The Solar Surface Dynamo

J. Pietarila Graham,! S. Danilovic,! M. Schiissler,’
A. Végler,?

TMax-Planck-Institut fiir Sonnensystemforschung
2Sterrekundig Instituut, Utrecht University

2nd Hinode Science Meeting 30.09.08




Outline

0 Overview of turbulent dynamo theory
e Is there a small-scale solar surface dynamo (SSSD)?

© MURaM solar surface dynamo




Overview of turbulent dynamo theory

Solar global dynamo

Global dynamo

@ 22 year cycle
~ dipolar

@ many models
(Babcock-Leighton,
flux-transport (Dikpati et al.),
surface shear (Brandenburg
2005))

V M. Dikpati, NCAR




Overview of turbulent dynamo theory

Solar surface dynamo — turbulent (smaii-scale) dynamo?

Turbulent dynamo

@ Stretching of B-field lines B =V x (vx B)+1V°B
by turbulence atcnelor 1950, Moffat Rey = VOTIO > F,’eAC/, — dynamo
1978, Parker 1979)

@ “Fast” dynamo for chaotic
& sufficiently complex
flows (childress & Gilbert 1995)

@ Near the surface layer of
the sun? (e.g., Petrovay & Szakaly 1993) )




Overview of turbulent dynamo theory

Turbulent dynamos — well studied

Turbulent dynamos first demonstrated 20 years ago

@ Realistic: Boussinesq, rotation, convection in spherical
shell (Gilman and Miller 1981)
@ lIdealistic: periodic box
N3 = 643, Rey ~ 100 (Meneguzzi et al. 1981)
e Homogeneity and isotropy recovered at small scales
o Helical and Non-helical




Overview of turbulent dynamo theory

Turbulent dynamos — large & small

2 types of turbulent
dynamos

@ Large-scale (LSD;
helicity, a—effect:
mean-field)

@ Small-scale (SSD;
non-helical)

@ solar surface
dynamo
(Tconv ~ 10 min
<< Trotation
— no net helicity)

Spectral Energy Density

. LSD

kinetic

magnetic

1
m
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Evidence for SSSD
Arguments against SSSD

Is there a small-scale solar surface dynamo (SSSD)?

Magnetic carpet (Title and Schrijver 1998; Title 2000)

Lites et al. 2008

(see also Hagenaar et al. 2003)



Is there a small-scale solar surface dynamo (SSSD)? SUEISED B SR

Convectively-Driven Small-Scale Dynamo (cattaneo 1999)
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Evidence for SSSD

R ?
Is there a small-scale solar surface dynamo (SSSD)? Arguments against SSSD

1. Shredding of large-scale field by turbulence?

Induced small-scale field

@ Timescale for SSD much faster (e.q. kuisrud & Anderson 1992; Kulsrud 1999)
e 7ssp ~ 10 min (theoretically) <« other dynamos
@ Shredding is algebraic-in-time, SSD is exponential-in-time
(e.g., Schekochihin et al. 2005)
@ Observation: Very small-scale bipolar regions
(¢ < 30 - 10" Mx) independent of the solar cycle and
latitude (for low latitudes) (Hagenaar et al. 2003)




Is there a small-scale solar surface dynamo (SSSD)?

2. Re > Rey (i.e., Py

Evidence for SSSD
Arguments against SSSD
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Schekochihin et al. 2004
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Evidence for SSSD
Arguments against SSSD

Is there a small-scale solar surface dynamo (SSSD)?

2. Re»ReM(ue.,PM—R;g:%<<1)

2 Theoretical possibilities

Clusters

Galaxies Pm_—> const

Stars (Sun)
Protostellar disks

Rew

Simulations Rm,— const

Planets

Laboratory dynamos

Re = ReyPu

Schekochihin et al. 2005 <D




Evidence for SSSD
Arguments against SSSD

Is there a small-scale solar surface dynamo (SSSD)?

Re

2. Re»ReM(ue.,PM—@:%<<1)
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Evidence for SSSD

R ?
Is there a small-scale solar surface dynamo (SSSD)? Arguments against SSSD

Py ~ 102 — No Problem

A\

VKS experiment monchaux et al. 2007) CEA-Saclay — CNRS —
ENS-Lyon — ENS-Paris _,~




Evidence for SSSD

R ?
Is there a small-scale solar surface dynamo (SSSD)? Arguments against SSSD

3. Strong stratification & little recirculation

“Last” argument against SSD (Stein et al. 2003)
@ Strong stratification
@ Little plasma is recirculated in the near-surface layers

@ Realistic magneto-convection with open boundaries
(Stein et al. 2003): 253 x 253 x 163 — Rey ~ 600




Turbulent solar surface dynamo

Comparing MURaM with obs.: Strong horizontal field
Prevalent weak vertical field

Estimating true unsigned vertical flux

The MURaM code (végler et al. 2005; Végler 2003)

MURaM solar surface dynamo

Realistic magnetoconvection B, & brightness

@ Strong stratification
Fully compressible
Partial ionization

Radiative transfer

Open lower boundary

(vertical upflows, ‘;— = 0 for downflows; B, not advected
e

into box)

@ No rotation

Parallelized <D




bz_dyn2.mpg
Media File (video/mpeg)


i_dyn2.mpg
Media File (video/mpeg)


Turbulent solar surface dynamo
Comparing MURaM with obs.: Strong horizontal field

Prevalent k vertical field
MURaM solar surface dynamo fevalent wedi vertica

Estimating true unsigned vertical flux

Strong stratification & little recirculation — No Problem

Végler & Schiissler 2007

Run N2 xN; Rey
A 2882x100 300
B 5762x100 1300

C 6482 x 140 2600

1300 < Re,< 2600

Mognetic enerqy

1300 S Re§, < 2600

3
time [h]

Run C: By =~ 3%Ek




MURaM solar surface dynamo

Turbulent solar surface dy

Comparing MURaM with obs.: Strong horizontal field
Prevalent weak vertical field

Estimating true unsigned vertical flux

Turbulent small-scale solar surface dynamo for

Rew > Re§,

Ex(kn), En(kn) [erg cm=?]

3

1010

3

Simulation Comparison

(Vogler & Schussler 2007)

Result Grid pts. Rey Py BC SSD
1 Run A 2882 x 100 ~ 300 <1 open N
Stein+ 2532 x 163 A~ 600 =~ 1 open N
| Run B 5762 x 100 ~ 1300 <1  open N
magnetic ™ =
Cattaneo 5122 x 97 ~ 1000 ~5 closed Y
Run C 648% x 140  ~ 2600 S 1 open Y
10 100
kn [Mm=1]
<HFS)



Turbulent solar surface dynamo
Comparing MURaM with obs.: Strong horizontal field
Prevalent weak vertical field

MURaM solar surface dynamo R
Estimating true unsigned vertical flux

Pervasive horizontal magnetic flux (Lites et al. 2008)

< |BLypl >~ 11 Mx cm~—2 < BJy, >~ 55Mx cm~2
T T e T o ; '
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Turbulent solar surface dynamo
Comparing MURaM with obs.: Strong horizontal field

Prevalent weak vertical field
MURaM solar surface dynamo AN -
Estimating true unsigned vertical flux

Strong horizontal photospheric magnetic field in SSD
(Schissler & Vogler 2008)

Run C: log Bhor 2

vertical [Mm]
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Shallow narrow loops (integranular lanes) log(tou)@630nm
Extended loops (above granules) Average vertical field decreases faster with height than
(see also Steiner et al. 2008)

horizontal field <



MURaM solar surface dynamo Prevalent weak vertical field

Distribution of vertical field strength

Hinode BL,,

220 Mm x 110 Mm (Lites et al. 2008)

Run C: Baye 4.9 Mm x 4.9 Mm




Turbulent solar surface dynamo
Comparing MURaM with obs.: Strong horizontal field

MURaM solar surface dyn Prevalent weak vertical field

Prevalent weak vertical field

Estimating true unsigned vertical flux

Observed PDF derived from Stokes V (Lites et al. 2008) Simulated PDFs
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Turbulent solar surface dynamo

Comparing MURaM with obs.: Strong horizontal field
Prevalent weak vertical field

Estimating true unsigned vertical flux

MURaM solar surface dyn

Prevalent weak vertical field

Observed PDF derived from Stokes V (Lites et al. 2008) Simulated PDFs
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Turbulent solar surface dynamo
Comparing MURaM with obs.: Strong horizontal field
Prevalent weak vertical field

MURaM solar surface dynamo Estimating true unsigned vertical flux

Prevalent weak vertical field

Observed PDF derived from Stokes V (Lites et al. 2008) Simulated PDFs
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Turbulent solar surface dynamo

Comparing MURaM with obs.: Strong horizontal field
Prevalent weak vertical field

Estimating true unsigned vertical flux

Vertical radiative transfer & turbulence

MURaM solar surface dynamo

Fe 163025 A (a Hinode SP line)
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Turbulent solar surface dynamo
Comparing MURaM with obs.: Strong horizontal field

MURaM solar surface dynamo Prevalent weak vertical field

Estimating true unsigned vertical flux

Vertical radiative transfer & turbulence
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Turbulent solar surface dynamo

Comparing MURaM with obs.: Strong horizontal field
Prevalent weak vertical field

Estimating true unsigned vertical flux

From fractal geometry to true unsigned vertical flux

MURaM solar surface dynamo

(Sorriso-Valvo et al. 2002)

Fractal = self-similar = power-law

Koch fractal

X =/ fA‘;‘Z_‘;’: x(I) measures the portion of flux
x(1) ~ remaining after averaging over

(Ottetal. 1992) boxes of length / @




Turbulent solar surface dynamo

Comparing MURaM with obs.: Strong horizontal field
Prevalent weak vertical field

Estimating true unsigned vertical flux

MURaM solar surface dynamo

Cancellation is self-similar

Hinode Bépp (Lites et al. 2008) Fracta| ext pOIation
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MURaM solar surface dynamo

Turbulent solar surface dynamo
Comparing MURaM with obs.: Strong horizontal field
Prevalent weak vertical field

Estimating true unsigned vertical flux

Better agreement with Hanle estimates

Xiz00m)

0.1

1000

Cancellation at a resolution of 200 km

Re,

10000

The flux remaining at

| = 200 km follows a power-law
scaling. Extrapolation to solar
values, Rey ~ 3 - 10°, yields
x(200km) = 0.2.

—< |Bz| >~ 50G

< |Bz| >~ 400r50G
< Bpor > > < |Bz| > ites etal. 2008)
< B > 130 G Hanle (Trujillo Bueno

et al. 2004)



Turbulent solar surface dynamo
Comparing MURaM with obs.: Strong horizontal field
Prevalent weak vertical field

MURaM solar surface dynamo Estimating true unsigned vertical flux

Conclusions

@ A small-scale solar surface dynamo (SSSD) is likely

e Seen in Hinode observations

e Dynamo simulations in agreement with observations

e Arguments against fail: stratified, compressed, little
recirculation, Py < 1 all seem OK

@ Whatever its source, small-scale B-field is turbulent &
fractal
- we should use this to interpret observations




Future Work

MURaM solar surface dynamo

Turbulent solar surface dynamo

Comparing MURaM with obs.: Strong horizontal field
Prevalent weak vertical field

Estimating true unsigned vertical flux
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Turbulent solar surface dynamo
Comparing MURaM with obs.: Strong horizontal field
Prevalent weak vertical field

Estimating true unsigned vertical flux

MURaM solar surface dynamo

Effect of noise

Sum of absolute values of 2 random vars
100

o Bépp = f( Vl‘ot)

@ Viot = sgn(Vpue) -
(| Sy (V) + o) AA|+
| M (V) + 07) AX))

P(value)
o

® |Vietl = [Vigi®l + v (|ow] + [ov]) :
Py FOI‘ |Vttg‘je‘ ~ 0 — ’Vtot’ > O 0.001 0.010 (\)/.JSSO 1.000 10.00¢
(artificially high flux)
<HFS)




Turbulent solar surface dynamo
Comparing MURaM with obs.: Strong horizontal field
Prevalent weak vertical field

MURaM solar surface dynamo Estimating true unsigned vertical flux

Mean flow

Instantaneous flow

N e

Time-averaged mean flow




meanflow.mpg
Media File (video/mpeg)


Turbulent solar surface dynamo

Comparing MURaM with obs.: Strong horizontal field
Prevalent weak vertical field

Estimating true unsigned vertical flux

MURaM solar surface dynamo

Pictures of Dynamos
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FiG. 2.—Stretching and folding of field lines by turbulent eddies. T

Schekochihin et al. 2004




MURaM solar surface dynamo

What is dynamo action?

1. Kinematic/exciting

Turbulent solar surface dynamo
Comparing MURaM with obs.: Strong horizontal field

Prevalent weak vertical field
Estimating true unsigned vertical flux

2. General/sustaining

@ Kinematic — generates
B-field from seed
(non-magnetic state is

unstable)
kinetic
magnegg,-»”'/

log Energy

time

@ General — maintains B-field
against losses of ohmic
dissipation: nV2B

magnetic

Energy

time

,:':\[—‘N -
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