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Abstract Recent dedicated Hinode polar region campaigns revealed the presence of con-
centrated kilogauss patches of the magnetic field in the polar regions of the Sun, which
are also shown to be correlated with facular bright points at the photospheric level. In this
work, we demonstrate that this spatial intermittency of the magnetic field persists even up
to the chromospheric heights. The small-scale bright elements visible in the bright network
lanes of the solar network structure as seen in the Ca 11 H images are termed network bright
points. We use special Hinode campaigns devoted to the observation of polar regions of the
Sun to study the polar network bright points during the phase of the last extended solar min-
imum. We use Ca II H images of chromosphere observed by the Solar Optical Telescope.
For magnetic field information, level-2 data of the spectro-polarimeter is used. We observe
a considerable association between the polar network bright points and magnetic field con-
centrations. The intensity of such bright points is found to be correlated well with the pho-
tospheric magnetic field strength underneath with a linear relation existing between them.

Keywords Sun: polar regions - Chromosphere - Photosphere - Magnetic fields - Network
structure - Supergranulation

1. Introduction

The chromospheric network is a web-like pattern most easily seen as emission features in
the red line of hydrogen (Hw) and the violet lines of calcium (Ca 11 K and Ca 11 H) in im-
ages of the Sun. This pattern or network is believed to be coincident with the boundaries of
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large-scale convective cells, known as the supergranules, each about 20— 60 Mm in diame-
ter (Rieutord and Rincon, 2010). Simon and Leighton (1964) found a one-to-one correlation
in the position of supergranules and bright network seen on Ca II K line spectroheliograms
(also see Parker, 1978; Sheeley, Cooper, and Anderson, 2011). The supergranular convective
flow in the photosphere pushes the magnetic elements towards the supergranules’ bound-
aries, so a network of the magnetic fields is formed. These elements are also buffeted by
exploding granules and sometimes get annihilated or grow in size. These magnetic field
clumps with several hundreds of gauss at the photospheric level lead to enhanced heating
in the solar atmosphere, with a consequent increased brightening at certain wavelengths at
chromospheric and coronal heights.

Frazier (1970) has shown that the downflows at the vertices, where several supergranular
cells meet, are much more prominent for the concentration of magnetic flux than the rest of
the cell boundaries. At these points the magnetic field appears to be comparatively enhanced,
resulting in coinciding network bright points recognisable in Ca II lines. These bright points
are brighter than the rest of the network structure and proposed to be associated with strong
(~ 1000 gauss) magnetic fields, probably in the form of magnetic flux tubes emerging from
below the photosphere. Figure 1 shows an example of Ca 11 H observations obtained from
Solar Optical Telescope (SOT) (Tsuneta et al., 2008b) aboard Hinode (Kosugi et al., 2007)
which clearly marks the network bright points, and network and internetwork as prominent
features of the solar chromosphere. The nature of the network and its heating has been mod-
elled by many authors (e.g. Gabriel, 1976; Schrijver, 2001; Wedemeyer-Bohm, Lagg, and
Nordlund, 2009). For instance, in the model by Gabriel (1976), heating occurs along the
field lines by magnetohydrodynamic (MHD) waves. Some oscillations may arise through
the buffeting of narrow flux tubes at chromospheric altitudes by solar granulation, which
leads to the propagation of MHD waves, causing the heating of chromospheric network
and upper atmosphere. The heating is greatest where the field lines are most concentrated,
at the common boundaries of many supergranules, in particular, at network bright points.
Different scenarios involving magnetic dipole evolutions have also been proposed by many
authors (e.g. Harvey and Martin, 1973; Harvey, 1985; Webb et al., 1993) for explaining
the observed enhanced brightening in the different layers of the solar atmosphere. In this
process, the change in magnetic flux due to cancellation, emergence, fragmentation, and
coalescence occurring at the locations of supergranular network junctions leads to the ex-
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cess chromospheric and coronal brightenings (Egamberdiev, 1983; Habbal, Withbroe, and
Dowdy, 1990).

Network bright points observed in the polar regions of the Sun are referred to as polar
network bright points. They populate higher heliographic latitudes above 60° or 70 °. Using
high-resolution spectro-polarimetric observations with Solar Optical Telescope (SOT), it is
found that the polar region of the Sun has isolated patches of the concentrated magnetic
field with strengths exceeding 1 kilogauss (see Tsuneta et al., 2008a; Ito et al., 2010 for
details). Moreover, Tsuneta et al. (2008a) and Kaithakkal et al. (2013) have reported that
the kilogauss patches coincide in position with polar faculae in the photosphere. We expect
the spatial intermittency of the magnetic field to persist even at the chromospheric level i.e.
with polar network bright points. In this paper, we investigate the association between the
network bright points and magnetic patches using automated techniques. For this purpose,
we have used SOT observations specifically devoted to the observation of polar regions of
the Sun. In particular, we have used Ca II H passband images along with co-spatial and
co-temporal level-2 spectro-polarimetric data observed by SOT. We have analysed different
datasets in the polar regions of the Sun, details of which are given in Section 2. Results are
discussed in Section 3 and conclusions drawn from the study are summarised in Section 4.

2. Observations and Data Analysis
2.1. Details of Observations

We have analysed six polar datasets in this study (see Table 1). To study low chromo-
spheric features, the Ca I1 H bandpass of Broad-Band Filter Imager (BFI) of SOT, centred at
396.85 nm with a band-width of 0.3 nm is used. The SOT Ca 11 H data is calibrated by using
the IDL routine of fg_prep.pro available through the SOT library of solarsoft. For magnetic
field estimation, we used co-spatial and co-temporal level-2 data obtained by the spectro-
polarimeter (SP) of SOT. The SP creates high-precision Stokes polarimetric line profiles of
the Fe I 6301.5 nm and 630.25 nm spectral lines. The primary product (level 1) of the SP
is Stokes IQUYV spectra suitable for the derivation of vector magnetogram maps of the solar
photosphere. The level-2 data of the SP (provided at https://csac.hao.ucar.edu/sp_data.php
and http://sot.Imsal.com/data/sot/level2d/) are outputs from spectral line inversions using

Table 1 Summary of Ca I1 H observations from SOT.

Data-set Observation time FOv Pointing (Xc, Yc) Target

a 2007-11-08 60" x 40” 100”7, 935" North Pole
13:04 to 13:58 UT

b 2008-12-04 40" x 55" 45", —-933" South Pole
18:16 to 18:59 UT

c 2008-12-05 95" x 45" 23”,938” North Pole
10:01 to 10:59 UT

d 2009-04-01 75" x 70" —138", —885" South Pole
12:00 to 12:59 UT

e 2010-05-14 160" x 40" 20”7, —900” South Pole
12:02 to 12:57 UT

f 2012-03-18 150" x 50" 5", —905" South Pole

13:00 to 13:59 UT
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the HAO “MERLIN” inversion code developed under the Community Spectro-polarimetric
Analysis Center (CSAC) initiative. It performs a least-squares fitting of the Stokes profiles
using the Milne-Eddington atmospheric approximation, which allows for a linear varia-
tion of the source function along the line of sight but holds the magnetic field vector, line
strength, Doppler shift, line broadening, magnetic fill fraction (or scattered light fraction)
constant along the line of sight. For every Ca 11 H dataset mentioned in Table 1, there exists
a corresponding SP level-2 data containing a complete set of inversion parameters. From
the level-2 data of SP, we mostly use a map of the magnetic field strength as our interest
mainly lies in studying the relationship between the chromospheric Ca 11 H intensity and
the strength of the magnetic field present at the corresponding locations in the photosphere.
Considering that the typical lifetime of supergranular cells is approximately a day and we
are interested in the long-term enhanced heating of chromosphere, we performed all the
analysis over time-averaged Ca I1 H images. Hence, we obtained a single average Ca 11 H
intensity map for each dataset mentioned in Table 1. The pixel sampling of the Ca 11 H
images is 0.11”, whereas that of the maps magnetic field strength is 0.32”. Hence the pixel
resolution of the Ca 11 H images was degraded to 0.32” (spatial resolution of ~0.65") in or-
der to maintain the consistency between Ca I1 H intensity and magnetic field strength maps
throughout the study.

2.2. Identification of Bright-Point Regions

Pixels with an intensity greater than a given threshold (as discussed below) in the Ca 11 H
intensity map are classified as belonging to network bright points. The procedure applied to
every average Ca IT H image for selecting such pixels is as follows (refer to Figures 1 and 2):
for every u, the mean and standard deviation (o) of the intensity over the corresponding
pixels were calculated. The parameter p is defined as the cosine of the angle between the
surface normal and line of sight to the observer. It varies between 1 at disk centre to O at
the limb (Thompson, 2006). For every w, the pixels with intensity greater than 1.1o of the
respective mean were identified as network regions. Figure 2 shows the normalised intensity
as a function of p for the average Ca II H image of the dataset (c). The spikes in the plot
are attributed to network bright points, while the smaller fluctuations about 1.0 are ascribed
to network structure. The blue curve in Figure 2 indicates the threshold for network region
selection. Figure 1 shows the average Ca 11 H normalised intensity image for the dataset (c),
which marks the identified network regions enclosed in the blue contours.
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From the selected network regions, the pixels with intensity higher than 1.1 of the aver-
age intensity of all the network regions selected in the image were marked as the locations
of network bright points. In Figure 2 the green line shows such a threshold for the detec-
tion of bright point pixels. The pink line marks the value of the average intensity over all
the network regions detected in the image. The green line (threshold for the bright points)
marks the value equal to 1.1 of the pink line. The detected bright point pixels were then
clubbed into isolated bright point regions (using the IDL function label_region) with an
area threshold of 50 pixels, i.e. the bright point region should have a total number of pixels
of more than 50 in order to be selected. The spatial resolution of the images is ~0.65” and
thus the area threshold for significant detection of the bright points should be more than
0.65” x 0.65”. Henceforth, we fixed the area threshold of 50 pixels which roughly corre-
sponds to a 1” x 1”7 area. Such detected regions were considered to represent the network
bright point regions, which are indicated by green contours in Figure 1. Every such identified
network bright point region was then aligned with the corresponding region in the respec-
tive magnetogram. Figure 3 showcases various examples of co-aligned network bright points
and magnetic patches where the network (blue) contours and bright point (green) contours
are plotted over normalised Ca 11 H intensity and magnetic strength maps. Note that our
method of identification of calcium network bright points is automated and thus is free from
the involvement of human subjectivity. The limitation of our method lies in its inability to
identify the bright points very close to the limb, as noise becomes dominant because of low
data counts present near the limb.

3. Results and Discussions

We find that the network bright points, as seen in Ca I1 H images, are almost always associ-
ated with the magnetic patches as seen in the photosphere (as illustrated in Figure 3). Their
sizes are ~1”—5". The lower limit of 1” of size of the bright points is dictated by the min-
imum area threshold applied while detecting the bright points (mentioned in Section 2.2).
As shown in a particular example in Figure 4, the Ca 11 H bright points (as defined here)
seem to be co-spatial with the groups of G-band bright points or faculae. Figures 1 and 3
clearly show that the percentage area covered by the network bright points (green contours)
is considerably small. Table 2 shows the percentage area of bright points in each dataset
studied, along with the average magnetic field strength over the whole field of view and
only within bright points. Though the percentage area occupied is low, the magnetic field
strength concentrated under the network bright points is generally high as compared to the
values of the average field strength over the full FOV of SOT observations. This implies that
the overall behaviour of the polar magnetic field should be governed by the magnetic fields
underneath these locations on an average.

It is important to note that we do not consider all the pixels of the FOV while performing
the averaging over the entire FOV. The pixels where the inversion code could not converge
(reflected as NAN values) were completely discarded while taking the average. Such loca-
tions generally occur in the internetwork regions where the signal is too poor to obtain any
reliable fits to the Stokes profiles. The internetwork locations could possibly be having lower
magnetic field strengths (Lites et al., 2008), which cannot be estimated due to observational
and technical limitations in the case of polar region observations. The exclusion of such
locations can affect the value of the average field strength calculated over the full FOV. On
the other hand, this does not affect the estimation of the magnetic field strength in the bright
points as these are significantly brighter regions with considerably high signal.
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Figure 3 Representative examples showing association between network bright points and magnetic
patches: (a) and (b) normalised SOT Ca 11 H image of a sub-region of dataset (a) and corresponding magnetic
field map; (c¢) and (d) same as (a) and (b) but for dataset (c). The green contours enclose the network bright
points detected from the Ca 11 H images as shown in the left panels. The right panels clearly show that the
green contours, which represent the network bright points, coincide with the magnetic patches of high field

strengths.

Figure 4 shows that the value of the magnetic field strength can reach up to 600 gauss
within the bright point regions. The maximum field strength within the bright point, which
happens to be at the centre of the bright point/magnetic patch, reaches up to 1 kilogauss in
many cases, as shown in Table 2. Tsuneta et al. (2008a) and Kaithakkal e al. (2013) have
also reported the values of the order of a few kilogauss in concentrated magnetic patches.
More recently, Pastor Yabar, Martinez Gonzalez, and Collados (2018) have also observed
the presence of strong magnetic field elements of strength 600 — 800 gauss at the solar poles.
In the past era, the low-resolution observations were unable to detect these small-scale lo-
cations of strong magnetic field strengths, which is now possible with enhanced resolution

data.
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Figure4 Ca11 H and G-band image of a sub-region of dataset (e), showing relationship between the Ca 11 H
bright points with photospheric faculae. The green contours are representing the network bright points which
happen to generally lie over the groups of G-band bright points.

Table 2 Properties of network bright points.

Data-set % area covered by avg. | B| over full avg. | B| over all max. | B| within the
bright points FOvV bright points bright points
a 0.2 93 gauss 320 gauss 695 gauss
b 0.2 92 gauss 267 gauss 634 gauss
c 0.5 89 gauss 292 gauss 983 gauss
d 0.6 94 gauss 392 gauss 934 gauss
e 0.8 107 gauss 500 gauss 1210 gauss
f 0.5 122 gauss 322 gauss 686 gauss

Along with considerable spatial association observed between network bright points and
magnetic patches, we find that a good correlation exists between bright point intensity and
magnetic field strength. Figure 5 shows the scatter plot of the normalised Ca II H intensity
(I/{I)) and magnetic field strength (| B|) for all the bright points detected in the six datasets.
Note the high value of the correlation coefficient (cc) of 0.93. We have attempted to cali-
brate the normalised Ca I1 H intensity with the corresponding magnetic field strength of the
bright points. In Figure 5, the straight solid line shows the best fit (based on the chi-square
minimisation) and the corresponding slope and intercept are indicated by m and c along
with the respective fitting errors in the estimates. For a network bright point with the value
of I/(I) that is greater than 1.14, the value of | B| can be calculated by using this value of
the slope (m = 2850 gauss) and the intercept (¢ = —3255 gauss). For I /() less than 1.14,
the deduced relation will yield a negative value of | B|, which is unphysical. Considering the
errors in the slope and intercept, the percentage error in the deduced magnetic field strength
from this linear relation turns out be 10%.
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It is worthwhile to mention that the magnetohydrodynamic (MHD) models by Schrijver,
Dobson, and Radick (1989), Solanki, Steiner, and Uitenbroeck (1991) and Schrijver (1993)
have predicted the presence of power-law dependence of calcium intensity over the magnetic
field strength as shown in Equation 1 below:

I =1o+ M|B|" ey

where I denotes the observed calcium intensity, I represents the zero or basal intensity, | B|
denotes the magnetic field strength, M is a constant multiplier and a is the power-law index.
For instance, in the flux-tube model of Schrijver (1993) the value of the power-law index (a)
was proposed to be ~0.4. Various observations (Schrijver et al., 1989; Harvey and White,
1999; Rezaei et al., 2007; Loukitcheva, Solanki, and White, 2009) have obtained different
values of a to be ranging from 0.2 to 0.7. On the other hand, Skumanich, Smythe, and Frazier
(1975) and Nindos and Zirin (1998) have found a linear relation (i.e. a = 1.0), which yields
a similar result to that obtained in the present study.

The linear relation between Ca 11 H intensity and magnetic field strength indicates that the
network bright points can be considered as individual flux tubes (Schrijver et al., 1989), well
isolated from each other. The atmospheric heating over such flux tubes is independent of the
ambient magnetic topology and hence results in the linear relation between Ca II H (or K)
intensity and field strength. In addition, as pointed out by Skumanich, Smythe, and Frazier
(1975), the non-linear effects appear with the inclusion of weak field (< 50 gauss) and very
strong field (> 1 kilogauss) locations. The linear trend obtained here could be an effect of
the selection of the features of interest. Hence, it is important to note that the linear relation
obtained here is valid generally for the network bright points i.e. for the compact brighter
locations (~ 1”—5") inside the bright network regions with the values of normalised calcium
intensity to be more than 1.20 and thus magnetic field strengths to be greater than 200 gauss,
up to ~ 1 kilogauss (as depicted by Figure 5). Beyond this regime, which could map different
class of features and structures, this linear relation may or may not hold well, i.e. the power-
law index (a) in Equation 1 could be different from 1.0 with completely different values
of other constants. Moreover, for the active region plages, which possess similar magnetic
field strengths, intensity values and sizes are embedded in a completely different magnetic
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environment from the network bright points, the relation between calcium intensity and
magnetic field strength could be different (see Harvey and White, 1999 for details).

4. Conclusions

Recently, Tsuneta et al. (2008a) and Kaithakkal et al. (2013) have shown that the magnetic
patches of strengths ~ 1 kilogauss coincide in position with polar faculae. In the present
work, we have studied six polar region observations from SOT and established that such
an association between enhanced brightness and magnetic field strength persists up to the
chomosphere in the polar regions of the Sun. We find that as regards the calcium network the
bright points mostly exist at the locations of concentrated magnetic field locations. We have
observed a considerable spatial association between the network bright points and magnetic
patches in all the datasets. Moreover, a good correlation exists between normalised Ca I H
intensity and photospheric magnetic field strength of the network points and linear rela-
tion is present between them. Such linear trend indicates that the network bright points can
be regraded as isolated flux tubes anchored in the photosphere, and the atmospheric heat-
ing above these locations is insensitive to the neighbouring magnetic environment. Though
the percentage area covered by the network bright points is considerably small, they pos-
sess high magnetic field values and thus give a major contribution to the global polar field.
These chromospheric Ca 11 H bright points seem to be co-spatial with groups of G-band
bright points in the photosphere. This clearly indicates that these different features are di-
rectly coupled with each other, though present in different layers of the solar atmosphere,
and happen to be manifestations of the magnetic field concentrations present in the lower
photosphere.
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