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Who are we? Whyare we heré

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
{dzy Qa AYUISNA2NI O2Yy
underpins the dynamo.




Outline

AMotivation
AHelioseismology
AConvection fundamentals
AConvection in the Sun
ARotating Convection
ADynamo Implications
AMoving forward

ASli
ASli
ASli
ASli
ASli
ASli
ASli

10
10
10
10
10
10

10

e4
e 10
el’/
e 2/
e 4l
e 60
e /2



Motivation




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

Nakedeye observations from China since 23 B

Rice Univ.

2021 HeliophysicSummer School 6




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

Nakedeye observations from China since 23 BCE

2021HeliophysicsSummer School 7




V4

¢CKS {dzyQa al 3ySGAO [/ &0f S

0.5 AVERAGE DAILY SUNSPOT AREA (% OF VISIBLE HEMISPHERE)

Where does all this magnetism
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A Magnetic activity increases with sunspot area
A Mean magnetic polarity reverses every 11 years



Sunspots: A Closer Look

Magnetic fields
trap gas.
~1kG
sunspots
. - T ~ 5,800 K
photospheric T~ 4,500 K
convection T ~=3:800K /

&3NI Y dzf b 63\2y

' Granulation
F F ¥, Length scale: 1 M
£ ._,":.,..', X Y. Time scale: minute Magnetic fields of sunspots suppress
2 :X‘f" ee Q_" . convection and prevent surrounding plasma
o b | nﬂﬁ AN '..‘, S -iad) from sliding sideways into sunspot.

Swedish Solar Telescope (visible; 430 nm)
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MHD Induction:\/\What is’v?

- H ¢O H ¢ © 0 ¢ H \ (_ H} LargeScale Shear
H—j H—j H—j Y (differential rotation)
compression ‘ advection diffusion
shear production - Rotation SmalScale Shear

(helical rollsh -effect)

To understand, we must understand
and how It interacts with rotation!



Helioseismology




The Sound of Granulation

Solar Granulation Movie
Swedish Solar Telescope
Wavelength: 395 nm
Duration: 1 hour

photosphere %H f 2) Cooldownflow plume forms 3) Downflowexcites sound waves!

1) Plasma radiates light

N
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What Lies:Beneath?
SolarHelioseismology

MDI Mediuml Power Spectrum
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Helioseismology-Key Results

Solarsstraciure North Pole Internal Rotation

360nHz

Howe et al. 2000; Schouet al. 2002

Equator

A Radiative Interior A Rotates differentially

A Outer1/3 isconvecting(2 x 16 K temperature contrast)

A Home to the dynamo? A 24-day period equator

A 30-day period poles
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Note:

(about 1,000 km in depth)

Convection
Zone

Temperature:
Density:
Radius:

Strong variation with depth

—

Temperature:
___ Density:
Radius:

2021 Heliophysics Summer School

Photospherianotions that weobserveoccur
In a region thinner than the width of this line

5,800K
2x107 g cm?

1 Roun

14,400K
2x10°g cm?
0.9985R,,,
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ConvectiornvZone Blulk

Temperature: 14,400K
Density: 2x10°g cm?

Temperature: 2.3 million K
Density: 0.2 g cr?

A 11 densityscaleheights

A 17 pressurescaleheights

A Reynolds NumbeP 102 ¢ 10
A Rayleigh Number® 10?2 ¢ 1024
A MagneticPrandtiNumber® 0.01
A PrandtiINumber® 107

A Ekman Numbe? 1015



ConvectiornvZone Blulk

—

Given that we know the properties of

this region, and given that we know |
should beconvecting what might we
expect in terms of the flows?

Temperature: 14 400K

2x10°g cm?®

t 2.3 million K
0.2 g cr?

scaleheights

escaleheights

zKllj A a QYQSOUA%WFWZ?%%

A MagneticPrandtiNumber° 0.01
A PrandtiINumber® 107
A Ekman Numbe? 1015



A Few Convection Fundamentals




Convection 201

Density Pressure
11 b ) 9 6 6 6
\ 7 5 /
I =l U Hydrostatic Background
T y 7 ;‘w ‘
o O# 0 J0eO 10

perturbations drivedynamics
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Buoyancy
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Buoyancy

o O gravity
®2 Y = —
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Buoyancy
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Background Temperature

[

Convective Mixing

gravity
-
------------ o _
warm I T_ >0
fluid rises —
parcel

cool
fluid
parcel

Height

A J

Time »

warm

weak convection

strong convection

Height

v

A As fluid rises and sinks, the tendency is to mix temperature (or entropy)

A Efficient convection can modify the background thermal profile

A What determines theceffigieney:2ummer school
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The Competition: Diffusion

AThe momentum equation has a diffusion term:

1o &
o £ RO Gy dz Y viskogit Y I
AX a4 R2Sa UKS OGSYLISNY GdzNB Sijdz &,
I . .
o Cf Y I Y thermal diffusivity

O
AX a R2S& (0KS AYRdzZOUAZ2Y Sljdzl GA2

T ) (o H)S . H magnetic diffusivity



Buoyancy vs, Diffusion

o L

viscous drag

Time / Height

A Asa warmparcel rises, it mixes with its surroundings via diffusion:
A MomentumA slows down
A Temperatureh, cools down / weakens buoyancy

A Relative timescale of buoyancy vs. diffusion determines efficiency
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Buoyancy vs, Diffusion

o

Time / Height

A Competition between buoyancy and diffusion characterized via Rayleigh number Ra:

5 A OEOAMIEOBEOCBBRAIT AAEAARELOCOBRARAIOI AYAO
O A DEMAIOT AOAC AOA DAEMAIOT AOA C
A High Ra: Fluid moves across domain before diffusion has time to act.
A Low Ra: Diffusion slows rise/fall and prevents efficient transport of heat

A Convection sets in around Ra = 1,000 ) ) )
A2 KIFIGdG Aa wlk F2NJ GKS {2fF N O2y@SOuAz2y |



Convectionrinithe Sun




Exercise 1: The Diffusive Timescale

A Considerithel D diffusioncequation:

] \

U
W

iy
o

A Seek a solution of the form:
Y 0QT OEQ®

A What ist ? Ilsiitpositive onnegative?

2021 Heliophysics Summer School
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Exercise 1: The Diffusive Timescale

A | find that: 0
t — =
1'Q 1
A For thessolar convectiormzene
z pAIO t T pmti AAT OOwi
_ ¢ pm Al #: AADPOE

A ThermalDiffusion Time
I pmAiO T P MW

2021 HeliophysicSummer School
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Exercise 2: The Freefall Timescale

Estimate the time for cool plasma to fall from

T w Q the top of the convection zone to the bottom.
1o | .
Typicalcconvectionizone: values
ok 0 Y p+e $ADOE pri
Y pTU+ Q ool
¢ 0QNoQ , .. . .. ..o
e pTa | AlO@AAUO
V “Rastet al., 2008 ApJ 673, 1209

"Kuhn et al., 1998, Nat. Lett., 392, 155
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In Summary

(T T T prmi\/t pTi
24 () ) (R )(5w) e

A This is well above 1,000, so diffusive effects are minimal globally
A On small enough spatial scales, they WILL matter on the freefall timescale
A Estimate:

T ?0= P T

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



What Might\we-Seet :CanonicaltRicture

Schematic Power Spectrum

Box Scale

Dissipation
Scale

t plume

Power

Ahlers Grossman &ohse,

2009,Rev. Mod. Phys., 81, 503

v

e = Increasing Wavenumber/
S RN, RSN Decreasing length scale
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hitps://lyoutu.be/OMOI2YPVMI8 Ra =1




What About inna Systemdike-the-Sun?

A Density scaléaeight actdike box scale:
A Compressibilityy, Smallstructurenearsurface
A Large structurehroughout
A Density scale height O(100) Mm at CZ ba

Surface

LaRys sdale)(>7'Mr) Small scale downflow merges )

local dynamo is ineffective
4 ‘ r | 4

Magnetic field is generated

and generates large scale ﬂow‘

and transported downward

Magnetic field is provided

by the returning upflow

RedDownflow/ BlueUpflow

Even large scale (>7 Mm)

OCalinamo is effective Image Credit: Bob Stein (MSU)
ChrisHenze(NASA)
https://web.pa.msu.edu/people/steinr/research.html

Base of the convection zone

Hottaet al., 2014 ApJ 786, 24 -
2021 Heliophysics Summer School



What do wessee onthe SnSurface Convective Spectrum

Granulation (IMm)

|
Box Scale(200 Mm) Supergranulation (3%1m)

Where are largescale flows?!
T00F

-.-m E

E _

- , il

. —

T

2 10 —— —

g - Photospherioselocityspectrum |
- (from DopplergrambData) i
- (Hathaway et al. 2015) -
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Supergranulation

L ° 30Mm
Harmonic Degree 100

U 400 md AIA 1700
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Subsurface Flow Map

Latitude

Latitude

n
o

oy
o

_
o

A Using helioseismology, we can also
measure convective flows below

the surface.

Latitude

o

o

205 210 215 220 225
Longitude

Depth 0 Mm
B 7

o
225

~200.0 m/s ~200.0 m/s

X ) A Are largescale flows possibly
T " visible there?

215 220 225 230 205 210 215 220 225 230
Longitude ~50.0 m/s Longitude ~50.0 m/s

205 210

Featherstone et al-’ 2010 2021 Heliophysics Summer School 38



Q/27 (nHz)

How Deep Can/We-G0o?
A Axisymmetric flows imaged throughout convection zone

AhUOKSNI Ft2¢ YSIFadcaNBYSyaa
Fff 20aSNBFGAZ2YA | 3N
T T
L 7 g .
A0" - .

Longitude (degrees)
B " Greeretal. 2016
R, -1 1 2

Normalized Vertical Velocity

480 [
460

440

a20f

400 |

380

360 [ -

050 060 070 080 090 1.00
R

: 2021 Heliophysics S School -
Image credit:NSO (adapted) eliopnysics Summer Schoo



Velocity (m/s)

The ConvectivecConundrum

100.0 |

10.0 |

1.0

(Hanasoget al. 2012) |

0.1

0 10 20 30 40 50 60
Harmonic Degree

A Largescale power appears
to be missing or very weak

Disagreeing
RingDiagtamsAnalysis N_| ?g_;%réa“)ons A DIS.agre.em.ent between
(Greer et al. 2015) Ptk helioseismi@nalyses

AWhere does
supergranulation come

from?

A How does Sun transport its
heat with such weak flows?
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Velocity (m/s)

100.0

—_
o
o

1.0

0.1

The ConvectivecConundrum

A Largescale power appears

\Mz?m\_ \tween
' ses

to be missing or very weak

Very Active Area of Research Right Now

‘_ jcome
- TYTY Time Distance 3 from?

(Hanasoget al. 2012) |

A How does Sun transport its

0 10 20 30 40 50 60 heat with such weak flows?

Harmonic Degree
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The [Effect of Rotation




Rotating(Convection

AThe Sun rotates once every 27 days.
ARotation changes the picture drastically.
ARotational influence on flow traditionally characterized in two ways
AThe first is via the Ekman numiek
stk o) OADEOHT A
‘ OEOMEGR ORA

E”[‘)E?AOT

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

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



TheRossbyWNumber
(this iis important)

AThe other way we quantify the effect of rotation on convection is
through aRossbyhumber Ro.

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

Ol OARDAEDET A
DIEOLBAAT A
AHigh RoA weak rotational influence

ALow R0 strong rotational influence
AHow/why?

2K T T B6AG

Py




The Coriolis Force
(still important)

ATwo important effects arise from the Coriolis force:

1. Strong Coriolis force implies invariance of convective structure with rotation
axis (TayloProudmanreffect; stated without proof)

2. CtdzAR Y2UA2ya 06S0O02YS OdzNWSRX
ACoriolis force given by:
7 F Co O
AMathematically similar to Lorentz force, so we define a gyro radius:

U
l —

C



The Gyro Radius abssbNumber
a hAoftbi ANYSLIZND |y G X

Al SGQa 221 Y2NB Ofzasfe a4 GKA

Al SO [ 0S 02y @SO0A2YyY 12yS RSLIK

‘ L VU ,/p)\/U
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The (Coriolis Force; dlinssbWNumber &Everything

ATwo important effects :

1. Structures align with rotation axis

2. Fluid motions become curved:

U ,
i — U Y€
G

ASo what do we expect?

Q

A

A

North pole

equator

3

Convective Structure

E

i,

E>

Non-rotating / Rapid Flow
(High Ro)

2021 Heliophysics Summer School

Rapid Rotation / Low Speed
(Low Ro)
47



A

N iy
Do

hRY Dt wosdzihis 6 | &
really justabbunch of
GliddA RRES | f

B >
Nonrotating / Rapid Flow Rapid Rotation / Low Speed
(High Ro)

Fully 3D, monlinear
numericalmodels
bear thiscout.
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(a) Coherent
Columns (I)

Ra/RaC
RalRap
ROC

| 077

Not Just Theoretical Musing!

(b) Plumes
(ID)

(60 RPM)
1.2x107
3.8

0.011 /

(10 RPM)

7.5x 107
23

6.4

0.0

(¢) Geostrophic
Turbulence (III)

(d) 3D Turbulence
(Iv)

(0.4 RPM)
19x107
16x10°
7224

| 1.2( /’]‘-- |

Experimental Results...

(e) 3D Turbulence
V)

Cheng et al., 2015, G3201,1 NoMagExperimentSpinLadJCLA
—

rapid rotation /
columnar cells

2021 Heliophysics Summer School

no rotation /
Isotropic tyybulence




Not Just Theoretical Musin(

(a) Coherent (b) Plumes
Columns (1) (ID)

(60 RPM) (10 RPM)
E F1.24107 7.5x 107
RalRagc 138 23 S 1 1 T
RalRayp 0.77 6.4 L ERN | WA
Roc 1| 0.011 ;/7 0'02‘9 i \

o 5015 601 JonAurnou
M el U CLASpinLab

https://www.youtube.com/user/spinlabuclg

no rotation
Isotropic tyybulence

rapid rotation /
columnar cells 2021 Heliophysics Summer School




low, bluedownflow

https:// youtu.be/3IRggdo3i0l (www.youtube.com/feathern24)



https://youtu.be/3iRggdo3i0I

