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Abstract: Spiral arms are a common feature of local galaxies, but the exact form of the
distribution of mass and light in them is not well known. In this work, we aim to measure
this distribution as accurately as possible, focusing on individual spiral arms and using the
so-called slicing method. The sample consists of 19 well-resolved, viewed face-on spiral
galaxies from the S4G survey. We work primarily with infrared images at 3.6 µm from
the same survey and, secondarily, with ultraviolet data from the GALEX telescope. We
derive the properties of the spiral arms step by step, starting from their overall shape, then
measuring their brightness profile and width variation along the arm and then examining
the fine structure of the profile across the arm, namely, its skewness and Sérsic index.
We construct a 2D photometric function of the spiral arm that can be used in further
decomposition studies, validate it and identify the most and least important parameters.
Finally, we show how our results can be used to unravel the nature of the spiral arms,
supporting the evidence that NGC 4535 has a density wave in its disc.

Keywords: galaxies; spiral structure; photometric decomposition

1. Introduction
Spiral galaxies are the most common type of bright galaxies in the local Universe.

Seventy-five percent of galaxies brighter than MB = −20 are spiral, including our Milky
Way [1]. However, the nature and properties of the spiral structure are still not well known
(see review [2] and references therein).

The spiral structure stands out against the disc background by higher surface bright-
ness, bluer colors, and the concentration of younger objects. At the same time, the spiral
structure is known to be interconnected with various fundamental properties of galaxies.
Simulations suggest that spiral arms can be traced by other indicators like metallicity or
dynamical properties [3,4]. Another example is that star formation is clearly enhanced in
spiral arms, but the exact form of this connection is still a matter of discussion [5–7]. As
for our Galaxy, our location inside the Milky Way has some advantages, allowing us to
examine its spiral structure in detail and understand its physical nature more. As such, our
current state of knowledge about spiral arms in our Galaxy is more advanced than for outer
galaxies in some aspects. For example, the spiral structure, especially in the solar vicinity,
was mapped extensively [8–10], and numerous works were devoted to study its physical
properties both in observations [11,12] and in numerical simulations [13,14]. However,
the Milky Way is still only a single example of such a diverse and complex feature as the
spiral structure.
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Overall, it is still puzzling which mechanisms exactly drive the formation of spiral
structure, and there are multiple proposed scenarios. One of the most promising is the
density wave theory [15,16], which suggests that spiral structure is a long-lived, quasi-
stationary density wave in the disc of a galaxy. Another is dynamic spirals theory [2], which
aims to explain observed spiral structure as a combination of small short-living elements
appearing from instabilities. It seems that there is no universal scenario of spiral arm
formation, but instead, different mechanisms may take place or even coexist in individual
galaxies. It is not easy to determine which one is relevant in each specific case [17,18].

The distribution of light in spiral arms is one of their characteristics that was not
studied exhaustively. Some studies deal with the morphology of spirals, which is essentially
a qualitative description of the light distribution. Since [19], this framework has resulted
in a commonly accepted classification of spiral structure into three types: grand-design
(G), multi-armed (M) and flocculent (F). Considering the more quantitative approach,
refs. [20–22] are examples of studies in which the light distribution in the spiral arms was
extracted with slices perpendicular to the spiral arm. In these works, various properties of
spiral arms such as pitch angles and their variations, widths, and exponential scale of the
radial brightness distribution were measured.

It is often discussed how different parts of this distribution can be connected to the
fundamental properties of the spiral arm. In particular, corotation radius is a valuable
instrument to determine whether spiral structure in a galaxy is produced by a density
wave [15] or not. There are a number of methods to measure them, including a few methods
that utilize the surface brightness distribution in spiral arm. Various morphological indica-
tors are expected, such as the truncation of spiral arms at certain resonance radii [23] or the
gap in spiral arms at corotation resonance [24]. Other methods are based on offsets between
spiral arm locations seen in different bands [25], or make use of the varying asymmetry of
the spiral arm profile [26]. As such, the detailed examination of the light distribution in
spiral arms is important and may possibly shed light to the long-standing question of their
nature and origin.

When it is needed to describe some property of the spiral arm, both in theory and in
observations, overly simple models are often used. In particular, the logarithmic spiral is
a commonly used approximation of the shape of spiral arms; however, it is known that
spiral arms often have varying pitch angle (i.e., angle between the tangent to the spiral
arm and a perpendicular to a radius) [27,28], whereas in the logarithmic spiral, it is by
definition constant. In ref. [29], it was proposed to use a polynomial function in log-polar
coordinates; sometimes, a broken-line sequence of logarithmic spirals is used to describe
a continuous spiral arm [30,31]. Nevertheless, in all these works there was no goal to
study what approach is the most optimal. Another known functional form to mention is a
“scaffold” function [32]; however, it is only capable of producing a symmetric two-armed
spiral structure. Finally, ref. [33] showed that a combination of Fourier and bending modes
is capable of reproducing a complex brightness distribution in spiral arms; however, the
number of parameters in the implemented model is large and most of the parameters are
hard to interpret.

To the best of our knowledge, there were no attempts to examine the functional form of
this distribution. For example, mentioned in ref. [20], pitch angle variations in spiral arms
were measured, but the question of how exactly pitch angle changes was not considered.
The exponential scale of radial surface brightness distribution was measured, but it was not
examined if exponential function fits the observed distribution well. In our works devoted
to the decomposition of galaxies with spiral arms [34–36], we have developed and used
the 2D photometric model of the spiral arm, but the functional form of this model was not
a result of a thorough analysis. Rather, it was based on a compilation of various known
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properties of spiral arms and assumptions that seemed plausible. However, these works
gave us some clues that some parts of the model need improvements, and some have to
be reconsidered. In particular, radial brightness profiles of spiral arms may actually be far
from exponential, despite spiral arms being a part of a disc, which is commonly described
with the exponential profile, contrary to our initial assumption. We should also notice
that we have no means to examine spiral structures in other galaxies in 3D like can be
implemented in our Milky Way [37,38], and we only discuss 2D light distribution in the
galactic plane.

Considering all the above, our ultimate goal for this study is to measure precisely
the light distribution in spiral arms of galaxies, including more specific properties such
as overall shape, light distribution along the spiral arm and brightness profile across it.
Then, these results can be directly applied to construct a justified 2D photometric model
of the spiral arm for later use in decomposition and to examine the connection between
observed brightness distribution features and physical properties of galaxies and their
spiral patterns.

2. Data and Methods
2.1. Images

In order to study the structure of spiral arms in detail, we select a sample of well-
resolved, face-on galaxies with prominent spiral structures. We choose appropriate galaxies
from the S4G survey [39]. The original survey encompasses more than 2300 bright, nearby
galaxies, imaged in 3.6 and 4.5 µm with a pixel size of 0.75 arcsec. As a primary selection
criterion, we consider only galaxies that are angularly large (R25.5 > 2′), spiral galaxies
(T > 0), seen nearly face-on (i < 40◦); all these parameters are taken according to parame-
ters from this survey. We used images that were corrected for non-stellar emission in [40]
using [3.6]–[4.5] colors. As these corrected images are dominated by old stellar radiation,
they can serve as stellar mass distribution maps, and therefore, our study deals with the
stellar mass distribution in spiral arms. Finally, we selected galaxies with prominent spiral
structure by visual inspection. We have ended up with 19 objects, listed in Table 1 along
with some basic parameters and shown in a mosaic image in Figure 1. Our sample consists
of 13 multi-armed galaxies and 6 grand-design ones. Flocculent spirals are absent because
we initially selected objects with distinct, measurable elements of spiral structure, according
to the main goal of our study.

Table 1. Galaxies that are included in our sample.

Galaxy R25.5 (arcmin) log M∗ D (Mpc) AC Galaxy R25.5 (arcmin) log M∗ D (Mpc) AC

NGC0613 3.28 11.1 25.1 M NGC0628 5.77 10.3 9.1 M
NGC0986 2.29 10.4 17.2 G NGC1042 2.66 9.6 9.4 M
NGC1073 2.53 10.0 15.2 M NGC1232 3.79 10.7 18.7 M
NGC1300 3.42 10.6 18.0 G NGC1566 4.39 10.6 12.2 G
NGC1672 3.92 10.7 14.5 G NGC3184 4.11 10.4 12.0 M
NGC4123 2.12 10.3 21.9 M NGC4254 3.20 10.7 15.4 M
NGC4303 3.78 10.9 16.5 M NGC4321 5.21 10.9 16.0 G
NGC4535 4.01 10.7 17.0 M NGC5085 2.33 10.8 28.9 M
NGC5236 9.48 11.0 7.0 M NGC5247 3.57 10.8 22.2 G
NGC7412 2.11 9.8 12.5 M

R25.5 is a semi-major axis at µ(3.6 µm) = 25.5 mag(AB)/arcsec2, log M∗ is a logarithm of total stellar mass of a
galaxy (in solar masses), D is redshift-independent distance measure, AC is arm class (G is for grand-design, M is
for multi-armed). Data were taken from the original S4G paper [39], except for arm class data from [41].
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Figure 1. Mosaic image showing all galaxies in the sample. Images in 3.6 µm corrected for non-stellar
radiation are shown.

For the same sample of galaxies, we also made use of original 3.6 µm images from
S4G (uncorrected for non-stellar emission) and GALEX images in the FUV band (pivot
wavelength is 1524 Å and pixel size is 1.5 arcsec) and performed, partially, the same analysis
as for the main set of images. This allows us to examine not only stellar mass distribution
but also the “natural” light distribution in one band (original 3.6 µm) and the approximate
star formation rate distribution, because FUV radiation is one of the direct tracers of star
formation in timescale ∼100 Myr [42].

2.2. Extraction of the Spiral Arms

Automatic determination of the location of spiral arms in a galaxy is a difficult task
(see, e.g., [43–45]). Instead, we rely on a method based on the manual marking of spiral
features, which itself is a commonly used technique [46]. Using SAOImage DS9 [47], we
marked spiral features by placing multiple dots of some color along a given arm, from the
center to the periphery. The coordinates of these points were further processed to minimize
the human factor in tracing spiral arms (see below in this Section).

To examine the distribution of light in spiral arms, we utilize a slightly modified slicing
method from [20], also similarly performed in [7]. Before applying slicing, we prepare
images to extract only the spiral structure from the images. However, there is no widely
accepted method of separating the spiral structure from the underlying disc. In order to



Galaxies 2025, 13, 44 5 of 35

ensure that our future results do not suffer from any bias introduced by our method of
separation, we implement two different methods of extracting the spiral structure and
conduct most parts of our further analysis independently for two samples of images,
obtained by different ways.

In the first method, we perform decomposition using IMFIT [48] in an ordinary way.
We use a model that includes bulge, disc, and a bar, when it exists; disc parameters are
used to determine the orientation of the galactic plane, whereas bulge and bar models are
subtracted from the image. Then, to eliminate underlying disc contribution, we estimate
its profile: for a given galactocentric radius r, we take all pixels at this radius, calculate
quantile 0.1, and then subtract it. This method is motivated by pixels with the lowest
brightness at a given radius being free from spiral arm emission and able to serve as an
estimate of underlying disc. Furthermore, we will refer to this method of subtraction and
the corresponding sample of separated spiral structure images as “q = 0.1 disc”.

For a second method of extracting spiral structure, we first construct the mask of spiral
structure. Starting from the existing visual marking of spirals, we estimate the width of
spiral arms at each point following the method that was used in [49,50]. Then, the mask is
constructed as a polygon based on the inner and outer edges of the spiral arm. Next, we
perform the decomposition again; we use the same model as in the previous method, but
we also apply the mask described above. Therefore, spiral arm areas are already excluded
from fitting, and the disc model obtained from decomposition this way can be treated as
the estimate of the underlying disc. Then, the entire decomposition model, including the
disc, is subtracted, and the orientation of the galactic plane can be different compared to
the q = 0.1 disc method. We will refer to this method and the corresponding sample of
images as the “decomposition disc”.

We observe that the decomposition disc is usually slightly brighter than q = 0.1 disc,
likely not because of the difference between methods themselves but because of the numer-
ical value of the threshold. We again note that there are no obvious reasons to adopt some
exact method and exact threshold to separate spiral arm flux from the underlying disc as
the most correct, and we employ both to test the robustness of our future results.

Next, based on how spiral arms were marked, a dense set of slices, each going across
the spiral arm, is prepared. Each slice is radial, i.e., it follows the line of constant azimuthal
angle φ, and each goes through a given spiral arm, not overlapping with others. Each slice
is fitted with a Gaussian function, and these fit results serve as a preliminary estimation
of the radius r and the width w of spiral arm at a given location. These results were
also examined visually; in cases when fitted parameters were clearly inconsistent with
the visually estimated position or width of the arm, these slices were removed. These
inconsistencies are inevitable as small-scale features are abundant in spiral arms, and these
removed slices are the reason for the non-uniform distribution of slices on the spiral arm,
e.g., in Figures 2 and 3.
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Figure 2. A schematic representation of the image processing, with NGC 1300 shown as an example.
We start from the original images from [40] (top middle); central components and underlying disc (top
left) are estimated and subtracted to obtain spiral arm image (top right). Based on manual tracing of
spiral arms, slices are prepared and an analytical approximation of the spiral arm shape is calculated
(middle right). These analytical approximations are used to construct straightened spiral arm images
(bottom). The essence of straightening process is shown schematically (middle left and center).

Figure 3. Image of NGC 5247, where colored lines mark the location and width of spiral arm (left);
r(ψ) plot for all spiral arms with different functions used to fit the data (right). Each color corresponds
to a separate spiral arm. Reproduced from [51].

2.3. Straightening of the Spiral Arms

For the analysis following the determination of the shape of spiral arms (specifically,
the ridge-line, defined in Section 3.1), we have performed some additional manipulations
with images before doing the next steps.
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It is natural to study spiral arms in polar coordinates, but since some arms can sweep
multiple revolutions around a galactic center, it introduces an ambiguity into the measure-
ments: some distinct arm locations would have the same values of ϕ. To solve this problem,
we introduce a new coordinate system [ρ, ψ] in which an arm appears as a straight line.
In this coordinate system the value of ψ is an angular distance of some point on a spiral
measured along the arm (so taking into account multiple revolutions) from its beginning
as seen from the galactic center. The value of ψ is not, therefore, limited between 0 and
2π but can take higher values reflecting the total arm’s length. The second coordinate ρ

is effectively a coordinate across a spiral arm. It is measured as a difference between the
galactocentric distance of some point r and the ridge-line of the arm r(ψ) that is described
by some smooth analytical function (see Section 3.1).

Images of each individual spiral arm in these coordinates for the corresponding r(ψ)
were prepared; we call them images of straightened spiral arms. In Figure 2, we summarize
our manipulations with the image, required for further analysis, including spiral arm
straightening. Finally, using straightened spiral arms, we can examine precise distributions
of light from the radius and from the azimuthal angle, putting aside the question of shapes
and considering spiral arms separately from each other. Moreover, we construct a set of
straightened spiral arms in [r, ψ − ψ(r)] coordinates, where ψ(r) is the inverse of r(ψ); in
this case, the second coordinate is the azimuthal distance from the point to the spiral arm.
As an example, this can be used to analyze azimuthal offsets between UV and IR images,
which is useful for finding corotation radii [52].

3. Spiral Arm Measurements
In this Section, we first present the main results of the application of our method and

describe photometric properties of spiral arms. Then, we propose a photometric model of
the spiral arm summarizing these properties accurately and check how well it represents
real spirals during the decomposition.

Overall, we have measured 88 spiral features, including large spiral arms as well
as small spurs, in 19 galaxies. To formalize distinction between large and small spiral
features, we measure their azimuthal length lψ, which is the value of the ψ at the end of
the arm. Here and after, we call features with lψ < 90◦ spurs and refer to others as to
spiral arms. Note that the term “spurs” is often used specifically to denote small-scale
features that jut out from major spiral arms, and there are some different terms for such
small-scale features [53–55], but in this paper, we use the term “spurs” for all spiral-like
features with lψ < 90◦, regardless of their location and other properties. In overall, out of
88 spiral features, 26 are spurs and 62 are spiral arms, from which 35 have lψ ≥ 180◦. Out of
62 spiral arms, 17 belong to 6 grand-design galaxies, and the remaining 45 are found in
13 multi-armed galaxies. Interestingly, the difference in average azimuthal length of spiral
arms between two types is smaller than one could have expected: for grand-design galaxies,
it is 273◦, and for multi-armed, it is 244◦. Given the standard deviations (143◦ and 131◦)
and limited size of the sample, this difference is not statistically significant. In particular,
three longest spiral arms in the entire sample with lψ > 540◦ are found in NGC 628 and
NGC 1232; both are classified as multi-armed, according to [41].

As an example, in NGC 1300 (Figure 2), there are 2 spiral arms (marked green and red)
and 1 spur (marked blue), and in NGC 5247 (Figure 3), there are 3 spiral arms (blue, green,
red) and 1 spur (cyan).
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3.1. Shapes of Spiral Arms

We define the shape of a spiral arm as its ridge-line r(ψ) in polar coordinates, described
above (Section 2.3). The ridge-line is a curve that, for a given ψ, yields r where the brightness
is highest.

For each spiral feature, we have multiple slices at different locations. For each slice, we
determine its peak location [r, ψ] by fitting a Gaussian function to the brightness distribution
along the slice (see Section 2.2 and Figures 5, 6 and 8 in [20]). This way, we obtain multiple
points tracing the ridge-line of the spiral arm, referring to this set of points as observed
r(ψ). Next, we aim to select the analytical function that fits observed r(ψ) well enough.

The average pitch angle of spirals in our sample is µ = 18.9◦, in agreement with the
literature (e.g., [31,56] with values of 20.5◦ and 19.6◦, respectively, obtained with Fourier
methods). If one considers only long spiral arms (lψ > 180◦), then average pitch angle
decreases to 17.5◦. It is noteworthy that some works focused on measuring pitch angles of
spiral arms using slicing or decomposition. In these works the results are usually smaller:
in particular, [20,34] present average pitch angles of 14.8◦ and 15.9◦, respectively. This
discrepancy probably attributed to the fact that shorter spiral arms are more difficult to
trace and therefore are more likely to be missed in this kind of a study. At the same
time, they can have larger pitch angles, on average, as seen in [36]. Interestingly, in [57],
the bimodality of the pitch angle distribution is reported, with peaks near 12◦ and 23◦.
However, we cannot check the possible bimodality, as our sample is not nearly as large
as theirs, consisting of more than 4300 galaxies. Finally, the average pitch angle values of
spiral arms in grand-design and multi-armed galaxies are almost the same, being µ = 19.1◦

and µ = 18.8◦, respectively.

3.1.1. Functions Overview

The most commonly used function to describe r(ψ) is the logarithmic spiral. Its pitch
angle is constant and it is used both in theoretical and observational works thanks to
its simplicity. However, it is known that pitch angles in observed spiral arms are not
constant [28]. In our work, we also observe a high degree of variations in pitch angle, most
clearly seen in the log r–ψ plot (an example is Figure 3, discussed further on), where the
logarithmic spiral appears as a straight line.

It was proposed in [29] that [ψ, ln r] may be better fitted by polynomial rather than
linear function, which is equivalent to the following Equation (1). One can see that a
logarithmic spiral is a special case when N = 1, and therefore, we call our function
polynomial–logarithmic spiral. We start with this function to fit r(ψ).

r(ψ) = r0 × exp

(
N

∑
n=1

knψn

)
. (1)

This function can be easily extended to a high enough N to fit more complex shapes
of spirals. Another advantage is that pitch angle µ varies with ψ simply as a polynomial of
N − 1 degree. In our previous works devoted to decomposition, we adopted N = 4 for our
shape function. However, one should use higher-order polynomials with caution, because
they have, at best, limited physical meaning, and they are difficult to control in fitting.

The visual inspection of images leads to a conclusion that spiral arms often have
bendings, i.e., locations where the pitch angle changes abruptly. Again, in Ref. [29], it was
mentioned that “breaks” in pitch angles of spiral arms exist, and they are not mutually
exclusive with the gradual variation of pitch angle along the spiral arms. The canonical
example for this is M 51 [58]: both its spiral arms have regions of smoothly varying pitch
angle, as well as abrupt bendings. Therefore, at least in some galaxies, spiral arms cannot
be described with any smooth function like Equation (1) very well. To account for these
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cases, we can simply use a piecewise function consisting of two or three smooth parts, each
described by Equation (1), with the independent set of kn coefficients, which is represented
in Equation (2). We used this approach in our decomposition study of M 51 [35].

r(ψ) =


r0 × exp

(
∑N

n=1 kn,0ψn
)

, 0 ≤ ψ < ψ1

. . .

rm × exp
(

∑N
n=1 kn,m(ψ − ψm)n

)
, ψm ≤ ψ .

(2)

In practice, we find that no more than 2 bends are needed; therefore, m ≤ 2 and there
are no more than 3 independently defined polynomials. Note that rm parameters are not
independent except r0, because the spiral arm is continuous and the next segment starts at
the same radius as the previous ends.

3.1.2. Comparison of the Functions

For each slice, there is some degree of uncertainty σr in r, manifesting itself in a
noticeable scatter of dots (see Figure 3). To obtain an understanding of the scale of this
uncertainty, we compare it to measured widths (specifically, FWHM) of spiral arms w. We
observe that the root mean square of σr/w in arms in our sample is, on average, 0.16 ± 0.06.

When one fits a function to the observed r(ψ), some residual δr remains. Then,
assessing fit quality, we can use the χ2 statistic (and use it in a conventional way when
dealing with BIC later in this Section). However, to keep in touch with the characteristic
scale of the spiral structure, here, we will present another parameter, namely, the root mean
square of δr/w, to characterize the goodness of fit. The motivation underlying this choice is
connected with the way decomposition with spiral arms is conducted in practice. To fit an
observed spiral arm, each slice of the model arm can have displacement from the observed
arm much smaller than its width.

As we described, σr/w = 0.16 on average, and we should not expect that δr/w
will be lower than this, even when fit is considered to be good. Furthermore, if δr/w is√

2 × 0.16 = 0.23, then the contribution of some systematic offset between the model and
observed r(ψ) is roughly equal to the contribution from the σr (statistically, it is the case
of χ2 = 2). Now, if we consider 0.23w as a threshold, then we observe, as expected, that
the logarithmic spiral is usually unable to follow well the shape of the real spiral arms;
among spiral arms, only in 23% of cases is δr/w smaller than this threshold. However, for
spurs, this fraction is increased to 92%, which is expected since pitch angle is unlikely to
change significantly along the short spur. In Figure 4, we show the diagram of δr versus lψ
for all spirals in our sample, in which r(ψ) was fitted with a logarithmic spiral and with a
polynomial–logarithmic spiral of N = 3.

Figure 4. Each dot corresponds to a single spiral feature, showing δr and lψ for all spirals in our
sample. Black dots represent δr for logarithmic spiral fits, whereas red dots correspond to fit with the
polynomial–logarithmic spiral of N = 3. Dashed line shows the threshold of δr/w = 0.23.



Galaxies 2025, 13, 44 10 of 35

As we test functions with a different number of parameters, we expect those with a
higher number of parameters to perform better in terms of average deviation. However,
instead, our goal is to select a function with the optimal number of parameters that does
not introduce overfitting, and therefore, we use the BIC statistic (Bayesian information
criterion, [59]). For the case of the random Gaussian noise, it essentially adds a penalty to
χ2 statistic depending on the number of data points N and the number of free parameters
k. In its simplest form, BIC is described by Equation (3); in more complex cases, BIC is
modified accordingly, in particular, in the case when not all data points are independent,
for example, due to PSF [60,61].

BIC = χ2 + k ln N. (3)

A model that is too complicated, i.e., has too many free parameters, will have higher
(worse) BIC statistic than a model with a lower number of free parameters despite having
somewhat better χ2. Therefore, if the addition of a new parameter increases the BIC of a
model, it means that overfitting appears. However, if some complex model yields the lowest
BIC, it does not mean that one can necessarily use it instead of some more simple model.

We fit functions (1) with different N and (2) with 1 or 2 bends to the each single arm.
We measure the BIC of these fits; some function yields the smallest BIC, and if some other
function has a higher number of parameters and significantly higher BIC, we interpret it
as a sign of overfitting. Following [62], we only consider BIC difference more than 2 as
significant, i.e., if a more complex function yields higher BIC but the difference is smaller
than 2, it is not considered overfitting. Naturally, the longer the spiral arm is, the higher the
that number of parameters may be justified, and we draw different conclusions for spirals
of different length, described below:

• For 26 spurs (lψ < 90◦), 2 or 3 parameters are optimal and do not introduce overfitting
in all cases (corresponding to Equation (1) with N = 1 or N = 2). If the number of
parameters is increased to 4, it yields overfitting in more than a half cases.

• For 27 relatively short spiral arms (90◦ ≤ lψ < 180◦), 4 parameters (Equation (1) with
N = 3) is optimal in most cases; overfitting is present only for 3 spiral arms. Increasing
the number of parameters leads to overfitting in more than half the cases.

• For 23 relatively long spiral arms (180◦ ≤ lψ < 360◦), 6 parameters (Equation (1) with
N = 5, or Equation (2) with 1 bending and N = 2, or with 2 bendings and N = 1) are
optimal in most cases; overfitting is present only for 3 spiral arms. With 8 parameters
(Equation (2) with 1 bending and N = 3), 9 arms are overfitted.

• For the 12 longest spiral arms (lψ ≥ 360◦), no overfitting appears at least up to
8 parameters.

This analysis helps us to determine the most complex functions that can be used as
“default” ones, but it does not mean that the most complex possible function will be used
as default. In particular, bendings should be included only when they are observed in a
real arm, and higher-order polynomials probably should not be used unless needed, for
the reasons mentioned above in Section 3.1.1. On the other hand, in specific cases, even
more complex functions can be used, as there is a fraction of galaxies where it is needed to
achieve higher quality of fit (see below), and it can be carried out without overfitting.

If we consider some function, for example, the polynomial–logarithmic spiral with
N = 3 or pure logarithmic spiral, we observe that the average δr/w typically depends on
the azimuthal length of the spiral arm (see Figure 4). As one should have expected, the
average deviation for the shortest spurs is small, and it increases towards longer spiral
arms. The natural explanation of this trend is that pitch angle is unlikely to vary strongly
along the extent of a small spur. What is more interesting, however, is that this behavior
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is not monotonous. Over the range of approximately 100◦ ≤ lψ < 300◦, there are a few
spiral arms with exceptionally high δr/w: in this range, 5 arms from a total of 42 have
δr/w > 0.55, but none of 18 spirals with lψ ≥ 300◦ have δr/w this high. In other words,
spirals of moderate length have the highest deviation from the logarithmic spiral, compared
to both spurs and the longest spiral arms. This can be interpreted as a consistency with [20]:
the authors found that pitch angle variation in spiral arms for multi-armed galaxies is
higher than both for flocculent and grand-design spiral galaxies. Note that pitch angle
variation represents the difference from the logarithmic spiral to some degree, and the
different types of spiral structure mentioned above correspond to spirals with different
lengths. In flocculent galaxies, the spiral structure consists of numerous short spurs; multi-
armed galaxies host a few conspicuous spiral arms of moderate lengths; grand-design
galaxies have a pair of long, symmetric spiral arms [19]. Considering this, our finding is
in agreement with [20]. Moreover, in Ref. [34] we have found that galaxies with relatively
brighter spiral arms have smaller pitch angle variations. Considering that grand-design
galaxies have brighter spiral structure than multi-armed [20], it also aligns with this finding.

Finally, we combine our results concerning the applicability of the different functions
for describing the shapes of spiral arms:

• As mentioned above, most spurs are already well-described by logarithmic spirals,
but using a polynomial–logarithmic spiral with N = 2 yields δr/w < 0.23 in all cases,
without exceptions.

• We observe that spiral arms (lψ > 90◦) are described by the polynomial–logarithmic
spiral with N = 3 much better than by logarithmic spiral. In 73% of cases, they have
δr/w smaller than the threshold of 0.23 discussed above. Among the short spiral arms
(90◦ ≤ lψ < 180◦), this fraction is 93%.

• For longer spiral arms (180◦ ≤ lψ < 360◦), polynomial–logarithmic spirals with N = 3
and N = 4 yield δr/w < 0.23 in 70% and 83% of cases, respectively. For the remaining
cases, often bendings are the reason why δr/w is still larger than this threshold; using
the polynomial–logarithmic spiral with N = 4 or either Equation (2) with m = 1 and
N = 2 (which does not introduce overfitting for this range of azimuthal lengths), one
can achieve δr/w < 0.23 in 96% of cases.

• For the longest spiral arms (lψ > 360◦), polynomial–logarithmic spiral with
N = 4 yields δr/w < 0.23 in 67% cases, and again, bendings are playing a role
in this. The remaining cases, however, can be fitted with Equation (2) with m = 1 and
N = 3, yielding δr/w < 0.23 without exceptions.

• Overall, we find 35% of spiral arms exhibit bendings, which was determined after the
careful inspection of images, r(ψ) diagrams, and comparison of models that include
bendings versus models that do not. In grand-design galaxies, 47% of spiral arms
possess bendings, whereas in multi-armed galaxies, 31% of spiral arms are bent.
However, according to the two-proportion Z-test, there is not enough evidence to
consider this difference to be significant. Bending locations are often associated with
bifurcations of spirals or the passages near ends of the bar. In some cases, bendings are
weak and a simple polynomial–logarithmic function is enough to fit the spiral arm.

Concerning all of the above, we conclude that polynomial–logarithmic functions with
N = 2, 3, 4 can be treated as “default” models, with the exact choice of N depending
on the length of a spiral: N = 2 for spurs with lψ < 90◦, N = 3 for spiral arms with
90◦ ≤ lψ < 180◦, and N = 4 for longer spiral arms. However, for spirals with lψ ≥ 180◦

bendings become common, and if any smooth function fails to fit the r(ψ) of the spiral arm
along its extent, one should consider using one or two bendings to describe this function.
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3.1.3. Testing Alternative Functions

As mentioned in Ref. [28], there are two more simple functions sometimes used to
describe the r(ψ) of spiral arms, other than the logarithmic spiral. Specifically, there are the
Archimedean spiral (Equation (4)) and hyperbolic spiral (Equation (5)):

r(ψ) = r0 + kψ , (4)

r(ψ) = a/(ψ − ψ0) . (5)

We also try to generalize these functions in the same manner as was carried out by
Equation (1) from logarithmic spiral, i.e., replacing simple ψ with a polynomial p(ψ). In our
case, we have chosen a polynomial of N = 3 degree, and we will refer to these generalized
models as polynomial–Archimedean and polynomial–hyperbolic spirals. Furthermore,
the visual examination of r(ψ) may suggest that shape function can be described as some
periodic wave superimposed on a logarithmic spiral (see Figure 3), and we also test a
“wave spiral” function (Equation (6)) with the same number of free parameters as the
polynomial–logarithmic spiral with N = 4 has:

r(ψ) = r0 × exp(kψ)× [1 + A sin(νψ + p)] . (6)

Using the simple Archimedean and hyperbolic spirals to fit r(ψ), we ensure that,
on average, both of these functions cannot fit observed r(ψ) of spiral arms significantly
better than the logarithmic simple spiral. For spiral arms (lψ > 90◦), we achieve good
fit (δr/w < 0.23) in 23% of cases for logarithmic spirals, 27% of cases for Archimedean
spirals, and in 15% of cases for hyperbolic. Mean δr/w values are 0.34, 0.42, and 1.22 for
logarithmic, Archimedean, and hyperbolic spirals, respectively. Concerning more complex
functions, we observe that given the same number of free parameters, the polynomial-
Archimedean spiral yields approximations of r(ψ) as well as the polynomial–logarithmic
spiral (Equation (1)), but polynomial–hyperbolic fails to produce a good fit in most cases.
If we consider N = 3, the fraction of spiral arms fitted with δr/w < 0.23 is 73% for the
polynomial–logarithmic spiral, 74% for the polynomial–Archimedean spiral, and 27% for
the polynomial–hyperbolic. Wave spiral function, despite having the number of parameters
higher by 1, yields good fit quality only in 71% of cases. The main possible reason for these
results is that the hyperbolic spiral reaches infinite r at a certain ψ, making it more difficult
to control, especially when a generalization with polynomials is undertaken. Furthermore,
it is probably connected to the fact that spiral arm pitch angles tend to decrease from the
beginning to the end, which is true for the Archimedean spiral, and possible in the wave
spiral, but for the hyperbolic spiral, the opposite is true. Specifically, we observe that 57%
of spirals have decreasing pitch angles towards their ends, and this proportion remains the
same if only long spiral arms (lψ > 180◦) are considered. Our result is comparable with
the value of 64% in [28] and significantly smaller than 80% in [36]. The inconsistency with
the latter work is most likely caused by the fact that it dealt with galaxies at large z. In
Ref. [31], their results (Tables 3 and 4) are interpreted as a lack of significant changes in
pitch angles with distance, although the innermost part of the spiral structure in their data
(inside 1 disc exponential scale h or 0.2 R25) has pitch angles a few degrees larger than the
remaining parts.

3.2. Distribution of Light Along Spiral Arms

Dealing with straightened spiral arms (Section 2.3), we can examine how surface
brightness changes along each individual spiral arm. For this purpose, we fit a Gaussian
function to each slice across the straightened spiral arm, centered at the ridge-line, and
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consider the amplitude of the fitted Gaussian to be spiral arm brightness I at [r(ψ), ψ].
Then, we can analyze I as a function of r, ϕ, or both parameters.

The most striking feature we observe is that radial profile I(r) is far from exponential
in many cases and differs significantly from arm to arm overall (see examples in Figure 5).
In particular, both main arms in NGC 628 have a nearly exponential radial profile. The
spiral arm in NGC 5247 gives an example of a radial profile that decreases more or less
monotonously, but the radial scale of brightness decrease is not constant at different radii.
Finally, the spiral arm in NGC 4321 is an extreme example of a non-monotonous profile,
having two “dips” in brightness distribution and an abrupt truncation at the end.

We see that our results do not depend on the disc subtraction method (Section 2.2). For
both the q = 0.1 disc and for decomposition disc, the overall spiral arm brightness profile
remains the same, including the presence of surface brightness dips and other features
(see Figure 5). Finally, we observe at least one surface brightness dip, visible in images or
in I(r) diagram, in 24% of spiral arms. In spiral arms of grand-design galaxies, there is a
higher occurrence of dips (35%) than in multi-armed ones (20%), but, again, according to
the two-proportion Z-test, the samples are too small (there are 17 arms in grand-design
galaxies and 45 in multi-armed) to consider this difference to be statistically significant
(p-value is 0.21).

Figure 5. Infrared surface brightness radial profiles of spiral arms for three examples: single arm
in NGC 628 (left), NGC 4321 (center), and NGC 5247 (right). Dots of different colors represent
different methods of disc subtraction (Section 2.2): blue is q = 0.1 disc, red is a decomposition disc.
Reproduced from [51].

In Refs. [34–36], various properties of spiral arms were measured using decomposition.
Initially, there was an assumption that exponential decrease is a good approximation for
spiral arm profile, similarly to the disc that hosts spiral arms. Therefore, the model of
spiral arms was designed to produce spiral arms with exponential radial profile at the most
part of the arm, modified to make a smooth transition to zero near the ends of spiral arm
(growth and cutoff). It was intended that growth and cutoff parts are small and needed
only to make spiral arms have finite extent and have smooth truncation. However, in these
works, it was found that the measured exponential scales of spiral arms differ significantly
and are poorly consistent for arms in a single galaxy or for a single arm in close but different
photometric bands. Considering all of the above, in Ref. [36], it was proposed that many
spiral arms have non-exponential radial profiles, which leads to exponential scales being
determined poorly and actually having limited physical meaning at best. Despite that, the
decomposition method in these works usually was able to reproduce the brightness profile
of spiral arms well, likely because growth and cutoff parts could be fitted to large values,
thus making the spiral arm non-exponential over the significant part of it. Now, when
spiral arm brightness profiles are measured directly, this conjecture is confirmed.

Although the existence of growth and cutoff parts is now demonstrated, one cannot
be completely sure which function fits them best. There were different modifications of our
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function in Refs. [34–36], but in all cases they were arbitrary. We are going to test different
possible functions by fitting 2D models to the images of straightened arms (see Section 4.1).

3.3. Widths of Spiral Arms

As in the previous section, we deal with straightened spiral arms (Section 2.3). Fitting
Gaussian functions into slices, we measure the widths of spiral arms at different points on
the spiral arms. We consider FWHM as a measure of spiral arm width. One should note
that we actually measure a radial width wr, but for the case of typical pitch angles of spiral
arms µ, it differs a little from the true width w, measured perpendicularly to the spiral arm
(they differ by the factor of cos µ ≈ 0.94 for µ = 20◦).

We observe that spiral arm width usually varies along the spiral arm (see Figure 6),
which is not a new result [20]. In the mentioned work, a linear function of radius was used
to describe the width variation, despite noticeable deviation from the linear function being
seen in their Figure 7. However, in our results, we mostly observe fairly good agreement
with the linear behavior. In some cases, we see deviations from the linear behavior, often in
the form of the temporary increase of width at some part of the arm, but it probably can be
connected to the fact that some minor spurs that were not traced and masked properly can
pass near the spiral arm, temporarily increasing its measured width.

Figure 6. An example of width variation in a spiral arm of NGC 1042. Each point is a single width
measurement at some point; on top, measurements are presented as a function of radius r, and on
bottom, as a function of azimuthal angle ψ. Simple functions are fitted, and fit quality is shown.
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We then compare which function fits the observed spiral arms best. We can define
width variations as a function of r or as a function of ψ as well, so we check both options.
Specifically, we examine the linear function of r, linear function of ψ, and exponential
function of ψ (which is equal to the linear function of r for the case of logarithmic spiral
shape of spiral arms). We observe that the linear function of the radius fits width variations
a little better than others (median χ2 = 8.8 versus 9.7 and 9.5 for linear and exponential
function of azimuthal angle, respectively. Note that errors may be not normalized well,
leading to absolute χ2 values less meaningful). In the following, we will ensure that there
is no need to add modifications to this function, w(r) = w1r + w0 (see Section 4.1).

We calculate a parameter of zero-point contribution wzpc that characterizes the relative
importance of w0. This parameter is calculated as wzpc = |w0|/w(ravg), where ravg is an
average between the radius at the beginning and at the end of the arm (for brevity, we
also denote wavg = w(ravg)). If the zero-point is close to zero, then the width of the spiral
arm is mostly defined by the w1r term and is nearly proportional to r, and wzpc will be
close to zero. Otherwise, w0 cannot be ignored; for example, if w(r) is constant, then the w0

contribution is dominant and wzpc = 1.
Here, we primarily consider only long spiral arms (lψ ≥ 180◦) because data on width

are noisy, and, for short arms and spurs, function parameters are determined poorly.
Moreover, as these small features span across a small range of radii, some degree of
degeneracy between w1 and w0 is inevitable.

Our results depend on the method of disc subtraction (see Section 2.2). Using the
q = 0.1 disc, we find that median wzpc is 19%. For this reason, we consider w0 parameter
to be less important than w1, and we see the median w1 is 0.30, also being the same for
the grand-design subsample and for multi-armed. The median wavg/ravg is 0.37, with
the small difference between grand-design (0.36) and multi-armed galaxies (0.39). If we
consider short spirals as well, then median wzpc increases to 35%, and median w1 becomes
0.28, albeit with a higher scatter. For spiral arms in ultraviolet, we obtain w1 equal to 0.14
and wzpc of 39%. The width in UV is much more noisy than in IR, due to the clumpiness
of images.

However, the results are somewhat different if we use images of spiral structures that
were prepared using the decomposition disc. In this case, median w1 becomes significantly
lower, with the median value of 0.19, and wzpc is 34% and the median wavg/ravg is 0.29. As
one can see in Figure 5, spiral arm brightness is noticeably lower when the decomposition
disc is subtracted, which is the most likely reason for said difference. At the ridge-line, the
effect may be relatively small, but moving away from the ridge-line, spiral arm brightness
will fall off more rapidly, and spiral arms appear narrower.

In Ref. [20], the median slope coefficient of w(r) function was found to be 0.12. There
are different reasons for such a discrepancy: starting from purely technical ones, in their
work, perpendicular width is measured instead of the radial one; for their average µ ≈ 15◦,
perpendicular width is a factor of cos µ ≈ 0.97 of the radial one. Secondly, they define
width in a different way from us: from the Equation (1) in Ref. [20], their adopted width is
essentially 2

√
2σ for symmetric Gaussian, whereas Gaussian FWHM used in our work is

2
√

2 ln 2σ, which is nearly 17% smaller. What is more important, however, is that the value
of spiral arm width depends significantly on the estimation of the underlying disc profile.
Prior to analyzing the spiral structure, the authors of [20] also estimate and subtract the
underlying disc profile using a method that differs from both our methods (Section 2.2).
Due to this reason, it is possible that their estimates of the disc brightness are systematically
higher than in our work. As we discussed earlier in this Section, this may cause spiral arm
brightness to fall off more rapidly when moving off the ridge-line of the spiral arm and
make spiral arms appear narrower. Finally, our work deals with a different wavelength
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range than [20], whereas it is known that spiral arm width depends considerably on
wavelength [35,36], and for stellar 3.6 µm images, it is even higher than for original 3.6 µm.

Among all spirals, including short ones and spurs, we found that 88% of them have
width increasing to the periphery of a galaxy using the q = 0.1 disc, and 82% using the
decomposition disc. This number is consistent with [20], where a fraction of 85.8% is
reported, and with the earlier result of [30], where all the 4 galaxies examined were found
to have increasing widths of spiral arms to the periphery.

3.4. Brightness Profiles Across Spiral Arm

Speaking about the brightness profile across the spiral arm, we will refer to the radial
profile (along the line of constant ψ). Specifically, we consider its skewness (measure of
how much the outer part of the arm is more or less extended then the inner), and how
much the overall shape of the profile deviates from the Gaussian: does it have a sharper or
flatter peak? In statistics, the described properties of distributions can be related, essentially,
to the 3rd and 4th central moments (skewness and kurtosis). Some of the previously
discussed parameters correspond to the 1st moment (the ridge-line of the spiral arm,
essentially representing the center position of the slice r at a given ψ, which can be treated
as mean) and 2nd moment (width of the spiral arm, which can be related to variance). This
consideration can justify that, previously, we ignored skewness and sharpness of the peak,
as these parameters can be treated as “fine tuning” to the general spiral arm parameters,
which can be approximated by simple Gaussian function.

An example of a function that can have different kurtosis is the Sérsic function [63],
whose peak sharpness depends on its parameter n, and at n = 0.5, it becomes Gaussian.
Moreover, it is often used in astronomy to describe surface brightness distributions [64].
It can be easily modified to have non-zero skewness: one can use an asymmetric Sérsic
function that would have different re to the inner and to the outer side from the peak, and
we will use this function to analyze the profile.

In Refs. [34–36], however, we used a function where the radial profile is an asymmetric
Sérsic function with not only re but also n defined independently for the inner and the
outer side of the arm. Now, we can show that using two independent n values in a function
to fit real data can result in issues with the parameters of the fine profile. We illustrate this
in Figure 7. In some cases, some of the measured parameters differ noticeably from the
ones that were set originally, despite overall brightness distribution looking more or less
similar to the observed. However, this does not invalidate our conclusions in previous
works. First, only the parameters of a fine profile (the skewness and Sérsic indices) are
prone to instability, and no conclusions were based on measurements of these parameters.
Secondly, in Ref. [34], the shape of the spiral arm was fixed prior to decomposition, which
prevents displacing the center of a slice in a model. Meanwhile, in Ref. [20], it is mentioned
that an asymmetric Gaussian function allows one to fit slices well without overfitting.
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Figure 7. This picture illustrates the downsides of using asymmetric Sérsic function with re and
n both independent in inner and outer side of the arm. The fitted “data” (blue dots) are artificial,
representing a slice of the spiral arm and produced by symmetric Sérsic function with added random
noise. It has peak brightness of 1, HWHM of 4 (both are in arbitrary units), has a peak at zero,
and n = 0.4. If one fits these data with the asymmetric Sérsic function with both independent re

and n, it yields a function (red solid line) with different n at both sides, strong skewness (outer
half-width is more than 3 times exceeding inner half-width) and misplaced peak (marked by square;
misplacement is more than 1/2 HWHM). Although such a function fits the observed data points well,
the parameters inferred from it are wrong. A similar kind of resulting model—with high n and low re

in one side and low n and high re in another—appeared in fit results for some images in the previous
works, which is probably a sign of a similar problem. If one uses the asymmetric Sérsic function
with the same n for the inner and outer part for fitting, it yields parameters that are much more close
to true.

Therefore, in this step, we fit slices with (1) an asymmetric Gaussian function and then
(2) an asymmetric Sérsic function with common n in both sides (Equation (7)), gradually
moving towards more complex functions.

I⊥(ρ) =


I0 × exp

(
− ln(2)×

[
ρ

win

]1/n
)

, ρ < 0

I0 × exp
(
− ln(2)×

[
ρ

wout

]1/n
)

, ρ ≥ 0
(7)

Here, ρ is the distance from the center of the arm slice, win and wout are inner and
outer half-widths, respectively. Note that the Sérsic function presented here is not in its
classical form, and the bn coefficient is replaced with ln(2), and therefore, win and wout

are not half-light radii but HWHM (see Section 6.3.4 in [35] for the reasoning to not use
half-light radii). We recall that the asymmetric Gaussian function is just a special case
when n = 0.5. At this point, we are interested in obtaining profile skewness, defined as
S = wout−win

wout+win
, and Sérsic index n. In Figure 8, we show the typical behavior of skewness S

and the Sérsic index n.
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Figure 8. An example of skewness S and Sérsic index n behavior in a spiral arm of NGC 1300, as a
function of radius r.

However, the only consistent result that we observe is that the scatter in the measured
parameters is high. The noise is significant, and therefore, parameters that describe such a
fine structure cannot be accurately derived from individual slices. We can only suspect that
in some cases, a large-scale trend of skewness variation along the arm exists (which can be
connected with the location of the corotation radius; see Section 5.1.2). Concerning the Sérsic
index, the median values for spiral arms is usually close to 0.5 or higher, and in most cases,
they are lower than 1 (see Figure 9), but the scatter between individual slice measurements
is high. Moreover, the values are not exactly the same when different methods of disc
subtraction are used (Section 2.2); obviously, the small difference in subtracted disc profiles
affect the periphery of the spiral arm relatively strongly, which is a defining feature for n. At
this point, we abstain from making any decisive conclusions. We will have an opportunity
to test this conjecture by fitting an entire spiral arm with 2D functions (Section 4.1).
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Figure 9. Distribution of median Sérsic indices of individual arms. Blue columns show results
for spiral arms extracted with q = 0.1 disc, red columns—with decomposition disc. Columns are
transparent, and the intersection is seen in darker color.

4. Constructing a Photometric Model of a Spiral Arm
Summarizing all results above, we can construct a two-dimensional photometric model

of a spiral arm. In the previous works [34–36], we used our own model for decomposition
and it worked well for different samples of images. However, it was constructed rather
arbitrarily, and some possible room for improvement is now evident. When constructing a
function, we emphasize that parameters should be, as much as possible, easy to interpret
and to control. It also would be useful to have some simple function variant, appropriate
for fitting spurs and for cases when the resolution is poor; therefore, one has to know which
parameters’ effect on the function is minimal, so they can be omitted without losing too
much in fit quality.

Now, we will describe some tentative model whose properties are in accordance
with properties of the spiral arms that we measured before. Then, we will perform some
checks and validations to confirm or modify some of the function features. Here, we will
describe our function briefly and qualitatively; the full and more formal description will be
presented in Section 4.2 for a finally established function.

Generally, the overall design of the function follows our previous works starting
from [34]: it should define each spiral arm individually, modeling the light distribution of
the arm in the galactic plane, using polar coordinates. It is convenient to express it with
shape function r(ψ), which defines the ridge-line of the spiral arm; the function I∥, which
defines the light profile along the ridge-line; and I⊥, defining how brightness changes
across the spiral arm. More precisely, r(ψ) is a polynomial–logarithmic function, I∥ is an
exponential function of r modified by a flat-top window function of ψ, yielding a smooth
transition to zero near the ends, and I⊥ is an asymmetric Sérsic function whose width and
skewness change linearly with radius.

For the following checks, we have to select a preliminary 2D function, relying on
our previous results. A function that we started from is almost similar to the function
that we finally adopt (Section 4.2) following our validation described in Section 4.1. The
only difference is the part of I∥: this function is represented as a product of two functions
I∥(r(ψ), ψ) = Iψ∥(ψ)× Ir∥(r) and Iψ∥(ψ) in our function for validation, described in the
following way:
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Iψ∥(ψ) =


G(1, ψstart, ψgrowth) ψ < ψstart

1 ψstart ≤ ψ < ψend

G(1, ψend, ψcutoff) ψ ≥ ψend

(8)

Here, G(a, b, c) is a Gaussian function with peak value a, peak location b, and standard
deviation c.

4.1. Validation by 2D Fitting

To check the goodness of our models and the appropriateness of the set of parameters,
we perform the 2D fitting of straightened spiral arms with our models. The shape of the
spiral arms’ ridge-line in this case is kept out of discussion.

More specifically, we fit our adopted function in a few variants and examine how
strongly our modifications affect χ2 of the fit. As a baseline function, we take our adopted
function (Section 4) with a constant zero skewness and with a Gaussian profile, and consider
modifications of this variant. The list of modifications that were fitted is as follows, and in
Figure 10, there is an example of different functions fitted to a single straightened arm.

In particular, we test adding higher order polynomial coefficients to wr(r) and I(r)
functions that we do not intend to add into our final function. Instead, we implement this
to ensure that the addition of these parameters does not significantly improve fit quality,
and they can be safely excluded from the model. With the addition of these parameters,
Equations (11) and (14) have the following form (Equation (9)):

Ir∥(r) = Isp
0 × e−(hinvr+hinv2r2)

wloc = w2r(ψ)2 + w1r(ψ) + w0
(9)

• (1) Function with constant I∥ except growth/cutoff parts (effectively, hinv = 0)
• (2) Function with sharp transition of I∥ (ψgrowth = ψcutoff = 0)
• (3) Function with constant width (w1 = 0)
• (4) Function width proportional to radius (w0 = 0)
• (5) Function with linearly changing skewness (nonzero S0, S1)
• (6) Function with linearly changing skewness and Sérsic profile (nonzero S0, S1, n)
• (7) Function with quadratic wloc(r) and I∥ (additional parameters w2 and hinv2, see

Equation (9))
• (8) Optional, if dips are present: function with 1 or 2 Gaussian brightness dips

(Equation (13))

With this set of functions, we can measure the importance of a number of individual
parameters, from the information on how fit quality changes when a function without that
parameter is being used (see Table 2).

We check results for both our methods of extracting spiral arms and present values
for all samples of spirals, as well as for only long spiral arms. In any case, the results do
not differ much. In particular, we found that the addition of brightness dip (column 8),
where appropriate, offers the most significant increase in χ2 among all modifications.
While it makes a function more complex by three parameters per dip, adding the relevant
number of dips (one or two) decreases χ2 by 17–18%, on average (nearly 5% per parameter,
considering the number of arms with one and two dips). On the other hand, adding hinv2

and w2 (column 7) into a model makes fit improvement much more modest (3–4% by two
parameters), albeit it can be moderately useful in general, adding some fine-tuning to the
profile. Nevertheless, hinv2 and w2 themselves have dubious physical meaning and are
harder to control, and we prefer including the option to add brightness dips in a model.
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Table 2. Mean ratios of χ2 between fits with different functions for the entire sample of spirals.

Baseline Function (1) (2) (3) (4) (5) (6) (7) (8)
Add. par. 10 −1 −2 −1 −1 +2 +3 +2 +3/+6

⟨χ2/χ2
b⟩, q = 0.1 disc

All 1 1.017 1.196 1.120 1.018 0.991 0.983 0.972 0.817
lψ > 180◦ 1 1.012 1.195 1.086 1.021 0.990 0.985 0.961 0.817

⟨χ2/χ2
b⟩, decomposition disc

All 1 1.021 1.137 1.043 1.008 0.987 0.982 0.960 0.829
lψ > 180◦ 1 1.034 1.118 1.024 1.010 0.987 0.979 0.959 0.829

Numbers (1)–(8) denote the functions described in text above (Section 4.1). “Add. par.” is a number of additional
parameters compared to baseline function. ⟨χ2/χ2

b⟩ is the average ratio between χ2 for a given function and χ2
b

for a baseline function; lψ > 180◦ refers to the same parameter but for long spiral arms.

Figure 10. An example of a straightened spiral arm of NGC 1300, fitted by different modifications of
a baseline function. The image of the arm is located at the top, the sequence of a models is in the left
column, residuals normalized to noise map are on the right.

Addition of the skewness coefficients and n (column 6) decreases χ2 by only 2–3%
combined. Despite their small contribution to the fit quality, their addition does not lead
to the overfitting, as we made sure comparing BIC statistics. The reason to still include
these parameters into our model is that they potentially have physical meaning; if the
skewness of the spiral arm profile changes with the radius, it can be helpful to detect the
location of the corotation radius (see [26] and Section 5.1.2). We recommend not using these
parameters by default but adding them purposefully.
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In the case of setting I∥ constant, except the growth and cutoff region (column 1),
removing this parameter (effectively setting hinv = 0) has a surprisingly small effect,
increasing χ2 by only 1–3%. At the same time, setting the edges of the spiral arm sharp,
i.e., ψgrowth = ψcutoff = 0 (column 2), makes fit results significantly worse, increasing χ2

by more than 10% for just two parameters. All these parameters are related to I∥, and this
result can be interpreted as another sign that exponential decrease does little to properly
describe the profile of spiral arm. Dealing with spurs, which are expected to span a small
range of radii, it is probably the most effective to set hinv = 0 for them.

Concerning the behavior of the width of spiral arms, there is a similar phenomenon in
that parameters do not have the same importance. Making spiral arms of constant width
(column 3), effectively setting w1 = 0, leads to a noticeable decrease in fit quality, with χ2

increasing by a few percent; at the same time, making spiral arm width strictly proportional
to the radius, thus setting w0 = 0 (column 4) increases χ2 only by 1–2%. This aligns with
our previous observation that the linear increase in the width is definitive to the spiral arm
width anywhere at the arm (see Section 3.3). Therefore, one can use w0 = 0 for short spurs,
which can also prevent a possible degeneracy between w0 and w1 (again, see Section 3.3).

As we were unable to derive properties of the perpendicular profile of spiral arms by
slice fitting (Section 3.4), we use the results of 2D fits to measure them. This way, we obtain
Sérsic indices n of profiles along the long spiral arms (lψ > 180◦) comparable with slice
fitting, with median values somewhat depending on disc subtraction method (Section 2.2):
for q = 0.1 disc, the median n = 0.67, and for decomposition disc, the median n = 0.59. In
any case, for most arms 0.4 < n < 0.9. The overall distribution is looking similar to that
obtained with slice fitting (Figure 9), so the conclusion is that spiral arm profiles have a
comparable or more pronounced peak than the Gaussian function but less pronounced
than the exponential. Concerning the skewness distribution, both average values along the
arm and trend, our measurements show a large scatter around the zero value, depending
slightly on disc subtraction method.

Selecting a Growth and Cutoff Function

In a similar way, we examine which function describes growth and cutoff parts of
the spiral arms the best. Here, we introduce some formalism connected to I∥: we define it
as a function of ψ and r(ψ) and expand it as I∥(r(ψ), ψ) = Ir∥(r(ψ))× Iψ∥(ψ). Here, Ir∥ is
the part defining exponential decrease with radius, whereas Iψ∥ is a truncation function
in the form of a flat-top window function. Along some part of the spiral arm, where
exponential decrease is in place, it equals 1, and it provides a smooth transition from zero
at the beginning of the arm (growth) and to zero at the end of the arm (cutoff). The general
form of this function is provided in (10).

Iψ∥(ψ) =



0 ψ < 0
T(ψ) 0 ≤ ψ < ψgrowth

1 ψgrowth ≤ ψ < ψcutoff

T′(ψ) ψcutoff ≤ ψ ≤ ψend

0 ψ > ψend

(10)

Values ψgrowth, ψcutoff, ψend are function parameters that define azimuthal angles where
the growth part ends, cutoff part begins, and the entire arm ends, respectively. At this
step, our aim is to select a transition function T, which defines how Iψ∥ exactly goes from
0 to 1 (and T′ from 1 to 0). We test four different functions: linear, quadratic, Gaussian
(which cannot reach zero, but approaches close enough for any practical purpose), and a
cubic polynomial 3(ψ/ψgrowth)

2 − 2(ψ/ψgrowth)
3, whose derivatives at 0 and ψgrowth are

both zero.
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We fit our baseline model with each of these functions used for the growth and
cutoff parts and compare χ2. Note that in all these cases, there are only two parameters
needed, one defining the length of the growth part and one for cutoff. We found that with
all truncation functions, the model can fit observed light distribution equally well, with
average χ2 being within ±1% for all functions.

4.2. Proposed Photometric Function

Our model defines the 2D distribution of light I(r, ψ) as a function of polar galactocen-
tric coordinates in the galactic plane. Therefore, among the parameters needed to define
the 2D light distribution in the spiral arm, there are coordinates of the galaxy center [X0, Y0]

and the galactic plane orientation characterized by the position angle PA and ellipticity ell.
Each arm has a shape function r(ψ), which defines the ridge-line of a spiral arm; we

recall that for a given ψ, this function defines r where brightness is highest, and the ridge-
line of the arm is a curve [r(ψ), ψ] in polar coordinates. This is an additional parameter of
φ0, which is an azimuthal angle in the galactic plane where the spiral arm starts, serving as
an origin of ψ.

When the shape function is defined, our distribution of light I(r, ψ) can be represented
as a product of two more simple functions: Isp(r, ψ) = I∥(r(ψ), ψ) × I⊥(r − r(ψ), r(ψ)).
Here, I∥ is a term describing the light distribution along the spiral arm (ψ and r(ψ) are not
independent, but it is more convenient to use both parameters as variables). I⊥ describes
the brightness profile across the spiral arm in a radial direction: r − r(ψ) is a radial distance
from the point to the ridge-line of the arm (hereafter, ρ = r − r(ψ)), and the presence of a
second parameter r(ψ) means that brightness profile across the arm depends on radius.

Next, we provide definitions for the components of our model. Based on the results in
Section 3.1, the shape function of spiral arm r(ψ) is, by default, defined as a polynomial–
logarithmic spiral (Equation (1)) with N = 2, 3, 4 depending on spiral arm length (lψ < 90◦,
90 ≤ lψ < 180◦, lψ > 180◦, respectively). If one suspects the presence of bends, the
piecewise modification of this function should be used instead (Equation (2)) with one or
two bends and N = 2 or 3 at each smooth part. Sometimes, bends can be seen directly on
images, but if not, they are often connected with spiral arm bifurcations or passages near
the ends of the bar.

For I∥, we present this function as a product of two functions, for convenience (see also
Section “Selecting a Growth and Cutoff Function”): I∥(r(ψ), ψ) = Ir∥(r(ψ)) × Iψ∥(ψ).
Ir∥(r(ψ)) defines the exponential decrease (or, in some cases, increase) with radius
(Equation (11)):

Ir∥(r) = Isp
0 × e−hinvr . (11)

This is similar to the exponential disc profile, but instead of r/h under the exponent,
we prefer to use hinvr, so hinv = 1/h, and function does not change abruptly when hinv is
varied near zero value. As concluded in Section 4.1, one can use a constant Ir∥(r) in this
form without a significant loss in fit quality, and therefore, one can safely assume hinv = 0
for spurs.

On the Iψ∥, we have performed special tests in Section “Selecting a Growth and Cutoff
Function”. Although we found that Gaussian growth and cutoff allows one to obtain the
best χ2, its advantage is very small compared to other functions. However, this function
has a drawback of not reaching zero at any finite distance, and then it is impossible to
characterize where the spiral arm ends, if modeled by this function. Therefore, we select
a cubic polynomial that reaches zero at a finite distance, which was arbitrarily chosen in
Ref. [36]. If we compare models where this function was used for growth and cutoff and
models where a Gaussian function was used, the difference between mean χ2 for them is



Galaxies 2025, 13, 44 24 of 35

just 0.5%. Thus, we adopt a function for Iψ∥ as from Equation (10), with T and T′ defined
as follows (Equation (12)):

T(ψ) = 3
(

ψ
ψgrowth

)2
− 2
(

ψ
ψgrowth

)3

T′(ψ) = 3
(

ψend−ψ
ψend−ψgrowth

)2
− 2
(

ψend−ψ
ψend−ψgrowth

)3 (12)

This definition of T and T′ makes Iψ∥ a function with a continuous first derivative that
yields a smooth 2D distribution of light and a compact support, which makes it easier to
control and interpret.

However, the function in this form does not account for possible dips in brightness.
For these cases, we add a multiplier D(ψ) whenever needed, so formally, we have I∥
defined by Equation (13):

I∥(r(ψ), ψ) = Ir∥(r(ψ))× Iψ∥(ψ)× D(ψ)

D = 1/[1 + ∑i G(Ai, ψc
i , ψw

i )]
(13)

Here, G(a, b, c) is a Gaussian function with peak value a, peak location b, and standard
deviation c. ∑i means that, in principle, it is possible to add as many Gaussian dips as
needed, but we observe arms with only one or two dips present. It is easy to decide if this
modification is needed in each special case, due to the fact that dips are visible. If so, it is
also easy to make an initial guess of their parameters.

As for I⊥, we first define the local width wloc and the local skewness Sloc, both de-
pending on r(ψ). The dependence is linear for both parameters: wloc = w1r(ψ) + w0. wloc

and Sloc = S1r(ψ) + S0; w0, w1, S0, S1 are all function parameters.
Local width is an overall FWHM of the profile in radial direction at some point of the

arm. Local skewness defines how HWHM in the outer direction wout
loc relates to the HWHM

in the inner direction win
loc from the ridge-line, which is presented in (14):

wloc = w1r(ψ) + w0

win
loc = wloc

1−Sloc
2

wout
loc = wloc

1+Sloc
2

(14)

Then, I⊥ itself is defined as follows (Equation (15)):

I⊥(ρ, r) =


exp

(
− ln(2)×

[
ρ

win
loc

]1/n
)

, ρ < 0

exp

(
− ln(2)×

[
ρ

wout
loc

]1/n
)

, ρ ≥ 0
(15)

In Figure 11, the properties of the model are summarized, and the breakdown to
simple functions is presented.

Finally, the resulting model, now justified, turns out to resemble our old models by
most of the properties [34–36]. However, there are some differences in the functional form
of our new model. First, spiral arms in our new model can have bendings, i.e., abrupt
changes in their pitch angle that can be seen as the generalization of our old function. Next,
we define the width and skewness of the spiral arm as a function of radius not azimuthal
angle, which is more justified physically and yields better fit results. The growth and cutoff
function is also slightly different compared to the previous works, and our new function
also includes a possibility to produce surface brightness dips in spiral arms. Finally, we
identified and removed the redundancy that two different Sérsic indices are used for two
sides of the perpendicular spiral arm profile. What is no less important is that we managed
to identify the more and the less important parameters of a model. In turn, this allows
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us to adjust the function case by case; for example, when fitting spurs, dealing with bad
resolution or being in no need of highly precise models, we can drop some of the least
important parameters (technically, fixing some of them to zero or another default value). In
particular, we determine how complex shape function can be, depending on the azimuthal
length of the spiral arms. Therefore, the actual number of parameters can differ case by case,
but for an ordinary spiral arm without bendings and surface brightness dips, there can be
20 parameters total, comparable with the number in our previous works. Note that four of
these parameters define the galactic plane and are shared with disc parameters, so there are
16 parameters unique for each spiral arm. For spurs, the number of unique parameters can
be even limited to nine, which is not far from the very simple spiral arm model from [65].
Almost all possible parameters of the spiral arm in our model have their own physical or
geometrical meaning, and therefore, the model can be readily used for decomposition.

Figure 11. This picture illustrates the properties of our 2D model. A possible implementation of
our 2D model is shown in the top left, and its isophotes are in the top middle. Ridge-line of the
spiral arm is superimposed on the isophotes image, and radial slices across the arm are also drawn.
Top right shows the ridge-line in log-polar coordinates, defining the overall shape of the spiral arm.
Lower left shows the light distribution along the ridge-line. Lower middle shows an example of
radial profile across the spiral arm. This profile is particularly defined by the local width and local
skewness, whose variation is presented in the bottom right.

5. Connection with the Nature of Spiral Arms
In the density wave theory framework, spiral galaxies are expected to have a corotation

radius (CR), where the velocity of the spiral pattern is equal to the velocity of the disc [2].
The observed location and the possible multiplicity (see [66] and references therein) of the
CR is one of the most important known indicators of the nature of the spiral structure. It is
known to be connected with various properties of spiral arms, including some that were
measured in our work.

5.1. Observable Features

Knowing the existence and locations of the various observed features discussed below,
we can compare them with known values of corotation radii in galaxies, collected from the
literature in [52].
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5.1.1. IR–UV Offsets

If a density wave is present, then inside the CR, the velocity of matter is higher than
of the spiral pattern, and the opposite is true outside CR. Then, one can consider a cloud
of gas; when it approaches a spiral arm, star formation is triggered, and an extremely
young stellar population can be observed. With time, this cloud moves relative to the spiral
structure and its stellar population ages. This means that an azimuthal age gradient across
the spiral arm is expected to take place, with different directions inside and outside the
CR. Locating this change in sign can be used for the determination of the CR, and different
tracers of younger and older stellar populations can be used for this purpose. For example,
in [67], H I emission and 24 µm radiation were used, corresponding to the offset between
gas concentration and star formation. In Ref. [68], the difference in pitch angles between
BVRI bands and 3.6 µm was found, caused by the said offsets. Ref. [69] is another more
multiwavelength study with a similar result.

In our data, we can use an offset between IR and UV images, with the former tracing
old stellar population, and the latter showing the youngest. We employ the images of
straightened spiral arms, prepared for both bands in the same coordinates, which allows us
to measure offsets slice-by-slice, similar to the recent study [70]. Another possible option is
to model spiral structure (possibly with decomposition) in both bands; in this case, offsets
can be derived directly from model parameters. This approach is used for other galaxies in
Ref. [18].

5.1.2. Width Gradients

A method of CR determination that uses single-band photometric data was demon-
strated in Ref. [26]. The reasoning underlying this method is similar to the previous one
(Section 5.1.1), and the key effect to be observed is that the azimuthal brightness profile of
the spiral arm is skewed in different direction inside and outside the CR. Just as for the off-
set method, one can possibly utilize either slicing (as it was performed in the original work)
or decomposition, if a model allows one to construct spiral arms with varying skewness.

5.1.3. Bendings

Bendings in spiral arms are conspicuous features that can be examined on the possible
connection with the resonances. A possible line of reasoning is that, effectively, CRs
divide the disc into two not fully connected parts. In particular, this can manifest itself
in radial metallicity breaks, see [71]), and it is not unlikely that abrupt changes in spiral
arm parameters, including pitch angles, may be consistent with CR. Indeed, there is the
example of M 51, whose spiral arm bendings are coincident with CR positions [58].

5.1.4. Brightness Dips in Arms

In Ref. [24], it is noted that at CR, gas does not pass through the spiral arm. Therefore,
one should expect that the star formation rate is strangled at this radius, leading to the
appearance of a brightness dip. In the mentioned work, it is argued that these features are
absent, and it is claimed to contradict the density wave theory. Although this reasoning
offers a good prediction, the final conclusion of [24] is rather bold, given that only a single
galaxy was examined and that one has a rather unusual spiral pattern.

Meanwhile, we often observe dips in the spiral arms’ surface brightness profiles, but
they do not necessarily mark locations of CRs. Moreover, the predicted dips connected
with the suppression of star formation are less likely to be observed at 3.6 µm band, as
this wavelength is dominated by old star radiation. On the other hand, FUV images that
represent the star formation distribution, are rather clumpy, and the mentioned brightness
dip is harder to recognize.
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5.2. Example of NGC 4535

Although each of the 19 galaxies has at least two different CR measurements, according
to [52], NGC 4535 is the only object where all measurements ([72,73]) are consistent to at
least some extent. In this galaxy, CR is estimated to be located 70–80 arcsec from the center
(however, some measurements are highly uncertain). This can be interpreted as a sign that
NGC 4535 possesses a density wave in its disc. Furthermore, there is other evidence for the
CR being located at this radius. The key point of the Font–Beckman method [74] is that
the radial gas velocity is expected to reach zero at the resonance locations, which can be
observed as zeros in residual velocity maps. In fact, residual velocity maps of NGC 4535
exist for HI and CO data (see Figures 5 and 6 in Ref. [75]), and at 70–80 arcsec from the
center, they are indeed close to zero. Therefore, this galaxy is a natural choice to test the
connection of these features with a corotation resonance. In Figure 12, we present the
ridge-lines of spiral arms as well as locations of some features described in Section 5.1 and
its subsections and measured by 2D fitting (Section 4.1).

Figure 12. This diagram shows the ridge-lines of spiral arms in r–ψ coordinates for NGC 4535 as
colored curves, each one corresponding to a single spiral arm. Some of the spiral arm features are also
shown; specifically, the locations of brightness dips, when they exist, are marked by points, and the
located radii where skewness reaches zero are shown as horizontal dotted lines of the corresponding
color. CR measurements from Ref. [52] are also shown as black dashed lines, with their uncertainties
presented with shaded areas.

In NGC 4535, there two major spiral arms that pass through the CR, marked red and
green on the image. First of all, one can see that the general view of the spiral structure is
different inside and outside the CR; in the inner part of a galaxy, two major arms dominate
the spiral structure, whereas the outer spiral structure consists of shorter spiral arms and
spurs. As we mentioned in Section 5.1.3, any discontinuity in spiral pattern can, in principle,
align with the CR location. Moreover, the OLR is located at 120–140 arcsec, which is roughly
consistent with the truncation of the inner spiral structure, as expected in Ref. [23].

Next, for the “green” spiral arm, we observe that skewness turns zero very close to
the CR, at 69 arcsec; for the “red” arm, however, skewness does not reach zero anywhere
along it. On the other hand, this spiral arm exhibits a bending, which is, again, located near
the CR, at 76 arcsec.

Both major spiral arms also have two brightness dips each in their profiles. Curiously,
in both arms, each pair of dips is located at similar radii, but neither is fully consistent with
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CR; the inner pair is located near 53 and 57 arcsec, and the outer is at 87 and 89 arcsec. For
UV spiral arms, dips are also present at similar radii.

Next, we focus on offsets between spiral arms in IR and UV. Using straightened spiral
arms, we measure offsets using the slice-by-slice method. For each azimuthal slice in
straightened spiral arms, we fit a Gaussian function and measure their azimuthal offset. As
each slice corresponds to a given radius, one obtains the offset dependence on the radius.
At the same time, the rotation curve v(r) (for example, one from [76]), pattern speed Ωp

and the timescale of star formation dt together define the theoretical dependence of the
offset on radius. This result is shown in Figure 13. However, the offset dependence on r
is non-monotonous and far from any possible theoretical curve. The problem is that UV
images show numerous clumps, adding noise to the offset image, and thus, any quantitative
conclusions would be highly unreliable. Qualitatively, we only see that the offset is positive
at small r and negative at large r, and the radius where the sign changes is expected to be
the location of the CR.

Figure 13. This diagram shows the dependence of the UV–IR azimuthal offset versus radius for
two major spiral arms by colored points (different colors correspond to different spiral arms). The
locations of measured CRs from the database are shown as vertical dotted lines, with uncertainties
being shown as gray shaded areas.

Although possible CR indicators are concentrated near the measured CR value, in
some cases, there are clear inconsistencies, which may be caused by numerous factors. They
include image noise or non-smoothness, possible reasons other than the density wave for
observed features to appear, or the imperfection of a simple model with a single density
wave in the disc. We note that neither of the brightness dip features, mentioned in Ref. [24],
align with CR, but there are two pairs of dips just inside and just outside the CR, observed
in UV as well as in IR. However, they possibly may be consistent with the location of 4:1
(ultraharmonic) resonance.

In other galaxies, the features in spiral arms discussed before (brightness dips, bend-
ings, or radii of zero skewness) are usually less consistent with each other and with any
measurements of CRs, which had to be expected, as different estimates of the CR may
indicate the absence of a single density wave in the disc. Thus, one should not rely on indi-
vidual CR measurements but employ as many different methods as possible. Fortunately,
even purely photometric methods allow one to capture multiple CR indicators. Finally, we
note that theoretical modeling indicates that the presence of a disc break [77] can lead to
the emergence of a pair of spiral modes, not a single one [78]. Some galaxies in our sample
exhibit disc breaks, but not NGC 4535 (see Section 5.3).
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5.3. Exponential Scales of Spiral Arms

Despite spiral arm profiles being far from exponential (Section 3.2), one still can
measure their exponential scale and compare spirals with discs by this parameter. We
collect all measurements of I(r) for all spirals in a galaxy and fit them with exponential
function. For discs, exponential scales were derived from decomposition (Section 2.2).
Broadly speaking, we found that the exponential scale of the entire spiral structure is of the
same order as the exponential scale of the disc or slightly larger (see Figure 14).

Figure 14. A comparison of exponential scales of discs (x-axis) and spiral structures (y-axis) in
galaxies. Separate dots represent galaxies with Type I profiles [77]; pairs of dots connected with lines
represent galaxies with Type II profiles, where solid dots represent the inner exponential scale of the
disc, and transparent dots represent the outer. Pairs of dots are shown only for galaxies whose spiral
profile is consistent with the Type II disc profile (see text). Dashed and dotted lines represent linear
fits of data; solid line shows 1:1 ratio.

More specifically, 7 out of 19 galaxies have breaks in their radial brightness profiles of
discs [77] (all breaks are down-bending, i.e., these galaxies are of type II profiles). Therefore,
their discs exhibit two different exponential scales in their inner and outer parts. If we
simply exclude them and only consider galaxies with type I profiles, we observe that spiral
arms have larger exponential scales than discs by 30% on average.

Next, we consider galaxies with type II profiles. In all cases, the spiral structure spans
simultaneously the inner and outer parts of the disc. We fit spiral profiles with broken
exponential function, similar to the disc; we find that in 4 out of 7 cases, the fitted spiral
profile is roughly consistent with the disc profile, i.e., the located break radius of the spiral
profile is within 20% of the break radius of the disc profile, and the outer scale is larger than
the inner. If we add scales for these four galaxies to our comparison, we observe that the
trend for them generally agrees with the trend for type I profiles: the exponential scales for
spiral arms become 35% larger than for discs. We note that results concerning exponential
scales of spiral arms remain the same qualitatively if we extract spiral arms subtracting
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the model disc from decomposition with a mask, as described above. In this case, spiral
arm exponential scales are 33% larger than disc exponential scales, given that only type I
profiles are considered, or 38% of consistent type II profiles (which stay for the same four
galaxies) are taken into account.

Our observation that the exponential scale of the spiral structure is larger then that
of the disc implies that the contribution of the spiral structure to the galaxy luminosity
increases with radius. Indeed, in [79], the behavior of m = 2 Fourier component of spiral
galaxy images was examined, and one can observe its increase towards the periphery
(Figure 1 in their work). However, the analysis of the spiral arm contribution as a function
of the radius in Ref. [34] has shown that it usually peaks at less than 3h, implying that
after this, the radius spiral brightness tends to fall off faster. Spiral arm truncation is even
expected due to the termination of star formation at low gas densities [80]. Finally, the
results of [81] can be expressed as the exponential scale of the underlying part of the disc
being larger than the disc and spiral arms combined, which is also seemingly inconsistent
with our result. However, our result can be explained by the fact that our analysis does not
consider truncation, as we fitted only these points where spiral arm flux was measured.
Therefore, the combination of all these results can be interpreted that spiral structures have
a more flat radial brightness gradient than the disc at some range of radii, but it eventually
truncates, which also highlights that the exponential function is a poor approximation of
the overall spiral arm radial brightness profile.

6. Discussion and Conclusions
Concerning the shape of the spiral arms, we confirm that the simple logarithmic spiral

shape is not suitable to fit most of the spiral arms. Instead, we recommend using the
polynomial–logarithmic spiral with N = 2, 3, or 4, depending on the spiral arm length.
Bendings can be added, if needed; they present in 35% of spiral arms, albeit sometimes they
are not clearly visible in images. We confirm that this model is enough to fit the majority of
spiral arms, and at the same time, it does not introduce overfitting. Our measurements of
the average pitch angle are consistent with the literature. We examined how properties of
spiral arms depend on spiral structure type (grand-design or multi-armed), but did not
find any difference that is statistically significant.

Theoretical works usually consider logarithmic spiral arms with the constant pitch
angle and do not pay attention to their variations. Moreover, we confirm that spiral
arm pitch angles tend to not only vary but also decrease to the periphery of the galaxy.
This implies that the representation of spiral arms as a logarithmic spiral not only overly
simplifies their shape but also introduces a bias by not accounting for this trend.

For the first time, using consistent direct measurements of exact arm form and posi-
tion, we found that the spiral arm radial brightness profile is often far from exponential,
exhibiting non-monotonous exponential scale in different parts. In 24% of arms, we ob-
serve pronounced dips in brightness. At the same time, the exponential scale of the spiral
structure in general is usually slightly larger than the exponential scale of the disc.

The width of the spiral arms usually varies with radius. We found that the linear
function of the radius describes this variation well, and the constant term (zero-point) is
less important than linear. In other words, a width strictly proportional to radius is a better
simplification for a model than a constant width. We emphasize that the absolute width of
the spiral arm depends significantly on the convention, how spiral arms and disc should
be separated.

Combining all above, we propose an analytical function capable of describing the
surface brightness profile of spiral arms. We validate this function and confirm our results
with 2D fitting of straightened spiral arms, checking the importance of individual parame-
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ters. We identify the least important parameters that can be omitted when dealing with
spurs or when highly precise fits are not needed.

We also employ our methods to examine a connection between photometric features,
such as brightness dips and locations of zero skewness with corotation radii, which are
one of the most important indicators of the nature of spiral arms. In particular, we check
our results for NGC 4535, for which we suspect the presence of a density wave, and our
findings align with this interpretation.

We observe that ultraviolet images are difficult to fit with smooth functions due to
the chaotic and clumpy nature of star formation. As the radiation in most of the optical
and near-IR bands is emitted by the combination of old and young stellar populations,
this problem of clump contamination can possibly arise in different wavelengths. In the
recent work [82], a photometric decomposition of distant galaxies including clumps was
performed. Notably, the authors mention that more than 70% of clumps are associated with
spiral features. Considering this, probably the most optimal way to fit galaxies with spiral
structure is to combine our approach with one from their work. Modeling spiral arms as a
combination of a smooth large-scale structure and small clumps can be useful to obtain
a more precise representation of light distribution in galaxies and to discern qualitatively
different sources of radiation.

More broadly, this work highlights the lack of concordance on the question how spiral
structure should be treated in photometry: should it be interpreted as a feature above the
disc (and therefore, the inter-arm region without spiral features is indeed a proper disc) or
as some kind of a disturbance inseparable from the disc, manifesting itself as a combination
of positive and negative deviations of brightness from the axisymmetric disc? Essentially,
this difference in approach results in the different estimates of spiral arm widths (between
this work and [20]) and, in other works, in different contributions of spiral structure into
the total luminosity of the galaxy ([34] versus [20]). Moreover, these different points of
view are manifested in different approaches to decomposition with spiral structure. On the
one side, there are some works, including [65] or our works starting from Ref. [34], where
spiral arms are modeled as separate entities; on the other hand, there is a popular approach
implemented in GALFIT where the spiral structure can be modeled as a disc, modified
with Fourier and bending modes [33]. Probably, the answer to this question is connected to
the ultimate problem of the nature of spiral arms: are they indeed mostly density waves or
not? If the former is true, then considering spirals as separate features, existing above the
disc, does not have much physical meaning. If not, another question arises: how do we
separate spirals from the disc correctly?

However, nevertheless, the main result of this work remains: we have constructed
and justified a 2D photometric function of the spiral arm. This function can be used for
photometric decomposition, which is a powerful tool to retrieve the parameters of spiral
arms. The approach of decomposition with spiral arms was already implemented to study
the distribution of dust in different components of a galaxy [83], to examine the physical
nature of spiral arms in different galaxies [18,35], to find how spiral structure evolves with
time [36], and so on. In some recent works, for example [70], the decomposition method,
if used, could also be advantageous for the key idea of the study. Now, when a justified
photometric model is presented, such decomposition studies can be streamlined, and we
can expect their results to be more reliable in the future.
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