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A Theory for the 2/, Radiation Upstream of the Earth’s Bow Shock
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A theory for the radiation at the second harmonic o the plasma frequency f, observed near the earth’s
bow shock is advanced in which the dominant plasma emisson mechanisms are the processes
L +L £ S—t, proceedingin two three-wave steps, L + S— Land L + L' —t, where L, S, and t denote
Langmuir, ion sound. and electromagnetic WaVes, respectively. ThiS theory receives Strong observational
support from the correct prediction of the existence and frequencies of a class of low-frequency ion-
sound-like waves associated with Langmuir waves in the earth’s foreshock. Three predictions of the
theory which may be suitable for observational testing are stated. The observed brightness temperature

of the 2, source is calculated to be of the order of 10** K. It is shown that Fun? et al’s (1982) theory
i

cannot @(plan either the 2f

radiation due to an intrinsic brightness temperature

mit of 3 X 10’ K for

their modd or theobserved fevels of Langmuir wavesin the foreshock region.

1. INTRODUCTION

Radio emission in a narrow bandwidth (<5 kHz) near the
earth's bow shock is interpreted as being at the second har-
monic of the plasma frequency f, (=30 kHz) [Dunckel, 1974,
Gurnett, 1975, Hoang et al, 19811. This 2f, radiation is
thought to be generated from Langmuir (L) waves which are
observed in the foreshock region and correlate with enhanced
fluxes of 1- to 2-keV electrons [Anderson et a., 1981]. It has
usually been assumed that the 2 f, emission involves processes
anal ogous to those which operate in type II and type III solar
radio bursts, both of which have 2 f, components [e.g., Wild et
al., 1963]. The theory for this emission is quite old [Ginzburg
and Zheleznyakov, 1958] and has been updated several times
[e.g., Melrose, 1980a]. However, the details of the various pro-
cesses operating are still not clear. The 2 f, emission from the
bow shock offers perhaps the best prospect for definitive tests
of competing theoretical ideas. Most theories involve (1) a
streaming instability which produces L waves concentrated
around a particular wave vector k. (=WpV?, o, = 2xf,
where v is streaming velocity), (2) coalescence of two L waves
(L and L, say) into a transverse () wave L + L—t, and (3)
some process which causes the L waves to be scattered into
the backward (—v) direction. Step (3) is required for the fol-
lowing reason. Theconditionsfor coalescence are

k, Tk, =k, (la)

o, + 0 =, (1b)

w0y = (@,% + 3k 2V, (2a)
o, = (0,? + k2cH)'? (2b)

where V, is the thermal speed of electrons; for v « ¢ we have
k> k, = \/3w,/c, thus requiring k.’ = —ky in (1a). The main
difficulty with most theories isin the details of this intermedi-
ate step involving the scattering of L waves.

This difficulty is avoided in the theory proposed by Fung et
al. [1982], hereinafter referred to as FPW. They pointed out
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that the observational evidence for streaming of the electrons
is inconclusive and suggested that the electrons might be re-
garded as having an isotropic humped electron distribution
with a gap below =1-2 keV, an isotropic gap distribution
[Tidman and Dupree, 1965]. (There is now stronger evidence
for streaming of electrons [e.g., Fitzenreiter et a., 19841, but
this does not necessarily invalidate Fung et al.’s assumption
that the important Langmuir waves are generated in a region
where the electrons have become effectively isotropic.) Such a
distribution leads to no instability for the L waves, but quite
high levels of L waves can be achieved owing to absorption
(Landau damping) being weak at phase speeds w,/k, corre-
sponding to the gap. FPW estimated the amplitude E, which
can result when emission and absorption are in balance and
concluded that amplitudes as high as the highest observed
(=10 mV/m) are compatible with the theory. The aforemen-
tioned difficulty with 2f, emission does not arise because the
L waves areisotropic (for isotropic electrons) and can coalesce
with each other directly without any scattering. FPW esti-
mated the volume emissivity at 2f, and concluded that it
could account for the observed 2 f, emission.

Here we point out that FPW neglected a term in the ab-
sorption coefficient which becomes important for L waves
with phase speeds in the gap. When thisis taken into account,
there are strict limits on both E, and on the level of 2f,
emission. The estimates made by FPW violate these limits by
large factors, as we show in section 2. We then briefly propose
an alternative theory for the 2/, radiation observed upstream
of the earth's bow shock (section 3): the plasma radiation is
produced by the wave processes L + L + §—t in the fore-
shock where nonthermal L and S waves are observed [Ander-
son et al., 19811. A more detailed description of this theory
will be published elsewhere. I n this theory, L waves are gener-
ated by a streaming instability and then "scattered" by ion
sound waves (S) in one or both of the processes L +S— L
and L— L * S (written together as L + S— E), with the 2,
radiation resulting from the coalescence L + L — t; the overall
process is written L + L + S—t. The process L +L + St
has been discussed by Melrose [1982] in the context of type
III bursts in the interplanetary medium (IPM). Melrose con-
sidered a deltafunction primary L spectrumin k, and showed
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Fig. I. Langmuir waves with phase velocity v, in the range v, S
v, S v, are readily excited by the superthermal distribution yet are
aBsorbed with difficulty by the thermal particles. The Langmuir wave
temperaturein the gap builds up to a limit of 3 x 10° K as discussed
in section 2.

that kinematic restrictions require the electron temperature
T.> T, =48 x 10° K for the process to proceed; this con-
dition is not satisfied in the IPM or the bow shock environ-
ment. However, we show here that T,, may be decreased to
less than the foreshock region 7, (or increased) by relaxing the
deltafunction L spectrum condition. We briefly show that the
available wave data are consistent with the process
L+ L —S—t operating. Indeed, one prediction specific to
this theory for the 2f, radiation is the existence of low-
frequency S waves (<2 kHz) in association with L waves, as
observed by Anderson et al. [1981]. Finadly, we state three
predictions for the 2, radiation on the basis of our suggested
mechanism.

2. LiMits ON E; AND T, (2f,) FOR AN
IsotrROPIC GAP DISTRIBUTION

An idealized isotropic gap distribution [Tidman and Dupree,
19651 is illustrated in Figure 1: the speed distribution f(v) of
electrons (v = |v|) hasa peak at v > v, and agap for v, < v <
v, The Langmuir wave absorption coefficient for an arbitrary
electron distribution f(v) may be reduced to a sum o three
terms [Melrose, 19806, p. 144]: one term involves f(v) evalu-
ated at v =kw,/k,* and is the only term usually considered
(e.g., by Fung et al. [1982]) for an isotropic distribution (this
term involves f(v) evaluated at v = w,/k, for an isotropic dis-
tribution), the second term involves a purely relativistic effect,
and the third term depends explicitly on any anisotropy and is
zero for an isotropic distribution. For an isotropic gap distri-
bution, f(v) is small in the gap, and this leads to a small
absorption coefficient when the second term is neglected. Very
weak absorption then leads to a very high level of L waves
when emission and absorption are in balance. However, the
relativistic contribution to the absorption coefficient at k, de-
pends on f(v) at al v > w,/k,. This term dominates for waves
with phase speeds w,/k, in the gap when the number o parti-
cles in the gap is sufficiently small [Robinson, 1977; Melrose
and Stenhouse, 1977; Melrose, 19806, p. 1421. When this term
dominates (for electrons at nonrelativistic energies «1 MeV),
a balance between emission and absorption leads to an ef-
fective temperature for the L waves:

T, = ymc? &)

which corresponds to T, = 3 x 10® K. Thus for an isotropic
gap distribution of electrons, T;, cannot exceed the limit $mc2.

Let us estimate E, by equating the energy density g,E.2 in
L waves to that in waves with T, = $mc? over a range Ak in
k;:

2nmc? Ak
il ok

d’k

b’ = | o Tt

@

where 4, = 2rn/k, is the wavelength of the L waves. Using the
values 4, = 300 m (from FPW) and assuming Ak/k, of order
unity, (4) implies E; = 0.05 mV/m. Thus one cannot account
for the observed amplitudes of =1 mV/m (and sometimes 10
mV/m) [Anderson et al., 19811 by this mechanism. The neglect
of the relativistic term in the absorption coefficient for L
waves led FPW to overestimate the maximum E, by about 2
orders of magnitude.

Emission at 2f, depends on the fourth power of E,, and the
overestimate of E; also led FPW to overestimate the 2, emis-
sion by a very large factor. Rather than show this directly, we
present an argument which leads to an absolute limit on the
brightness temperature 7, for 2f, emission from an isotropic
gap distribution.

The argument is in three parts. First, the effective temper-
aure [T, for t (or any other) waves is a constant along a ray in
the absence of absorption or scattering, and hence the ob-
served brightness temperature T, cannot exceed the value IT, at
the source, ie, T, < IT. Second, the coaescence process L
+ I'— t proceeds only until IT: reaches a limit at which the
reverse process t— L T L isin balance with it; for isotropic L
waves this balance occurs at IT;= T, (= T, here) [Melrose,
1970, 19806, p. 2181. Thus we have IT, < T;. Third, for an
isotropic gap distribution we have T, < 3 x 10° K. This leads
to an absolutelimit of

T,<3x10°K &)

for 2f, emission from an isotropic (nonrelativistic) gap distri-
bution.

The value of T, at a frequency f may be estimated from the
measured flux density F(f) (inW m~2 Hz™!) using

__¢ F)
P2 % AQ

(6)

where AR is the solid angle subtended by the source and k is
Boltzmann's constant. We estimate 7, in Table 1 using data
from Hoang et al. [1981]. The flux measurements given in
Table 1, rather than those quoted in the work of Hoang et al.
[1981] (hereinafter referred to as HFS), are the correct fluxes
for the 2f, radiation in the November 19-20, 1978, interval
discussed by HFS. These fluxes may be calculated using the
antenna temperature T, (despun =log,, T.; see Figure 3 of
HFS) and dipole antenna solid angle 2, = 8=/3, the flux con-
servation relation T,Q2, = T,AQ, and (6). This error in the
quoted fluxes of HFS was pointed out by one of the referees
and has been confirmed by J. L. Steinberg (personal communi-
cation, 1984). The source solid angle AR is calculated for the
20° half-width (assumed circular) source size [HFS; Gurnett,
19751 and a 40° half-width source (in parentheses). The tem-
perature in parentheses in the last column, calculated using a

TABLE 1. The 2f, Brightness Temperature
Frequency, Flux, AQ,
kHz Wm 2Hz ! g T,/K
80 1.6 x 1071° 0.4 2 x 10%!
(1.5) (6 x 1019
110 31 x 10718 0.4 2 x 10!
(L.5) (6 x 1019
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Fig. 2 Therelation B+ < —2kgs,? may besolved for the region of Ak, /k, — 85, space in which the u (or d) process
may proceed near the bow shock (here b , is the angle between Ak, and k). This figure shows the region (shaded) in
which u processmay proceed for the special case where the primary Langmuir spectrum is unidirectiona (i.e., Ak, = Ak,),

and parameter values k, = 16w, /¢, ko = 3w, /c, and ksy =

\/Sw,/c (appropriate to the situation in Figure 14 of Anderson

a al. [1981]). The dashed line shows the minimum extent of the inferred observational Ak, /k, values. The conclusion is
that the available Langmuir wave number data are consistent with the idea that the processL + L + §— I may proceed in

the foreshock.

40" half-width source, is a lower limit to the brightness tem-
perature of the 2f, radiation. For conservative estimates of
At2wefind T, = 6 x 10'® K, and more common values of AQ
give T, = 10'' K. These observed values are incompatible
with the limit (5) confirming that a theory based on a gap
distribution is unacceptable on quantitative grounds for the
2f, emission from the bow shock.

3. 2f, RADIATION FROM THE PROCESSESL + L + S— ¢t

The theory proposed here involves (1) a streaming insta-
bility to provide a primary L spectrum, (2) the processes

L+S—-L ™
to provide a secondary L spectrum, and (3) the coal escence
L+L—: (8)

providing the 2f, radiation. There is no serious difficulty in
accounting for the observed L wave amplitudes in terms of a
streaming instability: the maximum possible energy density
&,E % is a sizable fraction (p ~ 1/3) of the energy density in
streaming electrons, and using numbers for the electrons
chosen by FPW, onefinds E, = 30 p'/2 mV/m, requiring only
p ~ 0.1toaccount for thelargest E, observed.

The plus or minus sign in (7) corresponds to the two separ-
ate pathways for the three-wave process: the u or up process
L + S— L isa coalescence process, and the d or down process
L— L+ S(L-S—I)isa decay [Melrose, 1982]. The most
important qualitative differences between the u and d pro-
cesses are as follows: First, Swaves participating in the u and
d processes are oppositely directed, ie., ks, must be nearly
antiparallel to k,, and ks 4 must be nearly paralel to k, (since
k., = -k, and k; + k, =k_"). Second, the relevant S waves
themselves are generated in the d process (ic., in L— L+ S),
and the relevant Swaves are absorbed in the u process. Third,
depending on the relative levels of the three wave distributions

interacting, it may be necessary to treat the d process using a
parametric instability theory (review by Porkolab and Chang
[1978]) rather than a weak turbulence theory [e.g., Tsytooich,
1972]: only L waves (the pump) are initialy present in a
parametric instability treatment, whereas two wave distri-
butions must be present to drive the third wave distribution in
a weak turbulence theory treatment. However, the kinematic
constraints are identical in both treatments, and we may ne-
glect any nonlinear (pump induced) frequency shifts in this
preliminary exposition (Bardwell and Goldman [1976] found
these shifts to be small).

The kinematic constraints (the temperature condition and a
restriction on k) on the processes L + L + §— t follow from
the three-wave matching conditions(i.e., (1), and k, + k, = k,’
and w, + wg = w,’ for the processes L+ L—tand L + S—
L, respectively) and the requirement that the processes L
+S—Land L+ L—t be sequential. For the processes L
+ S— L, with wg = ksV5 where V5 is the ion sound speed, one
finds k,'? = k.2 £ koks and cos 8 = (ko F ks)/2k, where 6 is
the angle between k, and k, and where

ko = 20,V3/3V,2 9)

is determined entirely by the plasma parameters. The relation
Jcos 8] < 1 then implies

ks < 2k, + kK, (10)

and hence that the maximum difference between k.’ and k, is
ko. For strictly monochromatic and unidirectional L waves
(ie, a unique k,) the coalescence of an L and an L wave
requires 4k 2 sin? 8t ko? — ksy? =0 with kgu? = 3w,%/c?
from (2b) for wsy = 2w, A necessary condition isthen ksy? >
ko?, which leads to T, = 4.8 x 10° K (for ion temperature
T, « T,). Physicaly, this condition follows from the maximum
difference in k.’ and k, being k, and the requirement that
k.’ * k. = ksp; consequently it is clear that the temperature
condition may be relaxed if a spread in k; is taken into ac-
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count. In particular, the temperature condition becomes
T.2 T, =48 x 10° K/l - B £ /ksg?) (11
with B+ = (Ak,)? + 4k, - Ak, + 2K - Ak, (k, + 2k;) where

Ak, s the difference in wave vector between the L waves in
theL + S— L (k) and L + L— t (k, + Ak,) steps, and K¢ =
ks/ks. Thus T, may be reduced or increased depending upon
B+. In particular, the processes L + L + S L may proceed
if B+ < —ksy? (48 x 10° K/T, _ 1), or B+ < —2kgy? for
the bow shock environment (T, ™ 1.6 x 10° K), subiect to
bounds on kg such as (10).

Interpreting the relation B+ < —2kgy? as a condition on
Ak;, we may calculate bounds on Ak, /k, for the process to
proceed. Figure 2 shows the allowed range of Ak, /k, for theu
process in the case of a spectrum of unidirectional primary
Langmuir waves. Notice that the allowed region is well inside
the limits set by observations (Anderson et al’s [1981] Lang-
muir wave frequency bandwidth Afjf implies a spread in Ak,
determined from (2a)).

Anderson et a. [1981] reported a new class of § waves
associated with L waves in the foreshock region; here these
waves are identified (assuggested by Anderson et al.) as prod-
ucts of the decay L— L+ S. They estimated wavelengths
Ag(= 2r/ks) > 215 m compared with 4, in the range 400 m to
780 m: the above theory requires Ag > 4,/2 (for k;, >» k), and
this condition seems to be satisfied. Moreover, calculations of
the maximum Doppler-shifted frequency for S wave decay
products using (9) agree well with observations.

We now give three predictions based on the foregoing theo-
retical ideas which may besuitablefor observational testing.

1. The 2f, source is in the foreshock (i.e., where nonther-
mal L and S waves are observed): d process emission may be
generated in the entire foreshock, whereas u radiation will
come predominantly from the ion foreshock where both
beam-excited L and Swaves are observed.

2. If the d process is operating, t waves and low-frequency
(f < 2 kHz) sunward propagating (in the solar wind frame) S
waves will be generated in association with burstsof L waves.

3. If the u process is operating, t waves will be generated
and low-frequency (f< 2 kHz) § waves propagating earth-
ward will be absorbed in association with bursts of L waves.

4, CONCLUSION

We have calculated the 2f, source brightness temperature
to be of the order of 10'* K and have shown that this temper-
ature is inconsistent with the theory of Fung et a. [1982],
owing to the existence [Robinson, 1977; Melrose, 1980b] of a
limiting temperature of 3 x 10° K for Langmuir waves excited
by an isotropic gap distribution. Moreover, Fung et al’s
theory cannot explain the observed Langmuir wave levels in
the foreshock.

We propose that the processes L + L + S— t, through two
three-wave steps, are the relevant 2f, emission mechanisms
near the bow shock. This model is consistent with the avail-
able wave data; indeed, the class of low-frequency (f S2 kHz)
ion-sound-like waves associated with Langmuir waves in the
earth's foreshock [Anderson et al., 1981] is specifically predic-
ted by this theory (L+ L — S— t mechanism). We have sug-
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gested three predictions of this theory which may be suitable
for observational testing.
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