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le transport d'energie vent être vu comme le résultat

de 4 mécanismes généraux :

① Conduction due an mouvement thamique des élections et des ions

② Transpet radiatif par les photons
↑

⑤ Convection de paquets macroscopiques de gaz

& Emission de neutrinos dans les coeurs stellaires
.

-

La conduction et le rayouement peuvent être rus comme des transports
resultant de mouvements aleatous themiques des particules.

Dans les étoites normates ,
la conduction est regligeable.

Le transpet radiatif domine généralement tant que le gradient de température reste

en dessons d'une rateur critique .
Sinon la connection prendle relais

L'émission des veutrinos est importante pour le refroidissement des cours detoilesmassive

dans leur stade avancé. Cet un mécanisme de transport d'énagie qui n'opère qu'a haute

température et densité
.

Les neutrinos out ben d'interaction avec l'etaite car its transportent
Stenagie essentiellement à la vitesse de la lumière.

&



Energy transfer by convection

If the radiative flux is proportional to di ,
how large

can the temperature gradient be ?

There is a limit that we will now see

let's study the motion of a gas
cell of volume XV

, tenquature
T

,

messure P , devity Pint , placed in a medium of density Pext

A small petulation puts the cell in

motion ,+,Butet The equation of motion is :

Pint AX dar = - PintAVg + Pext Arg
zu

Buyant force
Pint &Gr + /Pint-Pext) g = 0 (Archimedes)

We neglect any possible viscosity

If the putubation is small
,

the density variation is also small , one can

linearizee ...

Pint(r) = Pint (ro) + &Put (r) + 0
fr

Pext(r) = Pext (ro) + &ext(r - r) + O(P)



At equilibrium Pint = Pext

introducing the above relations in the equation of motion
r

0 = [Pint(0) + dint go] de tg[Pintro - Textro) dinter de s le
· if To is the position of isquilibrium : Pint(ro) = Pext (ro)
⑨ Sidert is a second order term

,
hence we can neglect if

il reste Pint(ro)(dlint de).
(dutdext)

with Si= -To

One can recognize the equation of an harmonis

=deoscillator

of solution Si = r- ro =
Ae-iNt

with M2 @ (dPint date
N = Frequency of Brunt-Vaisala

It corresponds to the frequency of the -mode in
star

s sticles



· N2-0 if & Pint
7

dPext

dr di
↑

If fint > Pest , the weight of the element of mass >
Archimedes' force

the cett comes back to its Initial position> equilibrium
( oscillation)

· N
2

20 if dlint
, dext -

dr
&

↑

The cell beeps up moving up N
= idextThe solution is complex
outbound motion

Note . The Brunt
-
Vaisala frequency corresponds to the

I

frequency of a gravity wave , that plays an impetant role in the energy exchange

of geophysical flows and in occanography . It controls the position and height

of the peaks in the cumutes as well as the swell cust in open sea-



Adiabatic Connection

· Let's assume that the gas cell is sufficiently large to hamper any

themal exchange . ( or that this exchange is sall enough to be negligible (
· The internat pressure will adjust tothe externat pressure

&if Cp =
molar specific heat at constant pressure

Cv = motar specific heat at constant Volume

U = C and Pr= est for an ideat gas in adlickato
condition

Taking Pint . Pext as above Prot &V
-1

1/2
·> Pint P = ate => Put & Pint

dPint
We had Si + a ( ar dPext]=

Pint

dlint y d(Pint') pdPint Pint dbitsi-

dr z

I

&

At equilibriam around to
, PintwPextEP : 1 1 dPd

↑
T

dPint &Pext
drdi T



↑
zu -

Only depends on the gas depends on the star

properties + adiabaticity I gravity and hydrostatic equitehrium)

One can make the link with temperature explicit
-

Ideal
gas => PV= nRT

↓
universat constant of

number of motes
ideal gases .

↑

PV(T> PIPT

=
=1T

The citerion

for equilibrium ·P T-

becomes

&P (1)
Only depends

on gas

#
Schwarzschild criterion

Monoatonic ideal gas : 0
=3 = E .4



· if It sall
,
then no convectiont

if
T

strong , convection takes blae

as soon as-I
&

IdT stays at its critical value ,
as indeed convection is a very efficienta

eneagy transfer
dT

of changes at the transition between the radiative

↑ and confective zones.

Adiahatic gradient = tenfeature variation if a gas cell

would more up without exchange of heat.

If &T Nad this gas cell will continue to move up

Convection transfers heat to the surface rary rapidly

The cell volume will increase and coot down during its motion



Transfe by electronic conduction

from themat motion of ions and elections

Conduction ,
in the same way as radiation

,
can be san as the result of

random motions from the particles.

In generat ,
conduction can be neglected . It must be considered in stars

composed of degenerated matter (such as white dwarfs) ,
when densities

are very high ,
and the Pauli principle can not he fulfilled anymore.

·

·
For an ideal gas ,

monatomic = composed of independent atoms , of one

element (H,
C

,
et...)

Ecin = ERT = 1 mo
ions = wi= A mass number (protons , neutrons)

electrom = We = Neh
= (Am =43

mH =

1
.
67261027 kg

me = 9
. 109410-3 kg .

Hence the e are transporting the heat

& hydrogen
Ni= Me=t (1+X) iX=ahundanaAmi



> Let's counder moving et and static ions :
-

~ I have large relocities from high temperature
to lower one

T
+ T-

U = number of e-bassing from + to- atoms are neutral &

h
=

=
-

to+

heru one must haven+ ->

-
n

-

Mt = M
-

E
+ >E - = m

+
E

+ Fu -
E-

=> There is no flux of particles
but there is flux of energy

At LTE - Frad =-T = -Cra

Inthesame way, est

If two modftt
with = Trad Fond

[C] = Wa-k = erg/s/cm/k



How to estimate Cloud ?

let's follow an intuitive rationale

l dA

- l = mean free path
rul

E = mean kinetic energy from the e-

Fe = quadratic mear velocity (ef

Energy bataure : one consider the e-coming from r and bassing through ++ e

dV = neE(r) ldA-E(r+ e) edAD
E(r) -

Elr+ e) = - edE
-> dr = - ne le and l = Fedt

FaA = - ne Fele
dE

= 3 kdTE =Im 2 de

Fand = -Cand TEnland
he ,
l !



How much is I

For a collision ion
,
electron

/collisions between - are less

j efficient than i/e-)
To -

ionI
·- 2

[
l

>
T = cross-section of the collision

For one collision, one considers a Volume V In which there Is oneon

wimker
hi =

Volume
1 = niVi = mitl = l=

How much is 5 ?

Interaction occurs when Evin(e) = Epot(e)
= Im = Z Z = con atomic number ; egs

=> ro =
2Zet

- Lz
me i

w= Tr =

ZeY

g(RT) 2



Howmuch is me
?

Coud= me tee
Fe= (3)

le

In the case of full ionisation :

2+ y + X = 1 he =

Xi
+

2 Ye
T

MH ↳meZi

et
me= (X+
= (X +En

1 -X

= init =

4πzb

9 (kt2

Assembling all information :

Cond =
27 kY2(1+X) + 512

16 i milee



On avait Cond =

4acT
-

> Rond 5000 E4At
3 KcoudP (1+X)

T7= [kCond] = cu2g -1

see slides as well.


