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Abstract. Sunspots are the most prominent feature of the solar magnetism in the photosphere.
Although they have been widely investigated in the past, their structure remains poorly under-
stood. Indeed, due to limitations in observations and the complexity of the magnetic field
estimation at chromospheric heights, the magnetic field structure of sunspot above the pho-
tosphere is still uncertain. Improving the present knowledge of sunspot is important in solar and
stellar physics, since spot generation is seen not only on the Sun, but also on other solar-type
stars. In this regard, we studied a large, isolated sunspot with spectro-polarimeteric measure-
ments that were acquired at the Fe I 6173 nm and Ca II 8542 nm lines by the spectropolarimeter
IBIS/DST under excellent seeing conditions lasting more than three hours. Using the Non-LTE
inversion code NICOLE, we inverted both line measurements simultaneously, to retrieve the
three-dimensional magnetic and thermal structure of the penumbral region from the bottom of
the photosphere to the middle chromosphere. Our analysis of data acquired at spectral ranges
unexplored in previous studies shows clear spine and intra-spine structure of the penumbral
magnetic field at chromopheric heights. Our investigation of the magnetic field gradient in the
penumbra along the vertical and azimuthal directions confirms results reported in the literature
from analysis of data taken at the spectral region of the He I 1083 nm triplet.
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1. Introduction

Space- and ground-based observations have been used to study the sunspot penum-
bra, from its formation (Murabito et al. 2016, 2017, 2018) to the three dimensional (3D)
magnetic structure (Joshi et al. 2016, 2017). Balthasar 2018 reported about the unsolved
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problem of the estimation of the magnetic field gradient in sunspots and how this gra-
dient changes due to the different techinque employed. All previous studies were on
photospheric observations taken through several lines, but only one chromospheric data
acquired at the He I triplet at 1083.0 nm. Recently, a different chromospheric diagnostic,
the Ca II 854.2 nm line, was used by Joshi & de la Cruz Rodriguez 2018 to study the
variation of atmospheric parameters associated with umbral flashes, reporting a decrease
of the magnetic field of —0.5 G km~™! when moving from the photosphere to the chro-
mosphere. In this contribution, we summarize the results obtained from our study of the
vertical gradient of the magnetic field in a sunspot penumbra, based on photospheric Fe
1617.3 nm and chromospheric Ca IT 854.2 nm lines.

2. Observations

We used data acquired on 2016 May 20 at the Dunn Solar Telescope of the National
Solar Observatory. The data consists of spectropolarimetric observations of a large
sunspot located near the disk center in photosphere and chromosphere taken at the Fe I
617.3 nm and Ca II 854.2 nm lines. These data were obtained from the Interferometric
Bldimensional Spectrometer (IBIS, Cavallini 2006) at 21 spectral points for both lines,
with a spectral sampling of 20 mA and 60 mA for the Fe I and Ca II lines, respectively.
The data were inverted with the Non-LTE inversion COde (NICOLE Socas-Navarro et al.
2015) to infer the magnetic field at the atmospheric heigths sampled by the data. For
further details about the observations, data reduction and data inversion, see Stangalini
et al. 2018 and Murabito et al. 2019.

Based on the results from the response functions (RFs) computation, we focused our
analysis to the plasma conditions at three atmospheric heigths in the photosphere (log
72 —0.5, —1.0, and —1.5) and one in the chromosphere (logr ~ —4.6).

3. Results

Fig. 1 shows circular and linear polarization maps derived from the measurements taken
at the Fe I and Ca II lines. The photospheric spine/intraspine structure of the penumbra
is clearly displayed in panels a and b, while the same is attenuated in chromosphere as
obtained from the circular and linear polarization signals estimated from the Ca II data.
We derived the vertical gradient of the magnetic field strength following the formula:

(AB) _ (AB)ap :B(b)—B(a)
Alogt ), (AlogT)ap b—a

(3.1)

used by Joshi et al. 2017, where a and b denote the lower and upper log 7, respectively.
Fig. 2 (top panels) shows the maps of (AB/Alogr) for the subfov A marked in Fig. 1.
In particular, the panel a displays the photospheric vertical gradient of the magnetic
field by considering as [a,b] = [log 7 =—0.5, log 7 = —1.5], while the rigth panel shows
the gradient between the photosphere and the chromosphere when [a,b] = [log 7= —1,
log 7 =—4.6]. The photospheric vertical gradient exhibits a ring-like structure, where
the gradient has negative values, meaning that the magnetic field decreases with optical
depth. The outer penumbra, instead, is charactherized by postive values. The radial
dependence of the vertical gradient was calculated considering the average field values
along 80 isocontours in the Fe I line continuum. This radial dependence is shown in Fig. 2
panels ¢ and d. In particular, we can note that in the inner penumbra at r/Rgper = 0.5 the
gradient has values of about —100 G/log 7. Moving onward to r/Rspe = 0.6, it sligthly
increase reaching average values of about 300 G/ log 7.

On the other hand, both the map and the plot of the gradient between photosphere
and chromosphere (panel b and d) show that in the inner penumbra, at r/Rgpot = 0.5,
the values are about 200 G/log 7. Moving away from the inner to the outer penumbra,
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Figure 1. Circular and linear polarization maps derived from the IBIS Fe I (panels a and b) and
Ca II (panels ¢ and d) data. The red contours represent the umbra-penumbra (UP) boundary
and the outer penumbra contour. The red box labelled with A indicates the subfov used for the
analysis shown in Fig. 2.

the gradient slowly decreases, with an average value of 170 G/log T up to r/Rgpot = 0.6,
then it has a constant value of 100 G/log 7.

4. Implications

We presented the analysis of photospheric and chromospheric data taken at different
spectral range and inverted with different methods than those reported in the literature.
We estimated the vertical gradient of the magnetic field strength in the photosphere and
chromosphere. The ring-like structure visible in the maps of the photospheric vertical
gradient derived from our study is similar to the one reported by Joshi et al. 2017 even if
our average gradient is higher. We estimated the gradient beetween the photosphere and
the chromosphere at the atmospheric heigths more sensitive to field pertubations in our
data. The field gradient in the chromosphere assumes an average value of 100 G/logr,
corresponding to ~ 0.3 G km~!. This value is within the range of values reported by
Joshi et al. 2017 from analysis of data taken at the He I 1083.0 nm.

We conclude that in order to produce a complete 3D magnetic picture of the penum-
bra at higher atmospheric heigths an analysis of multiple spectral diagnostics of the
photosphere and chromosphere is needed.
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Figure 2. Top panels: Maps of the vertical gradient of the magnetic field strength considering
two atmospheric heights in the photosphere (left panel) and two heights representative of the
photosphere and chromosphere (rigth panel). Bottom panels: Variation of the vertical gradient
as a function of r/Rspor for the subarray A displayed in the top panels.
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