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Elliptical galaxy structure is widely considered to be homogenous. While they do vary in 

ellipticity and shape, their structure is not so varied. Or so was believed until 2015 when 

Schombert noticed in a study of field ellipticals that a significant percentage deviated from 

typical structure. These D ellipticals, as he called them, are more diffuse than traditional 

ellipticals. This is shown by having shallower surface luminosity profiles than the template of the 

same magnitude that fits normal ellipticals. In this project I have used a similar process of 

template fitting on galaxies within CLASH cluster environments to determine if this 

phenomenon exists there as well. I found that there are indeed galaxies with shallow profiles, but 

there is also a selection with steeper profiles. I hypothesize that the steep profiles are the result of 

galaxy mergers, explaining why they did not appear in the field, and that shallow profiles come 

from ellipticals gaining kinetic energy from interactions with the cluster’s potential well caused 

by elongated orbits. I also found that the templates are not a perfect match for the cluster 

environment but are useful for identifying tidally truncated galaxies. 
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1 Introduction 

1.1 Elliptical Structure 

 Out of all galaxy types, ellipticals Unlike the widely varying structure of spiral and 

irregular galaxies, elliptical galaxies are mostly homogeneous (Kormendy, 2015). Surface level 

differences, such as the disky and boxy classifications which define the shape of the elliptical, do 

not have much of an effect on the structural makeup of an elliptical. This can be seen especially 

well when looking at the surface brightness profiles of elliptical galaxies. 

 Surface density versus radius profiles are constructed by fitting ellipses starting from the 

center of a galaxy and moving outward taking into account the total luminosity, a measure of the 

light emitted, enclosed within each segment (Graham & Guzman, 2004). The magnitude, or 

brightness, derived from that luminosity is then plotted by radius. The resulting graph gives a 

good idea of the structural makeup of the galaxy. There are several fitting functions that can be 

used to approximate the profile at different sections, the most common nowadays being the 

Sersic fit and the historical r1/4 variation of it (Graham & Driver, 2005). 

 When spirals are analyzed this way, the profiles are mostly unique from each other. The 

differing arm layouts and regions of high star-formation give each a distinct shape regardless of 

having the same size or magnitude. By contrast, it is difficult to differentiate between elliptical 

profiles of comparable magnitudes without plotting them together. Any anomalies can usually be 

identified by looking at an actual image of the galaxy in question, such as having a second 

galaxy close enough to be missed when looking at high saturation Flexible Image Transport 

System (FITS) image (Figure 1.1). 
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Figure 1.1: Example of a pair of galaxies that look like a single galaxy at high saturation. 

 
1.2 Templates and Color Filters 

 The homogeneity of elliptical surface brightness profiles is such to the point that 

Schombert was able to develop a set of templates that match the majority of ellipticals, pictured 

in Figure 1.2 (Schombert, 2013). The templates range from absolute magnitude -21.5 to -25 and 

can be used to form templates for any luminosity within and a bit outside of that range. This 

range covers most galaxies but does omit those at the extremes.  
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Figure 1.2: Templates developed by Schombert for elliptical galaxies (2015).  

 

These templates were constructed using a set of 308 ellipticals in the near-infrared 

Johnson J color filter that match the traditional structure. Color filters limit the wavelengths of 

light that are absorbed by a detector. Since detectors only register the total light absorbed without 

any regard to wavelength, using a filter allows us to analyze and compare objects at specific 

wavelengths. For example, the Johnson J filter would not be useful for studying the prevalence 

of star formation, as it does not admit x-rays, which young stars produce in abundance. 

This limited range also means that an object’s magnitude does depend on the filter used 

to view it. Magnitudes are a value used to compare the brightness of objects. By doing so in 

different filters, we can draw conclusions about the makeup, age, and kinematics of different 

galaxies. A spiral galaxy would have a much higher magnitude in the x-ray region when 

compared to an elliptical, even if they shared a similar magnitude in other filters.  
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One issue with this is that due to redshift, the original wavelength of the light is not the 

same as that detected, so this is only possible with objects of similar redshift values. While the 

galaxies in my sample are at higher redshifts than those discussed in Section 1.3, the difference is 

not so great that any massive shift in wavelength will be present.  

 

1.3 Anomalous Ellipticals 

 Schombert’s templates are a good match for the majority of elliptical galaxies, both in the 

field and within clusters; however, he also noted that there is a subsection of ellipticals that do 

not match them. His survey identified that around 33% of the galaxies studied showed deviant 

behavior (Schombert 2015). 
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Figure 1.3: A selection of profiles from Schombert’s initial detection (2015). 

Galaxies marked E are normal ellipticals and those marked D are the diffuse category. 
 

Some profiles showed signs of recent interactions disrupting their luminosity distribution. 

Those only made up around 25% of the deviants, with the remaining 75% displaying similar 

deviations to each other. They vary with luminosity in a similar manner to typical ellipticals but 

have more extended surface brightness profiles. This indicates a more homogenous distribution 
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of mass through the galaxy, with classical ellipticals being more concentrated in the core region 

and less towards the edges. He has labeled these anomalous galaxies as D ellipticals, standing for 

diffuse (Figure 1.3). These D ellipticals are almost identical to their normal counterparts in every 

aspect except the structure, explaining why they had not been noticed until Schombert developed 

the templates. 

 
1.4 Cluster Ellipticals 

 Schombert’s study only involved field ellipticals. Galaxies in the field are mostly isolated 

and do not interact with other objects very often. Therefore, this research aims to uncover if this 

phenomenon is exhibited by ellipticals within clusters as well, which are closer and influence 

each other to a larger degree. Additionally, Schombert’s sample was taken from low redshift in 

comparison to those in my sample. This means a significant amount of time has passed between 

the galaxies I have analyzed and his. 

My initial predictions were that there would still be D ellipticals, but at a lower number 

than in the field, and that there would additionally be a selection of galaxies with steeper profiles. 

I also predicted that the more massive and denser a cluster is, the less common they will become. 

These predictions came from an expectation that in a cluster interactions between galaxies are 

significantly more common than in the field. Passing galaxies stripping mass from each other 

lead to proportionally denser cores with diffuse outer regions, making their surface brightness 

profiles steeper. After this kind of interaction, D elliptical profiles would start to look close to a 

typical elliptical, with typical ellipticals becoming steeper than the templates, which one would 

expect based on N-body simulations.  

More dense clusters would naturally facilitate even more interactions, further decreasing 

the number of shallow profiles and boosting the quantity of steep profiles. We additionally 
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expect to see greater effects of tidal forces in denser clusters. This can take the form of the tidal 

truncation noted by Bothun and Schombert in bound populations (1988, 1990). Tidally truncated 

galaxies might fit the inner section of a template but begin to diverge in the outer reaches. 

 
1.5 Mergers 

 An alternate possibility is that the profiles that don’t fit are the product of galactic 

mergers. Disk galaxies colliding and merging is one potential method of elliptical formation 

(Naab, 2006). After merging, the structure of the new galaxy differs from that of other ellipticals, 

though they do eventually settle to the expected structure (Conselice, 2014). This temporary 

difference in structural makeup could lead to the divergence from the templates noted by 

Schombert (2015). 

 In a merger two or more galaxies of any type collide and merge into a single new galaxy 

almost always elliptical in shape due to the chaotic nature of the event. As the galaxies begin to 

merge, gas clouds within them collide, reigniting star formation. This is especially prominent in 

the central region of the newly formed galaxy, as that is where the most collisions occur. This 

would lead to my predicted steep profiles, with a denser core and a less dense outer region in 

comparison to similarly sized ellipticals. 

Schombert also made a similar prediction. He theorized that the shallow profiles he found 

emerged from dry mergers (2015). Dry mergers consist of two or more gas deficient galaxies, 

almost always ellipticals. Due to the lack of gas, star formation is not reignited to nearly the 

same degree as a normal merger. The energy from the collision instead increases the kinetic 

energy of the objects in the galaxy, causing them to spread out. This leads to shallower profiles. 

Thus it’s possible both shallow and steep profiles may result from different types of mergers. 
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2 Methods 

2.1 Data Set and Acquisition 

 This project started with an overview of papers in order to locate galaxy clusters in our 

redshift range and color filter (Postman 2012).  After compiling a suitably large selection we 

selected four clusters to focus on. The chosen clusters are Abell 209, Abell 1423, Abell 1689 

(Figure 2.1), and MACS J0416 from the Cluster Lensing and Supernova survey with Hubble 

(CLASH). These four were selected due to having a large concentration of candidate galaxies 

and being sufficiently back in time to compare to the present-day galaxies used to develop 

Schombert’s templates. 

 

Figure 2.1: Abell 1689 FITS file image. 
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 For each of the clusters we used NASA’s Extragalactic Database (NED) to get several 

parameters, including the redshift of the cluster and its galactic extinction. Galactic extinction 

takes into account the absorption of light by objects such as gas and dust between the galaxy 

emitting the light and the observer, thus luminosity needs to be added to compensate. K-

corrections are used to convert the data from the observer's frame into the equivalent from a rest 

frame of the object being observed, taking into account the redshift of an object. 

Redshift itself is important, as clusters with too high or low redshifts are too far or not far 

enough backwards in cosmic time to provide an interesting comparison to Schombert’s 

templates. The distance to the clusters, and thus their place in time, is derived by multiplying the 

redshift by the speed of light and dividing by the Hubble constant, 75 in our case. The Abell 

clusters lie in the z = 0.18 to 0.22 redshift range, just over 2 billion years in the past, with A1689 

having a pixel to kpc conversion of 2.873 and A0209 and A1423 sharing a scale of 3.246. MACS 

J0416 has a redshift of z = 0.397, which converts to around 4 billion years and a pixel scale of 

4.992 kpc per pixel.  

The raw data for the four clusters came from the Mikulski Archive for Space Telescopes 

(MAST), a repository of astronomical data. We elected to use data from the Hubble Space 

Telescope archive, specifically the Advanced Camera for Surveys (ACS). Launched in 1990, the 

HST is a low Earth orbit satellite telescope. It has a primary mirror with a diameter of 2.4 meters 

and a secondary mirror with a diameter of 0.3 m. The ACS is a third-generation instrument that 

was installed in 2002 with a limiting magnitude of 27.0 Vega magnitudes. It had two main 

channels, the High-Resolution Channel (HRC) and the Wide Field Channel (WFC). In 2006, 

electronic failures led to both being temporarily offline. The WFC was restored in 2009, but the 

HRC was not. The data for our clusters was drawn from the WFC archives. Our selected data has 
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exposure times of 8080 seconds for A209, 8480 for A1423, 10740 for A1689, and 8074 for 

macs0416. 

F814W was our chosen color filter due to its proximity to the 2MASS J color filter 

Schombert developed his templates with. F814W covers the range from approximately 700 to 

950 nanometers, or the near-red range (Figure 2.2). This range is very similar to the Cousins I 

filter, which made converting into the necessary Johnson J filter a much easier task. 

 

Figure 2.2: F814W WFC filter from the HST user documentation 

 

2.2 Individual Galaxies 

 What we needed for the purpose of this research were the individual galaxies within the 

clusters. First it was necessary to identify which objects in the cluster fit our needs. This involved 

flagging every object with sufficient size and brightness in each of the FITS files and manually 
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deciding whether the object is an elliptical or not. There were also some that were too near other 

objects, and thus were not able to be analyzed. 

 After repeating this process for each cluster we had a total of 378 galaxies, 69 from Abell 

0209, 87 from Abell 1423, 151 from Abell 1689, and 71 from MACS 0416. Abell 1689 was the 

first cluster we analyzed and had a less strict selection method for what galaxies would be good 

for this study, resulting in ellipticals too faint to be properly analyzed and even a couple non-

ellipticals being included. More than two-thirds of the Abell 1689 galaxies were not usable in 

this study due to these issues. This experience helped refine our selection process for the other 

clusters, as we were more easily able to identify galaxies visually that would not work before 

plotting them. While some did still slip through, they were generally much closer to the galaxies 

that fit our criteria than those in Abell 1689. 

 Once the elliptical galaxies had been identified, the ARCHANGEL pipeline, developed 

by Schombert, went through the process of preliminary reduction (Schombert 2009). This was a 

recursive process of fitting ellipses to the galaxy, seeing how they fit the galaxy itself, removing 

any surrounding objects from the frame and re-fitting, removing the desired galaxy and just 

fitting the surrounding objects, removing that light and replotting the initial galaxy. The process 

is repeated until the ellipses properly fit the galaxy using a least squares scheme. 

 Once finished, the frame is converted by the ARCHANGEL pipeline into an XML format 

containing all the information needed to plot the galaxy. This includes the magnitude and radius 

for each point of the surface brightness profile, ellipse eccentricity, and several constants needed 

to properly correct the magnitude. These XML files are then passed on to me through a pickup 

site for plotting, fitting, and categorization. 
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2.3 Plotting and Fitting 

 I plotted the surface brightness profiles using a custom python program I have written. It 

takes the XML files passed to me by Schombert and extracts and cleans up all the needed data. 

Corrections and conversions are applied to the data. For the magnitudes of each ellipse, galactic 

extinction, cosmo sfb, and k-correction are all applied to each galaxy individually with universal 

conversions from the F814W color filter to the I filter and then to J in order to match the 

templates with a final Vega-magnitude correction applied. For the radius, sqrt(a*b), and ellipse 

eccentricity are used to get a more accurate value which is then converted from arcseconds to 

kiloparsecs using the cluster specific conversion factor. 

 For the purposes of plotting I used the matplotlib.pyplot library. I wrote a Sersic function 

in order to calculate both r1/n and r1/4 fits for the profiles, with the latter being the default plotted. 

For the purposes of analysis, the magnitude scale is inverted and the radius is plotted in kpc1/4, 

with logarithmic scaling used for published results. Both the galaxy’s data and Sersic profile are 

plotted on the same graph (Figure 2.3). 
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Figure 2.3: Example of a fit. The blue dots represent the galaxy data, the red line is the n1/4 fit, 

and the black is the template fit discussed in X.4. 

 

2.4 Templates and Categorization 

 This script also builds a template based on the 16 kiloparsec magnitude, a measure of the 

magnitude 16 kiloparsecs from the center of the galaxy, and the set of elliptical templates 

developed by Schombert (Figure 2.4). This is then plotted on top of the graph of the galaxy. In 

almost every case, the 16 kiloparsec magnitude provides only a rough match, requiring manual 

tweaking of the magnitude in order to match the profile. Once properly calibrated, or as close as 

possible, the profile is saved. 
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Figure 2.4: Templates developed by Schombert for elliptical galaxies (2015).  

 

 Unfortunately, Schombert’s templates only cover magnitude ranges from -21.5 to -25, 

which covers most, but not all galaxies. Any galaxies that fall too far outside that range, for this 

study below -21 and above -25, are not useful for this application. Those that do fall within this 

section are sorted by cluster and then split into magnitude sections (i.e. -22 to -23). Further 

sorting is done by how well the profile fits the template. Sorting is performed manually by 

looking at the profile and determining what category (good, steep, shallow, or weird) it falls 

under. 

Most galaxies are good fits to their related template, but not all. Steep fits are galaxies 

with profiles steeper than their closest profile predicts, indicating a more compact galaxy than 

expected. Shallow fits are the opposite, with shallower profiles that indicate more diffuse 

galaxies. There are also a few profiles that do not fall under any category and are thus labeled as 

weird fits; these display no consistency in their deviations, indicating they result from unique 
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and/or very recent interactions. Examples of what the four fit categories look like can be seen in 

Figure 2.5. 

  

  

Figure 2.5: Examples of a good (top left), shallow (top right), steep (bottom left), and 

weird (bottom right) profile fits when compared to their respective template. 

 

Once sorted, all four categories are plotted in histograms by both 16 kiloparsec 

magnitude and radius in cluster. Radius was determined by designating the most prominent 

object in the FITS image as the center of the cluster, or in between if more than one stood out, 
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and using the Pythagorean identity to find the distance to the current galaxy. This value is then 

converted to kiloparsecs using the scale factor at the cluster’s redshift and finally put into log 

scale to produce more readable graphs. The clusters are plotted both individually and collectively 

(Figure 2.6-9). Tables 1-4 list the galaxies along with their profile type, 16 kiloparsec magnitude, 

and log of their radius in the cluster in kiloparsecs.  

  

  

Figure 2.6: Histograms of the clusters by their radius in the cluster (log(kpc)). Black 

represents good fits, green shallow, blue steep, and red weird. 
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Figure 2.7: Combined histogram of all the clusters by radius in cluster. Black represents good 

fits, green shallow, blue steep, and red weird. 
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Figure 2.8: Histograms of the clusters by their 16 kpc magnitude (mag/arcsec2). Black 

represents good fits, green shallow, blue steep, and red weird. 
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Figure 2.9: Combined histogram of all the clusters by 16 kpc magnitude. Black represents 

good fits, green shallow, blue steep, and red weird. 
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First few lines of Tables 1-4 (See Appendix for the rest of these tables) 

  

  

(d represents a good fit, u a shallow fit, o a steep fit, and w a weird fit) 

 

  



21 
 

3 Discussion 

3.1 Results 

Table 5: Structural Data by Cluster 

Mag Block 21-22 22-23 23-24 24-25 All Percentage 

Abell 209       

Total 20 21 11 2 54  

Good Fit 10 11 6 1 28 51.9 

Shallow Fit 10 4 4 0 18 33.3 

Steep Fit 0 5 1 1 7 13.0 

Weird Fit 0 1 0 0 1 1.85 

Abell 1423       

Total 21 20 7 6 54  

Good Fit 10 15 3 2 30 55.6 

Shallow Fit 8 0 0 2 10 18.5 

Steep Fit 0 5 3 0 8 14.8 

Weird Fit 3 0 1 2 6 11.1 

Abell 1689       

Total 20 21 5 1 47  

Good Fit 13 14 5 1 33 70.2 

Shallow Fit 1 1 0 0 2 4.26 

Steep Fit 1 6 0 0 7 14.9 

Weird Fit 5 0 0 0 5 10.6 

MACS0416       

Total 5 27 27 9 68  

Good Fit 4 17 21 6 48 70.6 

Shallow Fit 1 4 3 1 9 13.2 

Steep Fit 0 6 3 0 9 13.2 

Weird Fit 0 0 0 2 2 2.94 
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Table 5 (continued) 

Mag Block 21-22 22-23 23-24 24-25 All Percentage 

All Clusters       

Total 66 89 50 18 223  

Good Fit 37 57 35 10 139 62.3 

Shallow Fit 20 9 7 3 39 17.5 

Steep Fit 1 22 7 1 31 13.9 

Weird Fit 8 1 1 4 14 6.28 
 

After analyzing our four clusters (compiled into Table 5), the percentage of galaxies that 

do not fit the templates does not vary too much from the 33% figure Schombert (2015) found. 

Overall 37% of the galaxies did not fit with their closest template. When removing the weird 

profiles from the total, we find that around 33% of our galaxies do not match with the templates, 

which is remarkably close to the concentration in the field. However, it is split between shallow, 

18.6% and steep, 14.8%, profiles, as opposed to the purely shallow profiles in the field sample. 

MACS0416 and Abell 1423 have a similar split between shallow and steep profiles with 

the concentrations of each being close to equal. Abell 209 and 1689 by contrast have significant 

differences. Abell 209 has a much larger percentage of shallow profiles while Abell 1689 has 

almost none. This may be due to differences in the density of each cluster, with Abell 1689 being 

much richer. Cluster density potentially plays a role in the formation and destruction of shallow 

profile ellipticals, as increased richness leads to an increased number of interactions between 

galaxies. What is interesting to note is that the percentage of steep profiles is consistent across all 

the clusters. 
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3.2 Merger Formation and Steep Profiles 

 One potential method of elliptical galaxy formation is through galaxy mergers. When two 

galaxies get close enough, they will begin to merge. Based on N-body simulations, this process 

leads to the formation of elliptical galaxies, regardless of the class of the original galaxies 

(Moore 1998). Mergers also lead to an at least temporarily denser and brighter core region of the 

new galaxy, as the energy of the collision ignites star formation and the new stellar mass 

converges into the center of the galaxy. A brighter than normal core is what leads to a steeper 

profile, so it seems plausible that recent galaxy mergers result in the steeper profiles detected in 

my research. 

 This also explains why we see steep profiles when looking at cluster environments and 

not in the field, as interactions between galaxies are significantly more common in a cluster than 

outside of one. Mergers being uncommon in the field means that steep profiles would also be 

rare to find. Not only would a merger need to occur, but it would need to have been recent 

enough to have not evolved away from the dense core stage. The new galaxy will eventually 

settle into what we consider a typical elliptical structure as the increased kinetic energy from star 

formation redistributes and begins to expand the galaxy. 

 
3.3 Shallow Profiles 

 Heating is also potentially responsible for the shallow profiles existence as well. As the 

galaxy increases in kinetic energy, it may become more diffuse than a normal elliptical. This 

leads to a shallower profile. Galaxies may be heated to this point by the additional star formation 

from a merger, indicating that shallow profiles may be evidence of previous mergers. It could 

also be the case that the increased kinetic energy is due to tidal heating as the galaxy moves 
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through potential fields. In this case we would expect to see shallow profiles display extended 

orbits through the cluster, and that is what I found. 

3.4 Trends 

There is a slight trend in the shallow profiles towards the outer reaches of the clusters 

(Figure 3.1). This indicates that they have extended orbits that take them deeper into the cluster’s 

potential well. The increase in energy from descending into the potential well causes them to 

expand. Another cause for this trend may be that the outer sections of a cluster are less dense, 

and thus the shallow ellipticals would interact less and keep their form longer. 

By contrast, the steep profiles match the normal ellipticals almost perfectly (Figure 1). 

This further strengthens my theory that they come from mergers. As the number of normal 

ellipticals increases, the number of recently merged ellipticals should also increase. Another 

trend with steep profiles is that they tend to have higher 16 kpc magnitudes (Figure 3.2). This 

makes sense, as the denser core leads to more luminosity being enclosed in that range than would 

be expected for a galaxy that size. 
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Figure 3.1: Combined histogram of all the clusters by radius in cluster with the addition of a 
kernel density estimation line to show trends. 



26 
 

 

Figure 3.2: Combined histogram of all the clusters by 16 kpc magnitude with the addition of a 
kernel density estimation line to show trends. 

 

3.5 Do Templates Hold for Cluster Environments 

 Schombert’s templates were built using field galaxies (2015). Within the field they work 

very well, with galaxies that do not match following a distinct pattern of structural difference. 

However, they may not be quite so well suited for cluster environments. While more than half of 

the galaxies do still fit the templates well, many of them show signs of tidal truncation. 

Additionally, the split between shallow, steep, and weird profiles in the remaining galaxies is a 
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less concrete trend. This is especially true as it varies from cluster to cluster. The templates may 

simply not be suited for the more chaotic environment of a cluster. 

 Despite this, I hold that these templates are still useful for cluster research. Most galaxies 

fit the templates, even if just in the central regions. By comparing the outer reaches of the galaxy 

to the core-fit template, one can make guesses as to previous interactions the galaxy has 

experienced. Using templates, tidally truncated galaxies are easy to identify. So while they may 

not be able to predict the shape of galaxies quite as well in a cluster, Schombert’s templates are 

an analytical tool worth considering. 
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4 Conclusions 

 From this study I have concluded there are not just two structural families of elliptical 

galaxies, but three. The shallow and steep profile galaxies display enough unique qualities to be 

categorized separately from traditional ellipticals. Steep profiles seem to be the result of galaxy 

mergers. Shallow profiles may also come from mergers but are more likely due to increased 

kinetic energy from interactions with the cluster’s potential well. Whether these are simply 

temporary states that eventually lead to a standard elliptical structure requires further research. 

 Looking at even more distant clusters would be a good place to start. Creating a timeline 

of shallow and steep profile concentration as the universe evolves could provide a window into 

elliptical development and formation. With the launch of the James Webb Space Telescope the 

depth we can look back is greater than ever, so the time seems right to begin working on this. 

The JWST also would provide an opportunity to look at clusters in different wavelengths, as it 

covers the mid-infrared range. 

In the short term, Schombert and I may perform this same analysis on the rest of the 

CLASH sample, which was cut from the initial survey due to time-constraints. Elliptical 

structure within clusters is a surprisingly untapped field of study, and one I would very much like 

to see expanded. They may not look as flashy as their spiral cousins, but their structure and 

formation can tell us a lot about the validity of dark matter models and how the early universe 

developed into the structures we observe today, for which I hope my research serves as a 

foundation. 
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Appendix: Continued Tables 1-4 
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