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ABSTRACT

Context. The small-scale magnetism of the quiet Sun has been investigated by various means in recent decades. It is now well
established that the quiet Sun contains in total more magnetic flux than active regions and represents an important reservoir of
magnetic energy. But the nature and evolution of these fields remain largely unknown.
Aims. We investigate the solar-cycle and center-to-limb variations of magnetic-flux structures at small scales in internetwork regions
of the quiet Sun.
Methods. We used Hinode SOT/SP data from the irradiance program between 2008 and 2016. Maps of the magnetic-flux density
are derived from the center-of gravity method applied to the circular polarization profiles in the FeI 630.15 nm and FeI 630.25 nm
lines. To correct the maps from the instrumental smearing of the telescope, we applied a deconvolution method based on a principal
component analysis of the line profiles and on a Richardson-Lucy deconvolution of their coefficients. We took defocus effects and the
diffraction of the SOT telescope into account. We then performed a spectral analysis of the spatial fluctuations of the magnetic-flux
density in 10′′ × 10′′ internetwork regions spanning a wide range of latitudes from ±70◦ to the equator.
Results. At low and mid latitudes the power spectra normalized by the mean value of the unsigned flux in the regions do not vary
significantly with the solar cycle. However at solar maximum for one scan in the activity belt showing an enhanced network, a marginal
increase in the power of the magnetic fluctuations is observed at granular and larger scales in the internetwork. At high latitudes, we
observe variations at granular and larger scales where the power decreases at solar maximum. At all the latitudes the power of the
magnetic fluctuations at scales smaller than 0.5′′ remains constant throughout the solar cycle.
Conclusions. At the equator the unsigned flux density is related to the vertical component of the magnetic field, whereas at high
latitudes this flux density is mainly related to the horizontal component and probe higher altitudes. Our results favor a small-scale
dynamo that operates in the internetwork, but they show that the global dynamo also contributes to the internetwork fields. At solar
maximum the high-latitude horizontal internetwork fields seem to be depleted from the structures at granular and larger scales that
are seen at solar minimum, whereas the internetwork within enhanced network regions show more structures at those scales than at
solar minimum.

Key words. techniques: high angular resolution – techniques: spectroscopic – Sun: magnetic fields

1. Introduction

The internetwork (IN) refers to the regions of the solar surface
that are outside of active regions and the magnetic network.
The IN is pervaded by magnetic flux patches at various scales.
Gošić et al. (2014) estimate that 15% to 20% of the total quiet
Sun flux is in the form of IN elements. The total flux content of
the quiet Sun was shown to be slightly higher than the total flux
of solar active regions at solar maximum (Jin et al. 2011). There-
fore IN magnetic fields bring large amounts of magnetic flux to
the solar surface and may play an important role in the heating of
the chromosphere. These magnetic fields have been extensively
studied observationally and theoretically in recent decades. A
very thorough review of the numerous and sometimes contradic-
tory observational investigations of the quiet Sun magnetism is
presented in Bellot Rubio & Orozco Suárez (2019). This review
underlines the difficulty of observing these fields that vary on
small scales in space and time and give rise to weak polari-
metric signals. But the gain in spatial resolution and polariza-
tion sensitivity in the measurements have allowed us to make

significant progress, in particular thanks to space-based observa-
tions on the Hinode satellite and the SUNRISE balloon. New
sophisticated spatially coupled inversion techniques have also
recently been developed by Danilovic et al. (2016) and applied
to spectropolarimetric observations performed at disk center
on board Hinode. According to Bellot Rubio & Orozco Suárez
(2019), it is now possible to propose a unifying view of observa-
tional studies. The IN magnetic fields emerge at the solar surface
on the form of magnetic loops with various sizes and lifetimes.
The presence of many of these loops with an isotropic distri-
bution of azimuth would agree with the probability distribution
functions (PDF) of the magnetic strength and orientation that
are derived from spectropolarimetric inversions. The emergence
of such loops has been observed by several authors as the tran-
sient appearance of a linear polarization patch, followed by two
circular polarization patches (of opposite polarity) that separate
from each other with time. Hundreds of such events have been
recorded by the Imaging Magnetograph eXperiment (IMaX) on
SUNRISE. The simulations also show that magnetic loops are
a consequence of the interaction of convective flows with the
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magnetic field. The simulation by Stein et al. (2011) shows a
hierarchy of loop-like structures of smaller and smaller sizes as
the loop apex approaches the solar photosphere.

However, as noted in Bellot Rubio & Orozco Suárez (2019),
the origin of IN magnetic fields is still debated. They may be
due to the recycling of decaying active regions or generated by
the solar dynamo in the deep convection zone, alternatively they
may be produced by a local dynamo operating at the solar sur-
face. Contradictory results have been obtained in different stud-
ies on this issue. Katsukawa & Orozco Suárez (2012) do not find
indications of local dynamo action in their analysis of the veloc-
ity and magnetic power spectra from Hinode observations. Other
works by Lites et al. (2014) and Buehler et al. (2013) reach the
opposite conclusion. Buehler et al. (2013) find no variations of
weak IN signals in Hinode data at disk center with the solar
cycle; this is in favor of a local-dynamo origin. Lites et al. (2014)
study the full range of latitudes using synoptic maps taken by
Hinode during the period 2008−2013. These authors find no
variations at mid-latitudes for the weakest flux. At higher lati-
tudes, and especially near the poles, they detect clear changes in
the magnetic flux associated with the solar cycle and the polarity
reversal.

In this paper we address again the issue of the origin of
IN magnetic fields. As in Lites et al. (2014) we investigate
possible solar-cycle and latitudinal variations of the proper-
ties of IN magnetic fields. We also use synoptic data from the
Hinode irradiance program between 2008 and 2016, but we
implement a different method. As the spatial structuring of the
magnetic fields reflects the physical mechanisms at play, we
analyze the Fourier power spectrum of the unsigned magnetic
flux fluctuations on selected 10′′ × 10′′ regions of the quiet sun,
away from the network patches. We restrict our study to the
longitudinal flux density that we derive from the intensity and
circular polarization profiles in the FeI 630 nm lines using the
center-of-gravity method (for extensive tests of the method, see
Uitenbroek 2003). As in Katsukawa & Orozco Suárez (2012),
we correct the data from the effect of the instrumental point
spread function (PSF) of the SOT telescope. We also correct a
time-varying defocus. Instead of correcting the magnetic-map
power spectrum, we apply the PSF correction to the observed
intensity and polarization profiles; the magnetic maps are not
observed by the telescope. To do so we follow the techniques
presented in Quintero Noda et al. (2015); that is, we perform
a decomposition of the Stokes profiles with a principal com-
ponent analysis and we apply a Richardson-Lucy deconvolu-
tion to the maps of the coefficients of the decompositions.
This also allows an efficient filtering of the noise affecting the
Stokes profiles. We then compute the magnetic flux density
from the corrected Stokes profiles using the center-of-gravity
method.

In the following section we explain how we obtain the cor-
rected magnetic maps, the third section is devoted to the presen-
tation of their Fourier power spectra, and the fourth section to
the conclusions of this work.

2. Maps of the longitudinal magnetic flux
density

The two-dimensional data are obtained by scanning the slit of the
spectrograph on the surface of the Sun and recording the Stokes
profiles (I, Q, U, V) on each point along the slit for a set of
discrete wavelength points around the FeI 630 nm lines with a
spectral sampling of 2.15 pm pixel−1 .

2.1. Hinode data and estimate of the defocus

We use center-to-limb observations that are part of the irradiance
survey program HOP 79 of Hinode/SP, in which pole-to-pole
scans were performed with a pixel size of 0.32′′ pixel−1 along
the spectrograph slit and 0.1476′′ steps in the east-west direc-
tion. The pixel size along the slit results from an on-board rebin-
ning of two 0.16′′ pixels. To study the long-term evolution of IN
magnetic fields, we chose to analyze one set of observations per
year between 2008 and 2016. We thus follow more than half a
cycle, starting at the minimum of cycle 24, in 2008 and going
beyond its maximum that took place in 2014. We used level-1
Hinode/SP data that are available on the HAO database1; the data
preparation package is described in Lites & Ichimoto (2013). In
this work we use the runs of October 2008, July 2009, July 2010,
August 2011, July 2012, July 2013, May 2014, August 2015, and
July 2016.

Before starting the data analysis we first interpolated the
Stokes profiles to a pixel size of 0.16′′, that is, the pixel-size
of the SOT/SP camera, in the x and y directions by a simple
bilinear interpolation. This is because in this work we then com-
pute 2D Fourier transforms of images that require square pixels.
We checked that this interpolation has a very small effect on the
average and on the standard deviation of the intensity and Stokes
V signals on the scanned regions.

A time-varying defocus of the SOT telescope has been
reported by various authors (see, e.g., Lites et al. 2014). In this
work we estimate the defocus as detailed in Faurobert & Ricort
(2015). A defocus modifies the modulation transfer function
(MTF) of the instrument, which affects the Fourier spectra
through a multiplicative function that can be easily modeled as a
varying phase term over the entrance pupil of the telescope. To
estimate this phase term, we examined the Fourier power spec-
trum of the granulation in the continuum at 630 nm observed at
the center of the solar disk and we compared it to a reference
spectrum. In case of a defocus the ratio of both spectra shows a
characteristic shape that allows us to estimate the corresponding
phase term on the perturbed MTF. As a reference, we chose the
spectrum observed in 2015 that was the best in-focus data set.
We checked the spectra ratios for the characteristic shape due
to a defocus and we corrected the MTF of the other years by
multiplying with the corresponding phase term.

2.2. Principal component analysis of the Stokes profiles and
deconvolution

Contrary to the typical procedure in image deconvolution,
Quintero Noda et al. (2015) proposed to work on the spectral
dimension and not on the spatial dimensions. They assumed
that the Stokes profiles at each pixel can be written as a linear
combination of an orthonormal basis formed by eigenfunctions
Φi(λ),

S u(λ, x, y) =

Nλ∑
i=1

ωi(x, y)Φi(λ), (1)

where Nλ is the number of wavelength points along the spec-
tral dimension. Usually only a few elements of the eigenfunc-
tions are enough to reproduce the Stokes profiles, thus we may
truncate the previous sum and only take the first nλ terms into
account. Therefore, the data may be described by a set of images
ωi, which are built by projecting the Stokes profiles of each pixel

1 https://doi.org/10.5065/D6T151QF
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Fig. 1. Maps of the unsigned longitudinal magnetic flux density. From the left to the right: in 2008 at the center of the solar disk with correction for
the PSF; the same without PSF correction; in 2014 at the center of the solar disk with PSF correction; the same without PSF correction; in 2014
at the latitude θ = −18◦, showing enhanced network corrected for the PSF; and the same without PSF correction. The scales are in seconds of arc,
the vertical axis is along the north-south polar axis, the horizontal axis is along the west-east direction.

on the basis functions. Then, assuming that the PSF does not
vary with the wavelength, the observed Stokes profiles are writ-
ten as

S p(λ, x, y) =

nλ∑
i=1

(ωi(x, y) ∗ PSF(x, y))Φi(λ) + N(x, y), (2)

where the star operator denotes the convolution and N(x, y) is
some additive noise. The scalar product of the observed Stokes
profiles with any of the eigenfunctions gives

〈S p(λ, x, y),Φk(λ)〉 = ωk(x, y) ∗ PSF(x, y) + N(x, y). (3)

Therefore the maps of the coefficients ωi(x, y) obtained from
the observed Stokes profiles are affected by the same convo-
lution with the PSF as the profiles. As a consequence we may
recover the coefficients ωi by applying a PSF deconvolution to
the observed maps, the Stokes profiles are then reconstructed
using Eq. (1). As in Quintero Noda et al. (2015) we performed
the deconvolution using the Richardson-Lucy algorithm and we
derived the orthonormal basis Φi(λ) from a principal component
analysis. This choice is well suited for our problem because a
limited number of principal components are sufficient to account
for the variability of the observed profiles. We found that eight
components give a very good representation of the Stokes pro-
files, while allowing us to filter the noise that is mainly projected
on less significant principal components.

2.3. Unsigned longitudinal apparent flux density

For our long-term study we chose to deal with the Stokes I and
V profiles only. The reason is that the linear polarization profiles
in the irradiance data of Hinode are much more noisy and their

quality is degrading after 2013. Furthermore we do not intend to
use any sophisticated inversion method to recover the magnetic
field components from the Stokes profiles. We prefer to imple-
ment the simple and robust center-of-gravity method, which was
first introduced by Semel (1970) and later extensively tested by
Uitenbroek (2003) by comparison with the magnetic flux in 3D
magnetohydrodynamical simulations of the magneto-convection
in the solar photosphere.

In the center-of-gravity method the line-of-sight component
of the magnetic field is derived from the wavelengths λ+ and
λ− of the centroid of the right- and left-circularly polarized line
components I ± V . They are defined as

λ± =

∫
λ(Icont − (I ± V))dλ∫
(Icont − (I ± V))dλ

, (4)

where Icont denotes the continuum intensity. The longitudinal
magnetic component is then obtained from the relation

BLOS =
λ+ − λ−

2
4πmc
egLλ

2
0

, (5)

where gL is the line effective Landé factor and m and e are
the mass and electric charge of the electron (in MKSA units),
respectively. When the magnetic structure is not resolved by the
instrument, Eq. (5) gives the longitudinal apparent flux density,
that is, the magnetic flux density averaged over the pixel area.
We remark that because the wavelengths λ± are obtained from a
ratio of observed intensities, they should not be greatly affected
by a possible aging of the detectors or calibration issues.

Figure 1 shows examples of uncorrected and de-convolved
unsigned magnetic flux maps obtained in 2008 and in 2014. The
sharpening effect of the deconvolution is quite visible.
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Fig. 2. Mean value of the unsigned longitudinal magnetic flux density
(in Mx cm−2) in the selected IN regions vs. the sinus of their latitude.
Top panel: 2008 data set; bottom panel: 2014 data set. The stars refer
to the values obtained with the FeI 630.25 nm line and the dots to those
obtained with the FeI 630.15 nm line.

3. Power spectra of the magnetic maps

As explained in the Introduction, we now focus on the magnetic
structures at small scales in the IN. To avoid network patches
we first select (10′′ × 10′′) regions located around unsigned mag-
netic flux local minima in the PSF-corrected maps. We chose to
use one run of the irradiance program HOP 79 per year from
2008 to 2016. Much more data are available because HOP 79
was performed almost once per month during the period, but
we estimated that the long-term evolution of IN magnetic struc-
tures may be captured with a one year time step. More data will
be analyzed in the future. For each year of our sample we have
20 maps such as those shown in Fig. 1 located at various posi-
tions along the polar axis from the north to the south pole. We
note that because we used observations taken along the polar
axis there is an ambiguity between center-to-limb variations and
latitudinal variations. But as shown in the following, the use of
the two FeI lines at 630.15 nm and 630.25 nm that are formed
at different altitudes provides us with some information on the
height-dependence of the magnetic structures.

We selected nine IN regions on each of these maps. Figure 2
shows the mean value of the unsigned flux density on the
selected regions as a function of the sinus of their latitude for
the 2008 and 2014 data sets. The values are between 7 Mx cm−2

and 15 Mx cm−2 in the 2008 data and between 7 Mx cm−2 and
18 Mx cm−2 in 2014 at solar maximum. Figure 3 shows the aver-
age of the mean unsigned flux on the nine IN regions that we
selected on each magnetic map in four data sets obtained in
2008, 2009, 2013, and 2014, that is, during the minimum and
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Fig. 3. Average values of the mean unsigned longitudinal magnetic flux
density (in Mx cm−2) on the nine IN regions selected in the magnetic
maps vs the sinus of the latitude of the map center. Red dots: 2008;
orange dots: 2009; light blue: 2013; and blue: 2014. The bars show one
standard deviation intervals.
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Fig. 4. Maximum value of the mean unsigned longitudinal magnetic
flux density (in Mx cm−2) in the IN regions in 2008 (red symbols) and
2014 (blue symbols) vs. the sinus of their latitude. The stars refer to
the values obtained with the FeI 630.25 nm line and the dots to those
obtained with the FeI 630.15 nm line.

the maximum of the last solar cycle. The error bars show the
interval at ±σ estimated from the dispersion of the values on
the nine regions. We do not observe significant latitudinal varia-
tions of the average unsigned flux density in the IN regions, but
the dispersion is slightly higher at solar maximum and the val-
ues are higher for the IN regions of one scan located at latitudes
around −18◦, we return to this later in this paper. The mean value
of unsigned flux in the selected regions is quite uniform around
10± 2 Mx cm−2 but some pixels have a much higher flux (on the
order of several hundreds of Mx cm−2) than the average over the
region. Figure 4 shows the maximum values of the unsigned flux
in the IN regions as a function of the sinus of the latitude in the
2008 and 2014 data. We clearly observe an increase at disk cen-
ter; it is even more prominent at solar maximum. The increase
at disk center could be explained by the fact that the strongest
fields are preferentially vertical, as already observed by several
authors (see the review by Bellot Rubio & Orozco Suárez 2019)
and the increase at solar maximum to the fact that they are partly
due to decaying active regions. The values measured with the
FeI 630.25 nm line seem to be systematically smaller than those
obtained with the FeI 630.15 nm line. This is also true for the
mean values over the IN regions. We return to this later in this
work.
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In order to learn more about the physical origin of the IN
magnetic flux we now focus on its spatial structures. A good
tool to gain insight into spatial structures is to study their Fourier
power spectrum. We computed the 2D Fourier spectra of the
IN unsigned flux density in the following way. We divided each
selected region in four subregions of 32 px× 32 px (5′′ × 5′′) and
computed the 2D Fourier transform and power spectrum on the
four subregions. Then we averaged the power spectra obtained
on the nine regions selected on each map. Thus the power spectra
are obtained by averaging over 36 (5′′ × 5′′) IN regions for each
of the 18 maps obtained every year between 2008 and 2016; we
disregarded the maps obtained too close to the poles because the
spectrograph slit was intercepting the limb so they are smaller in
size. Then we performed radial averages of the 2D power spectra
as follows:

E(k) = 2πk
∫ 2π

0
S(k cosα, k sinα)

dα
2π
, (6)

where the spatial wavenumber k = 2π
√

u2 + v2 is related to the
spatial wavelength λs of the fluctuations by k = 2π/λs, and u
and v denote the conjugate variables in the Fourier space of the
x and y coordinates. We estimated the statistical fluctuations of
the power spectra from the dispersion observed for the nine IN
regions on each maps.

We note that the radial average of the 2D power spectrum
provides meaningful information about the spatial structuring
only when the signal is isotropic on average (in the sense of the
ensemble average). For solar images observed away from disk
center, we have to account for the projection effect leading to
foreshortening of the images in the radial direction. We took this
effect into account by averaging the 2D power spectra over ellip-
tical bands instead of circular bands.

We now discuss the spectral resolution of the power spec-
tra. Working on regions of 5′′ × 5′′ amounts to multiplying the
full maps by a square window of 5′′ × 5′′; as a consequence the
Fourier transform is convolved by a sinus cardinal function of
width one-fifth arcsec−1 on each dimension. So the resolution
of the spectrum is reduced. The equivalent phenomenon is well
known for time-dependent signals such as helioseismic signals.
A long uninterrupted observing time is necessary to detect fine
details in the power spectrum. In our case we chose to increase
the signal-to-noise ratio on the spectra by a factor 2 by using
5′′ × 5′′ instead of 10′′ × 10′′ subregions at the price of loosing
resolution on the spectra. We do not expect to detect fine spectral
features, but we can nevertheless explore possible center-to-limb
or long-term variations. The pixel size in the spectral domain is
0.195 arcsec−1 (1/(32× 0.16)), the largest accessible spatial fre-
quency is 3.125 arcsec−1 and the smallest is 0.195 arcsec−1.

We now show the reduced power spectra, that is, the spectra
divided by the square of the average unsigned flux density on
the region. The integral of these curves would give us the equiv-
alent of a squared contrast of the unsigned magnetic flux fluc-
tuations. Figure 5 shows the comparison of the power spectra
computed on uncorrected maps and corrected ones. We clearly
see the effect of the correction by the PSF; the power of the mag-
netic fluctuation is significantly increased when a deconvolution
is applied to the maps, as expected. The slope of the spectra
at high spatial frequencies is modified too; the decrease of the
power at high frequency is steeper and the position of the maxi-
mum is displaced to higher spatial frequencies. The power spec-
tra of corrected maps show a broad maximum at sub-granular
scales of about 900 km. Even though there seems to be a slight
increase in the power of the fluctuations at solar maximum, this
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Fig. 5. Power spectra of the spatial fluctuations of the unsigned mag-
netic flux density in the IN regions at the center of the solar disk, for
observations performed between 2008 and 2016 on a log−log scale.
The upper set of curves are obtained from PSF corrected maps, whereas
the lower set is from uncorrected maps. Red line: 2008; orange: 2009;
light green: 2010; green: 2011; deep green: 2012; light blue: 2013; blue:
2014; deep blue line: 2015; and purple: 2016.

is not statistically significant when we take the standard devia-
tion of the power spectra between the different IN regions at a
given time into account (the error bars are shown in Fig. 6). We
do not detect significant variations of the small-scale structuring
of the longitudinal magnetic flux in the IN at disk center between
2008 and 2016.

The reduced spectra obtained at disk center and close to the
southern and northern poles at a latitude of 70◦ are presented in
Fig. 6, together with the error bars at ±σ, where σ denotes the
standard deviation estimated on the nine IN regions selected on
the maps. At high latitudes we observe significant time variations
of the power spectrum in opposition of phase with the global
solar cycle, except at the largest spatial frequencies where the
power spectra remain constant.

To better see the differences between the power spectra at
solar minimum and maximum we present in Fig. 7 the compari-
son between the reduced spectra obtained at the center of the disk
and at high latitudes in the southern and northern hemispheres.
We note that the northern hemisphere shows a maximum in the
power of the magnetic flux fluctuations one year after the south-
ern hemisphere, that is, in 2009 instead of 2008. We also com-
pare the spectra computed with the two FeI lines at 630.15 nm
and 630.25 nm. We observed that the power of the fluctuation
is higher on the maps obtained with the FeI 630.25 nm line than
with the 630.15 nm line; this may appear weakly significant as
compared to the statistical fluctuations of the spectra from one
region to the other, but we observe this effect on all the selected
(10′′ × 10′′) IN regions and at all the latitudes.

In Fig. 8 we show the power spectra at high latitudes on both
hemispheres from 2008 to 2014. We note that at spatial frequen-
cies higher that 2 arcsec−1 (i.e., spatial scales smaller than 0.5′′),
the power spectra remain mostly unchanged and similar on both
hemispheres. Figure 9 shows the spectra at latitudes of ±30◦, we
observe no significant variations with the solar cycle and quite
similar spectra on both hemispheres. This is quite typical of most
of the results at mid-latitudes, except in some regions in which
an enhanced network is visible at solar maximum. This is the
case in the 2014 data for the scan at θ = −18◦ (the magnetic map
is shown in Fig. 1). Even if we avoided network elements, the
mean value of the unsigned longitudinal flux density is signifi-
cantly higher in the IN regions that we selected from this scan
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Fig. 6. Power spectra of the spatial fluctuations of the unsigned mag-
netic flux density in the IN regions for observations performed between
2008 and 2016, on a log−log scale. The bars show the ±σ intervals on
the 2014 data set. Color coded as in Fig. 5. Top panel: at disk center;
middle panel: at high latitude in the southern hemisphere; and bottom
panel: at high latitude in the northern hemisphere.

(see Fig. 2). Figure 10 shows the comparison of the reduced
power spectra of the magnetic flux fluctuations at solar maxi-
mum and minimum at this latitude, we note a marginally signif-
icant increase in the power at granular scales at solar maximum
but no variation at scales smaller than 0.5′′.

4. Discussion and conclusions

When discussing the results shown above it is important to
keep in mind that the longitudinal flux reflects different mag-
netic components at disk center and high latitudes. At disk cen-
ter the line of sight is vertical so we observe vertical fields,
whereas at high latitudes it is inclined on the solar surface so we
observe mainly the horizontal fields of the selected IN regions.
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Fig. 7. Power spectra of the spatial fluctuations of the unsigned mag-
netic flux density in the IN regions, on a log−log scale. Top panel: at the
center of the disk; middle panel: at high latitude in the southern hemi-
sphere; and bottom panel: at high latitude in the northern hemisphere.
The bars show the ±σ intervals. Blue lines: in 2014; red lines: in 2008;
and orange lines: in 2009. Dashed (full) lines: from the FeI 630.15 nm
(FeI 630.25 nm) line.

We recall that IN magnetic fields in the low photosphere have a
more uniform distribution of field inclinations than network and
other strong-field region and that the inclination increases with
height. As the heliocentric angle is larger at high latitude we also
observe higher layers of the photosphere.

Our study shows that vertical fields in the IN at low latitudes
do not vary significantly with the solar cycle, at least on the spa-
tial scale that we could investigate, between 0.3′′ and 5′′. How-
ever we note that in the IN regions located within an enhanced
network at solar maximum the mean longitudinal magnetic flux
density is increased and the power of the magnetic fluctuations
is marginally stronger at granular and larger scales.
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Fig. 8. Power spectra of the unsigned magnetic flux density in the IN
regions at high latitudes in both hemispheres. Full lines refer to the
southern hemisphere; dot-dashed lines to the northern hemisphere. The
bars show the ±σ intervals for the 2008 and 2014 data. The color code
for the year of observation is the same as in Fig. 5.
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Fig. 9. Same as in Fig. 8 for IN regions at θ = ±30◦.
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Fig. 10. Power spectra of the spatial fluctuations of the unsigned mag-
netic flux density in the IN regions at the active latitude θ = −18◦. Full
lines: from the FeI 630.25 nm line; dashed lines: from the FeI 630.15 nm
line. Blue lines: in 2014; red lines: in 2008. The bars show the ±σ
intervals.

The horizontal fields observed at high latitudes show vari-
ations in opposition of phase with the solar cycle, except at
scales smaller than 0.5′′, where the power spectra remain con-
stant. One straightforward interpretation would be that hori-
zontal fields at granular and larger scales are affected by the

contribution of magnetic elements from decaying active regions
migrating toward the poles that are more numerous at solar
minimum.

At scales smaller than 0.5′′ the power spectra of the IN longi-
tudinal magnetic flux density are constant whatever the latitude,
indicating the presence of a time-independent magnetic com-
ponent. The time-independence of the spectra is a strong indi-
cation that the mechanism at the origin of IN fields is not, at
least not directly, correlated to the global dynamo. However indi-
rect effects may exist. In the numerical simulations of Rempel
(2014, 2018), where a small-scale dynamo is operating, the mean
magnetic strength of the IN fields is increased when the lower
boundary condition accounts for a horizontal magnetic field
transported from the convective region upward to the photo-
sphere. This could be at the origin of the increase in the mean
unsigned longitudinal magnetic flux density and the power of the
magnetic fluctuations that we observe in the enhanced network
region in our data in 2014.

The power spectra at all latitudes have a broad maximum
at sub-granular spatial scales on the order of 900 km (except at
high latitudes at solar maximum). It is difficult to compare our
observational results with the numerical simulations of Rempel
(2014) because we measured the unsigned longitudinal flux and
not the magnetic energy. In the simulations the magnetic energy
power spectrum has a broad maximum at small spatial scales
on the order of 500 km to 1000 km; this seems consistent with
our results. We do not intend to measure the slope index of the
power spectra because we think that a meaningful measurement
should be done on at least a decade of spatial scales. Furthermore
the limited signal-to-noise ratio of our spectra would not allow a
precise determination.

Katsukawa & Orozco Suárez (2012) also studied the power
spectra of the magnetic unsigned vertical and horizontal compo-
nent at disk center in weak IN regions. They used a very differ-
ent method for the deconvolution of the PSF that they applied on
the magnetic maps directly, and they obtained spectra with broad
maxima at scales on the order of 800 km. We find a slightly larger
scale but as the maximum is very broad a different treatment of
the deconvolution may be at the origin of this difference. They
did not study the long-term variations of the spectra.

We now discuss the comparison between the magnetic flux
density measured in the two FeI 630 nm lines. We found, quite
unexpectedly, that the average value is higher in the maps
obtained with the FeI 630.15 nm that is formed higher in the pho-
tosphere. This seems to contradict the decrease of the magnetic
fields with height that is derived from the inversion of the Stokes
vectors as in Danilovic et al. (2016). There is no contradiction
as far as the power of the spatial fluctuations are concerned; we
found lower fluctuations in the maps obtained from the spectral
line that is formed higher up in the photosphere. The result about
the average unsigned flux density is more puzzling. At high lat-
itudes this can be understood as an increase in the inclination
of the field with height that has also been found in recent inver-
sions. At low latitude, where we measure the vertical fields, this
could be the result of more cancellation of flux in unresolved
structures at lower depth than at higher altitude. Especially if the
IN magnetic field forms loop-like structures at various scales,
large-scale loops would reach higher altitudes than the small-
est loops. Therefore the average unsigned flux density over the
region could be higher when measured at higher heights where
more loop elements are resolved.
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