33+15% of all fast (>500km/s) CME’s had no associated
coronal type II burst, confirming an earlier observation by Sheeley
et al. (1984) of major visible-disk flares with fast CME, large
interplanetary shocks but no obvious coronal type II burst. There
seems to be at least one more condition for radio emission of
shocks.

2) This additional condition may be that the radio emitting
shocks must have a region of quasi-perpendicular propagation.
Obviously, one expects that the prevalent motion of a type II
producing shock is radial, thus mostly parallel to the magnetic
field at least in the higher corona. Nevertheless, a considerable
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transverse expansion and substantial deviations from a strictly
radial may occur. We make this assumption mainly in analogy to
the bow shock, where the point of tangency of shock surface and
solar wind magnetic field is the well known site of efficient electron
acceleration. There is some support of this assumption from the
observation of Stewart and Magun (1980) of horizontal source
motions of herringbones transverse to the direction of the shock.

3) Finally, we consider a type II source in the upstream region
in agreement with interplanetary shocks. It is also compatible with
observations of Hoang et al. (1981) of the second harmonic radio
emission of the bow shock to be at twice the local plasma
frequency of the upstream solar wind. The situation is less clear for
coronal type IT sources. Wagner and McQueen (1983) and Gary et
al. (1984) have found the position of a coronal type II source
below the associated CME, a loop transient observed by the white
light coronograph on board the SMM spacecraft. Since there is no
support for propagating energetic electrons or connecting field
lines into the region far downstream, they propose a second shock,
possibly a blast wave, to be the origin of the type II burst. Coronal
observations do not exclude our assumption of an upstream radio
source for coronal type II bursts.

Excluding type III-like theories for the emission process of the
backbone radiation, we are left with few alternatives. A possibility
may be a cloud of energetic electrons co-moving with the shock
preferably having a “gap” distribution in velocity (isotropic with
an enhanced shell of some suprathermal speed). However, Nelson
and Melrose (1985) have argued that the resulting maximum
brightness temperature would be far below the observed values. A
second possibility, maser emission, has recently been proposed by
Wu et al. (1986). Since the ratio of electron gyrofrequency to
plasma frequency is much smaller than unity, they find the
electromagnetic electron cyclotron instability to simultaneously
occur at several high harmonics of the gyrofrequency. Their direct
emission process seems to be very attractive from the point of view
of radiation theory. However, they cannot explain the ubiquitous
fundamental/second harmonic structures in the radio emission of
coronal, interplanetary and bow shocks. They are often observed
to be close to a factor 2 in frequency (e.g. Weiss, 1965; Lengyel et
al., 1985, and others). Also, it remains unclear why “backbone”
patches often are extremely narrowbanded and their frequency
and polarization are so similar to the type III-like “herringbones”.
For these reasons we propose here an alternative to their model
and suggest further observational tests.

2. Electrons

Non-thermal electrons are an essential ingredient of all models for
type II emission. Energetic electrons are ubiquitous in the
upstream of the Earth’s bow shock. They propagate in the
sunward direction along interplanetary magnetic field lines con-
necting to near the point of tangency where the shock propagation
is perpendicular to the field (Fan et al., 1964; Anderson, 1968;
Ogilvieetal., 1971; Feldman et al., 1973; Anderson et al., 1979 and
many others, cf. Fig.2). The problem of acceleration of these
electrons is still a matter of ongoing research. There are two major
lines of work. The first approach invokes resonant diffusion in the
low-frequency turbulence driven by the ion beams. The main
features have been proposed by Papadopoulos (1981), later
developed by Vaisberg et al. (1983), and applied to solar type II
radio bursts by Krasnosel’skikh et al. (1985) and Thejappa (1987).
It is based on the idea that the reflected ions near the point of
tangency form a beam perpendicular to the magnetic field. As will
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Fig. 2. Schematic overview on coronal shock
structure. The shock front (heavy curve) moves
up in the picture (heavy arrow). The magnetic
field (thin lines and curves) is compressed in the
shock. Electrons are accelerated into the
upstream region (thin arrows) and are confined
to the electron foreshock below the tangential
field line. Their distribution may be unstable
towards growing upper-hybrid waves in the
upper lobe (full curve). Accelerated ions are
unstable to magnetosonic waves (represented
by wiggles in the magnetic field) which form
the “foot” of the shock. They also may cause
growing lower-hybrid waves in the lower lobe

be shown in the next section, such an ion beam drives low-
frequency waves unstable (2; <w <€,) with k, > k. Since the
phase velocities of these waves along the magnetic field lines are
very high, the magnetized background electrons absorb these
waves by Cherenkov resonance, @ = kv, and get stochastically
accelerated. As a result the non-Maxwellian tail of the electron
distribution grows.

Here we will consider a second mechanism, often referred to as
Fast Fermi Acceleration. It is mainly based on adiabatic reflection
of incident electrons in the de Hoffman-Teller (HT) frame of
reference, which is defined such that the upstream velocity as seen
in this frame is aligned with the upstream magnetic field. The
electric field of the upstream motion, — £ ¥ x B, therefore van-
ishes. Electrons are reflected mainly by the rise in the magnetic
field strength at the shock combined with a jump of the electric
potential. The average energy per reflected electron scales as
=~ (3 m VZ)4/cos? @y, for large @p,, the angle between upstream
magnetic field and shock normal, Vj, is the upstream flow velocity
(or shock speed). The energization is appreciable as this angle is
close to perpendicular.

The above mechanism is based on the acceleration process
proposed by Fermi (1949) for cosmic rays. Feldman et al. (1983)
described how the shock can behave like a magnetic mirror. Leroy
and Mangeney (1984) and Wu (1984) worked out the case of
adiabatic reflection (gyroradius < shock thickness) for essentially
thermal or moderately suprathermal upstream electrons. They
have shown that the velocity distribution of the reflected electrons
is a shifted loss-cone. Inserting for the potential and integrating
over perpendicular velocity, u, ,in the HT frame, the distribution
function of the reflected electrons becomes

m \? B, c¢’ 5
F"“”“”e(“znn) exP<—7Bl—BoT_2_iB_1U°>

. _m B B, — By)\?
°"p[ 21;31—30(““+U°< B, )) W

(Leroy and Mangeney, 1984). Here the upstream electron distri-
bution is considered a Maxwellian with temperature 7, (in units of
energy). B, and B, are the magnetic field strengths in the upstream
and the shock front, respectively, and ¢’ is the electric potential in
the HT frame. The parameters for coronal type II emitting shocks
will typically be B, /B, = 3, and e¢’/T, ~ 1. The particle velocity

(dashed curve) in the ion foreshock

parallel to the magnetic field, u , and the upstream velocity, Uy,
both measured in the HT frame can be expressed as

u“ =U” = VHT . b, (2)
cos O,
Up=Vo o ms, @)

where Vyqp is the velocity of the HT frame with respect to the
observer’s frame, b is the unit vector along the magnetic field, and
0., the angle between upstream velocity and shock normal. We
approximate the electron distribution function (1) by a displaced
ring

F@=dexp|

— (u“ - U0||)2 _ (u_L - UOJ.)Z:I, (4)

20 20

where the normalization, | F,d>u =1, requires

2 2 -1
A= [nm od o {exp (— U?‘) + nl/zh[l + erf(go—l-ﬂ}:l .
uy oy oy
®)

Which instabilities will be driven by this distribution? For
Q2/w?, <1 it unfortunately depends very much on details. We
may distinguish two groups of instabilities: those acting mainly on
the positive gradient in u reducing the shift U , and others that
are mainly driven by the perpendicular gradient eroding the ring.
The former have been investigated in connection with the type ITT
process. Field aligned, electrostatic oscillations above the plasma
frequency (Langmuir waves) are well known and observed to
grow in such circumstances. As solar type III radio bursts show,
electron beams with positive gradients can exist for several
minutes due to quenching of the instability by density inhomo-
geneities, reabsorption of the waves, and spatial diffusion. Such a
stabilized beam may well be the exciter of ““herringbone” structure
in type II bursts, but not the source of the quasi-stationary
“backbone” (cf. Sect. 1).

Less is known about the instabilities of the ring component of
distribution (4). Anisotropies in velocity space with enhanced
perpendicular energy lead to whistler instability over a wide range
of parameters. Among the electrostatic ring or loss-cone insta-
bilities the upper-hybrid mode grows fastest. This wave is the
generalized Langmuir mode propagating perpendicular to the
field and is equivalent to the Z-mode in our limit w, > 2, . The two
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instabilities have been compared for w? > 22 by Berney and Benz
(1978) and Sharma and Vlahos (1984) for special cases of the
upper-hybrid mode. A more general treatment of the latter was
given by Winglee and Dulk (1986), who used the full “maser”
approach and found even larger growth rates particularly at places
where the local plasma frequency is about an integer multiple of
the electron gyrofrequency. Whistler waves are driven by the
general anisotropy of the ring distribution, but upper hybrid
waves grow on the positive slope of f(v,). The most unstable
modes of the two waves are in resonance with different particles.
Whistlers interact more with energetic particles, lower-hybrid
waves with ring electrons having small v, . Upper-hybrid waves
are generally more unstable compared to whistlers for large ratios
,/2, and small fractions of energetic particles (Berney and Benz,
1978). Thus we can expect that electrons accelerated by the fast
Fermi process drive upper-hybrid waves unstable.

The dispersion relation for the high frequency electrostatic
oscillations of a cold plasma is

0 (k2 @ (k2
o=t = () — s () =0 ©
For ky <k and Q2 < w2, the solution of Eq. (6) is
192 (k)2
o=t 3t (¥) ®

Adding a small population (n; < ny) of energetic electrons, but
neglecting its contribution to the real part of ¢,, the linear growth
rate of the waves growing at w is given by

~T w‘z’; Y [d*vJ? <———k?2ul> 52 0Q?

(38R of aay. _kyuy 5@,
<ui 5“¢+k“ 5““) (5<co Y y )’ ®

where J; is the Bessel function of the first kind of order s.

We do not know how these waves saturate. Pritchett (1986) has
convincingly shown that for w,< £, and X-mode the maser
instability saturates by quasilinear diffusion. Another possibility
is electron trapping (Le Quéan et al., 1984). Benz (1980) assuming
saturation by the non-linear shift of the gyrofrequency arrives at a
wave energy level (relative to nT,) of

o ng (o0, \2
Br———— L (—*) )
327 (1 - 92—“) Mo \le

for a special case (hydrodynamic approach), and where v2 = T, /m,
refers to the cold background electrons, a = (s/k R,)?, s = 0,/2,,
and R,=v,/Q,. We will use s=10 and «a=0.15. Leroy and
Mangeney (1984) have evaluated the energy and density of the
reflected electrons from the shock front at various angles @, . A
rough estimate of the energy density in upper-hybrid waves is
given in Table 1 using Eq. (9). The number of reflected electrons
and the energy density of the waves increase with smaller @, . The
kinetic energy of the accelerated particles, however, decrease to
4.1 KT, at 83°. Below this angle the energy rapidly falls below
2 KT,, the approximate limit of instability.

3. Ions

Tons may take up a considerably larger fraction of the shock
energy than electrons. Energetic ions and their wave turbulence
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Table 1. Fraction of energetic electrons accelerated at various
shock angles @, (Leroy and Mangeney, 1984), perpendicular
temperature of reflected electrons, and approximate level of
upper-hybrid waves f,, [in units of n, T, after Eq. (9)]

Op, ng/ng T,T. Bun

83° 1.1 1071 3.0 4.6 10°°

86° 6.0 1072 3.5 2910°°

88° 291073 5.8 2.410°°¢

8825 1.3107% 8.3 1.51077

89° 1.71078 15.0 3.6 1071
89%5 1.0 1072° 51.0 7.1 10732

have important feedback effects on the shock and should not be
neglected in a medel for type II burst emission. Ions with energies
small in comparison with the potential barrier in the shock front
cannot pass and get reflected into the upstream. The theoretical
analysis of quasi-perpendicular shocks shows that when the
Alfvénic Mach number exceeds some critical value
M_=V,[v, ~ 2, the potential is equal to the energy of the ions in
the upstream and reflects an important fraction of the ions
(Sagdeev, 1964; Biskamp, 1973; Tidman and Krall, 1971; Leroy et
al., 1981, 1982).

The reflected ions cause very low frequency magnetosonic
turbulence giving rise to a “foot” structure in the magnetic field
ahead of the main shock. The thickness of the “foot” is of the
order of V,/Q;. In this region a small preliminary deceleration of
the upstream plasma and increase in density and magnetic field
take place. These theoretical conclusions are well supported by in
situ observations near the Earth’s bow shock (cf. review by Russel
and Hoppe, 1983) and by numerical simulations of collisionless
shocks (Chodura, 1975; Leroy et al., 1981, 1982).

These ions form a beam with velocity v, & 2 V; in the frame of
reference moving with the plasma stream. The beam density, n,, is
approximately (0.1-0.3)n, (Leroy et al, 1981, 1982;
Krasnosel’skikh et al., 1985). A drifting Maxwellian approxi-
mately describes the ion beam

3/2
A= (—L) expl— (v — 1,)2/oky]. (10)

U
where vy, is the thermal spread in the ion beam.

Here we are mostly interested in waves that can coalesce with
high-frequency waves (discussed in Sect. 2) to radiate funda-
mental plasma emission. The wave vektor k of such a mode must
satisfy the coupling condition k,, + k = k,, where the radio wave
k-vector, k., is relatively short. Therefore a wave with large &k
perpendicular to the magnetic field is strongly favored.

A possible mode is the lower-hybrid wave which can interact
with an ion beam and propagate almost perpendicular to the
ambient field, if n,/ny <1 and vp, <v,. Our choice of the
type of low-frequency waves is not unique. We note, however,
that electron and ion temperatures in the corona are expected
to be similar. Therefore, the energy density in ion-acoustic
waves is likely to be far below the levels observed in the solar
wind and near the bow shock. Since lower-hybrid waves exist
independently of the ratio 7,/T;, their role could be important
in stellar atmospheres. For the usual coronal assumptions,
Q,<w,, B, =8nnT, /B> <1,the general dispersion relation for
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electrostatic waves propagating almost perpendicular to the
magnetic field is

w2, (k. \? 0% (k)\* o
R

(11

where the approximation kf <k has been made in the dielectric
response of the background ions. The contribution of the reflected
ions to the real part of the dielectric constant, &,, is neglected. The
solution of Eq. (4) for 2,> w > Q; and Imw > Q; is then

2. 2 m(k\N* (3 3TN 1
co~w,,,[1+m<k> +<4+Te k*R; |,

e

(12)

where we have added the thermal effects in the last term in the
bracket, and used the definition wZ = Q, Q;. The derivative of &,
with respect to @ can easily be evaluated

dey w3,
0 =27k (13)

The contribution of the beam distribution (10) to the longitudinal
dielectric permittivity is

oy ok KOf00
&=, K f ok

(14)

Its imaginary part for k, R; > 1 >k, R, i.e. for strongly magnet-
ized electrons and unmagnetized ions has been derived by
Krasnosel’skikh et al. (1985):

ny, wy (kv,—w) exp| — (k v, — w)?
no kK2v: ko, K2 v}, '

The term (k v, — w)/k v, is of order unity. Thus the growth rate of
the lower-hybrid waves excited by the reflected ions can be
evaluated in the conventional way

Ime,=2n

(15)

Ime,

- _ b 1
Yin aso/aw|80=0 ( 6)
for y;, € o, leading to

2
Yin -1_Dm M
=xme —. 17
(kvry)® mg @7

McBride et al. (1972) have shown that wave growth cannot
continue after ion trapping, which occurs when the wave energy
density, f,, in units of nT,, reaches

2\ -1
B~ 0.05 (1 + ‘8;) . (18)

4. Radio emission

In this section we consider the nonlinear interaction of the
electrostatic waves driven unstable by electrons and ions ac-
celerated at the shock. Note that the waves do not necessarily
coincide in space. An overview is given in Fig. 2. Upper-hybrid
waves may be excited by the loss-one distribution of electrons
accelerated by the fast Fermi mechanism. Thus the waves are
limited to a small region near the shock in the electron foreshock.
Ton waves are excited by reflected ions in the ion foreshock, the
front of which lags behind due to the slower motions of
accelerated ions.

It is very likely that these electrostatic waves interact between
themselves and, in regions of overlapping turbulence, on each

other and get converted into electromagnetic radiation. Then, if
subscripts 1 and 2 refer to the primary electrostatic waves, and
subscript 3 stands for the electromagnetic wave, the following
coupling conditions should be satisfied:

ky=k, +k,, (19
W3 =w; T W,, (20)
D(a),-,ki)=0, (21)

where D is the dispersion relation and i=1,2,3. Since the
electrostatic waves discussed in the two previous sections all have
phase velocities < ¢, their k-vectors are relatively large. Thus
ksl ~ 2 < lky | 22)
Equation (19) can then only be satisfied if the primary waves are
nearly oppositely directed. Near the upper-hybrid and lower-
hybrid resonances |kj;| and |k,| are very small, thus
|k, |~ |k, ,|. Waves with anisotropic k distributions such as
waves with o = w,;, or wy, are well suited to produce the very high
brightness temperature observed in type II radio bursts by the
three wave process. There are two possible cases: 1) w; * w, x @,
in the electron foreshock and 2) w, ~ w,, and w, ~ wy, in the
overlap of electron and ion foreshock (cf. Fig. 2). The resulting
frequencies of the resulting electromagnetic radiation are
w3~ 20,, and w; x ©,,, respectively.

4.1. Radiation at the fundamental

In principle, the coupling at the fundamental, w,, + w,,, can be
either O-mode or X-mode. Since X-mode at w,, cannot escape
from the source region, only O-mode is of our interest. The
parallel components of the k-vectors of the electrostatic waves are
very small, and they couple preferentially to nearly perpendicular
transverse waves. Note that O-mode waves propagating per-
pendicular to the magnetic field (as observed at the bow shock
from ISEE-3) are linearly polarized parallel to B, . As soon as they
leave the quasi-transverse region, however, the waves Faraday
rotate to nearly vanishing circular polarization as observed.

Furthermore, the interaction takes place in the “foot” of the
shock at enhanced densities. The radiation can thus easily escape
and will appear at a slightly enhanced frequency in relation to the
undisturbed corona.

The electrostatic waves having o~ w,, and w=~xwm,, are
expected to have large amplitudes, and (if linear) they have rather
narrow spectra and emission angles. Since the energy density of
low-frequency waves [Eq. (18)] far exceeds that of the high-
frequency waves (Table 1), the opacity, p, is due to the lower-
hybrid waves. For coronal conditions (Wentzel, 1981)

-1, (23)
High- and low-frequency waves need to interact only a very short
distance to reach high optical depth. For w, = 10 2, and using Eq.
(18) optical thickness unity can be accomplished over 2 10*cm.

The radio brightness temperature, 7,, then equals the temperature
of the waves with lower quantum density N defined as

(27[)3 ﬁuh nTe
QkZ Ak,

=018, cm

Th=hwyNy,= (24)

where £ is the wave solid angle and 4k, the spectral range of the
upper-hybrid waves. In our case typically

~1018 . P
T~ 101 F2K. 25)
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ForQ=4nk/k=4n)/m,/m;~0.3sterad and Op, ~ 83° this
leads to a radio brightness temperature at the fundamental

T,; =T, ~1.510"“K, (26)

compatible with observation.

4.2. Radiation at the harmonic

Radiation at about 2w, can be emitted from the region of upper-
hybrid instability in the electron foreshock (cf. Fig.2). The
coalescence process is very effective since the waves fill only a
small solid angle near the perpendicular plane. For coronal
conditions the absorption coefficient of this mechanism is (e.g.
Smith and Spicer, 1979)

U ~2107*Bem™ L, 27

With the estimated values of Table 1 and the source dimensions
derived from observations it is clear that the harmonic radiation is
marginally (but not always) optically thick. The maximum
brightness temperature of the harmonic is again T,, (cf. Eq. 24)
and

Th= T (28)

Again the transverse waves are preferentially emitted perpendi-
cular to B. Their initial linear polarization is smeared out by
Faraday rotation. Thus the observed net circular polarization
nearly vanishes.

5. Discussion

A self-consistent theory of radio emission by coronal shocks has
been developed to explain the narrowband, non-streaming source
of the “backbone” of type II bursts. The starting point are some
basic, well accepted observational facts on the radio emission as
well as particle and wave measurements at the Earth’s bow shock
and on interplanetary shocks. The emission is proposed to be the
result of the coupling between high and low-frequency plasma
waves. The relevant wave modes have been selected in view of the
observed properties, but need confirmation by further
observations.

The high-frequency waves are identified with the upper-
hybrid mode predicted by the ring distribution resulting from fast
Fermi electron acceleration. The waves reach maximum satur-
ation level at places of quasi-perpendicular shock propagation
(83° for the parameters used by Leroy and Mangeney, 1984), since
the number of accelerated electrons decreases towards 90° and
their energy falls below the instability threshold for angles smaller
than 83°. The parallel size, s, of the region of turbulence
corresponds to a range of changes of shock angles @g,. It is
sy~ rsind @y, - cos Op, ~1000km where the shock radius of
curvature, r, was taken to be 10'! cm, and the halfpower width
ABpg, ~ 025 (cf. Table 1). The size perpendicular to the upstream
magnetic field is given by s, ~ s v, /v . If we take the velocity of
the accelerated electrons v = ¢/10, resp. v, = ¢/50, we get the
perpendicular size, s, &~ 200 km. Thus the source dimensions are
well within the limits set by observations. For the Earth’s bow
shock this model also predicts nearly perpendicular upper-hybrid
waves in a volume smaller in size by about an order of magnitude,
due to the smaller radius of shock curvature. Such waves have not
yet been discovered.
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Whereas the source size of harmonic radiation is identical to
the region of enhanced upper-hybrid turbulence, fundamental
emission is strongly enhanced in the part of the region overlapping
with low-frequency turbulence. Thus the source of the funda-
mental emission (before scattering during propagation) may be
even smaller. This agrees with observations by Lengyel et al.
(1985) of a smaller bandwidth to frequency ratio of the funda-
mental (indicating a more homogeneous or smaller source). The
frequent observation of simultaneous turn-on of fundamental and
harmonic bands in type II bursts suggests that the start of radio
emission of coronal shocks is determined by electron acceleration.
Since the conditions of fast Fermi acceleration are supersonic
disturbance and quasi-perpendicular propagation, the on-set of
radio emission (as well as its end) is an interesting point in the
evolution of coronal shocks. We have related theory to obser-
vations already with the assumptions on bandwidth, upstream
location, fundamental/harmonic structure and the presence of
energetic particles as manifested in “herringbone”. In addition the
model can explain several other observational facts:

1. Preferential emission in transverse direction leads to low
polarization by Faraday rotation in agreement with a very
characteristic property of type II bursts.

2. The brightness temperatures derived in Egs. (26) and (28)
imply that the fundamental and harmonic “backbone” emissions
may have the same flux. This is in fact observed for a part of the
type II bursts. The differences in source size, free-free absorption
and/or scattering in the corona can be drastic, however, and may
be responsible for the others.

3. The model predicts radio emission for all supercritical,
quasi-perpendicular shocks. Since the shock angle can be close to
90° in several regions of the shock surface, this may explain
multiple sources and tangential source motions.

Future work will have to show the existence of perpendicular
electrostatic waves both at high and low frequency in the bow
shock or interplanetary shocks. Theoretical studies are needed of
the threshold, evolution, and saturation of instabilities of loss-
cone-type velocity distributions at large ratios of w,/Q,. High
resolution radio spectrogrammes may better reveal the detailed
relation of “backbone” emission and “herringbones” suggested in
Fig. 1. Other fine structures, such as bandsplitting, requires
further theoretical and observational scrutiny. Polarigrammes are
of particular interest to show the differences in emission mode.
With the upcoming possibilities of EUV coronal observation, the
predicted coincidence of “backbone” source position and points
of tangency of the shock surface and magnetic field will be subject
to direct tests. The phase of radio emission seems to be an
interesting part of coronal shocks directly related to its capability
of electron (and to a lesser extent) proton acceleration.
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