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ABSTRACT

Context. The study of the dynamic properties of small-scale magnetic fields in the quiet photosphere is important for several reasons:
(i) it allows us to characterise the dynamic regime of the magnetic field and points out some aspects that play a key role in turbulent
convection processes; (ii) it provides details of the processes and the spatial and temporal scales in the solar photosphere at which
the magnetic fields emerge, vary, and eventually decay; and (iii) it provides physical constraints on models, improving their ability to
reliably represent the physical processes occurring in the quiet Sun.
Aims. We aim to characterise the dynamic properties of small-scale magnetic fields in the quiet Sun through the investigation of the
scaling properties of magnetic field fluctuations.
Methods. To this end, we applied the structure functions analysis, which is typically used in the study of complex systems (e.g. in
approaching turbulence). In particular, we evaluated the so-called Hölder-Hurst exponent, which points out the persistent nature of
magnetic field fluctuations in the field of view targeted at a whole supergranule in the disc centre.
Results. We present the first map of a solar network quiet region as represented by the Hölder-Hurst exponent. The supergranular
boundary is characterised by persistent magnetic field fluctuations, which indicate the occurrence of longer-memory processes. On
the contrary, the regions inside the supergranule are characterised by antipersistent magnetic field fluctuations, which suggest the
occurrence of physical processes with a short memory. Classical Kolmogorov homogeneous and isotropic turbulence, for instance,
belongs to this class of processes. The obtained results are discussed in the context of the current literature.
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1. Introduction

The reasons for studying the dynamic properties of small-scale
magnetic fields in the quiet photosphere are manifold. Firstly,
magnetic fields provide an opportunity to probe some aspects in-
herent to turbulent convection (see, e.g. Abramenko et al. 2011;
Lepreti et al. 2012; Giannattasio et al. 2013; Abramenko 2014;
Giannattasio et al. 2014a,b; Del Moro et al. 2015; Caroli et al.
2015; Abramenko 2017; Chian et al. 2019; Giannattasio et al.
2019; Giannattasio & Consolini 2021) and energy propagation
to the upper atmospheric layers (see, e.g. Viticchié et al. 2006;
Jefferies et al. 2006; Tomczyk et al. 2007; De Pontieu et al.
2007; Chae & Sakurai 2008; Stangalini et al. 2014; Stangalini
2014; Stangalini et al. 2015; Rouppe van der Voort et al. 2016;
Stangalini et al. 2017; Gošić et al. 2018; Bellot Rubio & Orozco
Suárez 2019; Rajaguru et al. 2019; Keys et al. 2019, 2020; Gue-
vara Gómez et al. 2021; Jess et al. 2021) that cannot be addressed
otherwise from an observational point of view. Secondly, they
allow us to constrain the available energy in the quiet Sun and
infer some details of the processes that amplify and organise
them from subgranular to supergranular scales (see, e.g. Novem-
ber 1980; Roudier et al. 1998; Berrilli et al. 1999; Consolini
et al. 1999; Berrilli et al. 2002; Getling & Brandt 2002; Rast
2002; Berrilli et al. 2004; Del Moro 2004; Del Moro et al. 2004;
Berrilli et al. 2005; Getling 2006; Nesis et al. 2006; Centeno et
al. 2007; Brandt & Getling 2008; de Wijn et al. 2008; Yelles
Chaouche et al. 2011; Orozco Suárez et al. 2012; Berrilli et al.
2013, 2014; Giannattasio et al. 2018; Requerey et al. 2018; Gi-
annattasio et al. 2020). Thirdly, their study provides important

constraints for theoretical models and/or models implemented in
simulations of the photospheric layer (see, e.g. Stein & Nordlund
1998, 2001; Cattaneo et al. 2003; Vögler et al. 2005; Rempel et
al. 2009; Shelyag et al. 2011; Beeck et al. 2012; Rempel 2014;
Danilovic et al. 2015; Khomenko et al. 2017). All these aspects
coalesce, advancing our knowledge of the processes capable of
accumulating, transporting, and eventually dissipating the enor-
mous amount of energy available in the photosphere of the quiet
Sun.

In the last few decades, the dynamic properties of the quiet
Sun have been thoroughly investigated using a range of substan-
tially different techniques, allowing us to elaborate a consistent
picture of the photospheric dynamics by approaching the prob-
lem from different points of view. Particularly interesting and
promising are the studies involving the tracking of small-scale
magnetic fields in the quiet photosphere. Such investigations re-
veal features that still cannot be captured by theoretical models
and/or simulations because of the complexity of the system and
the simultaneous coupling of a wide range of spatial and tempo-
ral scales. These studies are based on the hypothesis that mag-
netic fields are passively transported by the plasma flow and pro-
vide a characterisation of advection and diffusion processes in
the quiet photosphere from granular to supergranular scales (see,
e.g. Wang 1988; Berger et al. 1998; Cadavid et al. 1998, 1999;
Hagenaar et al. 1999; Lawrence et al. 2001; Sánchez Almeida
et al. 2010; Abramenko et al. 2011; Manso Sainz et al. 2011;
Lepreti et al. 2012; Giannattasio et al. 2013, 2014a,b; Keys et
al. 2014; Caroli et al. 2015; Del Moro et al. 2015; Yang et al.
2015a,b; Roudier et al. 2016; Abramenko 2017; Kutsenko et al.
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2018; Agrawal et al. 2018; Giannattasio et al. 2019; Giannatta-
sio & Consolini 2021). These studies reveal an anomalous scal-
ing of magnetic field transport with a superdiffusive character
consistent with a Levy walk inside supergranules and a more
Brownian-like motion in their boundary. This has provided con-
straints on the magnetic flux emergence and evolution that mod-
els have to consider in order to fully explain the dynamics gov-
erning these environments. At the same time, the scaling laws
affecting magnetic fields in the quiet Sun are crucial to under-
standing how such fields vary with scale size, despite the small
scales at which dissipation occurs still being inaccessible with
the currently available observations (see, e.g. Lawrence et al.
1994; Stenflo 2012, and references therein). For example, in the
milestone work by Stenflo (2012), the spectrum of magnetic flux
density in the quiet Sun was found to be consistent with a Kol-
mogorov power-law scaling. The scale at which scale invariance
is broken lies below the current resolution limit. This latter au-
thor argued that the collapse of magnetic fields in Kilogauss flux
tubes injects energy that is expected to cascade down because of
the flux decay occurring via interchange instability, and to frag-
ment into weaker ‘hidden’ fields at smaller scales (down to ∼ 10
km). As far as we know, no other studies have focused on the
scaling properties characterising the magnetic fields in a quiet
Sun region within a range of spatial and temporal scales from
(sub)granular to supergranular in the time domain. In this work,
for the first time we apply the structure function analysis typical
of complex systems (Frisch 1995) to fill this gap. This approach
complements the studies based on feature tracking mentioned
above. The main difference is that, while in those works statisti-
cal properties of the photospheric plasma flows are investigated
via the transport of small-scale magnetic fields in a frozen-in
condition, here we directly study the magnetic field variations
emerging from magnetogram time-series. The paper is organised
as follows. Section 2 describes the data set used and the analy-
sis techniques applied. Section 3 describes the obtained results,
while Section 4 is devoted to their discussion in the light of cur-
rent literature. Finally, in Section 5, we present our conclusions
and present future perspectives.

2. Observations and data analysis

2.1. The data set

The data set analysed in this work was acquired by the Solar Op-
tical Telescope on board the Hinode mission (Kosugi et al. 2007;
Tsuneta et al. 2008) on 2010 November 2 in the framework of
the Hinode Operation Plan 151 entitled ‘Flux replacement in the
photospheric network and internetwork’. The data set consists
of a time-series of 959 simultaneous line-of-sight (LoS) magne-
tograms and dopplergrams with 90 s cadence, which corresponds
to a time range of ∼24 hours without interruption, starting at
08:00:42 UT and targeted at a quiet region in the disc centre.
Magnetograms were obtained from the Narrowband Filter Im-
ager using the signal acquired in the wings of the spectral line Na
I D, i.e. at 589.6±1.6 nm. Data were then binned to a pixel size of
0.16 arcsec (corresponding to a linear size of ∼116 km in the so-
lar photosphere) and a spatial resolution of ∼0.3 arcsec. The field
of view (FoV) covers an area of 443×456 pixel2, corresponding
to a region of ∼70 arcsec (about 50 Mm) in width. The noise
level is ∼4 G for single magnetograms, and was computed as
the root mean square value in a sub-FoV free of magnetic signal
convolved with a 3×3 Gaussian kernel (see Gošić et al. 2014, for
further details). Magnetograms were coaligned, trimmed to the
same FoV, and filtered out for oscillations at 3.3 mHz in order

to remove the effects of acoustic oscillations (Gošić et al. 2014,
2016). The peculiarity of this data set is that the FoV encloses
an entire supergranule, which is clearly visible when combining
the information from both the mean magnetogram and horizon-
tal velocity averaged over ∼ 24 hours (see, e.g. Giannattasio et
al. 2014a, 2018). Such a long and uninterrupted observation of
an entire supergranule at high resolution and free from seeing
effects makes this data set unique and particularly suitable for
studying the dynamic properties of magnetic fields in the quiet
Sun.

In the left panel of Figure 1, we show the first frame of the
magnetogram time-series, i.e. that acquired on 2010 Novem-
ber 2 at 08:00:42 UT, saturated between -600 G and 600 G.
In this frame, the magnetic strength ranges between '-1133 G
and '927 G. In the right panel of the same figure, we show the
mean magnetogram averaged over the entire time-series (∼24
hours) saturated between -300 G and 300 G. The arrows point to
two pixels belonging to inner (A, green arrow) and boundary (B,
red arrow) regions of the supergranule. These are used below to
make comparisons between these environments. Figure 2 shows
the mean dopplergram averaged over the entire time-series and
saturated between -0.10 km/s and 0.10 km/s. The vertical ve-
locity in the FoV ranges between -0.12 km/s and 0.19 km/s. In
particular, positive values refer to downflowing plasma revealed
via the redshift of the Na absorption line, while negative values
refer to upflowing plasma revealed via the blueshift of the Na
absorption line.

2.2. Structure functions and the Hölder-Hurst exponent

A reliable way to characterise the magnetic field variations as-
sociated with small-scale magnetic fields is to investigate their
scaling properties. This can be done using techniques involv-
ing the structure functions, which are commonly used in many
fields of research involving complex systems (see, e.g. Frisch
1995, for applications in the study of turbulent phenomena). In
the context of solar magnetic fields, structure function analysis
in the spatial domain was successfully applied by Abramenko
et al. (2002) for example to investigate active regions, and by
Abramenko (2014) to investigate quiet Sun areas. Here, we fo-
cus on the application of the same technique in the time domain.
In particular, we study the persistent character of magnetic field
variations, that is, the tendency for positive increments to be fol-
lowed by positive (persistency) or negative (antipersistency) in-
crements and vice versa. As the region studied is close to the
centre of the solar disc, the LoS component of the magnetic field
can be equated to the field component normal to the solar sur-
face, namely Bn. Hereafter, we refer to B and Bn interchange-
ably. Given a one-dimensional signal, such as the pixel-by-pixel
time variation of magnetic field as retrieved from the magne-
togram time-series, namely B(t), the qth-order generalised struc-
ture function, S q, on the timescale τ, is defined as

S q(τ) = 〈|B(t + τ) − B(t)|q〉, (1)

where the angular brackets indicate the ensemble average of all
the possible pairs of increments separated by the time τ, which
identifies the scale of interest. In our case, the lowest accessible
scale is τ = 90 s, corresponding to the time cadence of mag-
netograms. If the signal B(t) is stationary in some sense and its
fluctuations are scale invariant, the structure functions satisfy the
scaling law

S q(τ) ∝ τξ(q), (2)
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Fig. 1. Left panel: First frame of the magnetogram time-series acquired on 2010 November 2 at 08:00:42 UT, saturated between -600 G and 600
G; Right panel: Mean magnetogram averaged over the entire magnetogram time-series (∼24 hours) saturated between -300 G and 300 G. The
green and red arrows point to two pixels belonging to inner (A) and boundary (B) regions of the supergranule, respectively.
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Fig. 2. Mean plasma vertical velocity over the entire dopplergram time-
series saturated between -0.1 km/s and 0.1 km/s. Positive (red) veloci-
ties indicate redshifted downflowing plasma, while negative (blue) ve-
locities indicate blueshifted upflowing plasma.

where ξ(q) is the scaling index or scaling exponent associated
with S q. For signals exhibiting a simple (monofractal) scaling,
meaning that a single scaling index is capable of describing the
variations of B(t) at all scales and everywhere in the FoV, the
relation ξ(q) = Cq holds with C ∈ R. However, in general, ξ
is non-linear in q and a single scaling index is not sufficient to

characterise the scaling properties of the signal. In this case, we
are in the presence of a multifractal scaling, which may, for ex-
ample, be the signature of the occurrence of intermittency in the
inertial range of turbulent media (Frisch 1995).

Particularly interesting is the first-order structure function,
S 1(τ), and the associated scaling index ξ(1). This quantity al-
lows us to describe the pixel-by-pixel temporal structure of the
magnetic field variations and their scaling at different scales of
observation, τ. In particular, the quantity ξ(1) can be reasonably
identified with the Hölder-Hurst exponent (Hurst, 1956), H, a
real number within the range H ∈ [0, 1] that describes the degree
of persistency of a signal and is commonly used in the study
and characterisation of stochastic processes. For example, when
H = 0, we are in the presence of white noise; when H ∈ (0, 0.5),
we are dealing with an antipersistent signal; when H = 0.5, the
time-series corresponds to that expected for a Brownian random
motion; when H ∈ (0.5, 1), we are dealing with a persistent sig-
nal; finally, when H = 1, we have the peculiar case of a linear
and fully predictable trend. The persistent character (H>0.5) of a
time-series, B(t) in our case, reflects the tendency of variations to
cluster in a direction (i.e. to coherently increase or decrease) and
describes long-memory processes; on the contrary, antipersistent
signals (H<0.5) have the tendency to exhibit variations that tend
to restore the mean value of the signal. This means that in persis-
tent B(t) signals, positive variations are expected to be followed
by positive variations, while negative variations are expected to
be followed by negative variations. In the case of antipersistent
signals, positive variations are followed by negative variations
and vice versa.

2.3. The augmented Dickey-Fuller (ADF) test

The statistical method described in §2.2 relies on the assumption
that the signal B(t) is stationary in some sense. The stationarity
of B(t) at each pixel was checked by performing the augmented
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Dickey-Fuller (ADF; see, e.g. Fuller 1977; Said & Dickey 1984;
Elliott et al. 1996; Giannattasio et al. 2019) test. The ADF is
based on the hypothesis that the variation of the local LoS mag-
netic field strength is a stochastic process that can be represented
by an autoregressive model Yt of order p with a trend α + βt,
namely

Yt = α + βt + a1Yt−1 + a2Yt−2 + ... + apYt−p + εt, (3)

where α is a constant, β is a parameter characterising the linear
trend, p is the lag of the autoregressive model, (a1, ..., ap) is a set
of weights, and εt is a variable describing a stochastic process
with zero mean and constant variance. For example, the stochas-
tic process corresponds to a random walk when α = β = 0. By
introducing the operator Ω(Yt) = Yt−1 (backshift operator), the
model defined in Equation 3 can be associated with the charac-
teristic polynomial

1 − a1Ω − a2Ω2 − ... − apΩp − α − βt, (4)

and the characteristic equation

1 − a1Ω − a2Ω2 − ... − apΩp − α − βt = 0. (5)

In addition, the model in Equation 3 can be expressed in terms
of first differences by defining ∆Yt = Yt − Yt−1. For example, for
p = 2, we have

Yt = a1Yt−1 + a2Yt−2 + α + βt + εt, (6)

from which it follows that

∆Yt = (a1 + a2 − 1)Yt−1 − a2∆Yt−1 + α + βt + εt, (7)

with γ = a1 + a2 −1. The parameter γ is the negative of the char-
acteristic polynomial evaluated at Ω = 1 (the unit root). It can be
demonstrated that if the characteristic equation has a unit root,
then the time-series is non-stationary, and the hypothesis that the
coefficient of Yt−1 is zero (the null hypothesis) is satisfied. Thus,
non-stationarity corresponds to have one or more unit roots in
the characteristic polynomial.

The ADF test checks for the occurrence of the null hypothe-
sis based on the hypothesis that if Yt is stationary, then it tends to
return to a certain mean value or behaviour, meaning that large
values of Yt are likely to be followed by small values and vice
versa. This implies that Yt has a negative coefficient for the term
Yt−1, or, in other words, that γ < 0. Thus, as γ becomes more
negative (below a threshold, θ, which depends on the number of
samples and the confidence level required), the given time-series
becomes more stationary.

3. Results

3.1. Stationarity of the time-series

To verify the stationarity of our signals, we performed the ADF
test on the pixel-by-pixel signals B(t) in the FoV by taking ad-
vantage of the Python routine adfuller. This routine implements
and applies the autoregressive model with the trend described by
Equation 3, and the automatic search for the number of lags ac-
cording to the Akaike information criterion (Akaike 1974; Burn-
ham & Anderson 2002). For all the pixels in the FoV, we find
that the null hypothesis can be rejected with a confidence level
> 99% (according to the tabled values computed by MacKinnon
1994), meaning that B(t) can be reasonably considered station-
ary at least in a weak sense. As an example, for the two pixels of
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Fig. 3. Magnetic field strength time variation, B(t), for the two pixels
marked in the right panel of Figure 1. Specifically, the green line cor-
responds to pixel A, while the red one to pixel B. The black horizontal
line at B = 0 is for reference.

the FoV, A and B, indicated by arrows in the right panel of Fig-
ure 1 and whose magnetic field time variation is represented in
Figure 3, the ADF test provides the following results. For pixel
A, we obtain a coefficient γ ' −5.8, while for pixel B we obtain
γ ' −4.1. Within the whole FoV, the threshold, θ, is θ ' −3.4
at 99% confidence level. Thus, as γ < θ, we can discard the null
hypothesis and claim the stationarity of B(t) with a very high
confidence level.

3.2. The Hölder-Hurst exponent in the quiet Sun

Now that the stationarity of B(t) within the FoV (§3.1) has been
established, we can apply the techniques described in §2.2 that
are designed to reveal the persistent or antipersistent nature of
fluctuations in the quiet Sun. The statistical properties of mag-
netic field fluctuations in a complex environment affected by tur-
bulent convection, such as the photosphere of the quiet Sun, can
be studied through the classical approach of scaling analysis of
structure functions (see, e.g. Frisch 1995). Structure functions
have the ability to capture the scaling features of stationary sig-
nals and reveal their characteristics, such as the turbulent nature
of fluctuations. The set of scaling exponents, ξ(q), allows us to
infer quantities such as the degree of intermittency and identi-
fying the model that best reproduces the observed scaling prop-
erties (Frisch 1995). For example, if the model best describing
the observed fluctuations is a classical Kolmogorov’s homoge-
neous and isotropic turbulence, we observe the scaling exponents
ξ(1) = 1/3 and ξ(q) = q/3 in the inertial range. Conversely,
in the presence of more complex dynamics, a non-linear depen-
dence of ξ(q) on q is revealed, and anomalous scaling emerges.
Thus, in our case, structure functions are capable of character-
ising the properties of B(t) fluctuations in the FoV; they can be
defined, in an equivalent way, as the moments of order q of the
probability density functions (PDFs) of B(t) fluctuations at scale
τ (see Equation 1). The structure function of order q = 1, namely
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Fig. 4. Structure functions S 1 for τ = 90 s in the whole FoV, saturated
between 4 and 14 G.

S 1(τ), was computed in the FoV by following Equation 1. In Fig-
ure 4, we show S 1 for τ = 90 s, which is the shortest timescale
accessible. S 1(τ = 90s) ranges between '4.2 G and '26.0 G and
is saturated between 4 G and 14 G. The boundary of the super-
granular cell is clearly enhanced, meaning that the amplitude of
magnetic field fluctuations at the scale τ is appreciably higher in
the boundaries than in the inner part of the supergranule. This
is also directly visible in Figure 3 concerning the comparison
between the magnetic field strength signals in the two environ-
ments, A and B, marked with arrows in Figure 1. The scaling
exponent ξ(1) in the FoV can be computed in those ranges of τ
where scale invariance holds, that is, where Equation 2 is satis-
fied. This condition corresponds to a linear behaviour of S 1 with
τ in a log-log plot. Figure 5 shows S 1 as a function of τ in a
log-log plot for the points A and B of the FoV. Standard errors
associated with the values of the structure function at any τ are
smaller than the symbols used in the plot. A linear behaviour is
well visible at least up to τ ' 103 s, indicating a self-similar and
scale-invariant behaviour up to that timescale. The slopes of the
linear trends correspond to the scaling exponents for both en-
vironments, A and B. For each pixel of the FoV, we computed
log(S 1) versus logτ and fitted with a line with a slope ξ(1). The
condition that the interval in τ covers at least a decade is imposed
in order to guarantee a sufficient statistical robustness in finding
the scaling exponents. The slope of the best-fitting line obtained
corresponds to the Hölder-Hurst exponent, H. This procedure al-
lowed us to retrieve the map of the Hölder-Hurst exponent in the
FoV shown in Figure 6. H ranges between '0.1 and '0.7, with
the highest values in correspondence of the boundary of the su-
pergranule, where the network magnetic fields take place, while
the lower values are observed both inside and outside the super-
granule, that is, reasonably inside supergranules adjacent to that
represented in the FoV (Gošić et al. 2014).
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Fig. 5. Log-log plot of structure function of order 1 as a function of the
timescale τ for the pixels A and B identified in the right panel of Figure
1. Green stars mark S 1,A, while red dots mark S 1,B. Standard errors asso-
ciated with the values of the structure function at any τ are smaller than
the symbols used, and are therefore not visible in this representation.
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Fig. 6. Map of Hölder-Hurst exponent in the FoV saturated between 0.3
and 0.7. The yellow and green boxes identify Region 1 and Region 2,
respectively (see the text).

4. Discussion

In a series of papers beginning in 2013, Giannattasio and collab-
orators studied the motion tracks and dynamic properties of mag-
netic elements (MEs) in the same quiet Sun region. They inves-
tigated both the mean square displacement and the time-varying
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probability density function of displacements under the hypothe-
sis that photospheric MEs are passively transported by the under-
lying plasma flow (Giannattasio et al. 2013, 2014a,b; Caroli et al.
2015; Giannattasio et al. 2019; Giannattasio & Consolini 2021).
This revealed properties of the plasma velocity field, which is
driven by turbulent convection. In the present study, we investi-
gated the scaling properties of magnetic field fluctuations instead
of the velocity field properties in the quiet Sun by analysing
a long (∼ 24 hours) time-series of magnetograms targeted at a
photospheric region that encloses a whole supergranule. This al-
lowed us to characterise magnetic field fluctuations in an envi-
ronment representative of the quiet Sun. This task was accom-
plished by analysing first-order structure functions and the map
of H values in the FoV, which link the character of magnetic
fluctuations to the local environment probed. This map provided
a unique opportunity to identify different features of magnetic
field fluctuations originated by different physical processes. This
has been possible without any model describing the physical
characteristics and dynamic properties of the magnetic fields in
the quiet Sun, studying only their time correlation on supergran-
ular spatial and temporal scales. Indeed, large values of H are
associated with features that must hold a large spatiotemporal
coherence with respect to features characterised by smaller val-
ues of H.

A general feature emerging from our analysis is that the char-
acter of magnetic field fluctuations crucially depends on the en-
vironment inside the FoV, whereby they are persistent (H > 0.5)
in the boundary of the supergranule and antipersistent (H < 0.5)
inside it. Giannattasio et al. (2018) evaluated the magnetic field
decorrelation times in the same FoV, namely tD, defined as the
times at which the magnetic field autocorrelation function de-
creases by a factor 1/e and showed a map of these values in the
same FoV. Values were found to range between 30 and 240 min-
utes in the supergranular boundary, and between 30 and 50 min-
utes inside the supergranule. In particular, the highest values of
tD are found in the region between X=0 arcsec and X=10 arc-
sec, and Y=30 arcsec and Y=60 arcsec (Region 1 in Figure 6),
in coincidence with H > 0.5. Conversely, low values of tD char-
acterise the regions between X=40 arcsec and X=50 arcsec, and
Y=45 arcsec and Y=55 arcsec (Region 2 in Figure 6), in coin-
cidence with the highest values of H. Inside the supergranule,
both H and tD values are small. This suggests that in environ-
ments such as Region 1, magnetic field fluctuations coherently
and slowly decrease or increase such to keep long tD. On the
other hand, in environments such as Region 2, magnetic field
fluctuations are even more persistent than in Region 1 (the val-
ues of H reach a maximum in the FoV, namely Hmax ∼ 0.7),
despite the low values of tD. This behaviour can be explained
by considering that Region 2 hosts a stable vortex-like plasma
flow, as reported by Requerey et al. (2018), Chian et al. (2019)
and Giannattasio et al. (2020). The intense downflow associated
with the vortex may behave like an attractor, constraining the
motion of MEs in such a relatively small region. The packing
of different MEs moving quickly due to the vortex may result,
in those pixels, in reduced values of tD and, at the same time,
increasing magnetic field fluctuations, giving rise to high val-
ues of H. Finally, within the supergranule, magnetic field fluc-
tuations are antipersistent (H<0.5) and quickly decorrelate the
pixel-by-pixel magnetic field. Coherent magnetic features are
certainly present in the form of MEs, but they rapidly evolve, be-
ing dragged along the horizontal velocity field, and do not stay
at the same location for a sufficiently long time to locally main-
tain a time-correlated magnetic field (see, e.g. Giannattasio et al.
2013). Thus, the Hölder-Hurst exponent complements the infor-

mation provided by tD, pointing out that processes generating
very different decorrelation times (like those found in Regions
1 and 2) may also affect magnetic field fluctuations in a similar
way and, in principle, they can be ascribed to similar processes
in both sites. According to this interpretation, while it is possi-
ble to consistently explain the cases of (i) high H and long tD,
(ii) high H and short tD, and (iii) low H and short tD, it is diffi-
cult to justify the simultaneous occurrence of low H and long tD
values in the same location, a condition that never occurs in the
FoV. This confirms the significant role of H in characterising the
dynamic properties of magnetic fields in the quiet Sun.

We also notice that high values of H coincide with high val-
ues of occurrence, as shown in Figure 3 of Giannattasio et al.
(2018). In that work, occurrence is defined as the percentage of
observational time in which a pixel in the FoV is filled with mag-
netic field. Here, the maximum occurrence is located in Region 2
of Figure 6, where it reaches '100% and where the maximum H
also occurs. In this region, again, the relatively short tD indicates
a fast renewal of the magnetic field content with fluctuations
clustered in one direction, suggesting that the site is one of long-
term increasing fluctuation fields on supergranular timescales.
This behaviour is not immediately detectable by looking only at
changes in magnetic field strength over time (see the example of
the red track in Figure 3; Pixel B is, in fact, within Region 2).
A possible scenario is the presence of different packed MEs oc-
cupying a small region, which agrees with the low (horizontal)
diffusion of small-scale magnetic fields and their quasi-random
trajectories (Giannattasio et al. 2013, 2014a), which is probably
due to intense downflows behaving like attractors for MEs. This
is consistent with the presence of strong and persistent down-
flows in all regions characterised by high values of both H and
degree of occurrence, as is evident in Figure 2, which represents
the mean plasma vertical velocity detected in the FoV. In that
figure, downflows on the boundary of the supergranular cell be-
have like long-correlated features co-spatial with the loci where
magnetic fields in the quiet Sun pile up, exhibiting clustered fluc-
tuations with a high degree of persistency. The presence of an in-
tense downflow associated with the peak of H in Region 2 is also
corroborated by the presence, as mentioned above, of a vortex,
similarly to what is detected in other works (see, e.g. Bonet et
al. 2008, 2010), and predicted by simulations (see, e.g. Shelyag
et al. 2011). The presence of vortexes is consistent with the fast
variation of magnetic field.

The map of H displayed in Figure 6 can also be compared
with the map of time-averaged magnetic energy variations in the
same FoV reported in Figure 4 by Giannattasio et al. (2020). In
that work, the authors applied Poynting’s theorem to investigate
the magnetic energy balance of the quiet photosphere on super-
granular timescales, 〈∆u〉, and found that the timescale, associ-
ated with the energy variation of a plasma volume element, τ∗,
is of the same order of magnitude as tD. In particular, the max-
imum value of tD is located in the region identified as Region 1
in Figure 6 and, more in general, where 〈∆u〉 ≥ 0, that is, where
the energy content is stationary or slightly positive in contrast
with the field decay (and following decorrelation). The only ex-
ception is, again, the region identified as Region 2 in Figure 6,
where 〈∆u〉 ' 0 and tD is relatively short. In this case, the pres-
ence of an intense vortex flow, which has been reported in the
literature to constrain the dynamics of tightly packed MEs, well
explains this feature. The key point is that the energy variation
averaged on supergranular scales, 〈∆u〉 ≥ 0, is consistent with
the H map, which is expected, because a statistical and long-
correlated increase in magnetic field fluctuations should translate
into an increase in the available magnetic energy.
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Further insight can be obtained by discussing the map of
H in the context of the different turbulent regimes that small-
scale magnetic fields in the quiet Sun may follow. For stationary
and scale-invariant signals, the power spectral density of fluctu-
ations, S ( f ), is expected to scale as

S ( f ) ∝ f −β, (8)

where f = τ−1 is the frequency and β the scaling exponent. Un-
der this hypothesis, a relation occurs between H and β, namely

β = 2H + 1. (9)

This, of course, implies that different values of H correspond bi-
jectively to different values of β, and maps of H or β provide the
same information. Thus, knowledge of H also reveals the energy
spectral content of fluctuations and, accordingly, the dynamic
properties of the quiet Sun. We note that Equation 9 holds only
in the case where corrections due to intermittency are absent;
otherwise this relation should be replaced with β < 2H + 1. Due
to Equation 9, the spectral index lies within the range β ∈[1, 3].
In particular, antipersistent fluctuations correspond to β ∈[1,2),
while persistent fluctuations correspond to β ∈(2,3]. The differ-
ent characters of spectral features in the FoV may be the con-
sequence of the different turbulent regimes followed by convec-
tion. This agrees with the findings of previous studies, where dif-
ferent dynamic regimes in the FoV were identified using differ-
ent techniques (see, e.g. Giannattasio et al. 2014a,b, 2018)). For
example, the value H = 0.33, which corresponds to β = 1.66, is
the value expected according the Kolmogorov’s K41 theory for
fluid, homogeneous and isotropic turbulent environments in the
absence of intermittency effects (Frisch 1995). As we can see in
Figure 6, this dynamic regime is observed in the inner regions
of the supergranule. Due to the intermittency effect, there may
be some slight variations in the β spectral exponent value ex-
pected in the case of K41 theory. Consequently, because of the
intermittent effect, the H values may also be subjected to slight
variations around the 0.33 value (see, e.g. Ruiz-Chavarria et al.
1996). In the FoV examined in this work, values of H between
0.3 and 0.4 are mainly found in the central regions of the su-
pergranule. Inside the supergranule, different scenarios matching
antipersistency are possible: (1) the processes occurring therein
and giving rise to the observed magnetic field fluctuations are
consistent with turbulent convection obeying the Kolmogorov’s
legacy with H = 0.33 and ξ(2) = 0.66; (2) we are in the pres-
ence of a regime characterised by a strong intermittency (e.g.
due to the behaviour of MEs being comparable to that of pas-
sive scalars) for which ξ(2) , 2H; (3) we are in the presence of
quasi-Brownian processes with ξ(2) ∼1 and H ∼0.5; or (4) we
are in the presence of other regimes characterised by different
scaling laws and H and ξ(2) values. At this time, it is not possi-
ble to precisely discriminate between those different regimes, as
longer time-series are necessary to study the higher orders of the
structure functions (Frisch 1995).

In conclusion, the scaling properties of magnetic field in the
quiet Sun may help to characterise its evolution driven by turbu-
lent convection and can offer a perspective that is different from
that provided by other techniques, such as those applied in pre-
vious works inherent to the same FoV. This approach confers an
advantage in that it does not require assumptions as to the pas-
sivity of MEs. In fact, in this work, we did not use any transport
phenomena as diagnostic of the dynamic properties of the quiet
Sun.

5. Summary and Conclusions

Some aspects inherent to the physics of the quiet Sun remain
poorly understood. One of these deals with the physical pro-
cesses capable of storing energy in the photosphere, making it
available for the upper atmospheric layers, where it is eventually
dissipated and contributes to local heating. In this framework,
approaching the quiet Sun as a complex system may provide dy-
namic constraints for future models aiming to explain both the
origin and variation of the magnetic energy content in the quiet
Sun from (sub)granular to (at least) supergranular spatial and
temporal scales. The analysis proposed in this work characterises
the magnetic field fluctuations, pointing out their link with the
local environment. In particular, we take advantage of a diag-
nostic that exploits the structure function analysis typically used
in the field of turbulence, for example. This diagnostic, namely
the Hölder-Hurst exponent, is able to detect the persistent or an-
tipersistent character of fluctuations and may help to distinguish
between different dynamic regimes in action, which are respon-
sible for the observed magnetic field fluctuations. The physical
framework that seems to emerge from our analysis tells us that
magnetic patterns and convective structures determine different
local dynamic regimes in the solar plasma that lead to different
behaviours in the dynamic properties of MEs.

The results obtained in this work can be briefly itemised as
follows:

– We computed first-order structure functions associated with
the magnetic field fluctuations in the FoV. Under the verified
hypothesis of stationarity, such structure functions scale like
a power law.

– The scaling indices of the power law, which depend on the
considered order, were used to compute, for the first time,
the Hölder-Hurst exponent in the FoV.

– We find that magnetic field fluctuations are mainly persis-
tent at the boundary of the supergranule, where intense and
persistent downflows are observed, and anti-persistent inside
it. This suggests that different environments in the FoV un-
dergo different dynamic regimes. We interpret our results in
the context of the current literature.

In conclusion, our findings suggest that the persistence in sign
of magnetic field fluctuations as measured by H reveal the ex-
istence of different dynamic regimes in action in the quiet Sun
capable of generating the observed magnetic field fluctuations,
such as three dimensional or two dimensional reduced mag-
netohydrodynamic turbulence. The robustness of our results is
corroborated by their consistency with the previous literature,
despite the great diversity of the techniques applied. In the fu-
ture, it will be important to investigate the scaling properties of
other physical quantities playing a fundamental role in the quiet
Sun, such as velocity (both horizontal and vertical), vorticity, and
electric and current density fields, to mention just a few. This will
greatly improve our knowledge of the physical processes respon-
sible for the storage and evolution of the great amount of energy
available in the quiet Sun. This energy may be transported to the
upper atmospheric layers, dissipated therein, and eventually start
a chain of phenomena relevant to space weather.
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Agrawal, P., Rast, M.P., Gošić, M., Bellot Rubio, L.R., and Rempel, M.: 2018,

The Astrophysical Journal 854, 118. doi:10.3847/1538-4357/aaa251.
Akaike, H.: 1974, IEEE Transactions on Automatic Control 19.
Beeck, B., Collet, R., Steffen, M., Asplund, M., Cameron, R.H., Freytag, B.,

and, ...: 2012, Astronomy and Astrophysics 539, A121. doi:10.1051/0004-
6361/201118252.

Bellot Rubio, L., & Orozco Suárez, D. 2019, Living Reviews in Solar Physics,
16, 1

Berger, T.E., Löfdahl, M.G., Shine, R.A., and Title, A.M.: 1998, The Astrophys-
ical Journal 506, 439. doi:10.1086/306228.

Berrilli, F., Florio, A., Consolini, G., Bavassano, B., Briand, C., Bruno, R., Cac-
cin, B., Carbone, V., Ceppatelli, G., Egidi, A., Ermolli, I., Mainella, G., and
Pietropaolo, E.: 1999, Astronomy and Astrophysics 344, L29.

Berrilli, F., Consolini, G., Pietropaolo, E., Caccin, B., Penza, V., and Lepreti, F.:
2002, Astronomy and Astrophysics 381, 253.

Berrilli, F., Del Moro, D., Consolini, G., Pietropaolo, E., Duvall, T.L., and Koso-
vichev, A.G.: 2004, Solar Physics 221, 33.

Berrilli, F., del Moro, D., Florio, A., and Santillo, L.: 2005, Solar Physics 228,
81.

Berrilli, F., Scardigli, S., and Giordano, S.: 2013, Solar Physics 282, 379.
Berrilli, F., Scardigli, S., and Del Moro, D.: 2014, Astronomy and Astrophysics

568, A102.
Bonet, J.A., Márquez, I., Sánchez Almeida, J., Cabello, I., and Domingo, V.:

2008, The Astrophysical Journal 687, L131. doi:10.1086/593329.
Bonet, J.A., Márquez, I., Sánchez Almeida, J., Palacios, J., Martínez Pillet,

V., Solanki, S.K., and, ...: 2010, The Astrophysical Journal 723, L139.
doi:10.1088/2041-8205/723/2/L139.

Brandt, P.N. and Getling, A.V.: 2008, Solar Physics 249, 307.
doi:10.1007/s11207-008-9146-3.

Burnham, K., Anderson, D.: 2002, Model selection and multimodel inference: a
practical information-theoretic approach (Springer Verlag).

Cadavid, A.C., Lawrence, J.K., Ruzmaikin, A.A., Walton, S.R., and Tarbell, T.:
1998, The Astrophysical Journal 509, 918. doi:10.1086/306507.

Cadavid, A.C., Lawrence, J.K., and Ruzmaikin, A.A.: 1999, The Astrophysical
Journal 521, 844. doi:10.1086/307573.

Caroli, A., Giannattasio, F., Fanfoni, M., Del Moro, D., Consolini, G.,
and Berrilli, F.: 2015, Journal of Plasma Physics 81, 495810514.
doi:10.1017/S0022377815000872.

Cattaneo, F., Emonet, T., and Weiss, N.: 2003, The Astrophysical Journal 588,
1183. doi:10.1086/374313.

Centeno, R., Socas-Navarro, H., Lites, B., Kubo, M., Frank, Z., Shine, R., Tar-
bell, T., Title, A., Ichimoto, K., Tsuneta, S., Katsukawa, Y., Suematsu, Y.,
Shimizu, T., and, ...: 2007, The Astrophysical Journal 666, L137.

Chae, J. 1999, High Resolution Solar Physics: Theory, Observations, and Tech-
niques, 183, 375 .

Chae, J., and Sakurai, T.: 2008, The Astrophysical Journal 689, 593.
Chian, A.C.-L., Silva, S.S.A., Rempel, E.L., Gošić, M., Bellot Rubio, L.R.,
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Rubio, L., Gošić, M., and Orozco Suárez, D.: 2014, Astronomy and Astro-
physics 569, A121.

Giannattasio, F., Berrilli, F., Consolini, G., Del Moro, D., Gošić, M., and Bellot
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