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Auroral emissions from Ganymede

Credit : NASA

Jia et al. (2015)
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Question:

What influence does the Jovian magnetosphere have on
the atmospheres of neighboring satellites?

Objective:
We want to characterize the electrons precipitating in
the auroral regions of Ganymede.
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Observation
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Regions 0, 7 and 13:

Only low energy and monoenergetic electrons

provide best fits with:

E, from~ 17 to 20 eV
Q, from 0.2 to 1 mW/m?

These

values are in
measurements at very high altitudes, which
predict energies for precipitating electrons of the
order of tens to hundreds of eV (e.g., Waite g

agreement
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Solar illumination terminator

al. 2024). Sub solar point
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X105 Monoenergetic best fit x2,= 1.3
BIC = 21.6 LON [o]
mod ratio l135.6nm/l130.40m= 2.64
. . mod Bri = 26.40 R
6 Region N° : 0 Estimated mean e~ energy : 17 +/- 2eV
—_ Estimated e~ flux : 0.20 +/- 0.14 mW/m?
N
55 Maxwellian best fit 2,= 1.6
' BIC = 23.4 %108
g mod ratio /135 ﬁmmmnm_ 1.69
o4 mod Bri = 27.02 R
by Estimated mean e~ energy : 17 +/- 17 eV 41 Region N° : 13
o Estimated e~ flux: 0.20 +/- 0.11 mw/m?
J —_
£ 3 s
= Kappa best fit y2,,= 1.6 &
Fry BIC = 26.7 T3
G2 mod ratio /135 spmfl130.40m = 1.68 £
5 mod Bri = 26.95 R c
£ Estimated mean e~ energy : 1500 +/- 67 eV T
-1 Estimated e~ flux: 10.00 +/- 1.44 mW/m? N‘“
2
UVS observed test spectrum 5
0 OES ratio hasenm/l130.4nm = 2.43 =
obs Bri = 25.88 R =
125 130 135 140 145 = E
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—100

Monoenergetic best fit y2,= 1.5

BIC = 25.0

mod ratio /135 6nm/l130.4nm= 1.89

mod Bri = 160.78 R

Estimated mean e~ energy : 20 +/- 6eV
Estimated e~ flux : 0.50 +/- 0.25 mW/m?

Maxwellian best fit y2,= 1.6

BIC = 27.5

mod ratio 135 6nmfl130.4nm= 1.55

mod Bri = 155.55 R

Estimated mean e~ energy : 70 +/- 8eV
Estimated e~ flux : 2.00 +/- 0.50 mW/m?

Kappa best fit y2,= 1.6

BIC= 27.9

mod ratio /135 anmﬂlsu anm = 1.56

mod Bri = 156.26

Estimated mean e energy : 100 +/- 48 eV
Estimated e~ flux : 2.00 +/- 0.56 mW/m?

UVS observed test spectrum
obs ratio 1135 enm/l130.40m = 2.25
obs Bri = 150.15 R
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%106 Monaenergetic best fit xi.,= 1.9
BIC = 23.7
mod ratio h13s 6nm/h30.anm= 3.14
N s mod Bri = 297.25R
Region N° : 7 Estimated mean e~ energy : 17 +/- 1eV
— Estimated e~ flux : 1.00 +/- 0.28 mW/m?
'TL
" Maxwellian best fit x2.,= 2.6
T BIC = 25.6
E6 mod ratio 135 gamfl130.4nm= 1.87
£ mod Bri = 313.33R
" Estimated mean e~ energy : 14 +/- 12 eV
o~ Estimated e~ flux : 1.00 +/- 0.31 mW/m?
£4
) Kappa best fit y2,= 2.5
> BIC = 25.2
w mod ratio /135 6nm/l130.4nm = 1.92
S 2 mod Bri = 315.71 R
£ Estimated mean e~ energy : 20 +/- 69 eV
- Estimated e~ flux : 2.00 +/- 0.66 mW/m?
UVS observed test spectrum
0 obs ratio has enmfl130.40m = 2.73
125 130 135 140 145 phgBr=31204 R
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Sub solar point
Sub JUPITER point
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Monoenergetic best fit ¥2,= 1.3

BIC = 23.2

mod ratio /135 gom/130.40m= 1.80

mod Bri = 19.96 R

Estimated mean e™ energy : 17 +/- 5eV
Estimated e~ flux : 0.20 +/- 0.16 mW/m?

Maxwellian best fit y2,= 1.5

BIC = 25.5

mod ratio /135 fmmﬂno anm= 143

mod Bri=23.73R

Estimated mean e~ energy : 150 +/- 150 eV
Estimated e~ flux: 2.00 +/- 0.56 mW/m?

Kappa best fit y2,,= 1.4

BIC = 27.8

mod ratio his gnm/h30.anm = 1.46

mod Bri = 23.39 R

Estimated mean e~ energy : 20 +/- 20 eV
Estimated e~ flux: 0.50 +/- 0.30 mW/m?

UVS observed test spectrum
obs ratio /135 SnmﬁBD anm = 2.20
obs Bri = 21.75 R
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Monoenergetic best fit y2,= 1.3

BIC = 256

mod ratio /135 6nmil130.40m= 1.66
mod Bri = 37.21 R
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Maxwellian best fit x2,=

BIC= 27.8

mod ratio /135.6nm/130.4nm=
mod Bri = 34.90 R

Estimated mean e~
Estimated e ™ flux :

Kappa best fit y7.,= 1.3

BIC = 28.4

mod ratio /135 enm/h30.a0m = 1.37
mod Bri = 34,39 R
Estimated mean e~

Estimated e~ flux :

UVS observed test spectrum
obs ratio /s, anml’uu anm

obs Bri = 32.74

0.50 +/- 0.31 mW/m?

5.00 +/- 0.53 mW/m?

[
Monoenergetic best fit x2,= 1.5
BIC = 23.9
mod ratio hzs gnmll130.40m= 1.41
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Estimated mean e~ energy : 150 +/- 25 eV
Estimated e~ flux: 1.00 +/- 0.50 mW/m?

Maxwellian best fit x2,= 1.5

BIC = 26.7

mod ratio /135 enm/l130.40m= 1.43

mod Bri = 61.17 R

Estimated mean e~ energy : 30 +/- 30 eV
Estimated e~ flux : 0.50 +/- 0.26 mW/m?

Kappa best fit 2,= 1.5

BIC = 27.9

mod ratio ly3s gnmfl30.4nm = 1.47

mod Bri = 65.71 R

Estimated mean e~ energy : 200 +/- 31 eV
Estimated e ~ flux : 2.00 +/- 0.46 mW/m?

UVS observed test spectrum
obs ratio f13s kmm”l]o anm = 1.95
obs Bri = 66.99 R
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Regions 6, 9 and 10: all three distributions
visually adjust spectra.

But Large differences in estimated parameters
depending on the distribution chosen within the
same region.

N [ —————] I p—————

We used BIC criterion
discriminate between models.

to objectively

LAT [°]

Monoenergetic distribution most often selected
by BIC.

Characteristic energy: 70 to 300 eV.
Energy flux: 0.5 to 2 mW/m2.

Monoenergetic best fit y2,= 1.8

6
x10 BIC= 22.4
6l mod ratio I35 0,—,",”]30 anm= 2.13
. N —— mod Bri = 143.43 R

Region N° : 9 Estimated mean e~ energy : 300 +/- 14 eV
- Estimated e~ flux : 2.00 +/- 0.56 mW/m?
~ 51
1
@ Maxwellian best fit y2,= 1.8
b BIC = 24.1
E 44 mod ratio f135 G,—,mﬂlag anm= 2.05
o —— mod Bri = 151.55
s Estimated mean e~ energy : 50 +/- 11 eV
~ 3 Estimated e~ flux : 0.50 +/- 0.20 mW/m?
£
KA Kappa best fit y2,= 1.8
221 BIC = 26.7
B mod ratio 135 6nmfl130.4nm = 2.18
5 —— mod Bri = 155.29 R
€ 1l Estimated mean e~ energy : 20 +/- 21 eV

Estimated e~ flux : 0.50 +/- 0.21 mW/m?

UVS observed test spectrum
04 obs ratio 135 60m/l130.40m = 2.53

| . - - T obs Bri = 153.79 R
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Conclusion: monoenergetic best reproduces
the spectra of Ganymede's auroral subregions.
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x10 BIC = 22.5 “
mod ratio 135 snm/l130.40m= 1.87
o . —— mod Bri = 151.83 R
54 Region N° : Estimated mean e~ energy : 100 +/- 17 eV
Estimated e~ flux : 0.50 +/- 0.20 mW/m?
1
f 41 Maxwellian best fit y2.,= 2.2
[ BIC = 245
mod ratio /135 snmfl130.4n0m= 1.90
. —— mod Bri = 148,35 R
w31 Estimated mean e~ energy : 250 +/- 10 eV
o Estimated e~ flux: 5.00 +/- 0.57 mW/m?
£
A 2] Kappa best fit y2,= 2.2
> BIC = 26.5
] mod ratio /135 enm/l130.40m = 1.88
5 —— mod Bri = 145.81 R
€14 Estimated mean e~ energy : 300 +/- 67 eV
- Estimated e~ flux: 2.00 +/- 0.64 mW/m?
UVS observed test spectrum
01 obs ratio 1135 gom/l130.40m = 2.06
: u v T T obs Bri = 163.41 R
125 130 135 140 145
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BIC = Bayesian information criterion
BIC =k - In(N) — 2 - In(D)
102 — k = number of free model parameters
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") -~ . . .
4 L = maximum likelihood of the model
S
ey
()]
=
10! @
10°
106 Monoenergetic best fit y2,= 1.5
= BIC = 23.8
1751 mod ratio I35 armi'hsu am= 1.62
. . —— mod Bri = 57.94 R
Region N° : 6 Estimated mean e~ energy : 70 +/- 19 eV
1.501 Estimated e~ flux: 0.50 +/- 0.24 mW/m?
1.251 Maxwellian best fit x2,= 1.5
BIC = 26.7
mod ratio f13s enmfl130.4nm= 1.62
1.004 —— meod Bri = 56.16 R
: Estimated mean e~ energy : 200 +/- 10 eV
Estimated e~ flux : 5.00 +/- 0.52 mW/m?
0.751
Kappa best fit y2,= 1.4
BIC = 27.7
0.50 mod fat‘ﬂhssanmﬂumnm =171
—— mod Bri = 58.64 R
Estimated mean e~ energy : 10 +/- 9eV
0.251 Estimated e~ flux : 1.00 +/- 0.52 mW/m?
UVS observed test spectrum
0.00 obs ratio f13s snmil130.anm = 2.22
obs Bri = 58.28 R
125 130 135 140 145

Wavelength [nm]




Conclusion

*First quantitative retrieval of precipitating electron energies and fluxes producing
Ganymede's UV aurorae (130.4 & 135.6 nm) using Juno/UVS observations +
TransPlanet + non-LTE modeling.
*17 sunlit auroral sub-regions analyzed:

* Monoenergetic, kappa-type and Maxwellian distributions tested.

e Best-fit solutions identified by maximizing spectral likelihood.
*Main results:

 Mean electron energies: 17-300 eV

* Energy fluxes: 0.1-2 mW/m?

* Values are consistent with previous in situ measurements (e.g., JADE/JEDI)
*Monoenergetic distributions yield better spectral fits in most regions.

* Especially effective in bright regions like region 7 (e.g., 300 R, ratio ~2.7)

LAT [°]

e This method characterizes only low-energy electrons that generate auroral
emissions while higher-energy electrons interact directly with the surface.
In prespective, crucial measurements will come from Particle Environment Package
(PEP)/JUICE.

This work is detailed in Benmabhi et al. (accepted).
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Monoenergetic distribution case
for region N° : 0
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125 130 135 140 145 1t
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ean e~ energy : 120 eV
e~ flux: 2.00 mW/m?

ited mean e~ energy: 50eV
stinfated e~ flux : 1.00 mW/m?

Mojloenergetic best fit 7.,= 3.15

mgd ratio I5s/l3s= 1.86

od Bri = 347.05 R

EStimated mean e~ energy : 200 eV
stimated e~ flux : 5.00 mW/m?

Monoenergetic best fit x2,= 3.35
mod ratio lss/las= 1.90

mod Bri = 355.65 R

Estimated mean e~ energy : 300 eV
Estimated e~ flux : 10.00 mW/m?

UVS observed test spectrum
obs ratio Iss/lis = 2.73
obs Bri = 312.71 R

Best fit

Intensity [cm=2 s nm~1 sr71]

Kappa distribution case
for region N° : 7
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150

appa best fit xZ,= 2.49

od ratio Iss/lzs= 1.92

od Bri = 315.71 R

stimated mean e~ energy : 20 eV
Estimated e~ flux : 2.00 mW/m?

Kappa best fit y2,= 2.67

mod ratio Iss/l3s= 1.82

mod Bri = 304.02 R

Estimated mean e™ energy : 1500 eV
Estimated e~ flux : 50.00 mW/m?

Kappa best fit x2,= 2.80

mod ratio Iss/l3s= 1.83

mod Bri = 328.62 R

Estimated mean e~ energy : 200 eV
Estimated e~ flux : 5.00 mW/m?

UVS observed test spectrum
obs ratio Iss/lzs = 2.73
obs Bri = 312.71 R
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Electron flux distribution examples

Both distributions have the same <E>

Type of initial flux energy distribution for precipitating

electrons:

M
g

o
2

o
LA

10!

Electron flux [e"cm™2 s™1 ev-1sr71]

Mono-energetic distribution  ( , )~ (< >)

Kappa distribution such as Coumans et al. (2002)
(, )~ (,< >)with = .

_4Qo k(k—1) E (B)yr—t
T = 22 @ (28 4 ()™

K—2

= . was determined thanks to Salveter et al. (2022)’s
JEDI particle measurements during the 20 first PJ.
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O auroral emission model

L'émission UV de I'oxygene atomique provient principalement
des transitions entre les états excités (3S, 5S) et |'état
fondamental.

Ces etats sont, respectivement, triplet et doublet.

Spectrum | Ritz | Transition | Rel.| Aki | fik | S |Acc.|
Wavelength |  Wavenumber | Int.] (s -1) | | ( au.) |

| vac(m) | (cm N | | | |

| | oo | s | | oo [
03s 130.216848 76795.0 900 3.41e+08 5.20e -02 1.11e+00 A
03s 130.485763 76636.7 600 2.03e+08 5.18e -02 6.68e -01 A
03s 130.602861 76568.0 300 6.76e+07 5.19e -02 2.23e -01 A
058 135.559767 73768.200 -999 4.20e+03 1.16e -06 2.58e -05 B
058 135.851230 73609.935 -999 1.36e+03 6.27e -07 8.4le -06 B

°

Les longueurs d'onde clés : 130 nm et 135 nm.

Modele basé sur le transfert radiatif en conditions NLTE (Non
Local Thermodynamic Equilibrium) car atmosphere froide et
tenue.

Taux de production des états excités calculés via un modele

de transport électronique via les rapports de branchements
de la reaction

e+ 0 > 0*+e avec O* produit dans I'etat 35 et 5S selon les seff
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production [cm™3s71)

Ei | Lower level (i) | Upper level (k) |
N T ) S T e —— (" -1)
| Conf Term |J | Conf. | Term |J | |
------ | oo e At Ul e | - |
0 9.52136 38 2s2.2p4 3P 2s2.2p3.(4S%).3s 3S* 1 5 6.116e+08
0.0196224 9.52136 38 2s2.2p4 3P 2s2.2p3.(4S%).3s 3S* 1 3 6.116e+08
0.0281416 9.52136 38 2s2.2p4 3P 2s2.2p3.(4S%).3s 3S* 1 1 6.116e+08
0 9.14609 11 2s2.2p4 3P 2s2.2p3.(4S%).3s 5S* 2 5 5.560e+03
0.0196224 9.14609 11 2s2.2p4 3P 2s2.2p3.(4S%).3s 5S* 2 3 5.560e+03
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Schema de I'emission complexe
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Where :
So(7) = Internal source smission from O* (VER(z))

41

S1(1) = Frequency redistribution source function calculated by R;;(t,v, 1, v', u") (in the same way as Randy's model)
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Calcul du spectre d'emission sans source interne
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Altitude [km]

Schema de I'emission complexe

solar flux [cm-2 s-1 Hz-1]
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Where :
S(1) = So(7) + S1(7)

Whith :
So(T) = Frequency redistribution from solar contribution

S1(t) = Frequency redistribution source function calculated by Rj;(t, v, u, v', 1)
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LASP/CU Vacuum Chamber

Experience de Kanik et al.
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The OI (135.6 nm) Emission Cross Section Experiment

Spectrum | Ritz | Transition | Rel.| Aki |
| Wavelength |  Wavenumber | Int.| (s"
| vac(m) | (em N |
| R v— | e |

03s 130.216848  76795.0 900

03s 130.485763  76636.7 600

03s 130.602861  76568.0 300

05s 135.559767  73768.200 -999

05s 135.851230  73609.935 -999

fik | S [|Acc.|
-1) | I ( au.) |
| [ |
| |

3.41e+08 5.20e -02 1.11e+00 A
2.03e+08 5.18e -02 6.68e -01
6.76e+07 5.19e -02 2.23e -01
4.20e+03 1.16e -06 2.58e -05
1.36e+03 6.27e -07 8.4le - 06
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| Conf. | Term |J | Conf. | Term |J |
eI Do el o R Bl B N i | eeee e
9.5213638 2s2.2p4 3P 2 2s2.2p3.(4S*).3s 3S* 1 5 3 6.116e+08
0.0196224 9.5213638 2s2.2p4 3P 1 2s2.2p3.(4S*).3s 3S* 3 3 6.116e+08
0.0281416 9.5213638 2s2.2p4 3P 0 2s2.2p3.(4S*).3s 3S* 1 3 6.116e+08
0 9.1460911 2s2.2p4 3P 2 2s2.2p3.(4S*).3s 5S* 2 5 5 5.560e+03
0.0196224  9.1460911 2s2.2p4 3P 1 2s52.2p3.(45%).3s 5S* 3 5 5.560e+03



Latitude (deq)

Influence de I'abondance de H20 dans les regions ensoleillées
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— On va donc supposer que H20 n’est pas trop influencé par le sun
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Sections efficaces e+X 2 O*+...
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A basse energie, la seff de H20—>3S est 2 ordres de grandeurs
plus faible que 02->3S
Pour I'etat 5S c’est encore plus faible.

A haute energie (100 eV), c’est 1 ordre de grandeur, mais on ne
voit pas d’electrons aussi energétiques.



