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Coronal heating
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Thermodynamics
• Work  needed to pump heat from 

colder photosphere (~ 6,000 K) 
to hotter corona (~106 K)


• May come from convection 
cells  in photosphere


• Powered by temperature & 
gravity gradients (Rayleigh-
Bénard instability)


• Alfvén (1947) proposed that this 
‘granulation’ makes plasma 
waves that travel upwards to 
corona

Credit : NSO, NSF, AURA, Inouye Solar Telescope

https://youtu.be/CCzl0quTDHw
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https://youtu.be/CCzl0quTDHw


Alfvén waves
• Electrically charged fluid in external magnetic field 

B exhibits magnetohydrodynamic  (MHD) 
transverse waves


• Lorentz force !  v ! B contributes to restoring 
force 


• Alfvén speed:

• Dispersion relation:
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vA (k) = vA |cos! (k)|



“What Zel’dovich knew”

Angular frequency of wave:  𝜔  = v k


Momentum conservation:


Kinetic energy of wind (non-relativistic):
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V > v !
!
!
! úEwind

!
!
! > úEwave

Zel’dovich, JETP Lett. 14, 180 (1971);

Sov. Phys. JETP 35, 1085 (1971)

*

* Thorne, 2013
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Superradiance
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!
!
! úEwind

!
!
! ! úEwave > 0 available for dissipation in air

• Similar to Landau criterion for critical velocity of superfluid 


• Used by Zel’dovich in 1971 to predict radiation from rotating 
black hole (BH)


• Motivated Hawking’s discovery of thermal radiation from 
static BHs in 1974


• “Quantum mechanics helps understand classical 
mechanics”


 — ‘Paradoksov’, Sov. Phys. Uspekhi 9, 618 (1967)



Solar parameters
• In Sun’s quiet  photosphere: B !  1 G; NH = 1.2 ! 10 17 cm-3; NI 

= 6.4 ! 10 13 cm-3; 𝜈 in = 1.2 ! 10 9 Hz


• vA !  6 m/s; compare to sound speed vs !  10 km/s, convective 
flow v !  1 km/s


• thus: vA "  v < vs " c

• First inequality violated in active regions (B !  103 G <z vA !  vs)


• UV cutoff  for Alfvén waves 𝛺 A !  vA NI1/3 ! 107 Hz
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granule
circulation
through  O

Alfvenon superradiance
• Only superradiant modes (negative 

effective temp.) can transport energy 
towards corona B-field vertical  (z-axis)


• Superradiant condition 𝜔 (k) " k # v 
becomes


• For vA/v " 1 this implies nearly all Alfvén 
modes with cos 𝛳 (k) $ 0 and cos 𝜃(k) $ 0 
superradiate


• May compute superradiant power by 
treating Alfvenon field as open system 
coupled to moving heat bath ;

see also R. Alicki & AJ, Ann. Phys. (NY) 395, 69 

(2018) [arXiv:1702.06231 ]
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Power flux budget
JA = 𝜅 v NI kB T


• Insensitive to large variations in local B-field


• (as long as vA "  v < vs " c) 


• Geometric factor given by 


• bounded as 1/3 < 𝜅 < 1, with lower bound corresponding 
to uncorrelated k and v


• For Sun, we get JA ~ 104 W/m2


• consistent with 103 – 104  W/m2 needed for coronal heating

9

<latexit sha1_base64="9VbSHwLwWftbl0wZwiiFMEIZ0Gc=">AAACUHicbVFBSyMxFH5TddW6rlWPXoJF2FOZEVEvgrgXjxVaFZpa3qSZNjSTGZI3Qhn8iV687e/Yyx4UTWuFWv0g5OP73ntJvsS5Vo7C8G9QWVpe+bG6tl7d+Ln5a6u2vXPtssIK2RaZzuxtjE5qZWSbFGl5m1uJaazlTTz6M/Fv7qV1KjMtGueym+LAqEQJJC/1agM+wjxHdsZ4YlGUXKMZaMm4yBzjraEkZNzOtDnv7pBxmncfFlo/m6xXq4eNcAr2lUQzUocZmr3aE+9nokilIaHRuU4U5tQt0ZISfmCVF07mKEY4kB1PDabSdctpIA/swCt9lmTWL0Nsqs53lJg6N05jX5kiDd2iNxG/8zoFJafdUpm8IGnE+0FJoRllbJIu6ysrBemxJyis8ndlYog+WPJ/UPUhRItP/kquDxvRcePo6qh+fjGLYw32YB9+QwQncA6X0IQ2CHiEf/AML8FT8D94rQTvpR877MInVKpvJI60fw==</latexit>

! =
!cos! "! cos2 " "

!cos" "



Scattering
• mHz Alfvén waves considered in solar MHD models 

propagate along magnetic flux tubes


• hard to dissipate (main objection to “wave heating”)


• In our theory, heating depends on superradiant MHz 
modes 


• Much stronger elastic scattering in nonuniform medium


• Expect alfvenons to diffuse upwards in solar atmosphere, 
giving decoherence without dissipation
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Mode conversion
• Transition between alfvenon and phonon, 

satisfying energy-momentum conservation


E = <š𝜔 1 = <š𝜔 2;   p = <šk1 = <šk2


• possible only if local phase speeds (vph = 𝜔  / |k|) 
match


• In quiet regions of Sun’s photosphere:

vA !  6 m/s "  vs !  10 km/s


• In the corona:

 vA !  103 km/s > vs !  102 km/s


• Speeds must match at intermediate height z


• Once converted to phonons, superradiant 
energy will quickly thermalize

11 Mason on pages 4.7Ð4.13). It soon turned out
that these temporal phenomena are linked to
the internal generation mechanism of the global
solar magnetic field. Skylab observations made
it clear that there is a strong correlation
between X-ray emitting hot and bright coronal
regions and the underlying surface magnetic
field concentrations suggesting that coronal
heating and solar magnetism are intimately
related (figure 3). 

Similar correlations were found between the
ubiquity of small-scale structures and the mag-
netic solar cycle. Very recent studies of the
photospheric magnetic carpet also seem to sug-
gest that such correlations exist even at small-
est scales (discussed by Proctor on pages
4.14Ð4.20 of this issue). 

Observational constraints
An acceptable model of solar (and stellar)
atmospheric heating has to comply with a few
observational facts (Cargill 1993, Zirker 1993).
It is now evident the solar atmosphere is highly
structured and it is likely that various heating
mechanisms operate in different atmospheric
structures. In closed structures, for example
active regions, temperatures may reach up to

8Ð20! 106 K, while in open mag-
netic regions such as coronal
holes, maximum temperatures
may only be around 1Ð1.5!
106 K. Next, observations also
show that temperature, density
and magnetic field are highly
inhomogeneous. Fine structures
(e.g. filaments in loops) may
have 3Ð5 times higher densities
than is usual in their environ-

ment. An interesting constraint is the contrast
between fluctuating brightness and the associ-
ated fluctuating velocities and the quasi-static
nature of the corona. There is little known
about how the heating depends on magnetic
field strength, structure size (length, radius,
expansion) and age. 

We are mainly interested in solar (and stellar)
atmospheric heating mechanisms that can pro-
vide a steady supply of energy to balance the
atmospheric (chromospheric and coronal)
energy losses, although this energy does not need
to be produced in a steady way, i.e. random
energy releases that produce a statistically aver-
aged steady state are allowed for. Observational
tests of a specific heating mechanism may be dif-
ficult because several mechanisms might operate
at the same time. Theoretical estimates often
predict very small spatial scales where the ulti-
mate dissipation occurs, sometimes of the order
of a few hundred metres, that even with current
high spatial resolution satellite techniques can-
not be resolved Ð and will not be for a while.
Also, the unique signature of a specific heating
mechanism could be obliterated during the ther-
malization of the input energy. Ideally one
should predict some macroscopic consequences

of a specific favoured heating mechanism
(Cargill 1993) and confirm these signatures by
observations (e.g. generated flows, specific spec-
tral line profiles or line broadenings, etc).

The heating process comprises three phases:
the generation of a carrier of energy; the trans-
port of energy into the solar atmosphere; and,
finally, the dissipation of this energy in the var-
ious structures of the atmosphere. Usually it is
not difficult to establish a theory that drives an
energy carrier without contradicting observa-
tions. Neither does the literature seem to be
short of transport mechanisms. There is, how-
ever, real hardship in understanding how the
transported energy is dissipated efficiently. A
summary of the heating mechanisms is given in
table 2 (Ulmschneider 1998).

The heating mechanisms that operate in the
solar atmosphere can be classified depending on
whether they involve magnetism or not (Narain
and Ulmschneider 1996). If the heating mecha-
nism operates in magnetism-free regions (e.g. in
the chromosphere of the quiet Sun) one can
work within the framework of hydrodynamics
and such heating theories can be classified as
hydrodynamic heating. Examples of such heat-
ing mechanisms could be acoustic waves and
pulsations. On the other hand if the plasma is
embedded in magnetic fields the framework of
magnetohydrodynamics (MHD) may be the
appropriate approach and these theories are
called MHD heating mechanisms (Browning
1991, Gomez 1990, Hollweg 1991, Pries and
Forbes 2000). The ultimate dissipation in MHD
models invoke Joule heating or, to a lesser extent,
viscosity. Examples of the energy carriers of
magnetic heating are the slow and fast MHD
waves, AlfvŽn waves, magnetoacoustic-gravity

Coronal heating

4.35August 2004  Vol 45

Table 1: Average coronal energy
losses (in erg cmÐ2sÐ1)
Loss mechanism quiet Sun active region coronal hole

Conductive flux 2! 105 105Ð107 6! 104

Radiative flux 105 5! 106 104

Solar wind flux <5! 104 <105 7! 105

Total flux 3! 105 107 8! 105

2:Temperature (red line) and density (yellow line) distributions as a function of the height measure in
km in the solar atmosphere. The formation of popular lines for observations is indicated by green.
Note the logarithmic scales. (Courtesy H Peter.)

3:The solar corona in the 171 • SOHO EIT
spectral line (upper left) and the
corresponding SOHO MDI magnetogram
(lower right) at photospheric levels. Magnetic
field concentrations coincide with bright
patches in the SOHO EIT image, indicating the
role of magnetic field in the process of
coronal heating.
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Chromospheric evaporation
• May explain abrupt temperature rise in 

Transition Region (TR)  between 
chromosphere & corona, at z !  2,100 km


• Superradiance can boil  plasma in upper 
chromosphere


• Not in contradiction with evidence of 
impulsive heating (nanoflares) and other 
activity


• Magnetic flux tubes get filled with 
plasma heated from below

see Aschwanden, Winebarger, 
Tsiklauri & Peter, “The Coronal 
Heating Paradox”, Ap. J. 659, 
1673 (2007)
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Outlook
• Quantum physics needed to describe irreversible processes 

involving production or absorption of waves fully; see Alicki, 
arXiv:1904.06170


• Our results didn’t depend on Planck’s constant <š, but quantum 
thermodynamic analysis is simpler and better posed than classical 
MHD treatments (flux-tube shaking, shocks, wave turbulence, etc.) 


• Theory transcends dichotomy between “wave heating” and 
“impulsive heating” in solar physics


• Active regions result, rather than cause, of coronal heating


• Approach may be useful in the theory of turbulence , defined as 
“out-of-equilibrium statistical mechanics of random nonlinear waves” 
(Nazarenko)
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