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- L1: Basics of stellar structure and evolution

- L2: Physical ingredients
- L3: Massive stars

- L4: Low- and intermediate-mass stars
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L1 Basics of Stellar Structure and Tvolution

- Importance and observational constraints

- Physics governing the structure and evolution of

stars
- Equations of stellar structure

- Modelling stars and their evolution
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- Photometry — brightness and colour

- Spectroscopy -~ T_,, g, X (composition), mass loss

eff?

- Astrometry — distance
- Eclipsing binaries — mass ratios, orbital info

- Occultations & interferometry — angular diameter, R

- Seismology - Interior structure: c, p, ...



Hertzsrpung-Russell (HR) Diagram:
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13
Stellar Luminosity

How can two stars have the same temperature, but vastly different
luminosities?

* The luminosity of a star depends on 2 things:

* surface temperature
* surface area (radius)

*L=0T 4T1R" (0=5.67e-8 Wm™?T*)
* The stars have different sizes!!

* The largest stars are in the upper right corner of the
H-R Diagram.

© 2004 Pearson Education Inc., publishing as Addison-Wesley
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Stellar Luminosity Classes

Table 15.2 Stellar Luminosity Classes

Class Description
I Supergiants
I1 Bright giants
I11 Giants
IV Subgiants
A% Main sequence
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Radius of largest stars is larger than 1 AU!

I
10,000 6,000

surface temperature (Kelvin)

© 2004 Pearson Education Inc., publishing as Addison-Wesley
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Goal of stellar evolution theory:

“To understand the structure and evolution of stars, and their
observational properties, using known laws of physics”

Basic assumptions:
- Stars are self-gravitating hot plasma

- Stars emit energy in the form of photons from the surface

(+ neutrinos in advanced phases)
- Stars are (approximately) spherically symmetric

— Can be reduced to a 1D problem, with radius as the natural

coordinate (Euler description)



~ Radius and Mass

__ m+dm
A
Plr+dr) N o

: '\x.
S8 o)

- Euler description: radius as indep. variable

e/ % 1
but more convenient to use mass, m, as / /P60 N\

Independent variable (Lagrangian descr.)

£ |

dr

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-

COI’]SGI’V&UOI’] Of Mass applled to a Spherlcal tional force acting on a cylindrical mass element are

also indicated.

- . From SE notes, O. Pols (2009
shell in a steady state (8()/ot =0) gives: rom SE notes, O. Pols (2005)

dm = p dV = 4xr? p dr from which we can write:

dr/dm = (4nr? p)* (1)



~ Gravity and Equation of Motion

The gravitational field is given by Poisson's equation: V? ® = 4x G p.

In spherical symmetry, we get:
g = d®/dr = Gm /r?
Conservation of momentum applied to a small
gas element (see figure) gives:
d4r/dt? dm=- g dm + P(r) dS — P(r+dr)dS,
which we can re-write as the eqn. of motion:

d?r/dt = - Gm/rz — 1/p dP/dr

_ m+dm

~ " dm_——
J{'?I.-'I._'._dlr-Jl \rf i o

\\.r‘-‘_-"g::] .z".. N'

:_._." i v \\ _-'/_._-::
.-"". - .-/f\- .
¢ N,

7 = =,

ot Pfr) 'Y F

£ |

dr

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.

From SE notes, O. Pols (2009)



Assuming hydrostatic equilibrium, we get:
d?r/dt> =0 = - Gm/r>— 1/p dP/dr
Combining with Egn (1): dr/dm = (4xr? p)?, we obtain:
dP/dm = - Gm/(4xr?) (2)

On the other hand, we can estimate the free-fall timescale, t, by

Ignoring the pressure term in the egn. of motion. We then can write:
d’r/dt? ~ Rit2 — t, ~ V(R/g) (~ 1/12V(G<p>) =t )
Examples for t/t, : 30 min for the sun, 18 days for red giant (100R ),

4.5 s for white dwarfs (R_/50) << stars' lifetime

— hydrostatic equil. Is a good approximation



The Virial theorem can be obtain by multiplying the hydrostatic equil.

Eqgn. (2) by the volume (V=4/3 nr®) and integrate over the total mass, M:

JV dP/dm =-1/3 [(Gm/r) dm = 1/3 E

grav

The left hand-side term is related to the internal energy, E_ . After some

algebra, one obtains for an ideal mono-atomic gas:
E _=-2E =-2Ldt

grav

If a star contracts, half of the energy is radiated away (L) and the other

half is used to increase the internal energy (so T goes up).

Seeing it another way, the star loses energy by radiation (L) — it must
contract — its internal energy/temperature goes up

negative specific heat!



Kelvin and Helmholz independently derived the timescale for thermal

adjustments, t .. Consider a star contracting due to gravity and

supported only by thermal pressure (internal energy). The timescale for
contraction is given by (using the Virial theorem):

t ,=E /L ~-E_J(2L) ~ -GM?(2RL) -

grav

t., ~ 1.5x 107 (M/M_)? (R_/R) (L /L) yr

Lifetime of Sun much longer than t_ , thus something else powers stars:

KH’
nuclear reactions!
Nucleart: t = EnUC/LNO.OO7(m_ X f_ Mc?/L=~10" (M/M_)(L_/L) yr

->E) " H'c

- stars are generally in hydro+thermal equilibrium




 Conservation of Energy

Local energy conservation can be written as:

dL/dm=¢ +¢ -, (3)

C grav-therm

Where € are in units of erg/g/s.

c__Is the nuclear energy generation rate,

nu

€ gravo-therm IS the gravo-thermal energy generation rate (>0 for contraction)

c., IS the neutrino energy loss rate (absolute value) emitted by the
plasma (as opposed to nuclear reactions).



fnergy T ranspart

vee teerature gradient in the Sun: AT/Ar 107/10** = O K/
Energy is transported by radiation, convection and conduction.

dT/dm = -T/P * Gm/(4xnr*) * (0InT/oInP ) = -T/P * Gm/(4xnr?) V (4)
- For radiation, V_ = 3/(167acG) * kL P/(mT?*),

where « Is the (Rosseland) mean opacity (assuming radiative diffusion)

- For conduction, the opacity is modified to include heat conduction

- For convection, V_= Pd/(Tpc,), (assuming adiabatic convection),

which is a good approximation for stellar interiors but not the convective
zones in the envelope, for which thermal losses much be considered.
The mixing-length theory (Bohm-Vitense 1958) is most often used.



Importance:
- Transports energy and mixes composition

- Lengthens lifetime of stars (fresh fuel) if

convective core Is present

- Enables the enrichment of surface in giant stars

with convective envelopes.



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 () - ()]

| .

WS 10/2011 Stellar Structure — p.47



Stability condition

Note: The tricky bit here is to remember that
‘ these gradients are negative!

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

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

odry fodlN  foduy
Tdr ), 1 dr ), pdr )

multiply the stability condition by the pressure scale height

dr dr P
Hp = — = —P—=—>0=
P dln P dP  pg
Slides taken from Achim Weiss' lectures: \

p://www.mpa-garching.mpg.de/~weiss/lectures.html
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 [,,, = anr Hp avr:

o Of order 1

o

# determined usually by solar models, oy~ 1.6---1.9

# or other comparisons with observations (giant stars with CE)
o

NO calibration or meaning!

Examples for V: Sun: r = R, /2, m = M /2, T = 107, p = 1,
0=pn=1

—~U=10°"=>V=V4+107°=04

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

|

P 10/2011 Stellar Structure — p.59



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?

|

P 10/2011 Stellar Structure — p.60



3tolD link for convection

3D simulations Uncertainties in 1D

M= 20 M, , v, = 600 kin s™' , Z= 1e—08
20 ——————

M)

5.605
log,,(Time until

5.6 5.595

core collapse) [yr]

e.g. Hirschi 07

e.g. Arnett & Meakin 2011
Mocak et al 2011, ...

ED
Radius (1000km)

Meakin et al 2009 ; Bennett et al in prep
Determine effective diffusion (advection?) coefficient



The overall problem

m = M,: Lagrangian coordinate
r. P, T, L,. Independent variables
X;: composition variables

p. k. €. .... dependent variables

e o o o @

Initial value problem in time: r(m.t = 0), P(m.t = 0),
T(m,t =0), Lp(m,t =0), X(m,t=0) = X(t =0) —
Integration with time

e

boundary value problem in space: »(m = 0.t) =0,
Laloi=0,t)=0and L = JJH:THQTj ,
Plm= M)=P(r =2/3)

@ides taken from Achim Weiss' lectures: J

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


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

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



Numerical Procedure

In‘addition: p( P, T, X;). £(P, T, X3). v, T, X5) . ea (B, T, Xj;), ‘

El 2T, X3 ), o

In space (mass 0 < m < M): boundary value problem with
boundary conditions:

» atcenter: v(U) =0, L. (0)=0

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

» Stefan-Boltzmann-law L = 47o R*T/

.

PEEERR 102011 swllar Structure - p.81



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



-

.

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

| .

X4 A= K8+ agf{:r(f)fm, At

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

X;(t + At) = X;(8) + At Z ri; (1) Xi(t + At) X;(t + At)

done for chemical evolution, mixing, diffusion, etc.

Nowadays matrices can be inverted without splitting them into
small sections and without decoupling of space and time, see e.qg.
L MESA code: Paxton et al 2011

MR 0302007 sweltar Srucre - pag



- Massive Stars: Evolution of the chemical composition

Burning stages (lifetime [yr]):

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

Hydrogen (10°7): *H - *He B e e
& 12C 180 _, 14N *He HHe

’ 0.1 & -

Helium (10°°): “He — *C, *°O . E
&14N _ 180 . 22Ne SEJ:IO_E iy R b 6Q
. o
Carbon (10°°):**C - *°Ne, **Mg ""’1'0 BN T T T T T T T T o
= sy~ T T T T T T s s T e =JMN
-‘l n— g — = ﬂ
Neon (01_1) 2ONe N 160’ 24Mg iﬁgg """""""""""""""""""""""""""" ~peg

10-4 SRR TR TR AR T TR R TE ST AN FERE NN FETA N

Oxygen (0.1-1): *O - *°Sj, **S

Log(T,,)=8.93709906

Silicon (107): *°Sj, **S - *°Nj

0 2 4 8 8 10 12 14 16 18 20 22 24
m, [Mg]

http://www.astro.keele.ac.uk/~hirschi/animation/anim.html

oy

Raphael Hirschi

Keele University (UK)
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Hertzsrpung-Russell (HR) Diagram:
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Importance basu:s effects, uncertainties of:

- Nuclear reactions — B. Meyer
- Convection in L1

- Mass loss

- Rotation

- Magnetic fields

- Binarity

- Equation of state, opacities & neutrino losses

iIncluding metallicity dependence



Importance of Mass Loss

1{}{} T | | T | ] | T |' T | | '| | | T T

rotation

L no rotation

B = essdaa 92" Grids

I | I | i i | ; i | i I | | L L i | |
20 40 60 80 100 120

Ekstrom et al 12, see also Chieffi & Limongi 13
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5 = Mass Loss genem[ @epenc[ence on 5 te[[ar .‘Mass

More massive stars have stronger winds because they are much more

- ﬁ4IJ4M3
K

luminous:

For low-mass stars:

4
OCIJM
K

For high-mass stars: L

Where f is the ratio of gas to total pressure: 1 — 0 from low to high-mass

stars



- Main Phases of Stellar Evolution

Mass loss driving mechanism
and prescriptions are very
different for different

evolutionary stages

Ekstroem et

.10

0-72=0.014
- rotation ton 0.8
45 4 3.5
al 12 |Clg {Tﬁfr []<]}

Raphael Hirschi Keele University (UK)



 Mass Lass: Types, Driving o Recipes

Mass loss driving mechanism and prescriptions at different stages:

O-type & “LBV?” stars (bi-stab.): line-driven vink et al 2000, 2001

WR stars (clumping effect): line-driven Nugis & Lamers 2000, Grifener & Hamann
(2008)

RSG: Pulsation/dust? de Jager et al 1988
RG: Pulsation/dust? Reimers 1975,78, with n=~0.5
AGB: Super winds? Dust Bloecker et al 1995, with n=~0.05

LBV eruptions: continuous driven winds? Owocki et al






i ‘Wﬁat cﬁanges at [ow Zr” e |
. Stars are : R~R(Z)/4 (Iower opacmes) at Z 10 S

e Mass loss weaker at low Z: — faster rotation

/ o - 0 = 0.5-0.6 (Kudritzki & Puls 00, Ku02)
0) ( Z Zo) (Nugis & Lamers, Evans et al 05)

- o0 = 0.7-0.86 (Vink et al 00,01,05)
Z(LMC)~Z /2.3 => Mdot/1.5 — Mdot/2

Z(SMC)~Z /7 => Mdot/2.6 - Mdot/5

Mass loss at low Z still possible?
RSG (and LBV?): no Z-dep.; CNO? (van Loon 05, Owocky et al)

Mechanical mass loss < critical rotation
(e.g. Hirschi 2007, Ekstroem et al 2008, Yoon et al 2012)



CLUMPING

p2

diagnostics

If wind clumped in reality but supposed to be homogeneous

Excess emission from inhomogeneities -
Incorrectly interpreted as
arising from a smooth but denser medium

MASS LOSS OVERESTIMATED

Fullerton et al 05: Mdot/10
Bouret et al 05: Mdot/3 or smaller

Surlan et al 13: problem resolved?



 RSGHSG/WR—SNIL Ib, e

Observational constraints:

- RSG Upper Luminosity: Log (L/L ) ~ 5.2-5.3
(median value of the most 5 L, stars)
(Levesque et al 05)

- SNII-P Log (L/L., ) <~5.1 (Smartt et al. 2009)

SUN

- No clear dependence on Z for these upper limit

- WR/O, RSG/BSG ratios vary with Z



CHANGE OF MASS LOSS

For a given initial mass

Mass loss during MS | Mass loss during the
tHE(RSG) RSG phase

MASS LOSS



RSG/ISG/WR — SN I, 116, 1b, Ic

RSG Upper Luminosity ~ 5.2-5.3

(median value of the most 5 L, stars)

SNII-P ~ 5.1 (Smartt et al. 2009)

No clear dependence on Z

a0 T~ 4 é{ﬁ NGC 2516 S 50l e z -
f : [« Golactic RSG h ‘s:”_—_\ ]
4 — I {Levasgua ot al, 2005 AL :/ — - '.-:_E 5‘.;# .
4.5 — :,-If..f N _ ; i
— v=300 km/s 15 ,"I,'- . A
a0l i g
L Q=Type B=Type

AR TN T T N TN A T YT T T I T ST W |

24 5.5 5.0 4.5 4.0 3.5
log Ty
- Tracks: Ekstroem et al 12 - Tracks: Chieffi & Limongi 13
- grey areas: obs. See MM89 (CL13)

- red circles: Levesque et al 05
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Importance:

- Induces instabilities in radiative zones (none

otherwise) — additional mixing of composition

- Changes properties of stars: shape, L, T .

- Powers some stellar explosions (e.g. GRB,

magnetars).



 Rotational Effects on Surface

Donp er-brodened line profile

Fast rotators —> oblate shape:

North
2
-5 0. 0.5 1.0
Relative Doppler shift =
Tesr map (BMAD) =
I
0.001 0 0.001
" " " AGSCA
Dominiciano de Souza et al.*2603
=13 The Shape of Achernar

(VLTI + VINCI)

« Altair: pole brighter than equator: Effect compatible

with von-Zeipel theorem ()

Domiciano de Souza et al. 2005
Tamparahsa (K}



Rotation velocity Distribution

Prob. Lmmidg | | | ' |
density |- 7 . —

3x103

equatorial
velocity

2x 103F vsini N |
\
\
= : .
\
\
3x10-°p® —
0 I N I N SN |
0 100 200 300 400 500

rotation velocity [km s!]

Data from Huang & Gies 2006, Figure from Maeder 2009



- Geneva Stellar Evolution Code

1.5D hydrostatic code (Eggenberger et al 2008)
Rotation: (Maeder & Meynet 2008)
Centrifugal force: KEY FOR GRB prog.

Geif = Geit (2. 0) = (-EF +Q°r sin®0) &

+Q°r sinf cosb &

Shellular rotation — still 1D: (zahn 1992)

® [inergy conservation:

aLp 8T 58P

—— = €pucl — € T €gray = Cnuel — € —CPp— T ——— (2.9)
aMp ™ vl Rgran. v PE T Bt
o Momentum egquation:
ar GM .
. = — I (2.10)
dMp Sy ;
% I ity equation
orp | ()
- = — &
dMp  ATrpp
e |inergy Ispo 1 1
U]IIT (rl_"IJrf-‘ 1 B i T 1
s = — r[pmin[V 4, Tm.f{_—] (2.12)
dMp 471 : fr
where
JL'][S
Vig = = (convective zones).,
fﬁf’]:
3 kKlP .
Vad = —— | radiative zones),

16macG T

North

East

0.001 0 0.001
arcsec

The Shape of Achernar
(VLTI + VINCI)

ESO PR Phota 158403 (11 June 2003) @European Southern Observatory

--iﬁr'f. 1
GMpSp < _r;'] >

trrd, 2 1
4mrn
I
.f::r: = ( ) p 2 T
. Op < > g =

(Meynet and Meynet 97)

0.001 arcsec

0.001



Rotation Induced Transport

Z.ahn 1992: strong horizontal turbulence i SN
A AN
/ T AN,
A "«;;;"":.j\:"'-;
Transport of angular momentum: 2 % =\
ijt: 'q:t:\ ""f:*}. -H"h --; )’j'L
d /- 1 0 Am 10 , 00 0 -:-‘-'fg"" "":"" ]
_OE (? Q)Mr = ()? (p? QU (? ))J—I— ?—g (ﬂD? ()? * EE e ,’:? - j
advection term rI|II||.'i|\|‘|F| term = .1 -t L7 i .
i -\”r'/
=L S
Transport of chemical elements: Meynet & Maeder 2000
dX; 10 b 0 4X; Shear instabilities
Tar 2o ! ( (D Dess] 5, at ) e BN
0.8 b";, - ~ - -"f_,ﬁ-z'r":_ . _
» -\\.\“:‘: = ]
0-6;;\ % %.{h < f ”f_‘;{;—‘ ""-._
D: diffusion coeff. due to various transport mechanisms °f T ; f‘*&_& “*_E
(convection, shear) 02f” 7 2 T s ST
D_.: diffusion coeff. due to meridional circulation + ool =Zm T == e

horizontal turbulence Brueggen & Hillebrandt 2000



 Rotation Induced Transport: Prescriptions

1012 T T T T le-04
D, : three prescriptions il -
Zahn (1992): Maeder (2003); ol |9eha
. 0"k
Mathis et al. (2004) -
0k 18e-05
D, ... two prescriptions L gl -~
Talon & Zahn (1997); i
Maeder (1997) Wi 16e-05
E ¥
Different zones concerned inside 07} - 1| 5e-05
the star 0 ... by Y
lui'*- — 5
mixing = strong (4%,12%) | E-ﬂj i"t  —
ol o -8 u{ : .5
10 2 2 c R 10 12€-05

mass [M,; |



 Rotation Induced Transport: Prescriptions

D, : three prescriptions

Zahn (1992): Maeder (2003);
Mathis et al. (2004)

D,,...- two prescriptions

Talon & Zahn (1997);
Maeder (1997)

Different zones concerned inside
the star

mixing x strong (4%,12%)

See also Chieffi & Limongi 13

1.05}
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1.01¢
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Mass loss prescription without rotation:

e O-type & LBYV stars (bi-stab.): vink et al 2000, 2001 and RSG de Jager et al 1988

 WR stars (clumping effect): Nugis & Lamers 2000

Effects of rotation:

der & Desjacques 2001
e Enhancement: Maeder & Meynet 2000

M@ _  [1- r)l‘

M(0) - 5
% 9 V crit,1 %

e & anisotropy:

il
I
1

=
——]

il

e

T =25000K T =30000K

~ @ - Von Zeipel, 1924 — affects angular momentum loss

] 23 Raphael Hirschi Keele University (UK)



 Evolution of Rotation

Angular velocity: Q1 Angular momentum, j!
- 1 o o -
end Si: Q~1s j(end Si) ~ j(end He)
M=25 Mg, v,,=300 kms~!, Z=0.02, «,,.=0.1 —  M=25 Mg, v,,=300 kms~!, 2=0.02, a_,.=0.1
T rererer Tt L LR L L L I 10t ! ! ! ! I " " ! ! | ! ! ! ; ]
o — ZAMS
“ o — last model . E
n —-- Si end

— ——- 31 1gnition 5
P o
- o
= g
O 2t TN} - - O ignition - g
o —— C ignition £

b --- He ignition o 10|
= - H end Eﬂ
] S R . g
S T 2
=1y " o,
@] \ @
-6 \ - —
| ©
0 o
\1. 2

PR N T ST T SR N S S P I T T S . 1owe L

0 5 10 15 20 25 2 1]

J

Hirschi et al 2004, A&A
24 Raphael Hirschi Keele University (UK)




Impact of Rotation (@ solar Z)

Meynet & Maeder 2003 4.5 4 34
Ekstroem et al 12 Log T

25 Raphael Hirschi Keele University (UK)



Impact of rotation (@ solar Z)

H_.‘@ | 40M,, .
g :
3 5L Wider M ; o
&l 25Mg, -
o i & "
—_ I 20M,, - 1
I 16M, . |
4 L 12M, -/ b
] I 1 ] i 1 | I | | L L 1
Meynet & Maeder 2003 Log T

26

Raphael Hirschi University of Keele (UK)



Impact of Rotation ( @ so[ar Z): T

Roche model: an,crit 2 5 R

Modification of the gravity:

pol,crit

Geff = Ger (£2.0) =

?"

and thus of the T.g:

Tog = TLH(QH) —

Standard outputs of the models:

Sp: true deformed surface

24

( GM o o 9) + (02 sind cosd )&

L ! /4
Lﬂ'ﬂr G M* Jetf($2,0 J]

= (L/oSp)/1

log( L/ Lg)

ol

eﬁ‘

model from Georgy et al. (2013)

Mo

— standard output |

eualor-=011

pole-on ]

1
log{ T [K])

1.24 1.22 120 1,18 L.16

Correction for limb darkening according to Claret 2000

Raphael Hirschi

Keele University (UK)



 Impact of Rotation, M =20 M.

v =0km/s

mi

mi -

=300 km/s

20 _I 1 | L | | L | | L] I | L L I I 11 20 _I LI | I 11 | I 11 I | L L] I 1 I_

15 | 15 - =

= | : ]
g 100 1or B
5 | _‘ 5 F :

| -x T

0 .. S ] 0 e, W
8 H6 He 4 C 2 ON'B 0_251 —4 8 H6 He 4 C o ONE 0_251 —4

Log(time until core collapse) [yr]
Jul 4, 2014 Raphael Hirschi Keele University (UK)

|



 Impact of Rotation, M =20 M

mi

v =0km/s v = 300 km/s

mi m

20 1 I 1T 1 | I 1T 1 | I 1 I I 11 I I 1T 1 20 i 1 | | L | I 1T 1 I 1T 1 I I 11 I I 1T 1 i

I mass loss i

15 15 — -

2, i )
E“ 10 10 -

A

sor 0 | 1 _
ONe 0_281 _4 8 H6 He4 ONe 0_281 _4

- : convection
Hirschi et al 2004, Aga  Log(time until core collapse) [yr]

vk

] Jul 4, 2014 Raphael Hirschi Keele University (UK)



WR_Lifetimes @ solar Z

Rotation: decrease of MIIliIl for WR formation & increase in WR lifetimes
Meynet & Maeder 03

o no rotation

o | rotation

—

lifetimes [Myr]

0.5

0

20 40 60 80 100 120 =0 40 60 80 100 120
My [Mo] Georgy et al 12, A&A My M)

NO ROT: Mmmz 25-30 M0 ROT: Mmmz 20 M0



Nitrogen Surface Enrichment

Rotating models: enrichment starts during MS
Meynet & Maeder 2000, Heger & Langer 2000

15 M0 model with Uini:300 km/s

0.553

0.327
(N/H)

10
Non-rotating models:

no enrichment before

1% dredge up (RSG)
Mixing questioned by FLAMES survey (Hunter et al 08,09)

] 31 Raphael Hirschi Keele University (UK)




Nitrogen Surface Enrichment

Flames survey:
Explanations:

Single stars:

G1: less evolved/

lower mass
G2: pole-on / B-f?

Blnary Stars:(Langer etal 08)

G1: N-poor matter acctr.

G2: * slowed down / B-f?

many stars explained BUT

12 + log [N/H]

8.2

| Key:

|(0)Core hydrogen
'® —log g 2 3.7dex |() yeres

'@ —3.20% log g <3.7dex |

burning objects”

L = F s T T

100 150 200 250 300 A3
v sin i (km/s)

Other issues: Initial composition, overshooting, enriched blue supergiants
VLT FLAMES survey of_ massive stars: Hunter etal 07,08,09, ... _
Boron can help distinguish between rotation and binarity

(Brott etal 08, 11a,b, Langer etal)



 Boron Surface Depletion: Models

 Boron is
depleted In the

stellar interior.

10°7

10—8 B

10~

mass fraction
< S < S <
= 58 = = =

'—\
o
L8

o — 2 I
o T L T L T L T L T L T L ——— T L—— T L

M= 12 M, , v;;,;= 200 km/s , Z= 0.014 & ayper= 0.1

—_ by Age = 2.00015e+04 y

mass [M. ]



 Boron Surface Depletion: Models

Rotational mixing
-> surface

boron depletion

mass fraction
; 5 E E o o0 -

[ —
<
—
W

10—15

M= 12 M., , v;,;= 200 km/s , Z= 0.014 & = 0.1

- | —— CLi
| — "Li

-- —— 9Be

lf]B
— llB

UN/1e7

Age = 8.78964e+06 y

Y A — e

mass [M ]




- Boron Surface Depletion

Rotational mixing -> surface boron depletion

[ECRT Py & T I':l.-'i I I I —  OMa, Vi it D.2I
3.0F s i —0.4, log(NIC),,=-0.81 o 19M. vt 02 H3.0
(a) | _]J_ X — = Uit =004, logNAC ), =-0.41 (b) | ‘q —u_ — = 12Me, vieifee =04
; Loty =04, Z=05F; i v 18MG, vty =004
; - H- 20Mz, Vins ftlces =04
a5 i - 4 & Mendel et al 2006 25
: T ® & Venn et al 2002
- B B Proffitt and Quigley 2001
7 | = ., 3
o 20 | : 2.0
'__||_ _T_ N
9_:1 15} "t‘ 115
%ﬂ ' : -
~ 11 - ]
| I Lo
—
1 \
0.5 . . 0.5
(0.0 : - LN R _ L . i A | "
’I —{.3 —.6G —0.4 —.2 (.0 (.2 —(.8 —0.G —0.4 —0.2 0.0 0.2 .
log(N/C) log(N/C)

Frischknecht et al A&A 2010

Binaries cannot explain B depletion without N enrichment (Langer et al 2010)



 Magnetic Fields

Importance:

- Guides charged-particle

- Shapes stellar winds

- Couples rotation of different parts of the star

Importance debated



Surface Magnetic Fields

Donati et al. 2006



Surface Magnetic Fields

HD191612

@0riC
BCep

T Sco

V2052 Oph

(Cas
Ori

He-peculiar

Only 2 magnetic
O star known

Ref

(6)

(1)
()
()

3)

(4)
(5)

A few dozen He-peculiar stars

/ magnetic OB stars

Sp. T.

04-6V
BlIVe

B0.2V

B1vV

B2IV
B2IVe

B1-B8p

Vsini
Km/s

20

27

63

17

172

Prot
days

538

15.4

12.00

41

3.64

5.37
1.29

0.9-22

M
Msol

45

12

10

<10

Incl.
Deg.

45

60+-10

71+-10

18+-4

42+-7

Deg.

45

42+-6

85+-10

35+-17

80+-4

50+-25

Bpol
G

~1500

1100+-100

360+-40

~500

250+-190

340+-90
530+-200

1000-10000

(1) Donati et al. 2003 (2) Henrichs et al. 2000 (3,4,5) Neiner et al. 2003abc, (6,7) Donati et al. 2006ab

B Angle between the magnetic axis and the rotation axis
Large ongoing surveys: e.g. MiMes
Most magnetic stars show abundance anomalies: Bp, Ap stars



Magnetw ﬁe[e[s

Question: are these values compatlble w1th
magnetic fields observed in pulsars?

Pulsars—=> 1012 G

Br = const. (10 km/5 R_,)? x 102 G ~ 10 G.
B,/B_=(r./r)’

Answer: observed magnetic are one-two orders of magnitude
higher->More compatible with progenitors of magnetars 10% G

Question: may the observed values have an impact
on the wind?

B%>/87T if n> 1 > wind behavior

n(r) =

/) ud-Doula & Owocki (2002)

Answer: YES. For early-type stars, n >1 for
B~ 50-100 G



- MMagnetic Fields: Theory

Small initial horizontal field:

Taylor instability of the field lines
Instability — Small vertical component
(1973) - Differential rotation winds up

— New horizontal field lines closer and denser:
DYNAMO (Spruit 2002)

Criteria for field Transport
amplification: coefficients:
Q>wy = }H :
More general T orvime D )
: J1n Q N\ g A chem ¢> \ Q
eXpreSSK)nS q = T Alnr = (min = (ﬁ) (_\- ,.zj 20 [ w 3 /o
(Maeder 04, Maeder | e | Do =~ (%) (T)
& Meynet 2005) where N? = ””h"‘ s N7+ N2

but Taylor-Spruit dynamo debated (zahn et al 07)

40 Raphael Hirschi Keele University (UK)



Magnetic Fields: Models

15 MO, Z=0.02 & V. =300 km/s

W TN A N T
Transport of Q (v): /\/\/ i
10 — =
dominated by B-fields (v) . i
I ZN e |
Flatter Q profiles = L e “”’”"f N | 4
O >~ : \'l); nl ¢
a 5L/ W N
n:E Q _JIH_,.;-— D iz ~ [
Transport of X (n): 2 o[ b
kS
Dominated by meridional circulation (D_)
_5 ‘-",'/K il
Stronger mixing * ‘
_10 Lok p 0oy w o e oM T oo §
6 10 12 14
Mr/MGI
(Maeder & Meynet 2005)
41 Raphael Hirschi Keele University (UK)



Magnetic Fields: Rotation of the Sun

Sun rotation profile compatible with helioseismology
(Eggenberger et al 2005)

IUUD I I I I I I I I | | | |II|| I | ]
L e With Magnetie Fields " ]
000 [ ==~ Without Magnetic Fields % ]
A L
—600 |- V=
8 | -
Sk -
€400 = i
EUU I | | | | | 1 1 | ] | | l I | |

0 0.2 0.4 0.6

r/R,
Taylor-Spruit dynamo debated Gravity waves can also help

Brun & Zahn 2009 (Charbonnel & Talon 2005, Arnett & Meakin 2006)



- Magnetic Fields: Massive Stars
Taylor-Spruit dynamo (Spruit 02, Maeder & Meynet 05)
: M= 015 My, v,,,= 400 km 5~ , Z= 0.002 & &ypp= 0.1
Better for pulsar periods 10 £— ———— 3

(see also Heger et al 2005)

Not enough for WDs 1017 —
(Suijs et al 08)

]

m 1018 B¢
Other mechanisms? Eof
« Dynamo in conv. env. 2

» During/after explosions

(see discussion in Meynet et al 11,13)

GRBs/MHD explosions?

1014 -

< Quasi chemically-homog. 108,

0 0.2 0.4 0.6 0.8
m/M,,. M,,=(14.14693)

evol. of fast rot. stars (avoid RSG)

(Yonon at al 0A N7 \AMon<lav & Hener 200R)
] 43 Raphael Hirschi

Keele University (UK)



- Magnetic Fields: Massive Stars

Taylor-Spruit dynamo (Spruit 02, Maeder & Meynet 05) -

Better for pulsar periods

(see also Heger et al 2005) 3T | '
Not enough for WDs =~ of final B=0
(Suijs et al 08) % - NS
Q 1
Other mechanisms? = final,B>0
A T S
. £ 0
« Dynamo In conv. env. =< [
{=Ti]
. . 2 )
» During/after explosions B S
(Meynet et al 13) I | & . |
_2 L 1 L L L
I 0 0.5 1
GRBs/MHD explosions? log (initial mass / M,)
< Quasi chemically-homog.
evol. of fast rot. stars (avoid RSG)
(Yoon et al 06,07, Woosley & Heger 2006)
] 44 Raphael Hirschi Keele University (UK)




Binarity

e Stars in six nearby galactic open clusters-=>
* 71 single and multiple O-type objects
* 40 detected binaries

60

Intrinsic number
of binaries

Intrinsic number
of binaries

40

20

Cumulative number of objects
Cumulative number of objects

1 10 100 1000 10000 1.0 0.8 0.6 0.4 0.2 0.0

Orbital Eerind (d) Mass ratio: M,/M,
Sana et al. (2



‘Binarity

Cumulative fraction of O stars at birth
0% 26% 71% 75%

1.0
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Sané et al. (2012) Initial orbital period (d)




Binarity

The VLT-FLAMES Tarantula Survey* (LMCQC)
VIII. Multiplicity properties of the O-type star population

H. Sana!, A. de Koter!2, S.E. de Mink®***  P.R. Dunstall®, C.J. Evans®, V. Hénault-Brunet’, J. Mafz Apell4niz®,
O.H. RanﬁrrsznAgudelnl, W.D. Taylnr?, N.R. Walborn’, J.S. Clark®, PA. Crowther'?, A. Herrero!""12, M. Gieles?,
N. Langer'4, D.J. Lennon!3?, and J.S. Vink!®

(Affiliations can be found after the references)

Received May 17, 2012; accepted September 18, 2012
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Equation of State - Ideal gas
N .

R
P =nkgl = —pT
j
with p = num,,; p: molecular weight, mass of particle per

Several components in gas with relative mass fractions
L P o pX
X, = o N =

electrons and ions:

P=PF + Z P; = (ne + Z ni)kT.

| |

R 10/2011 Stellar Structure — p.88



Ionization - limiting cases

| N

Completely ionized atoms (of mass fraction X; and charge
Z@')Z

i(1+ Z;)
P =nkl = RZ il :Z—?pT

| ~1
(L= (Zi XI(EZ*)) . mean molecular weight

1
For a neutral gas, i = (Z- 1) .

1 i

The mean molecular weight per free electron is

—1
X7, )
fle = (Z 0 ) eSS

2

| |

P 10/2011 Stellar Structure — p.89




Ideal gas with radiation pressure

| N

P:ngtq"’Pmd

Ao Pgas (‘_)43 - 4(.]_ 3) ()3 . (J._Jg)
b= = (W)P =~ and (‘)P)T T

Furthermore
Jlnp 1
OmP), [
dln p 4 — 30
0 = —| - —
dInl" ) p 3
Olnp
=1
Ol ) p

‘ ® Forg—1,cp— 5—j’j Vad — 2/5, J

P 10/2011 Stellar Structure — p.90

AS!
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Degree of lonization

.
3

o
o
T

o
£~
T

o
M
T

Saha-equation (see introductory course for derivation):

Ionization

vad 1
0.4
0.3
02

0.1

-

lllustration of ionization of hydrogen and he-
lium within a stellar envelope. In panel (b)
the corresponding run of V.4 is shown. The
depression is due to the increase in cp due
to ionziation. Since V,q is getting smaller,

convection will set in.
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Electron degeneracy

-

The distribution of electrons in momentum space
(Boltzmann equation; p is momentum):

47p? »°
f(p)dpdV = n, 2 kT2 exXp ( ) dpdV

 9m KT

fip)

’DLS_

Pauli-principle:

"2
f(p)dpdV < 8;”; dpdV

| | | |
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Partial degeneracy

Epzdp \

fO l+eXp 111)

f[F}
5 /
810 v
7
I /
--/‘
[ y
i 7
-

[ ﬁ f(p) for partially degenerate gas
103k ! with n. = 10°® cm—3 and T' =
...... ), |

018 Py 101_pr 1.9-107 K correspondingto W =

10.

30N
P=Pon+Pe+Pag = EPT 87; pt (pJ)gdp
o 3h l+exp (75 —"0) 3 J
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Non-ideal effects
-

finite size of atoms — pressure ionization
Important already in Sun and low-mass stars

Coulomb interaction — low density — pressure reduction
important in many stars (envelopes, but also solar core)

Coulomb interaction — high density — crystallization
white dwarfs, neutron stars

configuration effects — van der Waals gas; quantum
effects (spin—-spin—interactions)

neutronization
neutron stars

|
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EQS implementation in MESA

Combination of sources for
EOS in SE codes:

log Temperature (K)

Figure 1. p—T coverage of the equations of state used by the eos module for
Z < 0.04. Inside the region bounded by the black dashed lines we use MESA
EOS tables that were constructed from the OPAL and SCVH tables. The OPAL
and SCVH tables were blended in the region shown by the blue dotted lines,
as described in the text. Regions outside of the black dashed lines utilize the
HELM and PC EOSs, which, respectively, incorporate electron—positron pairs
at high temperatures and crystallization at low temperatures. The blending of
the MESA table and the HELM /PC results occurs between the black dashed lines
and is described in the text. The dotted red line shows where the number of
electrons per baryon has doubled due to pair production, and the region to the
left of the dashed red line has '} < 4/3. The very low density cold region in the
leftmost part of the figure is treated as an ideal, neutral gas. The region below
the black dashed line labeled as I" = 175 would be in a crystalline state for a
plasma of pure oxygen and is fully handled by the PC EOS. The red dot-dashed
line shows where MESA blends the PC and HELM EOSs. The green lines show
stellar profiles for a main-sequence star (M = 1.0 M,). a contracting object of
M = 0.001 Mg, and a cooling white dwarf of M = 0.8 M. The heavy dark line
is an evolved 25 M, star that has a maximum infalling speed of 1000 km s~
The jagged behavior reflects the distinct burning shells.

log Density (g cm™)
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Opacity
-

Electron scattering: Thomson-scattering:
2 ‘ _
fge = L —Le . —(0.20(1 4+ X) cm?g ™!

3 MMMy,

Compton-scattering: 7" > 10%: momentum exchange —
KR < Rge

free-free transitions:
kg o pT =72 (Kramers formula)

bound-free transitions:

Fpf X Z(1+ X)/)T_T/Q
b-f for F/~-ion below 10* K (major source)

bound-bound transitions: below 10° K. No simple formula.

|
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Opacities — practical use

complications: complex line structures, many elements,_‘
molecules, underlying EOS, transition probabilities . ..

no on-line calculation
accurate enough —
treat separately

use of pre-calculated
tables for many mixtures

Opacity Project (Sun,
atomic data); OPAL (Sun
and stars); Ferguson
& Alexander (low 7T
molecules)

log T
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Plasma neutrino emission

| N

Stellar plasma emits neutrinos, which leave star without
Interaction and lead to energy loss L,.
Processes are:

1. Pair annihilation: e~ +e¢t — v +rpat7T > 10” K.

2. Photoneutrinos: v+ e~ — ¢~ + v+ (@s Compton
scattering, but with v-pair instead of ~).

3. Plasmaneutrinos: v, — v + v; decay of plasma state ~,,,

4. Bremsstrahlung: inelastic nucleus—e~ scattering, but
emitted photon replaced by a v-pair.

5. Synchroton neutrinos: as synchroton radiation, but
again a photon replaced by a v-pair.

| |
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Regions of plasma-neutrino processes

-

-

9.5 1 ] 1 7 1 ¥
;.r"
g7 Fair f"’
/
9.0 -
7
— A
T e Plasma
7
8.5~ f_,-’ff l' T
/ { / f
Photo  / / pd
ffBrems/ Ve
7
/ f” 7 Brems
8.0 1 1 | [ 21 ] 1
4 6 8 10
lgp
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Non-Degenerate Conditions

Let us first consider a uniform contraction of a mass M. In that case a variation
in radius AR corresponds to a variation in pressure AP and to a variation in
density Ap so that we have the following relations:

AP AR A AR
—— = —4—— and e T —3—.

P R 0 R

The first equality is deduced from the hydrostatic equilibrium equation and the
second from the continuity equation. From these two relations, we can write

AlnP = %ﬂ.lnp.

Let us now write the equation of state as follows

Alnp=aAInP —-5§dAInT,

= b . 31
where o and § are defined by a = [ 2122 and § —— (2P . and where
. Gln P T Fln'T Pl

i, the mean molecular weight, is supposed to remain constant. From these two
relations one obtains, by eliminating AP the two following relations between a
variation in log T and log p:

dov — 3

)zlhm. (1)

For a perfect gas law we have o« = § = 1. Therefore an increase of, for instance,
30% in density implies an increases of 10% in temperature.



Non-Degenerate Conditions

Models by =

&
Ekstrom et al. (2012) &
A&A, 537, A146)

8.5

7.9

7

log (p, [g em™3])
Stars=system with a negative specific heat!



Degenerate Conditions

no longer valid, but if during the course of evolution, when the central conditions
pass from the non-degenerate region to the degenerate one, o becomes inferior to
three quarters before 4 i1s equal to zero. then a contraction can produce a cooling!
This can be understood as due to the fact that. mm order to allow electrons to
occupy still higher energy state, some energy has to be extracted from the non
degenerate nuclel which, as a consequence, cool down.

dex — 3
AlnT = ¥ Aln p.

POCPE/B
a=3/5and o = 0



Non = Degenerate Conditions

(1,1 Perfect gas

3/4
(3/5,0)

Electron degenerate gas
(Non relativistic)



Evolution of the temperature
and density at the centre

Pgaz=PdegNR
Log Tc Slope 2/3

Slope 1/3

Log P

Pgaz=PdegNR

L 5 5/3 um, 1

I=K, — - I=K
#me 1 IJe 1 k

53 P

e

2/3



Non = Degenerate Conditions

Models by

log (T, [K])

Ekstrom et al. (2012)
A&A, 537, A146)

TH .O'QD-BI

0 z T T4 B
log (p, [g em™3])
Stars=system with a negative specific heat!



- Mass Domains

0.1 f

2 /
/
[ | [ R R I

4 |
—

Lecture notes from O. Pols taken from:

0

http://www.astro.ru.nl/~onnop/education/stev_utrecht_notes/ 1Dg Pc

5 10



http://www.astro.ru.nl/~onnop/education/stev_utrecht_notes/

- Mass Domains

 0.08 M__, inferior mass limit for core H-burning : Brown

Dwarfs
« 0.08M_,, -0.5M_, : HDburning OK, degenerate before

core He-burning (lifetime > Hubble time-> no He white
dwarf from single stars)

e 0.5-7M_ : core H OK, core He OK (He-flash below 1.8

sun*

M.,,), degenerate CO white dwarf
e 7-9 M_, : Core C burning OK=> WD(?) or Complete

sun*

destruction (?) or collapse through electron captures (?)

e 9-150 M, : core H, He, C, Ne, O, Si--> Fe cores
« 150-250 M_,: Pair Creation Supernovae



Mass Domains

9.0 DEGENERATE

C-1emition
— o e _—

S
——

8.3

envelope |l

ejection

8.0

1gnition He-Tiach

0 s i M O | |
4 5 6 7 8 9 10

log p.

Fig. 26.10. Evolution of central conditions for different masses with indications
of instability domains (Sect. 7.8), the Fe—q transition indicates the photodesinte-
gration of Fe nuclei into « particles. The degenerate region is light gray. Dashed
lines show the place where nuclear energy generation rates balance neutrino losses.
Adapted from T.J. Mazurek and J.C. Wheeler [401]
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Importance basu:s effects, uncertainties of:

( - Nuclear reactions)
- Convection in L1

- Mass loss

- Rotation

- Magnetic fields

- Binarity

- Equation of state, opacities & neutrino losses

iIncluding metallicity dependence
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Pressure and energy

| N

—

Pressure as momentum transfer L area= n(e) - ple) - v(e)
Mean over incident angle (1/3 - p - v) and particle energy e:

P = %/0 n(e)p(e)v(e)de

relativistic case:

22\ ~L/2 >
v = (1 — E_‘z) ,p=ymuv; € = (y—1)mec” =

1 [ OImc me2\ 7!
P=— / ne (1 - me ) (1 — m) de
3 Jo € ¢
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Pressure and energy

o

limiting cases

® non-relativistic: mc? > ¢ —
Pk = 2 [ nede = 3(ne) = 2Ung

® extrem-relativistic: mc? < ¢ — Pur = sUggr

= general relation P ~ U (energy density)

Radiation pressure:

_ Gy _mrp o 10—15 18
Paa = 3U = 57" (a=756-10717 22 )

|
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Typical mass-loss rates for galactic 0-type stars
on the MS

0.5-20 x 10-° M, year-!

M L1.7

LOM?
TMS M—O.G ‘ AM M2.8

jl> M M 3.4

AM /M OM™




F | 1 1 | I
20 M_, in RSG stage > ~10-> M_,./y

1 llJJlJ.l

L

1 lLLlJl.

10-7 U

M (M)

Dust enshrouded red supergiant may have higher mass loss

(factor between 3 and 50) van Loon et al.

(2005) .



RSG/ISG/WR — SN I, 116, 1b, Ic

RSG Mdot: - log(Teff/K) > 3.7: de Jager et al. (1988)
- log(Teff/K) < 3.7: linear fit from the data of Sylvester et al. = 1m0t (L)
(1998) and van Loon et al. (1999) (see Crowther 2001)

T [ T T T T | T T T T I T T T T I T T

T T 'I L T T [ T T T 'I T T Li [ T T T I T 5-4 L p— e
:,'.. @'r ; = T L = o a .
0.2 - 8 =
5 - _ 2008cn 19931 o .
2011dh | I 'J.-j Uxa - .
% 15 M, M Std-
_— ﬁ (= HE
. 3 ; k
K S ESssimas -
3 = L o e =
— Fot 0 F e e M, Mx10 RETe T ERRY 9 ha . . [ConarraEs = Stu
& W 48 .
E 45 o [ 12 M, W Std
i A T T
468 -
———————————
4 4.4 _— o
1 1 1 ] i i L |. L 1 1 I 1 1 L I L L L I 1 1 '} 1 1 I 1 1 1 1 | 1 1 1 1 I 1 '} '} '} I I
4.8 4.4 4.2 4 3.8 3.6 3.9 3.8 3.7 3.6 4.0
log(T,,/K) log(T o/ K)

Models: Georgy 12 (see also Eldridge et al 13)
Super-Eddington layers — increased Mdot (see Ekstroem et al 13)



 Final stages ¢ SN type

Ratio SNIbc/SNII: tests final type

0.04 I | T 1 I I
0.8 with BH SNe
i — — no BH SN
0.03 i
I Eldrid t al. .
SN 11 =0.6_ ridge et a e »le
% ----- - Fryer et al.
i ~ | »
N 0.02 %) V
i 2
Z,
n
0.01
0 1 I
8 10 20 40 60 80 100
7/Z
Mini / MO / °
Georgy et al 09 - THEORY: Georgy et al 09 (solid line)

binaries: Eldridge etal 08 (dotted)
- OBS: Prantzos & Boissier 03 (triangles)
Prieto etal 08 (pentagons)



_ _ Long e’a‘ 5 oft gamma Q{ay @ursts ( gﬂ{ﬂs)
Long soft GRB-SN Ic connection: GRB060218/SN20064)

Cusumano et al 2006, ...

GRB 031203-SN 2003lw / GRB 030329-SN 2003dh / GRB 980425-SN 1998bw, .
Tagliaferri, G et al 2004 / Matheson 2003, ... / lwamoto, K. 1999, ...

Collapsar progenitors must: (woosley 1993, A. Mc Fadyen)

i
.

Form a BH
Lose their H-rich envelope — WR star

Core w. enough angular momentum

Observational info:

Z of close-by GRBs is lower than solar

Torus

i J
~ Z (Magellanic clouds)

(Stanek et al 06, Le Floc'h er al 2003, Fruchter et al 2006{S'Mmulation by Mc Fadyen)

78 Raphael Hirschi Keele University (UK)



Podsiadlowski et al 04

GRB from all WR types:

Too many

GRB from WO (SN lc):

OK with obs.

o Tﬁeoretu:a[ gﬂ{@ mtes ( zwtﬁout QS ﬁe[c[s) =
Obs: R(GRB)=3x10"10 6x10* & R(SNILIb,c)~7x10" [yr']

Hirschi et al A&A, 443, 581, 2005

Z

SMC LMC 0 GC
MGRBmm(WR) 32 25 22 21
MGRBmaX(WR) 95 95 75 55
R WR) 115E-03  1.74E-03 2.01E-03 1.92E-03
MGRBmm(WO) 50 45
MGRBmaX(WO) 95 95
R (WO) | 4.74E-04 | 5.99E-04

GRB favoured at low Z, maybe also very low Z (85 Mo)

79
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- GRB progenitors with B-Fields
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gﬂ{ﬂ% progemtors wttﬁ QB ,‘Tte[cfs

Taylor Sprun dynamo (Spruit 2002) : better for NS (Heger et al 2005, Suijs etal 08)

No A_ >1In Fe-core @ pre-SN stage with B-fields (Petrovic et al 2005, ...)

» A_~1 < Quasi chemically-homog. evol. of fast rot. stars (avoid RSG)

(Yoon & Langer 06, Woosley & Heger 2006) |y [kmis] Z
ini

» Z(SMC) Z=10° Z=10° Z=10°
230 | - - - No -
300 | - B
400-500  WR No
700 @ -

40 MO models

\\ 4

« WR (SNIb,c) & GRBs predicted down to Z=~0 (Yoon etal0s)  This study

Question:
» GRBs around Z(LMC) & Z(SMC)? Dep. On mass loss / NO GRB @ Z_

(Meynet & Maeder 2007)

] 81 Raphael Hirschi Keele University (UK)



Quasi-Chem. Tovol. @ very low Z? 40M models

Z=1e-5, v =600 km/s (vin /'”cm =0.59)

&)

(-

lﬂgln(nmnw K, Dgh_agr’ Den) [em? 5;_'1

o)

int

M= 040 Mg, v_,= 600 km s! , Z= 1e-05 & a_, = 0.1 (0008871)

T | rrr [ rrrrrr | 1 1
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) ;
- | | .fd_.:;f.,_
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int

M= 040 Mg, v_,= 700 km s*! , Z= 1e-08 & a_, = 0.1 (0007001)

N sy O I I
I Dconv Dshear D K ]
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Stellar Evolution:
From The Most
To The LeasT

massive STars
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Importance basu:s effects, uncertainties of:

- Nuclear reactions — B. Meyer
- Convection in L1

- Mass loss

- Rotation

- Magnetic fields

- Binarity

- Equation of state, opacities & neutrino losses

iIncluding metallicity dependence



 Impact of Rotation, M =20 M

mi

v =0km/s v = 300 km/s

mi m

20 1 I 1T 1 | I 1T 1 | I 1 I I 11 I I 1T 1 20 i 1 | | L | I 1T 1 I 1T 1 I I 11 I I 1T 1 i

I mass loss i

15 15 — -

2, i )
E“ 10 10 -

A

sor 0 | 1 _
ONe 0_281 _4 8 H6 He4 ONe 0_281 _4

- : convection
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Hertzsrpung-Russell (HR) Diagram:
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- Main Phases of Stellar Evolution

Evolutionary tracks —

10

0+ Z2=0.014
+ rotation o X
25 4 35
Ekstroem et al 12 log (T, [K])

// Raphael Hirschi Keele University (UK)



Central Temperature vs Central Density Diagram

Evolutionary tracks —

log (T, [K])

-10.2

[ I 0

log (p, [g cm™3])
Ekstroem et al 12



- EOS and partial degeneracy

- Standard massive stars

- The most massive stars

- Weak s-process

- Intermediate- and low-mass stars

- Stars at the boundary between massive and

Intermediate-mass stars



Equation of State - Ideal gas
N .

R
P =nkgl = —pT
j
with p = num,,; p: molecular weight, mass of particle per

Several components in gas with relative mass fractions
L P o pX
X, = o N =

electrons and ions:

P=PF + Z P; = (ne + Z ni)kT.

| |

R 10/2011 Stellar Structure — p.88



Partial degeneracy

Epzdp \

fO l+eXp 111)

f[F}
5 /
810 v
7
I /
--/‘
[ y
i 7
-

[ ﬁ f(p) for partially degenerate gas
103k ! with n. = 10°® cm—3 and T' =
...... ), |

018 Py 101_pr 1.9-107 K correspondingto W =

10.

30N
P=Pon+Pe+Pag = EPT 87; pt (pJ)gdp
o 3h l+exp (75 —"0) 3 J
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Non-ideal effects
-

finite size of atoms — pressure ionization
Important already in Sun and low-mass stars

Coulomb interaction — low density — pressure reduction
important in many stars (envelopes, but also solar core)

Coulomb interaction — high density — crystallization
white dwarfs, neutron stars

configuration effects — van der Waals gas; quantum
effects (spin—-spin—interactions)

neutronization
neutron stars

|
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EQS implementation in MESA

Combination of sources for
EOS in SE codes:

log Temperature (K)

Figure 1. p—T coverage of the equations of state used by the eos module for
Z < 0.04. Inside the region bounded by the black dashed lines we use MESA
EOS tables that were constructed from the OPAL and SCVH tables. The OPAL
and SCVH tables were blended in the region shown by the blue dotted lines,
as described in the text. Regions outside of the black dashed lines utilize the
HELM and PC EOSs, which, respectively, incorporate electron—positron pairs
at high temperatures and crystallization at low temperatures. The blending of
the MESA table and the HELM /PC results occurs between the black dashed lines
and is described in the text. The dotted red line shows where the number of
electrons per baryon has doubled due to pair production, and the region to the
left of the dashed red line has '} < 4/3. The very low density cold region in the
leftmost part of the figure is treated as an ideal, neutral gas. The region below
the black dashed line labeled as I" = 175 would be in a crystalline state for a
plasma of pure oxygen and is fully handled by the PC EOS. The red dot-dashed
line shows where MESA blends the PC and HELM EOSs. The green lines show
stellar profiles for a main-sequence star (M = 1.0 M,). a contracting object of
M = 0.001 Mg, and a cooling white dwarf of M = 0.8 M. The heavy dark line
is an evolved 25 M, star that has a maximum infalling speed of 1000 km s~
The jagged behavior reflects the distinct burning shells.

log Density (g cm™)



Central Temperature vs Central Density Diagram

What is the slope of
the evolutionary
tracks?

Evolutionary tracks —

log (T, [K])

-10.2

[ I 0

log (p, [g cm™3])
Ekstroem et al 12



Non-Degenerate Conditions

Let us first consider a uniform contraction of a mass M. In that case a variation
in radius AR corresponds to a variation in pressure AP and to a variation in
density Ap so that we have the following relations:

AP AR A AR
—— = —4—— and e T —3—.

P R 0 R

The first equality is deduced from the hydrostatic equilibrium equation and the
second from the continuity equation. From these two relations, we can write

AlnP = %ﬂ.lnp.

Let us now write the equation of state as follows

Alnp=aAInP —-5§dAInT,

= b . 31
where o and § are defined by a = [ 2122 and § —— (2P . and where
. Gln P T Fln'T Pl

i, the mean molecular weight, is supposed to remain constant. From these two
relations one obtains, by eliminating AP the two following relations between a
variation in log T and log p:

dov — 3

)zlhm. (1)

For a perfect gas law we have o« = § = 1. Therefore an increase of, for instance,
30% in density implies an increases of 10% in temperature.



Non-Degenerate Conditions

Models by =

&
Ekstrom et al. (2012) &
A&A, 537, A146)

8.5

7.9

7

log (p, [g em™3])
Stars=system with a negative specific heat!



Degenerate Conditions

no longer valid, but if during the course of evolution, when the central conditions
pass from the non-degenerate region to the degenerate one, o becomes inferior to
three quarters before 4 i1s equal to zero. then a contraction can produce a cooling!
This can be understood as due to the fact that. mm order to allow electrons to
occupy still higher energy state, some energy has to be extracted from the non
degenerate nuclel which, as a consequence, cool down.

dex — 3
AlnT = ¥ Aln p.

POCPE/B
a=3/5and o = 0



Non = Degenerate Conditions

(1,1 Perfect gas

3/4
(3/5,0)

Electron degenerate gas
(Non relativistic)



Evolution of the temperature
and density at the centre

Pgaz=PdegNR
Log Tc Slope 2/3

Slope 1/3

Log P

Pgaz=PdegNR

L 5 5/3 um, 1

I=K, — - I=K
#me 1 IJe 1 k

53 P

e

2/3



Non = Degenerate Conditions

Models by

log (T, [K])

Ekstrom et al. (2012)
A&A, 537, A146)




- Mass Domains

0.1 f

2 /
/
[ | [ R R I

4 |
—

Lecture notes from O. Pols taken from:

0

http://www.astro.ru.nl/~onnop/education/stev_utrecht_notes/ 1Ug Pc

5 10



http://www.astro.ru.nl/~onnop/education/stev_utrecht_notes/

- Mass Domains

 0.08 M__, inferior mass limit for core H-burning : Brown

Dwarfs
« 0.08M_,, -0.5M_, : HDburning OK, degenerate before

core He-burning (lifetime > Hubble time-> no He white
dwarf from single stars)

e 0.5-7M_ : core H OK, core He OK (He-flash below 1.8

sun*

M.,,), degenerate CO white dwarf
e 7-9 M_, : Core C burning OK=> WD(?) or Complete

sun*

destruction (?) or collapse through electron captures (?)

e 9-150 M_,.: core H, He, C, Ne, O, Si--> Fe cores
« 150-250 M_,: Pair Creation Supernovae



Mass Domains

9.0 DEGENERATE

C-1enmition
L I— — ks

—
-

8.3

envelope

ejection

8.0

lgmtmn Ht,-ﬂaah
& D 2= O | | |
4 5 ﬁ 7 8 9 10

log p.

Fig. 26.10. Evolution of central conditions for different masses with indications
of instability domains (Sect. 7.8), the Fe—a transition indicates the photodesinte-
gration of Fe nuclei into « particles. The degenerate region is light gray. Dashed
lines show the place where nuclear energy generation rates balance neutrino losses.
Adapted from T.J. Mazurek and J.C. Wheeler [401]



- Massive Stars

Massive stars: M > 9 solar masses

Main seguence:

hydrogen burning

After Main Sequence:

Helium burning
Supergiant stage (red or blue)
Wolf-Rayet (WR): M > 20-25 M_

Log T

WR without RSG: M > 40 MO

http://www.astro.keele.ac.uk/~hirschi/animation/anim.html
Advanced stages:

carbon, neon, oxygen, silicon burning — iron core
Core collapse — bounce — supernova explosion

] 24 Raphael Hirschi Keele University (UK)


http://www.astro.keele.ac.uk/~hirschi/animation/anim.html

 Impact of Rotation, M =20 M

mi

v =0km/s v = 300 km/s

mi m

20 1 I 1T 1 | I 1T 1 | I 1 I I 11 I I 1T 1 20 i 1 | | L | I 1T 1 I 1T 1 I I 11 I I 1T 1 i

I mass loss i

15 15 — -

2, i )
E“ 10 10 -

A

sor 0 | 1 _
ONe 0_281 _4 8 H6 He4 ONe 0_281 _4

- : convection
Hirschi et al 2004, Aga  Log(time until core collapse) [yr]

vk

] Jul 4, 2014 Raphael Hirschi Keele University (UK)



M asswe 5 tars

M<~30 M : Rotational mixing dommates — bigger cores

M>~3(0 M : mass loss dominates — ~ or smaller cores
Z 002&3 = 0.1 Z 002&0: 01

over over
10 ———— S

- /
1 L e ¢ ’/’,— k
- — ’Uin.l— 300 km S 1 - 06 |- / /7)6 P
v e £
I 1 v,,= 300 km s-! / -"@_} i 1

! - 1
- V= 0 kms™t . -

Log T, [K]

Logp, [g cm™2] Logp, [g cm~3]



= ?{ow ma&sme can stars EeP '
Do Very massive stars (VMS M> 1OOM ) ex1st?

Very Massive Stars in the Local Umverse 2014, Springer, Ed. Jorick S. Vink
- Star formation: already ditficulties with 30 M_ stars but 2/3D

simulations are promising (Kuiper et al 11, Krumholz 2014)

- Stellar evolution: possible up to ~ 1,000 M (BUT mass loss/rad.)

Baraffe et al 0 )

Can we see them?
- Rare and short-lived

- Need to look at youngest and most

massive clusters:

- Arches: M<~150 Mo
(Figer 05, Martins et al 08)

- NGC 3603 & R136: new M__ =320M ! R136 cluster

(Crowther et al 10, MNRAS)




Very luminous stars (~10°L )

R136al (10’L, ) alone supplies 7% of the ionizing flux of the entire

30 Doradus region!

What is the shape of the
luminosity vs mass relation

in this mass range?

Textbooks: L. ~ M” for stars
in the solar mass range

Above 100 M : [~MH1>

- MODELS
----- Looc M3

- Lo M®
l();l | s Lo M35

10' 102 10°
Initial mass [M., ]

(Yusof et al 2013)



~ The Evolution of VMS

VMS = Very Massive Stars for M > 100 M_

20 M 300 M_

Maodel: G300z14S000

20

lllﬂlllﬂ

8 H6 HE4 C2 ONE 0_2Si _4

0

Log10(Time left until collapse) (Yusof et al 13 MNRAS, aph1305.2099)

VMS: much larger convective core & mass loss!



The fate of VMS: PCSN/BH/CCSN?

4 - 1o PCSN

sol

(Yusof et al 13 MNRAS, aph1305.2099)

140

1230

BH

&8 solar, non-rotating
& @ solar, rotating
& & LMC, non-rotating
@ 9 LMC, rolating

(Rotating) models e PCSN range
with Z<Z(LMC) Lrom .
eger
lose less mass, | e Woosley
2 (2002)
and enter the Y 4 - :
PCSN instability QO | e
region! Vl\\\“\
il <. -
BUT mass loss R
uncertain!
Mini o
Consistent with Langer et al (2007): PCSN for Z<Z GIS
] 30 Raphael Hirschi Keele University (UK)



S Process in Massive Stars

Weak s process: (slow neutron capture process) during core He- and shell C-burning
Kaeppeler, et al, 2011, RvMP, 83, 157

He: T > 0.25 GK
(~ 21.6keV)
C:T~1GK

N-source: *Ne(a,n)
Seed: iron
Poisons:
- He-b.: 2°Ne, 2°Mgq,
160’ 12C

Ni
- C-b.: *Mgq, *°Mg, e
160’ 20N @

N =50
Zr | s¢toi-|-Ppp
S|
r-only isotope [ =
_
. - sr 84 --~
s-only isotope
.Q
>
s-process branching .
Kr 78 2
seed for s-process
Se 74 82
A2
= s-process path As 75-% ‘
.
.
Ge --~ 724-73-|-744-> | 76
- A3
Ga e [72ln » 4
. .
K
Zn 64 -+ | 66-F67--681{-"- | 70
o) . s\ S
Cu |[ex| [s-fs \ 4
S
58 60 -6 { -62- E-‘m 4-» h
3
“
59 1-= region of r-process synthesis
5 . decay of r-process material
Fe 57-[-58 ="= indicated by arrows

At solar Z: rotating models may produce up to 3x more s process
(See also Chieffi, Limongi, 2012ApJS..199...38L)

How much s process do massive rotating stars produce at low Z?



Rotation induced mixing @ low Z

Before H-shell boost Xi @ end of He burning

M= 020 M,, v= 600 km s!, Z= 1e-06 & a_, = 0.1

M= 20 Mo, v, = 600 km s7! , 2= 1e-08 & &= 0.1 1 0 """'1H
F— r .‘?C _____ IJ T . _'___'_._'._i__.4_.__._-_; ;"'1“5"0 ___________________________
S P H _
I s s 4
Lot = — - _“EQ-—{ / “He | 120 He
zi ;.- 10-! _— -
|
L
. | 1 1
5 i i o
g " 2 10 e
—«F 10-3 | | | j_ZC = " N “"‘:'INL ¢
e !
" V] 180 .
g 107+ & ! E % 10-2 b .' .
. 1O -.:
:""‘- 10t | | E x I! _________________ -
: . hi O 1074 | 5
5 Hirschi 07 i
109 |- . E C o4 . .
; Meynet et al 06 - 24Mg Hirschi et al 08
10-7 . . . | !. . . 1 . . . I . . ) | ) ) . 10-8 . 1 \ \ \ | . . 1
0 0.2 0.4 0.6 0.8 1 0 0.8 0.8 1
m/M,,, M,,=19.95316 o =(19.72886)

--> § process ??7?



New S-Process Models of Massive Rotating Stars

Z=10", rotating models with different ’O(a,g) rates; V.

Lo
a & 25M., vy fve =00
e o 25M ot} e|||i"ll'f'r|"|| =04
& # J
: * ¢ o 25 M. ' '5'i||i_."'.'f'-.-|"|l =0.5
il T e B S-SR . - |
L ' * * 25 M Uinif Verit = "-51 GFBSJ.”
5 ¢ * o ) ax 7
o]
46 LN & ¥ * *
E ']_“3 : * * * * *
c . . ’ * . & *
-D ' [ ]
B 9 . ¢
=] o e [ ]
* @ . )
B8 * . P
-
6: I_“| L. o G .............................. . ¥ ALty CIT o - ﬁ ................ T
-
® 4 + &
: \ , .
L
L] L] . #* . ; . N
A : s oee @ [ ¢ t bl
* @
.I-“n_,‘.c.-i....ﬂ‘11&31“-*3“ ‘Eilb ! .it)-l-.lri.l.é 1. "B* “8‘0113 t‘H.g!..‘,..:.._
e N 2Zn aonssenr kALY 20 gy 99“ o bTe Xecs EaLBCEF’rNd SrrE GdrbDYH Er TmbLyHf Ta wHeos| Ptay T PbB

.'EIIJ 4[1 50 Gl T'u '5'[1
Atomic number

Frischknecht et al, A&A letter 2011, 2014 in prep
@ STELLAR EVOLUTION CALCULATIONS WITH 600/700-ISOTOPE NETWORK!

2*’Ne production almost primary but still varies with Z & especially V_ . M__

@ Secondary seeds (Fe) limit production (*Ne cannot act as seed)
@ Strong variations in [Sr,Y/Ba] up to 2 dex dep. on Z,V_, and "O(a,g)

@ Possibility of explosive n-capture process in He-shell



S Process in Massive Stars: Nuclear Physics Uncertainty

20 M,, Z= 106 , v.=600 km/s, end of central He burning Hirschi et al 2008, NICX
CETY . T 7 T T T T3 Pignatari et al 08,
Lo G0 00 4 E AR etter, 687,95
108 & x .

- 1 1%0(n,y)VO:
£ oF 1 - 160 poison if
N 10 4 = gl %‘%"; e 1 O(0,y)*'Ne dom.
o SN P 150 absorber if
wf o4 = 70(xx,n)*Ne dom.
° N Aomic mass
Measurement of *'O(a,g)**Ne DRAGON
at TRIUMF ———
Taggart et al NICXI: Ll
1’0O(a,qg) lower than CF88! " R
Best et al 2011 (@ Notre Dame): -l 5 R

But much higher than
Descouvemont 1993!

] 34 Raphael Hirschi Keele University (UK)



| _ New S -Tr_ocess Moc[e_[s COmpare;[ to ff]\/[? *er Q}uéqg GC |

* New models also explain abundances in one of the oldest clusters in
galactic bulge Chiappini et al, Nature Letter, 2011

Inhomogeneous GCE models by S -
Cescutti et al 2013 A&A,553,51 ’”,,,a“” N B

@ Strong variations in
[Sr/Ba] > 1 dex

matches well observed range \ ;
for EMP stars (black circles)! R

. -
2f fs-model 4s .

=
]
‘VXF.
"“.‘1
; Sai:

0_
(no main s process included so s 2 N 4
o . -2 .. w .
cannot explain CEMP-s stars in blue) R e e
[FerH) [FerH] [Fe/H]
Model name | panels In Fig. 5 S-Process [-process ( Ko )

I- Upper Mo s-process from massive stars standard + extended r-process site (8 - 30 M) EMP ° FFEbEI Et al 20 ]‘0)
as- middle average rotators (Vi Ve = 0.4) standard r-process site (8 - 10 M)
fs- lower fast rotators (Vi Vegue = 00.5) standard r-process site (8 - 10 M)

and 1/10 for ' Ofer, %) reaction rate




 Intermediate ¢ Low-Mass Stars

T €O white dwarfs
ANl hot-bottom burning s-process
giant ”
branch

|

J ~  C-star formation

=
‘massive AC low-mass AGB
= T e s oy

Intermediate mass stars

fate: neutron star
or black hole

Mass/M_ 10 8.0 4 1.8 1.0
Intermediate-mass stars: 1.8 - 9 M_ do not ignite C-burning In centre

(C-flash for SAGB stars, see later)

Low-mass stars: 0.5-1.8M_ do not ignite He-burning in centre (He-flash)



 Intermediate ¢ Low-Mass Stars

dwarfs

|

Asymptotic

)m burning s-process
glant

branch C-star formation

l massive AGB low-mass AGB

Intermediate mass stars Low-mass stars

fate: neutron star
or black hole

Mass/M_. 10 8.0 4 1.8 1.0

AGB phase & s process in both
Intermediate-mass stars and low-mass

stars!



 Intermediate ¢ Low-Mass Stars

The plot you usually see at conferences for AGB stars:

sun

m /M

GSQ ] ] L] T T I T L] ] ] 059
0.58 - 0.58
//ﬁlla‘-:&s
._._—--""-_F’-’-FF ]
0.57 - ¥ ~ : 0.57
C/"™N ket
| - formation =" PUSIS ‘HeJ’CfD
i intershell
: - third dredge-up '
0.56 ; e ls - 0.56
f ‘ / He-free core \
0.55 - -+ 4 0.55
C/O core
EI54 1 L 1 1 1 1 1 1 I 1 [:]54
-300 0 300 600 20000 60000 100000 128000 130000
t/year

Herwig, ARAA, 2005

Where does it fit in the star's evolution?



 Intermediate & Low-Mass Stars

5 M_ star: Evolution through H- and He-burning

T =1 ° F T Co ';.' ] 5 T T T 1 | A T |
: 5 ]\-‘Isun (Z =0.02) AGB Jf : : W :
S [ ] 4k .
35 . <3 . .
= . = L ]
& T . = .
& p: e i N -
L S \ / . ~ B CDE F G HJ 7
L/ ~ Y RG A SRR | | 1
- A \\_/"IIII I 1 I ]
4.2 4.0 3.8 3.6 Oll,.ml..J_ij’j
log Tetr(K) 80 90 100 110

age (10° yr)

From SE notes, O. Pols (2009)



 Intermediate & Low-Mass Stars

1 M_ star: Evolution through H- and He-burning

4_||||||||||||||||||\||_ 1'0|||||||||7—|"'""'|"" s
: }. ]\"'Isun (Z = 002) ) i : B }
1 | HJ
L 7 0.8 — I
5 a2 -
3 )
28 - i
= L 7
i w8 §
0 % 2
I A B
NI Y N Y Y NI A Y OO
39 3.8 3 36 3.5
log Tefr (K)

From SE notes, O. Pols (2009)

He-flash at point F - G
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 Intermediate ¢ Low-Mass Stars

5 M_ star: AGB phase

)

I B I
N T T T O A A R R B

H K J
| | |
- He -
Wl i TR |C-|'-O|I T T N
105 106 107 108
age(lO6 V1)

Structure in AGB phase

CS envelope

stellar wind

convective [oso o

envelope
H burning
He burning

deg. core

From SE notes, O. Pols (2009)
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0.01 R
0.5-1.0 M,
~0.05 R
0.001-0.02 M..

100-500 R. ~1 pc?
0.1-few M.
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 Intermediate & Low-Mass Stars

5 M_ star: AGB phase

e 057}

5 p : \\ T ]
41 =
3F ]
21

B H

B |
1 ,,,,,,,,,,,,,,,,,,,

B He 7
O Wl o | |C-|'-O| |

105 106 107

age (108 V1)
From SE notes, O. Pols (2009)

Structure in AGB phase

059 L] T L] L] T Lj L} L] T L] L]
0.58 - \, -
\.—‘
H-shell ashes A
._.._—--—"‘—__F‘—- :
i 1*C/ "N pocket T :J H _.'{I;;g
| - formation =" g e
. intershell
H— third dredge-up '
0.56 <k -} Y
/ He-free core l—"""-'ﬂ_
0.55 - 4k
C/O core
0-54 1 1 1 1 1 1 1 1 1 1 1
-300 0 300 600 20000 60000 100000 128000 1300
t/year

Herwig, ARAA, 2005
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-4 0.55
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 Intermediate & Low-Mass Stars

Structure in AGB phase
5 M_ star: AGB phase p
5 p : \\ T ]
4 :_ _: convective envelope
- .
% B N 13Cpocket
= L0 E
- ~ z | . ICZ
- i § = | Teson NN
- | 1 e
1 — /{‘e ->C,0
— H e ~
B W \i degenerate core [ He shell flash]
_ C+O0 T
O ml s | I | time
105 106 107 108
age (10° yr)

From SE notes, O. Pols (2009)
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log L/L

 Intermediate ¢ Low-Mass Stars

2 M_ star: post-AGB phase

4.5

4.0

3.5

3.0

2.9

2.0

1.0

1.0

0.5

0

-0.5

. 8.7
Central stars of planetary nebulae Pm ¥

T L] L] T

White
dwarfs

\ 9.1

shown: 6.8
(8.7 to Tc!,r:izﬂﬂKJ

i .9 | ] 1

9.0 4.5 4.0 3.5
logT_ /K

aff

Herwig, ARAA, 2005




Massive/AGB Stars Transition

7-15M_models — MESA stellar evolution code: http://mesa.sourceforge.net/
Paxton et al 10

1010

SM Si-b.

Ve

107+

ntre

108-/_."

10° 10* 10° 10° 107 108 10°

<3
pclg em™]

Jones et al 2013; see also Mueller et al 12, Umeda et al 12



Log T, (K)
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Early evolution like AGBs
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Jones et al (subm.)

Critical ONeMg core mass = M_. = 1.375

(Miyaji et al. 1980; Nomoto 1984)

See also: Miyaji (1980); Nomoto(1984, 1987); Miyaji &
Nomoto (1987); Garcia-Berro, Ritossa and Iben (1990s);
Eldridge & Tout (2004); L. Siess (2006, 2007, 2009, 2010),
Poelarends (2008); Doherty et al. (2010) ...
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SAGB e ECSN progenitors
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Early evolution like AGBs;
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2000
+2.7737e7

(in prep)
~1.375

See also: Miyaji (1980); Nomoto(1984, 1987); Miyaji &
Nomoto (1987); Garcia-Berro, Ritossa and Iben (1990s);
Eldridge & Tout (2004); L. Siess (2006, 2007, 2009, 2010),

Poelarends (2008); Doherty et al. (2010) ...



Can Massive Stars proc[uce EQS:?\[ 5t

7-15 M models - MESA stellar evolutlon code: http: //mesa sourceforge net/
Paxton et al 10,12
12 M is a typical massive star:

© O
U

6 4 2 0 —2
10g10(t " ) (YI’)

All burning stages ignited centrally. Fate: Fe-CCSN

Jones et al. (2013), ApJ 772, 150;
see also Mueller et al 12, Umeda et al 12, Takahashi et al 13



4.0

3.5}
3.0}
25t

Mass(M

0.0

- CanMassive Stars prbc[uce'@CSN? =

9.5 M still a massive star;

Jones et al. (2013), ApJ 772, 150

1.5¢
1.0}
0.5

f He
I/
| | Si
I:H:e | |C | Ne+O|— |
§) 4 2 0 -2 -4

logyo(2) (yr)

Ne-Si burning stages ignited off-centre. Fate: still Fe-CCSN

Simulations include 114-isotope network!



 Can Massive Stars prodice ECSN.?

8.8 M_ failed massive star:

Mud b Ll
o LA
T T T

1 1

Mass(
—
LF1 (.

= =
LA 3
T T
.,
]
4
1 1

logyo(t" ) (vr)
Jones et al. (2013), Ap) 772, 150

Ne-b. starts off-centre but does not reach the centre. %erﬁ ra'ess e'\ioafrg‘éogi‘“ case 2.6
MESA — Oxygen deflagration Eldridge & Tout 04
Agile-Bolztran for collapse + explosion Fischer et al (in prep)

Fate: ECSN
Key uncertainties: convective boundary mixing, mass loss



Fate of Least-Massive MS: ECSN/Fe-CCSN?

v Fe-CCSN
9.8F| — 8.2 M /4
8.7 M si .-
9.6 .
"""" 8.7H M® "‘«-"-'.‘\
94| -~ = 88 Mg O +* Si-flame
- 95 M® Ne o tn. o
E! :;'s ’
= 9 12.0 M,
a0
S 50 | URCA | »ECSN
C . | y
‘;:‘.'L"'i:~.. Ne-flame .- ‘
i { \’t \
8.8 b P o -
""" 7
V.4
8.6 ’
Ne-flash ,”
8.4 6 7 8 9 10

10%10(,%)
Jones et al. (2013), Ap) 772, 150

Both SAGB and failed massive stars may produce ECSN



- EOS and partial degeneracy

- Standard massive stars

- The most massive stars

- Weak s-process

- Intermediate- and low-mass stars

- Stars at the boundary between massive and

Intermediate-mass stars
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~ Supernova Explosion Types

Massive stars: — SN Il (H envelope),
Ib (no H), Ic (hoH & He) —« WR

thermonuclear core collapse

[| <« H = Jif

. P
3'-35¢ HeI yes ‘:‘ \Wo .,;ﬁ'fﬁ:"‘f
\ A
White dwarfs (WD): e

interaction

in binary systems
Accretion -

Chandrasekhar hy,'mT;.l-ae

mass — SN la (Turatto 03)

Ib/c pec| |1In




Supernova Explosion Types

Massive stars: — SN Il (H envelope),
Ib (no H), Ic (hoH & He) —« WR

thermonuclear core collapse
| ECSN?
I no H ves II‘ jCS
. X 1P
Sill_ .. 115 R
S ..ﬂg\xﬁﬁﬂ
* Hel = ; W iw?
\ A
White dwarfs (WD): ocone
in binary systems Th/e ood 1] e
Accretion - D PCSN?
Chandrasekhar GRB hypomova

mass — SN la (Turatto 03)



Tﬁ_efate of VMS: SNIL/SNIb-c?

S N type : | | | | @@ solar, non—r(;tating

@ @ solar, rotating
¢ ¢ LMC, non-rotating
¢ -¢ LMC, rotating

- NO SNIIn predicted! o - SMC, rotating
~ NOT ok for SN2006gy

(e.g. Woosley et al gl SNTb
2007)

- SNIc at solar Z,

- SNIb/c at Z(SMC)
~ ok for SN2007bi 1
(Gal-Yam 2009)
BUT see Dessart et al o

\ ! | |
100 200 300 400 500

12,13+ Panstarrs results YSYS

(Yusof et al 13 MNRAS, aph1305.2099)
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