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L 1: Basics of Stellar Structure and Evolution
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Table 15.2 Stellar Luminosity Classes
Class Description

I Supergiants

60 Mg, " £
o / N 11 Bright giants

Sun

# B Centauri

#  Spica
‘.10 M,y

# soanix

. M IV Subgiants

PERGIANTS Eetcinoiss S
. 111 Giants

Antares

A% Main sequence

2
T
S
ks
o
L
z
3
o
£
E
=

g g
W Giiese 725 A
W Giiese 725 B
Barnard's Star & 01 Mg,
* Ross 128

Sirius B

Wolf 3594
Proxima Centauri #

DX Cancri®
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":"‘;;olummous Stars

@ Earth < Neptune < Uranus < Saturn <J uplter

@ Mercury < Mars < Venus < Earth

@ Aldebaran < Rigel < Antares < Betelgeuse



= I\/IOSt Volumlnous Shrs .

Earth < Neptune < Uranus < Saturn <J uplter
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Figure 2.1. Mass shell inside a spherically symmetric
star, at radius r and with thickness dr. The mass of the

shell is dim = 4nr"pdr. The pressure and the gravita-
9 (( ( tional force acting on a cylindrical mass element are
also indicated.
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__ Gravity and Equation of Motion.
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Figure 2.1. Mass shell inside a spherically symmetric
star, at radius r and with thickness dr. The mass of the
shell is dm = 4nr’p dr. The pressure and the gravita-
tional force acting on a cylindrical mass element are
also indicated.
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_ Hydrostatio Equiibrium
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~ Kelvin-Helmholz and Nuclear Timescales
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_ ConservationofEnergy
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Perturbations and stability: convection

| N

Schematic picture: the
temperature excess DT'IS
positive, if the element is
hotter than its surround-
iIng. DP = 0 due to hydro-
C1,Pp _Z static equilibrium. If Dp <
/ 0, the element is lighter

and will move upwards.

. P+AP,T+AT

A ~L

T prbp

Take an element and lift it by Ar:

o () - ()]

| .
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Stability condition
S ’ #F ]

The stability condition thus is (3;0)6 — (3’?) > ().

EOS:dlnp=adln P—-o6dInT — pdu — the Stablllty
condition changes Into

o dT’ o di’ o dy
— | —— 0
(Td ) (Td ) (,u dr).f

multiply the stability condition by the pressure scale height

dr dr P
Hp = — = —P— = — >
P dln P dP  pg -0=

$ * H J

P 10/2011 Stellar Structure — p.48


http://www.mpa-garching.mpg.de/~weiss/lectures.html

Stability condition ...

dInT dInT f dInpu
dln P dln P 5 dlnP )

Ve < Vu+ —

49
5
¥,
0

vmd < qud—l— v

The last equation holds in general cases and is called the
Ledoux-criterion for dynamical stability. If V, = 0, the
Schwarzschild-criterion holds. Note: V, > 0 and will sta-
bilize.

| |

IR 1072011 stellar Structure — p.49



The four V

'aT? Vrad
A v
| e
| .Vad
lgTo{—————~- 11 _______
f |
b T | In an unstable layer,
2% | the following rela-
s | tions hold:
o
~ I
lgtPDJLaP] lg:Po gt vl"ad >V > ve > vad

The task of convection theory is to calculate V!

|

PIOEEEE 1072011 Stellar Structure — p.50



Convection in stars
ﬁ # highly turbulent (Reynolds number Re := Wjﬁ— ~ 101Y; 1 _‘
viscosity; 1, = 10° cm; lab.: turbulence for Re > 100);)
3-dimensional and non-local

o o

motion in compressible medium on dynamical
timescales (v speed of blobs ~ 10% cm/s = 10 v4und)

3-d hydro simulations limited to illustrative cases

e

# 2-d hydro: larger stellar parameter range; shallow
convective layers

# dynamical models: averages, simplifications, too
complicated for stellar evolution

L:> V from simple approaches with additional extensions J

MG 102011 Stellar Structure - p.51



The Mixing Length Theory

L.
Foo= 471';‘2 = Feonv + Frad
dacG T*m
o= D9 Vrad
3 kP
dacG T*m
F — V
rad 3 L P?‘Q
Feonv = pPUCPp (D T)

A blob starts somewhere with DT > 0 and loses identity

after a typical mixing length distance [,,. On average
DT 19(DT) by,
T T Or 2

)Zm 1
2 Hp

|

P 10/2011 Stellar Structure — p.52



The mixing length parameter

-

°

mixing length [,,, = anipr Hp; oy Mixing-length
parameter

o Of order 1
determined usually by solar models, oy ~ 1.6---1.9
or other comparisons with observations < — .8

o o 0o 0

NO calibration or meaning!

xamples for V: Sun: » = R /2, m = M~ /2, T =107, p = 1,

< m

—~U=10°"=>V=V4+107°=04

(as long as V,,q < 100 - V,q); at center, V = V,q + 107",

|
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Deficits of MLT
-

local theory — no overshooting from convective
boundaries due to inertia of convective elements

time-independent — instantaneous adjustment; critical
if other short timescales (pulsations, nuclear burning)
present

only one length scale, but spectrum of turbulent eddies
— Improvements by Canuto & Mazzitelli

presence of chemical gradients ignored
(semiconvection) — treatment of such layers unclear;
probably slow mixing on diffusive timescale due to
secular g-modes; T-gradient radiative?

|
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3tolD link for convection

T xvml

5.6805 5.6 5.595

log,,(Time until core collapse) [yr]

i +4 FO

10 Diffusion coefficients for fluid H+He.

— PPM_384.

o  PPM_384 negative

2 «— PPM_768

10 + o PPM_768 negative

— PPM_1024

© + PPM_1024 negative

10 « PPM_1536
PPM_1536 negative

~

Diffusion coefficient cm? s™*

ED
Radius (1000km)

! FFRT ( (
< 1 S#



e o o o b

The overall problem

m = M,: Lagrangian coordinate

r. P, T, L,. Independent variables

X;: composition variables

p. k. €. .... dependent variables

Initial value problem in time: r(m.t = 0), P(m.t = 0),

T'im T =8); Lelni T =18) f(m.f = [J} = f(t =0) —
Integration with time

boundary value problem in space: »(m = 0.t) =0,
Laloi = 0,1) =8 .arnid L — WHHE'TQIE,
Plm= M)=P(r =2/3)

MEEERT 102011 Sweftar Snecture - pa6s
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The equations

The four structure equations to be solved are:

or
oFP
& L
dm
T

am

B 1
- Amr?p
B Gm 1 9%
N Anrd  Aar? ot?
AT x o P
= & iy —Op—= Jo——
v P ot p Ot
GmT
= Y]
Anre P

MEEEE 102011 Stellar Stucure - p s



The equations

| .

For energy transport, we have to find the appropriate V.
In case of radiative transport, this Is:

3 kl,P
16TmacG mT*?

vrad —

Finally, for the composition, we have

oX;  my . .
T Z i — Z ri. | + diff. or similar terms
' k

J

| |

MEEER 10/2011 Swllar Structure - p.67



‘ In addition: p(P.T.X;), x(P.T.X;), rip(P.T. X;), en(P.T. A}),T
W22 i TR

In space (mass 0 < m < M): boundary value problem with
boundary conditions:
# atcenter: »(0) =0, L,(0) =0

# atr=R: Pand T either from P =0, 7= 0 ("zero b.c.")
or from atmospheric lower boundary and:

® Stefan-Boltzmann-law L = 470 R*T*%;

| .

MRS 102011 Swellar Siucture — p.21



Central conditions

o .

Series expansion in m around center:

S e e
= ( ) mi/3
A7 e

—_— 4/3
3(—1 47
o P, — o5 ( 2 ;J,.;_-) m?2/3

Ly = (€g+ €n— &)em

Stellar atmospheres (hydrostatic, grey):
» optical depth: 7:= [ rpdr =& [5 pdr;

# pressure Ft) = f; gp{'lr ~ (R IR}C pt:l-r oy PR %I%

=

=

‘ In time, we have an initial value problem (zero-age model). \

PR 102011 Stellar Structure — p 82



Numerical methods

| -

Spatial problem
1. Direct integration : €.gJ. Runge-Kutta

2. Difference method : difference equations replace differential
equations

3. Hybrid methods : direct integration between fixed
mesh-points; multiple-fitting method, but the variation of
the guesses at the fixed points Is done via a
Newton-method

| |

MEEER 022007 Swellar Strucwre - pa3
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The Henyey-method

Write the equations in a general form:

j-id 7
i — Y. j4+1/2 14-1/2
Al = ;'+1 Ij _f?(y{ /2 yj / }

upper index: grid-point (j + 1/2 mean value); lower index:
i-th variable
Outer and inner boundary conditions:

Be=0 1=1,2 (i =0 €=1,....,4

where the inner ones are to be taken at grid-point N — 1 and

the expansions around m = 0 have been used already.

MEEER] 0302007 sweltar Sructre - pad



Henyey-method (contd.)
| -

— 244+ (N —-2)-4=4N — 2 equs.
for 4 x N unknowns -2 b.c.
Newton-approach for corrections dy;

\ duy / \04/ J

MEEER 022002 Swellar Strucre - pas



Henyey-scheme

Matrix H contains
all derivatives and
s called Henyey-
matrix. It contains
non-vanishing ele-
ments only in blocks.
This leads to a par-
ticular method for
solving 1t (Henyey-
method).

iiiiiiii

--------

IIIIIII

---------

--------

------

iiiiii

Expresse some of corrections in terms of others, e.g.:
oyt = Uydy3 + V1dy3 + W1 = matrix equations for U;, V;, W;.

|

|

MEEER 022002 Swellar Strucre - p.os



Henyey-scheme

‘ First block-matrix 4 = 1, 2: \
B ﬂBl ﬂBl n - - B
gyl oy 0V ur i W 0 0 =B
OB, 9B
oyl oyl 0 Uy Vo Wo [_] | [_J | — B9
ﬁﬂl i 1 dﬂi ) L _% "'.??Al _A].
oyl oy o U3 V3 W3 | = 52 B2 1
0A7  0A] A Us Vo W, _0A1 _0Ar g1
R SR 7 B S S 77 7 S

MEEER 0212002 Swellar Strucwre - pa7



Integration in time

X;(t+ At) = X;(t) +

Improvement:
backward differencing (e.g. nuclear network)

X;(t+ At) = &tZIU i(t+ At)X;(t + At)

done for chemical evolution, mixing, diffusion, etc.
/ (

\_1$ D F

MR 0302007 sweltar Srucre - pag



~Massive Stars: Evolution of the chemical composition

M=25 M,, v,_,~300 kms-!, Z=0.02, a_,=0.1

4 n FQO# 4_ 4 1:Illrlllll'll'llIIl']IIIIII'II'Il'lII'IIII'II]II"II"IIIIF'II'IIE
EHG :He
?2 9= 7
) 0.1 & .
" LQ _ ] Q E C
4 Fr 4 = 909 ¢
e S S e e
— K — = T80 T)
?A=)=7 A E
=3 et
P 2 2C
9 "F 4 9= F7 ' T . oN
1 =p4aN
Mgz ~ ~ — £
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L 1: Basics of Stellar Structure and Evolution
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Importance of Mass Loss

rotation

no rotation
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Mass Loss: General Dependence on Stellar Mass




- Main Phases of Stellar Evolution
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Rotation velocity Distribution
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- Geneva Stellar Evolution Code
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- Rotation Induced Transport: Prescriptions
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PoS(NIC XI 11)186






























PoS(NIC XI 11)186
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