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Motivation 

•  Stars with subsurface CZ: solar-like 
dynamo, magnetic activity, wind 
braking and rotational evolution… 

•  Promising candidates as 
exoplanets hosts 

•   Knowledge of fundamental 
parameters of these stars is very 
valuable 

•  “Radius discrepancy” 
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Schatzman (1960) 

Motivation Differential Rotation and Magnetism across the HR diagram 



YREC: the Yale Rotational  
stellar Evolution Code 

Standard input physics 
•  OPAL opacities 
 
•  Standard mixing length theory 

of convection 

•  OPAL 2005 EOS 

•  Element diffusion 

•  Grey atmosphere T(τ) 
relation (e.g. Eddington) 

Structural effect of rotation 
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Rotational evolution 
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Modelling low mass stars  
(M ≤ 0.6 M): additional challenges 

•  Surface boundary conditions: 

–  Formation of H2 leads to 
atmospheric convection 

–  Molecular contribution to 
opacity 

•  Equation of State: 

–  Low central temperature, high 
density: non-ideal effects  
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After Baraffe et al. (1998) 

formation of H2  

e- degeneracy  
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Improved YREC configuration 

Surface BC EOS 
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Non-grey atmospheres: PHOENIX 
“BT-Settl” models 

SCVH EOS in the low T/high ρ 
regime (Saumon et al. 1995) 
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The grid 

 
•  M = 0.10 ÷ 1.25 M¤ 
 

•  [Fe/H] = +0.3, 0.0, -0.5, -1.0, -1.5 

•  Y = Yp + (ΔY/ΔZ) Z 

•  No rotation 

•  Standard solar model calibration: 
–   α = 1.875 
–   ΔY/ΔZ = 1.48 
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F. Spada, P. Demarque, Y. -C. Kim 
and A. Sills (in subm.) 
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Double-lined eclipsing binaries 

•  Most recent compilation: Feiden 
& Chaboyer (2012) 

•  M, R known at least to better 
than 5%  

•  Some information on age, 
metallicity 

•  Teff unknown or poorly 
constrained 
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Single stars interferometric measurements 

 
 
•  Boyajian et al. (2012) 
 
•  R, Teff, L known better than a 

few % 

•  Literature estimates for Z 

•  Comparatively large (~10%) 
error on mass 
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The M-R-L-Teff relations 
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Data: Boyajian et al. (2012) 
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The “radius discrepancy” 

•  Long-standing issue: first reported by, e.g., Hoxie (1973), Lacy (1977) 

•  Models of solar-like stars (i.e., M ≤ M¤) overestimate Teff by ~5% and 
underestimate R by ~10% 

•  Luminosity ~constant: surface phenomenon 

•  Binary vs. single stars 

•  Disentangle other effects (e.g., age, metallicity)  

NORDITA - 11 April 2013  Federico Spada 11 

The “radius discrepancy” Differential Rotation and Magnetism across the HR diagram 



Teff, R in the single stars sample 

NORDITA - 11 April 2013  Federico Spada 12 

•  Literature: ΔTeff/Teff ~ 5%, ΔR/R ~ 10% 

•  Stars with Teff  < 4000 K, M < 0.6 M¤ more affected 

The “radius discrepancy” Differential Rotation and Magnetism across the HR diagram 



Radius discrepancy in single vs. binary stars 
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Red: binary stars 
Blue: single stars 

The “radius discrepancy” Differential Rotation and Magnetism across the HR diagram 

•  Larger discrepancy in the single stars sample 
•  Discrepancy significant compared to errors for both samples 



Radius discrepancy and activity 

Ø  Binaries: Prot ~ Porb (tidal synchronization) 

Ø  Single stars: Prot obtained from the LX/Lbol – Ro relation (Wright et al. 2011) 
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Red: binary stars 
Blue: single stars 

The “radius discrepancy” Differential Rotation and Magnetism across the HR diagram 



Surface magnetic fields 
measurements in low mass stars 

•  Typical values for measured 
magnetic fields: 

–  G to K stars: 0.01-1. kG 

–  M stars: 1-5 kG  
 
•  B*f scaling with Ro: age + mass 

dependence! 
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From Reiners et al. (2009) 
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Magnetic activity and stellar models: 
phenomenological approaches 

•  Reduced (“effective”) MLT 
parameter α 

•  Effect of starspots:  
L = 4π R2 (1-β) Teff

4 

 

•  Modified convection criterion: 
(Gough & Tayler, 1966) 
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Self-consistent approach 

Lydon & Sofia (1995): modified 
thermodynamics, EOS 
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Current implementation in YREC 

•  Magnetic pressure contribution 
(outer layer, surface B) 

•  Complete EOS (vs. simple 
analytical EOS) 

•  Not self-consistent (yet)! 
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Interior structure with magnetic fields 
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Stellar models with magnetic fields Differential Rotation and Magnetism across the HR diagram 

CZ ext. reduced 
by ~6% 

CZ ext. reduced 
by ~3% 



Evolution of a 1 M model 
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Evolution of a 0.6 M model 
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Preliminary results 

•  Effects of magnetic fields stronger for 
models of higher mass  

•  Analogy with sensitivity to the MLT 
parameter α (efficiency of convection) 

•  With B = 0.1÷1 kG, ΔR/R comparable 
to typical “radius discrepancy” 
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Stellar models with magnetic fields Differential Rotation and Magnetism across the HR diagram 



Summary 

•  The knowledge of fundamental parameters of low mass stars stars is very 
valuable for many astrophysical applications 

•  Our models (Spada et al., in preparation) improve the Yale-Yonsei isochrones 
in the M ≤ 0.6 M¤ range and agree satisfactory with observations 

•  A disagreement between models and observations in R, Teff emerges when 
using high accuracy measurements in the comparison 

•  Promising results from models taking into account magnetic fields 

•   Next step: implement self-consistent treatment of magnetic fields (e.g., Lydon 
& Sofia 1995); account for radial profile of B 
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