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Large-scale motions in the solar interior
Differential Rotation
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Large-scale motions in the solar interior
Meridional Circulation

Ulrich (2010)

Surface Sub-surface

old beliefs

New findings
 

Zhao+ (2103)

See also:
Schad+ (2013)
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Large-scale magnetic fields

Solar Cycle 24

Most of the dynamo-
based predictions have 
failed to reproduce the 
sunspot number and 
overall solar activity. The 
physics in the models is 
not complete.
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Anelastic simulations with  the 
EULAG code

Anelastic approximation (Lipps & Helmer 1982, Lipps 1990)

(Guizaru+ 2010, Racine+ 2011, Smolarkiewicz & Charbonneau 
2013, Cossette+ 2013, Guerrero+ 2013, Guerrero+ 2015)
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HD
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a) Ω0 = 0 b) Ω0 = Ω☉/2

c) Ω0 =Ω☉ d) Ω0=2Ω☉

Differential rotation in solar-like stars 
Guerrero+ (2013)



G. GUERRERO, NORDITA, MARCH 2015          SUNSPOTS, OBSERVATIONS, THEORY AND SIMULATIONS

a) T = 112d (Ω0=Ω☉/4 ) b) T = 56d (Ω0=Ω☉/2)

Guerrero+ (2013)

c) T = 28d (Ω0=Ω☉) d) T = 14d (Ω0=2Ω☉)
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The differential rotation profile is defined by the delicate balance 
between buoyancy and Coriolis forces defined by the Rossby 
number (Ro). Solar-like (fast equator) and anti-solar modes (faster 
poles) are obtained.  The transition between the two regimes is sharp. 

Guerrero+ (2013)

Gastine+ (2014)
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MHD
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Dynamo
(Guerrero+ 2015, in preparation)
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Models without tachocline

Models with tachocline
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Models without tachocline
Butterfly diagram at r=0.95R☉

Models with tachocline
Butterfly diagram at r=0.95R☉



G. GUERRERO, NORDITA, MARCH 2015          SUNSPOTS, OBSERVATIONS, THEORY AND SIMULATIONS

HD progenitors

CZ02

RC02

MHD result

No ∂S/∂θ 
imposed nor 
required



G. GUERRERO, NORDITA, MARCH 2015          SUNSPOTS, OBSERVATIONS, THEORY AND SIMULATIONS

Model without tachocline
Model CZ02
T=2.1 yr
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Source terms

∂θΩ>0, α>0
Radial dynamo wave 
upwards
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Model with tachocline
Model RC02
T=30.9 yr
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Source terms

∂θΩ>0, α>0
∂r Ω>0, α<0
∂r Ω<0, α>0
∂r Ω<0, α<0

●Convection zone

●Bottom (equator)

●Bottom (poles)

●Top (poles)

Upwards 

poleward

equatorward

poleward
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Cycle period

According with MLT estimations, a dynamo in the CZ 
should be in the diffusion dominated regime (half-cycle 
period 2-8 yr) , η-quenching does not help much with the 
cycle period (Rudiger+ 94, Tobias 96, Gilman & Rempel 
05, Guerrero+ 09, Muñoz+11).

Guerrero+ (2009)

+  B
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η-quenching effect on mean-field 
dynamo models

Muñoz+ (2011)

MLT Christensen-Dalsgard 96
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● Due to the highly sub-adiabatic stable region, all the simulations 
exhibit the formation of a tachocline. Besides, by choosing the 
appropriate stratification, a near-surface shear layer is obtained.

● For all the simulations at the solar rotation rate the meridional flow 
is multicellular. The simulations that reproduce the NSSL develop a 
poleward meridional flow at the surface and higher latitudes.

● Dynamo models without tachocline result in oscillatory solutions 
with short cycle period (~2yr). Dynamo models including a 
tachocline result in oscillatory solutions with long cycle period 
(>30yr). The strongest field developed in this radial shear layers 
dominates the evolution of the global field.

CONCLUSIONS
●LES & ILES are promising tools to explore turbulent problems. 
EULAG code is a powerful code to study solar/stellar rotation 
and dynamo   
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Thanks
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