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ABSTRACT

Aims. We use state-of-the-art, three-dimensional non-local thermodynamic equilibrium (non-LTE) radiative magnetohydrodynamic
simulations of the quiet solar atmosphere to carry out detailed tests of chromospheric magnetic field diagnostics from free-free
radiation at millimeter and submillimeter wavelengths (mm/submm).

Methods. The vertical component of the magnetic field was deduced from the mm/submm brightness spectra and the degree of
circular polarization synthesized at millimeter frequencies. We used the frequency bands observed by the Atacama Large Millime-
ter/Submillimeter Array (ALMA) as a convenient reference. The magnetic field maps obtained describe the longitudinal magnetic
field at the effective formation heights of the relevant wavelengths in the solar chromosphere.

Results. The comparison of the deduced and model chromospheric magnetic fields at the spatial resolution of both the model and
current observations demonstrates a good correlation, but has a tendency to underestimate the model field. The systematic discrepancy
of about 10% is probably due to averaging of the restored field over the heights contributing to the radiation, weighted by the strength
of the contribution. On the whole, the method of probing the longitudinal component of the magnetic field with free-free emission
at mm/submm wavelengths is found to be applicable to measurements of the weak quiet-Sun magnetic fields. However, successful
exploitation of this technique requires very accurate measurements of the polarization properties (primary beam and receiver polar-
ization response) of the antennas, which will be the principal factor that determines the level to which chromospheric magnetic fields
can be measured.

Conclusions. Consequently, high-resolution and high-precision observations of circularly polarized radiation at millimeter wave-

lengths can be a powerful tool for producing chromospheric longitudinal magnetograms.
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1. Introduction

Images of the solar chromosphere in traditional optical and ultra-
violet lines vividly demonstrate a clear organization of the chro-
mospheric plasma along magnetic structures (see, e.g., Rutten
2007; De Pontieu et al. 2007). Both observations and simula-
tions show that the chromospheric magnetic field plays a fun-
damentally important role in chromospheric heating, chromo-
spheric dynamics, and the propagation of waves through the
chromosphere into the corona (e.g., see Wiegelmann et al. 2014,
for a review). However, mainly owing to the shortcomings of
the currently available diagnostics, the chromospheric magnetic
field is still poorly known.

Optical polarimeters making use of Zeeman splitting of
spectral lines provide a reliable source of information on
photospheric magnetic field. The situation is less ideal in the
chromosphere. The few Zeeman-sensitive chromospheric lines,
for example, Ca II 854.2 nm and the He 11083 nm triplet,
which can be employed for chromospheric magnetometry, are
commonly characterized by a weak polarization signal, often
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restricting their use in the quiet Sun (QS). In addition, many of
these lines suffer from a wide range of formation heights and
require a careful treatment of non-local thermodynamic equilib-
rium (non-LTE) effects. Most recent works on the chromospheric
magnetic field focus on the members of the Ca II IR triplet lines
(849.8 nm, 854.2 nm, and 866.2 nm, e.g., Socas-Navarro et al.
2006; Carlin & Asensio Ramos 2015) and on the He I 1083 nm
line (e.g., Solanki et al. 2003; Martinez Gonzalez et al. 2012;
Schad et al. 2013).

A complementary method of measuring magnetic fields
in the solar chromosphere is based on the analysis of
bremsstrahlung (free-free) radio emission, which becomes po-
larized in the presence of a magnetic field. Observations of free-
free polarization effects at mm/submm wavelengths carry infor-
mation about the longitudinal component of the magnetic field
at the chromospheric heights at which the radiation is formed.
The method was developed by Bogod & Gelfreikh (1980) and
was initially tested using observations of plages with the radiote-
lescope RATAN-600 in the wavelength range of 2—4 cm at a
spatial resolution in the range 17—34" (limited to one spatial
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dimension). Bogod & Gelfreikh (1980) measured a magnetic
field of about 50 G in the transition region of plages, with a
standard deviation of 10 G. This magnetic field was found to
be consistent with the Mt. Wilson photospheric magnetic field
measurements within a factor of two, although the measured
photospheric field is weaker than typical plage magnetic field
(see, e.g., Buehler et al. 2015). Gelfreikh (2004) provided fur-
ther examples of the effectiveness of the method, which included
observations of chromospheric and coronal structures such as
prominences, coronal holes, coronal mass ejections, loops, and
arches with RATAN-600. The intensity and circular polarization
maps obtained with the Nobeyama Radio Heliograph (NoRH)
at 17 GHz (1.76 cm) at a resolution of about 15” were used
for magnetography of transition region structures such as iso-
lated spots, plages, and bipolar active regions (Grebinskij et al.
1998; Gelfreikh & Shibasaki 1999; Iwai & Shibasaki 2015). For
short cm wavelengths Grebinskij et al. (2000) developed a tech-
nique to distinguish between contributions of the opaque chro-
mosphere and the optically thin corona in the observed polarized
emission, if spectral intensity and polarization measurements are
available. This technique also delivered practical estimates of
magnetic fields in the absence of spectral information. In gen-
eral, extensive earlier studies have demonstrated that the precise
measurement of the brightness spectrum and the degree of polar-
ization are jointly needed to measure the longitudinal component
of the magnetic field at the height where emission is generated.

At cm wavelengths gyroresonance emission at the second
or third harmonics of the electron gyrofrequency can also con-
tribute significantly above sunspots and thus can mask the free-
free contribution. This complicates the use of cm wavelengths
for chromospheric magnetic field measurements, and the relative
contributions of the two mechanisms are widely discussed in the
literature (e.g., Alissandrakis et al. 1980; Schonfeld et al. 2015).
Above sunspots gyroresonance emission cannot be neglected for
wavelengths A > 2 cm, while for the weaker magnetic fields in
plage and quiet regions it becomes important only starting from
A > 5 cm (Gelfreikh 2004). The radiation of the non-flaring Sun
at mm/submm wavelengths comes primarily from the chromo-
sphere with its gentle temperature gradient and is purely due to
the bremsstrahlung mechanism.

Up to now the technique of deriving longitudinal magnetic
fields from bremsstrahlung was used solely for observational
data at cm wavelengths with the limitations discussed above.
The critical issue for mm/submm wavelengths is the relatively
low degree of polarization produced by free-free radiation and
the need for accurate brightness temperature spectra. The Ata-
cama Large Millimeter/Submillimeter Array (ALMA) operating
at these wavelengths will be able to produce high quality bright-
ness temperature spectra at much better spatial resolution than
is available in any prior observations. In this paper we use mod-
els to predict the polarization that can be observed at millime-
ter wavelengths. The models are advanced three-dimensional
(3D) radiative magnetohydrodynamic (MHD) simulations of the
enhanced network made with the Bifrost code (Gudiksen et al.
2011; Carlsson et al. 2016). We calculate the mm/submm emis-
sion produced by the free-free mechanism from the model phys-
ical parameters and then analyze the resulting images as if they
were observed data to deduce the longitudinal magnetic field.
The deduced magnetic field parameters are then compared di-
rectly with the model field to assess the precision of the method.
At the time of writing the ALMA project has not finalized com-
missioning of circular polarization measurements and so the
practical capabilities for such observations are not yet available.
The conclusions presented in this paper originate purely from the
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results of simulations. For practical estimations regarding poten-
tial use of ALMA for magnetic field measurements, comparison
of the simulated polarization with realistic ALMA polarization
measurements and their uncertainties must be carried out when
the latter are available.

This is the second paper in the series exploring the diagnos-
tic potential of mm/submm observations for studies of the solar
chromosphere. In Paper I (Loukitcheva et al. 2015), we carried
out detailed tests of chromospheric thermal structure diagnos-
tics at mm/submm wavelengths using simulations of the solar
atmosphere performed with the Bifrost code. We found that the
millimeter brightness temperature is a reliable measure of the
gas temperature at the effective formation height at a given loca-
tion on the solar surface when observed at a spatial resolution of
1" or better. In this paper, we focus on diagnostics of magnetic
fields at the heights where mm/submm radiation is formed in the
context of requirements for successful chromospheric magnetic
field measurements. We also reconsider the assumptions made
in Paper I for the computation of the mm/submm radiation, in
particular, the use of the quasilongitudinal (QL) approximation
and unity refractive index.

The structure of the paper is as follows. In Sects. 2 and 3
we describe the 3D radiative MHD model atmosphere based on
the Bifrost code and the mm/submm polarized radiative trans-
fer computations. In Sect. 4 we present the method for recov-
ering the vertical component of the magnetic field from the
observed free-free radiation. The recovered magnetic field, the
accuracy of the restoration, and the effect of spatial smearing
of the model polarization are discussed in Sect. 5. In Sect. 5.1
we describe in detail how ALMA and similar interferometric
radio telescopes measure circular polarization, and we discuss
the potential limitations of chromospheric magnetic field mea-
surements with ALMA. We summarize our findings and present
conclusions about the prospects of probing chromospheric longi-
tudinal magnetic field with the free-free emission at mm/submm
wavelengths in Sect. 6.

2. Three-dimensional model atmosphere

We study the formation of mm/submm continuum in the mag-
netized solar atmosphere using snapshot 385 of the simulation
en024048_hion performed with the Bifrost code (Gudiksen et al.
2011) and made available through the Interface Region Imag-
ing Spectrograph (IRIS; De Pontieu et al. 2014) project at the
Hinode Science Data Centre Europe'. The same snapshot was
used in Paper I and in a series of papers investigating the forma-
tion of IRIS diagnostics (Leenaarts et al. 2013a,b; Pereira et al.
2013, 2015; Rathore & Carlsson 2015; Rathore et al. 2015a;
Lin & Carlsson 2015; Rathore et al. 2015b) and the forma-
tion of other chromospheric lines (Leenaarts et al. 2012, 2015;
de la Cruz Rodriguez et al. 2013; Stepan et al. 2012, 2015). This
snapshot has been described in detail by Carlsson et al. (2016)
and in Paper I, so here we restrict ourselves to a brief summary.

The simulation covers a physical extent of 24 x24x 16.8 Mm
with a grid of 504 x 504 x 496 cells, extending from 2.4 Mm be-
low the photosphere (by convention at height Z = 0) to 14.4 Mm
above, so that it covers the upper convection zone, photosphere,
chromosphere, and the lower corona. The horizontal axes have
an equidistant grid spacing of 48 km (0.06”"), while the vertical
grid spacing is non-uniform with a spacing of 19 km between
Z = —1 and Z = 5 Mm. The spacing increases toward the bottom
and top of the computational domain to a maximum of 98 km.
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The simulation contains a magnetic field with an average un-
signed strength of 50 G in the photosphere that is concentrated in
the photosphere in two clusters of opposite polarity lying 8§ Mm
apart, representing two patches of QS network. In the following
we refer to the analyzed snapshot from this simulation simply as
the 3D MHD snapshot.

3. Synthesis of mm brightness

Radiative transfer through the simulations is necessary to deter-
mine the expected emission characteristics at mm/submm wave-
lengths. The emission was calculated under the assumption that
in the quiet Sun bremsstrahlung (free-free) opacity is respon-
sible for the mm/submm continuum radiation. We distinguish
two sources of opacity: due to encounters between free electrons
and singly ionized ions (ei-opacity) and between free electrons
and neutral hydrogen (H™ opacity). The corresponding absorp-
tion coefficients y depend on the effective number of colli-
sions undergone by an electron per unit time, including colli-
NZ

sions with ions (yep o TTgvz) and with neutral hydrogen atoms

(YeH « %), where T, is the electron temperature, N, and
Ny are the concentrations of electrons and hydrogen atoms, re-
spectively, and v is the observing frequency.

In magnetized plasma, radiation propagates via two oppo-
sitely polarized modes of electromagnetic wave: the extraordi-
nary (x-mode) and the ordinary (o-mode), usually referred to
as natural or normal modes (cf. Zheleznyakov 1996). Free-free
emission in the presence of magnetic fields becomes polarized
with different opacities for the x- and the o-mode?. Instead of
the quasilongitudinal approximation used in Paper I, we calcu-
late the absorption coefficients using the generalized formulas
with the full anisotropic term included, following Zlotnik (1968),
Zheleznyakov (1996) and Fleishman & Toptygin (2013),

_ ot
Xo —)((;-Z,

ey

where subscript o denotes one of the modes (x or 0), x¥. is the ab-
sorption coeflicient for the isotropic plasma, Z— is the anisotropic

term with n, being the refraction index defined as

”fzr 1 2u(1 —2v) ’ @)
2(1 - v) —usin’0+ o VD

D = u® sin* 0 + 4u(1 — v)? cos? 6,
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Here vp is the gyrofrequency, v, = e VN./(nm.) is the electron
plasma frequency, o = —1 for the x-mode and o = 1 for the
o-mode, and 6 is the angle between magnetic field and the line
of sight.

The factor F, (cf. Eq. (5) from Wang et al. 2015) is respon-
sible for the effect of the magnetic field and has the following

3
“

2 At the location where the emission is formed the x- and o-eigen-
modes are in general elliptically polarized. Measurements of the po-
larization ellipse can provide information about the transverse com-
ponent of the magnetic field. However, while propagating out through
the non-uniform solar atmosphere, any polarization ellipse evolves to-
ward a circle, which is a “limiting polarization” state (Zheleznyakov
1996; Fleishman & Toptygin 2013), providing information only about
the line-of-sight component of the magnetic field.

form:
_ o0 VDlusin? 6 +2(1 - v)’] - u’ sin* ¢
o VD[2(1 = v) — usin®> @ + o VD)?

For comparison, in the quasilongitudinal approximation, which
is valid for all angles between the magnetic field and line of sight
except a narrow interval of angles close to transverse propaga-
tion (Zheleznyakov 1996) the absorption coefficients for x- and
o-modes are determined by the much simpler relation (Zlotnik
1968)

)

N 7 S
(1 + 02| cos )

Xo (6)

The difference introduced by use of the more exact expression
for the mode properties is discussed below in Sect. 5.

The radiative transfer in magnetized solar media is consid-
ered separately for the x-mode and the o-mode in terms of the
brightness temperature T4,

b =7, - T, @)

where T. = T.(l) is the profile of the kinetic temperature along
the light path, (/) = fl: Xo(D)dl is the optical depth, and [ is
geometrical distance along the light path.

For the chromosphere, which is optically thick at mm/
submm wavelengths, the brightness of the natural modes can be
approximated as follows:

Ty v) =T, T(v) > 1.

®

The exact solution of the radiative transfer equation on a discrete
grid can be expressed in terms of 7. (Hagen 1951) as

77 = D11 = exp o) T2 exp™ Zebes, ©

r=1

where y/. is taken at position r, r = 1 corresponds to the layer
at the top of the atmosphere, and Ah is grid spacing. The items
within the sum represent the contribution of various layers to the
emergent intensity of the radiation. We refer to these items as the
values of the (unnormalized) contribution function (CF) to T .

The total brightness temperature T}, and the degree of polar-
ization P are defined as

T +T?
Ty = M, (10)
2
T -T°
=TT an
Tb + Tb

The total brightness temperature 73, is the mean value of the
brightness temperatures in the two natural orthogonal polariza-
tions, which is almost exactly the brightness of plasma with the
same distributions of N, and T, but in the absence of a mag-
netic field. It is practical to rewrite Eq. (11) in terms of the two
orthogonal modes of circular polarization of measured radiation
to explicitly take into account the sign of the polarization corre-

sponding to the sign of the magnetic field,
R _ 7L
= %, (12)
TS+ T,

where R, L denote right circular polarization and left circular po-
larization, respectively.
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We have calculated the polarized emission from the 3D
MHD snapshot at frequencies from 638 GHz down to 35 GHz
(wavelengths from 0.47 mm to 8.6 mm). We selected 16 fre-
quencies, which correspond to the fixed central frequencies for
four spectral windows in each of ALMA Bands 3, 6, 7, and
9 (taken from the ALMA technical Handbook for the Cycle 3
and ALMA Cycle 3 Proposers Guide and Capabilities). The fre-
quency list was filled out with eight (lower) frequencies from
ALMA Bands 1 and 2, which have not yet been delivered, but
for which work is in progress. In the calculations we assume
each vertical column in the 3D snapshot to be an independent
1D plane-parallel atmosphere.

4. Method of measuring magnetic field from thermal
bremsstrahlung

Because of the dependence on the magnetic field the free-free
absorption coefficient and the corresponding opacity is higher
in the x-mode than in the o-mode (Eq. (6)). Consequently, the
two modes become optically thick at slightly different heights
in the atmosphere. In case of an isothermal plasma this does
not matter since both modes still have the same brightness tem-
perature (the temperature of the plasma) and no net polariza-
tion results. However, in a plasma with a temperature gradient
along the line of sight (LOS) the presence of a magnetic field
shifts the effective emitting heights (where 7,(v) =~ 1) for the
two modes in different directions up and down the temperature
gradient. The x-mode becomes optically thick in higher (hotter)
levels of the solar atmosphere with positive temperature gradi-
ent, while the o-mode comes from lower (cooler) levels. This
difference in the opacities, which depends on the strength of the
magnetic field, manifests itself as circular polarization. However,
the value of the measured polarization reflects the difference in
the temperatures between the effective emitting levels of the two
modes and itself carries no direct information about the field
strength. Bogod & Gelfreikh (1980) demonstrated that the tem-
perature gradient can be obtained from the brightness tempera-
ture variation with frequency, so that the effect of the magnetic
field can be isolated. The proposed method is based on the use
of the scaling law, which relates the brightness temperatures of
the natural modes 7} in a magnetic field to the total unpolarized
brightness temperature Ty,

Ty (v) = Ty(v + ovg| cos d)). (13)

Using the scaling law from Eq. (13) Bogod & Gelfreikh (1980)
obtained the expression for circular polarization degree P
through the logarithmic spectral index » (i.e., the slope of the
brightness spectrum),

P =nE coso, (14)
v
where the logarithmic spectral index 7 is introduced as
o(InT d(n T,
_ _0nTy) d(nTy) (15)

dlnv)  d(InA)

Here the frequency serves as a proxy for height due to the
frequency-dependence of the level of the optically thick layer.
Recalling that the electron gyrofrequency is vz = 2.8 x 10°B,
and that B; = Bcos @ is the longitudinal component of the mag-
netic field, we can obtain an estimate for the latter from Eq. (15)
as follows:

_ Py
- 2.8% 100x
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(16)

B,

To exploit this technique one needs to measure the degree of po-
larization at a given frequency and the local slope of the bright-
ness temperature spectrum around this frequency.

It should be noted that the method assumes a homogeneous
magnetic field within the layer where the natural modes become
optically thick. The width of this layer depends on the local mag-
netic field strength and is small enough (a few kilometers) to
make this approximation reasonable (see Sect. 5). The estimated
magnetic field refers to the effective emitting height at a given
frequency so that the magnetic field at different heights can be
measured by changing the frequency. If the degree of polariza-
tion P and spectral index n are measured with sufficient precision
at a number of frequencies, Eq. (16) provides a method for radio
magnetography at chromospheric heights.

At mm wavelengths the method is expected to work effec-
tively both for weak fields (the QS, coronal holes, prominences,
and plage areas) and for strong fields in sunspots provided that
the recorded polarization is due to the free-free mechanism.
However, polarization effects for free-free emission at these high
frequencies are weak and the circular polarization degree ranges
between 0.1% and 10%, both for weak and strong fields (see,
e.g., Grebinskij et al. 2000). Hence, the noise level of observa-
tions is a major concern for the application of this method to
real observational data. For instance, the sensitivity of default
10-s integrated NoRH images at 17 GHz (17.6 mm) is about
1%, which leads to an accuracy of the restored magnetograms
of about 100 G. However, the sensitivity of NoRH polarization
measurements can be substantially improved by averaging the
images longer (e.g., for 10 min instead of 10 s) and the poten-
tial sensitivity of the method exceeds 1 G (Gelfreikh 2004). The
magnetic fields of a few Gauss in the corona estimated from
this method have already been reported using the RATAN-600
spectral-polarization observations (Grebinskij et al. 2000). Fur-
ther discussion of the requirements for the sensitivity of polar-
ization measurements is given in Sects. 5 and 6.

5. Results

In Table 1 we list the average brightness temperature (7%), root
mean square (rms) variation 73, and relative brightness tem-

rms

perature contrast <T;—b> for the chosen wavelengths derived from
the 3D MHD snapshot across the field of view seen in Fig. 1.
The frequencies are not identical to those used in paper I but
are sufficiently close that the results of brightness calculations
using the formulae from Sect. 3 can be directly compared with
the results presented in Table 1 of Paper I, which were obtained
using the QL approximation. The difference between these two
approaches is in the treatment of the dependence of the absorp-
tion coefficient on the magnetic field and the refractive index,
which was assumed to be unity in Paper 1. Both approaches pro-
duce very similar brightness temperatures for all wavelengths.
The relative intensity contrast listed in Table 1 is exactly the
same as reported in Paper 1. Further we analyzed the rela-

tive error in brightness temperature, which was introduced as
QL _gnQL
dTy = ——mr—
b
tures from the QL approximation and the exact mode treatment,
respectively. The maximum values of the normalized bright-
ness temperature difference are less than 1% for all wavelengths,
varying from 0.5% at 1 mm up to 0.8% at 10 mm. Furthermore,
we did not find any evidence for larger brightness differences
at large angles between the magnetic field and LOS. For the

analysis we determined the inclination angles at the effective

, where TSL and T;QL are the simulated tempera-
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Table 1. Average total brightness temperature (T} ), rms variation 7;™,
Tms

relative brightness temperature contrast &T’ and average effective for-

mation height (/) for a number of analyzed wavelengths.

TmS,
Tb

A,mm (Tp), K T{™ K 75 (i), km
0.47 4517 538 0.12 750
1.3 4997 957 0.19 1150
32 6205 1360  0.22 1620
4.5 6775 1483  0.22 1770
8.6 8194 1729 0.21 2050

formation heights for each line of sight and considered only
those exceeding 89 deg with respect to the positive z-axis (corre-
sponding to 2—3% of the total number of points depending on the
wavelength). Thus we confirm the relevance of the QL approxi-
mation for the calculation of the free-free absorption coefficient
for all angles between the magnetic field and the line of sight,
including the angles close to transverse propagation, which is
expected given that vp/v < 0.001 < 1.

The last column of Table 1 lists effective formation heights
(her) of emission at the wavelengths investigated, averaged over
all spatial locations and over the two natural modes. Effective
formation heights for each mode were derived from individual
CFs to intensity as the heights of the CF centroids (see Paper I for
details). In the 3D MHD snapshot, the maximum difference be-
tween the individual x- and o-mode effective formation heights
does not exceed 4 km at the longest wavelength of 8.6 mm and
is only 2 km at 4 =3 mm. This height difference determines the
width of the layer to which the measured magnetic field refers.
The method used here assumes that the magnetic field does not
vary significantly across a layer of this thickness, which is con-
sistent with the observation that the gradients in B in the simula-
tion have much larger length scales. Since the derived widths are
small, the approximation of homogeneous magnetic field should
be reasonable.

Table 2 lists maximum polarization degree | Py« | (in %), per-
centage of points with |P| > 0.01% and with |P| > 0.1%, and
maximum brightness temperature difference between the two
polarizations [T} — T| in Kelvin and in % of the rms variation

b
T,™ for the wavelengths in the ALMA bands.

5.1. ALMA measurements of polarization

Before proceeding, it is important to recognize how ALMA and
similar interferometric radio telescopes measure circular polar-
ization. In general, ALMA solar observations will have two com-
ponents: high spatial resolution imaging of relatively small fields
of view with the multielement interferometer and relatively low
spatial resolution single-dish mapping of the solar disk. The in-
terferometer resolves out large spatial scales and is therefore in-
sensitive to the average emission level of the solar disk so that the
denominator in Eq. (11) is reduced while the numerator is largely
unchanged. That is, the interferometer will measure brightness
temperature contrast across the solar atmosphere, not absolute
brightness temperatures.

The ALMA receivers use linearly polarized feeds, which is
an advantage for the precise measurement of circular polariza-
tion. In the case of circularly polarized feeds, small differences
in gain between the two polarizations are difficult to measure
and so errors in amplitude gain determination couple directly
into errors in the degree of circular polarization. In the case of

linearly polarized (labeled X and Y) feeds, circular polarization
is determined from the complex cross-correlations, XY and YX,
so amplitude gain differences between X and Y do not affect
the result. In the case of the Sun, we have the additional ad-
vantage that Faraday rotation is known to remove all linear po-
larization and thus we can enforce XX = YY. The instrumental
polarization-leakage (of linear into circular) terms whose deter-
mination is required for precision circular polarimetry are gen-
erally stable with time and so only need to be remeasured very
occasionally. Rayner et al. (2000) discuss these issues in detail
and show that degrees of circular polarization as low as 0.01%
can be measured in practice with linearly polarized feeds.

The degrees of polarization reported in Table 2 are calculated
on the absolute temperature scale that includes the (large spatial
scale) disk component and are therefore not representative of the
degree of polarization that the interferometer will measure. The
values that the interferometer will see are closer to the ITl‘)2 -

T, bLImax values (given in Table 2) divided by the T,™ values in
Table 1, i.e., typically a factor of 10 larger than the degrees of
polarization on the absolute temperature scale (see |Pp,x| and
ITR — T|max in % in Table 2).

However, the interpretation of these observations in terms of
magnetic fields will be complicated by several other factors. The
high-precision circular polarization measurements reported by
Rayner et al. (2000) were for compact sources close to the cen-
ter of the field of view of the telescope, whereas in the case of the
Sun we are generally interested in polarization across the entire
field of view. The two linear polarizations might not have iden-
tical off-axis responses and, in particular, the ALMA receivers
are known to suffer from beam squint, in which the centers of
the primary beams of the two polarizations are slightly offset
from each other on the sky. Effects such as this mean that the fi-
delity of the circular polarization measurements will vary across
the primary beam: correcting for this effect will require careful
measurement of the beam patterns of the two polarizations inde-
pendently. Many ALMA solar observations, particularly at the
higher frequencies, will use mosaicking techniques to map fields
of view larger than a single primary beam, and precise measure-
ments of polarization in such large fields where data from multi-
ple pointings are combined will require excellent knowledge of
the beam responses of both polarizations and the use of these re-
sponses during the imaging stages. ALMA plans to make such
measurements using a polarized beacon located on a mountain
peak visible to the array.

While the absence of the solar disk component from the
interferometer data provides larger degrees of polarization and
therefore better measurements of circular polarization, it also
complicates the conversion of those measurements into degrees
of polarization on the absolute scale. The determination of mag-
netic field strength relies on measuring the gradient of brightness
temperature with frequency and, hence, the brightness tempera-
ture at each frequency must be on the same relative scale. This
requires determining the disk level omitted from the interferome-
ter data at each frequency used. The ALMA single-dish measure-
ments will be used for this purpose. While the formal noise level
in the single-dish data is less than 1 K (12 m aperture, 2 GHz
bandwidth, 1 s integration, and 7000 K system temperature) and
therefore acceptable at the 0.01% level, in practice an individual
single-dish map has a much larger uncertainty owing to the cali-
bration procedure and atmospheric fluctuations; the overall map
level will likely be scaled to frequency-dependent values deter-
mined from a large number of measurements (White et al. 2017).
In terms of polarization, the resolution of the single-dish maps is
much poorer than the interferometer data and therefore averages
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Table 2. Maximum polarization degree (in %), percentage of points with |P| > 0.01% and with |P| > 0.1%, maximum absolute brightness
difference between the two polarizations |Tl§ - TbLl in Kelvin and in % of the rms variation 7,™ for a number of analyzed wavelengths.

Amm Pyl % [Pl >001%, % |P|>01%, % |TR = T:pax. K TR = TE|nax, %
0.47 0.02 0.3 0 3 0.6
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Fig. 1. Maps of simulated total brightness at the resolution of the model
for the wavelengths 8.6, 4.5, 3.2, and 1.3 mm.

over much larger areas. As long as the large-scale emission re-
solved out by the interferometer is unpolarized on average, the
background circular polarization level will be zero; we benefit
from the fact that the ALMA feeds are linearly polarized since
we could not distinguish net background polarization from small
gain errors for circularly polarized feeds. The only circumstance
in which the large-scale emission resolved out by the interfer-
ometer is likely to be circularly polarized is in a large sunspot,
particularly at the higher frequency bands with smaller fields of
view; in other unipolar regions, such as coronal holes, the indi-
vidual circularly polarized features are likely to be small, similar
to the photospheric magnetic network, and therefore correctly
measured by the linearly polarized feeds of the interferometer. In
such cases, single-dish data that resolve the relevant large-scale
feature may be able to measure the missing polarization level.
The single-dish data will be acquired in the on-the-fly mode
(White et al. 2017) in which the telescope is continuously mov-
ing (Mangum et al. 2007), so the primary beam responses of the
polarizations are effectively spatially averaged in the resulting
data. Modeling will be needed to assess the impact of this pro-
cess on circular polarization measurements once the polarization
primary beam responses and the polarization leakage terms have
been measured.

5.2. Total brightness and degree of polarization

In Figs. 1 and 2 we show the results of the calculations for
the total brightness and circular polarization degree at 8.6 mm
(ALMA band 1), 4.5 mm (band 2), 3.2 mm (band 3), and 1.3 mm
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Fig. 2. Maps of simulated circular polarization degree for the same
wavelengths as in Fig. 1. White and black contours indicate the polariza-
tion degrees |P| = 0.01% and |P| = 0.1%, respectively. Three locations
analyzed in Figs. 3, 4, and 5 are labeled with the letters “A”, “B” and
“C” in upper left panel. The color bars associated with the individual
panels cover different ranges.

(band 6). As can be seen from Fig. 1 and Table 1 mm/submm
radiation samples different temperature regimes producing av-
erage brightness in the range from (7},) ~ 4500 K at 0.47 mm
up to ~8200 K at 8.6 mm. The corresponding heights to which
the sampled thermal structure refers range from about 750 km
to 2050 km (see last column of Table 1). As seen from Table 2,
for the analyzed 3D MHD snapshot, which represents quiet-Sun
enhanced network, the polarization degree on the absolute tem-
perature scale does not reach 0.5% even at the longest wave-
length of 8.6 mm. However, the corresponding degrees of polar-
ization seen by the interferometer (see Sect. 5.1) should range
from about 1% at 1.3 mm wavelength to ~5% at 4 =8.6 mm.
Maximum polarization is reached in regions of enhanced bright-
ness Ty (corresponding to steep temperature gradients) and of
strong magnetic field (causing stronger separation of the effec-
tive emitting levels of the two natural modes). In Fig. 2 the white
and black contours outline the levels of (absolute) polarization
|P| = 0.01% and |P| = 0.1%, respectively. The maximum of
polarization degree and relative numbers of points satisfying the
above criteria are listed in Table 2. At 8.6 mm (upper left panel in
Fig. 2) the degree of polarization exceeds 0.01% in 54% of the
points, but exceeds 0.1% in only 4% of the points. At 1.3 mm
(lower right panel in Fig. 2) P > 0.01% is only found in 9% of
the points. At 1.3 mm and lower wavelengths the maximum de-
gree of polarization (on the absolute scale) does not reach 0.1%.
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Fig. 5. Absolute value of the model longitudinal magnetic field as a function of height (curves). Circles indicate the magnetic field derived from
the mm brightness spectrum and polarization degree plotted at the effective formation heights of the mm radiation. The spatial locations are the

same as in Figs. 3 and 4.

5.3. Magnetic field from free-free emission

We employed two different methods to derive the local spec-
tral index n required for B; calculations. In the first method,
the value of the spectral index n for each wavelength was cal-
culated according to Bogod & Gelfreikh (1980) by taking the
mean value of the two spectrum slopes, which were found us-
ing the longer and shorter neighboring wavelengths following
Eq. (15). In the second method, the spectral index was obtained
from a power-law fit of the local brightness spectrum for each
of the four frequency bands being considered. Both methods
provide similar spectral indices. First we discuss the results of
B, calculations obtained for three selected individual locations,
which are labeled in Fig. 2 with letters “A”, “B”, and “C”, and
later we consider all spatial locations. For the purpose of this
exercise, we assume that the interferometer measurements of

circularly polarized flux can successfully be converted to the
absolute brightness temperature scale using the single-dish data
with sufficient fidelity to measure the spectral indices.

The results of the local spectrum fit (i.e., the second method)
for the three locations indicated in Fig. 2 are indicated by
(colored) solid lines in Fig. 3 together with the simulated T}, val-
ues (crosses). The values of the spectral index »n are also given
in the frames of Fig. 3. Figure 4 shows the corresponding cir-
cular polarization degree P as a function of wavelength for the
same spatial locations. The derived values of n and P are listed
in Table 3 together with the values of the restored field Bgf and
model field at the photospheric level B;“Od(O). As the brightness
spectrum gets steeper with wavelength (see Fig. 3), the spectral
index n grows (e.g., for the location labeled “B” from n = —0.11
at 1.3 mm to n = 0.79 at 8.6 mm), but does not reach 1.0 in
the mm wavelength range (see Table 3).
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Fig. 6. Longitudinal component of the magnetic field, B, restored_from
the synthetic brightness temperature and polarization maps, i.e., B,ﬁ. The
wavelengths are the same as in Fig. 1.

In Fig. 5 the circles denoting the restored B;f (referring to the

effective formation heights in the 4 ALMA bands) are overlaid
on the model profile of B;“Od for the same three locations as in-
dicated in Fig. 2 and analyzed in Figs. 3 and 4. For the displayed
locations the restored Bf values lie slightly lower than the B,
taken from the model. The normalized difference between Bff
and B'l“"d does not exceed 10—15% (depending on wavelength)
of the B;md value with the exception of the location labeled “A”,
where Bff obtained from the shortest wavelengths display dis-
crepancies of about 25%.

In Fig. 6 we show the results for all spatial locations in the
form of images of the longitudinal component of the magnetic
field obtained from Eq. (14) for the four wavelengths, employ-
ing n derived from the second method; we discuss these results
further in Sect. 5.4.

5.4. Comparison of restored and model magnetic field

For comparison, the longitudinal component of the magnetic
field taken from the model cube at the effective height of for-
mation of each of the four wavelengths being considered is plot-
ted in Fig. 7. This height is determined on a pixel-to-pixel basis,
so that qualitatively the maps from both Figs. 6 and 7, which
are shown with the same display range for a given wavelength,
look similar, apart from the presence of salt and pepper noise in
the simulated magnetic field maps, especially at shorter wave-
lengths. This noise is due to failure of the algorithm in regions
of either low polarization signal or very low spectral index (flat
spectrum, see Eq. (16)). Based on the simulated polarization val-
ues (see Fig. 2 and Table 1 for details) we employed an arbitrary
value of 0.01% for the (absolute) polarization signal threshold
and considered for further analysis only those locations where
the signal exceeds this threshold. In the absence of final circular
polarization commissioning data for ALMA we do not know the
level of realistic uncertainties for the observational data in this
analysis yet.

In general, there is a very good correlation between the de-
rived field, BY, and the model field, B"*?, as can be judged from

Fig. 8, where we correlate B] with B taken at the heights
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Fig. 7. Same as in Fig. 6 but with B, taken directly from the model at the
effective heights of the formation of the radiation at the corresponding
wavelength, i.e., B
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Fig. 8. Density scatter plots (2D histograms) of restored longitudinal
magnetic field B}T vs. model longitudinal magnetic field B;""d taken at
the effective formation heights for the wavelengths 8.6, 4.5, 3.2, and
1.3 mm. The wavelength is indicated at the top of each panel. Darker
shading indicates a higher density of pixels in the bin. Solid lines denote
the expectation value, Blff = Bl"‘"d. Dashed lines depict the linear regres-
sions with the slopes and the Pearson correlation coefficients given in
the upper left corner of each frame.

corresponding to the effective formation heights at wavelengths
8.6 mm, 4.5 mm, 3.2 mm, and 1.3 mm. To avoid saturation in the
images owing to the large number of pixels in the snapshot, we
show the correlations by binning the data into 2D histograms. At
all wavelengths analyzed, the Bff values are systematically lower

than the model values Bf“"d taken at the corresponding effective
heights. The linear slopes derived from linear regression analy-
sis are found to be less than unity and range from 0.90 at 8.6 mm
to 0.76 at 1.3 mm (see Fig. 8). One potential explanation for
this effect is that the derived effective heights, from which the
radiation is considered to be emitted, are lower than the actual
formation heights. This assumption will be further tested in the
next paper of the series together with the time-series analysis of
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Table 3. Simulated circular polarization, P, spectral index n, and restored magnetic field, B, in 4 ALMA frequency bands for the 3 lines of sight

indicated in Fig 2.
“A”, BP4(0) = -923G | “B”, B™40)=11G | “C”, B™4(0) = -1896 G
ALMAbands | P,.% n BY.G | P, % n BYG|P% n Bf. G
8.6mm,band1 | -0.10 036 -39 | 030 079 51 |-0.10 021  -60
45mm,band2 | -0.06 040 -41 | 0.15 074 53 | -0.06 020 -72
32mm,band3 | -0.04 036 —41 | 009 063 52 |-005 023  -76
1.3mm,band6 | -0.01 0.14 -41 | -0.01 -0.11 57 |-0.04 035 -103

Notes. The photospheric value of the field, B;‘“’d(O), is given for each location.

Table 4. Maximum absolute value of circular polarization degree (in %) and maximum absolute value of model B; in Gauss for a number of

analyzed wavelengths as a function of spatial resolution.

Resolution |P|, % |B)|, G

(arcsec) 8.6mm 45mm 32mm 13mm | 86mm 45mm 32mm 1.3 mm
model (0.12) 0.38 0.21 0.15 0.07 85 91 96 133
0.2 0.30 0.18 0.13 0.07 85 90 95 129
0.4 0.24 0.15 0.11 0.06 84 89 93 124
1.0 0.21 0.11 0.08 0.04 78 83 86 113
4.0 0.12 0.06 0.05 0.02 48 50 52 59
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Fig. 9. Percent error in the restored longitudinal magnetic field at four
wavelengths. White contours denote P = 0.01%.

the simulated mm/submm brightness. The correlation between
the derived and model magnetic field is more tightly constrained
for longer wavelengths. The corresponding Pearson correlation
coefficient is very close to unity (0.98) at 8.6 mm and 3.2 mm. At
4.5 mm the distribution slightly widens producing a correlation
coefficient of 0.74, while at 1.3 mm a large number of outliers in
the derived Bff values result in the rather weak correlation coef-
ficient of 0.57.

We calculate the percent error distribution, which we intro-
duce as err = (Bl — B%)/B™ for every location, to provide
a 2D quantitative comparison; we depict this 2D comparison in
Fig. 9. Each color represents a certain error range, as indicated
by the color bar. The white contours represent locations with
|P] = 0.01%. Within the regions with |P| > 0.01%, Bgf, and B;n"d
agree reasonably well with the relative error not exceeding 10%

in the majority of points at all wavelengths. There is a tendency
for the B; values to be underestimated within these contours.
This is most clearly seen at 8.6 mm (top left panel in Fig. 9),
where 51% of points within the region with |P| > 0.01% have
negative err exceeding 10% (shown with red color).

5.5. Effect of spatial resolution

The spatial resolution of images produced by an interferomet-
ric array such as ALMA depends on the array configuration (the
number of antennae and maximum baseline) and wavelength.
Observations by ALMA can achieve spatial resolutions in the
range 0.005”-5", although the highest resolution may be dif-
ficult to use in practice for solar data. To account for this finite
resolution in a simple fashion, we spatially smeared the synthetic
brightness and polarization maps by convolving with a Gaussian
kernel of corresponding FWHM to mimic the instrumental pro-
file. The effect of spatial smearing on the circular polarization
and derived Bf is illustrated in Figs. 10 and 11, respectively, for
3.2 mm and for the following four values of FWHM: 0.2”,0.4",
1”7 and 4”. Whereas at 0.2”” much of the fine structure present
in the polarization and magnetic field of the original-resolution
images is preserved, it is increasingly lost as the resolution is re-
duced further. At the same time the polarization signal is rapidly
reduced, as can be seen from Table 4, where we list the max-
imum degree of the polarization and maximum values of the
model B, at the resolution of the model and as a function of the
spatial resolution. There is a significant change when going to
1”” resolution. Thus, at 3.2 mm the polarization goes down to al-
most 50% of the original signal and most of the fine structure is
already smeared out, whereas the larger scale pattern is readily
discernible and closely reflects that in the original image. The
sampled range of B; values is less affected by the decreased res-
olution, going down only slightly to 90% of the original max-
imum B; signal at a resolution of 1”. Finally, at 4” resolution
the polarization signal at 3.2 mm drops dramatically to 30% of
the original value and the maximum of B; drops to roughly half
of the original value. The effect of spatial smearing is expected
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Fig. 10. Simulated degree of circular polarization for 3.2 mm at the resolution of the model and at resolutions of 0.2, 0.4”, 1”, and 4”.
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Fig. 11. Longitudinal magnetic field restored from 3.2 mm simulated polarized emission at the resolution of the model and at resolutions of 0.2,
0.4”, 17, and 4”.
8;6 mm at‘1" ‘ 4'5 mm at 1" ‘ The quality of the B; restoration is not significantly influ-
80} g'ofe=0-91 7 80 g'fgzzo-go & enced by the spatial smearing as is demonstrated in Fig. 12,
S eol 00 ¢ | G 60 e e where we show density scatter plots of the longitudinal magnetic
° ° field Bff restored from the simulated data at a resolution of 1”
g 40} g 40 versus the model longitudinal magnetic field B;“Od smeared to 1”7
8 o0l 8 5o and taken at the effective formation heights of the wavelengths
0 o 8.6, 4.5, 3.2, and 1.3 mm. The field restored from smeared
0 20 40 60 80 0 20 40 60 80 data shows less scatter than the ﬁeld from Fhe orlg}nal data.
model BI(G) model BI(G) Consequently, the Pearson correlation coefficient derived from
3.2mmat 1" 1.3 mmat1" smeared data is higher than the coefficient from the original data
Slope=0.88 120} Slope=0.78 at all wavelengths investigated. Extreme B, values are smoothed
& 80} R=0.99 #| & 100;R=098 o out, but the linear slopes remain almost identical to those of the
@ 60} @ 80} original data. On the whole, the overall relation is largely un-
3 a0l B 60l changed and the diagnostic remains robust.
[=} o 7
@ T 40¢
= 20 ° 20}
(1] o 6. Discussion and conclusions
0 20 40 60 80 0 20 40 60 80 100120 ] ) ) o )
model BI(G) model BI(G) We studied the circularly polarized emission expected in chro-

Fig. 12. Density scatter plots (2D histograms) of the longitudinal mag-
netic field, BY, restored from the simulated data at a resolution of 17
vs. the model longitudinal magnetic field, B;""d, smeared to 1” and sam-
pled at the effective formation heights for the wavelengths 8.6, 4.5, 3.2,
and 1.3 mm (as indicated above the individual panels). Darker shading
indicates a higher density of pixels in the bin. Solid lines denote the
expectation value, Bf = B;""d. Dashed lines depict the linear regres-
sions with the slopes and the Pearson correlation coefficients given in
the upper left corner of each frame.

to be similar for both the degree of polarization calculated on
the absolute temperature scale and for the degree of polarization
measured by the interferometer.

A43, page 10 of 12

mospheric observations at mm/submm wavelengths using real-
istic 3D simulations of the quiet Sun chromosphere in an en-
hanced network region. We have demonstrated how the LOS
chromospheric magnetic field can be recovered from circular po-
larization observations. We investigated how reliable this tech-
nique is for the recovery of the simulation magnetic field and
studied the effect of instrumental resolution on the results. The
computed circular polarization is rather small on the absolute
temperature scale, but more reasonable for interferometer obser-
vations, which are not sensitive to the large-scale disk compo-
nent, ranging from about 1% at 1.3 mm to 5% at 8.6 mm. If the
results of this simulation are valid for the solar atmosphere, then
sensitivity at better than 0.1% in degree of circular polarization
may be required for robust application of this technique. Larger
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Fig. 13. Left and center: total brightness spectrum and degree of circular polarization calculated from the umbral model by Severino et al. (1994)
at mm wavelengths. Crosses show the wavelengths of the 4 ALMA bands. Right: absolute value of the model longitudinal magnetic field as a
function of height. Circles indicate the derived magnetic field plotted at the effective formation heights of the mm radiation.

differences in the height of formation of the two natural modes
will result in larger degrees of circular polarization than we infer
here. The effect of instrumental smearing reduces polarization
further, leading to values less than 1% for 3 mm interferometer
observations at 1” resolution and even lower polarization at the
shorter wavelengths. This suggests the importance of the longer
millimeter-wavelength observations (>4 mm) for reliable polar-
ization measurements in the QS and, consequently, for tomogra-
phy of the magnetic field at chromospheric heights.

Higher values of circular polarization have been observed
at longer mm wavelengths in ARs. Thus, Kundu & McCullough
(1971) detected polarized emission in an AR at 4 =9 mm with
P in the range from about 1 to 4%. We have investigated the
expected circular polarization from active regions at millime-
ter wavelengths using two sets of umbral models: the umbral
model by Severino et al. (1994), which provides the best agree-
ment with the observed mm brightness in umbrae according to
Loukitcheva et al. (2014), and a more recent semiempirical um-
bral model by Fontenla et al. (2011). The magnetic field was
modeled by a vertical dipole buried under the photosphere, fol-
lowing Zlotnik (1968). The results of the millimeter polarized
emission calculations for the umbral model by Severino et al.
(1994), together with the comparison of the model and restored
longitudinal magnetic field, are presented in Fig. 13. The simu-
lated polarization in the AR is higher than typical values in the
QS. This is explained by higher B values and by steeper gradients
of temperature in umbral atmosphere compared to the QS, result-
ing in a steeper brightness temperature spectrum. For a sunspot
with photospheric magnetic field of 2000 Gauss and a dipole
depth of 10000 km, the umbral model by Severino et al. (1994)
predicts a circular polarization degree of 5% at 9 mm and of 1%
at around 3 mm (Fig. 13), while the model by Fontenla et al.
(2011) results in 6% and 3%, respectively. These results are
in line with the findings of Fleishman et al. (2015), who simu-
lated umbral radio emission from AR 12158 at millimeter wave-
lengths using an extrapolated photospheric magnetic field and
obtained a degree of circular polarization of 3.6% at 3 mm. As
was true in the QS analysis here, the umbral longitudinal mag-
netic field Bf‘ derived from the mm data is found to be about 10%
lower than the model field B; (see right panel of Fig. 13).

The method relies on high-resolution and high-precision
circular-polarization observations, which can be provided by
millimeter interferometers with linearly polarized feeds like
ALMA. The interpretation of the polarization measurements
in terms of chromospheric magnetic fields will require excel-
lent knowledge of the instrumental polarization characteristics,

including the beam responses of both polarizations and polariza-
tion leakage terms.

Our test of the method of probing the longitudinal chromo-
spheric magnetic field using free-free emission at mm/submm
wavelengths has found that (albeit without realistic instrumen-
tal uncertainties) the method is applicable to measurement of the
weak QS (and stronger AR) magnetic field in the chromosphere,
recovering the longitudinal component of the field at the effec-
tive height of formation. The restored field is averaged over the
heights contributing to the radiation weighted by the strength of
the contribution. This results in relative errors generally below
10% in regions where (absolute) circular polarization exceeds
0.01%. However, the restored values of Bf are on average Sys-
tematically lower than the model B; values taken at the effective
formation heights.

This systematic discrepancy will be further investigated in a
separate study that will seek to understand and address its cause.
Our results indicate that the effect of instrumental smearing does
not significantly influence the quality of restoration of the lon-
gitudinal field except that it smooths out extreme values. The
method holds the potential to determine fields in QS and AR at
chromospheric heights. It provides diagnostics of the 3D struc-
ture of the longitudinal component of the magnetic field in the
chromosphere, when applied to multiple mm wavelengths, or
when combined with magnetic field measurements using atomic
lines.
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