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' AII exeplanets are studred remotely |

Their atmospheres can only be studled by radratron e
_ Emrtted Irght and scattered Irght or steIIar Irght blocked Iey planet
e e (fmwsmmrom SPecfra) - Tm“S"L”"g P{a“d

J. Wang /C Mard.s -  :§f . . Lo
- We WI|| only drscuss emrtted/scattered Irght hereI
See Hannah Wakeford S taIk for transmrssron spe(:traI

* We need to describe the |nteract|on between eIectromagnetrc
. radratron and the atmosphere

, 20 au
2009-07-31

Instead of solvrng I\/IaxweII S equatrons It IS customary to work In

Directly tmaged planets the limit of geometrrc optrcs
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Geo-{;_etrrc optrcs wavelengths smaller than structure vvhrch photons mteracts Wrth
Radratron propagates along strarght rays Refraction cannc)t be treated.
- . (buf Scafferrwg cam a(so 07575 Sl«m” Parfrc(es’)

IntenS|ty— e - Bt e ,
- Area| trmeI frequency drrectron (solrd angle - dA dt d d" ‘
o d ey (So{rd awgfe)
L5 Ray of light”

(direction vector)

lntegrating over direction means titegrating over "
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Flux dlrectlon mtegrated mtenSIty perpendlcularl,{_;,‘ ._‘ |
passmg through detector e

6 T

dA dt al d*
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Measuring floxemited by planet for avey: [

£ T Ar ] (n $' A) I(n)d"' : |

P?‘fa”e'_ e (So(ra‘ amg(e Subfewo(ea( by planet)
' #F’:""'I e |f| |s Isotropic and the same everywhere on the planet
' | (mof necessarily a good assumption!)

So flux depends on drstance to target (F %r&z) ‘

But it holds that|dl/dr = 0| in the absence of extrnctron emission, scattering.

So In the simplest case, intensity is constant! .



Scattering (the photon’chahge's' direction)

Thus we can write: | #, = #apet Hecn

Absorptlon (the photon IS destroyed)
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n $( I = ,Where j |s the emrss | “f*.érty

- Relatron between emrssrvrty and blackbody emrssron (Planck functron)

St /Bfackboa(y fempemfum %
Ablackbody emrts Wrth mtensrtyl . B(T) _ Tk

. .
Planck fumcfrow

“If light passes through a non- scatterrng medrum in local thermal equrlrbrrum (LTE)
whrch has the same temperature as the emrttrng blackbody

| = cst# n$( I:O#,

~ This is Kirchhoff's law.
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: Where ¢ is the scatterrng phase functron Whrch answers th|s questlon | .
e “Comrng from dlrectron nt how I|ker is it to be scattered In drrectlon n?” j 5

uiIs a property of the scatterrng partner of the photon (e.q., molecule or cloud partrcle)

, 'Isotropic scattering, SO P :1/ (4"):' n $( | | - &#totl +'j EH '

Where Jis the mean intensity: J= (n)d"

4" |

Scatterrng makes radratrve transfer hard: we need to know | to solve for I.
' ' (usua”y solved iteratively on a computer)



Radiafivitramtber SYmINC PRGN v

' We have dropped a couple ef |mpI|C|t dependenues before ' . e
n$( I(XnI)_&#tot(xl)l(xnI)+J(xl)+ ca(X') I(X n)')p(xnn)l)d )

(,ocahom -

To make thlngs more dlgestlble we drop them again (only In notatlon)
Also We now move to a Coordlnate system parallel to the ray we Investigate.

‘ dI

d_S'_ &#totl ® J "' Fscats I(n))p(n n)d" )

o

Distance tn ray ‘o(-lmcflom



ansfe equa "' on: ‘f tical de o th

The extlnctlon coefflc:lent Tﬁot |s the |nverse mean f;,-:;,,;ee path of a photon

| ,\4— Meaw fm-e PGH’I it Tl

1 . Cross SQCILIOM Per wuf maSS ( Z‘OPQC'.ILB”) E

Ly fV\aSS o{ewszfy P R
Y P Therefore:[#tot:; %l=g |

- Volume _O‘*Q"'S”Ly .

.CYOSS“SQCILI.OW ’ b | e b a
& - The optical depth « Is distance In units of mean free paths:
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we had = d o+ ]+ Hcan I(n» p(n n»d“)

. Now WE deflne the source functlon < S—» J" : .Scat.. |(”))I0(n n))d" )
o i #tot #tot

 InLTE and for sotropic scattering it holds that

1 S= )B Rl W|th the photon destructlon probablllty ) = # o dFior

and smgle scatterlng albedo: * = #  [#,=1&)
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Exeruse )

oo < it

- Derive that for a constant source function S it holds that:

This has the following limits: i I(* 05 lo and lim 1(* () = S
| ‘ . ok
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Imagme you have a Ilne shaped opamty et o Let S solve for I(s B _
s so as functlon of dlstance not I(( 1)

G Erequemcy .

y " a
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Now use I(*s I)— |[* ((*s I)] IOe&*((*S')+ B(l&e&*((*s')) and At

| o"

Case 1 B < IO
Casez B> IO _
SoE e Emmow (me’

-\ [ Absorption linel

If B = B(T) and IO B(TO) St die —
Absorptlon lines form if T < TO el )
. oii Fe B Emission lines form if T > T,

The sign of the temperature gradient dT/ds determ'ineswhether absorption or emission lines form.



Lrnes arrse from the quantlzatron (dlscrete value restrrctron)
ef energy states |n molecules atoms and |ons ‘ '

. AE: \nv
Sate e g Absorptron oflrght is berng used to change the

| electronrc vrbratronal or rotatlonal state of the absorber '

-~ s 3 ..
/ ’ . -
-

Vrbratronal modes of HzO . & &
- r\d‘ \o b b

Bem(mg : ” Symmefrrc sfmfcl« Asymmetric stretch

Absorption strength is calculated using Einstein cOefficients (+absorption---stimulated emission).
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, L-ines‘-are- -br'()adenéd "(SO not infinitely narrow) g
Two effects dommate W|th aifferent functlonal forms

1. Llfetlme related broadenmg (* 1 //2) , 2 Doppler broadening

Natural broadening; \;GCWW 75{“6*“4"’0“5’ ~ Due to velocity distribution of absorbers

Excited states decay spontaneously 8 s (eg Maxwell-Boltzmann in LTE)
| s G - Absorber mass

Pressure broadening: T E s ‘
Collisional de-excitation, broadening , Yo PTEY2, - Broadenmg %/ T/ m’



a'fum( broaa(ewmg — Vmsswe broao(emmg = Pr@.ssum broadening

Line shapes: ‘

Lorentz( ) = .. 2+ (I g Ime)2

1

% therma(!) = ’\/7
(For Maxwell-Boltzmann)

&(! &), 2
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The effective \oigt profile arises from convolution:

: Voigt(! ) : | z Lorentz(!))' Dopplel(! & ! ))d! )

,'O,




/e

/s/cm?/A)
WD

Flux (ergs

ey -

.

.
.
\

5.0x10*

| 1 1 | 1 1 | 1 | I 1 1 . | 1 1 1 1 1 | l 1 1 1 1 | 1 | 1 1 l 1 1 1 1 1 | 1 1 | l 1 1 | 1

Wavelength (,u,m B

ine strengths and shapes still determine the shape of a spectrum, also at low resolution!

-
»



o . . . 3 3 e -t 2% >, 5 Y : ¢ . L . = t. " - s ] 2 2 . - R 3 Xy - - - - & -
- . - =% TS~ - . PO G 0 % ‘ » 3 - . - S . L 2 : o7y .
. = - - . 3 < o 2 PR g &N ¥ K Lo Y . 3 S 5 g - . 3 R . . 5 - - o 1S ) <- - ’ P a -
e A T 8 S AT . . A S SR S I TS ~ 20 < s . e X y e L ' - . : - - Bl . - ’ - - ‘ . Zy, ¢ e % Ly ]
: 2y - i : ol 3} 2 . s - -,:.‘V:',.;:u' 3 : v R . - ; e 7 . : e s Y LAY e < , ;A.A'.ﬁ-'__. K 4 A
s o Tty s a3 € TN e O : O B X 2 - < AR TN F AN LTEL Y 3 e L o s e e N S R
e ke . 3 . R, - . 8 . . . L y TR -4 " . e 4 : oI . : 2 . Ph e sy S b e .
> paEs : S, . . ARSI 7 T s e Nl i v A . 2 . . vz % rt TR 7 : Sha 8 A B . M e
S s - S o N . o ‘ 3 - - . <2, - L e s oot v ~ - - . . . - . T R
. - T e 4% L3 R e W1 < ~ . G AR v G opdm s < v} . Vol t - <» 77 >

- ¥ e ‘ S S A : L e - e e AT e e 3 ST : 5 R . - .

- - » ¥ .o . " g SEN S M O U 4 e > e Pk N X P -7 e ! - . - . 5 L - » X - - 3
- ; - avae A3 ) S e A3 P o X X . 1 . R -3 -,’..’ L % &N 3 Ly - . . a2 AT 23w % - . . >
Ry ST o A e YD By 3 . 2 / TNy oLk S phs . 4 . T A S C e S, 3 o 44 X T Ay .
- . 3 SR, B (AT i O y , B o FEs I T B SR At -
v < d S~ & CING e LN A ¥ FNT > R A P ) e 2 .t . . J By - » = R S
e ALYRC e WEAY SP A % S A Y : Zre ' LT X $ =h ooy £ P 2 % - o > . ys
, e T e ~ 7y PEAL 22T 5 Sl o - ‘ 2 T e bt S S e LA ¢ . - 2a % e { : e
D N Ao - JF7 B o L (B ol P DTS I SR L .. LR LR A v s . ’ 5 .
. . . \ B WL R P D EP s . : : ‘ G
- % : 2t - > o S e I’ 5
\
'3 ’
-

- In the alosence of absorptron em|ss|on and scatterrng the mtensrty I |s constant
: ,_6 Th|s |s a usefuI form cf the equatron of radlatlve transfer -
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° Absorptron lines form in the pIanetary spectrum |f dT/dr < O

~ o Emission lines form in the pIanetary spectrum if dT/dr > 0.

. L|nes are caused from the quantrzatron of energy states In molecules, atoms and lons.

° Lines a broadened, pressure b'roadening and thermal broadening usually dominate.



