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Abstract 

Discovery of Substructure in Nearby Reverberation-Mapped Active Disk Galaxies with DiskFit 
By Justin Bier 

We use the kinematic and photometric modeling algorithm DiskFit for a sample of three 
nearby active disk galaxies with well determined MBH estimates via reverberation mapping. We 
use spatially resolved velocity maps from Integral Field Spectroscopy (IFS) in conjunction with 
high resolution photometry to identify and determine quantitative estimates of the geometry 
and strength of distinct morphological components. This research aims to use both branches of 
DiskFit modeling to gain insight into the kinematics of our sample galaxies and analyze the 
contribution from each distinct component using trends with the first four Gauss-Hermite 
moments for the line-of-sight velocity distribution. Future work will attempt to isolate the 
kinematics of the bulge for calibration of the MBH-V* relationship, which is foundational to 
reverberation mapping, and to understand the effects of morphological components on bulge 
stellar velocity dispersion, V*. In this paper we present kinematic models consisting of disk, bar, 
and radial flow components (K-D-B-RF) for NGC 3516, NGC 4151, and NGC 5548. We show the 
presence of distinct disk, bar, and bulge components (P-D-B-Blg) well represented by 
photometric DiskFit models for NGC 3516. We confirm the presence of a barlens in NGC 4151, 
first suggested by observations, from comparison of the DiskFit bar component kinematics and 
simulations at similar nearly face-on inclinations. However, we show inaccuracies in the 
photometric models for NGC 4151 stemming from the weak bar and a known degeneracy 
occurring when the position angle of the bar is within ~10° of either the major or minor axis of 
the disk component. We find non-circular motion within NGC 5548 likely attributed to the 
aftermath of a major merger event. 
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1. Introduction 

 Extensive research conducted in recent decades aims to unravel the mysteries 

surrounding black holes, and to assess their correlation with the nature of the evolving universe. 

Observations of the elliptical orbits of stars and gas within the central region of the Milky Way 

galaxy indicate an enormous, and incredibly compact, central mass. The only explanation for this 

enormous compact mass is a supermassive black hole on the order of one million solar masses 

(Reid & Brunthaler 2004). Recently, the existence of supermassive black holes has been 

confirmed through direct imaging of the event horizon of the supermassive black hole (SMBH) 

of M87 (Event Horizon Telescope Collaboration et al. 2019). See Table A1 for a list of all 

abbreviations employed throughout this paper. Other studies indicate most galaxies, if not all, 

contain a SMBH at its center (Ferrarese & Ford 2005). Thus, it is believed that the nature of 

galaxies and their SMBH are tied together and relate heavily to their shared evolution. An active 

galaxy, as opposed to a quiescent galaxy, contains an incredibly luminous central region caused 

by an accretion disk of infalling material into the actively feeding SMBH. The tremendous 

luminosities of active galaxies are attributed to matter releasing light as it quickly loses potential 

energy falling into the SMBH event horizon (Fanidakis et al. 2011). Active galaxies contain an 

active galactic nucleus (AGN) displaying tremendous luminosities and significant flux variations 

(Bentz 2016; Fanidakis et al. 2011). It is currently thought that the AGN represents a particular 

stage of the evolution of a galaxy (Fanidakis et al. 2011; Heckman & Best 2015). The symbiosis 

of the SMBH and its host galaxy is exemplified by numerous, well researched (Bentz & Manne-

Nicholas 2018; Bentz & Denney 2013), scaling relationships between the mass of the SMBH, or 

MBH, and physical properties of the host galaxy. The tightest observed correlation is between 
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MBH and the stellar velocity dispersion of the bulge component, !∗, known as the MBH-!∗ 

relationship (Bentz & Manne-Nicholas 2018).  

 To accurately calculate the relationship between properties of the galaxy and MBH, 

obtaining the best evaluation for MBH from independent methods is crucial. The most common 

method for determining MBH is stellar, or gas, dynamical modeling; this method maps the 

trajectory of stars, or gas, within the SMBH gravitational sphere of influence and uses Kepler’s 

law of planetary motion to deduce MBH (Onken et al. 2014; Reid & Brunthaler 2004). Stellar and 

gas dynamical modeling is, in almost all cases, limited to quiescent galaxies for two reasons: due 

to the incredibly bright AGN obscuring the motion of matter and secondly quiescent galaxies are 

much more abundant than AGN in the universe, meaning there are far fewer AGN close enough 

to resolve the SMBH sphere of influence than quiescent galaxies. This type of dynamical 

modeling requires incredibly high spatial resolution, in order to resolve the gravitational sphere 

of influence of the SMBH, and thus is limited to galaxies in the local universe. 

As opposed to quiescent galaxies, we can exploit the flux variability of broad line AGN 

to determine MBH through reverberation mapping (Bentz 2016). Flux variations originate in the 

accretion disk and are followed by corresponding flux variations in the broad line region 

(referred to as reverberations or echoes), which can be used to determine the radius of the broad 

line region. Reverberation mapping determines MBH from the Virial Theorem, an association 

between the geometry of the broad line region, the width of the broad lines, and the gravitational 

constant. It is increasingly difficult to observe quiescent galaxies over increasing cosmological 

distances, corresponding to younger universe, and accordingly the majority of observed distant 

galaxies are AGN host galaxies. While dynamical modeling is limited by spatial resolution, 

reverberation mapping requires long observation time to discover corresponding flux variations 
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and is thus limited by available observation time. However, reverberation mapping can 

theoretically be applied to AGN at any distance because it does not require spatial resolution. 

Calculations of MBH from reverberation mapping require a dimensionless scale factor f to 

account for the unknown nature and geometry of the broad line region. Accurate determination 

of the MBH-!∗ relationship is imperative to reverberation mapping, since it is typically impossible 

to deduce f observationally. Instead, the scale factor f is calculated by the offset needed for active 

and quiescent galaxies to follow the same MBH-!∗ trend (Batiste et al. 2017). 

 Since the MBH-!∗ relationship is fundamental to the scaling of all MBH obtained through 

reverberation mapping, it is clear this relationship needs to be more tightly constrained. As MBH 

measurements from both dynamical modeling and reverberation mapping have been improved, 

Batiste et al. (2017), hereafter Ba17b, explains the necessity to also improve velocity dispersion 

measurements. It is therefore necessary to determine what defines !∗ and what phenomena can 

affect measured !∗. Ba17b discuss the tremendous discrepancies in the radius in which !∗ is 

measured; bulge effective radius re (the radius containing one half of the total light from the 

bulge), re / 8, and even the half-light radius of the whole galaxy are all used across literature. 

Since !∗ is the measured stellar velocity dispersion in the bulge, measurements of re will 

significantly affect the values of !∗ produced (Ba17b). Additionally, there is no accepted best 

method for measuring !∗; even the position angle used in long-slit spectroscopy causes 

measurement error in !∗ measured values (see Ba17b and references within). Other observations 

show galactic morphologic components playing a role in the pattern of velocity dispersion across 

the galaxy or trends innate to either quiescent or AGN host galaxies (Barbosa et al. 2006). In 

summary, neither re or !∗ are consistently measured or presented in literature.  
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 The importance of accounting for the effects of morphologically distinct components, 

such as spiral arms, bar, or disk, on !∗ is highlighted when noting that roughly two thirds of 

spiral galaxies contain a bar component (Holmes et al. 2015; Iannuzzi & Athanassoula 2015). Of 

these, nearly 30% contain strong photometric bars, an additional 20% include weak bars within 

the visual light spectrum. The remaining barred galaxies have bars observed in NIR images 

which are photometrically undetectable in the visible, due to obscuring dust (Holmes et al. 

2015). Bars cause deviations from normal circular rotation and have the capability of 

redistributing matter and angular momentum into other galactic components, including the bulge 

and disk (Díaz-García et al. 2016). Observations and simulations show that bars lengthen and 

gain strength over time, while decreasing in rotational speed (Díaz-García et al. 2016). As 

galaxies evolve over time, the bulge and bar components therefore change symbiotically. This 

confirms the need to account for the effect of morphological features on the MBH-!∗ relationship. 

 The inability to detect a bar with visible light in some galaxies motivates a detailed study 

into the kinematic effects of galaxy substructure. Rather than searching for a bar photometrically, 

kinematic analysis of galaxy motion may reveal deviations from axisymmetric rotation, or 

normal disk circular rotation, in the galaxy plane (Spekkens & Sellwood 2007). Integral Field 

Spectroscopy, or IFS, uses a spectrometer containing multiple components, or fibers, allowing us 

to spatially resolve various areas of the galaxy viewed on the sky, from spectra produced by each 

fiber. The kinematics are determined from each spectrum by fitting the line-of-sight velocity 

distribution as a Gauss-Hermite series (Marel & Franx 1993). The first four Gauss-Hermite 

moments produced from kinematic analysis represent recessional velocity V, velocity dispersion 

!, asymmetric skew h3, and symmetric skew h4, respectively. IFS allows us to quantify non-

circular motion and other features derived from the four Gauss-Hermite moments and also 
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represent the shape and strengths of morphological components graphically. As bright AGN 

typically obscures direct observation of the morphology of its host galaxy, IFS is free of 

photometric contamination and proves quite for viewing structure within active galaxies 

(Barbosa et al. 2006). 

 The goal of this project is to create models based on kinematics and photometry of low-

inclination AGN disk galaxies, specifically well-studied galaxies with well constrained MBH 

estimates, in order to decompose and analyze distinct structure. Furthermore, this project aims to 

investigate the effect of morphological components on observed line-of-sight kinematics, 

particularly within the bulge region. Photometric models will decompose the galaxy structure 

and deliver quantitative estimates for the parameters associated with each component. The use of 

kinematic models will indicate the existence of a bar or non-circular motions, even for weak bars 

or bars only visible in the near infrared which can be undetected or poorly fit in photometric 

modeling. Modeling both kinematics and photometry will therefore provide a more robust 

understanding of the underlying structure of each galaxy.  

 There are several popular modeling algorithms used in literature able to produce either 

kinematic or photometric galaxy models. Galfit1 is one of the most widely used photometric 

modeling algorithm and Rotcur2 for kinematics. Galfit uses a parametric algorithm to decompose 

the photometry into complex models which can include a disk, bar, bulge as well as spiral arm 

and ring structures. Galfit can account for an AGN by fitting a point spread function to match the 

AGN emission (Bentz et al. 2009; Lewis & Spekkens 2018). Rotcur is another parametric 

algorithm that fits concentric rings to kinematic velocity fields to quantify non-circular motions 

 
1 Peng, Chien. 2020. “Galfit Home Page.” Accessed March 6. 
https://users.obs.carnegiescience.edu/peng/work/galfit/galfit.html. 
 
2 Begeman, K. G. 1987. “HI Rotation Curves of Spiral Galaxies.” Ph.D. thesis, Kapteyn Institute.  
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(Spekkens & Sellwood 2007). Galfit and Rotcur fundamentally model different types of data, 

that may or may not physically correspond, and implement different minimization algorithms so 

it is not immediately clear how well results from the two algorithms, for the same galaxy, can be 

directly compared.  

 For this research, we utilize a newer algorithm called DiskFit3 for its ability to model 

both kinematic and photometric data. Although the modeling is not done simultaneously, the 

same minimization algorithm is employed for both modeling types (Barnes & Sellwood 2003). 

In contrast to Galfit and Rotcur, DiskFit is a non-parametric minimization algorithm, allowing a 

theoretically infinite number of input parameters (Reese et al. 2007); it is considered superior to 

Galfit since its non-parametric approach finds light profiles independent of specified functional 

forms, and superior to Rotcur as DiskFit fits a single model to the whole velocity map rather than 

individual tilted rings (Kuzio De Naray et al. 2012). Additionally, DiskFit differs from other 

models by providing realistic uncertainties for the modeled parameters (Sellwood & Spekkens 

2015). As a versatile program, DiskFit can be applied to galaxies of any morphology, it can be 

used for AGN or quiescent galaxies, and is reliable at disk inclinations ranging from ~10° to 

~80°, where 0° and 90° inclination represents the face-on and edge-on galaxy viewing profiles 

respectively (Peters & Kuzio De Naray 2017; Riffel et al. 2017). The use of DiskFit is ideal for 

modeling galaxy substructure because it uses the same flexible, non-parametric minimization 

algorithm for both photometry and kinematics.  

This research aims to utilize DiskFit and compare output values from kinematics and 

photometry to each other and results from literature. We want to know how DiskFit photometric 

modeling results compares to Galfit models for the same galaxy. The consistency between 

 
3 “A Code for Modeling Asymmetries in Disk Galaxies.” 2019. DiskFit. Queen's University. Accessed June 3. 
https://www.physics.queensu.ca/Astro/people/Kristine_Spekkens/diskfit/. 
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kinematic and photometric results will be an important test. This project will search for 

kinematically distinct substructure within AGN host galaxies with the eventual goal of isolating 

the kinematics of the bulge component, which has been shown above to be essential for 

constraining the MBH-!∗ relationship and used in reverberation mapping. Finally, we want to see 

what information DiskFit can provide about the structure and properties of the non-axisymmetric 

motions and how, or if, the presence of a bar or bar-like flow correlates to structure in !∗ maps. 

 Section 2 describes the disk galaxy sample modeled with DiskFit. Section 3 analyzes the 

quality of the input data used and Section 4 discusses the specific abilities of DiskFit and outlines 

the modeling process used. Section 5 presents the results from kinematic and photometric 

DiskFit models and determines the best-fit model, while Section 6 analyzes the trends and 

reliability of the results. Section 7 summarizes the major conclusions of the work found in this 

project. Section 8 shows the work that should be done in the future to further calibrate the MBH-

!∗ relationship and determine its dependency on galaxy morphology. 

2. Sample 

 The sample for this research was chosen from a set of galaxies with published velocity 

maps and !∗ estimates from Batiste et al. (2017). We note this paper was published earlier in the 

year than Ba17b, and thus denote the paper presenting !∗ estimates as Ba17a. Our sample 

contain all nearly face-on active galaxies with well constrained MBH measurements from 

reverberation mapping. To produce the most robust models, this research aims for high spatial 

resolution and a large number of data points for both kinematic and photometric modeling types. 

As such, we selected galaxies from Ba17a that achieved sufficient signal to noise ratios in most 

of the available fibers. Three galaxies were selected for their range in morphological 

classifications. We wanted diverse structural complexities to test the limits of the DiskFit 



 8 

modeling capability using one galaxy with simple apparent morphology, one with visibly more 

complex structure, and lastly one galaxy we expect to have very complex structure due to 

evidence of recent interactions. The best candidates for examination were NGC 3516 (simple), 

NGC 4151 (intermediate), and NGC 5548 (advanced); see Table 1 for a description of the 

sample characteristics obtained from the NASA/IPAC Extragalactic Database4 (NED). The 

galaxies will be presented in order of increasing morphological complexity throughout this paper 

to illuminate some limitations of DiskFit. 

Images of NGC 3516 (see Figure 1) show it is a lenticular galaxy with an obvious disk, 

bar, and bulge components and distinct spiral structure (Arribas et al. 1997; Cherepashchuk et al. 

2010). Its classification, given in Table 1, denotes a ring structure (R), S-shaped spiral arms (s), 

and in transition between early and late type lenticular (0^0) (Vaucouleurs 1963).  

NGC 4151 (see Figure 2) immediately appears more complicated, with a large pseudo-

ring outer structure (R’). It has two faint spiral arms that stem from either end of the bar, and a 

clear bulge component (Mundell et al. 1999). The classification of NGC 4151, given in Table 1, 

indicates a “mixed”, or photometrically weak, bar (AB), mixed spiral arms (rs) and a moderate 

sized bulge (Vaucouleurs 1963). Furthermore, the bar of NGC 4151 may be a ‘barlens’ which is 

a thick oval-like bar structure (Onken et al. 2014).  

NGC 5548 (see Figure 3) contains a visible disk and bulge component but also has two 

tidal components providing strong evidence of a recent gravitational interaction (Li et al. 2016). 

This galaxy contains pseudo-rings (R’), is unbarred (A), and lenticular (S0), with S-shaped spiral 

arms (s), but in transition from S0 to Sa (denoted by 0/a) (Vaucouleurs 1963). The disk 

component has rings or ripples, providing strong evidence of a major merger event hypothesized 

 
4 “NASA/IPAC Extragalactic Database.” 2020. NASA/IPAC. Accessed March 6.  

https://ned.ipac.caltech.edu/. 
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to be on the order of one billion years ago. Simulations of the evolution of galaxies containing a 

binary SMBH system suggest NGC 5548 hosts a pair of SMBH as a result of this violent merger 

(Li et al. 2016).  

These three galaxies have been extensively studied, (see citations above and results 

drawn from literature in Section 6.3) (Arribas et al. 1997; Bentz et al. 2009; Li et al. 2016; 

Mundell et al. 1999; Onken et al. 2014; Riffel et al. 2017; and more) providing an assessment for 

the models produced by DiskFit. Furthermore, these galaxies have all been photometrically 

analyzed with Galfit, which is used as an additional evaluation for DiskFit’s performance and 

provide initial estimates parameters associated with each morphological component (Bentz et al. 

2009).  

3. Data 

 Kinematic data are available for all three galaxies in the sample in Ba17a. Photometric 

images for NGC 3516 and NGC 4151, from the Hubble Space Telescope (HST), were presented 

by Bentz et al. (2009), hereafter Be09. No photometric image of NGC 5548 was used for this 

research.  

3.1 Kinematic Data 

Spectroscopic data for NGC 3516, NGC 4151, and NGC 5548 are presented in Figures 1 

and 2 of Ba17a. Data were obtained using the HexPak Integral-Field Unit (IFU) in April 2015 on 

the WIYN 3.5m telescope at the Kitt Peak National Observatory. Figure 4 contains a map of the 
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HexPak IFU and details of the locations and sizes of each of the fibers. While only ~12.5mm x 

11.5mm in size, HexPak provides highly spatially resolved data with 111 total fibers covering 

roughly a 41” x 36” hexagonal field of view. This IFU contains 18 fibers each 0.937” in size 

forming a central bundle enclosing ~6” diameter circle and a surrounding bundle of 84 fibers, 

each 2.812” in size, forming a hexagon. The remaining 9 fibers are sky fibers, which form an L-

shape in the perimeter of the IFU located about one arcmin from the center of Hexpak. Data were 

taken in the 4600-5600Å wavelength range with a spectral resolution of 2.02Å. Each galaxy was 

observed for between 4-8 hours in order to achieve a target minimum signal to noise ratio of 10-

15 for each fiber.  
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The HexPak IFU, designed for nearly face-on galaxies, has sufficient spatial resolution to 

resolve small non-axisymmetric, or non-circular motions, caused by a bar or a bar-like 

component. An IFU can spatially resolve a smaller region using smaller fibers, but this reduces 

the amount of light entering each fiber. Consequently, achieving sufficient signal to noise ratio 

for smaller fibers requires longer exposure times to allow enough light to enter the aperture. 

HexPak has high spatial resolution in the central bundle where brightness is not an issue, but in 

the outer rings HexPak must sacrifice its spatial resolution where the surface brightness is lower, 

to achieve the desired signal to noise ratio. HexPak is ideal for moderately inclined (not close to 

face-on or edge-on profiles) and nearby galaxies, since low inclination galaxies provide a clear 

view of the galaxy kinematics, and nearby galaxies can be more spatially resolved due to their 

size in the sky. High inclination galaxies obscure observations of kinematic and photometric 

structure due to overlapping structural components and contamination from dust and light.  
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This data will, therefore, allow us to model the non-axisymmetric velocities present in 

velocity maps. NGC 3516, NGC 4151, and NGC 5548 make ideal candidates for a study of 

kinematically distinct substructure within AGN, as HexPak produces best results for nearby, 

large, bright, and nearly face-on objects. For this sample, the HexPak field of view extends 

beyond the effective radius of nearly every galaxy component in the sample. In the case of NGC 

4151, the effective radius of the disk extends 10” past the extent of HexPak according to Be09. 

Details of the data reduction and analysis processes will not be discussed here at length 

but can be found in Ba17a. Using the penalized pixel-fitting method (pPXF5), publicly available 

from Michele Cappellari, each fiber was fitted with the line-of-sight velocity distribution and 

attributed four Gauss-Hermite moment values: the first moment is measured recessional velocity, 

 
5 Cappellari, Michele. 2020. “Michele Cappellari Python and IDL Programs.” Michele Cappellari. Accessed March  

6. https://www-astro.physics.ox.ac.uk/~mxc/software/. 
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the second moment is measured velocity dispersion, and the third and fourth moments describe 

the asymmetric and symmetric deviations from a Gaussian respectively (Marel & Franx 1993; 

Cappellari 2017). Figure 1, Figure 2, and Figure 3 display HexPak maps for each of the four 

Gauss-Hermite moments for NGC 3516, NGC 4151, and NGC 5548 respectively. All of the 

velocity and error maps are oriented with North pointing up and East to the left. Fibers that are 

white did not achieve a sufficient signal to noise ratio to be considered.  

3.2 Photometric Data 

 Reduced HST images of NGC 3516 and NGC 4151 were made available through 

private communication courtesy of Professor Misty Bentz. Data were taken using the Hubble 

Space Telescope (HST) Wide Field Camera 3 (WFC3) using the UVIS channel and the F547M 

filter to achieve a 5122-5772Å wavelength range. Details of the photometric observations can be 

found in Bentz et al. (2013) and Be09. The WFC3 UVIS channel produces a 160” x 160” image 

with 4096 pixels on each edge, yielding a resolution of 0.04” pixel-1. The large field of view of 
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HST WFC3, along with its high spatial resolution, provides the opportunity to delve deep into 

the photometric decomposition of galaxy morphology within the case of our sample. 

Furthermore, use of a space telescope eliminates atmospheric effects and allows for much higher 

spatial resolution than can be achieved with seeing-limited ground-based telescopes.  

 Details of the data reduction and analysis processes can be found in Be09 and Bentz et al. 

(2013). Photometric modeling requires sky subtracted images must be supplied the mean value 

of the sky subtracted, the standard deviation of the sky, and the CCD gain, all of which were 

performed before images were obtained and essential values were provided. These images can be 

found in the top-left panel of Figures 1, 2, and 3. An HST image of NGC 5548 is provided in the 

Figure 3 for reference to its visual appearance but has not been photometrically analyzed here. 

Each of the panels in the of Figures 1, 2, and 3 are oriented with North up and East to the left. 

4. Methods 

 DiskFit was used to model HexPak velocity fields and HST WFC3 images of the galaxies 

in the sample. The capabilities of DiskFit and details of the model it implements can be found in 

a number of papers by its developers (Barnes & Sellwood 2003; Kuzio De Naray et al. 2012; 

Reese et al. 2007; Sellwood & Sánchez 2010; Sellwood & Spekkens 2015; Spekkens & 

Sellwood 2007). As the agreement between the two branches of DiskFit modeling is of interest, 

this research utilizes an approach to modeling both kinematics and photometry presented in 

Peters & Kuzio De Naray (2017). While Peters & Kuzio De Naray (2017) first model 

photometry and use the best-fit models as initial guesses for kinematic modeling, we chose to 

approach the two independently in order to examine the reliability of each modeling branch.   

 For both types of modeling, it is important to first understand what components DiskFit 

models, as well as the process it uses to deduce parameters. To apply DiskFit to data, we 
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therefore need to consider which components of the galaxy are physically motivated to best 

understand the results given. Section 4.1 outlines the kinematic modeling procedure for DiskFit, 

and Section 4.2 outlines the same for photometry. The first subsection within both Sections 4.1 

and 4.2 will discuss the capabilities of the respective branch of DiskFit modeling, some details of 

the specific algorithm implemented, and assumptions made by the models. The second 

subsection will detail the process we used to create models for the galaxies in our sample, how 

we selected initial inputs for DiskFit to fit to the data, our method for choosing the best 

representative model for each galaxy, and the method used for determining errors. 

 We will employ an abbreviation system to represent the possible component 

combinations DiskFit can model in either branch of its analysis. The first letter of the 

abbreviation, either K or P, indicates either a kinematic or photometric DiskFit model. We use D, 

B, and RF to represent the distinct kinematic structure of the disk, bar, and radial flow 

components respectively. Similarly, we use D, B, and Blg to for photometric models of the disk, 

bar, and bulge components respectively. For example, K-D-RF represents a model produced 

from DiskFit kinematics containing a disk and radial flow components; similarly, P-D-B-Blg 

denotes a model containing distinct photometric disk, bar, and bulge components. We note that 

in models from both kinematic and photometric data, the bar component is represented by the 

letter ‘B’, and not to be confused with the bulge component (Blg) which is exclusive to the 

photometric branch of DiskFit. Table A1 contains a summary of all the model abbreviations 

listed above and other abbreviations employed throughout this paper. 

4.1 Kinematics 

4.1.1 DiskFit Kinematic Modeling Abilities 
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The kinematic branch of DiskFit requires an input velocity field to model disk rotation 

and non-axisymmetric motion caused by a bar or bar-like flow. The model employed assumes a 

thin and flat inner disk and that the perturbation to circular motion has a fixed principal axis; this 

assumption for the bar-like flow prevents inclusion of spiral arm features, but the effect of these 

features is included in the error calculation. Since DiskFit attempts to find best-fit parameter 

values for the whole galaxy, it “averages over” the non-circular motions created by the spiral 

features when calculating the position and strength of the non-axisymmetric motion.  

 The simplest case for DiskFit is a pure rotation model (K-D), reflecting only motion from 

a disk component. The user can add a bar, or bar-like flow, modeled by “lopsided” (m = 1) or 

“bisymmetric” (m = 2) non-circular motions; this disk and bar model is referred to as a K-D-B 

model. Equation 1 (Equation 5 of Spekkens & Sellwood 2007) shows the formula used to 

calculate the model velocity of each point in the velocity map. It can add radially symmetric (m = 

0) flows using Equation 2 (Equation 7, as above, of Spekkens & Sellwood 2007), and 

additionally model these radial flows simultaneously with either shape of non-circular motion. 

This enables the user to produce a K-D-RF model, or a K-D-B-RF if all three components are 

included. Variables contained in these equations are defined by disk inclination i, harmonic order 

m, model velocity Vmod, systemic recessional velocity Vsys, average disk component velocity Vt, 

average radial flow velocity Vr, the tangential velocity component of the bar-like component Vm,t, 

the radial velocity component of the bar-like component Vm,r, angle between point and disk 

major axis ", and an angle between point and bar major axis "". 

(1) ##$% =	#&'& + sin*	+#( cos " − ##,( cos(0"") 234" − ##,( sin(0"") 4*5"6 

(2) ##$% =	#&'& + sin*[#( cos " − #*4*5"] 
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Even though DiskFit assumes a flat inner disk, it is capable of modeling a warped disk 

beginning at some radius rw, at which the position angle and ellipticity of the disk fluctuate 

quadratically. The warped disk (K-wD) model inherently inhibits a simultaneous search for non-

axisymmetric motion or radial flows (Sellwood & Spekkens 2015). Turbulence in the disk, ∆+,-, 

is accounted for in the velocity error produced by the model; the error for each velocity in the 

output model is equal to the sum in quadrature of the disk turbulence and the observed measured 

velocity error for that fiber.  

DiskFit asks the user to supply initial guesses for parameters, and proceeds to fit them to the 

data to produce the most accurate model (see example input file in Figure A1). All models 

require an estimate for Vsys. For the disk component it needs an initial guess for the position 

angle of the disk major axis PAdisk, the disk ellipticity edisk, and the position of the center of 

rotation in the galaxy. PAdisk is defined as degrees Eastwards from North to the receding side of 

the galaxy, in the sky plane. For the non-axisymmetric component, it requires an initial guess for 

the position angle of the non-circular motion, PAbar, and the harmonic order of the component (m 

= 1 or m = 2). For the K-wD model, we must supply DiskFit with guesses for the radius at which 

the warp begins rw and the projected change in ellipticity and position angle from rw to the outer-

most ring in the fit.  

4.1.2 Kinematic Modeling Procedure  

 First, we determined which components were physically motivated. Since each of the 

galaxies in the sample contains an AGN, radial flows are possible. The presence of a bar was 

indicated by the morphological classification obtained from NED. The K-wD model was of 

particular interest for NGC 5548 due to its tidal structures. Initial guesses for component 

ellipticities were obtained from Galfit models from Be09 (see Table A2 for available Galfit 
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parameters) and any remaining input values were set to the suggested initial guesses from the 

DiskFit documentation. 

We used three main points to deduce the best-fit model: a	:. value, residual plots, and a 

comparison between input and output rotation curves. DiskFit outputs a reduced	:. value to 

represent goodness of fit between the model and the data, a rotation curve, and the model 

velocities of each component at each point specified in the input velocity map. Values of :. 

greater than one imply a poor fit and values less than one imply the data is being overfit; values 

closer to one, either larger or smaller, represent a better fit to data. DiskFit outputs a model 

velocity map for the galaxy and a residual plot, subtracting the model velocity from the input 

velocity for each fiber, to determine if any clear structure remains, possibly indicating need to 

add a subsequent component. From the input data we can generate a rotation curve by simulating 

a one-dimensional slit across the kinematic major axis of the velocity field to compare to the 

rotation curve produced by DiskFit. Additionally, we can compare the values output by DiskFit 

to results from literature from either DiskFit or other programs to further test accuracy. See 

Figure A2 for an example output file produced by DiskFit kinematic modeling. 

 We began the modeling process with the K-D model, and systematically added 

components, finding both the K-D-B and K-D-RF models next, until the most complex, K-D-B-

RF model, was reached. All of the initial guesses we could obtain from NED were used. The 

ellipticities of each component were obtained from Be09 and the disk position angle was 

estimated through visual placement of the kinematic major axis of rotation from the velocity 

fields from Ba17a. Any required input values remaining were set to the value suggested in the 

DiskFit documentation. We ran the K-D and modified the center, disk ellipticity, and disk 

position angle parameters until we found general agreement between the input and output data 
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through comparing :., rotation curves, and residual plots. We then held the center fixed in all 

subsequent models, similar to the method employed by Peters & Kuzio De Naray (2017). In the 

K-D-B and K-D-RF models we only adapted the parameters of the component added to the disk 

(either the bar or radial flow) to find a best-fit model. In the K-D-B-RF model, as well as the K-

wD model, we modify the input guesses for all parameters to find the best-fit. This is because 

models with three components can cause more error from difficulty decomposing overlapping 

components, so we spend more time ensuring an appropriate fit is found. The radii at which 

DiskFit will evaluate the velocity of the given components were selected from the radii of the 

rings in the HexPak IFU. Our initial guess for ∆+,- = 10 km/s as per Peters & Kuzio De Naray 

(2017) but we ensured that changes in ∆+,- or model smoothing parameters, if used, did not 

affect the determination of best-fit model. After obtaining all possible models from DiskFit, one 

was selected based on  :., rotation curves, and the residual velocity map and determined to be 

best-fit ore most accurately representative of the input data. 

 HexPak velocity maps contain ~100 usable fibers, or spatial resolution elements referred 

to as spaxels, which are sufficiently small to allow for fast computation time. DiskFit generates 

errors for the output values by generating Bootstrap iterations. For kinematic analysis of velocity 

maps, we computed 1000 Bootstrap iterations for the uncertainties for every model generated 

throughout the process. We were able to compute a large number of iterations due to the fast 

computer run-time. As mentioned earlier, three main tests were used to determine the best-fit 

model. However, the size of the uncertainties provided an additional test for goodness of fit for 

two models of the same components if needed.   

4.2 Photometry 

4.2.1 DiskFit Photometric Modeling Abilities 
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The photometric side of DiskFit requires an input image to determine the amount of light 

coming from each component. As with the kinematic modeling, this model also assumes a flat 

inner disk and attempts to find a bar component by assuming that it has a fixed position angle 

that differs from the position angle of the disk. Furthermore, the bar has a different ellipticity 

than the disk component. The photometric branch cannot model spiral arms and uses the same 

method as the kinematic branch to average over the influence of the spiral features.  

 DiskFit can decompose the light for a disk, bar, and a bulge component. The disk and bar 

have no specified light profiles, while the bulge is assumed to follow the Sérsic function, seen in 

Equation 3 (Equation 3 of Reese et al. 2007), where re is the effective radius, n is the Sérsic 

index, ;/ is the intensity at the center, and the constant Bn is a function of the Sérsic index. The 

error associated with each pixel is deduced from the mean value of sky subtracted from the 

image, the error associated with the sky subtraction mean, and the CCD gain.  

(3) ;(<) = 	 ;/=>? @−A0 BC
*
*!
D
1 02

− 1FG 

Initial guesses needed for the photometric modeling are the position angles of the disk and 

bar, PAdisk and PAbar, as well as ellipticities of all three components, edisk, ebar, and ebulge. For 

photometry, the definition of position angle is degrees Eastwards from North to the first found 

side of the galaxy in the sky plane. DiskFit also asks for an initial guess of the Sérsic index and 

the effective radius of the bulge. The radii at which the photometric data were extracted were 

evenly spaced to allow for model smoothing, if necessary. Furthermore, the number of radii were 

limited due to the processing speed available and the time-intensity for high resolution images.  

Outputs for DiskFit photometry include best-fit parameters from the model, a :. value to 

represent goodness of fit between the model and the data, and a radial light profile for each 

component within the fit. In addition to an image including each component in the model, 
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DiskFit will output an image of each component individually to compare size, orientation, and 

magnitude. Rather than only depending on the :. value to determine the best-fit model, we also 

utilized the residual photometric images. Photometric DiskFit models can then be compared to 

Galfit models of the same galaxies to test the robustness of DiskFit. 

4.2.2 Photometry Modeling Procedure 

 Determination of physically motivated components was based on the morphological 

classification of each galaxy from NED, presented in Table 1. Initial parameter estimates were 

obtained from NED when available. Values of bulge effective radius, ellipticities of all 

components from Galfit modeling, and bulge Sérsic index were obtained from Be09. We found 

estimates for the position angles of the disk and bar components from visual inspection of the 

HST images in Figures 1-3. All remaining parameters began with the default value suggested in 

the DiskFit documentation.  

 Photometric modeling similarly began with finding the simplest disk-only (P-D) model 

first. While only adapting the values for the galaxy center and the position angle and ellipticity of 

the disk, we found the P-D model. We then found the P-D-B and P-D-Blg models by fixing the 

position of the center and only adapting initial guesses for the parameters for the bar or bulge 

component respectively. For the three-component (P-D-B-Blg) model, we utilized all parameters 

to find the best-fit. After obtaining the four possible photometric models, we then determined 

which model best represented the data by analyzing the  :. value, the residual images, and 

comparing the models to others found in literature.  

 DiskFit uses the same Bootstrap method for generating photometric uncertainties as with 

the kinematic branch. In the kinematic modeling we were able to produce 1000 Bootstrap 

iterations since the input used ~100 fibers or spatially resolved pixels (spaxels). However, the 
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high resolution HST images obtained for this research contain ~16 million pixels causing an 

incredibly time-intensive error determination. Due to the limited computation speed available, 

we generated 10 Bootstrap iterations for photometric uncertainties. While some previous 

photometric analyses with DiskFit for low resolution have used high number (~100) Bootstrap 

iterations for uncertainties, other studies show ~10 iterations are sufficient, especially useful for 

the high-resolution photometry case (Lewis & Spekkens 2018; Randriamampandry et al. 2016). 

5. Results 

 This section will present the results from modeling NGC 3516, NGC 4151, and NGC 

5548 with DiskFit. Within discussion of the modeling results for each galaxy, the first subsection 

will present kinematic results while the second subsection will show the photometric results. For 

all of these, a table of best-fit values for each model and their residual plots will be displayed. 

Through examination of the residuals and table values we are able to select the best-fit model 

and present a general decomposition of its structure and characteristics.  

5.1 NGC 3516 

5.1.1 Kinematics 

 As discussed in Section 2, NGC 3516 has a (R)SB(s)0^0 morphological classification and 

has a clear disk, bar, and bulge component (see top-left panel of Figure 1 for HST image). Thus, 

kinematically, we expect DiskFit to produce the best-fit model for NGC 3516 with a disk 

component and non-axisymmetric motion caused by the bar. Additionally, radial flows are 

possible from the AGN influence. Table 2 shows the output parameters for each of the five 

possible kinematic DiskFit models. At a glance, the reduced :. value of the K-D-B model is 

closer to one, suggesting it might be the best-fit. However, the reduced :. value is not the only 

goodness of fit test employed to determine the best-fit model.  



 23 

 Since DiskFit outputs a model velocity field, we can subtract the velocities of the model 

from the data for each spaxel used in the minimization, to learn where inconsistencies are located 

and the size of the modeling error. The residual plots are shown in Figure 5, with lines plotted on 

top associated with the position angle of the disk and the tangential and radial components of the 

non-axisymmetric motion, caused by the bar. From Figure 5, it appears that large residuals tend 

not to be along the position angle lines.  

 While the reduced :. values suggest best representation by a K-D-B model, the bottom-

left panel of Figure 5 contains the weakest residuals, suggesting inclusion of radial flows into our 

model for NGC 3516 may provide a better overall fit. These provide good evidence for the disk 
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and bar components, but the addition of radial flow needs more evidence. The rotation curves of 

all five types of kinematic models are shown in in Section 6.1.2. This section will instead first 

present the input and output rotation curves for NGC 3516 alongside a comparison of velocities 

attributed to the non-circular motion and radial flows (shown in Figure 6). However, the trend of 

the input rotation curve is best followed by the model rotation curve for the K-D-B-RF model. 

While the offset between input and output rotation curves, seen in Figure 6, may seem large, 

examination of all output rotation curves show that the offset persists for all five possible 

kinematic models (see Section 6.1.2 for discussion). We note the rotation curves in Section 6.1.2 

show the need to incorporate radial flows into the model for NGC 3516, despite the supposed 

overfit suggested by the reduced :. value.  
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5.1.2 Photometry  

 As before, the morphological classification and observations suggest a P-D-B-Blg model 

is best representative of NGC 3516. Thus, we expect DiskFit photometry to best decompose 

NGC 3516 into a P-D-B-Blg model. Table 3 presents the parameters from the four types of 

possible photometric models. DiskFit finds high :. values for the P-D and P-D-B, but it is much 

lower with the addition of a bulge component, suggesting significant evidence for a strong bulge. 

This strong evidence supporting a bulge lies in the nature of NGC 3516 being lenticular (see 
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NED classification in Table1), however, the size and brightness of the bulge may be 

overestimated due to the massive AGN influence. The photometric branch assumes the bulge is 

nearly spherical and central, while the disk and bar have different position angles and ellipticities 

from one another. It is possible DiskFit is having trouble deciding what amount of the large 

AGN intensity to attribute to each component and decides it is originating from the bulge. The P-

D-B-Blg model has the lowest :. value, suggesting a confirmation of our observational 

expectations.  

 The next step to determining goodness of fit is interpreting the residual photometric 

images. DiskFit creates a model of the galaxy in the same dimensions as the input image and 

assigns each pixel value an intensity based on the physically motivated model and the 

minimization algorithm. It additionally provides a residual image, subtracting the intensity of 

corresponding pixels from each image to determine spatially where DiskFit fails and the size of 

the difference with each model created. Figure 7 shows the residual images from the four DiskFit 

models. All images are shown with the same color intensity scale.  

 Visual examination of the residuals confirms size and brightness of the bulge may be 

overestimated due to the AGN for NGC 3516. The addition of a bar to a P-D model is not as 

impactful as when it is added to the P-D-Blg model. The most representative model of NGC 

3516 is the P-D-B-Blg model as it shows the smallest pattern leftover in the residual image. The 

residual image for the best-fit P-D-B-Blg model clearly leaves a four spiral arm pattern 

representative of DiskFit averaging over the perturbation caused by the bar.  

5.2 NGC 4151  

5.2.1 Kinematics 
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As discussed in Section 2, NGC 4151 (see top-left panel of Figure 2 for HST image) is 

classified as (R')SAB(rs)ab indicating the kinematics will likely be represented by a disk. The 

weak bar classification of NGC 4151 will test the ability of DiskFit to quantify non-circular 

motion with kinematic data. DiskFit should identify some non-circular motion since it still has a 

bar component, but with a weaker contribution than that of a strongly barred galaxy, like NGC 

3516. Additionally, radial flows are possible from the AGN influence. Table 4 gives the 

parameters from kinematic modeling of NGC 4151. Initial interpretation of the reduced :. 

values indicates DiskFit is overfitting all models, with every value less than one. The K-D-RF 

flow model has the closest reduced :. values to one, suggesting it is the best representative 

model.  
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 The residual images for four DiskFit models are shown in Figure 8. The K-D model is 

clearly failing in many areas and the addition of radial flow motion increases structure in the 

residuals, in contrast with our previous hypothesis from the reduced :. value that a K-D-RF 

model was best for NGC 4151. Addition of a bar component to the K-D model seems to be far 

more effective representing the input velocity map than adding the radial flow component. While 

the :. values for the K-D-B-RF model of NGC 4151 suggest overfitting of the input data, the 

residual plot in Figure 8 suggests this may still produce the best representation of the velocity 

map. The second best :. value comes from the K-wD model but the residuals show clear 

remaining structure, eliminating this from consideration as best-fit has; however, Table 4 does 

show a possible warp ~15” from its center, possibly correlated with the pseudo-ring structure 

observed in images of NGC 4151.  
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 The K-D-B-RF model produces values most aligned with those found in published 

literature and the most accurate model velocity field. The rotation curves for all kinematic 

models, presented in Section 6.1.2, show most consistency between a K-D-B-RF model and the 

input rotation curve. Accordingly, we suggest the K-D-B-RF model is best for NGC 4151. We 

present the rotation curve and strength of the flow forces from the bar and radial flows in Figure 

9. The input and output rotation curves, as for NGC 3516, displays systematic offset in the 

velocity at each radius to be discussed in Section 6.1.2. The strength of the tangential and radial 

components both follow the same general trend with increasing distance from the center.  

5.2.2 Photometry  

 While DiskFit kinematically detected the weak (AB) bar in NGC 4151, we now want to 

know if DiskFit photometry will be able to detect the weak bar. Additionally, NGC 4151 

contains a weak (ab) bulge component. Due to the nature of DiskFit searching for a relatively 

spherical bulge, and a disk and bar component with different position angles and ellipticities, we 

suspect DiskFit will have more difficulties locating the weak bar and bulge components.  
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Just as expected, there were modeling issues, and we failed to find a model to represent 

NGC 4151 as a P-D-Blg galaxy or as a P-D-B-Blg model. The results for the P-D and the P-D-B 

model can be found in Table 5. The  :. values indicate the P-D model is better but knowing 

NGC 4151 has a weak bar classification (see NED classification in Table 1), we must delve 

deeper into the models and residuals given by DiskFit.  

 The full model decomposition output by DiskFit for the P-D model is presented in Figure 

10, and for P-D-B model in Figure 11. A comparison between the residuals, shown in the right 

panel of Figure 10, and the bottom-right panel of Figure 11, show the P-D model fails in 

numerous areas in the outer regions of the model. The P-D-B model also clearly display a tightly 

wound central spiral structure unable to be modeled by DiskFit. The large residual structure for 

the P-D-B model suggests DiskFit is having trouble finding the bar we have found kinematically, 
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possibly because of its weak photometric presence. We conclude that it could be possible to 

misclassify NGC 4151 as photometrically unbarred.  

5.3 NGC 5548 Kinematics 

 As discussed in Section 2, the classification for NGC 5548 is (R')SA(s)0/a indicating it is 

unbarred (see top-left panel of Figure 3 for HST image). Again, the AGN nature of NGC 5548 

possibly suggests radial flows may be present in the stellar kinematics. While the two previous 

galaxies had no expected warp, NGC 5548 is believed to contain a SMBH pair at its center as a 

result of a major merger event one billion years ago, causing two large tidal features and ripples 

or rings in the disk (Li et al. 2016). Consequently, DiskFit should find a reasonable fit to a K-wD 
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model. The model parameters from kinematic fits of NGC 5548 can be found in Table 6. The :. 

values imply a best representation from a K-D-B model while also indicating a failure to 

accurately model the warped disk of NGC 5548.  

 Comparison of the residual plots for each of the models allows for a more educated 

selection for the best-fit model; the residual plots for the NGC 5548 kinematic fits are shown in 

Figure 12. The warped nature of NGC 5548 is clearly not being well represented by the K-wD 

model employed by DiskFit as shown by Figure 12. The addition of a bar component to a K-D 

model seems more significant than the addition of a radial flow component based on the 

residuals. However, it appears the most representative velocity map is produced with three 

components. Despite slight overfitting indicated by the reduced :. values less than one, the 

presence of a radial flow in the two previous galaxies suggest it should be included here as well. 

Both the reduced :. values and the residual images of all five kinematic models suggest non-

circular motion, or a bar component, for NGC 5548, potentially contradicting the unbarred 

classification of this galaxy. It is important to remember that DiskFit models bars as non-circular 
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motions relative to normal disk rotation. Thus, the kinematic impact of the major merger event 

could be the cause of the non-circular motion detected.  

 A profile of the best-fit K-D-B-RF model is shown in Figure 13. The input and output 

rotation curves for NGC 5548 continue the trend of the velocity offset. The chaotic nature of the 

radial flows and the non-circular motions are particularly highlighted in the middle panel of 

Figure 13.  

6. Analysis 

 DiskFit provides more information to enable the user to further dissect each of the models 

it presents. Section 6.1 and Section 6.2 will analyze the kinematic and photometric models 

produced by DiskFit respectively. A discussion about the agreement between the two branches of 

DiskFit modeling is located in Section 6.3. Observed relationships between the Gauss-Hermite 

moments from the pPXF fit to the line-of-sight velocity distribution and the input and model data 

are presented in Section 6.4.  

6.1 Kinematic Model Analysis 

6.1.1 Distinct Kinematic Structure 

 Kinematic modeling results for NGC 3516 modeling suggest a best fit from a K-D-B-RF 

model as presented in Section 5.1. The minimization process used by DiskFit attributes a 



 34 

velocity due to each component added to the model, allowing us to produce models comparing 

the shape and strength of each component. Plots separating the individual components of NGC 

3516 are presented in Figure 14. The sum of the velocities from each spaxel in the disk (top-

right), the radial flow (bottom-left), and the tangential (bottom-middle) and radial (bottom-right) 

components of the bar, in conjunction with the fit systemic velocity, found in Table 2, equals the 

velocity attributed to each spaxel in the output model, as per Equation 2 in Section 4.1.  

 The model has a very strong rotational component caused by the disk, especially 

compared to the strength of the radial flow. The bar is moderately strong in comparison to the 

total rotational velocities, and the position angle of the disk and the tangential component of the 
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bar are nearly the same. According to kinematic models, the disk of NGC 3516 is ~30° inclined, 

giving HexPak a detailed view of its components from a nearly face-on perspective. The bar of 

NGC 3516 seems to display a X-shaped or S-shaped morphology and appears to buckle in the 

middle.  

 Observations of NGC 4151 support the best-fit to the K-D-B-RF DiskFit model. There is 

some evidence that NGC 4151 contains a “barlens”, viewed as a big oval-shaped structure 

(Onken et al. 2014). Earlier research describes the bar as “fat” or possibly a misclassified central 

bulge (Mundell et al. 1999). Figure 15 displays the kinematically distinct substructure of NGC 

4151. It reveals a very strong disk component. In comparison, the strength of the radial flow and 

bar are practically nonexistent. However, it appears the bar may be much stronger in the center 

with its magnitude decreasing outwards. The tangential bar component is more significant than 

the radial velocity component of the bar. As with NGC 3516, we see a near alignment between 

the position angles of the disk and the tangential component of the bar, meaning the disk and bar 

appear concentric and are generally positioned similarly. This is notable due to the known 
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degeneracy with modeling a bar component when the position angle of the bar is within ~10° of 

either the disk major or minor axis (Barnes & Sellwood 2003; Holmes et al. 2015; 

Randriamampandry et al. 2015; Sellwood & Sánchez 2010).  

 We have shown that the structure of NGC 5548 is much more complex than the other 

galaxies in this sample (see Section 2 and Section 5.3). The disordered motion observed in the 

velocity map of NGC 5548 confirms its messiness. While the classification and observations of 

NGC 5548 do not include a bar, the DiskFit kinematic models presented in Section 5.3 finds 

better agreement with input data when a bar is included. One possible explanation for the better 

model fit with a bar component comes from recalling DiskFit models a bar component as 

deviations from non-circular motion; it is conceivable that the detected non-circular motion is a 

result of the warped nature of the disk. Furthermore, the kinematic effect of the major merger 

event may result in non-circular motion or the warp features present in NGC 5548, which are not 
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well represented by the warp assumptions made by DiskFit. The velocity maps for each 

component of NGC 5548 are displayed in Figure 16. Once again, we see a strong rotational disk 

component. DiskFit finds moderately strong contributions from radial flows and non-circular 

motion, potentially indicating a kinematic bar. The structure of the bar in Figure 16 for NGC 

5548 is similar to an X-shaped or S-shaped morphology and appears to buckle in the middle, but 

with less strength than the bar in NGC 3516. However, the best-fitting K-D-B-RF model for 

NGC 5548 still contains large scale residuals and thus we cannot conclude anything certain about 

the shape or nature of the bar or noncircular motions in NGC 5548.  
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Rather than assigning one value for the area of each spaxel, Vorbin is a program 

developed to smooth plots with specific data values over the range of values using the signal and 

noise of each spaxel. We include plots of the HexPak data using Vorbin in the appendix in 

Figures A3, A4, and A4 for NGC 3516, NGC 4151, and NGC 5548 respectively.  

6.1.2 Rotation Curve Offset Inquiry 

 The rotation curves presented in Figures 6, 9, and 13 all display the same issue of the 

model velocity curve containing systematically higher values than the input data; this section 
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will investigate why this offset occurring. Analysis of the rotation curves for all of the kinematic 

models for all of the galaxies show the same issue; the rotation curves output by DiskFit are 

systematically offset above than the input rotation curves. We wish to know whether this 

difference is real, in the sense that DiskFit is systematically over-estimating the recessional 

velocity at each point, or it is indicative of a fundamentally different method of calculating the 

rotation curve. Presumably, since it is a systematic overestimation issue for each model of all 

sample galaxies, DiskFit is overestimating the systemic recessional velocity for the galaxy.  

Table 7 displays the median velocity value from the input velocity map, and the systemic 

recessional velocity computed by DiskFit in the minimization process. As mentioned throughout 

Section 5, for the set of best-fitting kinematic models for all three sample galaxies, all of the 

plots in Figure 17 support the conclusion that all of the sample galaxies have kinematically 
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distinct disk, bar (or other non-circular motion), and radial flow components. In all kinematic 

models, we see the recessional velocity computed by DiskFit is greater than the median value 

from the input data, confirming our recessional velocity overestimation hypothesis. Plots for the 

rotation curves for every kinematic model are shown in the left panels of Figure 17. One 

potential method to bring the rotation curves into alignment with the input rotation curve is to 

subtract a constant offset based on the difference between the input and model data. Initially we 

added just the difference (rather than the aforementioned multiple of the difference by two) 

between the velocities to bring the rotation curves into agreement, however this seemed to only 

roughly half the offset for all kinematic output rotation curves, possibly due to the effect of 

averaging two radii extending across the kinematic major axis. Instead, we chose to add two 

times the difference between the median input velocity and minimized output velocity from each 
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of the five possible kinematic models and all galaxies in the sample. Adding two times the 

difference between the velocities provided the best alignment between input and output rotation 

curves. The right column of Figure 17 shows the impact this has on bringing the output data into 

much better alignment with the input data.  

While this brings the rotation curves into better agreement, it does not fully explain why 

the offset is present or if it possesses a physical meaning. Another possible cause of the issue 

with the output rotation curves from DiskFit could be a fundamental difference between the 

processes used to determine the rotational velocities at each radius, for the input and output data 

respectively. To investigate this issue, we homogenized the method for making the input and 

output rotation curves. For the input rotation curves we selected a two spaxel-wide slit across the 

kinematic major axis of the galaxy and used the average of the velocities with the same radius. 

The revised rotation curves we generated from the DiskFit output data used the same fibers as 

with the rotation curve for the input data. DiskFit does not describe the method used to calculate 

the rotation curve given in the output file in the documentation. Thus, the best way to compare 

results from input and output data is to homogenize the method used for calculation. Figure 18 

presents the dramatic effect that homogenizing the method for creation of rotation curves has on 

bringing them into agreement. For all three sampled galaxies, the input and output rotation 
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curves show wonderful agreement. This highlights the importance of consistency in methods 

before comparing data. It is useful to note that the offset in rotational velocities shown Figures 6, 

9, and 13 is not a physical difference but an artifact of the method DiskFit uses to produce the 

rotation curves. 

6.2 Photometric Model Analysis 

6.2.1 Distinct Photometric Structure 

 The best-fit model for NGC 3516 contains a disk, bar, and bulge component, which are 

all apparent in the HST image (see top-left panel of Figure 1). NGC 4151 has a disk and a weak 

bar classification, possibly a barlens, but the photometric model has trouble modeling a bar and 

fails to model a bulge completely. Included in the outputs from DiskFit are images of the 

modeled components individually. The contribution of each component, and other details of the 

model, are included in Figure 19. The limited photometric decompositons available for NGC 

4151 were previously presented in Section 5.2.2.  

 Analysis of Figure 19 for NGC 3516 shows DiskFit is possibly not finding the correct 

disk position angle. Inspection of the HST image indicates the disk position angle to be ~45° but 

DiskFit converges on 183°. Many published papers report a degeneracy in the modeling 

employed by DiskFit when the bar is positioned within 10° from either the major or minor axis 

of the disk (Holmes et al. 2015; Lewis & Spekkens 2018; Randriamampandry et al. 2016; and 

references they contain). The best-fit kinematic model for NGC 3516 suggests the bar positioned 

is ~80° from the major axis of the disk, or ~10° from the disk minor axis, suggesting the 

discrepancy may be a result of this degeneracy. Other possible issues stem from large amounts of 

obscuring dust observed in NGC 3516, the intense AGN emission, and the large sprial arms or  
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other non-axisymmetric features (Barbosa et al. 2006; Barnes & Sellwood 2003; Ferruit et al. 

1998; Holmes et al. 2015).  

6.2.2 Photometric Models at Different Fields of View 

 Considering the issues DiskFit had with globally fitting parameters for the disk, bar, and 

bulge components on such a large (~160”x160”) field of view, specifically that the distinct 

photometric components output by DiskFit do not appear representative of its input HST image, 

or results published in literature (see Section 6.3), we decided to reduce the field of view used in 

the photometric modeling to ~41”x36”, roughly the same as HexPak. Matching the field of view 

to HexPak eliminates field of view as a cause of difference between kinematic and photometric 

models. A table of best-fit values for the smaller field of view photometric models for NGC 3516 

are presented in Table 8. Note that uncertainties for the non-best-fit models were not calculated 

due to the computation power available for this research. As with the large field of view, DiskFit 

finds the lowest :. value for a P-D-B-Blg model. The residual images (see Figure 20) of each of 

the models confirms the P-D-B-Blg model for the smaller field of view.  

 Images of each component, the complete model, and the residual of the best-fit P-D-B-

Blg model for the reduced field of view is in Figure 21. The values contained in Table 8, for the 

smaller field of view present similarly to those in Table 3 for the full HST field of view. Riffel et 

al. (2017), hereafter R17, used DiskFit to study the inner 3” x 3” of a sample of AGN host 

galaxies and found agreement between small-scale kinematic modeling and large-scale 

photometric modeling. Agreement between photometric models for the two fields of view used 

for NGC 3516 further reinforce our estimates of the parameters of its components and selection 

of a P-D-B-Blg best-fit model. The agreement we find between modeling done at two fields of 

view is expected, based on conclusions from R17.  
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6.2.3 Bulge Region and Sérsic Index Analysis 

 Research by Lewis & Spekkens (2018) investigated the photometric analysis of DiskFit 

on 400 synthetic intermediate-inclination spiral galaxies containing Ferrers bars of various 

strengths. They showed that even when the Sérsic index is held fixed in DiskFit, at the true 

value, used to generate the light profile of the synthetic galaxy, the associated bulge parameters 

were not well recovered. Using a range of values to test the various capabilities of DiskFit, it was 

discovered that DiskFit photometry is unreliable in the bulge region.  Since the analysis of Lewis 

& Spekkens used DiskFit on synthetic galaxies, they were able to absolutely determine that 

DiskFit does not perform well photometrically within the bulge. This directly impacts our ability 

to use DiskFit to accurately calculate re, which is essential in determinations of !∗.  
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Figure 22 shows the radial intensity profiles for each component in NGC 3516 for two 

different fields of view. Analysis of both panels of Figure 22 shows the poor performance of 

DiskFit in the bulge region highlighted by how each component is attributed a very different 

light profile between different field of view modeling, specifically within the inner ~20” of the 

plot. Figure 23 shows the radial intensity plots for NGC 4151 for the two photometric models it 

was able to converge on (P-D and P-D-B models). These plots again show the inconsistency of 

the light profiles within the central region of the galaxy: DiskFit does not know which 

component to attribute the light to at each radius, especially in the bulge. Figure 22 and Figure 

23 support the inaccuracy of the photometric modeling in the bulge region, found by Lewis & 

Spekkens (2018).  

To further test the photometric decomposition, specifically within the bulge region, we 

held the Sérsic index at a fixed value, based on results determined by Be09. Using Galfit, NGC 

3516 was determined to have both a bulge and an inner bulge (see Figure A6 for the Galfit 

models of the sample); as DiskFit can only fit a single bulge component, we used the average of 
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the Sérsic indices from the two bulges. The :. value increases from ~6.3 to ~7.1 when modeling 

with all the same best-fit parameters and holding the Sérsic index at a fixed value. The increase 

of the :., coupled with worse agreement between the parameters presented in Table 3 and 8 and 

the output parameters of this fixed Sérsic n model, provide more evidence that the photometric 

modeling in the bulge region is not reliable.   

6.3 Model Comparisons 

6.3.1 Kinematic Models from Literature 

 DiskFit was used by R17 to model kinematics of the inner 3” x 3” region of NGC 3516 

and NGC 5548. This research uses symmetrized velocity fields as inputs into DiskFit rather than 

immediately observed velocity fields as it supposes the observed velocity motion should be 

symmetric (see Section 8 for a discussion of possibly using symmetrized velocity fields in the 

future). R17 were specifically looking for disk rotation within their 16 AGN host galaxy sample, 
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rather than attempting to determine best-fit models or account for non-circular motions. Even 

though R17 investigate only the inner 3” x 3” region as opposed to our ~41” x 36” field of view, 

the model velocity maps in R17, see Figures A7 and A8, for both NGC 3516 and NGC 5548 are 

similar to the maps presented in Figures 1, 3, 14, and 16, and the kinematic major axes show 

general alignment.  

This study also presents values for disk ellipticity of NGC 3516 as 0.05±0.01 with disk 

inclination 18.2° and no other specific parameters provided. Our kinematics suggest the disk 

ellipticity is ~0.2 and photometry show disk ellipticity is ~0.06; however, Figure 1 clearly shows 

NGC 3516 is nearly face-on but photometry yields disk inclination ~60°, rather than the more 

reasonable ~30°, suggested by the kinematic modeling branch. The models presented in R17 

indicate a much more circular disk component than our models presented in Table 9. 
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Additionally, DiskFit finds a more face-on galaxy model in R17 compared to our model. R17 

reports NGC 5548 model parameters include a disk ellipticity of 0.51 inclined to the plane at 

60.9° whereas here we present a much more circular (eccentricity ~0.05) and face-on (inclination 

~20°) disk. R17 suggests their kinematic modeling results and large-scale photometric results 

generally agree for the 16 galaxies in their sample. However, they note discrepancies specifically 

with NGC 3516 and NGC 5548. For NGC 5548, the model variations were attributed to it being 

too face-on, however, we find a more realistic disk inclination and find consistency for five 

variations with different component combinations. For NGC 3516, the model breakdown comes 

from potential alignment of the disk and bar major axes. This alignment is confirmed from the 

values presented in Table 9. Holmes et al. (2015) reports degeneration in the modeling abilities 

of DiskFit, for either branch of modeling, when the position angle of the bar is within ~10° from 

either the major or minor axis of the disk component, due to inability to decompose motions.   

 R17 further provides rotation curves for NGC 3516 and NGC 5548 (see figure A9). 

Rotation curves here were generated from a pseudo-slit across the input, non-symmetrized, 

velocity field. While we can only use these rotation curves to compare with the inner 3” of 

rotation curves presented here, the general trend and size of the two rotation curves seem to be in 
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good agreement. There does not appear to be any systematic difference in the rotation curves 

presented in R17 compared to those presented here. R17 does not provide details of the rotation 

curves immediately output by DiskFit.  

 The kinematic models pulled from literature for comparison include a rotation curve of 

NGC 3516 from Cherepashchuk et al. (2010) and Riffel et al. (2017) and for NGC 4151 from 

Mundell et al. (1999). The rotation curve for NGC 3516 shows dots for observed velocities and 

contains error bars from their calculations for the potential offset of non-circular motion (see 

Figure A10). The rotation curve for the K-D-B-RF model of NGC 3516 fits the trend of the 

curve presented by Cherepashchuk et al. (2010) very well in both shape and size of velocities. 

Mundell et al. (1999) present a rotation curve for NGC 4151, included in Figure A11 for 

comparison, obtained from observations of neutral hydrogen gas. As with NGC 3516 before, the 

best-fit K-D-B-RF model rotation curve for NGC 4151 (see Figure 9) is in good agreement with 

the neutral hydrogen rotation curve, included in Figure A11 for comparison.  

  Iannuzzi & Athanassoula (2015) simulated models of boxy/peanut bulges at 

various inclinations, orientations, strengths, and how they affect the observed kinematic 
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signatures, both with one and two-dimensional trends. They estimate 45% of disk galaxies 

contain a boxy/peanut bulge, containing similar light profile to a bar and much weaker strength. 

The structure of the bar for NGC 4151 from Figure 15 is similar to kinematic signatures of 

simulated boxy/peanut bulges (see images from simulations in Figure A12). Other research 

(Laurikainen et al. 2014) has shown that boxy/peanut bulges viewed at low inclinations (nearly 

face-on) cause the apparent barlens structure noted by Onken et al. (2014). This suggests we are 

seeing the kinematic signature of the barlens identified by classification for NGC 4151.   

 In general, the kinematics of all three sample galaxies seem to be well represented by 

DiskFit modeling, shown by agreement between data presented here and those published in 

literature. The agreement between these models comes from directly comparing model velocity 

maps and rotation curves. 

6.3.2 Photometric Models from Literature 

 DiskFit photometric models for NGC 3516 and NGC 4151 photometry were compared to 

Galfit models from Be09. Table A2 summarizes the best-fit model parameters for these galaxies, 

and additionally NGC 5548, since this table contains values used as estimates for DiskFit inputs. 

At first glance it is surprising that Galfit did not find a best-fit model with a bar component 

considering it is strong photometric bar. Be09 justify the classifications of inner bulges as being 

possible bars or pseudo-bulges, because use of only photometric data does not detect, and 

inhibits analysis of, the non-circular motions and a physical distinction cannot be made. The 

inner-bulge components listed could be shown to be bars with the kinematic data employed here.  

Galfit allows for the addition of a point spread function (PSF) to account for the AGN emission 

and multiple concentric components, such as the three bulges used to model NGC 4151. In 
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contrast, DiskFit is only capable of modeling a single component of each type and has no PSF 

function, so these differences are a matter of the modeling program employed.  

 In the case of both NGC 3516 and NGC 4151, DiskFit found the Sérsic index for the 

bulge to be much larger than Galfit. The poor photometric performance of DiskFit in the bulge 

region is a potential explanation for this discrepancy. Bentz & Manne-Nicholas (2018) suggest 

that Sérsic index values greater than one typically indicate a bulge component, values less one 

than typically indicate a bar, and values between one and two could represent a pseudo-bulge, or 

potentially a boxy/peanut bulge. Most of the Sérsic index values for the components determined 

by Galfit imply pseudo-bulges. Confirmation of the barlens classification of NGC 4151 is 

evident when considering Galfit found indices of 4.29, 0.71, and 0.81 for the three bulge 

components respectively, and knowledge of the Sérsic index implication on typical 

morphological classification. 

 There is some scatter in the size of the measured ellipticities of each component 

determined by DiskFit and Galfit. These differences likely stem from the method by which each 

algorithm searches for distinct photometric components, and from differences in the 

minimization algorithms employed. Furthermore, we know DiskFit has trouble distinguishing 

components, for both kinematics and photometry, when the position angle of the bar is within 

~10° from either the major or minor axis of the disk component (Barnes & Sellwood 2003; 

Holmes et al. 2015; Randriamampandry et al. 2015; Sellwood & Sánchez 2010). In the case of 

NGC 3516, the kinematic models indicate the bar is ~10° from the major axis of the disk, 

suggesting issues with NGC 3516 stem from this deficiency. The inner-bulge found for NGC 

4151, from Be09, with Sersic index of 4.29 corresponds to an intermediate ellipticity of ~0.46 

suggesting this inner-bulge is a bar. While this bar has an intermediate, possibly bar-like, 
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ellipticity, remembering bars have Sérsic index n < 1 and bugles typically contain n < 1 suggests 

this component has mixed bar and bulge classifications. This is possibly another indication of the 

barlens induced by a boxy/peanut bulge. 

6.3.3 Agreement Between Kinematics and Photometry 

Before directly comparing kinematic and photometric models with different fields of 

view, we compared photometric models at two fields of view. Analysis of this (see section 6.2.2) 

suggested our photometric models at both fields of view generally showed agreement with 

parameters. As the :. value of the smaller field of view is generally worse and a large field of 

view encompasses more of the data available for the galaxy, we suggest the larger field of view 

models are more robust. Table 9 and 10 contain the parameters associated with the best-fit 

models for DiskFit kinematics and photometry for NGC 3516 and NGC 4151 respectively.  

 Both Table 9 and 10 show general disagreement in comparable parameters, between the 

best-fitting kinematic and photometric models. In general, the most significant disagreement is in 

the position angles and ellipticities of the disk and bar components. DiskFit photometric 

modeling assumes the disk and bar differ noticeably in position angles and ellipticities, and thus 

there is a degeneracy when the position angle of the bar is close to that of the major or minor axis 

of the disk (Barnes & Sellwood 2003; Holmes et al. 2015; Randriamampandry et al. 2015; 

Sellwood & Sánchez 2010). Kinematic data from NGC 3516 and NGC 4151 both suggests a 

small offset between the position angle of the disk and bar components, which causes error in the 

photometric modeling. Since the kinematic modeling parameters show better agreement with 

results from literature than the photometric modeling counterpart, we suggest that the kinematic 

modeling is a more accurate and consistently reliable.  

6.3.4 Gauss-Hermite Moment Trends 
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 Using a similar kinematic DiskFit modeling process, R17 found an inverse correlation 

between recessional velocity and h3 (hereafter V-h3 correlation) in their sample. This study also 

suggests that locations with high velocity dispersion show similar trends in the same location on 

h4 maps. The first four Gauss-Hermite moments, in order, represent the recessional velocity, 

velocity dispersion, the asymmetric deviations from a Gaussian, h3, and the symmetric deviations 

from a Gaussian, h4. The third Gauss-Hermite moment, h3, represents the amount of right or left 

skew in the observed spectrum compared to a Gaussian while the fourth Gauss-Hermite moment, 

h4, represents a measure of how ‘peaky’ the observed spectrum is relative to a Gaussian.  

Figures 1-3 show the HexPak plots of four Gauss-Hermite moments for the line-of-sight 

velocity distribution. NGC 3516 shows a strong V-h3 correlation. This V-h3 correlation is also 

identifiable for NGC 4151 but slightly weaker; NGC 5548 possibly has a weak V-h3 correlation. 
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Simulations of boxy/peanut bulges at various inclinations show this type of morphological 

component could be indicated by patterns in h3 and h4. Iannuzzi & Athanassoula (2015) use these 

simulations to show all boxy/peanut bulges display a V-h3 correlation, and predict this correlation 

is more impactful in boxy/peanut bulges than for regular bars. These simulations also show an 

increase in this observed V-h3 correlation, with increasing boxy/peanut bulge strength. Iannuzzi 

& Athanassoula (2015)  also suggest both bars and boxy/peanut bulges show two negative 

minima for h4 data along the kinematic major axis, however boxy/peanut bulges cause deeper 

minima. This paper concludes boxy/peanut bulges cause some features in h3 and h4 that cannot 

be explained by a normal bar or non-circular motion. Simulations of surface brightness and all 

smooth maps of all four Gauss-Hermite moments for boxy/peanut bulge galaxies at various 

inclinations from Iannuzzi & Athanassoula (2015) can be found in Figure A12. Additionally, 
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from this paper, one-dimensional major axis kinematic signatures of four different boxy/peanut 

bulge simulations, for the four Gauss-Hermite moments, are located in Figure A13.  

Figure 24 presents one-dimensional major axis trends for all Gauss-Hermite moments for 

each sample galaxy. Section 6.1.2 details the process used to generate input rotation curves using 

a two spaxel-wide slit across the observed kinematic major axis for the HexPak map. To obtain 

one-dimensional major axis plots for NGC 3516, NGC 4151, and NGC 5548 we utilized the 

same spaxels, and adapted the method for generating rotation curves to account for both positive 

and negative radii. Positive radii were assigned to the receding side of the galaxy; but since 

galaxy rotation should be symmetric, flipping the convention employed here would result in a 

reflection about the y-axis.  

The left panel of Figure 24 shows NGC 3516 contains a double minima structure for h4, 

possibly hinting at a boxy/peanut bulge classification. Be09 presents an inner bulge for NGC 

3516 with a Sérsic index between one and two, suggesting this is a pseudo bulge, and a bulge 

component with a Sérsic index less than one suggesting this is misclassified and represents bar 

structure. The Sérsic index values for the two bulge components, coupled with the double 

minima structure for h4 data, may suggest a boxy/peanut bulge in NGC 3516. The middle panel 

of Figure 24 shows NGC 4151 potentially contains double minima structure for h4 data although 

the structure is not as tight with those shown in Figure A13. Galfit models from Be09 find three 

bulge components for NGC 4151; the innermost bulge has a Sérsic index greater than four while 

the two outer bulges have Sérsic index less than one. The innermost bulge for NGC 4151 is 

likely a more classical bulge than the two pseudo bulges that surround it. The indication of a 

pseudo bulge from the Sérsic indices, the observation of a barlens in NGC 4151, and the double 



 58 

minima structure for h4 data provide sufficient evidence to confirm the barlens is likely attributed 

to the presence of boxy/peanut bulge.  

7. Conclusions 

 In this paper we dissect the substructure within three nearly face-on, AGN host, disk 

galaxies with varying morphological classifications: NGC 3516, NGC 4151, NGC 5548. We use 

kinematic velocity maps from the HexPak IFU and photometric images from the HST WFC3 in 

DiskFit modeling in order to determine distinct structure in each galaxy.   

 Kinematically, all three sample galaxies were modeled best with disk, bar, and radial 

flow components, demonstrated goodness of model fit to data. Non-axisymmetric motion, or bar-

like flow motion, was observed and analyzed for all three sample galaxies: NGC 3516 showed 

non-circular motion caused by its strong and photometrically observable bar component, NGC 

4151 contained small non-circular motions related to its weak bar or barlens classification, and 

the motion present in NGC 5548 is expected to be due to observational evidence of a violent 
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merger.  In all cases, the K-wD model produces unrealistic, and often nonphysical, parameters. 

Results from literature agree with the output model parameters for NGC 3516 and NGC 5548 

presented in this paper.  

Rotation curves from the output of DiskFit and results from literature obtained for these 

galaxies are similar and provide evidence for agreement between them. In general, the output 

rotation curves by DiskFit contain a systematic increase in velocity values than for a rotation 

curve obtained from a one-dimension slit across the disk major axis of rotation. Using the same 

rotation curve approach for input and output data, we show near perfect alignment between 

rotation curves. We conclude that this offset is not physical, but instead an artifact of the method 

used to calculate rotational velocities for each radius.  

 High resolution photometry images require large amounts of time and computer 

processing speed, possibly ruling out implementation of large photometric samples with DiskFit 

without an automated process or sufficient available computation power. Models of NGC 3516 

presented show clear disk, bar, and bulge components which are confirmed by classifications and 

results in the literature. NGC 4151 contains a weak bar, likely attributed to a boxy/peanut bulge 

or a barlens, causing DiskFit to fail when searching for a photometrically weak bar.  

Modeling photometry within two different fields of view for NGC 3516 shows scatter in 

model parameters determined by DiskFit. Detailed analysis of the models from both fields of 

view, and additional models created to test the Sérsic index value, shows DiskFit is not 

particularly reliable in the bulge region. Since DiskFit does not accurately determine the Sérsic 

index of the bulge component, it also insufficiently reports the bulge effective radius as well.  

 In both branches of DiskFit modeling there is degeneracy when the bar position angle is 

within ~10° of either the major or minor axis of the disk. Models of NGC 3516 and NGC 4151 
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show the disk and bar are close to the zone of degeneracy. Comparison of both types of models 

with results from the literature show more consistency in kinematic modeling than photometric 

modeling. Accordingly, we suggest DiskFit kinematic modeling is more reliable than its 

photometric counterpart, at least for this sample of galaxies.  

 The barlens structure observed in NGC 4151 is likely produced by a boxy/peanut bulge. 

The kinematic maps for the non-circular motions are similar to signatures of boxy/peanut bulges 

from simulations. Other evidence for this morphological structure in NGC 4151 (found in Figure 

1) is an inverse correlation between recessional velocity and h3, and 2) the negative double 

minimum for h4, observed on a one-dimensional cut along the kinematic major axis. NGC 3516 

does not seem to contain a typical bulge component, based on its low Sérsic index, strong inverse 

V-h3 correlation, and the presence of a negative double h4 minimum. However, lack of 

observational evidence for a boxy/peanut bulge suggest these features may rather be indicative of 

some other special morphology related to the bar or bulge of NGC 3516.  

8. Future Work 

 As mentioned in the Introduction, accurate determinations of re are critical for 

measurements of bulge stellar velocity dispersion !∗. Also, the calibration of the MBH-!∗ relation 

is fundamental in current determinations of the scale factor f for reverberation mapping. There is 

a need to understand the effects of the bar or other morphological components on measured !∗; 

the specific geometry of the components may also effect !∗.  

 Rotating disk models theoretically should be symmetric and symmetrizing the input 

velocity fields could be useful, if accurate. Rather than immediately providing velocity fields 

into DiskFit, R17 first symmetrized the data before using the velocity map as an input. Since IFS 

typically suffers issues with signal to noise ratio, causing error in data, symmetrizing the input 
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velocity maps could reduce error in the input and allow DiskFit to produce a better model. 

Further inquiry into the benefits and drawbacks of symmetrized velocity maps is necessary to 

better understand the nature of symmetric and non-axisymmetric motion within a galaxy. 

 DiskFit is a great tool for analyzing two types of data with the same algorithm but proves 

to be incredibly time-intensive, especially for high resolution modeling. In order to best probe 

galaxy morphology, and its effect on !∗, larger sample sizes should be employed. To prevent 

time-wasting from repetitive selection of best-fit models, it would be best to create an automated 

process to parse through the increase in data more efficiently.  

 Using an automated system with a large sample size (selected with a large variety of 

morphological classifications, geometries, and strengths) will help determine how these physical 

components induce trends with the Gauss-Hermite moments, specifically velocity dispersion. 

Furthermore, a separation of bulge kinematics would be incredibly useful, however, it is unclear 

if DiskFit will be able to determine the motion of stars within this region in the context of the 

modeling system it already employs for kinematics.   
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Appendix 
 

Table of Abbreviations 
Abbreviation Definition 

SMBH Supermassive Black Hole 
AGN Active Galactic Nuclei 
IFS Integral Field Spectroscopy 
IFU Integral Field Unit 
V Recessional Velocity 
! Velocity Dispersion 
h3 Third Gauss-Hermite moment: asymmetric skew  
h4 Fourth Gauss-Hermite moment: symmetric skew 

MBH Supermassive Black Hole mass 
!∗ Bulge Stellar Velocity Dispersion 

MBH-!∗ Relationship between supermassive black hole mass 
and bulge stellar velocity dispersion 

V-h3 Anti-correlation between recessional velocity and the 
third Gauss-Hermite moment in 2D kinematics 

K-D DiskFit Kinematic Disk only Model 
K-D-B DiskFit Kinematic Disk and Bar Model 

K-D-RF DiskFit Kinematic Disk and Radial Flow Model 
K-D-B-RF DiskFit Kinematic Disk, Bar, and Radial Flow Model 

K-wD DiskFit Kinematic Warped Disk Model 
P-D DiskFit Photometric Disk only Model 

P-D-B DiskFit Photometric Disk and Bar Model 
P-D-Blg DiskFit Photometric Disk and Bulge Model 

P-D-B-Blg DiskFit Photometric Disk, Bar, and Bulge Model 
Ba17a Batiste et al. February 2017 
Ba17b Batiste et al. March 2017 
Be09 Bentz et al. 2009 
R17 Riffel et al. 2017 

Table A1: Abbreviations used throughout this paper. 
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Galfit Morphological Decomposition of the Sample from Literature 
Galaxy Component  Magnitude Re (arcsec) n e 

NGC 3516 PSF 15.2	 …	 …	 …	
 Inner Bulge 13.4	 2.01	 1.24	 0.23	
 Bulge 13	 9.22	 0.96	 0.4	
 Disk 14.4	 22.99	 1	 0.48	

NGC 4151 PSF 14.5	 …	 …	 …	
 Inner Bulge 14.4	 0.98	 4.29	 0.46	
 Inner Bulge 14	 1.96	 0.71	 0.04	
 Bulge 12	 10.22	 0.81	 0.05	
 Disk 13	 52.8	 1	 0.31	

NGC 5548 PSF 16.7	 …	 …	 …	
 Inner Bulge 14.7	 3.25	 4.36	 0.86	
 Bulge 13.8	 8.12	 1.39	 0.9	
 Disk 15.6	 31.71	 1	 0.85	

Table A2: Values obtained from Table 4 of Bentz et al. (2009) using Galfit to model NGC 3516, NGC 
4151, and NGC 5548, photometrically. The variable, n, represents the Sérsic light profile, and e denotes 
the eccentricity of each component, calculated by e = 1 – b/a (Bentz et al. 2009). 
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DiskFit Example Kinematic Input File 
 
NGC 3516, Kinematic input, with text format velocity field 
vels                                              # 2 vels/phot switch 
F  F                                          # 3 VELS: I/O toggles: FITS I/O, vels in m/s 
'NGC3516/KIN/NGC3516_good_vel.txt'                                       # 4 file name with input data  
None                                                             # 5 VELS + FITS:file name for velocity uncerts  
None                                       # 6 FITS region to fit: (xlow,ylow) & (xrange,yrange)  
None                                          # 7 FITS sampling: regrad, regpa, regeps, istepout, pixscale  
'NGC3516/KIN/IN_PROG/NGC3516_Output228.out'                        # 8 file name for output parameters  
T T F                                                  #9 Disk toggles: fit for PA, eps & cen  
227.03  .48                                  #10 initial guess for disk PA and eps=(1-b/a)  
0.17 -0.97               #11 initial guess for disk center 
T T 104.05 1                           #12 VELS: non-circ. flow + flow PA fit toggle, initial flow PA, order m 
T T                                                  #13 VELS: inner interpolation + radial flows fit toggles  
T 2648.966 10 50                       #14 VELS: toggle to fit Vsys, initial guess Vsys, delta_ISM, & vely errtol  
T T T T 2.57 0.08 8.47    #15 VELS: warp toggles - warp, fit radius, ellip & pa, initial rw, welm & wphim 
0                                           #16 Seeing/beam smearing: If non-zero, seeing/beam FWHM for correction.  
-0.001 -0.001                                      #17 Model component smoothing lambda_1 & lambda_2  
T 2 1000 1                                      #18 Uncertainties: toggle, seed, nunc, junc  
F                                                 #19 Verbose toggle  
0 17.42                                                     #20 Min, max radii for bar/noncirc flow fit  
1.33                 #21 Ring radii  
2.57             
7.10 
10.52 
13.96 
17.42 
 
Figure A1: Example DiskFit input file for the best-fit (K-D-B-RF) kinematic model for NGC 3516. The 
structure and requirements for each parameter in the input file are found in the DiskFit documentation.6 
 
 
  

 
6 https://www.physics.queensu.ca/Astro/people/Kristine_Spekkens/diskfit/1_2_2/DiskFit122.pdf. 
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DiskFit Example Kinematic Output File 
Minimization output, vels 
Input files: 
ngc3516/kin/ngc3516.inp 
NGC3516/KIN/NGC3516_good_vel.txt 
 
Output model and (data-model) residuals files: 
NGC3516/KIN/IN_PROG/NGC3516_Output189.mod 
 
Disk toggles:         PA: T     eps: T  center: T non-axi: T    phib: T 
vels toggles:    interp0: T  radial: T    Vsys: T    warp: F      rw: F    welm: F   wphim: F 
 
Input values 
disk PA, phi_d^prime (deg):           227.03 
disk eps:                               0.48 
x,y center (data units):                 0.17   -0.97 
Non-axisymm phib (deg):               104.05 
Harmonic order m:                       1 
Vsys (km/s):                          2648.97 
Delta_ISM (km/s):                       10.00 
 
No seeing correction applied 
No model component smoothing applied 
Uncertainties estimated via bootstrap:  seed:        2  nunc:     1000  junc:    1.00 
 
Best-fitting values 
disk PA, phi_d^prime (deg):           237.03 +/-  3.27 
disk eps:                                0.21 +/-  0.02 
disk incl (deg):                        37.54 +/-  1.69 
Non-axisymm phib (disk plane, deg):     77.07 +/-  7.24,  310.89,  226.72 
Vsys (km/s):                          2673.72 +/- 11.55 
 
Minimization Details 
# points Dn used in fit:                  60 
# iterations in minimization:             11 
Minimum chi^2 found:                0.412983 
Degrees of freedom in fit:                30 
 
Fitted velocity components                  (radii in data units, velocities in km/s): 
       r          npts          Vt            eVt          Vr            eVr        Vm,t          eVm,t      Vm,r         eVm,r 
      1.33     5.12      108.92       10.94      -49.46       10.82      261.99      169.66      142.83      161.00 
      2.57    10.86     184.39       10.61      -55.14       10.40      24.51         93.03       38.48        101.15 
      7.10     9.12      141.00        8.51       -5.43         10.21      159.80      133.77      102.30      133.88 
     10.52    13.92    227.94        8.66       -20.87       13.50      25.36        99.38        56.48        101.48 
     13.96    15.08    173.97        9.29       -47.80       12.66      284.27      170.15      218.21      170.43 
     17.42    4.92      220.13       17.68      -58.71       22.82      241.75      186.38      150.82      158.50 
Figure A2: Example DiskFit output file for the best-fit (K-D-B-RF) kinematic model for NGC 3516. The 
structure and requirements for each parameter in the input file are found in the DiskFit documentation.7  

 
7 https://www.physics.queensu.ca/Astro/people/Kristine_Spekkens/diskfit/1_2_2/DiskFit122.pdf. 
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Smoothed Vorbin plots for NGC 3516 Kinematics 

 

 

 
Figure A3: Smooth kinematic plots for NGC 3516 using Vorbin (Cappellari & Copin 2003). In each of 
the plots, the solid black line denotes the position angle of the disk component, in the sky plane. The 
dashed red and blue lines represent the position angles of the tangential and radial non-axisymmetric flow 
forces (or bar) respectively, also in the sky plane. The dots represent the positions of the center of each 
HexPak fiber. The top row from left to right shows: the observed velocity field data from NGC 3516 
smoothed; the best-fit (K-D-B-RF) kinematic model; the best-fit model with the best-fit systemic 
recessional velocity subtracted from each point. The middle row from left to right shows: the tangential 
velocity from the disk component only; the tangential velocity of the bar component; the radial velocity of 
the bar component. The bottom row from left to right shows: the radial velocity componentl the residual 
image, the model subtracted from the input velocity field. 
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Smoothed Vorbin plots for NGC 4151 Kinematics 

 

 

 
Figure A4: Smooth kinematic plots for NGC 4151 using Vorbin (Cappellari & Copin 2003). Refer to 
Figure A3 for figure desctiption. 
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Smoothed Vorbin plots for NGC 5548 Kinematics 

 

 

 
Figure A5: Smooth kinematic plots for NGC 5548 using Vorbin (Cappellari & Copin 2003). Refer to 
Figure A3 for figure desctiption. 
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Galfit Models of the Sample from Literature

 

 
Figure A6: Images obtained from Figure 3 of Bentz et al. (2009) using Galfit to model NGC 3516, NGC 
4151, and NGC 5548. Each row from top to bottom is dedicated to NGC 3516, NGC 4151, and NGC 
5548 respectively. Each row from left to right shows: the HST image of the galaxy; the produced Galfit 
model; the residuals of the model subtracted from the input. See Table A2 for parameters associated with 
each galaxy presented. 
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NGC 3516 Kinematic DiskFit Results from Literature

 
Figure A7: Inner 3” x 3” plots of NGC 3516 obtained from Figure 5 of Riffel et al. (2017). The top row 
from left to right shows: the image of NGC 3516 in the K-band; velocity field of the line of sight; 
symmetrized line of sight velocity field. The middle row from left to right shows: the output DiskFit 
model from inputting the symmetrized velocity field; the residuals between the original velocity field and 
the model; the residuals between the symmetrized velocity field and the model. The bottom row from left 
to right shows the second (velocity dispersion), third, and fourth Gauss-Hermite moments respectively.  
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NGC 5548 Kinematic DiskFit Results from Literature 

 
Figure A8: Inner 3” x 3” plots of NGC 5548 obtained from Figure 9 of Riffel et al. (2017). Refer to 
Figure A7 for figure desctiption. 
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Inner 3” x 3” Rotation Curves for NGC 3516 and NGC 5548 from Literature 

 
Figure A9: Figures obtained from Figure B1 of Riffel et al. (2017). The top row, for NGC 3516, from left 
to right shows: the full velocity rotation curve for the inner 3”; the velocity dispersion radial curve. The 
bottom row is the same as the top row for NGC 5548. Velocity rotation curves from one-dimensional cuts 
along the major axis of the observed velocity field and velocity dispersion curves come from the velocity 
dispersion along the same axis. Major axis for these galaxies can be seen in Figure A7 and Figure A8 for 
NGC 3516 and NGC 5548 respectively.  
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NGC 3516 Rotation Curve from Literature 

 
Figure A10: Rotation curve for the inner 50” of NGC 3516 obtained from Figure 7 of Cherepashchuk et 
al. (2010). The dots represent the velocity found at each point from while the error bars account for the 
expected velocity of the non-axisymmetric flow forces.  
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NGC 4151 Rotation Curve from Literature 

 
Figure A11: Rotation curve for the inner 340” of NGC 4151 obtained from Figure 8(a) of Mundell et al. 
(1999). The solid dots with error bars represent the velocity found at each point, while the open circles 
represent the rotation curve obtained from Pedlar et al. (1992). 
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Kinematic Signatures of Face-on Boxy/Peanut Bulges from Literature 

 
Figure A12: Images obtained from Figure 10 of Iannuzzi & Athanassoula (2015) simulating the 
kinematic side-on signature of a boxy/peanut bulge viewed in a face-on (disk inclinition idisk = 0°) viewed 
from a side-on angle (where the long-edge of the boxy/peanut bulge can be viewed). The strength of the 
boxy/peanut bulge decreases with each row downwards, with the strongest component at the top. From 
left to right the columns show maps of: surface brightness; velocity; velocity dispersion; the third Gauss-
Hermite moment h3; the fourth Gauss-Hermite moment h4. 
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Gauss-Hermite Indications of a Face-on Boxy/Peanut Bulges from Literature 

 
Figure A13: Images obtained from Figure 18 of Iannuzzi & Athanassoula (2015) simulating the 
kinematic end-on signature of a boxy/peanut bulge viewed in a face-on (disk inclinition idisk = 0°) 
orientation. Each of the colored lines represents a different simulation of galaxy kinematics containing a 
boxy/peanut bulge.  The panels from top to bottom show a function of the galaxy magnitude then the first 
four Gauss-Hermite moments in order.  
 
 
 

 
 
 
 
 

 
 


