
Stellar structure and evolution of rotating 
stars  

Reading material: 
Chapters 2 & 4

Parts of chapters 6 & 10
from A. Maeder’s book



ΜΕΡΟΣ Α’ 
Introductory remarks

Stellar rotation can cause the equatorial radius can be much larger than the polar 
radius, up to about 1.5 times. 

Stars do not rotate as solid bodies  they may have  internal differential rotation
e.g. the core rotating faster than the outer envelope. 

 stellar rotation 

produces a flattening of the equilibrium configuration of the star, 

drives internal circulation motions and various instabilities which transport both the chemical 
elements and the angular momentum.

generates stellar magnetic fields within convective zones (often by a dynamo), converting 
rotational energy into magnetic field structure.



Equilibrium configurations

Maclaurin spheroids : density ρ is assumed constant 
 Roche model: assumes an infinite central condensation
 Real stars in between these extremes



Equation of Motion with Rotation
(cf undergraduate course in Mechanics)
The accelerations measured in a rotating frame (quantities with a prime) are related to 

those in an inertial frame (without a prime)
ௗ𝒗ᇲ

ௗ௧
=

ௗ𝒗

ௗ௧
− 𝛀 × 𝛀 × 𝒓ᇱ −

ௗ𝛀

ௗ௧
× 𝒓ᇱ − 2𝛀 × 𝒗ᇱ (primed quantities in the rotating frame)

 In a stationary rotating star ௗ𝛀

ௗ௧
= 0

In the Navier–Stokes equation ௗ𝒗

ௗ௧
 and 

డ𝒗

డ௧
are in the intertial system. 

    
ௗ𝒗

ௗ௧
=

డ𝒗

డ௧
+ (𝒗 ⋅ ∇)𝒗 = 𝒂 −

ଵ

ద
∇𝑃 + 𝜈∇ଶ𝒗

To get the equation in the rotating frame 𝑑𝑣/𝑑𝑡 → 𝑑𝑣ᇱ/𝑑𝑡

 
ௗ𝒗ᇲ

ௗ௧
  =

డ𝒗ᇲ

డ௧
+ 𝒗ᇱ ⋅ ∇ 𝒗ᇱ

   = 𝒂 −
ଵ

ద
∇𝑃 + 𝜈∇ଶ𝒗ᇱ − 𝛀 × 𝛀 × 𝒓ᇱ −

ௗ𝛀

ௗ௧
× 𝒓ᇱ − 2𝛀 × 𝒗ᇱ

Coriolis term  Centrifugal  terms 



Hydrostatic Equilibrium for Solid Body Rotation

assume solid body rotation  Ω = const
assume viscosity negligible
the Navier-Stokes equation gives for hydrostatic equilibrium:

0 = 𝒂 −
ଵ

ద
∇𝑃 − 𝛀 × 𝛀 × 𝒓ᇱ  

Gravitational force (per unit mass)   𝒂 = 𝒈 = −∇Φ , where Φ = −𝐺𝑀௥/𝑟

so −∇Φ = −
ீெೝ

௥మ

𝒓

௥

Roche assumption: The inner layers are considered as spherical, i.e. not distorted by 
rotation, which gives the same external potential as if the whole mass is concentrated at 
the center.
Centrifugal force (per unit mass)  can be derived from the potential 𝑉: (EXERCISE)

𝑉 = −
ଵ

ଶ
Ωଶ𝜛ଶ where  𝜛 = 𝑟 sin 𝜗,  and −∇𝑉 = Ωଶ𝝕 



Total potential (per unit mass)  Ψ = Φ + 𝑉

so the equation of hydrostatic equilibrium becomes:

     
ଵ

ద
∇𝑃 = −∇ψ = 𝑔௘௙௙

 the pressure is constant on an equipotential, i.e., one has 𝑃 =  𝑃(Ψ)

equipotentials and isobars  coincide and the star is said to be barotropic

∇𝑃 = 𝑑𝑃/𝑑Ψ ∇Ψ οπότε η  ଵ
ద

∇𝑃 = −∇ψ = 𝑔௘௙௙ γίνεται ଵ
ద

ௗ௉

ௗஏ
= −1

 𝜌 = 𝜌(Ψ) and via the eq. of state 𝑇 = 𝑇(Ψ)



Stellar surface and gravity
The stellar surface is an equipotential Ψ = 𝑐𝑜𝑛𝑠𝑡.

Ψ 𝑟 𝜗 = −
ீெೝ

௥
−

ଵ

ଶ
Ωଶ𝑟ଶ sinଶ 𝜗

Let us consider a star of total mass M and call R(ϑ) the stellar radius at colatitude ϑ.

The centrifugal force is zero at the poles (ϑ=0), so we can fix the constant value of the equipotential at 

the stellar surface as ீெ

ோ౦

ீெ

ோ
+

ଵ

ଶ
Ωଶ𝑅ଶ sinଶ 𝜗 =

ீெ

ோ౦
 

 Surface gravity 

𝒈ୣ୤୤ = −
ீெ

ோమ ణ
+ Ωଶ𝑅 𝜗 sinଶ 𝜗 𝒆௥ + Ωଶ𝑅 𝜗 sin 𝜗 cos 𝜗 𝒆ణ 

(EXERCISE) 

𝑔ୣ୤୤ = 𝒈ୣ୤୤ = −
ீெ

ோమ(ణ)
+ Ωଶ𝑅(𝜗)sinଶ𝜗

ଶ

+ Ωସ𝑅ଶ(𝜗)sinଶ𝜗cosଶ𝜗

భ

మ

 

unmodified by rotation in the Roche approximation



Critical velocities

Critical velocity, or break-up velocity: 

When modulus of the centrifugal force = modulus of the gravitational 

attraction at the equator (𝜗 = 𝜋/2).
ீெ

ோమ ణ
= Ωଶ𝑅(𝜗) ⇒ Ωୡ୰୧୲

ଶ =
ீெ

ோ౛,ౙ౨౟౪
య

So, from the equation of the surface, we get:
ீெ

ோ
+

ଵ

ଶ
𝛺ଶ𝑅ଶ 𝑠𝑖𝑛ଶ 𝜗 =

ீெ

ோ೛
⇒

ீெ

ோ೐,೎ೝ೔೟
+

ଵ

ଶ
𝛺௖௥௜௧

ଶ 𝑅௘,௖௥௜௧
ଶ =

ீெ

ோ೛,೎ೝ೔೟
⇒

ோ౛,೎ೝ೔೟

ோ౦,೎ೝ೔೟
=

ଷ

ଶ

 Equatorial break-up velocity









Set 𝑥 =
ோ

ோ౦,ౙ౨౟౪ 
and 

𝜔 =
ஐ

ஐ೎ೝ೔೟
⇒𝜔ଶ =

ஐమோ
౛, crit 
య

ீெ
⇒Ωଶ =

଼

ଶ଻

ீெఠమ

ோ౦,ౙ౨౟౪
య

The surface equation becomes

ீெ

ோ
+

ଵ

ଶ
Ωଶ𝑅ଶ sinଶ 𝜗 =

ீெ

ோ౦
⇒

ଵ

௫
+

ସ

ଶ଻
𝜔ଶ𝑥ଶsinଶ𝜗 =

ோ౦,

ோ౦(ఠ)
 solved numerically using the Newton 

method 

𝑔ୣ୤୤ =
ீெ

ோ౦,
మ −

ଵ

௫మ +
଼

ଶ଻
𝜔ଶ𝑥sinଶ𝜗

ଶ
+

଼

ଶ଻
𝜔ଶ𝑥sin𝜗cos𝜗

ଶ
భ

మ

cos 𝜀 = −
𝒈𝒆𝒇𝒇⋅𝒓

𝒈𝒆𝒇𝒇 ⋅ 𝒓
=

భ

ೣమି
ఴ

మళ
ఠమ௫ୱ୧୬మణ

ି
భ

ೣమା
ఴ

మళ
ఠమ௫ୱ୧୬మణ

మ
ା

ఴ

మళ
ఠమ௫ୱ୧୬ణୡ୭ୱ

మ
భ
మ

Surface element on equipotential  𝑑𝜎 =
௥మ ୱ୧୬ ణௗఝௗణ

ୡ୭ୱ ఌ



Polar radius as a function of rotation

As a first approximation polar radii are 
independent of rotation

In reality there is a small dependence  𝑅௣ 𝜔
from the small changes (few %) of internal 
structure brought about by centrifugal force.
This dependence can be described by

𝑅୮ 𝜔 = 𝑅୮ 0 1 − 𝑎𝜔ଶ

where 𝛼 is a constant for stars of the same mass

Metallicity also plays a role  (see fig 2.8)

Variations of the polar radius as a function of 
the rotation parameter normalized to the 
value without rotation for stars of  different 
initial masses at Z = 0.02. Fig. 2.7 from 
Maeder



Summary of solid-body rotation approximation

Ω = constant throughout the star (solid-body rotation)

every layer rotates with the same angular velocity

there is no internal shear (∇Ω = 0)

centrifugal acceleration is simple and can be derived as the gradient of a potential

effective potential  Φୣ୤୤ = −
ீெ

௥
−

ଵ

ଶ
Ωଶ𝑟ଶ𝑠𝑖𝑛ଶ𝜗

In hydrostatic equilibrium, surfaces of constant pressure, density, and temperature 
coincide with equipotentials

Thus the structure can still be treated almost like a 1D stellar model.



Next approximation: Shellular rotation 
Equations of Stellar structure

Angular velocity is constant on isobaric shells, but can vary with isobaric radius. 
Ω = Ω 𝑃 (no dependence on 𝜗) which is equivalent to Ω ≈ Ω 𝑟

where 𝑟 the radial coordinate of the isobar (rotation ~constant on shells).

Why is this a good approximation in radiative zones
In radiative zones, horizontal turbulence is strong (no buoyancy along isobars) because stable 

stratification (stable against convection → vertical motions suppressed) inhibits vertical mixing.
So turbulence transports angular momentum much more efficiently along isobaric surfaces

than radially.

This leads to Ω 𝑟 𝜗 ≈ Ω 𝑟 because horizontal shear gets erased quickly.

So the rotation becomes almost uniform on each shell.

 But there are always small horizontal variations that allow baroclinicity (when 
surfaces of constant pressure and constant density do not coincide), circulation 
currents and angular momentum redistribution, in real stars



Ω(𝑟, 𝜗) = Ωഥ(𝑟) + Ω෡(𝑟, 𝜗)

Ω෡ ≪ Ωഥ

Ωഥ(𝑟) the average Ω on an isobar with radius r:

The horizontal average Ωഥ is defined as the angular velocity of a shell rotating 

like a solid body and having the same angular momentum as the considered 

actual shell.

Ωഥ 𝑟 =
 ∫ ஐ 𝑟 𝜗 ୱ୧୬య ణௗణ

ഏ
బ

∫ ୱ୧୬య ణௗణ
ഏ

బ

Ω෡(𝑟, 𝜗) can be developed in terms of the Legendre polynomials.
To second order: 
Ω෡ 𝑟 𝜗 = Ωଶ 𝑟 𝑃ଶ cos 𝜗





Properties of the isobars
 Let us consider the surface of constant Ψ

Ψ = Φ −
ଵ

ଶ
Ωଶ𝑟ଶsinଶ𝜗 = const (where Ω = Ω(𝑟, 𝜗) = Ωഥ(𝑟) + Ω෡(𝑟, 𝜗))

The   gravitational potential is defined (as in the case of solid rotation)

−∇Φ = −
ீெೝ

௥మ

𝒓

௥
, and Φ = −

ீெೝ

௥
in the Roche approximation.  

The components of the gradient of 𝛹

డஏ

డ௥
=

డ஍

డ௥
− Ωଶ𝑟 sinଶ 𝜗 − 𝑟ଶsinଶ𝜗 Ω

డஐ

డ௥
ଵ

௥

డஏ

డణ
=

ଵ

௥

డ஍

డణ
− Ωଶ𝑟sin𝜗cos𝜗 − 𝑟ଶsinଶ𝜗 Ω

ଵ

௥

డஐ

డణ



From the equation of hydrostatic equilibrium:

𝛁𝑃 = 𝜚𝒈𝒆𝒇𝒇⇒∇𝑃 = −𝜚 ∇Ψ + 𝑟ଶsinଶ𝜗 Ω ∇Ω

on an isobar, Ω = Ω(𝑃) ⇒ ∇Ω =
ௗஐ

ௗ௉
࣯∇𝑃

So ∇𝑃 parallel to ∇Ψ

i.e. the surfaces defined by Ψ = 𝑐𝑜𝑛𝑠𝑡. are isobaric surfaces

but they are not equipotential and the star is said to be baroclinic.

(for  solid body rotation, isobars and equipotentials coincide and the star is 
barotropic.)



Expressions for hydrostatic equilibrium and continuity for 
shellular rotation

Characteristic radius 𝑟୔ of an isobar, defined as 

𝑉௉ ≡
ସగ

ଷ
𝑟௉

ଷ where 𝑉௉ is the volume inside the isobar

For any quantity 𝑞, which is not constant over an isobaric surface,  we define a mean value over the 
surface:

< 𝑞 >≡
ଵ

ௌು
∮ 𝑞𝑑𝜎

where 𝑆௉ is the total surface of the isobar and 𝑑𝜎 =
௥మ ୱ୧୬ ణௗఝௗణ

ୡ୭ୱ ఌ

The effective gravity  𝑔⃗௘௙௙ = −∇Ψ − 𝑟ଶsinଶ𝜃Ω∇Ω can be written more simply using the fact that 
∇Ω parallel to ∇Ψ

∇Ω = −𝛼∇Ψ  with  𝛼 =
ௗஐ

ௗஏ

 𝑔⃗௘௙௙ = −∇Ψ − 𝛼𝑟ଶsinଶ𝜃Ω∇Ψ = −(1 − 𝑟ଶ sinଶ 𝜗 Ω𝛼) ∇Ψ



𝑔⃗௘௙௙ = −(1 − 𝑟ଶ sinଶ 𝜗 Ω𝛼)  ∇Ψ



Using the above, the equation of hydrostatic equilibrium 

𝛁𝑃 = 𝜚𝒈𝒆𝒇𝒇

can be written as:
ௗ௉

ௗ௡
= −𝜚 1 − 𝑟ଶsinଶ𝜗Ω𝛼

ௗஏ

ௗ௡

To use the mass 𝑀௉ inside an isobar as the independent variable (as we have 
done for the non-rotating stars):

 𝑑𝑀௉   = ∫  
ஏୀୡ୭୬

𝜚𝑑𝑛𝑑𝜎 = 𝑑Ψ ∫  
ஏୀୡ୭୬ୱ୲

𝜚
ௗ௡

ௗஏ
𝑑𝜎

   = 𝑑Ψ ∫  
ஏୀୡ୭୬ୱ୲

𝜚
ଵି௥మ ୱ୧୬మ ణஐఈ

௚౛౜౜
𝑑𝜎



Using < 𝑔ୣ୤୤
ିଵ >≡

ଵ

ௌು
∮ 𝑔ୣ୤୤

ିଵ𝑑𝜎 we get 

ௗஏ

ௗெು
=

ଵ

ద ଵି௥మୱ୧୬మ ణஐఈ ழ௚౛౜౜
షభவௌು

⇒
ௗ௉

ௗெು
=

ିଵ

௚౛౜౜
షభ ௌು

We define: 𝑓௉ ≡
ସగ௥ು

ర

ீெುௌು

ଵ

௚౛౜౜
షభ

So the eq. of hydrostatic equilibrium is written as:

ௗ௉

ௗெು
= −

ீெು

ସగ௥ು
ర 𝑓௉ (𝑓௉ = 1, for non-rotating stars) 



For the continuity equation:
The volume of a shell can be written as:

𝑑𝑉௉ = 4𝜋𝑟௉
ଶ𝑑𝑟௉

Also it can be written as:

𝑑𝑉௉  = ∫  
ஏୀୡ୭୬ୱ୲

𝑑𝑛𝑑𝜎 = 𝑑Ψ ∫  
ஏୀୡ୭୬ୱ୲

ௗ௡

ௗஏ
𝑑𝜎

 = 𝑑Ψ ∫  
ஏୀୡ୭୬ୱ୲

ଵି௥మୱ୧୬మణஐఈ

௚౛౜౜
𝑑𝜎

(where we used that 𝑔ୣ୤୤ = 1 − 𝑟ଶsinଶ 𝜗Ω𝛼
ௗஏ

ௗ௡
)

Using also < q >≡
ଵ

ௌು
∮ 𝑞𝑑𝜎

(careful here we do not have ρ 1 − 𝑟ଶsinଶ𝜗Ω𝛼 which is constant on the isobar, but just ൫1 −

𝑟ଶsinଶ𝜗Ω𝛼൯ )

we get  𝑑𝑉௉ = 𝑑Ψ𝑆௉ < 𝑔ୣ୤୤
ିଵ >−< 𝑔ୣ୤୤

ିଵ𝑟ଶ sinଶ 𝜗 > Ω𝛼



• 𝑑𝑉௉ = 𝑑Ψ𝑆௉ < 𝑔ୣ୤୤
ିଵ >−< 𝑔ୣ୤୤

ିଵ𝑟ଶ sinଶ 𝜗 > Ω𝛼

• 𝑑𝑉௉ = 4𝜋𝑟௉
ଶ𝑑𝑟௉

•
ௗஏ

ௗெು
=

ଵ

ద ଵି௥మୱ୧୬మ ణஐఈ ழ௚౛౜౜
షభவௌು

⇒
ௗ௥ು

ௗெು
=

ଵ

ସగ௥ು
మదഥ

, with 𝜚̅ =
ద ଵି௥మ ୱ୧୬మ ణஐఈ ழ௚౛౜౜

షభவ

௚౛౜౜
షభ ିழ௚౛౜౜

షభ௥మ ୱ୧୬మ ణவஐఈ



The Energy Conservation and Radiative
Equilibrium in Rotating Stars

Equation of radiative transfer

𝐹 = −
ସ௔௖்య

ଷ఑ద

ௗ்

ௗ௡

𝑑𝑇/𝑑𝑛 = 𝑑𝑇/𝑑𝑀௉ 𝑑𝑀௉/𝑑Ψ (𝑑Ψ/𝑑𝑛)

𝑔ୣ୤୤ = 1 − 𝑟ଶsinଶ 𝜗Ω𝛼
ௗஏ

ௗ௡

ௗஏ

ௗெು
=

ଵ

ద ଵି௥మୱ୧୬మ ణஐఈ ழ௚౛౜౜
షభவௌು

exercise

𝐹 = −
4𝑎𝑐𝑇ଷ

3𝜅𝜚

𝑑𝑇

𝑑𝑀௉
𝜚 < 𝑔ୣ୤୤ 

ିଵ > 𝑆௉𝑔ୣ୤୤ 



Integrating over the surface we obtain (using the definition of < 𝑞 >)

𝐿௉ = −
ସ௔

ଷ
< 𝑔ୣ୤୤

ିଵ > 𝑆௉
ଶ <

்య௚౛౜౜

఑

ௗ்

ௗெು
>

This expresses radiative transfer in rotating stars.

exercise



Conservation of energy in rotating stars

The net energy outflow 𝑑𝐿௉ from a shell  limited by the isobars Ψ and Ψ + 𝑑Ψ is equal to

𝑑𝐿௉ = ∫  
ஏୀୡ୭୬ୱ୲

𝜀𝜚𝑑𝑛𝑑𝜎 = 𝑑Ψ ∫  
ஏୀୡ୭୬

𝜀𝜚
ௗ௡

ௗஏ
𝑑𝜎 

where ε is the net rate of energy production in the shell.

Using  𝑔ୣ୤୤ = 1 − 𝑟ଶsinଶ 𝜗Ω𝛼
ௗஏ

ௗ௡

and the fact that 𝜚 1 − 𝑟ଶsinଶ 𝜗Ω𝛼 is constant on an isobar, we get  

𝑑𝐿௉ = 𝑑Ψ <
ఌ

௚౛౜౜
> 𝑆௉𝜚 1 − 𝑟ଶ sinଶ 𝜃 Ω𝛼

and using also 

ௗஏ

ௗெು
=

ଵ

ద ଵି௥మୱ୧୬మణஐఈ ழ௚౛౜౜
షభவௌು

where generally 𝜀 = 𝜀୬୳ୡ୪ − 𝜀௩ + 𝜀୥୰ୟ୴

exercise

𝑑𝐿௉

𝑑𝑀௉
=

𝜀𝑔ୣ୤୤
ିଵ

𝑔ୣ୤୤
ିଵ



Stellar structure equations for rotating stars


ௗ௉

ௗெು
= −

ீெು

ସగ௥ು
ర 𝑓௉ , where  𝑓௉ =

ସగ௥ು
ర

ீெುௌು

ଵ

௚౛౜౜
షభ ,     𝒈𝒆𝒇𝒇 = 𝜚 𝛁Ψ + 𝑟ଶsinଶ𝜗 Ω 𝛁Ω


ௗ௥ು

ௗெು
=

ଵ

ସగ௥ು
మదഥ

 
, where 𝜚̅ =

ద ଵି௥మୱ୧୬మణஐఈ ழ௚౛౜౜
షభவ

ழ௚౛౜౜
షభவିழ௚౛౜౜

షభ௥మୱ୧୬మణவஐఈ

𝐿௉ = −
ସ௔௖

ଷ
< 𝑔ୣ୤୤

ିଵ > 𝑆௉
ଶ <

்య௚౛౜౜

఑

ௗ்

ௗெು
>


ௗ௅ು

ௗெು
=

ఌ౤౫ౙౢିఌೡାఌౝ౨౗౬ ௚౛౜౜
షభ

௚౛౜౜
షభ

< 𝑞 >≡
ଵ

ௌು
∮ 𝑞𝑑𝜎 , 𝑆௉ is the total surface of the isobar,  𝑑𝜎 =

௥మ ୱ୧୬ ణௗఝௗణ

ୡ୭ୱ ఌ
, cos 𝜀 = −

𝒈𝒆𝒇𝒇⋅𝒓

𝒈𝒆𝒇𝒇 ⋅ 𝒓

Note: density and temperature are not constant on isobars



“Simplified” Stellar structure equations for rotating stars 
Independent variables:

• 𝜚̅ =
ద ଵି௥మୱ୧୬మణஐఈ ழ௚౛౜౜

షభவ

ழ௚౛౜౜
షభவିழ௚౛౜౜

షభ௥మୱ୧୬మణவஐఈ

• Τഥ derived from the EOS for the 𝑃 of the isobar, and 𝜚̅
(The chemical composition is supposed to be homogeneous on an isobaric surface due to the strong 
horizontal turbulence.)
Approximations:

•
ఌ౤౫ౙౢିఌೡାఌౝ౨౗౬ ௚౛౜౜

షభ

௚౛౜౜
షభ ≈ 𝜀୬୳ୡ୪(𝜚̅, 𝑇ത) − 𝜀௩(𝜚̅, 𝑇ത) + 𝜀୥୰ୟ୴(𝜚̅, 𝑇ത)

• <
்య௚౛౜౜

఑

ௗ்

ௗெು
>≈

ത் యழ௚౛౜౜வ

఑(దഥ, ത்)

ௗ ത்

ௗெು

• <
ௗ୪୬ ்

ௗ୪୬ ௉
>=< ∇ୟୢ>≈

ௗ୪୬ ത்

ௗ୪୬௉
(for convective regions, where the temperature gradient is the adiabatic 

gradient)



The equations of stellar structure become: 

 
ௗ௉

ௗெು
= −

ீெು

ସగ௥ು
ర 𝑓௉,      

ௗ௥ು

ௗெು
=

ଵ

ସగ௥ು
మదഥ

,

 
ௗ௅ು

ௗெು
= 𝜀୬୳ୡ୪ − 𝜀௩ + 𝜀୥୰ୟ୴,

 
ௗ ୪୬ ்

ௗெು
= −

ீெು

ସగ௥ು
ర 𝑓௉min ∇ୟୢ, ∇୰ୟୢ

௙೅

௙ು
,

  where 𝑓௉ =
ସగ௥ು

ర

ீெುௌು

ଵ

௚౛౜౜
షభ

  and 𝑓 =
ସగ௥ು

మ

ௌು

ଶ
ଵ

௚౛౜౜ ௚౛౜౜
షభ .



𝑑 ln 𝑇

𝑑𝑀௉
= −

𝐺𝑀௉

4𝜋𝑟௉
ସ 𝑓௉min ∇ୟୢ, ∇୰ୟୢ

𝑓

𝑓௉

𝐿௉ = −
ସ௔௖

ଷ
< 𝑔ୣ୤୤

ିଵ > 𝑆௉
ଶ <

்య௚౛౜౜

఑

ௗ்

ௗெು
>≅ −

ସ௔

ଷ
< 𝑔ୣ୤୤

ିଵ > 𝑆௉
ଶ ത்యழ௚౛౜౜வ

఑(దഥ, ത்)

ௗ ത்

ௗெು
⇒

ௗ ത்

ௗெು
= −

ଷ఑

ସ௔

௅ು

ௌು
మ ത் య

ଵ

ழ௚౛౜౜வ ழ௚౛౜౜
షభவ

⇒
ௗ௟௡ ത

ௗெು
= −

ଷ఑

ସ௔௖

௅ು

ௌು
మ ത்ర  ଵ

ழ௚౛౜౜வ ழ௚౛౜౜
షభவ

ௗ்

ௗெು
=

ௗ்

ௗ௉

ௗ௉

ௗெು
=

்

௉

ௗ்/்

ௗ௉/௉

ௗ௉

ௗெು
=

்

௉

ௗ௟௡்

ௗ௟௡௉

ௗ௉

ௗெು
⇒

ௗ்/்

ௗெು
=

ௗ௟௡

ௗெು
= ∇

ଵ

௉

ௗ௉

ௗெು
, where  ∇=

ௗ୪୬

ௗ୪୬

𝑑𝑃

𝑑𝑀௉
= −

𝐺𝑀௉

4𝜋𝑟௉
ସ 𝑓௉

𝑑𝑙𝑛𝑇

𝑑𝑀௉
= −

𝐺𝑀௉

4𝜋𝑟௉
ସ 𝑓௉∇

1

𝑃

⇒ ∇= −P 
𝑑𝑙𝑛𝑇

𝑑𝑀௉

4𝜋𝑟௉
ସ

𝐺𝑓௉𝑀௉

for radiative transfer we will have∇= P
ଷ఑

ସ௔௖

௅ು

ௌು
మ ത்ర  ଵ

ழ௚౛౜౜வ ழ௚౛౜౜
షభவ

ସగ௥ು
ర

ீ௙ುெು
⇒ ∇=

ଷ఑௅ು௉

ଵ଺గ௔௖ீெು ത்ర

௙೅

௙ು
= ∇୰ୟୢ

௙೅

௙ು

with 𝑓 =
ସగ௥ು

మ

ௌು

ଶ
ଵ

௚౛౜౜ ௚౛౜౜
షభ



Comments

the equations describing the hydrostatic equilibrium and the conservation of mass are 

strictly valid (in the Roche model approximation) in the case of a “shellular rotation 

law”, provided that 𝜚̅ is considered as the dependent variable for density. 

Moreover the strong horizontal turbulence homogenizes the chemical composition and 

reduces the 𝜚 and 𝑇 contrasts on isobars.

The above equations are used in models of rotating stars in hydrostatic equilibrium 

instead of the basic equations for non-rotating single stars

 small consequences on the evolution with respect to the larger effects of mixing and 

mass loss induced by rotation

at the surface, rotation produces large distortions and enhances convection


