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Figure 1. Contours of constant values of stream func­
tions: (a) dipole Z1 and (b) octopole Z3. 

Y-type magnetic neutral point. The separatrix lines of
force passing through this neutral point separate the'
closed from the open lines.

Two other sources of electric current need to be 
introduced into the partially open potential field of 
Low (1986], if we are to account for the characteris­
tic activity-minimum corona with its equatorial high­
density helmet sandwiched between the extensive polar 
coronal holes. Let us identify the closed-field region 
in Figure la with the helmet and the open-field re­
gions with the coronal hole; this is a widely accepted 
interpretation. Then, the observed sharp boundary of 
the helmet suggests that the separatrix lines coinciding 
with that boundary must contain concentrnted electric 
currents. In the simplest approximation iil the mag­
netostatic model, we may take the separatrix lines to 
be magnetic tangential discontinuities across which the 
total (magnetic and plasma) pressure is continuous. A 
discontinuous reduction of magnetic intensity across the 
separatrix lines going from the open into the closed-field 
regions will then be associated with a compensating 
discontinuous increase of plasma pressure and density. 
Thus the observed sharp boundary of the helmet can 
be modeled. 

The remaining electric current mentioned above is 
of course the volumetric current density in addition to 
the discrete currents. The bulk curl'ent gives the atmo­
sphere a continuous structure depending on its distribu­
tion. If the atmosphere contains only the current sheets 
in the far field and in the separatrix lines bminding the 
closed-field region, the field is potential everywhere ex­
cept at these current sheets. The density will then only 
vary radially in a state of pure hydrostatic equilibrium, 
with discrete jumps across the separatrix lines. The 
continuous component of the coronal currents gener­
ates a departure from the radial stratification associated 
with the potential magnetic field. 

We now turn to the details of the mathematical mod­
els. 

Potential Fields With a Stress-Free Current Sheet 
The classical potential problem v' x B = 0 for a mag­

netic field B can be extended to allow for the presence 

of stress-free current-sheet surfaces locally tangential to 
B. Since v'. B = 0, the magnetic field in an axisym­
metric system (i.e. no ¢i component) can be writ.ten in
terms of a stream function A:

B(r, 0) � __ 1_ (� iU r - fJ,10) . ) r sm 0 r 80 fJr 
( 1 

By tra11sforming coordinate systems and superposiug 
specialized potential fields, Low (1986] found a general 
set of solutions representing potential fields in the pres­
ence of a stress-free equatorial current sheet. The su­
perposition involves potential fields which are functions 
of the inverted spheroidal coordinates u and v: 
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These potential fields are related to the classica.l spher­

oidal harmonics by the inversion transformation, which 
takes the disk singularity of these harmonics and spreads 
it out over an infinite current sheet of infinitesimal 
thickness lying at the equator with a circular hole of ra­
dius b centered at the origin. Low [1986] found stream 
functions of degree n:

Zn(r, 0) = Sn (r, 0) + T,, (1·, 0) + ,B., (r, O)U(1', 0) (4)

Sn represents the potential field solution to v' x B =
0 transformed to the u - v coordinate system. T11 is 
added to eliminate the normal field component con­
tributed by Sn at the current sheet. /3,Jl is necessary 
to eliminate the remaining singularity of the combined 
field Sn + Tn at the inner edge of the current sheet. 

A generalized form for a potential field with an equa­
torial current sheet can then be written as a superpo­
sition of fields of different degree n, i.e. in terms of a 
combined potential field stream function 

Ap0t(r,0) = I: 111 Z,.(r,O) (5) 
n 

Here 'Yn are constant coefficients. Low [1986] specifically 
calculated the dipole and octopole fields, Z1 and Z3 

(see Appendix). Figure 1 shows the magnetic field lines 
traced by the contours of constant Z1 and Z3 . 

Bogda11 and :Low [1986] Bulk Current Model 

Bogdan and Low [1986] found solutions in fully three­
dimensional geometry to the magnctostatic force bal­
ance equations describing the corona, allowing for the 
presence of coronal bulk currents. To make an analytic 
three-dimensional solution tractable they assumed that 
the coronal currents were perpendicular to t.he Sun's 
gravitational field. They were then able to calculate 
a parameterized analytic description of the equilibrium 
magnetic field, density, and pressure. 
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In order to make contact with the Low (1986) current­sheet model, we recast the B&L solution in terms of the stream function A. (We will not actually specify A until the next section.) Meanwhile, since (1) gives the magnetic field in terms of A, the pressure is represented by 
1 [ 1 ] 1 (8A) 2 

P(r, 0) = Po(r) + 8,r 17(r) - 1 r4sin20 80 
and the density is 

(6) 

N 0 _ R, [17(r)- l !_ [-1 (8A) 2] e(r, ) - GM0 mp 81r or sin2 0 or 

-r28P ]
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2 (8) 
and the spherically symmetric background pressure is 

P ( ) C -d-1 or =d+lr (9) 
The quantities r, a, and b are normalized to the solar radius Rs . The parameter a can be interpreted as a scale length within which the majority of the currents are contained [Low, 1985). Values of a > 0 correspond to a global ge­ometric expansion of the magnetic field, and values of 
a < 0 correspond to compression relative to the special case a = 0 which is the case of a potential field. The spherically symmetric components of both pressure and density are parameterized as power laws; introducing the parameters c and d in (9). The expansion or con­traction of the magnetic field that is mathematically generated by a nonzero a results in departures of the density distribution from spherical symmetry. 
Combining Bulk and Current Sheet Models 

The original formulation of the B&L model expresses the magnetic field B in terms of a bulk current function <11, which contains the stretch or compression parame­ter a. If a = 0, the magnetic field is potential and can be written Bpot = v7<1>pot, where <l>pot is the classi­cal potential. The B&L bulk current function <I> and the potential function <l>pot are related by the trans­form r -+ r + a. In the alternative formulation of theB&L model leading to (6) - (9), we represent the mag­netic field B not in terms of <I> but in terms of a stream function A. If a = 0, the stream function A reduces to the stream function A
pot generating the potential field Bpot · Just as <l>pot and <I> are related by the tl'ansfor­mation r -+ r + a, so are A

pot and A. To introducethe B&L type of bulk currents into the current-sheet model is therefore a simple matter of calculating the stream functions A
pot for a potential field in the pres­ence of a stress-free current sheet and then subjecting Apot to the transformation r -,. r + a. The equations

for magnetic field, pressure, and density in the presence of both bulk currents and an equatorial current sheet then become 
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(13) 
Here 1·' has been normalized so that the bulk current radial magnetic field is identical to the potential radial magnetic field at the photosphere, i.e. where 1· = 1. A

pot is defined by (5), introducing the additional pa­rameters 'Yn . 
Current Sheets Around the Helmet Streamer Finally, we extend our analysis to include current sheets along the entire interface between open and closed­field lines. The stream function formulation of mag­netic field and pressure allows us to add cunent sheets around this helmet streamer interface. The contour A(r,0) = A

pot(r',0) = 0 traces the current sheet at the equator above the cusp of the helmet streamer. Below the cusp it traces the boundary between open and closed-field lines. We create a jump condition in the magnetic field across this interface by writing the stream function as 
A(r, 0) = A

pot(r', 0) = Co: L ,,.Z,.(1·', 0) (14) 
where 

n 

1; closed field Copen ( > 1); open field (15) 
Since Ln ,nZn ( 1·', 0) = 0 at the interface, the stream function is continuous, but its derivatives are not. Thus the magnetic field will have a jump in value across the interface between open and closed field lines, creating a current sheet. In order to keep the current sheet stress free, the total pressure must be continuous across it, i.e., .6. (P + ::) = 0. The jump in the derivatives of A causes a jump inboth the magnetic field and the pressure due to bulkcurrents:
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ture using only the dipole and octopole stream functions 
presented in the Appendix. We shall see that just these 
two terms of the expansion in ( 14) are able to reproduce 
the general form of the observed corona. 

Effect of Equatorial Cun·ent Sheet 

Before we fit the full bulk current/ current-sheet model 
developed above to observations, we first examine how 
the upper boundary condition of an equatorial current 
sheet relates to the coronal magnetic field and density. 

o. 

2 

b. 

Gibson and Bagenal [1995} found a best fit to coronal 
white light and photospheric field observat.ions, using 
the B&L bulk current model. In that work they used a 
source surface as the upper boundary condition on the 
magnetic field. The density, temperature, and magnetic 
field lines predicted by Gibson and Bagenal (1995] (Fig­
ure 3a - 3c) are compared to density, temperature, and 
magnetic field lines calculated with a current sheet at 
the equator but no jump condition around the helmet 
streamer as yet (Figure 3d - 3f). The Il&L model pa-
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Figure 3. (a) Density, (b) temperature, and (c) magnetic field lines for the Bogdan and Low, [1986) model 
with source surface [Gibson and Bagenal, 1995]; (d) density, (e) temperature, and (t) magnetic field lines 
for the B&L bulk current model adapted to include a current sheet at the equator; and (g) density, (h) 
temperature, and (i) magnetic field lines for the best fit to the B&L bulk current model adapted to include 
current sheets along the interface between open and closed lines at the equator. 
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Table 1. Parameters Used in the Bulk Current/Current-Sheet Fit to White Light Data (Case 1) and the Bogdan 
and Low, (1986] Model Fit to White Light Data [Gibson and Bagenal, 1995] (Case 2). 

Case 

1 

2 

a 

0.067 

0.5 

b 

2.78 

2.7 

C 

0.57 

0.59 

d 

6.13 

5.25 

-2.4

-2.4

1.2 

1.2 

Copen 

1.27 

1.00 

The parameters ;1 and i3 exactly correspond to the parameters q1 and g� used by Gibson and Bagenal[l995]. Parameters 
a, b, c, and d are normalized to R,, i'1 and i'3 are in units of Gauss, and Copen is dimensionless. 

rameters a, c, and d and the dipole and octopole rnag­
netic field coefficients are identical for the two cases ( the 
best fit of Gibson and Bagenal [1995] also had a small 
n = 5 component to the field, but it did not have a big 
effect on the large-scale structure, and we are ignoring 
it for this study). The only real difference between the 
two cases is that the Gibson and Bagenal [1995] case has 
a source surface at r = 2.7 R, instead of an equatorial 
current sheet originating at r = 2.7 R,. The density and 
temperature are not greatly affected by the change in 
the upper bounda.ry condition. (It should be borne in 
mind that the temperature has been calculated by tak­
ing the ratio of pressure to density and that no explicit 
energy equations have been solved.) The magnetic field, 
on the other hand, changes significantly. The magnetic 
field has a topology more closely resembling that pro­
duced by MHD numerical simulations of the coronal 
field, with a current sheet at the equator opening t.he 
far magnetic field an<l bending the field lines equator­
wards [Pneumann and Kopp, 1971; Linker et al., 1990; 
Steinolfson et al., 1982]. 

Bulk Current/Current-Sheet Fit to Observations 

We next examine how the sheet. currents surround­
ing the helmet streamer and at the equator combine 
with the bulk currents to affect the coronal density and 
magnetic field. We use the magnetic field parameters 
from the Gibson and Bagenal [1995] fit to observations 
of scattered white light and photospheric magnetic flux 
and set the height of the equatorial current sheet to be 
b = 2. 78 Rs ( chosen as a best guess of the height of the 
cusp of the helmet streamer observed in white light). 
We then allow the current parameters a and Copen and 
the background density parameters c and d to vary. 

Inverting the data in the manner described by Gib­
son and Bagenal [1995], we find that a choice of a =
0.067 R$ and Copen = 1.27 reproduces white-light ob­
servations reasonably well. This value of a = 0.067 Rs 

is significantly less than the value of a === 0.5 Rs found 
by Gibson and Bagenal {1995]. (See Table 1 for a com­
plete listing of the parameters used in the two fi t.s.) The 
jump in magnetic field and subsequently pressure across 
the current sheets surrounding the helmet streamer cre­
ates most of the density depletion at the µoles, so that 
the bulk currents are only needed to adjust for varia­
tions from spherical symmetry in the open and closed 
regions. Figure 4a shows a contour plot of observations 
of scattered white light. Figure 4b shows the best fit to 
this data found by Gibson and Bagenal [1995], and Fig-
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Figure 4. (a) Smoothed white-light data conespond­
ing to Figure 2 for a day typical for solar minimum 
(March 31, 1986.) (b) Best fit to data using Bogdan 
and Low, [1986] bulk cunent model and a source surface 
[ Gibson and Bagen al, 1995]. ( c) Best fit to data using 
Bogdan and Low, [1986] bulk current model ada.pted to 
include current sheets along the interface between open 
and closed lines and at the equator. 
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minimum coronal magnetic field and density in static 
equilibrium with bulk and sheet currents . In reality, the white-light corona is of course rich with other structures not mentioned above, even at activity minimum. For example, the helmet usually reveals concentric looplike structures in its bright region and a low-density cavi ty containing a quiescent promi nence at i ts base [Saito and
Tandberg-Hanssen, 1973] . We have made no at tempt. to model these and other structures . 0Lll' l imi ted goal has been to improve on the results of Gibson and Bagena/[1995] by bringing the Bogdan and Low [ 198Ci] modela step closer to the observed minimum-activ ity corona by including discrete current sheets . From Am pere's 
law ,  the coronal magnetic field is due to the superpo­sition of magnetic fields due to electric currents flow­ing below the corona an d in the corona.  The currents below the corona give a potential field in the corona. This potential field is modified by the currents in the corona. With our interest centered only on the large­scale corona, we have introduced the equatorial current sheet which creates the open part of the m agnetic flux; an effect ultimately due to the solar wind . We have also introduced the current sheet expected at the bound ary of the helmet structure. Finally, we have included the simple one-parameter volumetric currents of the Bog­

dan and Low [1 986] model. By including both bu lk and sheet currents in this systematic  manner , we have ac­counted for the electric currents which control the large­scale topology of the coronal magnetic field at a ctivity minimum. The resulting magnetic fie ld predicts a self­consistent coronal density distribution in static equ ilib­rium. We have shown that this modeled density dis­tribution matches white-light observations signficantly better than the density d istribution predicted by a less complete model. We have therefore made progress in relating the observed large-scale corona ( at minimum) to its, unobserved, large-scale magnetic field .  
Appendix: Dipole and Octopole St ream 
Functions 

Low [1986) calculated the dipole and octopole st.ream functions Z1 and Z3 . Note tha.t the Zn a.re not or­thonormal : Z3 contains some dipole stream function . This is necessary to cancel the stresses a.t the current sheet .  Note also that our Z1 and Z3 differ from those presented in the paper by Low (1986] by normalizing factors of � and 4; .. \, , respectively. These have beenincluded so that the fiel ds reduce to the standard po­tential dipole and octopole fields when b ---, oo. Finally, 
r, b,  and radial derivatives are dimensionless and nor­malized to R$ throughout this paper. 
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The spheroidal coordinate rt is related to the coordi­nate v by inversion with respect to a sphere of radius b centered at the origin (see (3) ) :  
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