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Ejnar Hertzsprung (1873 — 1967) Henry Norris Russel (1877 — 1957)
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The ‘Jewel Box’ cluster (credit: M. Bessel, MSSSO)
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Content

. Equations of stellar structure
1. The viral theorem and relevant timescales

2. Hydrostatic equilibrium
3. Energy generation in stars - thermonuclear reactions

4. Energy transport in stars
- by radiation and heat conduction
- by convection

1. Stellar evolution
1. Stellar models
2. Main-sequence evolution
3. Late stages of stellar evolution
4. Evolution of binary stars
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Content

111. Stars as laboratories for fundamental physics
- Binary Black Hole merger & gravitational waves

V. Stars and cosmology
- Stars as distance indicators
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Suggested reading

1. R. Kippenhahn, A. Weigert & A. Weiss: Stellar Structure and Evolution (Second
Edition), Springer Berlin (2012)

2. C.J. Hansen & S.D. Kwaler: Stellar Interiors — Physical Principles, Structure and
Evolutuion, Springer Berlin (1994)

3. R.Q. Huang & K.N. Yu: Stellar Astrophysics, Springer Singapore (1998)

4. A. Weiss, W. Hillebrandt, H.-C. Thomas, & H. Ritter: Cox & Giuli's Principles of Stellar
Structure, Cambridge Scientific Publishers (CSP) (2004)

5. M. Salaris & S. Cassisi: Evolution of Stars and Stellar Populations, J. Wiley & Sons
Chichester (2005)

6.  On MPA webpage (mostly in German!):
http://www.mpa-garching.mpg.de/mpa/lectures/lectures-en.html
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I. Equations of stellar structure m

1.The virial theorem and relevant timescales
(i) Thermal energy (ideal gas)

E; = %% <T>M (R=8.314-107 (erg/K-mol), n= mean mol. weight)
(ii) Gravitational binding energy

G M?

EG = -Q o~ 0(1)
(iii) Nuclear energy

M

sun

- Eg » Er << Ey ; Sun: Er~ 5-10%erg, E\ ~ 10°%erg
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|. Equations of stellar structure m

The virial theorem (in its simplest form)
1-atomic ideal gas:

Ec = -2E;

In case of contraction:

'SEG>0:>8ET='%6EG>0:>ETT

- % 0 E; > 0 radiated away
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|. Equations of stellar structure m

Relevant timescales

3
8nGp

(i) Dynamical timescale: tp = ; sun: =~ 3000 s

(ii) Kelvin-Helmholtz/thermal timescale: < := Eg/L ; 14:= E{/L ;
sun: L= 4-1033 erg/s = 1y ~ 1, ~ 3-107 years (>> 1p)

(iii) Nuclear timescale: Ty = E,/L = 1.3-10°? fX;M/M,,/L
sun: ty ~ 1010 years
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Stellar structure eguations m

T ﬁlﬂ"rEp mass conservation

dr (m=m(r)=M)

dP  Gmp momentum conservation
E 2 (p: density; P: pressure)
JI energy conservation
— = Llﬂgrrgp |'l:E — E!--’) (L — L(I‘) — Lr: Iuminosity,
dr € = €. nuclear energy

generation rate)
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Closure equations

(1) Equation of state (EoS)
a) ldeal gas equation of state:

P/p = (y-1)u; y=C,/C, (‘adiabatic index’); u = energy/gram

1-atomic ideal gas:
P = nkgT, pu = 3/2 nkgT =>P/p = 2/3 u, y = 5/3
Photon gas:

P.q=1/3 aT4 pu,qy = aT* P./p=1/3 u,,4, Y = 4/3

ks = 1.380210° erg/K; a = 7.565+10-° erg/cm3K*
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Closure equations

(i) Energy transport equation (see Section 1.4)

Example: diffusion of radiation, black body

dT _ 3 ko L

K = mean opacity

dr 4ac T3 4mr? ’

(iii) Nuclear energy generation rates (see Section 1.3)

Example: Hydrogen burning

ey = €pTY a~4 (pp) or ~17 — 20 (CNO)
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Stellar evolution- schematically m

=

Integration, stellar structure egs.

Spatial
problem

P(Mr,t*); T(Mr,t*)

X,(Mr,t*)
X.(Mr,t*+At)
Time
evolution
8Xi(M rt*)/ot
EI 8N(IVI r’ t*)
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The MESA code

Go to:

http:.//mesa.sourceforge.net

MESA
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The MESA code

code capabilities hitpsyfscreenshots fire fox.comfesrkIMNviHv]sSCIR/mesa sourceforge.nat

code capabilities B &

My Shots . ! Download
masasourcelorgenet 1 minute age | expires in 14 days
MESA Latest News
Pcelieen dor Faparireris .
(R —— M‘—' SA  Mow ESA 5K varsion
= 11 Sep 2017
MESA home - Bubease 10000
a ¥
iities :I H?ﬂ:l- S
.................. cade copobilities il i un:n::“
prenegs & installation
« 1 Wit kinds of things cas HESA do? ;:”N"
getting started o 1.1 Bvstet & 1 Msun star o
uy.rgm & 1.2 Evolwe & I Haun star « 31 May 3017
sing MESA output o 1.3 Evolve 3 16 Msum star - Beleass §793
o i Rocrathes onbo & Beulnen dar « & Apr BO1T
beyond inlists (exdending 1% Explosive HucleovynEhealy = HERA,
MESA) = 17 Fab 2007
- Relexse 9375
troubleshooting  yWhat kinds of things can MESA do? = 23 Jan 2017
FAQ - Diffusion
For & R Summmary of The Capalated of MESA Like & oon 51 TR pradaeniithen by = 08 Jan 2017
stor_job defSults attes Camtiatio. [Fie nas s provided & eynete varsion | = Summar School 3017
CONIOIS B 1., s capavaties of MESA are documentest in the inatrumant papirs. Locking
hrough thi Agures will Tl For B Brtsad) range of problems IRat can be
postar defauls m:':'mum‘”: Ll it g e
binary_controls defeuls « Paper 1 {Paxien ot al. 2011)
news archive « Paper 2 {Paxbon ot al. 3013)
docurnentation anchive * Faper 3 [Fuxien ot ol. 1015}

Laof2

Aacitions] CApabIEties Bt 0ocumented by MESA users in [Pl publcatond

& Cikations to Instrumsent Paper 1
= Citations by 1A strument Paper I
= Citations 1o Instrumsent Paper 3

To ghve you 7t more Mavor of what MESA can <0, Rarg ane soma movies made wiing
PG Sulpul from Mk Itac

Evolve & 1 Moun star

T24717, 1:27 PM
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Reaction network equations m

dY;
E E N/l Y + E N |N;: pNA{ﬂ'F}JkF Y
E: N; 2a72
+ 2 |N;:|Nf NA{JF)M{,IY;F&YE-

Y, = X/A;: abundance od species I; N;: number of species i produced
In the reaction; N,: Avogadro number; <ov>: Maxwell averaged
Cross section
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CNO cycles
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CNO-bicycle — reaction equations m

dY13N/dt = ')\e+13NY13N + )\plchlezc

dY13C/dt = +)\e+13NY13N' )\p13CYpY13C

dYie./dt = -Ajieo YpYieo + GAnis\YpYisy  (PY) (G;+0,=1)

Net result: 4p => “He + 2e* + 2v_; Q = 26MeV
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Maxwell-averaged reaction rates m

< ov >
1/2 oy
B 8N, _3/zf E
— (Aijn) (kgT) Eo(E) exp T dE
0

N, = 6.0247¢102 g1

ri=Q+6,)nn, <ov>
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Nuclear reaction cross sections m

Incoming particle "sees’ (repulsive) potential:

Vo= l(l+1)h2+lezez
l 2Ur’ r

(angular momentum + Coulomb barrier)

In general: < E,,, > K E, = QM tunneling through barrier
Two possibilities:

* Non-resonant reactions: no state in compound nucleus at E,;,

« Resonant reactions: state at or near E;,
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Nuclear reaction cross sections m

—2nZ Z e’
Barrier penetrability: P, X e v

Effective cross section:

2
h
X lzn; A =de Broglie wavelength = (1 —_ v—z) 1/2 = —
mov C P
= TA? < (1)2 o =
D E

= o(E) =: %exp {— 2nzhfze } (defines S(E),

“astrophysical S-factor )

Advantage: less energy dependent than o(E)!
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<ov>N, (cm®/mole-s)
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Reaction rates and S-factor

Reaction rate versus Temperature

for some astrophysical deuteron reactions
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/.5 Effective stellar energies-Gamov peak m

Write cross section as:

S(E)

o(E) = =*exp(—bE~1/2),

where b=31.28eZ,Z,A12, A=A A,/(A,+A,)=p/M,

In <ov>: Integral over product of Maxwell-distribution
1
(oc exp (— kE—T)) and coss section (x exp(—bE 2).

B

Peaks at: E, = 1.220(Z,2Z,2AT 23 (effective " stellar energy)

(typically ~ 10kT)
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“Astrophysical ™ S-factor m

S(E) from extrapolations of experimental data (if available) or
from theory

Examples:

o Statistical model (good for rather heavy nuclei)

o Direct captures, optical potential

Reference:

C. lliadis: Nuclear Physics of Stars,; Wiley-VCH, Berlin (2007)
(contains resonant reactions also)
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Resonant reaction rates (in brief) m

* Mostly relevant for ligth nuclei (A<30)

» A particular state in the compound nucleus is at E;:
“resonant reaction’

No problem for broad resonances, but:

— Narrow resonances

— Sub-threshold resonances

Apply Breit-Wigner resonance formula
(Blatt & Weisskopf: Theoretical Nuclear Physics, Dover (1991))
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Examples, sub-threshold reactions

S-factor for a+1°C E1 capture (from an R-matrix fit)

o
]
=2F
= Oupllat 1856
« Pedder 1987
= [war 1974
o n Kremer 1088
=F \
ey
=
EEF
o
- 1 1 1 1 1 1 " 1 1 | " " 1 " | 1 1 " " 1 " 1 1 1 1 " " 1 1 | 1
o 0.5 1 1.5 2 %5 3

E_ ., [Mely
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Examples, sub-threshold reactions

TN

S-factor for a+12C E2 capture (from a cluster-model fit)

140
T

10

Spqlkav by

1 1 1
1.5

+ Cuallak 1996
= Bedder 1967

1 1 1
i

1 1 1
o5

E, ., i}
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Examples, sub-threshold reactions m

_(n)[ 205 + 1 ][ r,r, ]
7P, %) =\ 12 2T, + )2 + ) | (E—E)?* + (T)2)?

100 = T | l SEABARLE
(p’(x)_reaction, 3 E{=0,9§=010 ..... STLEE E
9Be(p,a)Li S 10F E
g & - (=0, 2=0.01 :
(E. Brown, ApJ e, O
905, 495, 1998) gL 1 E
TIE | 3

B |~
i g 0.1 & E
¥ E_ =2 6=05 :
03 . L
S(0) =47.0 001 MeV barns . i . 508

T/(108K)
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Table of

Projectile on Target; WWW. n u CaSt ro . O r/

Element (Symbol) [_]

wessnunter ] nonsmoker.html

Further NON-SMOKER options:

« Theoretical masses:
©®FRDM
QETFSI
OETFSI-Q

s

e - & 3
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http://www.nucastro.org/

Nucelar burning phases in stars

burning fuel ash ignition energy cooling
phase temperature | release [10*® | due to
[10° K] erg/qg]

D-burning ’H 3He 0.0004 ~0.0001 Y
H-burning 1H He, “N 0.003 5—8 Y
He-burning “He 12C, 160, %?Ne 0.2 0.7 Y
C-burning 12C 2ONe, Mg, 0, °Na | 0.8 0.5 \Y
Ne-burning 2ONe 160, 24Mg,?8Si,... 1.5 0.1 \Y
O-burning 160 283, 32S 2 0.5 \Y
Si-burning 28Gj 6Ni, A ¥4 56 3.5 0.1—0.3 \Y
photo 56N n, “He, p 6—10 -8 \Y
disintegration
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Def. of the specific intensity m
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Quantities of the radiation field m

» specific intensity

d&, = I, (%, t; i, v)d A cos 9dQ2dvdt

» radiation flux

F,do = / I, cos 8dod$

» total (bolometric) flux

F = /Fydl/
» luminosity
L = AF
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Stellar opacities

47 1 dB, dT

Fu(r) = 3 Kk, dI' dr
- [ e [ LD, __tn LD
1 _ &Sy
Kp dlz_g@
with
By(T) = 2}253 /¥ —1]71  and B(T):/BV(T)dV

Wolfgang Hillebrandt, Max-Planck-Institut fir Astrophysik



Stellar opacities

Contributions to the mean opacity

o I I I I I I I
bound—free @
free—free +

4 thomson scattering O N
Sm X

Logl@ {(Opacity>
Mo
|

4 4.5 =) 5.5 = 5.5 7 7D s}
Logl@<Temperature:

Schematic; density: 10 g/cms3, ~solar composition
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Stellar opacities

(see, e.g., D.D. Clayton: Principles of Stellar Evolution and
Nucleosynthesis; University of Chicago Press (1984)

1. Bound-bound transitions (trans. between bound states)

g,,(v) < 1/v?

2. Photoionization (" bound-free opacities )
Z4

n°v3

op(Z,v) &
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Stellar opacities

3. Inverse bremsstrahlung ( free-free’ opacities)
yv+e +(Z,A) D e +(Z,A)

Z*ne
T1/243

0¢r(Z,V) X =7 and G < (Z,v) X nZ*T~7/?

(27 order contributions; 15t order = 0)

4. Electron scattering
(non-relativistic: Thomson scattering)

81
Op = ?rez = 0.665(barn)

(valid up to T =~ 5¢108 K)



Stellar opacities

2-0~IIII‘IIII|IIII'III[IFT'I'I_[TT'I_F-'_r‘rI|II|I|IIII"
s FeM-shell ~ X—0-7,1ogR=3 :
1.5 2 OPAL: 7=0.02 E
T . F Cox & Tabor: Z=0.02 A
= 1.0F OPAL: Z=0.0 ¢
o [= -
g 0.5 E Fe L-shell & _:
I:F‘ . ~ _S:,O,Ne K-shell y
w0 0.0F : 2
k=) C Ar-Fe K-shell 3
0sf
-1 :J_l ilillllL!lll!LlIll_ll_L_I_I_!_llJ_I.J_!J|_|_ll.!lllll:|
8300 4575055760 65 70 75 80
log T [K]
Fig. 3. Opacity versus temperature for the 12 element King4a mixture.
4.0 [Trrrfrirryrrrryryrrrprrrrprvyrrprrrorr]
B X=0.7,7=0.02 ]
30 + OPAL 4
= C — 0P o
B ]
< 20F .
E I :
S :
wo 1.0+ -
- -
0.0 [
_l.o_l i TS T VL VI T IO T VN (0 (O (O T (I (| l_l._l_l_J_J._l_I_l.J_l_Ll_l._
3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0

log T [K]

Fig. 4. Comparison of OPAL and OP for the same 14 element mixture. The
results are shown for constant tracks of log R.
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Heat conduction

Energy transport by conduction of heat:
Only relevant in degenerate matter (white dwarfs, neutron stars)

In white dwarfs: electrons
In neutron stars: neutrons

States p < pgm are blocked = large mean free path
= high (thermal) conductivity

K, =—T3 —, A, = mean free path (electrons, neutrons)
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Opacities: further references m

New opacities (past — 15 years)

“OPAL” opacities (Lawrence Livermore National Laboratory):
Iglesias & Rogers: Astrophysical Journal 464 (1996) 943
Also:

http://www.cita.utoronto/~boothroy/kappa.html

“Opacity Project (OP)” (Hummer, Michalas, Seaton, ...)
See:
http://cdsweb.u-strasbqg.fr/topbase/op.html
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Opacities: analytic approximations m

“Kramer’s opacity

bound-free: K¢ = 4.34 - 102°cm?g~1Z(1 + X)oT~7/?

free-free: iKp = 3.68 - 1022cm?g~1(X + V) (1 + X)oT~7/?

X: hydrogen mass fraction
Y: helium mass fraction
Z: heavy element mass fraction (“metals”)
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Schwarzschild criterion m

Inside mass element Outside mass element
p-dp, p(r +dr), T(r +dr)
dS=0 (adiabatic, pressure equilibrium)

@ p(r) p(r), p(r), T(r)
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Stellar convection

Convective instability
according to the
Schwarzschild criterion
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Schwarzschild criterion m

Instability if: o IQ,(Z_I;)*< (Z_i)*

dT dT
Cr. ‘(E) ad < |(;) rad

Good approximation for stellar structure:

(dT) - (dT)
dr/+ \dr/ ad
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. cive fl _F_l___l dT dT
onvective flux: F, = S 0wl —— |
In practice: w = 151l = a (d;—tp)'l; a = 0(1);
—2 _ g d_T_dT [?
T\dz dz) 4

[: ‘mixing length , w: convective velocity
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Improvements/modifications m

» Non-adiabatic effects (radiation losses)
» Time dependence
» Non-locality (“over-" and “under-shooting”)

» Ledoux criterion (takes abundance gradients into
account)
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m is the Lagrangian coordinate;

r, P, T, L, are the dependent variables;
X, are the composition variables; -
p, K, €, ... are physical functions, all depending on (P, T, X).

The four structure equations to be solved are:
or il

b 9
om 4nr2p ©)
P 1 92
or _ _Gm 9z (10)
om Anrd 42 912
OL, oTr
- n — Cup — . 11
om R t  p Ot (11)
T T
o _ _GL4V (12)
am Anrt P
with V depending of the type of energy transport:
3 ElpP
rad 16macG mT4 ()
V = Vecon (= Vaq) (14)
Finally, for the composition, we have (schematically)
0X; m;
3tz = ?z ZT‘ji - Z'Pz‘k (15)
j k

which may include a diffusive term (here: representa-
tive for concentration diffusion)
ox; 0

16
ot om L16)

l(4ﬂT2p)2DaéXi]
r
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Summary: Stellar structure equations m

Boundary conditions
at center: M, =0 — r(0) =0, L.(0)=0
at surface: different possibilities

(1) “zero” b.c.: for M, = M: P(M) =0, T(M) = 0;
gives inner parts of stars approximately correct, but
outer parts are unrealistic; cannot be compared to
observations

(2) photospheric b.c.: b.c. taken at photosphere,
i.e. at optical depth tpn = 2/3, where T' = T

Boundary-value problem!

“Stellar evolution” :
sequence of stellar models
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l

r ri-1 _ 1 1
M;—M;_, A4mr? o
Pi - Pi—l GM,:_]_

1 = Amr L4 Non-linear system
5 My —M;_1) + (M1 — M;_3)] i1 of equations for

discrete ‘1’
Li—L;_1

M;—M;_4

= & — & (—T;

)

s |
dt 't

Solution:
Newton-Raphson

1
T;—Ti-y 3 7Wi+Ki1) L4
1 2.4
=[] Aac (T +Ti) 16m2r,
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Star formation

star Formation
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Jeans mass

Condition for collapse:

41T
tff < tsouna @ M > M]eans = (?) Qoﬂ'leansg

1/2
/A
A]eans: — (G_QO) Cs
M]eans

T \32 (10724 g /em3\"?
=1.2-105Msun( ) ( 9/ ) p=3/2

100K 06

Wolfgang Hillebrandt, Max-Planck-Institut fir Astrophysik



Star formation H\HHH‘

Star burst

galaxy
NGC 1569
(ONASA)
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Star formation H

Dimensions: B2500. AL
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Primordial stars

aynemicrangezser " The First Star in the Universe

08pc | Cm——
4.9 3 911 11. J26
© Abel, Bryan and Norman 1999
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Theoretical Pre-Main Sequence Evolutionary Tracks
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MS mass-luminosity relation (data) m
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pp-chains

IH_I_ II_I . 2H+ E+@ 1.42 MeV (*2)
2y "H s e 4 ~ 5.23 Mev (*2)

T

*He + He —*He + 2'H ‘He + *He — "Be +
12.86 MeV  (ppl) /\\ (18.62)
?BE+E* — ?Ll@ ?Bﬁ-l- IH—} HB-FT
Li+ g o *He + ‘He B . ®Re +e*@
——————————— 2 4 4
(sz} BE — Hﬂ + Hﬂ

e T —

PP1: Q =26.2 MeV
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CNO-cycles

BN & BCset+yp

CNO (main cycle): Q =25.0 MeV
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CNO versus pp
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Structure of main sequence stars m

high-mass star

1 MSI..IH star

very low mass star
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Hauptrethenmodelle : X = 0.739, Y= 0.240, X = 0.005, Z,;= 0021
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Structure of the sun |HHH|||

Internal structure:

inner core
radiative zone Subsurface flows

convection zone

Photosphere

Chromosphere
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Evoltion of the sun m
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Main sequence evolution m
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Main sequence evolution m
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H aome
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double shell-
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~.. _~Inert carbon
planetary nebula .4 helium-burning shell

double shell- -:*."““*h dro T -
burning red giant ydrogen-burning she

I helium burning
-

. P hydrogen-burning shell

M

[=

= helium-burning

i : star core

0 subgiant

B [ . _~ Imert helium

: -

E /

= ; 7~ hydrogen-burning shell
white dwarf suhgia.r.';t-"

red giant core

30,000 100, 000 &, Q00 3,000

surface temperature (Kelvin)

Cogyrght @ Addison Weashkay



43 = | I 1
E M= 7M@ i ] 1 1 | 1 1 | T T T T
ac End; des zentr. il i
- Brennens Q f\f’
3‘12 pe }ég“ﬂg T M S Wy FTRE lpE
MI"M=1 63 42 47 Y0 ;}J 28 47 J4f
. 0.4 GRS T L T
o Ay ; o
L_f ey 03 P, L,
& 0.2
WEe— - : z'af
0.005 / 0.02/ 01 Alfer in 27 Johren
0.01 / 005
9«1 N O I
012 26 265 7 My, star

Alter in 107 Johren

Wolfgang Hillebrandt, Max-Planck-Institut fir Astrophysik




56 6.0 6.5 7.0 75 80 79¢ 800801
Alter in 107.lohren i

S5M

sun

star

Wolfgang Hillebrandt, Max-Planck-Institut fir Astrophysik



Red-giant branch star

Hydrogen Shell Burning on the Red Giant Branch
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Lifetimes of selected stars

TN

Estimated Stellar Lifetimes(in units of 10° years)

MASS | SPECTRAL | PERIODOF |ESTIMATED| PERIOD RED
(solar | TYPEON |CONTRACTION| LIFETIME | FORMAIN | GIANT
masses) | THE MAIN TO MAIN ONTHE |SEQUENCE | DURATION
SEQUENCE | SEQUENCE MAIN TO RED (106 yrs)
(106 yrs) SEQUENCE | GIANT
(10% yrs) (10° yrs)
30 05 0.02 4.9 0.55 0.3
15 B0 0.06 10 1.7 2
9 B2 0.2 22 0.2 5
5 BS 0.6 68 2 20
3 A0 3 240 9 80
1.5 F2 20 2,000 280
1.0 G2 50 10,000 680
0.5 MO 200 30,000
0.1 M7 500 107

Source: Fundamental Astronomy, edited by H. Karttunen et al., 1994
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Post-main sequence evolution

Evolutionary Tracks off the Main Sequence
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EVOLUTION OF STARS

Planetary Nebula
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Core-He flash

© M. Mocak, MPA (2009)
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NGC 7009

Wavelength




3-alpha Reaction

The Triple Alpha Process

(Helium Fusion) (gamma photon)

%‘*/ E‘E!i.‘ﬁ'ew i

(alpha particle) ;HE,@

2 Y3 _44
€3, = 5.3 x 10% ergs g~! s‘lfpfr:,. exp | — )
g 8

= screening corrections; Y= He mass fraction)
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3-alpha Reaction
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Detailed evolution: 5 Mg, star m
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e 0veratl 2Ll >
- 3 & contraction phase
(2.2 13 yn) first phase of
oy shell ) core helium burning
narmowing (6 I{}ﬁyr)
A B — phase vonvective envelope red
L L LT {2 10 ¥ hegins to extend %;.::;L
29 hydragen inward rapidly o B
i burming surface abundances ¢ |
i (6.44 1 'DTyr} begin to change
28
} ] i ] ] { i ] L ] 1 i L L
43 4.2 4.1 4.0 39 is 357 lag T io

eflf

Wolfgang Hillebrandt, Max-Planck-Institut fir Astrophysik



3 2.5 - 107
5 6.0 - 106
9 2.9 - 106
15 1.4 - 106

25 7.2 - 10°
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Iben (1991),
ApJ Suppl 76, 55
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Close-up of core region fora 1 M=
Asymptotic Giant Branch star

Hydrogen-burning
J/ shell

Helium layer

Helium-burning
shell

Carbon-oxygen core
{no fusion) (not to scale)

C-O core grows
towards
Chandrasekhar-
mass (—1.4Mg,,)

=

Contraction,
luminosity mostly
from He shell
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Thermal pulses of AGB stars m

1 T ]
Dredging Up Phase Completed,Now ]|

Sﬁ‘rbofsﬂﬂerieuhuflsmmlse | Mechanism:

HHEHERHTHAARIHY

o ?:*Mzir:,iw:rxuz:ipﬂ:: . He-shell source burns faster (outwards)
ot DR than H-shell (nearly extinct)
0dl ﬁ?&:@émﬂ?ﬁmm"‘ 1
5 o i . : .
goﬁ,\ Oredaing U Phase Comoloron - | Because of composition discontinuity at H-
4 T3 Years Aﬂer Pegk of 151h Pulse n . .
g™ ] shell (He -> H) convection is blocked
% 0.3‘ 4 5 11 T - 7
N e poiciaros | (“Ledoux criterion”)
q‘ —%ﬂflﬂﬁﬂﬂﬂflﬂi/ﬂfﬂﬂ@_
T 2 kol e T | Heat accumulates: more He-burning and
o 4 re-ignition of H-shell
0B -
o4 ’x‘ 5.7 Years Before Peak of 511 Pulse
e Lmax = 106 — 107 L, (pulse maximum)

Mussf Mo

FiG. 13. Carbon-abundance profiles at selected times (time increasing upwards)
during several pulse cycles of an asymptotic giant branch star of total mass 7 Mgand .
core mass 0-95 Mg. Each panel gives the abundance by mass of °C as a function of LmaXH ~ 104 — 105 LSUH (ln between pu ISeS)
mass outward from the centre. The cross-hatched regions mark the location of a
helium-burning convective shell and the single hatched regions show how far
envelope convection extends inward. During pulse peak, convection extends

outward from the base of the burning shell almost, but not quite, to the point H : :

beyond which hydrogen is found. After shell convection dies down, the base of the En e rgy g e ne ratl On -=> eXpanSIO n -=
convective envelope moves inward into the region where freshly made carbon has . .

been carried by shell convection during pulse peak. Fresh carbon is thereupon IumanS|ty pUIse

dredged to the stellar surface. Note that there is an ‘overlap’ between successive
convective shells. That is, a portion of the matter that appears in any given
convective shell also appears in succeeding convective shells. This has important

e e isriution of neutronich sotopes formed in eech | Expected: several 103 — 104 pulses!
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Log T (In shells)
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© John Lottanzio 2001
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<Hydrogen shell
S| &Center, He-shell
o &Bottom, He-shell
: (Frost & Latanzzio
2 1998)
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Post-AGB evolution m
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Initial-final mass relation m

1.4 = | ' ' ' T d ' g I
Dominguez et al. (1999)
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|) Core-carbon 14~

. Reaction Network
burning for Carbon Burning

Proton Number, Z
o
I

1 | | |
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Neutron Number, N
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Carbon burning stars m

At the onset of core-C burning:

- {7.5 108 K (15 Msun)}
center — |7 83108 K (25 Msun)
_ (4.310% gem™3 (15 M)
Ocenter™ 1.5 105 ng_3 (25 Msun)

During core-C burning:

4.4 103K (1 5Msun)} “Red Supergiant”

Terr = {
4.0 103K (25Mg¢yn)
S Envelope does not change

. <

3.7 1013 cm (15 Myy) much: Tc< Tgn

h p—
p 6.7 1013 cm (25 Mgyy)




He & onset of core-C burning
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Core-Carbon burning
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Carbon burning stars

During core-C burning:

. 2.8107 ergg~1s™! (15M¢y,)
7 144107ergg~1 s (25Myp)

Most of this enerqy is carried away by neutrinos!

L 3.410%8 ergs™! (15 Mgy,)
V' 11.010%% ergs™! (25 Mgy,

Processes:
y+ e - e +v,+V, ('photoneutrinos")

Yplasmon = Ve + Ve ("plasmon neutrinos")
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Without mass loss:
blue supergiant ->
yellow supergiant ->
red supergiant
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'°0+1°0 - **Mg+2*He @ Si+ JHe — [0S + 7
—25Si +* He 2SS v He — Ar + v
—?31P+ p+
-S4 n
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LCOr + JHe — Fe + v

a- particles from
CSi+y—>Mg+a
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Massive stars: O and Si burning m

Oxygen burning (—middle):

15 M., 25 M

sun
T, (K) 1.9 10° 1.8 109

p. (g cm) 5.4 10° 1.7 106
L, (erg s?) 7.9 1042 2.3 1043
T (S) 5.7 107 1.2 107
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Massive stars: O and Si burning m

Silicon burning (beginning):

15 Mg, 25 Mg,
T, (10° K) 3.1 3.4
p. (107 g cm™) 2.3 1.1
L, (10**erg s?) 3.4 38
T (10°s) 5.2 1.2
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100 millien km

Hydrogen-burning sheil
Halium-buming akall
Corbon-burning shedl
Omygen-Bburming shall
Moon-burning shall
Sificon-burning shell




Massive stars: after core-Si burning m

H Burning
Shell

He Burning
Shell

Core Radius: ~1 Ry,

C Burning
Shell

Ne Burning
Shell

O Burning
Shell

Si Burning
Shell Envelope Radius: ~ 5 AU
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Massive stars: end of Si burning m

» All stars more massive than 8-9 M, evolve a
central core of Fe-group elaments of about 1.5 M

( 2 |vlChandrasehar)

sun

» This core contracts and heats up (Virial theorem!)

» Photo-dissociation of “Fe”, y<4/3: collapse to
neutron star or black hole (+ supernova)

» All massive stars (with solar metallicity) should be
red supergiants when the explode

» But: The progenitor of SN 1987A was a blue
supergiant!
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SN 1987 A in the LMC m

» Progenitor: Sanduleak -69° 202
» Blue supergiant (B3la)

> Lb0| - 105 L

sun

> T, ~ 15 000 K

» Mys — (20 £ 2) M, (stellar models)

sun

> My~ (6£1)M (stellar models)

sun

» M,(ejected) ~ (10 = 1) M, == mass loss before explos.!

» “Rings”: Star was “red” ~40 000 years before the explosion!
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SN 1987 A in the LMC nun

*8© Anglo-Australian Observatory:: =

_. i s g L 4
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Supernova 1987A Blue Supergiant
7:35 UT 23.2.1987 Sanduleak 69.202
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SN 1987 A |
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SN 1987 A nunn

SN1987A

September 24, 1994
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WDs: initial-final mass relation  |[|U]|[]
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mass distribution

150

100
|

number of stars

=) I | 1 1
0 0.5 1

m(wd) (Mg)

Central stars of PNe; Maciel et al. (2010)
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Neutron stars: the Crab pulsar H\UHH‘
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Neutron star

g~ 1.5 solar mass

e 20 ki diameter

Solid crust

~ Zkm deep

Fluid core

kdainly neutrons
with other paricles

Arumiano




Neutron star interiors

quark-hybrid raditional neutron star

star

Mee

M+o4n

;It‘l.flrgmn neutron star with
pion condensate

3 Fe
absolutely stable 6 .3
sirange quark 10 giem
matier 10 11 glem 3
10" giom 3
Etrﬂﬂgﬂ slar
nucledn star

Source : Neutrons slars and pulsars (W. Becker) I‘u'l-1.4|'u'|®
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Neutron star masses
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Binary pulsar: orbit

Orbit of a Binary Pulsar

ﬂpastrun Periastron

P eriastron

ﬂpaa’[rnn Periastron
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Binary pulsar: orbit m

Pulse-Eepetition Frequency (pulse per second)
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Black hole masses

Neutron Stars Black Holes
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Roche model: coordinates

M =M, + M,
MZZ:fM (X,y)
a+b=R /!
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GM,

— =0 y)=—+—+7 (x + y*)w?
1 L
VGM
W =37 (3rd Kepler's law)

S Q=GM(1r_f FL 4
1

: . Q
Equipotential surfaces: — — const

r?=(x?+y2% +a?—2Jx%+y?acosa

r2 = (x? + y2) + b%? — 2/x2 + y2 b cosa
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Roche lobes |HHHM

Inner
Lagrangian
point

Jrbital plane
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Roche model: orbital separation m

VRes 5
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semi-
detached

semi-
detached
with disk

contact

Close-binary types

W Ursace Majoris

Apparent visual magnitude Apparent visual magnitude

Apparent visual magnitude
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e
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e
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Phase
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Binary stars: Algol H\HHHI
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2867321 days




Main sequence star + White Dwarf

Examples for detached systems

Period (days) My Mqn Mys/Mqun
V471 Tau 0.5212 0.71 0.73
UU Sag 0.4651 1.05 0.60
LSS 2018 0.3571 0.70 0.31
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Binary stars: ,,Case B evolution

I T T T T
A I

.‘og—L‘-B Tu
3 i 031 IMo 2.016 M, i
2_.

4.8 4,6 4.4 4,2 38
-|— log Teﬁ

Abb. 4. Der Entwicklungsweg im Fall B. Der Massenverlust beginnt bei () und endet bei (b). Bei (¢)
ist eine Phase ruhigen Heliumbrennens mit anschlieBendem Erschépfen des zentralen Heliums. Der

zweite Stern bewegt sich wihrend des Massenverlustes lings der Hauptreihe von 3.13 Mo zum Punkt
von 10.11 Mg

Abb. 5. Zeitliche Verinderungen im Sterninnern bei Fall B. Die Symbole sind die gleichen wie in
Abb. 3. Die Darstellung beginnt links nicht auf der Hauptreihe, sondern wenn sich bereits eine Schalen-
quelle gebildet hat und der konvektive Kern abstirbt. Die Sternoberfliche kommt nahezu senkrecht
von oben herab, was zeigt, daB der Massenverlust sehr rasch erfolgt. Erst gegen Ende wird er langsamer.
Nach dem Ende des Massenverlustes, das mit dem Ziinden des Heliums im Zentrum zeitlich zusammen-
fillt, ist die Oberfliiche eine horizontale Gerade. Die Materie, welche jetzt die Oberfiichenschicht
bildet, war vorher bereits einige Zeit dem Wasserstoffbrennen ausgesetzt

M,=9M,, , M,=3.13M,,, , R=2 10'2cm, R_,=10'2cm, reached during shell-H burning,
R,*.x(core-H)=5 10tcm
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Nova Cygni 1992

Hubble Space Telescope
Faint Object Camera

Pre-COSTAR With COSTAR
Raw Image Raw Image



[

Nova
GK Per
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Supernova spectra (schematically) [|Uf][]
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> ‘Single degenerates’
e Chandrasekhar mass
Pure deflagration
‘delayed’ detonation
e sub-Chandrasekhar mass

> ‘Double degenerates’
e C/0 + C/0O

e C/0 + He

Which of them are realized in Nature? All of them?
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» White dwarf starin a
binary system with MS or
(R)G star

» Growing to the critical
mass (M ,,n, =14 M g) by
mass transfer

» Disrupted by a thermo-
nuclear explosion (fusion
of C and O to iron-group
elements)

» Light comes from
radioactive decay -
Nj — “Co — °¢Fe
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(with a He layer on top of the secondary C+O WD)

Density [gcm Temperature [10” K] Mean atomic weight
[ [ T —
i 1wt 1F 10t 10’ 108 0.0 02 04 06 08 1.0

107 cm

Pakmor et al. (2013)
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GW detectors: a bit of history H\H|||H

MPA, 1975
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Kip 5 Thome (Caltech)

2017 Nobel Prize in P




© Caltech Ligo Lab
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Merging Black Hole Binaries & GWs H\HHH‘

© Caltech Ligo Lab
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GW150914 © Caltech Ligo Lab




GW150914 © Caltech Ligo Lab




© Caltech Ligo Lab
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The Formation of Massive BH Binaries m

Possible formation channels:

[. Dynamical formation in dense clusters

e in dense clusters: dynamical interactions — close BH+BH
binaries

[I. Non-dynamical formation

e common-envelope scenarios: conversion of wide binary to close
binary

e homogeneous evolution scenarios: close binary from the
beginning

(References:
P. Podsiadlowski, http://wwwe-astro.physics.ox.ac.uk/—podsi/grav_waves.pdf
S.Stevenson et al. (2017): Nature communications 8)
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Dynamical Formation m

e in dense clusters, BHs segregate quickly
and can form sub-clusters of BHs
(Spitzer instability)

e three-body encounters - BH+BH
binaries

e most are ejected, but some harden
sufficiently to ultimately merge /
O

e aLIGO detection rates (e.g. Banerjee ° T T —

. B ~1
2016) ° 10 300 yr /_\ BHs being more massive
o\/ replace stellar binary
members in successive

' exchange encounters;
efficient with primordial
/'—\ binaries

OJ
(Credit: Banerjee 2016)

Image not to scale
Wolfgang Hillebrandt, Max-Planck-Institut fir Astrophysik
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Dynamical ways of BBH merger

Triple Kozai oscillation
O / )
Merger of eccentric inner binary

(Not to scale)

(Credit: Banerjee 2016)

Wolfgang Hillebrandt, Max-Planck-Institut fir Astrophysik
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e the progenitors of black holes are
big stars

e need to get them into a close orbit

to merge CE

!

e possible solution: common-envelope

evolution ® ® WR-star
e standard scenario to produce ’L\ ]
compact NS+NS binaries A 0>ﬂ\i SN

(Hulse-Taylor pulsar, PSR

J0737-3039) ¢

e @ BH+BH

|

@ Merger

e problem with black holes:

> difficult to form two black holes
(requires late mass transfer)

~ 2 ()’“’
> but possible with some HMXB f“w’uoﬂ“
fine-tuning g =

> rates highly uncertain (Belczynski |
et al. [2016] vs. Kruckow, et al.
[2016])
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Non-Dynamical Formation

TN

The Massive Overcontact Binary (MOB) Model
(Marchant et al. 2016; also de Mink & Mandel 2016a,b)

e initial homogeneous evolution is enforced by tidal locking
in a very close massive binary (de Mink et al. 2009)

e needs to avoid binary widening by stellar wind mass loss
— requires low metallicity

e most systems pass through contact phase on main
sequence

— evolution drives systems towards mass ratio of 1
Model Description
e uses latest MESA code (Paxton et al. 2015)

e with binary evolution fully implemented (Marchant)

e mass loss:

> Vink (2001) x1/3 (H-rich), Hamann (1995) (no H)
> M o 7085

Wolfgang Hillebrandt, Max-Planck-Institut fir Astrophysik



TAMS/
He-star

BH+BH 41 ® =) 3.2

Merger @ t = 2600 Myr
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But: Very massive stars are active (‘LBVs’), show eruptions,
.... (example: Eta Carinae)
Very 1dealized models!




The Cosmic Distance Scale H, m

» H, measures the present expansion rate of
the Universe

» It enters as a scale factor into most other
cosmological parameters

> Different methods to measure 1t claim
uncertainties below 3%

» However, on this level they are inconsistent

» What is the reason?
Systematic errors? ‘New physics?

Wolfgang Hillebrandt, Max-Planck-Institut fir Astrophysik



The Cosmic Distance Scale H, m
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Three Types of Distance Measurement m

Direct Measurements: Measuring the physical
distance to an object directly

Standard Rulers: Size = Distance x d(angle on sky)
Need to know the real size of the object

Standard Candles: Lapparent = Labsolute / D?
Need to know the true luminosity of an
object

Wolfgang Hillebrandt, Max-Planck-Institut fir Astrophysik



The “distance ladder” m

Redshift —

Gravitationally Lensed Quasars e
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Figure 3.2: The different distance estimators. This seemingly simple plot shows a grand overview
of our efforts fo measure distances in the Universe. Adapted from [Rowan-Robinson, 1983] and

[Roth and Primack, 1996].
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» Measure the position of an object with respect to its
background

» Nearby objects show a larger “motion” than objects
far away do

» The parallax angle @, the distance of the object D
and the diameter of the Earth’s orbit ¢ are connected
by simple geometrical relations. For small angles, it is

d =D x 6 [units !l 6 measured Iin rad !]
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(Stellar) Standard Candles m

= Main Sequence fitting: Calibrate the luminosity of main
sequence stars in nearby clusters with parallax distances
and fit clusters farther out. Good to 10-100 kpc.

Sun =1 Star D
10,1000 5:;?'_ i L m _,-f
L - a8 i
[ ]
1000 - 1%
u ‘."'-' EPL ] -|
m ’;i.‘ [ | :-;ﬁ *
i o0 a e 8
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O 1 . .L
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The “distance ladder” m
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(Stellar) Standard Candles m

= Luminosity functions

= Choose a type of object with a characteristic
distribution of absolute luminosities

= Measure distribution of apparent luminosities in a
distant galaxy

= Scale to match true luminosities, get distance

= Globular clusters and planetary nebulae good to
~50-100 Mpc

Wolfgang Hillebrandt, Max-Planck-Institut fir Astrophysik



(Stellar) Standard Candles m

= Surface brightness fluctuations (SBF)
= Distant objects appear smaller
= More stars per pixel in a galaxy far, far away
= Smoother light distribution, less variation from
pixel to pixel
= Amplitude of fluctuations proportional to
distance

= Good to ~100 Mpc, z—~0.01

Wolfgang Hillebrandt, Max-Planck-Institut fir Astrophysik



Standard Candles

Same Galaxy

Nearby Galaxy Three times the distance

f Star flux /9
n Star density 9n
Surface Brightness
nf nf
‘What the CCD sees What the CCD sees
Rms fluctuation

(inversely prop. to distance)

Mt On 9
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e

More CCD pixels More CCD pixels

Variance divided by Mean
(Star flux)
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=5 o = &2
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© John Tonry

Blurred by atmosphere Blurred by atmosphere
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(Stellar) Standard Candles m

= Cepheid and RR Lyrae variables

= Pulsating stars which change in brightness with a
characteristic period

= Period is proportional to absolute luminosity

= Common and bright (esp. Cepheids), thus visible
In nearby galaxies

= Good to —~20 Mpc

Wolfgang Hillebrandt, Max-Planck-Institut fir Astrophysik



The “distance ladder” m

» Different techniques useful at different distances:
use nearby standards to calibrate more distant
ones where they overlap

» Cepheids are a key step: many in the Milky Way
and LMC, so distances are directly measurable by
parallax, yet bright enough to overlap many
secondary distance indicators

» Cepheids = luminosity functions, SBF (— galaxy
kinematics, SNe la)

Wolfgang Hillebrandt, Max-Planck-Institut fir Astrophysik



Edwin Hubble (1888 — 1953)
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Key results

» Most galaxies are moving away from us

» The recession speed v is larger for more distant
galaxies. The relation between recess velocity v
and distance d fulfills a linear relation:

v=H,xD

» Hubble’'s measurement of the constant H,:

H, = 500 km/s/Mpc

» Today’s best fit value (based on Cepheids) of
the constant:
H,= 72 km/s/Mpc

Wolfgang Hillebrandt, Max-Planck-Institut fir Astrophysik



Why was Hubble so far off? m

» Distance measurement based on the period-luminosity
relation of Cepheid stars

» What are Cepheids? They are variable pulsating stars
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Why was Hubble so far off ? m

» There exists a luminosity-period relation for Cepheid stars

Period-Luminosity Relation
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Why was Hubble so far off? m

» there are two populations of Cepheids (but
Hubble was not aware of that)

»type |I: metal rich stars (disk of galaxies)
»type Il: metal poor stars (halo of galaxies)

»type Il Cepheids (“W Virginis”) are less
luminous than type | Cepheids (“0 Cephei”)

Wolfgang Hillebrandt, Max-Planck-Institut fir Astrophysik



[

Initial distance: 1 length unit
final distance: 2 length units
recess velocity: 1 length unit per time unit

Initial distance: 2 length units
final distance: 4 length units
recess velocity: 2 length units per time unit




Why was Hubble so far off? m

» Distance scale was calibrated based on type Ii
Cepheids

» Distances to other galaxies were measured
using type | Cepheids
» “yard stick” was systematically too small

Wolfgang Hillebrandt, Max-Planck-Institut fir Astrophysik



More about 0-Cephel Stars m

Betelgeuse

BO AD Fo GO KD MO
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More about 0-Cephel Stars |HUHH|

Cepheid Variable in M100
: | HST-WFPC2
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More about 0-Cephel Stars m
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More about 6-Cephel Stars m
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Distances with Type la Supernovae m

» Use the Hubble diagram (m-M vs. log 2)
> m-M=5loqg(z)+25+5og(c)-5log(H,)
» Note that the slope Is given here.

» Hubble constant can be derived when
the absolute luminosity M is known

> logH,=log(z)+5+Hog(c)-0.2(m-M)

Wolfgang Hillebrandt, Max-Planck-Institut fir Astrophysik



Hubble constant from SNe la m

» Calibrate the absolute luminosity
» through Cepheids
» ‘classical distance ladder’

» depends on the accuracy of the previous
rungs on the ladder

» LMC distance, P-L(-C) relation, metallicities
» HST program (Sandage, Tammann)

» HST Key Programme (Freedman, Kennicutt,
Mould, Madore)

» through models
» extremely difficult (but possible!)

Wolfgang Hillebrandt, Max-Planck-Institut fir Astrophysik



SN Galaxy |m-M Mg My ™, |Amyg
1937C  [IC 4182 [28.36 (12)-19.56 (15)-19.54 (17)- 0.87 (10

5
1960F |[NGC 449631.03 (10)-19.56 (18)-19.62 (22)-  |1.06 (12
1972E  |NGC 525328.00 (07)/-19.64 (16)-19.61 (17)-19.27 (20/0.87 (10

3
28.
1974G  |NGC 441431.46 (17)-19.67 (34)-19.69 (27)-  |1.11 (06
1981B  |NGC 453631.10 (12)-19.50 (18)-19.50 (16)-  |1.10 (07
12

1989B  |[NGC 362 1.31 (07
1990N 1.05 (05
1998bu_ |NGC 336830.37 (16)-19.76 (31)-19.69 (26)-19.43 (21/1.08 (05

1998aq |[NGC 398231.72 (14)-19.56 (21)-19.48 (20)- 1.12 (03)
Straight mean : .
Weighted mean -19.56 (07)-19.53 (06)-19.25 (0 9)

(Saha et al. 1999)



Nearby SNe la
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Hubble constant from SNe la m

» Extremely good (relative) distance indicators

» distance accuracy better than 10%

» Uncertainty in Hy; mostly from the LMC and the Cepheid
P-L relation

» Today’s best value (Cepheids + SN la):

IH, = (73.24 + 1.74) km/s/Mpc

(Riess et al., Astrophys. Journal 826, 31 (2016))
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Fit a model to the CMB power spectrum (e.g. ACDM) = H,



Cosmological parameters from Planck

Parameter Best fit 68% limits
Q> 0.022068  0.02207 + 0.00033
QR . 0.12029  0.1196 + 0.0031
1006pc « v 1.04122  1.04132 + 0.00068
T 0.0925 0.097 + 0.038
Mo o 0.9624 0.9616 + 0.0094
In(10"°A) .. ... .. 3.098 3.103 £ 0.072
ON o 0.6825 0.686 + 0.020
0 T 0.3175 0.314 + 0.020
T8 e oo 0.8344 0.834 + 0.027
Zre e e 11.35 11.4449
Hy oo 67.11 67.4+ 1.4
10°%Ag oo 2215 2.23+0.16
Quh. ... 0.14300  0.1423 = 0.0029
A AR ‘ ook 1T spectrom Quh® o 0.09597  0.09590 + 0.00059
5000 ) 0.247710  0.24771 + 0.00014
_ sooo Age/Gyr . .......... 13.819 13.813 £ 0.058
‘“é . Ze e 1090.43 1090.37 + 0.65
o o e 144.58 144.75 + 0.66
2000 1006, ............. 1.04139  1.04148 + 0.00066
1000 Zdrag e o v e e 1059.32 1059.29 + 0.65
. Fatag - v oo 147.34 147.53 + 0.64
Ng o KD o 0.14026  0.14007 + 0.00064
S 1000 « oo 0.161332  0.16137 + 0.00037
S Zege v 3402 3386 + 69
500 1000 1500 2000 2500
t 1000eg oo vooveen 0.8128 0.816 + 0.013
Farag/ Dv(0.57) .. ... .. 0.07130  0.0716 +0.0011
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The Cosmic Distance Scale H, m
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H, : What can be wrong? m

Cepheids: Calibration? Systematics?

Type la supernovae: Systematics?

CMB: Data reduction? Systematics?

Or: “New physics™?

Way out: Use other (independent) methods!

Wolfgang Hillebrandt, Max-Planck-Institut fir Astrophysik
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