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Abstract

In ultraviolet (UV) spectropolarimetric observations of the solar corona, the existence of a magnetic field, solar
wind velocity, and temperature anisotropies modify the linear polarization associated with resonant scattering.
Unlike previous empirical models or global models, which present blended results of the above physical effects, in
this work, we forward-model expected signals in the HI Ly« line (121.6 nm) by adopting an analytic model that
can be adjusted to test the roles of different effects separately. We find that the impact of all three effects is most
evident in the rotation of the linear polarization direction. In particular, (1) for magnetic fields between ~10 and
~100 G, the Hanle effect modifies the linear polarization at low coronal heights, rotating the linear polarization
direction clockwise (counterclockwise) when the angle between the magnetic field and the local vertical is greater
(less) than the van Vleck angle, which is consistent with the result of Zhao et al.; (2) solar wind velocity, which
increases with height, has a significant effect through the Doppler dimming effect at higher coronal heights,
rotating the linear polarization direction in an opposite fashion to the Hanle effect; and (3) kinetic temperature
anisotropies are most significant at lower heights in open nonradial magnetic field regions, producing tilt opposite
to isotropic Doppler dimming. The fact that the three effects operate differently in distinct spatial regimes opens up
the possibility for using linear polarization measurements in UV lines to diagnose these important physical
characteristics of the solar corona.

Unified Astronomy Thesaurus concepts: Solar wind (1534); Coronagraphic imaging (313); Solar ultraviolet
emission (1533)

1. Introduction strength (Bommier & Sahal-Bréchot 1982; Sahal-Bréchot et al.
1986; Fineschi et al. 1991; Zhao et al. 2019, and references
therein.).

The investigation of solar wind acceleration is also of critical
importance. In the era of the Solar and Heliospheric Observatory
(SOHO; Domingo et al. 1995), solar wind velocity has been
measured by the Ultraviolet Coronagraph Spectrometer (UVCS;
Kohl et al. 1995) through the Doppler dimming effect.

One of the discoveries of SOHO was the anisotropy of the
microscopic velocity (i.e., kinetic temperature), first announced
by Kohl et al. (1997), through the estimated temperature of the

The solar corona lies at the heart of many of the unsolved
problems in solar physics. How is it heated to a million degrees?
How is it accelerated to expand outwards as the solar wind? What
are the processes controlling coronal mass ejections and flare?
And the overarching question for all of these: what is the structure
and topology of the coronal magnetic field?

Until now, the most prevalent method of obtaining the
coronal magnetic field is from the extrapolation of photospheric
magnetograms, under various assumptions such as a magnetically
dominated, or force-free field. Data-driven MHD simulations

incorporate the extrapolated magnetic field and obtain the evolution
of the complete physical state. They are successful in reproducing
eruptive events—for example, qualitative similarities are found
between the topology of the magnetic field (as determined e.g.,
from quasi-separatrix layers Titov & Démoulin 1999; Titov et al.
2002) and the morphology of flare ribbons. However, to investigate
such events quantitatively, direct measurement of the coronal
magnetic field is necessary. The Zeeman effect has been widely
used to measure the strong magnetic field at the photosphere, but
measurement in the corona has been rarer (Lin et al. 2004).
Another option is to use the Hanle effect to probe magnetic field
topology (Bak-Steslicka et al. 2013; Gibson et al. 2017) and

7 The National Center for Atmospheric Research is sponsored by the National
Science Foundation.

heavy ion O°" in the solar wind. This analysis found that the
line width is much wider perpendicular to the magnetic field
than along the magnetic field, indicating that the kinetic
temperature is higher in the perpendicular direction.

The magnetic field, Doppler dimming effect, and temper-
ature anisotropy of the solar wind have been extensively
studied in observations (e.g., Kohl et al. 1998; Li et al. 1998;
Antonucci et al. 2000; Raouafi et al. 2002b; Antonucci et al.
2012; Bak-Steslicka et al. 2013; Dolei et al. 2016) and in
numerical calculations (e.g., Bommier & Sahal-Bréchot 1982;
Sahal-Bréchot et al. 1986; Fineschi et al. 1991, 1993, 1999;
Davila & Ofman 1999; Gary et al. 2001, 2003; Ofman &
Davila 2001; Ofman et al. 2001, 2005, 2014; Raouafi et al.
2002a; Li et al. 2004; Raouafi & Solanki 2006; Sahal-Bréchot
& Raouafi 2006; Ofman & ViiAs 2007; Ofman 2010;
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Khan et al. 2011; Khan 2012; Khan & Landi Degl’Innocenti
2012; Maneva et al. 2013, 2015).

To diagnose the physical state of the corona (such as the
magnetic field, solar wind velocity, and temperature anisotropy
as discussed above), routine spectropolarimetric observations
are desired. However, the problem of inversion is nontrivial.
The magnetic field, solar wind velocity, and temperature
anisotropy exist simultaneously in the corona and modify both
the direction and magnitude of the linear polarization in
different ways. The primary purpose of this work is to show the
working regime of different effects and to provide insight for
understanding future observations. To achieve this goal, we
learn the roles separately and jointly by adopting an analytic
model that can be adjusted to turn on or off the above effects
without changing the values to probe sensitivities to the
different effects. Moreover, the present model employs an
analytic 3D axisymmetric magnetic field structure, providing a
more realistic model of the solar corona than 1D models.

In this work, we extend our forward-modeling analysis of the
Hanle effect by considering the impact of the magnetic field,
solar wind velocity, and anisotropy of the microscopic velocity
on the polarization profile of ultraviolet (UV) emission lines in
order to demonstrate the diagnostic ability of these lines. In
Section 2, we describe the symmetry-breaking processes that
affect polarization. In Section 3, we describe a global coronal-
hole/streamer model appropriate for describing the solar
minimum corona (Gibson et al. 1996). Our results are shown in
Section 4, and we discuss our conclusions in Section 5.

2. Polarization and Symmetry-breaking Processes

Resonant scattering producing linear polarization takes place
in the corona, and changes to the physical state of the ions
(scatterers) in the corona will modify the polarized light. In the
following, we introduce three aspects that may affect linear
polarization.

2.1. Magnetic Field

The symmetry-breaking process induced by the nonradial
magnetic field is through the so-called Hanle effect, which
modifies the magnitude of the linear polarization and rotates the
direction of the linear polarization. A detailed study on the
Hanle effect can be found in Zhao et al. (2019, hereafter
Paper 1).

2.2. Solar Wind

The slow solar wind is associated with the edges of coronal
streamers and other possible sources in the corona (Abbo et al.
2016 and references therein), and fast solar wind emerges from
coronal holes (e.g., McComas et al. 2008). The solar wind
follows the magnetic field direction in the lower corona
because magnetic forces dominate (low plasma (3). However,
the speed of solar wind increases and magnetic field strength
decreases with heliocentric distance, and the solar wind
ultimately dominates, pulling the magnetic field out radially.
Nevertheless, the field and flow stay aligned because of the
high degree of ionization and the frozen-in near-ideal plasma
condition.

The amplitude of scattered intensity (both polarized and
unpolarized) will decrease in the wing of the incident radiation
line: this is the so-called Doppler dimming effect (Hyder &
Lites 1970; Beckers & Chipman 1974). When we integrate the
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polarized light through a solid angle that is subtended by the
incident radiation, the magnitude of the intensity and linear
polarization will decrease, but the direction of the linear
polarization will remain the same when the velocity is along the
radial direction (assuming cylindrically symmetric incident
radiation). When the velocity is nonradial, the effect is larger,
and the direction of the linear polarization will rotate compared
to the case with radial velocity.

Doppler dimming is illustrated in Figure 1, panels (a) and
(b). Panel (a) shows the case with zero or radial velocity (along
radial magnetic field). Here, both the unpolarized and the
polarized line intensity amplitudes will decrease due to the
Doppler dimming effect, but the linear polarization direction
will not change but stay parallel to the solar limb (assuming
zero magnetic field) because the resonant scattering is
symmetric. Panel (b) shows the case with nonradial velocity
(along a nonradial magnetic field)—the Doppler dimming
effect will be more prominent along the direction of the bulk
velocity than in other directions, and so linear polarization will
be decreased in this direction. Hence, the integral of the linear
polarization over solid angle will result in a rotation of the
linear polarization toward the direction where the solar wind
velocity is maximal because the resonant scattering is no longer
symmetric.

2.3. Anisotropic Distribution of Microscopic Velocity

UVCS found the anisotropic distribution of microscopic
velocity in the solar wind as well as in streamers during solar
minimum (see Kohl et al. 2006; Antonucci et al. 2012, and
references therein), which implied that the thermal temperature
along the magnetic field is different from (smaller than) the one
perpendicular to the magnetic field for the HI Ly« and O VI
UV lines. Cranmer et al. (1999) used these observations to
design an empirical model on the solar wind anisotropy, which
has been improved in Cranmer et al. (2008). Additional
understanding of the origin of this anisotropy has come from a
wide range of studies of collisionless wave-particle interactions
(e.g., Cranmer 2001, 2014; Ofman et al. 2001; Tu &
Marsch 2002; Chandran et al. 2010; Isenberg et al. 2019).
These kinetic theories and models (Gary et al. 2001; Ofman
et al. 2001, 2002) suggested that once the ion temperature
anisotropy (7', /T reaches a threshold of ~10 for the typical
plasma beta values in the solar wind, the instability will
transform the energy from the perpendicular to the parallel
direction, making the solar wind more isotropic.

Empirical models fit to observations indicate that the O
ion temperature anisotropy factor (7', /7)) in the fast solar wind
is much greater than in the streamer (Abbo et al. 2016). This
effect is much greater for O VI than for HI Lya. This is
illustrated in Figure 1, panel (c). The anisotropy of the kinetic
temperature in the solar wind results in a broader line profile in
the perpendicular direction than in the parallel direction. The
resonant scattering then is more effective in the parallel
direction than in the perpendicular direction. The linear
polarization induced by the resonant scattering will be
asymmetric for the integral, resulting in a rotation of the
polarization toward the direction where the kinetic temperature
is larger and the line width is bigger.

The Doppler dimming effect (panel (b)) and the anisotropic
effect (panel (c)) are expected to occur together in the
anisotropic solar wind. Figure 1, panel (d), shows such a
combination of these two effects. As we mentioned above, the



THE ASTROPHYSICAL JOURNAL, 912:141 (15pp), 2021 May 10

er-radial Anisotropic
nhance Polarization

Zhao et al.

ming Effect on
nance Polariza

nisotropic
Super-radial
oppler-dimming

Figure 1. Sketch for the physical processes—not connected to the Hanle effect—that result in the polarization vector’s rotations studied in this work (see
Fineschi 2001). (a) Zero-field, zero-wind, incident radiation (red/green spectra) resonantly scatters with coronal ions (blue spectra), and the polarization vector
observed from a line of sight perpendicular to the page results from the vector sum of all the polarization vectors of the scattered rays coming from the underlying
chromospheric cap. (b) Nonradial wind velocities break the symmetry of the radial resonance scattering process so that even with a negligible field strength (i.e., no
Hanle effect), there is a rotation of the polarization vector. (c) Collisionless kinetic effects introduce an anisotropy in the ion microscopic velocity distribution where
the Doppler dimming—not due to the wind speed—also rotates the polarization vector. (d) Both effects due to nonradial wind velocities and kinetic temperature

anisotropies can occur together

Doppler dimming effect results in a rotation of the linear
polarization toward the direction of the maximum solar wind,
while the anisotropic effect results in a rotation toward the
direction of maximum anisotropy. Thus, the combination of
these two effects can be complex.

2.4. Assumptions and Equations

The equations that we use to calculate the polarization state
in this paper are basically the same as those used in Sections
2.1 and 2.2 of Khan et al. (2011, hereafter referred to as
Paper II). A two-level atomic model is assumed, with an
unpolarized lower level, whose upper level has either J, =3/2
or J,=1/2 and the lower level has J, =1/2. This is a viable
assumption for the HI Ly« system studied here because the
ground state of hydrogen cannot harbor any atomic alignment
(when hyperfine structure effects can be ignored; e.g., see
Bommier & Sahal-Bréchot 1982). Also, because of the large
coronal temperature and the spectral width of the HI Ly« line
excitation from below, the width of the absorption profile in the

atom rest frame can be assumed to be virtually a Dirac delta
function, and therefore, we also make the assumption of
“infinitely” sharp lower and upper levels in the atomic frame.
Based on these assumptions, we follow the two-level atom
treatment described by Landi Degl’Innocenti (1984), which has
the advantage of giving analytical expressions for the Stokes
parameters’ line emissivity from a two-level atom, in the
limiting case of complete depolarization of the ground level,
and in the presence of a magnetic field. The Stokes parameters
of the line emissivity, €(€2) (i =0, 1, 2, 3), along the direction
2, are given by Equation (3) in Paper II:

() = ki >° Wi, L)(—=D2T § (i, )75, (vo)
KQ
X (i=0,1,2,3), (1)

where k; is the frequency-integrated absorption coefficient of the
line, given by k' = Z—;NB(alJl — ayJ,), with Bla; — a,J,,)
being the Einstein coefficient for absorption from the lower to the
upper energy levels, respectively. The energy of the scattered
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photons is hv, and N; = NJ2J, + 1 pg(a,J,) is the number of
hydrogen atoms per unit volume in the lower level, A being the
overall number density of atoms. The multipole moment of the
unpolarized lower level, pg(aJ ), is proportional to the number
density of hydrogen atoms, and « is a set of quantum numbers
related to the spectroscopic properties of the energy level (see
Paper II). The tensor JQK describes the incoming radiation field. It
is usually called the radiation field tensor (see Paper II). The
frequency 14 corresponds to the line transition between the upper
and lower energy levels. Finally, Wi (J, J,) = [WJ({?]Z is a sort of
“efficiency factor” characterizing the transfer of the Kth-order
multipole moment from the radiation field to the atomic density
matrix in the absorption process from the lower to the upper level.
This factor is defined in Equation (63) of Landi Degl’Innocenti
(1984), where Table 1 also lists its numerical values. Appendix 1
of the same reference summarizes the expressions and the
properties of the irreducible tensors of the polarization unit
vectors Tg(i, 0).

The radiation tensor JQK contains the irreducible tensors of
the polarization unit vectors, ’Tg( J» £2"), describing the
geometry of the radiation field incoming from direction £2’
and in terms of the jth Stokes parameters (see Equation (64) in
Landi Degl’Innocenti 1984). In this way, the geometry of the
incoming radiation from the direction €2’ and that of the
scattered radiation into the direction €2 can be expressed as a
combination of the two irreducible tensors of the polarization
unit vectors for the incoming and scattered photons:

Pi(92, ) = Wk, I)(— DTG, DTXy(j, 2). ()
KQ

This equation is the classical expression of the scattering
phase matrix, which relates the radiation scattered into
direction €2 to the incident radiation from direction £2’. In the
presence of a magnetic field vector, B, the expression of the
Hanle effect scattering phase matrix becomes (see Equation
(17) in Landi Degl’Innocenti 1985):

Pi(2, )= We(, J)(—DCTEG, £2)
Ko
x cosag e x TK,(j, ), 3)

where ap(Q = -2, ..., 2) are the quantities implicitly defined
by tan ap = Q. The critical parameter for the appearance of
the Hanle effect is v = 0.88B gju/A(Ju, J)), where g is the
Landé factor of the upper level, the field B is in Gauss, and
A(J,, Jy) is the Einstein coefficient for the spontaneous emission
in units of 10~ 7s™".

The analytical expression of the Hanle effect scattering phase
matrix is adopted from Landi Degl’Innocenti & Landi
Degl’Innocenti (1988). The incident radiation, which has a
line width of 0.4 A, is assumed to be unpolarized and
independent of the heliocentric angle. This is also a reasonable
assumption, as the contribution of the center-to-limb variation
of HI Lya radiation (a small limb brightening) to the
anisotropy of the radiation field can generally be ignored
compared to the geometric effects due to the height of the
scatterer in the corona. Finally, in the case of anisotropic
temperature distributions, the microscopic velocity has the
form of a bi-Maxwellian distribution, as initially explored in
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simulations by Fineschi (2001) and more recently by Khan &
Landi Degl’Innocenti (2012).

Given that the corona is an optically thin plasma in the UV,
to obtain the emergent signals, we have performed an
integration along the line of sight (LOS) of the emission
coefficient in Equation (1), and derived for any one of the
Stokes parameters, I;,

(9) = fL s, )

where s is the coordinate along the LOS.

3. GBL Model

We adopt the analytic model of Gibson et al. (1996; from
here on referred to as GBL) as the basis of our analysis. In
general, this analytic solution combines a coronal magneto-
static bulk current (cross-field current) model (Bogdan &
Low 1986; Gibson & Bagenal 1995) with stress-free current
sheets that appear both at the equator and the boundary of the
streamer. This model captures the plasma distribution and
magnetic field of the solar corona during solar minimum, in
comparison to observations of white-light coronagraphs.
Because Gibson et al. (1996) found that the bulk currents
played a minimal role in redistributing the plasma, for the
purpose of our analysis, we simplify the model to only consider
current sheets. In this case, we can describe the background
pressure and density in terms of hydrostatic balance. The scale
height of these hydrostatic equilibria differs in closed versus
open regions, with the current sheets providing a jump in
magnetic pressure that balances the jump in thermal pressure
such that total pressure is continuous.

For the purposes of the present study, we modify the
pressure and density profiles assumed in Gibson et al. (1996) to
be more consistent with the observed pressure and density from
UVCS. In particular, for the closed region, we assume a
semiempirical temperature model (which is denoted T, the ion
temperature along the magnetic field direction) from Vésquez
et al. (2003) and the empirical density model from Cranmer
et al. (1999). The density and temperature have a power-law
distribution along the radial direction, and the pressure is
obtained according to the ideal gas law. In the open region,
empirical models of density and temperature are adopted from
Cranmer et al. (1999). Further details about our modified GBL
model can be found in the Appendix, and the basic plasma-—
magnetic field distribution is illustrated in Figure 2.

Although the GBL model is magnetostatic, it is an
observational fact that there is solar wind flowing out of
coronal holes (Hassler et al. 1999; Tu et al. 2005), and we need
to consider this velocity in our Doppler dimming analysis. We
thus use the velocity profile of Cranmer et al. (1999). The
magnitude of the velocity increases with height as defined by
this profile, and the direction is along the magnetic field. It
implies a sonic point (where sound speed equals the solar wind
velocity) at 2R.. The inclusion of velocity thus introduces
lateral forces that are not self-consistently treated in the outer
field of view (FOV) of our analysis; however, we do not expect
this to affect our conclusions, which holds true for the region
below the sonic point.
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Figure 2. Physical setup from the GBL streamer model. (a) The electron density is high in the streamer and low in the coronal hole. It has a jump at the boundary
between the streamer and coronal hole. (b) Temperature is higher in the streamer. It increases near the surface and then decreases when going farther out. (c) The solar
wind velocity is only defined in the open region and increases with height. (d) The magnetic field strength is large around the pole and small near the equator, with a
jump at the current sheet that balances the jump in thermal pressure. This jump is not apparent in the figure because the corona is magnetically dominated so a small
jump in magnetic pressure is sufficient to balance the significant jump in thermal pressure seen in panels (a) and (b). The magnetic field is axisymmetric, and the plane-

of-sky (POS) projection of field lines is shown as red arrows.

4. Results

Using the GBL model, we synthesize the polarization
signals in the HI Lya 121.6 nm resonance line by forward-
modeling and integrating along the LOS (pointing away from
observer into the plane of sky, POS) in a manner similar to
Paper 1. In this work, the forward calculation is extended to
allow the explicit inclusion of the Doppler dimming effect.
The solar wind velocity profile that we assumed in Section 3
ranges from a few kilometers per second at the coronal base to
hundreds of kilometers per second at the edge of our FOV.
Thus, according to Equation (3) in Susino et al. (2018), the
Doppler dimming effect increases with higher velocity at
larger heights.

In addition, we consider cases where there is anisotropy such
that the ratio of temperature perpendicular to the local magnetic

field versus temperature parallel to the local magnetic field has
a constant value set equal to 2 in the coronal hole (open-field
region as shown in Section 3). We have chosen this value based
on UVCS measurements (Cranmer 2020). The dimming effect
caused by the anisotropic distribution of the microscopic
velocity decreases with height, which is an effect of the dipolar
magnetic field configuration that becomes more radial at larger
heights in the coronal hole.

As in Paper I, we will present the linear polarization fraction
(L/I = 0%+ U2/I, where I, Q, and U are the Stokes
parameters integrated across the spectral line) to represent
the magnitude of the linear polarization and azimuth
(Az = 0.5arctan(U/Q)) to represent the angle between the
linear polarization vector and the local vertical or the radial
direction.
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Figure 3. Comparison of azimuth and L/ distribution at H I Ly« with Hanle effect only. The direction of the POS magnetic field is indicated by the black arrows in
the top row and the direction of the linear polarization in the bottom row by the green line segments. The overall dipole magnetic field strength from left to right panels
is scaled by v; = 0.001, 10, and 100 G, which can be considered as the field strength at the base of the coronal hole in each panel.

4.1. Magnetic Effects

To start with, we consider the effect of magnetic fields on the
emission. The intensity (/) does not change with changes to the
magnetic field, but the linear polarization does. The GBL
model field is primarily oriented perpendicular to the observer’s
line of sight; although there is some projection of the magnetic
field onto the line of sight for plasma away from the plane of
the sky, it is a relatively small effect because the density is
highest at the plane of the sky and so this dominates the
integration along the line of sight. Thus, the effects on linear
polarization are a combination of a geometric effect and the
unsaturated Hanle effect as discussed in Paper L.

Figure 3 shows the direction (Az; top) and degree of
polarization (L/I; bottom), with the magnetic field increasing
from left to right. For reference, the magnetic field direction in
the POS is shown as black line segments in the top row, and
the linear polarization direction is shown as green line
segments in the bottom row. Figure 4 shows a zoomed-in
view near the equator. Because the magnetic field in panel (a)
is very small (0.001 G), the azimuth is 90° everywhere, or in
other words, the linear polarization vector is parallel to the
solar limb everywhere. The results with the magnetic field of
0.001 G here and hereafter are treated as baseline references
for other cases as shown in the right two columns of Figures 3
and 4, and especially for all the panels in Figure 8 to
demonstrate the roles the other two effects (solar wind

velocity and temperature anisotropy) play in the linear
polarization individually and jointly. As the magnetic field
strength becomes large in panels (b) and (c), the linear
polarization vector rotates in response to the direction of the
magnetic field, and L/I diminishes in the region of the van
Vleck angles according to the saturated Hanle effect (see
Paper I for a full discussion).

4.2. Solar Wind Doppler Dimming Effect and Effect of Solar
Wind Temperature Anisotropy

Figure 5 shows the results for solar wind with isotropic and
anisotropic kinetic temperature (hereafter, it will be referred to
as isotropic solar wind and anisotropic solar wind for
convenience) in the case of a very small magnetic field
(0.001 G). Total intensity, L/I, and Az are shown from left to
right. The first row ((1a)—(1c¢)) is for reference, showing a zero-
velocity isotropic case. This situation is conceptually sketched
in Figure 1, panel (a). On the other hand Figure 1, panel (c)
illustrates the results for an isotropic solar wind ((2a)—(2c)).
The anisotropic case with zero velocity (no solar wind; (3a)—
(3¢)) and an anisotropic solar wind ((4a)—(4c)) are shown in the
following rows of Figure 5 and schematically illustrated by
Figure 1, panels (c) and (d), respectively. To further investigate
the differences in these four cases, we select points along a
radial cut at 30° colatitude and forward-model I, L/I, Az
(Figure 6) from 1R to 3R.. The four cases (top to bottom in
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Figure 4. Zoom-in plots of Figure 3 near the equator.

Figure 5) are shown with orange, green, pink, and purple line
curves, respectively. Furthermore, Figure 7 presents these
profiles normalized to the reference isotropic case with no
velocity.

Figure 5, first column, and Figure 6, panel (a), show that the
intensity is similar for all four cases, decreasing with solar
radius as the electron density decreases. Figure 7, panel (a),
illustrates that for all heights, the isotropic wind/no-wind cases
are somewhat higher intensity than anisotropic wind/no-wind
cases. At larger heliocentric distances, the difference arising
from Doppler dimming begins to dominate, and the solar wind
cases (both isotropic and anisotropic) are of lower intensity
than the cases without a solar wind. Figure 6, panel (b), is a
zoom-in of the higher heights to further illustrate this point.

Figure 5, middle panels, show that the linear polarization
fraction (L/I) is sensitive to the jump in density across
the current sheet because it affects plasma weighting along the
LOS, but that in general L/I does not vary significantly for the
four cases. Our reference isotropic case, as shown in the orange
line of Figures 6(c)—(f), represents a purely resonant-scattering-
driven linear polarization, with the fraction of linear polariza-
tion L/I increasing with height and direction of linear
polarization (azimuth) everywhere tangent to the limb (90°).
The introduction of solar wind velocity increases L/l somewhat
at higher heights (compare the teal/purple to orange/pink

profiles in Figures 6(d) and 7(c)) due to larger dimming of the
total intensity relative to linearly polarized light.

The azimuth in these four cases has very different
distributions, however. For isotropic zero velocity (Figure 5,
panel (1¢)), the azimuth is 90° everywhere. For an isotropic
solar wind (Figure 5, panel (2c)), the azimuth is greater than
90° along the right diagonal of the FOV and less than 90° along
the left one, meaning that the linear polarization vector rotates
clockwise along the right diagonal of the FOV and counter-
clockwise along the left one. For the anisotropic case with no
velocity (Figure 5, panel (3¢c)), the azimuth has an opposite
distribution compared to the isotropic solar-wind case, or in
other words, the linear polarization vector rotates in an opposite
way to the isotropic solar-wind case. The magnitude of
the azimuth is also larger in the anisotropic case than in the
isotropic solar-wind case, indicating that the azimuth is more
sensitive to the anisotropic distribution of ion temperature
compared to the Doppler dimming effect from solar wind
velocity assumed in our forward model. In the anisotropic
solar-wind case (Figure S5m panel (4c)), the azimuth is modified
by a combination of the effects shown in Figure 5, panels (2c)
and (3c). At lower heights where the solar wind velocity is
small, the azimuth has a distribution like the anisotropic case
(Figures 6(e) and 7(d)), while at higher heights where the
velocity begins to dominate, the distribution is more like the
one in the isotropic solar-wind case (Figures 6(f) and 7(e)).
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Figure 5. Total intensity (left column), linear polarization fraction (middle column), and azimuth (right column) are synthesized in HI Lya with a very small (0.001 G)
magnetic field. The isotropic case, the isotropic solar wind case, the anisotropic case, and the anisotropic solar wind case are displayed from top to bottom. The overlaid green
line segments in the left two columns show the linear polarization direction, and the black line segments in the right column show the direction of the magnetic field.
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Stokes Parameters along radial at theta=30 degrees (Bmag=0.001G)
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Figure 6. Intensity, linear polarization fraction, and azimuth in the coronal hole from 1R, to 3R, at a latitude of 30° with a small magnetic field. The isotropic case,
the isotropic solar wind case, the anisotropic case, and the anisotropic solar wind case are shown in orange, green, pink, and purple, respectively. The small plots inside
each panel are the zoom-in plots from 2R, to 3R, for the corresponding parameters.

4.3. Syntheses with All Three Effects Together

In real observations, the magnetic Hanle effect, solar wind
Doppler dimming effect, and ion temperature anisotropy effect
may take place simultaneously. Figures 8—10 illustrate this for
a case with a dipole magnetic field strength of 10 G. Compared
to Figures 5-7, the intensity and L/I do not change much.

However, the effect of the magnetic field is evident in the
linear polarization direction Az. As was true in the magnetic-
field-only cases considered in Section 4.1, the linear polariza-
tion vector rotates in a pattern akin to the purely anisotropic
case (Figure 5, panel (3c)), but at lower heights. The addition of
magnetic fields thus superposes this pattern on the nonmagnetic
effects described in Section 4.2. The additional rotation at low

heights is also seen in the radial profiles of Az, especially in the
isotropic cases of Figure 9, panel (e) (orange and green lines).

5. Discussion and Conclusion

In this work, we have forward-modeled the linearly polarized
emission of the HI Ly« line taking into consideration the
magnetic, solar wind, and ion temperature anisotropy effects.
Our results show that all three effects will produce an
observable modification to the linearly polarized light arising
from resonant scattering.

In particular, the direction, or azimuth, of the linear
polarization shows patterns that diagnose the presence of
magnetic fields at heights within a few tenths of a solar radius
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Normalized Stokes Parameters along radial at theta=30 degrees (Bmag=0.001G)
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Figure 7. Same as in Figure 6, but are normalized by the reference case (case 1, isotropic).

from the solar surface. In the open-field regions, the linear
polarization azimuth is also clearly impacted by the other two
effects, with ion temperature anisotropy playing a larger role
where the wind speed is not yet fast enough to induce a sizable
Doppler dimming effect. This effect, on the other hand, plays a
larger role at higher heights where the solar wind begins to
dominate. In either case with or without magnetic field, this
conversion happens around 2.5R, at the latitude of 30° under
the assumption of the temperature anisotropy equaling 2. These
patterns may be oppositely oriented, so the dominance of
particular effects at particular heights or magnetic topologies is
essential for interpreting observations.

While there are currently existing coronal spectropolari-
metric measurements at visible and infrared wavelengths (Lin
et al. 2000; Tomczyk et al. 2008; Dima et al. 2019), and
observations from the recently completed Daniel K. Inouye
Solar Telescope (DKIST) and the future Coronal Solar
Magnetic Observatory (COSMO; Tomczyk et al. 2016), there
are no UV coronal spectropolarimetry measurements beyond
the proof of concept done with the SUMER telescope (Raouafi
et al. 1999). Next-generation UV coronagraph instrumentation
concepts have been discussed for some time (Kohl et al. 2008).
The Solar Probe Analyzer for Ions (SPAN-I) on board the
recently launched Parker Solar Probe (PSP; Fox et al. 2016)

10
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Figure 8. Same as in Figure 5 but with larger magnetic field strength (y; = 10 G).
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Stokes Parameters along radial at theta=30 degrees (Bmag=10G)
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Figure 9. Same as in Figure 6 but with larger magnetic field strength (y; = 10 G).

measures ion anisotropies in situ in the inner corona, and
T, /Ty is found to be 2 at the perihelion (Verniero et al. 2020).
The recently launched multiwavelength coronagraph Metis
(Romoli et al. 2017) on board the Solar Orbiter as well as the
HTI Lya coronagraph on board the China mission of Advanced
Space-based Solar Observatory (ASO-S; Gan et al. 2012, 2019;
Li 2016; Li et al. 2019), which is scheduled to be launched in
2022, will be able to detect the dimming effects on intensity,
although they will not be able to detect linear polarization. The
Large Optimized Coronagraph for Key Emission line Research
(LOCKYER; Vourlidas et al. 2018) is proposed based on the
success of SOHO/UVCS, and some relevant development
work has been undertaken (Laming et al. 2019). The analysis
presented here motivates the development of future telescopes
capable of coronal ultraviolet spectropolarimetry.

12

In this study, we have shown the potential of UV spectro-
polarimetry for the diagnostics not only of the coronal magnetic
field but also—and this is the novelty—of the degree of
anisotropy in the microscopic velocity distributions of coronal
ions. This diagnostic is complementary to that based on high-
resolution UV  spectroscopy as demonstrated by UVCS/
SOHO. This study has highlighted an interesting feature of
this diagnostic: unlike the Hanle effect of the HI Ly« line,
which is sensitive to the magnetic field strengths expected to be
found in the corona at heliocentric heights of a few tenths of
solar radii, the polarimetric Doppler dimming effect of UV
lines is sensitive to solar wind speeds and to Kinetic
temperature anisotropies in coronal regions at heliocentric
heights extending up to a few solar radii.
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Normalized Stokes Parameters along radial at theta=30 degrees (Bmag=10QG)
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Figure 10. Same as in Figure 7 but with larger magnetic field strength (v, = 10 G).

We plan to extend the analyses presented here and in Paper I
to include more globally complex and self-consistent 3D MHD
simulations that include a multifluid solar wind model
considering the different properties and interactions of
electrons, protons, and heavy ions (e.g., Ofman 2019) in
preparation for this and other future UV spectropolarimetric
missions.
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Appendix

The Gibson-Bagenal-Low (GBL) model (Gibson et al.
1996) is an analytic solution for magnetostatic equilibrium as
follows:

—(VxB)xB VP—p%r—O

(AD)
in which the Lorentz force from a magnetic field and the forces
from thermal pressure gradients and gravity are balanced. This
solution constructs a streamer that has a density and pressure
jump at the boundary between closed and open fields that is
kept in total pressure continuity via a jump in magnetic field
strength, i.e., introducing a stress-free current sheet at the
closed—open-field interface.

In this paper, we have both simplified and modified the GBL
model as presented in Gibson et al. (1996). We have simplified
it first by considering only a dipole magnetic field, as opposed
to a combination of dipole and octupole field terms. Second, we
do not consider volume currents but only current sheets around
the open-/closed-field region and at the equator.

We have modified the model in the following way. Gibson
et al. (1996) defined a parameter Copen to control the jump
condition for magnetic and gas pressure at the closed-/open-
field interface. In particular, the magnetic field in the open
region was increased by a factor of Copen > 1 relative to the
magnetic field in the closed region (B seq; defined by
parameters controlling the dipole and octupole magnetic
components), while the spherically symmetric pressure dis-
tribution in the open region was decreased by the addition of a
(negative) quantity:

B2

losed

AP=(1 —
( pen) 87

(A2)

The spherically symmetric density distribution was similarly
decreased in a manner that satisfied hydrostatic equilibrium. In
this paper, we chose instead to explicitly define spherically
symmetric, hydrostatically balanced density/pressure distribu-
tions for both the open and closed regions. The jump condition
Copen(r) thus is defined by the change in gas pressure across the
open/closed boundary and the magnetic field increased by this
factor as above.

In particular, we have chosen the form of the spherically
symmetric density models as follows:

1ys 1Y"
T )
r r

The pressure is determined by combining the ideal gas law
with a spherically symmetric temperature model, i.e.,

10°
(fr >t 131
In the closed region, we set the parameters [n,, ny, ns, ng,
ns] =[6.0, 3890, 10.5, 8.69, 2.57], following Cranmer et al.
(1999), and [#4, 1, t3, 14] =[0.33, 0.55, 0.67, —6.6] following
Viasquez et al. (2003). In the open region, we set the parameters
[nl, ny, N3, Ny, Ns, ty, b, 13, t4] = [10, 3890, 105, 869, 257,

0.35, 1.1, 1.9, —6.6], following Cranmer et al. (1999).
Finally, although not part of the GBL magnetostatic model,

we include outflow in the open-field regions in our forward-
modeling of the HI Lya emission. For this, we use the

p=mn-10°-n (A3)

T= (A4)
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following expression from Cranmer et al. (1999) and assume
the velocity is parallel to the magnetic field:

347

110 + 445 - (1 - 7)
V= 1 & e 65013 : (AS)
One final corrigendum: we need to clarify that there are two
typographic errors in the appendix of Gibson et al. (1996),
where the last term of Equation (A1) should be U and the

last term of Equation (A2) should be — T 377 These changes
are consistent with Appendix B in Low (1986, Equatlons B3)
and (B4), taking into consideration differences in normal-
izations). These corrections and the modifications described
above are incorporated in the model function “GIBBAGLOW,”
which has been added into the FORWARD SolarSoft IDL
package (Gibson et al. 2016). Note that GIBBAGLOW allows
full implementation of the model allowing volume currents and
octupole magnetic configurations.
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