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Studying angular momentum evolution? Why?

Study and understand stellar physics
1- wind braking
2-1nternal redistribution of AM
J- environmental interactions

Sun : the angular moment paradox

Mass of the Sun = 99% mass of the solar system
BUT

Angular momentum of the Sun = few % of total
angular momentum (70% in Jupiter!!!!)

Jo (1 Myr) = 100-1000 J¢ (4.6 Gyr)

Why Sun’s angular momentum so low? Physical
mechanisms responsible for these huge losses
between 1 Myr and 4.6 Gyr?
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e (Observed rotational evolution



Observed rotational evolution

Evolution as a function of time
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Observed rotational evolution

Evolution as a function of time

Period (days)
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Observed rotational evolution
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Observed rotational evolution
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Observed rotational evolution
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Evolution as a function of time
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Observed rotational evolution

Evolution as a function of time

* 1st, 2nd and 3rd quartiles
2 =251k
¢ median of each distribution
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Observed rotational evolution

Evolution as a function of time

* 1st, 2nd and 3rd quartiles
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Observed rotational evolution

Evolution as a function of time

* 1st, 2nd and 3rd quartiles
2 =251k
¢ median of each distribution

« 90th

 Early PMS : rotation period = constant

» Late PMS : spin-up due to contraction
(up to 200 km/s)

* ZAMS

e Stabilisation of the stellar structure
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Observed rotational evolution

Evolution as a function of time

* 1st, 2nd and 3rd quartiles
2 =251k
¢ median of each distribution

« 90th

 Early PMS : rotation period = constant

» Late PMS : spin-up due to contraction
(up to 200 km/s)

* ZAMS

e Stabilisation of the stellar structure
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Observed rotational evolution

Evolution as a function of time

* 1st, 2nd and 3rd quartiles
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¢ median of each distribution

« 90th

* PMS
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 Early PMS : rotation period = constant

» Late PMS : spin-up due to contraction
(up to 200 km/s)

* ZAMS

e Stabilisation of the stellar structure

+ MS

* Rotational convergence
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Observed rotational evolution

Evolution as a function of time
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Observed rotational evolution

Evolution as a function of mass
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Observed rotational evolution

6
Evolution as a function of mass
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I - Numerical models

e Parametric model



Parametric model

Physical mechanisms

* wind braking

“ core/envelope decoupling

* gstar/disk interaction

Parametric model => free parameters adjusted from observations



* wind braking

Parametric model

Physical mechanisms
Weber & Davis (1967)

dJ
dt

k 0
L Q*MwindrA

wind

“ core/envelope decoupling

* gstar/disk interaction

Parametric model => free parameters adjusted from observations
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Parametric model

Weber & Davis (1967)

wind braking

Physical mechanisms

dJ
dt

wind

; 0
L Q*MwindrA

core/envelope decoupling

star/disk interaction

B’ R*
P

M, KV +Q R
wind DR Zese & =

-m

R*

Parametric model => free parameters adjusted from observations

Matt et al. (2012a)

= E
K> =0.0506
=027
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Parametric model

Weber & Davis (1967)

Physical mechanisms

dJ

wind braking Fre

wind

; 0
L Q*MwindrA

K; (free parameter)
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core/envelope decoupling

star/disk interaction

B’ R*
P

M, KV +Q R
wind DR Zese & =

-m

R*

Parametric model => free parameters adjusted from observations

Matt et al. (2012a)
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Parametric model

Weber & Davis (1967)

Physical mechanisms

dJ

wind braking Fre

wind

; 0
L Q*MwindrA

K; (free parameter)

Two unknown => B, and Muwind |_—1J> Cranmer & Saar (2011) BOREAS routine

/
0’0

/
0’0

core/envelope decoupling

star/disk interaction

B’ R*
P

M, KV +Q R
wind DR Zese & =

-m

R*

Parametric model => free parameters adjusted from observations

Matt et al. (2012a)

= E
K> =0.0506
=027



Parametric model 8

Physical mechanisms Matt et al. (2012a)

Weber & Davis (1967)
dJ G szRz* Ki=ie
* wind braking | =L.M 7| =K | = R,| K> =0.0506
g dt s d"A] [ A 1 Mwind\/K2zvzesc+Qz*R2* s

K; (free parameter)

Two unknown => B, and Muwind ':{> Cranmer & Saar (2011) BOREAS routine

Envelope

/7

“ core/envelope decoupling

* gstar/disk interaction

Parametric model => free parameters adjusted from observations



Parametric model 8

Physical mechanisms

Weber & Davis (1967) Matt et al. (2012a)
dJ QM szRz* Ki=ie
* wind braking [— = e =i R | K> =0.0506
g dt |,y Lol M \/Kzzvzesc +Q° R*, m = 0.22

K; (free parameter)

Two unknown => B, and Muwind ':{> Cranmer & Saar (2011) BOREAS routine

Envelope

/7

“ core/envelope decoupling
MacGregor & Brenner (1991)

| S e L |

Zﬁh]'__ eny — core core  eny

Ir _F‘I?nv

core

=> T,_, (free parameter)

* gstar/disk interaction

Parametric model => free parameters adjusted from observations



Parametric model 8

Physical mechanisms

Weber & Davis (1967) Matt et al. (2012a)
dJ QM szRz* Ki=ie
* wind braking [— = e =i R | K> =0.0506
i dt |,y Lol M \/Kzzvzesc +Q° R*, m = 0.22

K; (free parameter)

Two unknown => B, and Muwind ':{> Cranmer & Saar (2011) BOREAS routine

Envelope

/7

“ core/envelope decoupling
MacGregor & Brenner (1991)

| S e L |

Zﬁh]'__ eny — core core  eny

Ir _F‘I?nv

core

= 0 S lineeipaiamcten) Sss U SC L

b . . - (Allain 1998; Irwin & Bouvier 2009)
* gstar/disk interaction

Parametric model => free parameters adjusted from observations



Parametric model 8

Physical mechanisms

Weber & Davis (1967) Matt et al. (2012a)
dJ QM szRz* Ki=ie
* wind braking [— = e =i R | K> =0.0506
i dt |,y Lol M \/Kzzvzesc +Q° R*, m = 0.22

K; (free parameter)

Two unknown => B, and Muwind ':{> Cranmer & Saar (2011) BOREAS routine

Envelope

/7

“ core/envelope decoupling
MacGregor & Brenner (1991)

| S e L |

AJ et eny — core core  eny

I + Ienv

core

= 0 S lineeipaiamcten) Sss U SC L

b . . - (Allain 1998; Irwin & Bouvier 2009)
* gstar/disk interaction

|Q — Qe = B — cstl => T4 (free parameter)

cony init init

Parametric model => free parameters adjusted from observations



I11 - Rotational evolution

* Solar type stars : 1 Me
e Low mass stars: (0.5 and 0.8 Mg

 Implication for stellar physics
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Implication for stellar physics



Implicaton for stellar physics -

[ (Pinit/ Tdisk)

 crucial to reproduce wide dispersion at ZAMS
* degeneracy lifted using young SFR

e need to be correlated (c.f. Gallet & Bouvier 2013)
 fixed by observations



[ (Pinit/ Tdisk)

Implicaton for stellar physics -

A

 crucial to reproduce wide dispersion at ZAMS
* degeneracy lifted using young SFR

e need to be correlated (c.f. Gallet & Bouvier 2013)
 fixed by observations

Qu / Qo




Implicaton for stellar physics -

[ (Pinit/ Tdisk)

crucial to reproduce wide dispersion at ZAMS
degeneracy lifted using young SFR

need to be correlated (c.f. Gallet & Bouvier 2013)
fixed by observations

A

Qu / Qo

Age

Gallet & Bouvier (2013) possible explanation :
slowest rotators = massive proto-stellar disk and
strong star/disk interaction in embedded phase
(Ferreira et al. 2000)



Implicaton for stellar physics -

A
SR i)

 crucial to reproduce wide dispersion at ZAMS
* degeneracy lifted using young SFR /<
e need to be correlated (c.f. Gallet & Bouvier 2013)

 fixed by observations
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«That’s all folks! »

ANR 2011 Blanc SIMI5-6 020 01 ““Toupies: Towards understanding the spin evolution of
stars" (\url{http:/ /ipag.osug.fr/ Anr_Toupies/})



