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ABSTRACT

We present the first theoretical, forward calculations of the Stokes profiles of several magnetic dipole (“M1”)
coronal emission lines produced in current-carrying magnetic structures. An idealized coronal model of Low, Fong,
and Fan is used, which describes a spherically symmetric, hydrostatic background atmosphere, isothermal at a
coronal temperature of 1.6 x 10® K. Embedded is a global, axisymmetric magnetic field that is everywhere potential
except at a quiescent prominence, consisting of an infinitesimally thin, equatorial current sheet whose weight is
supported by the outward discrete Lorentz force in the sheet. This model contains a physically nontrivial, localized
magnetic structure, although the atmospheric plasma is thermally of the simplest stratification possible. The calculated
M1 coronal lines show clear and distinct signatures of the presence and magnitude of this localized magnetic structure,
in both linear and circular polarizations, even though the thermal structure is almost homogeneous. The morphology of
maps of linear polarization is particularly sensitive to the existence and strength of the current sheets, as field lines wrap
around them according to the Biot-Savart law, and the linear polarization responds to different projections offield line
directions onto local radius vectors. Of the M1 lines studied, those of Fe xur (1074.7 nm) and Si x (1430.1 nm) are
especially promising because of their relatively strong linear polarization. These forward calculations provide a basis for
optimism that emission-line measurements may reveal the presence and nature of current systems in the corona, and
provide motivation for developing instruments capable of routinely measuring polarized light in forbidden coronal

lines.

Subject headings: polarization — Sun: atmosphere — Sun: corona — Sun: magnetic fields

Online material: color figures

1. INTRODUCTION

This paper is the fourth in a series devoted to using forbidden
emission lines, of magnetic dipole (“M1”") character, to determine
properties of coronal magnetic fields. In the first paper (Judge
1998), the visible and infrared coronal forbidden-line spectrum
was surveyed and line intensities were calculated for all poten-
tially interesting ions. In the second paper (Casini & Judge 1999)
we developed the theoretical framework for the simulation and
interpretation of polarized light emitted in M1 coronal lines, extend-
ing earlier work (e.g., Sahal-Bréchot 1977) to include consis-
tently the lowest orders in the ratio wy /Awp (Larmor / Doppler
width frequency ratio) needed to model the full Stokes vector.
In the corona, wy /Awp is expected to be ~10~*. Paper I1I (Brage
et al. 2000) dealt with atomic data for M1 lines of Si 1x.

The polarized light from M1 lines contains information on
coronal magnetic fields of two different kinds. First, the direction
of the magnetic field projected onto the plane of the sky is en-
coded in the observed linear polarization (Charvin 1965). The
linear polarization can be relatively large, sometimes approach-
ing tens of percent of the intensity, being essentially independent
of wr/Awp. Second, the strength and sign of the magnetic field
along the line of sight (LOS) is encoded in the circular polari-
zation (Harvey 1969; Lin et al. 2000, 2004). This component is
generally orders of magnitude smaller, arising mostly from the
first-order term in wy /Awp. The linear polarization arises through
the “atomic alignment” (Sahal-Bréchot 1977) produced when
typical coronal ions, gyrating around the coronal field lines, are
irradiated anisotropically by the solar photosphere. The second
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effect is the well-known longitudinal Zeeman effect, but modi-
fied in the presence of nonzero atomic alignment (Casini & Judge
1999). Linear polarization arising from the transverse Zeeman
effect is negligible, being second order in w /Awp, in comparison
with the irradiation-induced atomic alignment.

Judge & Casini (2001) discussed the computer program used
here for calculating the Stokes profiles of coronal M1 emission
lines. There, results were shown for dipolar magnetic field con-
figurations to verify aspects of the program and to illustrate the
polarization signatures of simple potential fields. The linear po-
larization produced by more sophisticated (but still potential)
fields, based on surface field extrapolations, received consider-
able attention in the 1970s and 1980s (e.g., House 1974, 1977),
in an effort to see if potential fields approximate actual condi-
tions in the corona. However, practically speaking, potential fields
are of limited physical interest because they are at absolutely the
lowest energy levels. It is the free energy associated with current
systems flowing in the corona that drives the diversity of phe-
nomena we call solar activity, including flares, coronal heating,
and large-scale coronal dynamics (e.g., Low 1994). From basic
magnetohydrodynamics, Taylor (1986) and Berger (1984) have
conjectured that, under conditions of high magnetic Reynolds
numbers, magnetic helicity is almost conserved, because it is as-
sumed that the decay time for magnetic helicity greatly exceeds
the decay time for magnetic energy. Observations of photospheric
magnetic fields have shown that the field that emerges is typically
twisted, carrying significant helicity with it (Lites 2005 and ref-
erence therein). It follows that even with flaring and magnetic
reconnection, the relaxed field cannot reach states that are close to
potential under the above approximate conservation law (Low
2003; Zhang & Low 2005). From this physical perspective, the
flaring and heating in the corona needed to accommodate the
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emerging magnetic fields would produce long-lived structures
that continue to trap a certain amount of free energy, stored in situ,
to be released eventually in coronal mass ejections and their as-
sociated flares (e.g., Low 1994).

The broad aim of the present series of papers is to understand
the potential capability of M1 emission lines to diagnose coronal
magnetic properties using spectropolarimetry. This effort com-
plements more mature work based on radio observations, but
whose application is limited to strong-field (i.e., active) regions
ofthe corona (e.g., White 2001). In this paper we take a first step
toward understanding the polarimetric signatures of current sys-
tems in coronal plasmas. This is accomplished by synthesizing
the Stokes signatures of M1 emission lines, in what “may be
regarded as the simplest prominence model available in spherical
geometry” (Low et al. 2003). The paper has two goals: (1) to
predict polarization signatures of the coronal current system in this
particular model for comparison with observations, and (2) to ex-
amine the sensitivity of the polarization signatures of this physi-
cally interesting model, but including the combined complications
of a very simple thermal structure and the accompanying LOS
integrations. We find it interesting that some robust information
on magnetic structures may reside in the polarization signatures
despite these complications.

2. THE MAGNETIC MODEL

Fong et al. (2002) and Low et al. (2003) developed analytical
magnetostatic models of prominences embedded in a corona, in
“inverse” configurations (in the sense of Leroy 1989). The mod-
els are axisymmetric, and the prominence is treated as a cold plasma
sheet forming a flat ring around the Sun, with inner and outer
radii at 7 = ro andr = a > rs. The global magnetic field is taken
to have a dipolar topology, rooted to the base » = r,, and potential
everywhere, except at the prominence sheet where a discrete az-
imuthal electric current flows. The magnetic field threads across
the prominence sheet with a reversal of the tangential field com-
ponent to account for the sheet current and a continuous normal
component across the sheet to satisfy the solenoidal condition.

With axisymmetry, the solenoidal magnetic field can be ex-
pressed in spherical coordinates as
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in terms of a flux function 4 (the ¢-component of the magnetic
vector potential). This particular model is attractive for our pur-
pose because the global field can be represented by expressing 4
as the sum of just a few oblate spherical harmonic functions 4;.
Each harmonic contributes its share of the azimuthal current in
the prominence sheet, permitting some degree of freedom to gen-
erate a variety of prominence-embedded global fields. By choos-
ing suitable combinations of 4; and simple background potential
fields, Low et al. showed that the excess weight of prominence
material could be balanced by an outward-directed Lorentz force.
They focused on the models’ ability to store significant magnetic
energy, sufficient to drive coronal mass ejections. In the present
paper, the unresolved prominence simply provides weight to
balance the Lorentz force. Its presence implies a local torus of
closed field around it, distinguishing the global field from a pure
dipole potential field. The prominence merely features as the
hydromagnetic reason for this interesting magnetic topology
but is otherwise irrelevant. The surrounding coronal material is
of central interest here, as it emits polarized light in certain M1
emission lines.
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Following the notation of Fong et al. (2002) and Low et al.
(2003), consider the flux function

Agheet = B@”é(“h - A[), (2)

where A3 is the third spheroidal harmonic function and 4; is its
image flux function, such that 4; is everywhere potential in
r > rg and with 4;(rg) = A43(re). Using equations (1) and (2),
the latter condition implies that the current sheet contributes zero
radial field component at » = r,. The potential field 4; was
computed as a truncated series expansion of solutions to Lap-
lace’s equation using associated Legendre polynomials, subject
to matching A; at » = ro with 4A3(ry). The flux function Agpeet
accounts for the field due to the prominence current sheet. Our
total flux function is then the sum of At and that for a potential
field, Agip, which accounts for the global surface field at » = 7:

. 2
sin“6
A= Adip + YAsheets Adip = Bdé PR (3)

As ~ is varied, the coronal magnetic field and embedded
prominence sheet change, but the radial component of the sur-
face magnetic field B,(r = r) remains unchanged. This prop-
erty is important because on the real Sun, current systems in the
corona cannot significantly affect the magnetic fields in the far
denser, highly conducting surface layers.

Furthermore, one might envisage making the usual potential
field extrapolations based on measurements of B,.(r = rs) (e.g.,
Altschuler & Newkirk 1969). Since 4;(r.) = A3(rz), such an
extrapolation will recover only the potential field due to the A4,
term alone, a pure dipole potential field, and miss the non-dipolar
magnetic structure arising from the prominence current sheet in
the corona. By varying 7y, we can effectively study the influence
of an in situ prominence current sheet on the polarization of M1
lines, detecting a magnetic structure missed by the potential-field
extrapolation from the surface fields. We thus have an instructive
example of how the emission-line polarization may contain in-
formation on a current system in the corona, which is “invisible”
to potential extrapolations based on surface magnetic fields.

Outside of the (infinitesimally thin) current sheet, the mag-
netic field is potential and so a spherically symmetric corona
must obey the hydrostatic relationship

dp GM/.\
— — = 0. 4
TP (4)

We assume the corona is fully ionized and is at a temperature of
1.6 MK, chosen to be close to the peak formation temperature of
two Fe xm lines of particular interest near 1074.7 and 1079.8 nm.
The pressure at » = 7, was set to 0.14 dynes cm 2. These values
are typical of the quiet corona (e.g., Billings 1966). Note that
outside of the current sheet, the force balance of the magnetic field
is decoupled from that of the plasma. The only departure of the
field from a potential state arises within the current sheet, which
contributes nothing to our coronal emission line calculations.
The axisymmetric magnetic fields of Low et al. (2003) are
arguably the simplest magnetostatic configurations with embedded
electric currents one expects to find in the corona. The adopted
thermal structure is simpler yet, being spherically symmetric
and isothermal, and is the simplest model compatible with grav-
itational stratification. The high degree of symmetry in the thermal
structure is radically different from the fine structures organized
into loops and rays that are prominent in EUV images (e.g., Golub
et al. 1999). Our purpose here is not to try to study such complex
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configurations, which are associated with magnetic complexity on
small (<r,) spatial scales, but instead to examine the polarization
signatures of the magnetic structure in the large scale “diffuse”
corona. Furthermore, our calculations represent cases where
contributions to the LOS integration of emission coefficients come
from very large volumes.

Since prominences are rarely aligned exactly along lines of
constant latitude, the computations were made with the south
pole of the axis of symmetry tilted along the solar east-west axis
by 7° toward the ““observer.” This breaks the symmetry in the
calculation of the Stokes ¥, which otherwise would be identically
zero. We could have chosen a variety of tilt angles; we chose 7°
simply because it corresponds to the maximum tilt (solar ““b-
angle”) as seen from the Earth.

In the models of Low et al. (2003) the weight of a prominence
balances the upward Lorentz force within the current sheet. The
presence of the prominence in the atmosphere therefore has two
consequences. The support of its weight requires, in this model,
a local magnetic structure in the form of a torus of closed field
around the prominence. The weight also stresses the field in this
cavity and its surroundings, building up magnetic energy stored
in the atmosphere. The values of  thus determine the promi-
nence mass, which for v = 0.042 and a prominence of length r,
is around 10'7 g. This is far larger than a recent determination of
(6 £ 2.5) x 1014 g for a CME-associated eruptive prominence
(Gilbert et al. 2005). Low et al. (2003) recognized the relatively
large mass and so made calculations in a different configuration
in which a “flattened dipole” field was used with weaker equa-
torial fields than that adopted here, leading to a smaller promi-
nence mass by a factor of 4. Although the prominence mass
determined by Gilbert et al. is small, larger values of prominence
mass of the order of 10'3-10'° g have been cited in the literature
(Illing & Hundhausen 1986; Gopalswamy & Hanaoka 1998). The
issue of prominence mass is important for understanding en-
ergy storage but is not vital to the present study concerned with
the signatures of coronal currents in polarized light, irrespective
of their physical origin.

3. EMISSION-LINE CALCULATIONS

We performed calculations of emission coefficients using the
formalism described by Casini & Judge (1999) as written into
the computer program discussed by Judge & Casini (2001). A
uniform Cartesian grid was used, the grid points being 2.9 Mm
(4" apart. This spacing was chosen to approximate the 4”5 pixel
sizes of the CoMP instrument (Darnell et al. 2003; Tomczyk
2003), as it has been implemented on the “One Shot” corona-
graph (Smart et al. 1981) at the National Solar Observatory on
Sacramento Peak. For each grid point, emission coefficients for
each Stokes component (/, O, U, V'), evaluated along the LOS,
are computed by solving the statistical equilibrium equations
for a given ion. The equations are written in terms of the com-
ponents of the irreducible spherical components of the density
matrix, which, in the absence of atomic coherences, is equivalent to
the formalism based on the magnetic substate populations (House
1977). Along each LOS the four emission coefficients correspond-
ing to 1, O, U, and V¥, were integrated using the trapezoidal rule.
A fifth emission coefficient for J was computed in which the
contribution of atomic alignment at each grid point was set to
Zero [ag(ag, Jo) = 0ineq. (35¢) of Casini & Judge 1999]. This
gives the Stokes V profile expected from application of the well-
known magnetograph formula.

Calculations were performed for several different ions of
potential interest, with special emphasis on the Si-like ion Fe xii,
whose well-known infrared transitions have been the subjects of
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many coronagraphic studies (e.g., Querfeld 1977, 1982; Quer-
feld & Smartt 1984; Arnaud & Newkirk 1987; Lin et al. 2000,
2004; Tomczyk et al. 2004; Tomczyk 2004). We present results
using a three-level atom for Fe xmm, which contains just the
3s?3p? 3Py 12 levels needed to describe the 1074.7 nm (J =
1 — 0)and 1079.8 nm (J = 2 — 1) M1 transitions primarily of
interest. Using just three levels substantially underestimates the
influence of excitation to and radiative cascade from higher lying
levels (e.g., Sahal-Bréchot 1974a, 1974b, 1977). In the Appendix,
we show how collision rates can be modified in a three-level
atomic model roughly to mimic the excitation/cascade effects in
models containing many more levels. Atomic models for ions
of Fe x, Fe x1v, Si1x, and Si x were treated in a similar fashion.
These ions were deemed of particular interest by Judge et al. (2001)
since they contain promising M1 lines: the “red” and “green”
coronal lines, and lines at 3934.6 and 1430.1 nm, respectively.

Solar abundances are currently under debate. We adopted
abundances of iron and silicon of 7.60 and 7.52, respectively, on
the logarithmic scale where the hydrogen abundance is 12 (Allen
1973). Recent work yields 7.45 and 7.51, respectively (Asplund
et al. 2005). Thus we may overestimate all the Stokes param-
eters for iron lines by a factor of 1.4. This is of no concern to the
present paper, whose conclusions hinge on morphology of the
Stokes parameters and ratios of Stokes parameters, independent
of their absolute values.

4. RESULTS AND DISCUSSION

Stokes parameters were calculated for three magnetic con-
figurations, each with identical thermal properties. The three
models differ only in their embedded magnetic fields, simply by
changing the value of y in equation (3) from zero (pure dipolar
field) to 0.024 and 0.042. The latter values were chosen fol-
lowing § 3.1 of the paper by Low et al. (2003; see their Figs. 1
and 2): v = 0.042 has sufficient magnetic free energy to allow
both opening of the field lines and also to drive a CME related
outflow under typical conditions. This free energy is actually
among the largest of energies of observed CME/flare events (Low
etal. 2003). On the other hand, the case v = 0.024 has insufficient
energy to permit field line opening and CME eruption: v = 0.024
is 0.042/1/3, and so the v = 0.024 case has one-third of the free
energy of the 0.042 case; v = 0.024 is also roughly the smallest
value that can maintain an upward-directed Lorentz force (see the
small closed loop at the top of the current sheet in Fig. 15). These
two cases therefore serve to address the following questions: Do
Stokes parameters of M1 lines reflect the presence of current
sheets in the corona, and can they be used to discriminate between
idealized field configurations known to have sufficient/insufficient

free enerqy to launch a CME?

We note that the thermal structure, being spherically symmetric
and hydrostatic, in a sense maximizes the “blurring” effect of
LOS integrations on the emergent Stokes profiles, because the
profiles have contributions from a broad region centered about
the plane of the sky. In the real corona, LOS integrations will have
contributions from denser concentrations of coronal material along
the LOS, from loops perhaps, hopefully leading to less LOS blur-
ring. However, these concentrations may be associated with
separate magnetic structures, confusing the interpretation.

4.1. Lines of Fe xm

Figure 1 shows how the linear polarization, integrated over the
line profile of the 1074.7 nm line of Fe xim, responds to changing
the value of 7y in equation (3), from a pure dipole field (y = 0), to
0.024, and to 0.042. The current sheets are clearly imprinted in
a characteristic fashion on the emitted linear polarization. The
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FiG. 1.— Comparison of three calculations of linear polarization in the 1074.7 nm
transition of Fe xm1. The strength of the axial current sheet increases from top (7 = 0)
to bottom (y = 0.042). The image brightness shows the magnitude of linear po-
larization P = (Q? + U?)"2; the short lines show the direction of the electric field
vector in the plane of the sky (the field “azimuth’). The curved lines are magnetic
field lines in the plane of the sky. [See the electronic edition of the Journal for a
color version of this figure.]

patterns seen in Figures 15 and 1c¢ can be understood through
the well-known “Van Vleck effect,” in which zeros of P =
(Q*+U 2)1/ 2 are found at locations where the angle 95 between
the local magnetic field and radius vector (the vector whose or-
igin is at the Sun center) satisfies 3 cos?®3 — 1 = 0. On opposite
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sides of these polarization “nulls,” the electric vector of the
polarized light changes direction by 90°. This effect is illustrated
in Figures 15 and 1¢ by the darkest regions surrounding the cur-
rent sheets: below the dark region (a polarization null) the po-
larization vectors are parallel to the magnetic field lines; above it
they are perpendicular. Thus, the figure shows that the morphol-
ogy of the images in linear polarization mainly reflect the vari-
ation of Y5 as the magnetic field changes direction in response to
the current sheet. The field lines, in the v = 0.042 (strong current)
case, wrap around and through the current sheet in accordance
with the Biot-Savart law. The differences between the three cases
thus directly reflect the magnetic field direction, projected onto the
plane of the sky. The magnitudes P of linear polarization are less
directly related to simple coronal properties, because they are de-
termined by the balance between the radiative atomic alignment
process arising from the anisotropic irradiation of the ions, and the
(assumed isotropic) collisional processes that destroy the atomic
alignment. The latter depend on the details of the statistical equi-
librium in a multilevel situation and have no simple interpretation
(see the Appendix).

In a similar manner to Figure 1, Figure 2 shows how the cir-
cular polarization of the 1074.7 nm line responds to the current
sheet. The V profiles change sign with wavelengths A above and
below line center Ay, so the figure shows V' = f V;S,dA, with
S; = sgn(A — A), divided by I = [ I;d). These V data are non-
zero only because of the small polar axis tilt that breaks the LOS
symmetry (§ 2). The emission coefficient for ¥, given by equa-
tions (40) and (41) of Casini & Judge (1999), has a leading term
that is independent of the atomic alignment and that corresponds
to the well-known weak-field limit (magnetograph formula) for
the Zeeman effect. The alignment appears as corrections to the
magnetograph formula, which for the case of Fe xmm 1074.7 nm is
typically 23%, and is less in the presence of collisions (see the
discussion following eq. [41] of Casini & Judge 1999). Thus, the
V/I data shown in Figure 2 reflect largely the magnetograph
regime: the tilted dipole has a small V signature owing to the
dipolar tilt, and the data neighboring the current sheet show the
signatures of the tilted stronger fields that, in Figure 2¢, circu-
late around the sheet.

The departure of the V" data from the magnetograph formula is
illustrated in Figure 3a. The median value of the ratio (magne-
tograph formula)/(full formula) for this figure is 1.03. Figure 3
also shows the ratios of the intensities / and linear polarization P
of the 1079.8 nm line to those for the 1074.7 nm line. Median
values are respectively 0.30 and 0.024. The intensity ratio is sen-
sitive to both the incident radiation field and the electron density
(Flower & Pineau des Foréts 1973). The radiation field is de-
termined by photospheric light and so can be estimated from
observations. Given this radiation field, the mean electron den-
sity along the LOS can then be determined. Penn et al. (1994) ob-
tained data for the 1079.8 and 1074.7 nm lines from the 1991 total
eclipse, and inferred reasonable values for the electron den-
sities. Their observed line intensity ratio (1079.8 nm/1074.7 nm)
varied from 0.4 to 0.25 between 1.03 and 1.13 7, above the limb.
Our simulated intensity ratios are in excellent agreement with the
magnitude and variation with height of these observations. It will
be interesting to examine new data from the CoMP instrument
(Darnell et al. 2003; Tomczyk 2003), including the magnitudes
of linear polarization in the two lines.

Note that the circular polarization arising from the two current
sheet models differs essentially only in its magnitude (Fig. 2).
However, the linear polarization in these calculations is strik-
ingly sensitive to the presence and strength of the fields generated
by the current sheet (Fig. 1). Both magnitudes and field azimuths
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Fi. 2.—Comparison of three calculations of circular polarization, plotted as
in Fig. 1. Dashed lines show the magnetic field lines of the dipolar field only, for
comparison. [See the electronic edition of the Journal for a color version of this

figure.]

differ dramatically between the v = 0.024 and v = 0.042 cases,
in response to the changes in field line morphology, as a result of
the dependence of the linear polarization vectors on /5. Therefore,
considerable emphasis should be placed on interpreting linear as
well as circular polarization signals of M1 lines, when attempting
to diagnose current systems and the associated magnetic free en-
ergy within the corona. The linear polarization maps are essen-
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FiG. 3.—(a) Ratio of the Stokes V' data for the 1074.7 nm line computed using
the ““magnetograph formula” (eq. [40] of Casini & Judge 1999) to the calculation
including the correction for atomic alignment. (This ratio is 1/x given by Casini
& Judge 1999). (b) Ratio of the intensities of the 1079.8 and 1074.7 nm lines.
(c) Ratio of the magnitudes of the linear polarization of the same lines. The data
in (b) and (¢) can be usefully compared with observational data. [See the electronic
edition of the Journal for a color version of this figure.]

tially unaffected by the magnitude of the magnetic field. This is
because the lines form in the “strong field”” limit of the Hanle
effect (w7 > 1, where 7 is the radiative lifetime of the upper
level of the line). In our calculations these maps are therefore
dependent only on the values of v and not on the absolute values
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TABLE 1
A CoMPARISON OF POLARIZATION PROPERTIES FOR SEVERAL M1 LINES

A 1
Ton (nm) (ergs em™2 s sr71) P/I |V |

Fe XII e 1074.7 1.05E1 42E-2 29E-5

1079.8 4.68E0 29E-3 2.8E-5
Si x.. . 39346 1.97E—1 2.0E-3 79E-5
Fex.... . 637.4 4.48E—1 0.00E0 1.6E-5
Fe xiv . 530.3 6.50E0 83E-3 14E-5
Si Xt 1430.1 2.95E0 1.6E—-2 29E-5

Notes.—These results are for x = 1.07 r,, averaged over several points be-
tween y = —0.05 and +0.05 r, in Figs. 1-3.

of the magnetic fields. Thus, these maps alone cannot determine
the magnitudes of the magnetic field, the free magnetic energy
density, or the electric currents. To measure the currents them-
selves, the magnitude of the magnetic field is needed, which re-
quires interpretation of the circular polarization. The point we
make here is that in the context of the adopted models, the maps of
linear polarization can nevertheless be used to discriminate be-
tween two physically interesting cases with and without sufficient
free energy to launch a CME.

4.2. Lines of Fe x, Fe x1v, Si 1x, and Si x

Judge et al. (2001) assigned a ““figure of merit™ to a variety of
M1 coronal lines based on an estimate of the photon-limited
signal-to-noise ratio of the circular polarization in the lines. The
calculations for Fe xm presented here show that, at least for one
simple current system, the linear polarization can play a critical role
in identifying the presence and relative strength of electric currents
in the corona. Therefore, we have calculated the Stokes profiles of
M1 lines of Fe x (637.4 nm), Fe xiv (530.3 nm), Si1x (3934.6 nm),
and Si x (1430.1 nm), the most promising M1 lines listed in Table 8
of Judge et al. (2001). We excluded Mg v because the M1 line
near 3027 nm suffers from significant telluric absorption.

Results for a representative point 0.07 r above the solar limb
are listed in Table 1, for the case where v = 0.042. The com-
puted circular polarization signals are similar to those calculated
above for Fe xiii, scaled by /g, where 4 is the wavelength and g is
the Landé g-factor of the transition. As expected, the |V'/I| ratios
were largest for the 3934.6 nm line of Si1x, and smallest for Fe xiv
530.3 nm. The linear polarization results are more interesting. The
upper level of Fe x 637.4 is “unpolarizable,” being a J = 1/2
level, and the line has no linear polarization. The most Zeeman-
sensitive line, that of Si 1x 3934.6 nm, has a very small P/I as a
result of the relative dominance of electron collisions over photo-
excitation. This situation arises because the Sun’s photosphere is
dimmer near 4 ym, because the Einstein coefficients scale with
23 for dipole transitions, and because collision rates are gen-
erally larger for ions with lower charge (the scale of radial wave
functions varies with core charge z as z~!; hence cross sections
scale with z=2). The Mg vin M1 line near 3027 nm is expected to
behave similarly to that of Si ix. Of the remaining lines, that of
Six at 1430.1 nm behaves similarly to Fe xim, and the “green” line
at 530.3 nm is characterized by P/I on the order of 1% or less.
These results are broadly consistent with the earlier calculations
made for Fe xm and Fe xiv by, e.g., House (1977) and Sahal-
Bréchot (1977).

5. CONCLUSIONS

Polarization observations of M1 coronal lines can indeed in-
dicate current sheets in the corona, and in this particular case can
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also discriminate between idealized field configurations known
to have sufficient/insufficient free energy to launch a CME. Sa-
lient properties of our particular current sheets are reflected most
sensitively by the linear polarization signatures of M1 lines, as
field lines wrap around the electrical currents according to the
Biot-Savart law, and the linear polarization responds to the dif-
ferent projection of field line directions onto the local radius
vector. Combined with intensity and circular polarization mea-
surements, the presence of such a large scale current system in
the real solar corona should be discernible and should be sought,
for example, in prominence cavity data in the future. Together
with models, it is hoped that one might be able to limit and/or
measure the free energy associated with certain polarization data,
and determine the likelihood of CME eruption, for example.
This task is beyond the scope of the present paper, but is under
study.

Our emphasis on the linear polarization reflects to some de-
gree our assumed geometry, in which currents flow largely along
the LOS. Nevertheless, linear polarization measurements offer a
more general opportunity for diagnosis of coronal current systems
because the field line morphology determined by the currents is
imprinted in images of the linear polarizations of M1 lines, in-
cluding the nulls in the linear polarization and the 90° change in
polarization direction across these nulls: the Van Vleck effect. We
anticipate, for example, that current-carrying fields in the “normal”
and “inverse” prominence configurations modeled by Zhang &
Low (2004) will have very different polarization signatures (on
the basis of the field line morphology shown in their Fig. 2).
These two types of configurations, originally proposed on the
basis of magnetic field measurements in prominence plasma (e.g.,
Leroy 1989), may therefore be more directly tested observation-
ally over the entire hydromagnetic structure.

In the past the Van Vleck effect has been regarded as a trouble-
some source of ambiguity. However, the striking differences be-
tween the images shown in Figure 1 suggest that the morphology
of linear polarization maps including the Van Vleck effect may
actually help disentangle the field morphology. To some degree
this idea was anticipated 34 years ago by House (1972): “It
appears that it will be most important to have polarization mea-
surements over a large region of the corona so that through the
continuity of the field one may attempt to resolve some of the
ambiguities.”

Work is in progress at the High Altitude Observatory and the
Universities of Hawaii and Michigan to analyze data from new
instruments and to develop a new coronagraphic instrument de-
voted to synoptic measurements of the polarization of M1 co-
ronal lines. Given the clear importance of the linear polarization
measurements in detecting coronal current systems, such an in-
strument should measure lines with significant linear polariza-
tion signatures, giving more weight to the lines of Si x, Fe xm,
and Fe x1v than Si 1x and Fe x, in spite of the large magnetic
sensitivity of the Si 1x line at 3934.6 nm. Such a synoptic instru-
ment must obtain useful data throughout the solar cycle, and
perhaps within coronal holes. Billings (1966) has reviewed the
dependence of M1 line intensities over the sunspot cycle. The red
Fe x line can be detected throughout the sunspot cycle, the green
Fe xiv line has a strong cyclic dependence, and the yellow Ca xv
line is only associated with sunspots. S. Tomczyk (2005, private
communication) has noted that Fe xmr is faint during the present
sunspot minimum. The line of Si x at 1430.1 nm, which has
qualitatively similar computed values of O, U, and V' to those of
Fe xmr 1074.7 nm, may be expected to remain bright through-
out the solar cycle since it has a much higher ionic abundance
near 10° K than Fe xim (e.g., Jordan 1969; Arnaud & Raymond
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1992). The temperature-dependent ionization equilibrium fraction straints on the free energy associated with coronal current systems
of Si x lies closer to that of Fe x than that of Fe xm. The Six line are desired.

appears free from significant telluric absorption and is of the

same order of brightness as computed here (Penn & Kuhn 1994).

These considerations point to an instrument capable of measuring We are grateful to Sarah Gibson for a careful reading of the
at least the lines of both Fe xmur and Si x, if observational con- paper.
APPENDIX

EFFECTS OF EXCITATION TO LEVELS ABOVE 3s?3p* 3Py, IN Fe xm

Polarization calculations were made using atomic models of a various levels of sophistication. Those reported in the text used the
simplest possible model, modified as described below, including just the three lowest levels (*Py | ») of the Fe xmion. The modifications
were made based on calculations in a 27 level atomic model for which accurate rate coefficients are available (Dere et al. 2001).

Restriction to a small number of levels is questionable, as was demonstrated for the case of Fe xiv by House (1974). Under coronal
conditions it is well known that both level populations (Pecker & Thomas 1962) and magnetic sublevel populations (Sahal-Bréchot
1974a, 1974b, 1977) are controlled by electron impact excitation to, and radiative decay from, higher levels. Our restriction to three
levels is dictated by excessive computer time with the current version of the code. To set up and solve the statistical equilibrium
equations for the population, alignment and orientation of each of 27 levels requires roughly 0.9 s on a 1.8 GHz, single-processor
PowerPC iMac. With an excess of 2 million grid points just one such calculation requires 29 days. We therefore made an exploratory
set of calculations using the 27 level model from the CHIANTI package. The model includes the lowest five levels of even parity
(P12, 'Da, 'Sy, all of the ground 3s?3p? configuration), which were treated by Sahal-Bréchot (1977). Twenty-two levels of odd
parity, readily populated by thermal electrons, were also included for which data for radiative and electron collisional transitions are
avallable (5S§’, 3PS, 2, Dy, 5. 'DY, 38, IPI”, all levels of the 3s3p* configuration lying between 26 and 54 eV above the ground
level; *Df 3, 3F834, *Pg1,, 'DS, 'F§, 'P? levels of the 35?3p3d configuration, lying between 53 and 71 eV). These levels were
also treated by House (1977) Oscillator strengths and collisions between levels with quantum numbers «’J’ to aeJ by electron impact
were taken from the CHIANTI project (Dere et al. 2001). For completeness, inelastic and elastic collisions by proton impact between
substates of the three lowest levels were included, assuming equal proton and electron temperatures. These data were taken from
Landman (1975), although Sahal-Bréchot (1977) found them to have a small effect when proton and electron temperatures are
similar.

Our treatment of impacts by electron collisions involves some approximations that need explanation. It is based on the treatment described
in Appendix A4 of Landi degl’Innocenti & Landolfi (2004). The characteristics of inelastic and superelastic electron-ion collisions
are reviewed by Burgess & Tully (1992). We assume Maxwellian electron distributions. For electric dipole and quadrupole (E1 and
E2) transitions, we assume that the collisional rate coefficients are dominated by the multipolar interaction between the collider and
target atom, and compute the inelastic and superelastic collisional rates needed for the equilibrium calculations assuming (1) that no
other multipoles contribute, and (2) that the effects of resonances (doubly excited intermediate ionic states of Fe xm) are negligible.
This is generally a good approximation for such transitions. For otherwise forbidden transitions, we make the opposite assumption,
namely, that the multipolar interaction is negligible compared with the interactions that occur as the colliding electron interacts
strongly with the bound electrons. Under this approximation, the “strong coupling” case, there is no preferred orientation and so we
set the desired inelastic collision rates between magnetic substates from level a;J; to aJ (I refers to the energetically lower level), as

ClaJM, aJJiM)) = C(ad, aJ)/2J;+ 1) (forbidden transitions). (A1)

As described in the Appendix A4 of Landi degl’Innocenti & Landolfi (2004) the coefficients for the E1, E2 transitions and the
forbidden transitions are used to compute coefficients F(’f )(aJ, aJp) (and similarly for I's) for multipole order K needed for com-
putation of rate coefficients in the basis of irreducible spherical tensor operators adopted by Sahal-Bréchot (1977) and Casini & Judge (1999).

Figure 4 compares intensities of the 1074.7 and 1079.8 nm M1 lines of Fe nt computed using the 27 level atom and using the three-
level atom. The three-level atom was treated in two ways: first, the model was run with no modification, revealing gross dis-
crepancies with the “realistic” 27 level model. Second, the collisional rates between the three P;_g 1 » levels were arbitrarily adjusted
to see if the “realistic” intensities could be reproduced in a three-level model. The figure shows, fortuitously, that this is indeed the case.
The modified three-level atom has collisional rates in the 0—1, 0-2, and 1-2 transitions multiplied by factors of 7.5, 9.4, and 9.4,
respectively. The figure shows that this modification mimics the “realistic”” calculation quite accurately.

Cross sections for collisions that induce non-J-changing transitions (“elastic” collisions) are unavailable for Fe xm1, except for the
proton rates computed by Landman (1975). Such collisions depolarize the atomic levels and hence their emitted radiation. As in
earlier work (e.g., Sahal-Bréchot 1977), we assume that these collisional rates are unimportant compared with the large collisional
rates associated with the E1 transitions. However, since the levels accessible to E1 transitions from the ground levels of Fe xmm are
not present in the three-level atom, the three-level atom therefore misses important sources of depolarization. In order to ap-
prox1mate the effects of multilevel depolarization including E1 transitions, we therefore have adjusted a parameter defined as
C (aJ ) by Landi degl’Innocenti & Landolﬁ (2004) to try to mlmlc the depolarization effects of the missing higher atomic levels.
By trial and error we found that a value of CE (aJ ) =9x10"° em3 s~! was needed to reproduce the results from the 27 level atom
(see Fig. 5, which compares, in a similar fashion to Fig. 4, the magmtude of linear polarization computed in the 1074.7 and 1079.8 nm
M1 lines of Fe xm). The figure shows that this modiﬁcation reproduces the “realistic’ calculation again quite accurately, and suf-
ficiently for the purposes of the present work.
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Fi. 4.—Three calculations of line intensities as computed along a north-south (solar y) strip of 3 7., length starting from the equator, beginning at a distance of
x = 1.05 r, from Sun center. The unmodified three-level atom fails to reproduce line intensities by a large margin because of multilevel effects described in the Appendix.
By simple trial-and-error modifications of the rates of inelastic electron collisions, the three-level calculation can be brought into very close agreement with the 27 level
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Fic. 5.—Three calculations of linear polarization as computed along the same north-south strip computed in Fig. 4. The unmodified three-level atom greatly
overestimates the linear polarization when collisions are important, a well-known result of missing multilevel effects from higher levels (see text). By artificially increasing
the elastic rate of electron collisional depolarization, the excitation/cascade depolarization effects can be mimicked for the 1074.7 and 1079.8 nm lines to within a few
percent in these calculations.
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