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Abstract—A model treating a solar coronal hole as an axially symmetrical magnetic formation that is in
equilibrium with the surrounding medium is proposed. The model is applicable in the lower corona (to
heights of the order of several hundreds of Mm), where the influence of the solar-wind outflow on the state
of the system can still be neglected. The magnetic field of the coronal hole is comprised of a relatively
weak open flux that varies with height, which extends into interplanetary space, and a closed field, whose
flux closes at the chromosphere near the coronal hole. Simple analytical formulas are obtained, which
demonstrate for a given equilibrium configuration of the plasma and field the main effect of interest—the
lowering of the temperature and density of the gas in the coronal hole compared to their values in the
corona at the same geometric height. In particular, it is shown that, at heights of several tens of Mm,
the temperature and density of the plasma in the coronal hole are roughly half the corresponding values
at the same height in the corona, if the cross-sectional radius of the hole exceeds the scale height in the
corona by roughly a factor of 1.5: Rj, ~ 1.5H(T}). In the special case when Rj, ~ H (1)), the plasma
temperature in the hole is equal to the coronal temperature, and the darkening of the coronal hole is due
only to an appreciable reduction of the plasma density in the hole, compared to the coronal density. An
analogy of the properties of coronal holes and sunspots is discussed, based on the similarity of the magnetic
structures of these formations. In spite of the fundamental difference in the mechanisms for energy transport
in coronal holes and sunspots, the equilibrium distributions of the plasma parameters in these formations
are determined only by the magnetic and gravitational forces, giving rise to a number of common properties,

due to their similar magnetic structures.

DOI: 10.1134/81063772911120092

1. INTRODUCTION

Systematic studies of coronal holes (CHs) began
in 1973—1974, based on data obtained with the Sky-
lab space mission [1]. CHs are usually taken to be
objects having brightnesses in the soft X-ray (A =

3—60 A) that are a factor of two to three lower than

the surrounding corona, and temperatures <10° K.
Beginning in 1975, CHs were observed with ground-

based telescopes in the Hel 10830 A line, in which
they are brighter than the surrounding corona [2].
This is an absorption line, which becomes weaker
in CHs, so that the emission present in the line is
higher than in neighboring regions of the corona. It
seems surprising that a line of neutral helium reacts
to variations in the very hot corona. The reason is
the population of the atomic level that determines the
radiation in this line depends strongly on ionization
by ultraviolet radiation with wavelengths shorter than
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504 A. The corona above the chromosphere where the
neutral helium is located emits strongly in this region.
This radiation, which arrives from above, is weakened
in a CH (due to the joint action of the lower tem-
perature and lower density), so that the population
of the upper level of this triplet is reduced, leading
to a decrease in the absorption. This mechanism
is worked out in detail in [2—6]. At the base of a
CH, both the temperature and the density apparently
differ little from their values in the surrounding pho-
tosphere and chromosphere. Higher, beginning from
a height of several tens of thousands of kilometers
above the photosphere, the plasma temperature in
the CH becomes appreciably lower than in the sur-
rounding corona (being about 1—1.5 million K). The
density is probably also lower in CHs, but estimates
are somewhat discrepant [7].

Soit X-ray images of the Sun with high resolu-
tion have been regularly obtained with the Yohkoh
satellite since 1991, and with the SOHO satellite
since 1996. These data are published in the bulletin
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“Solar-Geophysical Data” and can be accessed via
the internet. These observations have revealed a
number of important phenomenological properties of
CHs, although their nature remains incompletely un-
derstood. CHs usually arise in unipolar regions with
predominantly open magnetic-field configurations. A
discussion of the physical conditions in typical CHs is
given in [7, 8].

The main characteristics of CHs are formulated
in “Solar-Geophysical Data” No. 644-1 (p. 94), as
a basis for defining the shapes of CHs. Observed

spectroheliograms in the Hel 10830 A line and mag-
netograms of the photospheric magnetic field are used
for this. Coronal holes are taken to be regions that:

(1) are brighter than the surrounding corona in
observations of the Hel 10830 A line,

(2) display a reduced contrast of the chromo-
spheric network,

(3) are predominantly unipolar,

(4) have sizes no smaller than two supergranule
cells, or >6 x 108 km?,

[t is clear that these conditions are excessively
strict, since there exist many CHs that satisfy only
some of them. The reason is that the main physical
definition of CHs is based on the fact that CHs are
regions of open magnetic field. However, this property
is efficiently manifest in the solar atmosphere only
beginning from a certain height. The effect of the open
magnetic-field configuration can be strongly blurred
at lower altitudes, in the photosphere and chromo-
sphere. It was shown in [9] that some regions on the
Sun display only one of the identifying characteristics
of CHs presented above. There exist regions of re-
duced contrast of the chromospheric network whose
brightness does not differ from that of the surrounding
background, and regions brighter than the surround-
ing background with high chromospheric-network
contrasts.

The violation of the third characteristic that the
regions be unipolar is fundamental. Unfortunately,
this undoubtedly correct condition is often interpreted
as implying unipolar fields at all levels, including the
heights of the photosphere and chromosphere. In
general, this is not valid, since closed loop magnetic
structures are almost always present in the chromo-
sphere and photosphere in the regions onto which the
CH is projected.

Recently, Obridko and Shel’'ting [10] analyzed
338 CHs distributed over all phases of the 23rd solar
cycle. They calculated for all the CHs values of the
index of unipolarity 1U, defined as the ratio of the
magnitude of the mean radial magnetic field Br and
its mean magnitude:

IU = [(Br)| /{|Brl)-
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[t is obvious that IU = 1.0 for a strictly unipolar
field, while this value will be approximately zero in a
multi-polar region. At heights of 1.1R (where Ry is
the solar radius), 281 CHs (i.e., 83%) had 1U values
of 0.9—1.0. This is consistent with the earlier result
that CHs become predominantly unipolar formations
by heights of 1.05R, [11]. The internal structures of
18 CHs, likewise distributed over all phases of the
23rd solar cycle, were also studied in the 28.4 nm
band. This showed that CHs contain both darker
and less dark regions. The darkest regions have
brightnesses less than 25% of the mean brightness of
the disk at the given epoch. This is surrounded by a
less dark region where the brightness is below 50%
of the yearly-mean brightness at this wavelength.
The darkest part of a CH corresponds to the region
of maximum magnetic field, with the magnetic-field
lines forming a weakly diverging bunch with inclina-
tions to the vertical of no more than 20°. Outside the
darkest part of a CH, the field lines can deviate more
substantially from the normal direction.

This scheme is overall analogous to the picture
proposed in 1988 by Wang et al. [12] to explain radio
observations of CHs, and was later supported in [8,
13]. In 1996, Wang et al. [14] identified CHs with
regions of open magnetic field. Further, these terms
were applied to two equally important concepts of
CHs, observed in the UV and X-ray at the disk and
limb.

A large-scale magnetic field, CH, and active re-
gion form a single complex with the following proper-
ties in the process of their evolution.

Regions within which the magnetic field in the
chromosphere and lower corona deviates from the ra-
dial direction by less than 20° lead to the appearance
of optical and X-ray CHs. In spite of the physical
identification of these two regions, some lack of co-
incidence of their boundaries is possible, as well as
a delay in the appearance of the CH relative to the
appearance of the region of open magnetic field.

Two to three rotations after their appearance, the
shapes and sizes of CHs begin to change under the
action of active regions located between conjugate
CHs. As a result, a saddle-type configuration arises
in the transverse field at the photospheric level near
the boundary of the CHs.

The lifetimes of CHs, which comprise from two to
three rotations to 1.5 years, exceed the lifetimes of
the active regions associated with them. During the
weakening or disappearance of these active regions,
the CH changes accordingly.

The relationship between CHs and solar active
regions was established in the study of Levine [15]
based on Skylab data. It was later established [16, 17]
that changes in the boundaries and energy balance
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in CHs are determined to an appreciable extent by
sporadic flows of hot (T = 108 K) plasma and regular
inflows of energy from adjacent active regions.

Pneuman [18] showed that the inflow of energy
into CHs is not necessarily lower than it is in regions
of closed magnetic fields. The reduced brightness of
CHs can be explained if the solar wind carries away
a large fraction of this energy into the interplanetary
medium.

It has been established that the magnetic fields
in CHs expand with height in a super-radial fash-
ion [19—21]. This means that the field lines deviate
from the radial direction characteristic of a magnetic
monopole. These deviations are relatively modest in
the darkest regions of CHs, and do not exceed 20°
at heights of 1.1Rg [8, 10, 22]. The UV and X-
ray radiation is strongly reduced in this region, while
the radiation at meter and decameter wavelengths is
enhanced [12]. The deviations from the radial direc-
tion increase near the periphery of the CH, reaching
50°—70°[10].

2. ANALOGOUS PROPERTIES
OF CORONAL HOLES AND SUNSPOTS

The above concepts lay at the basis of the sug-
gestion of a close analogy between sunspots (as they
are observed at the photospheric level) and CHs [13,
22].  One problem with this is that sunspots are
associated with local and CHs with global magnetic
fields. The essence of the analogy is that both of
these types of object represent equilibrium magneto-
hydrostatic (MHS) structures with similar magnetic-
field geometries. The mechanisms for the transport
of thermal energy in CHs and in sunspots are com-
pletely different, but, in both cases, the equilibrium
parameter distributions are determined only by the
magnetic forces, their spatial distribution, and the
gravitational force: since their magnetic-field struc-
tures are similar, we obtain similar distributions of the
temperature and density.

[t is precisely the similarity in the magnetic-field
structure that provides the basis for this analogy.
However, we can also identify a whole series of other
analogous and common properties that are charac-
teristic for these active solar formations.

At first glance, it appears to be an important dif-
ference between CHs and sunspots that the magnetic
fields in sunspots reach values of 2000—3000 G, while
the mean photospheric magnetic fields beneath CHs
are only a few Gauss. However, we must remember
that CHs are elements of the global field. Therefore,
the situation changes as soon as we rise above the
photosphere. The contribution of local field lines de-
creases sharply with height, and the magnetic field is
already dominated by the contribution of large-scale

OBRIDKO, SOLOV’EV

elements at heights of several tenths of a solar radius.
As a result, CHs are located at the positions of hills
in the global magnetic field [22, 23]. For example,
in the decay phase of the 22nd solar cycle in 1982—
1985, 85% of CHs were located entirely or partially
at the positions of maxima in the coronal magnetic
field during the given solar rotation. Like sunspots,
CHs have fairly sharp outlines that are determined by
the strength of the magnetic field. Whereas the mag-
netic fields at the boundaries of sunspots are several
hundred Gauss, the corresponding fields outlining the
boundaries of CHs are 2—5 G.

The close connection between CHs and quasi-
stable, high-speed solar-wind outflows [24, 25] is a
consequence of the fact that CHs represent bunches
of open field lines that deviate more appreciably from
the normal direction with distance from the central
parts of the CH [26—30]. Thus, CHs are located in
regions of diverging field lines.

Figure 1 shows a map of the solar magnetic field
at a height of 1.1Rg, as a typical example; the center
of this image corresponds to April 30, 2007. We can
see that equatorial CHs can be located in regions of
converging or diverging field lines. The magnetic-
field lines in sunspot penumbrae behave in just the
same way. As in sunspots, the flow of matter into
CHs is channeled along the diverging field lines. The
flow of matter from sunspots in the photosphere (the
Evershed effect) comprises an outflow of matter at the
photospheric level and an inflow at the chromospheric
level. In CHs, outflows of matter are realized in the
form of high-speed flows.

Another similarity between CHs and sunspots is
that both types of object tend to group. Sunspots
are usually joined into bipolar groups. An analogous
effect is manifest in the distribution of CHs on the
solar disk. CHs shifted from each other by ~180° in
longitude are often observed, with the magnetic fields
in these CHs having opposite signs. An example of
this situation is shown in Fig. 1.

Like sunspots, CHs are darker and cooler than
their surroundings. In sunspots, the reduction in
radiation compared to the surrounding photosphere
arises due to cooling of the local plasma, as a con-
sequence of the fact that the vertical magnetic field
reduces the efficiency of convective heat transport
from below. A CH is a dark formation compared to
the surrounding corona in the UV and X-ray, but is
brighter than its surroundings in the neutral helium
line noted above. The contrast of CHs is due primarily
to their lower temperatures, and only secondarily to
their reduced plasma densities. The density deficit of
the gas in the observed layers of sunspots leads to the
formation of so-called Wilson depressions (the level
of unit optical depth in the sunspot is located several
hundred km below the photospheric level).
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MAGNETOHYDROSTATIC MODEL FOR A CORONAL HOLE

1147

Fig. 1. Maps of the solar magnetic field at a height of 1.1R® on April 30, 2007. In the map in the leit panel, the arrows show
the magnitude and direction of the transverse magnetic field and the circles show the bases of open field lines corresponding
to the position of a CH on this day. A map of the radial magnetic field is shown in the central panel. The right panel shows an
image of the Sun at 19.5 nm obtained on the same day. CHs are delineated by additional contours.

In most theories based on reconnection on small
scales (DC models), the strength and complexity
of the magnetic field is the main factor determining
the dominant heating mechanism. Accordingly, the
reduced energy fluxes of small elements in CHs are
considered to be due to the reduction of the temper-
ature and density in the CHs [31]. Another type of
cooling mechanism related to magnetic fields—wave,
or AC models—leads to an enhanced flux of waves, an
outflow of matter, and cooling of the emitting gas (see
the detailed review of Ashwanden [32]). Badalyan and
Obridko [33, 34] showed that both types of mecha-
nisms oerate in CHs, but their relative roles change
somewhat with latitude. Thus, in both sunspots and
CHs, their dark appearance is associated with plasma
cooling and a density deficit, and the equilibrium
state of these long-lived magneto-plasma systems
is brought about by the similar structures of their
magnetic fields.

Like sunspots, CHs have a central region that is
darkest, whose brightness is lower than the yearly-
mean solar brightness by a factor of four to five (the
“umbra” of the CH), and an outer part where the
brightness is below the mean by a factor of two to
three (the “pemumbra” of the CH)[8, 10, 12, 13]. As
in the umbra of a sunspot, the field lines deviate from
the vertical only weakly in the darkest part of a CH.

Another curious parallel between CHs and
sunspots is that the elemental abundances in the
lower parts of CHs (the chromosphere, transition
region, and lower corona) is very close to those that
are observed in the photosphere [35, 36]. This sharply
distinguishes CHs from other regions on the Sun,
which display an appreciable enhancement in the
abundances of elements with low first-ionization po-
tentials (the FIP effect). This difference is preserved
in the heliosphere, where high-speed flows and their
associated CHs are often identified based on the
similarity of their abundances of elements with low
ionization potentials [37, 38].
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Oscillations with periods of 10—30 min associated
with compressions due to MHD waves propagat-
ing along the open field lines have been detected in
CHs [39—41]. These oscillations, and also long-
period oscillations (with periods from 1 to 3—4 h or
longer) have also been detected in sunspots, in both
the optical and radio [42—44].

All the characteristics listed above leave no doubt
that there are close similarities between many prop-
erties of sunspots and CHs. It stands to reason
that there cannot be a full physical analogy between
these formations. First, their typical sizes differ by a
factor of 10—30. Second, they are located in different
layers of the solar atmosphere with different dominant
heating mechanisms. However, as was noted above,
the similarities between these long-lived active solar
formations are brought about by the similarity in the
structures of the magnetic fields forming them, which
also determine the values of many other equilibrium
parameters.

We note separately here the question of hydro-
static equilibrium in these objects. Outflows of matter
are observed in both sunspots and CHs, and it would
not be surprising if the distributions of matter in
these outflows were appreciably non-MHS. However,
this does not occur in either sunspots or in CHs.
Obridko [45] presents numerous facts testifying to the
validity of hydrostatic models for sunspots. Detailed
modeling of the structure of a sunspot based on MHS
equations [46, 47] provides a good agreement with
modern empirical sunspot models [48]. Moreover,
theoretical estimates [49] show that hydrostatic dis-
tributions are realized even in the sunspot penumbra,
in spite of the presence of observationally striking
plasma flows. Empirical models for sunspot penum-
brae lead to the same conclusion [50]. At the same
time, Badalyan [51] has convincingly shown that hy-
drostatic models for the density distribution are in
agreement with observations of the white corona right
out to heights of 2.5 solar radii; i.e., the solar wind
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at these heights does not yet make a substantial
contribution to the spatial structure of the density and
temperature distributions.

3. MODELING THE MAGNETIC FIELD
OF A CORONAL HOLE

A CH is a long-lived and slowly evolving mag-
netic formation, with the characteristic time scales
for parameter variations substantially exceeding the
time scales for establishing stationary distributions of
parameters in the system. Therefore, we can neglect
the partial derivative of the velocity with respect to
time in the equation of motion of the plasma in a CH:

1
p(VV)V = —VP + 4 [curlB x B] + pg. (1)

s

Moreover, if we limit our consideration to heights
above the photosphere not exceeding 1-1.5Rs, we
can use an MHS approximation; i.e., we can com-
pletely neglect the inertial term in the left-hand side of
(1). This approximation will obviously be valid if the
square of the outflow velocity for the matter in the CH
is appreciably smaller than the squares of the Alfvén

velocity and of the sound speed:

2

Vi« V= B , V2<<c§:7%T.
dmp

With a magnetic-field strength of several Gauss

and a plasma density of 105—10° particles/cm®,
the Alfvén velocity in the corona is approximately
1000 km/s, and the sound speed for a temperature
of about 1 MK is several hundred km/s. The velocity
of the solar wind at the indicated heights is essentially
undetectable, and is unlikely to exceed even 10 km/s.
Thus, the inequality above is satisfied with a large
margin, and the use of an MHS approximation to
describe the structure of an equilibrium CH is fully
justified.

The initial system of MHS equations takes the
form

1
ﬂ[rothB]—VP—l—pg:O, (2)
divB = 0, (3)
RT
P=p . (4)
1

The first of these is the equilibrium equation for
the system, the second the condition for the magnetic
field to be solenoidal, and the third the equation of
state of an ideal gas.

The magnetic field of an equilibrium CH can
conveniently be represented as the sum of two static
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fields: B(r,z) = Bi(r,z) + Ba(r,2z). The first of
these, By, is the field extending into interplanetary
space in the form of a bunch of field lines with a fairly
sharply bounded cross section, which varies with
height relatively slowly, approximately according to
an inverse-square law:

B e,
Bi(rz) =,

where By is the strength of this field at the base
of the CH at the point » =0, z = 0 (we use here a
cylindrical coordinate system r, ¢, z (Fig. 2) related
to the assumed symmetry axis of the CH); B, ; is the
radial component of this field; n is a positive numerical
index that must be chosen to be large enough to
ensure a sharp spatial boundary and uniformity of the
density and temperature distributions across the CH
cross section (we adopted n = 20 for our numerical
calculations); and e is a positive coefficient that is
close to unity (¢ > 1), which can be used to take into
account the modest deviation of the variation of the
field with height from an inverse-square law. Finally,
the parameter k is the inverse transverse scale for
the field By. It is obvious that kR > 1 (it is ap-
proximately 10—20), so that, we can show using the
condition divB = 0 that B, < B, 1; consequently,
the influence of the radial component of the field B, ;
on the force balance in the system can be neglected.

The second field Bo(r, 2) has a potential distribu-
tion that falls off exponentially with height, of the form
Bs(r,z) = BoaJo(ar) exp(—az)e. (6)

+ By aJi(ar) exp(—az)e,.
Here, By is the strength of this magnetic field at
the coordinate origin, Jo(ar) and Jy(ar) are zeroth-

and first-order Bessel functions of the first kind, and
a = const is the inverse scale length for the field Bs.

% + BT,leTa (5)

It can easily be shown via a direct substitu-
tion that the magnetic field (6) satisifies both the
solenoidal condition divB = 0 and the potential con-
dition curlB = 0. We suggest that this distribution,
with its oscillating “tails” that slowly fall off with
radius, successfully imitates not only the magnetic
field inside a CH, but also the “magnetic carpet” in
the vicinity of the CH.

The sum of the two fields, By + B, yields a
magnetic-rosette-type coronal magnetic configura-
tion, in which the main magnetic flux returns to the
chromosphere and a relatively weak, weakly diverging
central bunch of field lines emerges outward vertically
upward into the corona. Qualitatively, this represents
the magnetic structure of a CH, whose general form
resembles that of a sunspot, as is depicted in Fig. 2.
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2,

Base of
coronal hole
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Fig. 2. Qualitative appearance of a magnetic configuration described by the fields B1 + B2. A cylindrical coordinate system r,

©, z is shown.

The magnetic force due to the resulting field By +
B- will have two components:

F,, = 41 curlB x B] (7)

-

[curlBy x (By + By)]
T

_ e, 8Bz71 8Bz71
T 4w <_BZ71 or B2 or >
€, 6BZ 1

B, B
* 4m < 2 or >

4. MAGNETOHYDROSTATIC SOLUTIONS
FOR A CORONAL HOLE

MHS problems are usually formulated in terms of
the magnetic flux of the vertical field ¥(r, z). The
Grad—Shafranov equation [52] is derived from the
equilibrium condition, a specific dependence of the
gas pressure on the flux ¥(r, z) is specified based on
some additional considerations (usually of a purely
mathematical nature), and the resulting differential
equation in the function ¥(r, 2) is solved; i.e., a so-
lution for the magnetic structure of the equilibrium
configuration is found. This is the so-called direct
problem. Of no less interest is the corresponding
inverse problem [53, b4], when a specified magnetic-
field structure is used to determine the distributions of
the pressure, density, and temperature corresponding
to the equilibrium conditions for the specified mag-
netic field. These are in fact the parameters that can
be derived from coronal measurements, whereas it is
not possible to directly measure magnetic fields in the
solar corona. For this reason, it is this inverse MHS
problem that we consider in describing a long-lived
equilibrium CH.

ASTRONOMY REPORTS Vol.55 No. 12 2011

As was noted above, we limit our consideration to
relatively low heights (z < Rg), where the outflow of
plasma from the region of the CH (the solar wind) is
modest, and its influence on the main parameters of
the CH can be neglected.

We write the equilibrium condition of the plasma
(2) in terms of components:

OP By 0B, B
~ g, T 4 Jrkr)exp(=kr) " 7 —pg =0, (8)
oP 1 [10BZ,
COr  4n [2 or + BoaJo(kr) ©)
X exp(—kr)ag;;’l] =0.

The first of these equations serves to determine the
plasma density p(r, z) at the point of the magnetic
configuration of interest to us, and the second to
calculate the pressure P(r, z) for a specified magnetic
structure. To find the pressure P(r, z), we integrate
(9) over the radius from oo to r; i.e., beginning from
a very distant point where the influence of the CH
magnetic field on the state of the plasma can be
neglected to some point located a distance r from the
axis of symmetry of the system. We obtain:

Bg 1(r,2)
—P(r,z) + Py(z) — 787‘1’
By 2 f 0B.1,
= n exp(—kz)/Jo(k:r) o dr =0,

o0

where Py(z) is the unperturbed hydrostatic pressure
far from the CH. Further, using the obvious relation
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JL fdr =— [ fdr = — [§° fdr + [; fdr, wefind
B3, 1
P(r,2) = Py(z) —
=R
1 BO72

“ (14 2/Ro)e T dx

X (/ Jo(ozr)ag;’ldr/Jo(ar)agj’ldr) .

0 0

exp(—az)

We calculate the integrals in parantheses by parts,
taking into account the fact that Jj = —J;. We then
obtain

B2
P(r,z) = Py(2) — 8(;1 - (;r)"F (10)
1 Bo,1Bo2 exp(—az)
X (1—|—Z/R@)4€ A (1—|—Z/R@)2€F(T)’
~ Jo(ar) o Jilar)
where F(r) = T1t (e + J5 ) _ﬁ (kr)nd(ar) _
ar Jl(OéT)

I 1+ (kr)”d(ar)'

Substituting (10) into (8), we obtain an expression
for the gas density in the CH, and then find the gas
temperature in the CH from the ideal-gas equation of
state (4) and the already known pressure and density.
Thus, the problem of determining the pressure, den-
sity, and temperature of the plasma at any point of the
equilibrium magneto-plasma system considered here
based on a specified structure for its magnetic field is
solved.

5. QUANTITATIVE ANALYSIS
AND DISCUSSION

We will now present numerical calculations for
various relationships between the geometrical dimen-
sions a and k, all with n = 20: a1 = 0.75k, oo = k,
and ag = 1.25k. As was noted above, the higher the
index n, the sharper the boundary of the CH. The
degree of uniformity of the cross-sectional distribu-
tions of the temperature and density in the CH are
determined by the ratio «/k: the closer this ratio is
to unity, the more uniform these distributions will
be. Figure 3 presents F'(r), which has the form of
a nearly rectangular step function when o = k: near
the axis of the CH, when x = kr < 1, this function is
equal to —0.762, and it increases in a nearly jump-
like fashion to zero when x = kr > 1, retaining this
value upon further increase in the distance from the
axis. When «a # k, the profile of the base of the CH
becomes uneven, rising toward the center for o < k
and decreasing toward the center for o > k. Figure 3
also shows the Bessel functions Jy(z) and Jy ().
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Further, we will assume that o = k, i.e., that the
vertical and horizontal scales of our magnetic struc-
ture coincide; this is precisely the condition for the
base of the CH to be flattest. Taking into account the
characteristic form of the function F'(r), we can write
for the region internal to the CH (i.e., for kr < 1):

Pz = B~ D01 (11)
rz) = z) —
8T [ (k)
1 Bo1Bo2 exp(—kz)
—1.524 7 ’ .
“ (14 2/Ro ) 87 (1+2/Ro)%

Substituting this expression into (8) yields the
spatial distribution fo the plasma density in the CH:

)=o)~ o1 (12)
P, Lo 87TQR@ [1 + (k"l")n]z
" 4e B 1.52430713072
(1 + Z/R@)45+1 87Tg
exp(—kz) 1

X

(1+2z/Re)* (14 2/Re)Ro
_ Bo1Bo,2 J1(kr)20k (k)12 exp(—kz)

drg  [1+ (kr)2]3(1 + 2/Rp)% "

The strength of the open field By should be ap-
preciably lower than that of the lower-lying field By,
since, at sufficient heights, the transverse pressure
of the open field B; must be balanced by the very
weak pressure of the coronal plasma. This suggests
that By 1 should not exceed fractions of a Gauss,
whie the closed field By is several Gauss. Based on
this reasoning and the fact that kRs > 1, and that
(kr)'9 < 1 everywhere inside the CH, we can with
good accuracy distinguish two main terms in (11) and
(12):

Bo.B
P(r,z) 2 Py(z) — 2 7%Y(2),  (13)
8
p(r,z) = po(z) — Boéf;w kY (2).  (14)
where ¥(2) = Ls2dexp(~k)(1 + 2/Ro) . We

can write using the ideal-gas equation of state (4):

PR _ g, (15)
P9 ©g

where H(T) is the scale height for a uniform atmo-

sphere. It follows from (13)—(15) that

_ Bo,1Bo,

T(z) _ PlE = Y
H(TO)TO(Z) B po(z)g—kBOJBOQY(z). (16)
8T
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Fig. 3. Appearance of the function F'(kr) for three different cases, shown by the three nearly merging curves: a1 = 0.75k (top
curve), ap = k (middle curve), and a3 = 1.25k (bottom curve). The thin dash—dotted and dashed curves shown the functions

Jo(x) and Ji1(x), respectively.

Here, Tp(z) is the temperature in the solar corona
that is free of the CH magnetic field at a specified
geometric height and H(Tp) is the scale height for
a uniform atmosphere corresponding to the temper-
ature Ty. Further, we introduce the notation for the
plasma parameter (which is a function of height in
this case)

_ Py(2)87
ﬁo(Z) - B()JB(],QY(Z)‘

Note that fp(z) > 1 in this model. Otherwise,
according to (13) and (16), the plasma pressure and
temperature turn out to be negative. Using the re-
lation po(2)gH (Tp) = Py(z) and relations (14) and
(16), we obtain for the temperature and density inside
the CH in units of the temperature and density of the
surrounding medium at the same geometric height
the simple expressions

T(z) _

(17)

Bo(z) — 1

To(z) ~ Bolz) — KH(Th)’ (18)
o) . KH(Ty)
20(2) =1 Bol2) . (19)

As we can see, the dominant role in determining
the distributions of the temperature and gas den-
sity in an equilibrium CH is played by the quantity

ASTRONOMY REPORTS Vol.55 No. 12 2011

kH (Ty), which is the ratio of the scale height in the
corona to the radius of the CH (k = R}, ): kHo(T) =

R, 'Ho(T). Since (y(2) > 1, the satisfaction of only
one purely geometrical condition is sufficient to obtain
the main effects manifest by the CH (a reduction of
the temperature compared to the coronal temperature
at the same geometric height):

k‘H(To) <1

(or Ho(T') < Rp). We emphasize that the resulting
effect is very general and stable in the sense that
its sign does not depend on any quantitative esti-
mates and the physical parameters of the coronal
plasma, apart from the temperature. If kH(Tp) =
1, the plasma temperatures in the CH and in the
corona are equal; when Gy > kH(Tp) > 1, the gas
temperature in the CH is even somewhat higher than
the coronal temperature. (As we can see from (18),
it kH(Tp) = Bop, the temperature of the CH becomes
infinitely high and an equilibrium state is not possible
in the system. Equilibrium is likewise impossible
when kH (Ty) > (o, since this leads to negative tem-
peratures.)

Forvery large CHs, when kH (Ty) < (o, the asso-
ciated maximally reduced plasma temperature in the
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OBRIDKO, SOLOV’EV

0.6 0.8 1.0
kH(T)

Fig. 4. Dependence of the relative temperature T'(z)/To(z) (solid curves) and density p(z)/po(z) (dashed curves) of the gas
ina CH on kH (Tp) for various values of the plasma parameter 3o. The thickness of the curve increases with decreasing 3: the
thickest curves correspond to B (z) = 1.1 and the thinnest ones correspond to 8o(z) = 3.

CHis
T(z) o 1
To(z) Bo(z)

However, according to (19), p(z) = po(2), i.e., the
CH will be due only to the difference in the temper-
atures of the CH and corona. For example, if we
adopt fy(z) = 2, then T'(z) = 0.5Tp(z). In another
important special case, when kH(Ty) = 1, according
to (18), the temperature difference between the CH
and corona vanishes, but the density difference turns
out to be appreciable:

plz) _ 1
po(2) Bo(z)’

so that, in this case, the darkening of the CH in the
UV and X-ray is due exclusively to the reduction of
the plasma density in the CH. It was found in [55]
based on Yohkoh X-ray data that the gas temperature
in a CH, 1.8—2.4 MK, was not significantly lower
than the coronal temperature, while the emission
in the CH was lower by an order of magnitude—
obviously due to the fact that the plasma density in the
CH was lower by about a factor of three compared to
the coronal density. If we assume for the CH studied
in [55] that kH(Ty) =1, then, according to (21),
we find that the corresponding plasma parameter is

(20)

(21)

Bo(z) = 1.5, which seems an entirely reasonable esti-
mate. (It is interesting that the relative temperatures
and densities in CHs given by (20) and (21) quantita-
tively coincide.) Figure 4 shows the dependences (18)
and (19) for various values of the plasma parameter.

The scale height for a uniform atmosphere in the
chromosphere does not exceed several thousand km,
so that the condition H(Tj) < Ry, is easily satisfied.
Due to the sharp increase in the temperature with
height to approximately 1—1.5 MK, the scale height
in the corona H(Tp) likewise grows to 50—75 Mm.
Therefore, CHs at coronal heights with such temper-
atures cannot have sizes smaller than the indicated
value.

Let us consider another quantitative estimate. Ata
height of 40—50 Mm, Py(z) ~ 0.1 dyne/cm?, Ty(2) ~
10% K, and Y (2) = 0.7. If we adopt By~ 0.5 G and
By2 ~ 5 G, we obtain §y(z) ~ 1.4. The scale height
in the corona at this level is about 50 Mm, and we
estimate for the radius of a typical large-scale CH
Ry, =~ 75 Mm. In this case, kH(Ty) = 0.667, and,

| T(2) ol2)
according to (18) and (19), ~ (0.545, ~
glo U and (9. 7 () p(2)
0.524; i.e., both the temperature and the density of
the plasma in the CH are a factor of two lower than

their coronal values at the same geometric height.
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In absolute units, the temperature is approximately
0.5 MK and the plasma number density in the CH is

a few times 10® particles/cm3.

Note that the analogy with sunspots described
above can be traced in the temperature distribution
in the CH given by (18). The scale height is small
in a sunspot at the photospheric level (only about
130 km), so that kH(Tp) < 1, and the equilibrium
sunspot is appreciably cooler than the photosphere.
However, H(Ty) grows rapidly when higher layers are
reached, and becomes comparable to and then greater
than the magnetic scale height, so that kH(Tp) >
1 at heights of several thousand km in the upper
chromosphere and lower corona, where the plasma
above the sunspot is now hotter than the surrounding
medium (it is sometimes said in this regard that “the
corona begins earlier above a sunspot”, i.e., the lower
boundary of the corona is lower than in the unper-
turbed state outside the sunspot).

6. CONCLUSION

We have described a number of common proper-
ties inherent to CHs and sunspots. This analogy can
be explained by the similarity of the magnetic struc-
tures of these objects. In the equilibrium state, the
spatial distributions of the temperature and density
depend only on the magnetic and gravitational forces.
When the magnetic structures of two formations are
similar, the temperature and density characteristics
of the two equilibrium magneto-plasma systems are
also similar, in spite of the substantial difference in
their heat-transport mechanisms.

The magnetic field in the proposed model fora CH
is similar to the field of a sunspot, in the form of a
“rosette” whose main magnetic flux returns to the
chromosphere in the immediate vicinity of the CH,
but with a relatively small fraction of the magnetic
flux from the central part of the CH emerging from
the corona into interplanetary space, thus serving as a
channel along which the high-speed solar-wind flow
forms at sufficiently large heights.

We have calculated the parameters of a CH in
a magnetohydrostatic approximation (taking into
account the gravitational force). The influence of
plasma flows on the structure of the CH was not
included. This approximation is fully justified, at least
to heights of the order of the solar radius above the
level of the photosphere.

The main effect distinguishing CHs—a reduced
temperature compared to the coronal value—can
be explained purely by a geometrical condition: the
cross-sectional radius of the CH must exceed the
scale height in the corona at the corresponding level
(Rp > H(Ty)). The sign of this effect does not

ASTRONOMY REPORTS Vol.55 No. 12 2011
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depend on any quantitative estimates, apart from
the temperature of the surrounding corona and the
parameters of the CH and coronal plasma. The
typical density and temperature distributions of CHs
agree well with observations: the temperature and
density of the gas in CHs at heights of several tens of
Mm are roughly half their coronal values.

According to our proposed model, when the cross-
sectional radius of a CH is close to the scale height in
the corona (Ry, = H(1y)), the gas temperature in the
CH is comparable to the coronal temperature, and the
darkening of the CH is due purely to an appreciable
reduction of the plasma density in the CH compared
to the coronal density.
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