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Abstract

To investigate the statistical properties of the photospheric magnetic fields underlying coronal holes (CHs) and “normal”
coronal regions a classical technique, the signed measure, is used. This technique allows to characterize the scaling behavior
and the topology of sign-oscillating magnetic structures in selected regions of line of sigth (LoS) magnetograms recorded by
the Heliosismic Magnetic Imager on board of the Solar Dynamic Observatory (SDO/HMI). To this end we have compared
the properties of the photospheric magnetic field underlying 60 CHs and 60 non-coronal holes (NCHs). In particular, in
addition to having studied distributions and momenta of photospheric magnetic fields associated to the selected regions, we
have performed the sign singularity analysis computing the cancellation functions of the highly fluctuating photospheric
magnetic fields. We have found that photospheric magnetic fields associated to CHs are imbalanced in the sign and that this

imbalance emerges mainly at the supergranular scales.
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1 Introduction

The photospheric magnetic fields govern the magnetic
dynamic of the entire solar atmosphere and therefore of
the corona (Wiegelmann et al. 2014). Indeed, the coronal
magnetic field evolves mainly in response to the emergence
and evolution of the field on the solar surface. This field,
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controlled by large-scale advection flows, differential rota-
tion and meridional circulation (Mackay and Yeates 2012),
and multiscale plasma flows associated with turbulent con-
vection (Berrilli et al. 2013, 2014; Scardigli et al. 2021),
continuously reconfigures the topology of the coronal mag-
netic arches possibly producing processes of instability and
magnetic reconnection leading to explosive events such
as flare and coronal mass ejections (CMEs). Solar flares
and CMEs are events that can be related to extreme space
weather phenomena (Cicogna et al. 2021; Napoletano et al.
2022; Plutino et al. 2023). For this reason they are of fun-
damental interest both for research in space physics and for
services that have to mitigate extreme space events (Plainaki
et al. 2020).

In the context of space weather, an equally important
component is the high-speed solar wind. Solar wind of dif-
ferent speeds and densities is produced by different solar
structures and regions. The high-speed component of the
solar wind, ranging from 500 to 800 kms per second, is pro-
duced by CHs which appear as dark or poorly active solar
regions when observed in extreme ultraviolet (EUV) or soft
X-ray (SXR) on the solar disk or above the solar limb (Cran-
mer 2009).

A relevant feature of the CHs is that the cospatial photo-
spheric magnetograms typically show a dominant magnetic
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polarity, i.e. an imbalance in the magnetic flux distribu-
tion (Cranmer 2009; Wang 2009). The dominant magnetic
polarity results in magnetic field lines that do not close in
the proximity of the Sun, but reach far into interplanetary
space. Thus, they are often referred to as “open magnetic
field lines”. High-speed solar wind streams are formed by
plasma which, due to the open magnetic field topology origi-
nating from photospheric magnetic flux imbalance, is not
confined into the lower atmospheric regions and flows freely
in interplanetary space.

Assuming conservation of open flux, Fisk (2005) pre-
sented a theoretical model in which regions with a reduced
flux emergence rate of bipoles exist as compared to usual
Quiet Sun (QS) regions. Open magnetic flux, due to inter-
change reconnection, accumulate in these areas, forming
CHs. Abramenko et al. (2006) have compared the flux emer-
gence rate in QSs with CHs, and found a lower emergence
rate in the latter. However, such differences can be caused by
other factors such as field imbalance (Hagenaar et al. 2006)
or instrumental effects (Wang 2020). About the origin of
the CHs, Karachik et al. (2010) have suggested, studying
4 CHs, that they originate from magnetic fields associated
with active decaying regions. Whereas, Hofmeister et al.
(2017) reported that the magnetic field in the coronal holes
is clustered in small localized regions, mostly located in the
supergranular network.

The long term evolution of a CH has been investigated
by Heinemann et al. (2018b). The authors observed over
360° by observations from the Sun-Earth line as well as
STEREO-A and STEREO-B satellites. During the CH area
evolution, three phases are identified: a growing, a maximum
and a decaying phase. The area evolution is found to be well
correlated with variations of the distribution of the magnetic
fields inside the CH and the flux tubes (FTs) number, in
particular for what regards the strongest. Thus changes in
the magnetic field are linked to CH area variations. Fur-
thermore, Heinemann et al. (2018a) have studied the same
CH and have found that solar wind peak velocity is linked
to CH area variations and (thus) magnetic fields distribu-
tion. Consequently the evolution of this CH is driven mainly
by FTs, in particular the strongest. These FTs could be the
footpoints of the coronal funnels where the fast solar wind is
generated. These seem rooted in the supergranular network.
In this specific case of study a correlation has been found
between CH area and CH magnetic flux density, while in
Heinemann et al. (2020), studying a larger statistics of CHs,
authors find that these two quantities are independent. More
recently, Hofmeister et al. (2019) studied the lifetimes of
magnetic elements in 98 CHs. They have found four classes,
based on their average lifetime: related to the granulation,
mesogranulation, supergranulation and long lived magnetic
field elements (which live more than 40 h). It is shown that
almost all the imbalance of the magnetic flux of CHs (68%)
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arises from the long lived magnetic elements not associ-
ated to any convective (temporal) scale. They also found a
slight imbalance in the magnetic fields not comprehended
in the magnetic elements. Thus it is hypothesized that some
mechanism relates long lived elements and this slightly
imbalanced background. Also here it seems reasonable to
think that these long lived magnetic elements are the foot-
points of the funnels.

One of the goals of this work is to systematically exam-
ine how the cancellation exponents differ in photospheric
magnetograms associated with CH and QS regions. This
technique will allow us to measure the scales at which this
imbalance emerges, providing information about the organi-
zation scale of the footpoints of coronal funnels in CHs.
Furthermore, the analysis of the moments in the distribu-
tions associated to the different regions will allow to study
the imbalance of the magnetic flux.

2 Method
2.1 The sign-singular measure

The photospheric magnetograms obtained along the line-
of-sight (LoS) show outward and inward fluctuations of flux
orientation that can be assimilated to positive and negative
sign fluctuations, both in space and in time. Limiting in our
case the analysis to spatial positive (outward) and negative
(inward) flux fluctuations, which occur at different spatial
scales, we can say that a form of singularity exists in photo-
spheric magnetograms. This behavior is known as sign sin-
gularity and is the basis of the theory of sign-singular meas-
ure (Zhai et al. 2019). This technique was introduced by Ott
et al. (1992) and applied for the first time to the multiscale
measurement of the solar magnetic field by Ruzmaikin et al.
(1993). Subsequently, the technique was used to characterize
the multiscale and complexity properties of solar and helio-
physical magnetism (e.g., Cadavid et al. 1994; Carbone and
Bruno 1997; Consolini and Lui 1999; Sorriso-Valvo et al.
2003, 2015; Consolini et al. 2021).

The signed measure (e.g. Ott et al. 1992; Sorriso-Valvo
et al. 2015) of a field f{(r) can be defined on a d-dimensional
domain Q(L) of size L. Let Q;() C Q(L) be a partition of
Q(L) in disjoint subsets of size [. Then, for each scale / and
for each disjoint set of boxes Q,(!), the signed measure is:

_ '/Qi([) drf(r)
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Typically, when the size of the subset Q,(/) is large, can-
cellations between small structures of opposite sign occur
within each box, resulting in small contribution to the signed
measure.
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It is important to note that in our case study, this behav-
iour is expected in quiet or ephemeral solar regions, while
it should not occur in coronal holes where we expect an
imbalance in the magnetic field distribution. As the boxes
become smaller and reach the typical size of the structures,
each one is more likely to contain one single, sign-defined
structure, reducing the level of cancellations. The way this
happens can be statistically characterized through the can-
cellation function

x() = 2 | (D] )
0i(D

It holds information on the sign of the field fluctuations. The
measure is called sign singular if it changes sign on arbitrar-
ily fine scales. For fields which satisfy the property of self
similarity, Eq. 2 follows a power law (Lawrence et al. 1993):

7D« I7%, 3)

The power law index k is called cancellation index. It is
possible to calculate the cancellation function from data
and obtain the cancellation exponent with a linear fitting
procedure in log-log scale. The cancellation exponent k
represents an effective measure of the efficiency of the field
cancellations.

In particular for a smooth field' k = 0 while for a Brown-
ian noise k = d/2, where d is the typical dimension of the
problem considered. Cancellation exponents between those
two limiting values indicate the presence of smooth struc-
tures embedded in random fluctuations.

These structures could be associated to scale dependent
signed fluctuations of the fields. k > d/2 would indicate a
strong cancellation associated to opposite fields (in the case
of the photospheric magnetic fields a bipole).

2.2 Analysis

The aim of our analysis is to study the properties of the
photospheric magnetic fields associated to different regions
of interest (Rols) of the solar atmosphere, i.e. coronal holes
and regions outside of coronal holes and active regions (we
call them ’Non CHs’ or NCHs).

To define the regions of interest (CHs and NCHs) on
which to perform the analysis, we used SDO/AIA and SDO/
HMI data (Pesnell et al. 2012). The HMI instrument, from
polarization measurements, derives full disk maps, includ-
ing magnetic LoS maps used in this paper. While, the ATA
instrument observes at 10 wavelengths showing the Sun,
from the photosphere to the corona, at various temperatures
of its atmosphere (from about 5000 K to about 2.5 MK).

! In a completely smooth field there is not sign singularity.

SDO/AIA images are used to identify coronal holes and
quiet solar regions. More in detail, the datasets used in this
work are SDO/HMI LoS and low cadence (720 s) magne-
tograms, both for CHs and NCHs, and SDO/AIA at 1930
nm filtergrams.

We have extracted CHs boundaries from AIA images
using the SpoCA routine (Verbeeck et al. 2014) and pro-
jected them to the HMI field of view.

For our analysis we have used 60 different magnetograms
associated to equatorial CHs close to the central merid-
ian, in order to reduce geometrical effects, and 60 magne-
tograms associated to NCH regions. Magnetograms have
been resized with respect to the size of the Sun at the aphe-
lium; LoS magnetic fields have been re-projected. The cho-
sen HMI sub-regions in which the analysis is made are the
largest squares inscribable inside the selected CHs. NCHs
have been extracted from HMI LoS magnetograms consider-
ing squared regions where neither CHs nor ARs are present
(Fig. 1). The sub-regions selected have the same dimensions
of the sub-regions selected for the CH analysis.

The sub-regions considered have sides of dimensions
which range from 180 to 540 pixels, corresponding to about
70-200 Mm, respectively.

We studied the cancellation function (Eq. 2) for all sub-
regions belonging to the 60 different magnetograms associ-
ated to equatorial CHs and to the 60 magnetograms associ-
ated to NCH regions. The calculation of the cancellation
exponent was performed on all the sub-regions through a
linear fit, in a suitable interval, of the cancellation function
plotted in a log—log scale. The fit is performed consider-
ing the 7 point interval of the cancellation function which
maximizes the Pearson linearity coefficient, excluding the
first two scales (1 and 2 pixels) for the Nyquist frequency
limit. In Fig. 2 we report (in a log-log scale) the cancella-
tion functions estimated for two specific Rols belonging to
a CH (upper panel) and a NCH (bottom panel). It is also
reported (in red) the linear fit to estimate the cancellation
exponent (k).

In Fig. 3 we report the distributions of the k calculated for
magnetic fields of Rols belonging to CH and NCH (upper
and bottom panels, respectively), reported respectively in
Tables 1 and 2.

We have reported, in the previous sections, that the pho-
tospheric magnetograms associated with CHs present an
imbalance of the magnetic field sign, i.e. they show a domi-
nant (outward or inward, it doesn’t matter) magnetic field
sign. In order to study the distributions associated with the
selected Rols (i.e., CHs and NCHs) we decided to use the
moments of the distributions.

We have analysed the distributions of magnetic fields
associated to CHs and NCHs estimating the mean, the first
moment (M1), and the skewness, the third moment (M3),
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Fig.1 Selected Rols on AIA

(left column) and HMI (rigth 1000" 1000"
column) magnetograms, both
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which gives us information about the lack of symmetry (bal-
ance) of the distribution.

The noise level (at central disk) of the HMI LoS 720 s
data product series is around 5 Gauss (Couvidat et al. 2016;
Hofmeister et al. 2017); consequently the magnetogram pix-
els with magnetic flux density below 15 Gauss (3 times the
noise level) have been removed.

The results of the analysis of the momenta (M1 and M3)
of the distribution of magnetic fields associated to CHs and
NCHs are reported in Figs. 4 and 5 (see Tables 1 and 2,
respectively). Since we have said that the dominant sign of
the magnetic field value is not relevant, for simplicity we
have reported in the figures the absolute values of M1 and
M3 for the regions analyzed.

3 Discussion

As we have said the signed measure is a technique which
provides us with information about the scaling behaviour of
the oscillations of the photospheric magnetic fields. This is
particularly evident in Fig. 2 where we report the cancella-
tion functions estimated for two specific regions (with the
same dimension) associated to a CH and to a NCH Rol. For
these two specific cases we obtain that ko = 0.39 + 0.05

@ Springer

500" 1000"

-1000"-500" 0"

Solar-X

500" 1000"

and kycy = 0.51 £ 0.11, thus the field of the CH oscillates
less with respect to the NCH case, as expected. We can also
observe that in the case of CHs, as for the CH nr.19 shown in
the upper panel of Fig. 2, the cancellation function assumes
a constant value from around 30 Mm (the supergranular
scale of the Sun) indicating that from this specific scale the
sign of the magnetic signal does not oscillate any more (i.e.
the field becomes smooth).

We report in Fig. 3 the distribution of the cancellation
exponents calculated for both the CHs (upper panel) and
the NCHs (bottom panel). From the comparison of the two
distributions we conclude that in the case of the NCH higher
values of k are more probable with respect to the CH case.
As we have discussed, this implies that photospheric mag-
netic fields associated to NCH are more singular in the sign
with respect to CH photospheric magnetic fields.

What we observe therefore, as it is possible to see in the
example reported in Fig. 2 where at the largest spatial scales
the CH cancellation function shows a plateau, i.e., it assumes
a constant value, is that on these scales there is no more
magnetic field cancellation and consequently the field ori-
entation remains fixed, its sign remains constant and is no
longer singular.

In order to estimate the typical scale at which the pla-
teau begins we have decided to use the numerical derivative
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of the cancellation function. We define plateau all points
(scales) that have a numerical derivative less than a fixed
threshold. From the analysis carried out on the various can-
cellation functions we have estimated that an effective value
of the threshold is equal to 10~*. Considering smaller values
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Fig.3 PDF of the cancellation exponents estimated for CHs (upper
panel) and NCHs (bottom panel)
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Table 1 Analyzed coronal holes

Table 1 (continued)

CHnr Date (yyyy. Cancella- A Mean (G) Skewness CHnr Date (yyyy. Cancella- A Mean (G) Skewness

mm.dd) tion expo- mm.dd) tion expo-

nent k nent k

1 2013.09.01 0.29 0.07 -5 -0.5 49 2018.05.03 0.18 0.02 -30 -1.8
2 2013.05.30 0.17 0.03 +40 2.0 50 2018.11.08 0.25 0.06 -18 -12
3 2013.11.03 0.19 0.03 -28 -3.0 51 2018.02.14 0.25 0.06 —25 -23
4 2013.06.05 0.30 0.06 +16 +2.2 52 2018.04.17 0.29 0.05 -24 -23
5 2013.09.11 0.10 0.01 - 60 -24 53 2018.01.18 0.29 0.07 -23 -13
6 2013.07.23 0.10 0.02 +57 +2.7 54 2018.03.13 0.19 0.05 -34 -2.1
7 2013.04.24 0.34 0.11 -26 -1.7 55 2018.05.30 0.39 0.11 -19 -0.7
8 2013.02.27 0.29 0.05 -34 -32 56 2019.07.02 0.23 0.03 -29 -3.0
9 2013.09.29 0.13 0.03 -46 -29 57 2019.08.02 0.39 0.09 +22 + 1.6
10 2014.01.01 0.41 0.04 +13 + 1.1 58 2019.01.21 0.41 0.10 +16 + 1.7
11 2014.03.20 0.20 0.05 +20 +14 59 2019.10.23 0.29 0.06 +11 -1.0
12 2014.02.05 0.31 0.07 -14 -0.9 60 2019.09.25 0.25 0.07 +29 +33
13 2014.07.08 0.38 0.07 -9 +13
14 2014.01.09 0.19 0.03 -37 -20 .. .
15 2014.10.18 022 007 +31 26 doe.s not affect.s1gmficantly the results. This result has be.:en
o mamaa oo a el porine e sl af e i e o i
17 2014.02.25 0.10 0.01 -6l -2.7 ’ ’
18 2014.09 24 0.10 001 +68 27 position at which the plateau is triggered averaging the first
19 2015.06.20 0.19 001 +39 27 point of the plateau with the previous one.
20 2015.08.20 021 001 +33 +23 For the CH case we find (for both the used thresholds)
21 2015.10.05 017 003 +37 425 that the 83% of the CHs have a plateau that starts at 36 + 12
” 2015.12.08 0.15 002 +43 +31 Mm. In the case of the NCHs only the 13% of the selected
23 2015.03.10 022 007 35 a3 regions present this plateau (using the first threshold; with
2 2015.02.11 0.17 002 —36 27 the second threshold the value is 10%).
25 2015.06.11 0.17 003 +28 +23 From the distributions analysis we also confirm that CH
2% 2015.08.13 0.14 002 +49 +49 photospheric magnetic fields are imbalanced: in Fig. 4 we
7 2015.04.18 0.19 003 + 32 +22 report the distribution of the means of the photospheric
)8 2015.03.31 0.10 002 +56 4238 magnetic fields of the CHs (upper panel) and of the NCHs
29 2016.08.01 0.18 0.03 +36 +18 (lower panel) regions. From the comparison of the two dis-
30 2016.06.02 023 002 35 _19 tributions we can deduce that higher values of the means
31 2016.05.07 033 007 - 13 _05 in the case of CHs are more probable.
B 2016.11.10 027 007 —21 a1 In Fig. 5 we report the distribution of the skewness of
33 2016.10.14 022 004 —21 _19 the photospheric magnetic fields of the CHs (upper panel)
34 2016.12.20 030 0.10 +18 +18 and of the NCHs (lower panel) regions. As seen for the
35 2016.07.26 025 005 —22 12 average, higher values of the skewness are more common
36 2016.10.26 053 009 +11 +15 for regions associated to the CHs, finally indicating that
37 2016.09.29 031 007 +17 +25 radial magnetic fields are imbalanced in the polarity.
38 2017.01.03 0.28 0.03 -16 -04
39 2017.07.06 0.09 0.01 +54 +29
40 2017.01.17 0.29 0.06 +11 -03 R
4 20171117 0.25 005 +27  +28 4 Conclusion
42 2017.03.20 0.40 0.06 +19 +2.7
43 2017.02.21 023 0.03 +30 +28 The classical definition of coronal holes is that they appear
44 2017.04.22 026 007 —28 _23 as dark regions in the solar corona in extreme ultraviolet
45 2017.12.22 021 003 +26 +07 and soft x-ray solar disk images. Moreover, they are gener-
46 2017.09.25 026 006 + 18 +13 ally associated with open magnetic fields and this topol-
47 2018.09.05 0.20 003 —28 _26 ogy is due to the imbalance of the magnetic flux density
48 2018.10.05 027 0.04 +21 27 in their photospheric counterpart. Carefully defining the
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scale at which this imbalance originates is of high interest
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Table 2 Analyzed non coronal hole regions Table 2 (continued)
CHnr Date (yyyy. Cancella- A Mean (G) Skewness CHnr Date (yyyy. Cancella- A Mean (G) Skewness

mm.dd) tion expo- mm.dd) tion expo-

nent k nent k

1 2019.10.01 0.37 0.06 -4 -19 49 2019.06.26 0.53 0.19 -9 -0.1
2 2020.05.02 0.29 0.07 -5 -0.7 50 2019.11.27 0.31 0.06 -2 -0.8
3 2019.05.03 0.22 0.04 -26 -2.7 51 2019.09.28 0.49 0.09 -5 -03
4 2020.02.04 0.28 0.08 +2 +0.5 52 2019.05.29 0.36 0.03 -16 -2.8
5 2020.03.04 0.47 0.07 +11 +33 53 2020.02.29 0.50 0.07 +6 +0.2
6 2020.04.04 0.53 0.07 -9 -04 54 2019.06.29 0.45 0.11 +7 +1.5
7 2019.10.04 0.31 005 -4 -0.8 55 2019.03.30 0.43 012 +3 0.0
8 2019.12.06 0.26 005 -2 -0.7 56 2020.03.30 0.66 020 +10 +13
9 2019.01.07 0.19 0.02 -25 -09 57 2020.05.30 0.49 0.10 -6 -0.6
10 2020.05.07 0.26 0.03 -7 -12 58 2019.10.30 0.44 0.06 0 0.0
11 2020.01.08 0.30 007 +8 + 1.1 59 2019.11.30 0.50 0.09 +2 +0.4
12 2019.04.08 0.42 0.07 -5 +0.8 60 2019.12.30 0.28 0.11 +3 +0.3
13 2020.10.08 0.51 0.15 -12 -1.5
1: ig:gi ;gz gii 8(1)(6) -_’- 260 :(2)2 to understand the origin of CHs and the physical processes
16 2020.02.10 0.40 006 —15 15 connected to the acceleration of the high speed solar wind
17 2020.04.10 037 0.09 +3 425 whose effects on space weather are relevant in the circum-
18 2019.10.10 0.76 023 1 ~07 terrestrial environment.
19 2020.03.13 031 0.06 -5 _o1 Comparing the properties of the photospheric magnetic
20 2019.06.13 033 009 —6 _03 fields associated to CH and NCH regions we have confirmed
21 2019.02.14 042 0.09 +2 _05 that CHs magnetic fields are imbalanced in the sign.
” 2019.10.14 046 009 -3 o1 Moreover, from the cancellation analysis we have esti-
23 2020.08.15 043 0.06 -2 11 mated the cancellation index for the two classes of regions,
2 2019.09.15 038 0.06 —7 _o7 i.e. CHs and NCHs, obtaining smaller values for CH fields.
25 20201215 027 006 +11 14 This result tells us that photospheric magnetic fields in Coro-
2% 2019.01.16 0.48 008 —1 402 nal Holes are smoother in the sign, i.e. oscillate less with
27 20200116 0.21 005 +4 ~05 respect to NCH regions. . .
78 2020.02.16 0.24 005 -5 405 However, the most important result of this work, which
29 2019.07.16 026 007 +6 405 derives from the sign singularity analysis applied to the mag-
30 2020.03.17 0.46 0.10 0 12 netograms associated with CHs, consists in having quanti-
31 2019.05.17 026 004 —15 25 tatively measured the scale at which the imbalance in the
B 2020.05.18 034 006 +1 —ol sign of the magnetogram emerges. In the CHs this imbal-
33 2019.09.18 022 005 +5 +29 ance emerges mainly from the supergranular scale (about
34 2019.11.18 078 018 +1 —07 30 Mm) (e.g. Berrilli et al. 2004; Giannattasio et al. 2018).
35 2020.01.20 048 012 —13 12 This result strongly supports the hypothesis that the origin of
36 2020.02.20 030 007 0 404 the CHs is the organization of the magnetic field of defined
37 2019.06.20 0.64 017 —4 _o04 polarity along the edges of the supergranular structures.
38 2020.06.20 025 006 —11 25 Our findings supports the idea, reported in literature, e.g.:
39 2019.07.20 034 004 —3 0.0 Hofmeister et al. (2017), that the largest part of CHs mag-
40 2020.03.21 0.50 013 +3 +08 netic flux imbalance emerges from small areas and that this
41 2019.04.22 0.29 007 —4 1 imbalance is caused manly by long lived magnetic patches
a0 2020.05.22 035 009 +22 +13 (that could be reasonably associated to the supergranular
43 2020.08.22 0.64 016 —4 +05 network) Hofmeister et al. (2019).
44 2019.05.23 030 006 —7 +0.1 Finally, we must underline that our results are compatible
45 2020.01.25 051 011 +3 _o01 with the hypothesis that the footpoints of the open coronal
46 2020.02.25 032 0.10 5 0.0 magnetic fields (the funnels) from which the fast solar wind
47 2020.03.25 033 006 —8 _06 originates (Tu et al. 2005) are rooted in the supergranular
43 2019.04.25 0.33 0.11 +2 +1.0 network.
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