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Presentation Notes
I thought I would kick off the meeting by discussing certain aspects of coronal heating problem that I feel are crucial to finding an ultimate solution. People tend to attack the coronal heating problem using one of 3 basic approaches: observational studies, 1D hydro modeling, 3D MHD modeling. In the latter category, have both large-scale models and localized models that treat individual current sheets or individual magnetic flux tubes. Each approach has its strengths and weaknesses, and in many ways they are complementary. We can make much better progress if we communicate with those using other approaches and learn from what they are finding. My hope is that the issues I will be highlighting will serve as sort of focal points for bridging the gaps that I perceive between various segments of the coronal heating community.

Discuss aspects of coronal heating problem that I feel are crucial to finding an ultimate solution. As a community, we have tended to attack the coronal heating problem using 3 basic approaches: observational studies, 1D hydro modeling, 3D MHD modeling. In the latter category, have both large-scale models and localized models of current sheets and individual flux tubes. Each approach has its strengths and weaknesses, and we need to do a better job of coordinating among. There is actually very good coordination between hydro modeling and observations. The basic goal is to find a heating function that is able to reproduce observations in detail. By determining the temporal and spatial properties of the heating, we constrain the possible physical mechanisms. But that by itself does not tell us what the mechanisms are. Need MHD and perhaps even kinetic theory for that. There has also been recent progress in comparing large-scale MHD models with observations, especially the impressive work on the chromosphere by the Oslo group and others, but much more can and should be done. The weakest connection is between localized MHD models---the nuts and bolts of coronal heating---and all the other approaches. Thinking about the issues I present here may help to bridge this gap and the other gaps that current exist between various segments of the coronal heating community.





All known mechanisms, when applied to a realistic 
nonuniform corona, predict that the heating of individual 
magnetic field lines (flux strands) is highly time dependent.

Includes wave heating.

The time delay between successive events may be short, 
in which case the heating is effectively steady.

NANOFLARE: An impulsive energy release on a small 
cross-field spatial scale without regard to mechanism. 
(generic definition)

1. All coronal heating is impulsive
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Presentation Notes
Define very clearly what I mean by “nanoflare.” It’s the definition I have been using all along. Check my papers. 

It’s true that I tend to favor reconnection-based heating, and much of what I will discuss applies to the scenario, but much applies to heating of all sorts, included by waves.

Resonance absorption, phase mixing, Alfven wave turbulence



Common misconception:

Photospheric flows stress the coronal magnetic field and 
inject a Poynting flux of energy that is determined by the 
driver velocity. 

The corona adjusts so that the magnetic energy is converted 
into heat in a statistical steady state (energy out = energy in).

The Poynting flux and therefore the average heating rate do 
not depend on the details of this adjustment.

2. The details of coronal heating matter



Common misconception:

Photospheric flows stress the coronal magnetic field and 
inject a Poynting flux of energy that is determined by the 
driver velocity.  PARTIALLY TRUE

The corona adjusts so that the magnetic energy is converted 
into heat in a statistical steady state.  TRUE

The Poynting flux and therefore the average heating rate do 
not depend on the details of this adjustment.  FALSE

2. The details of coronal heating matter



Poynting flux and heating rate

Poynting flux:

Observed values of Bv and Vh imply θ ≈ 10ο (“Parker angle”)

The heating rate depends on the tilt of the field (level of stress),
which is determined by the heating mechanism.
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AR:  F=10^7, Bv=100, Vh=10^5  ->  theta=7.2 deg
QS:  F=3x10^5, Bv=10, Vh=10^5  ->  theta=21 deg

If the angle were different, the corona would be hotter or cooler than observed.



Number of strands in a coronal loop:

3. The corona is filled with elemental strands

2000  km

~ 100,000 strands in an active region !!!
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N=18
Peter et al. (2013) estimates more based on the intensity profiles across loops.
Photospheric values for strand: ds and Bs from refs in Klimchuk (2006) and Bodnarova et al. (2014)



Photospheric Driving

SUNRISE / IMaX

Loop cross-section

Exceptionally
Quiet Sun
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SUNRISE
IMaX (Imaging Magnetograph Experiment)
Fe I (5250)
June 2009 (first flight)
0.15 arcsec, highest resolution magnetogram ever made
Very weak quiet Sun

Because the field is fragmented in the photosphere, any flows will create current sheets in the corona.



Current sheets are formed at the interfaces between 
tangled and twisted strands.

4. The corona is densely populated with 
current sheets 

Parker (1983),  Priest et al. (2002)
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Obviously an MHD simulation cannot resolve the many thousands of current sheets in even a small active region. To what extent does this affect the results? Does the heating mechanism in the simulation have similar properties to the actual mechanism on the Sun? What about onset conditions in particular, and how they influence the level of stress and Poynting flux?

Observed twist (Brandt et al., 1988, Nature, 335, 6187; Zhang & Liu, 2011, ApJ, 741, L7; see rotating elements folder under main klimchuk folder).
Computed twist (see meeting notes; Moll(?) et al. 2011, A&A, 530, A2 probably with Schusler.)

Localized twist up to 4.8 pi stable (Mikic, notes in filing cabinet).
Pitch angle = 10 deg (Parker AR), twist < 4.8 pi, r = 250 km  ->  L < 25,000 km




Energy is released in the form of nanoflares.

True whether or not there are other forms of heating, e.g., waves.

5. The strands MUST reconnect to avoid an 
infinite build up of stress



6. What determines the nanoflare frequency?

Frequency with which nanoflares repeat on a given 
strand in relation to the plasma cooling time?

Low frequency
∆t >> τcool

High frequency
∆t << τcool

• Distinguishable loops (observed features) heated by low freq. nano.

• Diffuse cores of active regions can be heated by high or low freq. nano.

• Some low freq. heating is present along “every” line-of-sight.
(major or minor contribution?)



7. What is the quantum of energy release?

2θ

Energy release per unit area: ≈ 2x109 erg cm-2

→ average repetition time of in active regions  (and QS)∼ 200 s
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r = 250 km (d_phot = 150 km), B = 100 G, theta = 20 deg (2 x AR Parker angle).

A lower limit in that the reconnected strands might pull on the restraining field and shorten some more.

Similar result for twisted tubes.



Reconnection events can cluster

…. so the nanoflare frequency can be slower than the 
average reconnection event frequency.
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Successive events need not occur at the same place 
or even involve the same two strands.

From the standpoint of the plasma evolution, the location of the 
heating is not very important (in general).
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Vertical and back tilted strands reconnect, then vertical and front tilted strand. Can happen in rapid succession, so vertical strand “feels” one large nanoflare.



However….

Strands exchange parts during reconnection, something 
1D hydro models have not taken into account (but could).



Possible Unifying Picture

Diffuse component
(weak, high freq. nanoflares)

Loop
(strong, low freq. nanoflares)

Nanoflare
Storm

Needs time to
“recharge”



What is a nanoflare “storm”?

Is it an “avalanche” where one event triggers another, etc.?

Or are all events activated by a single source?

What determines the spatial scale of the storm (the characteristic 
diameter of loops)?

8. What causes the collective behavior 
responsible for loops?



Hi-C Rocket
1

3

2

4

Hi-C has 3-6 
times better 
spatial 
resolution 
than AIA
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We have analyzed 4 ordinary coronal loops that were selected based on the AIA 195 image.  They have a monolithic appearance and roughly constant width in both the AIA and Hi-C images.  The widths are similar in two datasets despite the factor of 5 difference in spatial resolution.  
 
We have degraded the Hi-C image to match the resolution of AIA and find that the widths measured in the synthetic and original AIA images are in good agreement.
 
We confirm that ~ 1 MK loops have a characteristic diameter of approximately 2000 km (4 times the standard deviation of the cross-axis intensity profile), as found in earlier studies.  More specifically, 2000 km is one cross-field spatial scale on which the plasma is organized.  The plasma may also be organized on smaller scales that are below the resolving capability of Hi-C, i.e., there could be sub-resolution strands.  

	Pixel (arcsec)		FWHM of PSF (arcsec)
Hi-C:	0.103		0.3-0.4  (incl. jitter)
AIA:	0.6		1.01  
 
1 AIA pixel = 5.83 Hi-C pixels




Measured Loop Width
Hi-C (solid),   AIA (dashed),   “degraded” Hi-C (dotted)
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     Here the Hi-C (solid), AIA (dashed) and “degraded” Hi-C (dotted) measurements for loops 1, 2, 3, and 4.  All four look monolithic in the Hi-C image with the exception of the loop 1, which shows some evidence of sub-strands on the right side.  The coalignment is my own and is not highly precise.  I estimate it is good to better than 2 AIA pixels.  The units are Hi-C pixels, and the plotted quantity is the standard deviation of the background-subtracted cross-axis intensity profile.  For a circular, uniformly filled cross section, the diameter is 4 times the standard deviation.




The magnetic energy release process must remain dormant 
to allow stresses to build, then “switch on.”

Applies to everything from coronal heating, to jets, to CMEs.

What are the onset conditions?

• Critical misalignment angle (secondary instability)

• Critical current sheet thickness or aspect ratio

• Critical twist (kink instability)

9. What are the onset conditions for 
energy release?
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How to get down to the flux breaking scale:
 Slow “complex” quasi-static driving
  Tearing instability 
  Ideal instability (e.g., kink)



Nanoflare occurs when magnetic 
misalignment reaches ~35o

Dahlburg, Klimchuk, … (2005, 09)
Klimchuk, Lopez Fuentes, DeVore (2006)

Secondary Instability

“Heating rate”Misalignment

Consistent with “Parker angle” (in QS)
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Instability represents kinking of tearing flux tubes.

Dahlburg et al. (2009)
Mean square electric current
128x128x100
S = 800,   Lundquist (with V_Alfven)
Vertical dimension compressed by factor 10 in plot

Klimchuk et al. (2006)
Two flux tubes pressed together
1024x1024x512
Isogauss and field lines
Isocurrent and grid




Kink Instability of Twisted Flux Tubes

current
density

Hood, Browning, & Van der Linden (2009)

field lines,
current sheet (red)
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Sheet first forms at quasi mode rational surface (integral number turns of twist)

Hood et al. (2009)
Initial unstable twisted loop
321x321x641
No conduction, radiation, transition region
Botha et al. (2011) has conduction, but no radiation and no transition region; heat conducts out ends



Chromospheric Nanoflares

Are chromospheric nanoflares a major source of coronal plasma?

If the chromosphere is heated impulsively to coronal temperatures:

1. Pressure increases locally by factor 100
2. Expands explosively upward (several 100 km s-1)
3. Cools dramatically from the expansion (T ∝ n2/3)

Predicted Fe XII (195) and Fe XIV (274) line profiles

Klimchuk & Bradshaw (2014)



10.  Chromospheric nanoflares are NOT a 
primary source of coronal plasma

Predicted line profiles disagree dramatically with observations:

1. Intensities much too faint
2. Blue shifts much too fast
3. BR asymmetries much too large
4. Emission confined to low altitudes  (< 10 Mm)

Nanoflares may heat the chromosphere, but they do not, in 
general, raise the temperature to coronal values.

To explain the corona, need heating that occurs in the corona.

Chromospheric nanoflares may generate waves that contribute to 
this coronal heating.

MHD effects do not alter these conclusions(?).
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These field-aligned affects seen in the hydro simulations will be present in 3D MHD. Happy to listen if someone can propose a plausible MHD scenario where these effects are missing or masked in some way.



Summary

1. All coronal heating is impulsive.

2. The details of coronal heating matter.

3. The corona is filled with elemental strands.

4. The corona is densely populated with current sheets.

5. The strands must reconnect to avoid an infinite buildup of stress.

6. What determines the nanoflare frequency?

7. What is the quantum of energy release?

8. What causes the collective behavior responsible for loops?

9. What are the onset conditions for energy release?

10. Chromospheric nanoflares are not a primary source of coronal 

plasma



Backup Slides
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T ~ n^(2/3) ~ V^-(2/3)

t = 10 to 30 s:  V from 3000 to 11,000 km    T from 2.2 to 0.9 MK (as observed in middle of plug).

T = 10 to 60 s:  n decrease by factor 10, T decrease by factor 3 (middle of plug)



The properties of the plasma and emergent spectrum depend 
critically on the properties of the heating.

Time Variability
Emission measure distribution
Density-temperature relationship (“over dense” loops)

The evolution of helicity is depends on the heating mechanism.

Helicity conservation is (or is not) an important constraint. Affects 
things such as shear build-up at neutral lines and CME eruption 
(Antiochos 2013).

Ohmic heating does not conserve helicity.

Other reasons the details are important
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Ohmic dissipaton does not conserve helicity.



Hi-C has 4-6 times 
better spatial 
resolution than AIA

Peter et al. (2013) 

Presenter
Presentation Notes
	Pixel (arcsec)		FWHM of PSF (arcsec)
Hi-C:	0.103		0.25-0.3  (incl. jitter)
AIA:	0.6		1.01  
 
1 AIA pixel = 5.83 Hi-C pixels
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