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Abstract 
 

 

The existence of stellar-mass and supermassive black holes has been 

confirmed and their properties investigated for many years now, but the 

existence of hypothesized black holes with masses between these two 

ranges, called Intermediate-Mass Black Holes (IMBHs), has yet to be 

confirmed. By testing and using a relationship between a galaxy's spiral 

arm pitch angle, which relates the tightness of a spiral galaxy's arms to the 

mass of the central black hole, a sample of galaxies has been identified as 

candidates for hosting these IMBHs and become a point of interest for 

further research. 

 

 

 

1. INTRODUCTION 
 

It is known that at the centers of spiral 

galaxies, there exist entities of significant 

gravitational influence known as a 

supermassive (>105 M⊙) black holes 

(SMBHs; e.g., Magorrian et al. 1998).  The 

existence of smaller, stellar-mass (<102 M⊙) 

black holes (BHs) has also been conformed 

by various x-ray observations (Koliopanos et 

al. 2017). However, our knowledge of black 

holes is lacking in the range between these 

two classifications (102 - 105 M⊙), and this 

range of black holes that has eluded our 

observation thus far is called intermediate-

mass black holes (IMBHs). IMBHs are 

suspected to exist in low-luminosity active 

galactic nuclei (AGN) that exhibit x-ray 

emission from the galactic nucleus and have 

loosely wound spiral arms. IMBHs are of 

great interest to astronomers because they 

will illuminate the mysterious process of 

black hole formation, and hopefully provide 

insight into how SMBHs are formed, a 

process about which we know very little.  



 A relationship between the structure 

of a spiral galaxy’s spiral arms, measured by 

the spiral arm pitch angle (Davis et al. 2012), 

and the mass of the BH at the center of the 

spiral galaxy can be used to provide an 

estimate for the central BHs mass (Berrier et 

al. 2013; Seigar et al. 2008; see Figure 2), and 

this relationship, if proven to be useful, 

would make it much easier to obtain 

estimations of central BH masses in spiral 

galaxies, and enable the location of 

prospective IMBHs in these galaxies. In this 

paper, it is shown that for a sample of spiral 

galaxies with reliable x-ray telescope data 

and optical images, we have found the pitch 

angles of these galaxies through various 

computational methods, and thus an 

estimation for the masses of their central 

black holes according to the linear 

relationship provided in Berrier et al. 2013.  

 This paper is structured as follows: 

Section 2 will outline the processes used to 

select a sample and detail the methods by 

which morphological features of the spiral 

galaxies were measured. Section 3 will 

present the results of these measurements, 

including original and deprojected images of 

the spiral galaxies, spiral arm pitch angles of 

the galaxies, and central BH mass estimations 

based on the measured pitch angles. Section 

3 will also discuss the process of error 

analysis used. Section 4 will discuss the 

implications of this work’s results as well as 

outline future work to be done with the data 

obtained in this project.  

 
1 http://xmmssc.irap.omp.eu/ 
2 
https://cgs.obs.carnegiescience.edu/CGS/database_t
ables/sample1.html 

 

2. DATA AND METHODS 

 

In this project, a sample of galaxies was 

selected for the purpose of finding their 

pitch angles and calculating an estimate of 

their central BH’s mass from a previously 

investigated relationship. The galaxies 

selected also have x-ray band measurements 

for their galactic centers to be used to 

calculate estimates for central BH mass to 

further confirm the estimates based on pitch 

angle data. 

 

2.1. Sample Selection 

The sample utilized in this survey is of 13 

spiral galaxies imaged in the optical range by 

various telescopes that also have reliable x-

ray data provided by the XMM-Newton 

Survey Science Database1, a scientific 

database of x-ray data for various 

extragalactic objects. The galaxies were 

sourced from the Carnegie-Irvine Galaxy 

Survey2 (Ho et al. 2011), a survey that 

provides names, identifiers, and various data 

on 616 (at the date of submission) southern 

hemisphere galaxies. Optical images of these 

galaxies were obtained through the NASA 

Extragalactic Database (NED)3, a database 

containing measurements and readings of 

many galaxies taken by various space-based 

and ground-based telescopes. It is important 

to note that only spiral galaxies were chosen 

3 https://ned.ipac.caltech.edu/ 



for this sample as their spiral structure is 

required to analyze the relationship between 

pitch angle to BH mass. X-ray flux readings 

were then taken from the XMM-Newton 

Survey so that, in the future of this project, 

central BH masses may be obtained for the 

galaxies to confirm the effectiveness of the 

pitch angle mass estimation. 

 

2.2. Image Deprojection 

Before being analyzed by P2DFFT, the 

optical images of the spiral galaxies 

underwent a process called deprojection in 

which they were rotated and magnified in the 

Image Reduction and Analysis Facility 

(IRAF) software (Tody, 1986) to achieve a 

simulated face-on orientation, as P2DFFT 

requires the galaxy to be in such an 

orientation to effectively analyze the galaxy. 

To do so, the minor axis of the galaxy was 

stretched to be equivalent to the major axis of 

the galaxy such that it appeared circular, as 

the galaxies must be assumed to be for 

P2DFFT to work effectively. 

 

              

            

          



          

          

          

                                      

Figure 1. All galaxies used in this survey before and after deprojection in IRAF. In order from top left to bottom 

right: NGC 578 (Raw), NGC 578 (Deprojected), NGC 1042 (Raw), NGC 1042 (Deprojected), NGC 1090 (Raw), 

NGC 1090 (Deprojected), NGC 1599 (Raw), NGC 1599 (Deprojected), NGC 1672 (Raw), NGC 1672 

(Deprojected), NGC 1784 (Raw), NGC 1784 (Deprojected), NGC 2763 (Raw), NGC 2763 (Deprojected), NGC 

2835 (Raw), NGC 2835 (Deprojected), NGC 3261 (Raw), NGC 3261 (Deprojected), NGC 3513 (Raw), NGC 3513 

(Deprojected), NGC 4939 (Raw), NGC 4939 (Deprojected), NGC 5054 (Raw), NGC 5054 (Deprojected), NGC 

5135 (Raw), NGC 5135 (Deprojected).  

 

2.3. Spiral Arm Pitch Angle Calculation 

Spiral arm pitch angles for these galaxies 

were calculated using the Parallelized 2-

Dimensional Fast Fourier Transform 

(henceforth P2DFFT) algorithm (Davis et al. 

2012). P2DFFT works by analyzing the 



optical image of the galaxy as if it were a 

logarithmic spiral, which is defined as  

𝑟 = 𝑟0𝑒
𝜃tan(𝜑) 

where r is the radius, θ is the central angle, r0 

is the initial radius when θ = 0°, and φ is the 

pitch angle, which can range from -90° to 

90°. A logarithmic spiral with a pitch angle 

of 0° would be a perfect circle, while a spiral 

with a pitch angle absolute value of 90° 

would be a straight line. Positive and 

negative pitch angles simply identify in 

which direction the spiral is progressing 

(positive being clockwise and negative being 

counterclockwise.)  P2DFFT analyzes the 

galaxy by breaking down the observed 

amplitudes of light coming from the spiral 

arms of the galaxies into superpositions of 

logarithmic spirals of different pitch angles 

and number of arms (denoted m, i.e m = 1 

being a one-armed spiral) and calculating 

pitch angles for every radius outwards from 

the center of the galaxy to the far edges of the 

spiral arms (which are visually chosen by the 

operator in IRAF’s display), and summing all 

of these values into a single, average pitch 

angle. This is built from the process of 

decomposing a signal into constituent 

sinusoidal waves of different frequencies, as 

is done in a standard Fourier decomposition.

 

 

Table 1 

Data and Measurements 

Galaxy Hubble 

Type 

Major 

Axis/Minor Axis 

Telescope m Band 

NGC 578 Sc 1.25 CTIO0.9m 1 B 

NGC 

1042 

SABc 1.22 JKT 2 B 

NGC 

1090 

Sbc 2.05 JKT 1 R 

NGC 

1599 

Sbc 1.17 UKSchmidt 2 IIIaJ 

NGC 

1672 

Sb 1.13 duPont 2 U 

NGC 

1784 

Sc 1.50 SPM2.1m 1 I 

NGC 

2763 

SBc 1.25 UKSchmidt 2 IIIaJ 



NGC 

2835 

Sc 1.38 Danish 3 B 

NGC 

3261 

SBbc 1.25 CTIO0.9m 2 B 

NGC 

3513 

SBc 1.15 CTIO0.9m 2 B 

NGC 

4939 

Sb 2.65 HST 2 F606W 

NGC 

5054 

Sbc 2.00 CTIO1.5m 3 B 

NGC 

5135 

Sab 1.25 HST 2 F606W 

Notes: Column 1: galaxy name. Column 2: Hubble type of galaxy taken from CGS. Column 3: Major to minor axis 

ratio taken from NED. Column 3: source of optical images taken from NED. Column 4: Logarithmic mode taken 

from P2DFFT. Column 5: Image wavelength band. 

The amplitude of each Fourier component is 

given by:  

𝐴(𝑝,𝑚)

= 
1

𝐷
∫ ∫ 𝐼(𝑢, 𝜃)𝑒−𝑖(𝑚𝜃+𝑝𝑢)𝑑𝑢𝑑𝜃

𝑟𝑚𝑎𝑥

𝑟𝑚𝑖𝑛

+𝜋

−𝜋

 

where u is defined as ln r, r (radius) and θ 

(central angle) are in polar coordinates, rmin is  

the inner radius, rmax is the user-defined outer 

radius limit on analysis, and D is a 

normalization factor given by:  

𝐷 = ∫ ∫ 𝐼(𝑢, 𝜃)𝑑𝑢𝑑𝜃
𝑟𝑚𝑎𝑥

𝑟𝑚𝑖𝑛

+𝜋

−𝜋

 

where I(u,θ) is the function describing the 

varying intensity of light as the analysis 

continues outwards from the center of the 

galaxy and p is a variable associated with the 

pitch angle of the galaxy, given by: 

tan(𝜑) = 
−𝑚

𝑝𝑚𝑎𝑥
 

where pmax is the value of p with the highest 

amplitude for a given m, and P2DFFT 

calculates these values for a range of 0 < m < 

6 (Davis et al. 2012). 

 

2.4. BH Mass Estimation 

 A relationship between the pitch 

angle of a galaxy’s spirals and the mass of  

the galaxy’s central BH has been investigated 

and approximated using a linear best-fit on 

surveys of galaxies for which a pitch angle 

and central BH mass have been confirmed in 

Berrier et al. 2013. This linear fit was adopted 

to calculate the approximate BH masses for 

the BHs at the center of the survey’s galaxies. 



log (
𝑀

𝑀⊙
) = (8.36 ± 0.15)

− (0.078 ± 0.008)𝑃 

 

 

Figure 2.  Supermassive black hole mass versus spiral 

arm pitch angle for all galaxies with known SMBH 

masses in the local universe, The line of best fit is 

given by the equation at the top of the figure (Berrier 

et al. 2013). Graphic taken from Berrier et al. 2013. 

  

 

3. RESULTS 

  

3.1. Outputs from P2DFFT and Estimated 

Black Hole Masses 

 As discussed above, pitch angle 

values (as well as their errors) were obtained 

for the sample and used to estimate the 

masses of the central BHs in these galaxies 

using the aforementioned relationship from 

Berrier et al. 2013.  

 

 

Table 2 

Results and Calculations

 

Galaxy Pitch Angle (deg) BH Mass (MBH/M⊙) 

NGC 578 15.9 ± 1.6 1.32−.33
+.44 × 107 

NGC 1042 58.0 ± 6.4 6.85−4.68
+14.8 × 103 

NGC 1090 6.7 ± 0.4 6.88−.48
+.51 × 107 

NGC 1599 53.1 ± 5.7 1.65−1.06
+2.95 × 104 

NGC 1672 63.4 ± 7.1 2.60−1.87
+6.70 × 103 

NGC 1784 8.8 ± 0.6 4.72−.482
+.537 × 107 

NGC 2763 63.4 ± 7.1 2.60−1.87
+6.70 × 103 

NGC 2835 36.9 ± 2.3 3.03−1.03
+1.55 × 105 



NGC 3261 38.7 ± 3.5 2.19−1.02
+1.92 × 105 

NGC 3513 20.9 ± 1.3 5.37−1.12
+1.41 × 106 

NGC 4939 53.1 ± 5.7 1.65−1.06
+2.95 × 104 

NGC 5054 59.7 ± 4.6 5.05−2.84
+6.49 × 103 

NGC 5135 58.0 ± 6.4 6.85−4.68
+14.8 × 103 

Notes: Column 1: galaxy name. Column 2: pitch angle reported by P2DFFT. Column 3: BH mass calculated from 

pitch angle. 

 

3.2. Visual Confirmation of the Reported 

Pitch Angles 

 In order to visually confirm the 

stability of the pitch angle readings for each 

galaxy, plots of the measured pitch angle (in 

degrees) vs. the inner radius from which the 

pitch angle was measured, ranging from the 

center of the galaxy to the outer edges of the 

spiral arms, were generated for every 

harmonic mode in each galaxy.   

 

 

 

 



 



 

 

 

Figure 3. Pitch angle vs. Inner Radius plots for every galaxy analyzed in this survey. Each colored line represents 

different harmonic modes, and stable regions can be seen when the reported pitch angle values in a range of radii 

have low to no deviation, represented by a changing slope.  

It can be seen for the galaxies in this 

survey, at certain range of radii outwards 

from the center of the galaxy, there exist 

stable regions of pitch angle readings where 

the calculated pitch angle at that radius does 

not diverge heavily from the previous 

reading. It is important to note that rapid 

increases/decreases in the slopes of the lines 

representing readings for each harmonic 

mode are simply a result of the change of 

chirality for which the pitch angle was 

determined at that radius, as P2DFFT only 

reports values from -90  < φ < 90 degrees. 

Should the pitch angle be determined to be -

91 degrees, P2DFFT would report a pitch 

angle of 89 degrees. These plots serve the 

purpose of being an aid to visually confirm 

the reported average pitch angle of the 

galaxy’s spiral arms for each harmonic 

mode.  

 

3.3. Pitch Angle Error Determination 

 The largest source of error in the 

calculation of spiral arm pitch angles is the 

method by which P2DFFT reports pitch 

angles. P2DFFT reports pitch angles in 

quantized steps for different ranges of radii, 

not on a continuum., due to the resolution of 

the code. The total error on the pitch angle is 

calculated with the following formula: 

𝐸𝜑 =√(
𝛽𝜎

𝜆
)2 + 𝜖𝑚2  

 where 𝐸𝜑 is the total pitch angle 

error, 𝜖𝑚 is the quantized error for the 

dominant harmonic mode, 𝜎 is the standard 

deviation on the mean pitch angle, 𝛽 is the 



distance in pixels from the innermost stable 

spiral structure, and 𝜆 is the length of the 

region of radii over which the mean pitch 

angle was taken. The quantized pitch angle 

can be calculated according to polynomials 

outlined in Davis et al. 2012.  

 

 

 

Figure 4. Third-ordered best-fit polynomials used to 

calculate the quantized pitch angle error due to the 

non-continuum structure of P2DFFT, from Davis et 

al. 2012. For the purpose of this paper, only the 

polynomials for modes 1, 2, and 3 are used, which 

are as follows: m = 1, y = −4 × 10−5x3 + 0.0058x2 − 

0.0137x + 0.0234; m=2, y = −2 × 10−5x3 + 0.0029x2 − 

0.0084x + 0.0222; m = 3, y = −4 × 10−5x3 + 0.002x2 − 

0.0064x + 0.0214. (Davis et al. 2012.) 

 

Table 3 

Pitch Angle Error Determination Values

 

Galaxy Pitch Angle (deg)  𝝐𝒎 σ Pitch Angle Error 

(deg) 

NGC 578 15.9  1.11 .034 ± 1.6 

NGC 1042 58.0 5.39 .019 ± 6.4 

NGC 1090 6.7 .180 .744 ± 0.4 

NGC 1599 53.1 4.76 1.07 ± 5.7 

NGC 1672 63.4 6.05 .114 ± 7.1 

NGC 1784 8.8 .325 .110 ± 0.6 

NGC 2763 63.4 6.05 .431 ± 7.1 



NGC 2835 36.9 .499 .029 ± 2.3 

NGC 3261 38.7 2.88 .247 ± 3.5 

NGC 3513 20.9 .931 .133 ± 1.3 

NGC 4939 53.1 4.76 .109 ± 5.7 

NGC 5054 59.7 -1.74 .021 ± 4.6 

NGC 5135 58.0 5.39 .397 ± 6.4 

Notes: Column 1: galaxy name. Column 2: pitch angle. Column 3: quantized error from P2DFFT. Column 3: 

standard deviation in pitch angle calculation. Column 4: pitch angle error. 

 

 

4. CONCLUSION AND 

FUTURE WORK 

 

By combining the Image Reduction and 

Analysis Facility, P2DFFT, data from 

multiple scientific databases, and optical 

images of spiral galaxies, approximate 

masses for the galaxies’ central BHs have 

been calculated in line with the methods 

used in previous studies (Berrier et al. 2013; 

Seigar et al. 2008; Koliopanos et al. 2017; 

Davis et al. 2012). For galaxies with lower 

pitch angles, it has been shown that the 

estimated BH masses agree with currently 

accepted mass ranges of  SMBHs, and many 

galaxies with higher pitch angles have been 

identified as candidates for hosting IMBHs, 

which are desired as information on the 

formation and evolution of SMBHs will 

likely be gained from the observation of 

IMBHs. Disk galaxy morphology, when 

analyzed based upon the pitch angle of the 

spiral arms, is shown to be a powerful tool 

when studying the BHs at the centers of the 

disks. As opposed to other methods of 

estimating the masses of BHs at the centers 

of galaxies, which are often time-intensive 

and require extensive data, optical 

examination could make the process of 

identifying IMBH candidates much faster, 

easier, and more reliable.  

 Future work with the sample used in 

this project will use alternative methods for 

central BH mass estimation on the galaxies 

used in this sample and will be used to 

further analyze the effectiveness of current 

pitch angle-mass values. Should estimates 

obtained through alternative methods agree 

with estimates obtained using spiral arm 

pitch angles, the validity of the pitch angle 

method of BH mass estimation will be 

further reinforced. Furthermore, candidate 

galaxies for central IMBHs will be verified 

further, and may be the interest of future 

works.
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