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" equation of radiative transfer

dl, .
E = —ayl, +j,

" scattering = dispersion of a beam of particles by collisions (or similar interactions)

" scattering contributes to...

* emission:  dispersion from random directions into the beam

* absorption: dispersion in random directions away from the beam
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" equation of radiative transfer
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emission/absorption contributions

" equation of radiative transfer

" scattering = dispersion of a beam of particles by ¢
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Sound absorption coefficient Scatt.
®  Material Frequency [Hz] Ref. CoefT. Ref.
63Hz 125Hz 250Hz 500Hz 1kHz 2kHz 4kHz 8KkHz (707 Hz)
cars 0.1 0.1 0.06 0.04 0.03 0.02 0.02 0.02 (16) 0.1 (15)°
roofs 0.03 0.03 0.03 0.03 0.04 0.05 0.07 0.07 (17) 0.5 (20)
asphalt 0.36 0.36 0.44 0.31 0.29 0.39 0.25 0.25 (17) 0.2 (20)
window
0.35 0.35 0.2 0.1 0.05 0.02 0.02 0.02 (18) 0.1 (15)°
shutters
sidewalks 0.36 0.36 0.44 0.31 0.29 0.39 0.25 0.25 (17) 0.2 (20)
balconies 0.02 0.02 0.03 0.03 0.03 0.04 0.07 0.07 (17) 0.2 (20)
facades 0.05 0.05 0.04 0.04 0.04 0.05 0.05 0.05 (17) 0.1 (15)2
tree trunks 0.05 0.05 0.05 0.05 0.1 0.15 0.15 0.15 (18) 0.4 (15)3
tree follage 0.21 0.21 0.44 0.52 0.59 0.62 0.54 0.54 (19) 0.16 (21)
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= radiative diffusion
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" equation of radiative transfer
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" equation of radiative transfer
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photon-electron interactions

no assumption about photons, particles, etc.
but we are primarily interested in photons!
what effects lead to scattering of photons!?

— photon-electron interactions
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photon-electron interactions

-

" inverse Compton scattering takes place in...

* stellar interiors v low-energy photons

* active galactic nuclei v high-velocity electrons

» galaxy clusters

" Thomson scattering takes places during...

* decoupling of CMB photons

v low-energy photons

exa mples v low-velocity electrons

highly relevant in astrophysics...
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Thomson scattering

* Thomson scattering

* decoupling of CMB photons
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‘late’ Universe atoms + free CMB photons

e
/

i

§
S,

b After recombination

I': Thomson interaction rate
I'<H H: cosmic expansion rate

F~nac

HHF




Scattering Effects Thomson scattering

» Thomson scattering Vv prY g
* decoupling of CMB photons

early Universe plasma ‘late’ Universe atoms + free CMB photons

Proton Electron Q
\@ B / . / ‘—\/\}
o H/ydrogen atom
%

i

FANNO O

a Before recombination b After recombination

decoupling condition:

3/2
n 25(3) ( ) T, X o.c~H,, 1€2,,0 L
hc T,

Jl’




Scattering Effects Thomson scattering

» Thomson scattering Vv prY g
* decoupling of CMB photons

early Universe plasma ‘late’ Universe atoms + free CMB photons

Proton Electron Q
\@ / / ‘—\/\}
Hydrogen atom
e~ /

©

©

5 & o

N> N @
LVAV

o © ,®

@ P,

FANNCO e
AN, ' Photon

a Before recombination b After recombination

decoupling condition fulfilled for

TdeC: 0.27eV
Zgee— 1090




Scattering Effects Thomson scattering

" inverse Compton scattering

* galaxy clusters

Hydra A — optical
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" inverse Compton scattering

* galaxy clusters

Hydra A — X-rays
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" inverse Compton scattering

* galaxy clusters

Hydra A — X-rays




Scattering Effects

Thomson scattering

" inverse Compton scattering

* galaxy clusters

galaxy clusters are filled with
an extremely hot electron gas!

Hydra A — X-rays




Scattering Effects

Thomson scattering

" inverse Compton scattering

* galaxy clusters

galaxy clusters are filled with
an extremely hot electron gas!

but what about photons?

Hydra A — X-rays
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Thomson scattering

" inverse Compton scattering

* galaxy clusters

Energetic
electron

N
/

Hot plasma

photon?

“\ Comptonized
; photon
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Thomson scattering

" inverse Compton scattering

* galaxy clusters

Energetic
electron

N
/

Hot plasma

“ omB
photon

“\ Comptonized
; photon
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Thomson scattering

" inverse Compton scattering

* galaxy clusters: Sunyaev-Zel’dovich effect

Energetic e
electron CMB
\ photon
/ “\ Comptonized
‘ photon

Hot plasma




Scattering Effects Thomson scattering

" inverse Compton scattering

* galaxy clusters: Sunyaev-Zel’dovich effect

Coma cluster of galaxies: SZ map (left, incl. X-ray contours) vs. X-ray map (right), ESA




Scattering Effects

" emission/absorption contributions
" random walk
" photon-electron interactions

= radiative diffusion




Scattering Effects

radiative diffusion

* Rosseland approximation

* Eddington approximation




Scattering Effects radiative diffusion

* Rosseland approximation

expression for the energy flux, relating it to the local temperature gradient
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* Rosseland approximation

expression for the energy flux, relating it to the local temperature gradient

1605T3 OT
F(z) =—
(2) 3ap 0z
14,
1 Ja,dT v

Rosseland mean opacity

OR f%dv




Scattering Effects radiative diffusion

* Rosseland approximation

expression for the energy flux, relating it to the local temperature gradient

1605T3 OT
F(z) =—
(2) 3ap 0z
14,
1 Ja,dT v

Rosseland mean opacity

OR f%dv

* Eddington approximation

approximations developed to make the modelling of stars practical...




Scattering Effects radiative diffusion

d Eddington aPPI’OXimation (approximations developed to make the modelling of stars practical...)

Ty ,
general solution: L,(t,) = L,(0)e™™ + J e~ § (1)) dt),
0
star: L,(t,) = J e~ (@) S, () dt,,
0

*going all the way from the centre (t = o) to the surface (t = 0)




Scattering Effects radiative diffusion

d Eddington aPPI’OXimation (approximations developed to make the modelling of stars practical...)

Ty ,
general solution: L,(t,) = L,(0)e™™ + J e~ § (1)) dt),
0
star: L,(t,) = J e~ (@) S, () dt,,
0

S, = const.




Scattering Effects radiative diffusion

d Eddington aPPI’OXimation (approximations developed to make the modelling of stars practical...)

Ty )
general solution: L,(t,) = L,(0)e™™ + J e~ § (1)) dt),
0
star: I,(t,) = j e~ (Tv=) S, () dT,,
0
S, = const.

exercise #3




Scattering Effects radiative diffusion

d Eddington aPPI’OXimation (approximations developed to make the modelling of stars practical...)

Ty
general solution: L,(t,) = L,(0)e™™ + J e~ (™) Sy (1) dt,,
0
*® !
star: I,(t,) = j e~ S (7)) dt),
0
Taylor expanding S, *: S,=a, + b,T,

*assumption: S increases (linearly) with optical depth

E.g. isotropy would fail to realistically transfer energy toward the surface where the photons are emitted.
The Eddington approximation assumes there is a general transfer of energy away from the middle of the star ("up”)




Scattering Effects radiative diffusion

d Eddington aPPI’OXimation (approximations developed to make the modelling of stars practical...)

Ty
general solution: L,(t,) = L,(0)e™™ + J e~ (™) Sy (1) dt,,
0
*® !
star: I,(t,) = j e~ S (7)) dt),
0
Taylor expanding S,,: S,=a, + b,T,

(00]

(o) = [ e e, + byl dr
0
— fooo e_(Tv—T{/) a, dT{/ + fooo e_(Tv—T{/) va{/dT{/

=a,t vav




Scattering Effects

radiative diffusion

d Eddington aPPI’OXimation (approximations developed to make the modelling of stars practical...)

general solution:

star:

Taylor expanding S,:

Ty )
e~ (™) S, (zy) dr,

L (zy) = L,(0)e™™ + j
0

() = j e~ 5, (v1) de
0

S,=a, + b,T,

(00]

I(z,) = j e~ (a, + bytl) de)
0

[0 0] _ ! [0 0] _ _ !
= [, e"™ ™™ q, dr), + [ e (™™ p,17dTy,

=a,t vav

I,(ty) =S, Eddington-Barbier relation




Scattering Effects

radiative diffusion

d Eddington aPPI’OXimation (approximations developed to make the modelling of stars practical...)

Ty
general solution: L,(t,) = L,(0)e™™ + J e~ (™) Sy (1) dt,,

0

*® !
star: I,(t,) = j e~ S (7)) dt),
0
Taylor expanding S,,: S,=a, + b,T,
(00]

(o) = [ e e, + byl dr
0
— fooo e_(Tv—T{/) a, dT{/ + fooo e_(Tv—T{/) va{/dT{/

=ay* bty
I,(ty) =S, Eddington-Barbier relation

same solution as for an optical thick medium (cf. Fundamentals)




Scattering Effects radiative diffusion

o Eddington approximation (approximations developed to make the modelling of stars practical...)

general solution: L,(t,) = L,(0)e™™ + J e~ § (1)) dt),
0
star: I,(t,) = j e~ (v=w) S, () dT,,
0

frequency-independent: S, (7,,) = S(7)




Scattering Effects radiative diffusion

d Eddington aPPI’OXimation (approximations developed to make the modelling of stars practical...)

general solution: L,(t,) = L,(0)e™™ + J e~ § (1)) dt),
0
star: I,(t,) = j e~ (v=w) S, () dT,,
0

frequency-independent: S, (7,,) = S(7)

“grey atmosphere” approximation




Scattering Effects radiative diffusion

d Eddington aPPI’OXimation (approximations developed to make the modelling of stars practical...)

general solution: L,(t,) = L,(0)e™™ + J e~ § (1)) dt),
0
star: I,(t,) = j e~ (v=w) S, () dT,,
0

frequency-independent: S, (7,) = S(7) =?

what is a reasonable relation?




Scattering Effects radiative diffusion

o Eddington approximation (approximations developed to make the modelling of stars practical...)

general solution: L,(t,) = L,(0)e™™ + J e~ § (1)) dt),
0
star: I,(t,) = j e~ (v=w) S, () dT,,
0

frequency-independent: S, (7)) = S(7) = a + bt




Scattering Effects radiative diffusion

o Eddington approximation (approximations developed to make the modelling of stars practical...)

general solution: L,(t,) = L,(0)e™™ + J e~ § (1)) dt),
0
star: I,(t,) = j e~ (Tv=) S, () dT,,
0

frequency-independent: S, (7)) = S(7) = a + bt

[0.0)

I(t,) = f e~ =™ §(7)d7),
0




Scattering Effects

summary

" equation of radiative transfer

dl, dQ

% = _(av + 0(15,)[1, +Jjy +fg a{j IVE

" scattering (in Astrophysicsy = dispersion of a beam of photons by...

* inverse Compton scattering

* Thomson scattering

» random walk

* net displacement of photons d = /N I

* number of scattering events N = max(7?,1)




