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Abstract

Since the discovery of the first exoplanets in the 1990’s attempts havenbaee to learn more about
these planets than just their orbital parameters and radius or minimum vassiake use of the fact that
star light is generally unpolarized whereas light reflected of planets isipetadue to scattering in the
atmosphere. Specifically modelled are the effects of Rotational Ransdtersing, a non-elastic form of
scattering, to see if its effects are visible in the combined spectrum of tharsdgplanet. The results are
discussed and ways to improve the models are proposed.
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1 Introduction

1.1 Exoplanets

Since the discovery of 51 Peg-b, the first planet around a s&gjnence star other than the Sun in 1995 (Mayor
& Queloz (1995) [1]), on the order of 600 exoplanets have lsksrovered using a variety of, usually indirect,
methods. Characterizing exoplanets is more difficult thadifig them. Chief reason for this is the fact that
even a Jupiter sized planet orbiting close to its parentwtihigenerally reflect less thaf.1% of the light
radiated by the parent star. Rodler et al (2010) [2] failedétect light reflected of the planetBoo-b. From
this they concluded that the planet has a geometric albeddi@n 0.4 assuming a radiusla Rjypiter

1.2 The Ring effect and Raman scattering

Grainger & Ring (1962) [3] found that the calcium H line in thigectrum of reflected sunlight in the Earth’s
atmosphere is less deep than the same line in unscattehtdtligs phenomenon has since become know as
the Ring effect. Noxon & Goody (1965) [4] repeated the obatons by Grainger & Ring (1962) [3], which
they confirmed. They also found that the light inside thergirBraunhofer lines has a degree of polarization
less than the continuum degree of polarization. It has dieo®me clear that this phenomenon is caused by
Raman scattering of light in the Earth atmosphere (see Staah €2002) [5] and references therein). The
filling of the lines by the non-elastic Raman scattering nsg@at the spectral lines in the reflected spactra will
have a lower degree of polarization than the surroundingiconm. It is specifically this effect that we have
simulated for exoplanet atmospheres, in order to deterihihés possible to detect Raman scattered light or
an exoplanet in a star’s polarized spectrum. For this we aseadapted version of the code used by Stam et
al. (2002) [5].

1.3 Polarimetry in solar system

Measurements of the polarized spectra, including Ramattesicey, have been made for the gas giants in our
own solar system. &remieux & Yelle (1999) [6] used HST data to detect Ramarteséag in the Jovian
atmosphere. Polarization measurements of the other gasltpae been done by, for example, Sromovsky
(2005) [7]. The methods used by Sromovsky ar&trBmieux & Yelle differ from the method used here.
Further, because the gas giants in the solar system can bdlee@sit is possible to observe the effect of
Raman scattering at different points on the planet. For kexagis, even if they could be seen directly, this is
not the case, therefore it is necessary to integrate theteflstarlight over the entire visible part of the planet.

Section 2 describes polarized light in general and Ramattesitey in particular, section 3 describes the
various geometries involved in the problem and how to cakeuheeded angle from them, section 4 describes
a method for integration over a disk, section 5 describes th@spectrum depends on various atmospheric
parameters and section 6 describes the dependence on atigdespectrum. In section 7 the results from the
simulations will be presented, a final discussion and caiefucan be found in section 8.



2 Polarized Light

2.1 Describing Polarized Light

2.1.1 The Stokes’ vector

Polarized light relative to a given reference plane is ndiywadescribed using the Stokes’ vectb(r&) where
I(A)
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HereI()\) is the total intensity at wavelenggh Q () is linear polarization in the local x or y directiof,(\)
is linear polarization at an angle ¢5° relative to the x direction antf (\) is the circular polarization.

2.1.2 Changing between reference planes.

The used code calculates | and Q relative to the local merigiane, that is the plane containing the vector
of the incoming light and the vector of the local zenith. Heesethe values for I, Q and U for the planet as

a whole are relative to the planetary scattering plane, wisiche plane containing the center of the star, the
center planet and the observer. Further the planetaryesicagtplane is generally not the same as the optical
plane. To transform the Stokes’ parameters found in onegpddimeference to another plane of reference one
can use the rotation matrik, such thatlpey = L - I;d. The rotation matrixL is defined as:

0 0
cos2(  sin2j3
—sin28 cos20
0 0

)

o O o
— o O O

The angles is the angle between the old and the new plane measured intimecclockwise direction, with
6 > 0. An expression fog3 for any point on the planet can be found in equation 24, se&io

2.2 Raman Scattering

Raman Scattering is one, non-elastic, of two kinds of sgagehat together make up what is generally called
Rayleigh scattering. The other, elastic, kind is Cabanoagering. To confuse matters Cabannes scattering is
often simply called Rayleigh scattering. This is becaus&allg when Rayleigh scattering is used in models,
scattering is assumed to be fully elastic. However to gebagrmodel of the effect of scattering non-elastic,
i.e. Raman, scattering must also be taken into account. lBeddaman scatttering is non-elasctic it allows
flux to move between wavelengths, this will cause absorbdiies in the normal, unpolarized, spectrum of
an object to be partially filled in. An effect of this filling iis that whereas an absorbtion line will not show
up in a polarzation spectrum using only elastic scatteritng;jll show up in a spectrum where non-elasctic
scattering is included because the total flux in the line hale increased while only the original flux will be
partially polarized. A short discussion about differentmenclature in Rayleigh scattering can be found in
Young (1981) [8].

2.2.1 Scattering Fraction

It is usual to denote the fraction of Cabannes scattered lighative to the total of the Rayleigh scatter light,
with f and consequently the fraction of Raman scattered light byf. The fractionf is calculated from the
anisotropy factoe using (Stam et al. (2002) [5]):

18 +¢(N)

AT T 4e(N)

3)
The anisotropy factor can be calculated using either theldepation factorp or the King correction factor
Fx, using (Stam et al. (2002) [5],Sneep & Ubachs (2005) [9])

45p 9
¢ 6—17p 2[K ] 4)
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Because the code uses bpthnd Fi it is useful to rewrite equation 4 to:

2.2.2 Strength of the lines

Fe -1

P =T 13

®)

A photon being scattered by a molecule in a state charaetbyizhe rotational-angular-momentum quantum
number.J, can be Raman scattered to either the- 2 or the J + 2 state (Penney et al. (1973) [10]). The
corresponding shift in wavenumber, given inthis then equal te-(4.J+6) B, for J — J+2 and(4.J—2) By
for J — J — 2 [10]. B, is the rotational constant for the lowest vibrational lesabtl has unit cm!. The
fraction of molecule in a staté, F; is given by Penney et al. (1973) [10]:

F;=Q 'gs(2J +1)exp(—E;/kT)

(6)

Whereg is a statistical weight factokT is the Boltzmann constant multiplied by the temperatiétejs the
rotational energy, which is approximately equaldg = J(J + 1)hcBy en( is a normalization factor such
that) 7., F; = 1. Tabel 1 gives an overview dfx, p, g; and B, for the molecules used in the models,
including a wavelength interval for which they were repdrte
It should be noted that the values reported in Tabel 1 haveegih experimentally determined for either
T = 273K or T' = 300K with no temperature dependence given. Because we didd'tviitues for these
constants at higher or lowé&r we have assumed these values to be correct fdf alFurthermore because
Raman scattering is caused by asymmetry in the scatteringcoes and this asymmetry is temperature

independent, it is likelyk, p, ande are also temperature independent.

Molecule Fy, A P By (cm™1) | g, foreven J| g, for odd J
Ho 1.0378 [11][12][13]| 0.2 - 20pm 0.0221 [11] 59.3345 [14] 1[15] 3[15]
No 1.034 see[9],[16] | 0.02106/0.0303[11] 1.98973 6 [10] 3[10]
CO, 1.1364 see [9] 0.0747 0.39020 [10] 1[10] 1[10]

Table 1: Values for the constants needed to calculated tia¢ional Raman spectra of various molecules.
Values forF, at A = nm.

2.2.3 The Raman spectrum

As can be seen in equation 6 the strength of the exact shap&afman will depend on he temperature of
the scattering gas. In practice this means that the quantumber.J for which the contribution to the Raman

spectrum must be taken into account in a model will incred$e. highest/ that must be taken into account
further decreases with increasity. Figure 1 shows the positions of the lines.
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Figure 1: The Raman spectrum of ap &imosphere for 380nm at a temperature of 300K. The positibtiee
lines indicate what wavelengths incoming photons at 380ambe scattered to.




3 Geometries in the Problem.

3.1 Definitions of involved angles

Because we generally get the spectrum of a planet from thieeeiainet, not the individual points on the
planet, we need to integrate the local spectra over theeeplamet. We also need to keep in mind the fact
that we see less of the same surface area if this surfacesameare to the side of the planet, as seen from the
Earth. Further more the local solar (or stellar) zenith apgjj changes with position on the sphere, as well as
the reflection angled and the difference in azimuth angle between incoming andateftl beamy — ¢. We
further use the following angles (see also figures 2 and 3):

e «, the angle between the star S, planet (P in fig 2) and the Eaifhikis the orbital phase angle.
e 7, the angle between a point Q, the origin O and the northpole {ig. 3)
e (, the angle between the projection of OQ on the xy-plane amdiie OE, in the direction of the Earth.

E R

Figure 2: Topdown view of the star-planet-Earth involvedtia problem. Source Horak (1950) [17]

Figure 3: Part of the geometries involved in the problemyshon a planet. Source Horak (1950) [17]



In all these cases we take the xy-plane to be the plane corgaime star, the planet and the Earth. To
determine (the cosines) of the involved angles | write thema Carthesian coordinates in the appropriate
angles. The angalur location of the position of a point Q thecomes

sinncos ¢
Q= | singysin (7
cosn

The vector for the direction of the incoming light is:
. COS «x
Fi, = sin « (8)
0

The direcion of the reflected light is:

Fref = 0 (9)

3.2 Calculatingt,, # and ¢ — ¢,
3.2.1 Planetary orbit without inclination

The solar/stellar zenith anglé, is the angle between incoming light and the local vertiaaigéneral, for two
vectors,d andb with an angley between them we have:

ab
CoSY = ——= (10)
|allb]
siny = M (112)
|allb]
And further for any four vectors, b, c andd we have:
(@xb)-(¢xd)=(a-&)b-d)— (@ d)b- 2 (12)

In the is case the vector are all have norm unity, so equaoreduces t@osf = a - b. Using thisf and
0y become:

cos « sinmn cos ¢
cosfy = Fin - Cj = sina | - | sinpsin( = sin7cos ( cos a + sin 7 sin ¢ sin o = sin 7 cos(¢ — «)
0 cosn
(13)
1 sin 7 cos ¢
cosh=Fe-Q=[ 0 |- sin nsin¢ | =sinncos( (14)
0 cosn

Further the definitionsos # = 1 andcos 6y = po are often used.

The anglep — ¢y is the angle between the plane contain}ﬁgandé (plane 1, normal vectat;) and the
plane containinges and@ (plane 2, normal vectai,). The angle between two planes, is the angle between
their normal vectorsy,; andns. We can calculaté,; andns using:

fy = nxQ (15)
‘Fin X Q|
PR LEICE (16)
‘Q X Fref|
The anglep — ¢, then becomes:
Fnx@)-(Q xF,
cos(6 — o) = iy -y = L X D) (@ x Frer) @)

|ﬁn X QHQ X Fret]



Using equation 12 this becomes:

(F_:in : Q)(Q . ﬁref) - (F:n . ﬁef)(é . Q)

cos(¢ — ¢o) = S (18)
|Fin x Q[|Q X Frer|
Finally using@ - @ = 1 andF}, - Fer = cos o we find the following expression fatos(¢ — ¢):
cos B cos 0 — cos «
cos(¢ — o) = —— (19)

sin g sin 6

This expression fotos(¢ — ¢o) is equal to the one given by Horak (1950) [17]

3.2.2 Planetary orbit with inclinination, sini # 1

The aforementioned formulae foos 0, cos 6 andcos(¢ — ¢¢) are only valid in the case of where the inclina-
tion of the planets orbiti,= 90°. For the general case the vectgs becomes:

sin v cos asin ¢
Fi, = sin? asin (20)
COS (X COS 1

As a result of this the expressions fars 6y andcos(¢ — ¢g) in equations 13 and 19 will change, while the
expression foros # in equation 14 will remain unchanged. This is becafigeis not used in deriving an
expression foros 6. The new expressions are:

cos By = sinnsin asini cos({ — «) + €os 7 cos a cos i (22)

cos B cos 0 — sin «v cos v sin @

cos(¢ — ¢p) = (22)

These equations are equivalent to changing the angiesection 3.2.1 t@os ayseg= cos a:sin .

sin 0y sin 0

3.2.3 Calculatingg

To expressd, as introduced in section 2, in terms of thef,, ¢ — ¢y, o andi, one has to use spherical
geometry. Figure 4 shows the angles needed to calcdlaf®llowing the definitions used by Weisstein [18]

Figure 4: The angles involved in the determination of an eggion off3 in terms of#, 6y, ¢ — ¢g, a andi.
Source: http://mathworld.wolfram.com/Spherical Trigometry.html [18]

we have: L
i=0A=Q

- — —

b=0 :Fref

= -

a' = ZBOC = arccos(sin a cos asin i)

[e¢]



W = /COA =6,
¢ = /AOB =0
A=/BAC = ¢ — ¢y
B=/ABC =8
C = /BCA

The anglesA andC are listed for completeness, they are not used in the fudiermination of an expression
for 8. The expressions in [18] also depend on the radiusf the sphere for which the calculations are done,
here we have usefl = 1. Using equation 11 from Weisstein [18]:

cosb’ = cosa’ cosc + sinc sina’ cos B (23)

Solving this forB and substituting with the angelsy, ¢ — ¢o, « andi we find:

[ = arccos <

cos g — cos 0 sin v cos o sin @ ) (24)

sin 6 sin(arccos(sin v cos asin @)



4 Integration over a planet’s surface

Because the code only gives the polarized spectrum at drcpdmmt on the planet’s surface, it is necessary to
integrate the calculated specra across the entire visibke @he intensity vectorf,) of the light reflected in
the direction of an observer is (Stam et al. (2006) [19])

Tt = / w1, 10, & — 60)dO (25)
visible disk

Wheref(u, Lo, ® — ¢o) is the intensity of the light reflected in the direction of thleserver a by point on the
surface of the planet antD = dudrx = sin(n)dnd¢. In u, k coordinate system changes radially and is

an angle spanning an angle®f Because it is easy to make a grid on the computer in Euclideardmates
(z,y) itis convenient to rewrite equation 25 to the y) coordinate system. In this case equation 25 becomes:

T = / T, y)dedy (26)
Jvisible disk

-

Wherel(z,y) is the calulated polarized spectrum at a pdinty) on the disk.

4.1 Proof

Consider the disk of the planet and place a grid over it Withy) = (0, 0) at the center of the disk. Then the
anglesy and¢ at position(z, y) become:

7 = arccos(y) (27)
. €T
¢ = arcsin (M) (28)
Then the integral of any functiofi(n, ¢) over the visible disk is:
fux= [ 1, )0 )t el (29)

Where the termu(n, ¢) is included to account for the fact that observed size of &asararea on a sphere is
smaller than its actual area. Equation 29 equals

fot = / f(,y) (e, y).Jddy (30)

Where J is the determinant of the Jacobi matrix, in this casalew:

o on 0 7=
J=|% )= 1 vy (31)
Dz oy \/17?/2\/171sz /171/23/2 1— m22

1—y

And the determinant of, det.J) is then:

det.7) — ! (32)

(1 - y2) 1- 1f22

If we now useu = sin’(n) cos(¢) (equation 10) the it is easy to show that

sin?(n) cos(¢)detJ) = 1 (33)

4.2 Numerical integration

In the numerical integration one also has to take a factardhto account. The total numerical integral over
all intensities in anV x N grid now becomes,

Y
TF = 3 > ol (i, ;)dO (34)
]
Wherez; andy; are in the take to be in the center of the céll;, y;) is the calculated intensity at postition
(wi,9;), the term7 is a normalization factor, see also equation (13) in Stanh ¢2@06) [19].

10
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Figure 5: Ratio between the numerical calculated Lambeftiax and analytically predicted flux, for several
N x N grids. Black: N = 10, blue: N = 20, green:N = 50, red: N = 100, dashed blueN = 200, dashed
green:N = 500, dashed redN = 1000

4.3 Testing the numerical integration

A way of testing the integration algorithm is the to see if thanerical integration gives the right flux for a
Lambertian reflector. Stam et al. (2006) [19] (following \@@Hulst (1980) [20]) give an analytical expression
for a Lambertian reflector of radius 1:

a 8 (sin® — Osin O) (35)

s
Where® = 180° — «. Figure 5 gives an overview of the ratio between the numHyicalculated flux and
the analytical prediction. From this figure it can be seen ¢van al0 x 10 grid remains accurate to within
10% of the predicted value upto an angle of approximately@d4 It must be noted that only the total flux
can be tested using a Lambertian reflector. So it is posdiatestlarger grid is needed to accurately determine
the total degree of polarization of a planet. However we H@pel assume) total polarization has an accuracy
similar to the accuracy of of the flux using the same grid.

11



5 Parameters Dependence of Reflected Spectra

5.1 Different molecules.

The first thing we tested is the effect on the polarized spetfrom using different molecules. The molecules
tested were B and H,. These molecules were chosen because the atmosphererofsigeer 90% N and
because the most abundant molecule in the atmosphere ofdugdibér is B. To get an idea of the effect of
using different molecules | calculated the polarized speatfor severall, on the egautor of a sphere with
a = 90°. The polarized spectra were calculated between 380 and #0Mifference between the polarized
spectrum due to Raman scattering onarid N, for different angles can be seenin figures 31 to 34 in Appendix
C and figure 6.
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Figure 6: The calculated degree of polarization of fhlack) and N (red) between 380nm and 400nm.
0 =0.1°, 60y = 89.9°,

5.2 Temperature dependence

The second test was to see to what extend the calculatedaspexsensitive to the temperature in the scattering
layers of a planetary atmosphere. Stam et al. (2002) [Shdyrenoted that the for Raman scattering in
the Earth’s atmosphere the exact temperature was of litifgitance. Figure 7 the dependence between
temperature and absolute linedepth in degree of polanizat\Where the absolute linedepth is defined as
P()\)cominuum_ P()\)Iine

As can be seen in figure 7 the atmospheric temperature hasa@thall effect on the absolute polarized
linedepth. This is consistent with the findings from Stamle2002) [5] for the Earth’s atmosphere.

5.3 Optical thickness dependence

The third tested parameter is the scattering optical deptheoscattering molecule$’(’,). The optical depth
seems to have no effect on the final absolute linedepth inedegfr polarization for a wide range of optical
depths. This can be seen in figure 8. As a result a fixed valubéooptical depth)”” = 5.

sca

12
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Figure 7: The temperature dependence of absolute polditestkepth for several Fraunhofer lines. The input
spectrum is that of the starBoo, the planetary atmosphere is 90% &hd 10% He. The spectra where
calculated for a point on the planet with= 45°, 6, = 45° and¢ — ¢g = 1°. Blue: Ca-K (393.37 nm), black:
Ca-H (396.85 nm), green: Na-D (589.59 nm), yellow: Na-D (88m), red: Ha. Temperature is in K.
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Figure 8: The optical thickness dependence of absolutaipethlinedepth for a temperature of 1300K 6,
and¢ — ¢q are the same as in figure 7. Blue: Ca-K (393.37 nm), black: ¢896.85 nm), green: Na-D
(589.59 nm), yellow: Na-D (589.00 nm), red: dd-
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6 Angle Dependence of Reflected Spectra

In order to determine for how many points on the surface oba@i we need to calculate the reflected spectrum,
it is important to know how the reflected spectrum changesfasction of, 8, and/or¢ — ¢y and whether
these changes are significant. The first test was for a theafdse and H, atmospheres representative of
Titan, former, or a gas giant, latter, with = 90° on the equator of the planet. The results for 4 different
locations near the equator can be seen in figures 9 and 1Gr@&iffes betweenNand H, atmospheres for
those same locations can be found in the appendix (figureé32383 and 34).

Degree of Polarization

0.6F 4

05F
380 385 390 395 400
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Figure 9: The calculated polarization spectra for fér several combinations ofty, ). (6o,6): Black
(89.9°,0.1°), green $6.87°,53.13°), red (17.46°,72, 54°), Blue (0.1°,89.9°)
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Figure 10: Same as figure 9 only fopH

Since the linedepth of the spectra depends on the angleytest performed to see if the relative linedepths
might be constant for a certain phase angle. Where the rel@tiedepth isP(A)g’g“;)“c“[’;;nignA)"”e. If this were the
case computation time would be reduced significantly, sordg one spectrum would have to be calculated
across the entire wavelength range and for other points @plinet only a small wavelength interval would
be needed. Unfortunately the relative linedepth turnednatitto be constant over the planets surface for a

single value ofx and therefore the calculation had to be done for each pomtigrtain grid.

14



7 Simulations

In order to see the change in the total degree of polarizatigianet and star, we made models of the total
polarization at several points of a planets orbit. We cho8®o-b as model planet because we have HARPS
observations in linear polarization of that system madeay 2011. The important parameters for thBoo
system can be found in Table 2. The models aredfoK o < 180° in intervals of30°. The HARPS input
spectrum can be seen in figure 11.

Tett 6360K
Poroit 3.12d
a 0.0489AU
Mysini | 4.28 My
I 1.2Ryup
i 45°

UmaxLos | 110km s~ I

Table 2: The parameters of thdBoo system most important for the purposes of this wodndvmay Losfrom
Snellen (private communication), other parameters fromgt.et al. (2003) [21]

The code as adapted from Stam et al. (2002) [5] was used talatdahe polarized spectrum on a grid
placed over the planet. Next equation 2 was used to trandfoerStokes’ parameters, which were calculated
in a local frame of reference based on the direction of thallaenith, to a planetary frame of referrence.
After this the results for all points on the grid were added iug. numerically integrated and the degree of
polarization of the entire planet determined. The degrepadrization gotten this way is not yet correct.
Although the absolute linedepth, i.AP(\) = Peontinuun(A) — Bine(\), is correct, the value for the continuum
degree of polarizationPontinuumiS Not. We used a code by Stam calculate the correct contirdagree of
polarization for the entire planet and corrected the degfgmlarization of the planet accordingly.

Intensity

350 400 450 500 550 600 650
Wavelength (nm)

~J
O

0

Figure 11: The HARPS intensity input spectrum. The intgnistin arbitrary units, because the original
spectrum had been normalized. To get the used spectrumothmbized spectrum was multplied by a Planck
function withT = 6360K.

Figure 12 on page 17 shows the change in the degree of pdlarizategrated over the visible part of the
planet as a funtion of. Depending on the orbital phase the total degree of polésizahanges by roughly
a factor of 2.5, independent of wavelength. We see the gredégrree of polarization far = 90°, i.e. when
the planet is next to the star as seen from the earth. Thisegected since polarization effects are greatest
for light scattered at an angle 86° which is the case far = 90°. However since the model planet is located
at a small distance from its parent star it is unlikely to batiglly resolved from the star and therefore it is
necessary to include the starlight in the simulations ferfthal degree of polarization. The models for just a
planet might still be used in case it is possible to spaytia@bsolve the planet and most of the starlight can be
blocked using a coronagraph.
In order to include the starlight in the final polarizatioresprum the planetary will first have to be Doppler

15



shifted, since at each point in its orbit the planet has aciglalong the line of sight. Doppler shift is taken into
account by shifting all wavelength by a fac@ wherev = vgpitsin asini = vmax Lossiné. The flux and
polarization are then interpolated to the original wavgtés and the flux of the star is added. Mathematically

this can be written as: Injane{\) Potane{ \)
Poo(\) = plane plane
total(A) Istal ) + Tpianed \)

Where Ipanetis the Doppler shifted intensity of the light reflected of ghlanet, Pyjanet is the corresponding
degree of polarization anfii, is the intensity of the star. The resulting polarization barseen in figures 13
and 14. Whereas it was still possible to see individual linebé spectrum of only the planet this is no longer
the case if we look at the polarization of star and planetasthere is no Doppler shift which is the case for
a = 0° = 360° anda = 180° at which pointsin « = 0 and therefore the planet does not move along the line
of sight. There is a small region around 530nm that does rmw shchaotic polarization pattern in figures 13
and 14 however this is simply because these wavelength apresent in the original HARPS input spectrum
and have been approximated with a Planck function with thgerature of- Bootis as given in table 2.

Figure 15 shows a comparison of the polarized line struabdfijast the planet and of the planet and star for
several of the Fraunhofer lines. Here it is clear that in fees can still be found when there are fewer over-
lapping lines in the spectrum of the star, i.e. for longer @langth. However the lines that can be found show
both an increase and a decrease in degree of polarizatativesto the continuum polarization.

The reason for this somewhat chaotic behaviour of the degfrpelarizations is caused by the Dopplershift.
Itis because generally a Doppler shifted line in the spectofithe planet will coincide with the continuum of
the star’s spectrum and a line in the star’s spectrum wilhcioie with the continuum of the planet’s spectrum.
Because of this the total degree of polarization will go domiren the planet’s spectrum has an absorbtion
line and it will go up when the star’s spectrum has an absanbine. The fact that there are many lines in the
spectrum of the star and therefore in the reflected spectreamsithat the cumalative of lines and continuum
overlapping becomes chaotic.

The chaotic behaviour of much of the final polarization speat which will be different for every value af,

will make it very hard, if not impossible, to observe the effeof raman scattering in the planetary atmosphere
in cases where the planet can not be spatially resolved tioparent star.

For comparison figure 16 shows the predicted degree of paldwon for a spatially unresolved planet in case
its orbit has an inclination df0°, i.e. there is no Doppler shift because the planet movesdris star per-
pendicular to the line of sight. In this case many of the linas still be seen in the polarization spectrum.
However the lines that can be seen are at shorter wavele(gtis;00nm) whereas the lines at larger wave-
length \ = 550nm) can no longer be seen. For these lines adding the inemnsit planet and star has the
effect of resulting in the same degree of polarization fer¢bntinuum and for the line, since for these lines it
happens to be the case that

(36)

Pp,lineIp,Iine o Pp,continuunﬂ[p,continuum

Istar + Iplanet,line Istar + Ip,continuum

. In fact even without Dopplershift it is possible for the deg of polarization of star and planet to be higher
in line than the degree of polarization of continuum.
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Figure 12: The degree of polarization of the light reflectéthe planet at various points of its orbit. The used
atmosphere i90% H, and10% He at a temperature of 1300K. No frame for= 0° is included, the degree
of polarization forae = 0° is however very similar to the degree of polarizatiornof 180°.
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Figure 13: The degree of polarization of the light reflectéthe planet and star at various points of the orbit
with 30° < « < 180°. For comparison purposes the y-axis of all frames are to @ineesscale. Further all
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8 Conclusions and Discussion

As seen in figures 13 and 14 the effect of adding the light ofpiduent star to the Doppler shifted, partially
polarized light of a planet causes the final degree of pa#dn to become rather chaotic. That is the line
structure which was visible in the original star spectrund @tanet’s polarization spectrum has disappeared.
Because this problem is the result of Doppler shifting treptary spectrum, the only angles for which there
is no problem are those for which there is no radial velociffecence between the planet and the star. In this
casesin o = 0 and thereforex = 0° or o = 180°. For these values ef the continuum degree of polarization
of star and planet will however also be smallest becausettiestiotal scattering angle is furthest from the ideal
scattering angle di0°.

Another way of trying to observe Raman scattering in a exugtlavould be to look for a planet that is far
enough from its parent star to be spattially resolved froendtar. In this case a coronagraph could be used to
filter out the star’s light and a direct observation of thenglts (reflected) spectrum might be possible. These
observations would likely have to be made closete 90° because at that point the degree of polarization is
greatest and because the angular seperation between tie¢ @hal the star is greatest. For direct observations
of Raman scattering in exoplanets it is possible to test tliee ©n planets in our own solar system. Table 1
in section 2 lists the Raman scattering parameters for tha malecules in the atmospheres of Venus, the
Earth and Saturn’s moon Titan. Observations of the refleRtan spectrum of the giant planets in the solar
system would also be possible as test.

Except for the problems due to Doppler shift that have alyeadntioned, several other effects have not yet
been taken into effect altough they are likely to have ancefbe the final measured spectrum. The first of
is these is the absence of a haze (dust) in the used modelsatmbephere of an exoplanet is unlikely to be
purely H, and He instead there will likely be hazes or clouds of variousposition in the atmosphere. These
hazes are likely to decrease the absolute linedepth in tlegipation spectrum, making it more difficult to
observe the effect of Raman scattering in a the reflectedrspec The code used for this work is capable of
calculating the efffect of atmospheric hazes, however taermterest was to use models to find out if it is
possible to see Raman scattering in exoplanets under ileairistances.

The other main problem is a shortcoming of the code itselfictvlonly calculates two orders of scattering.
As stated in section 7 the absolute linedepth in the poldriggectrum is correctly calculated, the degree
of continuum polarization is however not calculated cattgecThis implies that the calculated intensity is
most likely also not correct. The code used to correct thdiconm degree of polarization also give us the
continuum intensity and could therefore be use to changedhnuum of the calculated intensity to the right
level. For this we assumed that the relative line depth ofinkensity spectrum, m%’;&“m was
calculated correctly.

In conclusion based on the results shown in figures 13 and iBdlikely difficult to observe the effects of
Raman scattering in exoplanet atmospheres when the plametdtbe spatially resolved, especially for shorter
wavelengths. The difficulty in observing Raman scatterim@m unresolved planet are not just due to the
more chaotic line structure caused by Doppler shifting tlaagtary spectrum. The low continuum order of
polarization, on the order dfo— is already close to the minimum degree of polarization thatcurrently be
observed.

There are however a several ways of making more accuratelsfadeise on exoplanets that can be spatially
resolved, the two most important are:

¢ Including more orders of scattering, to better calculatezidontinuum degree of polarization and final
intensity.

e Including hazes in the model, to get more realistic valuethefabsolute linedepth in the polarized
spectrum.

Including hazes be done in several ways. The easiest would ibelude a planet covering haze of constant
composition and optical thickness. A more accurate altemavould be to include local hazes of varying
composition and optical thickness. This alternative wdikiely increase the time required to run the models
on a computer.
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A Viewing angles

The plots in this subsection show the lines on a planet'saserfvith equab andd, assuming a certain.
Also indicated which points on a grid are used in calculatimgfinal degree of polarization of the reflected
light. All included points are given the same weight. Errdue to giving points the same weight regardless of
whether they are near the edge of the planet can be seen ia gur page 11
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Figure 17: Contours df (left) andd, (right) on al0 x 10 grid showing which points are included in calculating
the total degree of polarization of the planet for= —135°. A point on the planet used in the calculations
is indicated by a diamond, a point on the planet which is netludue to not being illuminated, is indicated
by triangles, a point not on the planet is indicated by anrest&he contours are bluél/6, = 30°, yellow:
0/60y = 45°, green:6/6, = 60°, red: 0/6, = 90°, edge of the planet or the terminator, i.e. the line marking
the boundary between where light from the star hits the plané where this no longer happens.
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Figure 18: Same as figure 17 with= —90°.
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Figure 22: Same as figure 17 with
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B Raman Spectra

In this appendix you can find the Raman spectra of severalsghssic compositions and temperatures. The
Raman spectra were calculated in terms of a wavenumbergtiffe from the original wavelength, here these
wavenumber difference have been translated to the wautble frpm which Raman scattering moves flux from
a fixed wavelength, here 380nm or 680nm.
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Figure 24: The Raman spectrum of the Earth’s atmospheresfami® at a temperature of 300K.
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Figure 25: The Raman spectrum of fbr 380nm at a temperature of 300K. This figure is identicdigare
1.
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Figure 28: The Raman spectrum of Fbr 680nm at a temperature of 2000K.
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Figure 29: The Raman spectrum of for 380nm at a temperature of 100K. This is a good approxionéir
the atmosphere of Titan.
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Figure 30: The Raman spectrum of €€r 380nm at a temperature of 700K. This is a good approxonati
for the atmosphere of Venus.
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C Comparison of calculated spectra

In this appendix you can find the calculated polarizatiorcgpefor H, and N, for the same values df, 6,
and¢ — ¢g.
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Figure 31:0 = 0,1°, 6y = 89,9°. Black line is K, red line is N.
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Figure 32:0 = 17, 46°, 6, = 72.54°. Black line is K, red line is N..
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D

in this appendix you can find figure similar to figure 15 6r< a < 330°, «

Integrated spectra

this is exactly the same as= 0°.
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Figure 35: The polarization spectrum of just the planett)lahd the combination of planet and star (right)
for the wavelength region near some of the Fraunhofer lik@st row: calcium-H (396.8nm) and calcium-K
(393.4nm) lines, second row: sodium-D lines (589.6nm ar@l@8n), third row: Her (656.3nm).ac = 0°,
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Figure 36: Same as figure 35, except 30°.

32



Degree of Polarization Degree of Polarization

Degree of Polarization

0.3

0.2

0.1

0.4

0.3

0.2

0.1

0.0

0.3

0.2

0.1

ool v v v v v e ]
390 392 394 396 398
Wavelength (nm)
P I A I AT B AT A |
585 586 587 588 589
Wavelength (nm)
0.4 [T T T T T T T
0.0C L L 1 I |

655 656 657 658

Wavelength (nm)

659

IS
o
s}

590

@
e
o

Degree of Polarization Degree of Polarization

Degree of Polarization

390
Wavelength (nm)

EIREaRRERRS

Ol b b s b b
585 586 587 588 589
Wavelength (nm)

4T

0 L L 1 1
655 656 657 658 659
Wavelength (nm)

Figure 37: Same as figure 35, except 60°.
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Figure 38: Same as figure 35, except 90°. This figure is equal to figure 15.
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Figure 39: Same as figure 35, except 120°.
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Figure 40: Same as figure 35, except 150°.
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Figure 41: Same as figure 35, except 180°.
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Figure 42: Same as figure 35, except 210°.
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Figure 43: Same as figure 35, except 240°.
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Figure 44: Same as figure 35, except 270°.
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Figure 45: Same as figure 35, except 300°.
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Figure 46: Same as figure 35, except 330°.
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