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Radiative Transfer Equations
with Scattering Process

“Classical” Radiative Transfer Equation
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I, (r,t;m) : specific intensity
Xv (7, t;m) = Kk, + 0, : extinction coefficient
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Derivation of RT Equations #0

® |ntensity I(x,y,2,t;0,p,v)

dE = I dtdA dS)dv dAQdQ
(z,y,2) (0, )

® Photon distribution function: fr
h3v?
c3

fr: 6-dimensional phase space

I (x,t;n,v) = chv

fR (wat;nvy)




Derivation of RT Equations #1

Relation to Boltzmann Transport Equation

® Boltzmann Transport Equation

afR | : afR I T % — DfR
ot or op Dt ) ..,
® Radiative Transfer Equation
101
4 n-VI=x(S—1
~g T VI=x(S-1)

=n—x
n(x,t;n,r) : emissivity
X (@, t;m, ) : opacity per unit length
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Derivation of RT Equations #2

Classical, macroscopic, and phenomenological derivation
I{x+Ax,t+AL;D,»)
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Fig. 76.1 Pencil of radiation passing through a material element.

I (x+ Ax,t+ At;n,v) — I (x,t;n,v)] dSdtdwdr

B lﬁl(w,t;n,v) 0l (x,t;m,v)
e ot | 0s

= [n(z,t;n,v) — x (x,t;n,v) I (x,t;n,v)] dsdSdtdwdy

ds

} dsdSdtdwdyr
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=n(x,t;n,v) —x(z, t;n,v) I (z,t;n,v)
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Derivation of RT Equations #3

Schematics of RT Equation with Scattering

/
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Scattering n
—x{ XS
Absorption Emission
X
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c ot + N1 VI = |Xabs B+ Xsca | L(n) & (n,n")d| — (Xabs + Xsca)
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Opacity and Level populations
Opacity
K (Vij) = (E) n; fij@ij (V)

Y 5 -
272 e oy 1

(v —10)" + (7/4m)’

Rate Eq UationS (Spontaneous + Induced + Collisional rates)

dni

at = —1N; Z (A@J + Bijinj + C@J) -+ an (A]z + Bjinij -+ Cjz)
JFi Ve

A;;, B;; : radiative processes C';; . collisional processes

U,,, radiation energy density in the range between hv;; = ¢; — ¢
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Radiative Transfer Equations
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Line Protiile Formation

Overview
® (Gaussian Profile
() = —— ex _(v—w)’
T Ve | 20
® | orentz Profile
B (1) — Auvy, /27

(v —10)” + (Ary/2)°
® The Voigt Profile
oo Avy, exp (—Av?/Avd)d (Av)
o (v) =
/—oo 2w/ T Avp [(V — vy — Av)? + (AVL/Q)Z}
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saussian & Lorentz Profile

20° = Avd/ (41n2)

9 T 1/2
AVD:ﬂ [an( v kq' VQ)}
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Avy, /2w
(v —10)° + (Avp,/2)°

C

b (v) =

Avyp, = (27‘&'7’)_1 = 27 (v +Tr + TC)]_l

™ =1/ A;; 7c : the mean collision time
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The Yoigt Profile

Gaussian Profile + Lorentz Profile

& (v) = /+oo Auvy, exp (—AI/Q/AI/%)CZ(AV) 2
—oo 2my/mAvp [(V —vg — Av)” + (A /2) ]

~ 2vIn2
N ﬁAVD
a = VIn2Avy,/ (2Avp)

b=2vVIn2 (v —1y) /Avp

o0 —2d
M= [ Rl
T J-co (b—y)" +a?

o(v)

H (a,b)

H (a,b) ~ exp (—b°) A \/;b2

1 0—10
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Ay =6.26 x 108571
Mya = 1215.67 A

Tyas = 4000 K
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Line Profile

(I),(V) n

Scattering
—X 1A

Absorption Emission

1 91 po—
—— + 1 - VI=|XabsB + Xsca ,
c Ot N
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Timescales

Collision time .vs. Transition time

® Collision time for neutral Hydrogen atoms

T —1/2 - —1
too ~ 10277 1/2p20 = 1.58 x 1073
! " 8 4000 [K] 051/ | 5

® Transition time of Hydrogen atom (2p— Is)
T 1
P AL T 6.26 x 108 [s71]

= 1.597 x 1077 [sec]

tcoll > t2p—> 1s
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Frequency Redistribution

® Atom | vy @ Atom 2 s

® Complete Re-Distribution (CRD) in the core

. PR P

Vj %)

® Partial Re-Distribution (PRD) in the wings

o ’
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tmergent intensity Profile

® Complete Re-Distribution (CRD)
I (v2) = Pcrp (v2) Y I (1)

J

® Partial Re-Distribution (PRD)
I(v2) =) ®ero (1)1 (1))
J
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To he continued,,

» Methods for Solving Radiation Transfer Equations
v Mesh-based Radiation Transfer Solver
v Monte-Carlo Radiation Transfer Solver

» Test Calculation of the Solar Model Atmosphere

v Static Plane-Parallel Model Atmosphere

v RMHD Model Atmosphere
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