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Who are we? Why are we here?

The operation of the solar dynamo 
remains an outstanding problem in 
astrophysics.  

This presentation will provide an 
introduction to the study of solar 
interior dynamics, and in particular to 
outstanding questions regarding the 
{ǳƴΩǎ ƛƴǘŜǊƛƻǊ ŎƻƴǾŜŎǘƛƻƴΣ ǿƘƛŎƘ 
underpins the dynamo.
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Motivation
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Rice Univ.

Detailed sunspot records from 1600s onward
(Galileo Galilei,   1612)

Naked-eye observations from China since 23 BCE
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Detailed sunspot records from 1600s onward
(Galileo Galilei,   1612)

Naked-eye observations from China since 23 BCE

Rice Univ.
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Å Magnetic activity increases with sunspot area
Å Mean magnetic polarity reverses every 11 years

¢ƘŜ {ǳƴΩǎ aŀƎƴŜǘƛŎ /ȅŎƭŜ

Equatorward Migration

Sunspot Area

Where does all this magnetism 
come from?

2021 HeliophysicsSummer School 8



Cosmic Perspective, 3rd Ed.

photospheric
convection
άƎǊŀƴǳƭŀǘƛƻƴέ

Swedish Solar Telescope  (visible;  430 nm)

Sunspots:  A Closer Look

~1 kG

Granulation
Length scale:  1 Mm
Time scale:  minutes
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MHD Induction:  What is v?

║
= ║​ɇ○ ║ɇ​○ ○ɇ​║ ​ – ║

compression

shear production

advection diffusion

Rotation

Large-Scale Shear  
(differential rotation)

Small-Scale Shear  
(helical rolls; h -effect)

To understand B, we must understand v
and how it interacts with rotation!
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Helioseismology
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Solar Granulation Movie
Swedish Solar Telescope
Wavelength:  395 nm
Duration:  1 hour

photosphere

1)  Plasma radiates light

2)  Cool downflow plume forms

The Sound of Granulation

3)  Downflowexcites sound waves!



What Lies Beneath?  
Solar Helioseismology

Dopplergram
(radial velocity)

Resonant
Acoustic Modes

Spherical Harmonic Degree l

MDI Medium-l Power Spectrum
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5 minutes
(granulation
time scale)



Helioseismology:  Key Results

W

360 nHz

500 nHz

Howe et al. 2000;     Schouet al. 2002

Internal RotationSolar Structure

Equator

North Pole

Å Radiative Interior
Å Outer 1/3 is convecting(2 x 106 K temperature contrast)
Å Home to the dynamo?

Å Rotates differentially

Å 24-day period equator
Å 30-day period poles

NASA/ESA
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Temperature:  14,400K
Density:  2x10-6 g cm-3 

Radius: 0.9985 Rsun

Temperature:  5,800K
Density:  2x10-7 g cm-3

Radius:  1 Rsun

Photosphericmotions that we observe occur 
in a region thinner than the width of this line 
(about 1,000 km in depth)

Strong variation with depth

Note:

Convection
Zone
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Convection Zone Bulk

Temperature:  2.3 million K
Density:  0.2 g cm-3

Temperature:  14,400K
Density:  2x10-6 g cm-3

Å11 density scaleheights
Å17 pressure scaleheights
ÅReynolds Number  º1012ς1014

ÅRayleigh Number   º1022ς1024

ÅMagnetic PrandtlNumber º0.01
ÅPrandtlNumber º10-7

ÅEkman Number º10-15
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Convection Zone Bulk

Temperature:  2.3 million K
Density:  0.2 g cm-3

Temperature:  14,400K
Density:  2x10-6 g cm-3

Å11 density scaleheights
Å17 pressure scaleheights
ÅReynolds Number  º1012ς1014

ÅRayleigh Number   º1022ς1024

ÅMagnetic PrandtlNumber º0.01
ÅPrandtlNumber º10-7

ÅEkman Number º10-15

Given that we know the properties of 
this region, and given that we know it 
should be convecting, what might we 
expect in terms of the flows?   

²Ƙŀǘ ƛǎ ŎƻƴǾŜŎǘƛƻƴ ŀƴȅǿŀȅΧΦΚ

17



A Few Convection Fundamentals
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Convection 101
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Density Pressure

Hydrostatic Background

perturbations drive dynamics
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Buoyancy
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Buoyancy
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Convective Mixing

Time

ÅAs fluid rises and sinks, the tendency is to mix temperature (or entropy)
ÅEfficient convection can modify the background thermal profile
ÅWhat determines the efficiency?2021 Heliophysics Summer School 24



The Competition:  Diffusion

ÅThe momentum equation has a diffusion term:

ÅΧ ŀǎ ŘƻŜǎ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ŜǉǳŀǘƛƻƴΥ

ÅΧ ŀǎ ŘƻŜǎ ǘƘŜ ƛƴŘǳŎǘƛƻƴ ŜǉǳŀǘƛƻƴΥ

‬○

‬ὸ
Ễ ‡​○ άƴǳέ Υ ƪƛƴŜƳŀǘƛŎ viscosity

‬Ὕ

‬ὸ
○ɇ♩Ὕ ‖​Ὕ thermal diffusivity

‬║

‬ὸ
♩ ○ ║ ȣ –​║ magnetic diffusivity
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Buoyancy vs. Diffusion

Time / Height

ÅAs a warm parcel rises, it mixes with its surroundings via diffusion:
ÅMomentum Ą slows down
ÅTemperature Ą cools down / weakens buoyancy

ÅRelative timescale of buoyancy vs. diffusion determines efficiency

g

viscous drag

2021 Heliophysics Summer School 26



Buoyancy vs. Diffusion

ÅCompetition between buoyancy and diffusion characterized via Rayleigh number Ra:

ÅHigh Ra:  Fluid moves across domain before diffusion has time to act.
ÅLow Ra:   Diffusion slows rise/fall and prevents efficient transport of heat

ÅConvection sets in around Ra = 1,000
Å²Ƙŀǘ ƛǎ wŀ ŦƻǊ ǘƘŜ {ƻƭŀǊ ŎƻƴǾŜŎǘƛƻƴ ȊƻƴŜΚ  [ŜǘΩǎ ŜǎǘƛƳŀǘŜ ƛǘΦ

2Á
ÖÉÓÃÏÕÓÄÉÆÆÕÓÉÏÎÔÉÍÅÁÃÒÏÓÓÌÁÙÅÒ

ÆÒÅÅÆÁÌÌÔÉÍÅÁÃÒÏÓÓÌÁÙÅÒ

ÔÈÅÒÍÁÌÄÉÆÆÕÓÉÏÎÔÉÍÅÁÃÒÏÓÓÌÁÙÅÒ

ÆÒÅÅÆÁÌÌÔÉÍÅÁÃÒÏÓÓÌÁÙÅÒ
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Convection in the Sun
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Exercise 1:  The Diffusive Timescale

ÅSeek a solution of the form:

Ὕ ὃὩȾÓÉÎὯὼ

ÅWhat is †?  Is it positive or negative? 

ÅConsider the 1-D diffusion equation:
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†
ρ

‡Ὧ

‗

‡

Exercise 1:  The Diffusive Timescale

ÅFor the solar convection zone:

ʑ ρÃÍÓ

ÅI find that:
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‗ ς ρπÃÍ#:ÄÅÐÔÈ

† τ ρπίÁÂÏÕÔρπώὶ

ÅThermal Diffusion Time:

‖ ρπÃÍÓ † ρπώὶ
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Exercise 2:  The Freefall Timescale

‬ὼ

‬ὸ
Ὣ

Ὣḳ
Ὕ

Ὕ
Ὣ

Estimate the time for cool plasma to fall from 
the top of the convection zone to the bottom.

Typical convection zone values:

Ὕ ρ+ȩ
ᶻ

Ὕ ρπ+

$ÅÐÔÈς ρπÍ

Ὣ σφψάί

†
ς ὈὩὴὸὬ

Ὣ
ρπί ÏÒÁÂÏÕÔρςÄÁÙÓ

*Rastet al., 2008, ApJ, 673, 1209
*Kuhn et al., 1998, Nat. Lett., 392, 155
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In Summary

2Á
†

†

†

†

τ ρπί

ρπί

τ ρπί

ρπί
ρπ

ÅThis is well above 1,000, so diffusive effects are minimal globally
ÅOn small enough spatial scales, they WILL matter on the freefall timescale
ÅEstimate:

†
‗

‡
ᴼ‗ ρπά

On par with the length of a typical room in your home.



What Might we See:  Canonical Picture

Ahlers, Grossman & Lohse, 
2009, Rev. Mod. Phys., 81, 503
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Increasing Wavenumber/
Decreasing length scale

P
o
w

e
r

Schematic Power Spectrum

Box Scale

Dissipation
Scale



https://youtu.be/OM0l2YPVMf8
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Ra = 1013



What About in a System like the Sun?
ÅDensity scale height acts like box scale:
ÅCompressibility Ą Small structure near surface
ÅLarge structure throughout
ÅDensity scale height O(100) Mm at CZ base

Hotta et al., 2014, ApJ, 786, 24

Red Downflow/ Blue Upflow

Image Credit:  Bob Stein (MSU)
Chris Henze(NASA)
https://web.pa.msu.edu/people/steinr/research.html
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Granulation (1 Mm)Box Scale(200 Mm)
Where are large-scale flows?!

Photosphericvelocity spectrum
(from DopplergramData)
(Hathaway et al. 2015)

What do we see on the Sun?  Surface Convective Spectrum

Supergranulation (30 Mm)
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Supergranulation

AIA 1700

L  º30Mm 
Harmonic Degree 100
U º400 m s-1
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Probing Deeper:  Local Helioseismology

2021 Heliophysics Summer School 38Featherstone et al., 2010

ÅUsing helioseismology, we can also 
measure convective flows below 
the surface.

ÅAre large-scale flows possibly 
visible there?

Subsurface Flow Maps



Greer et al. 2016

How Deep Can We Go?

ÅAxisymmetric flows imaged throughout convection zone.

ÅhǘƘŜǊ Ŧƭƻǿ ƳŜŀǎǳǊŜƳŜƴǘǎ ŎƻƴŦƛƴŜŘ ǘƻ ǳǇǇŜǊ мр҈ Χ

Normalized Vertical Velocity

Image credit:  NSO (adapted)

W

360 nHz

500 nHz

Åbƻǘ ŀƭƭ ƻōǎŜǊǾŀǘƛƻƴǎ ŀƎǊŜŜΧ
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The Convective Conundrum
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Ring-Diagram Analysis 
(Greer et al.  2015)

Time-Distance
(Hanasogeet al. 2012)

Disagreeing 
Observations
( 0.96 Rsun)

ÅLarge-scale power appears 
to be missing or very weak

ÅDisagreement between 
helioseismicanalyses

ÅWhere does 
supergranulation come 
from?

ÅHow does Sun transport its 
heat with such weak flows?



The Convective Conundrum
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Ring-Diagram Analysis 
(Greer et al.  2015)

Time-Distance
(Hanasogeet al. 2012)

Disagreeing 
Observations
( 0.96 Rsun)

ÅLarge-scale power appears 
to be missing or very weak

ÅDisagreement between 
helioseismicanalyses

ÅWhere does 
supergranulation come 
from?

ÅHow does Sun transport its 
heat with such weak flows?

Very Active  Area of Research Right Now



The Effect of Rotation
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Rotating Convection

ÅThe Sun rotates once every 27 days.

ÅRotation changes the picture drastically.

ÅRotational influence on flow traditionally characterized in two ways

ÅThe first is via the Ekman number Ek:

ÅThis tells us that relative to rotational effects, viscous diffusion  is very weak.

ÅUnsurprising given our earlier analyses and the fact that the Sun rotates 
every 27 days.

2021 Heliophysics Summer School 43

%Ëḳ
ÒÏÔÁÔÉÏÎÐÅÒÉÏÄ

ÖÉÓÃÏÕÓÔÉÍÅÓÃÁÌÅ
ρπ ÉÎÔÈÅ3ÕÎ



The RossbyNumber
(this is important)

ÅThe other way we quantify the effect of rotation on convection is 
through a Rossbynumber Ro.

ÅDifferent ways to define, but all have the same flavor:

ÅHigh Ro Ąweak rotational influence

ÅLow Ro Ą strong rotational influence

ÅHow/why?
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The Coriolis Force
(still important)

ÅTwo important effects arise from the Coriolis force:
1. Strong Coriolis force implies invariance of convective structure with rotation 

axis (Taylor Proudmaneffect;  stated without proof)

2. CƭǳƛŘ Ƴƻǘƛƻƴǎ ōŜŎƻƳŜ ŎǳǊǾŜŘΧ

ÅCoriolis force given by:

ÅMathematically similar to Lorentz force, so we define a gyro radius:
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The Gyro Radius and RossbyNumber
όǎǘƛƭƭ ƛƳǇƻǊǘŀƴǘΧŀƭƳƻǎǘ ǘƘŜǊŜύ

Å[ŜǘΩǎ ƭƻƻƪ ƳƻǊŜ ŎƭƻǎŜƭȅ ŀǘ ǘƘƛǎΦ  

Å[Ŝǘ [ ōŜ ŎƻƴǾŜŎǘƛƻƴ ȊƻƴŜ ŘŜǇǘƘΦ    aǳƭǘƛǇƭȅ ōȅ ƻƴŜΧ
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The Coriolis Force, the RossbyNumber & Everything

ÅTwo important effects :
1. Structures align with rotation axis

2. Fluid motions become curved:

ÅSo what do we expect?
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Non-rotating / Rapid Flow 
(High Ro)

Rapid Rotation / Low Speed
(Low Ro)

Convective Structure

North pole

equator
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Equator

North Pole

Non-rotating / Rapid Flow 
(High Ro)

Rapid Rotation / Low Speed
(Low Ro)

Fully 3-D, nonlinear 
numerical models
bear this out.

hYΣ ōǳǘ ǿŀǎƴΩǘ ǘƘƛǎ 
really just a bunch of 
άǘǿƛŘŘƭŜ ŀƭƎŜōǊŀΚέ



Cheng et al., 2015, GJI, 201,1    NoMagExperiment, SpinLabUCLA

Not Just Theoretical Musing!   Experimental Results...

rapid rotation /
columnar cells

no rotation /
Isotropic turbulence2021 Heliophysics Summer School 49



Cheng et al., 2015, GJI, 201,1    NoMagExperiment, SpinLabUCLA

Not Just Theoretical Musing!   Experimental Results...

rapid rotation /
columnar cells

no rotation /
Isotropic turbulence

Jon Aurnou
UCLA/SpinLab
https://www.youtube.com/user/spinlabucla
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https:// youtu.be/3iRggdo3i0I (www.youtube.com/feathern24)

άDƛŀƴǘ /Ŝƭƭǎέ

ά.ŀƴŀƴŀ /Ŝƭƭǎέ

Flow Patterns at Different Rotation Rates (red upflow,  blue downflow)

https://youtu.be/3iRggdo3i0I

