2205.11844v1 [astro-ph.SR] 24 May 2022

arxiv

Solar Physics
DOI: 10.1007/eeeee-0ee-0ee-eeee-o

Spectral lines in FUV and EUV for diagnosing
coronal magnetic field

Raveena Khan'ee - K. Nagaraju'lee
(© Springer eeee

Abstract The diagnosti iliti f ral lines in far ultraviol

and extreme ultraviolet (EUV) wavelength range are explored in terms of their

Hanle and Zeeman sensitivity to probe vector magnetic field in the solar corona.
The temperature range covered is log1o(7) = 5.5 —6.3. The circular polarization

ignal longitudinal Zeeman effi i im for ral lines in th
wavelength range of 500 to 1600 A. The Stokes V/I signal for a F line is

found to be in the order of 10=* for a longitudinal field strength of 10 Gauss.
which further reduces to 10~° for wavelengths below 1200 A. Due to such low
signals, the present study aims to find combination of spectral lines having
different Hanle sensitivity but with identical peak formation temperature to
probercoronalimagneticrfieldivector, The combination of Hanle sensitive lines

is better suited because the Hanle signals are stronger by at least an order of
magnitude compared to Zeeman signals. The linear polarization signals due to

Hanle effect from at least two spectral lines are required to derive information
on the full vector. It isdfoundifromrthisistudyrthatrtherenisialwaysrarpaitiofianle
sensitive lines for a given temperature range suitable for probing coronal vector
magneticifieldvandrtheyrarerocatedriniclosenproximitydwith each other in terms

of their wavelength.

Keywords: Solar corona, magnetic field, Zeeman effect - Ultraviolet - Polariza-
tion, Hanle effect
1. Introduction

The dominance of the magnetic field in the complex structuring of the solar
corona is on account of the low plasma (§ (the ratio of kinetic pressure to
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magnetic pressure). There is a rapid decrease in plasma [ while going from
photosphere to corona due to which the equilibrium field becomes force-free in
the corona where magnetic pressure dominates over gas pressure (Priest and
Hood, 1991). These magnetic fields play a fundamental role in the formation
and evolution of coronal features like coronal loops and streamers, in governing
thermal and magnetohydrodynamic (MHD) characteristics of the corona, which
in turn regulate the phenomena such as plasma heating, particle acceleration
and explosive events. The coronal magnetic fields drive most of the solar events
such as flares, jets, coronal mass ejections (CMEs) and solar energetic particles.
Information on magnetic field vector and its dynamic evolution is required in
the solar atmosphere, more crucially in corona, to understand the exact role it
plays in driving these events.

Routine magnetic field measurements are being carried out in the photosphere
with high spatial resolution over a selected region of interest as well as over full
disk with moderate resolution (Lagg et al., 2017). In the recent past, significant
progress has been made with magnetic field measurements in the chromosphere
as well (Trujillo Bueno, 2014; Lagg et al., 2017; Ishikawa et al., 2021). On the
other hand, coronal magnetic field measurements are still sporadic. Confirmed
detection of Stokes V signal through Zeeman effect in the forbidden line due to
Fe x11 at 10747 A had been reported by Lin, Penn, and Tomczyk (2000) and
Lin, Kuhn, and Coulter (2004). Raouafi, Lemaire, and Sahal-Bréchot (1999)
reported the linear polarization signal in O vI at 1032 A from the Solar and
Heliospheric Observatory (SOHO)/Solar Ultraviolet Measurements of Emitted
Radiation (SUMER) spectroscopic observations that was recorded during the roll
manoeuver of the SOHO satellite. Raouafi, Lemaire, and Sahal-Bréchot (1999);
Raouafi et al. (2002); Raouafi, Sahal-Bréchot, and Lemaire (2002) interpreted
this signal in terms of Hanle effect and derived a field strength of ~ 3 G at 0.3 R,
above a coronal hole. The Coronal Multi-channel Polarimeter (CoMP) produced
full Stokes spectropolarimetric measurements in coronal emission lines due to Fe
XIII at 10747 A and 10798 A and, chromospheric line He 1 at 10830 A (Tomczyk
et al., 2008). In spite of full Stokes spectropolarimetry, the measurements had
been mainly used to study magnetic topology in line-of-sight (LOS) aligned
structures such as, pseudostreamers (Gibson et al., 2017) and coronal cavities
(Bak-Steslicka et al., 2013) and, to detect waves for deducing transverse com-
ponent of the magnetic field (McIntosh et al., 2011; Yang et al., 2020). In near
future, high resolution and high precision spectropolarimetric observations from
Daniel K. Inouye Solar Telescope (DKIST) may become available for coronal
magnetometry, over the wavelength range of 3800 to 50000 A (Rast et al.,
2021). ADITYA-L1, a space based observatory which is expected to be launched
in near future, is also expected to produce spectropolarimetric observations of
corona in Fe X111 10747 A line (Raghavendra Prasad et al., 2017; Nagaraju et al.,
2021). Another upcoming ground-based facility is the COronal Solar Magnetism
Observatory (COSMO) which will comprise of the Large Coronagraph (LC), the
K-coronagraph (K-cor) and the Chromospheric and Prominence Magnetometer
(ChroMag) for the measurement of magnetic fields and thermodynamic con-
ditions in the chromosphere and corona (Tomczyk et al., 2016). Apart from
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observations in ultraviolet/visible/infrared wavelengths, magnetic field measure-
ments in radio and microwave wavelengths have also been reported (Peter et al.,
2012; Kishore et al., 2015; Mugundhan et al., 2018; Kumari et al., 2019). A novel
spectroscopic technique, so called Magnetic-field induced transition (MIT), is
being employed recently to infer magnetic field strength in the corona (Li et al.,
2016; Landi et al., 2020, 2021; Li et al., 2021).

The comprehension of large number of physical processes taking place in
corona requires accurate knowledge about vector magnetic field simultaneously
at multiple heights. The coronal field measurements reported above have one
or more limitations to infer the vector magnetic field in the corona. The linear
polarization signal of forbidden lines is practically insensitive to magnetic field
strength, and it can only constrain the field orientation in the plane perpendicu-
lar to LOS (field azimuth) (Casini and Judge, 1999) through the saturated Hanle
effect. On the other hand, for permitted lines which fall within the regime of the
unsaturated Hanle effect, the linear polarization is in theory sensitive to the
full vector magnetic field. With both permitted and forbidden coronal emission
lines, the LOS component of the field produces circular polarization through
longitudinal Zeeman effect; however, the circularly polarized signal induced by
the coronal magnetic field is very weak. The measurements by Lin, Kuhn, and
Coulter (2004) have shown that the Stokes V/I signal in Fe X1 at 10747 A is
close to 10~ for a LOS field strength of a few Gauss. This signal is expected to
be about an order of magnitude smaller in far ultraviolet (FUV) wavelengths for
a line with comparable effective Landé factor and line steepness (i.e. %)' Owing
to wavelength scaling of the Stokes V/I signal, its amplitude will be even smaller
at extreme ultraviolet (EUV) wavelengths. Given the difficulties in measuring
such low signals, the unsaturated Hanle effect offers a clear advantage as full
vector field diagnostic. Bommier, Sahal-Brechot, and Leroy (1981) proposed a
method which utilises a minimum of two permitted lines with different Hanle
sensitivity to obtain the vector magnetic field information. This method has
successfully been applied to derive vector magnetic field in the prominences
(Bommier et al., 1994; Bommier, Leroy, and Sahal-Bréchot, 2021), but can in
principle be extended to the study of coronal fields. Spectral lines in UV (FUV
and EUV) may be best suited to infer the coronal magnetic field vector since,
there are several permitted lines located in these wavelength ranges which exhibit
varied Hanle sensitivity.

Another advantage of UV lines is that both off-limb as well as on-disk mea-
surements can be carried out at these shorter wavelengths, whereas only off-limb
observations are possible in visible/infrared (vis/IR) wavelengths. On-disk mea-
surements are best suited for deriving magnetic field stratification in the solar
atmosphere. An amalgamation of UV lines may be used to infer magnetic field at
multiple heights since, there are spectral lines in FUV and EUV which form at
different heights all the way from photosphere to corona through chromosphere
and transition region. One may also choose to combine on-disk photospheric and
chromospheric observations in vis/IR with coronal measurements in UV.

There are several studies dedicated to exploiting the capability of individual
spectral lines in FUV and EUV to probe the coronal magnetic field. A chief FUV

SOLA: SOLA-D-21-00168R4.tex; 25 May 2022; 0:44; p. 3



R. Khan and K. Nagaraju

line that has been extensively studied is the O v1 at 1032 A (Sahal-Brechot, Ma-
linovsky, and Bommier, 1986; Raouafi et al., 2002; Raouafi, Sahal-Bréchot, and
Lemaire, 2002; Trujillo Bueno, Landi Degl’Innocenti, and Belluzzi, 2017; Zhao
et al., 2019). Another FUV line which has been even more extensively studied is
the Ly-o at 1216 A (Bommier and Sahal-Brechot, 1982; Trujillo Bueno, 2014;
Kano et al., 2017, 2019; Hebbur Dayananda et al., 2021). Nevertheless, multiple
line diagnostics will provide redundancy which, of course, will help in overcom-
ing the uncertainties and ambiguities in the vector field measurement. There
are only a few papers dedicated to such studies. For example, Sahal-Brechot
(1981) has given a table of spectral lines consisting of both FUV lines and low
temperature IR lines which form either in upper chromosphere or transition
region. Judge (1998) has provided a list of forbidden lines in the infrared which
are potential diagnostics for probing coronal magnetic field. The current paper
is about searching for spectral lines and their combination in FUV and EUV
to probe vector magnetic field in the solar corona. The line combinations are
chosen such that their formation temperatures are comparable since, it is most
likely that they would be originating from the same coronal features.

2. FUV and EUYV Spectral Lines and their magnetic sensitivity

Diagnostic capabilities of spectral lines in FUV and EUV in terms of Hanle
and Zeeman effects are quantified in this section. Essence of Hanle effect in
diagnosing the magnetic field is the modification of scattering polarization (i.e.,
linear polarization) in spectral lines and rotation of plane of polarization in
the presence of external magnetic field. Such an effect is observed when the
splitting of energy levels of a given spectral line due to external magnetic field
is comparable to their natural broadening. This implies that the Hanle effect is
most effective when (Bommier, Sahal-Brechot, and Leroy, 1981)

JuwpT = 1, (1)

where g, is the Landé factor of the upper atomic level; wg is the Larmor fre-
quency and 7 is the lifetime of the upper energy level, which is equivalent to the
reciprocal of summation over the Einstein A coefficients, assuming that radiation
and collision induced transitions are negligible with respect to the spontaneous
radiative de-excitation.

The Larmor frequency for a given magnetic field strength B is given by

wp = ’%BB, 2)

where pp is Bohr magneton; and % is the reduced Planck constant. When eq.
1 is satisfied, the corresponding field strength is called the critical field (Bg).
Bommier, Sahal-Brechot, and Leroy (1981) have defined the domain of Hanle
sensitivity as

0.1 < guwpT <10 (3)
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based on the uncertainty analysis of vector field determination. In the lower
limit, the relative error on field strength is small but uncertainty in determining
the field direction is large. In the upper limit, it is the vice-versa. The condition
3 is further restricted to the domain (Trujillo Bueno, 2014)

0.1 <guwpT <5 (4)

which is used in the current work for the selection of suitable spectral lines with
varied Hanle sensitivity.

Zeeman effect is caused by the splitting of the energy levels in the presence
of external magnetic field which produces characteristic polarization depending
on the orientation of vector magnetic field with respect to the observer’s LOS.
Given the expected field strength in the corona, permitted lines are mostly in
the Hanle regime due to their shorter lifetimes (in the order of 1078 s). On the
other hand, magnetic sub-levels of the forbidden lines are well separated (i.e.,
guwpT > 5, which breaks the condition 4). As a consequence, only the LOS
field strength through circular polarization (Harvey, 1969) and the field azimuth
through linear polarization (Querfeld and Smartt, 1984; Arnaud and Newkirk,
1987) can be determined from these lines. This is because the linear polarization
produced by the transverse Zeeman effect is below the detection level of current
observational capabilities for magnetic fields of a few Gauss. Thus, Stokes 2 and
U are completely dominated by the residual atomic alignment! which does not
depend on the field strength (so-called saturated Hanle effect: 2 Sahal-Brechot
(1977)). The circular polarization (i.e. Stokes V) is also weak but a few measure-
ments had been reported in the literature. For example, the observations carried
out by Lin, Penn, and Tomczyk (2000) and Lin, Kuhn, and Coulter (2004) had
shown the Stokes V amplitudes in the order of 10™* for the longitudinal field
strength of a few Gauss. The observations were carried out in Fe XIIT line at
10747 A. For the emission lines in FUV and EUV, this signal is expected to
be weaker by at least an order of magnitude because of the way the circular
polarization sensitivity index (sy) scales with the wavelength given as (same
as Eq. 9.88 of Landi Degl’Innocenti and Landolfi (2004), but calculated for an
emission line with Gaussian profile)

Ao\ =
sv= (52 ) g o)

where A\g is the central wavelength of the emission line under consideration;
Aref is a reference wavelength (e.g., 1242 A); g is the effective Landé factor;
and d. = 1 — I(\g)/I., is the line centre depression (negative) with I. being
the continuum intensity adjacent to the spectral emission line. The basis for
deriving eq. 5 is the equation that relates Stokes V' to the longitudinal magnetic

L Atomic alignment is defined as the differential pumping of the atomic states, with magnetic
quantum numbers |M|, due to anisotropic illumination of the atoms.

2In the saturation limit of the Hanle effect, all the quantum level coherence is destroyed, while
only the population imbalance due to the anisotropic radiation remains, which is insensitive
to the field strength.
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field (Bj) under weak field approximation (Landi Degl’Innocenti and Landolfi,
2004) which is given by

1 dI())

2 = 467 x 107 gAT B ——
8 IVEITON "ax

(6)

In the above equation dfi(;) is the intensity derivative with respect to wavelength.

As can be seen from eq. 6, apart from the wavelength dependence, Stokes V'
amplitude also depends on g and %(/\)‘) which usually differ from one spectral
line to the other. Hence, it is worth checking for the Stokes V sensitivity of the
spectral lines in UV so that this information may be combined with the Hanle
measurements to infer the vector magnetic field.

As can be seen from eqgs. 1 to 6, effective Landé factor, Einstein A coefficients
and d{i():\) corresponding to a given spectral line are some of the essential param-
eters to determine its magnetic sensitivity. In addition, as spectropolarimetric
measurements are in general photon starved, line irradiance is also taken into
account while checking for the diagnostic potential of a given spectral line to
probe the magnetic field. The estimation or compilation of these parameters is

discussed briefly in the following subsections.

2.1. Spectral lines

In this analysis, spectral lines observed from three different space-based missions
are compiled. One is the EUV Imaging Spectrometer (EIS; Culhane, 2007),
onboard the Hinode spacecraft, which is designed to observe in two wavelength
ranges (SW: 166 — 212 A; LW: 245 — 291 A). These wavelength bands consist of
several emission lines from highly ionised species ranging from 4.7 to 7.3 in the
logarithmic scale of temperature (logio(T)). Another is a sounding rocket instru-
ment, named the Extreme Ultraviolet Normal Incidence Spectrograph (EUNIS),
which observed a coronal bright point around 18:12 UT on 2006 April 12. A brief
description of the instrument has been provided by Brosius, Rabin, and Thomas
(2007). The EUV spectra obtained by EUNIS covers first-order wavelengths from
300 to 370 A over a temperature range of 5.2 to 6.4 in logio(T) (Brosius et al.,
2008). The third instrument is SUMER which is a high-resolution telescope and
spectrograph, onboard the Solar and Heliospheric Observatory (SOHO), which
observed the sun over the wavelength range from 470 to 1609 A (Curdt and
Landi, 2001; Curdt, Landi, and Feldman, 2004).

The spectral lines thus compiled are listed in Table 1. The atomic species
along with their ionization state are listed in the first column and the observed
wavelength in Angstrom (A) is given in the second column. In the third col-
umn listed are the corresponding level configurations. The fourth and the fifth
columns list the peak formation temperature (logarithmic value) of the lines
and the transition type, respectively. These line formation temperatures are
taken from Feldman et al. (1997); Brosius et al. (2008); Curdt and Landi (2001);
Zanna and Mason (2005); Young et al. (2007); Moran (2003). Although the peak
formation temperature is mentioned for most of the spectral lines in Table 1,
it should be noted that the lines are always formed in a range of temperature,
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not at a single value (Feldman et al., 1998; Warren and Warshall, 2002; Warren
and Brooks, 2009; Saqri et al., 2020). For example, any spectral line shown at
log,o(T") = 6.1 may actually be formed within a range of log;,(T") = 5.85 to 6.3.
Further, the critical field strength (in Gauss) for maximum Hanle sensitivity are
listed in the ninth column. The remaining columns are described in the following
subsections.

2.2. Transition probability

The lifetime of the upper energy level is equal to the reciprocal of sum over the
Einstein A coefficients, i.e. 7 = ﬁ. Transition probability or the Einstein A
5 Ak

coefficient (A =3 Ay;) is the total rate of all spontaneous radiative transitions
from the upper level (k) to all the lower levels to which the level &k can de-excite.
These coefficients help in determining the range of magnetic field strength to
which the spectral lines are sensitive in the Hanle regime (cf. egs. 1 and 3).
Besides, they are also important for the visibility of the spectral lines in the solar
corona. The A values are obtained from current version 10.0 of the CHIANTI
atomic database (Dere et al., 1997; Del Zanna et al., 2021) and are listed in the
sixth column of Table 1.

2.3. Landé factors

In light elements, the electrostatic interaction dominates over the spin-orbit
coupling such that the orbital angular momenta of the individual electrons
get coupled to give a total orbital angular momentum L, while the spins of
the electrons get coupled to give a total spin S. This is referred to as Russell-
Saunders or LS coupling. However, for heavier atoms with larger nuclear charge,
the spin-orbit interactions are stronger leading to jj coupling. A more general
and practical case exists in certain atoms, particularly mid-weight atoms and
those with almost closed shells, which lie in between these two coupling limits.
Such a coupling is termed as intermediate or i-coupling, in which both the
electrostatic and the spin-orbit interactions may be present with a relative order
of magnitude. From the selection rules described in Condon and Shortley (1935)
and Drake (2006), the coupling scheme of the atomic levels associated with the
dipole (electric or magnetic) transitions are identified. In case of LS coupling,
the following expression is used to determine the Landé factors of individual
energy levels.

9:g+S(S23) L(L+1) X
(J+1)

where L and S are the total orbital and spin angular momentum quantum
numbers, respectively; and J is the total angular momentum which is defined
as J = L + S. Equation 7 holds only for LS coupling scheme which may fail in
cases involving atomic or ionic lines of high excitation potential and intermediate
coupling may have to be considered. There are no lines exhibiting jj coupling
in this analysis. For intermediate coupling, the Landé factors ¢g; and g are
first estimated using formula 7 and then compared with the values (for those
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available) from Verdebout et al. (2014). Tt is found that the values calculated
in this work match closely with those estimated using the GRASP2K (Jonsson
et al., 2007) code in Verdebout et al. (2014). GRASP2K is a fully relativistic
multiconfiguration Dirac-Hartree-Fock (MCDHF') method based atomic struc-
ture package. The Landé factors of the individual levels are listed in the seventh
column of Table 1.

The effective Landé factors are calculated using the following formula (Landi
Degl’'Innocenti, 1982).

1 1
g= 5(91 +92)+Z(91 —g2)[Ji(J1+1) = J2(J2 + 1)] (8)
where J; and g; are the total angular momentum and Landé factor of the lower
energy level, respectively; J, and g, correspond to that of the upper energy level.
All the estimated values of g factor are listed in the eighth column of Table 1.

2.4. Polarizability coefficient

The polarizability coefficient (W3) is a scaling factor which quantifies the fraction
of linear polarization produced by resonant scattering of the incoming radiation.
Analytical expressions for Wy for three allowed transitions corresponding to
AJ = Jy—J; =0,£1 (with J; = J; = 0 being forbidden) are given by (Stenflo,
1994)

Case I: When J, = J; — 1,

(/i —1)(2/1 —3)
107, (271 + 1)

Wy =

Case II: When Jy = Jq,

(211 — 1)(2J, +3)
10J;(J1 + 1)

W, = (10)

Case III: When Jy = J; + 1,

_ (J1+2)(2/1 +5)
W = 00 DA D "

The calculated values of W5 for the corresponding UV spectral lines are listed
in the tenth column of Table 1.

2.5. Line irradiance

For this work, only the coronal lines are focused on. The EIS off-limb spectra
consists of spectral lines whose intensities over active region and quiet sun have
been collected from Del Zanna (2012). The off-limb line intensities from 470
to 1609 A spanning over three regions (quiet sun (QS), active region (AR)
and coronal hole (CH)) have been assembled from Curdt, Landi, and Feldman
(2004). All the line irradiances from EIS and SUMER are available in the units of
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2 —1

photons ecm™2 s~! arcsec 2. But for the EUNIS on-disk observations of spectral

lines from 300 to 370 A, the given line irradiances are converted from erg cm™2
-2 1

s~ sr~! to photons

cm

s~! arcsec™? (formula 12) in order to simplify the

comparison with other spectral lines (from EIS and SUMER observations) used
in the present analysis. The spectral irradiances for different solar regions, where
available, are listed in Table 1 in the units of photons cm™2s~'arcsec™2.

1erg em 25 tsr™ = 11.8324 x 107* x X photons cm™ s tarcsec™®  (12)

where, A is the wavelength (in A) of the corresponding spectral line.

2.6. Intensity derivative

In the context of inferring vector magnetic field in the corona, the expected
amplitude of Stokes V' profiles of a few selected UV lines have been estimated
in this work. In addition to the effective Landé factor and the wavelength, the
Stokes V signal also depends on the intensity derivative g—/]\ (cf. equation 6). The
spectroscopic observations from SUMER (for details, refer to Curdt and Landi,
2001; Curdt, Landi, and Feldman, 2004) are used for selecting the spectral lines.
Relevant data have been downloaded from https://sdac.virtualsolar.org.
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Figure 1. Sample intensity profiles of Fe x11 at 1242 A(the left panel) and 1349 A (the middle
panel), and Fe X1 at 1467 A (the right panel) are shown along with their corresponding derivative
plots. The solid curves are the Gaussian fit to the observed data points (the filled circles). The
error bars correspond to the dispersion in intensity values across the spatial pixels over which
the spectral profiles are averaged. The dotted curves are the derivative of the fitted Gaussian
curves normalized to the local intensities.

Before estimating the intensity derivative, the spectral profiles corresponding
to a given spectral line are fitted with Gaussian function. The derivatives of
intensity with respect to wavelength are calculated and normalized to the local
intensity of each Gaussian fitted profile. Then the derivative values (absolute and
normalized) at half-maxima of both the blue and the red wings are averaged us-
ing which the Stokes V/I amplitude is estimated for each Gaussian fitted profile
along the spatial axis via equation 6. Finally, the mean Stokes V/I amplitude is
calculated for the given spectral line. The standard deviation of the Stokes V/I
amplitude is also estimated relative to its mean value over the fitted spectral
profiles. In the above analysis, the Stokes V/I amplitude increases by 1.3 (for
detector A) and 1.1 (for detector B) when the Stokes I profiles are corrected for
the instrumental broadening. This implies that there is no significant change in
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the Stokes V/I amplitudes due to instrumental broadening effect and therefore
while calculating Stokes V/I, it can safely be unaccounted for.

Figure 1 shows the sample mean intensity profiles of a few selected forbidden
lines in FUV due to Fe Xi1 at 1242 A (the left panel), 1349 A (the middle
panel), and Fe X1 at 1467 A (the right panel) along with their corresponding
mean intensity derivatives (the dotted curves). The error bars correspond to the
dispersion in intensity values across the spatial pixels over which the spectral
profiles are averaged. For a LOS field of 10 Gauss, the expected Stokes V/I
amplitudes for Fe X1 lines at 1242 A and 1349 A are (1.22 +0.096) x 10~* and
(1.9540.069) x 1074, respectively, and for Fe X1 line at 1467 A, is (1.3440.11) x
10~*. Similar calculations have been done for spectral lines below 1200 A and
we found that the Stokes V/I signal is in the order of 1075 or less.

3. Summary and Conclusion

[J- Hanle sensitive lines, ® - Zeeman sensitive lines, By, - Critical field strength, g - Effective Landé factor
. Fe XIV 353.83 A
1000 Mg IX 749.56 A Fean méaé A (By = 179 G)
= = 11! -
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100 || Bu=536) Dg/l_]ﬂ;_l.:;l) A (By=49G) Si XI604.15 A
(Bu=35 ‘ (B, =123G)
— Mg X 609.8 A
2 (By= 64G) |
2 H
g 10 [ Si XI1499.4 A
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Temperature (log;, T(K))'

Figure 2. Graphical representation of magnetic sensitivity of the spectral lines in the domain
of Hanle effect (cf. Eq. 4). The domains are shown in rectangular boxes, each of which covers an
approximate temperature range along the X-axis and, magnetic field strength from 0.1By to
5Bp along the Y-axis (Not to be scaled). The middle of each rectangular box along the X-axis
respresents the peak line formation temperature. FUV spectral lines, having best estimated
Stokes V' signal, are shown using solid circles at a coronal field of 10 G.

The search for spectral lines in FUV and EUV to probe vector magnetic field
has been carried out in this paper. The outcome of this search is summarized in a
graphical representation shown in Figure 2. In this figure each line is represented
by a rectangular box with its length along Y-axis indicating the magnetic field
sensitivity range due to Hanle effect as dictated by Eq. 4. The width of the
box along X-axis is not a true representation of temperature sensitivity range
but only to indicate the peak formation temperature given in logarithmic scale.
Actual temperature sensitivity extends much beyond that is indicated by the
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width of the box. Each box is marked by the wavelength of the spectral line
along with the corresponding name of the ion and Hanle critical magnetic field
(Bg). The closed solid circles in this figure represent the FUV lines shown in
Figure 1. Their locations in Figure 2 indicate the peak formation temperature on
the X-axis and the assumed field strength of 10 Gauss, at which their Stokes V/I
signal is expected to be in the order of 1074, on the Y-axis. For estimation of
Stokes V/I signal, Eq. 6 is used along with the measured intensity derivative
(%). While selecting the spectral lines presented in Figure 2, the polarizability
coefficient (Ws), line irradiance and By are considered. Only lines with By in
the range 0.01 - 200 G, W5 > 0 and their intensity > 1 photon cm™2s~!arcsec™2
are shown in Figure 2. The range of field strength chosen is directed by the
coronal magnetic field measurements reported in the literature (see for e.g., Fig
5. of Peter et al., 2012 and Figure 4. of Sasikumar Raja et al., 2021).

Regarding the intensity criteria, it is apparent that the spectral lines with
maximum irradiance should be chosen as, spectropolarimetric observations are
photon starved. However, it is difficult to find spectral lines with high irradiance
which are sensitive to Hanle and Zeeman effects and, cover a suitable temper-
ature range as well. The O VI line at 1031.91 A is a good Hanle sensitive line
both in terms of number of photons and By. However, in order to derive vector
magnetic field there is no other spectral line with the same peak formation
temperature. Given the fact that the line formation temperature is not a delta
function but has a range, this line can be used with other lines having adjacent
formation temperature. For instance, this line can be used together with Ne viI1
at 770.42 A to derive vector magnetic field information. Though the number of
photons in these two lines are relatively close, they are separated in their wave-
lengths by ~ 260 A and formation temperature differs by ~ 0.3 on logarithmic
scale. Similarly, Ly-o line at 1215.67 A is sensitive to Hanle effect (Bi= 53 G)
having extremely high line irradiance. However, there is no spectral line with
similar line irradiance and formation temperature to be used in association with
Ly-a.

The O vI at 1037.61 A and Ne vii1 at 780.39 A lines with W5 = 0 can be
used for zero polarization reference which may help in correcting for systematic
artifacts. The Na 1X at 681.72 A can also be used together with Ne vIII at
770.42 A but the number of photons is significantly less (close to a factor of 4).
The combination of Ne viir at 770.42 A (log,o(T) = 5.9, By = 49 G) and Mg X
at 609.79 A (log,o(T) = 6.0, By = 64 G) is good to probe vector magnetic field
from the regions of plasma with temperature in the range log,((7) = 5.9 — 6.0.
Both lines have good line irradiance. However, the wavelength separation is
about 160 A between these two lines. Nevertheless, with this line combination
also there are two spectral lines viz., Ne vIIr at 780.39 A and Mg X at 624.94 A,
which can be used as zero polarization reference. Interestingly, Si 1x at 694.69
A has similar line irradiance as Na 1x at 681.72 A and exhibit different sensitivity
to Hanle effect, with g,wpT = 1 for 0.01 G and 58 G, respectively. Therefore,
Si 1X 694.69 A line will be principally sensitive to the field direction, while Na 1x
681.72 A will be suited for determining the magnetic field strength.

There are several spectral lines in the wavelength range of 350 - 370 A with
By = 100 — 180 G which can be used to probe vector field from the regions
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with plasma temperature of log;,(7") = 6.1 to 6.3. The greatest advantage here
is that these lines are clustered within a wavelength band of about 20 A which
is beneficial in terms of instrument design and development. However, these
lines have moderate number of photons compared to the lower temperature lines
mentioned in the preceding paragraphs. At log;,(7) = 6.3 there are two spectral
lines which are best suited for vector magnetic field measurements viz., Al XI at
550 A and Si x11 at 499.4 A both in terms of their wavelength proximity and
By values which are 72 G and 82 G, respectively.

Some of the Hanle saturated lines in FUV are also explored in the context
of providing additional constraints on the LOS component of the magnetic field
vector. However, their wavelength separation is larger, with respect to Hanle
sensitive lines of identical formation temperatures, making them less attractive
for vector magnetic field measurements (cf. Figure 2). Hence the spectral lines
with different Hanle sensitivity are best suited for probing vector magnetic field
in the solar corona, at least in the temperature range of log;,(T) = 5.5—6.3. The
Hanle sensitivity of the spectral lines given in Figure 2 is limited to > 4 Gauss,
with the exception of Si 1X and Al X lines having Hanle sensitivity from 0.001
to 0.05 Gauss which may be useful in probing very weak magnetic field in the
milliGauss range. This implies that the coronal height up to which most of
the magnetic field measurements can be carried out is limited to < 2 Rg. At
this range of height, the impact of electron collisions becomes significant due to
larger electron density and one of its main effect is depolarization. In order to
estimate the depolarization factor due to collisions, it is important to calculate
and compare between the collisional and the radiative rates through detailed
modeling of each individual line shown in Figure 2. Therefore, depolarizing
collisions along with other symmetry breaking processes such as non-radial solar
wind, ion temperature anisotropy and presence of active regions (Fineschi et al.,
1993; Zhao et al., 2019, 2021) must be taken into account while interpreting the
spectropolarimetric information in actual observations.
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