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Abstract. Z mode radiation has been observed
in the auroral zones where the plasma frequency
wp is less than the electron cyclotron
frequency fe. We explore the possibility that
this radiation is generated in the same way as
the X mode radiation of the auroral kilometric
radiation (AKR), i.e., by cyclotron maser
emission driven by a loss cone distribution,
specifically by electrons reflected at a lower
height and propagating upward. We calculate the
growth rate for the Z mode by using a method
developed for the X mode and the 0 mode. We
find: (1) Growth occurs in a small crescent-
shaped region of w — 6 space just outside a
forbidden zone near 8 = 90° with w between
e and the upper hybrid frequency. (2) The
temporal growth rate for the Z mode is less than
that for the (unsuppressed) X mode but comparable
with that of the 0 mode; for wp/fRe > 0.3 the
X mode is suppressed and the growth-of the Z mode
and the 0 mode compete for the available free
energy. Because of the low group speed of the
Z mode its spatial growth rate is higher than
that of the 0 mode, giving it an advantage. (3)
The product of the spatial growth rate and the
bandwidth of the growing waves for the Z mode is
comparable with that for the (unsuppressed)

X mode and is much greater than that of the

0 mode. (&) Although all growing Z mode waves
have slightly upward directed wave normals

(8 > 90°), most have downward directed rays, many
at angles 8, between 50° and 70°, and so can
propagate toward regions where w < Q5. We

argue that these properties suggest that loss
cone driven cyclotron emission may be the
mechanism generating the observed auroral zZ mode
radiation.

1. Introduction

Broadband Z mode radiation has been detected
in auroral cavities where the plasma frequency
wp is appreciably less than the electron
cyclotron frequency Q. Calvert [1981]
reported observations with the Hawkeye satellite,
Benson [1982] with the 1S1S 1 topside sounder and
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Gurnett et al. [1983] with the polar orbitting
DE-1 spacecraft. It seems that Z mode radiation
is a common feature of the auroral zones and that
it had not been identified earlier because it is
difficult to distinguish from auroral hiss under
conditions when e ° wp. The frequency band

in which the Z mode can exist overlaps with the
upper end of the whistler band and hence of
auroral hiss. There is not a strong correlation
between the observed Z mode radiation and either
auroral hiss or auroral kilometric radiation
(AKR), although the correlation is somewhat
better with hiss. The_ intensity of the Z mode
radiation is about 10~° of that of the
simultaneously detected AR [Gurnett et al.,
19831.

By analogy either to the generation of hiss or
to the generation of AKR there are two obvious
possibilities for the generation of Z mode
radiation. Hiss is thought to be generated
through amplified Cerenkov emission by downgoing
electrons [Swift and Kan, 1975; Maggs, 1976;
Yamamoto, 1979; Melrose and White, 1980; Lotko
and Maggs, 1981]. Cerenkov emission requires a
large refractive index, and the Z mode has a
resonance (i.e., an infinite refractive index) at
w = we(8) with wp(8) > Qe for e > wp.

The observed Z mode radiation would then be
attributed to downward propagating radiation
initially generated at w > . Gurnett et al.
[1983] have commented briefly on this mechanism.
Here we discuss the other, a mechanism analogous
to that for AKR.

Following the suggestion by Wi and Lee [1979]
it is now widely accepted that AR is generated
through a loss cone driven cyclotron maser
emission by reflected upgoing electrons [Omidi
and Gurnett, 1982; Melrose et al,, 1982; Wu et
al., 1982; Dusenbery and Lyons, 19821. Hewitt et
al. [1982] explored the properties of this maser,
including emission in both magnetoionic modes
above their cutoff frequencies at harmonics
s=1, 2, and 3. They performed detailed
numerical calculations for an idealized but
fairly realistic loss cone distribution function,
and developed a semiquantitative theory including
all these effects. The properties of the waves
were assumed to be determined by magnetoionic
theory, i.e., the dispersion is due solely to a
relatively dense cold background plasma.

More recently, Hewitt and Melrose [1983]
extended the analysis to include emission near
the cutoff frequencies. |In the present paper we
report a further extension to include cyclotron
maser emission in the Z mode. V& find that the
Z mode can grow in a narrow, crescent-shaped band
inw - 6 space (8 is the wave normal angle
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The curves for V = 0 (solid lines) and

w = wi(0) (dotted lines) are plotted for
various values of wp/Qe as indicated by the

Fig. 1

labels on the curves. Resonance between the
electrons and the waves is possible to the left
of the V = 0 curve and below the w = wy(6)
curve. The dashed crescents denote the
half-maximum growth points (at fixed 6) for
wp/Qe = 0.5.

relative to the downward direction parallel to
the magnetic field) at a frequency above 9, and
below the resonant frequency w4+. The radiation
has its wave normal directed nearly perpendicular
to the magnetic field and slightly upward

(8 > 90°); however, it can be downgoing in the
sense that the group velocity is directed
downward. | n other words, if 8g is the angle
between the group velocity and the downward
direction parallel to the magnetic field, then we
can have 8, < 90°.

I n section 2 we discuss the kinematics for
cyclotron emission in the Z mode, and in section
3 we present our numerical results. The group
properties, concentrating on the conditions for
8, < 90° with 8 > 90°, are discussed in section
4, and the application to the observations is
discussed in section 5.

2. Kinematics

The cyclotron resonance condition for the sth
harmonic

w - BQe/Y - k"V" = 0 (1)

with y = (1 - v2/e2- vi/cz)“l/2 may be
represented by g\n ellipse in velocity (v D
space [Hewitt et al., 1981; Omidi and Gurnett,
1982; Melrose et al., 1982]. Here the subscript
parallel and perpendicular denotes components
parallel and perpendicular to the (downward)
magnetic field. Let (vy,vD = (v¢,0)

denote the center of the ellipse and V denote
its semimajor axis (parallel to the vl axis).
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Then we have

tuk“C

_v—c =

c k2c2 + g2p2 (2
L] [

V2 lﬂ?cz + szﬂez - m2

2= 2 2 22 3

c k"C + 8 Qe

Here we shall be concerned only with fundamental
emission (s = 1) in the Z mode The Z mode,
which is the lower frequency branch of the X
mode, exists between the cutoff frequency at

1 1

1/2
= - 27q2 2
Yxq e * Z[Qe + amp] (4)
and the resonance at w4(6),

1 1 2 1/2
2 = 2 2 20 (g2 2y - 4202 2
wi(0) f(wp +Ql) + 2[(«)p + Q2) 4mp9ecos 8]

(5)

Note that the resonance frequency w4 iS equal

to the upper hybrid frequency wyy at 6 = 90°

and is close to but slightly less than wgyg for
other relevant values of 8. The specific
formulas we use for the refractive index n of the
Zz mode, and hence for ky = n{w/c)cos 8, are
written down in the appendix.

The main kinematic restrictions arise from the
coupled requirements that V° be positive and that
ky = n(w/c)cos @ in (3) satisfying the
dispersion relation for Z mode waves. For
wp K @ the refractive index curve for the 2
mode plotted as a function of w for fixed 8 rises
rapidly to n = 1 just above the cutoff frequency,
remains roughly constant for wyg < w < 9 and
then rises rapidly to infinjty at-w ="wy(0).

For s = 1 the requirement v2 >0 is automatically
satisfied for w < Qg, and for 2 < w < wy(8)

a small region of w = 8 space near 8 = 90° is
excluded, as illustrated in Figure 1. The
existence of this excluded region can be inferred
by plotting tlae Doppler condition (3) withVv = 0
in terms of n® as a function of w for fix%d 8.
This "Doppler curve" rises rapidly from n© = 0 at
w = R, and tends to nZ = 1/cos® o for

arbitrarily large w. This approach has been used
by Ellis [1962], Fung and Yip [1966], and Hewitt
and Melrose [1983] in connection with other
modes. For Qe > wxg, 1.e., wp/fe < Y2,

the Doppler curve and the refractive index curve
intersect twice or not at all, and for

wp/Qe > Y2 they intersect once or three

times. We are interested only in the case

wp/fe < ¥Z and the excluded region in w = 8
space corresponds to those values of 8 for which
two intersections occur and of w between the
intersection frequencies.

Growth of the Z mode is kinematicall<y possible
for wgy < w < wy(8); however, for wxg Cw < Q¢
growth does not occur for the loss cone distribu-
tions we have considered. We find growth only
for those values of w and 6 that correspond to
resonant ellipses totally or almost totally
inside the loss cone. This condition gives a
second kinematic restriction for amplification to
be effective. (Other types of distributions with
an alternative source of free energy, e.g., thoae
with trapped electrons, can cause growth for
w < Re+) A related kinematic restriction for a
one-sided loss cone distribution is that the
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ellipse must be on the same side of the vl axis
as the loss cone. This requires 8 > 90" for

ag » 90°. Thus, for an upward directed loss cone
only upward directed waves can grow.

3. Detailed Results

Our method of calculation has been described
by Hewitt et al. [1982]. Here we choose the same
loss cone distribution function for the energetic
electrons as in that work; specifically, in terms
of the speed v and pitch angle a,

2
f(v,a) = oy ey (@) -y 6
(v,a) W exp| z—v*ez] (6
with
ay alag
gy(a) = N

aN[sin{%ﬁ(w-u)/(w-ao)}]N a > ag

here ng is the number density of the energetic
lectron companant, assumed to be the Maxwellian
ith Vg = (l(l‘e/me)il2 outside of the loss cone,
f.e., for pitch angles a < ag. V¢ may approxi-
te the normalization constant agy by unity

cf. Hewitt et al., 1982]}. Here all our calcula-
ions are for N = 6. (The specific choice of the
steepness parameter” N affects the growth rate
ot the 2 mode in much the same way as it does
or the X mode and the 0 mode: Compare Figure 3
f Hewitt et al. [1982].) The other numerical
alues are the same as those used in the work of
egitt et al. [1982], l.e., ap = 150° and T, =

0" K so that K Te = 10 keV; nyg and @, are held
ixed and the number density of the cold back-
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Fig. 2. The normalized maximum temporal growth
rates (I'/Qe)max are plotted as a function of
for the indicated values of wp/Qe. For
ach horn of the crescent-shaped regions in
igure 1 there is a growth band, an upper band
r(solid curve), and a lower band (dashed curve).
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Fig. 3. As in Figure 2 but for the normalized
maximum spatial growth rate (I‘c/Qevg)max.

ground electrons n¢ (and hence mp/Qe) is varied.
The growth rate T scales as Q¢ SO that F/Qe iS a
function of the ratios ny/n¢ and wp/Qe and not of
wp and Qe separately. The parameters are chosen
such that my/ng = 1072 when w,/Qg = 0.1.

Figure 1 shows, for various values of
mp/Qe, the curves defining the upper
frequency limit wy(6) of the Z mode (dotted)
and the curves defining the values where the
resonance ellipse vanishes (solid). The region
of growth consists of a narrow crescent in the
w - 68 plane near the V = 0 curve. For a
particular value of 6 close to 90° there are in
general two ranges of w where growth occurs. W
refer to these, the two horns of the crescent, as
the two growth bands. As 8 increases above 90°
the two bands approach each other, overlap, and
then disappear. Thus growth is possible only for
90° <6 < Opax With Bgax a function of wp/Qe
(empirically, |cos 6pgx| = wp/2Q¢)- The half-
maximum growth points of the two bands for fixed
8 and wplﬂe = 0.5 are indicated by dashed lines
in Figure 1.

V¢ have searched these two bands to find the
maximum temporal growth rate (as a function of w)
for each choice of 8. These maximum growth rates
are plotted in Figure 2. The upper band has the
larger growth rate for wp/Qe < 0.4, and for
wp/Qe 2 0.5 the lower band dofilnates. Note
cgat thie growth rates are directly proportional
to ny and higher values can be achieved for
denser energetic electron distributions. There
is, however, an implicit limitation on the value
of my/ng for our neglect of the effect of the
energetic electrons on the dispersive properties
to remain valid.

I'n Figure 3 we plot the maximum spatial growth
rate for the same parameters as in Figure 2. The
smaller group speed vg in the upper band tends
to favor its spatial growth over that of the
lower band. In Figure 4 we plot the difference
between the two frequencies where the spatial
growth rate falls to half its maximum value for
each band; we call this the bandwidth Aw of the
growing waves. Similar calculations for the X
mode and the 0 mode have been presented by Hewitt
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Fig. 4. The normalized bandwidth Aw/Qe of the

growing waves (as defined in the text) is plotted

as a function of 8 for the indicated values of
/Qe. The solid and dashed curves are for

tge upper and lower bands, respectively.

et al. [1982] and Hewitt and Melrose [1983].

Growth mey be limited either by the temporal
growth rate and saturation (as is usually
assumed) or by geometrical considerations, e.g.,
the width of the flux tube in which the unstable
electrons are confined. The effectiveness of
growth depends on the magnitude of the spatial
growth rate and the distance over which growth is
possible. and this growth path is also limited by
changes in the magnetic field strength along the
ray path. Specifically, growth ceases when Qe
has changed by an amount equal to the bandwidth
of the growing waves. Provided the secant of the
angle between the ray direction and grad B does
not change appreciably, a measure of the effec-
tiveness of amplification is the product of the
spatial growth rate times the bandwidth of the
growing waves [Hewitt and Melrose, 1983]. W
plot this product in Figure 5, where it is seen
that growth in the upper band is favored over
that in the lower band. The upper band is
favored mainly because of the lower group speeds
than for the lower band.

Comparison With the X mode and the 0 mode

Comparing the temporal growth rates for the
X mode and the 0 mode [Hewitt et al.. 1982;
Hewitt and Melrose, 1983; Dulk and Melrose, 1983)
with that of the z mode, we find that the X mode
is the fastest growing mode, by a factor > 10 for
wp/%e € 0.3, The X mode is strongly suppressed
for w /Qe 2 0.3.  The maximum temporal growth
rates for the 0 mode and Z mode differ by no more
than a factor of 2 for 0.1 < wp/@e < 1.0. The
growth of the Z mode 1is relatively wore favored
when we consider the spatial growth rate in
Figure 3 and, especially, the product plotted in
Figure 5. The values for the Z mode are
comparable with those of the X mode and much
greater than those for the 0 mode. This is due
largely to the small group speed for the Z mode
in the upper growth band.

Cyclotron Maser £ Emission

4. The Group Velocity

A surprising feature of the Z mode radiation
in the range where growth occurs is that although
the wave vectors are directed upward (8 > 90°)
the group velocity is usually directed downward
(ray angle 8¢ < 90°)., In Figure 6 we plot g
versus 8 for the cases considered in Figures 2
to 5. I n each case the downward direction of the
rays is most noticeable in the upper band,
especially where 8§ is cloeest to 90°, correspond-
ing to frequencies relatively close to the
resonant frequency wg(8). Comparison of Figure
2 or 5 with 6 shows that. for wp/Re = 0.2 to 0.4,
the ray angle 85 is in the range = 50° to 70°
when the growth rate is near its maximum.

In the appendix we derive an expression for
the group angle 8g for cos <1 and for
W = Qe ? For w? - 02 >> w3 cos? 9 the
result (Alg) simplifies to

2 _ 52
cot og = fz—_—ns— cos 8 (8)
WUH
2,112

where wygy = (w + 9g) is the upper hybrid
frequency. The frequency range for wave growth
is

Q(Ze < w? < wi(e) i“%ﬂ 9)

so that cot 8g has the opposite sign to cos 8.
I'n the upper growth band the dlfference

a2 T wj ~ w? is smaller than w2 - @& and (8)
implies |cot 8g[ > |ecos 8]. This case
corresponds to the solid curves in Figure 6.

We have also explored the relation between 8
and 8g using Poeverlein's construction. and we
comment on this here for those readers who are
familiar with this technique. An example of the

(Te/fe Vg max X(Aw/Qe)

B(degrees)

Fig. 5. The product of the maximum spatial
growth rate (Figure 3) and the bandwidth of the
growing waves (Figure 5) is plotted as a function
of 8 for the indicated values of wp/Qe
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polar plot of n(w,8) for the Z mode is given in
Figure 13.26 of Budden [1961]. For X < 1 (cf.
his curve for X = 0.8) and for O close to 90°
the curves of n(m, 8) are essentially concave
{1.e., 3 2579082 > 0) with their closest point to
the origin being at 0 = 90°. For w p/%e = 0.5
say, the analogous curves vary from Weakly con-
cave (with a small weakly convex section near

0 =90°) at n 2 1 for w/fe = 1.01 to strongly
concave with closest point at n 2 2 for w/Qa 2
1.1. Granted this concave shape near 0 = 90°
for upper band frequencies it is obvious that
for 0 2 90° the group velocity is directed
downward (e <90°). In the curve we have
drawn in Flgure 6 for wp/Qe = 0.5 the

strongly downward dlrected upper band rays
correspond to refractive indices between about
2 and 3.

We conclude that although the wave normals of
the waves in the upper growth band are directed
‘ nearly perpendicular to but slightly up the

, magnetic field, the corresponding rays are
‘ directed down the magnetic field at a moderately
Iarge angle to it.

} 5. Discussion

The main results of our investigation of loss
cone driven maser emission for the Z mode are
glven below.

t 1. Waves in the Z mode grow in a crescent-
shaped region in w - & space with w in the range
e <w < wy(0), where wy(0) is the resonant
frequency, and with 0 = 90° reaching its maximum
value near the middle of this frequency range.

2. The magnitude of the temporal growth rate
for the Z mode is smaller than that of the
fundamental X mode for w,/9e < 0.3 and
comparable to that of the fundamental 0 mode;, for
[w /Qe > 0.3 the fundamental X mode becomes
strongly suppressed.

3. The number of e folding growths, estimated
from the product of the spatial growth rate and
the bandwidth of the growing waves, indicates
that growth of the Z mode can be more favorable
than estimates based only on the temporal growth
rate would suggest.

4. Despite the wave normals being directed
slightly upward (8 > 90°) the ray directions are
sually downward (8g < 90°). This effect is
0st pronounced for growth in the upper frequency
and, where 85, can be directed quite strongly
ownward, e.g., 9g = 50° to 70°.

These properties seem favorable for the
nterpretation of the observed Z mode radiation.
e would expect the Z mode radiation to be
enerated, perhaps along with 0 mode radiation,
In regions with wp/Re > 03. (It is possible
fan principle for 1t to-be generated in regions
pith wp/Re < 0.3, but then it must tap a
Bource of free energy that is not available to
the faster growing X mode radiation.)

The fact that the initial direction of energy
propagation is downward, despite the wave normal
being directed upward, is of major consequence.
ft implies that the wave energy does not
bropagate directly into the resonance at

= wy(6), where it would be absorbed by

thermal electrons. An important question is how
he energy continues to propagate. Gurnett et
)1. [1983] commented on the ray propagation for
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The group angle Qg is plotted as a
function of the wave norma% angle 0 for the
curves in Figure 2. Note that in the upper
frequency band (solid curves) we have 6g < 90°
for 0 > 90°.

the 2 mode by using Poeverlein's construction and
assuming a source at w < Q¢+ They argued that
the radiation can propagate large distances, with
refraction causing the rays to become nearly
horigzontal just below the cyclotron layer

w = Qa.

In the cyclotron maser mechanism the radiation
is generated at w > Qe; the peculiar wave and
rag properties that lead to 8g < 90° for

90° in this regime were not considered by
Gurnett et al. [1983]. It is possible for some
of the rays that are initially propagating
downward to cross the cyclotron layer to the
location where w < 9¢ and the Z mode waves are
observed. For this to happen the group velocity
at the cyclotron layer where vg is
perpendicular to B must satisfy vg.grad B <o.
The subsequent propagation of the rays could then
be as described by Gurnett et al. [1983];
however, detailed ray tracing is required to
determine just how the Z mode rays actually
propagate, and we have not yet attempted such
calculations. From (8) we see that, as the
cyclotron layer is approached from above, the
rays tend to 64 = 90°, and from (Al5) we see
that this occurs somewhat above the cyclotron
layer. For the rays to enter the region
w < 9o, refraction must cause cos 8 to change
sign near the layer where cos 8g is close to
zero. |In other words, the point cos 0y = 0
must be a point of inflection rather than of
reflection.

In conclusion, our results suggest that loss
cone driven cyclotron maser emission by upgoing
electrons, closely analogous to AKR, may be the
mechanism generating the observed Z mode
radiation. The lack of a strong correlation
between the z mode radiation and AKR is not
surprising on this hypothesis: the ray paths for
the X mode and the Z mode are markedly different,
with the former directed upward and the latter
downward. In addition, we expect the generation
of the Z mode to be favored only in regions with
wp/e > 0.3, i.e., where the X mode radiation
|s suppressed. An important point that we have
not explored in detail is what fraction of the
radiation generated crosses the cyclotron layer.
If this is large, then the argument in favor of
the loss cone driven cyclotron maser as the
source of the observed Z mode radiation is a
strong one: the spatial growth rates are quite
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large in comparison with those for the X mode
[Hewitt and Melrose, 1983], and there seems
little doubt that Z mode radiation should be
generated under conditions that differ only
slightly from those for the generation of X mode
radiation in AKR

Appendix
The Group Angle for the Z mode for w = Qg > wp

Following Melrose [1980, p. 258 and 261], the
group velocity for a magnetoionic wave is of the
form

[

-g—m(wn)

X
(k = T;p2 ©) (A1)

Vg *

where the polarization vector is written

Kg + Tt + 13
e = (k2 + 12 + 1)i/2 (A2)
with K along 5, l} along the Z axis, and

K = (sin 8,0,cos 8)

t = (cos 6,0,-sin 6) (A3)
a = (0,1,0)

The axial ratio T satisfies
124 Ysinfe . (a4)

(1-X)cos 8

where X = uulz,/un2 and Y = f/w are the magneto-
ionic parameters. The relevant solution of (A4)
for the Z mode is

2Y(1-X)cos 6

(A5)
Y2sinZ 6 + 2A
A2 = %-Y“sin"‘ 8 + Y2(1-X)2co82 8 (A6)

and K is given by

==){Ysiino T
1-X T - Ycos 9

XYsin 6(1 + YTcos 6)
1-X-7Y2+xv%082 g
(A7)

The refractive index, which we require for our
numerical calculations, is given by

_ XT -1 X(1-X)(1 + YTcos 6)
T-Ycos8 = " "1 -x-v2+ xy%o0s2 0

K

n? =1

(a8)

The Z mode wave resonant frequency (5) is the
higher frequency solution of

1-%X-Y2+%%0828 = 0 (A9)
where the refractive index is infinite and the

waves are longitudinal (R = « for finiteT).
The group angle g is defined by

vg = vg(sin eg,O,cos eg) (A10)

Then (Al) with (A3) gives

Cyclotron Maser Z Emission

_ tan 0t tan 6,
tan 8g = T -an 0 tan 8g (A11)

l.e., 85 = 8 + 8y, with
KT
1+ 12

tan 8y = - (A12)

We assume that Y and 1 - X are of order unity
and much greater than cos? 8. Then we have

T = (1-X)cos 9 (a13)
Ysin“ 8
and
tan 6o = - X(1-X)cot © (A14)

1-X-v%2+ xv2c08? o

with cot 8 = cos 8. Substitution of (Al4) into

(All) gives
—y2_ g2 2, .2
cot 0g = 1-X Y+X§cosO cos &
1-X-Y
2 _ .2 2,2, 2_ .2 2
W Qe - (wp/w Y(wp = Qgco8” 8) cos 0 (A15)

w2 - (93 + wg)
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