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Mirror principle

contracting core = expanding envelope   expanding core  = contracting envelope



Attributes of mirror

Stationary point: a location below which shells move inwards and above which shells move outwards 
(or vice versa):

𝜀𝑔 = −𝑇
𝜕𝑠

𝜕𝑡
= 0

𝜕𝑟

𝜕𝑡
= 0

Pivot: location where the gravothermal energy generation rate changes sign – the location where 
shells transition from compressing  to expanding



Adapted from Hekker & Christensen-Dalsgaard, 2017

BUMP

Red-giant bump

1 M⦿



Red-giant bump

The naïve explanation is that the bump appears when the hydrogen shell burns 
through the mean molecular weight discontinuity left behind by the deepest extent of 
the convection zone. 

At this discontinuity, the amount of hydrogen available for burning increases and 
consequently there is a re-adjustment of the internal structure.



Motivation: H-shell burns through 𝞵-discontinuity 
at Lmin

…Even so I find it plausible, as implied 
by Refsdal & Weigert (1970), that the 
cause of the luminosity variation in the 
bump is predominantly the result of the 
effect of the composition discontinuity 
on the hydrostatic equilibrium, the 
effective weight of the overlying 
material being reduced by the decrease 
in the mean molecular weight above the 
discontinuity…..

Christensen-Dalsgaard, 2015



Khan et al. 2018

Motivation: miss-match bump location
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Motivation: entropy

Sugimoto & Fujimoto 2000: “Why stars become giants?”:

‘An increase of the entropy in the envelope is indispensable for the evolution 
to a red giant.’



Specific entropy

For a constant composition ideal monoatomic gas specific entropy can be 
expressed as (Hanson & Kawaler 1994):

𝑠 =
𝑁𝐴𝑘𝐵

𝜇
ln 𝑇5/2/𝑃 + 𝑐

𝑑𝑠

𝑑𝑟
= 𝑐𝑃 ∇ − ∇𝑎𝑑

𝑑 ln 𝑃

𝑑𝑟

𝑠 = specific entropy
𝑁𝐴 = Avogadro’s constant
𝑘𝐵 = Boltzmann′s constant
𝜇 = mean molecular weight
𝑇 = temperature
𝑃 = pressure
𝑐 = integration constant

∇𝑎𝑑 = adiabatic temperature gradient with pressure
𝑟 = radius ordinate
𝑐𝑃 = specific heat at constant pressure∇=

𝑑 ln 𝑇

𝑑 ln 𝑃



Specific entropy

convective



Specific entropy: core

convective
convective 𝑠 =

𝑁𝐴𝑘𝐵

𝜇
ln 𝑇5/2/𝑃



Specific entropy with radius:
radiative region

convective

𝑑𝑠

𝑑𝑟
= 𝑐𝑃 ∇ − ∇𝑎𝑑

𝑑 ln 𝑃

𝑑𝑟

hydrostatic equilibrium requires: 

𝑑 ln 𝑃

𝑑𝑟
≤ 0 ∇< ∇𝑎𝑑

𝑠 increases outwards

𝑑𝑠

𝑑𝑟
> 0



Specific entropy with radius:
convective region

convective

𝑑𝑠

𝑑𝑟
= 𝑐𝑃 ∇ − ∇𝑎𝑑

𝑑 ln 𝑃

𝑑𝑟

Convection is to good 
approximation isentropic: 

∇= ∇𝑎𝑑

𝑑𝑠

𝑑𝑟
= 0 

𝑠 uniform



Specific entropy with time:
fusion region

convective

𝑠 decreases with time at the location 
where fusion is dominating

convective 𝑠 =
𝑁𝐴𝑘𝐵

𝜇
ln 𝑇5/2/𝑃



Specific entropy with time:
convective region

convective

𝑠 increases with time in the 
convective region

convective 𝑠 =
𝑁𝐴𝑘𝐵

𝜇
ln 𝑇5/2/𝑃



Attributes of mirror

Stationary point: a location below which shells move inwards and above which shells move outwards 
(or vice versa):

𝜀𝑔 = −𝑇
𝜕𝑠

𝜕𝑡
= 0

𝜕𝑟

𝜕𝑡
= 0

Pivot: location where the gravothermal energy generation rate changes sign – the location where 
shells transition from compressing  to expanding
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After Lab slides
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