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ABSTRACT

Aims. We aim to investigate the validity of the weak field approximation (WFA) for determining magnetic fields in quiet regions of
the solar photosphere using the polarization caused by the Zeeman effect in the Sit 10827 A line.

Methods. We solved the NLTE line formation problem by means of multilevel radiative transfer calculations in a three-dimensional
(3D) snapshot model taken from a state-of-the-art magneto-convection simulation of the small-scale magnetic activity in the quiet
solar photosphere. The 3D model used is characterized by a surface mean magnetic field strength of about 170 G. The calculated
Stokes profiles were degraded because of the atmospheric turbulence of Earth and light diffraction by the telescope aperture. We
apply the WFA to the Stokes I, O, U, V profiles calculated for different seeing conditions and for the apertures of the VI T, GREGOR,
EST and DKIST telescopes. We compare the inferred longitudinal and transverse components of the magnetic field with the original
vertical and horizontal fields of the 3D model.

Results. We find that with a spatial resolution significantly better than 0.5” the surface maps of the magnetic field inferred from the
Stokes profiles of the Sit 10827 A line applying the WFA are close to the magnetic field of the model on the corrugated surface,
corresponding to line optical depth unity at Ad ~ 0.1 A for a disk-center line of sight. The correlation between them is relatively high,
except that the inferred longitudinal and transverse components of the magnetic field turn out to be lower than in the 3D model.
Conclusions. The use of the WFA for interpreting high-spatial-resolution spectropolarimetric observations of the Si1 10827 A line
obtained with telescopes like GREGOR, EST, and DKIST allows the longitudinal and transverse components of the magnetic field to
be retrieved with reasonable precision over the whole quiet solar photosphere, the result being worse for telescopes of lower aperture.
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1. Introduction

The polarization of the Sit 10827 A line is an important observ-
able for studying solar magnetic fields. Due to its location in
the near-infrared (NIR) spectral region, the polarization signals
induced by the Zeeman effect in this line are more sensitive to
the presence of a magnetic field than other lines in the optical
part of the solar spectrum with similar (g.4 = 1.5) or even larger
effective Landé factors. The line formation region of the Sit
10827 A line (Shchukina et al. 2017; Sukhorukov 2012) cov-
ers a large portion of the photosphere, from the bottom of the
photosphere to near the temperature minimum. Moreover, there
are several other advantages compared to observations at shorter
wavelengths: for example, better atmospheric seeing, less atmo-
spheric and instrumental scattering, and smaller instrumental
polarization (see, e.g., Penn 2014). As a result, the Sit 10 827 A
line appears to represent a good opportunity to “trace” magnetic
fields throughout the whole solar photosphere.

There have been many spectropolarimetric investigations
of solar magnetic fields using the Sirt 10827 A line. For
example, Riiedietal. (1995) interpreted observed Stokes [
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and V profiles of this line by carrying out local ther-
modynamic equilibrium (LTE) radiative transfer calculations
through a two-component model atmosphere composed of a
nonmagnetic part and a magnetic one. Later, various LTE
inversion codes like SIR (Ruiz Cobo & del Toro Iniesta 1992),
SPINOR (Frutiger et al. 2000), and Milne-Eddington (e.g.,
Borrero et al. 2014) were applied to the Stokes profiles of the
Si1 10827 A line to study magnetic fields in active regions
(Solanki et al. 2003; Lagg et al. 2004; Wiegelmann et al. 2005),
active region filaments (Kuckeinetal. 2012; Xuetal. 2012;
Yelles Chaouche et al. 2012), pre-flare, flare, and post-flare
stages (Kuckein et al. 2015), a sunspot light bridge (Felipe et al.
2016), a sunspot penumbra (Joshi et al. 2016), and an arch fila-
ment system in a sunspot group (Balthasar et al. 2018). Recently,
Orozco Sudrez et al. (2017) inferred the magnetic field vector
stratification in the umbra atmosphere of a sunspot applying the
NICOLE inversion code (Socas-Navarro et al. 2015), accounting
for non-local thermodynamic equilibrium (NLTE) effects in the
Si1 10827 A line.

The development of new telescopes and IR spectropo-
larimeters provide new opportunities to retrieve magnetic fields
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from high-resolution observations of this line. The most impor-
tant examples are the 4 m Daniel K. Inouye Solar Telescope
(DKIST, Keil etal. 2011) and the 4 m European Solar Tele-
scope (EST, Collados et al. 2013; Matthews et al. 2016) with
planned IR instruments. At present, many studies are using the
1.5 m GREGOR solar telescope (Denker et al. 2012; Soltau et al.
2012; Felipe et al. 2016; Joshi et al. 2016; Balthasar et al. 2018)
with the GREGOR Infrared Spectrograph (GRIS, Collados et al.
2012).

These ground-based facilities for solar IR spectropolari-
metric observations requires further development and improve-
ment in the diagnostic tools. Nowadays, a large number of
methods based on the Zeeman effect are widely employed
by the solar physics community to determine quantitative
properties of the magnetic fields. Among them are various
inversion codes, spectral line synthesis in 3D magnetohy-
drodynamic (MHD) models and comparison with observa-
tions, techniques based on exploiting the hyperfine structure
of some atoms, as well as simplified approaches like the line
ratio method, the weak field approximation (WFA), the bisec-
tor, and the center-to-gravity techniques (see, e.g., Solanki
1993; Landi Degl’Innocenti & Landolfi 2004; Khomenko 2006;
Shchukina & Trujillo Bueno 2013; del Toro & Ruiz Cobo 2006,
and references therein).

Such diagnostic tools, applied to different spectral lines
(mainly to Fe1 lines in the visible and NIR range) make it possi-
ble to study the magnetic field properties both of active and quiet
regions of the Sun. The inference of the magnetic field prop-
erties of the quiet areas using the Sit 10827 A line are always
challenged by the weakness of the Zeeman polarization signals
(especially in Stokes Q and U) compared to those observed in
the active regions. In addition, in the quiet regions, the impact of
deviations from LTE (i.e., NLTE), both on the intensity and on
the linearly and circularly polarized profiles of the Sit 10 827 A
line, turns out to be significant. The difference between the
NLTE and LTE intensity profiles of this line varies considerably
across the solar surface, with a well-pronounced dependence on
the line depth (Bard & Carlsson 2008; Sukhorukov & Shchukina
2012; Sukhorukov 2012; Shchukina et al. 2012, 2017). The
Stokes Q, U, V profile changes caused by deviation from LTE
are comparable to the values of the Stokes amplitudes them-
selves. For the Stokes V parameter, there is a clear correlation
between the magnitude of the NLTE effects and magnetic field
strength (Shchukina et al. 2017). Up to now, there have been no
attempts to apply any NLTE inversion code to the Si1 10 827 A
line in order to infer the magnetic properties of the quiet solar
atmosphere.

In this paper we rely on a more simple approach. We focus
on the WFA to evaluate the extent to which the magnetic fields
of the quiet Sun inferred from the Si1 10 827 A line using this
approximation are close to the real solar values. Ground-based
observations are affected by the atmospheric turbulence of the
Earth (seeing) and instrumental effects due to light diffraction by
the limited telescope aperture (the finite spatial resolution of the
telescope), in addition to finite instrumental width of the filters
used, stray light, and so on. In this paper we tackle the prob-
lem of studying degradation effects caused by seeing and by the
diffraction limit of the telescope. We also discuss the effects of
photon noise on the circular and linear polarization signals.

The paper is organized as follows. Section 2 describes the 3D
snapshot model atmosphere employed in this study, the meth-
ods and the atomic data used for the spectral synthesis of the
Stokes 1, Q, U, V profiles of the Sit 10827 A line, and the
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procedure of spatial smearing of such profiles. In Sect. 3 we give
the expressions for the Stokes parameters in the weak field limit
and discuss the conditions needed to hold it in the solar quiet
atmosphere. Section 4 presents results for the longitudinal and
transverse components of the magnetic field inferred using the
weak field approximation. Finally, Sect. 5 summarizes our main
conclusions.

2. Input data and method
2.1. Model atmosphere

The topic of our study is the quiet regions of the solar disk.
We used the most magnetized 3D model from the magneto-
convection simulations with small-scale dynamo action per-
formed by Rempel (2014). The chosen 3D snapshot model,
which has a surface mean field strength of about 170 G, repre-
sents the small-scale magnetic activity of the quiet photosphere
relatively accurately (see del Pino Aleméan et al. 2018, and more
references therein). The vertical unsigned flux density of the
model (|Bz|) =~ 80G in the visible surface layers and the net
magnetic flux is zero. This model was interpolated to a coarser
grid of 77 x 77 x 102 points with the aim of facilitating the
NLTE radiative transfer calculations. It corresponds to resolu-
tions of 80 km in the horizontal directions and 8 km in the verti-
cal direction. Taking into account the fact that the line formation
region of the Si1 10 827 A line covers a large portion of the pho-
tosphere, we used the uppermost ~0.8 Mm layer for our radiative
transfer calculations. A more detailed description of the snap-
shot model employed and its comparison with other 3D MHD
models can be found in Shchukina & Trujillo Bueno (2015) and
Shchukina et al. (2017).

2.2. Synthesis of Stokes profiles

We solved the NLTE radiative transfer problem of the Sit
10827 A line in the 3D MHD model atmosphere of Rempel
(2014) mentioned above, neglecting the effects of hori-
zontal radiative transfer (i.e., we used the so-called 1.5D
approximation).

We obtained the self-consistent solution of the statistical
and radiative transfer equations applying an efficient multilevel
transfer code developed by Shchukina & Trujillo Bueno (2001).
To this end, we used a relatively simple silicon model atom
which is suitable for an accurate description of the physics
of the Sit 10827 A line formation (see Shchukina et al. 2017).
The model contains sixteen levels connected by six radiative
bound-bound and fifteen bound-free radiative transitions. Fur-
ther details of the model and atomic data, including the oscilla-
tor strengths, bound-free cross-sections, collision rates, and so
on, are described in Shchukina et al. (2017).

We used the field-free population departure coefficients of
the lower and upper levels of the Si1 10 827 A line, obtained from
the self-consistent solution of the statistical and radiative transfer
equations, as input for the Stokes-vector formal solver. We define
the departure coefficients as the ratio of the NLTE atomic level
populations to the LTE ones.

We calculated the emergent Stokes profiles of the Sit
10827 A line at the solar disk center applying a radiative-
transfer code based on the DELOPAR method proposed
by Trujillo Bueno (2003). We solved the Zeeman line
transfer problem neglecting atomic level polarization (see
Trujillo Bueno & Landi Degl’Innocenti 1996, and more refer-
ences therein).
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Fig. 1. Histograms of the NLTE heights of formation calculated at four
wavelengths within the Si1 10 827 A line intensity profile. The top hor-
izontal axis gives the mean optical depths (75) corresponding to the
heights shown in the bottom horizontal axis. The mean heights of for-
mation and wavelengths are shown close to each of the histograms.
The histograms were calculated using the 3D snapshot model with
(|Bz|) = 80 G (Rempel 2014) and the Si1 model with six bound-bound
transitions described by Shchukina et al. (2017).

The Stokes profiles of the Si1 10827 A line were synthesized
for every (x,y) vertical column of the 3D MHD snapshot with a
spectral resolution 10 mA from —3 A to +3 A around the central
line wavelength. We used the solar silicon abundance Ag; = 7.55
recommended by Grevesse & Sauval (1998). This value agrees
with the silicon abundance obtained by Shchukina et al. (2012)
through NLTE spectral synthesis in a 3D hydrodynamical model
of the solar photosphere. We normalized the Stokes profiles to
the mean continuum intensity (/.) obtained by averaging over
the horizontal direction of the snapshot. The continuum inten-
sity was calculated using our background continuum opacity
code (see Shchukina & Trujillo Bueno 2001, 2015, and more
references therein). More detailed information on the NLTE
spectral synthesis of the Si1t 10827 A line can be found in
Shchukina et al. (2017). Here it suffices to reiterate that for this
line the main NLTE effect is the line source function deficit as
compared with the LTE predictions.

We estimated the formation heights of the the Sit 10827 A
line in the 3D MHD model atmosphere of Rempel (2014) using
the concept of “Eddington-Barbier height of line formation”.
Therefore, at each (x, y)-point, we calculated the height Hx, and
the corresponding continuum optical depth 75(A1) at 5000 A,
where the line optical depth 75, is equal to unity. Mean val-
ues of (H) and (7s) for each line wavelength A1 were computed
by averaging the corresponding quantities along the horizontal
directions. Figure 1 shows histograms of the NLTE heights of
formation of the Si1 10827 A line determined for the line con-
tinuum and for three wavelength points. We can see that the for-
mation heights Hp, of this line fluctuate significantly across the
surface of the 3D model snapshot. The line-formation region
covers a large portion of the photosphere, from the bottom of
the photosphere (the continuum) to the middle (the line wings
where the Stokes V peaks are located) and up to near the tem-
perature minimum (the line center). The NLTE shifts in the for-
mation height of the Si1 10827 A line are less than a few tens of
kilometers throughout the surface of the 3D snapshot model (see
Shchukina et al. 2017).

2.3. Spatial smearing

The Stokes profiles of the Si1 10 827 A line synthesized in the 3D
snapshot model represent “unsmeared (perfect) observations”.
The spatial resolution of these numerical data, that is, the grid
resolution, is 80 km. Here we consider two effects that degrade
the original Stokes profiles: the finite spatial resolution deter-
mined by the telescope aperture and the effects of smearing
caused by the turbulence of the atmosphere of the Earth (seeing).
In order to mimic the effects caused by the telescope and seeing
we follow the procedure described in Shchukina et al. (2009).
At each line wavelength, the original 2D Stokes I, Q, U, and V
maps were Fourier-transformed and multiplied by the modula-
tion transfer function (MTF) taken from Fried (1966). An inverse
Fourier transform gives us the images registered by detector, that
is, the “observed” images, affected by the finite spatial reso-
lution of the telescope and seeing effects. Only three parame-
ters define the resulting image quality: the observed wavelength
A, the diameter D of the telescope, and the Fried parameter
Ry (Fried 1966; Korff 1973). The Fried parameter depends on
the seeing conditions and describes the characteristic size of
the atmospheric turbulence cells at a given wavelength. In our
study we simulate “real observations” for a set of R, values at
1=10827A using the diameters of the VI'T, GREGOR, and
EST (DKIST) telescopes.

We determine the Fried parameter Ry, from observed rms
continuum contrast 6l,s of the solar granulation. To this end,
we set up theoretical calibration curves. We calculated them
by means of the radiative transfer formal solution for the solar
continuum intensity in the same 3D snapshot model of Rempel
(2014) used for the synthesis of the Si1 10 827 A Stokes profiles.
The theoretical dependences of the 6l contrast on the Fried
parameter R, for three values of the telescope diameter using
this approach are shown in Fig. 2. According to this figure the
rms continuum contrast 6/, for observations with the original
spatial resolution (no smearing due to effects of the telescope
aperture and seeing) at the wavelength of the Si1 10 827 A line is
7.55%. For observations with a spatial resolution corresponding
to the diffraction limit of the assumed telescope this contrast is
smaller. It changes from 5.19% to 7.02% as the telescope diam-
eter increases from D = 0.7m (VTT) to D = 4.0m (EST).

3. The weak field approximation

The WFA makes it possible to determine the magnetic field with-
out solving the Stokes-vector transfer equations (see full details
in Landi Degl’Innocenti & Landolfi 2004); this requires that the
field be weak. In other words, the Zeeman splitting has to be
significantly smaller than the Doppler width of the line:

Ay <1
geff A/lD 1)

with AAdp being the Doppler width of the line given by
Alp = 20T,
c
AAp the Zeeman splitting of the line given by
Adp = 4.67x10"* B(Gauss)Ay” (A),

with wr being the thermal velocity, B the magnetic field strength,
Ao the wavelength of the line, ¢ the speed of light, and g.s the
effective Landé factor. For the Si1 10827 A line gegq = 1.5.
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Fig. 2. Root-mean-square continuum contrast 6/, as a function of the
Fried parameter R, at wavelength 1 = 10827 A. Dotted, dashed, and
solid curves correspond to the telescope diameters 0.7, 1.5, and 4 m,
respectively. The 61, contrast for observations affected only by the
diffraction limit of the VITT(D = 0.7m), GREGOR (D = 1.5m) and
EST/DKIST (D = 4.0 m) telescopes (no seeing effects) are indicated in
the upper part of this figure. The vertical arrow in the lower right corner
marks the 6/, value for the “perfect” observations corresponding to the
case of the original spatial resolution (no smearing caused by the tele-
scope and seeing effects). The calibration curves for the determination
of the Fried parameter R, were calculated using the radiative transfer
formal solution for the continuum intensity in the chosen 3D snapshot
model of Rempel (2014).

In the 3D model of Rempel (2014), at the formation heights
of the Si1 10827 A line wings and the line core (-0.25 < A1 <
0.25 A) more than 90% of the grid points have magnetic field
strengths B weaker than 300 G and the thermal velocity wr is in
the range between 1kms™! and 2kms~'. For these grid-points
we find

Adp

— 503,
geﬁA/lD =

which indicates that in the 3D Rempel model the Si1 10 827 A
line is close to the weak field regime.

In this case, the longitudinal component of the magnetic field
BY = Bcos6 can be estimated using the following expression
for the circular polarization (Landi Degl’Innocenti & Landolfi
2004):

ol
V = —geq Adp cos O —, (1)

04

where g—ﬁ is the spectral derivative of the intensity and 6 is the
angle between the magnetic field and the line-of-sight. This
equation is strictly satisfied when the field B is constant in the
line formation region.

The transverse component of the magnetic field BT = Bsin6
in the weak field limit can be found using the Stokes Q and
U parameters as follows (see Landi Degl’Innocenti & Landolfi

2004)

V2 + U? = 3 Gegr AX% sin* 0

4

1 ol
A= 0

@)

where +/Q? + U? is the total linear polarization P and Geg
is the second-order effective Landé factor which for the Si1
10827 A line is equal to 2.25. Equation (2) is valid for the
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line wings provided that the azimuth y of the magnetic field,
the magnetic intensity BT, and the thermal velocity wt do
not change in the layers where the Stokes Q and U signals
originate. In the quiet solar photosphere the above-mentioned
requirement of the weak field approximation for the magnetic
field and other physical quantities in the formation region of
the Stokes parameters of the Sir 10827 A line is not satis-
fied. Here we indicate two facts that support this statement.
Firstly, there are strongly asymmetric and irregular shapes of
the Stokes profiles for different spectral lines observed in the
solar inter-network, which are found also in the 3D MHD sim-
ulations (e.g., Illing et al. 1975; Khomenko et al. 2003, 2005;
Martinez Gonzdlez et al. 2016; Shchukina et al. 2017). Figure 3
shows that this is also true for the Si1 10 827 A line formed in the
3D magneto-convection model of Rempel (2014). Such a com-
plicated shape of the Stokes profiles is first of all caused by the
changes of the magnetic field along the line-of-sight in the pres-
ence of velocity gradients (e.g., Khomenko 2006, and references
therein). Secondly, in the model of Rempel (2014) the shape of
{—g—f’l - sign(BY)} and of the V profiles of the Si1 10827 A line
turns out to be different (see Fig. 3). We note that in the weak
field approximation of Eq. (1), these profiles should be propor-
tional to each other (Stenflo et al. 1984).

In order to clarify this issue, we determined the wavelength
positions AA of the Stokes V and (% profile peaks for all (x, y)-
grid points of the snapshot. We identify the peaks with the max-
imum absolute values of these profiles. A histogram of the AA
positions shown in Fig. 4 demonstrates that the median values
of the wavelength positions of the Stokes V blue and red lobe
peaks of the Si1 10827 A line are slightly different (-0.08 A and
0.1A, respectively) and do not coincide with those of the g—/’l pro-

file peaks. On average, the latter are located around +0.07 A.
Figure 4 also demonstrates that there is a sufficiently large num-
ber of Stokes V profiles with peaks located at A1 > 0.15 A, while
the number of the intensity derivative profiles with peaks at these
wavelengths is noticeably smaller. Interestingly, in contrast to
the peak wavelength positions the zero-crossing positions of the
Stokes V profiles and the intensity derivative are close to each
other (see Fig. 5). We note that we determined these positions in
the range Ao + 0.05 A, where A, are the wavelength positions of
the Stokes I profile minima.

Finally, we conclude that for most (x, y)-grid surface points
of the 3D snapshot model the requirement of the constant field
in the formation region of the Sit 10827 A line does not hold.
To what extent the failure of this condition will affect the results
obtained using the weak field approximation is one of the main
issues considered in the following section.

4. Results

4.1. Stokes signals with original and reduced spatial
resolution

Figure 6 displays 2D maps of the intensity derivative g_,lv the

total linear polarization P = +/Q? + U2, and the circular polar-
ization V in the blue wing of the Si1 10 827 A line calculated
at the solar disk center of the model. We note that these values
are measured in units of the mean continuum intensity (/) at
the wavelengths where the modulus of the intensity derivative is
maximum. The top panels of this figure show the spatial vari-
ations of the original Stokes signals calculated in the 3D snap-
shot which mimic “unsmeared observations”. The impact of the
diffraction limit of the EST/DKIST-like telescopes (D = 4m)
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Fig. 3. Left, from top to bottom: disk-center profiles of the intensity /, intensity derivative %, Stokes V, and the total linear polarization P of the
Si1 10827 A line at the surface grid point ix = 61 and iy = 8 in the 3D snapshot model of Rempel (2014). Right, from top to bottom: same but for

ix =29 and iy = 54.

is shown in the middle panels. The bottom panels show the sur-
face variations of the Stokes signals affected by the finite spa-
tial resolution of this telescope and seeing effects. We quantified
the latter using Ry = 50 cm as the typical Fried parameter value
for NIR observations (see Felipe et al. 2016; Joshi et al. 2016;
Martinez Gonzalez et al. 2016; Orozco Suarez et al. 2017). It
corresponds to ~0.54” of spatial resolution at the 10827 A
wavelength.

Figure 6 shows that the Stokes P and V signals in the Si1

10827 A line are usually larger in the intergranuler lanes. Typ-

ically, the P signals are small while the Stokes V signals have
significantly larger amplitudes. The latter is easy to understand
bearing in mind that for sufficiently “weak” photospheric mag-
netic fields, such as in the 3D MHD snapshot model of Rempel
(2014), the circular polarization signal scales with the ratio

(€)

R=—x1.
Adp

On the contrary, the linear polarization signals are approxi-
mately proportional to R.
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Fig. 4. Top: histogram of wavelength positions of the unsigned Stokes
|V| peaks of the Si1 10 827 A line formed in the 3D snapshot model of
Rempel (2014). Bottom: same but the for the unsigned intensity deriva-
tive |%| peaks. Arrows and numbers indicate the median values of wave-
length positions of these peaks in the left and right wings of the line.

Our Stokes parameters calculations of the Si1 10827 A line
in the 3D MHD snapshot model reveal that the number of
pixels where the total linear polarization P/{l.) > 0.03% for the
unsmeared case is ~60%. For Stokes V this value is 89%. Inter-
estingly, while only 0.6% of the pixels show linear polarization
signals above 1%, the number of pixels with circular polarization
above this value is considerably larger (i.e., *15%). We note that
the limiting signal of 0.03% is nothing but the 30 level, where
o is the noise level in the spectro-polarimetric observations
obtained by Martinez Gonzélez et al. (2016) using GRIS in com-
bination with the Tenerife Infrared Polarimeter (Collados et al.
2012). The spatial resolution corresponding to the diffraction
limit of an EST/DKIST-like telescope reduces the number of pix-
els with Stokes signals above 0.03% only slightly on average, by
~1%. The impact of the combined telescope and seeing effects
turn out to be more important. Now, ~50% of the pixels have
linear polarization signal above 0.03%. For the Stokes V signal
these effects are less pronounced. In the latter case the number of
pixels where V/(I.) > 0.03% decreases by no more than ~3%.

The strongest effect produced by spatial smearing is a reduc-
tion of the g—ﬁ, P, and V peaks. Figure 6 allows us to estimate
the degree of such a deterioration. Each panel of Fig. 6 indi-
cates the minimum and maximum values of the intensity deriva-
tive g—ﬁ, and of Stokes P and V measured at the wavelengths of
the intensity derivative peaks. As we can see, with deterioration
in resolution, the maximum value of the Stokes V signal in the
Si1 10827 A line quickly decreases from 17% for “unsmeared
observations” to 2% for a spatial resolution of 0.54”.

The maximum total linear polarization, being small by itself,
turns out to be even smaller, decreasing from 2.22% for the
unsmeared case to 0.28% for EST/DKIST-like observations
affected by seeing. We note that observations with a 4m tele-
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Fig. 5. Top: histogram of the zero-crossing wavelength positions of the
Stokes V profiles of the Sit 10827 A line formed in the 3D snapshot
model. Bottom: same but for the intensity derivative. Arrows and num-
bers indicate the mean values of such zero-crossing positions.

scope outside the atmosphere of Earth would make it possi-
ble to obtain P and V signals that are relatively close to the
“unsmeared” ones. Figure 6 also shows that unlike P and V, the
intensity derivative peaks of the Sit 10827 A line are much less
sensitive to spatial smearing; the maximum value of its modulus
decreases from ~1.2% to ~0.5%.

4.2. Stokes V versus the longitudinal component of the
magnetic field

We inferred the longitudinal component B of the magnetic field
strength in the weak field limit by applying Eq. (1) to the Stokes
profiles of the Sit 10827 A line synthesized using the 3D MHD
snapshot model of Rempel (2014). The top panels of Fig. 7 show
the scatter of the Stokes V signals plotted against the inferred lon-
gitudinal component for three cases of spatial smearing. As seen
in the figure, in the quiet solar areas represented by this model the
Stokes V signal of the Sit 10827 A line measured at the wave-
lengths of the intensity derivative peak can be approximated rather
well by a linear function of the longitudinal component B-:

L
A =ay+a B,

where the coefficient ag is equal to zero while the coefficient a;
depends on the spatial resolution, slightly changing from 0.0365
for unsmoothed Stokes profiles to 0.0312 for profiles affected by
the telescope and seeing effects. The linear dependence of the
Stokes V on the longitudinal component B- shown in Fig. 7 is
confirmed by the high correlation coefficient between them that,
depending on the degree of spatial smearing, ranges between
0.95 and 0.99. This linearity is indeed valid only in the limit
of weak magnetic field. As follows from the top panels of Fig. 7,
when the the longitudinal component B' increases, the scatter
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97> and of the P and V signals calculated with different spatial resolution in the blue wing

of the Si1 10827 A line at wavelengths where the modulus of the intensity derivative is maximum. 7op: original spatial resolution (no smearing
effects). Middle: finite spatial resolution due to the light diffraction on a 4 m telescope. Bottom: surface variations of the Stokes signals affected by
the finite spatial resolution of this telescope and seeing effects corresponding to the Fried parameter Ry = 50 cm. The lower and upper limits of the
Stokes signals are indicated at the right side of the images. The solid curves mark the boundary of granules. The maps were calculated using the

3D model of Rempel (2014) discussed in Sect. 2.1.

of the Stokes V signals becomes larger. This happens because
with amplification of the magnetic field the Stokes V ampli-
tude starts to depend not only on the B" value, but also on the
angle 6 between the magnetic field field vector and the line of
sight (Landi Degl’Innocenti & Landolfi 2004). Another reason
for such a scatter is connected with the fact that in the formation
region of the Si1 10 827 A line, as we have shown in Sect. 3, the
condition of the field homogeneity required for the weak field
approximation is not satisfied. Besides, the intensity derivative
varies along the snapshot model surface.

The results shown in Fig. 7 confirm our conclusion of
Sect. 4.1. It can be seen again that spatial smearing drastically
reduces the Stokes V signal. The main consequence of this is the
reduced strength of the inferred magnetic field. With deteriora-
tion in the spatial resolution of observations with a 4 m telescope
the unsigned longitudinal component (|BY|) averaged over the
surface of the model begins to decrease. For a spatial resolution
of ~0.54"" (Ry = 50cm) it can be reduced by about a factor of
two as compared with the case corresponding to the diffraction
limit of this telescope (see top and bottom left panels of Fig. 7).
We discuss this problem in detail in Sects. 4.4 and 4.5.

4.3. Stokes P versus the transverse component of the
magnetic field

The right panels of Fig. 7 show the total linear polarization P of
the Si1 10 827 A line profile against the transverse component BT

of the magnetic field strength for three cases of spatial resolution.
We calculated the BT values in the weak field limit for all (x, y)-
grid points of the 3D snapshot model using Eq. (2). The data
shown in the right panels of Fig. 7 have been approximated by
the second-degree polynomial:

=by+b;-B' +b,-(B")?,

P
Le)
where the coefficients by, by, b, depend on the spatial resolution.
We show them in the right panels of Fig. 7. We note that the
correlation between BT and P, although smaller than in the case
of the longitudinal component, still remains high varying from
0.88 to 0.94. As can be seen in this figure, when the transverse
component BT increases, the scatter of the P signal calculated
at the wavelength of the intensity derivative peaks is even larger
than in the case of the longitudinal component. As in the case
discussed in Sect. 4.2, this happens because with amplification
of the magnetic field the P signal turns out to be a function of not
only the transverse component, but also of the inclination angle
6 (Landi Degl’Innocenti & Landolfi 2004). In addition, the sur-
face variations of the intensity derivative and the changes of the
field along the line-of-sight in the presence of velocity gradients
affect the results obtained using the weak field approximation.
This could be an another factor causing such a scatter.

The right panels of Fig. 7 demonstrate again that with a dete-
rioration of spatial resolution, the mean transverse component
(BTY decreases, similarly to the longitudinal component {|B"|) of
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the field, decreases. However, unlike the latter case, the effect on
the transverse component is less pronounced.

4.4. Comparison of the magnetic field inferred using the
weak field approximation with the magnetic field of the
model

The weak field approximation does not allow to identify the
photospheric layers where the Zeeman polarization produced by
the magnetic field originates. In order to get an idea of this we
assume that for a given wavelength A1 within the Sit 10827 A
line the information on the magnetic field comes from a sin-
gle optical depth 74, = 1. In other words, we use the concept
of “Eddington-Barbier height” (defined as the height where the
optical depth is equal to one).

The top panels of Fig. 8 show the maps of the vertical (By)
and horizontal (Byy) components of the magnetic field vector in
the 3D model. These values were determined at the corrugated
surface of constant optical depth 7o, = 1, where AA is the wave-
length location of the intensity derivative peaks in the blue wing
of the Si1 10827 A line. We identify these maps with the mag-
netic field of the model.

We compare the above-mentioned maps with the correspond-
ing maps of the longitudinal B“ and transverse BT components
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of the field that were inferred from the synthesized Stokes pro-
files of the Si1 10 827 A line using the weak field approximation.
The second, third, and fourth rows of Fig. 8 show such maps for
three cases of spatial resolution.

The results presented in the top and second-row panels
clearly indicate that at full resolution the topology of the field
on the corrugated surface where the optical depth 7o, = 1 and
that obtained with the weak field approximation are almost iden-
tical, except that the longitudinal and transverse components
derived with the WFA are smaller in magnitude. The latter is
easy to understand bearing in mind that the weak field approx-
imation gives average information over a certain height range,
thus leading to a decrease in the inferred magnetic field ampli-
tude. Figure 8 shows that the agreement between the “real” and
the inferred magnetic fields continues to be good when using
spatially smeared Stokes profiles corresponding to the diffrac-
tion resolution of a 4 m telescope (see panels in the third row
of Fig. 8). Even under poor seeing conditions (see the bottom
panels), the structure of the “real” field is still traced.

In order to better quantify the extent to which the layer asso-
ciated with the longitudinal and transverse components shown
in Fig. 8 are close to the “Eddington-Barbier height” we com-
pared the probability density functions (PDF) for the B* and BT
components corresponding to the unsmeared case with the PDF
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of the “real” field of the 3D snapshot model. It is important to
note that the observed Stokes profiles are degraded by photon
noise, and this has an impact on the accuracy of the determi-
nation of the solar magnetic fields (e.g., Pietarila Graham et al.
2010; Danilovic et al. 2010; Stenflo 2010; Borrero & Kobel
2011, 2012, and more details therein).

To study how sensitive the PDFs for the B~ and BT compo-
nents are to such effects we added noise to the Stokes profiles

as a normally distributed random variable with a standard devia-
tion o = 3 x 107, As noted in Sect. 4.1, this value represents a
three-times-higher noise level than in the observations obtained
by Martinez Gonzilez et al. (2016). Figure 9 shows the PDFs for
the B and BT components of the magnetic field derived from the
noise-free and the noisy Stokes profiles in the weak field limit.
For comparison, we also present the B; and Byy components
taken from the 3D snapshot model of Rempel (2014).
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Fig. 9. Top: probability density functions (PDF) for the unsigned lon-
gitudinal B~ (dashed and dot-dashed curves) and the unsigned verti-
cal By (solid curve) components of the magnetic field vector in the 3D
snapshot model of Rempel (2014). Bottom: same but for the transverse
BT and the horizontal Bxy components of the magnetic field. The B*
and BT values have been inferred from the unsmeared Stokes signals at
the blue wing of the Si1 10 827 A line using the weak field approxima-
tion. Dashed and dot-dashed curves correspond to the noise-free and the
noisy Stokes profiles, respectively. The Bz and Bxy values are, respec-
tively, the vertical and horizontal components of the magnetic field of
the model taken at the corrugated surface of optical depth 75, = 1,
where A4 is the wavelength location of the intensity derivative peaks in
the blue wing of the Si1 10 827 A line.

As seen in Fig. 9, the unsigned noise-free |B"| and |B,| distri-
butions follow each other closely, except mainly for the strongest
signals; for such signals the mean unsigned longitudinal com-
ponent turns out to be smaller than the mean unsigned vertical
field while the correlation between these two components still
remains high.

The top panel of Fig. 9 also shows that both the noise-free
and noisy |B"| distributions for the case o = 3 x 107 almost
coincide. In addition to this, we found that the presence of the
noise does not affect the “Eddington-Barbier height” where the
Zeeman polarization originates. This gives us reason to conclude
that the B“ and BT inferred from the Sit 10827 A line can be
associated with the “Eddington-Barbier” layer. The mean height
of this layer is (H) = 317 km.

In contrast, the discrepancies between PDFs for the trans-
verse BT and the horizontal Bxy components of the magnetic
field are most pronounced for the weak linear polarization sig-
nals. The presence of noise in spectropolarimetric observa-
tions increases such discrepancies even more. Furthermore, the
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Fig. 10. Top: mean unsigned longitudinal component (|B"|) of the mag-
netic field in the weak field limit as a function of the Fried parameter
Ry at the wavelength 1 = 10827 A. Bottom: same but for the mean
transverse component (BT) of the magnetic field. Solid, dashed, and
dotted curves correspond to telescope diameters 4 m, 1.5 m, and 0.7 m,
respectively. Open circles indicate the (|B"|) and (BT) values for the
best resolution that the GREGOR Infrared Spectrograph can achieve at
10832 A (Joshi et al. 2016). The rms continuum contrast 6y, as well
as the (|B"|) and (BT) values for the spatial resolution of the 3D model
(no smearing and no noise effects) and for reduced resolutions due to
the telescope diffraction are shown in the panels. We note that the mean
vertical (|Bz|) and transverse (|Bxy|) components of the model are equal
to 25.7 G and =49.5 G, respectively. The top horizontal axis gives the
spatial resolution, corresponding to the Fried parameter R, shown in
the bottom horizontal axis.

probability distribution function for the transverse component
becomes more peaked. Moreover, the difference between the
mean transverse and horizontal components increases and the
correlation between them becomes worse.

4.5. Dependence of the retrieved magnetic field on the
seeing conditions and telescope diameter

Until now we have discussed the advantages and disadvantages
of the weak field approximation only for the case of a large-
diameter telescope (D = 4m) and only for one case of spatial
resolution characterized by the Fried parameter Ry = 50cm.
This parameter corresponds to a spatial resolution ~0.54” and
arms continuum contrast 8/, close to ~4.5% at the wavelength
A = 10827 A (see Fig. 2). We now consider what happens if
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telescopes with different apertures are used under different see-
ing conditions.

Figure 10 helps to answer this question. Under poor see-
ing conditions corresponding to a spatial resolution of about
1”7 or worse the choice of telescope on which the observations
are obtained has little effect. For telescopes with diameters of
4m, 1.5m, and 0.7 m the mean retrieved longitudinal {|B"|) and
transverse (BT) components of the field remain the same and
significantly smaller than those obtained from the unsmeared
Stokes profiles (we note that the mean (|B*|) and (BT) values
for the unsmeared case are shown in the top and bottom panels
of Fig. 10, respectively). The diameter of the telescope becomes
important for spatial resolutions better than 0.5”, which corre-
sponds to a Fried parameter Ry > 50cm and a rms continuum
contrast 6lys > 5% for D = 4m. Figure 10 shows that for
the best resolution (0.27”) that the GREGOR Infrared Spectro-
graph can achieve for NIR wavelengths close to the Si1 line (see
Joshi et al. 2016) the (|B"|) and (B™) values are 8.3 G and 43.3 G,
respectively.

Under excellent seeing conditions the difference between
the mean (|B|) values obtained using telescopes with diam-
eters of 1.5m and 4m are noticeably smaller in compari-
son with such difference when using telescopes with diam-
eters of 0.7m and 1.5m, or of 0.7m and 4m. Similar dif-
ferences are also found for the transverse (BT) field compo-
nent. Finally, in the weak field limit the (|B"|) and (BT) val-
ues inferred from diffraction limited observations with a 4 m
telescope turn out to be very close to their limiting values that
can be retrieved from the unsmeared data. At the same time,
the (|BY|) value remains noticeably smaller than the mean ver-
tical component of the model: (|Bz|) = 25.7 G. Concerning the
transverse component, the (BT) value for such observations is
consistent with the mean horizontal component of the model:
(|Bxyl) =49.5G.

5. Conclusions

We investigated the validity of the weak field approximation for
the Si1 10827 A line. To this end, we used a 3D snapshot model
of the quiet solar atmosphere taken from a magneto-convection
simulation with small-scale dynamo action (see Rempel 2014).
We calculated the NLTE Stokes I, Q, U, and V profiles of this
line at the solar disk center for every surface point of the 3D
model. We retrieved the magnetic properties of the model apply-
ing the weak field approximation to the calculated Stokes pro-
files produced by the Zeeman effect and compared the inferred
transverse and longitudinal components of the magnetic field
with the original horizontal and vertical model values. Finally,
we estimated the extent to which the diffraction limit of the
telescope, the photon noise, and seeing affect the recovered
magnetic field values. To this end, we calculated the mean trans-
verse and the mean unsigned longitudinal values as a function of
the Fried parameter Ry for the apertures of the VIT, GREGOR,
and EST/DKIST telescopes. The results presented in this paper
were obtained by analyzing the polarization in the blue wing of
the Si1 10827 A line where significant V/I. and P/I; values are
found. The results for the red wing are very similar.

We conclude that the weak field approximation can be
applied for understanding the Zeeman polarization signals of the
Sit 10827 A line observed in quiet regions of the solar atmo-
sphere. We found that in these regions the Stokes V signals of
the Sit 10827 A line can be described rather well by a linear
dependence on the longitudinal component of the magnetic field

strength and by a quadratic dependence for the total linear polar-
ization P on the transverse component.

It is crucial to observe the polarization of the Sir 10827 A
line under the best possible spatial resolution, clearly better than
0.5”. For worse resolutions, the Stokes V and P signals are sig-
nificantly reduced. As a result, the mean values of the inferred
transverse and unsigned longitudinal components are reduced in
a similar way.

Under excellent seeing conditions the surface maps of the
magnetic field inferred from the Si1 line using the weak field
approximation are close to the maps of the real field found
at the corrugated surface where the optical depth 7o, = 1.
The correlation between them is relatively high, except that the
longitudinal and transverse components of the magnetic field
strength are systematically lower than vertical and horizontal
components.

In summary, under high-spatial-resolution conditions, the
weak field approximation applied to spectropolarimetric obser-
vations of the Si1 10827 A line using telescopes with apertures
like those of GREGOR, EST, and DKIST provides reasonable
information on the photospheric magnetic field strength, with the
accuracy of the inferred values decreasing with the diameter of
the telescope used.

Finally, it is interesting to note that the Zeeman polariza-
tion signal in the wings of the Sir 10827 A line is sensitive
to the same solar photospheric layers as the scattering polar-
ization in the Sr1 4607 A (see, e.g., Trujillo Bueno et al. 2004;
Trujillo Bueno & Shchukina 2007; Shchukina & Trujillo Bueno
2011; del Pino Alemén et al. 2018). This opens up new oppor-
tunities for the study of the small-scale magnetic activity in the
middle photosphere where these polarization signals are formed.
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