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3.2 Structure Classification and Statistics 27

Figure 3.5 Examples of structural features observed in three independent surveys: the first
two columns are Stripe 82 coadds and Stripe 82 RGB images, while the third and fourth
columns are co-adds from HSC-SSP and DESI Legacy surveys, respectively. Each row
demonstrates a galaxy with a warp (top), a polar-ring (middle), and a lopsided, distorted
disk (bottom).
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3.3 Summary and Conclusion for Stripe 82

In this chapter, we created a catalog of 838 edge-on galaxies in deep SDSS Stripe 82. Also, we

identified and classified LSB and other distinctive structures near or in these galaxies based on

data from three independent deep-sky surveys: SDSS Stripe 82, HSC-SSP DR3, and DESI Legacy

Imaging Surveys DR9. For at least 65% of the galaxy sample, we have three different data sources

for reliable structure classification. In the next chapter, we continue to investigate the statistics,

structure, and surface brightness of LSB tidal and structural features around edge-on galaxies using

a large sample size of almost 6,000 edge-on galaxies. The results of this and the next chapters will

be compared and discussed in Chapter 5.



Chapter 4

The Atlas and Statistical Analysis of Galaxies

from EGIS

This chapter presents the largest atlas and statistical analysis of features around edge-on galaxies

ever conducted to date and will be compared to the Stripe 82 results presented in Chapter 3.

4.1 The EGIS Sample

Our sample consists of 5,745 true edge-on galaxies taken from the online catalog EGIS1 (Edge-On

Galaxies In SDSS) originally presented in Bizyaev et al. (2014), where a detailed explanation of how

the galaxies were selected can be found. A summary will be given here. Candidate edge-on galaxies

for the EGIS catalog were selected from the SDSS DR7 (Abazajian et al. 2009). After an initial

visual inspection of the galaxy candidates to remove artifacts, the EGIS catalog was left with 14,983

galaxies. Further visual inspection for true-edge-on galaxies yielded 4,768 objects. To the initial

sample, they also added genuine edge-on galaxies from the RFGC (Karachentsev et al. 1999), EFIGI

(Baillard et al. 2011), RC3 (de Vaucouleurs et al. 1991) and GalaxyZoo (Lintott et al. 2011) surveys
1The catalog is publicly available here: EGIS

29

http://users.apo.nmsu.edu/~dmbiz/EGIS/


4.1 The EGIS Sample 30

that were within the SDSS footprint, giving a total of 5,747 true edge-on galaxies (two galaxies

were removed from our sample due to artifacts). Bizyaev et al. (2014) also conducted a simple

automatic analysis of the structural parameters of the stellar disks in the 𝑔, 𝑟 and 𝑖 wavebands2,

where apparent magnitudes and morphologies were taken and used for later analysis. The inclination

angles were also roughly estimated from the semi-minor over semi-major axis ratio (𝑏/𝑎) using

equation 𝑐𝑜𝑠2(𝑖) = ((𝑏/𝑎)2 − 𝑞2)/(1− 𝑞2) (Hubble 1926), where 𝑞 = 0.13 is the assumed intrinsic

flatness of galaxy disks (Giovanelli et al. 1994). However, this approach introduced systematic

uncertainties, as a single flatness value cannot accurately represent the intrinsic shapes of all galaxies.

Consequently, this method was found to be less reliable than visual inspection for the selection of

edge-on galaxies. Bizyaev et al. (2014) considered galaxies with inclination > 86° as genuinely

edge-on, but emphasized that visual classification remains more robust due to the limitations of

using simplified geometric assumptions in the inclination estimation.

Bizyaev et al. (2014) found that the EGIS catalog is 95% complete (used the same method as

presented in Section 3.1.3) for all galaxies with major axes angular sizes larger than 28 arcsec. The

sample consists of galaxies with spectroscopic and photometric redshifts out to 𝑧 ≈ 0.2. Fig. 4.1

shows the spectroscopic redshift distribution for galaxies with and without tidal features. Both have

similar distributions and peak at 𝑧 ≈ 0.025. The quartiles for both sub-samples are 𝑧 = 0.025+0.06
−0.03.

Of the 5,745 galaxies in our sample, 4,837 (84%) have spectroscopic redshifts, while 429 (7.5%)

have photometric but no spectroscopic redshifts, and 479 (8.3%) have no redshift data available. All

redshift data, cross identifications, and galactic extinctions were collected from the NASA/IPAC

Extragalactic Database (NED). All data for the 5,745 galaxies is compiled in a publicly available

catalog called STAGE (Statistical Analysis of Galaxies from EGIS). This catalog includes the right

ascension and declination, the major and minor axes, central surface brightness, magnitudes for the

𝑔,𝑟, and 𝑧 bands, redshift, stellar mass, etc.
2The catalog is publicly available here VizieR

https://tinyurl.com/yc47bpms
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Similar to the Stripe 82 paper, we compared our SDSS sample to the DESI Legacy Imaging

Survey (DR8, DR9, DR10) and the HSC-SSP (PDR2 and PDR3). This practice further enhances

our classifications of tidal and other structural features by providing better-resolved and deeper

images from the different surveys. For a detailed description of each survey, refer to Section 3.1.2.

Additionally, we used the ARTIC instrument on the Apache Point Observatory (APO) ARC 3.5m

telescope that is located in Sunspot, New Mexico, to take additional images for comparison. The

ARTIC instrument has a field of view of 7.85 arcmin2 with a pixel scale of 0.228 arcsec. Due to

the limited time allotted to use APO, only 16 galaxies were imaged for the SDSS 𝑟 and 𝑔 bands

(two galaxies were imaged only in the 𝑔 band and one galaxy was only imaged in the 𝑟 band). The

average 3𝜎 surface brightness limit reaches 29.4 ± 0.3 mag arcsec−2 in the 𝑔 band and 29.0 ±

0.5 mag arcsec−2 in the 𝑟 band in a 10×10 arcsec2 region. Although the number of APO images

is small, they remain scientifically valuable by offering insights into the most intriguing galaxies

exhibiting tidal features that are not captured by the HSC-SSP. These images reach surface brightness

depths that are higher than those of SDSS and the DESI Legacy Surveys, allowing for more confident

identification of very faint tidal and structural features, and providing a robust validation of our

conclusions.

The DESI DR10 has the most significant overlap with the EGIS sample, providing 5,605 galaxies

in the 𝑔, 𝑟 , 𝑖, and 𝑧 bands. The average 3𝜎 mag arcsec−2 surface brightness limit for these galaxies

reaches 29.3 ± 0.2, 28.6 ± 0.2, 28.2 ± 0.3, and 27.7 ± 0.2 for the 𝑔, 𝑟, 𝑖, and 𝑧 bands, respectively.

The DESI and Stripe 82 𝑟 band surface brightness limits are the same and will be used later for

comparison between the two catalogs. HSC-SSP provided us with 597 galaxies in the 𝑔, 𝑟, and

𝑖 bands that match the EGIS sample. The average 3𝜎 mag arcsec−2 surface brightness limits for

the HSC-SSP for our sample reach 30.3± 0.4, 29.9± 0.3, and 29.6± 0.4 for 𝑔, 𝑟, and 𝑖 bands,

respectively. The SDSS images have an average surface brightness limit for the 𝑔, 𝑟 , and 𝑖 bands of

26.5 mag arcsec−2.
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Figure 4.1 Spectroscopic redshift distribution for galaxies from the EGIS catalog.

4.1.1 Image Preparation

To classify the features in our sample, we prepared and processed FITS files from the SDSS, DESI

Legacy, HSC-SSP, and APO for visual human classification. The process is described below.

The EGIS archive provides cutouts in the 𝑔, 𝑟, and 𝑖 wavebands for all galaxies of the EGIS

catalog. These FITS files are cropped based on isophotal boundaries where the signal-to-noise ratio

per pixel drops to approximately 2, meaning that the outermost pixels included in the cutout are

only marginally above the background noise. This results in a relatively small field of view that

would limit the detection of faint features on the outskirts of the galaxies. Therefore, galaxy images

were reprepared in the 𝑔, 𝑟, and 𝑖 bands from the SDSS DR16 (York et al. 2000, Ahumada et al.

2020). Images were retrieved using a Python script3 to download and concatenate adjacent fields
3https://github.com/latrop/sdss_downloader

https://github.com/latrop/sdss_downloader
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from the SDSS archive. The subsequent image processing follows the same procedure described in

Section 3.1.2.

DESI Legacy

A different approach was taken to process the DESI Legacy images for inspection. In the Stripe 82

paper, the DESI Legacy data were combined into RGB images after applying a Gaussian mask. We

initially considered using this same method for our EGIS sample; however, due to the large number

of galaxies in our sample, we wanted to make it easier to identify features within the images when

viewed with a cursory glance to speed up the process of classification. Following Martinez-Delgado

et al. (2021), we produced images that preserved the central RGB galaxy image while displaying a

high contrast background to highlight faint structures. To do this, we wrote a custom pipeline in

Python that first downloads the FITS files for each band, rotates the images using the position angle,

and then crops the images to 6 times their semi-major axes angular size. It then masks out pixels

that are below a surface brightness of 25 mag arcsec−2 and creates an elliptical mask for the galaxy

using the semi-major and semi-minor axis values matching this threshold that are scaled by 1.2 and

1.3, respectively, to ensure that the galaxy is encompassed by the ellipse. Next, only the 𝑔, 𝑟, and 𝑖

bands are stacked to be used as the background, as we found that this provides the deepest images

(see Fig. 4.3). The stacked background image is then inverted, and a Gaussian blur is applied. The

final step involves producing the galaxy’s RGB image using code from the Legacy Sky Viewer4,

which is then overlaid on the stacked background. The final result for an example galaxy is shown

in Fig. 4.2, alongside the corresponding RGB image and the RGB image with the Gaussian mask

applied. From this comparison, we can see that our new method gives greater contrast to reveal

structures. We visually inspected the images and eliminated any with large artifacts or missing data,

which resulted in 5,606 processed images.
4Link will take you to exact line of code: Legacy Sky Viewer Code

https://github.com/legacysurvey/imagine/blob/c9cb5d5cbe6023d5d320d2399f98474a51289573/map/views.py#L5383
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Figure 4.2 Comparison of different methods of processing images for the same galaxy.
The image on the left is an RGB image. The middle image uses the Gaussian mask. The
right image follows the method of Martinez-Delgado et al. (2021).

Unfortunately, only 2,261 𝑖 band images were usable for stacking, after removing those affected

by artifacts or missing data. Because the 𝑖 band contributes significantly to the depth of the stacked

background, we specifically note in the Atlas which galaxies include the 𝑖 band FITS file in the

background. Full RGB images were also generated for inclusion in the Atlas as reference visuals.

For galaxies in the EGIS sample that do not overlap with the DESI footprint, RGB images were

instead created using SDSS data to ensure full sample coverage.

HSC-SSP

The same method was used for the DESI images as for the HSC-SSP images. We utilized code

provided by the HSC-SSP survey to download 𝑔, 𝑟, and 𝑖 band FITS files to create RGB images

and incorporated the code into our pipeline. After processing the images downloaded from the

PDR3, it was discovered that a large portion of the images have an over-aggressive background sky

subtraction, leading to partial obscuration of the galaxy and its outskirts. It was concluded that the

process of fixing sky subtraction would be too time consuming, and we sought to mitigate the effects

by downloading images from the PDR2, as the images from the PDR2 had better sky subtraction.
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Figure 4.3 Surface brightness limit distribution for all bands in our DESI Legacy images
that are in the EGIS catalog.

Not all the images from the PDR2 were worth keeping, and so the HSC-SSP image sample has a

mixture of PDR2 and PDR3 images. After eliminating images with large artifacts, missing data,

and over-sky subtraction, we were left with 597 HSC-SSP images.

APO

While the APO 3.5m telescope observations do not significantly contribute to the statistically

complete EGIS catalog, they offer valuable insight into how deeper imaging can enhance the

detection and characterization of faint structures as discussed earlier in Chapter 1 (see Fig. 1.1).

Galaxies selected for APO observations were chosen because they exhibited potential faint structures

(as discussed in Chapter 2) that appeared ambiguous or only marginally detectable in surveys like

SDSS and DESI — see also a recent study on the edge-on galaxy UGC 10043 (Bahr & Mosenkov

2025). The APO images reinforce that the photometric depth strongly impacts the detection and
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identification of LSB structures. To date, 25 galaxies have been observed, with 16 overlapping with

the EGIS sample. Observational information for each galaxy can be seen in Table 4.1. The images

were only taken in the 𝑔 and 𝑟 bands. Using a pipeline from IMAN, the raw FITS files were reduced

and then processed as previously described for DESI and HSC-SSP images. All APO images can be

seen in Fig. 7.2, Fig. 7.3, and Fig. 7.4. Because the APO images only have two bands, DESI images

were used to create the color galaxy overlay.

4.2 Data

A study of LSB and other structural features was carried out, following a similar methodology to

the Stripe 82 paper. Galaxies were classified using visual inspection across three surveys: SDSS,

DESI, and HSC-SSP. A combination of experienced researchers and trained student classifiers

participated in the process. For this study, expert classifiers are defined as individuals with several

years of experience identifying galactic structures, who have published work in the field and have

been involved in training others in classification techniques. In contrast, student classifiers, while

trained for this project, had limited prior experience and were still in the process of developing the

expertise required for high-confidence identifications. Classifiers were asked to vote on whether

a galaxy exhibited a particular feature. The number of affirmative votes was divided by the total

number of classifiers to produce a confidence percentage for each feature. Using a similar method

as in Simmons et al. (2017), “Maybe” was assigned to a feature with voting reaching 30% < x <

50%, “Good” was assigned to 50% < x < 70%, and “Best” was assigned to 70% < x < 100%. The

expert classifiers then reviewed all classifications again and revised those that were erroneous to

ensure accuracy. It was found that a large portion of warped and lopsided galaxies were incorrectly

identified in the initial phase of classification, as these types of structures are more prone to visual

bias. Small variations in the disk’s length or deviations from the mid-plane can be difficult to discern
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Table 4.1 Observational information of galaxy images from the APO.

Name Date 𝑔 Date 𝑟 Time × N 𝑔 Time × N 𝑟 FWHM 𝑔 FWHM 𝑟

EON_5.686_14.950 10/12/2023 10/12/2023 900x5 900x4 2.2±0.1 1.2±0.0

EON_9.910_14.664 10/12/2023 10/12/2023 900x5 900x4 2.2±0.1 1.7±0.3

EON_46.480_-8.019 1/3/2024 10/12/2023 900x4 900x5 2.4±0.4 2.8±0.2

EON_117.934_42.253 N/A 1/3/2024 N/A 900x4 N/A 2.4±0.1

EON_137.491_43.851 2/28/2022 2/28/2022 900x5 900x5 1.4±0.1 1.8±0.4

EON_146.725_23.023 N/A 11/15/2023 N/A 900x4 N/A 1.7±0.6

EON_148.062_47.076 3/25/2022 3/25/2022 900x5 900x5 1.3±0.2 1.7±0.2

EON_164.403_44.071 3/25/2022 3/25/2022 900x5 900x5 2.0±0.3 2.0±0.1

EON_184.615_12.696 5/5/2022 5/5/2022 900x5 900x5 2.0±0.1 1.9±0.1

EON_191.925_26.982 3/28/2022 3/28/2022 900x5 900x5 1.3±0.3 1.4±0.3

EON_201.959_40.080 5/5/2022 5/5/2022 900x5 900x5 1.8±0.1 1.6±0.0

EON_210.947_35.742 3/28/2022 3/28/2022 900x5 900x5 1.1±0.1 1.3±0.0

EON_223.968_24.720 6/10/2024 N/A 900x4 N/A 1.6±0.1 N/A

EON_235.731_9.228 5/5/2022 5/5/2022 900x5 900x5 1.8±0.2 2.0±0.1

EON_237.173_21.870 4/12/2024 4/12/2024 900x5 900x5 2.2±0.1 1.8±0.2

EON_330.124_11.380 5/5/2022 5/5/2022 900x5 900x5 1.4±0.3 1.2±0.3

Notes: Observational details for the 16 galaxies imaged with the APO. Some galaxies were
observed only in one of the bands. The first column lists the galaxy names as given in the
EGIS catalog. The second and third columns indicate the observation dates for each band.
The fourth and fifth columns provide the exposure time (in seconds) and the number of
exposures. The sixth and seventh columns list the FWHM values for the target galaxy in
each band, measured in arcsec.
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with the human eye. This prompted an investigation into a more automatic and accurate approach to

identifying these types of galaxies. Section 4.2.3 discusses in greater detail this process and the data

collected.

4.2.1 The Atlas

In the spirit of Stripe 82’s multi-survey presentation of galaxy images, we present a comprehensive

atlas that integrates data from multiple surveys to provide a detailed visual and quantitative record

of each galaxy in our sample. This EGIS Atlas serves as the primary outcome of this study, offering

a valuable resource for future investigations of edge-on galaxy morphology, tidal features, and

environmental effects. Each page of the atlas features a reference RGB image, primarily from

DESI Legacy. For the 139 cases where DESI images were unavailable, SDSS RGB images were

used in their stead. The atlas compiles key information for each object, including processed

survey images, tidal and structural classifications, edge-on morphological assessments, Galactic

cirrus contamination classifications, and relevant annotations. Supplementary data such as cross-

identifications, equatorial coordinates (in both sexagesimal and decimal degrees), redshift, and

redshift quality flags from NED are also provided. An example page from the EGIS Atlas is shown

in Fig. 7.8.

4.2.2 Structure Classifications

We use the same tidal and structure classifications as for the Stripe 82 sample, only excluding the

“Disk Deformation” tidal classification as it is redundant and could be included with the “Diffuse

Shells, Plumes, or Asymmetric Stellar Halos” classification when only considering the deformed or

distorted stellar disks. All classifications can be found in the Atlas with their corresponding galaxy.

When including all confidence levels (Maybe, Good, and Best), tidal structures are observed

in 236 galaxies out of 5,745 (4.1%), while the highest confidence (Good and Best) subset of tidal


