Polarimetry for planetary
atmospheres

What kind of diagnostic can we infer
from polarimetric measurements?



Blue sky polarisation: Rayleigh
diffusion

-~ I
Unpolarized sunlight : linealy
> 7 polarized
molecule

lineatly ) partially
polarized ', polatized

L
)

Polarisation by Rayleigh diffusion: very efficient
since light is totally polarised when ©=90°.
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Multiple scattering

Generally randomize the polarisation direction
Lower the observable polarisation

But create particular features which does not
exist with single scattering

Often really important to take into account but
almost complicated

* Need generally for MC simulation

* Need for full 3D codes. Geometrical simplification are
very difficult.

— Useful when the secondary or more scattering are of the same
order of magnitude



Example of the twilight sky
(Ugolnikov 2004)
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Figure 2. The contribution of single scattering in the twilight sky background at the zenith at
the moment of sunrise (sunset) obtained by the observational method (dots) and radiation
transfer simulation (lines).



Polarisation pattern in the real sky
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Neutral points: important for animal
navigation.

There are three commonly detectable

points of zero polarization of diffuse sky
radiation (known as neutral points) lying
along the vertical circle through the sun.

* The Arago point, named after its discoverer, is
customarily located at about 20° above the antisolar
point; but it lies at higher altitudes in turbid air. The
latter property makes the Arago distance a useful
measure of atmospheric turbidity.

* The Babinet point, discovered by Babinet in
1840, is located about 15° to 20° above the sun,
hence it is difficult to observe because of solar glare.
* The Brewster point, discovered by Brewster in
1840, is located about 15° to 20° below the sun;
hence it is difficult to observe because of solar glare.

Horvath et al. 1998, 2002.
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Fig. 1A,B. Schematic diagram showing the normal positions of the Arago, Babinet, and Brews-
ter neutral points of skylight polarization in the plane of the sun’s vertical. Insets, the portraits
of Dominique Francois Jean Arago (1786-1853) and Sir David Brewster (1781-1868), the dis-
coverer of the first and third neutral points, respectively



According to theoretical considerations and computer simulations, there should exist an additional

neutral point approximately opposite to the Babinet point, which can be observed only at higher
altitudes in the air or space:

First observation of the fourth neutral polarization point in the atmosphere
Horvath et al. 2002.
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blue (450 nm) color picture
' |

green (550 nm)

red (650 nm)

l == l ™ lw

upwelling earthlight measured from balloon at an altitude of 3500 m

rising sun

radiance |

degree of

overexposed

0, 1% ™
2%
3%
4%
5%
6% 100%

polarization p

degree of polarization p

overexposed

o
45 45"

90" +90°
-13§° +135°
180°

angle of polarization a
measured from the
local meridian

angle of polarization «

Horvath et al.
2002



B

degree of
polanzation p

celestial
hemisphere

horizon
terrestrial
hemisphere
7%
C 0, 1% o
it 2% - g
lnglc of a8 3% s
polarization o 4% ‘és
5% -g
% 100%
0°
+45°
+90°
-135° +135°

180°

angle of polarization «
measured from the
local meridian

Fig. 8. Three-dimensional spatial distribution of radiance and color (A), degree (B), and angle (C) of linear polarization as well as the
Arago and fourth neutral points observable around a hot air balloon at 450 nm and at an altitude of 3500 m. Each sphere in the picture

is the combination of the patterns of parts A, C, D in Figs. 4 and 5.



Cloudy sky
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Fig. 3. Regions of the clear (A) and cloudy (B) sky
shown in Fig. IA,l and F.1, respectively, with
polarization patterns uscful for or inappropriate to
reliable cricket navigation calculated on the basis
of the celestial polarization patterns measured by
full-sky imaging polarimetry in the blue (450 nm)
spectral range. Blue (useful for navigation): regions
of the clear sky where the degree of polarization
& > 5%. Ycllow (inappropriatc to navigation):
regions of the clear sky where & = 5%. Green
(usecful for navigation): regions of the clouds where
0 > 5% and Mclear sky—Yclouasl = 6.5°, where y is the
angle of polarization. Red (inappropriate to
navigation): regions of the clouds where § = 5%
and/or Byelear sky—=Ycloudsl > 6.5°. Black: region of
the sky where the photoemulsion was overexposed.
The numerical values of 8, Yclear sty and Yclowds
originate from quantitative full-sky measurements.



Twilight sky

ORIGINAL IMAGE

% POLARIZATION In fact polarisation pattern can be

seen up sza=108°
Pattern and direction typical of
multiple scattering phenomena.

e-VECTOR ANGLE

1040

Fig. 1. Linear polarization of the sky at sunset and during evening twilight. Full-sky images were acquired using a Nikon Coolpix
5700 digital camera with a fisheye lens attachment having a linear polarizing filter mounted between the lens and the camera itself,
and polarization series of images were acquired as described in the text. Spectrally integrated data were acquired on 15 September
2004 at Lizard [sland, Australia (sunset, 1814; limit of astronomical twilight, 1925; local time is Universal Time + 10 h). Each image
is labeled with the local time at which data were acquired as well as the solar elevation, k. In all panels, the zenith is in the center, N
is to the top, and E to the left. The top set of images are original digital photegraphs acquired when the pelanizing filter was oriented E-W
(indicated by the double-headed arrow), emphasizing the dark band of N-S e-vector orientation. The middle set shows analyzed %
polarization (P;) in false color, encoded as displayed in the key to the right. The bottom set indicates e-vector angle, also in false color as
coded in the key to the right. The odd color patterns seen in some of the images depicting % polarization or e-vector angle are caused by
clouds moving between images in original sets of exposures.



Polarisation by aerosols

* General principles
* Dust
* Ice cloud
* Liquid water cloud

— Various possible scattering particles from molecules to large dust or droplets

— Need for accurate study of the phase fucntion and angular polarisation
pattern.

— A powerfull diagnostic tool of atmospheric

» But strongly difficult in case of multiple scattering situation

For phase function and polarisation of particular particles: see Alexander A. Kokhanovsky
(Editor); Light Scattering. Reviews of Single and Multiple Light Scattering

http://omlc.oqgi.edu/calc/mie calc.html




Twilight sky (Ugolnikov 2004)
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Figure 1. The motion of the maximum polarization point with the Sun depression in the
evening of 06.08.2000 in V and R color bands (the dashed line corresponds to the case of

pure Rayleigh single scattering). Figure 3. The dependencies of the sky polarization at the zenith on the Sun depression

under horizon for different observation dates in V band (550 nm) compared with the results
of numerical simulation of radiation transfer (bold lines).



Polarisation from other planets
atmospheres

Our Solar System

|

Artist image of the solar system
(NASA)



Venus case

* Hovenier (2012)




Venus case
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shows that the composition of the clouds is a strong
aqueous solution of sulfuric acid with a concentration

of about 75%;

e the cloud particles must be spherical because there is a
rainbow feature in the polarization;

e the effective radius of the particles is 1.05+0.10 um ]
. . .. i .. . e the influence of molecules above the cloud deck on the
with a narrow size distribution; the refractive index is ..
] polarization at 0.365 um shows that the top of the
1.46 at 0.365 um, 1.44 at 0.55 um and 1.43 at 0.99 um; cloud layer is at about 50 mbar.

Still studied: Rossi et al. Study of Venus' cloud layers by polarimetry using SPICAV/Vex. EGU
2013



Jupiter and Saturn cases (Schmid et
al. 2011)

Fig. 1.— Q (left) and U (right) polarization flux images of Jupiter in a filter centered at
7300 A taken with ZIMPOL in March 2003 at Kitt Peak. North is up and East is left.
The grey scale is normalized to the central intensity and spans the range from —1.0 %
(black) to +1.0 % (white). The lines in the Q-image indicate the slit positions for the
spectropolarimetric observations with EFQSC2.



Radial polarisation

5. The radial polarization

The data are presented in the previous section as separate im-
ages of the Stokes Q and U flux instead of the polarized flux
p X I =(Q%+ U?"2. The square of Q and U in the formula for
the polarized flux introduces large systematic errors, if the abso-
lute value of the measured signals |Q] and [U] is not significantly
higher than the measuring noise AQ and AU. In our Uranus and
Neptune data, there is AQ ~ |Q| (and AU = |U|) in the middle of
the planetary disk and between the positive and negative Q and
U features. Therefore the use of the polarized flux p X I (or the
normalized polarization p) as measuring parameter would lead
to wrong results.

With radial Stokes parameters these problems can be
avoided, and averaged (radial) polarization values for the limb
polarization and the polarization as a function of radius can
be derived without introducing systematic errors in the data
reduction process. In particular, radial Stokes parameters are
well-suited for characterizing a centro-symmetric polarization
pattern.

The radial Stokes parameters Qr and U describe the polar-
ization in radial and tangential direction on the planetary disk.
O, and U, are given by

O; = +Qcos2¢ + Usin2¢
U, = —Qsin2¢ + U cos2¢,

where ¢ is the polar angle of a given position (x, y) (equivalent to
(@, d)) on the apparent planetary disk (disk center (xg, yg)) with
respect to the North direction:

X = Xp

Y=Yo

¢ = arctan

O: > 0 is equivalent to a radial polarization or a polarization

perpendicular to the limb, while O; < 0 indicates a tangential

polarization component. U, describes the polarization in the di-
rections +45° with respect to the radial direction.




Q/1 [%] I [counts/10e4)

Q [counts/10e2)

3 J.llll"lil"lll‘llll'llll'lflllllIIIIIUI]IIII'IIIIL

L B I B B B
[ N N

0 siRIRERNE NN ARENI SNSRI NN RERENNE RRRRE ARENE ARE Y|

lllI'lllllTlll'lIIl'lUll'lfllllll[l'lll‘ll'l'llll

NE RN EENE RN

N . -, oo
IETERARE RN R REE SRR ERERIREERARENEERRRNEARENE ERARAN

Ty rreryrrrryrsreprerepyrivyperrsryrrvryraey

-

—

lHIll“llll“I‘l“lll“lll“lll“lll“ll;ﬁiil“ll

-26-20-15-10 -5 0 5 10 15 20 25

arcsec
S (E) N (W)

¢y xnp uvornezirejod a1 Pued wWo110q

oy pue ‘r /'@ uonezireod ([iper) [euonow) oyl pued appiur ot} ff ANSUIIUL AL SMOYS

pued dol oy, TTOJIWIZ YIS Y Y 00£L 943 U U ‘U0naaaip (sul] paniep) m-H pue
{(omy ) §-N U1 s[oad SPpWLIRo] "R00Z YOIR wodj ajdnp jo suoneAzasg() —g B



corresponds
to Latitude:

73°
mid latitudes

N+ and S+
S- and N-to
(out of the
polar haze)

Fig. 4.— Spectropolarimetry of Jupiter for the S+, S— (solid lines) and the N— and N+

(dashed lines) regions as defined in Fig.[@ The intensity

I(A) for the polar region S+ and

N+ are multiplied by a factor of 3 with respect to S— and N— for visibility reasons. The
middle panel gives Q,/I(A) and the bottom panel the polarization flux Q,.
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Uranus and Neptune (Schmid et al.
2006)

Fig. 4. Radial Stokes Q; (left) and U, (right) for Uranus in the i-band.
The grey scale is normalized to the peak intensity /..« and goes from

—0.5% (black 0.5% (white).
e () Fig. 6. Radial Stokes parameter Q, for Uranus in the narrow A 673 nm
filter (left) and the z filter (right); grey scale as in Fig. 5.

Fig. 5. Radial Stokes Q: (left) and U (right) for Neptune in the R-band.
The grey scale is normalized to the peak intensity /peu and goes from Fig. 7. Radial Stokes parameter Q, for Neptune in the i (left) and z filters

-0.5% (black) to +0.5% (white). (right); grey scale as in Fig. 5.



8. Seeing corrections

The seeing-limited resolution of our planet observations causes
a polarization cancellation effect. This has to be taken into ac-
count for interpreting the polarization properties of Uranus and
Neptune. Due to the seeing, the opposite polarization compo-
nents +Q and —Q overlap and cause a reduction in the result-
ing net polarization. In the most extreme case of an unresolved
centro-symmetric planetary disk, the polarization cancellation
would be perfect and only a zero net polarization level could
be measured. Of course the compensation effect is stronger for
Neptune than for Uranus because of the smaller apparent diam-
eter of the former planet.

In Sect. 2 we estimated a seeing of 0.8” for our observa-
tions. The uncertainty in the estimated seeing is about +0.1”.
Thus the seeing degradation factor for the integrated radial po-
larization {(Qr)secing/{Qr)o 1s roughly 0.82 for Uranus (seeing
0.46 Rplanet) and 0.65 for Neptune (seeing 0.71 Rplaner). For an
estimate of the intrinsic radial polarization (Q,/I), the values
derived from the observations (Table 2) have to be multiplied
by the inverse values, thus with 1.22 and 1.54 for Uranus and
Neptune, respectively.

- e

Fig. 10. Modeling of the degradation of the polarization Q due to the
cancellation of opposite polarization components +Q and -~ Q caused by
the seeing limited resolution; a) no seeing, b) seeing 0.3 R, ¢) seeing
0.5 Rpiuner, and d) seeing 0.8 Ruee. The grey scale spans for all panels
the range from ~ 1% (black) to + 1% (white) of the peak intensity of the
initial (no seeing) intensity image.
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Fig. 11. Measurable radial polarization (Q.}..ir, relative to the initial
radial polarization (Q.}, as a function of the seeing for a planet with a
(semi-infinite, conservative) Rayleigh-scattering atmosphere. The see-
ing (FWHM) is expressed in units of the radius of the planetary disk.



Giant planets: Rayleigh scattering
or aerosols (or both)

* Limb polarisation: 2 diffusion problem but
rayleigh scattering

— The general tendency for the limb polarization to be higher
at shorter wavelengths is caused by the wavelength de-
pendence of the Rayleigh scattering cross section, which
increases rapidly towards the blue (like oc1/2%).

-~ The polarization in the red continuum, i.e. in the 4 =
673 nm-filter for Uranus and R-band for Neptune, is sig-
nificantly lower than expected for a semi-infinite atmo-
sphere. The relatively low polarization can be explained by
a Rayleigh scattering layer above a reflecting, optically thick
cloud layer.

-~ In the strong methane absorption bands in the red and
near-IR, the photons are absorbed predominantly before
they reach the cloud tops. In this case the polarization
can be roughly approximated with a semi-infinite Rayleigh-
scattering atmosphere with a low single-scattering albedo
w =< 0.5.




Giant planets: Rayleigh scattering
or aerosols (or both)
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Fig. 11.— Comparison of the model fit (dashed line) with the observed 6000 A N-S profile
(dotted line) of Jupiter.



Titan: very high polarisation levels
(Tomasko et al. 2008: 2009)

Maximum Red Polarization vs. Altitude
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Fig. 18. The maximum values of linear polarization measured in the red channel
(points) compared to models containing monomers of radii from 0.03 pm to
0.07 pm, as labeled. The error bars on the measured points reflect the range
resulting from reductions using a range of probe attitudes. The range of probe
attitudes shown is a few degrees in azimuth, tip toward the Sun, and tip in the
orthogonal direction, amounts that are possible within other known constraints.
Note that within the range of uncertainty of the observations, models with any of
these monomer radii would give acceptable fits to the observations.
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the curves sometimes drifts off at the limits of the zenith angle range where the
dependence on probe attitude is greatest.



Determination of light scattering by a specific agerepa-
tion of spheres can be done with code that is publicly
available (http://Www.giss.nasa.gov, ~crmim/t_matrix.html).
The raw output of such an exercise is not used for two_
reasons. First, this is a computationally intensive process.
To perform a trial of a set of parameters describing Titan’s
aerosols, the time spent determining single-scattering

The parameterization scheme is (1) coherent super-
position of scattering by monomers; (2) linear super-
position of absorption and; (3) correction factors near
unity that are functions of X, = 2xnr,,/4, N, and the index
of refraction. The first component is a function only of the
assumptions of monomer scattering properties (here Mie
scattering by identical spheres) and the geometric arrange-
ment of those spheres. The last component accounts for
most of the complexity, empirically modeling multiple
interactions (light scattered by one monomer and absorbed
by another, or scattered twice) and non-linear effects of
monomers nearby compared to the wavelength of light.
Coherent backscatter of particles with X, near | is seen in
the 7-matrix results, but is not implemented in the
parameterization.

T.ti. A1

Aller a la page 707

. lrameters

Parameter Meaning Tested range”

Dy Fractal dimension 2

N Number of monomers per 2-1024
aggregate

Xosoaomer Monomer size parameter 10715
(2Mmurmmrr.";-)

n. Real part of index of 1.3-2
refraction

n Imaginary part of index of 0-0.7
refraction

“Not all combinations within the tested range are valid: in particular,
large N is not paired with large Xmoaomer.

properties would exceed that spent determining multi-
ple-scattering results by many orders of magnitude. The
time and computer requirements required increase drama-
tically with aerosol size. Second, an aggregate of N spheres
can be put together in a continuous variety of ways.
A model of a specific aggregate may not be representative
of an average of many aggregates. Scattering properties
can therefore change discontinuously as different specific
aggregates are compared. Other formulations (Botet et al.,
1997; Rannou et al., 1999) average prior to performing
scattering calculations, making assumptions about the
effects of non-linearity in the scattering.

A parameterization is a useful alternative to exact
computations. First, it can be executed quickly. Second,
the output can be made to vary continuously (or smoothly
for integer input) with the input. The parameterization
chosen takes as input five parameters (see Table Al)
describing the size, shape, and composition of the
aggregate. The following is intended as a guide to
reproducing the results here.




Cirrus: POLDER (Chepfer et al.
1998)

POLDER CCD
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Solar Principal
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-
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-

Fig. 1. Viewing geometry of POLDER. Each element of the target is identified on the CCD matrix with the
couple of angles (fy, ¢y — @s). The solar principal plane is drawn as one straight line on the matrix.
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The red line polarisation
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Fig. 7. Upper panel: solar zenith angle in degrees. Lower panel:
total intensity of the red line in count rates (see text). The error bars
are given in gray. The next two panels below show the DoLP in %
and the AoLP in degrees. 0° is vertical and 90° is horizontal. The
dashed red line represents the measured instrumental AoLP. The
vertical full line indicates midnight.
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Fig. 3. Impact pplarization (linear polarization) due to line col-
lisional excitation by directive electrons, as a function of the en-
ergy of the colliding electron, which is assumed to propagate along
Oz, the radiation being observed along Oz. A positive polarization
means radial polarization, i.e. oriented also along Oz, lying inside
the scattering plane. A negative polarization means tangential po-
larization, i.e. oriented along Oy, perpendicular to the scattering
plane.




Calculation (Bommier et al. 2011)

Green line non polarizable (J=0). Red line potentially (J=2).

2 Atomic physics: the theoretical impact polarization
2.1 The O 16300 A line: a doubly forbidden line

As stated above, the upper level is 2522p* ! D, and the lower
level 2522p* 3 P,. As both levels belong to the fundamental
configuration, the first non-zero term of the electron-atom
Coulomb interaction potential is the quadrupolar term. In the
general case of a perturber of charge Z; interacting with an
atom (or ion) of charge Z having N electrons, the interaction
potential results from the Coulomb interaction

Zp(Z+N)é? 2o 1
V= T—Zpe Z? ) (1)
i=1"*'P

where p refers to the perturber and i refers to the i-th atomic
electron. It can be developed in multipolar components, and
the restriction to the quadrupolar one (in the case of the long-
range approximation, and assuming a single active electron)
leads to (case of a neutral atom Z =0)

+2 2,2

4w Zpe“ r; . R

V==13 " = SV, (2)
u=-2 P

where rp ;i is the distance of the perturber or atomic electron

to the nucleus (r;p being the distance between the perturber

and the atomic electron), and f'p‘,- are the two director angles.

Y 3 is a spherical harmonic.

“This quadrupolar potential corresponds to the interaction
between the atom and the incoming electron. As for the ra-
diation emission that follows, the first non-zero contribution
comes from the dipolar magnetic interation with the vacuum.
Concerning the emitted polarization, the computation is the
same as for the usual dipolar electric emission except for the
sign that has to be reversed (see for instance Sahal-Bréchot,
1974, Eq. 26).

As previously stated, the second reason that makes this
line a forbidden one, is the fact that the transition implies a
spin flip from a triplet level to a singlet level.

Y
Fig 2

We detect the vibrations in the plane XOY; that the
principal directions of the vibrations are towards OX
and 0Y, follows from the choice of the axes. The
corresponding intensities are denoted by Iy and Iy,

By definition the total intensity of the line is

Loy = Ix+ Iy, (26)

and the polarization degree

Tmg Iy = Iy . (26)
L



Calculation

22 Taking into account the triplet-singlet transition

The total system atom+perturber being isolated, the collision
occurs within the conservation of the kinetic momentum of
the total system. As usual, we neglect the atomic fine struc-
ture during the collision, because the collision time is so short
that the fine structure energy differences may be neglected
within the Heisenberg uncertainty principle. In other words,
the spin has no time to rotate during the collision time. Thus,
the collision occurs with the separate conservation of the to-

tal angular momentum LT and of the total spin momentum
ST. Considering that the atomic lower level spin is § = 1

and the incoming electron spin is s = 1/2, two values are
possible for ST in the initial state. They are ST = 1/2 and
SzT =3/2, following the laws for kinetic momentum addition
in Quantum Mechanics. Considering now the final state, the
atomic upper level has § =0 and the outgoing electron has
s =1/2, so that S;r = 1/2 remains compatible with this fi-
nal state. Thus, the excitation of the ! D, state from the > P,
one is possible by electron impact, whereas it is forbidden by
radiation absorption.

Bommier et al. 2011)

Anticipating the semi-classical development, it can be as-
serted that this development concerns the angular aspects
of the problem depending on the different Zeeman sublevel

_transitions. whereas the line oscillator strength factorizes.
For radiative transitions this oscillator strength is very small
because the line is forbidden, which is not the case of the
collisional cross-section. In this respect, we.scaled our semi-
classical result on the result of the quantum calculation at one
given energy (here 68 eV for the incoming electron). From
Barklem (2007) we received the dimensionless quantity (pri-
vate communication)

Q=1.72at68¢eV, 3

which is related to the cross-section Q by

172 1
L L7, % oo, @
mag 5 9

ap being the Bohr radius. The results of our theory that we
present in Fig. 1 below have been scaled to this value at
68 eV, and it can be seen that Fig. 1 top left of Barklem (2007)
agrees with our Fig. 1 (bottom) for all energies. 68 eV is not
close to the threshold energy 1.967 eV, where the quantum
result may be perturbed by sharp resonances.



In the time dependent perturbation theory, the transition
probability from the o = | jm) state to o’ = | j'm’),

1 +oc X
Poyi (p,v) = 2 f Vaa'ela)“/‘dl‘
(S

2

, ®)

is

—m —um

2 4 .
Po (p,0) = —“—aoQ(21+1>( 27 ) |20

where Q is the factor to be determined by scaling on the sin-
gle quantum calculation point, and

+00
Doy = f =2 2L (7, )e%ant dt 0)

o Tp

so that

[;]

fo=- | 4 vpzp-KD(ﬁ)

f15 1
A 8
oy 31\. &v ,ﬂ Ky (8) (8)

2 15
3\ 32x vp?

N

hir= ﬂzll(o(ﬁ) += Kl(ﬁ)]

where

Sy’ P
v

B= @

and Ky | are the modified Bessel functions of order 0,1. The
total probability (summed and/or averaged over the magnetic
gquantum numbers) is in agreement with the calculation of
Stauffer and McDowell (1965, 1966).

The transition cross-section is obtained by integration over
the impact parameter

a(v) =fm Poor(p.v) 2xpdp . (10)
o

In the case of permitted lines, a cut-off radius py must be in-
troduced because at small p, P, (p,v) may become larger
than unity and thus unphysical. The cut-off is performed at
P/ given by Py, (m,v) = 1/2 if this g is larger than the
largest of the two atomic radii for the two states « and «'.
Refined values of the probability at the cut-off, based on de-
generacy considerations in the case of multiplets, were pro-
posed in the literature (Seaton, 1964; Bemstein et al., 1963;
Sahal-Bréchot, 1974). But in the case of a forbidden line
P, (p,v) remains largely smaller than unity, and we eval-

vated the atomic radius pg value from the single guantum
calculated point.

o0
0(0)=Puu'(m.v)xn§+}’ Puar(p,v)2p dp, (1
0~
leading to
0,(0) = Poer (p0, ®) 05 (12)

AE; N\ fme)\2
+xa§Z§(—E’L) ('ﬁﬁ) QEj+1)

where

LI
= EMPU (|3)

is the energy of the incident perturber, and
- %fé[K.z(ﬁo)—Kg(ﬂa)]
As = 3 oK (B Ko(Bo)
—%n&[xf(m—x.itm]] . (14)
Asa= 5 [2Ki )
+%ﬁ§[’f|2(ﬁ0)-1(§(ﬂo)]]

As in Bommier (2006), the momentum transfer during the
collision is taken into account via the W, factor

Wo=1
_ _ JAE;; . (15)
Woi=Wa=1 v _ZLE

This factor is based on classical arguments like those in-
troduced by Duncan (1959), to restrict the transition to the
Am =0 components at threshold, following also Percival
and Scaton (1958), and to progressively allow the Am #0
others when increasing the energy. The factor itself was bailt
on solid angle considerations about the angular momentum
transfer. The question in the present work was to extend the
factor to the Am = +2 case that appears in the quadrupo-
lar interaction. We decided to treat in the same way all the
Am #0 transitions, whatever the exact Am value is.

The polarization was then computed by using the irre-
ducible tensors formalism as introduced in Sahal-Bréchot
(1977). The cross-section for transition from the &k-th order
of the j level to the k'-th order of the j' level is then

Qjk — ,-'y)=mgz§(A—EiL')'(”—‘f)'Q (16)

E Me

X2+ 1)y (2k+1) (2" +1)
) k
XZ(ZK-’-I)(;E g)[; j'k'l
X

22K
a2 2 K
xg( 1 (“ _#o)w,.A,..
which leads to the particular result

000 — [ =xaiZ} AE;;\? fmy\?
JO0—= 2l =nayZ; E . Q (8]

x(-n)i‘f',/5(2j+1){ 2 ?, 2.}

1)
222
Z"”“( M _uo)W“A“
M

for the alignment creation in the upper level. Analogous ex-
pressions were used for the transition rate. The polarization



Calculation (Bommier et al. 2011)

electrons O 16300 A 3P2< )'D2 ’
is finally computed following Egs. (4) and (14) of Sahal- v (km/s)
Bréchot (1977), but with € = —1 here because of the dipolar 0.2 1000 il 10° JTHIE 1_05
magnetic emission (as in Sahal-Bréchot, 1974, Eq. 26). g 5 |
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Fig. 2. Impact polarization (linear polarization) due to line col- w /
lisional excitation by directive electrons, as a function of the en- 5 0 f
ergy of the colliding electron, which is assumed to propagate along § .0.05 [
Oy, the radiation being observed along O;. A positive polarization - ’ ‘.'
means radial polarization, i.e. oriented also along O, lying inside E -0.1 f
the scattering plane. A negative polarization means tangential po- !
larization, i.e. oriented along Oy, perpendicular to the scattering -0.15
plane. Bottom: zooming in around the threshold energy, 1.967eV. 0.2
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calculation (following...)

* Depolarisation processes

* Calculation of the density matrix in the
thermodynamical conditions

* Pb of the angular distribution function during the
collision processes.

What kind of information:
- Energy of the precipitating particles?
- Portion of secondary electrons
- particles concentration?
- Angular distribution function?
Or a mix of these?



Polarisation of Jovian Aurora

(Barthelemy et al 2011)
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Fig. 2. Position of the slit on the planet, determined from matching the intensity profile of the 3.953 um line to a cut of the brightness of the
Brackett @ image. UT 0721, CML 53.51.
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Annexe

* Futur atmospheric polarisation

measurements:
* Lightning/sprites

» Strong discharges. Asymetry source : Electric Field.
» Pb : very few theoritical calculation on this point

Thermosphere/Ionosphere
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