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Stellar Structure 

- Stellar structure equations

- Energy transport: conduction and radiation

- Opacities

- Equation of state

- Nuclear energy generation and burning 
stages

- Energy transport: convection

- Stellar interiors





Stellar Evolution

- Schematic evolution of stars

- Pre main sequence and main sequence

- Post main sequence





Stellar Atmospheres 

- Spectral classification: definitions

- Equations of conservation and radiative 
transport

- Atomic processes and opacities

- Static equilibrium equations

- Spectral line profiles

- Atmosphere models

t group hands-on
activities

+ paper review
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Goals :

-

9. Broad review of structure and physics
of stars

.

2. Familiarization with tools / resources used

in stellar astrophysics research .

3.

Familiarization
with state - of . art research

in this field .

4
. Developing scientific skills : literature research

,

quantitative analysis ,
estimation ,

scientific writing , scientific presentation .
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Star :
a . Band by self - gravity
B. Radiates

energy supplied by an internal source
.

ATB t
changes in structure

they must evolve ! -

and composition
Effects on stellar populations

Clusters / Association

Galaxies

taeath A
.

Material scattering
-

B . Exhaustion of nuclear fuel

.tbirth_ Still open problem .
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Observational Aspects :

^

*
£
§
3

Hertzprung qqqq
•
Temperature

Publiktionendes Astrophysikalischen Russell 9994

Observatsriumzupostdam Popular Astronomy,
22,275
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Triple system
^

← Ktypestar.E

§ +

M45 flame
0 +

stemware White Dwarf

±
Tidoni

Multiplicity
=
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MM in Ophivchvs
D= 4800 pc
f- A 2.7 GY

-
lslor index ( B - V )
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Clusters one

bevy

NGC 2362

hand X Phsei
Pleiades

M 49

MM

*
Humanµ Praesepe

NGC 752 Be

M 67

M3

NGC 988
-

LTY
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Stellar Structure

internal
structure

+ Relation with
observables ( Maisie ,

luminosities ... )

B- V

tybserrdsbs

Yt4AR2oTFf
look \\ Mu

-

loqL=4bqT¥4qRtct
B- V

AR

µFeathery
.

jtitraeftots0.09k

( loqteff lookXi Mu
'yInferred

÷tt¥Eys
iii.

ar

Parameters .

our

loqteff
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Fundamental Parameters : mass + composition
Interior parameters : density , pressure , temperature,

luminosity →

vary with r
.

Component parameters : opacity ,
heat capacity , energy generation

- properties of material
.

Boundary conditions : radius , luminosity , effective temperature
→ observables

secondary parameters : rotation
, B- ,

external forces
→ extreme cases affected .

A. Isolation
Basic B. Uniform initial composition
Assumption

"

c. spherical symmetry
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Syn .temperature# Measured

fromspectra
continuum

B- V Tea - 5800k

×
.

Thaine
.

jµraffnts

alook € Mu

÷
.

*\sun_ftp.msn.ar

0.09 R

loqteff

Wien 's lawXmaxft
= 2900µm .K

¥ UMII?
ttnrzotqf - Photosphere
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Syntmperatuneey Measured

fromspectra
continuum

B- V Teft - 5800k - Sun is not a

Main

for
perfect black

%e4.FI#arg.gnt
,

body .

alook } Mu

÷
.

.

*\sun_ftp.ysyar

0.09k

loqteff

Wien 's law

7ma×T= 2900mm
.KZ?9xD6nmi

K
T = -

550hm

L =4Ar2oTq§ - Photosphere
T= 5273k
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Gaia’s two telescopes monitor 
each of its target stars about 
70 times over a five-year 
period, spinning slowly to 
sweep the entire celestial 
sphere. As the telescopes 
repeatedly measure the 
position of each celestial 
object, they detect the 
combination of the apparent 
motion caused by the parallax 
effect and the true motion of 
the object. By combining the 
measurements for all objects 
viewed, it is possible to obtain 
the parallax and proper motion 
for each object targeted.

Say : Distance - Parallaxes

Brightness
-Csbr

Stellar
=Density

Dust

-

d = 9.5×40 " 3
cm

IS
YA 2

01
8



Suf : Radius R= 7×10 "
on

0.09 Ro to > 9000 Ro

hscsmpaotstanstens of Km
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Say : luminosity

Apparent L - stellar
Brightness #bs ⇒

gag property

Iobs 0=9-4×106erqb.cm . (top atmosphere)Iobso
= 9.4 kN/m2

- gsbrfwx over an area

lo ? Units ?

= =
IS

YA 2
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Say : luminosity 10=3.9×1033erqls

Apparent L - stellar
Brightness #bs ⇒

gag property

Iobs

0=9-4×106erqb.cm . (top atmosphere)Iobso
= 9.4 kN/M2

- gsbrfwx over an area
Lo=4Ad2Iobso=ta(

a. 5×9093 on )2( 9.4×906 erqlsanr)
to

=3
. 9×9033*9/5

- ( go
-5 ↳ •405↳ )
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Say : Composition
¥

*

H=X=O -72

HE 4=0.25
3D time - dependent

Rest -=Z= 0.02

hydrodynamic
Models tractions

Asplundetd. wool
ARA8A , 47,489
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Say : Mass

M ? dhits ? n Kepler 's law
_

]
Newton 's law

4A2a3s9AU7- PE -gµ
.

66.7×10-8 cm3/q/s2IS
YA 2
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Suy : Mass

M=z×qo⇒q
n Kepler 's law

)
Newton 's law

4A2a3 - 9 AU

ny✓-P2'

FM
66.7×10-8 cm3/q/s2

ubstellor limit 0.073 Mo.Lassiestars :

'

'

ten , Mo
.

| Range in massIS
YA 2
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Sun
-

:

Average Density
< p= are

< g > = ? ? ? Units ?

Central Density go = cg >

LJO from models

fc= ? ? ? Units ?

§ all H -

nµ= % =Mta = ?? ? Units ?
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say : Average Density
<p=Ifa=÷. 951%31,5

4 > = 9.4 qknp - 9 quid !

Central Density go = cg >

LJO from models

fc= 70 91cm - Osmium
Densest element 22.6 qkm3

§ all H -

nµ= % =7%9×4%14=4×9025 cm
-3

Average interprtide < ✓ > - n
-913

→ 3×959 an
distance

[Bohr radius = the - ssxno -9cm ] deorbital overlap
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Say : Pressure

←
n
µq↳ pressure at bottom of hydrostatic column

g=g > < q > h

Earth
surface → f- 153 qknp . 980 cmlsz . 90 km = 906 Kms ( 4¥ )

Earth

yfmwwafw→f=
9 9km 3 ' 980cm /s2 - 90 m = 906 dyndcmz

star → g= gxq > R=f±rgtr ) . HI) . R x GrM÷

Sun → GLGMI = ? ? ? Units ?
R4
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Say : Pressure

←
n
µq↳ pressure at bottom of hydrostatic column

g=g > < q > h

Earth
surface → f- 153 qkwp . 980 cmlsz . 90km = 90696ms ( 4¥ )

Earth

yfmwwafw→f=
9 9km3 ' 980cm /s2 - 90 m = 906 dyndcmz

star → g=gxq > R=fIgtr ) . HI) . R x GrM÷ ↳one

( 6.7×10
→

cmyqsz ) ( zxqo 33 g)
2

mosphews !

Sun → gxG_M2 = - = go
"

dyne
Rq ( 7×9090 cm ) 4

fmz

Central pressure - 2×90
't

dynycmz =p a

IS
YA 2

01
8



Class 9 Review :

a. Astor fulfills two conditions along a time range :

A . Band by self - gravity
B. Radiates

energy supplied by an internal source
.

z
.

We locate the stars in a plane of :

luminosity vs . Teff → csbr vs . Magnitude
Inferred parameters Observables
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3
.

The Sun :

← Teff - 5800k → 5527°C ( wash ( lava ) at zsoooc )
• D= 9.5×40^3 cm → 4 AU

• R= 7×10 "
on → 909 time Earth 's diameter

• ( •
= 3.9×1033 erq/s - ( ao

's to •405↳ )

• H=X= 0.72 ,
He 4=0.25 ,

Rest 's 2- so
. oz as Gz¥

• M= 2×4033 q
as substellsn limit  ~ 0.073 Mo -73 Map

•
< > = 9.4 qkms -→ Water 9q1om3

• £ = to q/cm3 → Osmium 22.6 qkm3
IS

YA 2
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Say : Pressure

←
n
µq↳ pressure at bottom of hydrostatic column

g=g > < q > h

Earth
surface → f- 153 qknp . 980 cmlsz . 90km = 90696ms . ( 4¥ )

Earth

yfmwwafw→f=
9 9km3 ' 980cm /s2 - 90 m = 906 dyndcmz

star → g=gxq > R =

ahrgtrs ) -14¥) . R x GrM÷ ¥o, .

( 6.7×10
→

cmyqsz ) ( zxqo 33 g)
2

mosphews !

Sun → gxG_M2 = - =qo
"

dyne
Rq ( 7×9090 cm ) 4

fmz

Central pressure - 2×90
't

dynycmz =p a
.
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Say :

Central
temperature .

Eddington : high internal temp → ionized material →

i.

¥ lottery ,<

8 + ← → ideal gasPc=
nktc

2×987# amz

\4x9O25cmT)
? ? ? Units ?

Sun :
Non . relativistic

&

ideal gas
- Ill - 2×109 K

Xmaxt = 2900µm . K - Xmax - ? ? ? Units ?
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Say :

Central
temperature .

Eddington : high internal temp → ionized material →

Pte - ideal gas

I
. #

l0t6erq1kPc-nkTc2xqoH@np-4x9O25cmDTc-4x9o7kM.odelSTe-9.JxlO7KSm.N

on . relativistic
&

ideal gas
- Tel - 2×109 K

Xmaxt = 2900µm . K - Xmax= ? ? ? Units ?
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Say :

Central
temperature .

Eddington : high internal temp → ionized material →

i.qxioErxIe-io6dqPc-nkTc2xqoH@mz-4x9O25cmDTc-4x9o7KM.odelsTe-9.JxlO7KSm.N

on . relativistic
&

ideal gas
- Ill - 2×109 K

2900mm . KXmaxt = 2900µm - K -

Xmax==*otk=%9A

I

µm Wavelength of X-ray
- thermal

radiation
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Say :

Age
Isotope dating

on meteorites 4.6×909 yr

Impossibility of a long term observation
t

Observation of different sources

at differentevolutionary
step:

Not individual stars - General model

since It is small → Theoretical models

IS
YA 2

01
8



•:
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Equations of stellar structure

Radiant
gaseous sphere

} H + He I mainly )

Structure of
Stars with

mass M

- Uniquely
determined

t pit , X at
each " point

" ( r or m )
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Stars :

B-
Mass continuity HIGH

: velocity

'

Funmovement
Interplay !g÷(e¥-.a¥ - am . tar

y±.at Mamayfewst

STE f.no#toa given ✓ .

Deriving at
+ spheric ¥ = . deity )
symmetryIS

YA 2
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Stars :

Ed
Mass continuity HIGH

: velocity

Interplay !

NX
"

Fanmovement

}Yd=4Agr2 -
. date - 2m= -

4Ar2g¥2tManaging
t.SI#c =n→tdoa given ✓ .

Enquiries Been.EE#.pE
continuity equation

maidst

Transport of a -8 ¥ + diygv )=o
- conserved quantity

quantity
No sources

or sinks
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Stars :

Md
Mass continuity

drl.tn#s:vebcity
Interplay !

"

Tommovement

ag.de#-.a¥ - am . #

gnatMamayfewst

Fra c.no#-roa given ✓ .

Deriving at

2¥ = . # by ,
this continuity equation ! !!

+ spheric
↳ transport of M !

symmetry so in a star m behaves

like a fluid and it is

a

conserved
quantity

=
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Plrtdr )

StoredMovement Pc *
Force balance

,
MBM.TIY.at?sn

?
••

What happens if
theme

is no movement ?
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Plrtdr )

stored
Movement " " t

Gas surroundingForce balance
, -

Fluid
fE=

- 813 + Iqra
- L ~ Gravitationalelement Changes in

potential
- FGMKH

pressure y==g¥

gas.  
- ¥ . p¥q

Rashid gradient pressure

Or

vs . gravitational potential
\ # ifhydrostatic

In terms of

masslradivs
elements ,

equilibrium

/

tromovement) ddI= . f #
=

d÷=←g⇒
M
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If there is no longer an equilibrium .  . .

Characteristic
Times

DA. Np pressure . Collapse .

.
Free - fall time

-

% = O -

a-=GrM= = Ffg I #
= ✓ Rams

0=7
minutes ?

(average value )
'OpNo gravity . Explosion .

explosion time

Goff =o → a- = - Ag 3¥ = ¥§ Ee×p±Rl¥)"2
°⇐ ? minutes?IS

YA 2
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If there is no longer an equilibrium .  . .

Characteristic
Times

DA
Np pressure . Collapse .

.
Free - fall time

- KG = 98 days% = O -

a- = 6¥ = ¥g I #
= ✓ Rd

0=54
minutes

WD = 4 seconds

OfNo gravity . Explosion .

explosion time

Grpd =p → 2- = - Ag }¥= Fay Eexp
- k¥412 a  ⇐ 94 minutes

If Iff = Texp = I dynamical
Dynamical time scale → timescale

of reactionshort
→

Fast too perturb .

scales ! reaction !
= =

Piston model - Timeto adjust
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stars :

energy

...Energy
- Gravitational + Nuclear

Contraction Reactions

AOG.mn#tdIsnnd - § hyqlwasutjdnigm #Vivid Theorem

- }Pg=GrM=g → . 35
.

g±dm= Eqra

Tns
Ifthe star contracts quasi - statically I slowly)

,

the Pressure increases given that

legal increases and W deoeaas
.
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stars "

energy

...
Energy

- Gravitational + Nuclear
Contraction Reactions

A@ioTtEtdIsnnd-snmqhmsutbdnigmeVirti4oInesIm-2yg.GrM-g-Eint-eohEgrwGrarity-EinternalrelatisnAtiqhlybousd.s

often
→ tfntodhrnerae → Hotter!

energy
luthesm In a lifetimegayetytans '¥aL¥ gqzfzy.tt,

⇐ tie ?? ?

Surprised?( Yr !
=
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stars :

energy

...
Energy

- Gravitational + Nuclear
Contraction Reactions

A@EnnttEtdIsnnd-snmqhmsu.t.at#m*Vir+idweIhegzn
- }Pg=GrM=g - tint - - oh Earn

luthesm In > lifetimeqanstantEqn=±sGL¥ quant t.tt#o=9otyr
density luminosity

Gravitational contraction g) or thermal

Isotope dating ekµEFFIE'T}gEfEhEna×n•ir*Ethan
,power output dsng scale of changes without

its age ! in structure nuclear reactions
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starships
Energy

Energy
- Gravitational + Nuclear

Contraction

ReactionsBDNRYH.fm
for each A used to create He (4 one

t needed )

Release energy : 6.3×9098 erqlqr
If all the available H is burned ?

q star =9Mo
- Energy

make entirely released
" Mo  * 6.3×90 "8erq/qr

by M K×9052erq ! ! !

For how long
€= 12×90%1 ~ ? ? yr . Why ?this is nvc Lo

sustainable ? scale of charges in composition
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starships
Energy

Energy
- Gravitational + Nuclear

Contraction

ReactionsBD
Npeudadtforns for each A used to create He (4 one

t needed )

Release energy : 6.3×9098 erqlqr
If all the available H is burned ?

q star =9Mo
- Energy

make entirely released
" Mo  * 6.3×90 "Erq/qr

by M d2×9052erq ! ! !

For how long €=12×g0o52er- ~qoMyr yfnouqh time .tt#editesDthis is nvc
-sustainable ? scale of charges in composition
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Tnvc > > EKH > > T dynamical

Timescale for
> >

Timescale for ⇒
Timescale

abundance structure for starts

changes changes adjust
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sxarsigzpsenerqy
Energy

- Gravitational + Nuclear
Contraction Reactions

A.dditiond sources of energy change,

Material exchange
- Irradiated luminosity

. Irradiated luminosity from neutrinos

¥ Flint + tqva ) = - L - Lu + G nuclear

If thermal equilibrium - constant energy
L ⇐ Gnuclear
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Stars :
llrtdr ) 9

M3HEnerqy

generation l ' " #↳ p

lets define on

⇐ energy generated
energy generation t.gl.ua/sqj

rate

In a shell llrtdv ) - llr ) = Edm = e 4Ar2glr)dr

dlq=4Ar2gE or Fm ⇐ €

Nuclear
energyproduction can E=EogtT° - ¥ =4tr2eog× " tu

be described as , ( x ,v)=( a. 4) H→He

( 9,95)H→Hec no

Energy production as function of
✓

12 '

mH→c

↳ How it is transported ?
-
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Stars :

bed
Energy transfer ( heat transfer )

A .
Radiation :

energy transfer in an opaque medium as a

random walk of photons
In Sun

,
K due to

Path leuqht density Thompson scattering
formtohf

,

.IM#nlF/Fh(qkms
) tzom

opacity Ionizedmedium

lessopacity
tm49t

small deviations
-

better transfer Per photon compared with stellar

- inhomoqeneities
Photons one absorbed and reunited several timesbeforefinding a medium inhsmsqeneity .

= Black body
If it is a perfect black body → Fred = O
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Stars

:_Nd
. Energy transfer ( heat transfer )

But in general ,

Frost -960¥ qraot - }I=g}k÷na g.
" '

F
's +3 'd

3g Kvad
Kral = Kofnt

- s

Two main opacity origins 1 Wight few bound electrons
,

all ionized )

Dispersionof photons due to Free - free absorption of a

free elections photon by a free
- electron

Kth=o.z( gtx ) Cmg KH = 3.8×102219 t×)pT% Cgi
X

tthsmpssnscattering) Hydrogen ltnnerse Brehmstrzhlung )abundance

Sun ? ? ?
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Stars

:_Nd
. Energy transfer ( heat transfer )

But in general ,

Frost -960¥ qraot - ¥5 = g}k÷nae g.
" '

F
's +3 'd

3g Kvad
Kral = Kofnt

- s

Two main opacity origins 1 Wight few bound electrons
,

all ionized )

Dispersionof photons due to Free - free absorption of a

free elections photon by a free
- electron

Kth= 0.2 ( gtx ) Cmg KH = 3.8×102219t×)pT→k Cgi
X

tthsmpssnscattering) Hydrogen ltnnerse Brehmstrzhlung )abundance

Sun
, f=9.49dm}

,
t - qotk - Kth= 0.4mg vs .

kftno . 03mg
.
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staspfpb.
Energy transfer ( heat transfer )

B. Conduction :

Kcsnd - Fans =

-960+33Kand
8T

Relevant at high densities associated with degenerated
matter

.

c. Convection :

Heat transport with the gas → Collective ( bulk )
motions of gas

A perfect particles
connection → P &g3ls Polytope

relation .

process
6

More latter
.

. .
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Star evolution - quasi -
static process

Glow )

( adjustinternal structure to keep dynamical balance )
Slow composition changes - hydrostatic equilibrium

thermal equilibrium
1 constant energy )
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Space variables
,

r or M :

dm dr continuity
g- =4ArY fm=4a¥g Equation

dads . fGM- tgpm =
- GM_ Hydrostatic

r2 4Ar2

Equilibriumdl dl Thermal
q=4Ar2fE fm=€

Equilibrium

Tr±= - sstekfafae adf.is#afrazFrons*r
( radiative )
lkelp in mind

csnduetiont
convection )
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Observational
capsule

:

a
. If the star can not recover

from a dynamical process

It can not restore : ? ?

so it ?_or ?_

And we observe ?

2- If We observe rapid changes
in the star

we are seeing ?- process
Oscillations with periods of

few tens of seconds indicate

a compact star
,

such as ?_
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Class 2 Review :

Equations of stellar structure

Fd Moss continuity : m behaves like a fluid , following
velocity a continuity equation of a conserved

driver quantity .

9ammovement

IT Movement : Radial gradient pressure vs. granite .

piney tiond potential
.

tlidro static eguili -

§ bnum .

rd tnenqy generation : gravitational
,*

contraction

nuclear reactionAirhart
thermal equilibrium

By tnenqy transport : radiation
, conduction

,
convection

Opacity
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Class 2 Review :

[ nvc > > EKH XT dynamical

Timescale for
>y

Timescale for ⇒
Timescale

abundance structure for starts

changes changes adjust
A 1 I

F3htnuqyI energy- a. Movement
Nuclear Gravitational Equationreaction contractionIS

YA 2
01

8



IS
YA 2

01
8



Until now . . .

=

/
mass continuity

, mass movement
Sun + 4 main equations -

energy generation
§ ideal gas

\
Energy transferclassical physics

A more robust approach ,

Distribution
-

Distribution of
Statistical

function of particles in - medfanics
material position - momentum

isotropy
space
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Until now . . .

=

A more robust approach ,

Distribution
-

Distribution of
Statistical

function of particles in - mechanics
material position - momentum

isotropy@ space
•

@ Equation of state Number

stellorqas density

P=f( fit ,X ;) .g|f( g. g) pvopp Pressure

to

,¥n*n|I¥±⇒d3
.

@ Distribution u=|f( x. g) Elp )d3p Energy
density
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@ Equation of state
stellar gas

P=f (f ,T , X ;)

Extreme physical conditions

↳ Owatum - mechanic effects leobgeneraq )
↳ Relativistic effects

Non - ideal effects : Outer layerswith Tc 906 K not
fullyionized

.

Electrostatic interactions
among

ions and electrons
.
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@ Equation of state

stelkrqas
classical limit :

P=f(fiIX ;)

Non - degenerated case

p⇐nkT

But this is a gas of
identical particles of mass m .

.
Mixture of gasesPe=BµefT

-

Pion=Rgt omqufrgdPqafRµ-fTTAtomic

Mion constant mass

6 per particle
Mean

-
molecular weight µ=[jnjajdRelativistic / Non . ukfirisfic Hlnsityotions gate

and electrons )
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@ Equation of state
stellar gas /

P ' ftp.T.X ;) &€§PrQuantum - mechanical limit :

,

Degenerated case
'

1
\

In quantum Dxdp> h

3-17dvD3p3h3mechanics :
limited accuracy
location + momentum number of quantum

States ( GD )

Occupation of .

Bosons :L photons )

:
the quantum T No restrictions

States →
Fermions :| e- or nucleons ):Pauli exclusion principle

No two particles can occupy the
same quantum stake

e- exert extra pressure ! ! !
→

Degeneracy
= pressure
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@ Equation of state
stellar gas

P=f (f ,T , X ;)
Quantum - mechanical limit qt→ o ))

Degenerated case mean molecular
Me :

weight per free
electionE-no"fbµ)%leastPE' * no

"

# 3

leery)
Non - relativistic

) Density A
Relativistic

Momentum A N
e-velocityp

Independent of T !
.
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@ Distribution function
f ( III )

Non - olegenerated case Degenerated case

fmfyzanmeeanexplineitf.FI#exptEE.e*

)
Fermi - DiracMaxwell - Boltzmann

he
µ> Mo. the -< 0 .9Hi⇒ Fxz >d0Ht⇒ MCMO.

=
=⇐< -2⇐390

¥3,zf9.8×90→µe ¥220 .2µe

Where 11*5-9.09×90 "6( K 'Bcni3 )
,

Ta=Tlk)_
904k
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Presume of a mixture of gas and radiation

P= Pratt Pops
P : 'gaT4 t Pqas

P=1zaT4 + Pion + Pe

⇐a mixture of gases Classical Quantum IDegenerated)

the
ionization is partial - \

Interdependencyof species s

density .

Non - relativistic Relativistic

a : radiation constant
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zero . age (homogeneous)
The loqt, loqg plane : -

Estee

models

( Solar Metalliaty )

*
are

--→
surface

non
"n¥n¥fe.net#raeemeely.aktiristic
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source with a high are density
Team UP

! and starts contraction

¥ min
FI What happens with :

9. csne elections

2 . Pressure

3. Temperature
4. Hydrostatic equilibrium

HBDA Why the source transforms from this :

RX M
' 913

To this
M > constant

IS
YA 2

01
8



Until now . . .

=

€= energy generated lirtar ) 9
t.at "%h

'

) emma
A more robust approach ,

Detailed element -
Reaction

conversion
Chains

Change composition → transmutation of elements

@
H → He

-
via pp cycle ( T< 9.4×907 K )

- via CNO cycle IT > 9.4×907 K )

@
He →

^ 2C
,

" OPNE

!8! Find cycles
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Until 56
Fe the reactions produce energy

↳ end of fusion processes

2H→56Fe : 8. DMEV

2µs 4 He : 7. OMEV ! ! !

Energy is produced by
fusion of light nuclei into

heavier ones→up toiron- Minimum
energyrequired to disassemble

The nucleus of an atom Energy is produced by
into its parts or energy fission of heavy nuclei

released assembling 0 into lighter ones
→→

down to
nucleus . iron .
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@H → He -via pp cycle ( T< 9.4×907 K '

9.4×9090
-

, aamev Y . .
.

. . .  . .

"

H + " H - 211 +

e+tTs
position

| } neutrino-
deuterium6's

. . .
. . . .  . . . . ?µt9µ-

3 Heth

5.4
'9MeV - photon69€'-39%906g .

.3µet3He→4Het9Ht9H
3 the + He →

7

Be +892.85
MEV

pp 999.7€-0.3%

\ ' '

Betenstlitu Be +
" H - 8Btn

p r
Energy •B→8Betettnreleased 7 Lit 'H→4Het4He

+ I

stability PPX →Temperature • Be → 4 He + He
- PPZ

pp 3

- The pnoowad n one absorbed by the stellar pbsm
increasing the system energy .

- The produced w scope from the system I only relevant in pp3 )
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@H → He - via CNO cycle IT > 9.4×907 K )

9064 . . . . . . .
. . . . . . . .

"

ZC +
" H →

" 3N th

µ94 min . . . . . . . .
. . . .

" 3N →
" 3C testy•

catalyst
405g . .  . .

a3( +
a H →

" 4N + y Nation !
.

-

908g . . . . . . . . . . . . .

"4N +
" H →

" 50+8
t

825 . . . . . . . . . . . .

a 50 -
"5N + et TV

99.9€#
4%

904g . . . . . nJN+^H →

"
2C

title
'5N +

"
Hp→"

0 th

460+44 →
" Ftp

a

' tf →
'TO + ettv

A

Highly sensitive at charges no .+^H →
"

N+aµe
intemperate!
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Cycle comparison , tdnerqye e ,⇒xgT4 weak temperature
sensitivity

Energy EcnoxgtnbExtremely sensitive Decay based
release to temperature

Energy Capture based

generation

f. If Tt
, cycle PP relevant

,
Mc Mo.

If TT
, cydecno relevant

,
M > Mo.

#¥d
* simultaneous IFTT ,

there are more

reactions per second
,

|→cno
dominates the H is exhausted

before - shorter line
.

Note less 9% of initial rest mass turns into energy
efficiency

:

by the fusion H → He - Inefficient.
But large reservoirs H !
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@He →
^ 2C

,

" OPNE
- # s

34 He 4 He ^2Ct^E

- It requires T > qoook - not in the main sequence .

Itis highly sensitive to temperature changes .

- Energy release

Ez×xf2T4°
- High production of light particles → different isotopes .

!8! Find cycles
- It requires T > 909k

92C + azc -
• Net 4 the

gay + ago
/

28 Sit 4 He
- 3 "

p t ^ H
-

wwzt 9 H \39s + n

When T > 3×409 K 28 Si → . .  . → /56Fe Peak of-56
Ni production

When T > 7×909 K 56
Fe → 934 Hetdn Process reversal

Energetic j : photodisintegration I not photoionization )
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EquationofDistribution Distribution of state

function of
→ particles in - classical

material position - momentum Degenerated
space Non .relativistic Relativistic

Ntdon Detailed element -
Reaction

energy →
chains

generation conversion

(Temperature
Regimes )
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TlM¥Ymin ^

H + " H -
2

Htettup
Energy release : 0-0.42 MEV

The cross - section for scattering neutrinos with
•

energies - MEV is 0=90 -44cm 2

•
A rough density of particles in the Sun is n -9026cm -3

luggage In
' ' Wnehfttnnhsppimnstmwithsunthe

2. What happens with the

balance of Equation 3
of

stellar structure ?
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Team up
'

.

Tasmin

p p p p
Gravitational Nuclear Fraction ofEnengylnudesnEnergy energy

lnvclesn emitted
as for V
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Class 3 Review :

Equation of state Distribution function•

stelkrqas * fleet
P=f(g ,T,X ;)

degenerates,

P9as=pfgp
- mixture of gases

stedaqs
-

nonchemical
• Equation of

state Relativistic kbnrdativ .

Tantum
-

Non

:
Pe=9o"fµ)%krFs)Degenerated Relat

.

\
Relat . :

pe=A2×no95µµ)%(eTq)

Temperature independent
=
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Class 3 Review :

• Nuclear reaction chains :

@
H → He

-
via pp cycle ( T< 9.4×907 K )

- via CNO cycle It > 9.4×907 K )

!8!
He →

^ 2C
,

" OPNE IT > 908 k )

@ Find cycles IT > 109k )

• CNO is a catalyst cycle !

. pp - branches use available ingredients → relation with T

loqg , bqt
plane
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Equilibrium structure of a star of a given composition

÷Wtion of a

set of differential ) Stellar Structure

equations , Equations

Non-linear equations
time . obpensbnt

- Thomasine - Etown:L
CodesIS

YA 2
01

8



dyq=an¥f

a±= . are . ¥ It
DT

. GMT
←m= # 8 Ttraonttffsionn

Fcsnskctisn

ddfn=

Enuc
- E - Eqrar

ddy÷= composition change at
( if internal mixing

a given mass shell consider redistribution )

solution on interval osme M for t > to

llf mass loss MH ) )

BIKES Keh ) + English leohxilmit . ) )
Evolution description → Conceptual
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shsrotn :

*
complete equilibrium ( hidvostztic / thermal )

a.Ordinary differential equations independent tKIcompeteGo

profiles
Xilmito ) → initial conditions

- .
Zero Age Main sequence

ZAMS zero . age (homogeneous)
- Estructune models

*
are

--→
surface
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shsrcutz:

*
Hopes :

The uniform Pk ) =

Kf
( r )r

assumption

.

niwnwtdedwnssft.gr?9wTTEysF
a no

" # blast

B. Relativistic degenerate 90 p=q
. zxqo

.

(fµ)43 ( 4g)( extreme white dwarfs)

e. convective stars IS
YA 2
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Movementequation for polytspes
Hydrostatic +

mass +

polytope
+ y=sgo , F=Fj

equilibrium continuity Pvs .g relation
rs , Kara grosz

¥( Fzjr ' dad )= . Fzf

Lane . Emden equation

With the
proper

initial conditions - M
,

R ,g relations

M =

4AE3
( Kr )

312

( Fata,
DM]f¥ R = (Krage ]prz

where '

1f
monatomic gas >

DM=f±r*¥lT"there r=§ , mxfom ,
R &ps%xM→
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Direct application z
Chandrasekhar :

- UniqueMumvahewith
Relativistic Non . relativistic hydrostatic equilibriump=4z p=%

-
in a relativistic degenerate gas

Ptkgr

N=4/3 p=%t.org#tydnRMlim=Mcnadrasekhar=5n83-Mo.

relativistic relativistic

f > 0 if° Relativistic runoff,jst ,
.cR If M > Mum there is no

longer equilibrium
and

tfind

teen
the star collapses .
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Red life value , star Mcoomo .

A star with He
, GO ionized -

Meaz
( whitgway )

<
Mchardrasekhar = 9.46 Ma

B

.Thaine
.

Hitraiments

alook € Mu÷÷t¥Eas*
.

ar
.

0.09  R

loqteff

There are not white

dwarfs with M > Man
.

Co cones unable to ignite
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Center
⇐

Most
evolved part of a star

set pace of evolution

@ Larger mass → more relevant To . mass

radiation pressure . tracks

→ radiation pressure lsdorcsnp. )
relevance stays as passe -

star contracts
. •

•

@ M< Moh → relevant degenerate

@•
• ,

non - relativistic e- .
!3! Q|•

→ Timdependent I A

@
or

!3! M > Man → Pressure dominated 1 M

by ideal gas .

!4! Mass range

-0.073
- AOOMO
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Center
⇐Mostevolved part of a star

set pace of evolution

Iso . mass

I solar

Eggs
M

p ya p
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Center⇐Mostevolved part of a star
set pace of evolution

Iso - mass

partner disclaim " issiarosnptyats
_

What is going on ???

Hint : X=o

-70 ?*
4=0.28

2- = 0.02 M
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Center
⇒Mostevolved part of a star

set pace of evolution

Iso . mass

Patn@0siwdhhitisqoimgon.n
.

? ( sobrothersHint : X=o

-704=0.28

z= 0.02

D#
- substelk

limit isMinimum mass forHe . ignition at #o±3Mo!
= 0.3 Mo M

[
Heb = 0.9 EH . b
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Reached ! / Degeneration
A ,

gstettamtion

Moore:O ..3Mo
b

/
"

the flash
at the
external/ wthite Tuna shells

Dwarf Dwarf
lsmmsn
Helium

coreIS
YA 2
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There is as predictive theory for star formation
↳ A) molecular

?_
star

?
una Yamashina

- FEEL

Knowledge gap but
. . .

Once star is in

complete equilibrium
- gagmen a

-

4 structure eguat .

Initial composition

Formation details are wiped out by evolution

↳ let # this !
IS

YA 2
01
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Early stages :

HR Diagram - Hayashi i
=

hes

FANS for some

composition Photo . Star : T ~ 8×904 K
( reference) .

Mm High opacities
he

Ikzsliztire energy transport
inefficient

Notfolly a.
convective Convective protestorhsteff

- constantIS
YA 2
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Early stages :
Not yet H - burning

luminosity → Gravitational
HR Diagram - Pre - main sequence

contraction

_

Pre
-

main
sag

.

§
e. ,

Be \* , \

Mayo = 0.5 → Dtaz ¥ 908 yr \
%kana

Mayo = 95  →
Dta

. z

#402 yr \
2-3=904 yr

\
3-4=904 yr

\
4- J  = 903 yr ttari

-
Mfyo

.

a Mo spends 3×907 yr PMS
and 9090 Yr in MS

-
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Early stages :
Not yet H - burning

luminosity → Gravitational
HR Diagram - Pre - main sequence

contraction-9-2
: Fullyconvective

,
contracts

,

LH

2- 3 : since TH , opacity I
,

a

radiative are develops .
I

leave Hayashi line
.&Connective enveloped°\Radiative cone P \

\

3. J : ^

H + " H - 22µF+ ettw
%
bing.gg92C → na N T - 1×90612 \

Wiggles \

\
\

5 : Tc high enough H . burning . ZAMS
Ttam

-
mg

.

Only if M > 0.073 Mo.

←

.
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Early stages
.HR#grom- zero age main

sequence

M

ZAMS models for
metal - poor

stars one

bluer - . - .

Metal - poor low mass

stars are more luminous

than their metal rich
×=o . too

Counterparts * x= 0.757
IS

YA 2
01
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Early stages :

csnvectite regions in ZAMS

• Completely connective M< 0.35 Mo

. Radiative core + connective envelope 0.3J Mocmcnzmo

• Convective are + radiative envelope M > 9. zmo

ENVELOPE A

r 50%12

go Radiation

$
"

|

"
 

" 2

9°%L

convection
50%  L

ARE
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Hydrogen burning phase :

stars evolve from ZAMS towards higher L and larger R

tstvolvesl stars ( In low mass

EAMS -
star the R

increases

modestly )
M

Yuanuation
Tmsxm

" -38
n H exhaustion

Tms I if MP

observational
}

- to9.4 Gyr !
data -

Accurate mass ,

4 R .
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Hydrogen burning phase :

so

Turn -

off point
- specific Cluster dating* age

phs
and

§ coeval sources

FEEL

Above certain massRms<Ed
left main sequence
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3 months ago
!

.

32open clusters ! 94 qbbvbr clusters !

Check dispersion '
.
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Wdce 47
'

. Which cluster is younger Alder ?
#

A
. Hyades ,

Pleiades , M3
-

t
B

. M3
, Hyades , Pleiades

c. Pleiades
,

M3
, Hyades

D
.

Pleiades , Hyades , M3

e. They one all about the same age
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Post - main sequence
:

core → HydrogenexhaustedEnvelope → Hydrogen rich

At this stage :

- Low mass stars

:
Degenerate helium are → red giant

-0.8. ZM @ branch
.

the ignition is unstable → He flash .

→

Intermediate Non -degenerated helium are . Stable He
mass stars

:

ignition .
When He is exhausted → Cs are

-2 - 8 Mo degenerated .

• Massive stars :
C ignition non - degenerated are

. If Mzqqmo
- > gmo ignition header elements until te are
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Post - main sequence
:

whet envelopes
EAMS

\ legation
Ofstate

regions× \
bw mass star :

Degenerated she

If star has an active shell - burning source ,
the shell

acts as a mirror between core and envelope
are contraction → envelope expansion
are expansion → envelope contraction

IS
YA 2

01
8



Post . main sequence
:

star smo .

AB - 2×907 y

-
A → ZAMS

convective are

To
, fc 9 with Ecno

Bcs - 0.5×907 y
-

Structureof nuclear fusion
in shells

. CsheHeburning

d-
- 0.4×907 y

leaves the MS

DIE
- 0.9×407 y

Outer shells expanded Vertical trajectory
In > 908k

,
He → c Convective envelope

Go to red giant zone Jeff A
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Post - main sequence
:

star smo .

ETS 0.4×907 y ±

Tefft , convective shell disappear
External envelope deflates

F± 0.2×907 y
Double He . burning shell

aH= Are of obgerate gas
He - burning shellscontract

HE
Gre contraction
Internal shells expand

Td
,

convection layers disappear
Go to the red giant branch
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Post . main sequence
:

star smo .

central Mess

Fractionsof
→

elements

convective

-
regions

Mass
coordinate -

Evolutionary stages-
=

Nuclear
energygeneration -

t
-
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Post . main sequence
:

starNo .

In !

=

¥flash

→ Base of
Red Giant Branch

AI 9×409 yr 8£ Degenerated those

H exhausted largely convective envelope

BI Are contraction
Hecsneqrows

- Envelope
expansion

G¥ the - burning
subqiant branch

-

9W Myr
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the - burning : T > 908k

- Very low mass stars never begin He - burning .

Helium flash :
 - Explosive ignition of He

- Very dynamic stage
- Core expands rapidly after the flash
- Envelope contracts

- Tt ,
Lt I expansion )

\
Horizontal branch →

"

the main sequence
"

Again : He one exhaustion
,

then the - shell burning
H - shell still there → double she'll burning
Go to the asymptotic giant branch
C are forms . . .
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" Onion " structure of
a highly evolved

star

A suddenly deep red
Convention zone can

"

dredge -

up
"

heavier
elements from lower

layers → complex convection
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"

Dredge -

up
"

modify [ 4N ]
in the observed spectra

Direct application :

Measure ages of
red giant stars

from spectroscopy Martiq et at 2016

Age map of the Milky Way
.

Ness etd
. 2016

APOGEE data
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SGB '

. subqiont branch

schematic Steps raps : ned giant branda

- E- AGB : early asymptotic giant branch
.

TP . AGB '

. thermal pulse AGB

Post - AGB
PN : planetary nebula
HB : horizontal branch

9 Mo. JMO
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High mass stars :

ZJ Mo
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p p p p
Gravitational Nuclear Fraction ofEnengylnudesnEnergy energy

lnvclesn emitted
as for V
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short (
Pre - supernova

main \
sequence

-
Mass loss
die to↳ is important stellar

for M > NOMO.
winds
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Fate of different masses :

IS
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Wls

Comparison between models Data from Pena Ramirez et al .

wlz
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Class 4 Review :

- Completeequilibrium lhidrostaticl thermal ) + initial composition
Xi ( Mito ) → ZAMS

Plr ) = Kplnr

- To
, fc plane location - Involved equation of state

longer mass → more relevant
radiation pressure M< Moh → relevant degenerate

→ radiation pressure
non - relativistic e.

relevance stays as → T independent
star contracts

.

M > Man → Pressure dominated Mass range -0.073 - 900 Mo.

by ideal gas .
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Class 4 Review :

Pre . Man Zero -

age Main
Hayashi lines→

sequence
-→ Main as sequence

sequence MS
EAMS

Hydrogen
burning

- Posgsetuenkian - Regent → Hoeffel → Asagmztftic
RGB He burning Branch

AGB

.

•
Changes in the fraction of elements

•Changes in the " boundaries "

and
nature of burning shells•Use ofthe turn - off point to

date clusters
.
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Warwick Ball

class 4 Review :
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.reasoner
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softeners - TEE - Boehme
Photosphere )
Khromssphene)Thickness :

Sun Dh - aoookm ← Ro
}

Plane . parallel
White Dwarf DHE noon approximation

Red supergiant DNR -9 → spherical models

But ... spots
Rotation

Binarity ) Inhomogeneous
surface !

B-
Winds

Neglected or modelled locally
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Modelling atmospheres :

She a set

ZD integra - Aifferohtid f (depth , angle)
equations of In -

Photosphere and

cvhromssphne :
Continuum radiation magnets .hydrodynamics

Corona and
winds

: Specificconditions

E transport

:
radiation 1 entire atmosphere )
convection 1 cool atmosphere)

Conduction ( e- , corona )

Forces involved :Earn , Ind , Iqas , ILorentz

Matter mixing ÷ gas
motion

dust clouds as brown dwarf
"

hst topic"

A ,  i  

tp '  u
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Mass0¥19 - gas conservation

psviscsvssthesstensor
Momentum

g.2¥g=yV;J±tf9 - TPTJ - Ittounenttt Bad conservation

g2£f= - SITE - PJ . v. tfl Quisctqsouutqnd ) FMHConservation

,
electric resistivity

Induction}Bg=Tx| 1×13 ) - 8×(78×13) equation

P=p( g. e) Equation
of State

Resliatine MHD equations
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shoot : limited spatial resolution
.

Basic : A. isolation limited time resolution
Assumption ffinite texp )

@ § local thermal equilibrium : each abortion is linked with
an emission at every radii

.

Unrealistic at the surface .

@ § local hydrostatic equilibrium : v. =o

£
dynamical ← EkH

Possible stationary winds

!3! Not angular dependence → plane atmosphere # H

ND qesmetry

@ B- =D
,

well mixed

Iterative models : temperaturecorrection
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- Effective temperature - Ft*=oTe#4
-

surface gravity → loqq ← extremely |4RM
important

- Abundances → Chemical for young sources

Evolution

. Rashid velocity → Kinematics
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line formation :

⇐
Esau

*
*

gnase

§
Continuum -

Abortion
# Peak line

- Nought
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line formation :

- For
x

an

ineffective: f }
- continuum

1- µtearsIs
Distance from Center

- line continuum - deepest layers of the photosphere
.

- Part of emitted light is intercepted by absorbingatoms in the upper atmosphere .
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line strength :

.

,
Compton

Absorption =

Pgrbesfytshformnd

)

Ko
+ scattering or

sFhetEie7d
)

Atom
- ~ Free . free ) \

Rayleigh
ionization

Ehedfonic
absorption scatteringtransitions

\ Thomson I Molecules )
Molecule scattering

dissociation I Free e- I

- As T increases in the atmosphere it is possible to ionize
more complex atoms by the energetic photons .

.

0.75 ev → H
-

7.90 eV→ Fe
. Molecule disoaztion contributes to the continuum

.

• Different absorption scenarios are related with ops density .

. Absorbed energy → retained energy → gas temperature
increases → Bating
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Energy transitionsline Lorentz Natural line
probabilities Absorption -8

Profile -8 width

{ coefficient
feu

Skyline
, wine

limwioening : → Natural : Uncertainty in the line generation .

* Not an unique v. Uncertainty of

y→y
level energy I Heisenberg's principle)

→ Pressure

:if pressure increases the balance
with gravity change in the

atmosphere . hrteraotisn with

neighboring particles ( perturbed )

→ Collision I : Duets encounters of ions and atoms
.
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Unwlidening :
→ Rotational : Disk moves differentlyin each point

*

→ Doppler : if T changes , Ekin changes and

✓ →→✓ the one random movements →

0/1 Do)
line u → line Du

Red life so pbnouoftfte = bpreft.ee + Doppler
line Widening

etuwniodtht | Intends Wx=f±at±jfI dx

Atmosphere →
Comparison with

model
observations*

-
ObservationsRParameter turning

Fett , q , Xie ,z )
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Spectral Classification :

.

Boltzmann equation : Number of atoms Nab in

Relative population 0 given excitation state with

energy levels tab and degeneracy 9a , b

Nb

NT
= Be.es/kiga#E=BgaElFb

- E) 1kt

Saha equation : Number of atoms Ni
, ita in a

Relative population given ionization state with energy Xi

% in

Nntfn

.INT#famnekt_)3hexilktz=IEgjElEjstNKTyPartition function : sum of the number

of ways to arrange the atomic

electrons .
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Hydrogen Tt
9900k Hydrogen T > 9900k

HydrogenTAQOOK unbound e-

e- excited Ionized kl

Production of Balmer
lines
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Saha Number densities of
Equation

+
Boltzmann
Equation

=

any atom in all excitation
levels and ionization

States in a gas at

thermal equilibrium

Observed
line

strengths \Spectral Classification
Temperature scale

-
Saha - Boltzmann

Predictions
-

Payne 1924
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Dwarfs and Giants
Metdli citybins

IS
YA 2

01
8



Model Atmospheres
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Sun
-

Fundamental .

Equationof state

ftundomentd stellar → ( Non ) classical
Structure I Non ) Relativistic -

parameters )
Equations

• Element conversion

Simplified stellar
→

Descriptive
-

Stellar -* one ( Sub ) stellar -

Interiors Evolution Evolution
Models
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