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Lecture description

Outline

¢ introduction

e Thomson
scattering 1. Introduction 5. Compton scattering
e Rayleigh
scattering 2. Thomson scattering 6. Monte-Carlo method
e 3. Rayleigh scattering 7. Other methods
scattering
e Compton 4. Mie scattering 8. Conclusions

scattering
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num method

e other
num method
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Radiative transfer equation

M
S | | k >
® Thomson 0 ¥y 2
scattering v = v Ty =Ty
v Raylelg.h F. Levrier - radiative transfer lecture
scattering a7 .
14 . ~ / / /
| = —\|a,+o,|1l, +7,+— o,k — k)1, (k" )dS)
* Mie dl o + oy I+ gy ar Jo, v )1, (k')
scattering
e Compton * apbsorption coefficient Qy = Znasu,a cm-
scattering a
e diffusion coefficient Oy = ansu,d cm-
e Monte-Carlo d
num method ® emissivity Jv erg s'' cm=3 Hz1 sr-
e other ® opacity dr, = [a,, -+ O',/] dl
num method
e source function Sy erg st cm=2 Hz! srt

e conclusions
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Questions related to the scattering

what systems are involved in the scattering ?

— electrons, ions
e Thomson

. — bound systems (atoms or molecules)
scattering

— macroscopic systems (dust, droplets, ...)
e Rayleigh

scatterin . . .
0 what are the properties of the microphysical processes ?

e Mie — elastic or inelastic scattering

scattering

— interaction cross section, angular dependence

e Compton — quantum and relativistic effects
scattering

how to solve problems with scattering
e Monte-Carlo

num method — analytical considerations
— numerical methods
e other

num method

e conclusions
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Outline

¢ introduction

¢ Monte-Carlo
num method

e other
num method

e conclusions

Scattering processes
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Fleld induced by a single charge in motion

consider a charge g in motion at a velocity u(t)

Qutline
¢ introducti : : - / T — 7|
introaguction — Lienard-Wiechart retarded potentials t' =t — y
q
t) =
¢(r7 ) R(t/) |:1 B n(t/)’u(t/)j|
A(r,t) = —
CR(t’) [1 _ n(t )éu(t )]
— for non-relativistic particles .
Erad = —L _n(t') x [n(t)) x 4

c?R(t")
Brad — n(t/) X Erad

. -—
Monte-Carlo | ——. (total power emitted)

num method
dPrad q27:l'2 . 9
e other 0 1e3om (©)
num method 5 .9
2q°u Rybicki & Lightman
Pra,d — 363

e conclusions
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Dipole approximation

Qutline consider a system of charged particles

® introduction — dipole moment

d(t) = Z q:7i(t)

— if all points emit in phase (i.e. A >> L)

dP, rad &2

dQ ~ dnc? sin”(6)
&2
P..q = 2— Rybicki & Lightman
3¢c3

— emitted wavelength

¢ Monte-Carlo

num method d(t) :/ et d(w)dw
* other dP..q w* spectrum depends on oscillation

= 3 ld(w)*sin*(©) —>

num method frequencies of the dipole

e conclusions
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Scattering by free electron - classical treatment

Outline free electron at rest in interaction with radiation of pulsation w
® introduction — incident energy flux (S) = 8i : Rybicki & Lightman
T
— classical treatment
: . 62E0
e Rayleigh dipole of amplitude  do = —
scattering dP do
energy conservation rad _ gy 22
: % df) S) df?
e Mie "
scattering — total cross section  or = grg ~ 6.65 x 1072?° cm?
2
y Comptqn ro = 6—2 ~2.8x 107" cm
scattering mc
e Monte-Carlo |
num method
e other == ) |
num method Verticglly"polarize_d Unpolarized
: do 2 . 9 do 1 5 9
e conclusions T = Tosin (©) —q = 370 11+ cos®(6)]
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Scattering by bound electrons

Outline atom / molecule of polarizability n in interaction with radiation of pulsation w
Jlleeligion: ——  jncident energy flux  (S) = 8% 2 Rybicki & Lightman

e Thomson
scattering

— classical treatment

—» K

dipole of amplitude dop =nkEy

: dP, d do
energy conservation -9 _ /gy
: % df) \5) df)
e Mie .
scattering — total cross section o = grg
e Compton o — w?n
scattering c?
e Monte-Carlo |
num method
e other S : |
num method Verticglly"polarize_d Unpolarized
: d . d 1
e conclusions d_?l — r2sin’(0) d_?l = 57“8 1+ cos®(6)]
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Outline
¢ introduction

e Thomson
scattering

e Rayleigh
scattering

e Compton
scattering

¢ Monte-Carlo
num method

e other
num method

e conclusions

From microscopic to macroscopic systems

diffusion by macroscopic systems (dust, water droplets, objects)

Incident light
DD

Malvern Instruments Ltd

® size parameter

¢ abs and scatt efficiencies

¢ index of refraction

IRT - radiative transfer
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%Scaﬂe’red light

O abs Osca
— Qabs — 7TCL2 7Qsca —

Scattered light

Ia
Absorption

2ma

—> r= ——0

A

mTa?

— m(A\) =n(A) + k(N

Voo

scattering absorption




Outline
¢ introduction

e Thomson
scattering

e Rayleigh
scattering

e Compton
scattering

¢ Monte-Carlo
num method

e other
num method

e conclusions

From microscopic to macroscopic systems

spherical particles = Mie theory (1908)

<<1

Rayleigh scattering

4
8T W 4

3 c4a

O-SC& -

m2—1‘

m2 + 2

m? — 1

w3
Oabs — 4;& Im <m2 5

Mie theory

spherical harmonic
decomposition +
) boundary conditions

>>1

Geometric optics
2
Text — 2TQ

Snell’s laws

-
e Sl
~..

m=1.5+0.01i

[ m=1.33+0.01i

m=1.7+0.1i

Draine (2011) |

% /,/'. " §
e S <
0.1 fm=17+0.1iy"  / 0.1k
- ./'l‘l\// L
/,/'/ /. '
/ ./
/'/
yd m=1.33+0.01i
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From microscopic to macroscopic systems

Outline schematic view of scattering phase function )
mwa
r=—
e introduction > A
® ThomSOH ( ° \ o o > Forward
scattering J
e Rayleigh
scattering
example of Mie scatt phase function simplified model: Henyey-Greenstein
Parallel polarisation 1 1 —_ g2

www.philiplaven.com pg (lu‘)

270

240 300

e Compton
scattering ” N o

¢ Monte-Carlo
num method

e other
num method

150

120 60

e conclusions 0

300
270 Herbert Gross
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Exampls of classical scattering effects

Stellar Coronae Reflexion nebulae
e Thomson
scattering
e Rayleigh
scattering
e Mie NASA / Aubrey Gemignani NASA / Gary Stevens
scattering
Sky and cloud colors circumstellar envelops & disks

model from RADMC3D - Dullemond
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Scattering by free electrons - guantum treatment

Outline free electron at rest in collision with a photon

e introduction W

electron | 0
e Thomson “’\’VVV“‘V R () R A

scattering ele:ctron"""\
e Rayleigh
scattering — guantum mechanics treatment
e Mie e recoil of the electron (inelastic) Al — A\ = L (1 — cosf)
scattering MeC
» differential cross section (QED) ~ do _ 1 » ()\>2 (M LA sin29)
Klein-Nishina (unpolarized) Q2 %\ \ AN
— simplifies to Thomson scattering for € < m.c?
e Monte-Carlo
num method
c =5 keV e = 50 keV e = 500 keV e =5 MeV

e other
num method

e conclusions
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Scattering by free electrons - guantum treatment

Qutline qguantum effects on electron - photon scattering
e introduction — energy shift of the photon - loss of energy
e Thomson — photon preferentially scattered forward
scatiering — reduction of the total cross section
e Rayleigh |
scattering
10°
e Mie
scattering
)
“107 |
e Monte-Carlo
num method
® other
num method 1072 R R
107 107 10™ 10° 10’ 10°
e conclusions hv/mec®
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Inverse Compton scattering

Outline free electron in motion in collision with a photon

¢ introduction

e Thomson > X =
scattering
5 Rayleigh A laboratory frame (LF) electron rest frame (ERF)
scattering
. ; = 1— v,
.« Mic step 1: from LF to ERF e = ey (1 — Bcosh)
scattering , €’
: : : €1 = -
e step 2: scattering in ERF 1= 1 mic2 (1 — cost)
e step 3: from ERF to LF e1 = €177 (1 + Beost)
e Monte-Carlo
num method if electron has a sufficient kinetic energy

e other
num method

— transfer of energy to the photon : inverse Compton scattering

e conclusions
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Inverse Compton scattering

Outline in the Thomson regime  ve < mec?
ay g — =7 (1~ Beos) (1 + feost)) ”,ﬂ,ﬂ,}{hﬂ,’,ﬂtl[{/{,’,’lﬂl’,,, i
’ U i
e Thomson i
scattering depends on angle but e I
> 1 on average e 1a
e Rayleigh 1.2
scattering strong gain for relativistic e 1 1

e Mie

scattering

— schematic view of energy transfer for relativistic e-

incoming
electron frame lab frame

lab frame electron frame
v Monte_carlo €= ¢ €~ Y€ \L\’l‘L '-J-JI‘:N Y€o 6N7260
num method
v N A
o ® "N ® "~

e Other T Y.
num method
Nick Keiser

e conclusions

IRT - radiative transfer



Outline
¢ introduction

e Thomson
scattering

e Rayleigh
scattering

e Mie

scattering

¢ Monte-Carlo
num method

e other
num method

e conclusions

Inverse Compton scattering

2

in the Thomson regime  ve < mec”  and for isotropic radiation

— single scattering radiated power I Blumenthal & Gould (1970)
Poomp = 4/301c¢y* 82Uy, (erg s)
2 +
(arbinessy wmits)
— incident field at vo only spectrum 7Y™
1}
— thermal dist of non-relativistic e-
4kT 0 1 1 1 | .| L
Ptot — (mec2) UTcneUph (erg cm-3 8_1) o'g'requency ino;.:nits of v/'y’:o 20

energy transfer for repeated scattering in finite thermal medium

- . Ae  (4kT —¢)
—> non-relativistic e- : per scattering T2

L . Ae 4 kT \°
— Ultra-relativistic e- : per scattering ?6 ~ §72 =16 (m 02)
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Example of inverse Compton scatterin

Ouitline Sunyaev-Zeldovich effect
e introduction Ticroveve, 1000 “dward L gt
~~  photons hot Blackl')ody l :
cluster [ ]
e Thomson gas [ y=0.15, Exact !
scattering ' '
®
5 >
e Rayleigh 3 100¢ E
scattering = | 5
"s;‘ blue shifted ) -
H microwave L o
. |\/||e photon I ]
: observer
scattering 10 1 i

v [1/cm]

map of galaxy clusters

¢ Monte-Carlo
num method

e (s e 1 e- density & temperature
i wnae e e ot e Y cluster size

Loy ar O

e other
num method

Planck Collaboration (2015)

e conclusions
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Outline
¢ introduction

e Thomson
scattering

e Rayleigh
scattering

e Mie
scattering

e Compton
scattering

e conclusions

methods to solve transter
with scattering

IRT - radiative transfer




Complexity of radiative transfer

Qutline
e introduction dl . 1 -
- = — [CVI/ - 01/] L/ T Ju T o O-V(k/ — k)IV(k,)dQ,
dl 47'(' QO
e Thomson
scattering
e Rayleigh — goal: find the source function or the mean intensity at each point
scattering
— complexity: scattering & thermochemistry couple all rays & cells
e Mie
seattering — simpler (yet complicated) question: Radiative cell coupling
e Compton how to solve the full radiative transfer

scattering

(including absorption & scattering)
knowing the thermal and chemical state

of the medium ?

: Dullemond (2012)
e conclusions
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Outline
¢ introduction

e Thomson
scattering

e Rayleigh
scattering

e Mie
scattering

e Compton
scattering

e other
num method

e conclusions

Scattering and random walk

the fate of a photon expressed in terms of probabilities

1
l, = —
oy + 0y

81/: _>
Qy + 0y
o)
Qy + oy
L, =Vnl, —

for a medium of size L

mean free path

proba that a free path ends with abs

proba that a free path ends with scatt

rms net displacement for n free paths

T, =a,L, 7, =0,L — absorption and scattering optical depth
1 —¢, :
N, = 5 — <number> scatt before absorption
N, ~ max(75,75?) — <number> scatt before escape
: 1 | |
l, =min | L, — rms displacement in the cloud
Vo (o +0y)
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Monte Carlo basic algorithm

Outline divide medium into cells

: : eometry, invariance, resolution, ...
e introduction e y

e Thomson , l
scattering

~ create a photon packet (luminosity, frequency) pg. 108
weighted sources, emission direction | Tkep lasy

e Rayleigh
scattering

* Mie compute the position ~ propagate packet up to t
: . —_—
scattering ~ of the next scattering event - absorption, scatt source func

e Compton T l
scattering |
compute scattering angle — «— | true scattering event or
I (isotropic or not) absorption + reemission

® other | |
num method compute image & spectra

~ (volume rendering, collection imaging, tangent rays, ...)
e conclusions

IRT - radiative transfer



Examples of probabilities and further readings

Quitline assign probability distributions to each step
: : L*
® introduction — frequency of the photon packet p(v) = = Ly*dy
0 v
v Thomsqn — emission direction (Lambertian source ? else ?)
scattering
« Rayleigh — position of next scattering event  p(7) = exp(—7)
scatterin 1 1
- — scattering phase function (1), p(d) = 5, 5~
* Mie . Isotropic or more complex < 1 1—g° 1
scattering Pe(1),p(9) = 5 (11 g% — 200372 2r

e Compton
scattering further readings on the subject

— amazing textbook by Dullemond (radiative transfer in astrophysics, 2012)

— Lucy (1999), Bjorkman & Wood (2001)
® other

Wlplgsiglelel ——  Min et al. (2009), Robitaille et al. (2010)

e conclusions
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Qutline
¢ introduction

e Thomson
scattering

e Rayleigh
scattering

e Mie
scattering

e Compton
scattering

¢ Monte-Carlo
num method

e conclusions

Discrete ordinate method

class of method where all coordinates (x,y,z,v,0,¢) are discretized

discretize the problem
initial guess for the mean intensity J,

/_\
solve transfer along compute Jy
all directions & at every point and scattering emissivities
V\/

compute image & spectra

— examples of discrete ordinate methods

e lambda iteration (LI) or accelerated lambda iteration (ALI)
Cannon (1973), Olson et al. (1986)

e decomposition of in Legendre polynomials + spectral method
Roberge (1983), Kopp (1996), Goicoechea & Le Bourlot (2007)

IRT - radiative transfer



Moments method

Qutline reduce angular resolution by computing only the moments of /,
e introduction — moments of /, transfer in 1D
1
e Thomson J,(x) = yp /L,(x,k)dﬂ ,uﬂ —J— S
scattering m dr
1 dF
e Rayleigh H,(x) = e /Iu(xak)kdﬂ — =A4x(J - 9)
: 70 dT
scattering
1 d
- Mie K,(z)= — / I (2, k)k @ kd$ ¢ =F
. Am dt
scattering
e Compton
SCEWNG — closure equation (e.g. Eddington approximation)
* Monte-Carlo 1 A
num method K ., = §5iij p= %J

— other closure equation: variable Eddington tensor

e conclusions
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Qutline
¢ introduction

e Thomson
scattering

e Rayleigh
scattering

e Mie
scattering

e Compton
scattering

¢ Monte-Carlo
num method

e other
num method

Scattering processes

¢ at the heart of radiative transfer (impact all astrophysics environments)
® microprocesses explained by multipolar decomposition

e bound / free charges, small / large 4, micro / macroscopic systems

e change the direction and the energy of the photon (Compton)

e makes radiative transfer complicated

Methods to solve the transfer with scattering require several hours lecture

e amazing textbook by Dullemond (radiative transfer in astrophysics)
e algorithm & optimization are active fields of current research

e intuition comes from practice
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