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ABSTRACT

The spatiotemporal inhomogeneous-homogeneous transition in the dynamics and structures of solar photospheric turbulence is studied
by applying the complexity-entropy analysis to Hinode images of a vortical region of supergranular junctions in the quiet Sun. During
a period of supergranular vortex expansion lasting 37.5 min, the spatiotemporal dynamics of the line-of-sight magnetic field and the
horizontal electromagnetic energy flux displayed characteristics of an inverse turbulent cascade, as evidenced by the formation of a
large magnetic coherent structure via the merger of two small magnetic elements trapped by a long-duration vortex. Consistent with
Hinode observations, the magnetic and Poynting fluxes both exhibited an admixture of chaos and stochasticity in the complexity-
entropy plane involving a temporal transition from low to high complexity and a temporal transition from high to low entropy during
the period of vortex expansion.
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1. Introduction

Photospheric turbulence plays a crucial role in the nonlinear
dynamics of solar and stellar plasmas. For example, photospheric
vortical flows at the footpoints of magnetic flux tubes (ropes)
rooted at supergranular junctions can twist magnetic fields, lead-
ing to the eruption of microflares and flares as well as outflows
such as fast solar wind, coronal mass ejections, and switchbacks
(Tu et al. 2005; Roudier et al. 2018; Bale et al. 2021).

Gold & Hoyle (1960) studied the origin of solar flares by
investigating the merger of two twisted magnetic loops of oppo-
site sense and opposite twist. Huang et al. (2017) carried out a
two-dimensional (2D) MHD simulation of two merging mag-
netic islands to show that the disruption of the current sheet
triggers the onset of fast magnetic reconnection. Rappazzo et al.
(2019) applied a 3D simulation to analyze the twisting of mag-
netic field lines by photospheric vortices at the footpoints of
two reconnecting magnetic flux tubes and the occurrence of an
inverse cascade of magnetic energy. Beg et al. (2022) performed
a 3D simulation of two merging magnetic flux ropes to show
that the initial laminar phase involving the onset of Sweet-Parker
reconnection evolves to a transition phase with the excitation
of secondary plasmoids and then to turbulent magnetic recon-
nection. Schiavo et al. (2024) applied a 2D MHD simulation of
? Corresponding author: abraham.chian@gmail.com

magnetic reconnection in two merging flux ropes to show that
resistivity plays a central role in regulating the reconnection
dynamics. Sen & Moreno-Insertis (2025) used resistive MHD
simulations to study the production of small collimated bidirec-
tional nanojet-like ejections due to magnetic reconnection at the
interface between two merging plasmoids.

The relation between chaos, stochasticity, complexity, and
intermittent turbulence can be studied by computing the permu-
tation entropy (Bandt & Pompe 2002) and the statistical com-
plexity (Rosso et al. 2007) and then plotting the results in the
complexity–entropy plane. Complexity measures the degree of
coherence-incoherence (as well as intermittency and multifractal-
ity; see Miranda et al. 2021), while entropy measures the degree
of order-disorder. This technique provides a powerful statis-
tical tool to quantify the degrees of complexity and entropy,
which has been applied to characterize the complex nature of
space plasma turbulence (Weck et al. 2015; Hellinger et al. 2019;
Olivier et al. 2019; Osmane et al. 2019; Weygand & Kivelson
2019; Good et al. 2020; Miranda et al. 2021; Kilpua et al. 2022,
2024; Raath et al. 2022; Bandyopadhyay et al. 2024). These
works are based on time series analysis.

In this paper, we apply the complexity-entropy analysis for
the first time to astrophysical images in order to investigate the
incoherent-coherent and disorder-order transitions in the spa-
tiotemporal evolution of photospheric turbulence during a period

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.

L14, page 1 of 6

https://doi.org/10.1051/0004-6361/202556592
https://www.aanda.org
http://orcid.org/0000-0002-8932-0793
http://orcid.org/0000-0002-9532-5195
http://orcid.org/0000-0001-8669-8857
http://orcid.org/0000-0002-5879-4371
http://orcid.org/0000-0002-0744-9746
http://orcid.org/0000-0002-5332-8881
mailto:abraham.chian@gmail.com
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org


Chian, A. C.-L., et al.: A&A, 702, L14 (2025)

of vortex expansion, corresponding to a period of build-up of
magnetic energy and Poynting flux of the Sun’s relaxations
(Chian et al. 2024). In Sect. 2 we present Hinode observations of
the spatiotemporal evolution of photospheric turbulence during
a period of vortex expansion, showing patterns of spatiotemporal
inhomogeneous-homogeneous transition. In Sect. 3, we apply the
complexity-entropy analysis to study images of photospheric tur-
bulence. In Sect. 4 we present a discussion and our conclusions.

2. Spatiotemporal evolution of photospheric
turbulence during a period of vortex expansion:
Inhomogeneous-homogeneous transition

The nonlinear dynamics of photospheric turbulence has been
studied by Abramenko et al. (2001), Abramenko & Yurchyshyn
(2020), and Chian et al. (2020, 2023, 2024). By combining Hin-
ode observations of a photospheric region at a supergranular
vertex at the disk center of the quiet-Sun from 2010 Novem-
ber 2-3 and the technique of Lagrangian coherent structures
(Rempel et al. 2023), these papers have revealed a wealth of
information on the complex dynamics and structures of super-
granular turbulence, such as the objective (i.e., frame invariant)
detection of the transport barriers in supergranulations, the cen-
ter and the boundary of supergranular cells, the interconnec-
tion between the centers of adjacent supergranular cells, and
long-duration vortices at supergranular junctions. In particular,
Chian et al. (2023) and Chian et al. (2024) observed the forma-
tion of a large coherent magnetic structure resulting from the
merger of two small magnetic elements (plasmoids) due to the
trapping and untrapping of a supergranular vortex in an interval
of vortex expansion-contraction of 60 min. This vortex (see vor-
tex B2 in Table I of Chian et al. 2020) has a lifetime of 180 min.

During a period of vortex expansion (associated with a steady
increase in vortex area) of 37.5 min, the line-of-sight magnetic
field and the horizontal electromagnetic energy flux at the cen-
ters of two merging magnetic elements continuously intensify,
which is indicative of the growth of a local small-scale dynamo.
During the period of vortex contraction of 22.5 min, the line-of-
sight magnetic field at the center of plasmoid-1 (2) exhibits a
steady decrease (increase), respectively, implying a steady trans-
fer of magnetic flux from plasmoid-1 to plasmoid-2. At the end of
the vortex expansion–contraction interval, the two merging plas-
moids reach an equipartition of electromagnetic energy flux that
results in the formation of an elongated magnetic coherent struc-
ture encircled by a shell of intense current sheets. Evidence of the
disruption of a thin current sheet at the interface of two merging
plasmoids was observed. In this paper, we focus on the period of
supergranular vortex expansion studied by Chian et al. (2024).

Figure 1 displays the spatiotemporal evolution of the line-
of-sight magnetic field (Bz) in the region of a supergranular ver-
tex during the period of vortex expansion studied by Chian et al.
(2023, 2024), superposed by the line integral convolution (LIC)
maps of the horizontal electric current density (J) and the objec-
tive vortex boundary computed by the instantaneous vorticity
deviation (Rempel et al. 2023). Since the measurement of the
B-vector is not available in our dataset, we obtained the hor-
izontal electric current density from Hinode observations of
the line-of-sight magnetic field by assuming vertically oriented
magnetic fields, which is a reasonable hypothesis for the foot-
points of magnetic flux tubes rooted at supergranular junctions
(Roudier et al. 2018; Chian et al. 2023). The cadence of Hin-
ode images is 90 s. The initial timing (Frame 175) of the vor-
tex expansion period is 12:53:51 UT on 2010 November 2;
the final timing (Frame 200) of the vortex expansion period is
13:31:21 UT on 2010 November 2.
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Fig. 1. Spatiotemporal inhomogeneous-homogeneous transition of the
line-of-sight magnetic field (in G) images superposed by the LIC maps
of the horizontal electric current density at a supergranular vertex during
a period of vortex expansion of 37.5 min. The white line denotes the
objective vortex boundary, the arrows denote the merging plasmoids 1
and 2, and the magenta crosses denote the centers of plasmoid 1 and 2.

Figure 2 displays the spatiotemporal evolution of the hor-
izontal electromagnetic energy flux (S ) in the same region of
Fig. 1 during the period of vortex expansion, superposed by
the LIC maps of the horizontal photospheric velocity (vh) and
the objective vortex boundary. The horizontal electromagnetic
energy flux S = (1/4π)vhB2

z is derived from the Poynting vector
in the MHD approximation (Silva et al. 2022).

Figures 1 and 2 show that there is a steady increase of vortex
area during the period of supergranular vortex expansion due to
chaotic vortex stretching (Chian et al. 2023). At the beginning of
the period of vortex expansion (see Frame 175 in Fig. 1), the dis-
tribution of magnetic flux in the region of supergranular vertex
is spatially inhomogeneous (i.e., irregular); only a small frac-
tion of the intense magnetic flux concentration is trapped at the
interior of vortex boundary. At the end of the period of vortex
expansion (see Frame 200 of Fig. 1), the entire concentration
of intense magnetic flux is trapped within the vortex boundary,
and an elongated magnetic coherent structure is formed, showing
a spatially homogeneous (i.e., regular) distribution of magnetic
flux. We note that for the sake of visualization, the images of
Figs. 1 and 2 have been interpolated.

At the beginning of the period of vortex expansion (see
Frame 175 of Fig. 2), the spatial pattern of the horizontal electro-
magnetic energy flux is inhomogeneous (i.e., irregular), consist-
ing of fragmented patches of Poynting flux, and only a fraction
of the horizontal electromagnetic energy flux is trapped inside
the vortex boundary. At the end of the period of vortex expan-
sion (see Frame 200 of Fig. 2), the merger of two plasmoids
leads to the formation of an elongated electromagnetic coherent
structure fully trapped at the interior of the vortex boundary, and
it shows a homogeneous (i.e., regular) spatial distribution of the
horizontal electromagnetic energy flux. It follows from Figs. 1
and 2 that the spatiotemporal evolution of magnetic and Poynt-
ing fluxes demonstrates the complex system characteristics of
an inhomogeneous-homogeneous transition resulting from self-
organization, transforming from an inhomogeneous state at the
beginning of the period of vortex expansion to a homogeneous
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Fig. 2. Spatiotemporal inhomogeneous-homogeneous transition of the
horizontal electromagnetic energy flux (in ergs cm−2 s−1) images super-
posed by the LIC maps of the horizontal photospheric velocity field at
a supergranular vertex during a period of vortex expansion of 37.5 min.
The white line denotes the objective vortex boundary, the arrows denote
the merging plasmoids 1 and 2, and the magenta crosses denote the cen-
ters of plasmoid 1 and 2.

state at the end of the period of vortex expansion. In the next
section, we apply the complexity-entropy approach to investi-
gate this spatiotemporal transition of photospheric turbulence.

3. Complexity-entropy analysis of images of
photospheric turbulence

The complexity-entropy approaches for analyzing one-
dimensional data formulated by Bandt & Pompe (2002) and
Rosso et al. (2007) were extended by Ribeiro et al. (2012) to
2D or higher data structures. In this section, we adopt the
methodology developed by Ribeiro et al. (2012) to perform a
complexity-entropy analysis of Hinode images of photospheric
turbulence using the open-source implementation provided by
Pessa & Ribeiro (2021). The analysis is based on the evaluation
of ordinal patterns within a two-by-two sliding partition that
traverses the image one pixel at a time, both horizontally and
vertically. Each ordinal pattern corresponds to one of the 24
possible orderings of pixel intensities within the partitions, and
their relative frequency defines the ordinal pattern distribution.
The normalized Shannon entropy of this distribution yields
the normalized permutation entropy (H), while the statistical
complexity (C) is defined in terms of the Jensen-Shannon
divergence. Further details of this methodology can be found in
Ribeiro et al. (2012) and Pessa & Ribeiro (2021).

We computed the statistical complexity measure and the
normalized permutation entropy for Hinode images of the spa-
tiotemporal evolution of the line-of-sight magnetic field and
the horizontal electromagnetic energy flux during the period of
supergranular vortex expansion given by Figs. 1 and 2. To avoid
the introduction of artificial order and complexity from image
interpolation, we computed C and H using the raw images of Bz
and S of Figs. 1 and 2, respectively, without any interpolation
(see Appendix A). Figure 3 shows the computed values of C and
H in the complexity-entropy plane for the line-of-sight magnetic
field (a) and the horizontal electromagnetic energy flux (b). For
the sake of visualization, we show enlarged plots in the inset pan-
els. For comparison, we also include a dashed line representing

0.0 0.2 0.4 0.6 0.8 1.0

Entropy, H

0.0

0.1

0.2

0.3

0.4

C
o

m
p

le
x
it
y
, 
C

(a) Magnetic flux
Bz (175)

Bz (183)

Bz (191)

Bz (200)

2D FBM

0.0 0.2 0.4 0.6 0.8 1.0

Entropy, H

0.0

0.1

0.2

0.3

0.4

C
o

m
p

le
x
it
y
, 
C

(b) Poynting flux
S (175)

S (183)

S (191)

S (200)

2D FBM

Fig. 3. Complexity-entropy plane for the line-of-sight magnetic field Bz
(a) and the horizontal electromagnetic energy flux S (b) during a period
of supergranular vortex expansion of 37.5 min. The timings of frames
175, 183, 191, and 200 are indicated by the four respective symbols. The
dashed line shows the values of C and H obtained from two-dimensional
fractional Brownian motions (2D FBM) with the Hurst exponent, h, rang-
ing from h ≈ 0 (lower right corner) to h ≈ 1; the crescent-shaped curves
denote the minimum and maximum values of the complexity, respec-
tively, for a given value of the entropy. Error bars in the insets indicate
one-standard-deviation uncertainties of H and C estimated by bootstrap-
ping ordinal patterns and their distributions from the Bz and S images.

the values of C and H obtained from two-dimensional fractional
Brownian motions (fractal landscapes; Mandelbrot 1982). It is
clear from the enlarged insets that both Bz and S display a tempo-
ral transition from low to high complexity and a temporal transi-
tion from high to low entropy during the period of vortex expan-
sion. This complexity-entropy characterization of the Bz and S
images is consistent with their spatiotemporal evolution seen in
Figs. 1 and 2, which show a spatiotemporal inhomogeneous-
homogeneous transition during the period of vortex expansion.

In addition, Fig. 3 shows that the magnetic and Poynt-
ing fluxes at supergranular junctions exhibit characteristics
of an admixture of chaos and stochasticity since the loca-
tion of the computed values of C and H is above the line
of two-dimensional fractional Brownian motion (correspond-
ing to region 3 in Fig. 1 of Weygand & Kivelson 2019), albeit
indicating higher degrees of complexity and order in comparison
with stochastic magnetic fluctuations in the solar wind, whose
C and H values lie on top of the line of 1D fractional Brown-
ian motion at the lower right corner of the C-H plane (see, e.g.,
Fig. 7 of Miranda et al. 2021 and Fig. 7 of Kilpua et al. 2022;
also see Appendix B for other general remarks.)

4. Discussion and conclusions

Frisch et al. (1975) presented arguments in favor of an inverse
cascade of magnetic helicity in MHD turbulence toward small
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wavenumbers, leading to the generation of magnetic energy at
larger scales. Robinson et al. (2023) used the Bifrost MHD code
to investigate the formation and evolution of a pre-flare magnetic
flux rope in the quiet Sun and showed that the modeled flux rope
is gradually built from a series of component magnetic recon-
nections involving the coalescence of numerous current-carrying
flux tubes; these reconnections lead to an inverse cascade of
magnetic helicity from small scales to larger scales. In this paper,
we show in Figs. 1 and 2 Hinode observations of the formation
of a large magnetic coherent structure (corresponding to the pho-
tospheric footpoint of a magnetic flux tube) via the merger of
two small plasmoids in conjunction with a local amplification
of magnetic field, mediated by a long-duration supergranular
vortex, thus supporting the physical mechanisms proposed by
Frisch et al. (1975) and Robinson et al. (2023).

Most previous complexity-entropy studies of space
plasma turbulence (Weck et al. 2015; Hellinger et al. 2019;
Olivier et al. 2019; Osmane et al. 2019; Weygand & Kivelson
2019; Good et al. 2020; Miranda et al. 2021; Kilpua et al. 2022,
2024; Raath et al. 2022) have found that the fluctuations are
stochastic. Bandyopadhyay et al. (2024) report observational
evidence of chaos in the Earth’s magnetosheath. In this paper,
we adopt the complexity-entropy plane in Fig. 3 to characterize
the spatiotemporal inhomogeneous-homogeneous transition of
Hinode images of magnetic and Poynting fluxes during a period
of supergranular vortex expansion. Our analysis shows that
magnetic and Poynting fluxes at supergranular junctions display
characteristics of an admixture of chaos and stochasticity. In
particular, we have elucidated the fundamental nature of spa-
tiotemporal coherent structures by quantifying their high degree
of complexity and low degree of entropy. The methodology
developed in this paper paves the way for further investigation
of complexity-entropy in space and astrophysical images.

Lapenta (2008) conducted an MHD simulation to show that
magnetic reconnection can progress in two phases: the slow
laminar Sweet-Parker phase and the fast chaotic reconnection
phase. The 2D MHD simulation of two merging plasmoids by
Huang et al. (2017) showed that by varying the Lundquist num-
ber on the interface current sheet, reconnection can change from
a linear phase to a nonlinear phase of fast reconnection triggered
by the current sheet disruption. The 3D simulation of the merger
of two magnetic flux ropes by Beg et al. (2022) also showed that
reconnection can evolve from a laminar phase to a phase of fast
turbulent reconnection. We show in Fig. 3 that in the initial stage
(from Frame 175 to Frame 191, with a duration of 24 min) of
the period of supergranular vortex expansion, the increase of
the degree of complexity is relatively small, and the dynami-
cal changes in this initial stage are slow. This is in agreement
with Fig. 1, which shows small dynamical changes of the Bz pat-
tern of two merging plasmoids in this initial stage. Moreover,
Chian et al. (2023) showed that the interface current sheet of two
merging plasmoids is weakly perturbed in this initial stage. In
contrast, we show in Fig. 3 that in the final stage (from frame 191
to frame 200, with a duration of 13.5 min) of the period of super-
granular vortex expansion, there is a sharp increase of the degree
of complexity and the dynamical changes in this final stage are
fast. This is in agreement with Fig. 1, which shows significant
dynamical changes of the Bz pattern of two merging plasmoids
in this final stage. Furthermore, Chian et al. (2024) showed that
the interface current sheet is strongly perturbed in this final stage.

To conclude, it follows from the aforementioned discussions
that our complexity-entropy analysis was able to confirm the
numerical simulations of Lapenta (2008), Huang et al. (2017),
and Beg et al. (2022), demonstrating that the formation of a mag-
netic flux tube via the merger of magnetic elements evolves

from a slow laminar phase to a fast turbulent phase. Hence, it
is likely that the onset of fast turbulent magnetic reconnection
may also play a role in the formation of magnetic flux tubes
(ropes).
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Appendix A: The original non-interpolated figures

Figures A.1 and A.2 show the original non-interpolated Hin-
ode images of the line-of-sight magnetic field and the horizon-
tal electromagnetic energy flux used in the complexity-entropy
analysis.

Fig. A.1. Original non-interpolated Hinode images of the line-of-sight
magnetic field of Fig. 1, with the horizontal electric current density in
the background. The white line denotes the objective vortex boundary;
the arrows denote the merging plasmoids 1 and 2; the magenta crosses
denote the centers of plasmoid 1 and 2.

Fig. A.2. Original non-interpolated images of the horizontal electro-
magnetic energy flux of Fig. 2, with the horizontal photospheric veloc-
ity field in the background. The white line denotes the objective vor-
tex boundary; the arrows denote the merging plasmoids 1 and 2; the
magenta crosses denote the centers of plasmoid 1 and 2.

Appendix B: General remarks

Magnetic and velocity fields are the fundamental variables of
solar photospheric turbulence. It is important to carry out a
complex-entropy analysis of both magnetic and velocity fields
for the photospheric turbulence. Note, however, that velocity

is not an objective (i.e., frame invariant) physical variable. To
obtain consistent results, it is necessary to formulate velocity in
terms of the Instantaneous Vorticity Deviation, which is objec-
tive (Chian et al. 2024). The results of our ongoing complexity-
entropy investigation of the photospheric velocity and magnetic
fields will be published in a follow-up paper.

The motivations for analyzing the horizontal electromag-
netic energy flux are three-fold. First, Silva et al. (2022) showed
through Bifrost numerical simulations and SUNRISE observa-
tions that the Poynting flux in the photosphere occurs mainly
parallel to the photosphere and contributes to local plasma heat-
ing. Second, Chian et al. (2023, 2024) showed that the horizon-
tal electromagnetic energy flux plays a key role in the formation
of magnetic flux tube via plasmoid merger. Third, the horizon-
tal electromagnetic energy flux renders strong support for the
complexity-entropy analysis of the line-of-sight magnetic field.

The points in the complexity-entropy serve as a rough guide
to distinguishing chaotic or stochastic fluctuations. Ribeiro et al.
(2017) developed a technique based on the Tsallis q-statistics
to distinguish accurately whether a fluctuation is chaotic or
stochastic, depending on whether the Tsallis complexity-entropy
curves are open or closed. We applied this technique to the time
interval studied in this letter and found that these curves are
sometimes open and sometimes closed, further supporting our
interpretation of the points in Fig. 3 as an admixture of chaos
and stochasticity. Note that these points are located in region 3 of
Fig. 1 of Weygand & Kivelson (2019), which they identified as
chaotic fluctuations with a strong noisy component. This investi-
gation of the Tsallis complexity-entropy curves will be published
in a follow-up paper.

In this letter we chose a specific region of supergranular
junction studied extensively in a series of papers by Chian et al.
(2020, 2023, 2024) to focus on the complex spatiotemporal
dynamics of a localized region of strong vortical flows in
the photosphere. This particular choice of photosphere pro-
vides solid physical insights for interpreting our outcome of
the complexity-entropy analysis. The methodology introduced in
this letter may be readily applied to larger domains of the photo-
sphere to improve the validity of statistics.

The resolution of measurement may affect the complexity-
entropy evaluations (Kilpua et al. 2022, 2024). The Hinode data
used in our complexity-entropy evaluations are based on a spe-
cial campaign of the Hinode mission to collect a continuous 22-
hour dataset of high spatiotemporal resolution of the quiet-Sun
photosphere near the disk center, with high cadence of 90 s and
high spatial resolution of 0.32 arcsec per pixel.

In a recent paper by Abramenko & Yurchyshyn (2020), three
different regions of the quiet-Sun photosphere were studied
using SDO/HMI and the Near InfraRed Imaging Spectrapo-
larimeter (NIRIS) of Goode Solar Telescope. The HMI magnetic
power spectra for the three regions of the quiet-Sun photosphere
exhibit the same spectral index of −1 computed for a wide range
of spatial scales from 10-20 Mm to 2.4 Mm. A comparison of
the HMI and NIRIS spectra with the Kolmogorov-type spectrum
showed that more than 35% of the magnetic energy observed in
the scale range of 3.5–0.3 Mm cannot be accounted for by the
Kolmogorov turbulent cascade and may be attributed to a local
dynamo and/or superdiffusion. The technique of turbulent spec-
tra of Abramenko & Yurchyshyn (2020) can be applied to fur-
ther studies of the photosphere turbulence. It is worth mention-
ing that the observational evidence of local small-scale dynamo
in the quiet-Sun photosphere discussed in this letter and reported
by Chian et al. (2023, 2024) is consistent with the findings of
Abramenko & Yurchyshyn (2020).
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Since the measurement of the B vector is not available in the
quiet-Sun photosphere, we approximate the B vector by the line-
of-sight magnetic field in Fig. 1. This weakness can be circum-
vented by reconstructing the B vector using magnetofrictional
simulations (see, e.g., Gošic et al. 2022).

In this letter, we demonstrated that the spatiotemporal pattern
changes of the inhomogeneous-homogeneous transitions seen
in Figs. 1 and 2 can be quantified by the complexity-entropy
plane of Fig. 3. In this analysis, entropy measures the degree of
order-disorder, ranging from 0 (a perfectly homogeneous image
in which a single ordinal pattern occurs) to 1 (a completely
noisy image in which all ordinal patterns are equally likely). In
turn, complexity quantifies the strength of correlational struc-
ture ("structuredness") in the system and approaches zero at both
extremes of order and disorder, reflecting the intuitive idea that
high complexity lies between these limits. Moreover, complex-
ity is not a trivial function of entropy: for a given entropy value,
complexity can vary between a minimum and a maximum (as
indicated by the continuous curves in Fig. 3), thus providing
information not captured by entropy alone. This provides a pow-
erful statistical tool for quantifying the degrees of complexity
and entropy in the inhomogeneous-homogeneous transitions of
astrophysical turbulence.

The enlarged insets in Fig. 3 for both Bz and S display a
monotonic temporal transition from low to high complexity and
a monotonic temporal transition from high to low entropy. This
is in agreement with the monotonic temporal evolutions of the
objective vortex area, the total Instantaneous Vorticity Deviation
in vortex, and the maximum value of the Instantaneous Vorticity
Deviation during the time interval of vortex expansion (see Fig.
3 of Chian et al. 2024), as well as in agreement with the mono-
tonic temporal evolutions of the total line-of-sight magnetic field
at the interior of vortex boundary, and of the modulus of the
line-of-sight magnetic field and the horizontal electromagnetic
energy flux at the centers of two merging plasmoids (see Fig. 7
of Chian et al. 2024). The consistency of these results is an indi-
cation of the robustness of our complexity-entropy analysis.

L14, page 6 of 6


	Introduction
	Spatiotemporal evolution of photospheric turbulence during a period of vortex expansion: Inhomogeneous-homogeneous transition
	Complexity-entropy analysis of images of photospheric turbulence
	Discussion and conclusions
	References
	The original non-interpolated figures
	General remarks

