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Abstract. A model is presented that uses the electrical conductivity tensor of a multi-species plasma to estimate the eﬃciency Q

of plasma heating by Pedersen current dissipation as a function of height from the photosphere to the lower corona. The particle
densities and temperature are given by FAL model CM. Q is the eﬃciency with which the electric field generates thermal
energy by transferring energy to the current density J ⊥ perpendicular to the magnetic field. The energy is then thermalized by
collisions. The projection of J ⊥ on the driving electric field is the Pedersen current density. Q is the ratio of the actual heating
rate due to Pedersen current dissipation to the heating rate when J ⊥ is entirely a Pedersen current, which is the maximum
possible heating rate for given J ⊥ . It is found that Pedersen current dissipation is highly eﬃcient throughout the chromosphere,
but is highly ineﬃcient in the transition region and corona on the spatial scales of FAL CM. In the photosphere, the electron
magnetization, which is the product of the cyclotron frequency and the collision time is so small compared to unity that the
conductivity tensor is almost isotropic, implying there is no essential diﬀerence between Pedersen current dissipation and
magnetic field aligned current dissipation. It is the rapid increase with height of the magnetizations of electrons, protons and
metallic ions from 1 to 1 beginning near the height of the FAL CM temperature minimum that causes Pedersen current
dissipation to become essentially diﬀerent from magnetic field aligned current dissipation, and that causes Q to rapidly increase
from minimum values ∼0.1 near the temperature minimum to ∼1 in the lower chromosphere. Q remains ∼1 up to the transition
region in which it precipitously decreases with height to values 10−10 in the corona. It is proposed that the rapidly increasing
magnetization triggers the onset of heating by Pedersen current dissipation that causes the chromospheric temperature inversion
and heats the entire non-flaring chromosphere. The energy channeled by any mechanism into the generation of a center of mass
(CM) electric field that drives current perpendicular to the magnetic field is thermalized by Pedersen current dissipation at the
maximum possible rate throughout the chromosphere. The mechanism is damped in the chromosphere to the degree to which its
energy is channeled into the creation of the CM electric field. The results of the model are consistent with previous predictions
that slow magnetoacoustic waves heat network regions of the chromosphere through dissipation of Pedersen currents driven
by a wave generated convection electric field, and that electric current dissipation on the spatial scales of the FAL models is
insignificant for heating the transition region.
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1. Introduction
The net radiative loss from the solar chromosphere is
∼107 ergs cm−2 s−1 . This loss, and hence the chromospheric
heating rate, is 10 times that of the quiet transition region and
corona combined. It is an open question as to whether the
corona is heated homogeneously, or inhomogeneously in hot
loops. Observations by Aschwanden (2001) that support the
latter view indicate that regions of the corona permeated by
magnetic field lines that are connected to active regions contain plasma of chromospheric origin, that these regions emit
∼80% of the coronal net radiative loss near solar maximum,
and that this radiative loss is localized at heights 104 km
above the photosphere. These observations suggest that the
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corona is heated primarily near its base. If this is true, then
chromospheric processes might play an important role in coronal heating.
This paper presents magnetohydrodynamic (MHD) model
evidence that Pedersen current dissipation is a highly eﬃcient
mechanism for dissipating energy in electric currents that flow
orthogonal to the magnetic field in non-flaring regions of the
chromosphere. The model is based on the electrical conductivity tensor of a multi-species plasma derived under the assumption that the single particle distribution functions are close to
Maxwellian. This assumption is probably valid from the photosphere to the lower corona, defined as the region where the
temperature T  106 K, and the density n  109 cm−3 . For a
detailed discussion of the conditions under which this assumption is valid see Sect. 2.1 of Goodman (1998) and the references cited therein. The validity of the assumption increases as
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the temperature decreases, and as the density increases. Under
this assumption an accurate description of transport processes
is given by the classical transport coeﬃcients (Braginskii 1965;
Chapman & Cowling 1970; Mitchner & Kruger 1973; Balescu
1988). An accurate description of the relevant transport processes must be included in MHD models in order to reliably model MHD heating and flow generation mechanisms.
The classical transport coeﬃcients vary by orders of magnitude with height from the photosphere to the corona, and are
anisotropic in the presence of a magnetic field. They are tensors for electrical and thermal conduction, viscosity, and thermoelectric eﬀects.
The net radiative losses from the network, internetwork,
and non-flaring active regions of the chromosphere are all
∼107 ergs cm−2 s−1 . The primary diﬀerence between these
regions is the photospheric filling factor of magnetic field
concentrations, and their maximum field strengths. For these
regions these quantities are largest in active regions, and smallest in internetwork. This property of the photospheric magnetic
field is directly correlated with the chromospheric net radiative loss. Magnetic field concentrations in the photosphere remain unresolved on the smallest observable spatial scales of
∼0.5 for magnetograms (Domı́nguez Cerdeña et al. 2003),
and ∼0.2 for bright points associated with kilogauss magnetic
field concentrations (Lites et al. 1999). The magnetic field is
concentrated in the boundary regions of the granulation, and
the most intense heating in the overlying chromosphere is cospatial with the strongest magnetic field concentrations in these
regions. These facts suggest that a single mechanism heats the
network, internetwork, and non-flaring active regions of the
chromosphere, and that it is an MHD mechanism.
An MHD mechanism for heating the chromospheric network is proposed by Goodman (2000, 2001). The mechanism
involves dissipation of Pedersen currents driven by the convection electric field generated by slow magnetoacoustic waves.
Here it is argued that Pedersen current dissipation is an eﬃcient mechanism for dissipating the energy in electric current
that is driven orthogonal to the magnetic field by any process
that operates in non-flaring regions of the chromosphere. Such
a process is damped to the degree to which its energy is channeled into driving this current. Examples of such processes are
waves, quasi-steady flow across magnetic field lines, and possibly current sheet dynamics.
As observational resolution of the magnetic field in the
photosphere has increased, the observed strength and number of magnetic field concentrations in the internetwork have
also increased (Domı́nguez Cerdeña et al. 2003), and semiempirical modeling suggests that kilogauss strength magnetic
fields localized in regions with sub-resolution spatial dimensions (0.2 ) exist in the internetwork, and account for most
of the unsigned magnetic flux through the photosphere (see
references in Sect. 1.1). This raises the possibility that magnetic field concentrations exist in the internetwork in suﬃcient
strength and number to support an MHD mechanism for heating this region of the atmosphere. A summary of observational
and theoretical evidence that the internetwork chromosphere is
heated by an MHD mechanism is given in Sect. 1.1.

MHD mechanisms play a major role in heating the network
and active regions of the chromosphere, transition region, and
corona. This follows from the strong correlation between magnetic field strength and filling factor, and net radiative loss. An
active region may be divided into flaring and non-flaring regions. Flare generation mechanisms are not considered here.
However, anisotropic electrical conductivity, and the associated
Pedersen current dissipation might play an important role in
flare dynamics.

1.1. Magnetic fields and heating in the internetwork
chromosphere
Ca II bright grains are one signature of heating in the internetwork. Observations by Carlsson et al. (1997) and Judge &
Carpenter (1998) suggest that although the formation of the Ca
II H and K bright grains in the internetwork is probably due
to a hydrodynamic shock wave heating mechanism similar to
the one proposed by Carlsson & Stein (1997), the amount of
heating associated with these grains is more than an order of
magnitude less than what is required to heat the internetwork
chromosphere. A correlation between regions of high magnetic
flux density (4 Mx cm−2 ) and Ca II bright grains in the lower
internetwork chromosphere is indicated by the observations of
Sivaraman & Livingston (1982) and Sivaraman et al. (2000).
Observations of Lites et al. (1999) and Worden et al. (1999)
suggest that magnetic fields are not necessary for the production of the internetwork Ca II bright grains, consistent with the
accurate reproduction of spectral properties of these grains by
the simulations of Carlsson & Stein (1997). About 5−10% of
these grains occur with an intensity enhanced by a factor ∼3−4
at sites of enhanced magnetic field strength, which are probably sites of strong (∼500 G) photospheric flux tubes of the
type observed by Lin (1995) (Nindos & Zirin 1998; Lites et al.
1999; Krijger et al. 2001), suggesting that the presence of the
magnetic field amplifies an otherwise hydrodynamic heating
mechanism. Sivaraman et al. (2000) emphasize the importance
of including bipolar magnetic regions, in addition to apparently
unipolar regions when testing for a correlation between bright
grains and magnetic fields. By including these bipolar regions,
Sivaraman et al. (2000) establish an 85% spatial correlation
between bright grains and magnetic fields. The grains are not
isolated heating phenomena, but occur as localized enhancements over background Ca II intensity and velocity oscillations
that are coherent over regions with characteristic horizontal
dimensions ∼103 −104 km, with the intensity of the brightest
grains approaching that of network bright grains (von Uexküll
& Kneer 1995; Lites et al. 1999). The presence of magnetic
fields amplifies the intensity of CaII grains, but the complete
role of magnetic fields in grain formation is not clear.
The main mode of oscillation of the internetwork photosphere is the p mode oscillation. p modes have peak amplitude
at periods ∼5 min. They drive chromospheric oscillations that
have peak amplitudes at periods ∼2−8 min, horizontal coherence lengths ∼2000−8000 km, a vertical structure and dynamics that is accurately reproduced by the simulations of Carlsson
& Stein (1997), and that are strongly modified by the presence

M. L. Goodman: Eﬃciency of heating by Pedersen current dissipation

of internetwork magnetic fields (Hoekzema et al. 1997; Curdt
& Heinzel 1998; Lites et al. 1999; Wikstol et al. 2000; Judge
et al. 2001; Krijger et al. 2001).
Outside of CaII bright grains, a role for the magnetic field
in internetwork heating is suggested by observations of internetwork magnetic fields in the photosphere that indicate the
presence of 200−1300 G magnetic flux tubes over ∼15% of
the observation area (Grossman-Doerth et al. 1996), sparsely
distributed 500 G magnetic flux tubes (Lin 1995; Keller et al.
1994), and a weaker field component ∼200−500 G distributed
uniformly over the boundaries of the granulation (Lin &
Rimmele 1999; Solanki et al. 1996). This implies the presence
of magnetic fields in the overlying chromosphere that may play
a role in heating.
Observations and semi-empirical modeling suggest that
most of the magnetic flux through the photosphere in network, internetwork, plage, and sunspot penumbrae is not detected, that magnetic fields with strengths ∼102 −103 G exist on sub-resolution scales with flux tube diameters as small
as a few kilometers, and that these fields are often inferred
to be weak fields (Sánchez Almeida & Landi degl’Innocenti
1996; Sánchez Almeida et al. 1996; Sánchez Almeida
1997, 2000; Sánchez Almeida & Lites 2000; Muller et al.
2000; Sánchez Almeida et al. 2001; Berger & Title 2001;
Socas-Navarro & Sánchez Almeida 2002; Domı́nguez Cerdeña
et al. 2003). This inference is based on an assumed plasma
state that is a combination of the relatively low plasma density in, and hence low emission from, regions of relatively high
magnetic field strength, the embedding of these strong field
regions in relatively weak field, denser and strongly emitting
plasma in a resolution element, and the presence of mixed magnetic field polarities and geometries in a resolution element.
If such widespread, sub-resolution strong magnetic fields exist, they are potential sites for the excitation of MHD waves
over most of the surface of the Sun. Granular dynamics is one
mechanism for exciting such waves by interacting with magnetic flux tubes in granular boundaries (Kalkofen 1997; Hasan
& Kalkofen 1999; Hasan et al. 2000). Another possible wave
excitation mechanism is a photospheric dynamo. MHD simulations suggest that convection on mesogranular, granular, and
sub-resolution scales drives a turbulent dynamo that generates a
randomly oriented magnetic field with magnitudes ∼10−102 G
(Durney et al. 1993; Petrovay & Szakaly 1993; Cattaneo 1999;
Emonet & Cattaneo 2001; Cattaneo et al. 2001). There is observational evidence for the existence of these turbulent fields
(Stenflo 1982; Faurobert-Scholl 1993, 1994; Faurobert-Scholl
et al. 1995; Stenflo et al. 1998; Bianda et al. 1998; Faurobert
et al. 2001; Stenflo et al. 2001; Stenflo et al. 2002; Lites 2002),
and for the existence of MHD waves in the network and internetwork chromosphere (Curdt & Heinzel 1998; Krijger et al.
2001; McIntosh et al. 2001; McAteer et al. 2002), as well as
in photospheric network and plage (Sigwarth 2001). These results suggest that many strong magnetic field regions in the internetwork are not detected, that turbulent granular convection
excites MHD waves in these regions, and that photospheric dynamo action generates weaker turbulent magnetic fields that
also excite MHD waves in these strong field regions, believed
to be generated by the Sun’s internal dynamo localized in a
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velocity shear layer between the radiative and convection
zones. These observations and results from semi-empirical
models suggest that the dissipation of these waves is an important source of chromospheric heating over the entire surface of
the Sun outside of flaring regions.
The existence of magnetic field concentrations with magnitudes ∼102 −103 G over most of the solar surface also suggests
that the localized current distributions that must exist in the
presence of these localized fields make an important contribution to atmospheric heating through Pedersen current dissipation. For example, azimuthal currents must exist in the presence
of a vertical magnetic flux tube. These currents flow orthogonal to the magnetic field, and so are subject to some degree of
Pedersen current dissipation.

1.2. Elements of resistive heating
Any resistive heating mechanism is based on the electric field
transferring energy to the current density that is dissipated at a
rate determined by collisional or collisionless processes. In the
MHD model of a plasma these processes are represented by a
conductivity tensor σ̄.
The resistive heating rate per unit volume is
q = J · E

(1)

where
E = E +

U×B
·
c

(2)

Here J, E, B, U, E , and c are the current density, electric and
magnetic fields, center of mass (CM) velocity of the plasma,
the electric field in the CM frame of reference, and the speed
of light. q is the portion of the work done by the electric field
per unit volume and time on the charged particles that goes into
increasing the thermal energy of the plasma. The remainder of
the work done by the electric field goes into changing the CM
kinetic energy of the plasma through the magnetic force in the
momentum equation for the CM motion. The total work done
by the electric field is, of course, J · E.
The simplest form of Ohm’s law that describes anisotropic
resistive heating, and the one used here, is
J = σ̄ · E
= σ E +

(3)
σP E⊥



+ σH E × B̂

(4)

where E⊥ is the electric field perpendicular to B in the CM
frame of reference, E is the electric field parallel to B, B̂ is a
unit vector in the direction of B, and σ , σP , and σH are the total
parallel, Pedersen, and Hall conductivities. The corresponding
components of J are the parallel, Pedersen, and Hall current
densities.
From the Ohm’s law (4), and Eq. (1) it follows that
q = σ E2 + σP E⊥ 2
≡ q + qP .

(5)
(6)

q and qP are the heating rates due to dissipation of magnetic
field aligned and Pedersen currents. The Hall current is not dissipative since it is orthogonal to E .
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In this paper, heating due to dissipation of magnetic field
aligned currents is neglected. Partial justification for doing
this is the prediction in Goodman (2000) that in the lower
chromospheric network the heating rate due to dissipation of
these currents when they are driven by linear MHD waves is
∼106.5 −109.5 times smaller than that due to Pedersen current
dissipation. The relationship between qP /q and the degree to
which a magnetic field is force-free is discussed in Sect. 6.
The Pedersen and Hall current densities are
J P = σP E⊥
J H = σH E⊥ × B̂.

(7)
(8)

Then, if J ⊥ is the current density orthogonal to B,
J⊥2 = JP2 + JH2 ,

(9)

2. Model for the conductivity tensor
A model is needed for the Hall and Pedersen conductivities in
order to evaluate Q for a multi-species plasma that characterizes the atmosphere from the photosphere to the lower corona.
This model must be valid for a H-He gas that ranges from
weakly to fully ionized, and that contains trace concentrations
of metallic ions. Such a model is derived in this section. The
usefulness of the derived conductivity tensor extends beyond
the calculation of Q in this paper since the conductivity tensor
does not depend on any assumptions about spatial or time dependence. It may be used in a model that depends on any number of dimensions and that is time dependent. The conductivity
tensor depends on temperature, particle densities, and magnetic
field strength. It may be used in any model that computes these
quantities self consistently or takes them as inputs. It may play
an important role in future MHD models that describe solar
atmospheric dynamics.

and qP may be written as
qP =
≡

2.1. Conductivity tensor for a three species plasma

σP J⊥2
σ2P + σ2H
σ2P
σ2P + σ2H

(10)
qP,max

(11)

where qP,max is the maximum possible value of qP for given J ⊥ ,
achieved when J P = J ⊥ .
The eﬃciency Q of Pedersen current dissipation is then
Q =

qP

qP,max
1
=
 σ 2 ·
1 + σHP

Mitchner & Kruger (1973) use an MHD model to derive the
Ohm’s law for a three component plasma consisting of electrons, neutrals, and singly charged ions. The degree of ionization is arbitrary. Neglecting electron pressure gradient eﬀects,
consistent with the assumed Ohm’s law Eq. (3), the derived
Ohm’s law gives
σ = σ(e)


(14)

(12)

σP =

(15)

(13)

σH =

Q is the eﬃciency with which E⊥ transfers energy to J ⊥ that is
then thermalized by Coulomb collisions or wave particle scattering. In order to compute qP it is necessary to use a more
general model that computes E⊥ . Although Q does not give any
indication of the value of qP , except when Q = 0, its value indicates how eﬃciently the mechanism that generates E⊥ heats
the atmosphere.

1.3. Relation to previous work
The model extends aspects of the model used in Goodman
(2000) in the following way. The assumption of weak ionization, and the corresponding restriction that the electrical
conductivity is due only to electron-H, proton-H, and ion-H
collisions are removed. The model allows for a variable, arbitrary degree of ionization as a function of height, and includes
charged-charged and charged-HeI particle collisions in the calculation of the conductivity tensor. Above the lower chromosphere, electron-proton collisions are important in determining
the conductivity tensor, and completely dominate chargedneutral particle collisions from the upper chromosphere into
the lower corona. This extension allows the calculation of Q to
be extended above the lower chromosphere into the corona.

σ(e)
 =
Γ =
Me =
Mi =
ωe =
ωi =
ν∗i =
min =

σ (1 + Γ)
(1 + Γ)2 + Me2
−Me σ
(1 + Γ)2 + Me2
n e e2
me νeh
 2
ρn
Me Mi
ρ
ωe
νeh
ωi
ν∗i
eB
me c
eB
mi c
mn
νin
mi + mn
mi mn
·
mi + mn

(16)
(17)
(18)
(19)
(20)
(21)
(22)
(23)
(24)

∗
Here σ(e)
 , ne , e, me , B, ρ, ρn , νeh , νin , ωe , mn , mi , min , ωi , and νi
are the electron conductivity parallel to B, electron number
density, magnitude of the electron charge, electron mass, |B|,
total mass density, neutral particle mass density, electron-heavy
particle collision frequency = νen + νei = electron-neutral collision frequency + electron-ion collision frequency, ion-neutral
collision frequency, electron cyclotron frequency, neutral
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particle mass, ion mass, ion-neutral particle reduced mass, ion
cyclotron frequency, and reduced ion collision frequency.
Me and Mi are the magnetizations of electrons and ions. In
general, for a plasma with any number of species the magnetization of any species s is defined as
ωs
(25)
Ms = ∗
νs
|q s |B
(26)
ωs =
msc
 mj
ν∗s =
νs j
(27)
ms + m j
js

≡
ν∗s j
(28)
js

where q s , ν∗s , ν∗s j , and ν s j are the charge and total reduced collision frequency of species s, the reduced collision frequency
of a particle of species s with particles of species j, and the
collision frequency of a particle of species s with particles of
species j. Since the electron mass is so much smaller than all

other particle masses, ν∗e ∼ j νe j ≡ νe which is the total collision frequency of electrons with all other species. The meaning of ν∗s and ν∗s j in terms of the rate of collisional momentum
transfer to species s is as follows. In the momentum equation
for species s, the rate per unit volume at which collisions with
species j transfer momentum to species s is


(29)
Ṗ s j = ρ s ν∗s j V j − V s ,
where V j and V s are the fluid velocities of species j and s,
and ρ s is the mass density of species s. Then the rate per unit
volume at which momentum is transferred to species s by collisions with all unlike species is

Ṗ s j = ρ s ν∗s ( V − V s )
(30)
js

≡



ṗs j

(31)

js

where
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Given the total conductivity tensor defined by Eqs. (14)–(24),
the electron and ion conductivity tensors are determined as
follows.
Let Ue , Ui , and Un be the diﬀusion velocities of electrons,
ions, and neutrals measured with respect to the center of mass
velocity U. Let ue , ui , and un be the velocities of the electron,
ion, and neutral fluids. Then, by definition,
ρe Ue + ρi Ui + ρn Un
ρ
U e = ue − U
U =

Ui = ui − U
Un = un − U

(35)
(36)
(37)
(38)

so that
ρe Ue + ρi Ui + ρn Un = 0.

(39)

The total current density is the sum of the electron and ion current densities.
J = Ji + Je
= e(ni Ui − ne Ue )

(40)
(41)

where n s is the number density of species s.
Solving Eqs. (39) and (41) for the electron and ion diﬀusion
velocities gives
−mi J − eρn Un
ene (me + mi )
me J − eρn Un
=
eni (me + mi )

U(e) =

(42)

U(i)

(43)

using the quasi-neutrality condition that ne = ni .
An approximate expression for the neutral fluid diﬀusion
velocity in terms of J is (Mitchner & Kruger 1973, Sect. IV.8)


1/2

ρi 
me
J 
ρn
J ×B−
Un = −
(44)
·
ρ
ρne min νin c
min
ene 

is the reduced collision frequency weighted average fluid velocity of the unlike particle species, and

Substitution of Eq. (44) into Eqs. (42) and (43) gives Ue and Ui
in terms of J and J × B. Since J e = −ene Ue and J i = eni Ui ,
this gives

1/2 



ρn me
 J − Γ J × B̂
J e = 1 −
(45)
ρ min
Me

ṗs j = ρ s ν∗s j ( V − V s )

and

V =



∗
js ν s j V j

∗
js ν s j

(32)

(33)

is an average rate per unit volume at which collisions with
species j transfer momentum to species s. Equations (31)–(33)
show that the total rate of momentum transfer to species s may
be written as a sum over momentum transfer rates from unlike
species each of which has velocity V . Then ν∗s j is the eﬀective
collision frequency for these momentum transfer rates, and ν∗s
is the corresponding eﬀective total collision frequency. ν∗s j and
ν∗s are called reduced collision frequencies since ν∗s j < ν s j .
Using Eqs. (15) and (16), Eq. (13) for the eﬃciency of heating due to Pedersen current dissipation becomes
Q=

1+

1
 M 2 ·
e

1+Γ

(34)

Ji =

1/2

ρn me
Γ
J+
J × B̂,
ρ min
Me

(46)

ignoring terms of order me /mi . Equations (45) and (46) are
transformed into equations for the elements of the electron and
ion conductivity tensors in the following way.
Use the Ohm’s law Eq. (4) for J to express the right hand
sides of Eqs. (45) and (46) in terms of the elements of the total
conductivity tensor. Next write the Ohm’s laws for the electron
and ion fluids as
(e) 
(e) 
J e = σ(e)
 E + σP E⊥ + σH E × B̂

(47)

(i) 
(i) 
J i = σ(i)
 E + σP E⊥ + σH E × B̂.

(48)
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Use Eqs. (47) and (48) to express the left hand sides of
Eqs. (45) and (46) in terms of the elements of the electron and
ion conductivity tensors. Then, each of Eqs. (45) and (46) becomes a linear combination of E , E⊥ , and E × B̂ that is equal
to zero. Since these components of E are orthogonal, the coefficient of each of these components must vanish in each equation. Setting these coeﬃcients equal to zero gives the elements
of the electron and ion conductivity tensors as

1/2 



ρn me
(e)
 σ

(49)
σ = 1 −
ρ min


1/2 


 σP + Γ σH
1 − ρn me
σ(e)
=
(50)
P
ρ min
Me


1/2 


m
Γ
ρ
n
e
(e)
 σH
σH = − σP + 1 −
(51)
Me
ρ min

of species in the solar atmosphere is much larger than three.
The atmosphere consists primarily of electrons, protons, singly
charged metallic ions, H, He I, He II, and He III. Multiply
charged ions other than HeIII exist in the transition region and
corona, but their number density is orders of magnitude smaller
than that of HeIII. For the purpose of computing an approximate conductivity tensor the atmosphere is modeled here as
a three species plasma described in Sect. 2.2.1. Then the conductivities in Sect. 2.1 are used for the conductivities of this
plasma. It is possible to extend the three species conductivity model in Mitchner & Kruger (1973) to more species by
straightforward but lengthy calculation. This is not done here
since it is not expected to provide much more important information than the three species model.

and

The height dependent profiles of temperature and particle densities predicted by a model that is essentially model CM of
Fontenla et al. (2002, henceforth FAL CM), as communicated
by Avrett & Loeser (2001), are used as inputs to the model.
Although the FAL model used here diﬀers slightly from FAL
CM, it is referred to here as FAL CM. The FAL models are extensions of models of Vernazza et al. (1981) above the Lyman
α plateau. The FAL models are time and horizontally space
averaged, hydrostatic, NLTE semi-empirical models. Although
important dynamical features of the atmosphere cannot be described by these models (Carlsson & Stein 2002), they provide
a useful, quantitative first approximation to the vertical temperature and density structure of the chromosphere (Kalkofen
2001).
According to the FAL models, the vertical temperature and
density structure of network, internetwork, and plage regions
are similar. Assuming this is true, FAL CM is taken to describe
all of these regions. The regions are distinguished here by different values of the photospheric magnetic field strength.
Let the densities of electrons, protons, H, HeI, HeII, HeIII,
C, Si, Al, Mg, Fe, Na, and Ca be given by FAL CM. The H
density includes atomic and molecular hydrogen, and the HeI
density includes excited HeI.
Let the singly charged metallic ions be collectively represented by a single proxy metallic ion (henceforth proxy ion),
denoted by i. The metallic ions contribute most of the free electrons, and emit most of the net radiative loss in the lower chromosphere (Anderson & Athay 1989 a,b).
The proxy ion number density ni is determined by the
quasi-neutrality condition



1/2

ρn me
σ
ρ min

1/2
ρn me
Γ
=
σP −
σH
ρ min
Me
1/2

Γ
ρn me
=
σP +
σH .
Me
ρ min

σ(i)
 =

(52)

σ(i)
P

(53)

σ(i)
H

(54)

(i)
(e)
(i)
These equations satisfy σ = σ(e)
 + σ , σP = σP + σP , and

(i)
σH = σ(e)
H + σH , as required. However, Eqs. (49) and (52)
are inconsistent with Eq. (14) which states that σ = σ(e)
 .
Equation (14) is an approximation which neglects the contribution of the ions to σ . This is a good approximation,
but it introduces a small error of order (ρn /ρ)(me /min )1/2 ≤
(i)
(me /min )1/2
1 in the derivation of σ(e)
 and σ from the
total conductivities. Neglecting terms of this order compared
to unity, and using the expressions for the total conductivities
given by Eqs. (14)–(16), Eqs. (49)–(54) become

σ(e)
= σ


(55)

σ(e)
P =

(56)

σ(e)
H =
σ(i)
 =
σ(i)
P =
σ(i)
H =

σ
(1 + Γ)2 + Me2


−σ Γ(1 + Γ) + Me2


Me (1 + Γ)2 + Me2
1/2

ρn me
σ
ρ min

1/2 



ρn me
(e) 


σP Γ +
ρ min




 ρn me 1/2
Γ (1 + Γ) 
(e) 

σP −
Me +
·
ρ min
Me 

(57)

(58)
(59)
(60)

2.2.1. Model plasma composition

ni = ne − (np + nHeII + 2nHeIII ),

(61)

which states that the total charge density is zero in the MHD
approximation.
The proxy ion mass mi (z) is defined by
ρC + ρSi + ρAl + ρMg + ρFe + ρNa + ρCa
,
nC + nSi + nAl + nMg + nFe + nNa + nCa

2.2. Approximate conductivity tensor for the solar
atmosphere

mi (z) =

The conductivities in Sect. 2.1 are for a three species plasma
of electrons, singly charged ions, and neutrals. The number

where z is the height above the base of the photosphere at z = 0.
Here the photosphere is defined to be the region between z = 0

(62)

M. L. Goodman: Eﬃciency of heating by Pedersen current dissipation

and the height HT min = 525 km of the FAL CM temperature
minimum.
The protons and proxy ions are collectively represented by an eﬀective singly charged ion denoted by i, eﬀ.
Mathematically, the eﬀective ion enters the model only through
its magnetization Mi, eﬀ and its mass mi, eﬀ . They are defined by
ni Mi + np Mp
ni + np
n i mi + n p mp
=
·
ni + np

Mi, eﬀ =

(63)

mi, eﬀ

(64)

He II and He III are omitted from the definition of i, eﬀ. The
reason is that their number densities are many orders of magnitude smaller than those of proxy ions and protons in the photosphere and chromosphere so that their relative contribution to
the current density in this region is insignificant. In the transition and corona, ne ∼ np  nHeIII  ni  nHeII , but there the
current density is almost entirely carried by electrons.
As discussed in Sect. 4, and shown in Fig. 6, the reduced
collision frequencies of protons and proxy ions with one another are orders of magnitude less than their reduced collision
frequencies with H and HeI from the photosphere to the upper chromosphere. Then the protons and proxy ions scatter independently of one another so to a good approximation their
contributions to the collisional rate of momentum transfer to
the eﬀective ion are additive. Collisions of protons and proxy
ions with electrons, HeII and HeIII are not important due to
the relatively small mass of the electrons and the small number
densities of the He ions compared with the number densities of
protons and H.
H and HeI are collectively represented by a single neutral
component with a mass
nH mp + nHeI mHeI
·
(65)
mn =
nH + nHeI
This procedure of representing several particle species by a
single proxy particle species allows the plasma to be approximately described by a three species plasma. The model plasma
then consists of electrons, a singly charged ion species that represents protons and metallic ions, and a neutral species that represents H and HeI.

2.2.2. Collision frequencies and magnetizations
The general definitions of the magnetization and reduced collision frequencies for any species s are given by Eqs. (25)–(28).
The magnetizations of electrons, protons, and proxy ions
are
ωe
(66)
Me = ∗
νe
ωp
(67)
Mp = ∗
νp
ωi
Mi = ∗ ,
(68)
νi
where the total reduced collision frequencies are computed
from
ν∗e = ν∗ep + ν∗ei + ν∗eH + ν∗e, HeI + ν∗e, HeII + ν∗e, HeIII

(69)
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ν∗p = ν∗pe + ν∗pi + ν∗pH + ν∗p, HeI + ν∗p, HeII + ν∗p, HeIII
ν∗i

=

ν∗ie

+

ν∗ip

+

ν∗iH

+

ν∗i, HeI

+

ν∗i, HeII

+

ν∗i, HeIII .

(70)
(71)

The collision frequencies νkl that are needed to compute ν∗kl are
given by standard expressions listed in Sect. 2.2.3. They are
functions of temperature, and of the particle number densities
and masses.

2.2.3. Collision frequencies
The collision frequencies that enter into the computation of the
electrical conductivity are of two types: charged-neutral and
charged-charged. Let the subscripts 0, +, and e denote neutral particles, positively charged particles, and electrons. Let
the subscript + j denote positively charged particles of type j.
Let σ = 5 × 10−15 cm2 be the scattering cross section for
charged-neutral scattering (Krall & Trivelpiece 1986; Book
1994). Let mi j be the reduced mass of particles i and j.
The charged-neutral collision frequency is

ν+ or e,0 = n0 σ

3kB T
m+ or e,0

1/2
·

(72)

There are three types of charged-charged collision frequencies.
√
4 2π Z+2 e4 ne ln Λ
ν+, e =
(73)
3/2
3 m1/2
e (kB T )
where Z+ is the charge number of the positively charged
particle.
√
4 2π Z+2 e4 n+ ln Λ
νe,+ =
·
(74)
3/2
3 m1/2
e (kB T )
ν+1,+2

√ 2 2 4
Z2+ e n+2 ln Λ
4 π Z1+
=
·
3 m1/2 (kB T )3/2

(75)

1+,2+

Here ln Λ is the Coulomb logarithm, defined by


3λD kB T
,
ln Λ = ln
Z1 Z2 e2

(76)

where Z1 and Z2 are the charge numbers of the two colliding particles, and λD is the Debye length for a multi-species
plasma, defined by (Ichimaru 1973)


 4πn sq2s −1/2

,
λD = 
kB T 
s

(77)

where the sum is over all charged species.

2.2.4. Conductivities
The elements of the total conductivity tensor are finally given
by Eqs. (14)–(18) with the ion species being the eﬀective ion
species that represents protons and metallic ions, and the neutral species being the proxy neutral species that represents H
and HeI, as defined in Sect. 2.1.1. The elements of the total
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conductivity tensor for this three species representation of the
solar atmospheric plasma are then
σ = σ(e)


(78)

σP =

(79)

σ (1 + Γ)
(1 + Γ)2 + Me2
−Me σ
σH =
(1 + Γ)2 + Me2
n e e2
σ(e)
=

me ν∗e
 2
ρn
Γ =
Me Mi, eﬀ .
ρ

(80)
(81)
(82)

Me is given by Eq. (66). Mi, eﬀ is given by Eqs. (63), (67),
and (68).
ρ = ρe + ρp + ρi + ρH + ρHeI + ρHeII + ρHeIII
ρn = ρH + ρHeI .

(83)
(84)

Similarly, the elements of the electron and eﬀective ion conductivity tensors are formally obtained from Eqs. (55)–(60) by letting i → i, eﬀ, and using Eqs. (64) and (65) to compute m(i, eﬀ)n .
The conductivity tensors, and Q as given by Eq. (34) may then
be computed once B is known.

3. Magnetic field magnitude
Only the magnitude of the magnetic field appears in the model.
It is assumed to be given by


z
dη
B(z) = B(0) exp −γ
·
(85)
0 2L(η)
Here
L(z) =

kB T (z)
m(z) g

(86)

is the ideal gas pressure scale height for a multi-species plasma,
where the average particle mass m(z) is defined by
m(z) =

ρ
·
n

(87)

Here n is the total number density, g = 2.74 × 104 cm s−2 is
the solar gravitational acceleration at the photosphere, kB is
Boltzmann’s constant, and γ = 0.7326 is an ad hoc constant
chosen so that B(z) decreases by a factor of 100 from the photosphere to the maximum height zmax ∼ 1.904 × 104 km of the
FAL CM atmosphere. Since T (zmax ) = 1.58631 × 106 K, FAL
CM includes the lower corona.
Any reasonable choice for the variation of B with height
gives the same basic numerical results reported in Sect. 4.
The reason is that these results follow primarily from the
rapid increase of particle magnetization with height that begins near HT min . When the plasma is weakly ionized, only
charged particle-H collisions are important in determining the
conductivity, in which case M s ∝ BT 1/2/nH . When the plasma
is mostly ionized it is primarily electrons and protons, and
electron-proton collisions that determine the conductivity with
ne ∼ np , in which case M s ∝ BT 3/2/n s for s = e, p. Then,

largely independent of the degree of ionization, the rapid increase in temperature, and rapid decrease in density with increasing height ensure that M s rapidly increases with height
near HT min from values 1 to values 1 for any realistic variation of B with height.
The analysis in this paper is independent of the geometry
of the magnetic field since the conductivities depend on the
magnetic field only through its magnitude. The analysis in this
paper is also independent of any assumption about the mechanism that generates the electric field that drives the Pedersen
current. Then the result shown in Figs. 4 and 10 that Q rapidly
approaches unity in the lower chromosphere, remains unity into
the upper chromosphere, and then rapidly decreases to very
small values in the transition region and lower corona is valid
for any mechanism that generates a CM electric field that drives
current orthogonal to the magnetic field. Similarly, the proof
in Sect. 5 that for any weakly ionized plasma Q rapidly approaches unity as the charged particles become magnetized is
valid for any such mechanism.

4. Numerical examples and general properties
of solutions
The numerical examples are generated using the conductivities
in Sect. 2.2.4. The only input to the model that remains to be
specified is B(0), the magnetic field strength at the base of the
photosphere. Figures 1–9 show properties of the solution to the
model for B(0) = 500 G. The height range for all figures is
from z = 0 to z = 1.904 × 104 km. In all but one of these
figures a logarithmic height scale is used, and the height range
is shifted upward by 1 km to ensure that z = 0 corresponds to
log10 (z + 1) = 0.
Figures 1 and 2 show the profiles of temperature, magnetic
field strength, proxy ion mass, and number densities that are
inputs to the model. HT min = 525 km where T = 4500 K.
Figures 3 and 4 show the total parallel, Pedersen, and Hall
conductivities, the eﬃciency Q of Pedersen current dissipation,
and the magnetization of the charged particles as functions of
height. The ratio σP /σH determines the heating eﬃciency Q
through Eq. (34), and the magnetizations Me and Mi, eﬀ play a
major role in determining σP and σH .
From the photosphere to the upper chromosphere, ρn /ρ ∼
1. This height range is divided into three regions in Figs. 3
and 4.
1.
The first region is near z = 0. In this region Me
This implies that Mi, eﬀ
1 since the proton and metallic
ion masses are much larger than the electron mass, and since
. Then
the magnetization of a species s is roughly ∝ m−1/2
s
from Eqs. (34), (79), and (80) it follows that Q ∼ 1 and
σP ∼ σ  σH . Although Q ∼ 1 in this region there is no
essential diﬀerence between Pedersen current dissipation and
magnetic field aligned (parallel) current dissipation. The reason is that the magnetizations are so small that the conductivity
tensor is almost isotropic, so the conductivity in any direction
is essentially σ . The heating rate in this region is ∼σ |E |2 ,
and the current in any direction is almost entirely an electron
current. Although B does not have a significant eﬀect on the
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Fig. 1. Temperature, magnetic field strength, and proxy ion mass as functions of height. The proxy ion mass is given in units of five times the
proton mass.

conductivity tensor, it can play an important role in determining the heating rate since it partly determines E⊥ .
A necessary and suﬃcient condition that Pedersen current
dissipation be both eﬃcient and significantly diﬀerent from
parallel current dissipation is that σH
σP
σ . The first
inequality states that Q ∼ 1. The second inequality is based on
the fact that σP ≤ σ , with equality holding when B = 0. In
general, in the photosphere and chromosphere,
Q∼

1
1+

,

Me2

(88)

2

(1+Me Mi, eﬀ )

and
1 + Me Mi, eﬀ
σP
∼
·

σ
1 + Me Mi, eﬀ 2 + Me2

(89)

1 or Mi, eﬀ  2,
It follows from Eq. (88) that Q ∼ 1 ⇔ Me
and from Eq. (89) that σP /σ
1 ⇔ Me  1, using Me 
Mi, eﬀ . Then Pedersen current dissipation can be important only
in regions where Me  1 and Mi, eﬀ  2. As discussed in the
context of Figs. 10 and 11, the range 100 ≤ B(0) ≤ 1500 G defines a transition layer in the height range ∆H ∼ 400−800 km
that separates underlying plasma in which Pedersen current
dissipation is not important from overlying plasma in which
Me  1 and Mi, eﬀ  2, and hence in which Pedersen current
dissipation is a distinctly diﬀerent heating mechanism from

parallel current dissipation, and is very eﬃcient, and so can be
important.
The second region extends from z ∼ 100−200 km to

−1
HT min . In this region Me Mi, eﬀ  1, Q ∼ 1 + Me2 , and
σP  σH
σ . Q rapidly decreases with increasing height
since Me rapidly increases with height. The minimum value of
Q is 0.09, and occurs at HT min . In this region the conductivity
tensor is anisotropic, but heating by Pedersen current dissipation is ineﬃcient.
The third region is the chromosphere. In this region
Mi, eﬀ  1 so that Q ∼ 1/(1 + Mi,−2eﬀ ) ∼ 1, and σH
σP
σ .
There is a rapid transition between the second and third regions caused by the rapid increase of Me and Mi, eﬀ with height
in the lower chromosphere. Over the height range from HT min
to z = 1036 km, Q increases by two orders of magnitude from
0.09 to 0.9. This is the height range of the lower chromosphere.
Q first reaches 0.5 at z = 813 km, which is the height at which
Mp reaches unity. Mi first reaches unity at z = 881 km. There
is a strong positive correlation between the rapid increase of Q
from 1 to ∼1, and the rapid increase of Mi, eﬀ from 1 to 1
in the lower chromosphere. This rapid increase of Mi, eﬀ causes
J ⊥ to be rapidly transformed from being orthogonal to E⊥ ,
and hence a Hall current density, to being parallel to E⊥ , and
hence a Pedersen current density, thereby maximizing the eﬃciency Q with which the CM electric field transfers energy to
the plasma that is thermalized by collisions. From z = 1036 km,
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Fig. 2. Number densities of H, HeI, electrons, protons, and proxy ions as functions of height. The densities of HeII and HeIII are not shown
since they are orders of magnitude less than the plotted number densities in the photosphere and chromosphere, and do not make a significant
contribution to the Pedersen current anywhere.

Q rapidly increases from 0.9 to unity, remains equal to unity
into the upper chromosphere up to z ∼ 2168 km, and then, as
the plasma rapidly becomes highly ionized, decreases precipitously to very small values in the transition region and lower
corona. Then current that flows perpendicular to the magnetic
field is dissipated with high eﬃciency in the chromosphere, but
is dissipated with very low eﬃciency in the overlying highly
ionized atmosphere. Even for B(0) = 1500 G the range of Q
from the transition region into the lower corona is from ∼10−5
at z = 2170 km to ∼10−14 at z = 1.9 × 104 km.
The reason Q → 0 as the plasma becomes highly ionized is as follows. For B(0)  3000 G the rapid decrease of
ρn /ρ with height to small values beginning in the transition region causes Γ to decrease to 1. Then Q ∼ Me−2
1 since
Me  1. Q 1 in any fully ionized plasma when the electrons
are strongly magnetized. Heating by Pedersen current dissipation is very ineﬃcient in a fully ionized, strongly magnetized
plasma.
The rapid decrease of Q to very small values in the transition region and corona is consistent with the model result in
Goodman (1998) that the resistive dissipation rate of currents
in the transition region on the spatial scales of the FAL models
is many orders of magnitude smaller than the net radiative loss
from this region. These results suggest that Pedersen current

dissipation is not significant for heating the transition region or
corona on the spatial scales of the FAL models.
Figure 5 shows the ratio JP(i, eﬀ) /JP(e) as a function of height.
The Pedersen current is an electron current for z < HT min ,
rapidly makes the transition to an eﬀective ion current above
HT min , remains an eﬀective ion current throughout the chromosphere, and rapidly changes back to an electron current in the
transition region. In general,
JP(i, eﬀ)
JP(e)

=

σP(i, eﬀ)

σ(e)
P


1/2

ρn  me
ρn
=
+ Me Mi, eﬀ  .


ρ m(i, eﬀ)n
ρ

(90)
(91)

In the photosphere and chromosphere, where ρn /ρ ∼ 1, the
1, and is
right hand side of Eq. (91) is 1 for Me Mi, eﬀ


∼Me Mi, eﬀ for Me Mi, eﬀ  me /m(i, eﬀ)n 1/2 . The rapid increase
of Me Mi, eﬀ near HT min from 1 to 1 with increasing height
in the lower chromosphere implies that the eﬀective ions carry
the Pedersen current in the chromosphere. In and above the
transition region, ρn /ρ → 0 in which case JP(i, eﬀ) /JP(e) ∼ Γ. For
B(0) = 1500 G, Γ decreases to 0.1372 in the corona. For other
values of B(0), Γ decreases to 0.1372 (B(0)(G)/1500)2. The
electrons dominate the Pedersen current in the corona except
for B(0)  3000 G.
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Fig. 3. Total parallel, Pedersen, and Hall electrical conductivities as functions of height.

Figure 6 shows the relative importance of electron-neutral
versus electron-proxy ion and electron-proton collisions, of
proton-neutral versus proton-proxy ion collisions, and of proxy
ion-neutral versus proxy ion-proton collisions. Collisions of
electrons with HeII and HeIII, and of protons and proxy ions
with HeII, HeIII, and electrons are relatively unimportant.
Figure 6 shows that from the photosphere to the upper chromosphere the charged-neutral reduced collision frequencies of
protons and proxy ions are much greater than their chargedcharged reduced collision frequencies. This means that in this
height range the conductivities of the protons and proxy ions
are those for a weakly ionized plasma. This allows for an accurate estimate of the relative contribution of the protons and
proxy ions to the eﬀective ion Pedersen current in the chromosphere. This estimate is obtained as follows. The conductivity
tensors in a weakly ionized plasma are given in Sect. 5. In particular, the Pedersen conductivity is given by Eq. (98). Then
(p)

JP

JP(i)

(p)

=

σP

σ(i)
P


np mi (mi + mn ) 1/2 1 + Mi2
=
ni mp (mp + mn )
1 + Mp2

(92)
(93)

from the photosphere to the upper chromosphere. Figure 7
(p)
shows a plot of JP /JP(i) as given by Eq. (93) for 0 ≤ z ≤
(p)
2157 km. The figure shows that JP = JP(i) at z = 185 km, and at
z = 589 km, just above HT min where the proton density begins

to rapidly increase from its minimum value, and where, according to Fig. 2, ni /np is a maximum. At z = 589 km, Q is essentially at its minimum value of ∼0.09, and rapidly increases to
unity above this height. The Pedersen current throughout the
region of the chromosphere where Q ∼ 1 is a proton current.
Figure 8 shows the fractional contribution of the electrons
and eﬀective ions to the total Hall current as a function of
height. The Hall current is an electron current everywhere except for z ∼ 1000−2170 km where the electron and eﬀective
ion Hall conductivities, and hence currents, largely cancel. This
cancelation begins to occur rapidly at z ∼ 700 km, and leads to
small values of (σH /σP )2 , and hence to values of Q ∼ 1. The
electron and eﬀective ion Hall currents have opposite sign in
the height range 0 ≤ z ≤ 2170 km, which is the photosphere
and chromosphere, and otherwise have the same sign.
Figure 9 shows the ratio of the magnitudes of the Pedersen
and Hall current densities for the electrons and eﬀective ions as
a function of height. The Pedersen current dominates in regions
where the magnetization is small, but, as already discussed, in
such regions the conductivity tensor is approximately isotropic,
and there is no essential diﬀerence between Pedersen and parallel current dissipation. In the chromosphere the Hall currents
dominate due to the large magnetizations. Although the electron and eﬀective ion Hall currents dominate the associated
Pedersen currents throughout most of the chromosphere, they
largely cancel in this region as discussed in the context of
Fig. 8. The behavior in the transition region and corona is
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Fig. 4. Heating eﬃciency, and magnetization of electrons, protons, proxy ions, and eﬀective ions as functions of height.

complicated by the rapid decrease of ρn /ρ from ∼1 below the
transition region to 1 in and above the transition region.
The general behavior of the ratio for the electrons may be understood analytically as follows. Since Me  (ρn /ρ)2 Mi, eﬀ ,
Eqs. (56) and (57) imply that
(e)
|JP(e) /JH(e) | = |σ(e)
P /σH |

∼

(94)
1


·
Me 1 + (ρn /ρ)4 Mi,2 eﬀ

(95)

Me and Mi, eﬀ increase monotonically with height, reaching
unity at z ∼ 300 km and z ∼ 800 km, ρn /ρ ∼ 1 in the photosphere and chromosphere, and (ρn /ρ)4 Mi,2 eﬀ rapidly decreases
to 1 in the transition region. Then Eq. (95) implies the following. For z  800 km, |JP(e) /JH(e) | ∼ Me−1 . For z between ∼800 km
and the transition region, |JP(e) /JH(e) | ∼ 1/(Me (1 + Mi,2 eﬀ )).
Above the transition region |JP(e) /JH(e) | ∼ Me−1 . The behavior
of the ratio for the ions is more complicated as indicated by
Eqs. (59) and (60). However, some general properties of this
behavior are determined analytically as follows. Mi, eﬀ  1
for z  800 km. Then between z ∼ 800 km and the tran(i, eﬀ)
| ∼ Mi,−1eﬀ  1,
sition region |JP(i, eﬀ) /JH(i, eﬀ) | = |σP(i, eﬀ) /σH
and decreases rapidly with height. Above the transition re1, in which case |JP(i, eﬀ) /JH(i, eﬀ) | ∼
gion Γ
1 and ρn /ρ
1/2
(mp /2me ) (ρn /ρ)Mp , which is found to be ∼1.

Figure 10 shows how Q varies with z for a range of values
of B(0). For B(0)  1500 G, and as discussed for the case of
B(0) = 500 G in the context of Fig. 4, Pedersen current dissipation is not significantly diﬀerent from parallel current dissipation in the region below HT min where Q is large since there
σP /σ ∼ 1. Even for B(0) = 3000 G, which is comparable
to sunspot field strengths, the magnetizations are suﬃciently
small at z = 0 to make Q(0) moderately large. Then Pedersen
current dissipation as distinct from parallel current dissipation
σ is not important in the photosphere.
in the sense that σP
Figure 10 also shows that for 100 ≤ B(0) ≤ 3000 G the
heights of the corresponding local minima Qmin in Q(z) are in
the height range ∆H ∼ 300−800 km, centered near HT min . For
this range of B(0) it is found that the height at which Q = Qmin
is essentially the height at which Me Mi, eﬀ = 1. A value of
Me Mi, eﬀ may be translated into values of Me and Mi, eﬀ in the
following way. As discussed in the context of Fig. 6, in the photosphere and chromosphere the collisional momentum transfer
to the eﬀective ions is essentially due to eﬀective ion-neutral
particle collisions. It follows that Mi, eﬀ ∼ (me /m(i, eﬀ)n )1/2 Me .
The eﬀective ions are a mixture of proxy ions and protons. In
∆H, mp ≤ mi, eﬀ ≤ 37.3 mp . Since the neutral species mass in
∆H is ∼1.27mp, it follows that 0.02  (me /m(i, eﬀ)n )1/2  0.03.
Then it is a good approximation to take Mi, eﬀ ∼ 0.025Me
in ∆H. Then Me Mi, eﬀ ∼ 40Mi,2 eﬀ , so that if Me Mi, eﬀ = 1 then
Mi, eﬀ ∼ 0.16, Me ∼ 6.3, and Eq. (89) implies that σ ∼ 22σP .
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Fig. 5. Ratio of the eﬀective ion Pedersen current density to the electron Pedersen current density as a function of height.

Since Me and Mi, eﬀ vary rapidly with height near the height
of Qmin , and since the condition that Pedersen current dissipation be essentially diﬀerent from parallel current dissipation
is σ  σP , it follows from Eq. (89) that for 100 ≤ B(0) ≤
3000 G, ∆H separates underlying plasma in which Pedersen
current dissipation is not important from overlying plasma in
which Pedersen current dissipation is an essentially diﬀerent
heating mechanism from parallel current dissipation. Figure 11
shows how σ /σP varies with z for the same values of B(0)
used for Fig. 10. Figure 10 shows that Q rapidly increases to
unity above the height of Qmin . It follows that ∆H is a transition
layer between underying plasma in which Pedersen current dissipation is not important from overlying plasma in which it is
distinctly diﬀerent from parallel current dissipation, and is efficient in the region where ρn ∼ ρ, which is the chromosphere.
If 100 ≤ B(0) ≤ 1500 G then ∆H ∼ 400−800 km.
When σ  σP the question arises as to the conditions
under which qP  q . qP  q is equivalent to |E⊥ |2 /|E |2 
σ /σP , so that if σ /σP  1 it is necessary that |E⊥ |2 /|E |2 
1. Heuristically, this is expected to be the case since if σ  σP
it is expected that E is shorted out relative to E⊥ , allowing |E⊥ |
to build up to relatively large values. An estimate of the size
of |E⊥ |/|E | necessary to make qP  q in the chromosphere
where Q ∼ 1 is obtained from Fig. 3 as follows. At z = 103 km,
σ ∼ 102 σP . Then it is necessary that |E⊥ |/|E |  10 in order
that qP  q .

The strong correlation between the observed height dependence of the chromospheric temperature rise and the predicted
behavior of the particle magnetizations and their dependent
quantities Q and σP /σ support the hypothesis that Pedersen
current dissipation in magnetic structures with B(0)  100 G
causes the chromospheric temperature inversion.

5. Independent calculation of Q from the
photosphere through the lower chromosphere
Figure 6 shows that the plasma is weakly ionized from the photosphere up to z ∼ 1000 km in the sense that the eﬀective collision frequencies of electrons, protons, and the proxy metallic
ion with the neutral component of the plasma are much greater
than with the unlike charged species components of the plasma.
Then over this height range, where most chromospheric heating
occurs, Q is accurately given by its value for a weakly ionized
plasma. It is proved in this section that for an N species, weakly
ionized plasma, Q rapidly approaches unity as the charged particles become magnetized. N is arbitrary. Then regardless of
the composition of the plasma, Q → 1 as the charged particles become magnetized. The quasi-neutrality condition plays
a critical role in the proof. The proof is as follows.
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Fig. 6. Ratios of charged-neutral to charged-charged reduced collision frequencies for electrons, protons, and proxy ions as functions of height.

For an N species weakly ionized plasma the electrical
conductivities are given by (Mitchner & Kruger 1973)

σH →

N



sign(q s )σ(s)


s=1
N


σP =

=

(96)

s=1
N


σH =

σ(s)
H

= −

(97)

where
σ(s)
P
σ(s)
H

(102)

N sign(q )σ(s)

s


M 3s

(s)

(103)

(104)

where the first term in Eq. (103) vanishes by the quasineutrality condition

=
=

σ(s)
=


σ(s)

1 + M 2s
sign(q s )σ(s)
 Ms
1 + M 2s
2
nsqs
·
m s ν∗s

(98)

N


(99)

s=1

(100)

n s q s = 0.

Q ∼
N σ(s)


s=1

M 2s

(101)

(105)

The condition that M 2s  1 is satisfied for M s  3.
Then for M 2s  1, Eqs. (101) and (104), and Eq. (13) for Q
give

For M 2s  1,

σP →

N

s=1

s=1



 sign(q s)σ
c
nsqs −
B s=1
M 3s
s=1
N

σ(s)
P

1
1
−
M s M 3s

=

1
1+ 2
N sign(qs )σ(s)

s=1

M3s

N

σ(s)

s=1 M2s

(106)
·

(107)
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6. Comments on the connection between qP /q
and the degree to which B is force-free

Using the definitions of σ(s)
 , M s , and ω s ,


c
c n s |q s |
≡ As ·
=
M 2s
B Ms
B

σ(s)


Then

N

| | <

As
s=1 Ms
N
s=1 A s

=

N

1
·
Ms
s=1

N

As
<
(since A s > 0)
M
s As
s=1

Therefore, for M s → ∞ one has | | → 0 and
2
 N
 1 
2
 → 1,

1 ≥ Q → 1 − > 1 − 
Ms 
s=1

(108)

(109)

(110)

By definition, a magnetic field is force-free if J × B = 0, in
which case J is parallel to B, and qP = 0. Force-free magnetic fields are sometimes used to model the magnetic field in
the solar atmosphere. Observations and semi-empirical modeling suggest that the magnetic field in the solar atmosphere is
not force-free near the photosphere but becomes approximately
force-free ∼300−400 km above the photosphere, and remains
so in the overlying atmosphere (Gary 1989; Metcalf et al. 1995;
Pevtsov et al. 1997; Moon et al. 2002).
The degree to which a magnetic field is force-free is
defined by

(111)

which implies that Q → 1 as was to be proved.
This result implies that magnetizing a weakly ionized
plasma allows it to be eﬃciently heated by any mechanism that
drives Pedersen current. This result is consistent with the behavior of Q from the photosphere to the upper chromosphere
shown in Figs. 4 and 10, and based on the conductivity model
in Sect. 2.2. This is expected since Fig. 5 shows that the eﬀective ions carry the Pedersen current, and Fig. 6 shows that the
protons and proxy ions, of which the eﬀective ion is comprised,
scatter as in a weakly ionized plasma.
If the quasi-neutrality condition is not enforced then the
first term in Eq. (103) does not vanish, and Q → 0 as M s → ∞.

Dﬀ ≡

J
J

= 
= 

(112)
1

1+

JP2 +JH2
J2

1/2

1
1+

(

σ2P +σ2H E⊥ 2
σ2 E2

)

(113)

1/2 ·

(114)

0 ≤ Dﬀ ≤ 1 and cos−1 (Dﬀ ) is the angle J makes with B.
An equation is now derived for qP /q as a function of
Dﬀ , Me Mi, eﬀ , and ρn /ρ.
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One has
 2
qP σP E⊥
=
·
q
σ E

then this measurement also determines E⊥ /E since qP /q =
σP E⊥ /σ E , and σP ∼ σ according to Eq. (89).
(115)

Solving Eq. (114) for (E⊥ /E )2 , Eq. (115) may be written as


 σP σ
qP  1
=  2 − 1 2
·
(116)
q
Dﬀ
σP + σ2H
Using the form of the conductivities in Sect. 2.2.4, Eq. (116)
becomes



 2

 
qP  1
ρn



=  2 − 1 1 +
Me Mi, eﬀ  ·
(117)
q
ρ
Dﬀ
It follows from Eq. (117) that since ρn /ρ ∼ 1 in the chromosphere, if Me Mi, eﬀ  1 then qP  q in the chromosphere
unless Dﬀ is essentially exactly unity. It also follows from this
equation that if a magnetic field configuration is non-force-free
1 then qP  q .
in that Dﬀ
For B(0) = 1500 G, Me (0)Mi, eﬀ (0) = 0.0156. Values of
Me (0)Mi, eﬀ (0) for other field strengths are obtained by noting
that Me Mi, eﬀ ∝ B2 . For B(0) = (100, 200, 500, 1000, 1500) G,
Me Mi, eﬀ increases slowly with height below HT min , and reaches
unity at z = (817, 710, 583, 479, 421) km. Then, even for the
1
highest photospheric magnetic field strengths, Me Mi, eﬀ
for almost all of the plasma below HT min . For Me Mi, eﬀ
1,


Dﬀ ∼ 1 + qP /q −1/2 . Then a measurement of Dﬀ determines
qP /q . If, in addition to Me Mi, eﬀ
1, it is the case that Me
1

If Me Mi, eﬀ  1 then Eq. (117) implies that qP /q < 1 only
when Dﬀ > 1 − 1/(2Me Mi, eﬀ ) + terms of order (1/Me Mi, eﬀ )2 .
For example, if Me Mi, eﬀ = 5 then qP /q < 1 only if Dﬀ > 0.9,
and if Me Mi, eﬀ = 50 then qP /q < 1 only if Dﬀ > 0.99.
The rapid increase of Me Mi, eﬀ with height to values orders
of magnitude larger than unity in the lower chromosphere implies that qP is orders of magnitude greater than q in the
chromosphere unless B is essentially exactly force free. For
B(0) = (100, 200, 500, 1000, 1500) G, Me Mi, eﬀ = 50 for z =
(1871, 1211, 896, 757, 701) km, and Me Mi, eﬀ increases rapidly
by orders of magnitude above these heights.
The magnetic field in any given region of the solar atmosphere is not exactly force-free, so it is always the case that
qP > 0. The question is whether this heating rate is a significant fraction of the net radiative loss. This question can only
be answered by knowing E⊥ . The MHD wave heating model
in Goodman (2000) computes E⊥ , and predicts that at a height
1
near the middle of the lower chromospheric network J /J
within a cylindrical region with a horizontal diameter ∼10 km.
Then the magnetic field in this region is highly non-force-free.
The model also predicts that qP ∼ 106.5 −109.5 q , and balances
the net radiative loss from the chromosphere in this region.
These predictions are consistent with Eq. (117), and suggest
that on sub-resolution spatial scales Pedersen current
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Fig. 9. Ratio of Pedersen current density to Hall current density for electrons and eﬀective ions as a function of height.

dissipation in the presence of non-force-free magnetic fields
makes a major contribution to chromospheric heating.

7. Conclusions
Pedersen current dissipation is an eﬃcient mechanism for dissipating the energy in electric current driven orthogonal to the
magnetic field in non-flaring regions of the solar chromosphere.
Any process that drives current orthogonal to the magnetic field
is damped by this mechanism to the degree to which its energy
is channeled into generating and maintaining the CM electric
field that drives this current. Pedersen current dissipation is a
highly ineﬃcient mechanism for heating the transition region
and corona on the spatial scales of the FAL models. Pedersen
current dissipation is not important in the photosphere since
although Q ∼ 1 in the photosphere for B  1500 G, the particle magnetizations are so small that the conductivity tensor is
nearly isotropic, implying there is no essential distinction between Pedersen and magnetic field aligned current dissipation.
A necessary condition for Pedersen current dissipation to
σ , which means that it is an essenbe important is that σP
tially diﬀerent heating mechanism from parallel current dissipation. This condition is equivalent to Me  1. Given that this
condition is satisfied, Pedersen current dissipation is eﬃcient if
Q ∼ 1, which is equivalent to the condition that σP  σH . This
condition is satisfied when the eﬀective ions are magnetized
in the sense that Mi, eﬀ  2. For 100 ≤ B(0) ≤ 3000 G there

exists a transition layer in the height range ∆H ∼ 300−800 km
that separates the lower, weakly magnetized atmosphere where
Pedersen current dissipation is not important from the upper,
σP
σ , and
strongly magnetized atmosphere where σH
hence Pedersen current dissipation can be important, in the region where the plasma is mostly neutral H, which is the chromosphere. If 100 ≤ B(0) ≤ 1500 G then ∆H ∼ 400−800 km.
The transition layer may be the origin of the single height temperature minimum that appears in horizontally space averaged
models such as FAL CM. The averaging is applied to the observed emission, and so implicitly includes averaging over a
group of magnetic field configurations with a range of photospheric field strengths.
For z  600 km the protons carry all of the Pedersen current in the chromosphere. The rapid increase of Mp with height
that occurs in the transition layer transforms J ⊥ from being
mainly a Hall current, which is not dissipative, into being almost entirely a Pedersen current, maximizing the rate at which
the energy in J ⊥ is thermalized. Equivalently, the direction of
J ⊥ is rapidly transformed from being orthogonal to E⊥ to being
parallel to E⊥ . These conclusions are independent of the geometry of the magnetic field since the magnetization depends on
the magnetic field only through its magnitude.
In this paper the heating rate due to Pedersen current dissipation driven by a specific process such as MHD waves
or quasi-steady flows is not computed. Only the heating
eﬃciency Q is computed. A model that computes E is

1176

M. L. Goodman: Eﬃciency of heating by Pedersen current dissipation
1
Q(z) vs. B(0)
0.9

0.8

0.7

0.6

0.5
B(0) (G)

0.4

10
100
200
400
1000
1500
3000

0.3

0.2

0.1

0
0
10

1

10

2

3

10

10

4

10

5

10

z(km)+1

Fig. 10. Variation of heating eﬃciency with height for several photospheric magnetic field strengths.

necessary in order to compute qP and q . However, using the
model in this paper an estimate of the size of E⊥ necessary
to drive Pedersen current dissipation that balances the net radiative loss from the chromosphere is obtained as follows.
Anderson & Athay (1989a,b) estimate the heating rate per unit
mass, qm , in the height range of 1000−2000 km to be constant
and equal to 4.5 × 109 ergs g−1 s−1 . If this heating rate is due entirely to Pedersen current dissipation then E⊥ = (ρqm /σP )1/2 .
Evaluating this expression for B(0) = 500 G it is found that E⊥
decreases monotonically from ∼0.269 V m−1 at z = 1000 km
to ∼0.012 V m−1 at z = 2000 km. If, in addition, E⊥ is a
convection electric field then U⊥ = cE⊥ /B is the CM flow
speed perpendicular to the magnetic field that generates this
electric field. Again for B(0) = 500 G it is found that U⊥ decreases monotonically from ∼43.9 m s−1 at z = 1000 km to
∼13.5 m s−1 at z = 2000 km. These values of E⊥ and U⊥ are
consistent with those predicted by Goodman (2000, 2001) for
MHD wave driven heating by Pedersen current dissipation in
the lower chromosphere.
If, as proposed here, Pedersen current dissipation is a major source of chromospheric heating then the preceding conclusions are extended as follows. The lower boundary of the chromosphere varies over the surface of the Sun. This boundary is
lower in regions with higher magnetic field strength. Then the
chromosphere begins lower in the atmosphere in active and network regions than in internetwork regions. The fact that the filling factor of kilogauss strength magnetic field concentrations

in network and active regions is larger than in internetwork
regions accounts for the fact that the net radiative loss from
network and active regions is several times larger than from internetwork regions, although these losses are of the same order
of magnitude.
These conclusions are consistent with the MHD wave heating mechanism proposed by Goodman (2000, 2001). For that
mechanism the Pedersen currents are driven by upward propagating slow magnetoacoustic waves generated in magnetic
flux tubes with photospheric field strengths ∼102 −103 G. The
center of mass flow driven by the waves has a component
perpendicular to B. This component generates a convection
electric field (U × B)/c that adds to the wave induction electric field E to create the CM electric field. The convection
electric field dominates the induction electric field in driving the Pedersen current. The mechanical energy that is thermalized to balance the net radiative loss from the chromosphere is provided by wave driven convection. The waves
do not experience significant dissipation until they reach the
height in a flux tube at which the magnetization of the protons begins to rapidly increase with height, causing the rapid
transformation of J ⊥ from a Hall current into a Pedersen
current. Goodman (2000) estimates that near the middle of
the lower chromosphere the horizontal extent of the region
in a flux tube in which ∼90% of the heating occurs is
∼10 km. This is consistent with the MISMA (Micro-Structured
Magnetic Atmosphere) semi-empirical model estimates that
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most of the unsigned magnetic flux through the photosphere
is in the form of magnetic flux tubes with sub-resolution
diameters as small as a few kilometers, and field strengths
∼102 −103 G (Sánchez Almeida & Landi degl’Innocenti 1996;
Sánchez Almeida et al. 1996; Sánchez Almeida 1997, 2000;
Sánchez Almeida & Lites 2000; Sánchez Almeida et al. 2001;
Socas-Navarro & Sánchez Almeida 2002).
If a magnetic field is largely non-force-free in that J /J
1
then qP  q . Due to the large value of Me Mi, eﬀ in the chromosphere, qP  q throughout the chromosphere except for
magnetic fields that are virtually exactly force-free. If a magnetic field is exactly force-free then qP = 0. If it is highly but
not exactly force-free then qP might still be significant.
The electrical conductivity of the solar atmosphere is not a
constant or a scalar. It is a highly anisotropic tensor with components that can diﬀer and vary by orders of magnitude with
position and time. This must be taken into account in any realistic model of a resistive heating mechanism.
Pedersen current dissipation is a fundamental dissipative
process in plasmas since the heating rate qP = J · (E⊥ + (U ×
B)/c) irrespective of the processes that determine J, E⊥ , B,
and U.
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