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Abstract

As statistical systems, galaxies exhibit a rich interplay between organized structure and stochastic fluctuations
across a broad range of spatial scales. This duality motivates the need for quantitative frameworks capable of
capturing their morphological complexity. The ordinal patterns framework, along with its associated statistical
measures: permutation entropy (H), disequilibrium (DE), statistical complexity (C), and ordinal network node
entropy, has recently emerged as a powerful tool for analyzing such complexity in physical systems. We apply
this framework in a multiwavelength, multiscale analysis of the galaxy NGC 628, utilizing observations in the
near-ultraviolet, near-infrared, mid-infrared, and millimeter bands. Our results reveal a characteristic spatial scale
of approximately 200 pc, marking the transition from small-scale structures influenced by star formation and
stellar feedback to larger-scale morphology governed by the galaxy’s dynamics. Furthermore, we find that the C
versus H trajectories for all wavelengths converge toward a common attractor curve, consistent with the behavior
of isotropic Gaussian random fields. This convergence suggests a universal statistical behavior in galactic
structure at large scales, despite the differing physical processes traced by each wavelength.

Unified Astronomy Thesaurus concepts: Galaxies (573)

1. Introduction

Complexity of statistical systems is a multifaceted concept,
with numerous complexity measures proposed across
disciplines (S. Lloyd 2001; R. Friedrich et al. 2011; A. Roli
et al. 2019). Traditional complexity measures include Lyapunov
exponents (A. Wolf et al. 1985), fractal dimensions
(B. B. Mandelbrot 1985), and entropy (T. M. Cover 1999),
each offering a distinct perspective on the underlying
characteristics of complex systems.
R. Lopez-Ruiz et al. (1995) introduced a statistical measure

of complexity based on the distance of the probability
distribution of “accessible states” of a given system from an
equiprobable distribution, multiplied with the Shannon
entropy (C. E. Shannon 1948). This complexity measure and
Shannon entropy encode complementary information of order
and disorder. The so-called complexity-entropy plane then
serves as a phase space on which different physical systems
take values, allowing for distinction by their degree of
complexity. This characterization of physical systems depends
on the “scale of observations” as the space of accessible states
varies with observation scale.
C. Bandt & B. Pompe (2002) introduced the so-called

permutation entropy (H), as an information-theoretic measure
of the complexity of 1D empirical data, by constructing
accessible states based on comparison of neighboring data values
and symbolic dynamics (G. Balasis et al. 2013). O. A. Rosso
et al. (2007) extended the formalism and proposed a statistical
complexity measure (C) based on the notion of complexity

introduced in R. Lopez-Ruiz et al. (1995), and used the
complexity-entropy (CH) plane to distinguish different systems.
H. V. Ribeiro et al. (2012) and L. Zunino & H. V. Ribeiro (2016)
further extended the formalism to 2D data, which is used to
investigate spatial structures (L. Zunino & H. V. Ribeiro 2016;
H. Y. Sigaki et al. 2018, 2019; C. Morel & A. Humeau-Heurtier
2021) in image analysis. The formalism of CH-plane has been
widely used to distinguish complex structures across different
physical domains (X. Mao et al. 2019; A. L. Chanu et al.
2024, 2025; M. K. Singh et al. 2026). Further, one can construct
the so-called ordinal networks from transitions among accessible
states (A. A. Pessa & H. V. Ribeiro 2019) that can extract
additional distinguishing features in different datasets (see,
e.g., A. A. Pessa & H. V. Ribeiro 2020, 2021).
Astrophysical systems—ranging from sunspot cycles, turbu-

lent plasmas, orbital systems to galaxy morphologies and large-
scale structure—exhibit rich complexity shaped by nonlinear
processes, feedback, and multiscale interactions (S. N. Shore &
D. Galli 2003; O. Regev 2006; G. Consolini et al. 2009;
M. Aschwanden 2011; F. Fiore et al. 2024; A. Langlen Chanu
et al. 2024; S. Ó. Hyman et al. 2025). This paper is focused on
the complexity of galaxy morphologies. Galaxies constitute an
important dynamical component of our observable Universe.
Various studies have shown that the morphology of galaxies
correlates with their physical properties, including mass,
specific star formation rate, gas fraction, and integrated colors
(e.g., (g – r), (B – V )), among others (J. R. Gott &
T. X. Thuan 1976; B. M. Poggianti et al. 2009; M. Cano-Díaz
et al. 2019). For instance, elliptical galaxies are generally more
massive than spiral galaxies. Since elliptical galaxies have
already consumed most of their gas to form stars, they exhibit
low gas fractions and show no recent star formation, making
them appear red compared to late-type spirals. Thus,
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morphological classification is crucial for understanding galaxy
formation, evolution, and the underlying physical processes.
Existing classification methods primarily rely on visually

distinguishing morphological features (E. P. Hubble 1936;
G. De Vaucouleurs 1959). More recent approaches use
improved photometric and spectroscopic data (S. A. Kauffman
et al. 1993; A. J. Connolly et al. 1995; C. W. Yip et al. 2004),
and automated intelligent techniques, including machine
learning, to classify large numbers of galaxies (C. Lintott
et al. 2011; X.-P. Zhu et al. 2019; B. E. Robertson et al. 2023).
There are other nonparametric techniques describing the shape
and light distribution of galaxies that are commonly used to
classify the galaxies (J. M. Lotz et al. 2004; A. W. Graham &
S. P. Driver 2005; C. J. Conselice 2006).
The structural and dynamical features of galaxies make

them ideal for analysis using tools from the statistical physics
of complex systems. In this pilot study, we assess the use of
ordinal patterns and associated measures—permutation
entropy, statistical complexity, and ordinal network node
entropy—for classifying galaxy morphology. We select NGC
628 (the Phantom Galaxy), a well-studied, face-on spiral
galaxy with high-resolution, multiwavelength data, meeting
criteria for 2D-analysis, emission diversity, and data accessi-
bility. NGC 628 has been extensively studied across a broad
spectrum of wavelengths, from radio frequencies to X-rays
(see J. Kamphuis & F. Briggs 1992; R. Soria &
A. K. H. Kong 2002; K. Kreckel et al. 2018; J. C. Lee
et al. 2023). In this study, using near-ultraviolet (NUV),
near-infrared (NIR), mid-infrared (MIR), and millimeter (mm)
images, we quantify its morphological complexity across
wavelengths.
The ordinal pattern framework and in particular the CH-

plane has been previously used to study magnetic flux ropes in
the corona of the Sun (W. Gekelman et al. 2019), turbulence in
the solar wind (P. J. Weck et al. 2015; J. M. Weygand &
M. G. Kivelson 2019), electron plasma pressure filaments
(S. Karbashewski et al. 2022), characterization of exoplanet
systems (G. J. Gilbert & D. C. Fabrycky 2020; S. Bartlett et al.
2022), and X-ray (M. Lovallo & L. Telesca 2011) and radio
astrophysical sources (G. Segal et al. 2019). Applying
information-theoretic metrics such as entropy and statistical
complexity has yielded valuable insights across astrophysical
systems. For example, S. Bartlett et al. (2022) demonstrated
that these metrics effectively characterize planetary features
and can assist in detecting potential biospheres in exoplanet
studies. J. M. Weygand & M. G. Kivelson (2019) used them to
reveal the stochastic behavior of solar wind structures,
including interplanetary coronal mass ejections, corotating
interaction regions, and turbulent magnetic fluctuation inter-
vals. Likewise, G. Segal et al. (2019) showed their ability to
distinguish simple and complex radio galaxy morphologies in
data from the Australia Telescope Large Area Survey.
This paper is organized as follows. Section 2 outlines the

framework of ordinal patterns, permutation entropy, statistical
complexity, and ordinal networks, along with their physical
interpretations. Section 3 describes the multiwavelength data
and physics of NGC 628. In Section 4, we present our main
analysis and results. Finally, Section 5 concludes with a
summary and discusses the implications of our findings and
future directions.

2. Framework of Ordinal Patterns, Permutation Entropy,
Statistical Complexity, and Ordinal Networks

This section introduces the main concepts used in our
analysis, namely, ordinal patterns, permutation entropy,
statistical complexity, complexity-entropy causality plane,
and ordinal networks. This section follows A. A. Pessa &
H. V. Ribeiro (2021).
Consider an Nx × Ny data matrix Y whose elements are Yi

j,
with i = 1, 2, …, Nx, j = 1, 2, …, Ny. For a fixed (i, j), let y be a
submatrix of size dx × dy:
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dx, dy are referred to as “embedding dimensions.” The smallest
choice is dx = 2 = dy, in which case y is a 2 × 2 matrix.
Moreover, they are chosen to satisfy dx ≪ Nx, dy ≪ Ny with
(dxdy)! ≪ NxNy. This condition is necessary to get a reliable
estimate of the ordinal probability distribution, which will be
defined shortly.
Let us denote nx ≡ Nx − (dx − 1) and ny ≡ Ny − (dy − 1).

By varying i from 1 to nx, and j from 1 to ny in steps of one, we
can construct nxny number of such y submatrices. In general,
the steps for i and j can be arbitrary positive integers, usually
known as embedding delays. Here we restrict to unit
embedding delays.
Permutation state or ordinal pattern. Every submatrix y can

be mapped to a “permutation state” or “ordinal pattern” by the
following procedure.

1. Flatten the elements of y. Write the elements of y as a 1D
sequence denoted by z z z z, , , d d1 2 x y

{ }= … (referred to as
the “flattening” step). There is no unique way to flatten y.
We choose one way of doing it consistently for all y.

2. Map z to a symbolic sequence A. We assign an integer
sequentially to each element of z as,

z m A m d d1 , 1, 2, , . 2m x y{ } {( )} ( )= …

A is a symbolic sequence because its integer elements
only serve as position markers or indices for the elements
of z.

3. Sorting and permutation. Next, the elements of z are
sorted in ascending order to get another sequence zS,
resulting in the elements of A getting shuffled or
permuted to get another sequence AS. The new sequence
AS is referred to as a “permutation state” or “ordinal
pattern.” Other terms such as “permutation pattern,”
“ordinal state,” and “permutation symbol” are also used
in the literature.

The steps 1–3 above map every submatrix y to a
permutation state. We introduce the symbol i,i

j =
n j n1, 2, , , 1, 3, ,x y… = … , to denote a permutation state. The

sequence i
j

i n
j n

1,2,3, ,
1,2,3, ,

x

y{ } = …
= … is referred to as the ordinal sequence.

It is just the set of all nxny number of permutation states
obtained from Y. An illustration of the computation of
permutation states for an example 2D array is given in
Appendix A.
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Ordinal probability distribution. Given dxdy number of
distinct nonnegative integers, we have (dxdy)! distinct states.
Under the condition NxNy ∼ nxny ≫ (dxdy)!, not all states in the
ordinal sequence will be distinct. Let us denote each distinct
state by ψk, where k = 1, 2, …, (dxdy)!. Let nk denote the
number of occurrences of each ψk in the ordinal sequence.
Then, the probability of occurrence of each ψk is given by:

n

n n
. 3k k

k k

x y
( ) ( ) ( )=

The function P = {ρk(ψk)} is referred to as the ordinal
probability distribution. It satisfies the normalization condi-
tion:

P 1. 4
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d d
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d d
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Having introduced the basic concepts of ordinal patterns, we
now introduce the statistical quantities that we will use to
analyze the galaxy data.

2.1. Permutation Entropy, Statistical Complexity, and the
Complexity-entropy (CH) Causality Plane

Permutation entropy, H[P]. The functional S[P] expressed
by

S P log 5
k

d d

k k k k
1

2

x y

[ ] ( ) ( ) ( )
( )!

=
=

is the entropy of the permutation states (C. Bandt &
B. Pompe 2002). Then the normalized permutation entropy,
H[P] (O. A. Rosso et al. 2007), is defined as

H
S P

d dlog
, 6

x y2

[ ]
( )!

( )=

where the normalization factor d dlog x y2( )! is the maximum
entropy; thus, H satisfies 0�H� 1. H (or S) provides a
measure of the degree of disorder or randomness of the data Y,
with H → 1 indicating high disorder.
H is exactly 1 when Y consists of totally random elements

and all distinct permutation states are equiprobable, whereas
when physical correlations are present in the data across scales
set by (dx, dy), some states have higher probabilities, hence
H < 1. The higher the correlation strength, the lower the
value of H.
Statistical complexity, C[P, U]. Let U denote the uniform

probability distribution, U = {uk}, with k = 1, 2, …, (dxdy)!,
where uk = 1/(dxdy)!. The Jensen–Shannon divergence
between the probability distributions P and U is given by

D P U S
P U S P S U
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2 2 2
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+

with permutation entropy of P, S[P] (Equation (5)), and
permutation entropy of U, S[U] given by

S U u ulog . 8
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P + U is the mixture distribution of P and U, and its
corresponding permutation entropy is

S
P U u u
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D of Equation (7) measures how different P is from U. It is
nonzero when there exist more likely states in the space of
states constructed from Y.
The so-called disequilibrium (M. Martin et al. 2003),

denoted by DE, is defined as the normalized Jensen–Shannon
divergence,

D P U
D P U

D
,

,
, 10E

max
[ ] [ ] ( )=

where Dmax denote the maximum possible value of D[P, U]
obtained when P is 1 and U vanishes as:
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DE (or D) provides a measure of order and organization in the
data Y since it measures how far the ordinal probability
distribution of Y is from an equiprobable distribution
(representing equilibrium). By definition, 0�DE� 1. Finally,
the statistical complexity, C (O. A. Rosso et al. 2007) is
defined to be:

C D P U H P, . 12E [ ] [ ] ( )=

Complexity-entropy (CH) plane. For a given data Y, and for
chosen (dx, dy) values, the computed values of H and C occupy a
point (H, C) on the CH-plane with H on the x-axis and C on the
y-axis. Datasets of different physical origins, for example,
stochastic processes such as white noise, colored noise, and
fractional Brownian motion or chaotic processes such as Lorenz,
logistic map will typically occupy distinct regions of the CH-
plane and hence can be distinguished (O. A. Rosso et al. 2007).
The entropy and complexity measures defined above have

various attractive properties (C. Bandt & B. Pompe 2002;
O. A. Rosso et al. 2007). The permutation patterns naturally
emerge from the data without the need for any parameteriza-
tion. Moreover, the results are unaffected by the presence of
low levels of noise, invariant under monotonic transformations
of the data values, and are also computationally inexpensive.
It is useful to analyze a given 2D-data using different

choices of (dx, dy) because they probe spatial correlations at
varying scales. For a given (Nx, Ny), as we increase dx and dy,
the total number of permutation states given by nxny decreases,
while the number of distinct states (dx, dy)! grows factorially.
This leads to a decrease of H due to the normalization factor in
Equation (6), unless the data contains unusual scale depend-
ence. In comparison, the behavior of C is not straightforward
to anticipate. Further, interchanging dx and dy is equivalent to
rotating the data by 90°, which can yield different H and C if
the system lacks rotational symmetry, making such analysis
useful for probing anisotropy.
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2.2. Node Entropies from Ordinal Network

The ordinal patterns from the data matrix Y can be mapped
into the nodes of an ordinal network (M. Small et al. 2018;
A. A. Pessa & H. V. Ribeiro 2019). Each basis state ψk
corresponds to a node, yielding k = 1, 2, …, (dxdy)! nodes.
Directed edges connect adjacent basis states (horizontal or
vertical), representing transition between the states. Suppose
nk→m denotes the total number of occurrences of a transition
ψk → ψm. Then the weighted adjacency matrix is:

n

n n n n2
. 13k m

k m

x y x y
, ( )=

The denominator represents the total number of horizontal and
vertical transitions. Then the normalized transition probability is:

O

, 14k m
k m

m k m
,

,

,k

( )=

where Ok is the set of all outgoing edges from node k.
We focus on the entropy measures that take into account the

probabilistic nature of nodes and edges locally, and globally
for the ordinal network. The local node entropy (M. McCullo-
ugh et al. 2017; M. Small et al. 2018; A. A. Pessa &
H. V. Ribeiro 2020)

O

s log , 15k
m

k m k m, ,
k

( )=

measures determinism in the transitions at the node
level (A. A. Pessa & H. V. Ribeiro 2020); sk = 0 if only
one edge exits k, and is maximum when all edges leaving k
have the same weight (equiprobability).
The global node entropy (A. A. Pessa & H. V. Ribeiro

2020)

sS , 16
k

d d

k kgn
1

x y

( )
( )!

=
=

is the weighted average of local entropies over all nodes of the
network, with ρk being the probability of occurrence of each ψk
(Equation (3)).

2.3. Ordinal Pattern Analysis for Gaussian Random Fields—A
Toy Example

Before analyzing the morphological complexity of NGC
628, we first evaluate permutation entropy (H), statistical
complexity (C), CH-plane, and global node entropy (Sgn), as
described in Sections 2.1 and 2.2, for realizations of Gaussian
random fields (GRFs), which provide benchmarks for inter-
preting the galaxy’s results.
We simulate GRFs with zero mean and unit variance on a

500 × 500 pixel grid, approximately comparable to the galaxy
data. Uncorrelated, isotropic Gaussian white noise is generated in
Fourier space, smoothed using a Gaussian kernel with standard
deviation s (in pixel units), and then inverse-transformed. s
introduces a characteristic smoothing scale. Hereafter, we refer to
this as Gaussian smoothing. Larger s suppresses high-frequency
(large k) modes, resulting in smoother, large-scale fluctuations.
Conversely, a smaller s retains high-frequency components,
producing finer, small-scale structures. We vary s to study how
H, C, and Sgn change as functions of spatial scale.
Figure 1 shows realizations of the GRF for a fixed random

seed with varying s (top row). We compute H and C for these

GRFs, using embedding dimensions: (dx, dy) = (2, 2), (2, 3),
and (2, 4). For all (dx, dy) pairs, H decreases with increasing s.
This can be visually inferred from the fact that for low s the
GRFs contain more modes (hence more information and
disorder), while for large s, the field becomes smoother and
more ordered. For fixed s, H have lower values for higher
(dx, dy), which is expected (see discussion in Section 2.1).
C exhibits a rapid increase at low s, reaches a maximum

(seen for the higher (dx, dy) values in Figure 1), and then tends
to decrease. The curves for different embedding dimensions
cross each other due to different rates of increase and
subsequent decrease with increasing s. For improved visual
clarity, we show these H and C results in semi-log plots in the
left and middle panels of the second row of Figure 1.
The right panel presents the CH-plane for the three

embedding dimensions, with the black arrows indicating the
direction of increasing s.
Limit of perfect correlation. In the above discussion, we

focus on smoothing scales s that are in the ballpark range
appropriate for the galaxy data in the next section. In the limit
s → ∞ (a completely uniform field), the field tends to a
constant function, and H → 0, C → 0.
We now map the GRFs at each s to ordinal networks and

calculate the horizontal and vertical global node entropies, Sgn
hor

and Sgn
ver, respectively. In the bottom row of Figure 1, we plot

the variation of Sgn
hor (dotted), and Sgn

ver (dashed) with s (left),
along with their difference, ΔSgn (middle). ΔSgn decreases with
s and approaches zero, capturing directional asymmetries at
small scales. Next, in the right panel, we fit an inverse power-
law function (solid green line) to ΔSgn(s) (green triangles) in a
log–log plot, yielding ΔSgn(s) = 18.58 × s−1.18 with a
goodness-of-fit value of R2 = 0.166, indicating not particularly
good fit. Investigating similar relations in the NGC 628 data
may reveal signatures of self-organization arising from multi-
scale physical interactions in the galaxy.

3. NGC 628 Galaxy—Multiwavelength View and
Observed Data

The galaxy NGC 628 is a nearly face-on (i = 8.°9; P. Lang
et al. 2020) grand design spiral galaxy (SA(s)C; G. de
Vaucouleurs et al. 1991) at a distance of 9.84Mpc (G. S. Anand
et al. 2020). It is a massive galaxy (log(M*/M⊙) = 10.34;
A. K. Leroy et al. 2019) with extended neutral hydrogen and
UV disk (J. Kamphuis & F. Briggs 1992; D. A. Thilker et al.
2007; J. Yadav et al. 2021).
In this section, we describe the multiwavelength imaging

data used in our study and also overview physical features
observed across the wavelengths of NUV, NIR, MIR, and mm,
as shown in Figure 2(a).

3.1. Multiwavelength Observed Data of NGC 628

We use archival UV observations from the Ultraviolet
Imaging Telescope (UVIT) on board the AstroSat
telescope (A. Kumar et al. 2012). UVIT consists of two
coaligned Ritchey–Chrétien telescopes with a field of view of
0.°5, one for FUV (1300–1800 Å) and the other for NUV
(2000–3000Å) and visible (VIS) bands. We obtain Level 1
data from the Indian Space Science Data Centre (ISSDC)
website.6 The raw UVIT data is reduced following

6 https://astrobrowse.issdc.gov.in/astro_archive/archive/Home.jsp
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S. Amrutha & M. Das (2025). Multiple filter observations are
available for NGC 628. We use only the NUVB4 N263M filter
(1365 s exposure time).
NGC 628 is a part of the Physics at High Angular

Resolution in Nearby GalaxieS (PHANGS) program.7 We
use reduced archival data from the Atacama Large Millimeter/
submillimeter Array (ALMA; A. K. Leroy et al. 2021a, 2021b)
CO (J = 2 → 1) moment 0 map and the James Webb Space
Telescope (JWST; J. C. Lee et al. 2023) MIR instrument
(MIRI) F2100W8 and NIR camera (NIRCam) F360M images,
both obtained from the PHANGS Treasury. Table 1 lists
relevant image parameters for the data used in our study.
To ensure consistent spatial scales across all four images,

we apply interpolation so that the plate size would cover the
same area of the galaxy (0.417 pix–1). Each pixel corresponds
to a physical size of 19.89 pc. We convolve all images to a
common resolution of 1.2 (UVIT; the poorest resolution
among the maps), corresponding to the physical scale of 57 pc.

The final images, displayed in Figure 2(a), consist of
530 × 311 pixels, spanning 10.54 × 6.19 kpc2.

3.2. Multiwavelength View of NGC 628

NUV. This emission traces recent star formation, predomi-
nantly from O, B, and massive A stars over timescales of
200–300Myr (D. A. Thilker et al. 2005). In NGC 628, large
NUV star-forming complexes are found in the wider arms and
interarm regions. A faint UV emission is observed across the
disk, especially at the galaxy’s center, indicating some evolved
stellar populations and scattered dust. NGC 628 has
experienced self-regulated star formation over the last
500 Myr (R. H. Cornett et al. 1994; J. Zaragoza-Cardiel
et al. 2019), owing to the lack of interactions in the past Gyr.
NIR (3.6 μm). This emission traces the bulk of low-mass

stars and evolved giants (which have moved off the main
sequence), producing smoother, less clumpy arms. The center
is bright, with two prominent spiral arms and a visible
bifurcation in the top-right arm.
MIR. The emission in MIR is due to re-emission of UV and

visible light absorbed by the dust, tracing embedded star

Gaussian smoothing s Gaussian smoothing sGaussian smoothing s

Gaussian smoothing s Gaussian smoothing s

Figure 1. Top row: one realization of a 2D isotropic Gaussian random field generated on a grid of 5002 pixels, with increasing smoothing scales (left to right) given
in units of pixel numbers. Middle row: permutation entropy, H, (left) and statistical complexity, C, (middle), as functions of the smoothing scale s at embedding
dimensions (dx, dy) = (2, 2) (red), (2, 3) (green), and(2, 4) (purple), for the fields in the top row. The right panel shows the CH-plane. The black arrows indicate the
direction of increasing s. Bottom row: horizontal, Sgn

hor, (dotted) and vertical, Sgn
ver , (dashed) global node entropies (left), global node entropy difference, ΔSgn,

(middle), as functions of the smoothing scale, for (dx, dy) = (2, 3). The log–log plot of the right panel shows an inverse power-law fit (solid line) to ΔSgn (triangles)
as a function of smoothing scale.

7 https://sites.google.com/view/phangs/home
8 https://jwst-docs.stsci.edu/jwst-mid-infrared-instrument/miri-observing-
modes/miri-imaging#gsc.tab=0
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formation. The MIRI F2100W band (includes 24 μm) reveals
bright spiral arms, spurs (T. G. Williams et al. 2022), bubbles
(E. J. Watkins et al. 2023), and web-like interarm structures.
Millimeter (mm). The mm emission of our data corresponds

to the J = 2 → 1 transition of carbon monoxide (CO)
molecules, which indirectly traces cold molecular hydrogen
clouds that exhibit clumpy structures. With the ALMA strict
map, diffuse emission is filtered out (A. K. Leroy et al. 2021a).
CO emission is bright throughout the spiral arms and spurs.

(a)

NUV NIR MIR mm

0.0 0.5 1.0 1.5 2.0 2.5 3.0

(b)

0 1 2 30

1

2

PD
F

NUV

0 1 2 3

NIR

0 1 2 3

MIR

0 1 2 3

mm
= 2
= 10

Field Value
Figure 2. Top row of (a): images of the galaxy NGC 628 observed at NUV, NIR, MIR, and mm wavelengths (left to right) obtained from UVIT, JWST (NIR and
MIR), and the Atacama Large Millimeter/submillimeter Array (ALMA), respectively. All images cover identical fields of view. The intensity values of each image
have been normalized by the respective standard deviation. All images are smoothed identically using a Gaussian kernel with a smoothing scale σ = 2 (in pixels).
Bottom row of (a): same as the top row but for σ = 10. Image parameters are provided in Table 1. (b) Probability density functions (PDFs) of the field values of the
four images in (a) corresponding to the top row (blue), and bottom row (yellow).

Table 1
Image Parameters

Image
Central

Wavelength Image PSF Platescale Pixel Unit
(nm) (arcsec) (″ pix–1)

UVIT NUV 2.63 × 102 1.2 0.417 counts
JWST NIR 3.6 × 103 0.12 0.063 MJy sr−1

JWST MIR 2.1 × 104 0.67 0.11 MJy sr−1

ALMA mm 1.3 × 106 1 0.2 K km s−1

6

The Astrophysical Journal, 1003:50 (15pp), 2026 May 20 Chanu et al.



3.3. Coarse-graining Images

To carry out a multiscale probe of the structural properties
of NGC 628, we systematically perform coarse-graining
(smoothening) of the multiwavelength images using Gaussian
kernels with different standard deviations σ (in units of pixel
numbers). Throughout this paper, we use “smoothing scale” to
mean the standard deviation of the smoothing kernel. This
process mimics telescope beam smoothing and enables
analysis at varying resolutions. By varying σ, we study small-
and large-scale morphological features arising from multiscale
physical interactions. Figure 2(a) displays the images
smoothed with σ = 2 (first row) and 10 (second row).
Effective physical scale. The point-spread function (PSF)

values quoted in Table 1 are full-width at half maximum
(FWHM) values. The common smoothing of all images by
FWHM 1.2 corresponds to 57 pc in physical scale, and the
corresponding smoothing scale is 24.2 pc. In pixel units, this
corresponds to a smoothing scale, denoted by σa, of 1.22.
Since the smoothing by σ discussed above is in addition to the
common smoothing by σa, the effective smoothing scale, in
pixel units, is

1 . 17aeff
2( ) ( )/= +

For σ ≫ σa, we have σeff ∼ σ. Then the physical length scales,
which we denote by LFWHM, associated with the FWHM value
corresponding to σeff are given by

L 2 2 ln 2 19.89 pc. 18FWHM eff ( )= × ×

In Section 4 we will primarily use the smoothing scale σ for
plotting and presenting our results, unless stated otherwise.
However, for interpretation in terms of physical length scales,
we will use LFWHM, which is the length corresponding to the
smoothing FWHM.

3.4. Probability Distribution Functions at Multiwavelengths

The panels in Figure 2(b) show the probability density
functions (PDFs) of the emissions of NGC 628 at NUV, NIR,
MIR, and mm wavelengths, for smoothing scales σ = 2 (blue)
and σ = 10 (yellow). We observe that all PDFs are right-
skewed. For the mm image, we observe a sharp drop in the
PDF values for lower field values. A precise modeling of the
PDFs is not important for our discussion here.

4. Results for NGC 628

In this section, we present the results obtained for
permutation entropy H, disequilibrium DE, statistical complex-
ity C, and ordinal network global node entropy Sgn for the
multiwavelength images of NGC 628. We probe the multiscale
nature by smoothing the galaxy field data at different scales σ
and using different choices of embedding dimensions (dx, dy).
Choice of embedding dimensions. We use combinations of

(dx, dy) = (2, 2), (2, 3), and (2, 4). These choices are
constrained by the total number of available pixels in the data,
and the condition for statistical reliability: (dxdy)! ≪ 164, 830.
Different embedding dimensions explore correlations for
varying chunks of data, and this can potentially reveal distinct
structural features that may not be apparent at a single
embedding dimension.

The numbers of distinct states, permutation states, and the
physical sizes (each pixel rounded off to 20 pc) associated with
the three (dx, dy) choices are listed as Table 2 below.

As a demonstration, we present the ordinal probabilities
{ρk(ψk)} for the four images of NGC 628 at σ = 2 for
(dx, dy) = (2, 2) in Figure 3. The x-axis shows the 24 distinct
states ψk. We see that some states are more probable than
others. The manner in which the ordinal probabilities deviate
from equiprobable distribution results in distinctive behavior
of the statistical quantities (H, DE, C, and Sgn) introduced in
Section 2.
Estimation of errors. We estimate errors associated with the

computed values of H, DE, and C values of NGC 628 as
follows. We divide the data into 20 equally sized patches, each
having an area roughly 2.11 × 1.53 kpc2. Then, treating each
patch as independent data, we compute H, DE, and C, and treat
the standard deviations from the 20 values as the statistical
uncertainties. Note that this way of estimating errors will
slightly underestimate the true errors since the different
patches are actually correlated.
The errors in H and DE will propagate to yield the error in C.

To quantify this, let ,H DE, and σC denote the standard
deviations (errors). Then,

D H HD H D2 Cov , , 19C E H D E E
2 2 2

E
¯ ¯ ¯ ¯ ( ) ( )= + +

where the bar indicates mean values, and H DCov , E( ) is the
covariance between H and DE. Intuitively, we expect H and DE
to be anticorrelated, with H DCov , E( ) being negative. We
explicitly compute the covariance and confirm that this is so.
Then, σC will not be simply related to the quadrature sum of
σH and DE. For all results shown henceforth, we will use

,H DE
, and σC to show the error bars.

NUV            NIR                  MIR           mm

Figure 3. Ordinal probabilities {ρk(ψk)} of the four NGC 628 images when
(dx, dy) = (2, 2) at smoothing scale σ = 2.

Table 2
Counts of Distinct and Permutation States, and Physical Sizes of Spatial
Regions Corresponding to the Three Embedding Dimension Choices

(dx, dy) No. of No. of Physical
Distinct Permutation Size in
States States pc2

(2, 2) 24 163,990 40 × 40
(2, 3) 720 163,461 40 × 60
(2, 4) 40,320 162,932 40 × 80

7

The Astrophysical Journal, 1003:50 (15pp), 2026 May 20 Chanu et al.



4.1. Entropy, Disequilibrium, and Complexity for Different
Wavelength Images of NGG 628 across Scales

Figure 4 shows permutation entropy (H), disequilibrium
(DE), and statistical complexity (C) as functions of smoothing
scale σ at (dx, dy) = (2, 2), (2, 3) and (2, 4). From the top row,
at all embedding dimensions (dx, dy), in all bands except mm,
H decreases with increasing σ consistent with the loss of
small-scale structures seen in the images: in NUV emission
from evolved stellar population and dust scattering, in NIR due
to starlight from low-mass stars, dust continuum, and scattered
light, and in MIR from bright clumpy dust in the spiral arm,
with diffuse interarm web structures. Since H quantifies
randomness, diffuse structures in the observed data have a
pronounced effect on H. At mm wavelength, however, H
shows only mild variation with σ, reflecting the cold and
clumpy nature of the emission and the lack of diffuse
structures, as also evident in the PDFs of Figure 2(b), where
mm and MIR have most of the field values around 0. A mild
nonmonotonic behavior for (dx, dy) = (2, 2) at small σ is
further explained by the clumpy nature of regions that emit in
mm wavelengths, making them less disordered. The second
row shows increasing DE with σ across all wavelengths and
(dx, dy), indicating greater structural order as fluctuations are

washed out with smoothing. The third row shows the behavior
of C, encoding information of both H and DE, with σ at
different (dx, dy), highlighting that different embedding
dimensions capture distinct aspects of the galaxy’s complexity
inherent in different spatial structures of the galaxy field at the
given scale.
We observe that for H and DE, (dx, dy) = (2, 2) has the

largest error bars, with a drop toward higher embedding
dimensions across all wavelengths. The errors tend to increase
with σ, except for mm, which shows the opposite trend.
Moreover, NIR shows larger error bars relative to other
wavelengths, indicating larger fluctuations across the galaxy.
MIR shows the smallest error bars, indicating relative
uniformity of the fluctuations across the galaxy. We also
observe that for C the sizes of error bars do not follow the
trends of H and DE, which is because of H DCov , E( ) being
negative.
The bottom row of Figure 4 shows the CH-planes

parameterized by σ, with the black arrows indicating
increasing σ. Across different embedding dimensions, H
consistently decreases with increasing smoothing for all
images (except mm at (dx, dy) = (2, 2)). However, complexity
C exhibits interesting behaviors: for (dx, dy) = (2, 2), C shows
increasing trends; for (dx, dy) = (2, 4), C decreases; and for

NUV MIRNIR mm

Figure 4. First, second, and third rows: H, DE, and C computed using (dx, dy) = (2, 2) (red), (2, 3) green, and (2, 4) (purple) for the four images of NGC 628 shown
in Figure 2 smoothed at different scales σ (in units of 10 pc). The details of the images are provided in Table 1. Bottom row: values of C and H shown on the CH-
causality plane for the three cases of (dx, dy) of the four NGC 628 images at different smoothing scales. The black arrows indicate the direction of increasing σ.
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(dx, dy) = (2, 3), C follows nonmonotonic behaviors. Since
C (=DE × H) reflects the interplay between order (organiza-
tion) and disorder (randomness), these variations of C reflect
distinct complexity inherent in different spatial structures and
scales of the galaxy. These results, therefore, highlight the
morphological complexity of NGC 628 at multiscales.

4.2. Entropy, Disequilibrium, and Complexity of NGC 628
across Observing Wavelengths

We next examine how H, DE, and C vary with observing
wavelength λ. Figure 5 shows H, DE, and C versus λ for
σ = 1, 2, …, 6. The markers and color codes are the same as in
Figure 4. Figure 5 reveals two different behaviors in the variation
of H, DE, and C with σ for all λ. For scales σ < 4, H decreases
with increasing wavelength for all embedding dimensions, as
seen in panel (a). NUV has the highest entropy, which is
explained by the fluctuating nature of star-forming regions across
a wide range of spatial scales with diffuse emission in the entire
disk. In comparison, there is a drop in diffuse emissions in NIR
and further in MIR, resulting in lower values of H. The mm
image has the lowest H value because the emissions primarily
originate from cold, clumpy regions, with no diffuse emissions.
Additionally, UV emission from massive star associations can

photoionize the surrounding gas (W. D. Vacca et al. 1996),
making fluctuations particularly prominent in the NUV band.
Previous studies have also indicated that these associations drive
large-scale motions, contributing to turbulence and structure in
the interstellar medium (ISM; B. G. Elmegreen & J. Scalo 2004;
S. Kim & C. Park 2007). Through stellar winds and supernova
explosions, these stars inject energy (A. Maeder &
P. S. Conti 1994), and create bubbles and superbubbles, ranging
from a few parsecs to several kiloparsecs, which are evident in
the JWST MIR observations of NGC 628 (A. T. Barnes et al.
2023; E. J. Watkins et al. 2023). However, for scales σ � 4, H
does not significantly vary with the variation of wavelength, as
both small-scale structures and diffuse emissions get washed out
due to the effect of larger smoothing. Further examination of DE
and C also shows similar constant behavior as H for σ � 4.
Emergence of a transition scale. In Figures 6(a) and (b), we

present the DEH- and CH-planes, where data points corresp-
onding to all four wavelengths (distinguished by different
markers) are plotted together for each value of σ. We observe
that, for all embedding dimensions, the values across the four
wavelengths converge for σ � 4. This observation reinforces
the conclusion drawn earlier from Figure 5. Hence, based on
visual inspection, σ = σ( c) ∼ 4 emerges as a critical transition
scale beyond which the degrees of order and disorder in NGC
628 exhibit universal behavior across all four wavelengths.
Converting σ( c) to a physical scale, which we denote by
L c

FWHM
( ) using Equation (18), we obtain a value of 196 pc as the

effective transition length scale. We note that this value is not
precisely determined, and the uncertainty has not been
rigorously quantified. However, a rough estimate using
LFWHM(σ = 3) ≃ 152 pc gives an error of [(196 − 152)/
2] pc, which is 22 pc. Hence, the uncertainty must be around
10%. For this reason, we quote the value of L c

FWHM
( ) to be of the

order of ∼200 pc.
Physical significance of the transition scale. At scales below

L c
FWHM
( ) , NUV has the highest H and lowest DE, with decrease/

increase of H/DE toward higher wavelengths. This trend
supports the physical expectation that UV photons generated
by stars transfer energy to the ISM, and have a cascading
(but delayed in terms of a shift in the values of H and DE)
effect. There exists a hierarchy of scales related to star
clusters such as OB associations and stellar aggregates (see,
e.g., A. S. Gusev 2014), and characteristic scales associated
with distinct features of the ISM such as clumps and holes
related to stellar winds, supernova bubbles and superbubbles
(arising from multiple supernova explosions; S. Kim &
C. Park 2007). The hierarchy of these scales is revealed as
the increasing/decreasing part of the plots of H/DE versus σ.
At L c

FWHM
( ) and higher, all wavelengths share the same values

of H and DE, implying that they trace the same structural
features. Therefore, L 200c

FWHM
( ) pc captures the transition

from scales affected by star formation and stellar feedback, to
larger scales where the galaxy’s morphology is shaped by
global gravitational dynamics.
Emergence of attractor curves. Figure 6(c) shows the values

of C and H for all wavelengths (distinguished by markers)
across smoothing scales, plotted on a common CH-plane. The
progression toward lighter colors indicates increasing smooth-
ing scales, as shown by the color bars at the bottom. We see
that C and H values tend to align along the same curve at each
(dx, dy), except the mm image toward small σ. This suggests
the existence of an attractor curve for NGC 628, for each

(a)

(b)

(c)

Figure 5. Comparison of H (a), DE (b), and C (c) as functions of observing
wavelength λ (in nanometers), for each smoothing scale.

9

The Astrophysical Journal, 1003:50 (15pp), 2026 May 20 Chanu et al.



(dx, dy). It is noteworthy that for the smallest embedding
dimension, H and C span relatively smaller regions of the
phase space, indicating that larger embedding dimensions are
necessary to better probe the structural components of the
galaxy.
Further, we generate GRFs with power spectra of the form

P(k) ∝ k− n, where n = 0, 1, 2, and 3. The three light-colored
CH-curves on each panel of Figure 7(a) represent the (H, C)
values of smoothed GRFs (parameterized by s and increasing in

the same direction as σ) for fixed seeds corresponding to the
three embedding dimensions. In each panel, we use the same
markers and colors (indicated by the color bar) as in Figure 6(c)
for the four wavelength images. We do not make a comparison
between s and σ since the GRF is not a physical field, and we
cannot compare the pixel sizes directly. What is of interest to
observe is that the CH-trajectories of the GRFs with n = 1 align
most closely with those of the NGC 628 galaxy field, indicating
that the galaxy field shares similar correlation properties with a
pink-noise (1/f ) spectrum. It further suggests an underlying
universality of the attractor curves, despite the differing physical
processes traced by each wavelength.
Robustness of our results. To test the effect of rotation of the

data, we repeat all calculations for the four image data, as well
as the GRFs, after interchanging dx and dy (except (2, 2), which
is symmetric). We find a negligible effect of the rotations on
all of the results. We note that the results would remain
invariant to any order-preserving transformation of the data,
since the ordinal distributions are the same.

4.3. Surrogate Analysis as a Control Study to Quantitatively
Determine the Transition Scale

Next, to test whether the galaxy’s CH-curve is determined
solely by its power spectrum, we construct realizations of
phase-randomized surrogate GRFs for each wavelength and
smoothing scale σ. These surrogates preserve the exact power
spectrum of the galaxy but have randomized Fourier phases,
thereby destroying nonlinear correlations while retaining all
linear correlations. Further justification on constructing these
phase-randomized surrogates is provided in Appendix B. In
Figure 7(b), we show the mean (H, C) results (indicated by
markers and colors at the top of the panel) obtained from 60
realizations of surrogate fields (with error bars) along with the
galaxy results. The three panels in the bottom row show the
zoomed-in views of the boxed regions. Black arrows indicate
the direction of increasing σ. For (dx, dy) = (2, 2) (right panel),
the phase-randomized surrogates track the galaxy data reason-
ably well, indicating that low-dimensional embeddings are
dominated by linear correlations, which the power spectrum
captures. However, for (dx, dy) = (2, 3) (middle panel) and
(2, 4) (left panel), the (H, C) values of the surrogate fields
begin deviating from the galaxy curve already at small σ, and
the deviation becomes particularly strong around σ ∼ 4. This
further demonstrates that σ = σ( c) ∼ 4 marks a critical
transition scale, where nonlinear, phase-dependent correlations
present in the galaxy data are no longer reproduced by
Gaussian surrogates that match the power spectrum. We
interpret the results as follows. Below σ < σ( c), surrogates lie
close to the galaxy curve, and much of the small-scale
structure is consistent with what the power spectrum captures
for small (dx, dy). Nonlinear correlations (turbulence, fractal
hierarchy) exist to cause significant deviations for larger
(dx, dy). Around σ = σ( c), surrogates begin to deviate
significantly, marking the emergence of nonlinear, phase-
dependent correlations that cannot be captured by the power
spectrum alone. For σ > σ( c), deviations grow substantially.
These scales reflect coherent galactic morphology, requiring a
phase-organized structure that Gaussian surrogates cannot
reproduce. We note that for NIR, σ( c) ∼ 5 and its CH-curve
appears different as compared to the other wavelengths that
trace younger stellar populations and molecular gas. Older
populations are, in general, more dispersed and form larger

(b)

(c)

0                2                 4                6                8                10
σ

(a)

Figure 6. (a) DE vs. H for the four images of NGC 628 shown in the same
panel (same markers as Figure 5), for different σ and (dx, dy). (b) CH-plane for
different σ. (c) C and H values for all wavelengths and σ are plotted on the
same CH-plane. The color bars at the bottom indicate larger σ toward
lighter hues.
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complexes (B. G. Elmegreen et al. 2006). An additional bright,
large structure at the center for NIR might be the reason behind
the observed difference.
The transition scale σ( c) ∼ 4 is consistent with the correlation

length, lcorr, inferred using the two-point correlation function for
NGC 628 (K. Grasha et al. 2017; S. H. Menon et al. 2021).
These studies interpret lcorr as the maximum separation over
which star clusters remain correlated in the scale-free, turbulent
fractal hierarchy generated by star formation and stellar
feedback. Beyond this scale, the fractal hierarchy breaks down,
and large-scale gravitational dynamics begin to shape global

morphology. For a spiral galaxy like NGC 628, lcorr marks the
shift from a fractal distribution influenced by turbulence to
larger scales, where galactic dynamics dominate. Thus, below
∼200 pc, the galaxy contains strong turbulent, fractal, nonlinear
correlations, whereas above ∼200 pc, the structure transitions to
large-scale, phase-organized morphology that cannot be repro-
duced by Gaussian fields. The close agreement between L c

FWHM
( )

and lcorr supports the interpretation that ∼200 pc represents a
fundamental physical transition scale in NGC 628: the boundary
between turbulence-driven small-scale structure and large-scale
galactic organization.

(b)

(a)

0                2                 4                6                8                10
σ

Surrogate     NUV                 NIR                             MIR                mm  

dx = 2, dy = 2dx = 2, dy = 3dx = 2, dy = 4

Figure 7. (a) CH-planes for comparison between the four wavelength images of NGC 628 and GRFs with power spectra of the form P(k) ∝ k− n with n = 0, 1, 2,
and 3. In each panel, we use the same markers and colors (indicated by the color bar) as in Figure 6(c) for the four wavelengths, whereas the lighter-colored curves
now correspond to the GRFs at the three different embedding dimensions (dx, dy) = (2, 2), (2, 3) and (2, 4). (b) Surrogate fields: in the upper panel, we plot the (C, H)
values of the four images of NGC 628 along with the corresponding plots for the surrogate fields (indicated by different markers and colors at the top of the panel).
Each surrogate field is a GRF constructed by preserving the power spectrum of the galaxy and randomizing the Fourier phases, at each wavelength and smoothing
scale σ. The bottom panels show the zoomed-in views of the above boxed regions, showing the (C, H) values of the surrogate fields only (for visual clarity) at the
three different embedding dimensions (dx, dy) = (2, 2), (2, 3) and (2, 4). In the panels, each point on the CH-plane corresponds to σ values from 1–10 (increasing in
the direction indicated by the bold black arrows) for a given surrogate field (same marker and color). Colored arrows (brown, gray, light blue, and pink) indicate
where σ = 4 is located.
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4.4. Disorder to Order Transition for Individual Wavelength
Images of NGC 628 and High-resolution JWST NIR and MIR

Images

The value of σ( c) quoted in the previous subsections is
inferred from the comparative behavior of H, DE, and C across
wavelengths as a function of σ as well as surrogate analysis.
Since the scale dependence varies across individual wave-
lengths, we further analyze the slopes of H and DE with respect
to log for each wavelength, as shown versus LFWHM in
Figure 8(a). These plots reveal significant variation among the
wavelengths, indicating that the observed emissions arise from
a mix of physical processes, each dominating at different
spatial scales.
The original JWST NIRCam F360M and MIRI F2100W

images have plate scales 3 pc and 5.2 pc, respectively,

compared to the 19.89 pc used previously. We recompute H
and DE using full-resolution data (see Table 1 for angular
resolution) over a broader range of smoothing scales than in
Figure 8(a), enabling finer-scale fluctuation detection. With
pixel number of the order of ∼106, we now use
(dx, dy) = (2, 3), (2, 4), and (2, 5). The resulting slopes are
shown in Figure 8(b), with uncertainties indicated by the
shaded regions in the insets.
While the plots in panel (b) are qualitatively similar to the

corresponding NIR and MIR results in Figure 8(a), they also
reveal notable differences that reflect the added sensitivity to
small-scale structures. Interestingly, in both NIR and MIR, the
slopes of H and DE flatten and show oscillations on scales
larger than 200 pc. This behavior at high σ may reflect
statistical fluctuations induced by large-scale galactic

(a) 

(b)
JWST NIR       JWST MIR 

NUV NIR MIR mm

Figure 8. (a) dH d log( )/ and dD d logE ( )/ vs. LFWHM for the four images of NGC 628. The black dotted vertical line marks L 196c
FWHM
( ) = pc. (b) Similar plots as

in (a) but for high-resolution JWST NIR and MIR images. Insets display the corresponding plots with error bars shown as colored shaded regions. Embedding
dimensions are indicated in the legend.
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structures. Additionally, the associated uncertainties increase
with σ, due to the reduced number of independent regions at
larger smoothing scales. The important thing to be noticed is
that the embedding dimensions cover a much smaller physical
scale in Figure 8(b) compared to Figure 8(a). Hence, small
embedding dimensions show more fluctuations at the same
large smoothing scales. These fluctuations may also stem from
variations in structure size with galactocentric distance, as
some large features appear in the galaxy’s outskirts. However,
this study is limited to the inner disk of NGC 628.

4.5. Ordinal Network Global Node Entropy Sgn across Scales

We map the multiwavelength NGC 628 images at
different σ (in pixel units) into horizontal and vertical ordinal
networks. We compute the corresponding horizontal (Sgn

hor) and
vertical (Sgn

ver) global node entropies, and their difference
(ΔSgn = Sgn

hor Sgn
ver) using (dx, dy) = (2, 3) (Figure 9). The

decrease of Sgn
hor, Sgn

ver, and ΔSgn with σ indicates progressive
loss of the overall structural information of the galaxy field
with smoothing. We again fit inverse power-law functions
(dashed lines): ΔSgn(σ) = aσ− b to the data (markers), with
exponents: b = 0.8705 (NUV), 0.6730 (MIR), and 0.4854

(mm; R2-values indicated in the legend). Entropy decays
quickly in NUV (as the structures in this emission seem
relatively even without strong clustering), slowly in mm
(structures persist across scales with strong clustering), and
moderately in MIR (some clustering exists, but not as
pronounced as in mm). For NIR, two σ regimes emerge:
b = 0.7133 for σ < 5, and b = 1.2793 for σ � 5, suggesting a
transition from a relatively uniform distribution of low-mass
stars at small scales to central bulk emission at larger scales.
This result from the ordinal network global node entropies also
supports the critical transition scale σ( c) observed for NIR in
the preceding subsection.
The observed negative power-law decay of ΔSgn(σ) in NGC

628 indicates a scale-free reduction of structural information,
pointing to a hierarchical organization (A.-L. Barabási &
R. Albert 1999) in the distribution of structures across scales.
This hierarchical organization likely emerges from the self-
organization (P. Bak et al. 1988) of various physical processes
at multiple scales of the galaxy NGC 628, reflecting its
multiscale complexity.

5. Conclusions

This study presents a novel approach to understanding the
morphological complexity of the galaxy NGC 628 through the
lens of statistical physics of complex systems. We demonstrate
how the structural features of NGC 628 can be characterized
within the framework of complexity analysis applied to
empirical data. Using publicly available multiwavelength
imaging data, we systematically analyze NGC 628’s morph-
ology across UV, NIR, MIR, and mm wavelengths, probing
multiple physical scales. Our analysis employs the framework
of ordinal patterns—permutation entropy, disequilibrium,
statistical complexity, and ordinal network-based metrics.
Taking into account a common field of view—set by the JWST
MIR image—and the lowest resolution determined by the
UVIT image—for the four images of NGC 628, our analysis
probes smoothing scales ranging from 74–472 pc, corresp-
onding to a physical extent of approximately 10 kpc.
Our first key finding is the emergence of a characteristic

scale near 200 pc, where all structural complexity measures—
permutation entropy, disequilibrium, statistical complexity,
and global node entropy—show a clear transition. Surrogate
field analysis (Figure 7(b)) further confirms the emergence of
this transition scale, marking a shift in the ISM from
fluctuations caused by the turbulence acting at the smaller
scale to more self-organized structures influenced by galaxy
dynamics and global gravitational instability, consistently
across all embedding dimensions. The 200 pc scale aligns
with the lcorr, indicating a physical connection and also lends
support to the robustness of our method. Our approach
quantitatively captures the impact of star formation, traced
by UV emission, in driving ISM turbulence and enhancing
spatial randomness. This effect is weaker in colder, clumpier
CO-dominated regions. Beyond 200 pc, morphological differ-
ences across wavelengths become negligible.
Our second main conclusion is that the values of C and H

for the four NGC 628 wavelengths trace a single smooth curve
on the complexity-entropy plane, which asymptotes toward an
“attractor” trajectory associated with isotropic GRFs. This
suggests a statistically isotropic spatial distribution of the
structures in NGC 628.

dx = 2, dy = 3

Figure 9. Variation of global node entropy Sgn with smoothing scale σ for
embedding dimension (dx, dy) = (2, 3): Horizontal global node entropy, Sgn

hor

(top panel), vertical global node entropy, Sgn
ver (middle panel), global node

entropy difference, ΔSgn = Sgn
hor Sgn

ver , (bottom panel) vs. σ on log–log plots.
In the bottom panel, dashed lines represent inverse power-law fits
(ΔSgn(σ) = aσ− b) with corresponding R2-values for the goodness of fit
(indicated in the legend). Values of power-law exponents b are: 0.8705
(NUV), 0.6730 (MIR), and 0.4854 (mm). For NIR, we have fitted in two
regimes with b = 0.7133 and 1.2793.
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This pilot study demonstrates the effectiveness of ordinal
patterns in probing the internal structure of galaxies and linking
it to their nonequilibrium statistical states. A natural next step is
to extend this analysis to a larger, morphologically diverse
galaxy sample. Such a study could identify both distinguishing
features for galaxy classification and underlying universal
properties. This approach may also be combined with
established geometrical and topological methods to uncover
finer structural details; e.g., a topological analysis of HI in the
Large Magellanic Cloud (S. Kim & C. Park 2007) revealed four
characteristic scales, each associated with distinct features,
clumps, or holes, arising from different physical processes.
While our ordinal pattern framework captures structural
transition scales, it does not yet differentiate between topolo-
gical types like holes or clumps or even structures from the star
formation hierarchy (A. S. Gusev 2014). Incorporating such
distinctions is a direction we plan to pursue in future work.
Our findings may be viewed within a broader cosmological

context. On sufficiently large scales, the cosmological density
field is well approximated by a GRF, and its statistical
properties are therefore fully described by the power spectrum.
As gravitational instability drives nonlinear structure forma-
tion, mode coupling generates phase correlations, leading to
coherent filamentary and clustered structures that cannot be
captured by second-order statistics alone. Our results suggest
that for galaxies, an opposite scale dependence may operate: at
sufficiently small spatial scales, the surrogate and original
galaxy images remain close in the complexity-entropy plane,
indicating that local structure is largely consistent with the
information encoded in the power spectrum. At scales around
σ = σ( c), however, significant deviations emerge, marking the
dominance of nonlinear, phase-dependent correlations. This
behavior is consistent with a picture in which phase
correlations are most significant in the nonlinear regime of
structure formation in the Universe, wherein both very large
and very small scales exhibit statistics closer to Gaussian
behavior.
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Appendix A
Illustration of the Construction of Ordinal Patterns

Let us consider a trivial example where the data Y is a
3 × 3 matrix given by

Y
4 9 5
0 2 7
2 6 5

. A1( )=

For ease of writing, the data elements are taken to be
integers. The actual galaxy data we analyze is real-valued.
Let dx = 2 = dy with unit embedding delay. Then

nx = 2, ny = 2, which gives four submatrices. The steps of
flattening each submatrix y to a sequence z, mapping z to a
symbolic sequence A, sorting z to get zS, and then obtaining the
permuted symbolic sequence AS, are explicitly demonstrated in
Table A1 below.
We get four permutation states (ordinal patterns), which are

given by the symbolic sequences AS. These constitute the
ordinal sequence i

j{ }. Note that (dxdy)! = 4! gives 24 possible
distinct basis states (ψk). The number of elements of i

j{ } is
<24 because Y is 3 × 3, which violates the requirement
dx ≪ Nx, dy ≪ Ny with Nx = 3 = Ny.

Appendix B
Motivation of Surrogate Analysis

We now explain the statistical motivation of the surrogate
analysis presented in Section 4.3. The constructed surrogate
fields are GRFs that preserve the power spectrum of the galaxy
while randomizing Fourier phases. Since the power spectrum
determines the second-order statistics or two-point correlation

Table A1
Demonstration of the Ordinal Sequence Construction for the Matrix Y in

Eq. A1.

Submatrix
Flatten and map to
symbolic sequence

Sort and
permute

y 4 9
0 2( )= ⇒ z

A
4, 9, 0, 2
0, 1, 2, 3

( )
( )

=
=

⇒ z
A

0, 2, 4, 9
2, 3, 0, 1

S

S

( )
( )

=
=

y 9 5
2 7( )= ⇒ z

A
9, 5, 2, 7
0, 1, 2, 3

( )
( )

=
=

⇒ z
A

2, 5, 7, 9
2, 1, 3, 0

S

S

( )
( )

=
=

y 0 2
2 6( )= ⇒ z

A
0, 2, 2, 6
0, 1, 2, 3

( )
( )

=
=

⇒ z
A

0, 2, 2, 6
0, 1, 2, 3

S

S

( )
( )

=
=

y 2 7
6 5( )= ⇒ z

A
2, 7, 6, 5
0, 1, 2, 3

( )
( )

=
=

⇒ z
A

2, 5, 6, 7
0, 3, 2, 1

S

S

( )
( )

=
=

14

The Astrophysical Journal, 1003:50 (15pp), 2026 May 20 Chanu et al.

https://doi.org/10.17909/q9f5-zy15


function of a stationary random field, these surrogates retain all
second-order statistical properties of the original galaxy image,
including variance and correlation length. On the other hand,
randomizing the phase removes higher-order dependencies in
the data structure, yielding a GRF that is consistent with the
same power spectrum as the original image. Any systematic
deviation of the permutation entropy or statistical complexity
from the surrogate ensemble, therefore, indicates the presence
of higher-order spatial organization beyond that encoded in the
power spectrum. Thus, constructing galaxy surrogates that
preserve the exact galaxy power spectrum but have rando-
mized Fourier phases would be an objectively appropriate
procedure for detecting transition scales in a given galaxy
image.
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