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Useful review papers on coronal heating:

J. A. Klimtchuk, On solving the coronal heating problem,
Solar Phys 234, 41 (2006).

U. Narain, P. Ulmschneider, Chromospheric and coronal ceating
mechanisms,
Space Sci. Rev. 54, 377 (1990).
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AS-ICTP 2009:

Drift wave in the corona:

kinetic instability of the electrostatic drift wave,
reactive (ηi -)instability within the two-fluid model,
current driven instability,
stochastic heating.
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Problem of ‘coronium’.

W. Grotrian, Naturwiessenschaften 27, 214 (1939)

B. Edlén, Z. Astrophys. 22, 30 (1942)
⇒ The temperature of the solar corona is over a million degrees!

Van Speybroeck et al., Nature 227, 818 (1970): brightest points above
sunspots ⇒ temperature-magnetic field relation established.
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Most popular heating models

MHD model of heating by Alfvén waves:

Energy source below the surface; transferred into corona by the AW that
are excited by foot points motions of the magnetic lines.
Problem of energy transport and dissipation: wave flux too small,
dissipation too slow or sporadic; actual heating at scales much below
MHD; heating requirements beyond the single-fluid model.

Flares, micro-flares, nano-flares, ephemeral regions, explosive events,
blinkers, X-ray bright points, transient brightening,...

rapid increase in temperature (up to 20-40 MK for flares).

Questions:

Where the energy comes from? By what mechanism is is released? How
is it transformed into (random and directed) particle energy?

Answer(?): reconnection (”although the details of the process remain a
subject of study”).
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Problems:
not all flares are magnetic by nature. [Mayfield & Chapman, Sol. Phys.
70, 351 (1981); Jansens, ibid. 27, 149 (1972):

Out of 6 observed events, 5 showed no measurable magnetic energy
change and 1 result ‘was questionable’.

Unfavorable distribution of magnetic 0-points [Régnier et al., AA 484,
L47 (2008)]

only 2 % in the corona, 54 % in the photosphere!

”Nano-flares remain the leading candidate... even though no one has
definitely observed them” (C. Day, Phys. Today, May 2009).

Present status

Aschwanden et al. ApJ 659, 1673 (2007): ”The coronal heating problem
has been with us over 60 years, and hundreds of theoretical models have
been proposed without an obvious solution in sight.”
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Reminder: heating requirements

A self-consistent model must:

1) provide an energy source for the extremely high temperature in
corona, including

2) a reliable and efficient mechanism for the energy transfer from the
source to the plasma particles, and

3) this with a required heating rate

4) explain the discrepancy between ion and electron temperatures
(typically Ti > Te)

5) explain the origin of the large temperature anisotropy (T⊥ > T‖)
with respect to the direction of the magnetic field particularly for ions

6) explain the observed stronger heating of heavier ions

J. Vranjes Problem of coronal heating
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7) it should work everywhere in corona (with different heating
requirements in different regions)
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surface, the coronal volume that is topologically connected
with active regions completely dominates the total heating
requirement of the corona. We illustrate this with a quanti-
tative example, based on a previously analyzed soft X-ray
image from 1992 August 26 with the Yohkoh soft X-ray
telescope (SXT; Aschwanden & Acton 2001), shown in
Figure 1 (top panel). The solar corona above the limb is
subdivided into 36 azimuthal sectors with 10¡ width each,
and the average base density base temperature andn0, T0,scale height (withj

T
\ j0(T0/106 MK)qj j0\ 4.6 ] 109

cm) have been measured from forward-Ðtting of line-of-
sight integrated di†erential emission measure distributions
(Table 1 in Aschwanden & Acton 2001). Based on these
values, we estimate the heating power requirement (perP

Hunit area and time) from the energy balance of the heating
rate (per volume and time) with the radiative loss rateE

HE
R
,

P
H

\ E
H

j
T

B [E
R

j
T

\ n02 "(T0)jT
. (1)

The result for the 36 sectors is shown in Figure 1 (bottom
panel) as a function of the azimuthal position. We mark
those sectors with active regions with dark gray, quiet-Sun
regions with light gray, and coronal holes with white in the
histogram shown in Figure 1 (bottom panel). The heating

FIG. 1.ÈComposite soft X-ray image of the Sun observed on 1992
August 26 with Yohkoh (top panel). The histogram shows the heating rate
requirement (bottom panel) in the 36 azimuthal sectors around the Sun. The
labels indicate the locations of active regions (AR; dark gray), quiet-Sun
regions (QS; light gray), and coronal holes (CH; white).

requirement is about ergs cm~22 ] 105[ P
H

[ 2 ] 106
s~1 in active regions, about ergs1 ] 104[ P

H
[ 2 ] 105

cm~2 s~1 in quiet-Sun regions, and 5 ] 103[ P
H

[ 1
] 104 ergs cm~2 s~1 in coronal holes. If we sum the
heating energy requirement in those three categories from
the 36 sectors, we Ðnd that the active regions demand 82.4%
of the heating requirement, the quiet-Sun regions 17.2%,
and coronal holes merely 0.4%. During the solar minimum,
when the soft X-ray Ñux drops about 2 orders of magnitude,
the total heating requirement is reduced by a similar
amount, reÑecting the disappearance of active regions.
Therefore, the total energy budget of the coronal heating
problem is dominated by the heating requirement of active
region loops during the solar maximum.

2.1. T he Overdensity of Coronal L oops
It has become clear from Skylab, Yohkoh, SOHO, and

T RACE imaging in soft X-rays and EUV that the entire
corona is Ðlled with open and closed magnetic Ðeld lines, of
which only a subset become loaded with hot plasma at a
given time (e.g., Litwin & Rosner 1993 ; Hara et al. 1992 ;
Moses et al. 1997 ; Schrijver et al. 1999). The relative rarity
of coronal loops has been interpreted as evidence for highly
localized plasma-heating and loop-loading processes
(Litwin & Rosner 1993), whose cross-sectional dimensions
are preserved by the inhibition of cross-Ðeld di†usion in a
low plasma beta corona The rela-(b 4 pthermal/pmagnetic> 1).
tive density contrast between bright loops and the ambient
faint coronal plasma clearly indicates that the heated
plasma can originate from the dense chromosphere. The
density of coronal loops with cylindrical geometry can be
determined (for optically thin emission in soft X-rays and
EUV) from their emission measure whereEM\ / n

e
(z)2 dz,

the line-of-sight depth dz can be estimated from the trans-
verse loop diameter for cylindrical cross sections, i.e.,dloopThe density of the ambient plasma is somewhatdzB dloop.more difficult to estimate, because the column depth
encompasses at least a density scale height at the diskj

Tcenter and signiÐcantly larger depths for loops visible
outside the solar limb. Avoiding complicated line-of-sight
integrations near the limb, we can infer the density contrast
of a loop simply from the emission measure contrast to the
background at locations near disk center,

q
n
\ nloop

nbackgr
\
S EMloop

EMbackgr

j
T

dloop
. (2)

In Yohkoh data, an emission measure of EMloop\ 5 ] 1028
cm~5 was measured for a typical loop (loop A in Fig. 2 of
Hara et al. 1992), with a value of cm~5EMbackgr\ 4 ] 1027
for a dimmer location in the same active region (location B
in Hara et al. 1992). Estimating a loop diameter of dloopB
104 km (3 pixels with 5A) and assuming a temperature of

MK, yielding a scale height of km, we deter-T Z 2 j Z 105
mine a density contrast of Simi-q

n
Z [(50/4)(10/1)]1@2 B 11.

larly, T RACE data show often an emission measure (or
Ñux) contrast of for loop diameters ofEMloop/EMbackgr[ 10

Mm (Aschwanden, Nightingale, & Alex-dloopB 1.5È7.5
ander 2000b) at 171 (T B 1 MK, Mm), yieldingA� j

T
\ 50

density contrasts of q
n
Z M10[50/(1.5È7.5)]N1@2B 8È18.

Therefore, the overdensity of mass in coronal loops
(typically cm~3 in active region loops)n

e
B 109È1010

exceeds the background corona cm~3) at(n
e
B 107È108

least by an order of magnitude and thus clearly requires

Aschwanden, ApJ 560, 1035
(2001):

active regions → 82.4%
of the energy budget,

quite Sun regions
→ 17.62%,

coronal holes → 0.4%.
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Some observations

Harra et al., ApJL 691, 99 (2009).

Histograms of the nonthermal velocity. The

y-axes show the number of pixels in the

raster at each measurement. The time

evolution: the earliest nonthermal velocity

histogram shown as lighter gray and the

later ones as darker. The nonthermal

velocity is increasing close to the X-class

flare on December 13.

Li et al., ApJL 501, 133 (1998).

Temperature of species.

J. Vranjes Problem of coronal heating
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Some observations

Zhang and Smartt, Solar Phys. 105, 355

(1986). Measured electric field in flares.

Davis, Solar Phys. 54, 139 (1977).

Measured plasma parameters.

J. Vranjes Problem of coronal heating
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SOHO-TRACE difference
The heating of the solar corona 5

Fig. 3. SOHO/EIT 171Å global image of the solar disc with a close-up snapshot of active region
loops from the higher resolution TRACE instrument in the same spectral line

but not confined within these “brighter” loops (of course the entire corona is filled with
magnetic field; Fig. 5b)? Or what form of coronal heating is operating in plumes that
are observed in “coronal emission lines” with their open magnetic-field structure within
coronal holes (Fig. 5c)? Maybe one should concentrate upon the formation of many
small-scale brightenings across the Sun (Fig. 5d) or the energy requirements within a
cool (104 K), dense prominence as an important aspect that should not be ignored either
(Fig. 5e). If there is a “favoured” heating mechanism, it should be able to explain all
of the above if it is going to represent the complete solution to the “coronal heating
problem”. However, it is more likely that a range of energy release mechanisms are
operating with perhaps one dominating under certain circumstances. In fact, the variety
of structures in the corona may be due directly to spatial and temporal variations in the
energy input or to differing ways in which the plasma is heated.
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Drift wave in the corona

Collisional and collision-less (reactive) instability within fluid theory.

Collision-less instability within kinetic theory.

Properties:

the driving energy is already present in corona,
strongly growing,
ions heated directly by the wave.
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Kinetic drift wave:

ωr = − ω∗i Λ0(bi )

1− Λ0(bi ) + Ti/Te + k2
yλ

2
di

,

γ ' −
(π

2

)1/2 ω2
r

|ω∗i |Λ0(bi )

[
Ti

Te

ωr − ω∗e
|kz |vTe

exp[−ω2
r /(k2

z v2
Te)]

+
ωr − ω∗i
|kz |vT i

exp[−ω2
r /(k2

z v2
T i )]

]
.

Λ0(bi ) = I0(bi )exp(−bi ), bi = k2
y ρ

2
i , λdi = vT i/ωpi , ω∗e = −ky

v2
T e

Ωe

n′e0

ne0

ω∗i = ky
v2

T i

Ωi

n′i0
ni0

.
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Instability

The growth rate
normalized to the wave
frequency ωr in terms of
the perpendicular
wavelength λy and the
density scale-length Ln,
for λz = s · 2 · 104 m,
s ∈ (0.1, 103).
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References on stochastic heating:
- G. R. Smith, A. N. Kaufman, Phys. Rev. Lett. 34, 1613 (1975).

- C. F. F. Karney, A. Bears, Phys. Rev. Lett. 39, 550 (1977).

- J. M. McChesney, R. A. Stern, P. M. Bellan, Phys. Rev. Lett. 59, 1436 (1987).

- J. M. McChesney, P. M. Bellan, R. A. Stern, Phys. Fluids B 3, 3363 (1991).

- A. D. Bailey, R. A. Stern, P. M. Bellan, Phys. Rev. Lett. 71, 3123 (1993).

- A. D. Bailey, P. M. Bellan, R. A. Stern, Phys. Plasmas 2, 2963 (1995).

- S. J. Sanders, P. M. Bellan, R. A. Stern, Phys. Plasmas 5, 716 (1998).

- L. Chen, A. Lin, R. White, Phys. Plasmas 8, 4713 (2001).

- R. White, L. Chen, A. Lin, Phys. Plasmas 9, 1890 (2002).

- Z. M. Sheng, L. Yu, G. Hao, R. White, Phys. Plasmas 16, 072106 (2009).
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Polarization drift effects

vi⊥ =
1

B0
~ez ×∇⊥φ+

v2
T i

Ωi
~ez ×

∇⊥ni

ni
+ ~ez ×

∇⊥ · πi

mini Ωi

+
1

Ωi

d

dt
~ez × ~vi⊥,

d

dt
≡ ∂

∂t
+ ~v · ∇. (1)

~vpi = −~ey
ωrkyφ1(t)

B0Ωi

[(
1− kz

ωr

dz

dt

)
cosϕ− γ

ωr
sinϕ

]
×

×1/

(
1−

k2
yφ1(t)

B0Ωi
cosϕ

)
, ϕ = kyy + kzz − ωr t. (2)
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stochastic heating for a sufficiently large wave amplitude

a = k2
y ρ

2
i

eφ

κTi
≥ 1.

the maximum achieved bulk ion velocity

vmax ' [k2
y ρ

2
i eφ/(κTi ) + 1.9]Ωi/ky .

the polarization drift in the direction of the perpendicular wave number
vector ⇒ the crucial electrostatic nature of the wave in the given
process of heating.

the stochastic heating is highly anisotropic, takes place mainly in the
direction normal to the magnetic field B0.

predominantly acts on ions

confirmed experimentally.

J. Vranjes Problem of coronal heating
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Individual particle dynamics

y ′′(t) + y(t)− a(t)sin

[
y(t) +

kz

ky
z(t)− bt

]
= 0, (3)

z ′′(t)− a(t)
kz

ky
sin

[
y(t) +

kz

ky
z(t)− bt

]
= 0, (4)

x ′(t)− y(t) = 0. (5)

Normalization: x , y , z → kyx , kyy , kyz , t → Ωi t, b = ωr/Ωi .

Eq. (3): the Mathieu equation with a source term; neglecting the
z-terms and introducing τ = bt/2, for the small argument ϕ:

d2y/dτ2 + [α− 2q(t)cos2τ ]y(τ) = c(τ)sin2τ, (6)

where α = 4/b2, q(τ) = 2α(τ)/b2, and c(τ) = −4α(τ)/b2.
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Small wave amplitude
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Particle positions in the x, y -plane within a

wave period, after it starts from the point

A with (x, y, z) = (0, 0, 0), for a small and

constant wave amplitude φ1 = 0.86 V.

Time and space scales corresponding to the

discussed drift wave in the corona.

For electrons ε2 the same; ε1 reduced by a

factor me/mi .

Growing electric field potential

φ1(t) = φ̂ exp(γt/Ωi ), and φ̂ = 0.86 V.

Maximum time 0.04 s; maximum potential

φ = 17 V.
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Stochastic heating in action
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Normalized displacement in the direction of

the polarization drift y(t), and the

normalized perpendicular velocity

component y(t) ≡ vx (t) (vy (t) of the

same order and stochastic too!) .

Stochastic effects after 0.078 s, for

φ = 150 V (2.5 times larger compared to

the value obtained from the parameter a).

Change in time of the normalized kinetic

energy of a particle with a unit mass

E = (v2
x + v2

y + v2
z )/2.
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Plasma can support multiple waves in the same time.

Consequence: the instability threshold can be considerably reduced
[Sheng et al., Phys. Plasmas 16, 072106 (2009)]
⇒ the ion heating by the given mechanism will be even more efficient .
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Particle acceleration

Normalized perturbed
velocity in the direction
parallel to the magnetic
field.

No stochastic effects;
pure acceleration (solar
wind?).
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Dispersion equation

−Te

Ti

[
1− ω − ω1

ω2
Λ0(bi ) (1 + α− iΥi )

+δ

(
s1 + f1
s2 + f2

− 1

)
ω − ω1

ω
Λ0(bi ) (iΥi − α)

]
= 1 + iΥ∗ + δ

(
s1 + f1
s2 + f2

− 1

)(
1− ω∗e

ω

)
(1 + iΥe) . (7)

Υ∗ =

(
π

2

)1/2 ω − ω∗e

|kz |vT e

exp

(
−

ω2

2k2
z v2

T e

)
, Υi =

(
π

2

)1/2 ω2

|kz |vT i

exp

(
−

ω2
2

2k2
z v2

T i

)
, ωg =

ky g

Ωi

, δ = 0, 1,

Υe =

(
π

2

)1/2 ω

|kz |vT e

exp

(
−

ω2

2k2
z v2

T e

)
, ω1 = ω∗i − ky g/Ωi , s1 = k2

y ρ
2
s k2

z c2
a , s2 = s1 + ω(ω∗e − ω) (1 + iΥe ) ,

f1 =
Te

Ti

Λ0(bi )ωg (ω − ω1) (α− iΥi ) , f2 = f1
ω2

ωg
, α =

k2
z v2

T i

ω2
2

(
1 +

k2
z v2

T i

ω2
2

)
, ω2 = ω + ky g/Ωi .
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r
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The drift wave frequency for several

different values of plasma β (i.e. plasma

density) in terms of the perpendicular

wave-length. The shape due to

ωr ∼ ky/(1 + k2
y ρ

2
s ).

Parameters:

n0 = (1015, 2 · 1016, 5 · 1016) m−3,

B0 = 10−2 T, Te = Ti = 106 K,

Ln ≡ [(dn0/dx)/n0]−1 = s · 102 m,

λz = s · 104 m, s ∈ 1− 103.

The corresponding normalized growth rates:

reduced due to electromagnetic effects.

Drift-Alfvén coupling proportional to:

k2
z c2

a k2
y ρ

2
s (ω − ω∗i ).
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The drift wave frequency in terms of the

plasma temperature. Number density per

cubic meter.

Parameters: λy = 0.5 m, λz = 200 km,

B0 = 10−2 T, Ln = 1 km.

At T = 1.4 · 106 K the frequency reduced

by 1.4.

The corresponding growth rate.

At T = 1.4 · 106 K the growth rate

reduced by 3.2

Point A: β = 0.64me/mi , point B:

β = 2.5me/mi .

J. Vranjes Problem of coronal heating



LEUVEN

Background and history
New paradigm: heating by drift waves

Summary

Stochastic heating
Electromagnetic effect

0.2 0.4 0.6 0.8 1.0 1.2 1.4

0

5

10

15

20

25

30

35

ω
r ,

  γ
   

[H
z]

T   [106 K]

 frequency
 growth rate

*
C

The drift wave frequency and the growth

rate for B0 = 3 · 10−2 T; other parameters

as in line 3 before.

Point C: β = 0.3me/mi .

The growth rate at the point C, 50 times

lower than in the point B.

The points A, B, C:

the same magnetic loop,
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Example

Point A (β = 0.64me/mi ):

a = 1 ⇒ φ1 = 61 V, vmax = 221 km/s, Tmax = 1.97 · 106 K.

The growth time [starting from eφ̂/(κTi ) = 0.01, i.e., φ̂ = 0.86 ]
τg = log(φ/φ̂)/γ = 0.4 s.

Note also that here eφ1/(κTi ) ' 0.7.

The total released energy density is Emax = n0miv
2
max/2 = 0.04 J/m3;

the energy release rate Γmax = Emax/tg = 0.1 J/(m3s). Hence, Γmax is
about 1700 times the required value for the coronal active regions
[that amounts to ' 6 · 10−5 J/(m3s)].

Point B (β = 2.5me/mi ): Emax = 0.4 J/m3, tg = 1.3 s, and
Γmax = 0.3 J/(m3s), Tmax = 1.97 · 106 K.
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Point C (β = 0.3me/mi ):

a = 1 ⇒ φ1 = 546 V, vmax = 663 km/s, Tmax = 1.8 · 107 K.

The growth time [starting from φ̂ = 0.34 ] τg = log(φ/φ̂)/γ = 33 s
(about 80 times longer than in the point A).

About 90 times larger energy density
Emax = n0miv

2
max/2 = 3.67 J/m3; the energy release rate

Γmax = Emax/tg = 0.11 J/(m3s) (almost the same as in the point A).

The areas with stronger background magnetic fields are subject to
stronger stochastic heating.

It can be shown that for s = 103 ⇒ ΣmV = 1.5 · 1016 J (range of
nano-flare); V -volume.

J. Vranjes Problem of coronal heating



LEUVEN

Background and history
New paradigm: heating by drift waves

Summary

Stochastic heating
Electromagnetic effect

Some consequences:

The potentials at the points A and C, 61 V and 546 V yield the
perpendicular electric field kyφ1 0.77 kV/m and 6.9 kV/m ,
respectively.

To have the threshold a = 1, φ1 ∼ λyB2
0 ; a slight increase in these two

parameters will yield even stronger electric fields.

Example: λy = 2 m, B0 = 4 · 10−2 (instead of λy = 0.5 m,
B0 = 3 · 10−2 as in the point C) ⇒ Ey ' 27 kV/m.

The three obtained values for the electric field yield the ~E × ~B-drift:
77, 230, and 675 km/s, respectively.

Hence, i) exceptionally strong perpendicular electric fields are expected
during the proposed stochastic heating, and this particularly within
stronger magnetic structures, and, ii) the perpendicular stochastic
heating is accompanied with collective plasma drifts.
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Stronger heating of heavier ions

The stochastically
increased ion
temperature
Teff = miv

2
max/(3κ) (in

millions K) in terms of
the perpendicular
wave-length λy and the
ion mass.
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All heating requirements may be satisfied.

Rapid energy releases (e.g. nano-flares) could be explained.

Possibility for explaining the high energy tail in the κ-distribution.

Explanation for the particle acceleration.

Observed extremely strong electric fields (105 V/m) can be explained.
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