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Abstract Using Juno plasma and wave and magnetic observations (JADE and Waves and MAG
instruments), the generation mechanism of the Jovian hectometric radio emission is analyzed. It is shown
that suitable conditions for the cyclotron maser instability (CMI) are observed in the regions of the radio
sources. Pronounced loss cone in the electron distributions are likely the source of free energy for the
instability. The theory reveals that sufficient growth rates are obtained from the distribution functions

that are measured by the JADE-Electron instrument. The CMI would be driven by upgoing electron
populations at 5-10 keV and 10-30° pitch angle, the amplified waves propagating at 82°-87° from the B field,
a fraction of a percent above the gyrofrequency. Typical e-folding times of 10™*s are obtained, leading to
an amplification path of ~1000 km. Overall, this scenario for generation of the Jovian hectometric waves
differs significantly from the case of the auroral kilometric radiation at Earth.

1. Introduction

Juno crossed Jupiter's polar regions on 27 August 2016 and performed the first plasma and wave mea-
surements in the low-altitude auroral regions of Jupiter (see Bagenal et al. [2014], for review of Juno’s mag-
netospheric objectives). This constitutes the first opportunity to directly investigate in situ the properties of
the Jovian auroral radio emissions and measure the features of the electron populations that may be
responsible for their generation. Analysis at similar levels of detail was only possible at Earth with spinning
spacecraft such as $3-3, Viking, and FAST [Omidi et al., 1984; Roux et al., 1993; Ergun et al., 1998]. The other
unique example of extraterrestrial source crossing was at Saturn with Cassini [Lamy et al., 2010]. One
objective of this exploration is to understand the scenario for generation of one of the most powerful non-
thermal radio emissions in the solar system, well explored since the dawn of radio astronomy [Burke and
Franklin, 1955] by professional and amateur observers. Such a scenario is likely of general astrophysical use
[Melrose and Dulk, 1982].

It is now widely recognized that the cyclotron maser instability (CMI) is the generation mechanism of the non-
thermal auroral radio emissions (see Wu [1985] for a review). A large number of theoretical studies and obser-
vations support this mechanism (see Zarka [1998] for a review). The CMI indeed appears to be particularly
capable of the amplification of X-mode waves at frequencies close to the electron gyrofrequency in a tenuous
plasma (e = (fp/fc)2 <1 where f, and f. are respectively the electron plasma and gyrofrequency) provided that
the electron distribution presents positive of/dv, gradients (v, is the velocity perpendicular to the static B
field). These are very general features of the electron velocity distributions observed in the auroral regions
which is why the CMI theory is widely successful.

The application of CMI theory is well established at Earth. It has been demonstrated that the auroral kilo-
metric radiation (AKR) is generated in relatively small regions (a few tens of kilometers in the direction per-
pendicular to the B field), corresponding to acceleration regions that are magnetically connected to the
aurora [Louarn et al., 1990; Delory et al., 1998]. These localized regions of very low density are characterized
by electron distributions presenting a bump at large pitch angles (the “trapped” or “horseshoe” population).
This led people to consider CMI regimes that are different than the one initially proposed by Wu and Lee
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[1979]. Indeed, since the plasma in the sources is dominated by electrons at keV energies, the gyrofrequency
is decreased due to the relativistic effect (Af./f, ~ E/m.c*, where E is the typical electron kinetic energy). This
allows one to use free energy at ~90° pitch angle, in the case of strictly perpendicular propagation. This is a
particularly efficient CMI regime [Pritchett, 1986; Le Quéau and Louarn, 1989; Louarn et al., 1990].

An obvious question is to investigate whether the AKR scenario applies at Jupiter or if other CMI regimes
need to be considered. We use measurements performed by the Juno plasma instrument: JADE [McComas
et al., 2013]; radio and wave instrument: Waves (see Kurth et al. [2017] for details on Waves); and magnet-
ometer: MAG [Connerney et al., 2017], to investigate the Jovian generation mechanisms. We refer to
Allegrini et al. [2017] and Szalay et al. [2017] to present the details of JADE-E observations performed in the
auroral regions during PJ1. The present investigation also relies on Kurth et al. [2017] which presents an over-
view of the first Juno radio observations, with descriptions of several close approaches or crossings of radio
sources regions.

In this study we concentrate on the analysis of the source of hectometric radiation (HOM) labeled “C" in Kurth
et al. [2017], crossed at ~13:29 UT on 27 August 2016. In particular, we calculate the CMI growth rates using
distribution functions that are measured by JADE-E and obtain positive results. Obtaining sufficiently large
growth rates from measured distributions does not occur as frequently as one may think. Even with the
highest time resolution measurements made at Earth, the measured 6f/dv, gradients are rarely sufficient
to explain the wave generation due to the nonlinear wave-particle diffusion rapidly eroding the available
free energy.

2. Observations

In Figure 1, we show the wave and particle observations obtained during a possible crossing of HOM
source, in the southern hemisphere. The region corresponds to the source labeled C in Figure 4 of Kurth
et al. [2017]. This time period is also discussed in Szalay et al. [2017] and Allegrini et al. [2017]. These
papers provide the magnetospheric context of these observations and show that at 13:29:00-13:29:30
Juno transitioned from being magnetically connected to the inner plasma sheet to the outer plasma sheet
(~30-40 Jovian radius (R))).

In Figure 1a, the wave dynamic spectra from 4 to 10 MHz are shown. The significant increase of the wave flux
at or very close to the local gyrofrequency (white line in Figure 1a), occurring from ~13:28 to 13:29:45, can be
considered a signature of crossing a CMI source. The maximum flux is about an order of magnitude larger
than in the adjacent regions. The close proximity of the strong emission to the local gyrofrequency indicates
that the ratio between the plasma and the gyrofrequency is very small (w,/w. < 1). This can be confirmed by
the properties of the low-frequency waves, in particular whistler waves [Tetrick et al., 2017] or by the direct
integration of the electron distributions. Ratio w,/wc in the range 107321072, at most, is consistent with
Waves and MAG measurements and estimates from JADE-E. The parameter ¢= (co,,/coc)2 is important for
the CMI process. Low values of ¢ place the cutoff frequency of the X mode (wyx=w. (1 +¢/2)) extremely close
to w.. Such conditions help the relativistic resonance of the electrons and favor the CMI process, as detailed in
the next section. Note that the boundaries of the source are not well defined, contrary to the terrestrial AKR
case [Louarn et al., 1990; Ergun et al., 1998].

As seen in Figure 1b, the bulk of the electron population does not exceed a few keV. There is no trace of
localized strong electron acceleration during the period 13:28-13:29:45. This is unusual compared to expec-
tations from Earth where the sources of AKR are observed to precisely correspond to the regions of particle
acceleration corresponding to the aurora (inverted “V” structures), typically crossed in a few seconds by
spacecraft. In the absence of strong acceleration, the CMI would be driven by electrons of modest energy,
typically in the range 2-10keV and apparently more widely spread than at Earth. Incidentally, this also
explains why radiation is not seen below f: the relativistic correction of f, is less than 5-1073, thus below
the frequency resolution of Waves survey mode.

The pitch angle distributions in Figure 1 show several interesting features, such as upward and downward
beams and a pronounced loss cone in the upward electron population, from about 150 to 180° [see also
Kurth et al., 2017; Allegrini et al., 2017]. The apparent decrease of flux at ~90° is due to spacecraft obstruction
[Allegrini et al., 2017]. The loss cone is particularly strong from 13:28:00 to 13:29:20, at ~2-6 keV, precisely

LOUARN ET AL.

JUNO OBSERVATIONS IN A HOM RADIO SOURCE 4440



@AG U Geophysical Research Letters 10.1002/2017GL072923

10%108

Freq. (Hz)

E (eV)

Pitch ang.

Pitch ang.

9x10°
8x108
7x108

6x10°
5x108
4x10°
10°
10*
10°

10?

150

100

50

0

Juno Waves - Electric Field Spectral Density (Intrinsic Resolution)

10710

1071

‘|I I’I \I N I‘I

V2m'2Hz'1

10712

Log (c/s)
6.9

5.4
3.9

2.3
Log fdist

4.7

w T B
.g..n Al

3.5

(s*/km®)

22

0.1-2keV

0.9

Log fdist
23

1.2

2 -6 keV
(s*/km®)

0.1

-1.0

0o—
13:26

|
} o T
13:27 13:28 13:29 13:30 13:31 13:32

Figure 1. Combined JADE-E and Waves observations obtained near and inside a HOM source. (a) Waves dynamic spectra from 4 to 10 MHz; the white line is the
electron gyrofrequency based on the locally measured magnetic field. (b) Time-energy electron flux, from 100 eV to 100 keV. (c and d) Electron pitch angle
distributions at 100-2000 eV and 2000-6000 eV (white areas indicate lack of observations). The loss cone is seen at 150-180°. The two vertical lines indicate the times
of the selected distributions (see Figure 2).

when the radio flux peaks. Knowing that loss cone electron distributions are the traditional form of free
energy used to drive the CMI [Wu and Lee, 1979], this observation leads us to investigate whether the
observed positive perpendicular gradients of the distribution (6f/ov, >0) are sufficient to amplify the
waves and explain the HOM generation. The observations made in the northern hemisphere during the
first crossing of the HOM source (source “B” in Kurth et al. [2017]) are very similar. They show no clear
trace of particle acceleration and support the case for loss cone distributions being the driver of the
CMI process.

Nevertheless, before applying the CMI theory to the loss cone distributions, we point out a possible particle
energization at ~13:29:40, crossed in about ~5 s. This short signature is also characterized by a widespread
pitch angle distribution, seen in the 2-6 keV panel, with relatively large phase space density at ~90° and
for particles moving downward toward the planet. This short signature may be analogous to distributions
seen in AKR sources. If more cases are observed on subsequent Juno perijove passes, then this would indicate
that different regimes of CMI may coexist and explain the HOM generation.

3. The Cyclotron Maser

We summarize here some important elements of the CMI theory. There is considerable literature on this
subject with details provided by Wu and Lee [1979], Wu [1985], Le Quéau et al. [1984a, 1984b], and Pritchett
[1986]. We skip many developments of the theory to directly present the key elements of the amplification
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of X-mode waves by the CMI, in close vicinity to the electron gyrofrequency in the case of a low density
(e= (a)p/a)c)2 < 1) and moderately energetic (E < mecz) plasma.

As shown, for example, by Le Quéau et al.[1984a, 1984b], close to the cutoff (wy), X-mode waves have a domi-
nant right-handed polarization (the electric field rotates about the ambient magnetic field in the same sense
as electrons) and their dispersion equation can be reduced to

D=1-kc/o?+ (1 -kK32/20°)) =0 1

where J is linked to the right-handed component of the current and is given by

J= w? +"°2 24 I+°°d (wik”v”)af/f?m+k|‘vff/(7pu )
= ﬁ 0 np ap, e P I‘(wfk”VH)*wC .

In this formula, f is the distribution function of the electrons normalized so [fdp®=1, p, ; are the relativistic
momenta of the particles in directions perpendicular and parallel to the magnetic field. T =(1 +p2/m2c2)”2 =
(1 =v?/c®)~ "2 is the relativistic factor. Note that we use perturbations proportional to expli(kr — wt)]. For
weakly relativistic electrons ﬂu‘z:(m”/c >« 1 and supraluminous waves (w/ky > c) propagating close to
the gyrofrequency (@ ~ /), this expression can be simplified to

af/a/} L

8 —ﬂ0>2 + 8 — (5 — 2Aw) 7

2 [t o0
— @p 2
J= 2x ;g IO 'BLdﬂLI,N dﬁ”

with o=k c/o. and Aw = (0 — wc)/w..

The dispersion equation is generally solved by considering that the electron distribution is split into a domi-
nant cold or thermal population (f;) that supports the wave propagation and a tenuous energetic population
(f,) that feeds the instability. The real part of the current J is then linked to the cold plasma population as

Jo= —a)f,o/a)(a) — W) ®— cof,o/co?Aa) (4)
The imaginary part Im(J,) is obtained from f, by integrating (3) along the resonant curve (ﬁ\l fﬂo)z +ﬁf -
(/)’é — 2Aw) = 0. This resonant condition determines a circle in the (8,,5)) plane, with center =g,

oo
and radius b = (65 — 2Aw)1/2. Using the standard Plemelj formula, I_mdz/(Z —2z) =PP. +indé(Z —z), one
then gets

602 T ) Fl )
Im(Jp) = —n? w—’%b JO dob? sm(@)zafb(ﬂo + b cos(0),b sin(6)) (5)
The imaginary term involves an integration of the perpendicular gradient of the distribution function along
the resonant circle.
The growth rate of the wave is then obtained by a first-order development of D, assuming o =w,+ iy
withy <« op
y = — Im(J) (8D, /ow) . 6)
Using the expression of the cold plasma current, one has
oD why1— k2 /20
o w3 Aw?

7)

In so low (wp/wc)2 plasma, it can be shown that X-mode waves propagating at frequencies a fraction of a
percent above wy have an index of refraction very close to 1. The growth rate is then given by

4 0
wlc ~2r? Z—Z Aw? Iodéib2 sin(6)? %fb(ﬂo + b cos(d), b sin(9)), ®)
where n,/ng is the ratio of the densities of the energetic and thermal populations.

As shown in equation (8), the condition for wave amplification is the existence of positive o6f/dv, gradients,
the most amplified waves being characterized by circles of resonance lying in the phase space region of
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Figure 2. (left column) Distribution of the upgoing electrons at 13:28:17 and 13:28:49. The isocontours are shown using a
logarithmic scale in units of s3/km®. The red circular arcs correspond to energies of 1, 5, 10, and 20 keV and the radial
lines to pitch angles of 175°, 165°, 155°, .... An example of a resonant circle is displayed in blue. (right column)
Corresponding of/dv, gradients (units of 53/km6) at 1, 2, 5, and 10 keV, measured in the loss cone.

maximum positive slope. In the case of loss cone distributions, the waves with maximum ampdlification
propagate upward, at large oblique angles with respect to the static B field and at frequencies slightly
above f..

We note the assumption that two different populations are supposed to coexist, a dominant one that
supports the propagation and a tenuous one that drives the maser. The point is in fact more subtle.
Theoretically, the difficulty is to evaluate the principal part of the integral in formula (3) when one applies
the Plemelj method. In fact, the cold plasma formula (4) can be considered as a first simple evaluation of this
principal part, i.e., the real part of J, assuming n,=n,. In other words, the assumption is equivalent to neglect-
ing the finite temperature effects in the calculation of Re(D). The complete formula can be found in Le Quéau
et al. [1984a] for Maxwellian-type distributions and involves algebraic developments that are beyond the
scope of the present simple approach. Nevertheless, we verify that the inclusion of the thermal dispersion
effects does not significantly change the dispersion properties of the amplified waves since they propagate
with a refractive index close to 1. The use of formula (8), with n,=ny, is thus sufficient for a first approach. The
complete analysis will be detailed in a future study.

4. Application to the HOM Generation

In Figure 2, the distribution functions of the upgoing electrons measured at ~13:28:17 and 13:28:49 are dis-
played. The first corresponds to the period of increasing HOM flux (~3-4x 107" V> m™2Hz "), the second to
the maximum flux (>10'°V2m~2Hz ). The distribution at 13:28:49 shows larger phase space density at a
given energy (the isocontours are enlarged), which corresponds to a denser and hotter plasma. The loss
cone is clearly apparent at pitch angles larger than 155°, indicated by the red radial line. In the loss cone,
the isocontours do not follow the isoenergy circles (some of which are indicated in red). They are curved
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Figure 3. Normalized growth rate (y/w.) obtained from the measured of/0f . TI’:ezresonant energy is the energy at the
center of the resonant circle (fg). The frequency shift is given by Aw = (ﬂg — bz) /2 (see expression of b in the
resonant circle formula, section 3).

toward low energies. This region of phase space is characterized by positive 6f/dv, gradients, given by the
term cos a\/me/2E 6f /&0, in energy-pitch angle (E-a) coordinates.

In Figure 2 we also place a resonant circle corresponding to an expected large wave amplification. The center,
Vo=—3.6x 10" m/s, corresponds to Po ~0.12 and E ~4 keV. For waves with index close to 1, f, is also the
cosine of the angle of propagation with respect to the B field. This propagation angle (¢) is ~83° in this case.
To have a large circle in the loss cone, we set b (the radius of the circle) to Sy/2. Using the formula of b, this
leads to Aw=3%/8 ~3x 107> This is above the X-mode cutoff (Awy=£/2~10">-10"° according to the
expected values of w,/w.). Note also that the wave index is very close to 1 (~0.98-0.99), using formula (1).
This example shows the expected characteristics of amplified waves: an angle of propagation a few degrees
below 90°, corresponding to the center of the resonant circle at 3-6 keV; the frequency is in the range Aw
~1-5% 1073, and the resonant circle as a radius between 0.3 and 0.6 Lo, which should optimize the use of
the available free energy of the loss cone distribution.

The measured 0f/0f, gradients are shown in Figure 2 (right column), for energies ranging from 1 to 10 keV.
The second distribution shows positive 0f/0f, gradients that extend toward larger energies than the first
(see estimates at 5 and 10 keV). Using these measurements, the growth rate is then estimated from formula
(8). Note that this formula assumes that f is normalized in the f space (Jf dﬁ3: 1). This requires setting the
appropriate normalization factor before using the measured df/63, gradients that are expressed in s>/km®.
In practice, the factor is ¢ 107 '8/n, where n is the density (in m~3) obtained by integrating f.

The estimated growth rates (y/w.) are shown in Figure 3, for different values of fpand b, and thus, different
angles of propagation ¢ and frequency shifts Aw. The normalization factor is set with n ~30cm™3, which
most certainly is overestimated and, thus, likely leads to underestimated growths. One gets y/w larger than

3x10™* for resonant energies in the range 2-5keV at 13:48:17 and 2-9 keV at 13:28:49. Considering waves

with index very close to 1, one has: cos(¢)~fpand Aw = (/)’é — b2)1/2/2 (see section 3). From Figure 3, one

can deduce that large amplifications (defined by amplification rates above 80% of the maximum growth)
are obtained at propagation angles varying from 85° to 82°at 13:28:17 and 85° to 79° at 13:28:49, over the fre-
quency bandwidth Aw ~ 3-7 X 1072 and Aw ~ 3-14x 1073, respectively. This corresponds to Af~50kHz,
which is consistent with the high spectral resolution measurements performed in the source [Kurth et al.,
2017, Figure 4]. The typical spectral width of amplification is ~0.5-1x 1072 The larger width at 13:28:49
denotes a more instable situation. Note that the values of normalized growth rate are close to those obtained
at Earth for similar distribution functions [see Omidi et al., 1984].

The important difference compared with Earth comes from the much larger values of the gyrofrequency at
Jupiter. Indeed, since w~3x 107 57", the growth rate corresponds to a typical e-folding time of 10~*s. This
is about a factor 20-30 less than what is obtained at Earth with loss cone distributions. To get intensities of
the order of 10~ '°V?/m? Hz by amplifying the typical radio noise (~1072° V> m~2Hz "), amplification factors
of e'® to ®° are needed. This corresponds to amplification times of 1-2x 10~>s and, thus, amplification
length (L) in the range 3-6 x 10°km (say, 1000 km or a few 10 wavelengths, with margin). L~1000 km at
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Figure 4. (a) Waves dynamic spectra (as in Figure 1). (b and d) Measured 0f/9f, gradients at 2 keV and 5 keV shown in pitch angle plots. (c and d) Gradients at 155°in
units of s3/km®. The red regions correspond to values above the CMI thresholds (see text).

very oblique propagation (83°) represents a propagation Ah~100 km in altitude. Over this altitude range, the
gyrofrequency varies by ~2 x 1073 (Af./f. ~ 3 Ah/R, where R~1.6 R, is the distance from Jupiter center) which
is smaller than the spectral width of amplification. This guarantees an optimal growth over the whole path.
Our conclusion is that the estimated CMI growth rates are sufficient to explain the HOM generation.

5. Discussion and Conclusion

Having shown from specific electron distribution functions that the loss cone seems sufficient to drive the
CMI and explain the HOM generation, it is interesting to understand the generality of this result. We reverse
the reasoning to estimate the minimum 0/, gradients that would be needed to explain the HOM genera-
tion. The maximum possible amplification path can be estimated from the spectral width of the instability.
Taking a width of 1072, one gets Ah~250 km, for R~ 1.6 R,. For propagation at 83°, this leads to a maximum
amplification path of ~2500 km. For larger paths, the waves leave the amplification spectral domain due to
the variation of f.. To have an amplification by e'%2° over this distance, e-folding times of 5x 10~%-10">s
are required. This is a factor 5 more than our previous estimates and basically means that 6f/0f, gradients
5 times less than those observed at 13:28:17 and 49 would still be sufficient to drive the CMI (for comparable
plasma density and gyrofrequency). We conclude that gradients 6f/d8, of the order of 100-200 s>/km® at
2keV and 10s3/km® at 5 keV would be sufficient to explain the HOM generation.

We consider these thresholds in Figure 4. We calculate the of/98, gradients at 2keV and 5keV. They are
shown in pitch angle format. The red color corresponds to 6f/9f, gradients larger than the thresholds, thus
20053/km® (2 keV) and 10 s3/km® (5 keV). These large gradients are mostly seen from 13:27:40 to 13:29:20, in
the loss cone, when the wave flux is maximum.
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More precisely, the wave intensity starts to increase at 13:27:40, precisely when the large gradients also start
to be observed at 2 keV. However, the maximum wave intensity is observed a few tens of seconds later, from
13:28:10 to 13:29:20, when the large gradients are also observed at 5 keV. This is coherent with Figures 2 and 3
showing that the distribution at 13:28:49 presents larger slopes at 5-10 keV than the one at 13:28:17 which, in
overall, is a sign of a more unstable situation. This also suggests that the population at 5-10 keV would be the
main driver of the CMI.

To conclude, we analyze the first example of a spacecraft making direct measurements while crossing
Jupiter’'s HOM source region. We show that the radio emission mechanism, the CM|, is driven by loss cone
distributions. The CMI e-folding time of 10™*s that is estimated from the electron distributions measured
by JADE-E is indeed sufficient to explain the HOM intensity measured by Waves, the main free energy of
the CMI being associated with electron populations at 5-10 keV. Additional observations and more detailed
analysis are needed to better evaluate the finite temperature effects on the CMI and firmly established the
scenario of HOM generation. At present, there is no indication that a similar scenario would be applicable
at decametric or kilometric wavelength (DAM and KOM radiations).
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