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Abstract. A two dimensional, steady state, resistive magneto-
hydrodynamic (MHD) model with flow is used to support the
proposition that a major source of heating for the solar middle
chromosphere is resistive dissipation of large scale electric cur-
rents driven by a convection electric field. The currents are large
scale in that their scale heights range from hundreds of kilome-
ters in the network to thousands of kilometers in the internet-
work. The current is carried by protons, and flows orthogonal
to the magnetic field in a weakly ionized, strongly magnetized
hydrogen plasma. The flow velocity is mainly parallel to the
magnetic field. The relatively small component of flow velocity
orthogonal to the magnetic field generates a convection electric
field which drives the current. The magnetic field is the sum
of a loop shaped field, called a magnetic element, and a much
stronger, larger scale potential field. All of the heating takes
place in the magnetic element. Solutions to the model indicate
that magnetic elements with horizontal spatial extents of about
one thousand to five thousand kilometers may be confined to,
and heat, the middle chromospheric network. Other solutions
to the model indicate that magnetic elements with horizontal
spatial extents of about ten thousand to thirty thousand kilome-
ters may span and heat the middle chromospheric internetwork,
and may be the building blocks of the chromospheric magnetic
canopy. It is suggested that the middle chromosphere is highly
structured over a wide range of spatial scales determined by the
properties of these magnetic elements, and stronger, larger scale
potential fields.
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1. Introduction

This paper continues the development of a series of magneto-
hydrodynamic (MHD) models which provide support for the
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proposition that a major source of heating for the solar mid-
dle chromosphere is resistive dissipation of large scale elec-
tric currents flowing orthogonal to the magnetic field in weakly
ionized, closed magnetic loops called magnetic elements. The
currents are large scale in that their scale heights are hundreds
of kilometers in the network, and thousands of kilometers in
the internetwork. The basic heating mechanism is introduced
by Goodman (1995) in the context of a global model which is
replaced by a more realistic, local model in Goodman (1996).
The model presented here generalizes that presented in Good-
man (1996) by including a driving mechanism in the form of a
two dimensional velocity field. The component of the velocity
field orthogonal to the magnetic field generates a convection
electric field which drives a proton current that heats the gas
by resistive dissipation described by the Pedersen resistivity for
current flow orthogonal to the magnetic field in a weakly ionized
gas. This paper introduces a key element of the proposed heating
mechanism, a convection generated driving electric field. The
model is steady state, and so does not include effects of time
dependent processes such as wave generation, propagation, and
dissipation on middle chromospheric heating. It is proposed that
in the real, dynamic chromosphere time dependent convection
electric fields drive currents orthogonal to the magnetic field,
and that resistive dissipation of these currents provides an im-
portant source of heating.

A basic component of the proposed heating mechanism is
the assumption that the hydrogen gas throughout most of the
middle chromosphere is weakly ionized to a degree which im-
plies that the appropriate electrical conductivity tensor is that for
aweakly ionized gas as derived by Chapman & Cowling (1970).
Standard one dimensional, semi - empirical, hydrostatic models
of the solar chromosphere and transition region (Anderson &
Athay 1989a,b; Maltby et al. 1986; Avrett 1984; Athay 1981;
Vernazza et al. 1981, hereafter VAL) predict that the neutral
hydrogen number density is ~ 10 — 10? times greater than the
proton and electron number densities throughout most of the
middle chromosphere. In the lower regions of the solar atmo-
sphere the degree of ionization predicted by these models may be
too large by several orders of magnitude (Feldman 1993). Based
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on this evidence it is assumed here that the degree of ionization
is small enough to justify describing electrical conduction by
the electrical conductivity tensor for a weakly ionized gas.

The internetwork middle chromosphere may be co - spatial
with a magnetic canopy, thought to consist of a layer of mainly
horizontal magnetic field lines filling the region between the
temperature minimum and the upper chromosphere, and cov-
ering the area over the interior of supergranules (Solanki et al.
1994). It is proposed here that solutions to the model having
magnetic elements with horizontal spatial scales comparable to
alarge fraction of an average supergranule diameter of ~ 3 x 10*
km describe magnetic loops which span and heat the middle
chromospheric internetwork, and are the building blocks of the
magnetic canopy. It is also proposed that solutions to the model
having magnetic elements with smaller horizontal spatial scales
of 1000 — 5000 km describe magnetic loops which are confined
to, and heat, the middle chromospheric network. Both classes of
magnetic elements have a central region of almost vertical mag-
netic field where the field strength is a maximum. The central
regions of both classes of elements may be based in the chromo-
spheric network and be the continuation from the photosphere of
the fields of strong, vertical magnetic flux tubes concentrated at
the boundaries of supergranules. These flux tubes have subarc-
second radii and field strengths of ~ 1—2kG (Lin 1995; Solanki
1993; Schussler 1992; Zwann 1987), and are observed to have
a high degree of spatial proximity with the chromospheric net-
work down to a spatial resolution of ~ 1”7 (Muller 1985). In
the quiet Sun (i.e. outside of active regions and sunspots) the
most intense chromospheric heating takes place in the network
within a few arcseconds of regions of strong magnetic field
(Zwann 1981). Solutions to the model presented here suggest
that middle chromospheric heating takes place inside magnetic
structures, and that the regions of maximum heating are hori-
zontally displaced from the regions where the magnetic field is
strongest and mainly vertical.

The model is restricted to the middle chromosphere includ-
ing network and internetwork regions. However, there is strong
evidence for magnetic field related heating in the lower chro-
mospheric network and internetwork. Recent measurements of
internetwork magnetic fields in the photosphere indicate the
presence of magnetic flux tubes with an average field strength
of 500 G (Lin 1995; also see Keller et al. 1994 for a review of
observations up to 1993). Since the photosphere is the lower
boundary of the chromosphere the presence of these strong in-
ternetwork fields in the photosphere suggests that they play
a role in lower chromospheric heating in the internetwork. A
causal connection between internetwork bright points and mag-
netic fields is suggested by Sivaraman & Livingston (1982),
and Kalkofen (1996), and differs from the proposal that heating
of the lower internetwork chromosphere is due to the purely
hydrodynamic mechanism of the compression due to, and the
viscous dissipation of, acoustic shock waves (Carlsson & Stein
1995, 1994, 1992; Rammacher & Ulmschneider 1992; Rutten
& Uitenbroek 1991; Kalkofen 1989; Cram & Damé 1983). Ti-
tle & Berger (1996) present observational evidence of a close
spatial proximity of photospheric bright points and magnetic
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field concentrations in active regions and supergranulation net-
work. It appears that the magnetic field plays an important role
in heating the lower chromosphere wherever it exceeds several
hundred gauss. The relatively weak field region of the lower
chromosphere, which appears to cover most of the interior of
supergranules, may be heated by a primarily hydrodynamic, as
opposed to MHD, mechanism.

2. Basic equations
2.1. General remarks

Cylindrical coordinates (R, 0, z) are used where R measures
horizontal distance parallel to the photosphere and z measures
distance from the center of the Sun along a radial line. All quan-
tities are assumed to be independent of ¢ and time.

The Pedersen resistivity for protons is used in Ohm’s law
(1) to describe resistive heating of the weakly ionized hydrogen
gas. In a weakly ionized gas consisting of protons, electrons, and
neutrals, the proton Pedersen conductivity is (rm,/ me)/2(~ 43)
times larger than the electron Pedersen conductivity when the
protons are magnetized, defined by the condition (wpTpn)? > 1
where w,, and 7, are the proton cyclotron frequency and proton
- neutral collision time. In this case the protons carry most of the
Pedersen current (Chapman & Cowling 1970). Itis assumed that
the protons are magnetized, and this is verified for the solutions
discussed in Sect. 5. The Pedersen resistivity is assumed to be
constant to simplify the model. Its value is determined by the
inputs to the model.

The interaction of protons with neutral hydrogen is taken
into account in the neutral hydrogen momentum Egs. (8) and
(9) through the Lorentz force, and in Ohm’s law (1) through the
proton resistivity. The Lorentz force on the protons is transmit-
ted to neutral hydrogen through proton - hydrogen collisions.
The number density of the most abundant ions in the middle
chromosphere is estimated to be several orders of magnitude
smaller than the proton number density (VAL; Anderson 1989),
so they do not make the dominant contribution to the Lorentz
force or Pedersen conductivity, although they emit most of the
net radiation from the chromosphere. An estimate of the ratio of
the proton and ion Pedersen conductivities is given by Goodman
(1995).

Itis assumed that By = 0. This assumption, together with the
assumption 0/96 = 0, implies through Amperes law that .J, =
Jr =0, so there is no current parallel to B. These assumptions
are made in order to construct a simple model that isolates the
effect of resistive dissipation of current flowing orthogonal to a
magnetic loop in a weakly ionized plasma.

The hydrogen flow velocity V' is assumed to be independent
of z to simplify the model. It is also assumed that Vy = O to sim-
plify the model. Then B and V are restricted to the R, z plane,
which is a simple configuration allowing for the generation of
a convection electric field (V' x B)/c which drives the current
density Jy orthogonal to B.

The energy equation (6) describes the energy conversion
process proposed to account for a major part of the net radiative
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loss of the middle chromosphere. It is assumed that the primary
heating mechanism is resistive dissipation, and that the primary
cooling mechanism is radiation. It is unlikely that thermal con-
duction is important in heating or cooling the middle chromo-
sphere for the following reason. Semi - empirical models of
the quiet sub - coronal solar atmosphere (VAL; Anderson &
Athay 1989a) indicate that the temperature range in the middle
chromosphere is ~ 6000 — 8000 K. According to these models
the height range of the middle chromosphere is several thousand
kilometers. The average vertical temperature gradient suggested
by these models is then ~ 1 K-km~!. The temperature gradi-
ent in the horizontal direction is unlikely to be many orders of
magnitude greater than this. In order that thermal conduction
be important for middle chromospheric heating or cooling it is
necessary that the thermal energy flux be comparable to the net
radiative loss F' ~ 107 ergs-cm~2-sec™!. A lower limit on the
temperature gradient necessary to drive a thermal flux of this
magnitude may be estimated as follows. The middle chromo-
sphere is weakly ionized, and the thermal conductivity of a fully
ionized gas is much greater than that of a neutral gas. The ther-
mal conductivity of the middle chromosphere lies between these
two extreme values. For a temperature of 10* K and a Coulomb
logarithm of 10, the electron thermal conductivity parallel to the
magnetic field in a fully ionized hydrogen plasma is ~ 2.4 x 10*
ergs-K~!-cm~!-sec™!. Setting the thermal flux equal to F im-
plies a temperature gradient of ~ 4.2 x 107 K-km~! which is
many orders of magnitude larger than may reasonably be ex-
pected to exist in the middle chromosphere.

The temperature is assumed to be constant, and is an input
to the model. Since semi - empirical models indicate that the
average temperature varies slowly with height in the middle
chromosphere, and since thermal conduction is probably not
important for energy balance in the middle chromosphere, this
assumption is reasonable as a first approximation. Howeyver, this
assumption should eventually be relaxed in order to compare the
distribution of the heating rate in the magnetic loop with that of
a temperature computed self consistently.

The geometry of the magnetic field is specified and dis-
cussed in detail in Sect. 3.2. The field has the form of a magnetic
element, which has a non - zero curl and a loop like geometry,
plus a potential field. The maximum magnitude of the magnetic
element field is an input to the model, and that of the poten-
tial field is computed as a function of the inputs to the model.
The base of the element is assumed to be at the base of the
middle chromosphere. An example of these fields is shown in
Figs. 1 and 2. The corresponding total magnetic field is shown
in Fig. 3. All of the heating takes place in the magnetic element.
In all cases studied the magnetic element field is much weaker
than the potential field.

2.2. Maxwell’s equations

Let 7 be the resistivity defined as the inverse of the high mag-
netic field limit of the Pedersen conductivity for protons flowing
orthogonal to the magnetic field in a weakly ionized plasma.
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The Pedersen conductivity is derived by Chapman & Cowling
(1970).
Ohm’s law
B
B4 (V x B) _
c

nJe0 (1)

and V x E = 0, when combined with the assumptions that

Vo = By = 0, and the requirement that Ey be finite at R = 0,

reduce to £ = 0 and

(V:Br — VrB.) _
c

nJp. @)

Here
BZ
n= cto(mpksT)'?nyny

3

and B, o, mp, kg, T, np, ny and c are the magnitude of B, pro-
ton - hydrogen scattering cross section, proton mass, Boltz-
mann’s constant, temperature, proton number density, hydrogen
number density, and the speed of light. The cross section ¢ is as-
sumed to be constant and equal to 5 x 10~15 cm? (Book 1990).
The constant value of 7 used to generate a particular solution is
determined by substituting B(R = 0, z = 29),np(11 = 0, z = 29),
and ng(R =0, z = 2p) into Eq. (3) along with the assumed con-
stant value of 7'. Here z — 2y measures height above the base of
the magnetic element, and the center of the magnetic element
isat R=0,z = 2.

The result that the total electric field E is zero, together
with Eq. (2), implies that the current is driven entirely by the
convection electric field E. = (V x B)/c generated by the flow
of hydrogen gas across the magnetic field. The small fraction
of ionized gas in the middle chromosphere is entrained in the
hydrogen flow across the magnetic field and experiences the
convection electric field.

Ampere’s law reduces to

6BR 8BZ 47TJ9
_ = 4
0z OR c @)
which is used to calculate Jy.
The divergence free condition is
1 B B,
d(RBRr) 0B, _ 0. 5)

R OR 0z

2.3. Energy balance

Let F'(R) be the net radiation flux from the middle chromo-
sphere. The radiation flux is assumed to be equal to the height
integrated resistive heating rate per unit volume. The energy
equation is then given by

F(R) = / T3 d (6)

20
where the upper limit of integration may be extended to infinity
due to the exponentially rapid decrease of the current density
with height.
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2.4. Mass conservation

The equation of mass conservation is

1 O(RpVr)
R OR

dp

V.,
+8z

=0 (7
where p = myny is the hydrogen mass density.

2.5. Momentum conservation

The momentum conservation equation reduces to

dVg  dp _ JyB.

PVRgp Yor = ¢ ®)
dV, Op _  JyBr

PVRdR Yo, = . P9 9

where p is the hydrogen gas pressure and g = 2.74 x 10* cm-
sec ™2 is the gravitational acceleration at the photosphere. Over
the height range of the middle chromosphere, which for the
examples considered in Sect. 5 is at most ~ 4.5 X 10* km, the
fractional variation of z from R, is ~ 6%, while the density p
decreases exponentially with height with a scale height ranging
from 350 to 9000 km. Then the variation in the gravitational
force term is almost completely determined by the variation in
density, so that the gravitational acceleration may be regarded
as constant with negligible error.

3. Assumed form of solution
3.1. Height dependence

Inspection of the momentum conservation Egs. (8) - (9) shows
that an exact and reasonable solution for the height dependence
of the density, pressure, and magnetic field is given by

p(R,2) = po(R)e” 7=/ L (10)
P(R,z) = po(Rye~ ===/ L (11)
Br(R,z) = br(R)e”*—20)/2L (12)
B.(R,z) = b,(R)e”=—=/2L (13)

where L is the pressure scale height that is assumed to be con-
stant, and is an input to the model. When this form of the solu-
tion is substituted into the basic equations the exponential factor
cancels out after performing the required differentiations with
respect to z. This simplifies the model since the resulting equa-
tions, which must be solved numerically, only depend on R.

3.2. Magnetic field

The magnetic field is specified as the sum of a loop shaped,
non - potential field, called a magnetic element, and a potential
field. It follows that the current density and resistive heating are
confined to the region occupied by the magnetic element. Let
br =bir + by, and b, = by, + by, where the subscripts 1 and
2 label the magnetic element and potential magnetic field.
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The equations for the R and z components of the magnetic
field of the magnetic element, and its associated current density,
are derived by Goodman (1996), and imply that

_ BiRp , ("R
bir = - LJI (RB) (14)
¥R
b, = B 15
1 1Jo ( Ry ) (15)
cBx* Rp 2 ¥R

= 1— 1

Jo(R, 20) 4rRp ( (21* L) )Jl (RB> (16)

with R < Rp. Here Rp is the radial distance from R = 0 to
the point at which the field returns to the base of the middle
chromosphere, and is called the radius of the magnetic element.
Jo and J; are the Bessel functions of zero and first order, and
x* ~ 3.832is the first zero of J(z). B is the maximum magni-
tude of the field, and is an input to the model. A two dimensional
plot of this field is presented in Fig. 1 where R = 5000 km.

The assumed height dependence, and the divergence and
curl free conditions which must be satisfied by the potential
magnetic field imply that

R
-5 ()

R
By )

where B, is the maximum magnitude of the potential field, and
is determined from the energy equation (6) in the following
way. Substitute Eq. (16) for the current density into the energy
equation, use Eq. (3) to express 7 in the energy equation in terms
of the boundary values B(0, o), nu(0, 20), and n,(0, 2), and
carry out the indicated integration. Then average the resulting
equation, which only depends on R, over the circular area 7R3
of the base of the magnetic element, and solve for B, to obtain

a7

bor

brz = (18)

DR
Bz=i{F?} B — B (19)
where
e 2
I = (m c> (20)
P
< F> T NpoMHO kgT 1/2
Fz = X
162L mp3
(47rRBe Qa*L)? > : o
z*c (2z*LP? - Rg®)/)

Here ngo = nu(0, 20), npo = np(0, 20), and < F' >, which is
an input to the model, is the average of the radiation flux F'(R)
over the area of the base of the magnetic element. It is assumed
that B; > 0. In this case solutions are found only for the choice
of the positive root in Eq. (19). A two dimensional plot of the
potential field is presented in Fig. 2 where Rg = 5000 km.
The complete set of inputs, including boundary conditions
and constraints necessary to determine the solution to the model
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are identified by examining the equations for numerical solution
presented in Sect. 4. These equations are obtained by rewriting
the basic equations as two groups; a set of differential equations,
and a set of algebraic equations. Once these differential equa-
tions are solved, all other profiles are determined algebraically
in terms of their solution.

4. Equations for numerical solution

Normalize R to L, and define r = R/ L. The differential equa-
tions that must be solved to determine the equilibrium state are,

dVR _ VR b n blR(a2 — 1) _ 2 _
dr 2 |bgb. b, r
AEna® = 1)
176777Lb3bz [b2rb1- — bigb2-] +
br (@ — Dbigbr
— — L 22
poVinh- [ 0 8 P0go (22)
dp() 1 dVR 1 bz CzT](OLZ - 1) b]R
_ I _ 2
dr p“[ Ve dr v bpt 87l Vibe| &
d dV, 2 — Dbygd.
Po _ v VR (a® = Dbir 24)
dr dr 8

where o = 22*L/Rp ~ 7.66L/Rg, and Eq. (22) is to be used
for dVg/dr in Egs. (23) and (24).

By examining the behavior of Egs. (22) - (24) near R = Oitis
found that the following boundary conditions must be satisfied
at R=0,

Vr(0) =0
2o(0) = Lpo(0)ge.

It is expected that the pressure increases with R near R = 0.
In order that the pressure profile exhibit this behavior it is found
to be necessary that d>p/dR* > 0 at R = 0 which, from an
analytic expansion of p in powers of R near R = 0, implies that
a > 1 which is equivalent to the condition that Rg < 2z*L ~
7.66L. This necessary condition is also found to be sufficient in
that all numerical solutions for the pressure generated with this
condition enforced exhibit the desired behavior. No solutions
are found when the condition Rg < 2x*L is not satisfied. For
a given scale height this condition places an upper limit on
the baseline radius Rp of the magnetic element in which the
resistive heating takes place. In practice it is found that Rg must
be significantly less than this upper limit in order for a solution
to exist.

Egs. (22) - (24) also imply that the following additional
boundary conditions must be satisfied:

(25)
(26)

dVg 0277(042 - 1B

= — 0 27
dR | 16w L2(B) + By) < @7
dp

=0 28
dR |5, 28)
dp

= 0. 29
ar| (29)
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For the given form of the magnetic field, the inputs to the
model that uniquely determine the solution are nyo, npo, L, <
F > 0, Rg, and B;. No information about the velocity field is
specified as an input. The velocity field is computed self con-
sistently once the inputs just indicated are given.

Once B, and Vg are determined, the z component of the
velocity is given by

1 n(a? — Dbig
V.(R) = br (Vsz + 8l (30)
where
2 2 _ DB
v =-C e m B G1)

87 L(B; + By)

indicating that the hydrogen flows downward towards the pho-
tosphere in the region where the magnetic field is strongest and
mainly vertical. Only solutions with a downward vertical com-
ponent of velocity are found.

The heating rate per unit volume is 7.J3, and is computed
using Eqgs. (3) and (16) with B = B + B,,n, =npo, and ny =
npyo in Eq. (3). The heating rate per unit mass is

J2
= o (32)
mpny
The value of ¢ in the middle chromosphere, as computed by
Anderson & Athay (1989a), is used as a guide for generating
solutions to the model, as discussed in Sect. 5.1.

5. Particular solutions
5.1. General remarks

Four solutions, labeled a - d, are presented in Figs. 1 - 13. All
plots except the vector field plots are for z = z;, and hence
present profiles across the base of the magnetic element, as-
sumed to be at the base of the middle chromosphere. Scale
heights and average values of quantities are indicated in the fig-
ure captions. The average values are computed over the base
area mR% of the magnetic element. For all solutions the in-
puts T = 7000 K, < F >= 2 x 107 ergs-cm~2-sec™!, and
o =5x 10~13 cm? are used. The remaining inputs for solutions
a - d are (npo(cm™?), nyo(ecm ), L(km), Rg(km), By(G)) =
(4 x 103,108,350, 1000, 19), (10'3, 107, 1500, 5000, 11), (6 x
10'2,107,3000, 10%,9), and (1.5 x 10'2,107,9000, 3 x 10%, 8).
The solutions are chosen to demonstrate that magnetic struc-
tures with horizontal length scales ranging from ~ 1000 to
~ 3 x 10* km may be heated at the required rate of 2 x 10’
ergs-cm~2-sec ! by the proposed heating mechanism, and that
the predicted properties of the plasma in these structures are for
the most part reasonable. The smaller magnetic elements may
be confined to, and heat, the middle chromospheric network.
The largest structures with Rg ~ 3 x 10* km may be based in
the network, arch over a supergranule, and form the magnetic
canopy in the middle chromospheric internetwork. It is likely
that the chromosphere is highly structured over a wide range of
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Fig. 1. Magnetic field vectors of the magnetic element of solution b.
The horizontal axis measures normalized distance R /5000 km parallel
to the photosphere from the center of the element at R = 0. The vertical
axis measures normalized height (z — 20)/6000 km above the base of
the middle chromosphere. The length of the vectors is proportional to
the field strength. The magnetic field of the elements has the same basic
geometry for all solutions.

horizontal spatial scales determined by three dimensional mag-
netic elements of varying size and magnetic field strength.

The guidelines used to generate solutions a - d take the form
of requirements at the base of the magnetic element, and are
as follows. The maximum magnetic field strength is restricted
to being less than 200 G since this is a reasonable upper limit
for the maximum field strength at the base of the middle chro-
mosphere. The average value of the pressure is required to be
~ 100 dynes-cm~2. The average value of the hydrogen density
is restricted to be in the range of ~ 10> — 10'* cm™3. The
average value of the heating rate per unit mass is restricted to
being in the range of one to two times the value of 4.5 x 10°
ergs-g~!-sec™! predicted by the model of Anderson & Athay
(1989a). The values of the model input parameters are adjusted
until solutions satisfying these criteria are obtained. The aver-
age values of pressure and hydrogen density are chosen to be
comparable to the corresponding values predicted for the middle
chromosphere by standard one dimensional models (Anderson
& Athay 1989a, Maltby et al. 1986; Avrett 1984; VAL; Athay
1981).
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Fig. 2. Magnetic field vectors for the potential magnetic field of solution
b. The axis definitions and normalizations are the same as for Fig. 1. The
potential magnetic field has the same basic geometry for all solutions.

5.2. Detailed discussion
5.2.1. Magnetic field

Fig. 1 shows the magnetic field geometry for the magnetic ele-
ment having Rg = 5000 km, corresponding to solution b. The
field strength is a maximum at R = 0. The magnetic elements
of all solutions have the same basic geometry.

Fig. 2 shows the geometry of the potential magnetic field
for solution b. The field strength is a maximum at R = 0. The
potential field of all solutions has the same basic geometry. The
rate at which the field lines diverge, and the rate at which the
field strength decreases with R is much slower than for the mag-
netic element. From Egs. (17) - (18) the horizontal length scale
associated with this field is estimated to be 2Lx*(~ 7.66L)
since this is the value of R > 0 at which the potential field
returns to the height of the base of the magnetic element. Since
L = 1500 km for solution b the horizontal scale of the potential
field is ~ 1.2 x 10* km which is ~ 2.3Rg. For solutions a, c,
and d the horizontal scales of the potential fields are ~ 2.7 x
10%,2.3 x 10, and 6.9 x 10* km which may be compared with
the corresponding values of Ry given by 10°, 10*, and 3 x 10*
km. For solutions a - d the maximum strengths of the poten-
tial fields are 170.2,121.9,169.0, and 165.5 G. These may be
compared with the maximum field strengths of the correspond-
ing magnetic element fields of 19,11,9, and 8 G. Hence the
magnetic field configuration for all solutions consists of a mag-
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Fig. 3. Magnetic field vectors for the total magnetic field of solution b.
The axis definitions and normalizations are the same as for Fig. 1. The
total magnetic field has the same basic geometry for all solutions.

netic element embedded in a much stronger potential field that
has a horizontal scale size ~ 2 — 3 times larger than that of
the magnetic element. The total magnetic field for solution b is
shown in Fig. 3 where the magnetic element is no longer visible.
If magnetic structures similar to those generated by the model
exist in the middle chromosphere, then unless such fields are
measured with sufficiently high accuracy, the weak field com-
ponent corresponding to the magnetic element is undetectable,
and the measured field appears to be a potential field, although
the structure radiates due to the resistive heating of the magnetic
element. The magnetic element has a closed loop geometry so
that one may observe radiating loops in regions where the mag-
netic field appears to be potential. The loop geometry, and the
fact that the heating is confined within the loop, are consistent
with observations and semi - empirical models which indicate
that bright magnetic loops are present throughout the network
chromosphere, extending from the temperature minimum re-
gion up to the lower transition region (Karovska & Habbal 1991;
Foing et al. 1986). It appears that, at least in the network, almost
all emitting chromospheric magnetic structures are closed and
have a looplike geometry.

Fig. 4 shows the magnitude of the total magnetic field. In the
temperature minimum region in the network, bright magnetic
loops, for which the line of sight field strength is proportional to
the brightness temperature, and is as large as ~ 150 G, appear
to exist (Cook & Ewing 1990; Foing et al. 1986). This field
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R/Rg

Fig. 4. Magnitude of the total magnetic field vs. R/ Rg for (z — z9) = 0.
The scale height of B for solutions a - d is 700, 3000, 6000, and 18,000
km. The average values of B for solutions a - d are 152.0, 104.5, 144.1,
and 141.0 G.

strength is close to the maximum field strengths in the model
solutions a - d. The maximum field strengths for these solutions
are imagined to occur at the base of the middle chromosphere,
which is just above the temperature minimum.

The largest magnetic elements, corresponding to solutions
¢ and d, are meant to represent basic elements of the chromo-
spheric magnetic canopy which may be co - spatial with the
middle chromosphere in the internetwork. The canopy is be-
lieved to consist of a mainly horizontal magnetic field covering
the internetwork chromosphere over quiet and active regions,
and beginning just above the temperature minimum (Faurobert
- Scholl 1994, 1992). The canopy presumably extends upwards
at least to the base of the transition region. The magnetic field
at the lower boundary of the canopy appears to have a random
horizontal component of ~ 30 G that is related to the weak
turbulent component of the underlying photospheric magnetic
field (Faurobert - Scholl et al. 1995; Faurobert - Scholl 1994,
1993). The central regions of the canopy elements represented
by solutions ¢ and d, where the magnetic field is strongest and
mainly vertical, are interpreted as the extension into the chro-
mosphere of flux tubes based in the photospheric network which
flare out with increasing height, spanning the internetwork re-
gion and forming the canopy. This interpretation is consistent
with the model results of Briand & Solanki (1995) and Solanki
& Steiner (1990) which indicate that in the lower network chro-
mosphere the temperature rise begins at a substantially lower
height in magnetic elements than in the relatively cool surround-
ing plasma, and that the heating of the elements generates a
pressure that is higher than in the surrounding plasma causing
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Fig. 5. Velocity vectors for the velocity field of solution b. The axis
definitions and normalizations are the same as for Fig. 1. The length of
the vectors is proportional to the flow speed. The velocity field is inde-
pendent of height, and has the same basic geometry for all solutions.

the field lines to expand rapidly outwards forming a magnetic
canopy that fills the middle and upper chromosphere.

5.2.2. Hydrogen velocity field, electric field and current density

Fig. 5 shows the geometry of the velocity field for solution b.
Figs. 6 and 7 show the velocity field decomposed into compo-
nents parallel and perpendicular to B. The velocity field has
the same basic geometry for all solutions. All of the solutions
exhibit downflow towards the region, near R = 0, where B is
strongest and mainly vertical. The downflow is weakest in this
region. Larger magnetic structures have larger flow speeds. The
velocity is nearly parallel to B. The relatively small component
of velocity perpendicular to B is a maximum in the midpoint
region of the magnetic element, near R = Rp /2, where the mag-
netic field is mainly horizontal, and the heating rates, shown in
Figs. 10 and 11, are largest. This velocity component generates
a convection electric field that drives the current which heats
the weakly ionized middle chromospheric gas through resistive
dissipation. The current density is shown in Fig. 8. Larger mag-
netic elements have smaller current densities. The maximum
current density is a few mA-m~2. The convection electric field
is shown in Fig. 9. The maximum value of Ey increases slowly
with the size of the magnetic structure from ~ 40 to ~ 120
V-m~ .
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Fig. 6. Velocity parallel to B vs. R/ Rg. The average values of V} for
solutions a - d are -25.5, -33.7, -39.7, and -67.9 km-sec~!.

There do not appear to be any measurements of the elec-
tric field or current density in the quiet middle chromosphere.
However, Chang & Schoenfeld (1991) present observational
evidence for the existence of quasi - static electric fields as
large as 10* V-m~! in the quiet Sun photosphere. The electric
field strengths computed by Chang & Schoenfeld (1991) are
derived from measurements of the quadratic Stark effect. The
electric field experienced by an atom undergoing Stark splitting
is E+(V x B)/c, and so includes the effect of convection. Elec-
tric field strengths in the photosphere are expected to be much
larger than in the middle chromosphere since the photosphere is
more weakly ionized than the middle chromosphere, and since
the maximum magnetic field strengths in the photosphere are
much greater than in the middle chromosphere. The electric
field strengths for the model solutions a - d are consistent with
this expectation.

Vertical, photospheric current densities in the range 15 — 80
mA-m~? are inferred to exist in active regions (Metcalf et al.
1994). These current densities are inferred to be parallel to B.
Current densities are expected to be larger in the photosphere
than in the chromosphere due to the stronger fields and smaller
scale heights in the photosphere. Then the current density com-
puted in a model of the chromosphere is expected be much
smaller than current densities in the photosphere. The current
densities for the model solutions a - d are consistent with this
expectation since the maximum current density for these so-
lutions is five times smaller than the smallest current density
computed by Metcalf et al. (1994), and throughout most of the
region occupied by the magnetic loops used in the model the
current density is at least an order of magnitude smaller than
the smallest current density computed by Metcalf et al. (1994).
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v (km/sec)
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Fig. 7. Velocity perpendicular to B vs. R/Rg. The average values of
V. for solutions a - d are 1.6, 5.0, 4.4, and 5.1 km-sec ™",

The average flow speeds for solutions a - d are in the range
of ~ 26 — 68 km-sec ™! and the maximum flow speeds are in
the range of ~ 35 — 90 km-sec~!. It appears that little is known
about flow speeds in the middle chromosphere. More is known
about flow speeds in the region extending from the base of the
upper chromosphere (T ~ 10* K) to the lower transition region
(T ~ 10° K). Since observation suggests that flow speeds tend
to increase from the photosphere to the transition region, it is
useful to compare flow speeds predicted by the model for the
middle chromosphere with observed flow speeds in the upper
chromosphere and lower transition region which form the upper
boundary to the middle chromosphere. In the network, Ho ob-
servations indicate upflows and downflows ranging from 5 — 10
km-sec™! (Heinzel & Schmieder 1994). Steady flows of ~ 4
km-sec™! on the scale of the supergranulation are observed to
extend from the middle chromosphere (6000 < T < 8000 K)
into the lower transition region (Gebbie et al. 1981; November
et al. 1979). Steady flow speeds as high as ~ 20 km-sec™! are
observed in quiet and active regions near the base of the up-
per chromosphere, and in the lower transition region (Athay &
Dere 1991; Athay etal. 1983, 1982). The direction of these flows
appears to be downward towards the photosphere, and mainly
parallel to the magnetic field, consistent with the flow patterns
predicted by the model as indicated in Figs. 5 - 7. Chromo-
spheric jets observed near the base of the quiet upper chromo-
sphere reach speeds of ~ 20 km-sec™! in the internetwork, and
in the quiet lower transition region surge to speeds up to ~ 100
km-sec ™! (Dere et al. 1984, 1983). In enhanced network regions
near the base of the upper chromosphere, jets are identified with
spicules having flow speeds up to ~ 40 km-sec ~! with the flow
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Jg (mA/m?)
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Fig. 8. Current density vs. R/Rg for (z — 29) = 0. (¢c) Jg x 10. (d)
Jo x 10. Profiles (a) and (b) are unscaled. The scale height of Jy is the
same as for B in Fig. 4. The average values of Jy for solutions a - d
are 1.8, 0.2, 0.08, and 0.02 mA-m 2.

velocity mainly parallel to the magnetic field (Suematsu et al.
1995; Grossmann-Doerth & Schmidt 1992; Hasan & Keil 1984).
These observations indicate that the flow speeds predicted by
the model are too high but are within factors of 5 and 10 of
realistic flow speeds for the smaller (Rg = 1000, 5000 km) and
larger (Rp = 10%, 3 x 10* km) magnetic elements, respectively.
A more general model which computes the two dimensional ve-
locity self consistently as a function of R and z is needed to try
to generate flow speeds in better agreement with observation.

In the photosphere, at the boundaries of supergranules, sta-
tionary downflows of .1 — .5 km-sec ! are sometimes observed
in regions adjacent to high field strength, small scale magnetic
flux tubes, although the flows in most of these flux tubes are not
stationary and have velocity amplitudes in the range of .2 — 3
km-sec™! (Solanki 1993). The origin of these downflows is not
known. The possibility that they are related to the faster down-
flows predicted by the model to exist higher in the atmosphere
should be considered.

5.2.3. Heating rates, hydrogen density, and pressure

The heating rates per unit volume and per unit mass, 7.J; and
q, are shown in Figs. 10 and 11. The maximum value of 7.7
steadily decreases by a factor of ~ 27 as Ry increases from 10°
to 3 x 10* km. Although the largest elements have the smallest
values of 7.J7, the maximum value of ¢ does not vary by more
than ~ 24% as Rp varies by a factor of 30. This is due to the
behavior of the hydrogen density which is shown in Fig. 12 to
decrease with increasing Ry. Larger magnetic structures have
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Fig. 9. Convection electric field vs. R/ Rg for (z — zp) = 0. The scale
height of Eg is the same as for B in Fig. 4. The average values of Fcgy
for solutions a - d are 25.4, 54.3, 66.4, and 74.7 V-m~".

lower density. The profile of ¢ is nearly invariant as Rp ranges
from 103 to 3 x 10* km. As required, the average values of q are
all close to the Anderson & Athay (1989a) value of 4.5 x 10°
ergs-g~!-sec~!. gisindependent of height in agreement with the
model prediction of Anderson & Athay (1989a). The pressure,
shown in Fig. 13, reaches its maximum value near the middle
of the elements where the heating rates are largest.

5.2.4. Resistivity and plasma 3

The values of the Pedersen resistivity for solutions a - d are
1.6 x 1076,3.1 x 1073,9.3 x 1073,and 3.5 x 10~* sec. The
resistivity increases with the size of the magnetic element. The
larger elements have larger resistivities due to their lower proton
and hydrogen densities. The ranges of 3 for solutions a - d are
~4-23%,10-27%, 7 - 18%, and 5 - 16%.

6. Summary and discussion

It is proposed that large scale electric currents exist in the mid-
dle chromosphere and make a major contribution to its heating
through resistive dissipation. The currents flow orthogonal to
the magnetic field in the weakly ionized, strongly magnetized
middle chromospheric gas. The current is carried mainly by pro-
tons, with a significant contribution possibly coming from heav-
ier positive ions as discussed by Goodman (1995). The driver of
the current is proposed to be a convection electric field gener-
ated by flow of the mostly neutral hydrogen gas perpendicular
to the magnetic field. The total flow velocity is almost parallel
to B. Its relatively small component perpendicular to B gener-
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n9p? (ergs/cm” = sec)
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Fig. 10. Heating rate per unit volume vs. R/Rg. (c) 77J§ x 10. (d)
nJ3 x 10. Profiles (a) and (b) are unscaled. The scale height of 7.Js>
is the same as for the pressure in Fig. 13. The average values of 77.Jp>
for solutions a - d are 0.57, 0.13, 0.07, and 0.02 ergs-cm —>-sec ™.

ates the convection electric field which drives the current. The
vertical component of the velocity field predicted by the model
is downward towards the photosphere. The strength of the driv-
ing convection electric field is V| B/¢, so the volume heating
rate is (V. B/c)? /n which indicates that, for a given resistivity,
sufficiently large values of both V| and B are necessary in order
that there be significant heating.

The origin of the velocity field is not addressed by the model.
The velocity field may be causally related to several dynamic
processes such as return flow from spicules, the relative mo-
tion between rising magnetic loops and the surrounding plasma,
flows generated by MHD wave propagation, downflows result-
ing from radiative condensation in the upper atmosphere, and
flows generated by magnetic induction effects caused by the
motion of the footpoints of chromospheric magnetic loops an-
chored in the underlying photosphere. Any process which drives
flow orthogonal to the magnetic field must lead to some heating
by the proposed heating mechanism.

The magnetic elements in which the heating takes place have
a closed loop geometry and are embedded in a stronger, larger
scale potential magnetic field. The field of the element is a few
gauss while the potential field strength is 10 - 20 times larger.
Since all of the heating takes place in the elements only the loop
like geometry of the elements may be visible in observations of
net radiative loss. However, since the potential field is much
stronger than the field of the element, only the potential field is
visible in magnetometer observations with insufficient resolu-
tion, leading to the appearance that the middle chromospheric
magnetic field is current free, and hence force free. The heating
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Fig. 11. Heating rate per unitmass vs. R/ Rg. q is independent of height.
The average values of g for solutions a - d are (7.2, 6.9, 5.6, 7.2) x 10°

ergs-g— sec™!.

rates per unit mass and volume are peaked near the midpoint of
the magnetic elements where the field of the elements is almost
horizontal. Hence sufficiently high spatial resolution intensity
observations of the emitting regions are predicted to reveal a
loop like geometry with an intensity maximum near the middle
of the loop. These considerations apply only to isolated ele-
ments and their associated potential field. The field in the actual
chromosphere is in general expected to be a superposition of
several magnetic element and potential field distributions, mak-
ing the identification and study of their individual properties
more difficult. Isolated magnetic loops are, however, observed.

The magnetic elements with Rg = 1000 and 5000 km are
intended to represent magnetic elements which are confined to,
and heat, the middle network chromosphere. The magnetic ele-
ments with Rg = 10* and 3 x 10* km are intended to represent
magnetic elements in the middle internetwork chromosphere
that comprise the magnetic canopy. These elements are imag-
ined to be based in the network and to extend over the interior of
supergranules. The network elements have higher densities than
the internetwork elements. The network elements have a heat-
ing rate per unit volume nearly one order of magnitude larger
than that of the internetwork elements, and so are expected to
radiate much more intensely per unit volume than the internet-
work elements. However, due to the relatively low density of
the internetwork elements, the horizontal profile, and hence the
average value, of the heating rate per unit mass is nearly the
same for the network and internetwork elements.

Since the model is steady state it cannot make direct con-
tact with the effects of wave generation, propagation, and dis-
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R/Rg

Fig. 12. Hydrogen density vs. R/ Rp for (z — zp) = 0. (d) ng x 10.
All other profiles are unscaled. The scale height of ny is the same as
for the pressure in Fig. 13. The average values of ny for solutions a -
dare (5.1,1.3,0.8,0.2) x 10" cm ™.

sipation that may be important for chromospheric heating. The
heating mechanism proposed here may be relevant to middle
chromospheric heating on time scales longer than the 3 and
5 - 20 minute periods of chromospheric intensity oscillations
commonly observed in the chromospheric internetwork and net-
work, respectively (von Uexkiill & Kneer 1995; Bocchialini et
al. 1994; Lites 1994; Lites et al. 1993; Kneer & von Uexkiill
1993; Kulaczewski 1992; Deubner & Fleck 1990). It may also
be the case that the solutions presented here are representative
of the state of the plasma during the main driving phase of heat-
ing by wave dissipation. An important unanswered question is:
to what extent is the total net radiative loss of the chromosphere
modulated by the observed oscillations? If the modulation is
large then the driver of the heating mechanism oscillates with
the observed periods. If the modulation is small then the pri-
mary driver of the heating varies on time scales longer than the
observed periods, and the observed oscillations are a small per-
turbation on a relatively steady state heating mechanism. It may
also be that there are several drivers acting over a wide range
of time scales, and that all of them contribute substantially to
middle chromospheric heating.

There is a clear connection between intensity oscillations
(bright points) in the lower chromospheric network and the net-
work magnetic field (Suematsu et al. 1995; Cook et al. 1983),
although there appears to be a class of network bright points
associated with spicules at T ~ 10* K which are not correlated
with changes in the network magnetic field (Suematsu et al.
1995). These observations suggest that the model be extended
to apply to the lower chromosphere, and to include time depen-
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Fig. 13. Pressure vs. R/ Rg for (z — zp) = 0. The scale height of p for
solutions a - d is 350, 1500, 3000, and 9000 km. The average values of
p for solutions a - d are 159.7, 88.2, 119.0, and 97.9 dynes—cm’z.

dence to estimate the degree to which oscillations modulate the
heating rate due to the dissipation of electric currents that flow
orthogonal to the magnetic field in the weakly ionized lower
chromosphere.

At the base of the upper chromospheric network quasi -
steady downflows of ~ 10 km-sec™! are observed together
with periodic waves and what appears to be turbulent motion
(Kneer & von Uexkiill 1986). In the chromospheric internetwork
waves may propagate from the photosphere up to the tempera-
ture minimum where they are damped, heating the plasma and
generating waves in the magnetic canopy in the middle chro-
mosphere which may propagate along field lines down into the
lower chromospheric network contributing to its heating (Boc-
chialini & Baudin 1995; Deubner & Fleck 1990; Fleck & Deub-
ner 1989). This scenario is consistent with observations of Lites
et al. (1993) which indicate that oscillations in the low inter-
network chromosphere are strongly correlated with oscillations
in the underlying photosphere, but that oscillations in the low
network chromosphere are not correlated with oscillations in
the underlying photosphere. It may be that excitation of waves
in the canopy is related to the flows and associated convection
electric fields and currents considered here.

It is proposed that the model presented here isolates the es-
sential features of a heating mechanism which operates in the
weakly ionized middle chromosphere. Although the model is
steady state, the heating mechanism it models can operate as a
dynamic process. A temperature minimum region and the as-
sociated chromospheric temperature rise appear to exist over
at least 90% of the solar surface (Athay & Dere 1990). Mag-
netic bipoles emerge continuously from the photosphere into the
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chromosphere over the entire solar surface, and are immersed
in the convection of the weakly ionized lower atmosphere. Lo-
calized heating by a mechanism similar to the one considered
here, in a distribution of these bipoles over the surface of the
Sun, may at least partially account for the globally observed
chromospheric temperature rise.
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