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L1: Stellar Structure and Evolution

T.M. Rogers


Waves, Instabilities and Turbulence in GAFD, 8-14 July 2019 Cargese

We would like you to introduce the basic on stars, with an emphasis 

on the fluid dynamics aspects



Outline: 

L1: Stellar Structure and Evolution (Theory) 

L2: Observations of Stars (aka: how we can constrain the theory) 

L3: Basics of Angular Momentum transport by IGW in stellar 

interiors 

L4: Simulations of AM xport and mixing by IGW in massive stars



Cant really do experiments but can look at many stars at 

different ages, masses, composition, rotation 

To a high degree of accuracy stars are spheres  

Since we cant spatially resolve them (generally) we can treat  

them as 1D, generally without rotation 

The equations of stellar structure and evolution are  

that of mass, momentum and energy conservation along with 

an equation of state and composition evolution





Timescales

Age~5x109 yr 

will “live” 1010 yr

Rotation ~ 

1/month

Magnetic cycle ~11 yr 

Sunspot life ~days-weeks

p-modes  

~5 min 

g-modes 

~10 days
Can’t simulate all these effects  

at once 



Non-dimensional numbers

Ro =
U

2ΩL
=

102

(10−6)(108)
∼ 1
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Ek =
ν

2ΩL2
=

10−4

(10−6)(1016)
∼ 10−14
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Re =
UL

ν

=
(102)(108)

10−4
∼ 1014
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Pr =
ν

κ

=
10

−4

102
∼ 10

−6
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Even when we simulate  

for short periods of time 

we can’t use 

correct parameters 

So cant simulate long  

enough or turbulent  

enough 

I got 99 problems and…



Equations of Stellar Structure and Evolution
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Mass Conservation

Momentum Conservation 

(Hydrostatic Equilibrium)

Energy Conservation

Energy Transport

Chemical Evolution

Equation of State 

(simplest version IGL)
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HR Diagram



Momentum Equation/Hydrostatic Equilibrium

Steady State No rotation
Inviscid

rP = �ρg
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Hydrostatic Equilibrium

Stellar Structure & Evolution 

done over billions of years 

in 1D  

Multi-dimensional  

(Magneto-)hydrodynamics 

done over years (at best) 

∂v

∂t
+ (v ·r)v = g � 2 (Ω⇥ v)�

rP

ρ
+

1

µoρ
(r⇥B)⇥B+ νr2v
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No Magnetism



Energy Transport

• Region is deemed to be convective/

radiative by the Schwarzschild criteria (no 

chemical gradients) or the Ledoux criteria 

(including chemical gradients)


• If convective - use Mixing Length Theory to 

calculate a diffusion coefficient. This is a 

very high number that ensures complete 

mixing of species and angular momentum 

within convection zones


• If radiative - employ theoretical predictions 

for mixing at convective-radiative interfaces 

(overshoot), for mixing by various physical 

instabilities and circulation (which physical 

instabilities if no rotation?)
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Convective Instability & Internal Gravity Waves





























Dispersion Relation
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Stars of different masses 

(and ages) have fundamentally  

different structure 

and therefore 

different regions where IGW can  

propagate and where  

instabilities and turbulence occur
IG

W

IGW



Wave Generation by Convection



Interior Structure of Stars
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Interior Structure of Stars
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Complications to 1D : Convective Overshoot

Mixing Length Theory does 

not account for non-local mixing 

either a region is convectively 

stable or not. 

Standard 1D SSE models treat 

“overshoot” as either exponential 

or as a step function 

But of course it’s likely time and 

space dependent and its unclear if 

simple parameterisations are 

possible/accurate 



Complications to 1D : Rotation

Rotation is treated in the shellular 

approximation (Zahn 1992): rotation is 

constant on isobars 

   

Causes minor changes to stellar 

structure equations due to a remap of 

the system onto isobars rather than just 

radius 

(Generally) Rotation induced mixing (of 

AM and chemicals) is done via diffusion - 

in Convection Zone doesn’t really matter 

but in radiation zone makes big 

difference (next lecture)

Rotation has huge impact on stars’ life and determines the final 

fate of massive stars (i.e. explosion and remnant)

Fig. 7. Evolutionary tracks for rotating 20 M models with differentMeynet & Maeder 2000



Complications to 1D : Mixing in Radiative Regions

Host of instabilities (that lead to local 

turbulence)  dynamical/secular shear 

instability, Solberg-Hoiland instability, 

Eddington Sweet circulation, GSF 

are generally not enough to explain 

observations (next lecture) 

Mixing length theory may be ok in 

convection zones (as long as we don’t 

need to know too much -i.e didn’t 

work for the Sun’s DR) - but not at all 

appropriate in radiative zones

This is where IGW become very 

important



Complications to 1D: Magnetic Fields

Figure 5. A comparison of magnetic and velocity fields in case M16. (a) Volume rendering of the radial velocity in a snapshot of case M16, showing the

We know magnetic  

fields are important in 

stars….cant really account  

for their dynamical effects



Complications to 1D : Magnetism

Tayler-Spruit Dynamo Picture

Issue: energy in axisymmetric 

Bφ not rapidly dissipated

Instability generates

δB
r 
and δv

non-axisymmetric

Emag,back Emag,pert

Turbulent dissipation of 

background magnetic energy

non-axisymmetric

Emag,back Eheat

Winding of δB
r 

to generate Bφ
non-axisymmetric

Erot Emag,back

Issue: no axisymmetric Bφ created 

by winding non-axisymmetric δB
r

φ
δ δ

Fuller et al. 2019

Maxwell Stress Sm =
BrBφ

4π
= ρνer
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(Modern version with different saturation Fuller et al. 2019)
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