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Abstract

Auroral emissions from Jupiter have been observed
across the photon spectrum including ultraviolet and
x-ray wavelengths. UV observations suggest an input
flux power of 10'3 — 10'* W for the aurora in each
hemisphere. The Einstein Observatory, the Roentgen
satellite, the Chandra x-ray Observatory (CXO), and
XMM-Newton have observed x-ray emissions with a
total power of about 1 GW. Previous theoretical stud-
ies have shown that precipitating energetic sulfur and
oxygen ions can produce the observed x-rays. This
study focuses on the ion precipitation of the polar re-
gion and its effects in the ionosphere. We present
the results of a hybrid Monte Carlo model of oxygen
ion precipitation at high latitudes that calculates the
secondary electron production due to the oxygen ion
precipitation for the first time. We analyze the sec-
ondary electron fluxes due to the ion aurora, estimate
their effects on the ionosphere, calculate the down-
ward current carried by ions and electrons, and esti-
mate airglow emissions due to these secondary elec-
trons. We find that the secondary electrons originating
from energetic ion aurora affect the ionosphere sim-
ilarly to auroral electrons responsible for the diffuse
UV aurora and are therefore important for the mag-
netospheric dynamics and our better understanding of
the ionosphere-magnetosphere coupling.

1. Introduction

Jupiter’s powerful x-ray aurora was first observed by
the Einstein X-ray Observatory in 1979 and 1981[17],
when emissions were detected for photon energies
from 0.2 to 3.0 keV. Observations carried out over an
extended period of time have shown that there are two
sources of x-rays coming from Jupiter: a high latitude
source from the aurora [17, 19] (see [2] for a review)
and a low latitude source due to scattering of solar x-
rays. For the high latitude x-ray source [17] proposed
a K-shell emission mechanism caused by heavy ions
(mainly oxygen and sulfur) precipitating into the upper

atmosphere. Observations by the Chandra X-ray Ob-
servatory (CXO) advanced CCD imaging spectrome-
ter (ASIS) [9, 8] as well as observations by XMM-
Newton [3, 4, 5] indeed showed a predominantly line
emission spectrum instead of a continuum.

The heavy ion model proposed was further devel-
oped [10, 6, 13, 14, 15, 11, 12, 18] to more accurately
model the observed data and to investigate the col-
lisional and acceleration mechanisms needed to pro-
duce x-rays. In particular, [6] explained that electron
removal collisions (i.e., stripping collisions) produce
high-charge state ions (e.g., O’* and O®7), which col-
lide with atmospheric Hy emitting x-rays. Recently,
[18] modeled the x-ray emissions due to high-charge
state oxygen and sulphur ions and found that energies
between 1 — 2 MeV/u are most efficient in produc-
ing the observed x-ray emissions and that opacity and
quenching effects are significant to model the observed
spectra for the observation geometries (see Figure 1).
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Figure 1: Outgoing x-ray photon flux efficiency as a
function of initial beam energy for O%" production
with different opacities.



2. Secondary electrons from ion
precipitation

Ionization and stripping collisions from ion precipita-
tion will also produce secondary electrons as they are
ejected either from the target atmospheric neutral or
from the projectile ion. [10] calculated the energy dis-
tribution of secondary electrons due to oxygen ion pre-
cipitation. However, at that time there was insufficient
information regarding the single differential cross sec-
tions needed for this calculation. Therefore, they used
the single differential cross section for secondary elec-
tron production in a proton collision with Hy as an ap-
proximation. This cross section is not expected to ac-
curately simulate the behavior obtained with a heavier
oxygen ion instead of the proton.

Since their work, not much progress has been made
in modeling the secondary electrons from the ion au-
rora at Jupiter. Therefore we find our present work
to be a significant contribution to the area. We have
performed for the first time comprehensive calcula-
tions of the single differential cross section for sec-
ondary electron production in a collision between an
energetic oxygen ion and Hs, covering all ionization
stages and channels (single ionization, double ioniza-
tion, single stripping, double stripping, transfer ioniza-
tion, DCAI). We use the Monte Carlo method devel-
oped by [18] and the new single differential cross sec-
tions for ionization and stripping processes to model
the auroral ion precipitation and calculate the sec-
ondary electron production rate due to oxygen ion pre-
cipitation in Jupiter’s auroral region at different alti-
tudes (see Figure 2).

3. Results

From our model we find that the bulk of the secondary
electrons has energies smaller than 100 eV and that
the electrons originate mostly from ionization colli-
sions. The stripping collisions give rise to a high en-
ergy “tail” in the electron energy distribution. In order
to estimate the overall effect of the ion aurora, we cal-
culate the electron fluxes due to an ion precipitation
of 10% oxygen ions/cm?/s, required to obtain the ob-
served 1 GW of x-ray power, given an x-ray efficiency
of 10~* [18]. We use the calculated electron produc-
tion rates to calculate upward and downward electron
fluxes along a radial magnetic field line at the auro-
ral region using the two-stream approach [1]. We find
that the escaping electrons from the ionosphere carry
a downward current of ~0.5 MA. Together with the

Forward/Downward electron production rate due to an input of 16
MeV/cm?/s (a single 1 MeV/u ion)
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Figure 2: Secondary electron production rates for for-
ward scattered electrons at different altitudes in the
atmosphere due to precipitation of a single oxygen
ion/cm?/s

precipitating ions this would imply a total downward
current of ~1 MA. This value is in agreement with
estimates of currents needed to accelerate the ion to
MeV/u energies needed for the x-ray production [7].
We use our modeled secondary electron fluxes to cal-
culate the airglow emissions. We find that the sec-
ondary electrons due to 2 MeV/u oxygen ions with the
above-mentioned flux should produce emissions in the
UV Lyman and Werner bands with an intensity of 10
— 20 kR. This is much smaller than the bright emis-
sion seen at the oval. However, it is comparable to
fainter emissions that have been observed due to dif-
fuse electron aurora. Although we have not yet calcu-
lated opacity effects to the airglow emissions, some of
the emission due to the secondary electrons should be
observable.

4. Summary and Conclusions

We calculate for the first time the secondary electron
production due to energetic ion precipitation at high
latitudes in Jupiter responsible for the observed x-ray
aurora. We find that the secondary electron effects in
the ionosphere are significant and of interest to pos-
sible future observations. We estimate that airglow
emissions due to the secondary electrons should be ob-
servable, even if opacity is considered. We also calcu-
late the electron fluxes in the ionosphere and estimate
that the upward escaping electrons may carry a down-
ward current of about 0.5 MA.



Acknowledgements

This work has been supported at the University
of Kansas by NASA Planetary Atmospheres Grants
NNX10AB86G.

References

[1] P. M. Banks and A. F. Nagy. Concerning the Influence
of Elastic Scattering Upon Photoelectron Transport and
Escape. J. Geophys. Res., 75:1902-1910, 1970.

[2] A. Bhardwaj and G. R. Gladstone. Auroral emissions
of the giant planets. Reviews of Geophysics, 38:295-354,
2000.

[3] G. Branduardi-Raymont, R. F. Elsner, G. R. Gladstone,
G. Ramsay, P. Rodriguez, R. Soria, and J. H. Waite, Jr.
First observation of Jupiter by XMM-Newton. Astron.
Astrophys., 424:331-337, September 2004.

[4] G. Branduardi-Raymont, A. Bhardwaj, R. Elsner,
R. Gladstone, G. Ramsay, P. Rodriguez, R. Soria,
H. Waite, and T. Cravens. XMM-Newton Observations of
X-Ray Emission from Jupiter. In W.-H. Ip & A. Bhard-
waj, editor, Advances in Geosciences, Volume 3: Plane-
tary Science (PS), 203, 2006.

[5] G. Branduardi-Raymont, A. Bhardwaj, R. F. Elsner,
G. R. Gladstone, G. Ramsay, P. Rodriguez, R. Soria, J. H.
Waite, Jr., and T. E. Cravens. A study of Jupiter’s aurorae
with XMM-Newton. Astron. Astrophys., 463:761-774,
February 2007.

[6] T.E. Cravens, E. Howell, J. H. Waite, and G. R. Glad-
stone. Auroral oxygen precipitation at Jupiter. J. Geo-
phys. Res., 100:17153-17162, September 1995.

[7]1 T. E. Cravens, J. H. Waite, T. I. Gombosi, N. Lugaz,
G. R. Gladstone, B. H. Mauk, and R. J. MacDowall. Im-
plications of Jovian X-ray emission for magnetosphere-
ionosphere coupling. J. Geophys. Res., 108:1465—+, De-
cember 2003.

[8] R.EFE Elsner, N. Lugaz, J. H. Waite, T. E. Cravens, G. R.
Gladstone, P. Ford, D. Grodent, A. Bhardwaj, R. J. Mac-
Dowall, M. D. Desch, and T. Majeed. Simultaneous
Chandra X ray, Hubble Space Telescope ultraviolet, and
Ulysses radio observations of Jupiter’s aurora. J. Geo-
phys. Res., 110:1207, January 2005.

[9] G.R. Gladstone, J. H. Waite, D. Grodent, W. S. Lewis,
F. J. Crary, R. F. Elsner, M. C. Weisskopf, T. Majeed,
J. M. Jahn, A. Bhardwaj, et al. A pulsating auroral X-ray
hot spot on Jupiter. Nature, 415(6875):1000-1003, 2002.

[10] M. Horanyi, T. E. Cravens, and J. H. Waite, Jr. The
precipitation of energetic heavy ions into the upper atmo-
sphere of Jupiter. J. Geophys. Res., 93:7251-7271, July
1988.

[11] Y. Hui, D. R. Schultz, V. A. Kharchenko, P. C. Stancil,
T. E. Cravens, C. M. Lisse, and A. Dalgarno. The Ion-
induced Charge-exchange X-ray Emission of the Jovian
Auroras: Magnetospheric or Solar Wind Origin? Astro-
phys. J., 702:L158-L162, September 2009.

[12] Hui, Y. and Schultz, D. R. and Kharchenko, V. A. and
Bhardwaj, A. and Branduardi-Raymont, G. and Stancil,
P. C. and Cravens, T. E. and Lisse, C. M. and Dalgarno,
A.. Comparative analysis and variability of the Jovian X-
ray spectra detected by the Chandra and XMM-Newton
observatories J. Geophys. Re., 115:7102, July 2010.

[13] V. Kharchenko, W. Liu, and A. Dalgarno. X ray and
EUYV emission spectra of oxygen ions precipitating into
the Jovian atmosphere. J. Geophys. Res., 103:26687—
26698, November 1998.

[14] V. Kharchenko, A. Dalgarno, D. R. Schultz, and P. C.
Stancil. Ion emission spectra in the Jovian X-ray aurora.
Geophys. Res. Lett., 33:11105, June 2006.

[15] V. Kharchenko, A. Bhardwaj, A. Dalgarno, D. R.
Schultz, and P. C. Stancil. Modeling spectra of the
north and south Jovian X-ray auroras. J. Geophys. Res.,
113:8229, August 2008.

[16] W. Liu and D. R. Schultz. Jovian X-Ray Aurora
and Energetic Oxygen Ion Precipitation. Astrophys. J.,
526:538-543, November 1999.

[17] A.E. Metzger, D. A. Gilman, J. L. Luthey, K. C. Hur-
ley, H. W. Schnopper, F. D. Seward, and J. D. Sullivan.
The detection of X rays from Jupiter. J. Geophys. Res.,
88:7731-7741, October 1983.

[18] N. Ozak, D. R. Schultz, T. E. Cravens, V. Kharchenko,
and Y.-W. Hui. Auroral x-ray emission at jupiter: Depth
effects. J. Geophys. Res., 115:A11306, November 2010.

[19] J. H. Waite, Jr., F. Bagenal, F. Seward, C. Na, G. R.
Gladstone, T. E. Cravens, K. C. Hurley, J. T. Clarke,
R. Elsner, and S. A. Stern. ROSAT observations of the
Jupiter aurora. J. Geophys. Res., 99:14799, August 1994.



