
Radiative energy transfer



Radiatre Energy Transfer

Extinction coefficient

When a radiation pass through a medium
,
it can be attenuated

in propetion of IV and cotumn density Pds

Conviden Er(o) going through ds of density P

Gr = opacity

/Fol
[kr] = cm2g - 1

The amount of absorbed radiation : dIv = -PIds

We shall see that fir results from different physical processe-

I wait for next chapters... (

=KuF

if No elp are constants : Els) : FrisolerP(-so)
S
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Mean free path :: 1 = 1 Fr(s) =Irls)et
KP

stellar interiors : 0 . 01 11 cm.

After travelling a length I ,
the entenvity is decreated by

a factor C

1
hm at the center of 0

-

1 em at T = 25000K

1 km at T = 10000K

100 km at T = 6000K

103km at T =Book red grants

Optical depth and stellar thickness

Optical depth To = /KrPds Irl=Fre
T

⑫Mme



extinction include a part of absoption and a part of scattering

Kyot = Est + Nahs

For a radiation with incident angle O

Absorbed energy du / dir) du do cos0 dedt

= Er Pirds dr dT woOdldt

PdsdT = muss element
=
du [ light crossing dm]

ahKr Ir du da de dt

Scattered light scattered In direction O
scat

duseat k Er da dudedt [A pattu
paift- phase function such that Intd

I Mie phase function
p= (1 +w0)isotropic scattering
p = 1

-





Visual
domain



Albido : av=difa
=> du diffdien

z

Alsaption = conversion of radiatre energy in themat energy

Scattering= no convention of energy , photons changes direction

Emission coefficient
A mass element can emit light (photons) per production
of nuclear energy or as a black body (temperature(

du = Au dr da de dt

[jr] = WEg- stiradian H2
-

one can write dir = Ju Pds
in analogy with di-Er[r) Ads



the Kirchhoff law

We consider a closed cavity ,
with walls

,

at temperature T

The system is at theimat equitibrium

A each frequency there is equitibrium between emitted and absorbed energy

TT si le système at a &

#In ce qu'il flucra fac
I

isole
,
le rayonnement emis =

Il
le rayonnement rega.

irreversible transformation

-
l the loi de Kirchhoff he fent the guinue fouchon
défendante de la température

Equilibrium between emission and absorption

du Ku Ir du dan de dt
du

em

r = ju dr du de dt

=> KrIr = jp Ir=
Ky

independant of medium



Transfer equation

In all celestial bodies , there is transfert of
from the center to the surface
irrespective of the source of internal energy· ex : gravitational collapse (proto *)

fusion (*) 1 fission (earth)

variation of enegy in at : dUr = dIr dTdr dedt

Emitted energy du = Ir Pdrds dr drdt

Absorbed energy
du = KvIr PdNds du drdt

Balance : dUr = duve-dUrahs

dir = P(I-Fr
Equation of radiative transfert

Spheical geometry :

V

dPrad + 1/3Prad n)+ 0
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Transfer equation in stellar interiors
V

LTE = Locat Thermodynamic Equiltrium

= At each depth , the radiation field only depends

p

on local T Iv = Bu(t)

LTE is satisfied if t , photon mean free path
.

↳ scate of temperature variation

e t
How

· ismuch?Te I wok
if Tw 10000K ~ 10% ~ tok

·
How mad I ! For P = <Po) =

1
. 4 g . c

- 3

IS

et 54 = 1-10 emig- , we have l = 1 ~0.
1 - 1 cm

sß

provided one isITE is verified 1 deep enough in the
atmosphere

(Indeed & T= 6000K by> 1000 km )



Stellar interiors : one can show that anisotropy is very weak

·

Let's develop I in power of cosO &

#(0) = 10 + In 100 + F2 50+ --
zu -
-

isotropy deviation from isotopy negligible

· Equation of transfer foralane-paratlet atmosphere (hegtogihhenture)
ds

= -
↳0P

Replacing I by its diveloppement , one shows :

( will be don ( th =-P for my 0during exercises

=> FPI1
The series couvages rapidety

I = lo + Is wso



Reminders

· dFu =

dUr
= In woOde

dodu dt

total flux at r : Fr =) Ir wode

· m =E / Fra (volume = cdtdTcs0)

· In case of symetry vs Il (stillar interiors
and weak ausotropy)

Prad = 1 a wod

Black body : Prad=In = a = 7. 565gla

↳ Fr = Je [Fo +Eo] wo deE Prad = &JCT [Io +E00] Code
d Pradwith (r + &(3Prad -a) + P =

0

-



· Prad andn only depends on To (modutoF2) because the term in 11

would given an add integral
(*:

Over a symetric interval

⑧ F depend on In ,
however remains very small with respect to the theimat

content =
· In the limits of these hypotheses , one can write

rad =P

· LTE => Prad
: 1 aTY
=>PatdTI5 C

F =-4
Spherical symetry : F=L e = -Crad

· with Crad =Il
NB : if d = Frad = O

1) So a clar shinsbecausethereisagradient
in temperatur Inegatilla

(*) /130 = [ano-s



Mean Opacity

We have shown : drad(x)= Isotropy-relativistic
~

LTE : Pradt))= (t) · ( P
= Fj = - 4

33) &B(T)

·
We now try to express such that the transfer equation can be written with

bolometric quantities

> dPrad-KDF d
·

We have F=

and &
/Ed =- de la la

&a>FB
(b)

=> - dBd=T
(a) ↑ our wish

I



=> F: dBd
·

Rosseland mean opacity

1

·

↑

Taktes provide the mean roshland opacity -> With some decomportion
-> bb

, bf , f and induced emission

Slides....

Mass-Luminority Relation

Ingredients ① Transfe equation

② Hydrostatic equilibrium

③ Ideal gas

① Prad = -c Prad = 1aTY Fr = Lr

3 4Tr2

0 < r <R*

=> 1 ad(+4)
=
= ( Fr -- Phre3 dr

in
alpoximation : ditYv-j di

considering :I



=> a) -T) =K Fr=
=>LI RT 1

·
How much is Th ?

Hydrostat Equilitrium =-M
-

=> Pe 2

I

Ideal gas

P=
P &T

M = mean molecular weight hMH

Pe = Te 3

donc Tc =
U mH

Pe
25

Tc = MmH GM [includinu

Takingback 1 , Introducing =Tc and P==
M

↓TR3
3



Finally L = Tac
4TR3 R)hmH GMY

Sk M

(1)
Conclusions : L Gac)Gmi (huis

Ch

· L m3 if M = 0 . 1 MO In 10-10
1 9

10 1000

100 106 !

· L depends on le at M given I
an He star

is more luminous than a H star

· I defends on 1 If Ld
C

· The relation M - L is independent of the production

of enegy .



Application de
Modet of grey atmosphere in radiative equititrium l'équation de transfert

Gray = I independent of r

We will build + (x) in a simple and analytical way.
with h hypothese.

① Plan-barattel atmosphere) thinatmophere $)
② LTE

at each depth ↓

~

one source fonction : S = E =C) [Kirchhoff

⑤ Radiatif equitetrium E constant Flux

④ I independent of

Equation of trans pe d Prad =-E with Et
optical depth dt = -(pdo => drad

↓ T(0) =0 at the surface => Prod = E + Prad(0)

Whatr Prad(0) !
1

Eddington approximation : I is constant on the 2 hemsphere
I

"O0"fFo FIm)=ontin
M = coso



< E) = E (Font + Fin)
Prad = 1)hicode

Prad=
=F-- F = T CIT

At the surface Fin = 0 => Prad=1 FoutMont
F = T Font

=> Prad=FPrad(
2

We know Prad = LaTY &

3

1 et e -> LaTh = <F +=En2
F=T => +4 = 2 (Tef" (4 + =)

al

and a =4 + 4
= &Tit+ 5)

Remarque . if T = 0 T(0) = (1) "Hoff = 0
.841 Jeff



Outgoing/Emergent intensity
O Solution of the transfe equation without
2 ·

20 approximation pp

Z deP-K
ws =-P

reduced equation le=P-F
source function So = & and do = -KoPdz

Gr

=>-Kup) = En S

integral in 2 steps ↑

① reduced equation = IrFr
⑬ method of the varratin of constants : C = c(t)

↓[c
-Su



C(t = -( 2e +Mdt
+ G

[1 M
with C = Ile

[(t
,p) = [( , m)e
-

+ I S(t,u)et
u

--
attenuation Contribution of emission

X
incident radiation along the path between t, andi

at depth in

The emergent intensity is equat to the sum of the Contributions

from the source functions of the deeper layers , each attenuated by
an absorption coefficient.

To calculate the emergent intensity , one must know stol , fence

how the temperature , the pessure , the chemical composition vary
with[

L



I

#(t ,a) =[(t)

-

I

* Semi-infinite medium t - D

I
, m)=J SA)

Emergent intensity : Il0
, M) =/

*

SAM)éle
⑬ a varies from 0 to 1 ,

one can consider M = /
↑

(A - t)

I(t , 1) = Int , 1) C
-5
+ /
*

S(5
, 1) at

T



Homogeneous me dium : S = ate Kr = aste

-

Te

EmergentIntensity : #10
, 1) : Ilife + s. et de
-
1 - e

-
Tr

[10 ,1 = F(t) e * S(1 - e-Ty

(1)Optically thin medium
2
-- -1 -t

[(0) = [S - [(t) ] te + I(t)

· I(0) > I(t) en S
> [(t) emission .

· Ilo) < [(t) in SSICE) absorption

1 I(T1) = 0 I(0) = St1 .

Optically thick medium T

C
- v0

= [(0) S

Stellar atmosphere = optically thin medium placed
& above an optically thick medium

.

-

I p



Assombrissement centre-bod .

At the surface ofthe sur , Deux is identical everywhere but

the Specific intensity depends on 0

For a remote ohsever 0 = 0 outer of surface (M =1)
↓

O = T

- 2
at the edges (h =)

D- T-
-

I

For a grey atmosphere and under LTE (Cf(r)
[(0
,m) =(

.

"

S(A ,u) e-4
M

LTE : S = B= (+ )=F
T

#(0 .1) =si
-

1e-da 1Le
d(uv) = udv + rou

budu
=1

avec M = n du = e
- m

*

+ Ja- me
-

410 é-dx
--

O 1



=> [(0 ,M) = M +) e [(0
, 1)=

We look at the ratioor=
=

0
. 4 + 0

.6l
su = 0 0

. 4 ledge)
M =

I 1 (Centre)

see slics-

E

&


