
The	
  main	
  auroral	
  Jovian	
  emission	
  

I.	
  HST	
  observa5ons	
  of	
  the	
  main	
  emission	
  
	
  
Excita5on	
  processes:	
  UV,	
  visible,	
  IR	
  and	
  energy	
  budget:	
  emission,	
  …..	
  
Main	
  morphological	
  features	
  
Variability	
  and	
  response	
  to	
  solar	
  wind	
  varia5ons	
  
Infrared	
  versus	
  ultraviolet	
  aurora	
  
Remote	
  sensing	
  of	
  auroral	
  precipita5on	
  
Some	
  key	
  ques5ons	
  
	
  
II.	
  Juno	
  contribu5on	
  to	
  ME	
  auroral	
  science	
  (for	
  upcoming	
  discussion):	
  
	
  
-­‐  Synergy	
  between	
  UVS,	
  JADE	
  and	
  JEDI	
  measurements	
  
-­‐  In	
  situ	
  measurements	
  of	
  auroral	
  electrons	
  characteris5cs	
  
-­‐  Concurrent	
  HST	
  observa5ons	
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Excita5on	
  process	
  
(for	
  all	
  auroral	
  components)	
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ep	
  +	
  H2	
  à	
  H2*	
  (B,	
  C,	
  B’,	
  D,	
  …)	
  +	
  e	
  	
  
	
  
These	
  excita5on	
  processes	
  compete	
  with	
  ioniza5on:	
  
	
  
	
  ep	
  +	
  H2	
  à	
  H2

+	
  +	
  ep	
  +	
  es	
  	
  
	
  

The	
  secondary	
  electrons	
  es	
  can,	
  in	
  turn,	
  collide	
  and	
  excite	
  H2	
  levels:	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

es	
  +	
  H2	
  à	
  H2*	
  (B,	
  C,	
  B’,	
  C’,	
  ...)	
  +	
  es	
  	
  	
  

	
  
	
  
	
  
	
  

Auroral	
  excita5on	
  processes	
  
	
  (UV	
  and	
  visible	
  emissions)	
  



H3
+	
  infrared	
  aurora	
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H3
+	
  produc5on:	
  

	
  
H2	
  +	
  ep	
  à	
  H2

+	
  +	
  e	
  +	
  es	
  
	
  
H2

+	
  +	
  H2	
  à	
  H3
+	
  +	
  H	
  

The	
  intensity	
  of	
  the	
  H3
+	
  aurora	
  depends	
  on	
  the	
  H3

+	
  ion	
  density	
  and	
  the	
  
local	
  temperature	
  (popula5on	
  of	
  the	
  rota5onal	
  levels	
  in	
  LTE):	
  	
  



Morphology:	
  
not	
  so	
  simple	
  

5	
  



The	
  complexity	
  of	
  the	
  Jovian	
  aurora	
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Hubble	
  images:	
  	
  
H2	
  	
  FUV	
  bands	
  

Ganymede	
  and	
  Europa	
  footprints	
  

Io	
  footprint	
  and	
  tail	
  

main	
  emission	
  

Diffuse	
  emission	
  

The	
  no5on	
  of	
  “main	
  oval”	
  is	
  
some5mes	
  quite	
  fuzzy	
  



Jupiter’s	
  north	
  pole	
  animated	
  view	
  

Auroral	
  emissions	
  power:	
  	
  nearly	
  constant	
  at	
  about	
  1012-1013 W. 
The main emission is considerably more stable than the polar regions	
  

Main	
  oval	
  is	
  in	
  quasi-­‐corota5on	
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Visible	
  nightside	
  aurora	
  (Galileo)	
  

LT	
  near	
  local	
  midnight	
  

“Extensive	
  observa/ons	
  of	
  the	
  day	
  side	
  
are	
  no	
  guide	
  to	
  what	
  goes	
  on	
  at	
  night.”	
  
	
  
G.R.	
  Gladstone	
  et	
  al.	
  

Most	
  observa5ons	
  describe	
  the	
  dayside,	
  
but	
  Galileo	
  obtained	
  a	
  set	
  of	
  	
  nightside	
  	
  
Visible	
  images.	
  



Local	
  5me	
  asymmetry	
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Dawn/dusk	
  power	
  ra5o	
  

The	
  emided	
  (and	
  precipitated)	
  	
  power	
  is	
  
sta5s5cally	
  higher	
  on	
  the	
  dusk	
  side	
  of	
  the	
  main	
  
emission	
  in	
  the	
  south.	
  The	
  situa5on	
  in	
  the	
  north	
  
is	
  more	
  complex	
  (magne5c	
  anomaly).	
  

This	
  dawn/dusk	
  intensity	
  ra5o	
  is	
  compa5ble	
  with	
  measurements	
  of	
  electric	
  currents	
  (Khurana,	
  2001),	
  but	
  
contradicts	
  results	
  from	
  1-­‐D	
  model,	
  possibly	
  because	
  of	
  a	
  par5al	
  ring	
  current	
  on	
  the	
  nightside.	
  	
  
	
  
Juno’s	
  orbit	
  will	
  offer	
  a	
  good	
  view	
  of	
  all	
  CMLs	
  without	
  the	
  Earth-­‐based	
  bias	
  and	
  combine	
  in	
  situ	
  and	
  
global	
  views.	
  

Bonfond	
  et	
  al.,	
  
	
  2015	
  



Footprints location (satellite footpaths) 
constrain magnetic field models 

Localized magnetic anomaly 
G

rodent et al., 
2008 

H
ess et al., 2010 
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Magne5c	
  anomaly	
  

Grodent	
  et	
  al.,	
  	
  2008	
  



Discontinuity of the Main Emission   

Discontinuity corresponds to (super-) corotating 
plasma 
 

 No FA or reversed current (j//) 
 No (or faint) aurora 

11	
  Radio5	
  et	
  al.,	
  2008	
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Dawn	
  storms	
  along	
  the	
  main	
  emission	
  

WFPC2	
  images,	
  Clarke	
  et	
  al.,	
  1998	
  	
  

These	
  events	
  may	
  occur	
  at	
  
5mes	
  of	
  quiet	
  solar	
  wind	
  
condi5ons	
  (Clarke	
  et	
  al.,	
  2009)	
  

Mechanism	
  is	
  s5ll	
  unknown	
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IFP	
  

Secondary	
  arc	
  

injec5on	
  

Many	
  features	
  are	
  conjugate	
  
Power	
  of	
  auroral	
  components	
  is	
  unequal	
  

Hemispheric	
  symmetry	
  ?	
  

Simultaneous	
  viewing	
  of	
  north	
  and	
  south	
  aurora	
  will	
  be	
  possible	
  during	
  Hubble	
  ‘s	
  large	
  	
  
observing	
  program.	
  	
  This	
  is	
  also	
  important	
  to	
  iden5fy	
  the	
  level	
  of	
  symmetry	
  of	
  polar	
  features	
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South	
  

South	
  

North	
  

North	
  

3	
  min.	
  

3	
  min.	
  

12	
  min.	
  

180°	
   180°	
  

Gérard	
  et	
  al.,	
  2013	
  

Some	
  polar	
  emissions	
  have	
  no	
  counterpart	
  	
  àlocated	
  	
  on	
  open	
  field	
  lines?	
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Equatorward	
  diffuse	
  aurora	
  



EDE : Equatorward  
Diffuse Emission 

PAD boundary 
Pancake distribution bidirectional distribution 

PA scattering by whistler mode waves 

Radioti et al., 
2009 
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With	
  Juno:	
  
	
  

Does	
  diffuse	
  aurora	
  also	
  occur	
  on	
  the	
  nightside	
  ?	
  
	
  
More	
  sta5s5cs	
  and	
  other	
  local	
  5me	
  coverage	
  
	
  
Iden5fy	
  possible	
  other	
  processes	
  for	
  diffuse	
  emission	
  
	
  
Use	
  Low	
  al5tude	
  JADE,	
  JEDI	
  measurements	
  	
  
to	
  determine	
  electron	
  energy	
  spectra	
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Infrared	
  –	
  ultraviolet	
  aurora:	
  	
  
do	
  they	
  they	
  all	
  the	
  same	
  story?	
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HST	
  UV	
  	
  	
   Ground-­‐based	
  IR	
  (3.43	
  µm)	
  

Polar	
  projec5on	
  of	
  simultaneous	
  ultraviolet	
  and	
  infrared	
  observa5ons	
  	
  

Radio5	
  et	
  al.,	
  JGR,	
  2013	
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Brightness	
  cuts	
  across	
  the	
  main	
  emissionsion	
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Brightness	
  along	
  the	
  main	
  emission	
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H+

3	
  ion	
  transport	
  ?	
  	
  
Probably	
  not,	
  because	
  of	
  short	
  H+

3	
  ion	
  life5me,	
  	
  it	
  cannot	
  account	
  	
  
for	
  large-­‐scale	
  morphological	
  differences	
  
	
  
Neutral	
  gas	
  hea5ng	
  (par5cle	
  and	
  Joule	
  hea5ng)	
  ?	
  
It	
  locally	
  enhances	
  the	
  H+

3	
  emission	
  with	
  no	
  UV	
  counterpart.	
  
Local	
  temperature	
  varia5ons	
  are	
  reflected	
  in	
  the	
  IR	
  
emission	
  with	
  a	
  5me	
  lag	
  of	
  several	
  hours	
  with	
  respect	
  to	
  the	
  UV.	
  	
  
	
  
Reac5on	
  with	
  methane	
  ?	
  
High	
  electron	
  energies	
  exceeding	
  a	
  certain	
  value	
  may	
  lead	
  	
  
to	
  chemical	
  loss	
  of	
  the	
  low	
  al5tude	
  H+

3	
  ions	
  and	
  	
  suppress	
  the	
  lower	
  
IR	
  emirng	
  layers	
  .	
  

What	
  are	
  the	
  possible	
  causes	
  of	
  these	
  differences	
  ?	
  



Time	
  varia5ons	
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Response to solar wind compression events 

Nichols et al., 2009. 
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Size	
  of	
  the	
  main	
  emission	
  	
  
and	
  Ganymede	
  footprint	
  

Grodent	
  et	
  al.,	
  2008	
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Io’s	
  ac5vity	
  and	
  size	
  of	
  the	
  main	
  emission	
  ring	
  
	
  

Bonfond	
  et	
  al.,	
  2012	
  

2°	
  lat.	
  expansion	
  following	
  
Io	
  increased	
  volcanic	
  ac5vity	
  

However,	
  in	
  a	
  recent	
  study,	
  Badman	
  et	
  
al.	
  recently	
  observed	
  an	
  oval	
  expansion	
  
in	
  the	
  absence	
  of	
  any	
  varia5on	
  neither	
  in	
  
the	
  solar	
  wind	
  nor	
  in	
  the	
  torus	
  	
  



Remote	
  sensing	
  of	
  auroral	
  
electron	
  characteris5cs	
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Remote	
  sensing	
  of	
  electron	
  energy	
  flux	
  

-­‐  The	
  precipitated	
  energy	
  flux	
  is,	
  to	
  a	
  first	
  approxima5on,	
  
given	
  by	
  the	
  rela5on:	
  

	
  
	
   	
   	
  10	
  kR	
  (B+C	
  states	
  H2	
  emissions)	
  <==>	
  1	
  mW/m2	
  

-­‐	
  	
  	
  	
  	
  The	
  characteris5c	
  energy	
  of	
  the	
  electrons	
  is	
  indicated	
  by	
  
level	
  of	
  absorp5on	
  by	
  hydrocarbons	
  of	
  the	
  short	
  wavelength	
  
component	
  of	
  the	
  H2	
  spectrum	
  (color	
  ra5o	
  method)	
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Visible	
  aurora	
  observed	
  from	
  Galileo:	
  one	
  of	
  the	
  VERY	
  FEW	
  images	
  of	
  the	
  nightside	
  aurora	
  	
  
Limb	
  observa5ons	
  of	
  the	
  al5tude	
  of	
  the	
  main	
  emission	
  

Al5tude	
  =	
  250	
  km	
  (dusk	
  limb)	
  

Ingersoll,	
  1998;	
  Vasavada,	
  1999	
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Io	
  footprint	
  

main	
  emission	
  (400	
  km)	
  

Analysis	
  of	
  UV	
  aurora	
  limb	
  profiles	
  

The	
  discrepancy	
  with	
  visible	
  emission	
  may	
  originate	
  from	
  HC	
  absorp5on	
  or	
  LT	
  varia5on	
  	
  

Bonfond	
  et	
  al.,	
  2015	
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Wavelength (nm)

_______	
  region	
  1:	
  morning	
  sector	
  
	
  
……………	
  region	
  2:	
  noon	
  sector	
  

C2H2	
  
CH4	
  

Comparison	
  of	
  the	
  FUV	
  spectra	
  in	
  two	
  regions	
  of	
  the	
  main	
  auroral	
  emission	
  

31	
  Gérard	
  et	
  al.,	
  2014	
  



Jupiter’s	
  upper	
  atmosphere,	
  aurora	
  and	
  methane	
  absorp5on	
  

Gus5n	
  et	
  al.,	
  2013	
   32	
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N=0.01	
  cm-­‐3	
  

N=0.001	
  cm-­‐3	
  

N=0.026	
  cm-­‐3	
  

Wth	
  =	
  2.5	
  keV	
  	
  	
  

Knight	
  rela5on	
  for	
  field	
  aligned	
  current:	
  check	
  by	
  in	
  situ	
  instruments	
  



Monte	
  Carlo	
  electron	
  transport	
  model	
  

Volume	
  emission	
  of	
  the	
  H2	
  auroral	
  emission	
  (1	
  mW/m2)	
  

homopause	
  

(cm-­‐3	
  s-­‐1)	
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January	
  8,	
  2014	
  

CML:	
  155°-­‐188°	
  
CH4	
  model	
  1	
  

CH4	
  model	
  2	
  
KH*1	
  

CH4	
  model	
  2	
  
KH*10	
  
	
  

Model	
  atmosphere:	
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Gérard	
  et	
  al.,	
  2014	
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Gus5n	
  et	
  al.,	
  in	
  press	
  



Stripes

Dusk main emission Morning outer emission

Dusk outer emission Bright polar flare

Polar stripes Io footprint
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Color	
  ra5o	
  –	
  energy	
  flux	
  rela5on	
  

Gérard	
  et	
  al.,	
  MOP	
  mee5ng,	
  2015	
  



Conclusions	
  	
  
RESULTS:	
  
	
  
•  	
  These	
  maps	
  show	
  a	
  wide	
  range	
  of	
  <	
  E>	
  ranging	
  from	
  low	
  values	
  

in	
  the	
  Io	
  footprint	
  and	
  tail,	
  up	
  to	
  500	
  keV	
  or	
  more	
  elsewhere	
  
	
  
•  The	
  highest	
  e-­‐	
  energies	
  precipitate	
  in	
  the	
  polar	
  regions	
  and	
  in	
  

the	
  dawn-­‐morning	
  segment	
  of	
  the	
  main	
  emission.	
  The	
  highest	
  
energy	
  of	
  all	
  is	
  observed	
  in	
  the	
  morning	
  	
  southern	
  aurora	
  

	
  	
  
•  In	
  all	
  auroral	
  components,	
  the	
  mean	
  e-­‐	
  energy	
  sta5s5cally	
  

increases	
  with	
  the	
  precipitated	
  energy	
  flux	
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Use	
  of	
  JADE,	
  JEDI	
  measurements	
  combined	
  with	
  UVS	
  and	
  JIRAM	
  	
  	
  	
  

Two	
  approaches:	
  
	
  
1)°	
  direct	
  empirical	
  comparison	
  of	
  measured	
  energy	
  flux	
  with	
  UV,	
  IR-­‐,	
  visible	
  
observed	
  characteris5cs	
  
	
  
Will	
  require	
  the	
  different	
  spa5al	
  resolu5on	
  between	
  the	
  in	
  situ	
  
	
  of	
  par5cle	
  detectors	
  and	
  the	
  resolu5on-­‐limited	
  remote	
  sensing	
  observa5ons	
  
	
  
2)	
  Use	
  JADE	
  ,	
  JEDI	
  data	
  (electron	
  energy	
  spectra,	
  pitch	
  angle	
  distribu5on)	
  as	
  an	
  
input	
  to	
  electron	
  transport	
  model	
  to	
  compare	
  observed	
  with	
  calculated:	
  
	
  
-­‐  auroral	
  brightness	
  	
  
-­‐  structural	
  characteris5cs	
  
-­‐  UV	
  color	
  ra5o	
  
-­‐  IR/UV/visible	
  intensity	
  ra5os	
  
	
  	
  



Thank	
  you	
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1.  the	
  IR	
  main	
  emission	
  and	
  the	
  equatorward	
  
diffuse	
  emissions	
  are	
  generally	
  good	
  proxies	
  for	
  
the	
  UV	
  and	
  vice	
  versa	
  

2.  	
  the	
  spa5al	
  distribu5on	
  and	
  temporal	
  behavior	
  of	
  
UV	
  and	
  IR	
  emissions	
  within	
  the	
  main	
  emission	
  
and	
  at	
  high	
  magne5c	
  la5tudes,	
  differ	
  
substan5ally	
  	
  

3.  UV	
  and	
  IR	
  emissions	
  associated	
  with	
  the	
  Io	
  
interac5on	
  differ	
  in	
  rela5ve	
  brightness	
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GENERAL	
  CONCLUSIONS	
  OF	
  THE	
  UV/IR	
  COMPARISON	
  



Main	
  emission	
  ansa	
  

Polar	
  emission	
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View	
  angle	
  =	
  60°	
  

KH	
  :	
  Moses	
  et	
  al.	
  

KH	
  :	
  Grodent	
  et	
  al.	
  

KH	
  :	
  Grodent	
  et	
  al.	
  *10	
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I (1550−1620Å)
I (1230−1300Å)

Color	
  Ra5o	
  =	
  	
  

CH4	
  absorp5on	
  CS	
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Io	
  auroral	
  footprint	
  
and	
  tail	
  

sta5s5cal	
  Io	
  footprint	
  contour	
  

sta5s5cal	
  main	
  	
  
auroral	
  emission	
  
contour	
  

SIII	
  180°	
  

SIII	
  90°	
  SIII	
  270°	
  

Plasma	
  injec5on	
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Log	
  scale	
  	
   Linear	
  scale	
  

Methane	
  density	
  distribu5on	
  (3	
  models)	
  

KH*10	
  
KH	
  :	
  Moses	
  et	
  al.	
  

KH*1	
  
KH	
  :	
  Grodent	
  et	
  al.	
  

KH	
  :	
  Grodent	
  et	
  al.	
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Comparison	
  with	
  models	
  of	
  the	
  Jovian	
  M-­‐I	
  coupling	
  

-­‐	
  The	
  Cowley-­‐Bunce	
  conceptual	
  model	
  predicts	
  that	
  electrons	
  from	
  the	
  
plasma	
  sheet	
  are	
  accelerated	
  by	
  a	
  voltage	
  Φ	
  along	
  the	
  the	
  B-­‐field	
  lines.	
  This	
  
voltage	
  adjusts	
  in	
  such	
  a	
  way	
  to	
  drive	
  enough	
  current	
  along	
  the	
  field	
  lines,	
  in	
  
agreement	
  with	
  the	
  Knight	
  formula	
  linking	
  current	
  density	
  and	
  voltage.	
  
Predicted	
  minimum	
  values	
  are	
  a	
  few	
  tens	
  to	
  100	
  keV.	
  

-­‐	
  A	
  more	
  detailed	
  approach	
  by	
  Ray	
  et	
  al.	
  (2010)	
  es5mated	
  V	
  values	
  
compa5ble	
  with	
  the	
  observed	
  brightness	
  of	
  the	
  main	
  oval.	
  The	
  Φ	
  value	
  
depends	
  on	
  several	
  parameters	
  but	
  are	
  on	
  the	
  order	
  of	
  90	
  keV	
  for	
  	
  “fast	
  
flow”	
  condi5ons.	
  

-­‐	
  No	
  predic5on	
  has	
  been	
  made	
  so	
  far	
  for	
  the	
  polar	
  aurora	
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Jovian polar dawn spots and nightside spots	
  

Near	
  simultaneous	
  UV	
  and	
  IR	
  observa5ons	
  indicate	
  that	
  the	
  transient	
  nightside	
  spots	
  could	
  
have	
  a	
  common	
  origin:	
  tail	
  reconnec5on	
  as	
  shown	
  in	
  previous	
  studies	
  for	
  the	
  UV	
  spots	
  
(Radio5	
  et	
  al.,	
  2010)	
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A	
  few	
  ques5ons	
  for	
  concurrent	
  	
  
UVS-­‐JIRAM	
  observa5ons	
  from	
  JUNO	
  

•  What	
  are	
  the	
  characteris5cs	
  of	
  the	
  IR	
  aurora	
  when	
  observed	
  
at	
  a	
  spa5al	
  resolu5on	
  beder	
  then	
  obtained	
  with	
  ground	
  
based	
  telescopes?	
  

•  What	
  is	
  the	
  morphology	
  of	
  the	
  south	
  aurora	
  for	
  which	
  only	
  
poor-­‐quality	
  IR	
  images	
  are	
  available?	
  

•  Can	
  auroral	
  models	
  correctly	
  predict	
  both	
  observed	
  UV	
  and	
  IR	
  
aurora	
  on	
  the	
  basis	
  of	
  the	
  electron	
  spectra	
  measured	
  in	
  situ	
  
with	
  the	
  JADE	
  and	
  JEDI	
  plasma	
  suite	
  of	
  instruments?	
  

•  To	
  what	
  extent	
  can	
  the	
  characteris5cs	
  of	
  the	
  IR	
  aurora	
  
provide	
  quan5ta5ve	
  informa5on	
  on	
  the	
  morphology	
  and	
  
intensity	
  of	
  the	
  auroral	
  precipita5on	
  for	
  post-­‐HST	
  era	
  ?	
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Woch et al. 1998 

Substorm-like process at Jupiter  
	
  

 
The polar dawn spots occur with 2-3 day periodicity  
	
  

Auroral	
  spots	
  at	
  Jupiter	
  –	
  inward	
  moving	
  flow	
  during	
  tail	
  reconnec5on	
  

Radio5	
  et	
  al.	
  



Inward moving flow 
released during 
magnetic 
reconnection in the 
magnetotail 
FAC 

Magnetotail reconnection Radioti et al., 2010, 2011 

2-3 days periodicity 
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  No	
  model	
  for	
  these	
  “dawn-­‐morning	
  storms”	
  has	
  been	
  developed	
  so	
  far	
  	
  	
  


