Numerical Simulations of
Coronal Heating
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00
e What is known from idealized models? 0000
« What is doable in terms of realistic modeling? 00066
 Which diagnostics can be produced? : : ®

 What can one learn beyond matching observations?




No doubt, in a general sense!

The boundary flux of EM energy

Acoustic could in principle contribute, but
take one look at the Sun ...




The source of coronal heating!
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e Poynting flux: energy input; boundary work

/

e Lorentz work: supports kinetic energy dissipation

e Joule dissipation: supports radiative losses
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OK, the Poynting flux, but ...

What type of Poynting flux?
Fast or slow, AC or DC, waves or quasi-steady?
Importance of emergence relative to work on existing flux?

How Is It dissipated?
Reconnection? Nano-flares?

Is it possible to decide numerically?
If so, what are the decisive tests?
Are such results robust?



More questions

Why is it (apparently) possible to ignore the
fact that the magnetic Reynolds number is
huge, work with large scale near-singular
structures and get decent results?

Large scale current sheet reconnection??
Dissipation in quasi- sparatrix layers??
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Solanki et al (Nature 2003)
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Squashing factor Q
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Crescent strips of high Q connect sunspots of the same polarity.

[Titov 2004]




Classical solution attempts

Vary the geometry
Petchek
Priest & Forbes

Vary the physics
Hall MHD
Anomalous resistivity
Collisionless effects



Natur e of inflow affects regime
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Converging Diverging
-> Flux Pileup regime
f Same scale as SF
M, = but different f,

R different inflow

Coll'*ss models w. Hall effect (GEM, Birn, Drake) -
[Priest 2004] | fast reconnection - rate=0.1v,




Not the just the wrong answer, | ¢
but the wrong guestion!

It IS Impossible to make monolithic large
scale structures Iin high resolution 3D — they
unavoidably generate smaller scales as well!




Magnetic dissipation in 3D, t
at large Re,, (low resistivity)

Large scale structures generate subsidiary
small scale structures, which do it again (on
shorter time scales) — and again — until the
spatial scales are small enough to support

the dissipation

This Is the fundamental reason why
magnetic dissipation essentially ignores Re,,
.. and also the source of time structure power laws
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Hendrix et al 1996

If anything, dissipation
Increases with S (Re,)

the memory of random motions to reach back only
one step, so that the angle is V . Demonstrated that the
dependence of heating on magnetic Reynolds number (or
Lundquist number S) is very weak (and positive!).
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A magnetically dissipating
system is in a marginal state,
where the winding number is of
the order of unity. Larger values
lead to rapid dissipation in a
hierarchy of current sheets.

(Galsgaard & Nordlund 1996)
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Topologically Forced Reconnection 000
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Galsgaard & Nordlund 1996

Settled the issue of the angle; the angle is determined by the
winding number. A dissipating system is in a marginal state,
where the winding number is of the order of unity. Larger
values lead to rapid dissipation in a hierarchy of current sheets.




This Is a great boon!

Gives hope of meaningful modeling of all
kinds of astrophysical MHD-phenomena at
affordable numerical resolutions

In particular, in this perspective, building
realistic 3D models of the solar corona is a
meaningful task, given current computer
capacity



Modeling coronal heating :

Necessary to apply a realistic driving In the
photosphere

Driving is well defined in the photosphere

Statistics of turbulent convection accessible to
numerical simulations

Large scale amplitude and scaling with size known
from observations

Wave theories must use realistic drivers as well
Power at high frequencies is not a free parameter!!



Approaching ab initio Corona Models

Previous: Gudiksen & Nordlund, ApJL 2002

Near ab initio, but not quite
Larger velocities than solar

Larger transition zone height than solar
100x100x101 mesh

Current: Gudiksen & Nordlund, astro-ph/0408xxx

All dimensions and amplitudes realistic

Correctly normalized photospheric velocity and
vorticity
Variable vertical mesh size, resolved vertical

stratification
150x150x151 mesh (up to 240x240x151)




Corona experiments ses
Gudiksen & Nordlund, ApJ (2002 & 2005)

Realistic physics
Observed magnetogram, scaled Initial condition
Realistic radiative cooling (Kahn 1976)
Spitzer heat conductivity along B
Includes a chromospheric layer
Realistic photospheric velocity field

3-D numerical magnetohydrodynamics
Moderate resolutions:1003 + 200°
Very short time step ~ 20 ms, for ~ 30 min



Solar velocity spectrum i
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Boundary Conditions

Observed Velocity Fie

Calibratec

Calibratec
No free

velocity amp
vorticity amp
parameters

Observed Magnetic Field
Active Region 9114 re \sited

No free parameters
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Initial Magnetic Field sese
Potential extrapolation of AR 9114




B0

50

i
=
1l

Velocity driving

Voronol tessellation
ensemble

T = 0.2 min

TT T T I F LT [ T T L L T T =T T T T T 1 T T
T TT LY S EDRE AT RN Rk

Lo o '

T
r|'|I_

TT % TT
W

TTITT 1T

o
n

=T, g = x

- L i

R r- u ‘: 2 =

L 1 i SRl L iy -
Frow =um &t . =
T Ey - al
TS T . o

gt s CRL I ! &
iy o - " e ]

[ ' - 1 - _

P PR

= w Eey -
pel o g
Ly -

[ =i -

- s e e . 4

e 37D ' + ' ' * TRt

‘:I e O T P W X ST LR T AU P RN ST S0 0 8 A T S o e T T U T ol AR 00 8 T T VM I e

o (.

¥ -
I 5y
L LT
o oL IR 4
L "R w L
L i i
. ] H
I has e
L s
- = ®alie o
L B 2 T
r .

L L |

o

Y [ Mm ]

10 20 30 4] 540 &0

10000

1000

104

10

Velocity spectrum fro
three superposed ensembles

m

L}
L1 11l

100 1000



Additional Assumptions

No emerging flux
Minimum assumption

No active-region-specific velocity field
Minimum assumption



Results .

Evolves to guasi-stationary, non-potential
state

See

General heating level OK
The corona Iis maintained at MK temperatures
~3 10° erg cm™ st net coronal heating over AR

Much more goes into chromospheric heating!

Loops
Are formed as a response to localized heating
Emission measures similar to observed ARs
Loop with densities consistent with observations



Emission measures

Synthetic TRACE filter observations
TRACE 171: 0.9 0.30 MK
TRACE 195:1.4 0.35 MK

Any other filter may be synthesized



Emulated TRACE images




3D View of Emission Measure




Density distribution




Temperature Distribution




Energy balance 13+




Current Helicity




Spectral line diagnostics
(cf. Hardi Peter’s talk!)

Silicon IV picks up cooling condensations




Fingerprints — quantitative
match (cf. Hardi's talk)




Gudiksen & Nordlund (2004) conclusions:

3-D MHD, with observed photospheric velocities

and an actual AR magnetic field unavoidably

produces a loop-structured, million degree corona
Caused by hierarchical dissipation of bdry Poynting flux
Braiding by systematic photospheric motions

Additional improvements can only increase the
heating

Increased numerical resolution

Emerging flux
Systematic AR velocity fields




Power Laws & Nanoflares

Signatures of hierarchical dissipation
small scale time & space intermittency




Hierarchical structure

The internal structure of a coronal loop could
look like this



Remember this question?

Why is it (apparently) possible to ignore the
fact that the magnetic Reynolds number is
huge, work with large scale near-singular
structures and get decent results?



Role(s) of Current Sheet
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Large scale resilience




Natur e of inflow affectsregime

Converging Diverging
-> Flux Pileup regime
f Same scale as SF
M, = but different f,

R Y2 |  different inflow

Coll'*ss models w. Hall effect (GEM, Birn, Drake) -
fast reconnection - rate=0.1v,



My answers to the initial
guestions:

What type of Poynting flux?

Slow, quast deady =+ time variation intrinsic to

dissipation

Emergence is surely important, on top of braiding

How Is It dissipated?

Reconnection? Nane fares?
Yes, and yes!



My answers:

IS It possible to decide numerically?
Yes!

What are the decisive tests?
Use boundary driver with observed properties
Produce observed “finger prints”



Are such results robust?

Yes! Because ...
small scales are turbulent, and hence ...
large scales ignore Re, , and therefore ...

magnetic dissipation obeys well established
scaling relations depending only on large scale
guantities ...

just like good old Kolmogorov in hydro turbulence!



Summary — main points

Magnetic dissipation is hierarchical / turbulent

Therefore, its magnitude does not depend on
dissipation details £ only on large scale properties

Instabilities keyed by the 'winding number’
set the actual level £ normalization

Remember the issue of the 'Parker angle’

Allows quantitative modeling of the solar
corona (and many other astro-MHD settings)






