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Theory of stellar evolution

magnetic field rules

Two pictures of the Sun

Solar Physics

gas pressure rules, 
except in the sunspots



1. Models of the Sun’s interior

2. Oscillations and seismic sounding

3. Internal rotation

4. Problems and prospects

Overview



Solar models 1960-2011

Assumptions & simplifications

Hydrostatic equilibfium, rotation & magnetic field ignored

Stellar model: 

Heat  budget

Energy transport

nuclear physics

convection  theory

statistical & atomic  physics

fractiona l element
abundance



Chemical evolution 

element  diffusion included  in 1990s

standard complete mixing no  mixing

non standard : overshooting, rotation induced mixing 

Uniform element  distribution at zero age nuclear physics

coupling to angular momentum evolution

current age : 4.6 Gy



The standard construction

input data: : M, (Z/X)0, age

adjust  Y, αc: to fit: L, R, Z/X  using a standard stellar evolution code 

Measured neutrino flux and oscillation frequencies used for testing



core
99% L
49% M

convective envelope

radiative interior

Schematic structure 



Solar oscillations (1961- ) and seismic sounding 

Seismic  observable: 

frequencies (1984 - )

propagation times (1997 - ) 



Group velocty

Acousitc waves

Standing waves =  modes:

Local heioseismology:

Global heioseismology:



rotation neglected

slow rotation 

slow and uniform rotation 

p – and  f – modes detected in  the Sun 

Modes of stellar oscillations

n – radial order ℓ – angular degree m– azimuthal order



3,1

(Bedding et al., 2004)

3,1

2,0

∆ ≅ 136 µHz

(Grec et al.1980)

Low order high degree modes from the whole disc data

ℓ>> n,   ℓ=1 singlets and ℓ=0&2 doublets



Frequencies of higher  degree  p- and f- modes

odd a –coefficients: the probe of differential rotation

even a – coefficients the probe of  asphericity

the probe of internal structure

orthogonal polynomials of degree



The centroid frequencies from SOHO MDI data

pn - and f (p0) - modes

Scherrer et al. 1996



The helioseismic  inverse  problem
1990 -

assume hydrostatic equilibrium and



most accurate measurment of the He abundance

very small  corrections in 1990s, larger after 2003 !

Inversion by two methods

solar diameter corrected



photosphere
Probing internal rotation

1984 -



Internal rotation from SOHO MDI data

the tachocline –
site of  toroidal field 
generation

Shou et al. 1999



New photospheric metal abundance
3D nonLTE atmosphere model

(Z/X) phot=

0.0229 (Grevesse & Sauval  1998)

0.0181 (Asplund et al. 2005)

0.0165 (Asplund et al. 2009)

spoils  good  agreement of the standard solar model 
wIth seismic sounding



from Bi et al. (2011) 

Macroscopic mixing  lowers the discrepancy a little



Magnetic  field needed  for  consitency with  the seismic Ω (r)



Problems  and prospect



All measurements of the neutrinto flux consistent with  standard models
Prospects for contraints on T and Z i n the core

Small but significant  corrections needed for conisitency with helioseismic 
inversions 
Possible solutions: (1) revision of photospheric element abundance

(2) revision in opacity calculation

Macroscopic mechanism(s) of element  and angular momentum transport 
Tools: 3D simulations, Local helioseismology

Solar activity cycle , the site of dynamo, the cause of long-time changes. 
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