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' All exoplanets are studred remetely |

Their atmospheres can only be studred by radlatron o e

_ Emrtted hght and scattered hght or stellar hght blocked by planet
ﬂ e (fmwmumom SPecfra) ' Tm“S"L”"g P{a“d

J. Warigrc. Marois f, A , .
We wrll only drseuss emrtted/ scattered hght here'
See Hannah Wakeford’s talk for transnnssron speetra'

~ We need to deserrbe the interaction between eleetromagnetre
. radratron and the atmosphere

, 20 au
2009-07-31

Instead of solvrng Maxwell’s equatrons it 18 eustomary to work 1n

Directly imaged planefs the limit of geometrre optres
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Ge() -[:etrrc optres Wavelengths smaller than structure Wthh photens mteracts Wrth

Radratron propagates along stralght rays Refraction cannet be treated.
i (buf Scaffermg cam also 07575 Sl«m” PGYILIC(-QS’)

el Energy e NRR,
Intensrty =l ' - ‘ Orj(f-;] =& ‘-
e Area >< trme X frequeney X d1rect10n (sol1d angle) - dA dtdvdQ

. d 0 (Sollol sl
' z '-v'”Qay 075 {19141‘”

1 o Bk (a(mecf‘low, vector)

lntegrating over direction mieans tntegrating over Q.
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Flux = dlrectlon 1ntegrated 1ntens1ty perpendlcularly
passmg through detector %

- dAdidvdQ = dA dt dv

et J(n AA) I(n)dQ

IAAI
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Measuring 'ﬂ_u_xeﬁﬁtt_ed’byplaﬁeftfar away: e |

_ F. ' 1 J’(nAA) I(n).dQ A’ }. o R?
e ol B (sow amg(e subtended by planet)

= = 7] (—P) o ] 1S 1SOtropic and the same everywhere on the planet
' % ' ‘ ' . (mof necessarily a good assumption!)

So flux depends on distance to target (£ I r__z)..

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

So 1n the simplest case, intensity is constant!



ve tramsfer 'f*w fron: consider i“w'9 ol inction

‘ V|, In the absence of extmetlon emlssmn seattermg

Scattering (the photonehahges direction)

s c N
w’ e

Absorptlon (the photon 1S destroyed)

Thus We Can WIIte: | o = Gypg + Ogeny
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' Relatlon between emlssw1ty and blaekbody emlssmn (Planek funetlon)

s /Bfackboa(y fempemfum
A blaekbody emlts w1th 1nten51ty [= B(T) Bleh

/ e
Planck 7£MMCILIOM

“If light passes through a non—seattermg medlum n Tocal thermal equilibrium (LTE),
Wthh has the same temperature as the emlttlng blackbody

[ = cst => n-vi= O=>, ] = -aabsl 1

 This is Kirchhoff’s law.
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; Where p is the seatterrng phase funetron whrch answers thls questron , .
' “Comrng from drrectron n how hkely is it to be scattered n drrectron n‘7” :

p '.is aproperty of 'the scatterrng partner of the phOton (e.g., molecule or c’loud partrcle)..

scatJ >

TIsotropic scattering, so p = 1/ (47t):' nVili=—a Jl+j+a

. where J 1s the mean intensity: J = i J[(n)dﬂ

Scattering makes radratrve transfer hard: we need to know 1 to solve for I.
‘ (usua”y solved iteratively on a computer)



' We have dropped a eouple 0'.‘5;:1‘mp1101t dependeneles before - ‘ S

- n- VI/('X n, 1/) —-f atot(x I/)I(X n 1/) + ](X 1/) + (xscat(x y)ﬂgl(x n’ u)p(x n,n’ y)dQ’

(,ocaflom -

T 0 make thmgs more dlgestlble we drop them again (only n notatlon)
Also We now move to a eoordmate system parallel to the ray we investigate.

dl ' ,
—S = atotl + ] + ascatCI;I(n Np(n, n’)dC2
. 8

Distance tn ray ‘o(-lmcflom



\‘— N\eaw fru. PaH« S
' Cross S~QCILIOM Per uwf lfv\aSS ( :‘oPa'cffyﬂ) k.’
o i
cm/l = prl = 1 e

s
Volume density

Cross-section i oAt Clngea T
The optical depth 7 is distance in units of mean free paths:




Qaa(mfl\/e

Wc had

, Now We deﬁne thc source *unctron S S — + .Scili;t DI(n)p(n, n)dl2"

In LTE and for isotropic scattering 1t holds that

Wrth thc photon dcstructron probabrhty € = Q. O

~and srnglc scatterrng albedo: w = a,.,;

fogge =1 —¢€
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~ Derive that for a constant source function S it holds that:

This has the following limits:  lIim I(AT) = 10 and lim I(A7) =

§ AT—>O S AT 0
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Imagme you have a hne shaped opac:lty o ‘-;%-f.--Let s sclve for I (S z )
. e so as functlon of dlstance not I(T 1/): '

- Freguency
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NOW use I(AS 1/) — I[AT(AS 1/)] - IOe_AT(AS ”) + B(l — é_AT(AS 5 )) and A’C

| .

Case 1 B < IO
Casez B > IO _
Sl g ‘_ Emzsscow (me’

If B=B(T) and I, ~ B(T)):

Absorption lines form if T < Tj,. e ey
i ; o Emission lines form if 7 > 7,

The sign of the temperature gradient d7/ds determines whether absorption or emission lines form.



.f{f'-"_j..;'.Lrnes arrse from the quantrzatron (drserete Value restrretron)
e, _'-’of energy states 1n molecules atoms and 1ons. ‘

# J_Absorptron of hght 1s bemg used to ohange the
| eleotronre Vrbratronal or rotatronal state of the absorber

Vrbratronal modes of HzO . J & &

Bem(mg : ” Symmefrlc stmz‘cl« Asymmetric stretch

Absorption strength 1s calculated using Einstein eoefﬁeients (+absorption—stimulated emission).



' ,Line‘s-'arebrio'adened'(—so not inﬁnitely narrow)!
Two effeets dominate W1th ‘different funetionalforms:‘ 4
1. L1fet1me related broadenlng (AEAt > h/2) 2. Doppler broadening

Natural broadening: \;““W"‘ 75 | “C’L W’L (oS’ ’ . ‘Due to velocity distribution of absorbers

Excited states deeay spontaneously (TR e (e g Maxwell-Boltzmann in LTE)
Pressure broadening: L R : ABSO""” kaass
Collisional de-excitation, broadening y oc PT~ "% -_‘...,Broadening y o< \/T/ m’




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

Line shapes:

/4
7t 72 + (1/ R Uline)z

¢L0rentz(y ) 5

|
¢thermal(y ) = e —(—v line)z/ 7’
"

(For Maxwell-Boltzmann)
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| data is often not at h

HiL L

S

.
.

\
.

-

(ergs/

Flux

5.0x10*

\ 1 1 1 | | \ 1 1 I

Wavelength (,u,m o

»

ine strengths and shapes still determine the shape of fa’1§¢ct'rum, also at low resolution!
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' 'In the absence of absorptron ennssron and scatterrng, t-?-."-e- lnten81ty I 1s constant

o Thrs 1s a useful form o;j"the equatlon of rad1at1ve transfer

wdl
o d_: —I+S
o - WQ am fa(kmg afoouf QWIIL{'-QO( ﬂux

» Auseful solut1on forS - Cst is: - mof fmwsm:mow Specfm lmem.’
S —AT i — A1 £ b |
'I(AT) o Ioe r S(l i ) o l an(m( cooro(maﬁe 075 afw\os%em

| ¥
o Absorptron lines form n the planetary speotrum 1f dT/ dr < 0.

o Emission lines form in the planetary spectrum if dT/dr > 0.
o Lines are caused from the 'quantizat.i.on'.'t)f energy"states in molecules, atoms and ions.

e Lines a broadened, pressure broadening and thermal broadening usually dominate.



