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Abstract

This thesis presents refined approaches for the development of source count catalogs
and residual images for deep-field Spitzer Infrared Array Camera (IRAC) mosaics. Two
well-known scientific fields, the Euclid Deep Field North (EDF-N) and the Euclid Deep
Field Fornax (EDF-F), are analyzed at 3.6 um and 4.5 pm, resulting in a final set of four
residual images and source counts. The residual images are developed through an iterative
point spread function (PSF) fit-and-subtract routine that is validated on the basis of
normalized completeness and photometric accuracy. The source counts are cataloged as
an additional component of the iterative subtraction method and evaluated for precision
and completeness through the use of SourceXtractor++ and published historical IRAC
source counts. Three of the four sets of final residual images and source count catalogs
are well-suited for scientific use, specifically as they relate to the study of the cosmic

infrared background and its broader cosmological implications.

URL to the public GitHub repository containing all coding elements of this thesis:

https://github.com/emilymccallum13/SeniorThesis.git
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1 Background

This section delves into the relevant scientific background for this thesis, outlining the
two main scientific objectives of this work: first, to create high-fidelity residual images of
the Spitzer mosaics of two distinct regions, each at two separate wavelengths, that will
be used to study cosmic background fluctuations, and second, to create and characterize
source counts using these mosaics. The first background subsection will discuss cosmic
background fluctuations, their significance to the field of cosmology, and the optimal
conditions for their accurate analysis. This will then be followed by an overview of
source counts describing their purpose and historical uses, as well as future advancements.
Finally, this section will close with a thesis outline, briefly highlighting each section of

this thesis and the overall layout of this work.

1.1 Cosmic Infrared Background

The four Spitzer mosaics used in this thesis are of particular interest due to the inclusion
of Spitzer IRAC deep-field observations in their construction. These observations were
taken in part from the Spitzer Extended Deep Survey (SEDS), which took deep imaging in
both of the warm IRAC bands at 3.6 um and 4.5 um over five well-known science fields
[1], and will be discussed further in section 1.2. The features of interest in these four
mosaics are the numerous samples of large angular scales, which make them well-suited
for studying the cosmic infrared background (CIB).

The CIB is defined as the collective radiation emitted by all sources throughout cos-
mic history, including those that are currently unable to be identified and measured via
telescope [2]. Thus, the CIB has important cosmological implications, as it contains ra-
diation emission contributions from the earliest objects to form in the universe. Though
these early objects might not yet be accessible by telescopes, the CIB offers a way to
potentially measure the radiation contributions of these early sources through the mea-
surement and study of CIB fluctuations [2]. To do this, one can take advantage of the

clustered nature of distant galaxies and pre-galactic structures, which result in angular



fluctuations in the CIB that make it potentially feasible to measure the contributions to
the CIB from the earliest sources in the universe [2].

As discussed above, it is the angular fluctuations in the CIB that makes it useful in
the study of cosmology; since the four mosaics used in this thesis contain many samples
of large angular scales, as mentioned previously, these mosaics are ideal for distinguishing
and analyzing the CIB angular fluctuations. However, this cannot be done while there are
a significant number of sources obscuring the background data in each mosaic; it is there-
fore necessary to perform source subtraction on each mosaic to expose the background
fluctuations. This validates the need for the first set of scientific deliverables associated
with this thesis: high-fidelity residual images for the mosaics that remove sources down
to a sufficiently faint level.

The second set of scientific deliverables, the source counts, are equally as important,
as they are used to identify the sources within the mosaics and characterize the stellar
and galactic sources. Keeping this catalog of source counts in tandem with each mosaic
residual image is essential, as it defines the data that has been removed from the mosaic
and identifies the threshold at which the data in the mosaic was considered too faint
to be a potential source. Furthermore, since source counts and their features are well-
documented, as discussed in section 1.2, the catalog of source counts can be used to verify
the accuracy of the residual image; if the source count plot does not share similar features
with other source count plots taken over the same celestial field, then the fidelity of the
mosaic residual image should be called into question, as it might not be representative of
the true CIB fluctuations for that field. Thus, source counts, as discussed in the following

subsection, share a key relationship with residual images and the study of the CIB.

1.2 Source Counts

Extragalactic source counts, in which the counts of galaxies are taken as a function of
magnitude, are one of the classical tests in cosmology [3]. Over the past several decades,
optical source counts have been used by astronomers because of the high sensitivity and

resolution in optical images [4]. However, more recently, infrared source counts have



shown that infrared-luminous sources evolve on a more rapid scale than had been pre-
viously detected by optical counts, suggesting that these kinds of sources contribute
significantly to cosmic star formation [5]. Since the source counts and background sub-
traction described in this thesis will be used to study fluctuations in the cosmic infrared
background, as described in Section 1.1, infrared imaging and source counts were used.
Furthermore, these source counts were taken at wavelengths 3.6 and 4.5 pum for each
region in question, since it is essential to consider source counts at multiple wavelengths
to understand and account for the effects of galaxy evolutions on the counts. There are
many types of galaxies that produce emissions at different wavelengths over their life-
times; this can greatly affect the study of cosmic background fluctuations in relation to
source counts, thus making galaxy evolutions a critical consideration for accurate analysis
and cosmological study [6].

Focusing specifically on infrared source counts, some of the earliest examples of high-
sensitivity infrared all-sky surveys and source count catalogs were obtained by the Infrared
Astronomical Satellite (IRAS) mission. One of the greatest challenges of taking a high-
fidelity all-sky survey at infrared wavelengths is the interference of thermal emission from
the telescope and atmosphere; the IRAS mission therefore used a cooled telescope to
mitigate this, allowing it to obtain a highly sensitive and reliable (greater than 99.8%)
source catalog [7]. In doing this, the IRAS mission captured an unbiased survey of 96%
of the celestial sphere and increased the amount of cataloged astronomical sources by
approximately 50% [8], opening the door for future missions focusing on infrared source
counts and their applications.

In the early 2000s, the Spitzer Extragalactic First Look Survey (FLS) collected the
telescope’s earliest extragalactic mosaics and source counts down to the sub-millijansky
levels in the mid-infrared, with the final results being approximately 80% complete and
99% reliable [9]. This established some of the earliest Spitzer infrared source catalogs with
extragalactic source characterizations and validated the use of the Spitzer Space Telescope
for future, more advanced surveys and source counts. Specifically, the Multiband Imaging

Photometer 24 pym source counts in this Extragalactic FLS represented some of the deep-



est mid-infrared source counts and characterizations of their time, reaching significantly
fainter flux densities on the order of tens to hundreds of micro-janskies [4].

In the 2010s, the Spitzer Extended Deep Survey (SEDS) further advanced the in-
frared survey capabilities of the Spitzer Space Telescope, expanding to the measurement
of multiple extragalactic fields down to a depth of 26 AB magnitude in the 3.6 ym and
4.5 pm channels of the Infrared Array Camera (IRAC) bands [1]. Figure [1| shows the
plots of the source counts for each of the five extragalactic fields in the 3.6 ym and 4.5 ym
channels. These plots show a distinct drop in completeness at approximately 24 AB mag,
where the raw counts (open symbols) drop off; this represents the practical detection limit
of SEDS and validates that SEDS can be used in the detection of faint galaxies up to
around 24 AB mag with some level of accuracy. At around 18 AB mag, these plots also
illustrate a distinct change in slope that highlights the shift from primarily stellar sources
to primarily galactic sources; at magnitudes brighter than 18 AB mag, the counts contain
mainly stellar sources, while at magnitudes fainter than 18 AB mag, the counts contain
mainly galactic sources [1]. SEDS also resulted in identification of high-redshift galaxies
and sources, extending beyond the usual redshift z = 3 out to redshifts 3 < z < 5, further
emphasizing the importance of the Spitzer /IRAC photometry for deep infrared surveys
and counts [1].

The most recent advancements in infrared source counts can be found in the survey
missions of the Nancy Grace Roman Space Telescope and the James Webb Space Tele-
scope (JWST), with the Roman Telescope surveys prioritizing enormously wide fields
of observation and the JWST surveys focusing on narrower fields at incredible depths.
The Roman Space Telescope, originally called the Wide Field Infrared Survey Telescope
(WFIRST), was designed to contribute to the studies of cosmic acceleration and the many
astronomical structures in the universe by conducting a high-latitude wide-field survey,
which would enable the telescope to map the large-scale structure of galaxies over large
comoving volumes [10]. In contrast to these wide-field surveys, the primary mission of
JWST was to obtain extraordinarily deep infrared extragalactic surveys in order to gain

insight into the formation of the earliest stars and black holes, thus piecing together the
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Figure 1: Plots of differential number counts vs. AB magnitude for each of the five
extragalactic fields measured by SEDS, with subfigure (a) representing the 3.6 gm channel
and subfigure (b) representing the 4.5 pum channel [1].

origins of the early universe [11]. With the Roman Space Telescope set to launch in 2027
and JWST already obtaining preliminary results and measurements, these two missions
together will offer vast improvements to what is currently understood about the struc-
ture and origins of the universe, revolutionizing infrared source counts through previously

unprecedented scale, accuracy, and precision.

1.3 Thesis Overview

This thesis will first discuss the specifics of the data used in this work, discussing relevant
parameters and features of the four mosaic images; it will also provide a succinct overview
of the data manipulation tools and software used. The next section will provide a detailed
breakdown of the point spread function routine developed as part of this thesis and discuss
the resulting point spread function models, which will be used throughout the remaining
work in the thesis. After the discussion of point spread functions, the following section
will focus on the development and analysis of the mosaic residual images, which are some
of the key scientific deliverables of this thesis. This section will describe the design of

the program that builds the residual images, along with the validation routine and final



results. The last data-driven section of this thesis will present the source counts for each
of the mosaics, and offer a comparison and analysis through the use of baseline source
counts from a well-established astronomical program. The thesis will then close with a

conclusion section and future recommendations, along with the list of references used.



2 Data

2.1 The Mosaics

The data used for this work are four deep-field mosaics, constructed using Spitzer Space
Telescope TRAC observations, specifically from channels 1 and 2, which cover fields at
3.6 and 4.5 pm, respectively. The finished mosaics cover the Euclid Deep Field North
(EDF-N) and Euclid Deep Field Fornax (EDF-F) fields, with a mosaic covering each at
the respective wavelengths 3.6 and 4.5 yum. EDF-N is centered on the North Ecliptic Pole
(NEP), covering a 20 deg? circular region, while EDF-F lies in the constellation Fornax,
covering a 10 deg? circular region [12].

The mosaics themselves are presented as Flexible Image Transport System (FITS)
files, which is standard for astronomical data. Figure [2] displays the full-width images
of the mosaics, taken on a z-scale. As clearly shown in Figure |2, the mosaics have very
different shapes between the EDF-N and EDF-F regions, which is indicative of their
distinct coverage patterns. Also important to note is the disparity between the 4.5 pum
EDF-F mosaic and the other three in terms of brightness, with the 4.5 ym EDF-F mosaic
being significantly dimmer than the rest. This contrast, likely stemming from the initial
data collection and mosaic development, leads to further differences between the work
performed on this specific mosaic versus the other three in terms of software development
and analysis; this will therefore be taken into consideration in each of the ensuing sections.

Table (1] supplements the visuals in Figure [2| by providing fundamental quantitative
data for each of the four mosaics. The data it contains for each mosaic is taken from
the respective FITS header and dataset. Some particularly significant values to note are
the minimum, maximum, and mean flux values in the bottom three rows of Table [I}
These values will be important in terms of calculating the point spread functions (PSFs),
source counts, and residual images, as they define the boundaries of the data that will
be manipulated. Looking at the minimum flux values, it is evident that all four mosaics
have minimums in the negatives, which likely indicate noise fluctuations in regions that

naturally have low signal. These will need to be clipped, masked, or replaced with an
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-0.067  -0.054  -0.042  -0.029  -0.017  -0.0045  0.0079 0.02 0.033 -0.021  -0.015 -001  -0.0052 -1.9e-05 0.0051 0.01 0.015 0.02

(a) Mosaic for EDF-N at 3.6 pym. (b) Mosaic for EDF-N at 4.5 pm.

I

-0.03 -0024  -0.017  -0011  -0.0051  0.0011  0.0072 0.013 0.019 0.015 0.031 0.046 0.062 0.077 0.092 0.11 0.12 0.14

(c) Mosaic for EDF-F at 3.6 ym. (d) Mosaic for EDF-F at 4.5 ym.

Figure 2: Subfigures (a) - (d) represent the full-width mosaics for the fields EDF-N and
EDF-F at both 3.6 ym and 4.5 pym. These mosaic visuals are taken from the astronomical
imaging application SAOImageDS9, taken at z-scale in grayscale.

average of the positive values of the surrounding pixels to ensure accurate calculations,
since it is impossible for an instrument to pick up truly negative flux. Additionally, the
maximum values for all but the EDF-F 4.5 ym mosaic range well into the thousands,
suggesting the presence of saturated pixels and thus saturated sources. One critical step
in the development of a PSF is to mask out saturated sources from being included in
the final set of representative sources, since these sources represent instances where the
pixels have reached their upper limits in terms of brightness measurements and cannot
therefore accurately depict the structure of a source. Based on these maximum values,
it will be necessary to mask out these highly saturated pixels in the creation of the PSF
for each mosaic; though the maximum value for the EDF-F 4.5 ym mosaic are not nearly
as large, it will still be important to check the relative saturation levels between the

brighter and fainter pixels in this mosaic, just as with the other three. Finally, the mean
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flux value should be close to the average background value for each mosaic, which is a
useful statistic in terms of identifying sources, since sources will need to be at least several

standard deviations above this threshold to be considered significant.

Parameter EDF-N 3.6pym EDF-N 4.5um EDF-F 3.6pym EDF-F 4.5um
Date Published 7.16.2024 7.17.2024 7.16.2024 7.16.2024
Pixel Dimensions 11541x12292  11382x11969 15300x 8516 15924 %9208
Pixel Scale (arcsec) 0.6 0.6 0.6 0.6

RA (ICRS) 269.939 269.939 51.789 51.789
Dec (ICRS) 66.092 66.092 -29.420 -29.420
Min Value (flux) -22.859 -13.530 -36.207 -20.429
Max Value (flux) 22271.797 20922.02 2411.854 233.937
Mean Value (flux) 0.00928 0.0169 0.00780 0.0369

Table 1: Key quantitative parameters for each of the four mosaics. These values have
important applications in the data manipulation and software development performed
throughout this work, and should be noted in any future work done with these mosaics.

2.2 Data Tools

All of the software development and data manipulation presented in this thesis was per-
formed using the Python programming language, the Jupyter Notebooks IDE, SAOIm-
ageDS9, and SourceXtractor++. Python and Jupyter Notebooks were used primarily to
develop the PSF refinement and source count and subtraction pipelines, and they were
also used to create some of the graphs and charts included in this thesis. SAOImageDS9,
an astronomical imaging and visualization application, was used to analyze the FITS
files for each of the mosaics and their respective PSFs and residuals. It was also used
to create the many visualizations of these mosaics, PSFs, and residuals that are found
in this thesis on various mathematical and color scales. SourceXtractor++ is a program
that can detect, count, and characterize sources in astronomical images; in this thesis, it
was used to establish baseline source counts for each of the four mosaics, which would

then be used for comparison and analysis.
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3 Point Spread Functions

The first software component of this thesis involved the creation and validation of point
spread function (PSF) models for each of the fields at the 3.6 pm and 4.5 um wavelengths.
These PSFs were essential to the source count and subtraction routines discussed later
in this thesis; it was therefore important that these models were truly precise and rep-
resentative of the data. This required the development of a pipeline to first initialize
and build the PSF models, and then a manual analysis of the models to validate their
correctness and fidelity. This section will first discuss the pipeline implementation and
the refinement strategies used to develop the models, and then it will continue into an

analysis of the final products and the validation checks.

3.1 Methodology
PSF Development and Refinement Routine

The pipeline implementation for the PSF development was established in Jupyter Note-
book, and saved to the public GitHub repository identified on the first page of this thesis.
The general algorithmic flow for the implementation begins with the initial detection and
filtering of sources from the input mosaic. These sources are identified by computing the
median and standard deviation of the pixel values within the mosaic, and then using a
user-defined threshold value to define sources as those with pixel values some number
of standard deviations above the median value. This large initial set of sources is then
sorted by brightness and cut down to the top = brightest sources, where x is a parameter
set by the user. Each source in this set of x bright sources is contained within a square
n by n pixel cutout pulled from the original mosaic, with n being another parameter
defined by the user. This set of source cutouts is then further refined, filtering out invalid
sources based on their radial profile and the presence of close companion sources, since
close companions will undermine the fidelity of the final dataset. Sources too close to the
edges of the mosaic, and thus not completely included within the mosaic data, are also

excluded, as they are not accurate measures of the mosaic sources. The final filtering
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step removes all sources with peaks that are greater than or equal to a user-set saturation
limit s, which prevents the use of saturated sources in the development of the PSF. It
is up to the user to ensure that the value of s is defined properly, so that it effectively
removes saturated sources without oversubtracting useful, fainter sources. After filtering
out the invalid sources, the remaining number of sources, which will be denoted as 2/, are
re-centered and saved as the final list of those to be used to build the PSF.

The next step in the implementation is the creation of the initial PSF. This is done
by first iterating through the selected bright sources in order to subtract the nonzero
minimum background value from each source cutout, which minimally limits the effects
of background fluctuation on the final PSF. The nonzero minimum was chosen, rather
than a calculated mean of the total background, due to the risk of oversubtracting and
introducing new negative values into the cutout. After this step, the entire cutout is
searched for negative values that might have come from the original mosaic, and these
negative values are clipped to zero. Finally, once the background is minimally subtracted
and clipped, the program searches each cutout for companion stars, which are defined
by another threshold above the mean background value that is set by the user. These
companion stars are identified and then masked out of each cutout to ensure that they do
not contribute to the PSF creation. Once the algorithm has looped through each cutout,
they are then put into a median stack, combining the structures of all the cutouts while
reducing the influence of excess noise and fluctuation. Finally, the result of this process
is normalized such that the total sum of the median-stacked cutout is equal to one, which
is set as the initial PSF.

The last component of the implementation is the iterative residual refinement, which
is designed to improve the fidelity of the initial PSF built in the previous step. The
number of iterations ¢ is set by the user, and should be adjusted to ensure that the PSF
is not over-subtracted through too significant of a refinement. Each iteration begins from
the initial set of 2’ cutouts, and first ensures that any negative values in each cutout
are clipped to zero. The next step is to iterate over all 2’ cutouts and identify the main

star and surrounding companion stars in each. The companion stars are again masked
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to ensure that they do not interfere with the fitting of the main star. Now that the
companion stars have been masked, the main star is fitted with the initial PSF from the
previous step, using a linear amplitude fit. In this fitting step, a constant background
offset of 1.0 is set to be incorporated into the subtraction. The PSF is built into a design
matrix, which shifts it to the main star position, and then both this matrix and the cutout
data are weighted by the square root of the cutout pixel values to account for differing
levels of brightness. The weighted matrix and data are then used to compute a weighted
least squares solution, which is used to build the model that contains the fit between
the data and the initial PSF. This model is then subtracted from the source cutout to
create the residual image, which flattens the main star and highlights any excess random
noise and outliers from the cutout. The above process is repeated for each of the z’
cutouts; once all 2’ residual images have been created, they are clipped of any outliers
greater than some number of standard deviations as set by the user, and median-stacked
to create a combined residual cutout. The final step in each residual refinement iteration
is to multiply this combined residual cutout by some value a and subtract the result from
the initial PSF; this will result in the updated and refined PSF, which will be the new
PSF to use for subsequent iterations. The value « is another key parameter set by the
user; if the value is set too large, it will result in oversubtraction and damage the PSF,
and if it is set too small, it will result in only negligible refinements to the PSF. Once
the final iteration is executed, the resultant refined PSF will be saved as the final PSF

for the mosaic in question, and the program terminates.

Parameters

As discussed above, there are many user-defined parameters in this program that are
critical to the success of the PSF development and iterative refinement process. Due
to the differences between the data in the EDF-N and EDF-F fields, and the differences
between the 3.6 um and 4.5 pm mosaics, it thus makes sense that each of the four mosaics
required a unique set of parameters. These are shown in Table [2, and can be used as

a starting point for future users of this program, though they should still be fine-tuned
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based on the input data and the user’s goals.

Parameter EDF-N 3.6pym EDF-N 4.5um EDF-F 3.6pm EDF-F 4.5um
Cutout Pixel Width (n) 97 97 97 97
Number of Sources (z) 200 200 200 200
Source Detection Threshold 2.0 2.0 2.0 4.0
Saturation Limit (s) 80 80 80 80
Refinement Iterations (7) 2 1 5 2

o 0.0003 0.001 0.0002 0.001

Table 2: Parameter settings used for each of the four mosaics in the PSF development
and refinement routine; these are a good baseline for future users, but should be further
fine-tuned to suit the specific data in question.

3.2 Validation and Results

Figure [3| shows the final PSFs for the 3.6 ym and 4.5 pm wavelengths of each mosaic
field, represented on a logarithmic scale. To ensure that the PSFs sloped to zero, the
field size was set to be 97 pixels by 97 pixels; this ensured that the PSFs for all but
the EDF-F 4.5 pm mosaic sloped to zero. The PSF for the EDF-F mosaic at 4.5 ym
presented significantly more noise than the others around the edges of the PSF; increasing
the size of the field did not improve this, so the size was set to the same as the others for
consistency. This difference is most likely due to the faintness of this particular mosaic,
as discussed in the Data section of this thesis. As can be observed in Figure 3] the PSFs
taken in the 4.5 ym channels are distinctly wider in the central regions than those for the
3.6 pm channels and thus have more separation between the rings surrounding the peaks;
this aligns with the expected differences between channels, with the shorter wavelengths
resulting in sharper PSFs and the longer wavelengths resulting in more widely dispersed
PSFs, therefore validating the correctness of the PSF between wavelengths.

Another key feature of each of these PSFs is the full-width half-maximum (FWHM),
which represents the width of the PSF peak; a smaller value of the FWHM indicates a
PSF with sharper resolution, while a larger value suggests a blurred, more widespread
PSF. These FWHM values were measured by first calculating the number of pixels from

the peak of the PSF to the radius of the PSF at which the flux was measured to be
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(a) PSF for EDF-N at 3.6 pm. (b) PSF for EDF-N at 4.5 pym.

0.00004  0.00012 0.00028 0.00060 0.00124 0.00252  0.00505 0.01017  0.02030 0.00006  0.00012  0.00025 0.00050 0.00101 0.00202  0.00402  0.00806  0.01606

(c) PSF for EDF-F at 3.6 ym. (d) PSF for EDF-F at 4.5 pm.

Figure 3: Subfigures (a) - (d) represent the PSFs for the fields EDF-N and EDF-F at
both 3.6 ym and 4.5 pm. These PSF visuals are taken from the astronomical imaging
application SAOImageDS9, taken on a logarithmic scale in grayscale.

half the value of the peak. Then, since each of the mosaics has a pixel scale of 0.6
arcseconds, the final FWHM values were taken by multiplying these pixel counts by 0.6.
The final FWHM values are shown in Table [3| which includes the calculated values and
the expected values based on the Spitzer IRAC Instrument Handbook. Since the FWHM
values for these PSFs do not exceed the expected FWHM values, and in fact indicate
that these PSF models have distinctly higher resolutions than expected, these PSFs can
be validated as accurate high-fidelity models of their parent mosaic fields.

Figure (] presents a more detailed view of the PSF for the EDF-N field at 4.5 pym
by utilizing scaling parameters that set the pixel values to have a lower bound of 0
and an upper bound of 0.001 throughout the image. These scaling parameters more
distinctly highlight the diffraction spikes that radiate from the peak of the PSF model

and confirm the presence of airy rings surrounding the peak of the model. These airy
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Mosaic FWHM Value FExpected FWHM

EDF-N 3.6um 1.94 1.95
EDF-N 4.5um 1.90 2.02
EDF-F 3.6um 1.51 1.95
EDF-F 4.5um 1.60 2.02

Table 3: This table depicts the measured FWHM values (left) and the expected FWHM
values (right), as taken from the Spitzer IRAC Instrument Handbook for channel 1 (3.6
pm) and channel 2 (4.5 pm) [13].

Figure 4: This visual depicts the PSF model for the EDF-N mosaic at 4.5 um, rep-
resented on a logarithmic grayscale and bounded between the values of 0 and 0.001 to
better display the full structure of the PSF, including diffraction spikes and airy rings.

rings and diffraction spikes are indicative of a robust PSF that captures the complete
optical effects of the telescope on each valid source within the mosaic. This same scaling
process, as shown for the EDF-N field at 4.5 ym in Figure [d was performed for all four
combinations of wavelengths and fields to verify the presence of airy rings and diffraction
spikes. Therefore, based on the FWHM values, the differing widths between the 3.6 um
and 4.5 pym wavelength PSFs, and the presence of diffraction spikes and airy rings, the
PSFs are shown to be accurate high-fidelity models for their respective fields. The only
PSF model that does not slope to zero, as discussed above, is the model for the EDF-F
4.5 pm mosaic; this is taken into account in all subsequent work done with this particular

model.
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4 Mosaic Residual Images

After the development of the PSFs, the second main technical component of this thesis
involved creating a program to use the PSFs to count, characterize, and subtract sources
from each of the four mosaics; this would then output the two main scientific deliverables
of this thesis, the residual images and the source counts. This required a source count
and subtraction method to be established and optimized, which led to an initial set of
residual images and source counts; this was then run through a quantitative validation
routine to determine the optimal set of parameters and iterations for precise scientific re-
sults. This section will first discuss the program implementation to develop the residual
images and source counts along with the optimizations made to improve the routine’s
efficiency and precision. It will then break down the validation routine and the quan-
titative results that led to the final parameters and iterations used in the source count
and subtraction program. Finally, it will present the results from the validated program,
focusing specifically on the mosaic residual images, their key features, and some of the
continued complications within these images; the final source counts resulting from this

validated program will be discussed later, in section 5 of this thesis.

4.1 Methodology
The Source Count and Subtraction Program

The source count and subtraction routine was established in Jupyter Notebook and saved
to the public GitHub repository identified on the first page of this thesis. The general
flow of the routine follows an iterative approach, with several preliminary steps followed
by a loop that can be set to iterate at the discretion of the user. The program takes a
mosaic FITS file and a PSF FITS file as input, and then produces a FITS file containing
the mosaic with saturated sources masked, and a residual image as a FITS file for every
iteration. It also outputs a .tex file catalog that contains the sources subtracted, their
positions, their peak brightness, the scaling factor used to fit the PSF, a count of sources

at the end of each iteration, and then a final count at the termination of the program.
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Once the necessary data has been loaded into the program, the routine begins by
masking out all saturated sources in the mosaic. Using a user-defined value b, the routine
first identifies all pixels whose values exceed b; it then calculates the full extent of these
saturated regions along with their radii. After calculating the average radius among
these saturated sources, the program will iterate through each individual saturated source
and assign it one of two circular masks. If the individual radius exceeds 1.5 times the
average radius, it will be assigned the large circular mask with radius [; otherwise it
will be assigned the small circular mask with radius s. These values s and [ are defined
by the user, and should be chosen after a visual inspection of the mosaic to ensure
adequate size. The masks themselves are created using null values, to ensure that they
do not interfere with future calculations, but they are set to be zero-valued in the final
FITS files. Once this masking step has looped through all saturated sources and masked
them appropriately, the masked mosaic image will be saved as a FITS file to the output
directory set by the user.

After masking, the routine then moves into the loop, iterating over n cycles as chosen
by the user. At the start of each cycle, the working mosaic (i.e., the initial masked mosaic
for the first cycle and then the most recent residual mosaic for the rest) has an exclusion
mask applied to it, which marks a 3 pixel by 3 pixel box around each previously subtracted
source to ensure that the current iteration does not re-subtract any sources. Once this
exclusion mask has been applied, the threshold value t is set based on the number of
the current iteration; the program currently lowers the threshold over the course of the
iterations to ensure that faint sources are identified, but this can be adjusted by the user
as necessary. The program then enters into the main source subtraction function, which
is the main component of each iteration.

The first step in the source subtraction function is to compute the necessary back-
ground statistics on the working mosaic, and use the user-set threshold value ¢ to establish
the global background threshold for the iteration, with ¢t representing the number of stan-
dard deviations above the median that constitutes significance for source identification.

Using this global background threshold, the program then identifies potential sources and

20



labels their peak values. The true list of sources for the iteration is finalized by filter-
ing through all potential sources and eliminating those that do not meet the necessary
criteria. For a potential source to be added to the list of true sources, it must not be
within z pixels of any masked areas (with z being set by the user), it must be a local
maximum in a small user-defined region, and it must exemplify some evidence of having
an acceptable radial profile. Once the final list of accepted sources is established, the list
is sorted by descending brightness (i.e. brightest source to faintest source) in order to
ensure that the most significant sources are subtracted first. Once the full list of sources
has been subtracted, the program then moves into the subtraction step.

To correctly subtract each source from the working mosaic, the program must first fit
the PSF to the source in question. To perform the fitting, the program first resizes the
PSF to match the size of the source, and extracts the region around the source in the
working mosaic to match the extent of the PSF. At this point, the scaling factor f for

the PSF fitting is calculated using the following formula:

_ 2y 5P

Where S represents the region containing the source from the working mosaic, and P

S (1)

represents the resized PSF. The formula above takes both the individual pixels and overall
regions into account by multiplying the values of individual pixels together, summing
them up, and then dividing this sum by the summation of the squared PSF pixel values.
This scaling factor, along with all other relevant details about the source, is then saved to
the .tex file catalog of sources, which is continually updated with each subtracted source
over each iteration. Once the scaling factor is saved, the source is subtracted from the
working mosaic by subtracting the product of the scaling factor and the resized PSF from
the extracted source region. After the subtraction, the position of the subtracted source
is recorded in a list of tuples that will later be used to update the cumulative exclusion
mask, which is used at the start of each iteration to prevent the re-subtraction of already
subtracted sources, as previously referenced. The above source subtraction routine occurs

for each source in the list of accepted sources for the working mosaic; once each source
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has been subtracted, the residual image for the current iteration is saved as a FITS file
to the user’s chosen directory, and the total number of sources for that cycle is added
to the source catalog. At this point, the program exits the source subtraction function,
updates the exclusion mask based on the list of positions of the most recently subtracted
sources, and then either continues onto the next iteration or exits the loop, depending on
the number of iterations that remain to reach the user-defined total.

Once the loop has terminated, the program saves a final count of the total subtracted
sources to the source catalog, ensuring that all sources counted in this number have
unique pixel position values. This ensures that even in the case of repeated subtraction
for a source, each distinct source is only included once in the final count. This concludes
the final step taken in the source counting and subtraction routine, and the program

terminates.

Parameters

The majority of parameters used in this method remain the same between all four mosaics,
with some small differences based on wavelength and field. For consistency, the final
parameters and number of iterations used per mosaic will be presented at the end of the

validation routine discussion and analysis in section 4.2.

Optimizations

To create the finalized routine above, the earlier versions of the program were first tested
on smaller sub-regions of the larger mosaics. When these sub-regions were increased to
represent the full extents of the mosaics, the runtime slowed down drastically, presenting
the challenge of balancing computational complexity with the handling of large amounts
of data. As a result, some trade-offs were made between computational efficiency and
scientific precision. For example, an earlier version of the above routine recalculated,
refiltered, and re-sorted the list of remaining sources after each individual source was
subtracted. While this approach was more precise, since it would continually ensure

that the next subtracted source was always the brightest remaining source in the mosaic,
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it also added a significant computational cost to the program. The updated approach
described above, which only identifies, filters, and sorts the sources once per iteration,
loses some of the precision offered by the initial program, but significantly decreases the

runtime and makes the program feasible for larger amounts of data.

4.2 Validation Routine
Implementation

The validation routine for the mosaic residual images was established as an add-on pro-
gram to the already developed source count and subtraction routine in Jupyter Notebook.
A copy of the full source count and subtraction routine with the validation routine added
in can be found in the public Github repository identified on page 1 of this thesis.

Following the sub-routine that masks saturated regions in the mosaic, the validation
routine injects a known number of artificial sources into the mosaic for testing purposes.
These artificial sources are scaled versions of the mosaic’s PSF, and are incorporated
into the mosaic at known locations and magnitudes to keep track of the results later.
To test the full capabilities of the source count and subtraction program, these sources
are set to one of four discrete magnitudes, with an equivalent number of sources in each
magnitude bin being added into the image. This will allow the routine to determine the
magnitude limits of the program. While the user has complete control over the number of
sources added as well as the magnitudes used, it is important that the number of sources
is significant relevant to the size of the data in question, and that the magnitudes span
a range of significant brightness.

The source count and subtraction routine will then run like normal; at the end of each
iteration, the number of detected artificial sources will be recorded and saved for future
use. Once the program has terminated, the validation routine will then plot the results
of two distinct tests: completeness and photometric accuracy. The completeness will
measure the cumulative number of artificial sources detected at the end of each iteration
for each magnitude bin; after some number of iterations i, the completeness will level off

and remain stable, indicating that the maximum number of artificial sources that are able
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to be detected by the program have been. The point at which this completeness levels off
is indicative of the optimal number of iterations to run; running iterations beyond this
point results in a higher likelihood of subtracting useful background fluctuation data.
The second test, photometric accuracy, focuses on how accurately the program fits
the PSF to the sources and subtracts them from the mosaic. For each magnitude bin,
this test will measure the photometric error between the true magnitude of the source
being subtracted and the scaled and fitted PSF used for the subtraction. This test will
highlight the program’s differences in accuracy between magnitudes; brighter magnitudes
will naturally be fitted and subtracted more accurately, while fainter magnitudes will be
more difficult for the program. This test provides a metric that can be used to evaluate the
program at different magnitudes and determine its limitations in scaling and subtracting.
Once the results of the two validation tests have been plotted and saved, the validation
routine will terminate. Future users should expect to perform many iterations of this
validation routine to determine the optimal parameters for their data, as this method is
based on trial and error. Since this routine already incorporates a method of sampling
with the use of injected artificial sources, it makes sense to run it on a sub-portion of the
data to ensure maximal efficiency, which was done for the work in this thesis; however,
it is at the user’s discretion to determine whether it would make more sense to run the

program on the full range of data or on a smaller selected segment.

Completeness

Figure |5 depicts the plot of normalized completeness vs. iteration for the EDF-N 4.5
pm mosaic. As shown in the figure, this completeness is measured over four distinct
magnitude bins, with the brightest being 17.3 AB mag and the faintest being 21.79 AB
mag. As expected, the brightest magnitudes result in the highest completion rates, with
the faintest magnitude falling about 5-7% below the rest. In this context, normalized
completeness refers to a completeness value that accounts for those artificial sources that
may have been overlaid on one of the masked saturated regions, thus making it infeasible

for the program to detect it. Since the locations of the artificial sources are known, it is
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simple to calculate the total number of sources that remain outside the masked saturated
regions for each magnitude bin, and use these totals as the baseline for total completeness,
rather than including sources that will always remain undetected due to masked regions.
Normalized Completeness vs. Iteration for Different Magnitudes of Test Sources
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Figure 5: Normalized completeness for four distinct magnitude bins, measured over 10
iterations for the EDF-N 4.5 ym mosaic.

As seen in Figure [f] the four magnitude bins tend to level off around the third and
fourth iterations; thus, the number of program iterations was set to 4 for each of the
mosaics to ensure optimality. While Figure |5| only shows the normalized completeness
for the EDF-N 4.5 ym mosaic, validation tests on the other three mosaics indicated the
same approximate point of stabilization, confirming the optimality of 4 iterations across

all four mosaics.

Photometric Accuracy

Figure [6] illustrates the results of the photometric accuracy test for the EDF-N 4.5 pm
mosaic. In this figure, the photometric error values for each artificial source are plotted in
discrete magnitude bins, highlighting the increasing error when moving from the brighter
magnitudes to the fainter magnitudes. As discussed in the implementation section, the
photometric error is calculated between the true magnitude of the source being subtracted

and the magnitude of the scaled and fitted PSF used for the subtraction. Based on Figure
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[6], it is evident that the scaled and fitted PSFs become significantly less accurate at fainter
magnitudes, with the 21.79 AB mag bin having some photometric errors that exceed 20%.
Therefore, when considering the final source counts and residual images, it is important to
factor in the uncertainty for sources at faint magnitudes, as the accuracy of this program
tends to drop off in the fainter regions. On the other hand, the slope of increasing
photometric error between the brighter and fainter sources suggests that the program runs
correctly, since any such program would be expected to have a photometric differential
between magnitudes at different brightness levels. Just as with the completeness test,
the photometric accuracy test results from the other three mosaics matched reasonably
well with the results shown here for the EDF-N 4.5 ym mosaic, thus indicating that the

program runs the same across all the data.

Photometric Accuracy vs. Test Source Magnitude
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Figure 6: Photometric error plotted for each of the artificial sources in four discrete
magnitude bins for the EDF-N 4.5 ym mosaic.

Validated Parameters

Table 4] shows the validated parameters used for each of the four mosaics, which were

used to produce the final results discussed in section 4.3; future users should avoid using
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these for their own data and should instead utilize the validation routine described above
and included in the public Github repository located on page 1 of this thesis, which will

result in parameters better-suited to the data in question.

Parameter EDF-N 3.6pm EDF-N 45um EDF-F 3.6pm EDF-F 4.5um
Iterations (n) 4 4 4 4
Saturation Threshold (b) 60.0 60.0 60.0 100.0
Small Mask Radius (s) 100 100 160 160
Large Mask Radius (/) 180 180 220 220
Initial Threshold Value () 5.0 5.0 5.0 5.0
Lowered Threshold Value () 3.0 3.0 3.0 3.0

Table 4: Validated parameter settings for each of the four mosaics in the source count
and subtraction routine; for future data inputs, parameters should be re-validated to
ensure their continued accuracy and precision.

4.3 Final Residual Products

Figure[7] depicts the final set of residual images for each of the four Spitzer IRAC mosaics.
When looking at the residual images in Figure [7], the masked-out sources can be clearly
identified by the circular flat regions that occur throughout each. These regions represent
the saturated sources in each residual (defined by the parameters discussed in section
4.2), which are set to zero in order to prevent any instances of bad subtraction with these
sources. If these residuals are compared to their original mosaics, as shown previously
in section 2.1 Figure [2, it is evident that a majority of the bright sources have been
subtracted in these residuals, allowing the background noise and some of the incredibly
faint sources to become much more clear.

This is demonstrated further in Figure[§] which magnifies a reasonably well-subtracted
portion of the EDF-N 4.5 ym mosaic. In this figure, there are many small, dark, point-like
structures that represent the subtraction of faint sources; however, surrounding these are
dozens of even fainter point-like structures, which are now revealed after the subtraction of
the many brighter sources overshadowing them. The background noise also appears more
clearly in this magnified figure, since the orders of magnitude between the brightness of

the sources and the background fluctuations have now been vastly reduced. This suggests
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(a) Final residual image for EDF-N at 3.6 pm. (b) Final residual image for EDF-N at 4.5 pm.
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(¢) Final residual image for EDF-F at 3.6 pm. (d) Final residual image for EDF-F at 4.5 pm.

Figure 7: Subfigures (a) - (d) represent the final residual images for the fields EDF-
N and EDF-F at both 3.6 ym and 4.5 ym. These residual image visuals are taken in
grayscale on a linear z-scale.

that these residuals, though not completely devoid of faint sources, might offer useful
insights into the background fluctuations in these specific celestial fields and channels,
which is the eventual goal for these residual images.

Looking back at Figure [7] another point of interest in the results is the contrast
between the residual for the EDF-F mosaic at 4.5 um and the other three mosaics. In
Figure |z|, it is clearly seen that the visual in subfigure (d) is significantly brighter than
the rest, with more darker points and features throughout. This mosaic was identified
as being different from the other three previously in the Data section of this thesis, with
it being much fainter in terms of overall pixel brightness, which most likely contributes
to the uniqueness of its residual. However, one other important distinction between this
residual image and the rest is the presence of square-shaped cutouts around many of

the subtracted sources, as shown in Figure 0] The visual in Figure [0 highlights an area
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Figure 8: A sub-portion of the EDF-N 4.5 ym mosaic, illustrating an example of rea-
sonably accurate subtraction that reveals incredibly faint sources and background noise.

of the residual for the EDF-F 4.5 ym mosaic that includes several such square-shaped
cutouts, which are indicative of poor subtraction between the sources themselves and
the fitted PSF and are not present in the other three residuals. This can be verified by
looking back at Figure |8, which shows a completely smooth background with only the
sources themselves affected by the subtraction. Since this mosaic was put through the
same source subtraction routine as the other three to develop its residual image, the cause
of these poorly subtracted sources can be assumed to be a result of the input PSF, the
mosaic itself, and the specific set of parameters used. Though the faintness of the overall
mosaic might be a contributing factor to this problem, it is more likely attributed to the
PSF. As discussed in the PSF section of this thesis, the only PSF that did not slope to
zero within the defined pixel region was the PSF for the EDF-F 4.5 ym mosaic. Because
of this, it is likely that the fitting of the PSF was not as accurate as with the other three
mosaics. This would have resulted in a final source subtraction that did not effectively
slope to the background, thus leaving the apparent “stamp” of the fitted PSF cutout
on the final residual image. Therefore, it is important to note that any observations

taken from the residual image for the EDF-F 4.5 ym mosaic will need to be verified with
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additional data to ensure scientific accuracy.
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Figure 9: A sub-portion of the EDF-F 4.5 um mosaic, illustrating an example of poor
subtraction and the resulting “stamp-like” cutouts left overlaying the image as a result.
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5 Source Counts

Since the previous section focused on the mosaic residual images, this section will focus
on the final source counts obtained from each of the four mosaics. The first subsection
will present the final plotted source counts for each mosaic, as well as some comparisons
between the 3.6 ym and 4.5 pm channels. The following subsection will present addi-
tional source counts collected from the astronomical program SourceXtractor++ for each
of these mosaics, which provides a well-documented baseline on which to validate and
compare the counts as measured in this thesis. Finally, the source counts from this thesis
will be compared and analyzed against both the SourceXtractor+-+ results and examples
of published Spitzer source counts to evaluate the true accuracy and precision of this

source count routine.

5.1 Final Results

Figure [10] shows the final source count plots for the EDF-N and EDF-F mosaics at 3.6
pm and 4.5 pm. In each plot, the source counts are binned at every half AB magnitude
value between 12 and 26, and plotted as counts per magnitude per square degree on a
logarithmic scale; the y-axis represents powers of ten. The source count pixel brightness

values were converted to AB magnitudes using the following equation:

m = —2.5-log,(s) + z (2)

In the above equation, s represents the scaling factor as measured during the scaling
and fitting of the PSF during source subtraction, and z represents the zeropoint mag-
nitude. The zeropoint magnitude indicates the magnitude that a source would have if
it were to produce exactly 1 count per second in the detection measurement; this value
therefore varies between channels. The zeropoint magnitudes used in this thesis are shown
in Table [5] The added component represents the conversion from VEGA to AB magni-
tudes, since AB magnitudes are the standard for source count plots and thus important

for accurate analysis and comparison.
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Figure 10: Subfigures (a) - (d) represent the final source count plots for the fields EDF-
N and EDF-F at both 3.6 ym and 4.5 um. Each plot bins source counts based on AB
magnitude, and plots the counts per magnitude per square degree on a logarithmic scale.
The y-axis represents powers of 10, and the x-axis represents AB magnitudes between 12

and 26.

Looking back at Figure all four plots have a noticeable peak and subsequent drop-
off between the fourth and fifth order of magnitudes on the y-axis; with the exception
of the EDF-F 4.5 um plot, the clear outlier, all plots peak around 23 to 24 AB mag.
In these same three plots, there is a distinct shift in slope that occurs at approximately
18 AB mag, as well as a significantly higher number of faint source counts versus bright
source counts.

As expected based on the previous results with the PSF and residual images, the
source counts for the EDF-F 4.5 ym mosaic are vastly different from those of the other

three mosaics. With the other three mosaics sharing very similar structure and features,
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Mosaic Zeropoint Magnitude

EDF-N 3.6pum 17.997 + 2.79
EDF-N 4.5um 17.538 + 3.26
EDF-F 3.6um 17.997 + 2.79
EDF-F 4.5pum 17.538 + 3.26

Table 5: Zeropoint magnitude values for each of the four mosaics, with the added
component representing the conversion from VEGA to AB magnitude [14].

the validity of this particular source count plot is called into question; while it will be
included in the forthcoming comparison and analysis, it will be treated as an outlier from

the rest of the source counts.
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Figure 11: Source counts plotted by channel for comparison between the EDF-N and
EDF-F fields; the 3.6 ym channel is shown in subfigure (a), and the 4.5 pm channel is
shown in subfigure (b).

Figure depicts the source counts for the EDF-N and EDF-F fields plotted by
channel, providing an initial method of comparison. Subfigure (a) demonstrates that
the source counts in the 3.6 um channel share incredibly similar overall structures, with
some slight differences at the brightest and faintest ends of the plot. Subfigure (b)
shows that the source counts for the 4.5 um channel are nearly identical in the brighter
magnitudes; however, beginning around 17 AB mag, there is a distinct shift between the

two plots, with the EDF-N field following the same structure as the counts in the 3.6
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pm channel, and the EDF-F field peaking early before steeply dropping off in the fainter
magnitudes. This suggests that the EDF-F 4.5 ym source counts are consistent in the
brighter magnitudes, but fail to measure accurate fainter source counts; since the initial
EDF-F 4.5 pym mosaic was significantly dimmer than the other mosaics, it might make
it particularly difficult to identify and characterize fainter sources in this mosaic, which

could explain this inconsistency.

5.2 SourceXtractor+-+ Results
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(a) SE++ source counts for the EDF-N (b) SE++ source counts for the EDF-N
and EDF-F fields in the 3.6 ym channel. and EDF-F fields in the 4.5 ym channel.

Figure 12: SE++ source counts plotted by channel for the EDF-N and EDF-F fields;
the 3.6 pm channel is shown in subfigure (a), and the 4.5 gm channel is shown in subfigure

(b).

As a baseline from which to understand the final source count results, and also as a
point of comparison in terms of accuracy and precision, Dr. Joanna Kuraszkiewicz with
the Harvard & Smithsonian Center for Astrophysics provided source count catalogs for
each of the four mosaics as produced by the astronomical program SourceXtractor+-+
(SE++). The source count plots for these catalogs are shown in Figure The 3.6 pm
channel and 4.5 ym channel plots display similar structure, with both peaking and drop-
ping off around 23 AB mag, and both showing distinct changes in slope at approximately

18 AB mag. Since these source counts were obtained from a well-known and verified
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astronomical program, they represent a credible means of validation for the source count
program designed and used in this thesis. These SE+4+ source count plots will be com-

pared with the source count results from this thesis in section 5.3.

5.3 Comparison and Analysis

To facilitate more precise comparison, Figure [13| plots the measured source counts from
this thesis directly against the SE++ source counts for the EDF-F 3.6 ym mosaic. At
the brightest AB magnitude values, the two source counts diverge significantly, with the
SE+4 measurements finding higher source counts than the thesis measurements. In
contrast, at the faintest AB magnitude values, the thesis measurements find much higher
source counts than the measurements taken by SE++. These differences are accounted

for based on the different techniques used in SE+4++ versus the program in this thesis.
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Figure 13: SE++ source counts and the source counts obtained from the program
outlined in this thesis plotted against each other for comparison in the 3.6 pm channel
for the EDF-F celestial field.

While SE++ uses a technique intended to optimize the source counts at both ends of
the magnitude spectrum, the program in this thesis is focused much more heavily on well-
defined source counts in the fainter magnitude regions, since these are the sources that

would most significantly influence the study of the background fluctuations. Specifically,
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the PSF scaling, fitting, and subtracting method is not as effective in characterizing
bright sources, but it is especially efficient in identifying and subtracting faint sources,
as demonstrated in Figure [I3] Therefore, to use the SE++ source counts as a means of
validation for the thesis source count program, only the mid-range of magnitudes should
be considered. Since the structure of the source count plots between 16 and 20 AB
mag is approximately the same, it indicates that the thesis source count program has
been implemented correctly. Furthermore, the drastic increase in thesis-measured faint
source counts over the SE++4 faint source counts, measuring approximately a full order of
magnitude higher, suggests that the thesis source count program is successful in obtaining

highly accurate and well-defined source counts in regions of faint magnitude.
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Figure 14: Source counts for the 3.6 pym channel; subfigure (a) shows the measured
source counts obtained in this thesis, and subfigure (b) shows an example of source
counts taken from SEDS [1].

As an additional means of validation and comparison, Figure [14] takes source counts
in the 3.6 um channel from the Spitzer Extended Deep Survey (SEDS), as discussed in
the Background section of this thesis, and plots them side-by-side with the 3.6 um source
counts from this thesis. While this cannot be a direct comparison, since the celestial
fields between the two plots are not the same, it is still data taken from the same Spitzer

IRAC instrument in the same 3.6 pym channel, and similar structure between the two
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would generally indicate the correctness and accuracy of the source counts in this thesis.
Looking at Figure both plots show a distinct shift in slope at around 18 AB mag, and
both peak and drop off at approximately 24 AB mag. Furthermore, the structures of the
source counts in both plots follow the same general curvature, and the counts themselves
fall within similar orders of magnitude. It is therefore safe to conclude that the source
counts obtained in this thesis are well-constructed, and can be expected to accurately
represent the data within the individual mosaics, with the noted exception of the outlier

counts for the EDF-F 4.5 ym mosaic.
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6 Conclusion

6.1 Overview and Contributions

The two primary scientific goals of this thesis were to produce high-fidelity residual images
for the EDF-F and EDF-N mosaics in both the 3.6 ym and 4.5 ym channels, and to catalog
and characterize accurate source counts in association with these residuals. Sections 4
and 5 of this thesis discuss and analyze these main components, with all results being
validated and tested to ensure scientific precision.

The mosaic residual images, if constructed robustly and accurately, will provide the
necessary data to study the cosmic infrared background (CIB) fluctuations, leading to
potential new insights and observations in the field of cosmology. Whether these resid-
ual images are truly accurate is directly related to the source counts for each mosaic; a
well-constructed and accurate source count catalog is indicative of a robustly computed
residual image, since both are developed through the same source count and subtraction
routine. As discussed in section 5, there are some well-documented methods for calcu-
lating source counts that can be used for validation of source count catalogs, as well as
published source counts for various celestial fields and channels that have been thoroughly
reviewed and are useful as a metric for comparison.

Based on the results presented in this thesis and the relationship between residual
images and source counts, it can be concluded that at least three of the four sets of
residual images and source counts—those for the EDF-N 3.6 ym, EDF-N 4.5 pym, and
EDF-F 3.6 pum mosaics—are robust, accurate, and well-suited for scientific use. The
results for the EDF-F 4.5 um present as an outlier when compared to the results for
the other three mosaics, and will require further development and study to ensure their
accuracy and correctness. Therefore, the scientific goals of this thesis were generally
achieved, opening the door for further scientific analysis of the current set of mosaic

residual images and source counts.
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6.2 Limitations

The first main limitation of the work produced in this thesis is the presence of the EDF-
F 4.5 pm mosaic outlier data. This mosaic is distinctly different from the other three,
and as such needs to be separately and thoroughly examined. The work in this thesis
maintains consistency in methodology between all four mosaics, leading to results for this
specific mosaic that could not be validated or accurately checked for robustness. Since
this mosaic must be individually re-processed to obtain accurate results, it limits the
completeness of the current set of residuals and source counts, since the 4.5 um channel
and the EDF-F celestial field each only have one set of residuals and source counts ready
for scientific use.

The second main limitation of this thesis is the trial and error approach used in
the current validation routine for the source count and subtraction program. While
this approach can accurately lead to validation, it adds additional time and effort to
the validation process, especially if the data being validated is large or complex. The
validation routine as it currently runs is therefore best suited to smaller inputs of data;
this is accomplished in this thesis by validating on a smaller sub-section of the full mosaic;
however, in instances where large inputs of data cannot be easily broken into smaller

sections, this validation routine becomes computationally expensive and difficult.

6.3 Future Work

Based on the limitations discussed above, two initial areas of future work are fixing the
results for the EDF-F 4.5 ym mosaic and automating the source count and subtraction
validation routine. Handling the EDF-F 4.5 pym mosaic will require an individualized
software routine and analysis, since this mosaic is so distinct from the other three mosaics.
Automating the validation routine will require some key updates to be made to the
program, but after working with the current routine over the duration of this thesis, it
should not be overly complex.

One of the key areas of future work involves the characterization of stellar vs. galactic

sources in the current catalogs of source counts. This is done by first identifying the
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color of each individual source, and then using these colors to differentiate between stars
and galaxies. Galaxies tend to have a redder coloring due to galactic redshift, while
stellar sources tend to have colors based on their type and temperature. Distinguishing
between stellar and galactic sources is an important step in the development of robustly
characterized source counts, since different types of sources make different contributions
to astronomical study through their distinct structures and processes.

Another important area of future work is centered around the mosaic residual images
and the analysis of the CIB fluctuations. The main purpose in developing these mosaic
residual images was for their future use in cosmological study, specifically focusing on
the background fluctuations in each residual image. As discussed in the Background
section of this thesis, these mosaics were chosen specifically for their numerous samples
of large angular scales, making them prime candidates for studying the CIB. Through
the analysis of the CIB, cosmologists hope to obtain measurements of the CIB radiation
from the earliest celestial objects, which will offer unprecedented insight into the origins
of the universe. Therefore, the use of the mosaic residual images produced in this thesis
for cosmological studies represents an important and exciting area of future scientific

research.
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