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A B S T R A C T 

We study the galactic spiral arm pitch angle dependence with wavelength as predicted by the density wave theory. A sample 
of 10 barred and unbarred spiral galaxies with two distinct, well-defined arms is used for the measurements. The data sample 
consists of galaxies with inner arms and galaxies with both inner and outer arms. We use six wavebands, namely 3.6 μm, 8.0 

μm, B band, H α, H I , and CO for the image analysis. The pitch angles are visually measured with the PYTHON-OL SCRIPT 

and more precise measurements are obtained using SPIRALITY . We find a 1:1 correlation between pitch angle measurements 
in the 3.6 and 8.0 μm bands. We predict supermassive black hole (SMBH) masses for 3.6 μm waveband pitch angles using 

a standard scaling relation. We find that the black hole mass of a galaxy with both inner and outer arms is determined by the 
average pitch angle of the inner arms. Using only galaxies with inner arms, we find an SMBH mass–pitch angle relation of 
log ( M BH 

/ M �) = (7 . 11 ± 0 . 33) + (0 . 003 ± 0 . 017) P . Using only galaxies with both inner and outer arms, we find an SMBH 

mass–pitch angle relation of log ( M BH 

/ M �) = (7 . 56 ± 0 . 28) − (0 . 038 ± 0 . 013) P . 

Key words: black hole physics – techniques: image processing – galaxies: formation – galaxies: fundamental parameters –
galaxies: spiral – galaxies: structure. 
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 I N T RO D U C T I O N  

he idea of density waves was first introduced by Lindblad ( 1940 ,
942 , 1948 , 1950 ), Lindblad & Langebartel ( 1953 ), and Lindblad
 1961 ). Moreo v er, Lindblad’s work on kinematic spiral density
aves predicts the possibility of forming density waves. His work
emonstrates that spirals are formed by dispersion of test parti-
les without self-gravity along particular orbits (dispersion orbits)
Lindblad 1955 , 1957 , 1958a , b ; Lindblad & Langebartel 1956 ). The
lassical density wave theory was developed by Lin & Shu ( 1964 ),
in & Shu ( 1966 ), Bertin & Lin ( 1996 ), and Shu ( 2016 ), and later
upported observationally by numerous studies (Schweizer 1976 ;
isser 1980 ; Gnedin, Goodman & Frei 1995 ; Grosbøl, Patsis &
ompei 2004 ; Chemin et al. 2006 ; Shetty et al. 2007 ; Zibetti,
harlot & Rix 2009 ). It was an attempt to o v ercome the winding
roblem and to explain the spiral arm structure (Lindblad 1963 ,
964 ; Roberts Jr 1975 ; Roberts, Roberts & Shu 1975 ; Rohlfs
977 ; Lin & Shu 1987 ; Bertin et al. 1989a , b ; Bertin 2014 , 1993 ;
uchs 1991 , 2000 ; Bertin & Lin 1996 ). They proposed that the
piral arms themselves contain no ‘permanent’ matter and the
piral structure was considered as a quasi-stationary density wave
attern. Since the wave pattern is not attached to any particular
iece of the galactic disc, this model a v oids the differential rotation
roblem. 
 E-mail: sanjayapraveen2536@gmail.com 
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The density wave theory makes a salient prediction that the spiral
rm pitch angle ( P ) should vary with the wavelength of the galaxy
mage. This variation occurs because stars and gas clouds (gas and
ust) exhibit differential rotation, while the spiral arm maintains a
niform global pattern speed ( �gp ). This can be explicitly explained
y defining the co-rotation radius (R c ), where stars and gas clouds
rbit the galaxy at the same rate as the spiral arms. Generally, rotation
peed of the stars ( �) is greater than the global pattern speed (i.e.
> �gp ) inside the co-rotation radius (R c ). Outside this radius, the

otation speed of the stars is less than the global pattern speed ( �
 �gp ). According to the density wave theory, stars form in galactic

piral arms and mo v e a way from the density wave as they age.
onsequently, the pitch angle’s wavelength dependence becomes
vident, manifesting as an offset between the spiral arms in different
avelengths. This well-known result is e xtensiv ely discussed in the

iterature (e.g. Da vis 2015a ; Pour -Imani 2018 ; Miller et al. 2019 ;
bdeen 2021 ), yet there are inconsistencies between studies on pitch

ngle measurements. Most of the existing studies quote galactic pitch
ngles on a broad scale providing an average pitch angle for galaxies,
et they fail to observe the subtle pitch angle variations between
ifferent spiral arms. This study aims to address this by measuring
itch angles focusing on each spiral arm separately and compare
hem with the existing results. 

The choice of the wavelength also plays a pivotal role in these
tudies. Hence, each wavelength for this study was carefully selected
o depict specific components of the spiral. These components
race important stages in the stellar evolution cycle. Although most
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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xisting work focuses on a few selected wavelengths, the lack of
xisting studies on wavelengths such as H I , H α, and CO led us to
ncorporate these important wavelengths in our study. Moreover, 
e find correlations between pitch angles measured in the 8.0 
m waveband and pitch angles measured in B , 3.6 μm, and H α

avebands based on the availability of data. 
JWST (Gardner et al. 2023 ; McEl w ain et al. 2023 ; Menzel et al.

023 ) data can be used for pitch angle measurements and have the
otential to significantly impro v e results. JWST offers significantly 
igher spatial resolution compared to previous space telescopes. 
his enhanced resolution allows for more precise identification and 
easurement of the spiral arms’ structure (e.g. Hensley 2023 ; Lee 

t al. 2023 ; Sandstrom et al. 2023 ), which is crucial for accurate pitch
ngle determination. Its ability to observe in the infrared spectrum is
articularly beneficial for studying spiral galaxies (e.g. Evans et al. 
022 ; Peltonen et al. 2024 ). Infrared observations can penetrate 
ust clouds that often obscure the central regions of galaxies in 
ptical wavelengths, and this capability can reveal the full extent of
piral arms, providing a more complete and accurate measurement 
f pitch angles. JWST ’s superior sensitivity enables it to detect 
ainter structures within galaxies that might be missed by other 
elescopes (e.g. Whitmore et al. 2023 ). This can help in identifying
ubtle features of the spiral arms and their correlation with galactic 
roperties like the SMBH mass. Additionally, JWST can provide 
ultiwavelength data, allowing for a more thorough analysis of the 

alaxies’ morphology. This comprehensive data set can improve the 
obustness of pitch angle measurements by cross-verifying results 
cross different wav elengths. Moreo v er, with its advanced imaging 
apabilities, more sophisticated analytical techniques can be applied 
o the data, leading to potentially new insights and more refined 
easurements of pitch angles and their correlations with other 

alactic parameters. 
After finding the existence of supermassive black holes (SMBH) as 

 ubiquitous and an integral part of galactic bulges (e.g. Kormendy &
ichstone 1995 ; Magorrian et al. 1998 ; Barth 2003 ; Kormendy
004 ), successful efforts have been made to estimate the mass of
he SMBHs ( M BH ). Moreo v er, studies hav e affirmed that there are
orrelations between the SMBH mass and the number of measurable 
eatures of the host galaxy. Even though many of the correlating 
eatures of the host galaxy require spectroscopic measurements, one 
hich does not is the galactic spiral arm pitch angle. Estimating

he SMBH masses solely from imaging data is made feasible by 
his correlation. It is demonstrated that the spiral arm pitch angle 
s correlated to the shear rate in galactic discs (Block et al. 1999 ;
eigar, Block & Puerari 2004 ; Seigar et al. 2005 , 2006 , 2014 ; Grand,
awata & Cropper 2013 ; Michikoshi & Kokubo 2014 ; Kendall, 
larke & Kennicutt Jr 2015 ; Font et al. 2019 ; Yu & Ho 2019 ). The
orrelation between spiral arm pitch angle and shear rate emphasizes 
hat the tightness of the spiral arms is related to the central mass
oncentration. In most spiral galaxies, the central mass is dominated 
y the bulge mass (Seigar 2017 ) (Hubble type is correlated to the
ulge mass (Yoshizawa & Wakamatsu 1975 ; Graham & Worley 
008 ). Thus, there is a confirmed correlation between spiral arm pitch
ngle and bulge mass (Davis et al. 2015 ). Moreo v er, the relationship
etween the bulge mass and the SMBH mass is widely established, as
 result of observed correlations of black hole mass with both bulge
elocity dispersion and bulge luminosity. Hence, we can assume a 
elationship between the SMBH mass and the spiral arm pitch angle 
Seigar et al. 2008 ; Berrier et al. 2013 ; Davis, Graham & Seigar
017 ). 
The Illustris simulation – a comprehensive cosmological hydro- 

ynamical simulation (Genel et al. 2014 ) – has been used to study
nd verify this relationship. The Illustris simulation includes a broad 
ange of astrophysical processes: gas cooling, star formation, and 
eedback from supernovae and active galactic nuclei, making it an 
deal tool for studying galaxy formation and evolution. Analysis 
f spiral galaxies within the Illustris simulation demonstrates a 
trong correlation between the spiral arm pitch angle and the SMBH
ass, consistent with observational data. Specifically, the simulation 

redicts a slope and normalization of −0.055 ± 0.001 and 8.40 
0.01 for the log ( M BH /M �)–P relation, respectively (Mutlu-

akdil et al. 2018 ), closely aligning with the empirical findings
f Berrier et al. ( 2013 ). These results confirm that the Illustris
imulation replicates the observed pitch angle–SMBH mass relation, 
einforcing the idea that pitch angle can serve as a reliable proxy for
stimating SMBH mass in disc galaxies. This connection provides a 
aluable tool for investigating SMBHs in galaxies where direct mass 
easurements are challenging. 
The correlation between SMBH mass and spiral arm pitch angle 

n galaxies, while insightful, is subject to several limitations and 
ncertainties. Measurement uncertainties in pitch angle due to 
arying imaging data quality and methods can directly impact the ac-
uracy of the estimated SMBH mass. Additionally, sample selection 
ias, particularly fa v ouring well-defined spiral structures, may not 
epresent the diversity of all spiral galaxies. The inherent scatter in
he correlation further complicates the relationship, as various factors 
nfluence both SMBH mass and spiral structure. The correlation’s 
trength varies with galaxy type and is influenced by the bulge-to-disc 
atio, with bulge-dominated galaxies showing a stronger correlation 
o disc-dominated ones. Moreo v er, the correlation might evolv e
ith redshift, as galaxy properties change o v er cosmic time, and
e affected by environmental factors, such as galaxy interactions or 
he presence of a cluster. Non-linearities and higher order effects may
lso play a role, indicating that the relationship might not be strictly
inear and that additional variables could influence the correlation. 

In this paper, we calculate SMBH masses using a refined M BH 

P relation from Berrier et al. ( 2013 ), and compare them with the
 xisting results. F or galaxies with inner and outer spiral arms, the
iterature also fails to distinguish the effects due to each arm type
hen calculating black hole masses using scaling relations. Based 
n our data sample, we show that the black hole mass of a galaxy
ith inner and outer arms is go v erned by the average pitch angle
f the inner arms. The existing M BH –P relations focus only on the
rominent inner arm structures, yet it is important to study these
elations in a broader context with both inner and outer arm structure
easurements. This study investigates the inner and outer spiral arm 

itch angles separately and discusses the effects of the pitch angle
hoice in the M BH –P relation. 

 T H E  DATA  SAMPLE  

e used a sample (see Table 1 ) of 10 barred and unbarred spiral
alaxies with clearly visible, two distinct spiral arms. We confined 
ur study to galaxies with arms that are long, continuous, and
ymmetric, i.e. mostly grand design spiral galaxies. Since we o v erlay
ynthetic logarithmic spirals on the spiral arms, the grand design 
roperty plays a pivotal role. Six of the selected galaxies are
ategorized as arm-class 12 (two long symmetric arms dominating 
he optical disc grand design), and three of them are under arm-class
 (two symmetric inner arms, multiple long and continuous outer 
rms) according to Elmegreen & Elmegreen ( 1987 ). 

Our galaxy sample can be categorized into two groups. (a) galaxies
ith inner arms only, namely NGC 1300, NGC 1365, NGC 5194,
GC 7479, and NGC 7552. (b) galaxies with both inner arms and
MNRAS 534, 2314–2327 (2024) 
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Table 1. galaxy sample with basic parameters. 

galaxy name Morphology RA (J2000) Dec. (J2000) i ◦ PA 

◦ Eccentricity Distance (Mpc) Method 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 

NGC 1300 SB(rs)bc 03 19 41.085 −19 24 40.9 23 .07 106 .0 0.391865 14.50 Tully–Fisher 
NGC 1365 SB(s)b 03 33 36.3715 −36 08 25.45 32 .38 32 .0 0.535509 18.10 TRGB 

NGC 1566 SAB(s)bc 04 20 00.425 −54 56 16.1 13 .10 60 .0 0.226666 18.00 Tully–Fisher 
NGC 4321 SAB(s)bc 12 22 54.8315 + 15 49 18.54 9 .20 30 .0 0.159958 13.90 SNIa 
NGC 5194 SA(s)bc pec 13 29 52.7115 + 47 11 42.62 26 .65 163 .0 0.448552 7.55 TRGB 

NGC 5236 SAB(s)c 13 37 00.9505 −29 51 55.50 14 .81 45 .0 0.114901 4.90 FGLR 

NGC 5248 SAB(rs)bc 13 37 32.0245 + 08 53 06.64 18 .19 110 .0 0.312184 14.30 Tully–Fisher 
NGC 5364 SA(rs)bc pec 13 56 12.005 + 05 00 52.1 24 .27 30 .0 0.411118 13.60 Tully–Fisher 
NGC 7479 SB(s)c 23 04 56.655 + 12 19 22.4 15 .60 25 .0 0.268970 36.80 Tully–Fisher 
NGC 7552 (R’)SB(s)ab 23 16 10.7593 −42 35 05.07 13 .10 1 .0 0.226666 14.80 Tully–Fisher 

Notes. Columns: (1) galaxy name. (2) Hubble morphological type. (3) RA (J2000). (4) Dec. (J2000). (5) Inclination angle in degrees 
derived from equation ( 1 ). (6) Position angle in degrees [Source: NASA/IPAC Extragalactic Database (NED) 1 ]. (7) Eccentricity [Source: 
NASA/IPAC Extragalactic Database (NED)]. (8) Distance (Mpc) [Source: NASA/IPAC Extragalactic Database (NED)]. (9) Method used 
for distance measurements. 

1 The NASA/IPAC Extragalactic Database (NED) is operated by the Jet Propulsion Laboratory, California Institute of Technology, under contract with the 
National Aeronautics and Space Administration. 
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uter arms, namely NGC 1566 (Elmegreen et al. 2011 ), NGC 4321
Elmegreen et al. 2011 ), NGC 5236 (Elmegreen & Elmegreen 1987 ),
GC 5248 (Sandage 1961 ), and NGC 5364 (Sandage 1961 ). 
Multiwavelength astronomy is an integral part of exploring the

niverse because observing primarily at a particular wavelength
rovides a skewed picture of the universe. Looking at galaxies with
if ferent wavebands gi ves us a crystal-clear understanding of their
hysical processes and concentration. In this work, the galaxies were
nalysed in six different wavebands, namely B band (445 nm), 3.6
m, 8.0 μm, H α, CO, and H I according to the availability of data. 
Our galaxy sample was confined to a distance of 36.80 Mpc with

GC 7479 having the furthest recorded distance. In this paper, we
alculated inclination angles of the galaxy sample using equation
 1 ). 

 = cos −1 
(√ 

1 − e 2 
)

, (1) 

here i is the inclination angle and e stands for eccentricity. We
elected our galaxies such that the inclination angles are < 40 ◦. If the
alaxy has a very high inclination angle, most of the cardinal details
ill be lost in the deprojection process. 

 ANALYSIS  

.1 Image pr e-pr ocessing 

ll galaxies are viewed with some inclination. Thus, before mea-
uring the pitch angles, irrespective of the method, all the galaxies
ad to be deprojected to a face-on orientation. The pitch angle of a
ogarithmic spiral at any radius is defined as the angle between a line
angent to the spiral and a line tangent to a circle with the same radius
nd centre as the spiral. The deprojection process presumes that a
alaxy with its disc plane parallel to the plane of the sky will appear
ircular, and a circular galaxy with random inclination will appear
n the sky as an ellipse. After deprojection, the resulting image
as cropped into a perfect square, as required by PYTHON-OL SCRIPT

nd spirality . IRAF 2 ( IMAGE REDUCTION AND ANALYSIS FACILITY )
oftw are w as used for the deprojection and cropping processes. 
NRAS 534, 2314–2327 (2024) 
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.2 Measuring pitch angles 

.2.1 Using the Python-OL script 

e initially obtained rough pitch angle measurements using the
YTHON-OL SCRIPT 3 (Python-based code) ( SPIRAL OVERLAY.PY ).
his Python code provides the capability to load a properly depro-

ected and cropped FITS image by generating a graphical interface.
 synthetic logarithmic spiral can be o v erlaid on a foreground layer.
itch angle, phase angle, chirality, and the number of arms are
vailable for variation. 

It is a well-established fact that the majority of galaxies have spiral
rms that cannot be fitted with a single pitch angle (Savchenko &
eshetnikov 2013 ; Herrera-Endoqui et al. 2015 ). Hence, in this
ethod, we measured the pitch angles for each spiral arm separately

nstead of measuring an average pitch angle. In order to minimize
he uncertainty of the pitch angles, we obtained the minimum and

aximum pitch angles by tracing the logarithmic spirals twice for
ach spiral arm separately. 

The accuracy of this process strictly depends on the image
impidity of the spiral arms and the arm–interarm contrast. Arm–
nterarm contrast emphasizes how much brighter the spiral arm is
hen compared to the adjacent interarm region. Generally, arm–

nterarm contrast becomes strongest between the inner region and
he co-rotation circle and is weaker beyond that (Elmegreen 1998 ).
ince the o v erlaying synthetic spiral traces are logarithmic, if the
ctual spiral galaxy structure has intrinsic deviations from being
ogarithmic, the Python-OL script method would not be accurate. 

.2.2 Using the SPIRALITY 

PIRALITY 

4 (Shields et al. 2015 , 2022 ) is a Matlab-based code that
an be used to measure pitch angles accurately. The pitch angles were
btained using SPIRALITY ; SPIRALITY-CALL-NO-SYMMETRY script.
PIRALITY ; SPIRAL-ARM-COUNT script (Shields et al. 2015 ) has the
apability of fitting synthetic logarithmic spirals o v er the actual
mage spiral arms pursuant to the brightest pixels, and it measures the
 https:// github.com/ ebmonson/ 2DFFTUtils-Module 
 https:// ascl.net/ assets/ codes/ Spirality/ Spirality.zip 

https://pkgs.org/download/iraf
https://github.com/ebmonson/2DFFTUtils-Module
https://ascl.net/assets/codes/Spirality/Spirality.zip
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umber of spiral arms in a given spiral galaxy image. In this method,
e measured the pitch angles for each spiral arm separately. Since 

he entire process is automated, this method minimizes the user bias 
n tracing the logarithmic spirals and measuring the pitch angles. 

 RESULTS  

.1 Pitch angle measurements 

he pitch angles were measured for both spiral arms separately using
he SPIRALITY (see Table 2 ). We calculated the average pitch angles
nd compared them with the existing literature values (see Table 3 ).
he northern outer spiral arm of the NGC 1566 has a tight bend,
nd it intrinsically deviates from being logarithmic. Hence, we used 
he arm segment indicated by the solid red line to measure the pitch
ngles (see Fig. 1 ), and it might significantly affect our pitch angle
easurements. For NGC 1566, at the wavelength of 3.6 μm, we 
easured the pitch angles of the inner arms. We claim the pitch

ngle of the northern and southern inner arm and their average 
easurement to be 22.99 ± 0.34 ◦, 21.10 ± 0.56 ◦, and 22.05 ±

.33 ◦, respectively. 
We measured CO waveband pitch angles separately for both inner 

rms of NGC 4321, but we were unable to find any pitch angle record
or the CO waveband in the literature (see Tables 2 and 3 ). Since we
ere unable to detect the outer arms of NGC 4321 using our galaxy

mages corresponding to the a vailable wa velengths, we had to use an
ptical image to measure the pitch angles. Since the northern outer 
piral arm of NGC 4321 is unclear and blurry, we only measured the
itch angles of the southern outer spiral arm, considering the arm 

egment indicated by the solid red line (see Fig. 2 ). The pitch angle
f the arm segment is 26.69 ± 1.89 ◦. 
A remarkable H I distribution of NGC 5236 has been mapped 

ith the Australia Telescope Compact Array (Jarrett et al. 2012 ) and
 xtends be yond the GALEX XUV disc (Thilker et al. 2007 ). A large
mount of H I exists outside the Holmberg Radius (Huchtmeier & 

ohnenstengel 1981 ). The o v erall impression of NGC 5236 in neutral
ydrogen emphasizes a distorted one-arm spiral (indicating a peculiar 
uter arm) (see Fig. 3 ) and implies that it may have interacted or
erged with another smaller galaxy (Koribalski et al. 2018 ). In this

tudy, we claim the H I outer arm pitch angle to be 8.91 ± 0.12 ◦. 
Since the outer arms of NGC 5248 are not visible and detectable

n our galaxy images corresponding to the a vailable wa velengths, we
onverted an optical image with visible outer arms to an FITS image.
ence, the outer arm pitch angles were measured using that FITS

mage. We measured the pitch angle of the northern and southern 
uter arm and their average measurement to be 11.60 ± 0.14 ◦, 11.31

0.16 ◦, and 11.46 ± 0.11 ◦, respectively. 
Since the inner arms of NGC 5364 are clearly visible in the 3.6

m waveband galaxy images, we measured the 3.6 μm waveband 
itch angles of the inner arms. The pitch angles of the northern inner
rm, the southern inner arm, and their average are 20.85 ± 0.40 ◦,
5.32 ± 0.18 ◦, and 23.09 ± 0.22 ◦, respectively. 
The discrepancies between the northern and southern arm pitch 

ngle measurements of NGC 4321 and NGC 5248 (both are in-
ermediate galaxies) can be attributed to several complex factors. 
hese include intrinsic asymmetries in the spiral structure, which 
ay arise from the gravitational influence of dark matter subhaloes 

ausing tidal forces that distort the spiral arms differently on each 
ide (e.g. Purcell et al. 2011 ). Additionally, the interaction between 
piral density waves and galactic bars or central mass concentrations 
an lead to variations in pitch angles (Mu ̃ noz-Mateos et al. 2015 ).
ifferential rotation and shear within the galaxy can cause the spiral
rms to experience varying amounts of shear, leading to discrepancies 
Lin & Shu 1964 ). Secular evolution processes, such as bar formation
nd migration of stars, can alter the structure and then pitch angles
f spiral arms o v er time (Kormendy & Kennicutt Jr 2004 ). Magnetic
elds, with their varying strength and orientation, can influence the 
ormation and maintenance of spiral arms, causing differences in 
itch angles between northern and southern arms (Beck 2016 ). Gas
ynamics and feedback from star formation and supernovae can 
reate asymmetries in the arms (Dobbs & Baba 2014 ). Moreo v er,
bservational biases such as differences in viewing angle, resolution, 
nd sensitivity across the galaxy’s disc, along with interstellar dust 
nd star formation regions that obscure parts of the galaxy unevenly, 
ay contribute to apparent discrepancies. Temporal evolution of the 

piral arms, where different segments may be at different stages of
heir evolution, leads to variations in pitch angle measurements be- 
ween the northern and southern arms (Seigar et al. 2008 ). According
o density wave theory, variations in the density wave pattern speed
nd its coupling with the disc material can cause differences in the
itch angles (Lin & Shu 1964 ). Non-circular streaming motions of
as within the galaxy, often induced by gravitational interactions or 
nternal instabilities, can further lead to variations in the observed 
itch angles (e.g. Garc ́ıa-Burillo et al. 2003 ). These factors combined
reate the observed differences in pitch angle measurements between 
he northern and southern arms. Moreo v er, tidal interactions due to
ompanion galaxies can significantly influence the spiral structure 
f galaxies, causing subtle differences in pitch angles between their 
orthern and southern spiral arms. F or e xample, NGC 1566 is part of
he Dorado Group where tidal interactions between NGC 1566 and 
eighbouring galaxies could lead to its asymmetries and warps. The 
nteracting galaxy pair NGC 1596/1602 is a possible candidate for 
uch a tidal encounter, potentially contributing to the observed pitch 
ngle differences in its spiral arms. Similarly, NGC 4321, a member
f the Virgo Cluster, interacts with nearby galaxies such as NGC
323 and NGC 4328. These interactions could lead to the observed
symmetry in the pitch angles of its spiral arms. Interestingly, 
GC 5194 has a well-documented companion, NGC 5195, which 

nduces tidal forces. Ho we ver, despite this interaction, there are no
onsiderable differences between the northern and southern arm pitch 
ngles, suggesting other factors might be at play in maintaining the
ymmetry of its spiral structure. 

The observed discrepancy between the northern and southern arm 

itch angles of NGC 1300 and NGC 1365 can be attributed to
everal well-documented factors. Notably, Mart ́ınez-Garc ́ıa ( 2011 ) 
as analysed the spiral structure of NGC 1300 and identified signif-
cant asymmetries between the arms. These asymmetries are often 
inked to the influence of the galaxy’s strong bar structure, which
reates varying gravitational potentials that affect the formation 
nd maintenance of spiral arms differently across the northern and 
outhern regions. Supporting this, Elmegreen & Elmegreen ( 1985 ) 
uggest that bars can induce spiral arm asymmetry through their 
ynamic interactions with the disc, leading to variations in pitch 
ngles. Additionally, simulations by Athanassoula ( 2012 ) reinforce 
he notion that the bar’s influence can generate such asymmetries. 
onsequently, these documented asymmetries are likely responsible 

or the differing pitch angles observed between the northern and 
outhern arms of NGC 1300 and NGC 1365. 

.2 Comparison with other existing results 

e graphically compared our average pitch angle measurements 
orresponding to each wavelength with the values in the literature 
ased on the availability of data (CO and H I bands were excluded
MNRAS 534, 2314–2327 (2024) 
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Table 2. Pitch angle measurements. 

galaxy P ◦ ( B band) P ◦ (3.6 μm) P ◦ (8.0 μm) P ◦ (H α) P ◦ (CO) P ◦ (H I ) 
Northern Southern Northern Southern Northern Southern Northern Southern Northern Southern Northern Southern 

NGC 1300 12 . 08 + 0 . 19 
−0 . 19 17 . 09 + 0 . 36 

−0 . 36 9 . 41 + 0 . 10 
−0 . 10 16 . 62 + 0 . 11 

−0 . 11 – – 10 . 21 + 0 . 15 
−0 . 15 15 . 61 + 0 . 39 

−0 . 39 – – – –

NGC 1365 25 . 62 + 0 . 11 
−0 . 11 27 . 64 + 0 . 11 

−0 . 11 27 . 17 + 0 . 30 
−0 . 30 32 . 28 + 0 . 53 

−0 . 53 – – – – – – – –

NGC 7479 – 10 . 60 + 0 . 14 
−0 . 14 – 10 . 62 + 0 . 13 

−0 . 13 – – – 10 . 99 + 0 . 25 
−0 . 25 – – – –

NGC 7552 18 . 63 + 0 . 34 
−0 . 34 – 18 . 92 + 0 . 37 

−0 . 37 – 19 . 15 + 0 . 50 
−0 . 50 – 23 . 52 + 0 . 76 

−0 . 76 – – – – –

NGC 1566 17 . 02 + 0 . 50 
−0 . 50 13 . 52 + 0 . 58 

−0 . 58 17 . 13 + 1 . 09 
−1 . 09 15 . 12 + 0 . 19 

−0 . 19 17 . 75 + 0 . 51 
−0 . 51 14 . 18 + 0 . 68 

−0 . 68 17 . 96 + 0 . 25 
−0 . 25 14 . 23 + 0 . 82 

−0 . 82 – – – –

NGC 4321 13 . 02 + 0 . 16 
−0 . 16 18 . 83 + 0 . 65 

−0 . 65 13 . 59 + 0 . 21 
−0 . 21 19 . 88 + 0 . 27 

−0 . 27 13 . 61 + 0 . 20 
−0 . 20 19 . 66 + 1 . 63 

−1 . 63 13 . 27 + 0 . 23 
−0 . 23 20 . 12 + 0 . 76 

−0 . 76 15 . 77 + 0 . 73 
−0 . 73 19 . 88 + 1 . 69 

−1 . 69 – –

NGC 5194 13 . 06 + 0 . 37 
−0 . 37 11 . 76 + 0 . 87 

−0 . 87 11 . 49 + 0 . 86 
−0 . 86 11 . 64 + 2 . 09 

−2 . 09 11 . 49 + 1 . 00 
−1 . 00 11 . 94 + 1 . 07 

−1 . 07 11 . 10 + 0 . 99 
−0 . 99 11 . 39 + 1 . 79 

−1 . 79 13 . 04 + 0 . 14 
−0 . 14 12 . 35 + 0 . 33 

−0 . 33 12 . 95 + 0 . 53 
−0 . 53 13 . 36 + 1 . 65 

−1 . 65 

NGC 5236 14 . 02 + 0 . 43 
−0 . 43 13 . 06 + 0 . 30 

−0 . 30 14 . 18 + 0 . 24 
−0 . 24 14 . 17 + 0 . 79 

−0 . 79 14 . 55 + 0 . 17 
−0 . 17 14 . 07 + 0 . 87 

−0 . 87 14 . 27 + 0 . 14 
−0 . 14 14 . 47 + 0 . 82 

−0 . 82 – – – –

NGC 5248 25 . 78 + 0 . 14 
−0 . 14 35 . 43 + 0 . 29 

−0 . 29 24 . 84 + 0 . 35 
−0 . 35 36 . 24 + 0 . 61 

−0 . 61 – – 23 . 63 + 0 . 64 
−0 . 64 35 . 06 + 0 . 46 

−0 . 46 – – – –

NGC 5364 10 . 09 + 0 . 50 
−0 . 50 10 . 79 + 0 . 31 

−0 . 31 10 . 87 + 0 . 43 
−0 . 43 10 . 33 + 0 . 87 

−0 . 87 – – – – – – – –

Notes. Northern and southern spiral arm pitch angles in degrees from the SPIRALITY for different wavebands as shown in the table. The first section lists barred spiral galaxies, while 
the second section lists intermediate and unbarred spiral galaxies. 
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ue to lack of data), as shown in Fig. 4 . There are two main reasons
or the discrepancies between our pitch angle measurements and the
alues in the literature. The first reason is related to the differences
n the deprojecting parameters (inclination, eccentricity, and position
ngle). The parameter causing the most trouble is clearly the galaxy’s
nclination. In this study, we report the B -band and 8.0 μm average
itch angles of the outer arms of NGC 1566 to be 15.27 ± 0.38 ◦

nd 15.97 ± 0.43 ◦, respectively, while Miller et al. ( 2019 ) recorded
1.20 ± 4.80 ◦ and 44.13 ± 11.94 ◦. A simple inspection of NGC 1566
mage shows that the spiral arms are symmetric and quite similar in
he B -band and 8.0 μm wavelengths. Thus, such a larger discrepancy
n pitch angles is questionable. These discrepancies are mainly due
o differences in the galaxy’s inclination. For NGC 1566, we used an
nclination of 13.10 ◦, while Miller et al. ( 2019 ) had used 34.3 ◦. For
GC 5248, at the B band, we measured the northern and southern

nner arm pitch angles to be 25.78 ± 0.14 ◦ and 35.43 ± 0.29 ◦,
espectively, while Ma ( 2001 ) reported 23.8 ◦ and 22.7 ◦. These sharp
isagreements of pitch angles are basically due to differences in the
nclination angle. For NGC 5248, we used an inclination of 18.19 ◦,
hile Ma ( 2001 ) had used 43.7 ◦. Moreo v er, in Ma ( 2001 ), there are
ncertainties in measuring the pitch angles of the spiral arms and
nclination angles due to the uncertainties of sampling the points
n the central line of the mass of the spiral arm. For NGC 7552, at
avelengths of B band, 3.6 μm, and 8.0 μm, we measured the average
itch angles values to be 18.63 ± 0.34 ◦, 18.92 ± 0.37 ◦, and 19.15 ±
.50 ◦, respectively, while Abdeen ( 2021 ) recorded 27.6 ± 3.4 ◦, 25.9

3.7 ◦, and 29.0 ± 2.8 ◦. The most probable reason for these pitch
ngle disagreements is differences in the inclination angle. According
o our parameters, the inclination angle is 13.10 ◦, while Abdeen
 2021 ) records an inclination angle of 19 ◦. Utilizing inclination and
osition angle values from Abdeen ( 2021 ), specifically 19 ◦ and -
6.98 ◦ respectively, we conducted a deprojection of the 3.6 μm
aveband image of NGC 7552. Employing these parameters, the

PIRALITY code yielded a pitch angle measurement of 25 . 42 ± 0 . 22 ◦.
his result is in agreement with the established literature value,

hus corroborating the dependence of pitch angle on the inclination
ngle. This verification underscores the critical importance of precise
nclination and position angle inputs in the accurate determination
f pitch angles in spiral g alaxies. A g alaxy that is common to Yu &
o ( 2018 ) and our sample is NGC 7552. In this case there is also a

harp disagreement for the B -band and 3.6 μm measurements, since
he values given in Yu & Ho ( 2018 ) are 9.7 ± 0.9 ◦ and 9.7 ± 1.1 ◦,
espectively, while our values are 18.63 ± 0.34 ◦ and 18.92 ± 0.37 ◦.
hese discrepancies are mainly due to differences in the position
ngle and eccentricity. For NGC 7552, we used a position angle and
NRAS 534, 2314–2327 (2024) 
n eccentricity value of 1 ◦ and 0.2267, respectively, while Yu & Ho
 2018 ) had used 5 ◦ and 0.3919 [calculated using the given ellipticity
0.08) in Yu & Ho ( 2018 )]. Ho we ver, Yu & Ho ( 2018 ) only reports
easurements for their 1 DFFT method. Their 2DFFT method did not

eturn a value for NGC 7552 due to its long bar. Our SPIRALITY code
orrectly identified the spiral arm and returned an acceptable pitch
ngle value corresponding to our deprojecting parameters. 

The second reason refers to our pitch angle measurement proce-
ure. We measured the pitch angles for both spiral arms separately
nd calculated the average pitch angles using them. Most of the
iterature values indicated in Table 3 represent only an average pitch
ngle for both arms. 

A sharp discrepancy is evident when comparing our average
easurement of NGC 1365 in the B band, 44.28 ± 0.12 ◦, with

he absolute values recorded by Ma ( 2001 ), 13.8 ◦ and 17.8 ◦. Addi-
ionally, we report the 3.6 μm average pitch angle of NGC 1365 to
e 29.73 ± 0.30 ◦, while Al-Baidhany et al. ( 2019 ) and D ́ıaz-Garc ́ıa
t al. ( 2019 ) recorded 15.4 ± 2.4 ◦ and 19.1 ± 5.2 ◦, respectively.
hese discrepancies may primarily be attributed to the variable pitch
ngles of NGC 1365. NGC 1365 is a well-documented example of
 galaxy with a variable pitch angle (Ringermacher & Mead 2009 ).
his galaxy exhibits a high pitch angle near the junction of the
piral arm and galactic bar, and a lower pitch angle in its outermost
egions. In this particular galaxy, we focused on measuring pitch
ngles predominately in the inner part of the disc. The SPIRALITY

ode correctly identified the high pitch angles near the galactic bar-
piral arm junction and gave us the required innermost stable pitch
ngles of the spiral arm. 

Furthermore, pitch angles may depend on the method we use
hen the galaxy image is unclear, the structure is not clearly
isible, or when the structure deviates from the logarithmic scale.
hus, different pitch angles may be obtained for the same galaxy,
epending on the pitch angle measurement methods. For instance,
he northern inner arm of NGC 5236 deviates from being logarithmic.
n addition, some branches and feathers are connected to that arm.
s a result, SPIRALITY cannot trace the most accurate and reasonable

ogarithmic spiral to the northern inner arm. These reasons may
ffect our pitch angle measurements and cause some discrepancies
ompared to the values in the literature (see Table 3 ). The spiral
rms of NGC 7479 also do not present a clear logarithmic geometry
especially the northern arm). Thus, we only measured the pitch
ngles of the southern arm, which may cause some discrepancies
ith the values in the literature (see Table 3 ). In this study, we report

he B -band pitch angle of the southern arm of NGC 7479 to be
0.60 ± 0.14 ◦, while Mart ́ınez-Garc ́ıa ( 2012 ) recorded an average



M BH 

–P scaling relations 2319 

Table 3. Average pitch angle measurements. 

galaxy P ◦ ( B band) P ◦ (3.6 μm) P ◦ (8.0 μm) P ◦ (H α) P ◦ (CO) P ◦ (H I ) 
Average from Lit. Average from Lit. Average from Lit. Average from Lit. Average from Lit. Average from Lit. 

NGC 1300 14 . 59 + 0 . 20 
−0 . 20 −12 . 71 + 1 . 99 

−1 . 99 

[1] 
13 . 02 + 0 . 07 

−0 . 07 12 . 7 + 1 . 8 −1 . 8 [8] – – 12 . 91 + 0 . 21 
−0 . 21 – – – – –

13 . 1 + 7 . 7 −0 . 3 [2] 14 . 7 + 5 . 4 −5 . 4 [9] 
12.1, 11.0 [3] 
31 . 7 + 1 . 1 −1 . 1 [4] 
10 . 3 + 1 . 8 −1 . 8 [5] 

14.44 [6] 
19.91 [6] 
12 + 3 −3 [7] 

16 . 0 + 6 . 5 −6 . 5 [7] 
23 . 96 + 1 . 61 

−1 . 61 [7] 
NGC 1365 26 . 63 + 0 . 08 

−0 . 08 −34 . 81 + 2 . 80 
−2 . 80 

[1] 
29 . 73 + 0 . 30 

−0 . 30 15 . 4 + 2 . 4 −2 . 4 [8] – – – – – – – –

13.8, 17.8 [3] 19 . 1 + 5 . 2 −5 . 2 [9] 
NGC 1566 15 . 27 + 0 . 38 

−0 . 38 18 . 2 + 1 . 7 −1 . 7 [10] 16 . 13 + 0 . 55 
−0 . 55 20 . 0 + 1 . 8 −1 . 8 [10] 15 . 97 + 0 . 43 

−0 . 43 22 . 4 + 1 . 5 −1 . 5 [10] 16 . 10 + 0 . 43 
−0 . 43 22 + 2 −2 [13] – – – –

−17 . 81 + 3 . 67 
−3 . 67 

[1] 
21 . 4 + 2 . 3 −2 . 3 [11] 44 . 13 + 11 . 94 

−11 . 94 

[12] 
29.74 [14] 

20 . 9 + 2 . 4 −2 . 4 [11] 20 . 5 + 0 . 3 −0 . 3 [11] 
19 . 8 + 0 . 6 −0 . 6 [11] 15 . 29 + 2 . 37 

−2 . 37 [12] 
31 . 20 + 4 . 80 

−4 . 80 [12] 21 . 31 + 4 . 78 
−4 . 78 [8] 

26 . 5 + 7 . 6 −7 . 6 [9] 
NGC 4321 15 . 93 + 0 . 33 

−0 . 33 16 . 1 + 2 . 8 −2 . 8 [10] 16 . 74 + 0 . 17 
−0 . 17 16 . 1 + 2 . 4 −2 . 4 [10] 16 . 64 + 0 . 82 

−0 . 82 14 . 7 + 1 . 7 −1 . 7 [10] 16 . 70 + 0 . 40 
−0 . 40 15 + 3 −3 [13] 17 . 83 + 0 . 92 

−0 . 92 – – –

21.0, 14.3 [3] 18 . 60 + 1 . 69 
−1 . 69 [12] 24 . 46 + 3 . 76 

−3 . 76 [12] 21 . 18 + 2 . 50 
−2 . 50 [12] 

14.2 [15] 21 . 4 + 5 . 0 −5 . 0 [9] 
15 . 06 + 1 . 20 

−1 . 20 [12] 
14.0 [16] 
22.7 [16] 
18.4 [16] 

NGC 5194 12 . 41 + 0 . 47 
−0 . 47 10 . 2 + 2 . 7 −2 . 7 [10] 11 . 57 + 1 . 13 

−1 . 13 9 . 7 + 2 . 2 −2 . 2 [10] 11 . 72 + 0 . 73 
−0 . 73 10 . 5 + 2 . 7 −2 . 7 [10] 11 . 25 + 1 . 02 

−1 . 02 15 + 2 −2 [13] 12 . 70 + 0 . 18 
−0 . 18 – 13 . 16 + 0 . 87 

−0 . 87 –

16.7, 15.8 [3] 17 . 1 + 0 . 6 −0 . 6 [9] −11.88 [14] 
13.9 [16] 14 . 9 + 2 . 5 −2 . 5 [9] 11 . 3 + 0 . 3 −0 . 3 [17] 
13.8 [16] 

NGC 5236 13 . 54 + 0 . 26 
−0 . 26 −16 . 04 + 1 . 74 

−1 . 74 

[1] 
14 . 18 + 0 . 41 

−0 . 41 18 . 1 + 4 . 9 −4 . 9 [9] 14 . 31 + 0 . 44 
−0 . 44 – 14 . 37 + 0 . 42 

−0 . 42 16 + 2 −2 [13] – – – –

16.6 [16] 14.04 [14] 
17.4 [16] 

NGC 5248 30 . 61 + 0 . 16 
−0 . 16 22.7, 23.8 [3] 30 . 54 + 0 . 35 

−0 . 35 23 . 6 + 6 . 1 −6 . 1 [9] – – 29 . 35 + 0 . 39 
−0 . 39 – – – – –

NGC 5364 10 . 44 + 0 . 29 
−0 . 29 8.4 [15] 10 . 60 + 0 . 49 

−0 . 49 9 . 7 + 0 . 1 −0 . 1 [9] – – – – – – – –

15 . 5 + 4 . 1 −4 . 1 [9] 
NGC 7479 10 . 60 + 0 . 14 

−0 . 14 15 . 7 + 1 . 5 −1 . 5 [10] 10 . 62 + 0 . 13 
−0 . 13 14 . 0 + 1 . 2 −1 . 2 [10] – – 10 . 99 + 0 . 25 

−0 . 25 – – – – –

31 . 5 + 1 . 6 −3 . 2 [2] 
17 . 8 + 1 . 2 −1 . 2 [4] 

10.7 [15] 
6.8 [16] 

10.3 [16] 
NGC 7552 18 . 63 + 0 . 34 

−0 . 34 27 . 6 + 3 . 4 −3 . 4 [10] 18 . 92 + 0 . 37 
−0 . 37 25 . 9 + 3 . 7 −3 . 7 [10] 19 . 15 + 0 . 50 

−0 . 50 29 . 0 + 2 . 8 −2 . 8 [10] 23 . 52 + 0 . 76 
−0 . 76 – – – – –

19 . 3 + 1 . 7 −1 . 7 [4] 9 . 7 + 1 . 1 −1 . 1 [11] 
9 . 7 + 0 . 9 −0 . 9 [11] 27 . 0 + 3 . 9 −3 . 9 [18] 

Notes. Average pitch angle measurements of the spiral arms (from northern and southern pitch angles) in degrees from the SPIRALITY for different wavebands as shown in the table. Existing values 
obtained from the literature are indicated with references. 
References. [1] (Davis 2015b ). [2] (Mart ́ınez-Garc ́ıa 2012 ). [3] (Ma 2001 ). [4] (Seigar et al. 2006 ). [5] (Berrier et al. 2013 ). [6] (Pan 2021 ). [7] (Hewitt & Treuthardt 2020 ). [8] (Al-Baidhany et al. 
2019 ). [9] (D ́ıaz-Garc ́ıa et al. 2019 ). [10] (Abdeen 2021 ). [11] (Yu & Ho 2018 ). [12] (Miller et al. 2019 ). [13] (Kennicutt 1981 ). [14] (Puerari & Dottori 1992 ). [15] (Ma, Peng & Gu 1998 ). [16] 
(Danver 1942 ). [17] (Considere & Athanassoula 1982 ). [18] (Abdeen et al. 2020 ). 

p  

m
o  

r
f  

g  

f
u  

e

i
(  

f  

c
c

r  

t  

t  

a  

m
s  

p
o

4

T  

n  

w  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/534/3/2314/7769672 by Achala R
anaw

eera user on 07 N
ovem

ber 2024
itch angle, in degrees, for both arms of 31 . 5 + 1 . 6 
−3 . 2 using a Fourier

ethod. There are two main reasons for this sharp disagreement 
f pitch angles. (a) Mart ́ınez-Garc ́ıa ( 2012 ) has considered a radial
ange (innermost radius to outermost radius) of 56.1–95.8 arcsec 
or this pitch angle measurement. (b) NGC 7479 is a barred spiral
alaxy, and in general, the spiral arms of this object clearly deviate
rom being logarithmic. Thus, measuring an average pitch angle 
sing the Fourier method would give a higher pitch angle value than
xpected. 

Upon closer examination of the pitch angle measurements, it 
s evident that the strongest correlations are observed in the H α

Fig. 4 d) and 3.6 μm (Fig. 4 b) bands. The pitch angle measurements
or the H α and 3.6 μm bands with literature v alues sho w less scatter
ompared to other bands, indicating a more robust agreement. This 
an be attributed to the fact that H α emission predominantly traces 
e gions of activ e star formation, which are closely associated with
he spiral density waves. Similarly, the 3.6 μm band is sensitive to
he old stellar population, which forms the backbone of the spiral
rms and is less affected by dust extinction, leading to more precise
easurements. These findings suggest that H α and 3.6 μm bands 

erve as the most consistent tracers for spiral arm pitch angles,
roviding reliable data less susceptible to variations caused by 
bservational biases or environmental factors. 

.3 Pitch angle correlations with 8.0 μm waveband 

he average pitch angles of the spiral arms (calculated from the
orthern and southern pitch angles) measured in the 8.0 μm band
ere compared with the average pitch angles measured in the B
MNRAS 534, 2314–2327 (2024) 
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Figure 1. The pitch angles of one of the outer arms of NGC 1566 were 
measured considering the arm segment, as indicated by the solid red line. 
This is depicted using the 3.6 μm image of NGC 1566 as an example. Image 
source: NASA/IPAC Extragalactic Database (NED) 5 . 

Figure 2. The pitch angles of the southern outer arm of NGC 4321 were 
measured considering the arm segment, as indicated by the solid red line. 
This image was generated by converting an optical image to a FITS format. 
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Figure 3. H I outer arm of NGC 5236. Image source: The Local Volume HI 
Surv e y (LVHIS) (Koribalski et al. 2018 ). 
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and, 3.6 μm, and H α bands based on the availability of data (CO
nd H I bands were excluded due to lack of data) (see Fig. 5 ). In this
tudy, we measured the average pitch angles of the spiral arms by
onsidering the entire visible extent of the spiral arms in the images
orresponding to each waveband ( B band, 3.6 μm, 8 μm, and H α).
ur methodology did not confine the measurements to a specific

adius, but instead encompassed the full length of the spiral arms as
hey appear in the respective waveband images. This approach allows
or a comprehensive assessment of the spiral structure, capturing the
 v erall morphology and providing a more accurate representation
f the pitch angles across the different wavelengths. By including
he entire visible extent of the spiral arms, we ensure that our

easurements reflect the true nature of the galactic spiral structure,
NRAS 534, 2314–2327 (2024) 
ree from biases introduced by radial limitations. The dashed line
epresents the 1:1 relationship ( y = x) in each panel, and the best-
tting straight line, whose functional form is given at the top, is
arked by the solid blue line. It is apparent that the 3.6 and 8.0 μm

mages give identical pitch angles for the spiral arms. This provides
 theoretical evidence for the experimental observation that old stars
ypically conglomerate near the dust lanes. A previous study by
eigar et al. ( 2006 ) found a nearly 1:1 correlation between pitch
ngle measurements in the B and H bands for 57 galaxies in the
SUBGS (Eskridge et al. 2002 ) sample. 

.4 Black hole mass calculations 

n this study, we employed equation (2) from Berrier et al. ( 2013 )
o estimate the SMBH masses. The equation was derived using
he directly measured black hole masses based on stellar and gas
ynamics, masers, and reverberation mapping techniques. 

log 

(
M BH 

M �

)
= (8 . 21 ± 0 . 16) − (0 . 062 ± 0 . 009) P , (2) 

here M BH is the black hole mass, M � is the solar mass, and P stands
or the pitch angle of the galaxy in degrees. When using equation
 2 ) to calculate black hole masses, it is important to consider the
imitations mentioned in the introduction of this paper, as well as
pecific limitations associated with the equation. First, the sample
sed to derive this equation is primarily based on galaxies with
elatively large SMBH masses and tightly wound spiral arms (pitch
ngles P < 15 ◦), leading to a lack of data for galaxies with more
oosely wound spirals. This selection bias can affect the general
pplicability of the equation across different types of spiral galaxies.
econdly, measurement errors in pitch angles, particularly in poor-
uality data or flocculant galaxies, can significantly impact the
ccuracy of the estimated black hole masses. Additionally, the SMBH
asses in the sample were derived using various methods, including

tellar/gas dynamics, maser modelling, and reverberation mapping,
ach with its own assumptions and potential biases, resulting in
ariations and inconsistencies. The intrinsic scatter in this SMBH
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Figure 4. (a): comparison of B -band pitch angles (other sources) with B -band average pitch angles (this work). (b): comparison of 3.6 μm waveband pitch 
angles (other sources) with 3.6 μm average pitch angles (this work). (c): comparison of 8.0 μm waveband pitch angles (other sources) with 8.0 μm average 
pitch angles (this work). (d): comparison of H α waveband pitch angles (other sources) with H α average pitch angles (this work). Black solid line: one-to-one 
relation. 
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ass–pitch angle relation, which is 0.38 dex, indicates a significant 
evel of inherent uncertainty (Berrier et al. 2013 ). 

The underlying density wave is believed to be well represented 
y the 3.6 μm waveband. In addition, this waveband represents 
he old stellar population. Thus, we used the pitch angles of 3.6
m waveband to calculate black hole masses. On the contrary, 
e could not measure the pitch angles of the outer arms of NGC
321, NGC 5236, and NGC 5248 using images corresponding to 3.6 
m waveband. We used some alternative methods to estimate the 

ough pitch angle values of these outer arms (see Section 4.1 ), and
hese pitch angles were used to calculate black hole masses when 
pplicable. As discussed, our galaxy sample can be categorized into 
wo groups: one group includes galaxies with inner arms only, while 
he other group includes both inner and outer arms. We calculated 
lack hole masses for galaxies with both inner and outer arms using
he pitch angles of the inner arms and outer arms separately. The
alculated SMBH masses of galaxies are shown in Tables 4 (galaxies 
ith inner arms only) and 5 (galaxies with both inner and outer arms).

.5 Comparison of black hole masses 

ig. 6 (a) shows the comparison of our black hole masses with
alues in the literature. The average pitch angles of the 3.6 μm
aveband were used to determine the black hole masses. For the 
ve galaxies with both inner and outer arm structures, we have 

ncluded average black hole masses calculated using two black hole 
asses determined by the average pitch angles of the inner and outer

rms (see Table 5 ). The graph indicates a significant deviation with
onsiderable discrepancies between our black hole masses and the 
alues in the literature. Thus, it manifests that these 10 galaxies
hould be studied separately by categorizing them into two groups, 
amely galaxies with inner arms and galaxies with both inner and
uter arms. 
Fig. 6 (b) shows the comparison of our calculated black hole masses

ith the black hole masses found in the literature for galaxies with
nner arms. Our calculations are nearly comparable to the literature 
alue when these five galaxies are studied separately. 

Fig. 7 shows a comparison of our black hole masses with the
iterature value for galaxies with both inner and outer arms. Black
ole masses were determined using the average pitch angles of the
uter and inner arms by the 3.6 μm waveband (see Table 5 ). Black
ole masses determined by the average pitch angles of the inner arms
re shown to be more comparable to those found in the literature
see Fig. 7 b). According to our data sample, we conclude that the
lack hole mass of a galaxy with both inner arms and outer arms is
o v erned by the average pitch angle of the inner arms. Consequently,
his implies that there is a strong relationship between the black hole

ass and the inner arms of the spiral galaxy. 

.6 The M BH 

–P relation 

s shown in Fig. 8 (a), we plotted black hole masses found in
he literature against our 3.6 μm waveband average pitch angle 

easurements of galaxies with inner arms. We found a linear fit
f the form 

log 

(
M BH 

M �

)
= (7 . 11 ± 0 . 33) + (0 . 003 ± 0 . 017) P , (3) 
MNRAS 534, 2314–2327 (2024) 
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Figure 5. Correlations between the average pitch angle of the spiral arms in the 8.0 μm band and in the B (top graph), 3.6 μm (middle graph), and H α (bottom 

graph) bands. Black solid line: one-to-one relation; solid blue line: best-fitting line. 
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here M BH is the black hole mass, M � is the solar mass, and P
tands for the pitch angle of the galaxy in degrees. We propose that
he SMBH mass–pitch angle relation ( 3 ) is ideal for measuring the
MBH mass of galaxies with only inner arms. 
Fig. 8 (b) shows the graph of black hole masses found in the liter-

ture against 3.6 μm waveband average pitch angles measurements
NRAS 534, 2314–2327 (2024) 
f the inner arms of galaxies with both inner and outer arms (based
n the conclusion in Section 4.5 ). We found an SMBH mass–pitch
ngle relation of 

log 

(
M BH 

M �

)
= (7 . 56 ± 0 . 28) − (0 . 038 ± 0 . 013) P , (4) 
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Table 4. Black hole mass calculations for galaxies with inner arms using 3.6 μm waveband pitch angles. 

galaxy log ( M BH /M �) Existing values 
By northern pitch angle By southern pitch angle By average pitch angle 

(1) (2) (3) (4) (5) 

NGC 1300 7.627 ± 0.181 7.180 ± 0.219 7.403 ± 0.198 7.42 ± 0.23 ( B band) [1] 

7.82 ± 0.29 [2] 

7.83 ± 0.29 a [3] 

7 . 86 + 0 . 29 
−0 . 28 

a [4] 

7.568 ± 0.17 [5] 

7 . 85 + 0 . 47 
−0 . 31 

a [6] [7] 

7.88 ± 0.34 a [8] [9] 

7.85 ± 0.29 a [10] 

7 . 71 + 0 . 17 
−0 . 12 

a [11] 

7 . 71 + 0 . 19 
−0 . 14 

a [12] [13] 

7.878 ± 0.343 a [14] 

NGC 1365 6.525 ± 0.293 6.209 ± 0.333 6.367 ± 0.312 6.30 ± 0.4 [15] 

7.84 ± 0.26 [16] 

6.60 ± 0.3 a [16] 

6.05 ± 0.39 [1] 

7.639 ± 0.07 [5] 

7.3 ± 0.4 (0.3) [15] 

7.8 ± 0.4 (0.3) [15] 

7.66 [17] [18] 

NGC 5194 7.498 ± 0.198 7.488 ± 0.231 7.493 ± 0.203 6.95 [19] [20] [21] 

6.32/5.60 a [7] 

5 . 96 + 0 . 36 
−5 . 96 

a [8] [9] 

6.38/5.66 a [22] 

6.85 [23] 

6.9 [17] 

NGC 7479 – 7.552 ± 0.187 7.552 ± 0.187 7.07 [20] [24] 

7.7 [25] 

NGC 7552 7.037 ± 0.235 – 7.037 ± 0.235 7.28 ± 0.33 [1] 

6.9 [25] 

Notes. Columns: (1) galaxy name. (2) Black hole mass derived from northern spiral arm pitch angle. (3) Black hole mass derived from southern 
spiral arm pitch angle. (4) Black hole mass derived from average pitch angle. (5) Existing values obtained from literature with references (All 
literature values have been converted to logarithmic scale (Log10) for ease of comparison). 
References. [1] (Davis et al. 2014 ). [2] (Atkinson et al. 2005 ). [3] (Graham 2008 ). [4] (Graham & Scott 2013 ). [5] (Al-Baidhany et al. 2019 ). 
[6] (G ̈ultekin et al. 2009 ). [7] (Beifiori et al. 2012 ). [8] (van den Bosch 2016 ). [9] (Dullo et al. 2020 ). [10] (Berrier et al. 2013 ). [11] (Davis, 
Graham & Seigar 2017 ). [12] (Davis, Graham & Cameron 2019a ). [13] (Davis, Graham & Combes 2019b ). [14] (Saglia et al. 2016 ). [15] 
(Risaliti et al. 2009 ). [16] (Combes et al. 2019 ). [17] (Merloni, Heinz & Di Matteo 2003 ). [18] (Simien & Prugniel 2002 ) [19] (Woo & Urry 
2002 ). [20] (Panessa et al. 2006 ). [21] (Ter-Kazarian 2015 ). [22] (Pagotto 2018 ). [23] ( ̇Ikiz et al. 2020 ). [24] (Wang, Zhang & Fan 2010 ). [25] 
(Cisternas et al. 2013 ). 
a Direct black hole mass measurement (especially from stellar or gas kinematics). 
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here M BH is the black hole mass, M � is the solar mass, and P stands
or the pitch angle of the galaxy in degrees. We recommend equation
 4 ) to measure the SMBH mass of galaxies with both inner arms and
uter arms. 

 SUMMARY  A N D  C O N C L U S I O N S  

his research primarily focuses on testing predictions of density wave 
heory using multiwavelength image data. The cardinal objective of 
he study is to verify the wavelength dependence of the pitch angles
sing image analysis. Upon measuring the pitch angles we aimed 
o determine black hole masses using a scaling relation found in the
iterature. Our galaxy sample consisted of two types of galaxies: 
alaxies with inner arms and galaxies with both inner and outer arms.
he pitch angles were initially measured using the PYTHON-OLSCRIPT 

ith more precise and reliable measurements obtained using the 
PIRALITY Matlab script. The pitch angles were measured for each 
piral arm separately. We graphically interpreted the ef fecti veness of
easuring the pitch angles for each arm separately instead of measur-

ng an average pitch angle. By analysing pitch angles in the B band,
.6 μm, 8.0 μm, H α, CO, and H I , we demonstrated the dependence
f pitch angles on wavelengths. In this work, we have included CO
nd H I waveband pitch angle measurements that were not previously
eported in the literature. Furthermore, we were able to find a 1:1
orrelation between pitch angle measurements in the 3.6 and 8.0 μm
ands. 
MNRAS 534, 2314–2327 (2024) 
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Table 5. Black hole mass calculations for galaxies with both inner and outer arms using 3.6 μm waveband pitch angles. 

galaxy log ( M BH /M �) Existing values 
Inner arms Outer arms 

Northern Southern Average Northern Southern Average 
(1) (2) (3) (4) (5) (6) (7) (8) 

NGC 1566 6.785 ± 0.262 6.902 ± 0.251 6.843 ± 0.256 7.148 ± 0.232 7.273 ± 0.210 7.210 ± 0.219 6.83 ± 0.3 a [1] 

7.13 ± 0.10 [1] 

6.70 a [2] [3] 

6.92 [4] 

6 . 93 + 0 . 18 
−0 . 31 [5] 

6.78 (upper limit) [5] 

6 . 62 + 0 . 2 −0 . 37 [5] 

6 . 72 + 0 . 19 
−0 . 34 (Mean) [5] 

6.919 ± 0.07 [6] 

6.48 ± 0.2 [5] 

7.11 ± 0.32 [7] 

NGC 4321 7.367 ± 0.202 6.977 ± 0.241 7.172 ± 0.220 – 6.555 ± 0.311 6.555 ± 0.311 6.8 [8] [9] 

7.43/7.40 (Upper) a [10] 

6.36 (sensitivity limit) a [10] 

6.36 [11] 

7 . 345 + 0 . 136 
−0 . 150 [12] 

7.26/6.56 a [13] 

6.84/6.51 a [14] 

6 . 67 + 0 . 17 
−6 . 67 

a [15] 

NGC 5236 7.331 ± 0.205 7.331 ± 0.210 7.331 ± 0.206 – 7.658 ± 0.179 7.658 ± 0.179 7.22 ± 0.24 [7] 

NGC 5248 6.670 ± 0.276 5.963 ± 0.365 6.317 ± 0.319 7.491 ± 0.191 7.509 ± 0.190 7.499 ± 0.190 6.85/6.11 a [13] 

6 . 30 + 0 . 38 
−0 . 38 

a [16] 

6.68/5.92 a [14] 

NGC 5364 6.917 ± 0.248 6.640 ± 0.279 6.778 ± 0.263 7.536 ± 0.189 7.570 ± 0.193 7.553 ± 0.189 6.12 ± 0.15 b 

Notes. Columns: (1) galaxy name. (2) Black hole mass derived from northern inner spiral arm pitch angle. (3) Black hole mass derived from southern inner 
spiral arm pitch angle. (4) Black hole mass derived from average pitch angle of inner arms. (5) Black hole mass derived from northern outer spiral arm pitch 
angle. (6) Black hole mass derived from southern outer spiral arm pitch angle. (7) Black hole mass derived from average pitch angle of outer arms. (8) Existing 
values obtained from literature with references (Some of the literature values have been converted to logarithmic scale (Log10) for ease of comparison). 
References. [1] (Combes et al. 2019 ). [2] (Kriss et al. 1991 ). [3] (Alloin et al. 1986 ). [4] (Woo & Urry 2002 ). [5] (Smaji ́c et al. 2015 ). [6] (Al-Baidhany et al. 
2019 ). [7] (Davis et al. 2014 ). [8] (Merloni et al. 2003 ). [9] (Barth, Ho & Sargent 2002 ). [10] (Sarzi et al. 2002 ). [11] (Satyapal et al. 2008 ). [12] (Berrier et al. 
2013 ). [13] (Pagotto 2018 ). [14] (Beifiori et al. 2012 ). [15] (van den Bosch 2016 ). [16] (Dullo et al. 2020 ). 
a Direct black hole mass measurement (especially from stellar or gas kinematics). 
b Calculated through M- σ equation from Tundo et al. ( 2007 ) and σ = 57.08 km s −1 (Alam et al. 2015 ). 

Figure 6. (a): black hole mass (other sources) versus black hole mass calculated by the 3.6 μm wa veband a verage pitch angle (this work); data shown in Tables 4 
and 5 . Black solid line: one-to-one relation; red-solid line: best-fitting straight line. (b): black hole mass (other sources) versus black hole mass calculated by 
the 3.6 μm wa veband a verage pitch angle (this work) of galaxies with inner arms; data shown in Table 4 . Orange-solid line: one-to-one relation; blue-solid line: 
best-fitting straight line. 
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Figure 7. (a): black hole mass (other sources) versus black hole mass calculated by the 3.6 μm waveband average pitch angle of the outer arms (this work) of 
galaxies with both inner and outer arms; data shown in Table 5 . (b): black hole mass (other sources) versus black hole mass calculated by the 3.6 μm waveband 
average pitch angle of the inner arms (this work) of galaxies with both inner and outer arms; data shown in Table 5 . Orange-solid line: one-to-one relation; 
blue-solid line: best-fitting line. 

Figure 8. (a): black hole mass (other sources) versus 3.6 μm waveband average pitch angle (this work) of galaxies with inner arms. (b): black hole mass (other 
sources) versus 3.6 μm waveband average pitch angle of the inner arms (this work) of galaxies with both inner arms and outer arms. Red-solid line: best-fitting 
line. 
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We obtained black hole masses using equation ( 2 ) with pitch angle
easurements of the 3.6 μm waveband. Most of the black hole 
asses of galaxies with inner arms were comparable to the values 

n the literature. We calculated the black hole masses of galaxies 
ith both inner and outer arms by measuring the pitch angles of

he inner and outer arms separately. Based on our data sample, we
emonstrated that the black hole mass of a galaxy with both inner and
uter arms is determined by the average pitch angle of the inner arms.
or galaxies with only inner arms, we found an SMBH mass–pitch 
ngle relation of 

log 

(
M BH 

M �

)
= (7 . 11 ± 0 . 33) + (0 . 003 ± 0 . 017) P . 

esides, for galaxies with both inner and outer arms, we found a
inear fit of the form 

log 

(
M BH 

M �

)
= (7 . 56 ± 0 . 28) − (0 . 038 ± 0 . 013) P . 
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