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Why do we spend our time to study
the effects of rotation on the evolution of the stars?



  

Why do we spend our time to study
the effects of rotation on the evolution of the stars?

Well.....because stars....simply rotate

Hence we hope that its inclusion will help us to better understand them and the world out there  

Open clusters and field stars



  



  

To keep a long story short... 
...it was recognized long time ago that it is possible to simulate the 
influence of rotation on the structural shape of a star with a 1D code by 
adopting three reasonable assumptions:

Since no work must be done to move on an isobar, Zahn (1992) 
proposed that both the chemical composition and the angolar 
velocity are constant on an isobar as a consequence of a 
“vigorous” horizontal mixing.

1) Shellular rotation

Rotation basics
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Shellular rotation

Equivalent volumes3) V  =∫
r

∫


dnd V  = 4
3

 r
3

Two different cases should, in principle, be considered:

Rotation basics



  

Conservative case

f P=
4 r

4
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if ω has cylindrical symmetry it is possible to define a total potential Ψ:



  

NON Conservative case
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The same surface Ψ is not any more the potential but it is still an isobar:



  

NON Conservative case

f P=
4 r

4

G M  S g eff
−1

dP
dM 

=−
G M 

4 r
4⋅ f P

dM
drΨ

=4π rΨ
2 ρ

d lnTΨ

d lnPΨ
= 3 κΨ LΨ PΨ

16π a cGT Ψ
4 M Ψ

⋅
f T
f p

f T=
162r

4

S
2 g eff

−1 g eff 

dL=ϵΨ ΔM

g eff = 1
S

∫


g eff d

S=∫


d =∫


r 2sin d  d

=−
GM 

r
− 1
2

2 l 2=−
GM 

r
−1
2

2 r 2 sin2
l

r



The same surface Ψ is not any more the potential but it is still an isobar:



  

Common assumptions:

Roche approximation

Shellular rotation

Equivalent volumes

Rotation: basics

cylindrical symmetry
(admits a potential)

no restrictions
(no potential exists)

Advantages ρ and T constant on an 
isobar (also κ and ε)

Disadvantages
ρ and T vary on an isobar 

(also κ and ε)Solid body rotation

Shellular rotation only

ω and c.c. constant on an isobar

mass  centrally concentrated

Adoption of the radii of the 
equivalent spheres

Angular velocity ω:



  

… but in practice there is no difference (in a 1D code) between the 
cylindrical (conservative) and NON cylindrical (non conservative) 

cases, it is just a different interpretation of the physical quantities:
constant versus average values on an isobar...

…but the next step is really the crucial one when talking of 
rotation: the treatment of the instabilities that may lead to the 

transport of the angular momentum and the mixing of the chemical 
composition ...

Question:     which are the main instabilities in a rotating star?



  

Rotational instabilities: meridional circulation

F r , ,= f  geff r , ,



geff min

geff max

∇⋅F r , ,=

The first one to notice that these two equations 
cannot be simultaneously fulfilled in radiative 

equilibrium was Von Zeipel (1924)

GRATTON – April 1944
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The first one to notice that these two equations 
cannot be simultaneously fulfilled in radiative 

equilibrium was Von Zeipel (1924)

GRATTON –  OPIK

Courtesy of G. Meynet
(actually stolen from a presentation)



  

Rotational instabilities: meridional circulation
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uES=( LM ω2

4πGρ g δ )( ∇ ad

∇ ad−∇ rad
)

Kippenhahn (1974)

uES=[ 
g

− L
Mg 1 2

2G  ] 1    ∇ ad

∇ ad−∇ 

uES=
8
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2 r
g

L
M g

−1


1
∇ad−∇ 1− 2

2G  

Kippenhahn & Mollenhoff (1974)

Kippenhahn & Weigert (1990)

Maeder & Zahn (1998)

Nightmare

∇⋅F rad=nuc−u⋅cP  ∇ T− ∇ P−cP  ∂T
∂ t

 ∂ P
∂ t



  

U= P
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Expression of the meridional circulation as provided by Maeder & Zahn (1998)

In principle meridional circulation moves matter through the star and hence it 
can both transport angular momentum and induce mixing of the chemical 

composition

Rotational instabilities: meridional circulation

Angular momentum 
transferred outward

Angular momentum 
transferred inward



  

Rotational instabilities

Are there additional instabilities induced by rotation?

Dynamical Shear

f =− ∂ρ
∂ z

Δ z⋅g⋅ΔVRestoring force

E restoring= f⋅ zEnergy 

If the star rotates differentially, the extra energy of 
an eddy brought from layer 1 to layer 2 is given by:

1

2

z

0

 z  v2

 v1

E turbulent=ΔM (Δ v)2=ρ ΔV ( ∂ v∂ z
Δ z )

2

R=
E restoring

E turbulent

=−

g
ρ

∂ρ
∂ z

(∂ v /∂ z)2
= N 2

(∂ v /∂ z)2

1
4

R=
E restoring

E turbulent

={ g 2P δ [ ∇ ad−∇+ ϕ
δ ( ∂ lnμ

∂ ln P ) ]}/ [( ∂ ω
∂ ln r )

2]=N 2 (∂ ln r / ∂ω )2
ρ =(N T

2+N μ
2) ( ∂ ln r /∂ω )2



  

1

2

z

0

 z  v2

 v1

But we are clever… 
thermal losses reduce the restoring force…

as well as the Horizontal currents...

Rotational instabilities

Are there additional instabilities induced by rotation?

Dynamical Shear
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E restoring

E turbulent

=(N T
2+N μ
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(∂ ln r /∂ω )2

ρ =( ΓT

ΓT+1
N T
2+

Γμ

Γμ+1
N μ
2 ) (∂ ln r /∂ω )2

Turbulent horizontal diffusivity (Dh)

1
4

ΓT= vl
6(K+Dh)

Γμ=
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6Dh



  

R=( ΓT

ΓT+1
N T
2+

Γμ

Γμ+1
N μ
2 ) (∂ ln r /∂ω )2

R=(ΓT N T
2+ΓμN μ

2 ) (∂ ln r /∂ω )2

R=( vl
6(k+Dh)

N T
2+ vl
6Dh

N μ
2) (∂ ln r /∂ω )2

R= vl
3 ( N T

2

2(k +Dh)
+
N μ
2

2Dh
) (∂ ln r /∂ω )2

Dshear=
vl
3

=2
R(∂ω/∂ ln r )2

N T
2 /(K+Dh)+N μ

2/Dh

If one also assumes that the eddies have a continuum spectrum of velocities v,
also the idea of a strict criterion vanishes!

In other words there will be always some eddies for which R<1/4, 
so that any layer is in principle unstable with respect to the shear

We magically turn a strict on/off 
criterion 

in 

a diffusion coefficient always at work
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Maeder & Zahn (1998) – Meynet and Maeder (2003)



  

Rotational instabilities

What about the turbulent horizontal diffusivity Dh?

Chaboyer & Zahn 1992 AA 253,173

Zahn 1992 AA 265,115

Maeder 2003 AA 399,263



  

Rotational instabilities

Are there additional instabilities induced by rotation?

Let me just mention the
Solberg-Hoiland dynamical instability

and the
Goldreich-Schubert-Fricke (GSF) secular instability

1

2

z

0

 z ← j2

← j1

dP
dr

=−gρ+
ρ
r3
r4Ω2=−g ρ+

ρ
r3
j2

∂2 r
dt2

={−g
ρ {( ∂ρ

∂ r )
eddy

−(∂ρ
∂ r )

env
}+ ρ
r3 {(∂ j2∂ r )

eddy

−( ∂ j2

∂ r )
env

}}r=(N ρ
2+N j

2) r

Eddies move preserving their angular momentum j

Intrinsically negative

The SH instability grows only if j decreases outward
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Rotational instabilities: the transport of the angular momentum

This is an advective – diffusive equation

 d
dt

r 2M r
=1
5
1

r2
∂
∂ r

 r4U  1

r2
∂

∂ r  r4D shear
∂
∂ r 

In order to find a stable solution for this equation (plus the nightmare expression for U),
it is necessary to solve a system of four equations! 
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This is an advective – diffusive equation
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r 2M r
=1
5
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∂
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 r4U  1

r2
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In order to find a stable solution for this equation (plus the nightmare expression for U),
it is necessary to solve a system of four equations! 

the transport of the angular momentum is often computed by  adopting 
a pure diffusive equation (e.g. Heger, Langer & Woosley 2000)

 d
dt

r 2M r
= 1

r 2
∂

∂ r  r 4 DshearDmc  ∂
∂ r 

ALTERNATIVELY:



  

FRANEC 6.0

Major improvements compared to the release 4.0 (Limongi & Chieffi 
2003, Chieffi & Limongi 2004) and 5.0 (Limongi & Chieffi 2006)

- FULL COUPLING of: Physical Structure - Nuclear Burning -
                                                 +  Chemical  Mixing (convection, semiconvection, rotation)

- INCLUSION OF ROTATION: Transport of Angular Momentum (Advection/Diffusion)

- MASS LOSS (Enhanced mass loss for RSG phase, Van Loon 2005)

- SOLAR COMPOSITION (Asplund et al. 2009)

- TWO NUCLEAR NETWORKS  H → Pb :
                            197 isotopes (490 reactions) H/He Burning
                            324 isotopes (3019 reactions) Advanced Burning

We have implemented both schemes:
the advection+diffusion  & the pure diffusive



  

FRANEC 6: current release 6.130329

f P=
4 π rΨ

4

GM Ψ SΨ <g eff
−1>

dP
dM Ψ

=−GM Ψ

4π rΨ
4 ⋅f P

dM
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4 M Ψ

⋅
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2 <g eff
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d Y i

d t
=( ∂Y i

∂ t nuc )+ ∂
∂m [(4 πρ r2)2(Dsemi+Dmix+Drot)

∂ xi
∂m ] i=1. ..N

1 systemof M meshes⋅(N isotopes+5)ODEs

ρ d
dt

(r2ω)M r
= 1
r2

∂
∂ r [ρ r4(D shear+

1
30
r∣U∣) ∂ ω

∂ r ]
or

ρ d
dt

(r2ω)M r
=0

ρ d
dt

(r2ω)M r
=1
5
1

r2
∂
∂ r

(ρ r4ωU )+ 1
r2

∂
∂ r (ρ r4Dshear

∂ω
∂ r ) 4 ODEs

U( Maeder & Zahn 1998)

U(Maeder & Zahn simplified 1998)



  

DhCZ92

Which turbulent horizontal diffusivity Dh use in the code?



  

Which turbulent horizontal diffusivity Dh use in the code?

DhCZ92



  

It is clear that some calibration is necessary!

We consider two free parameter directly connected to rotation:

fc    that multiplies the total diffusion coefficient D that controls the mixing due to

the shear and the meridional circulation

fμ    that multiplies the gradient fo molecular weight 



  

FRANEC 6: current release 6.130329

f P=
4 r

4

G M  S g eff
−1

dP
dM 

=−
G M 

4 r
4⋅ f P

dM
dr

=4 r
2 

d lnT 

d lnP
=

3 L P

16 acGT 
4 M 

⋅
f T
f p

f T=
162 r

4

S
2 g eff

−1g eff 

dL=  M

d Y i

d t
=( ∂Y i

∂ t nuc )+ ∂
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U(Maeder & Zahn 1998 - simplified)

∇μ→ f μ ∇μ



  



  

Where do you extract the angular momentum from?

The same amount from each layer
The same percentage from each layer
An amount proportional to the distance from the surface
Down to a specific mass location or not
It is really correct to extract more angular momentum than that included in 
the mass lost?

Just a couple of additional technical problems...

Reference Matm= 0.01%
no ang. mom. loss from interior
Matm 1%
Matm variable (down to 10-7)



  

Just a couple of additional technical problems...

Which mass size should be adopted in the subatmosphere?

1% 
0.1%
0.01%
even less?

Hc=0.5

Hc=0.08

1%

1%

The reference track was computed with 
a subatmosphere equal to 10-8 Mʘ

0.01%



  

Just a couple of additional technical problems...

Reference Matm= 0.01%
no ang. mom. loss from interior
Matm 1%
Matm variable (down to 10-7)

Which mass size should be adopted in the subatmosphere?

1% 
0.1%
0.01%
even less?

300 km/s



  

If you still think that it is useful to study the 
influence of rotation on the evolution of a star 
with these physical/numerical tools, in the sense 
that we can really learn something...

...you are hopeless but...
...let's go on... 



  

Main effects of rotation on the surface properties of a star in H burning

a) (black) non rotating
b) (red) only fP and fT
c) (blue) transport of ang. mom.
d) (green) like c+transport c.c. due to mer. circ.
e) (purple) full rotating model



  

Main effects of rotation on the surface properties of a star in H burning



  

Main effects of rotation on the surface properties of a star in H burning



  

Global effects of rotation on the evolution of the massive stars in H burning



  

Global effects of rotation on the evolution of the massive stars in H burning



  

Comparison among different authors



  

Summarizing...at the end of the central H burning phase:

Models rotating at 300 km/s have:

smaller envelope masses but similar He core masses

higher mean molecular weight in the envelope

modified surface chemical composition



  

What happens to these stars (i.e. rotating initially at 300 km/s)  in He burning?

Rotation affects the further evolution of these stars in two ways:

first of all indirectly because of the differences in the structures  at the He ignition
second directly, basically within the He core:



  



  

Summarizing again... models rotating at 300 km/s...
...show up at the beginning of the advanced phases with:

                               larger CO core masses 

                            lower C/O ratio in the CO core

                            smaller total masses



  

Hence...

rotating models will behave in the advanced burning phases basically
 

as more massive non rotating stars



  

There is no more time for the transport of angular momentum so the 
only changes occur in the convective zones where we assume 
instantaneous redistribution of the angular momentum so that ω is flat.



  

What about the yields?

Mild increase of the weak s-process component and of F



  

CONCLUSIONS
(personal but strong)

In order to make any meaningful comparison with the real stars it is mandatory to 
use a full set of models computed with a reasonable range of initial rotational 
velocities: a properly done population synthesis is necessary.

(the use of just an average velocity may be highly misleading)

The idea of specific transition masses, for example the limiting mass the 
explodes as a Type IIP supernova or the lowest mass that becomes a WCO star 

must be dropped. It becomes meaningless in presence of rotation because 
rotation implies a SPREAD of these limiting masses over a certain range that 
depends on the initial distribution of the rotational velocities.

Since the inclusion of the effects of rotation on the evolution of a star is still 
HIGHLY qualitative, any statement suggesting the necessity to add some other 
phenomenon “because rotation can't reproduce some observable” is really 
premature: the first thing one should consider in this case is simply that rotation 
has been included in such a qualitiative way that it can't have a real predictive 
power. The present situation is totally similar to what happens with convection.



  

CONCLUSIONS
(more canonical)

Increase of the H burning lifetime

Modification of the surface chemical composition 

Similar He core masses

Smaller envelope masses

Larger number of WR stars + changes in the internal ratios among the WR subclasses

Larger CO core masses

Lower C/O ratios at the end of the central H burning

Final steeper M-R relation

More massive remnants for a fixed final kinetic energy of the ejecta



  


	page0
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53

