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_ L5: (Other) Physical Ingredients

Importance, basics, effects, uncertainties of:

- Nuclear reactions

- Neutrino energy losses
- Convection

- Mass loss

- Rotation

- Magnetic fields

- Binarity

Including metallicity dependence



Changes due to nuclear reactions
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Energy released is ¢;; = %ﬂ?‘ije.ij.

ri;- number of reactions per second

c;;. energy released per reaction

¢i; = eij/m; energy released per particle mass

For the conversion of hydrogen into helium, for example, we
get

OX € aY
ot qg Ot
Slides taken from Achim Weiss' lectures: J

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


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

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
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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

Doppler-broadened line profile

Fast rotators — oblate shape:
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Rotation velocity Distribution
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Geneva Stellar Evolution Code

1.5D hydrostatic code (Eggenberger et al 2008)

Rotation: (Maeder & Meynet 2008)
Centrifugal force: KEY FOR GRB prog.

Geit = Geit (. 0) = (- +Q°r sin®0) &

+Q%r sinf cost &

Shellular rotation — still 1D: (zahn 1992)

. |',:|\"r'54‘\' con=ervation:
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Rotation Induced Transport

Zahn 1992: strong horizontal turbulence s

e
\\
Transport of angular momentum: : N
— (0 = rQU (v —— | pDr* : 5 e g
Pt ( )Mr 5r2 Or ('0 ( ))+ T 20r ('0 f}r) e
advection term [11]]11.«"1[\1:1 term S5 "J_'; l.:;{ 2 :
S
) hv__:,.- 'f:‘—J;::, e
Transport of chemical elements: Meynet & Maeder 2000
dX; 10 PR ¢ dX, Shear instabilities
— T e eloci ie
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D: diffusion coeff. due to various transport mechanisms °‘ 7 ! SR
(convection, shear) A R
D_.: diffusion coeff. due to meridional circulation + ool =Zm 0 T = e

horizontal turbulence Brueggen & Hillebrandt 2000



 Rotation Induced Transport: Prescriptions

D, : three prescriptions

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

D_ __: two prescriptions

shear’

Talon & Zahn (1997);
Maeder (1997)

Different zones concerned inside
the star

mixing = strong (4%,12%)
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 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 = strong (4%,12%)

See also Chieffi & Limongi 13
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Mass loss prescription without rotation:

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

 WR stars (clumping effect): N
Effects of rotation: Maeder & Desjacques 2001

e Enhancement: mMaeder & Meynet 2000
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T =25000K T _=30000K
eff eff

e & anisotropy:

F..q4 ~ Q. Von Zeipel, 1924— affects angular momentum loss



 Evolution of Rotation

Angular velocity: Q1 Angular momentum, j|
end Si: Q~1s™ j(end Si) ~ j(end He)
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Impact of Rotation (@ solar Z)

300 km/s
0 km/s

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

’ 15 Raphael Hirschi Keele University (UK)



Impact of rotation (@ solar Z)

ini
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1Impact of Rotation (@ solar Z): T

. A .
Roche model: erq,crlt = 3 RP ol crit model from Georgy et al. (2013)

3.8 T
7 M,
Modification of the gravity: | Qi = 0,80
g:.:ff — ﬁ:sz (2,0) = wh
GM . . : . _
(— 3 +O%r sin?0) e + (er sin @ cos® )E,g 3
and thus of the T.g: =
L 1/4
_ _ e '-
]_:QH: —_ ]_:t!ff(ﬂ? 9) - |:4ﬂ'{]' GI‘II* ”{Wﬁ{‘g' ”J] — standard oulput |
— l:‘l.{'.lE'l.Ll.]J—l.ll]
o 174 = pole-on |
Standard outputs of the models: = (L/oSp)™ S
Sp: true deformed surface log( T [K])

Correction for limb darkening according to Claret 2000

17 Raphael Hirschi Keele University (UK)




Impact of Rotation, M =20M
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v = 0 km/s = 300 km/s
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 Impact of Rotation, M =20M

11

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

1mi 1

20

20

i I mass loss -

15 15 — -

> 0 - )
= 10 | 10 B

A

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

irschi ot al 2004, s Log(time until core collapse) [yr] ~ convection

vk

’ 14 Mar 2018 Raphael Hirschi Keele University (UK)



WR_Lifetimes @ solar Z

Rotation: decrease of M_.. for WR formation & increase in WR
Meynet & Maeder 03
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Nitrogen Surface Enrichment

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

15 MO model with uini=300 km/s

0.553

0.327
(N/H)

10
Non-rotating models:

no enrichment before

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

’ 21 Raphael Hirschi Keele University (UK)




Nitrogen Surface Enrichment

Flames survey:
Explanations:

Single stars:
G1: less evolved/

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

Blnary Sta rS:(Langer etal 08)
G1: N-poor matter accr.

G2: * slowed down / B-f?

many stars explained BUT

12 + log [N/H]

8.2

—r '| LI T

' Key: I(a)Core hydrogen

'® —log g 2 3.7dex |

burning objects
:_'_—_fr_.ﬂgi_lgg_g_{}}idix_l urning objects

100 150 200 250 300 A3

50
Other issues: Initial composition, overshooting, enrichiedB4& supergiants
Boron cam helpedistinguéshLetwesn: ifaticresnhdinarity

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



- Boron Surface Depletion: Models

 Boron is
depleted in the

stellar interior.

10-8

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

o4 Age =2.00015e+04 y




- Boron Surface Depletion: Models

M= 12 M, , v;;,;= 200 km/s , Z= 0.014 & = 0.1
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- Boron Surface Depletion

Rotational mixing -> surface boron depletion
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Importance:

- Guides charged-particle

- Shapes stellar winds

- Couples rotation of different parts of the star

Importance debated



Donati et al. 2006
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HD191612
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pCep

T Sco

V2052 Oph

CCas
wOri

He-peculiar

Ref

(6)

(1)
(2)
(7)

3)

(4)
(5)

- Surface Magnetic Fields

A few dozen He-peculiar stars

Sp. T.

04-6V
BllVe

B0.2V

B1V

B2IV
B2IVe

B1-B8p

7 magnetic OB stars

Vsini
Km/s

20
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172

Prot M
days Msol
538

154 45
12.00 12
41

3.64 10
5.37 9
1.29 8
0.9-22 <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

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

O star known

Large ongoing surveys: e.g. MiMes
Most magnetic stars show abundance anomalies: Bp, Ap stars

Angle between the magnetic axis and the rotation axis



Magnetic Fields

Question: are these values compatible with magnetic fields
observed in pulsars?

Pulsars—> 1012 G

Br* =const. (10 km/5 R, )2 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?

B2 /{1 if n > 1 - wind behavior

n(r) =

ove /2 ud-Doula & Owocki (2002)

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



Magnetic 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:

M | Q> wy = ﬁT& PR

ore ge_nera . N\T/A o, (1A Dehem = 2 (_s.ii)
eXpreSS|OnS 9= ~Bur :} Gmin = (ﬂ) (_-“'-e'rz) D 20 ﬂ)? 2)
(Maeder 04, K Q= g2 ( Q (w

Maeder & where N* = —h=2 N + N

Meynet 2005)

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

30 Raphael Hirschi Keele University (UK)



Magnetic Fields: Models

15 M, Z=0.02 & v_ =300 km/s

L LI S R T M B I ZR T T R R
Transport of Q (v): i /\/\/ i
dominated by B-fields (v) 10~ =
Flatter Q profiles _ [ /;\EJB'iaHJu:_%‘L ff‘\l,\hl !
S 5[ Tl n \‘{ffii_ ‘e
Transport of X. (1): N B
Dominated by meridional circulation (D) e I ]
. |
Stronger mixing L /K ; : i
| -
qolde vy b ]

6 8 10 12 14

M_/Mg

(Maeder & Meynet 2005)



Magnetic Fields: Rotation of the Sun

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

0y ———————————

I " With Magnetie Fields \ I
800 - ==~ Without Magnetic Fields % 1l

Taylor-Spruit dynamo debated  Gravity waves can also help
Brun & Zahn 2009 (Charbonnel & Talon 2005, Arnett & Meakin 20086)



Magnetic Fields: Massive Stars

Taylor-Spruit dynamo (Spruit 02, Maeder & Meynet 05) :
Better for pulsar periods M= 015 My, v,= 400 km s

, 2= 0.002 & 6,= 0.1
1ﬂlu = T L] ] T -
(see also Heger et al 2005) :

Not enough for WDs
(Suijs et al 08)

1017 |

-1]

Other mechanisms? e\

 Dynamo in conv. env.

jme Ig Jg [em?®

. 1018 ,
o

* During/after explosions

(see discussion in Meynet et al 11,13) -

GRBs/MHD explosions?
«— Quasi chemically-homog. T T
evol. of fast rot. stars (avoid RSG) /M Mo =14 14659

(Yoon et al 06,07, Woosley & Heger 2006)



Magnetic Fields: Low er Massive Stars

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

Better for pulsar periods

(see also Heger et al 2005) q — T T3

Not enough for WDs

(Suijs et al 08) final,B=0

ol NS
o 4L ’
Other mechanisms? S | final,B>0
B S = T—— N
» Dynamo in conv. env. 15 OF
» During/after explosions S L - - :
i " =
(see discussion in Meynet et al 11,13) : 1
. _2 i | I 1 I 1 | L 1 i 1 | I
GRBs/MHD explosions? 0 0.5 1

log (initial mass / M,)

«— Quasi chemically-homog.

evol. of fast rot. stars (avoid RSG)
(Yoon et al 06,07, Woosley & Heger 2006)



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

Intrinsic number
of binaries

Intrinsic number
of binaries

Cumulative number of objects
Cumulative number of objects

1 10 100 _ 1000 10000 . . .
Orbital period (d) Mass ratio: M,/M,

Sana et al. (2012)



‘Binarity

Cumulative fraction of O stars at birth

1% 75%

1.0

0.8

Intrinsic probablility density

0.2

Effectively
single
~29%

Envelope

Adopted limit for interaction
.during main sequence

e
——
e
-

et al. (2012)

stripping
~33%

Adopted limit for severe
stripping before supernova

SRR e rm s
-

t (; Secondaries
Primaries
|

100
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®***, PR. Dunstall®, C.J. Evans®, V. Hénault-Brunet’, J. Mafz Apell4niz®,

O.H. Ramirez-Agudelo!, W.D. Taylor’, N.R. Walborn?, J.S. Clark’?, PA. Crowther'?, A. Herrero'"*'2, 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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binary fraction
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Sana et al. (2012) Right Ascension (hour)



o o o o 0

The overall problem

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

p, K, €, .... dependent variables

initial value problem in time: »(m.t = 0), P(m.,t = 0),
T(m.t=0), Ly(m,t =0), X(m,t =0)=X(t=0) —
Integration with time

boundary value problem in space: r(m = 0,t) =0,
L.(m=0,t)=0and L = ?TETRQ'T;{_-,
Pim=M)= P(r =2/3)

|
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The equations

-

The four structure equations to be solved are:

or 1

om Amr2p

or Gm 1 9%

om — 4mrd 4xr2 of2

JL, oIl o6 0FP
om T TP T o
or Gm1 _

om  AmripP’

| |

MEEERT 102011 swellar Structure - p&6



-

The equations

For energy transport, we have to find the appropriate V.

In case of radiative transport, this is:

3 kl,P
rad = 16macG mT4

C

Transport of angular momentum:

d /.- 1 0 L= 10 , 052
— (r*() = —— (pr' QU —— | pDr’
Pat (T )Mf 5r2or (pr { (T)),—'_ r? Or (p g f}r)

diffu=ion term

o
advection term

Transport of chemical elements:

d}{l‘ 1 f} f}){ (LXF-,;
= —— *[D + D¢y

-



Solving
Equations
on Computers



Numerical Procedure

- In addition: p(P.T.X;), k(P.T.X;), rj(P.T.X;), e,(P.T. .x*i),T
&(P.T, X;), ...

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

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

» Stefan-Boltzmann-law L = 470 R*T*%;

| |
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Central conditions

-

Series expansion in m around center:

P P,

|
n| Qo
D
0~
o
&
~_
W
S
X
-
el
b
B
i

L, = (€g+€n—€)em

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

® pressure P(R) := [ gpdr ~ gr [p pdr = P = G5

=

=

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

MEEER 10/2011 Swllar Structure — p.az



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
W

rite the equations in a general form:

yl Ty +1/2 +1/2
. di T Y (T P
Ai T j-|—1 j o fi-(yl :"':y4 )

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

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

the expansions around m = 0 have been used already.

| |

MEEER 022002 Swellar Strucre - p.ad



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
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Integration in time

| | -

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

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

Xi(t+ At) = Xi(t) + Aty rij(t) Xa(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.g. MESA

Lcode: Paxton et al 2011 J
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Homology Relations
& Stability
If time permits



Mass Loss: General Dependence on Stellar Mass

More massive stars have stronger winds because they are much

more luminous:

4 4 3
pu M
For low-mass stars: I ocC
K
4
M
For high-mass stars: L oc H
K

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

mass stars



Spare slides
(mass loss,
GRBs
SNIi,Ib,lc)



Importance of Mass Loss
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Ekstrom et al 12, see also Chieffi & Limongi 13






- Main Phases of Stellar Evolution

Mass loss driving
mechanism and
prescriptions are very
different for different

evolutionary stages

Ekstroem et al 12

11

410

- rotation

.4-5.

55
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Mass Loss: Types, Driving er 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, Grafener &
Hamann (2008)

RSG: Pulsation/dust? de Jager et al 1988
RG: Pulsation/dust? Rreimers 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






- What changes at low Z?

« Stars are more compact: R~R(Z,)/4 (lower opacities) at Z=10-8

e Mass loss weaker at low Z: — faster rotation

o - o = 0.5-0.6 (Kudritzki & Puls 00, Ku02)
A

(Nugis & Lamers, Evans et al 05)

- a =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?



- RSG/YSG/WR — SN II, 116, Ibc

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



t. (RSG

CHANGE OF MASS LOSS

For a given initial mass

Mass loss during MS

Mass loss during the RSG
phase

MASS LOSS



RSGHSG/WR —SNII, I1b, Ib, Ic

RSG Upper Luminosity ~ 5.2-5.3
(median value of the most 5 L

oy Stars)

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

J T T T
o ____40M,
32M,,
25M &
20M =f}: RSG
15M,, 3, in the MW,

NGC 3766

PLEIADES

3.4

- Tracks: Ekstroem et al 12
- grey areas: obs. See MM89

- red circles: Levesque et al 05

No clear dependence on Z
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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 € ¢

P 10/2011 Stellar Structure — p.86




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 )

|

P 10/2011 Stellar Structure — p.87



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

0.5-20 x 10* M_, year"'
1.7
M oc L

Loc M’
oc M7 mmhp  AM oc M

jl> M OCM3.4

T s

AM | M oc M'®



1) | 1 1 [ I
20 M_, in RSG stage > ~10 M_,/y

l IIJJl_Ll

L

lJ.LllIl.

(29 et

M (M)

Dust enshrouded red supergiant may have higher mass loss

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

(2005) .



RSGHSG/WR —SNII, I1b, Ib, Ic

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

2001\ [ | T T I T T T T I T T
—1r rrr ] rr 11 rrr [ T T ] 54 - _ |
» —_— e 0 .
I:a:]
52 8 —
5 N
| 2011dh T
— 5 B
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™~ - LT b
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& 4.8
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-IE_H_H;;{} _________
4.8
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L L 1 ] 'l 'l L |. L L L ] 1 1 'l |. L L L I 1 1 || 1 1 I 1 1 1 1 | 1 1 1 1 I 1 || || || I 1 1
4.8 4.4 4.2 4 3.8 3.6 3.9 3.8 3.7 3.8 3.5
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 e SN type

Ratio SNIbc/SNII: tests final type

0.04 ! ! o I
0.8 [ with BH SNe 7
B — — no BH SN
0.03 | I -
I Eldrid et al. 71 7
SN II _ 08T ridge e pe
% ----- - Fryer et al.
i ~ ' T !
N 0.02 — 8 [ B
I —
Z,
7!
0.01 =
o I 0.2 0.4 06 08 1 2
8 10 20 40 60 80 100
Z/Ze

Mini / MO

- THEORY: Georgy et al 09 (solid line)
binaries: Eldridge etal 08 (dotted)
- OBS: Prantzos & Boissier 03
(triangles)

Georgy et al 09

VoW al Va



Lonyg & Soft Gamma-Ray Bursts (GRBs)
Long soft GRB-SN Ic connection: GRB060218/SN20063j

Cusumano et al
GRB 031203-SN 2003lw / GRB 030329-SN 2003dh / GRB 980425-SN 1998bw, ...

Tagliaferri, G et al 2004 / Matheson 2003, ... / lwamoto, K. 2006, ..
1999, ...

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

~ Z (Magellanic clouds)
(Stanek et al 06, Le Floc'h er al 2003, Fruchter et al 2006)(Simulation by Mc Fadyen)

69 Raphael Hirschi Keele University (UK)



Theoretical GRB rates (without B-fields)
Obs: R(GRB)=3x10t0 6x104 & R(SNII,Ib,c)~7x10-

[yr-1]
GR@Sﬁm@M WR types: leggglFet al A&A, 443, 581,
. 2)SMC ZLMC Zo ZGC

Too many M.""WR) 32 25 22 21

M. "WR) g5 95 75 55

. GRB

GRB from WO (SN IC)' Ree WR) | 11503 1.74E-03 2.01E-03 1.92E-03
OK with obs. M.""(WO) 59 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)

]70 Raphael Hirschi Keele University (UK)



_ GRB progenitors with B-Fields
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 GRB progenitors with B-Fields

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

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

o Az ~1 <« Quasi chemically-homog. evol. of fast rot. stars (avoid RSG)

(Yoon & Langer 06, Woosley & Heger 2006)

V_[kmis]

VA

0

Z(SMC)

~230

Z=10° Z=10°

Z=10°

WR

No

_~300
40 M_models ;-4

WR

WR

No

700

* WR (SNIb,c) & GRBs predicted down to Z=~0 (Yoon et al 06)

Question:

4

This studgl

« GRBs around Z(LMC) & Z(SMC)? Dep. On mass loss / NO GRB @ Z,

(Meynet & Maeder 2007)

72 Raphael Hirschi

Keele University (UK)



Quasi-Chem. Evol. @ very low 22 40M models

Z=1e-5, v =600 kmls (v_/v =0.59) Z=1e-8, v =700 kmls (v_/v _=0.55)

M= 040 Mg, v, = 600 km s! , Z= 1e-05 & a_, = 0.1 (0008871) M= 040 Mg, v_= 700 km s-! , Z= 1e-08 & o= 0.1 (0007001)
T T [ rrrrrrJprrrrr T 1 | rrryrrrrrrrrr
= Dconv Dshear D K = B Dconv Dshear D K .
L mer - mer .
715 - 715 - -
2L D,(Q) 2L D,(Q)
5t 5 5 T ¥
/A - L = L,
10 — R e HT 10 — i
= o e L | III"i! |1 = I R Iln'j_l._;-.-(’-rcﬂ "r,_
5| _}-y_|~-5_ P | A i G
z M ' z T
.‘ag — { EE = :‘ ifl‘l_l'.
h% | lﬂ- tg_ 5 — .Ill;n_ff'.f. !
S H — L = I
i | D,(x)1 - 1
B ‘r blh. f“i B ‘rld "‘J'\H"'r
L | i T L
i LJ;)! L 1 i I{ 'h[ \ |
O [ | | [ | | | | WILE| ! | | L1 11 0 B & | | B B | | 1 | 1 | [ I | .-4-" | :
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6
m,"Mm, Mm=(39.1l]506) m/’Mm, Mm—(SQ 3233)

Diff. Coeff. Smaller --> Quasi-Chem. Evol. harder for the first stellar

PR -y
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