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Abstract

Magnetic fields are the primary driver of the plasma thermodynamics in the upper solar atmosphere, especially in
the corona. However, magnetic field measurements in the solar corona are sporadic, thereby limiting us from the
complete understanding of physical processes occurring in the coronal plasma. In this paper, we explore the
diagnostic potential of a coronal emission line in the extreme-ultraviolet, i.e., Ne VIII 770 A, to probe the coronal
magnetic fields. We utilize 3D “Magnetohydrodynamic Algorithm outside a Sphere” models as input to the
FORWARD code to model polarization in the Ne VIII line produced as a result of resonance scattering, and we
interpret its modification due to collisions and the magnetic fields through the Hanle effect. The polarization maps
are synthesized both on the disk and off the limb. The variation of this polarization signal through the different
phases of Solar Cycle 24 and the beginning phase of Solar Cycle 25 is studied in order to understand the magnetic
diagnostic properties of this line owing to different physical conditions in the solar atmosphere. The detectability of
the linear polarization signatures of the Hanle effect significantly improves with increasing solar activity, consistent
with the increase in the magnetic field strength and the intensity of the mean solar brightness at these wavelengths.
We finally discuss the signal-to-noise ratio requirements by considering realistic instrument designs.

Unified Astronomy Thesaurus concepts: Solar corona (1483); Polarimetry (1278); Magnetohydrodynamics (1964);

Solar extreme ultraviolet emission (1493)

1. Introduction

The magnetic field of the solar corona is a key ingredient to
understand the fundamental plasma processes in the upper solar
atmosphere, such as hydromagnetic instabilities, acceleration of
energetic particles, and the energization of the million-degree
solar corona. Manifestations of these magnetic fields are the
structures of inhomogeneous and dynamic hot plasma observed
in the corona. However, the formation and evolution of these
structures are poorly understood, mainly due to the lack of
routine measurements of their prime driver: the coronal
magnetic field.

To tackle these problems, there have been numerical
modeling efforts that attempt to predict the coronal magnetic
structure through extrapolation from photospheric fields
(Mackay & Yeates 2012, and references therein). Observations
of ubiquitous waves in the corona (“‘coronal seismology”’) have
been used to provide synoptic measurements of the plane-of-
sky (POS) component of the coronal field (Yang et al. 2020).
The few existing measurements of the circular polarization
profiles of the Fe XIII line at 10747 A due to the longitudinal
Zeeman effect have inferred coronal field strengths between
approximately 10 and 30 G above active regions (Lin et al.
2000). There has been a single spectropolarimetric observation
of the linear polarization of O VI 1032 A, which was performed
by rotating the Solar Ultraviolet Measurements of Emitted
Radiation (SUMER) spectrometer, exploiting the instrument
polarization, and a field strength of about 3 G was derived
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above a coronal hole (Raouafi et al. 1999, 2002a, 2002b). Such
an impromptu and unoptimized measurement of resonance line
polarization demonstrates that ultraviolet (UV) spectropolari-
meters on board space telescopes are capable of providing
critical magnetic field measurements in the corona.

The application of the Hanle effect in the far-ultraviolet
(FUV) and extreme-ultraviolet (EUV) spectral ranges is one of
the potential methods to diagnose the coronal magnetic fields.
The Hanle effect (Hanle 1924) refers to the modification of the
polarization degree and rotation of the plane of polarization of
the scattered radiation in the presence of an external magnetic
field. Extensive theoretical studies have been performed in the
FUV coronal lines, i.e., O VI 1032 A (Sahal-Bréchot et al.
1986; Trujillo Bueno et al. 2017; Zhao et al. 2019) and Ly«
1215 A (Bommier & Sahal-Bréchot 1982; Fineschi et al. 1991;
Hebbur Dayananda et al. 2021). Recently, Khan & Nagaraju
(2022) have reported several electric-dipole (E1) transition
lines in the UV with different sensitivity regimes to the
unsaturated Hanle effect. These lines can be exploited as
potential diagnostics of the coronal magnetic field vector
(Fineschi et al. 1993; Fineschi & Habbal 1995), possibly
enabling the technique of differential Hanle effect (House &
Smartt 1982; Stenflo et al. 1998; Trujillo Bueno et al. 2012),
to make the coronal diagnostic more robust to model
dependencies.

A fairly recent work by Raouafi et al. (2016) used a 3D
magnetohydrodynamic (MHD) model to derive the Hanle
regime polarization signals in the solar corona (off-limb) in the
FUV (HI Lya) and IR (Hel 10830 A) lines. Zhao et al.
(2019, 2021) similarly examined the linear polarization of Ly«
in the presence of both the Hanle effect and symmetry breaking
induced by Doppler dimming for 3D coronal MHD models,
and Hebbur Dayananda et al. (2021) used 3D coronal MHD


https://orcid.org/0000-0001-6104-8938
https://orcid.org/0000-0001-6104-8938
https://orcid.org/0000-0001-6104-8938
https://orcid.org/0000-0001-9831-2640
https://orcid.org/0000-0001-9831-2640
https://orcid.org/0000-0001-9831-2640
https://orcid.org/0000-0001-6990-513X
https://orcid.org/0000-0001-6990-513X
https://orcid.org/0000-0001-6990-513X
https://orcid.org/0000-0002-0465-8032
https://orcid.org/0000-0002-0465-8032
https://orcid.org/0000-0002-0465-8032
mailto:raveena.khan@iiap.res.in
http://astrothesaurus.org/uat/1483
http://astrothesaurus.org/uat/1278
http://astrothesaurus.org/uat/1964
http://astrothesaurus.org/uat/1493
https://doi.org/10.3847/1538-4357/ad55ed
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ad55ed&domain=pdf&date_stamp=2024-08-02
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ad55ed&domain=pdf&date_stamp=2024-08-02
http://creativecommons.org/licenses/by/4.0/

THE ASTROPHYSICAL JOURNAL, 971:27 (13pp), 2024 August 10

S -, Scattering
e ve; & plane
€]
g
>
3 2

Figure 1. Geometry of a simple scattering event. The incident beam of

unpolarized radiation propagating in the €)' direction gets scattered in the Q
direction. The unit vectors ¢, and ¢, perpendicular to the scattering plane

(S_i’ s ﬁ) denote the reference direction of positive Stokes Q for the incident and
the scattered beam, respectively. (Adapted from Figure 10.1 of Landi
Degl’Innocenti & Landolfi 2004).

models to investigate the linear polarization signals in the FUV
(HiLya at 1215 A) and EUV (He Il Ly« at 304 A) lines within
0.5 R, above the Sun’s visible limb. All these diagnostics
require a coronagraph instrument to detect the off-limb coronal
signal and its polarization unhindered by the disk radiation. To
our knowledge, MHD models have so far not been used to
estimate the polarization signals of EUV coronal emission lines
observed directly on the disk of the Sun. In the present work,
we have utilized MHD simulation data cubes as inputs into the
FORWARD code and have synthesized polarization maps of
Ne vil 770 A both on-disk and off-limb.

The FORWARD SolarSoft IDL package (Gibson et al. 2016)
is an extensive tool set consisting of various analytic
magnetostatic equilibrium solutions, in the form of physical
models and data cubes, the predictions of which can be
compared with the observations. FORWARD also computes
synthetic observables, such as the Stokes polarization maps
produced by scattering processes and the Hanle effect. By
forward-modeling the EUV coronal emission line of Ne VIII at
770 A, we illustrate its potential for probing the weak magnetic
field of the solar corona through its sensitivity to the
unsaturated Hanle effect. We have simulated the polarization
signals for different phases of Solar Cycles 24 (SC24) and 25
(SC25). In Section 2, we describe the scattering processes
inducing polarization and the assumptions involved in the
synthesis of the polarization maps of Ne viIl 770 A. The 3D
MHD model used in FORWARD is described in Section 3. In
Section 4, we discuss and illustrate the effects of the phases of
the solar cycle and the impact of collisions on the linear
polarization signals of Ne VIII 770 A. We also discuss the
requirements on the signal-to-noise ratio (S/N) during the
various phases of the solar cycle.

2. Polarization of Ne VIII

Polarization in the corona is mostly produced by the
scattering of the anisotropic radiation from the underlying
atmospheric layers of the Sun. In the case of atomic transitions,
this anisotropic radiation induces population imbalance and
quantum coherence among the atomic sublevels (mostly in the
excited state), which cause the scattered radiation to be
predominantly linearly polarized, even in the absence of
magnetic fields. This linear polarization tends to be larger
when the scattered direction is orthogonal to the direction of the
incident radiation, as in the case of scattering by coronal
structures off the limb (see Equations (2) and (3) and Figure 1).
It tends instead to zero when the line of sight (LOS) approaches
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disk center (the case of forward scattering), unless other
symmetry-breaking mechanisms (such as an inclined magnetic
field, or inhomogeneities of the solar radiation on the disk)
introduce a preferential direction of linear polarization on
the POS. .

In this section, we describe the sensitivity of the Ne VIII 770 A
resonance line to the unsaturated Hanle effect in the weakly
magnetized coronal plasma and state the assumptions used in
calculating the line’s polarized emissivity (Stokes 7, Q, U). When
defining linear polarization, the reference axis for positive Stokes
Q is taken as the radial direction from disk center through the
scattering point. Of course, such a direction is ill-defined at exact
disk center.

2.1. Magnetic Sensitivity of Scattering Polarization in the
Unsaturated Hanle Regime

The linear polarization of emission lines formed by
scattering in a magnetized plasma is most sensitive to the
Hanle effect in the domain

0.1 < g,wpT S 10 (1)

(e.g., Bommier & Sahal-Bréchot 1978; Bommier et al. 1981),
where g, is the Landé factor of the upper atomic level of the
transition, wg is the Larmor frequency, and 7 is the lifetime of
the excited level. The condition g,wpT =1 determines the so-
called critical Hanle effect field strength. The resonance line
Ne viI 770 A corresponds to the E1 transition between the two
lowest atomic terms of the ion, 25, /2 and ’p, /2. For this line,
the critical Hanle field (By) is 49 G, and its polarizability
coefficient is W, =0.5 (see, e.g., Stenflo 1994 for its analytic
expression).

The polarizability W, determines the maximum linear
polarization by scattering attainable for a given transition. In
fact, following Landi Degl’Innocenti & Landolfi (2004), in the
absence of a magnetic field, the linear polarization produced in
the scattering process depicted in Figure 1 is given by

)
g _ 3W, sin® © ’ g —o. ?)
I 4 —W +3Wcos?O 1
and for © =90° we get
(g) - % 3)
I max 4 — W2

Therefore, the maximum scattering polarization for Ne VIII
770 A (in the absence of magnetic fields) is (Q/I)max =~ 43%.
In this case, Q/I is positive because the reference direction
adopted for the definition of Equation (2) lies along the unit
vector ¢, of Figure 1.

Because of the typical low levels of coronal polarization,
spectropolarimetric observations are notoriously photon
starved, and therefore it is critical to identify coronal
diagnostics with significant photon fluxes. Among the Hanle
sensitive lines of the EUV listed by Khan & Nagaraju (2022),
Ne vir 770 A appears to be the brightest one. It has a line
formation temperature of about 800,000 K, so it originates
between the transition region (TR) and the lower solar corona
(Fludra et al. 2021). Thanks to its significant polarizability and
its sensitivity to the Hanle effect over expected coronal field
strengths, the linear polarization of Ne viIl 770 A can be
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exploited as a quantitative diagnostic of both coronal magnetic
field strength and field orientation in the POS (sometimes also
called field azimuth).

2.2. Model Assumptions for the 1/2-3/2 Transition

In the weak-field approximation, the equations used to
calculate the line emissivity for the Stokes parameters are the
same as those used in Section 2.4 of Zhao et al. (2021). We
have adopted the equations for a two-level atomic model
having a lower unpolarized level' with J,=1 /2 and an
upper level with J,=3/2. This is a good approximation for
the resonance line of Ne VIII at 770 A. We also assume that the
two-level atom is anisotropically illuminated by an unpolarized
and cylindrically symmetric (around the local solar vertical to
the scattering ion) radiation field coming from the TR. The
geometry underlying the problem of radiation scattering in a
magnetized plasma is shown in Figure 1 of Casini (2002).

By considering an optically thin coronal plasma in the EUV,
we have integrated the emission coefficients (i.e., Equation (1)
of Zhao et al. 2021) along the LOS to obtain the emergent
signals for the Stokes parameters as

L(Q) = j; _al€s)ds. 4)

where i =0, 1, 2 refer to Stokes I, O, U, respectively; s is the
coordinate along the LOS; and €2 is the propagation direction
of the line emission. We have considered different values for
the mean TR brightness that drives the radiative pumping of the
Ne VIII 770 A line and is responsible for the scattered radiation
both on the disk and off the limb of the Sun. Evidently, this TR
radiation must be added as a background intensity term to the
LOS-integrated Stokes I signal given by Equation (4), when
observing on the disk.

We have also taken into account the contribution of
collisional excitation to the Ne VIII 770 A transition, which is
responsible for a significant depolarization of the radiation
emitted in the lower atmosphere, where the electron density is
larger (see Figure 5 and caption therein).

There are additional effects, including nonradial Doppler
dimming and temperature anisotropies, that could potentially
impact scattering polarization (Raouafi 2002; Zhao et al. 2021).
However, for the sake of simplicity and focus of this
investigation, we have chosen to defer their detailed study to
future work.

3. PSIMAS Model

Predictive Science Inc. (PSI)° have developed three-dimen-
sional Magnetohydrodynamic Algorithm outside a Sphere
(MAS) numerical simulations of the solar corona and the inner
heliosphere. It provides us with realistic models of EUV
emission that help us visualize the occurrence of the critical
Hanle effect on polarization both on the disk of the Sun and at
the limb. The MAS simulations used in this work are based on
a 3D magnetohydrodynamic model that incorporates improved
energy transport mechanisms such as coronal heating, radiative
losses, Alfvén wave acceleration, and parallel thermal conduc-
tion (Mikic et al. 1999; Lionello et al. 2001). We have obtained

4 Unpolarized level refers to a nondegenerate level with negligible population

imbalances and quantum coherences between its magnetic sublevels.
5 Refer to https: //www.predsci.com/portal /home.php.
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MAS simulations for a time period of 11 yr starting from the
rising phase of SC24 (i.e., from 2010) until the rising phase of
SC25 (i.e., until 2020). The 11 selected Carrington rotation
(CR) simulations are CR2104, CR2118, CR2131, CR2144,
CR2158, CR2171, CR2185, CR2198, CR2211, CR2225, and
CR2238, which coincide with mid-December of each year from
2010 to 2020. We then synthesized the LOS-integrated
spectropolarimetric signals of Ne VIII 770 A and studied the
variation in the signals during the different phases of the solar
cycles. For the purpose of this paper, we consider CR maps
describing three phases of the solar cycle, i.e., the rising,
maximum, and end phases of SC24. The rest of the MAS
model maps and the corresponding Stokes maps are provided
as supplementary material in the Appendix B.

The 3D MAS models also provide us with information on
physical quantities such as magnetic field, density, and
temperature of the coronal plasma. Note that since we do not
want to introduce Doppler dimming effects into this analysis,
we have replaced MAS simulated velocities with zero values.
The second column of Figure 2 and the first column of
Figures 3 and 4 represent the temperature and magnetic field
maps of the MAS model, respectively, on the spherical “solar
surface” lower boundary (circumscribed by the yellow circle)
and continuing at the limb in the X = 0 plane out to r = 2.0 R....
On the disk, all the model maps are shown for a shell at
1.01 R, from where the LOS integrations of the observables
(intensity and linear polarization maps) are initiated.

The first column of Figure 2 represents the ion density maps
of Ne VIII, a derived quantity that has been calculated using the
electron density and temperature from the MAS simulations,
assuming element abundances and ionization fractions of
Ne VIl from the latest version (ver. 10.0) of the CHIANTI
database (Dere et al. 1997; Del Zanna et al. 2021). On the disk,
the ion densities are shown for the same shell at 1.01 R, as the
temperature plots in the second column; however, because we
are interested in the coronal plasma, we only show MAS
coronal ion densities for points possessing simulation tempera-
tures greater than 500,000 K (the coronal base for the PSIMAS
model; see Lionello et al. 2001). Points with temperatures
below this threshold are also excluded from the LOS integrals
of intensity (third column of Figure 2) and linear polarization
(second through fourth columns of Figures 3 and 4). Note that
the MAS model assumes a single fluid, i.e., ion temperature
equal to electron temperature.

The top, middle, and bottom rows of Figures 2, 3, and 4
depict the aforementioned maps at the rising, maximum, and
end phases of SC24, respectively.

4. Results

FORWARD can model UV polarization from the unsatu-
rated Hanle effect in two-level atom transitions (Landi
Degl’Innocenti & Landi Degl’Innocenti 1988), such as HI
1215 A and O VI 1032 A (Zhao et al. 2019), also taking into
account the effects of symmetry-breaking processes due to
nonradial Doppler dimming and anisotropic distributions of the
microscopic velocity (Zhao et al. 2021). For the current work,
we have extended the FORWARD capabilities to facilitate
analyses of other two-level atom transitions in the EUV, e.g.,
Ne vill 770 A, and in particular to enable modeling signals on
the disk. We have simulated the linear polarization maps of the
770 A resonance line, considering the presence of both
magnetic fields and collisional excitation (Susino et al. 2018).
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Figure 2. Top row: (a) derived Ne VIII ion density map, (b) PSIMAS model temperature map, and (c) synthesized Stokes / (LOS-integrated) map during the rising
phase (CR2104) of SC24. The middle and bottom rows illustrate the same maps, but during the maximum phase (CR2171) and the minimum phase (CR2225),
respectively. Note that MAS coronal ion densities are not shown if simulation temperature is lower than 500,000 K at the plotted height (1.01 R, on the disk), and they
appear gray (the color of the ion density corresponding to the assumed TR brightness below them; see Section 4.1). The yellow circle of radius 1 R, demarcates the
circumference of the simulated solar surface. Contours of a particular color in a given map represent iso-curves of the depicted physical quantity shown in logarithmic
scale. Note that Stokes 7 includes the contribution of collisional excitation to the scattered radiation.

Figures 2, 3, and 4 step through examples of the rising (top 1. The spectrally integrated coronal brightness, Stokes I (in
row; model CR2104), maximum (middle row; model CR2171), ergs ' cm Zsr '), shown in Figure 2 (third column);
and minimum (bottom row; model CR2225) phases of SC24. 2. The degree of linear polarization defined as L/I=
The present section elucidates the changes in the following JO? + U? / I, shown in Figures 3 and 4 (second
observables across the various phases of SC24: column);
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Figure 3. Top row: rising phase (CR2104) of SC24: (a) PSIMAS model map of magnetic field, (b) LOS-integrated Stokes L/I in the presence of magnetic fields, (c)
LOS-integrated linear polarization azimuth (relative to the radial direction through the point of calculation), and (d) synthesized ratio between LOS-integrated L/I in
presence of and (L/I), in absence of model magnetic fields. Only on-disk information within 1 R, is shown here. The middle and bottom rows illustrate the same
maps, but during the maximum phase (CR2171) and the minimum phase (CR2225), respectively. Contours of a particular color in a given map represent iso-curves of
the depicted physical quantity shown in logarithmic scale. Note that collisional excitation has been included here.

3. The rotation angle of the plane of polarization, or
polarization azimuth 3, shown in Figures 3 and 4 (third
column);® its definition is given by Equation (1.8) of

direction for Q > 0, which is everywhere aligned with the
radius vector from the disk center to the observed
point; and

Landi Degl’Innocenti & Landolfi 2004, and in FOR-
WARD it is directly attained by using the two-argument
form of the arctan function, § = %arctan(U , 0), with the

. The ratio between linear polarization in a magnetized

versus nonmagnetized plasma given in Figures 3 and 4
(fourth column).

additional folding of the negative branch [—90°, 0°) to
the positive branch via addition of 180°; this also ensures
that the tangent to the limb in our maps corresponds to

. . 4.1. Effects of TR Brightness Variations
90°, in order to reflect our choice of the reference 1 f &

We discuss here the impact of the pumping radiation change
on the emitted intensity at Ne VIII 770 A due to physical
processes such as resonance scattering. As pointed out earlier
in Section 2, this radiation comes from heights below the
resonantly scattered coronal emission, and for Ne viII 770 A

Operationally, the polarization azimuth corresponds to the angle by which
the polarimeter should be rotated in order to attain the condition Q' = L in the
new reference, and it is always contained between +90°;this is a direct
consequence of the properties of transformation under rotation of the Stokes
parameters Q and U (e.g., Landi Degl’Innocenti & Landolfi 2004, Chap. 1).
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Figure 4. Similar maps to those shown in Figure 3, with the solar disk masked in order to emphasize the off-limb scales.

these heights correspond to the high TR and the lower corona
(Fludra et al. 2021).

In the first column of Figure 5 (orange curve), we have assumed
a TR brightness for Ne vl 770 A of 67 erg s 'em™2 srfl, based
on Curdt et al. (2001; SC23 minimum phase). In the second
column of Figure 5, we have chosen 4690 ergs ' cm Zsr ' from
Sarro & Berihuete (2011), which corresponds to the average TR
brightness observed during the maximum phase of SC23. In the
third column, we have linearly interpolated the TR brightness
according to the median value of the full-disk collisional emission
obtained from the MAS simulations for each of the phases of SC24
and also the beginning of SC25. We now explain the justification
for the scaling of this interpolation.

Carrasco & Vaquero (2021) reported that the beginning of
SC25 was similar to that of SC24, which was in turn weaker than
SC23. Hence, we chose 57 erg s Tem2sr! (taken as 15% lower
than the abovementioned SC23 value of 67 ergs ' cm 2sr ' as
justified by Didkovsky et al. 2010) as the TR brightness for both

the SC24 minimum and the SC25 minimum and applied it to the
year 2019. We further used linear interpolation, relating to the
median value of collisional emission on the disk, to derive the TR
brightness for the rest of the years from 2010 to 2020. We then
analyzed how the variation of this radiation with solar cycle
affects the signal on the disk (shown in the top row of Figure 5)
and off the limb between a height of 1.02 and 1.06 R, (shown in
the bottom row of Figure 5). In addition, we have calculated the
LOS-integrated intensity above the disk considering only
resonance scattering (green points) and only collisional emission
(cyan points).

The effect of the mean TR brightness on the LOS-integrated
linear polarization parameters (Stokes L/I and polarization
azimuth) and the resulting S/N are demonstrated by the synthetic
polarization maps generated with the two extreme brightness
values from SC23 as shown in Figure 6. A detailed derivation of
the equations for calculating the S/N on the linear Stokes
parameters can be found in Appendix A. For this study, we have
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Figure 5. Top and bottom rows depict, respectively, on-disk Stokes / (median value) and off-limb Stokes / (median value between 1.02 and 1.06 R..) as a function of
SC24 period. The first, second, and third columns describe, respectively, the three cases of TR brightness, i.e., observed during SC23 minimum, SC23 maximum, and
linearly scaled values as per the MAS simulations for SC24 and SC25. The Y-axis represents the intensity in logarithmic scale, while the X-axis covers the phases of
SC24 and the beginning phase of SC25. Colored lines separate out the contributions from resonance scattering (green), collisional excitation (cyan), TR brightness
(orange; on-disk), and the total of all sources of emissions (blue dashed). Note how the observed radiation on the disk is completely dominated by the TR brightness
during peaks of solar activity (second column). Instead, the collisional component to the line radiation is always the dominant contribution to the brightness of the off-
limb corona, so the visibility of its polarized component via resonance scattering is enhanced near solar maximum.
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Figure 6. The left and right columns correspond to polarization maps
considering a TR brightness of 67 ergcm 2s ' sr™ ! (observed during SC23
minima) and 4690 erg em 2s st (observed during SC23 maxima),
respectively, for a telescope of aperture 50 cm, 30” pixel size, instrument
throughput of 0.5%, and total integration time of 50 minutes. Green masked
regions in azimuth maps indicate the areas where error on azimuth
measurement is greater than +3°, while in L/I maps they indicate areas where
S/N on L/I is less than 50.

considered a telescope of aperture 50 cm with a throughput of
0.5% (from R. Khan et al. 2024, in preparation) and a 30" pixel.
In order to calculate the maximum feasible time of integration on
the disk of the Sun, we consider observing a parcel of coronal
plasma moving along the equator. Based on a synodic rotation
rate at the equator of 26.24 days, this results in approximately 8”
displacement at disk center over 50 minutes for a feature at the
solar surface. Assuming a (highly) conservative estimate of two
solar radii for the highest coronal feature to be contributing to the
LOS integral, the maximum smearing would be 16” at disk center,
roughly half a pixel, and hence tolerable.

By comparing the right and left columns of Figure 6, we
observe the drastic increase in the Stokes L/I signal, especially
off the limb, and also notice the improved S/N (reduced green
masked regions on the disk) in both Stokes L/I and azimuth
maps. Due to such variability in the scattered radiation, it is not
a good approximation to choose a single TR brightness value
while forward-modeling the Hanle regime signals for all phases
of a particular solar cycle. However, in the absence of adequate
observations of Ne VIII 770 A to be able to include routinely
observed TR brightness values throughout SC24 and SC25, we
have scaled this radiation as a function of SC24 phases (shown
in the third column of Figure 5), for use in our analyses of the
Hanle polarization signal at Ne VIII 770 A as described above.

4.2. Variation with Phases of the Solar Cycle

Figures 2(c), (f), and (i) depict simulated Stokes I maps for
different phases across the entire SC24, including all of the
contributary terms discussed in Section 4.1 and shown in
Figure 5. As SC24 progresses, the total photon energy emitted



THE ASTROPHYSICAL JOURNAL, 971:27 (13pp), 2024 August 10

(Stokes I) at Ne vIII 770 A keeps increasing until SC24 reaches
its maximum (Figure 2(f)), after which Stokes I decreases again
until the end of SC24 (Figure 2(i)).

Similarly, the effect of the different phases of SC24 is
observed on the degree of linear polarization. Figures 3 and 4
show the on-disk and off-limb maps, respectively. Panels (b),
(f), and (j) describe the fractional L/I maps, while panels (d),
(h), and (1) describe the ratio between L/I in the presence of
magnetic fields and (L/I)o in the absence of magnetic field.

As we proceed toward the maximum phase of SC24 (i.e.,
column-wise from Figure 3(1) to (d) to (h)), it is noticed that the
overall contrast in fractional L/I on the disk increases with respect
to the zero field case, due to the increase in magnetic field strength
and different field geometries along the LOS. In addition, there is
an increased complexity of structures as opposed to the faint
cylindrical structures visible in panels (1) and (d) (and in the
equivalent magnetic structures in the first column of Figure 3).

The increase of the polarization contrast (L/I)/(L/I)q on the
disk is easily explained, since the amplitude of scattering
polarization goes to zero as one approaches the condition of
pure forward scattering at disk center (under our simplifying
hypothesis that the radiation field remains axially symmetric
around the local vertical through the scattering point). Thus, the
increased linear polarization is simply due to the presence of
plasma structures harboring inclined magnetic fields generating
polarization on top of a nearly zero background of scattering
polarization.

In contrast, as the magnetic field strength intensifies toward
the maximum phase of SC24, a notable decrease of polarization
amplitude (i.e., the ratio (L/I)/(L/I)y becoming less than 1) is
observed off the limb. This phenomenon is particularly evident
in right-angle scattering, as the Hanle effect causes a reduction
of the linear polarization induced by the radiation anisotropy,
which reaches its maximum for 90° scattering.

The third column of Figure 3 shows the polarization azimuth
across the disk, whereas Figure 4 shows the same quantity within
the off-limb corona. The white regions on these maps indicate
areas where the linear polarization is tangent to the nearest limb,
which is consistent with the case of radiation scattering from E1
transitions in the absence of magnetic fields (Zhao et al. 2019).
Conversely, in the presence of magnetic fields, the blue (red)
regions show where the polarization direction tilts clockwise
(counterclockwise) relative to the reference direction. The
CR2225 simulation during the solar minimum (panel (k) of
Figures 3 and 4) shows that the linear polarization of the scattered
Ne VIII radiation remains along the tangent to the limb for most of
the regions in the model, due to relatively weak magnetic fields.
However, with the increase in magnitude of the magnetic field
toward the rising phase (panel (c) of Figures 3 and 4) and the
maximum phase (panel (g) of Figures 3 and 4) of SC24, these red
and blue regions become more pronounced, indicating greater
deviations of the linear polarization vector from the reference axis.

4.3. Effect of Collisional Excitation

The electron collisional rates have been calculated using the
analytical formula given in Susino et al. (2018), i.e.,

CE(T) = 2.73 x 1071502 _oi7, 5
i (1) EyT B 5

where Cj; is in cgs units, f; is the absorption oscillator strength for
the considered transition, g is the average electron-impact Gaunt
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factor, E;; is the transition energy, kg is the Boltzmann constant, and
T is the electron temperature. The above formula can be further
simplified in terms of the collision strength. Hence, we can write

¢ 8.63 x 107° -m
Gi (1) = oz Qy, (6)
where w; is the statistical weight of level i and 2 is the
collision strength for the specified ion, its transition { — j, and
temperature. The collision strengths for the Ne VII line at
770 A are obtained from CHIANTI version 10.0.

To visualize the effect of the collisional contribution to the
emitted radiation, we consider the fractional linear polarization
maps considering a model CR2171 from the solar maximum and a
model CR2211 from the solar minimum of SC24. Figure 7 shows
the L/I signal for Ne VIII in the absence (left column) and presence
(right column) of collisions. As can be seen from the right column
of Figure 7, more areas of the Stokes L/I map darken in the
presence of collisions. In general, collisions do not affect the linear
polarization L, due to their isotropic nature, but they increase the
unpolarized intensity. Therefore, with the increase in collisions, the
overall emitted intensity /—which is the sum of both polarized and
unpolarized intensities—increases, thereby reducing the L/I signal.

The left column maps of Figure 7 illustrate a gradual change
in the orientation of the LOS with respect to the local solar
vertical, as we move from the disk center to the limb, which
results in variation of Stokes L/I, with maximum being at the
limb of the model and negligible L/I around the disk center. In
the right column maps of Figure 7, a relatively similar trend of
increase in L/I is observed from disk center to the limb, except
that collisions result in a lower value of L/I at each point as
compared to the respective points in the left column maps. In
addition, the coronal helmet streamer belt is clearly seen around
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Figure 7. The top and bottom rows correspond to the solar maximum and
minimum phases of SC24, respectively. The left column shows linear polarization
fraction (L/I) maps in absence of collisions, while the right column shows L/I
when collisions are switched on. S/N requirements are not considered here. Note
that a different color table is used for (L/]) than was shown in an earlier figure, to
enable visualization of limb and disk simultaneously.
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Figure 8. The top and bottom rows correspond to the solar maximum and minimum phases of SC24, respectively. The first and third columns show the maps without
collisions, while the second and fourth columns show the maps with collisions, for a telescope of aperture 50 cm, 30” pixel size, instrument throughput of 0.5%, and
total integration time of 50 minutes. Green masked regions in azimuth maps indicate the areas where error on azimuth measurement is greater than £3°, while in L/I

maps they indicate areas where S/N on L/I is less than 50.

the equator, with the characteristic dipolar structure typical of
the solar minimum, and which manifests itself also through a
similarly shaped depression of the L/I signal.

4.4. Signal-to-noise Ratio in Ne VIII

In the preyious sections, we have discussed the sensitivity of
Ne vl 770 A to the Hanle effect across the entire SC24 and the
beginning of SC25. Here we discuss the change in the required
S/N during the various phases of the solar cycle for the detection
of those polarization signatures. The instrument parameters
considered here have been discussed in Section 4.1. For coronal
modeling on the disk of the Sun, apart from the resonance line
scattering intensity, we have accounted for an additional back-
ground intensity as explained in Section 2.2. We have then
computed the S/N on the quantities Stokes L/I and azimuth (Az).
Considering photon-noise-limited polarization measurements, we
have masked the regions on the Stokes L/I maps (shown as green
shaded areas in the first and second columns of Figure 8), which
have S/Ns of <50. Similarly, the green masked areas on the
azimuth maps (third and fourth columns of Figure 8) represent the
points that have an error of greater than +3° in determining the
direction of the linear polarization vector.

Considering the first and second columns of Figure 8, we
observe how the area covered by the green shaded regions, where
the S/N on Stokes L/I is below 50, increases in the presence of
collisions. At the same time, there is a significant reduction in the
off-limb polarization signal, adding significant complexity to the
interpretation of the observed L/I in terms of magnetic sensitivity
(as was also seen in Figure 7). In addition, we observe that the

noise on L/I improves during the solar maximum phase (top row
of Figure 8) as compared to the solar minimum phase (bottom row
of Figure 8), due to the overall increase of the TR brightness (as
was also seen in Figure 6). This implies that underestimating the
pumping radiation at the spectral line considered can easily lead to
undercalculating the S/N on the polarization signal.

Azimuth is independent of the collisional contribution to total
intensity, and this makes its interpretation in terms of magnetic
sensitivity much more straightforward. However, collisions still
affect the measurement error in determining the azimuth.
Comparing the third and fourth column maps in the top row of
Figure 8, we observe a trend of increase in the green shaded areas
when collisions are turned on. Moreover, we note that there is
lesser noise in the azimuth measurement during the maximum
phase of the solar cycle (as seen in the third and fourth column
maps in the top row of Figure 8), while the error in azimuth
measurement both on the disk and off the limb increases during the
solar minimum (third and fourth column maps in the bottom row
of Figure 8) phase as the TR brightness reduces.

5. Discussion and Conclusion

In this study, we have explored the possibility of using the
EUYV emission line Ne VIII 770 A as a potential diagnostic for
the coronal magnetic fields—both for the off-limb corona and
on the disk. We have utilized the 3D thermodynamic models
developed by PSI to simulate linear polarization maps and
study the change in the Hanle regime polarization signals
during the different phases of the solar cycle.
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Further, we have performed a critical study of the effect of
variation in the TR brightness on the scattered radiation for Ne VIII
770 A. We have also examined the effect of collisions on the linear
polarization and azimuth signals and calculated the required S/N
on these quantities. Although collisions have a significant impact
on the Hanle polarization signals at all solar phases, we showed
how the higher TR brightness characterizing the solar maximum
helps achieve larger S/N values in both Stokes L/I and azimuth. In
particular, the azimuth values are not affected by the presence of
collisional excitation, although the noise on their measurement is,
due to the impact of its contribution to the intensity on the
detectability of polarized signals. i

The present study has also shown that Ne VIII 770 A has the
potential to be used as an overall coronal diagnostic without the
need of a coronagraphic instrument. This EUV line is a useful
complement to other coronal field diagnostics in the FUV, such
as OVI 1032 A and HI 1216 A, which share comparable
critical Hanle fields of about 35 and 53 G, respectively.

EUYV coronal diagnostics can open a new era of noncorona-
graphic measurements of the coronal magnetic field and will
complement other off-limb spectropolarimetric measurements
in the visible and infrared wavelengths, such as those obtained
with the Upgraded Coronal Multi-Channel Polarimeter and the
Daniel K. Inouye Solar Telescope.
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Appendix A
Noise Estimation for Linear Polarization Degree and
Azimuth Measurements

We consider a telescope with throughput 7, equipped with a
polarimeter that employs a modulation scheme consisting of n
independent signal measurements (modulation states), and char-
acterized by Stokes efficiencies ¢;, where i =0, 1,2, 3 for S; =1, O,
U, V. We follow del Toro Iniesta & Collados (2000) for the
definition of the Stokes efficiencies of a polarization modulation
scheme, in terms of which the polarimetric errors on the Stokes
parameters at the entrance of the polarimeter are given by

i=0,1,2,3, (Al)

where oy is the noise associated with the measurement of the signal
by the detector at a given modulation state s=1,....n. It is
important to remark that the definition of Stokes efficiencies
implied by Equation (A1) assumes that the polarimeter has unit
transmissivity, so the actual throughput of the polarimeter,
including any optical losses and the quantum efficiency of the
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detector, must be taken into account by the throughput 7 of the
instrument (see Section 4.4). In addition, Equation (A1) assumes
that o is constant over the modulation cycle, which generally is a
good approximation for a temporal modulation scheme (e.g., a
rotating retarder), under the condition of weakly polarized signals
commonly encountered in observations of the solar corona.

We now consider the total linear polarization signal,

L=+ U,

and the corresponding polarimetric error ¢;, given by

2 2
2 oY » U) 2
oy =\—| op+|— | o7
t (L) © (L v

For a balanced modulation scheme, ¢ep= €U;7 thus,
Equation (A1) gives
1 o
o, = opy = — ——. (A2)
¢ Jn oeou

It is often preferable to work instead with the linear polarization
degree P = L/I, for which error propagation gives
02_£22 U%_Pza_% ‘7_%
RV P
Using again Equation (A1), we can rewrite Equation (A2) as
1 o ¢ €1

op=————=0 , (A3)
Jn o€ eu €U

which we substitute in the expression of o5 above to get

2
op=2 P2y S (A4)
I EQ,U

Hence, the S/N = I /0, necessary to achieve a sensitivity op on
the measurement of P is

2
(S/Npp = — |2 4 1

op 6Q,U

(AS5)

Similarly, for the linear polarization azimuth (3, we adopt the
definition

0= %arctan% + Bo, (A6)

where (3p is an appropriate offset necessary to identify the
direction of polarization for different sign combinations of Q
and U (see Landi Degl’Innocenti & Landolfi 2004, Equation
(1.8), and the definition of the azimuth we gave in Section 4).

We thus have
1(U 2 1(Q)2
2 2 2
os=—|=loo+—-|=]|o
I3 I([z) 0 | [2 U

124U , 1
i Tt
1 o7
4P I’

7 In the ideal case of a balanced and optimally efficient linear polarization

scheme, ¢, =1 and eg y = 1/\/5
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and using again Equation (A3),

1 €] 1 gy
o3 —_— =

=— . A7
‘ 2€Q,UP 1 ( )

Hence, the S/N necessary to achieve a sensitivity oz on the
measurement of [ is

(A8)

A.l. Presence of a Background Signal

The previous analysis assumed that the observed intensity signal
1 is produced exclusively by physical processes responsible for the
line emission, possibly including collisional excitation and de-
excitation. In the presence of ambient and instrumental stray light,
or a physical continuum that does not pertain to the resonance
scattering process (e.g., a Planckian continuum from the disk, or
Thomson-scattered radiation off the limb), the target signal I is
only a contribution to the total observed signal, i.e.,

Lyps =1 + Ibg, (A9)

where we indicated with Iy, the sum of all contributions to the
observed intensity signal other than resonance line scattering. We
call these contributions “background” because it is possible in
theory (e.g., through the spectral analysis of the incoming
radiation) to separate those contributions from the observed signal
in order to isolate the target line signal. Thus, the intensity signal /
needed to compute the observables of the previous analysis and
their noise (we note that 3 is independent of /, but o is not) must
be obtained via background subtraction, i.e.,

I = Iyps — Iy (A10)

If the intensity signals I, and I, are expressed in photon
counts, then the variance on / (assuming the independent
measurement of the background) is given by

2_ 2 2
01 = Oobs + Ubg

~ lops + Ing = 1 + 2, (A11)

where for the approximation in the second line we assumed that
all intensity measurements are photon noise limited, so the
photon count N satisfies the Poisson statistics condition
oN ~ JN, and in the last equivalence we used again
Equation (A9). Equation (A11) can finally be rewritten as

2
Ohg )
a% = aﬁbs[l + Zbé’ ) ~ agbs(l + Ibg )

O obs obs

(A12)

It is important to remark that the two measured signals in
Equation (A9) are I, and e, and for these it is typically desirable
(or required) to achieve photon-noise limited acquisition, so that
the Poisson statistics relation for the signal’s noise implied by
Equation (Al1) is valid. On the other hand, the noise on the
derived signal I does not satisfy the same relation, as shown by
Equation (A11), even if the coronal photons that contribute to the /
signal obviously still obey the Poisson statistics.

The expression (A12) for o; must be used in Equations (A4) and
(A7) in order to calculate the proper target S/N in the presence of a
background, for a given noise target on P and (3, respectively. After

11
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some tedious but straightforward algebra, we find
g1 _ Oobs | Lobs 1+ Ibg
I Iobs I Iobs
3 I
= (S/N)~! [mobsfy 4 “be
12 Iobs
Ivg 2lpg
= (S/N)”! \/(1 - %)(1 + %) (A13)

showing that, in the presence of a background, the required
S/Ns of Equations (A5) and (A8) are augmented by the factor

; 21,
kog = \/(1 + E)(1 + ﬁ)
1 1

We note that this correction factor is dimensionless and does
not depend on the specific intensity units adopted. In particular,
it can also be calculated using energy units instead of photon
counts.

In conclusion, in the presence of a background signal, the
required S/N for a given sensitivity target on the quantitites P
and (3 becomes, respectively,

(Al4)

kbg 2 6%
(S/N)p = — |P* + ——, (A15)
P €o,Uu
k
(S/N); = ~ G 1 Koe (A16)
2 €Q.U P ap

The effect of a background signal on the noise of a
polarimetric observable has also been considered by Penn et al.
(2004) and Tomczyk (2015). In order to clarify a seeming
discrepancy between our expression (Al4) for ky, and the
result derived by those authors (see the expression of fi,, given
on page 64 of their paper), we consider again Equation (A11)
to observe that

2L,
g = \ll + 2Ibg = (O'I)no.bg 1+ Tg s

where we defined (07)nobe = VI, with 1 expressed in photon
counts. Upon substitution of this expression into Equations (A4)
and (A7), the errors op and o, for a prescribed set of observing
conditions, are indeed augmented by fl;g =1+ 2L /1 )2,
using the notation of Penn et al. (2004), but this cannot constrain
in any useful way the required S/N of the observation, which is
the purpose of Equations (AS) and (AS8). The different form of
our factor ky, follows precisely from this purpose of determining
the S/N of the observed signal I, necessary to achieve a target
error on the derived signal 7, as implied by Equations (A15) and
(A16). In doing so, ky, takes the form (A14) as a result of the
algebraic manipulation shown in Equation (A13).

(A17)

Appendix B
Supplementary Materials

Figures 9, 10, and 11 correspond to the remaining eight CR
simulations mentioned in the first paragraph of Section 3, with
captions identical to those in Figures 2, 3, and 4, respectively.
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Figure 9. Same as Figure 2, but for the rest of the CR simulations.
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Figure 11. Same as Figure 4, but for rest of the CR simulations.
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