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A B S T R A C T 

Spiral structure can contribute significantly to a galaxy’s luminosity. Ho we ver, only rarely are proper photometric models of 
spiral arms used in decompositions. As we show in the previous work, including the spirals as a separate component in a 
photometric model of a galaxy would both allow to obtain their structural parameters, and reduce the systematic errors in 

estimating the parameters of other components. Doing so in different wavebands, one can explore how their properties vary with 

the wavelength. In this paper, second in this series, we perform decomposition of M 51 in 17 bands, from the far -ultra violet (UV) 
to far-infrared, using imaging from the DustPedia project. We use the same 2D photometric model of spiral structure where 
each arm is modelled independently. The complex and asymmetric spiral structure in M 51 is reproduced relatively well with 

our model. We analyse the differences between models with and without spiral arms, and investigate how the fit parameters 
change with wavelength. In particular, we find that the spiral arms demonstrate the largest width in the optical, whereas their 
contribution to the galaxy luminosity is most significant in the UV. The disc central intensity drops by a factor of 1.25–3 and its 
exponential scale changes by 5–10 per cent when spiral arms are included, depending on wavelength. Taking into account the 
full light distribution across the arms, we do not observe the signs of a long-lived density wave in the spiral pattern of M 51 as a 
whole. 

Key words: galaxies: photometry – galaxies: individual: M 51 – galaxies: spiral – galaxies: structure. 
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 I N T RO D U C T I O N  

alaxies are composed of many individual subsystems, which can
ach have distinct kinematics, spatial properties, stellar population
ges, metallicities, and other properties. These observed differences
re believed to be driven by various mechanisms which go v ern
ow galaxies form and evolve. By increasing our understanding
f these subsystems, one can shed light on the role of major and
inor merging, cold gas accretion, angular momentum transfer,

ar formation, gravitational instabilities, and other local and secular
rocesses (Somerville & Dav ́e 2015 ). 
Decomposition is the process of highlighting, separating, and
easuring parameters of galactic subsystems. It is usually done

y modeling a galaxy with some functions and fitting the function
arameters to best agree with models and observations. For example,
ne can use a 1D photometric cut, an azimuthally averaged profile,
r a 2D distribution of signal on image (Erwin 2015 ; M ́endez-Abreu
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t al. 2017 ). The two most prominent subsystems in spiral galaxies
re the central concentration component, called the bulge, and a
arge mostly flat component, called the galactic disc. Usually, a de
aucouleurs or more general S ́ersic profile is adopted for the bulge,
nd an exponential profile is adopted for the disc. The bulge-disc
ype of decomposition is the most common and has been carried out
or the largest samples of galaxies (Simard et al. 2011 ; Bizyaev et al.
014 ; Lang, Hogg & Mykytyn 2016 ; Makarov et al. 2022 ). Such
imple profiles allow one to do the decomposition conveniently and
dentify many physical relations, such as the connection between
upermassive black hole and bulge properties (Vika et al. 2012 ), the
ependence of the shape of the bulge intensity distribution on its
uminosity (Noordermeer & van der Hulst 2007 ), the dependence of
he bulge and disc properties on their environment (i.e. whether they
re situated in a field or in a cluster, Barway et al. 2009 ), galaxy
volution (Weinzirl et al. 2009 ), and so on. 

Ho we ver, galaxies often contain additional components aside from
he disc and bulge, and thus demonstrate a more complicated light
istribution. Therefore, various studies adopt more sophisticated
hotometric models. For example, for a central component of a
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alaxy it is often necessary to add a second S ́ersic profile (D’Souza
t al. 2014 ). Sometimes, active galactic nuclei are modeled as an
nresolved point source (Gadotti 2008 ) or a nuclear disc (Gadotti 
t al. 2020 ). For edge-on galaxies, boxy or peanut-shaped (B/PS)
ulges make frequent appearances (Smirnov & Savchenko 2020 ; 
archuk et al. 2022 ) along with the barlens component in galaxies

iewed more face-on (Laurikainen et al. 2014 ; Athanassoula et al. 
015 ; Laurikainen & Salo 2017 ). Disc components are usually 
odified by breaks of different types (Laine et al. 2014 ), or a

runcation of the inner part which is justified from bar presence 
r quenching (Papaderos et al. 2022 ). Additional thick or thin disc
omponents and flaring can also be added (Mosenkov et al. 2021 ). 

Despite the long list of aforementioned modifications, in some 
ases this too may not be enough to adequately represent a particular
alaxy, since non-axisymmetric features may also be present (Peng 
t al. 2010 ). Bars and spirals are by far the two most common of
hese features, with more than half of all galaxies containing bars
Marinova & Jogee 2007 ; Sheth et al. 2008 ; Masters et al. 2011 ) or
piral arms (Conselice 2006 ; Willett et al. 2013 ). Despite a similar
niversal abundance of such non-axisymmetrical features, bars are 
ommonly accounted for in decomposition (Gadotti 2009 ), whereas 
pirals are not. One reason for including bars but not spirals is the
uch higher relative contrast of bars, compared to typical spiral 

tructures, and also the fact that bars extend through the central 
egions of galaxies thus their inclusion is crucial for obtaining the 
orrect bulge parameters (Laurikainen et al. 2006 , 2007 ; Gadotti 
009 ; Weinzirl et al. 2009 ; Salo et al. 2015 ). The other reason is
hat bars are relatively simple and could be modeled with a Ferrer’s
rofile or a similar model (Williams & Evans 2017 ), but spiral arms
re much more difficult to accurately model. 

The spiral galaxies are usually divided into three classes following 
lmegreen ( 1990 ): grand design galaxies which contain two main 
piral arms, multi-armed spirals with more than two distinct arms, 
nd flocculent galaxies with many short and fuzzy arms. Arms can be
ymmetric and may demonstrate a good fit using a logarithmic curve, 
ut often they do not follow such simplistic shapes (Savchenko & 

eshetnikov 2013 ). Spiral arms are probably among the largest 
isible features in galaxies, and can contain a large portion of the
ight budget, especially in grand design galaxies, where they can 
ccount for up to 40 per cent of the total luminosity (Savchenko et al.
020 ). Thus, it is natural to expect that such a bright component
hould affect the decomposition results, but it is not exactly clear 
ow. This subject has been poorly investigated in the literature, and 
he results are quite contro v ersial (L ̈asker, Ferrarese & van de Ven
014 ; Gao & Ho 2017 ; Sonnenfeld 2022 ). 
Spiral arms’ influence on decomposition mostly accounted for 

rtificial images of galaxies (Davis et al. 2012 ; Lingard et al. 2020 ;
onnenfeld 2022 ). This approach is obviously flawed due of its
implicity and the unnatural appearance of modeled galaxies when 
ompared to real objects. The only credible approach used for 
ecomposition of observations with spiral arms that we are aware 
f is formulated in Peng et al. ( 2010 ). Here, spirals are modelled
s Fourier and bending modes, modified by a rotation function of
ifferent forms. Although this approach works surprisingly well even 
or some complex spiral galaxies, it is challenging to implement and 
nterpret, and is thus only used in a few works with a very limited
umber of objects (L ̈asker, Ferrarese & van de Ven 2014 ; Gao & Ho
017 ). Moreo v er, the rotation function is smooth, and, hence, not able
o model observed pitch angle changes (Savchenko & Reshetnikov 
013 ), where the pitch angle is the angle between the line tangent to
he spiral arm and the line perpendicular to the radius-vector drawn 
rom the centre of the galaxy. Also, the resultant spiral structure is
ymmetrical for each mode, which is not the case for many objects
Conselice 1997 ). Finally, the importance of spiral pattern accounting 
s not evident after these studies. 

In our previous pivot study Chugunov et al. ( 2024 ), first in the
eries, we attempt to address these issues by introducing a new 2D
hotometric model where each spiral arm is modeled independently. 
n this model, the light distribution both along and across the arm and
ts o v erall shape can be varied significantly. For 29 galaxies we utilize
.6 μm-band images corresponding to the old stellar population from 

alo et al. ( 2015 ), and analyse the differences between models with
nd without spiral arms. We find that spiral arms are modeled well,
nd neglecting them in decomposition causes errors in estimating the 
arameters of the disc, the bulge, and the bar. In addition, Chugunov
t al. ( 2024 ) find that the pitch angle of spiral arms decreases with
ncreasing bulge or bar fraction, and that the spiral-to-total ratio 
s higher for galaxies with more luminous discs and with higher
ulge-to-total ratios. In the first study we also measure the widths
f the spiral arms and the contribution of the spiral arms to the
zimuthally averaged brightness profile. Overall, we demonstrate 
hat the approach, presented in Chugunov et al. ( 2024 ), produces
eliable models and is useful for the analysis of spiral structure in
bserved galaxies. 
Decomposition is rarely done for more than a few bands. In most

ases only adjacent bands from the same surv e y are used, such
s SDSS optical bands (Simard et al. 2011 ; M ́endez-Abreu et al.
017 ; Kruk et al. 2018 ), JHK s from 2MASS (R ́ıos-L ́opez et al.
021 ), or less frequently, Herschel far-infrared (FIR) 100–500 μm 

ands (Mosenkov et al. 2019 ). Ho we ver, to model stellar populations
f individual galaxy components and build their spectral energy 
istribution (SED), it is important to use the longest wavelength 
aseline. Using bands from different telescopes is difficult due to the
dditional processing required to account for different instrument 
esolution and other characteristics. For these reasons, studies with 
 wide wavelength range coverage from far -ultra violet (FUV) to
IR are scarce [see Buzzo et al. ( 2021 ) and Robotham, Bellstedt &
river ( 2022 ) as examples]. There also exists an approach to do
ecomposition of images in different wavelengths simultaneously, 
.e. to make single, wavelength-dependent model which fits images 
n all bands (H ̈außler et al. 2013 ; Vika et al. 2014 ), but so far it has
nly been applied to a limited number of bands. 
In this paper, we decompose images of the well-known Messier 51

M 51) galaxy taking into account not only bulge and disc, but also
ts spiral arms, using a modified analytical model from Chugunov 
t al. ( 2024 ) for this purpose. The images span a wavelength range
rom the FUV to FIR and encompass different sources of radiation,
uch as both young and old stars, and dust and polycyclic aromatic
ydrocarbon (PAH) emission. Thus, we aim to (i) demonstrate that 
ur model can fit a nuanced galaxy with non-symmetrical and 
omplex arms, and (ii) do this for a wide set of photometric bands. 

The galaxy M 51 (NGC 5194, Whirlpool Galaxy) is an iconic
nd well-known object in astronomy as it was the first nebula with
 detected spiral structure (Rosse 1850 ). The term M 51 is often
sed to describe both NGC 5194 (M 51a) and its companion galaxy
GC 5195 (M 51b) as an interacting system, but we will use it as a

horthand for the main galaxy only. The system is a famous example
f an Sbc galaxy with grand design arms, and a close lenticular
ompanion NGC 5195 is attached to the tip of the northern spiral
rm. This apparent connection is actually a visual coincidence, since 
GC 5195 is located at 20–50 kpc behind M 51 (Toomre & Toomre
972 ; Salo & Laurikainen 2000 ; Dobbs et al. 2010 ). There is no full
onsensus about number and time of interactions between galaxies. 
umerical models predict two interactions (Salo & Laurikainen 
MNRAS 528, 1276–1295 (2024) 
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Table 1. Photometric bands used. 

Name/Facility λ, μm Pixel FWHM log 10 ( λ) Orig. res.? 

GALEX FUV 0.153 3.2 4.3 − 0 .82 + 

GALEX NUV 0.227 3.2 5.3 − 0 .64 + 

SDSS u 0.353 0.45 1.3 − 0 .45 + 

SDSS g 0.475 0.45 1.3 − 0 .32 + 

SDSS r 0.622 0.45 1.3 − 0 .21 + 

SDSS i 0.763 0.45 1.3 − 0 .12 + 

SDSS z 0.905 0.45 1.3 − 0 .04 + 

2MASS J 1.24 1 2.0 0 .09 –
2MASS H 1.66 1 2.0 0 .22 –
2MASS K s 2.16 1 2.0 0 .33 –

Spitzer 3.6 μm 3.6 0.75 1.66 0 .56 + 

Spitzer 4.5 μm 4.5 0.75 1.72 0 .65 –

Spitzer 8.0 μm 8.0 0.6 1.98 0 .90 + 

Spitzer 24 μm 24 1.5 6 1 .38 + 

Spitzer 70 μm 70 4 18 1 .85 + 

PACS 160 μm 160 4 13 2 .20 + 

SPIRE 250 μm 250 6 18 2 .40 + 

Horizontal lines demarcate different parts of the spectrum, which are shown 
with filled colour in figures throughout the paper. Full width at half-maximum 

(FWHM) and pixel scales are given in arcseconds. The last column marks 
if M 51 was additionally decomposed in this band using an image with the 
original resolution. 
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000 ; Dobbs et al. 2010 ) or a single flyby event about 100 Myr ago
Toomre & Toomre 1972 ). In any case, the signs of recent interaction
re clearly visible both in deep and H I images as a tidal bridge that
onnects the galaxies, and as a large tail. Both galaxies host weak
ctive galactic nuclei (Terashima & Wilson 2001 ). The distance D =
.9 Mpc to M 51 was derived using several SN II events (Dessart et al.
008 ), which gives the scale 43 pc arcsec −1 . We adopt an inclination
ngle i = 32.6 ◦ following Nersesian et al. ( 2020 ), who reuse the
esults presented in Mosenkov et al. ( 2019 ). 

We consider M 51 in this study because it is close, so its various
spects are very well studied, and in as an homage to its historical
mportance in astrophysics. It was also an aim of decomposition
rocesses in many previous works, namely Baggett, Baggett &
nderson ( 1998 ), Fisher & Drory ( 2008 ), Peng et al. ( 2010 ), Salo

t al. ( 2015 ), Casasola et al. ( 2017 ), and Heyer et al. ( 2022 ), which
ake it possible to compare the obtained parameters with previous

stimations for models without spiral structure considered as separate
omponents. Essential for this study is that M 51 has a huge and
ontrasting grand design spiral pattern. Moreo v er, these spiral arms
xhibit clear asymmetry and pitch angle change. Together with an
 v erall comple x morphology, this makes M 51 an interesting and
ifficult target. 
Our paper is organized as follows. In Section 2 we describe the

alaxy and sample of images used. In Section 3 we present the model
f spiral arm. In Section 4 we provide the details about decomposition
nd in Section 5 validate our models in different bands. In Section 6
e present main results of our study along with the discussion. We

ummarize the work and give conclusions in Section 7 . 

 DATA  

he source of images used in this study is the DustPedia Archive. 1 

ntroduced in Clark et al. ( 2018 ), DustPedia is a multiwavelength
atalogue with photometry across 42 bands for the 875 galaxies in
he local Universe. Based on objects observed by Herschel Space
bservatory (Pilbratt et al. 2010 ), it also includes images from the
ALaxy Evolution eXplorer (GALEX, Morrissey et al. 2007 ), the
loan Digital Sky Survey (SDSS; York et al. 2000 ), the Digitized Sky
urv e y (DSS), 2 the 2 Micron All-Sk y Surv e y (2MASS; Skrutskie
t al. 2006 ), the Wide-field Infrared Surv e y Explorer (WISE, Wright
t al. 2010 ), the Spitzer Space Telescope (Werner et al. 2004 ), o v erall
o v ering a huge part of the spectrum from FUV to FIR and submil-
imetre wav es, spanning o v er fiv e orders of magnitude in λ. All those
bservations were not only collected, but also processed for doing
onsistent mosaic co-addition, foreground star removal, aperture-
atched photometry, noise reduction, unit conversion, and removing

oreground emission. This enormous amount of work resulted in a
onvenient and ef fecti ve tool to study multiwavelength imagery of
alaxies without the burden of doing data reduction. Dustpedia is
edicated to study the dust role in extragalactic processes. It not only
oosts that part of science (Bianchi et al. 2018 ; Clark et al. 2019 ; De
is et al. 2019 ; Mosenkov et al. 2019 ; Nersesian et al. 2019 ; Tr ̌cka
t al. 2020 ; Nersesian et al. 2021 ), but could also be used for entirely
ifferent domains of astrophysics, such as galactic dynamics studies.
We downloaded images for M 51 from the DustPedia Archive in

7 different bands, listed in Table 1 . All images are in units of Jy/pix.
e decided to not use DSS and WISE images due to their lower

esolution and pixel width when compared to their close analogues,
NRAS 528, 1276–1295 (2024) 
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hich are SDSS in the optical and Spitzer in the IR bands. To
roperly compare the properties of the spirals in the images obtained
sing different telescopes and to ensure that obtained insights are not
ntroduced by differences between the instruments, we need to reduce
ll the images to the same resolution and point spread function (PSF).
herefore, optimal resolution and depth are crucial for our analysis.
e decide to not use bands beyond SPIRE 250 μm, because near this
avelength, image resolution begins to deteriorate quickly. Ho we ver,

he 250 μm band is located close to the peak of the SED in its FIR
art where the emission from cold dust is not contaminated by the
mission from warm dust, thus the inclusion of this band allows
tudying the properties of the cold dust in M 51. 

Reducing all the images to the lowest resolution is method-
logically correct, but has its price. The degradation of resolution
ould significantly affect the results, altering the smallest details
nd introducing a PSF-related bias (e.g. Marchuk et al. 2021 ). To
ddress this issue, we also perform decomposition of two additional
amples of data. The first sample consists of images with the original
esolution and PSF. These are listed in the last column of Table 1 .

e do not use all bands to reduce the computational workload,
ut try to co v er as wide λ range as possible. The second sample
onsists of 14 images from the GALEX FUV to Spitzer 24 μm,
educed to the same resolution. The choice of the 24 μm limit is
ased on the fact that we deliberately do not want to omit the UV
art of the spectra, but maximally impro v e the resolution. Since the
argest pixel size is now for the GALEX data, this allows us to
mpro v e the resolution by a factor of two, and by a factor of three
or the PSF full width at half-maximum (FWHM). The inclusion
f these two additional samples strengthens the results, presented
hroughout the paper, and provides a tool to catch the resolution-
elated effects as mentioned in Section 6.1 . Note, ho we ver, that these
ata sets should be treated as auxiliary data only, because for them
e do not estimate decomposition uncertainties using bootstrapping

s described in Section 4 due to the computational burden of such a
ask. 

http://dustpedia.astro.noa.gr/
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Most of the necessary image preparation routines have already 
een completed thanks to the DustPedia Collaboration, but we still 
eed to mention several of our methodological choices. First, we note 
hat the sky background in 2MASS images are very inhomogeneous, 
o we use data downloaded directly from 2MASS Atlas (Skrutskie 
t al. 2006 ) instead. These images’ bands, J , H , K s , were converted to
y/pix and then used as is. Additionally, we note that some images in
ustPedia demonstrate non-zero background emission, but it is still 

ather constant through the image and was thus subtracted. We do not
e-project images into a face-on orientation using the same constant 
nclination value during decomposition, see Section 4 for details. We 

ask the foreground stars, the companion galaxy NGC 5195, and 
he tidal tail where they were visible, manually and independently in 
ach image. 

Secondly, we need to choose the band with the largest PSF FWHM,
hich is SPIRE 250 μm in our case, and convolve the rest of

he images with appropriate transition kernels such that after this 
onvolution, the resulting images would have the same PSF FWHM. 
hus, all images were resampled to the pixel width and FWHM of 250 
m, which are 6 arcsec and 18 arcsec accordingly (for comparison, 
 51’s angular size in optical bands is about 10 arcmin). In order

o estimate these transition kernels, we use information about PSFs 
ublished in Aniano et al. ( 2011 ) and then apply the PSF matching
ool from PHOTUTILS (Bradley et al. 2020 ). For the subsample 
imited by 24 μm band we do exactly the same, but with the pixel
cale and FWHM being 3.2 and 6 arcsec, respectively. The resulting
SF is very close to the PSF in the original 250 μm image, including

he PSF tail. In all cases, we resample the PSF to the same pixel size
s in an image. We conducted some experiments with oversampled 
SF and concluded that using an o v ersampled PSF has no influence
n any results of decomposition. 

 A NA LY T I C A L  M O D E L  

n this section, we describe decomposition components and their 
arameters. 
We use the standard S ́ersic function for the bulge component model 

Sersic 1968 ), 

 ( r) = I eff exp 

{ 

−b n 

[ (
r 

r eff 

) 1 
n 

− 1 

] } 

. (1) 

It is parameterized by three quantities, namely the S ́ersic index n ,
hich describes the radial concentration of the bulge, the ef fecti ve

adius r eff , which encloses half of the light, and intensity at this radius
 eff . The b n value is a normalization coefficient. The disc component
as described by a simple exponential distribution 

 ( r) = I 0 exp ( −r/h ) (2) 

ith two parameters, its central intensity I 0 and exponential scale 
ength h . 

We model each spiral arm independently with a function that has 
6 free parameters. Almost the same model has been used in our
rst study devoted to the spiral structure of 29 galaxies from S 

4 G
urv e y (Chuguno v et al. 2024 ), where it was shown that our model
eproduces well the observed properties of spirals, their shape and 
ight distribution. Here, we again describe the basic equations and 
arameters of our model and refer the reader to Chugunov et al.
 2024 ) for a detailed discussion of the reasons for the particular
hoice of functional form. 
The surface brightness distribution of an arm in polar coordinates 
 r , ϕ) has a following form: 

 ( r( ϕ ) , ϕ ) = I 0 × I ‖ ( r, ϕ) × I ⊥ 

( r − r( ϕ ) , ϕ ) (3) 

e now provide details about each function from equation ( 3 ). 
Function r ( ϕ) describes the shape of the ridge-line of spiral in

olar coordinates ( r , ϕ), where r is galactocentric distance and ϕ is
he azimuthal angle. To define r ( ϕ), we use two polynomial functions
f order N = 4 with polynomial coefficients m i and l i . This is the
nly change of the model from Chugunov et al. ( 2024 ), where r ( ϕ) is
escribed by a single polynomial. This change was done because the
rms of M 51 demonstrate clearly visible sharp bends inside them,
hich cannot be modelled properly with smoothly varying pitch 

ngle. The arm starts at a radius r 0 and position angle ϕ 0 , and hereafter
 is counted from ϕ 0 along the direction of spiral winding, clockwise
r counterclockwise, which depends on one more parameter and is 
etermined visually. Spiral arms bend at ( r break , ϕ break ), where r break 

s determined from other parameters, including ϕ break , to make both
arts of the arm match. So r break is not an independent parameter
n our model. Therefore, r ( ϕ) has a total of 12 parameters and is
ormally described as follows: 

⎧ ⎨ 

⎩ 

r( ϕ) = r 0 ×exp 
(
ϕ 

∑ 3 
i= 0 m i 

(
ϕ 

2 π

)i 
)

, ϕ < ϕ break 

r( ϕ) = r break ×exp 
(

( ϕ − ϕ break ) 
∑ 3 

i= 0 l i 
(

ϕ−ϕ break 
2 π

)i 
)

, ϕ ≥ ϕ break . 

(4) 

The average pitch angle 〈 μ〉 for any part of the arm can be easily
ound as the arctangent of the slope coefficient in a linear fit of
he points of the spiral structure in the log-polar coordinates, i.e.
og r = tan 〈 μ〉 × ϕ + log r 0 . Pitch angle μ at azimuthal angle ϕ can
e expressed as following: 

⎧ ⎨ 

⎩ 

μ = arctan 
(∑ 3 

i= 0 ( i + 1 ) m i 

(
ϕ 

2 π

)i 
)

, ϕ < ϕ break 

μ = arctan 
(∑ 3 

i= 0 ( i + 1 ) l i 
(

ϕ−ϕ break 
2 π

)i 
)

, ϕ > ϕ break 

(5) 

For I � , the region of growth ends at angle ϕ max , reaching a
aximum intensity. Exponential decline continues until ϕ cutoff , and 

he cutoff region ends until ϕ end . At ϕ end , the flux reaches zero and the
piral arm ends. In exponential decrease regions, intensity falls with 
adius exponentially with scale h s , and in cutoff regions, exponential
ecrease is also multiplied by a linear decrease between 0 and 1.
efore ϕ cutoff , I � defined by this formula of four parameters: 

 ‖ ( r( ϕ ) , ϕ ) = 

1 

Ī 
( h s × �( ϕ ) ) �( ϕ max ) exp ( −�( ϕ ) ) (6) 

here �( ϕ) = ( r ( ϕ) − r 0 )/ h s and Ī is a normalization constant to make
he maximum of I � equal to 1. The exact value of Ī is derived from
he other parameters as Ī = ( �( ϕ max ) × h s ) �( ϕ max ) exp ( −�( ϕ max )). As
aid abo v e, at ϕ cutoff ≤ ϕ ≤ ϕ end , the function is multiplied by factor
f (1 − ϕ−ϕ cutoff 

ϕ end −ϕ cutoff 
). 

For the profile across the arm we implement a modified S ́ersic
unction. This profile is fitted independently for direction ρ toward 
in) the galactic centre and from it (out) relative to the arm peak, each
ith its own w 

in/out 
e and n in/out parameters (and b in/out 

n , which depend
n n in/out ). The parameter ξ describes the widening of the arm towards
he outer edge. The condition ξ > 0 means that the spiral arm’s width
ncreases when traveling towards the edge of the galaxy, and ξ is the
ame for both in and out directions. In total, the profile I ⊥ 

( ρ, ϕ) is
MNRAS 528, 1276–1295 (2024) 



1280 A. A. Marchuk et al. 

M

Table 2. Parameters in decomposition model. 

Component Parameter Description 

All X 0 , Y 0 Coordinates of the galactic centre 
PA Position angle of galactic plane 
i Inclination of galactic plane 

Bulge I eff Intensity at half-light radius 
r eff Half-light radius 
n S ́ersic index 

Disc I 0 Central intensity 
h Exponential scale 

Spiral arm I 0 Maximum intensity in the arm 

r ( ϕ) m 0. . . 3 Polynomial parameters for ϕ ≤ ϕ break 

l 0. . . 3 Polynomial parameters for ϕ > ϕ break 

r 0 , ϕ 0 Coordinates of beginning of the arm 

ϕ break Azimuthal angle of arm break 
cw Arm winding direction 

I � ϕ max Azimuthal angle of maximum intensity 
ϕ cutoff Azimuthal angle of cutoff beginning 
ϕ end Azimuthal angle of end of the arm 

h s Arm exponential scale 

I ⊥ w 

in 
e , w 

out 
e Half-light distance inwards and 

outwards 
n in , n out S ́ersic index inwards and outwards 

ξ Arm width increase rate 

d

I
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escribed by five parameters and has the following form: 

 

in/out 
⊥ 

( ρ, ϕ) = exp 

⎛ 

⎜ ⎝ 

−b in/out 
n ×

⎛ 

⎝ 

ρ√ 

w 

2 
e + ( ϕ × ξ ) 3 

⎞ 

⎠ 

1 
n in/out 

⎞ 

⎟ ⎠ 

(7) 

A centre point X 0 , Y 0 , inclination i , and positional angle PA are
lso amidst the parameters of each component. Centre point and
nclination are usually the same for all components. When including
hese, the model for each spiral arm in M 51 has 26 parameters.
ll parameters, including those for the galaxy plane’s orientation,
ulge, and disc are listed in Table 2 . The rather large number of
arameters is justified, since spirals are complex structures that are
ricky to fit with a simple form. The advantage of the proposed model
s that it is arranged relatively simply into individual subcomponents,
nd most of the parameters can be reliably guessed from the image.
 or e xample, h s can be guessed from the position of the spiral’s
nd, which is equal to 3 − 5 h s . Another benefit is that each arm
s fitted separately, thus allowing for a fit even in non-symmetrical
ases, which simpler models can not do. The model proposed in this
ection can fit very difficult cases, including M 51 as demonstrated
elow, and 29 galaxies from Salo et al. ( 2015 ) work (Chugunov et al.
024 ). 

 DECOMPOSITION  

he model introduced in Section 3 was implemented as new function
n the IMFIT package (Erwin 2015 ). We ran the fitting twice with the
ame parameters for each image. For the first run, we applied the
ulge plus disc model (B + D), while for the second run we used the
ame model, but with two additional spiral arms (B + D + S). 

An important sidenote is that M 51 contains an active galactic
ucleus (AGN) at the centre (Querejeta et al. 2016 ). Its presence
s manifested in the optical and other bands as the narrow central
eak in Fig. 4 for images with the original resolution. Its appearance
NRAS 528, 1276–1295 (2024) 
s mostly important in these images and it has a negligible effect
n all structural parameters except those of the bulge. We include
GN in decomposition as a separate component only for the images

n original resolution for these bands where it is visible, namely
ll SDSS bands and Spitzer 3.6, 8.0, and 24 μm bands. We use a
oint source to model the AGN and find its contribution to the total
uminosity of roughly 0.2 per cent in the optical, and the highest
alue of 0.5 per cent is achieved in the 24 μm band. 

The main difficulty of approximating data with a complex model
ith man y de grees of freedom lies in finding the proper initial
alues for the free parameters. To simplify fitting and speed up the
ptimization of the polynomial r ( ϕ), we first traced the spiral arms’
hapes manually, and then approximated the shape based on such
easurements. Parameters describing the shape of arms were later

sed as initial guesses for fitting. We apply reasonable constraints
o other parameters of spiral arms. For each image convolved to
he 250 μm-band image resolution and pixel scale, the fitting takes
pproximately half an hour for each B + D + S type of decomposition,
hile B + D model fitting took less than a minute for one band, with

ll available cores of Intel Core i5-7200U CPU. We estimated the
oodness of the fit through a visual comparison between real images
nd their models by analysing residual images in Section 5 , and also
ia the bootstrapping procedure, described below. 
Some of the images in DustPedia have related error maps that are

pecifically prepared to account for various f actors lik e image co-
dding, dark noise, Poisson noise, etc. Unfortunately, such maps are
ot available for all bands. For example, the error maps are missing
or the GALEX and SDSS bands. For these bands, we received
rror maps constructed by Nersesian et al. (pri v ate communication)
here the authors used the same approach originally presented in
erstocken et al. ( 2020 ). These were created from estimating the
ix el-to-pix el noise, the calibration uncertainty, and the Poisson noise
n the original data. For other bands, we use error maps provided in
he DustPedia archive; for the Spitzer images we use original maps
rom the IRSA data base. 3 These error maps are utilized in the χ2 

alculation and to estimate parametric uncertainties in a correct and
niform way for all models. 
The orientation parameters, i.e. galaxy inclination i and position

ngle PA, were fixed during decomposition. Ho we ver, the choice of
nclination for our modelling is a nontrivial task because the estimates
f i in the literature span a large range from 20 ◦ (Sofue et al. 1999 ;
bdeen et al. 2020 ) up to more than 50 ◦ (Daigle et al. 2006 ), and

n some studies the inclination angle could not even be determined
Egusa et al. 2009 ). Such large inclination uncertainties are usually
ttributed to galaxies oriented close to face-on, but in the case of
 51, its inclination has a large uncertainty due to the perturbed

hape of the galaxy. It is also interesting that we find a similar
ange of i uncertainty among individual bands if the orientation
arameters are not fixed and we try to estimate them from fitting.
o adopt a reasonable inclination value for all bands under study,
e decided not to choose it blindly from the literature and instead
id the following procedure. We normalized the images in all 17
ands to the same intensity range, summed them up and performed
ecomposition of the resulting ‘image’ treating i and PA as free
arameters. Although clearly unphysical, such a procedure produces
he orientation parameters that work reasonably well for most of the
mages used: i = 46.2 ◦ and PA = 24.4 ◦, and that are supported by
oth kinematic (Daigle et al. 2006 ) and photometric studies (Sheth
t al. 2010 ). We also tried to fit B + D models to all images with spiral

https://irsa.ipac.caltech.edu/
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Table 3. Parameters of the bulge and disc in the B + D and B + D + S models for images reshaped for 250 μm resolution. 

Name Disc Bulge 
h , arcsec r eff , arcsec n B / T 

B + D + S B + D I B+D 
0 /I B+D+S 

0 B + D + S B + D B + D + S B + D B + D + S B + D 

FUV 88.5 ± 1.1 79 .1 ± 0.5 2 .70 21.7 ± 0.2 11.1 ± 0.0 0.04 ± 0.00 0.01 ± 0.00 0 .07 0 .00 
NUV 76.8 ± 0.9 69 .0 ± 0.1 3 .25 25.6 ± 0.5 13.5 ± 0.0 0.11 ± 0.01 0.01 ± 0.00 0 .11 0 .05 
u 72.0 ± 1.0 75 .7 ± 0.5 1 .54 20.6 ± 0.5 13.4 ± 1.9 0.32 ± 0.03 0.05 ± 0.03 0 .08 0 .04 
g 70.0 ± 0.7 72 .8 ± 0.4 1 .40 16.1 ± 0.3 11.2 ± 1.1 0.63 ± 0.03 0.05 ± 0.02 0 .08 0 .05 
r 68.7 ± 0.3 71 .7 ± 0.3 1 .32 15.1 ± 0.1 12.4 ± 0.4 0.69 ± 0.03 0.01 ± 0.00 0 .09 0 .04 
i 70.2 ± 0.5 72 .8 ± 0.3 1 .29 16.0 ± 0.2 12.7 ± 0.4 0.91 ± 0.04 0.26 ± 0.00 0 .10 0 .08 
z 67.3 ± 0.6 71 .0 ± 0.6 1 .27 16.5 ± 0.2 12.9 ± 0.8 1.08 ± 0.05 0.29 ± 0.05 0 .11 0 .08 
J 59.8 ± 0.8 65 .6 ± 0.4 1 .17 16.8 ± 0.4 13.5 ± 0.4 1.11 ± 0.09 0.36 ± 0.00 0 .13 0 .10 
H 63.3 ± 0.4 67 .8 ± 0.4 1 .27 18.8 ± 0.1 14.0 ± 0.2 1.41 ± 0.0 0.43 ± 0.03 0 .15 0 .11 
K s 60.9 ± 0.9 66 .2 ± 0.4 1 .25 18.2 ± 0.3 14.4 ± 0.2 1.15 ± 0.06 0.45 ± 0.03 0 .15 0 .12 
3.6 μm 71.0 ± 0.5 70 .7 ± 0.4 1 .60 20.5 ± 0.2 15.3 ± 0.4 1.13 ± 0.04 0.40 ± 0.05 0 .17 0 .11 
4.5 μm 75.6 ± 0.7 72 .5 ± 0.4 1 .74 21.0 ± 0.2 15.9 ± 0.4 1.06 ± 0.04 0.39 ± 0.04 0 .18 0 .11 
8.0 μm 57.5 ± 0.0 60 .1 ± 0.6 2 .13 25.9 ± 0.0 18.2 ± 0.6 0.09 ± 0.00 0.05 ± 0.00 0 .13 0 .07 
24 μm 67.6 ± 0.3 62 .3 ± 0.4 2 .62 26.6 ± 0.2 19.2 ± 0.5 0.12 ± 0.00 0.05 ± 0.00 0 .21 0 .15 
70 μm 68.8 ± 0.5 62 .5 ± 0.3 4 .10 24.5 ± 0.3 17.0 ± 0.8 0.32 ± 0.01 0.05 ± 0.00 0 .22 0 .14 
160 μm 67.3 ± 0.5 64 .5 ± 0.3 2 .51 26.1 ± 0.3 19.9 ± 0.6 0.20 ± 0.02 0.05 ± 0.00 0 .18 0 .11 
250 μm 77.3 ± 0.5 68 .7 ± 0.4 2 .93 23.0 ± 0.3 17.9 ± 0.7 0.09 ± 0.00 0.05 ± 0.00 0 .11 0 .10 

Mean 69.6 69.0 2.01 20.8 14.8 0.62 0.17 0.13 0.09 

Results for other two data sets listed in Appendix A . 

Table 4. Parameters of spiral arms for images convolved to 250 μm resolution. 

Spirals/total Pitch, deg Width, arcsec h s , arcsec h s / h 
Band Arm1 Arm2 Arm1 Arm2 Arm1 Arm2 Arm1 Arm2 Arm1 Arm2 

FUV 0 .29 0 .30 9.1 ± 0.2 11.5 ± 0.5 40.5 ± 2.4 44.0 ± 2.8 66.7 ± 2.3 15.7 ± 1.4 0 .75 0 .18 
NUV 0 .26 0 .26 9.4 ± 0.2 12.1 ± 0.4 38.9 ± 6.4 44.6 ± 2.2 77.1 ± 3.7 17.2 ± 1.3 1 .00 0 .22 
u 0 .22 0 .23 9.6 ± 0.3 9.7 ± 0.5 46.8 ± 2.7 44.1 ± 0.9 51.9 ± 4.0 46.9 ± 3.8 0 .72 0 .65 
g 0 .19 0 .17 11.0 ± 0.3 14.1 ± 0.5 47.0 ± 1.6 45.8 ± 0.7 51.0 ± 2.6 62.4 ± 2.8 0 .73 0 .89 
r 0 .16 0 .15 10.9 ± 0.3 13.6 ± 0.5 46.6 ± 0.5 46.3 ± 0.5 64.4 ± 1.3 85.0 ± 1.9 0 .94 1 .24 
i 0 .15 0 .13 11.1 ± 0.3 13.7 ± 0.3 46.9 ± 0.7 46.9 ± 1.3 66.0 ± 1.5 102.5 ± 2.8 0 .94 1 .46 
z 0 .15 0 .14 11.0 ± 0.3 12.6 ± 0.4 47.1 ± 0.5 46.8 ± 0.9 69.7 ± 1.3 122.6 ± 4.4 1 .04 1 .82 
J 0 .16 0 .12 11.5 ± 0.3 15.5 ± 0.3 48.0 ± 0.6 46.9 ± 0.9 57.0 ± 1.9 59.9 ± 4.1 0 .95 1 .00 
H 0 .15 0 .13 11.8 ± 0.2 15.1 ± 0.3 48.0 ± 0.7 44.9 ± 0.5 61.0 ± 0.8 124.8 ± 2.2 0 .96 1 .97 
K s 0 .15 0 .14 11.7 ± 0.3 16.3 ± 0.4 48.0 ± 0.7 43.7 ± 0.5 57.5 ± 1.3 156.5 ± 3.1 0 .94 2 .57 
3.6 μm 0 .16 0 .14 12.0 ± 0.3 15.7 ± 0.5 42.5 ± 5.8 41.0 ± 0.6 53.6 ± 1.4 122.2 ± 2.5 0 .76 1 .72 
4.5 μm 0 .16 0 .15 12.0 ± 0.3 16.0 ± 0.5 40.7 ± 4.8 37.7 ± 0.5 49.4 ± 1.8 129.3 ± 2.3 0 .65 1 .71 
8.0 μm 0 .27 0 .28 12.4 ± 0.3 14.7 ± 0.4 36.2 ± 0.0 41.1 ± 0.0 36.4 ± 0.0 173.2 ± 0.0 0 .63 3 .01 
24 μm 0 .23 0 .23 13.4 ± 0.3 15.4 ± 0.4 24.3 ± 0.8 33.9 ± 0.9 26.8 ± 1.1 72.1 ± 1.5 0 .40 1 .07 
70 μm 0 .28 0 .29 14.5 ± 0.2 14.8 ± 0.3 27.6 ± 2.2 38.4 ± 3.3 20.4 ± 1.9 131.2 ± 3.1 0 .30 1 .91 
160 μm 0 .25 0 .23 16.5 ± 0.3 14.5 ± 0.4 36.8 ± 1.8 38.6 ± 1.8 32.5 ± 4.4 144.8 ± 4.5 0 .48 2 .15 
250 μm 0 .31 0 .24 14.8 ± 0.3 14.0 ± 0.4 18.8 ± 0.7 38.8 ± 1.8 114.6 ± 2.4 176.1 ± 5.4 1 .48 2 .28 

Mean 0.21 0.20 11.9 14.1 40.3 42.6 56.2 102.5 0.80 1.52 
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rms masked off in the image, and the new measured orientation 
arameters were al w ays close to the pre viously estimated v alues ( i =
8.1 ◦ and PA = 18.5 ◦). We adopt the former pair of estimates for the
rientation parameters. 
To estimate the uncertainties of the derived parameters and their 

tability, we apply a bootstrapping resampling procedure in IMFIT , 
unning the decomposition many times. For each iteration, a new 

ubsample of pixels is generated by sampling with the replacement 
rom the original image and then fitted with the selected model. We
an 100, 500, and 10 000 iterations in the FUV and near-infrared
NIR) 2MASS H band to find out how the number of runs affects
he estimated uncertainty. We found that after 500 iterations, the 
ncertainties under consideration change by less than 10 per cent 
n both test bands. We thus consider this number of iterations for
oth models with and without spiral arms. Note that this was done
nly for images, convolved to 250 μm resolution. We compute a
tandard deviation of the results for individual runs as an estimation
f uncertainty. All uncertainties presented in figures and tables 
hroughout the paper were calculated as such. Note that errors 
roduced by IMFIT are usually small, as can be seen from Tables 3
nd 4 , and thus in some cases are almost invisible in the figures.
e also analyse the covariation matrix for different numbers of 

terations, and do not find any significant une xpected de generac y
etween parameters. 

 VA LI DATI ON  

e test the quality and validity of the obtained decomposition models
n this section. Observed spiral arms are hard to fully represent by a
mooth model due to their spurs, feathers, and star-formation regions 
MNRAS 528, 1276–1295 (2024) 



1282 A. A. Marchuk et al. 

M

Figure 1. χ2 (lower and right subplots) and Bayesian Information Criterion (upper and left subplots) comparison for images, convolved to the resolution of the 
250 μm image. The outside subplots show the comparison for the classical B + D versus B + D + S models, while the central subplots show the dependence on λ. 
The colour of each marker represents its wavelength and it is the same among all figures in this paper, where shown. 
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La Vigne, Vogel & Ostriker 2006 ). Moreo v er, the number and
rominence of such additional features change with λ. For example,
ands with significant income of young stellar population, such as
ALEX FUV, contain many local clusters of ongoing star formation,
hich are not modeled here and contribute to residuals. For this

eason, we cannot directly compare the values of reduced χ2 in
arious bands with each other. F or e xample, the best photometric
odel of Peng et al. ( 2010 ) with non-axisymmetric Fourier-based
odeling of spirals for M 51 provides χ2 = 54.2 for the SDSS r

and compared to χ2 ≈ 23.4 provided by our model. This does
ot mean that our model is better, because the models use different
mages and different numbers of parameters. A reduction of residuals
fter taking spirals into account is more important. As seen in Fig. 1 ,
or all three data sets in every case χ2 became smaller when we add
he spiral arm into our model. 

In order to check whether this impro v ement justifies the inclusion
f the additional 26 parameters for each spiral arm, we use the
ayesian Information Criterion (BIC; Schwarz 1978 ; Bailer-Jones
017 ), which applies a penalty term for the number of free parame-
ers. First, we use the general form of BIC, which is 

IC = χ2 + k · ln N

here N is the number of data points and k is the number of free
arameters in the model. We find that BIC is distinctly lower for
ur model with spiral arms for all bands. Ho we ver, in this criterion
ll data points are assumed to be independent, which is generally
ot true for astronomical images due to the PSF. The fact that BIC
ight depend on correlations between adjacent pixels was discussed

n Simard et al. ( 2011 ) and Head et al. ( 2014 ); the authors suggest
odifying the formula to 

IC = 

χ2 

A PSF 
+ k · ln 

n 

A PSF 
, 

here A PSF is the number of pixels in the PSF and n is the total
umber of pixels. We show χ2 and the adjusted BIC in Fig. 1 . We can
ee that all B + D + S models clearly demonstrate lo wer v alues than
hose without a spiral arms component. This justifies the increased
omplexity of our decomposition model. 
NRAS 528, 1276–1295 (2024) 

t

After applying a reliable model to an observed image, the residual
mage should contain only minor sources (such as star forming
egions) and noise, with the pixels symmetrically distributed around
 nearly zero median. For example, the Milky Way model in IR bands
rom Mosenkov et al. ( 2021 ) demonstrates such properties for the
esidual image. In Fig. 2 we show distributions of the pixel values
n the residual images for the models with and without spiral arms.
t is not easy to show these distributions on the same scale due to
he drastically different emissions at different wavelengths, thus we
ecided to normalize the distribution so that the interquartile range
f B + D + S models (the red-coloured box in Fig. 2 ) equals unity.
t is obvious that most of the medians of the residuals are close to
ero for all of the bands and both of the model versions, which
s indicative of good approximations. As the various percentiles
how, the distributions are nearly symmetrical too, as expected.
he symmetry is greater and the dispersion of the residuals is

ower when spiral arms are taken into account. This alignment
ith our expectations validates all presented models in a very direct
ay. 
An important question to wonder about is, ‘How do we know

hat spiral arms are fully e xtracted’? F or e xample, the model also
ill become better than disc plus bulge in terms of χ2 when we
se the same arm model, but with less bright spirals, e.g. with
 0 intensity halv ed. Ob viously, spiral arms will not be properly
nd fully attributed in such a situation. There are two pieces of
vidence that show that we are doing it properly. First, since the
istributions of residual pixels shown in Fig. 2 are symmetrical
nd have peak values close to 0, all large-scale features, including
piral arms, should be properly subtracted. Otherwise, we would
ave seen that the distribution appeared skewed. Secondly, we
ould see that all ‘bumps’ on radial profile images in Fig. 4 in all
ands, which appear due to spiral presence, are properly and fully
ttributed. 

Another validating and stabilizing test is that close photometric
ands should generally demonstrate similar parameters obtained
rom the decomposition, i.e. galaxy in the u filter demonstrates
ntermediate properties between UV and optics. The figures in the
ext sections show that this is indeed the case, and we thus consider
his test to be passed. 
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Figure 2. Distributions of the residuals for different models and bands, used in all three sets of images in this work. Each distribution is represented as a 
so-called boxplot, with the median, 25th, and 75th percentiles marked. For representation reasons, all residuals are normalized in a way that interquartile range 
of B + D + S models (red-coloured box, left model in each pair) equals to 1. 
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Of course, decomposition of auxiliary images with a higher 
esolution, either original or convolved to the resolution of the 24 
m image, and the following comparison of the results throughout 
ection 6 additionally allow us to validate the findings obtained in 

his work. 
Lastly, another important confirmation of our analysis comes from 

he agreement between our decomposition results and the literature, 
emonstrated for the bulge in Section 6.1 and for the disc in Section
.2 . The work of Casasola et al. ( 2017 ) is of special interest here,
ecause authors measure disc radial scales for M 51 in the same
ustPedia bands, being careful to a v oid the influence of spiral arms.
 comparison of their results with ours in Section 6.2 shows the

eliability of our work. 

 RESULTS  A N D  DISCUSSION  

n this section we present the results of the fitting, a comparison
ith classical B + D models, and the effect that including spiral arms

n M 51 has on its components. Original images, fitted models, and
he residuals for several bands are presented in Fig. 3 . We do not
how images for all 17 bands in the main sample, but the presented
nes are selected from various parts of the spectrum spaced across
he λ range. First, it is easy to see that the appearance of the M 51

NGC 5195 pair in the original images depends on wavelength, 
.e. more flocculent with massive clumps in UV and FIR bands. 
econdly, the disc and bulge sizes are slightly different. In the 
esidual images for classical B + D models, the large unsubtracted 
piral arms are easily distinguishable from the background. On the 
ther side of Fig. 3 are residual images do not demonstrate such
arge features. There is still plenty of emission left, especially in 
he UV and FIR images, but the remaining features are remarkably 
maller and relate mostly to ‘knots’ of star formation and arms’
eathers. Finally, and most importantly, it is also easy to notice the
ood similarities between B + D + S models and the original image in
ll filters, and that properties of arms, including visible ‘bends’, are
ully and properly modeled. 

To get an intuition for how 1D profiles of spiral arms look in these
odels, we show slices along the major axis in Fig. 4 . We show slices

or all three sets of models, but for visibility reasons some bands,
hich are similar to those displayed, are omitted. ‘Bumps’ on these
rofiles, which arise from spiral arms, have different amplitudes in 
ifferent parts of the spectrum. Models follow the profiles nicely to
he full extent, resulted not only in a good model of the spirals, but
lso for the disc and bulge regardless of the λ considered. Since PA is
xed during the decomposition, each image in Fig. 4 shows a galaxy
rofile along the same photometric cut. Note that the left part of
he profile is significantly affected by NGC 5195 presence even after

asking, followed by a noticeable discrepancy between the model 
nd data in this region. 

We present the light budget distribution across the bulge, disc, 
nd spirals in Fig. 5 . As this figure states, different components
ccupy nearly the same level across considered wavelengths in the 
lassical models. The disc component in B + D + S models share
round 30–70 per cent with maximum in the optical and NIR bands.
his maximum is expected because these bands are less affected 
y star formation in spiral arms. The contribution of the bulge
omponent is maximal in bands constituted by the light of mostly old
opulation, and contains 10–20 per cent of emission. This is similar
o Nersesian et al. ( 2020 ) results, where old stellar populations in
he bulge represent roughly 15 per cent of the total emission. Peng
t al. ( 2010 ) find a similar bulge fraction of 0.16 in their sophisticated
odel with a disc substituted of spiral arms, while Salo et al. ( 2015 )
MNRAS 528, 1276–1295 (2024) 
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Figure 3. Original images (with the band marked), models, and relative residuals for M 51 in four different bands. The masks are not shown for a better 
comparison between the image and the model. The line on the central image marks the position of the PA. 
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nd it as 0.13. We find that spiral arms are the most luminous part
f M 51 system, containing up to 60 per cent of light in UV bands
nd roughly half of the light in λ > 4.5 μm parts of the spectrum.
his is higher than a typical 20–40 per cent contribution of spiral
rms of grand-design galaxies (Savchenko et al. 2020 ). This is not an
nexpected result since M 51 is an outstanding example of a grand-
esign galaxy with spiral arms being the most distinct features. The
piral arm contribution in M 51 is maximal in the UV and IR due
o the emission of young stars and re-emission by dust, respectively.
u et al. ( 2018 ) use a large sample of 605 galaxies to measure spiral
rms’ strength in them using a discrete Fourier transformation, both
n one and two dimensions in the VRI optical bands, finding that
he mean arm strength is systematically stronger toward bluer bands.
 endall, Clarke & K ennicutt ( 2015 ) perform a similar analysis and

stimate that spirals’ component amplitude is al w ays lower in the V
and than at 3.6 μm and 4.5 μm. 
The contribution of spiral arms in the B + D + S versus B + D
odels is formed mainly due to the contribution of disc, while the

ontrib ution of b ulge increases only slightly, as Fig. 5 states. If spirals
re not included in model, disc must be brighter to account for the
ight that is actually part of the spiral arms. This should also be true for
entral parts, where spiral arms are not present but the bulge is, and
ome light from the bulge is attributed to the disc in B + D model.
his is the reason why the bulge-to-total ( B / T ) fraction increases

n B + D + S model for all data sets. A similar conclusion about the
ulge fraction was made in L ̈asker, Ferrarese & van de Ven ( 2014 ) for
NRAS 528, 1276–1295 (2024) 
GC 2748. Moreo v er, the e xtreme e xample as M 51 clearly shows
hat if spiral arms are not included in decomposition, the obtained
arameters, e.g. disc-to-total ( D / T ) ratio, will be incorrect in all parts
f the spectrum since half of the light will be improperly attributed.
ote, ho we ver, that this statement about D / T overestimation relates to

he axisymmetric (Fourier mode m = 0) disc part only, because formal
pirals emerge from the disc’s material and should be considered as
 piece of the disc, for example when estimating the B / D ratio. 

.1 Bulge parameters 

 proper bulge decomposition for M 51 is problematic because the
ize of the bulge is small, 4 and the bulge itself has a low S ́ersic index
 . Furthermore, for our main set of images convolved to the 250
m resolution, the size of the bulge is comparable to the size of the
SF. This greatly affects the estimates of the bulge parameters, as
e demonstrate below in the discussion of our results for the S ́ersic

ndex. Gadotti ( 2008 ) found that the structural properties of the bulge
an be reliably retrieved if r eff is larger than 0.8 times PSF HWHM
half of FWHM). Formally speaking, this criterion is fulfilled for the
ata set considered here, and we should be able to estimate the bulge
arameters without any issues. Ho we ver, Gadotti ( 2008 ) obtained his
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Figure 4. Radial profiles along major axis for B + D + S models in three data sets (a: convolved to 250 μm; b: convolved to 24 μm; c: original resolution). The 
blue colour is the observed flux in log coordinates with its uncertainty (the left peak of the observed profile is due to NGC5195), the red dashed line shows the 
B + D + S model profile, green lines show bulge profile, other lines show profiles of spiral arms. Each arm represents by line with its own linestyle and colour. 
The disc components are omitted for clarity, except for the GALEX FUV in the upper left corner, whose disc and bulge profiles are shown as an example. All 
profiles are normalized to have the same height of the central peak. Each horizontal axis spans in 7.5 arcmin in each direction, and omitted for visibility reasons. 
In data set (c) all SDSS and 3.6, 8.0, and 24 μm bands contains AGN as separate component, visible as an exceptionally narrow central peak. 
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Figure 5. Light fractions in different components relative to total flux. The left plot shows the dependence of bulge-to-total ( B / T ) and disc-to-total ( D / T ) on 
wavelength λ for B + D model. The central plot represents the same for B + D + S model. In these plots, filled symbols represent images convolved to 250 μm, 
open colour symbols show images convolved to 24 μm, black symbols mark images with the original resolution. The right plot compares bulge and disc fractions 
between models for main data set, solid line marks 1:1 relation. 
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riterion mainly for n � 1, which is not valid for M 51 (at least for
ome bands). 

Moreo v er, the bulge area appears differently in different bands
ven in the original (not resampled) images. Specifically, in GALEX
UV and NUV bands, the bulge has a clumpy structure with sharp
dges (see radial profiles in Fig. 4 , green lines), while the bulge
adial profile is steep, but clearly shows gradual intensity decaying
or longer wavelengths. Ho we ver, same sharp edges also appear
or Spitzer 8.0 and longer wavelengths. As we show below, bulges
ith sharp edges observed at short and long wa velengths ha v e v ery

ow S ́ersic inde x es n (close to zero). We do not associate these
nrealistically low inde x es with either pixel resolution or PSF, but
ith the fact that we observe different structures or different parts of

he same structure in such a wide range of wavelengths as we consider
n the present work. We also note that the fact that two-component
 ulge + disc fits ha v e comple x de generacies is well known (Robotham
t al. 2017 ; Lingard et al. 2020 ), and it is indeed the case for M 51,
here Inman et al. ( 2023 ) note that the bulge parameters are subject

o significant uncertainty. In our study, we also note that the bulge
arameters should be taken with caution, although some conclusions
egarding the the bulge parameters can be considered reliable. 

The results of the bulge fitting are presented in Fig. 6 and Table 3 .
s can be seen, the ef fecti ve radius r eff is considerably larger for

he B + D + S models in all cases. We link this to the fact that all the
odels without spiral arms suffer from an o v erestimation of disc

rightness, as was discussed in Section 6 concerning the difference
f the B / T fraction in the B + D and B + D + S models. Therefore, one
an expect that the bulge will shrink to the very central area in a
 + D model because the outer parts of the bulge will be fitted with a
isc, and r eff should decrease, accordingly. This is exactly what we
ee in Fig. 6 (right panel). 

In general, the value of r eff lies within the 16–27 arcsec range,
nd is lower in the optical and NIR bands. Our estimates from Fig. 6
gree with those from the literature: Salo et al. ( 2015 ) obtain r eff = 21
rcsec at 3.6 μm, Nersesian et al. ( 2020 ) provide 15 arcsec for the old
ulge, and Fisher & Drory ( 2008 ) measure r eff = 13.83 ± 1.95 arcsec
n the V band. Note that Fisher & Drory ( 2008 ) also classify the bulge
s a pseudobulge with nuclear spirals. The wavelength dependance
f the bulge properties has been investigated only in the optical and
NRAS 528, 1276–1295 (2024) 
IR parts of the spectrum. In Vulcani et al. ( 2014 ), Psychogyios et al.
 2020 ), and in other studies (see also table 3 in Kennedy et al. 2015 ),
uthors find that r eff decreases with wa velength, b ut only slightly. We
o not find a similar trend. 
The S ́ersic parameter n is small in M 51 and could not be extracted

eliably in the shortest and largest λ. In these bands, the model al w ays
as n ≈ 0, as Fig. 6 shows. Therefore, we conclude that n is poorly
etermined from our data in some images. There are several reasons
or that. First, the light distribution of the bulge in these bands actually
ooks very uniform and has steep edges. Such a profile is consistent
ith the S ́ersic law with a very small n < 0.25. The exact value of

he S ́ersic index is difficult to determine for such small values, since
ll bulges that have small n look similar. In the 8.0 μm band image in
ig. 4 , one can even see a dip in the centre of the surface brightness
rofile. Secondly, we observe n � 1.5 for all bands in the B + D + S
odel, and we find that n decreases for the B + D model in every

ase. This is due to the same reason as for the r eff : the o v erestimation
f the disc makes the edges of the bulge model steeper and lowers
 even more for the B + D models. Finally, the fact that we convert
riginal resolutions and PSFs to those in the SPIRE 250 μm band
as a huge impact on small structures such as the bulge in M 51,
s we see from the comparison of the different resolution images.
n Fig. 6 , it is clearly seen that models built for lower-resolution
mages have significantly lower S ́ersic index n than for those with
 higher resolution. The issue with the bulge fitting can be at least
artially attributed to the seeing problems: as was shown in Trujillo
t al. ( 2001a ), the parameters of the S ́ersic function can be severely
ffected by the PSF image smearing when the ef fecti ve radius is
omparable with the seeing HWHM. This problem is especially
cute for PSF with extended wings (Trujillo et al. 2001b ), which we
ee in M 51. In the decomposition pipeline used, we take the PSF into
ccount, but its impact can still be high for a S ́ersic component whose
f fecti ve radius is close to the image seeing (Gadotti 2008 ). This fact
emonstrates that for some particular bands, the image parameters
uch as the PSF and resolution are crucial for accurate bulge fitting
n M 51. 

The n values obtained are broadly consistent with the literature,
onsidering a large scatter between the data sets with different
esolution. Thus, Prieto et al. ( 1992 ) notice that the bulge in M 51 is
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Figure 6. Bulge parameters obtained in decomposition. Left plot shows a dependence of S ́ersic index n on wavelength for both models. In the right plot, the 
ef fecti ve radius r eff is compared between two models. 
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ery small in the B , V , R , I , and Z photometric filters. Salo et al. ( 2015 )
easure n = 0.995 in the 3.6 μm band (ho we v er the y did not use an y
odel to fit the AGN), Nersesian et al. ( 2020 ) also find n = 0.995

or the old bulge, and Fisher & Drory ( 2008 ) finds n = 0.55 ± 0.14
or the V band. As a rare glimpse into another part of the spectrum,

osenkov et al. ( 2019 ) apply a single S ́ersic fitting for 320 galaxies
rom Dustpedia in Herschel bands between 100 and 500 μm. They 
nd that n is almost constant within these wavelengths. It is typically
elow 1 and for some galaxies is even lower than 0.5, as their fig. 4
hows. This fact is also true for our analysis of M 51 as Fig. 6 states,
ut we note that it cannot be directly compared with Mosenkov et al.
 2019 ) because they do not consider a disc component. Peng et al.
 2010 ) performs decomposition of M 51 in r band with and without
piral arms and finds that the S ́ersic models for b ulge ha ve n = 1.75
or a model without spirals and n = 0.67 for a model with spirals. It is
urious that in our results n for a classical model resembles the value
hat Peng et al. ( 2010 ) and is definitely lower than n for the model
ith spirals. Ho we v er, we note that the y adopt two-S ́ersic bulge for
 model with spirals, with a secondary S ́ersic model resembling 
GN in its parameters, whereas they use only one-S ́ersic bulge in a
lassical model, making n for the bulge o v erestimated. Also, the y use
 S ́ersic profile for the disc with n much smaller than unity ( n = 0.33
or classical model) and two-S ́ersic profile with Fourier and bending 
odes for the disc in the model with spirals. This makes disc profile

ar from exponential and may cause the difference in estimated bulge 
arameters. Our considerations are supported by L ̈asker, Ferrarese & 

an de Ven ( 2014 ), who use the same spiral models and find that the
erived bulge parameters are very sensitive to both the specific details 
nd the number of components used in the models. Considering the 
 v erall variation of the bulge n with wavelength, Gong et al. ( 2023 )
ound a qualitatively similar trend for the M 81 galaxy. At their fig. 2,
t is clearly seen that n is smallest in the UV bands, increasing with
avelength and approaching a maximum at a few μm. 

.2 Disc parameters 

s Fig. 5 demonstrates, the disc lost a large part of its luminosity
fter we included the spiral arms as a separate component, and 
hus a measurable change in its parameters is expected. The results
egarding disc parameters are presented in Fig. 7 and in Table 3 . From
he left panel of the figure, we see that the disc’s central intensity I 0 
ithout spirals is larger than with spirals, as expected. In most cases,

he changes are in a range from 25 per cent to a factor of three. It
hanges more at the ends of the analysed spectral range, because the
piral arms’ relative light budget there is higher; see Fig. 5 . Peng
t al. ( 2010 ) finds the same effect of spiral arm inclusion in r band,
ut with a smaller magnitude. 

The shape of the curve for the obtained disc scale is presented
n Fig. 7 . This includes both the UV and MIR/FIR parts of the
pectrum, and closely resembles the curve obtained in Casasola et al.
 2017 ), Mosenkov et al. ( 2019 ), and Baes et al. ( 2020 ). In contrast to
rightness, the disc exponential radial scale h decreases from bluer 
ptical bands to a minimum in NIR bands, which is 20 per cent
maller than maximum. Similar trends for h were previously found 
n both the optical and NIR bands for early-type (La Barbera et al.
010 ) and late-type (Kelvin et al. 2012 ) galaxies, and were confirmed
y Vulcani et al. ( 2014 ). We can see three h peaks in both B + D and
 + D + S models, which peaks are situated in the FUV, at 4.5 μm,
nd at 250 μm. This means that the youngest stars, oldest stars,
nd coldest dust respectively are distributed similarly throughout the 
nterior of M 51. 

Finally, the comparison shows that the exponential scales in the 
 + D + S models are systematically the in the FUV and FIR bands,
nd are similar in the optical and NIR. The results for other data
ets demonstrate the same tendenc y. Ev en for such massive spirals
s in M 51, the effect is small, and the increase in h when the spirals
re taken into account in a modelling is 5–10 per cent. Curiously,
he exponential scales for images with the original resolution are 
ystematically higher, which can be related to the increase of the
ulge S ́ersic index mentioned in the previous section. 

In C17, the authors carefully investigated azimuthally averaged 
adial profiles for these images, along with other DustPedia bands, in
8 face-on spiral galaxies including M 51. This is of special interest,
ince they use the same images we use. Their measurements are
hown as green crosses in Fig. 7 . We can see from the figure that the
adial scale h is roughly the same between our data, except for optical
lters. In C17, the authors do not fit the entire profile, but rather a
mall part of it, visible in their fig. A1. Most of the 18 galaxies in
17 demonstrate exponential scales in optical bands that are lower 

han in UV (their fig. 5), which is in agreement with what we find.
e suspect that in optical bands, the slope of a smaller part of an

zimuthally averaged profile is probably not the same as the slope
f exponential profile in larger parts of the disc. To test this, we
onducted an analysis which is similar to C17 by masking the full
mage, except the area 2–4 arcmin which is considered in C17, and
hen fit only the exponential disc. We obtain results very similar to
MNRAS 528, 1276–1295 (2024) 
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Figure 7. Disc parameters obtained in decomposition. In the left plot, the central intensity I 0 is compared between models without spiral arms ( x -axis) and 
models with spiral arms ( y -axis). The right plot shows the dependence of radial scale h on wavelength for both models. Green crosses represent results obtained 
in Casasola et al. ( 2017 ). 

Figure 8. Fraction of modelled spirals to observed emission for azimuthally 
averaged profiles. Vertical lines show limits used for disc scale fitting in 
Casasola et al. ( 2017 ). Shaded regions represent uncertainties and for visibility 
reasons are only shown for a few bands. 
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hose in C17, and that directly confirms the hypothesis, and explains
he observ ed discrepanc y. Another way to explain the disagreement
s seen in Fig. 8 , which shows the fraction of the modelled spirals to
he observed emission in azimuthally averaged profiles. We see that
he range of radii used for fitting in C17 terminates in the middle of
he second ‘bump’, which is larger in optical and NIR bands, thus
ushing the disc slope up and increasing h . The different azimuthally
veraged profile of spirals also explains the difference of the disc
xponential scale between our B + D and B + D + S models, discussed
bo v e in this section. This figure also helps to understand another
nding: in Fig. 7 , we see that reference values from C17 better agree
ith the B + D model without spiral arms. The reason is that C17

stimates h from part of an azimuthally averaged profile, which is
ocated exactly where the contribution of the spiral structure into the
ignal is greatest, as Fig. 8 shows. Thus, the derived h estimation is
argely affected by the presence of spiral arms, resulting in a disc
here arms’ influence is not subtracted, i.e. B + D model. 
NRAS 528, 1276–1295 (2024) 
Comparing with other works, Peng et al. ( 2010 ) find that the
isc size in M 51 with spiral arms as separate component becomes
5 per cent larger in r band, which is larger than we measure, but
onsistent with the trend. Interestingly, in the Peng et al. ( 2010 )
odel the disc’s magnitude is different from ours by only 0.03 mag,
hich is strange taking into account that part of the disc light is in fact

ttributed to the spirals. The plausible reason for this is that they used
 non-exponential model for the disc. Baggett, Baggett & Anderson
 1998 ) do a classical decomposition in the V band and estimate h =
07 arcsec, which is larger than ours, but Fisher & Drory ( 2008 ) find
 much more consistent h = 86.8 arcsec for that same filter. A precise
ecomposition at 3.6 μm in Salo et al. ( 2015 ) results in an estimation
f h ≈ 84 arcsec, which is close to ours, taking into account slightly
ifferent disc positional angle 39 ◦. Finally, it is important to note
hat spirals could also be responsible for necessitating a disc model
hange to broken form from a pure exponential (Watkins et al. 2019 ),
ut this is not the case in this study. 

.3 Spiral arms parameters 

ince the introduced spiral arm model consists of three parts, it is
atural to also present the decomposition results using them: the
hape, the profile along the arm, and the profile across the arm. All
arameters discussed below for both arms are also listed in Table 4 for
he main data set, and in Appendix for other models. It is important
o mention that the arm pointed to the satellite galaxy NGC 5195,
hich we called Arm 2 hereafter, is harder to constrain because its

nd, which is most likely a material feature (Chandar et al. 2017 ), is
ocated in a masked area and thus could vary a lot between images. 

.3.1 Pitch angles 

he pitch angles μ are probably the easiest property of the spiral arm
o measure, hence there broad usage in the literature related to this
opic. Ho we ver, there are se veral reasons for why its measurement is
 harder task than it looks. First, it is a relatively rare situation when
is measured for individual arms instead of averaging for the whole

attern, which the most common Fourier-based technique does (Yu
t al. 2018 ). Secondly, pitch angle is not constant along the arm
Kennicutt 1981 ; Savchenko & Reshetnikov 2013 ). This is easy to
ee for M 51 in Fig. 9 and directly in observational images, because
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Figure 9. The upper plot shows pitch angle measurements for both arms, and the bottom plot shows spiral arms in the log-polar coordinate system. Filled 
symbols are for the pitch angles measured in the main data set using the arm’s full extent, while smaller open symbols show pitch angle measured for the arm’s 
part from the beginning till the ‘bend’, marked in the bottom plot. Filled area mark pitch angle results for both arms in data convolved to 24 μm (blue) and with 
original resolution (grey). 

b
s
t  

T  

a  

a  

a
b
d

a  

i
i  

G  

a
a  

(  

a  

H  

8  

o  

a  

p  

C  

a  

D  

m  

d
f  

b

f
t
a
m  

b
w  

w  

2  

s
s  

t  

s  

b  

a  

r  

v  

f  

p  

t

6

T  

s  

g  

t  

8  

w  

s  

M  

f  

s  

a  

H  

t  

d
d  

w  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/2/1276/7517099 by St. Petersburg State U
niversity user on 13 Septem

ber 2024
oth arms change their angle substantially. Hence, it is important to 
pecify the range of measurement. Thirdly, it is usually an ambiguous 
ask to trace arm peaks to fit a logarithmic curve. To solve this issue,
amburro et al. ( 2008 ) and other authors use cross-correlation to find
 better moti v ated dif ference between arms in dif ferent λ, taking into
ccount not only peaks, but the shape of the arm around the peak. Our
pproach to modelling the arm seems to be even more reasonable, 
ecause our pitch angle estimation takes into account the whole light 
istribution along the arm’s body. 
Galaxy M 51 has visibly asymmetrical arms with different shapes 

nd pitch angles, shown in Fig. 9 . Different μ values are presented
n the literature. Puerari, Elmegreen & Block ( 2014 ) determined 
n M 51 for Arm 2 μ = 19 ◦ using 8 μm images (see also Mart ́ınez-
arc ́ıa, Gonz ́alez-L ́opezlira & Puerari 2023 ). In Ma ( 2001 ), the pitch

ngles were determined for each arm separately using DSS images, 
nd the resulting values are 16.7 ◦ and 15.8 ◦. Kennicutt & Hodge
 1982 ) measured pitch angles in M 51 using H II regions, estimating
 range of 13–23 ◦. Honig & Reid ( 2015 ) also used positions of 800
 II regions in M 51 and measured that the pitch lies in the range of
–13 ◦. Hu, Shao & Peng ( 2013 ) fitted logarithmic spirals in the arms
f M 51 using the SDSS i -band image and got a pitch angle slightly
bo v e 17 ◦. Shetty et al. ( 2007 ) used CO observations to determine a
itch angle of 21.1 ◦. K endall, K ennicutt & Clarke ( 2011 ); Kendall,
larke & Kennicutt ( 2015 ) measured 13–14 ◦ for a range of NIR
nd optical images. For a subsample of galaxies visible in 3 . 6 μm,
 ́ıaz-Garc ́ıa et al. ( 2019 ) measured pitch angles using the Fourier
ethod and obtained 17.1 ◦ for M 51. Finally, Abdeen et al. ( 2020 )

etermined pitch angles which lie within the range from 9.6 ◦ to 12.9 ◦

or M 51 in a broad set of GALEX FUV, B band, 3 . 6 μm and 8 μm
ands. 
The quite significant dispersion of the pitch angle values, taken 

rom the literature, and the lack of agreement among them show 

he difficulty associated with accurate pitch angle measurements, 
s mentioned previously in this section. Ob viously, man y previously 
easured values lie between the range 8 ◦ and 23 ◦ for individual arms
ecause commonly accepted techniques like the 2DFFT average the 
hole pattern. In Fig. 9 , we show pitch angles, measured using the
hole arm extent. We obtain μ ≈ 10 ◦ − 12 ◦ for both Arm 1 and Arm
 that are consistent with those from other works. All data sets give
imilar values. Measured μ values are increases with wavelength 
lightly. The discrepancy of the literature estimates may be due to
he fact that different parts of arm is used to measure μ in different
tudies. To show this, we also find μ for parts of the arms before the
ending ‘knee’ visible in Fig. 9 , where the pitch angle value changes
bruptly. For its estimation, we use part of each arm that occupies
oughly 200 ◦ of azimuthal angle. It is easy to see that the resulting
alues are considerably higher than the pitch angle measured for the
ull extent of the arms, reaching up to 30 ◦. This fact explains why
re viously measured μ v alues could exceed 20 ◦ if a different part of
he arm is used for measuring the pitch angle. 

.3.2 Density wave presence 

he problem whether or not M 51 posses long-lived density wave is
till debated despite the obvious influence of the tidal forces. If the
alaxy exhibits a long-lived density wave for the whole spiral pattern,
he pitch angles in bands associated with newborn stars, e.g. at UV,
 μm and 24 μm wavelengths, should be lower than angles associated
ith the main bulk of old stars at 3 . 6 μm and 4.5 μm (for example,

ee Yu & Ho 2018 ). The evidence for and against this picture in
 51 is numerous and is roughly divided in half (Vall ́ee 2020 ). The

act that we do not observe such angles’ inequalities in our models
hould count as an independent argument that M 51 does not maintain
 long-lived density wave for the whole spiral pattern (Kennicutt &
odge 1982 ; Dobbs et al. 2010 ; Shabani et al. 2018 ). It is important

o note that, unlike previous studies, our finding is based on the total
istribution of light across the arms. Since pitch angle measurements 
epend on where they are measured, as demonstrated in Fig. 9 ,
e also estimate μ angles o v er the entire extent using equation
MNRAS 528, 1276–1295 (2024) 
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M

Figure 10. Spirals’ radial scales h s and widths, obtained in decomposition. The left plot shows the radial scale h s compared to the disc radial scale h , dashed 
lines show 0.5 ×, 1.0 ×, and 2.0 × dependencies. Down-pointing triangle mark Arm 1, and triangle mark Arm 2, models are colour-coded as those in Fig. 7 . The 
right plot shows the dependence of spiral width on wavelength for both arms, coloured areas similar to those in Fig. 9 . 
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 5 ) and an additional window function approach previously used
n Savchenko & Reshetnikov ( 2013 ). The conclusion remains the
ame, except probably for the tips of both arms, which are expected
o be less constrained. 

The natural question, given the limited resolution used, is whether
he effect is measurable in principle. We could roughly estimate
ts magnitude. There is no clear consensus in the literature on the
ocation of the corotation radius in M 51, which in some studies is
ound at 230 arcsec (McCall 1982 ) or at 300 arcsec (Oey et al. 2003 )
rom the centre, or it may even have several corotation radii (Meidt
t al. 2008 ). Ho we ver, in most works it is measured to be within 110–
60 arcsec (Elme green, Elme green & Seiden 1989 ; Elme green &
lmegreen 1995 ; Salo & Laurikainen 2000 ; Tamburro et al. 2008 ;
carano & L ́epine 2013 ; Abdeen et al. 2020 ). We assume that the
itch angle is 12 ◦, corotation radius is 2.5 arcmin, length of the
piral is 5 arcmin, and rotation velocity is constant v = 215 km s −1 

Vollmer & Leroy 2011 ). Then we explore how the pitch angle
f an arm in different band changes if we assume time travel
eing 	 t between those bands, e.g. between UV and 3 . 6 μm. For
 t = 20/50/100 Myr, the variation in pitch angle is μ > 1 ◦/ 3 ◦/ 4 ◦,

ccordingly. Therefore, for 	 t > 50 Myr, the pitch angle change
ithin the given assumptions is larger than the difference between
for the arms and its errors. Hence, associated pitch change should

e in principle detectable e.g. between UV bands, where most of
he stars are approximately 100 Myr old, and 3 . 6 μm band, where
tars substitute most of the mass. Ho we ver, the question of which
ffsets between wavebands in spiral arms are expected and in which
irection is more puzzling than it looks (Pour-Imani et al. 2016 ;
iller et al. 2019 ; Mart ́ınez-Garc ́ıa, Gonz ́alez-L ́opezlira & Puerari

023 ). One should take this into account, along with the signs of
ifferent nature of the outer parts of the arms (Tully 1974 ) and
imited knowledge of ‘pixellation’ and PSF influence (see, however,
gures for M 51 in Mart ́ınez-Garc ́ıa, Gonz ́alez-L ́opezlira & Puerari
023 ). Hence we conclude only that M 51 does not demonstrate
igns of a long-lived density wave for the spiral pattern as a whole.
evertheless, the implemented approach of the arms modelling may
ield more definitive results about the nature of spirals in other
alaxies. 

.3.3 Profile along the arm 

he profile along the spiral arm is described in Section 3 by several
ngles, including the position of the maximum, and by radial scale
NRAS 528, 1276–1295 (2024) 
 s . We notice that the beginning of the spiral r 0 shifts towards the
entre of the galaxy at larger λ, becoming 0.5 kpc closer in the FIR
ands than in the UV. Note that this is evident for the FUV image in
igs 3 and 9 , where the arms are visibly separated from the centre.
his may be explained by the fact that spiral arms are much more

patchy’ in the UV, so χ2 becomes better if we omit several star
ormation areas located close to the centre. The angle ϕ cutoff , defined
s the location of change from the exponential to linear slope, is not
onstrained well enough. The same is true for the length of the linear
egment. The reason for this is that the behavior of I � ( r ) is close to
 linear function for some parameters even before the cutoff point,
hus allowing us to mo v e the point in any direction without changing
ignificantly the resulting profile. 

The radial scales of the arm h s roughly follow the same distribution
s the arm width in Fig. 10 , but for the Arm 2 it is significantly larger
n most bands. This fact is partially noticeable in Fig. 3 , where the
ux of the arm connected with the companion NGC 5195 remains
elatively the same, but rapidly decreases towards the disc’s edge for
he Arm 1. The ratio of the arm and disc scales h s / h also has the same
hape for both arms, and its value lies in a range of 0.5–1.5, as shown
n the left part of Fig. 10 . This is a typical range of values for this
arameter, as our study of the spiral arms in 29 galaxies at 3 . 6 μm
emonstrates (Chugunov et al. 2024 ). In cases where the h s / h value
s larger than unity, we should expect that the spiral arms’ brightness
elative amplitude increases towards the edge of the galaxy, which
s observed in real galaxies, decomposed with the Fourier method
K endall, K ennicutt & Clarke 2011 ; Kendall, Clarke & Kennicutt
015 ). It is interesting to note that the values of h s / h drop in MIR
ands, and this ratio rises then almost to the maximum level in the
50 μm band, which should somehow relate to the processes that
o v ern the hot/cold dust distribution. All the mentioned properties
f radial scales also closely resemble those in two auxiliary data sets
f images. 
In Fig. 8 , we show which part of an azimuthally averaged profile

he spirals occupy. In all parts of the spectrum the picture is nearly
he same: rise until 2 arcmin, then plateau with two noticeable
eaks, until 4 arcmin, then decline with increased uncertainties.
he spirals-to-total ratio in the plateau is equal to 0.5–0.8 and is
reatest at the UV and IR ends of the spectral range used. The
rst and second peaks have nearly the same heights. These findings
re supported by numerous works by other authors. For example,
 endall, K ennicutt & Clarke ( 2011 ) fits in azimuthal profiles for
 51 in optical, 3 . 6 μm and 4 . 5 μm bands with a sine wave,



M51 multiband decomposition with spiral arms 1291 

o
o
(  

a
i  

i  

s
I  

f  

(  

M  

p  

d  

i  

fi  

t  

s  

i  

B  

s  

i  

i  

s
t  

H  

a
fi

6

A  

F  

O  

w  

p  

i  

b  

2  

f  

o
l
l
c  

t  

s
b
w
f  

(  

s
s  

μ  

t
r  

F
 

a  

a  

w  

fi  

w  

u  

w  

(  

h  

s
i  

H  

f  

f  

o  

a
o  

p  

e  

d  

s  

a
s  

w
 

t  

a  

i  

u  

t  

1

6

I
s  

w
b
c  

r  

w  

h  

d  

i  

a  

F  

m  

f  

s
n  

G  

f  

n
w  

G  

D  

H  

a  

a
a  

b  

o
 

i
i
c
w  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/2/1276/7517099 by St. Petersburg State U
niversity user on 13 Septem

ber 2024
btaining spiral relative amplitudes. They clearly demonstrate a drop 
f luminosity between peaks, similar to our findings. Knapen et al. 
 1992 ) studied star formation efficiency in the spiral arms of M 51,
nd also clearly demonstrates two peaks on contrasting images for 
ndividual arms, as does Elme green, Elme green & Seiden ( 1989 ) for
mages in B and I bands. Elme green, Elme green & Seiden ( 1989 )
tate that these modulations may be signs of interfered patterns. 
n Sheth et al. ( 2010 ) their fig. 13 clearly shows similar picture
or 3 . 6 μm image. Scheepmaker et al. ( 2009 ) and Chandar et al.
 2017 ) studied the spatial distribution and ages of star clusters in
 51 relative to its spiral pattern. They identified two peaks in the

rofile of star formation and in the gas surface density in the radial
irection, placed at 2.5 and 5 kpc. The gap in the arms’ luminosity
s also clearly visible in the smoothed 2MASS H band image in
g. 7 from Scheepmaker et al. ( 2009 ). Chandar et al. ( 2017 ) noticed

hat all of the clusters’ distributions are located in the centre of the
piral arms, and that its peak height decreases with cluster age, which
s qualitatively in agreement with Fig. 8 . In Puerari, Elmegreen &
lock ( 2014 ), the authors study 8 μm images of M 51 and clearly

how two peaks of arm amplitude for an m = 2 Fourier component
n their fig. 2. Vlahakis et al. ( 2013 ) rigorously study spiral structure
n M 51 using CO, PAH, and H I maps. They manually selected
piral structures and investigated arm/interarm v ariations, sho wing 
he same clear peaks in the radial profiles for individual arms. Finally,
eyer et al. ( 2022 ) built a decomposition model using GALFIT,

nd clearly demonstrated the mentioned gap in luminosity in their 
g. 8. 

.3.4 Characteristic widths 

rms’ characteristic widths are presented in Fig. 10 . We use the
WHM of radial slice of the spiral arm model as a measure of width.
ne should not interpret w 

in 
e + w 

out 
e in equation ( 7 ) as a perpendicular

idth itself, even if the arms do not widen ( ξ = 0). In the S ́ersic
rofile (equation 1 ), a radially symmetric 2D distribution of light is
mplied, and r eff is the radius enclosing half of light. The dependence
etween b n and n is determined by this condition (Graham & Driver
005 ). Equation ( 7 ), where w e is analogous to r eff , replicates the
orm of the S ́ersic law, but S ́ersic-like distribution of light here is
nly one-dimensional. Therefore, w e cannot be considered as a half- 
ight width, and we use the FWHM instead. This definition produces 
arger arm’s width estimates than may be intuitively expected, in our 
ase around 1.5–2 kpc. Fig. 10 shows a similar behaviour of both
he arms, i.e. with a global maximum in optical/NIR bands and a
econd local peak in FIR bands. This dependence could be explained 
y the fact that the filters indicating narrower arms are associated 
ith ongoing star formation, which can not propagate far enough 

rom the place of birth. This explanation is supported by Pessa et al.
 2023 ) where the authors note a clear increase in the width of the
piral arms with increasing age of the stellar populations. Other data 
ets used confirm these findings, but the images convolved to the 24
m resolution can expose only the first peak. It is also important

o mention that the arms’ characteristic widths for the original 
esolution are 20 per cent larger in the optical bands, as shown in
ig. 10 . 
There are only few arm width measurements available in the liter-

ture, particularly for M 51. Kennicutt & Hodge ( 1982 ) measured the
rm width in M 51 using H II regions and estimated a perpendicular
idth equal to 17 arcsec. Also using H II data, Honig & Reid ( 2015 )
t log-periodic models to segments of each arm in M 51 and measure
idth values up to 1 kpc. At the same time, spirals selected instead
sing photometric bands like in Foyle et al. ( 2010 ) look significantly
ider than measured in Honig & Reid ( 2015 ) and Kennicutt & Hodge

 1982 ), validating our result. There are two reasons why we obtain
igher width values. First, pitch angle is small, then values in Fig. 10
hould be closer to perpendicular width, but slightly larger than 
t. Secondly, H II regions, used in previous studies (Kennicutt &
odge 1982 ; Honig & Reid 2015 ), are associated with ongoing star

ormation of only few Myr old, which can not travel far enough
rom spiral. Ho we ver, UV band associated with much older stars
f approximately 100 Myr age, hence resulting in a larger extent
nd explain the discrepancy. This explanation is supported by the 
bserved width drop in 8 − 24 μm, where hot dust demonstrate the
resence of young stars of ages ≤10 Myr. Savchenko et al. ( 2020 )
stimated average arm width to be (0.16 ± 0.04) × r 25 for grand
esign galaxies in the r band, see their fig. 16. Taking an M 51 disc
ize to be 5.6 arcmin (de Vaucouleurs et al. 1995 ), the resultant
verage width from that formula will be approximately 50 arcsec, 
imilar to what is obtained in this work if we assume that the measured
idth is close to the perpendicular one. 
We do not note a noticeable arm width increase in the models

oward the galaxy edge, i.e. we find ξ = 0 for every image and
rm. Similarly, Honig & Reid ( 2015 ) found that the arm width
ncreases towards the edge in M 51, but only slowly, which is almost
nnoticeable in their images. As found in Savchenko et al. ( 2020 ),
his slow increase of spirals’ widths is typical among their sample of
55 galaxies. 

.4 Discussion and remarks 

ndeed, previous authors tried to implement various models of 
piral arms. Peng et al. ( 2010 ) introduce a new version of GALFIT
ith various non-axisymmetric models including spirals modeled 
y coordinate rotation mode. Among other objects, that work also 
ontains an implementation for an M 51 model in fig. 21, with a
esultant χ2 = 54.2 in r band. Despite the potential for fitting spirals
ith various forms, their model is more complex than used here; it
as 103 free parameters in the best fit. Also, these parameters are
ifficult to interpret as it is, and their model could be difficult to
mplement. These are the reasons for why despite its power, such an
pproach is rarely used in practice. In one of such w orks, L ̈ask er,
errarese & van de Ven ( 2014 ) used that approach for spiral arm
odels in four galaxies, which are modeled separately from the disc

ollowing Peng et al. ( 2010 ). They find examples of galaxies, where
piral arms, with or without other non-traditional components, are 
eeded if one wants to describe the structure of bulges. In contrast,
ao & Ho ( 2017 ) also used models similar to Peng et al. ( 2010 )

or decomposition in the R band and obtained that spirals have a
egligible effect on bulge parameters’ estimation. Another common 
ay to model spirals when working with radial profiles is to use
aussians to fit ‘bumps’ on profiles, produced by spiral arms, as
avis, Graham & Cameron ( 2019 ) and Popescu et al. ( 2011 ) do.
o we ver, this approach is only feasible for a 1D decomposition,

nd should not be considered rigorous spiral arm modeling. We are
lso aware of several other published analytical models of spiral 
rms (Cox & G ́omez 2002 ; Fridman & Poltorak 2010 ), which, to the
est of our knowledge, were not used in the decomposition of real
bjects. 
Of course, there is also another numerical approach to take spirals

nto account in the decomposition process. One could use synthetic 
mages with artificial arms of various forms, often logarithmic, to 
heck how they affect the extracted parameters. Such an approach 
as used by Davis et al. ( 2012 ), Lingard et al. ( 2020 ), Sonnenfeld
MNRAS 528, 1276–1295 (2024) 
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 2022 ), and others, and have the advantage of a priori knowledge
bout the components in the galaxy, but also bound to the exact form
f the spirals model used. Since arms in real galaxies are not smooth
r symmetrical, and because we lack a broad piece of information on
heir observational properties, this strategy does not al w ays produce
orrect results. 

There are also plenty of works where authors try to fit spirals by
anually constructed shapes without any analytical model. Spirals

ould be selected by simple rules like choosing 45 per cent of the
rightest pixels lik e Fo yle et al. ( 2010 ) do. Savchenko et al. ( 2020 )
raced spiral arms in 155 SDSS galaxies using perpendicular cuts
tted by a two-sided Gaussian function. Lingard et al. ( 2020 ) and
asters et al. ( 2021 ) used so-called crowdsourced masks manually

ainted by volunteers. In Bekki ( 2021 ), the authors used Deep
earning to train a model which marks a spiral pattern. All these
pproaches are very promising because they could fit spirals with
omplex forms, but to our knowledge, so far they were not used
n decomposition studies and should suffer from human bias, thus
hould be difficult to reproduce. 

Besides accounting for the spiral arms in decomposition, another
o v elty of this work is the number of photometric bands we used for
uch a task, i.e. 17 bands from the UV part of the spectrum through
o the FIR. The closest examples of such a multiband decomposition
o our knowledge is the lenticular galaxy NGC 3115, decomposed
n Buzzo et al. ( 2021 ) using 11 bands from the UV to 4.6 μm, and
 81 (NGC 3031) in Gong et al. ( 2023 ) where the authors use 20

ands from the UV to 5.8 μm. Both of these studies, ho we v er, co v er
 smaller part of the spectrum and use only traditional components
n decomposition. Gong et al. ( 2023 ) actually try to mask out spirals
nd estimate their influence on decomposition, and found little or
o effect, which is curious considering how big the mask is, see
heir fig. 15. In any case, this is a rare situation, usually only a few
djacent bands are utilized in decomposition. Most often these are
ll or some subset of the optical ugriz filters for samples of various
izes (Bizyaev et al. 2014 ; M ́endez-Abreu et al. 2017 ; Kruk et al.
018 ; Casura et al. 2022 ), up to millions of galaxies in Simard et al.
 2011 ). Several bands can also be used to make deep co-adds and
hen decomposed, as in Bottrell et al. ( 2019 ). One of the biggest up-
o-date decomposition projects uses images from DESI Le gac y (De y
t al. 2019 ) in the optical grz bands and the probabilistic software
Lang, Hogg & Mykytyn 2016 ) to build models for all visible objects
n ≈40 000 square degrees of the sky. Such models are useful to
isco v er faint components in galaxies (Marchuk et al. 2022 ). These
odels also reveals how often extended and bright spirals remain in

esidues, see e.g. predicted vote fractions in Walmsley et al. ( 2023 ).
he amount of such cases directly highlight the importance of the
resented work. 
Outside of the optical part of the spectrum, only the NIR bands

HK S are used frequently (Kennedy et al. 2015 ; Psychogyios et al.
020 ; R ́ıos-L ́opez et al. 2021 ), while works where UV or MIR/FIR
lters are used, such as Mosenkov et al. ( 2019 ) for Herschel 100–
00 μm bands, are only occasional. It is important to mention an
nteresting approach to decompose several bands simultaneously,
hus building a physically moti v ated and more robust fit, which was
mplemented in the MegaMorph package (Vika et al. 2014 ). In the
eries of works H ̈außler et al. ( 2013 ), Vulcani et al. ( 2014 ), and
obotham, Bellstedt & Driver ( 2022 ), the authors apply this package

o both optical and NIR bands, finding models of galaxies and their
omponents using up to nine filters simultaneously. 

The lack of decomposition works, which co v er images in the
hole observed spectrum shows the difficulty to prepare such images,
ecause a lot of untrivial processing and methodological issues
NRAS 528, 1276–1295 (2024) 
hould be solved. DustPedia project provides a unique opportunity
or tasks such as the decomposition of M 51 here, because most of
he preprocessing issues are already successfully solved and the data
s ready to use. The importance of co v ering as much of the spectrum
s possible in decomposition studies arises from the possibility
f fitting individual components’ SED and thus reco v er formation
istories (e.g. Eufrasio et al. 2017 ) and physical properties for them.
 successful example of an implementation of such an analysis is

he previously mentioned galaxy, NGC 3115 (Buzzo et al. 2021 ),
hose SED was individually reco v ered for a bulge, two discs, and
ar. Similar work was done for M 81 separately for the bulge and the
isc (Gong et al. 2023 ). Although the SED construction for different
tellar populations (De Looze et al. 2014 ; Nersesian et al. 2020 ) and
orphological components in the axisymmetric case (Inman et al.

023 ) was already solved with radiative transfer codes for M 51, it is
till vital for other galaxies. Moreo v er, we only start to understand
he influence spiral arms have on construction of SEDs for classical
omponents (Popescu et al. 2011 ), hence a lot of future work awaits
n this direction. 

There are several limitations and flaws in our analysis. First, real
piral arms are not log-normal, not smooth, and are contaminated by
purs, feathers, locally enhanced star formation areas, dust lanes, and
idal features. It is unclear if these features could deform arm models
nd whether they should be taken into account during decomposition
r not. Surely, they could influence the decomposition by ‘locking’
he fitting in a local minimum, but most of them are unlikely to affect
he global parameters, such as its pitch angle or characteristic width.
econdly, the choice of the exact form of analytical expression to fit
n arm is arbitrary. There is no clear theoretical reason why it should
e a good approximation. Ho we ver, in pre vious paper Chugunov
t al. ( 2024 ) we use the same model for spiral arms with substantially
ifferent appearance in 29 galaxies and find good fitness between the
odel and data, and similar parameters’ systematics of bulge and

isc as here. This fact could also be the answer for the next objection
hat we do not know how typical M 51 is, and hence whether we
ould generalize our obtained results or not. The mentioned work,
rst in this series, shed light to this question. Also, there could be
otential limitations related to the fact that we used dust resolution for
ll images. Surely, it was shown many times (for example, Marchuk
t al. 2021 ) that image resolution of the data and its PSF could
ffect the analysis. Indeed, we find that the adopted image quality of
 51 largely affects the estimation of the S ́ersic parameter n for the

ulge, as seen in Fig. 6 . Ho we ver, for other parameters we find the
ifferent angular resolution and PSF to be less of an issue. Finally,
e conclude that this work, while not free from limitations, produces
alues which are consistent with other works and with results for two
uxiliary data sets, and we believe these facts give enough credibility
o it. 

 C O N C L U S I O N S  

alaxies with a prominent spiral pattern are ubiquitous in the known
niverse, but spiral arms are rarely taken into account in photometric
ecomposition of galaxies. We have done the work on this topic, and
chieved the following results: 

(i) For the first time, we fitted decomposition models, consisting
f a bulge, disc, and spiral arms, to images of M 51 in 17 photometric
ands from far UV to far IR. We found that models describe
bservations in all filters fairly well (Figs 3 and 4 ). We have
hown that models with spiral arms (B + D + S) provide significantly
maller residuals than bulge + disc (B + D) models (Figs 1 and 2 ),
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hich justifies the large number of parameters of our spiral arm’s
odel. 
(ii) We confirmed that spiral arms are the most luminous part 

f M 51 in UV and MIR/FIR bands. We measured spiral arms’
ontribution to the total luminosity, which is roughly equal to 
0 per cent in UV in FIR bands and ≥ 30 per cent in other bands
Fig. 5 ). 

(iii) We have compared B + D + S and B + D models and found how
eglecting the spiral arms affects the estimation of parameters. After 
ncluding the spiral arms in the model, disc scale h increases by 5–
0 per cent, and its central intensity drops by a factor of 1.25–3 in
ost cases (Fig. 7 ). For the bulge, which is small in M 51 and severely

ffected by the image resolution used, obtained parameters should 
e taken with caution. We find that separating the spiral arms into
ts own component allow one to resolve bulge properties in a larger
umber of bands. Thus, the S ́ersic indices n increase in all bands in
 + D + S models, ho we ver, staying below unity in most of them and

ncreasing with the used image resolution (Fig. 6 ). Bulge-to-total 
atio increases in all bands. 

(iv) In the best-fitting models with spiral arms, we derive arm 

itch angles for the first time using a full 2D light distribution within
he arms (Fig. 9 ). The derived pitch angle estimates for different
ands agree within their uncertainties, in contrast to what would be 
xpected if a long-standing density wave existed for the whole spiral
attern in M 51. 
(v) The arms’ characteristic width in M 51 is relatively constant 

ith wavelength till the NIR, significantly drops after it and increases 
o nearly the same level for λ ≥ 70 μm (Fig. 10 ). The radial scales of
he arm intensity roughly follow the same distribution as the width, 
ut for the arm pointed towards the NGC 5195 it is significantly larger
n most of the bands. The azimuthally averaged spirals-to-total ratio 
emonstrates two peaks, expected from the literature, and contains 
rom half to 80 per cent of emission in them (Fig. 8 ). 

Mutatis mutandis, where possible our findings in this study confirm
he results of Chugunov et al. ( 2024 ) and other authors. Our studies
ay be the first step in a new area of spiral arm analysis and will

herefore be continued. In the next papers, we will conduct the similar
nalysis for more distant galaxies and continue to study variations in 
piral structure at different wav elengths. Further impro v ement of the
rm model is also a possible direction for future work. For example,
 complex fit of bright star forming areas along the arm should be
uccessfully modelled by the probabilistic approach used in DESI 
e gac y (Lang, Hogg & Mykytyn 2016 ; Dey et al. 2019 ). 
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