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ABSTRACT

We present deep ¢g- and r-band Magellan/Megacam photometry of two dwarf galaxy candi-
dates discovered in the Dark Energy Survey (DES), Grus I and Indus II. For the case of Grus I,
we resolved the main sequence turn-off (MSTO) and ~ 2 mags below it. The MSTO can be seen
at go ~ 24 with a photometric uncertainty of 0.03 mag. We show Grus I to be consistent with an
old, metal-poor (~ 13.3 Gyr, [Fe/H]~ —1.9) dwarf galaxy. We derive updated distance and struc-
tural parameters for Grus I using this deep, uniform, wide-field data set. We find an azimuthally
averaged half-light radius more than two times larger (~ 15113} pc; ~ 4/1675:5}) and an absolute
V-band magnitude ~ —4.1 that is ~ 1 magnitude brighter than previous studies.

Although our photometry of Indus II is ~ 2 — 3 magnitudes deeper than the DES Y1 Public
release, we find no coherent stellar population at its reported location. The original detection was
located in an incomplete region of sky in the DES Y2Q1 data set and was flagged due to potential
blue horizontal branch member stars. The best fit isochrone parameters are physically inconsistent
with both dwarf galaxies and globular clusters. We conclude that Indus II is likely a false-positive,
flagged due to a chance alignment of stars along the line of sight.

We present updated structural parameters of 13 UFDs in the DES footprint. We use the final
Y6 coadded DES data that has a limiting magnitude of g ~ 24.7. In all cases, where the UFD is
resolved, it is consistent with an old, metal poor stellar population. Tuc II and Cet II are found to
be larger than previously thought.

We also present the slope of the Initial Mass Function (IMF), « of two UFD in the DES foot-
print. Both Ret II and Tuc III are well populated ~ 3 magnitudes below the Main Sequence (MS).
Reticulum II was found to have o = 1.68 + 0.5 and Tucana III was found to have o = 1.56 + 0.8.
These findings contribute to the broader scope of expanding our ability to constrain the IMF with

noisy data on low-mass objects.
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1. INTRODUCTION

1.1 Ultra-faint Dwarf Galaxies

With the advent of high-precision, large-area surveys such as SDSS (14), the Dark Energy
Survey (DES) (15), Pan-STARRS (16), the Hyper Suprime-Cam Subaru Strategic Program (HSC
SSP) (17), MagLites (18), and DELVE (19), the number of known faint satellite systems that orbit
the Milky Way (MW) has dramatically increased (4; 3; 20). The ambiguity of what constitutes a
galaxy increases as more systems are discovered that lie between the traditional loci of globular
clusters and galaxies. Additionally, these low-luminosity systems challenge spectroscopic studies
due to their low number of bright member stars (21).

Many of these satellites discovered in the past decade are categorized as ultra-faint dwarf
(UFD) galaxies (22). With My > —8mag (M, < 10° M) (23; 24), UFDs overlap with bright
globular clusters (GCs) in the size-luminosity plane. Though they overlap in this parameter space,
UFDs and GCs likely have different formation mechanisms (25). From their internal stellar kine-
matics, GCs are consistent with having little or no dark matter, and may be remnants of nucleated
dwarf galaxies or may follow a completely separate evolutionary path (26).

In contrast, the stellar kinematics of UFDs exhibit high M /Ly ratios i.e.,, (M /Ly ~ 10%)
(27) and represent the faintest end of the galaxy luminosity function. Dynamical mass measure-
ments are one of the primary distinguishing characteristics between UFDs and GCs. In compar-
ison to low-luminosity GCs, UFDs have larger sizes (r;, = 30 pc), larger velocity dispersions
(0 2 3kms™1), and significant metallicity spreads (01Fe/m) 2 0.3 dex), as shown in (27) and (28).

As the most dark matter dominated objects visible in the Universe, UFDs provide crucial,
empirical information about the nature of dark matter and hierarchical structure at the smallest-
scales (29; 24). In A-cold dark matter (\CDM) cosmology, structure forms hierarchically, with the
UFDs corresponding to the galaxies in the smallest of dark matter halos (30; 31; 32). Discern-

ing the exact nature of MW satellites is therefore our paramount observational method to better



constrain and compare cosmological models to low-luminosity systems. Firmly establishing the
newly-discovered satellites as UFDs, and measuring their mass-to-light ratios, requires spectro-
scopic studies of a significant sample of their stars (33).

However, due to the faintness of these systems, spectroscopy is only possible for a small sample
of their stars, making a robust determination of their mass-to-light ratios difficult to obtain. In
addition to spectroscopic studies, information on the structural parameters and stellar populations
of UFDs may be obtained through deep photometric studies. For faint overdensities of stars like
UFDs, this requires targeted imaging and precise photometry, in order to distinguish members of

the systems from background stars and galaxies (23; 34; 35; 36; 24; 5; 37).
1.2 Initial Mass Functions

An Initial Mass Function (IMF) describes the number of stars as a function of stellar mass for a
simple stellar population. A star’s mass is critical to understanding its location along a representa-
tive isochrone. In order to accurately infer properties of and assign membership to observed stellar
systems, we must also understand the distribution of stellar masses along their evolutionary path.

In 1955, Salpeter et al. (38), determined a universal power-law IMF that well described the
distribution of massive stars in the Milky Way (MW). This IMF form can be parameterized in
terms of the slope, «, as

&(m) =dN/dm < m™*, (1.1)

where o = 2.35 for the classic Salpeter IMF.

Studies of the MW have shown that the IMF flattens out below 0.4 M, giving evidence to the
need for another form to describe the behavior of an IMF. Kroupa describes the MW IMF with a
broken power law (39) . They found a slope of a = 2.3 for M > 0.5 M, (close to the Salpeter
slope) and @ = 1.3 for M < 0.5 M. Chabrier further modified the IMF parameterization to
include a log-normal distribution below 1 M, (40; 41).

Studies of the MW field and GCs point toward a universal IMF that is well described by

the three previously mentioned IMF forms. However, complementary extra-galactic studies have



shown potentially steeper IMF slopes for giant elliptical galaxies (42; 43; 44).

These results hint at a non-universal IMF over different mass regimes. This points toward the
need for local, resolved studies of lower mass systems to explore any potential trends in mass
correlations. Studying resolved systems also avoids modeling assumptions that are required for
unresolved studies and various degeneracies that can arise.

Local studies have been done with data taken with the Hubble Space Telescope (HST) of MW
satellites and the Magellanic Clouds. Space-based imaging allows for deep photometry of local,
resolved objects. Unlike extra-galactic studies (which focus on massive stars), HST imaging can
probe a few magnitudes below the MSTO of local UFDs. This magnitude range can span a mass
range, for [Fe/H] < —1, of between 0.2 and 0.7 M, exploring the faint end of the IMF.

It’s beneficial to study UFDs because they have relaxation times longer than a Hubble time
and so they don’t require dynamical evolution corrections. This is important because dynamical
evolution (mass segregation and evaporation) can change the slope (45)—implying that the current
mass function should be very similar, if not the same as the IMF. UFDs provide an excellent
counterpoint to the MW field, GCS, and extragalactic IMF studies because of how different the

galaxies are from the MW and larger extragalactic galaxies.
1.3 Characterization with Ground-based Data

Recently, large-area, ground-based surveys have achieved deeper and more precise photometry
than was previously available. The purpose of the Dark Energy Survey (DES) is to explore and
constrain the nature of dark energy. In order to do this, a major focus of the collaboration has
been to create extremely precise photometry. By the last year of the program, DES has ~ 76, 200
exposures across all five visible bands (grizY’) and achieves a signal-to-noise (S/N) of 10 at a depth
of g ~24.7and r ~ 24.4.

With a combination of wide-field, deep data and statistical inference, we can infer the physical
properties of UFDs. In this work we seek to clarify the nature of two objects detected in the DES
footprint, Grus I and Indus II, with deep Magellan/Megacam imaging. Here we also contribute

these local studies by analyzing all the UFDs and UFD candidates in the DES footprint (~ 20



objects) (6). We are able to provide IMF constraints on two of these UFDs, updated parameters on
13, and find agreement with 2 objects not being UFDs.

In Chapter 2, the analysis for Grus I and Indus II is detailed. This chapter is where the most
details are presented about the statistical analysis done as it was the first study. In Chapter 3, I will
present the results of a similar analysis on all the UFDs in the DES footprint using the latest DES
coadded catalog. I will also present the results of the updated analysis to include constraints on the
slope of the IMF of two UFDs. In Chapter 4, a summary of the results from both studies and their

impact on the astronomical community is discussed.



2. GRUSTAND INDUS II

2.1 Introduction

Grus I was discovered by Koposov et al. (3), however its status as a GC or UFD has not yet been
totally disentangled due to its faintness (M = —3.4) and the lack of deep, wide field photometry.
Follow-up studies based on the deep but small Gemini/GMOS-S field of view (FOV) photometry
(5) were not able to determine the properties of Grus I because of its extension (r, = 177) (3).

Martinez et al. obtained a precise distance to Grus [ of Dy = 127 £ 6 kpc (uo = 20.51 +0.10
mag) from the detection of two RR Lyrae members (13). They find that this distance would imply
a change of 5% in its previously calculated physical size, consistent with the estimate of Koposov
et al. (3). Given the large uncertainties in the previous determinations of physical size, deep and
extended imaging in Grus I is needed to firmly confirm this.

Complementary spectroscopic studies made of this system (10; 12) were not able to decipher
the nature of this object either, since the velocity dispersion could not be resolved because of the
scarce sample of members detected.

Our second target, Indus II, was identified in Bechtol et al. (4) as a low-confidence UFD
candidate and will be referred to as Indus II throughout the paper for convenience. The initial data
for Indus II were located in a survey region with atypical non-uniformity as they were taken part-
way through the survey observations. The primary evidence for candidacy stems from a clump of
apparent blue horizontal branch (BHB) stars at g ~ 22. While Indus II has been targeted in some
dark matter indirect detection analyses (46), there are no other studies confirming the nature of the
object. Given the uncertainty associated with this system, we chose to confirm whether this target
was a gravitationally bound system due to Magellan/Megacam’s FOV potentially covering 3 x 7,
.

We follow similar methods to other studies that have confirmed the status of many MW satel-

lites as dwarf galaxies (47; 48; 49; 50; 51; 36; 52; 53; 54). Our data complements other studies



by utilizing a larger FOV (necessary for the potentially larger extents), while still resolving mag-

nitudes ~ 3 magnitudes deeper than the discovery papers.
2.2 Observations and Data Reduction
2.2.1 Data

We observed Indus II and Grus I over four nights in April 2017 with the Megacam instrument
(55) at the f/5 focus of the 6.5 m Magellan Clay telescope. Megacam is an imager composed of
36 CCDs of 2048 x 4608 pixels, creating a square array with a FOV of ~ 24’ x 24’ (see Figure
2.1). The data were binned 2 x 2 resulting in a pixel scale of (516. Observations were dithered

such that each image is offset by +5” in right ascension (RA) and +13” in declination (Dec.) from

the previous one. This reduces the impact of the small gaps between the CCDs.

Figure 2.1: Full 24’ x 24’ FOV of Grus I (left panel) and Indus II (right panel). Shown here are
the final SWarped and coadded r-band images with masks applied to saturated objects and satellite
trails (white marks). The inner blue circles delineate the region of interest (ROI; see §2.3) defined
in the statistical analysis used to determine final properties of each object. The outer circles mark
the outer limit of the area designated as the background region in the statistical analysis. For both
objects, the radii of the circles are ripner = 7'2 and 72 > rpacroround > 12



The data were reduced using the Megacam pipeline developed at the Harvard-Smithsonian
Center for Astrophysics' (56). This pipeline includes tasks such as bias subtraction, flat fielding,
and cosmic ray correction. In addition, the pipeline derives astrometric solutions using the 2MASS
survey (57). The images were then resampled, with a 1anczos3 interpolation function, and
combined with a weighted average using SWarp (58). This process produced a final, stacked g-

and r-band image for each object. An observing log can be found in Table 2.1.

Table 2.1: Observing log of Magellan/Megacam observations in the g- and r-bands for Grus I and
Indus II.

Object UT Date Filter N X t.,, Seeing

(s) ()

GrusI 2017 Apr23 ¢  7x300 0.7
2017 Apr24 r  8x300 0.9

IndusII 2017 Apr21 g 8x300 0.6
2017 Apr22 r  8x300 0.5

2.2.2 Megacam Photometry

Due to the large FOV and number of objects in each image, we used point-spread function
(PSF) fitting software to extract the stellar photometry. We used the well-known photometry pack-
age, DAOPHOT/ALLSTAR and ALLFRAME, and followed the general guidelines as described in
various other papers to determine instrumental magnitudes (59? ).

An accurate PSF model was created from the brightest and most isolated unsaturated stars in
the image. An initial coordinate list and aperture photometry pass of each image was done to find
appropriate stars to be used in creating the PSF models. We chose 500 of the brightest stars, evenly
distributed over the image, and visually inspected the surrounding areas and radial profiles for

saturation, neighbors, bad pixels, and other effects that might affect the measurement of an object.

I'This paper uses data products produced by the OIR Telescope Data Center, supported by the Smithsonian Astro-
physical Observatory.



In order to represent stars over the entire FOV, we ensured that the remaining stars were distributed
over the entire image and allowed the PSF to vary quadratically. It should be noted that due to the
elongation of objects in the Grus I g-band image, the fitting radius was set to be slightly larger than
the FWHM to better encompass the core of the star. The elongation is along the East-West axis
and likely due to tracking issues.

In order to create a final coordinate list, ALLSTAR was used twice to perform preliminary PSF
photometry on the images. The first run produced a star-subtracted image on which ALLSTAR
was run the second time and the stars used in the psf-fit and neighbors were visually inspected.
This allows for the detection of fainter objects, located in the PSF wings of brighter objects.
The resultant object list is then input to ALLFRAME to perform a final round of PSF photome-
try on each filter simultaneously. In order to convert pixel coordinates from one filter to another,
DAOMATCH/DAOMASTER is used to find a linear transformation between the g- and r-bands for
each image. This last step creates a final catalog in each filter that is matched by object ID. It also
mitigates the systematic uncertainty created by blended stars being inaccurately measured as one

star in some frames.
2.2.3 DES Photometry

We used DES photometry to transform Megacam instrumental magnitudes to DES standard
magnitudes and to find magnitudes for the stars saturated in Megacam. DES is a wide-field survey
imaging 5000 deg? of the southern hemisphere (15). DES uses the Dark Energy Camera (DECam
(60)) positioned at the prime focus of the 4-meter Blanco telescope at the Cerro Tololo Inter-
American Observatory (CTIO) in Chile. DES data are reduced by the DES Data Management
(DESDM) pipeline; in which they are detrended, astrometrically calibrated to 2MASS, and coad-
ded into image tiles (61). Detrending includes standard bias subtraction, CCD cross talk, flat field-
ing, and non-linearity, pupil, fringe, and illumination corrections. Object detection, photometric,
and morphological measurements were performed with SExtractor followed by multi-epoch
and single-object fitting (SOF) (62).

The DES catalogs used in this work were created from the DES Y3 GOLD (v2.0) catalog



with the selection flags FLAGS_GOLD= (0 and EXTENDED_CLASS_MASH_SOF< 2 in order
to ensure we have a complete stellar sample with minimal contaminants. The FLAGS_GOLD
selection applies a bitmask for objects that have known photometric issues and artifacts. The
EXTENDED_CLASS_MASH_SOF is similar to the extended classification variables defined in
Equations 1, 2, and 3 in Shipp et al. (63), but for the SOF photometry. The variables in these equa-

tions classify objects as high-confidence stars, low-confidence stars, and low-confidence galaxies.
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Figure 2.2: Distribution of high confidence stars used in photometric transformation from Mega-
cam instrumental magnitudes to the DES magnitude system. All four panels show mpgs —
MMegacam VS- g — 1(Megacam), where Megacam here are transformed into the DES system.
The top two panels show Grus I (586 matched stars) and the bottom two panels show Indus II
(1122 matched stars). For both objects, the green points represent g-band data and the red points
represent r-band data.

2.2.4 Transformation from Megacam to DES

The matched objects found in the previous section were used to find a transformation between
DES magnitudes and Megacam instrumental magnitudes. A color cut of (go — 70)prs < 1.2 was
applied to remove a clump of MO and redder stars. We used only stars having DES photometric
errors less than 0.03 mag. These criteria ensure that a high-quality stellar sample is utilized in

finding the magnitude system transformation.



To perform this transformation, we solve for the coefficients of the following equation using a

generalized least squares regression:

Mpgs = Minstr + B+ (g0 — 70) DES, (2.1)

where [ is the zeropoint offset and « is the color coefficient. To find the true distribution of
Mpgs — Minstr, We Tun the catalog through a sigma-clipping algorithm based on the median abso-
lute deviation. Stars that lie outside 3o are clipped until the distribution converges. Equation 2.1 is
then applied to all of the instrumental magnitudes found from ALLFRAME. A second-order fit was
explored and deemed unnecessary. The coefficients of this fit are in the third and fourth columns
in Table 2.1 and the difference between transformed Megacam magnitudes and DES magnitudes

of stars used to find the transformation can be seen in Figure 2.2.

Table 2.2: The photometric transformations between Megacam instrumental magnitudes and the
DES photometric system. The fifth column displays the difference between the transformed Mega-
cam magnitudes and the DES magnitudes. The sixth (sharp range) and seventh (median chi-value)
columns detail the morphological cuts made on the instrumental photometry. The last two columns
detail the number of stars and magnitude range of the final Megacam+DES stellar catalogs af-
ter these cuts were applied. The median absolute standard deviation of the difference between

DES magnitudes and transformed Megacam magnitudes. The faint magnitude limits correspond
to S/N ~ 5

Object  Filter f a std(Apmag) Sharp Chi #of stars Mag range
GrusI ¢ 7554 —0.136 0.036 (—0.7,1.2) 1.65 6743  (15.6,26.7)
ro 7651 —0.027  0.023  (—05,0.7) 125 6743  (15.2,26.3)
IndusI ¢ 7.596 —0.167  0.028 (—0.5,0.3) 2.05 5520  (15.2,26.6)
ro 7657 —0.020  0.021  (=0.7,0.2) 491 5520  (14.8,26.8)

We created the final stellar catalog by applying morphological cuts using the statistics sharp
and y which were determined during the PSF fitting. Sharp can be approximated as sharp® ~

ngs — 0123 sp» Where o, is the observed photometric error and opgr is the expected photometric
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error (59).

The second statistic, Y, is the ratio of observed pixel-to-pixel scatter over expected scatter,

determined from the intrinsic scatter in the PSF models. Star galaxy separation begins to break

down at fainter magnitudes, i.e., go ~ 25.5 and 7y ~ 24.75. The details of these cuts and the

magnitude range of the final stellar catalogs can be found in the last four columns in Table 2.2.

In addition, the final catalog’s brighter magnitudes are supplemented by the DES stellar objects

where Megacam saturates at go ~ 18 and 7y ~ 17.5. A portion of these catalogs can be seen in

Tables 2.3 and 2.4.

Table 2.3: The final calibrated stellar catalog for Grus I—Sorted by star ID. This table is published
in its entirety in machine-readable format. A portion is shown here for guidance regarding its form
and content. All magnitudes are in the DES magnitude system.

Star ID R.A. Dec. 90,DES o T0,DES o
(deg) (deg)  (mag) (mag) (mag) (mag)
12543  344.134 —50.285 25.398 0.106 24.807 0.068
12845  344.139 —50.284 22.623 0.007 22.402 0.007
13343  344.138 —50.281 24.075 0.029 24.044 0.036
14597 344.103 —50.278 24.745 0.047 24.361 0.049
14730 344.168 —50.278 24.956 0.070 24.902 0.076
15406  344.187 —50.275 17.679 0.003 17.276 0.002

Figure 2.3 shows the color-magnitude diagrams (CMDs) created for both Grus I and Indus 11

using the final calibrated stellar catalog as it was described in this section. The uncertainties show

that the photometric signal-to-noise ~ 10 to a depth ~ 3 magnitudes below that of the discovery

papers.
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Table 2.4: The final calibrated stellar catalog for Indus II—Sorted by star ID. This table is pub-
lished in its entirety in machine-readable format. A portion is shown here for guidance regarding

its form and content.

Star ID R.A. Dec. 90,.DES o T0,DES o

(deg) (deg) (mag) (mag) (mag) (mag)

17138  309.735 —46.284 25.845 0.125 25.532 0.090

17539 309.705 —46.283 25911 0.117 25.658 0.100

17819  309.691 —46.282 21.532 0.007 20.891 0.006

18608  309.677 —46.278 21.129 0.005 20.183 0.010

18821 309.764 —46.278 25.005 0.064 24.897 0.052

19208 309.689 —46.276 21.143 0.006 20.198 0.010
———— —— . ——
+ Grus I . - Indus II .
16} - . 16} -

Figure 2.3: go vs. (go — 0) CMDs of the full 24’ x 24’ Megacam FOV centered on Grus I (left) and
Indus II (right)—created with the final stellar Magellan/Megacam+DES catalog (where objects
gol8 and r¢17.5 are from DES). The error bars represent median photometric uncertainties for
one-mag wide bins and are arbitrarily placed in color-space.
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2.3 Methods

We utilize the Ultra-faint Galaxy Likelihood toolkit to determine structural parameters and
the best-fitting isochrones for Grus I and Indus II. Here we review the aspects of UGaL1i that are
important for our analysis, and refer to (20) and the appendix of (6) for a more detailed description.

Our data sample consists of the magnitude and the error on the magnitude in two filters, D, ; =
{9i, 04,7, 01,3, and the spatial positions of the stars D,; = {c;,d;}. We define the probability
distribution for the structural parameters as u, and the probability distribution for the parameters of
the isochrone as u.. The total probability distribution function (PDF) for the data D; = {D;;, D, }

given the model parameters 6 is then
U<D19) = US(DSJHS) X UC<DC7Z'QC>7 (22)

This probability distribution is defined such that the integral of it over the entire spatial and mag-
nitude domain is unity.

For the structural properties, u;, we assume an elliptical Plummer model, with a projected

R\%|
1 _°
(%)

Here R; is the elliptical radius coordinate from the center of the galaxy, and R, is the Plummer-

density distribution (64; 23),

S(R) (2.3)

scale radius (equivalent to the 2D azimuthally averaged half-light radius, r;, = ap+/1 — €). There
are five model parameters that describe the Plummer profile: the centroid coordinates (v, dy,), the
semi-major half-light radius (a;,), the ellipticity (¢), and position angle (¢). The density distribution

is further related to spatial position by

1
2

2
R, = { {i (X;jcosp —Y;sing)| — (X;sin¢ + Y; cos ¢)2} 2.4)
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and spatial position is related to the object centroid by
Xi — X() = (O-/i - O./()) COS(50) (25)

and

Y; = Yo = 0; — do. (2.6)

For the isochrone properties, u., we calculate the PDF by binning the color-magnitude in-
formation over a grid of isochrones that are weighted by a Chabrier IMF (40) and have a fixed
solar alpha abundance. These isochrones are described in terms of All metallicities are reported as
[Fe/H] = logy, (%), with Z-0.0152.

The grid of PARSEC isochrones are representative of old metal-poor stellar populations, i.e.,
0.0001 < Z < 0.001, 1 Gyr < 7 < 13.5 Gyr, and 16.0 < m — M < 25.0 to fit the CMD properties
of each object (65). We check that our results do not depend on the isochrone model by comparing
to (8) and find that they are insensitive to this specific assumption.

With the above model, we can define the Poisson log-likelihood

stars
log L = —AN, — Z log(1 — py), 2.7
i
where ), the stellar richness, is a normalization parameter representative of the total number of
member stars with M, > 0.1M in the satellite, IV, is the fraction of observable satellite member
stars, and p; is the probability that a star is a member of the satellite.
Because we choose to normalize the signal PDF to unity, we can interpret A as the total number

of stars in the satellite (observed + unobserved). The membership probability is given by

)\ui

= - 2.8

Di

where b; is the background density function (for more details see Appendix C in Drlica-Wagner

et al. (60)). We take the background density function to be independent of spatial position in our

14



region of interest (ROI).

The empirical background density function, b;, is determined from an annulus (7/2 < r < 12')
surrounding our target ROI (r < 7'2). We require the ROI to be 2 2 x r,. This is the maximum
ROI that still allows for the background annulus to contain ~ 3 X1, (23), where 4, is from Koposov
et al. and Bechtol et al. (3; 4). Figure 2.1 depicts these regions as blue circles. Any non-stellar
objects that still contaminate the data at greater magnitudes are expected to do so equally over the
entire FOV and therefore averaged within b;.

With X allowed to vary and b; held fixed, we simultaneously explore the whole parameter
space with flat priors for all parameters except 7, (an inverse prior). With UGaLi, we run an
MCMC chain with 100 walkers, 12000 steps, and 1000 burn-in (67). Absolute V'-band magnitude

is determined following the prescription of Martin et al. (23)
2.4 Results & Discussion
24.1 Grusl

Column 1 of Table 2.5 lists the parameters obtained from the median peak likelihood of the
posterior distributions (see Figure 2.4). With our improved parameters for Grus I, we find it to be
consistent with an extended ultra-faint dwarf galaxy that resides at the faint edge (1 ~ 30 mag)
of the galaxy locus in the size-luminosity plane. Figure 2.5 shows the relationship between GCs
and UFDs in this parameter space and also shows the updated location of Grus 1. Table 2.5 lists the

parameters that were derived in previous works (both Grus I and Indus II are represented).
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Figure 2.4: Posterior probability distributions for the structural and isochrone parameters of Grus
I obtained from an elliptical Plummer model and grid of PARSEC isochrones. The parameters
explored were (from left to right): stellar richness (\), A R.A. & A Dec.(these are the shift from the
centroid found in (3)), semi-major half-light radius (a;,), ellipticity (¢), position angle (¢), distance
modulus ((m — M)y), age (1), and metallicity ([Fe/H]). Dashed lines in the 1D histograms indicate
16th, 50th, and 84th quantiles of the median peak likelthood. We have excluded these quantiles
from (m — M), and [Fe/H] due to their bimodality.
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Figure 2.5: Shown as a red star are the position of Grus I with our newly derived properties (circled
in red) and its original location in the size-luminosity plane. The original location of Indus II is
shown as a light blue circle. The MW globular clusters are in grey points and the rest of the MW
UFDs are depicted with blue crosses.

Previous spectroscopic studies by Walker et al. and Ji et al. (10; 12) find the brightest potential
member stars are very metal poor (e.g., [Fe/H] ~ —2.3), which is in agreement with the photomet-
ric metallicity found in Jerjen et al. (5). In contrast, this and other photometric studies (3) have
found it to be less metal poor, i.e., [Fe/H] < —2. In agreement with these studies, several fainter
potential member stars were found to be less metal poor (10).

With a a; ~ 202 pc and My ~ —4.1, we find Grus I is both larger and brighter than estimates
from previous works (3; 5; 11). While photometric metallicities are not as reliable as spectroscopic,
according to our results, Grus I is among the more metal-rich ([Fe/H] ~ —1.9) UFDs found to date
(68). As previous analyses have found mixed results, a larger spectroscopic sample is required to

confirm the metallicity of this object.
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This discrepancy between spectroscopic and photometric metallicities has been seen in previ-
ous studies (see Section 4.3 in Caldwell et al. (69)). In that case, it was considered more likely that
the spectroscopic results were likely systematically metal-poor. There was very good agreement

with the isochrone calculated with the photometric metallicity and probable member stars.
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Figure 2.6: The top row of panels is for Grus I CMD and the bottom row is for Indus II CMD.
In both cases, the 1st panel shows an ROI of 2 x r, centered on the object, where Grus I uses
properties found in this study (see Table 2.5) and Indus II uses the discovery properties from (4).
The 2nd panel is a comparison CMD made from stars > 2 X r, away from the ROI. The 3rd
panel is the Hess diagram of the stars within 2 X 7, as seen in the 1st panel.The 4th panel is a Hess
diagram showing the density of the background stars seen in the 2nd panel. They have been scaled
to match the same area as the ROIs. The 5th panel is the Hess difference of the 4th and 3rd panels.

Figure 2.6 shows the CMD of the stars within 2 x 7}, and the CMD of the background (see the

Ist and 2nd panel, respectively). The last three panels of Figure 2.6 are Hess diagrams of the back-
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ground stellar density, the stellar density within 2 X 7}, and the difference of the two (see panels
3, 4, and 5, respectively). Overlaid in the 1st, 4th, and 5th panels is a PARSEC isochrone repre-
sentative of an old, metal-poor population with 7 = 13.3 Gyr and [Fe/H] = —1.9. This isochrone
agrees with the best-fit properties of Grus I inferred from the maximum likelihood distribution.

For Grus I the background-subtracted Hess diagram shown in the 5th panel of Figure 2.6,
clearly illuminates MSTO and MS that are well-represented by the inferred properties. Less obvi-
ous, but still well-populated, the isochrone clearly delineates a HB and RGB population. It should
be noted that some potential members can still be seen in the second top-row panel (background
CMD) of Figure 2.6 due to Grus I's large extent.

In the left two panels of Figure 2.7, we show the distribution of the UGaLi membership prob-
abilities in sky coordinates and color-magnitude space. These membership probabilities were de-
termined as described in §2.3. The three panels in this figure show that our inferred parameters
describing the stellar population and morphology of Grus I are consistent with a theoretical Plum-

mer profile.
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Figure 2.7: Right panel: Spatial distribution of stars in Grus I that have high membership probabil-
ity. Middle Panel: Color-magnitude diagram of the same stars with high membership probability.
The black line is the isochrone best described by our newly derived parameters in Table 2.5. Gray
points in both panels are stars with less than 5% membership probability. Right panel: The stellar
density profile of Grus I where the data is shown in red in elliptical bins of equal number and
weighted by associated membership probabilities. The black dashed line shows the theoretical
two-dimensional Plummer profile created with a Plummer-scale radius equal to a;, = 5.6.
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These probabilities were further used to create a binned and weighted density profile as seen in
the far right panel of Figure 2.7. There are an equal number of stars in each bin. It can be seen that
the binned data fits well over the Plummer model profile shown as the dashed line.

The posterior distributions and maximum-likelihood peak values are shown in Figure 2.4.
While some of the properties shown in Figure 2.4 agree with previous works (see Table 2.5) within
the uncertainties (e.g., centroid coordinates, ellipticity, distance modulus), others have shifted
slightly in this work (i.e., 1), changing some of the derived properties.

Jerjen et al. (5) find two small overdensities at [(ov— ), (6 — dg)] ~ [+0.2, —0.5] (arcmin) and
[(a—ayp), (6—00)] =~ [—0.6, +0.8] (arcmin)-with extents of 22 x 25 pc and 13 x 28 pc, respectively.
It is interesting to note that we do not find obvious evidence of the two slight overdensities or
diffuse centroid found in (5). Our centroid shift does not seem to be significant or dependent on
any lack of dense central overdensity as can be seen in Figure 2.8. The dashed yellow line in this

figure indicates the halflight radius created with our inferred parameters.
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Figure 2.8: The 3 — o iso-density contours of Grus I with our redetermined centroid shown as a
red star. The blue circles represent the location of the two overdensities mentioned in Jerjen et al.
(5) and the gold diamond is the original centroid found in Koposov et al. (3). The yellow dashed
ellipse indicates the Plummer halflight radius found in this work.

The ry, (4/16) found in this work is larger than previous works by more than a factor of 2.
Our larger FOV (see Figure 2.1) allows us to more accurately constrain the local background
contamination and is likely the reason for the change in extent. Additionally, we find Grus I to be
about one magnitude brighter (M, ~ —4.1 mag) than previously thought (3), while the distance
to the object is in agreement with the recently updated distance determination based on RR Lyrae
stars (13).

It should be noted that Jhelum, a nearby stellar stream (D, ~ 13 kpc, m — M ~ 15.6)(63),
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potentially contaminates the FOV. In order to test this, we cut potential stream member stars from
our catalog and performed the same analysis on the new catalog. These potential members were
chosen based on Jhelum’s spatial footprint and location in color-magnitude space. The width of
the area in color-magnitude space was chosen to account for our photometric uncertainties. The
distance of the Jhelum stream ( D ~ 13 kpc) compared to how far Grus I is precludes any physical
association between the two. The results from this analysis were similar within uncertainties.

Therefore, we determined that the presence of the stream does not significantly affect our analysis.
24.2 IndusII

MCMC chains run on this object fail to converge and no membership probabilities are calcu-
lated. The resulting isochrone parameters from the uncoverged chains are indicative of a young
stellar population, which is inconsistent with UFDs or globular clusters.

In all but the background panels of Figure 2.6, the UFD representative old, metal-poor isochrone
delineates the HB but fails to match with any other CMD feature. The derived isochrone fails to
match the BHB stars that its candidacy hinged on originally. This indicates Indus II is likely a
false-positive, i.e., neither a dwarf galaxy nor a globular cluster.

Since we have found that Indus II is neither a real galaxy nor a cluster, it goes against con-
vention to use Indus II as its designation. We prefer to use the designation Indus II from now

on.
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3. IMF ANALYSIS

3.1 Introduction

Ultra-faint Dwarf galaxies provide a unique laboratory of a variety of physical processes due
to their extreme nature. As the most dark matter dominated (24), yet low mass galaxies in the
Universe categorizing these objects is key to answering still open questions.

These objects are found in ground-based optical surveys as statistical stellar overdensities (6).
Currently, there are more than 50 confirmed and candidate UFDs. As the next generation of surveys
comes online and pushes the limits of ages and metallicities, more of these objects continue to be
found. As we continue to probe deeper and find fainter objects, we also gain the ability to more
accurately characterize the UFDs we do know. Additionally, we can push the boundaries and start
placing constraints on the low-mass end of the IMF of galaxies.

In the MW and in massive stars, the IMF seems to be fairly universal—well described by
the classical Salpeter IMF (38). In order to explore the empirical nature of the IMF, it becomes
necessary to study it in other environments. Low-mass environments, in particular, provide an
opportunity to better explore any dramatic effects from the stellar birth cloud or the gas density
(45). IMF studies on dwarf galaxies and UFDs has been done before, but always with space-based
data (45; 70).

The IMF of several of the larger dwarf galaxies has been measured using optical photometry
from HST/WFPC2 and HST/ACS. Draco was found to have 2.1 < a < 2.3 (71), Ursa Minor
a = 1.8 (72), and a = 1.9 for the SMC (73). Geha et al. found power-law slopes for the dwarfs,
Hercules and Leo IV, shallower than the Salpeter IMF at = 1.2 and o = 1.3, respectively (45).
To complement Geha et al., Gennaro et al. found IMF slopes for four more dwarfs: Boo I, CVn II,
Com Ber, and UMal with o = 1.87,1.17,1.68, 1.58, respectively (70).

All of these environments consist of sub-solar masses and low-metallicities and there’s some

correlation between IMF slope and average metallicity (70). There’s also some variability within
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the UFD sample itself though. This further emphasizes the need for increased numbers of UFD
IMFs.

Here, we will provide an updated analysis of all the confirmed and candidate UFDs in the
DES footprint (6). We will also show that constraining the IMF with ground-based survey data is

possible and provide an analysis of the slope of the IMF of two UFDs from that list.
3.2 Data

Similar to the analysis completed in Chapter 2, we use DES photometry. However, in this
study we use DES photometry only and update our data set to the Y6_GOLD catalog. Y6_GOLD
is created using the full 6 years of DES data (compared to 3 years for DES DR1) and is thus deeper
and more spatially complete in the grizY bands, and is the data used for the second public data
release (DES DR?2) (74). DR2 consists of 681 nights of observations from August 2013 to January
2019. The final catalog has a photometric precision < 1% and a coadded depth of g = 24.7 and
r = 24.4 at a signal-to-noise (S/N) = 10 (74).

The Y6_GOLD data were reduced homogeneously using the DESDM pipeline (61). This
pipeline includes an overscan correction, flat-fielding, bias subtraction, masking, and astrometric
calibration using Gaia. The source catalog was created using PSFEx (75) and SourceExtractor (76)
to perform PSF modeling and source detection respectively.

This work focuses on the very small and often diffuse systems made of resolved, faint stellar
sources. To that end, we use the coadded images produced by the multi-epoch pipeline. Created in
a manner similar to the Y3 GOLD coadded images, there were some changes to increase uniformity
and overall data quality. This has resulted in small “holes" in the footprint where there was apparent
coverage before (74). However, the overall quality of the data is unprecedented.

For this work, we require a mostly complete stellar sample (which can lead to galaxy contam-
ination across the FOV). This sample was created by applying the EXTENDED_CLASS_MASH
selection flag with a value between 0 and 2. This is similar to the extended classifier described in
the previous chapter (see Equations 1, 2, and 3 in Shipp et al. (63)). Where again, there is a value

of 0 for high confidence stars, 1 for candidate stars, 2 for mostly galaxies, and 3 for high confidence
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galaxies. This star/galaxy classifier uses the classifications derived first from multi-object fitting
(MOF), then single-object fitting (SOF), then weighted average (WAVG) values from single epoch

detections, and lastly values from SourceExtractor detections (74).

3.2.1 Simulated Data

a=1.35 a=2.35 a=23.35 Background
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Figure 3.1: Example of simulated data created to test our ability to recover physical parameters
and IMF slope. Additionally used to test observational limitations of IMF target candidates and
determine proper magnitude, color, and spatial cuts for accurate characterization.

We used UGali to create g- and r-band magnitudes of old, simple stellar populations speci-
fying the age, metallicity, distance modulus, and IMF slope. We then attached these to positions
generated from an elliptical Plummer distribution to simulate typical UFDs (64). Each simulated
star was given an “observational" error based on its apparent magnitude that was representative of
measured observational uncertainties of the Y6_GOLD dataset used in the final analysis. Finally,
a background region was created by identifying a 2.5 x 2.5 degree area of the DES footprint that
did not contain any contaminating stellar populations (see the rightmost panel of Figure 3.1). Each
simulated UFD was embedded in this “background."”

An example of these simulations can be seen in Figure 3.1. The dramatic impact of changing
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Table 3.1: An example of a simulated stellar catalog—sorted by star ID. This table is published in
its entirety in machine-readable format. A portion is shown here for guidance regarding its form
and content. All magnitudes are in the DES magnitude system.

Star ID R.A. Dec. 90,.DES o T0,DES fo

(deg) (deg) (mag) (mag) (mag) (mag)
898684388 53.956 —54.640 23.088 0.045 22.794 0.038
398684425 53.303 —54.640 22.027 0.015 21.525 0.010
398684592 53.692 —54.638 23.492 0.049 23.173 0.042
398684593 53.140 —54.633 22.732 0.028 22.323 0.020
398684749 53.536 —54.628 23.430 0.058 23.077 0.040
398684802 53.779 —54.633 23.725 0.121 23.681 0.105

the slope of the IMF can be seen clearly in this figure. With a shallower slope (e.g a = 1.35; see
the first panel), the system is clearly more populated along the MS and up the RGB. We used these
simulations to test the accuracy and precision of our analysis method. Additionally, we used these
simulations to determine the limitations in this method and appropriate magnitude and color cuts
to obtain the most accurate characterizations.

We found that with DES Y6_GOLD data a faint magnitude limit of ¢ = 24 was required to
recover input parameters, including the IMF slope (a)). This is 0.7 mags brighter than the faint
limit of the Y6_GOLD data set. After testing bright magnitude limits, it was determined that
leaving the full range of brighter magnitudes (¢ < 16) resulted in better background constraints
and subtraction. As can be seen in Figure 3.1, « is also clearly a limiting factor. A theoretical UFD
with a steeper slope (see panel 3, a = 3.35) would have considerably fewer stars, making it harder

to observe and statistically separate from the background.
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Figure 3.2: The leftmost panel has My = —1, the middle panel has My = —2, and the rightmost
panel has M, = —3. All other simulated physical properties are the same among all three panels.
These were preliminary runs shown here to provide an example of the testing that was done with
the simulated data.

Figure 3.2 shows preliminary results testing the efficacy of our method on various masses. The
first two panels in this figure indicate that « is not recoverable for objects fainter than My ~ —2.
The third panel shows that the analysis method is starting to pick up on a more signal than noise.
The recovery of other morphological and isochrone parameters is not affected as strongly by this
limitation on recovering «. This sort of testing was done on mass limitations, apparent magnitude
limitations (bright and faint), distance, size, and a.

Specifically, simulating a Ret II-like object, we show that a full analysis (including IMF slope
determination) is possible for an object of this size and makeup (see Figure 3.3). Reticulum II has
ap = 5.52 arcmin, My = —3.9, and is only 30 kpc away. Tucana III is likewise only 25 kpc away,
although it is fainter and smaller than Reticulum II. Given this information, we selected Ret II and
Tuc III to provide UFD slope constraints, as well as using the deep, wide, and precise Y6_GOLD
data to provide and confirm updated characterization. For the rest of the targets, we hold « fixed at
the classical Salpeter slope of 2.35 (38).

We found that the isochrone parameters were difficult to recover depending on the size and
luminosity of the object. With a well-populated MSTO and either a RGB or HB, the isochrone

parameters can be reasonably recovered (although there’s a clear degeneracy between age and
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distance modulus). Also, a plays a significant role in the efficacy of this analysis through affecting
the number of observable stars. When the slope is steeper (as in the right panel of Figure 3.3 and
in Figure 3.4; o = 3.35), the parameters become harder to recover—particularly the isochrone
parameters. To reduce the available parameter space and get stronger constraints on «, we also ran
our analysis with metallicity and or age held fixed when the literature values were from a reliable

source (e.g., spectroscopy or RR Lyrae studies).
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Figure 3.3: Simulated datasets with all physical properties the same except for a. The panel on
the left has @ = 1.35 and the figure on the right has o« = 3.35 It can be seen that morphological
convergence (all other things being equal) is easier to achieve and more precise with a shallower
slope.
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parameter values with a steeper slope.

3.2.2 Target Objects

As mentioned in Section 3.1, the data sample described in Section 3.2 will be used to infer
updated physical properties of 20 target objects. Listed in Table 3.2 are all of the current literature
values (6). Figure 3.5 shows the CMD of all the target objects. They are overlaid with an old,
metal-poor isochrone (7 = 13.0 Gyr, [F'e/ H] = —2.34) with spread representative of this data sets
photometric uncertainty. It can immediately be seen that some objects are more populated than
others and therefore likely easier to analyze (e.g., Ret II and Tuc III; fourth row, third panel and
fifth row, second panel, respectively). You can also see a clear HB around g ~ 23 in Eri II (second

row, first panel).
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Figure 3.5: Shown here are CMDs of all the confirmed and candidate UFDs from the DES foot-
print (6). The isochrone overlaid is a Dotter 2008 (7) of age 13.0 Gyr and [F'e/h] = 2.34, rep-
resentative of typical UFD populations. The spread in the isochrone is an applied error function
based on the Y6_GOLD data.
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Figure 3.5: Continued

3.3 Methods

Similar to Chapter 2, we used the Ultra-faint Galaxy Likelihood (UGaL1i) toolkit to provide
updated characterization for all the candidate and confirmed UFDs in the DES footprint. In order
to better characterize the UFDs in DES, we modified UGaLi to additionally fit for the IMF.

For both the simulated and real data, our input data consists of two filters (g— and r— band)
and their associated errors. In the case of the simulated data, these were errors empirically found

to well model representative of errors in the Y6_GOLD catalog. Our input data also consists of
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the spatial positions of the stars (RA and Dec.). The simulated stellar positions were created by
randomly drawing from an elliptical Plummer distribution and assigning them magnitudes from
the simulated stellar population.

Our improvements on the previous method affected only the second part of Equation 2.2,

ue(Des]0.). 3.1

It follows that u. now consists of the following model parameters: distance modulus (m — M),

age (7), and metallicity (), and the slope of the IMF («).
3.3.1 Analysis

In the course of testing our improvements on UGaLi, we also explored the effects of different
isochrones (e.g., Parsec (65), Dotter 2008 (7), and Dotter 2016 (8), etc.). It has been found before
that some of these isochrones are bluer than is found spectroscopically (6). We determined that
Dotter 2008 isochrones were the truest to spectroscopic metallicity. Figure 3.6 shows the slight
difference between the Dotter 2016 (8) and the Dotter 2008 (7) along the red giant branch (RGB).
While previously we found that this did not significantly affect the results of our analysis (along
the MS these isochrones are very similar), with the addition of the sensitive slope information we

decided to use Dotter 2008 isochrones for the remainder of the analysis.

34



1--- M92

1 e age=12.5 Gyr, Z=0.00007--2008
age=13.5 Gyr, Z=0.00007--2016
age=12.5 Gyr, Z=0.00007--2016
age=11.5 Gyr, Z=0.00007--2016
age=10.5 Gyr, Z=0.00007--2016
age=12.5 Gyr, Z=0.00007--2016.web

-0.25 0.00 0.25 0.50 0.75 1.00 1.25 1.50

gr

Figure 3.6: Comparing Dotter 2008 (7), Dotter 2016 (8), and Dotter 2016 downloaded from the
website (8). The black dots are spectra from Simon et al. (9).

Another benefit of the Dotter 2008 isochrones is that they reach lower metallicities. The
isochrone grid is then 0.00007 < Z < 0.001, 1Gyr < 7 < 13.5Gyr, 16.0 < m — M < 25.0,
and 0.5 < a < 4.5. Equation 2.2 is then calculated by binning the color (¢ — ) and magnitude
information over this grid. When « is held fixed (as is the case with most of the targets), the
isochrones are weighted by a Chabrier IMF (40) in the form of a power-law plus a log-normal dis-
tribution at low masses. When « is allowed to vary, the IMF takes on the form of a simple power

law,

/ﬂ =Am™°, (3.2)
dm

where DN/dm is the change in number of stars formed with a given stellar mass, A is a normal-
ization parameter, and m is mass. The normalization parameter, A, is calculated with each step to
normalize the integral of the IMF to be 1 for the mass range 0.1 Mo < M, < 100 Mg,

For the morphological properties (the first part of Equation 2.2), we still assume an elliptical
Plummer model (64; 23) as described by Equations 2.3, 2.4, 2.6, and 2.5. There are five free
parameters that describe the first part of : the centroid coordinates (o, dp,), the semi-major half-

light radius (ay,), the ellipticity (¢), and position angle (¢).
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We define our Poisson log-likelihood as

stars

log £ = —AN, — ) log(1 —pj), (3.3)

no change in the where A is still the normalization parameter (for stars M, > 0.1Mg), N; is the
fraction of observable satellite member stars, and p; is membership probability.

We normalize Equation 2.2 of the signal to unity, allowing us to infer the total number of stars
in each target object—both observed and unobserved. We calculate the membership probability of
stars in the ROI with Equation 2.8 and consider the background density function, b;, as independent
of spatial position.

We find the background function from an annulus surrounding our target ROI. Because of the
survey nature of DES data we can utilize a FOV large enough to account for proper background
statistics (23; 13). In most cases, we take our target ROI to be (r < 0.5 deg) and determine b; from
an annulus (0.5 deg < r < 2.0 deg) surrounding the target ROL. In the case of Eri III and Kim 2, we
use a target ROI of » < 0.2 deg and a background annulus of 0.2 deg < r < 1.0 because their semi-
major halflight radii are significantly smaller than the rest of the targets r, < 0’5) For Tuc II and
Tuc IV, we use a target ROI of » < 5.0 deg and a background annulus of 1.25deg < r < 5.0 deg.
Their semi-major halflight radii are r, = 9'.

In all cases, we allow A to vary and hold b; fixed. In the case of Ret Il we hold Z and m — M
fixed and for Ret II and Tuc III, we allow « to vary. Through the UGaL1i toolkit we run an MCMC
chain that results in 5200,000 samples exploring the whole parameter space with flat priors (with

the exception of r,, which has an inverse prior).
3.4 Results

We were able to obtain results on 65% of our target objects. Table 3.3 provides a summary of
updated parameter values obtained from the median peak likelihood of the posterior distributions
(see Figures 3.7 - 3.24). Results for each object are detailed in the following subsections—as well

as an assessment on if it is likely possible to constrain an IMF for each object with the current data.
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34.1 Cetusll

Cetus II was discovered in the DES footprint in the DES Y2 data (4) as a lower-confidence
candidate. The original structural parameters found for this object indicated that if a UFD, it would
be the most compact and least luminous dwarf found (4). The results shown in Figure 3.7 indicate
a significant increase in a; and therefore with a much brighter absolute magnitude (M = —1.3).
Given the large uncertainties on the shift in the centroid parameters, this increase should be treated
with caution until further followup can be done. If these uncertainties can be resolved, then Cetus

Il is a potential candidate for IMF studies.
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3.4.2 CetusIII

Cetus III was found in the Hyper Suprime-Cam Subaru Strategic Program (HSC-SSP (82;
83)) (77). As was expected, this object was difficult to measure with DES data. It can be seen in
the first panel of the second row of Figure 3.5 that the lower magnitude limit of DES data does not

reach far enough below the MSTO. Figure 3.8 shows the lack of convergence.

3.874058
LA X]

e cet iii

LAl 4775200z,
T T T

AR.A.(")

ADec. (")

ap()

0.424033

&€

89.1 stg‘f‘ i

T 7
|

¢ (deg)

A AR.A. (") ADec. (")
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39



3.4.3 Columbal

Columba I was observed with HSC in 2016 (78). Columba I appeared to be a typical old,

metal-poor UFD and these results point to the same conclusion. All structural parameters are in

agreement (within uncertainties) of previously found results, with the exception being the position

angle. However, given the lack of clear convergence on an ellipticity value, this discrepancy is not

surprising.
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3.4.4 DES J0225+0304

DES J0225+4-0304 was found using the first two years of DES coadded data (79). Originally
found to have a very small physical extent, it was located in the region of ambiguity between GCs
and UFDs on the size-luminosity plane. While there might be some indication of an overdensity
lower on the MS (see Figure A.4 at gy ~ 22.5), there is not enough information to confirm the
existence of a UFD. To compliment this evidence, it can be seen in Figure 3.10 that there was no

convergence in any of the structural parameters.
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3.4.5 Eridanus]II

Eridanus II was found in Year 1 of DES and analyzed by Koposov et al. (3) and the DES
collaboration separately (20). Eridanus II is one of the most distant (D = 363 kpc) and one
of the brightest (My = —7.8) UFDs found to date. The results depicted in Figure 3.11 show
good agreement between our analysis and previously found results. At g ~ 23 there is a clear,
well populated horizontal branch (see Figure A.5. While the limiting magnitude prohibits this
object from being an IMF target, it nonetheless is a very interesting target for follow-up population

studies.
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3.4.6 Eridanus III

Eridanus III was reported in Koposov et al. (3) and in the Y1 release of the DES collaboration
(20). Those studies show a clear stellar population, however, its candidacy as a UFD is still open
to interpretation. As seen in Figure A.6, there seem to be a faint RGB and top of the MSTO. This
is in agreement with previous studies and given its repeatedly found small extent, it is likely a GC.
The one thing to note is that with Y6_GOLD data we find Eridanus III to be smaller in extent than

was previously thought (3) and slightly shifted in Dec.
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34.7 Grusl

This object has been the subject of many studies, including both spectroscopic and photometric
follow-up (3; 10; 5; 12; 13). In the previous chapter, we conducted a follow-up study using Mega-
cam data and a limited FOV, we found Grus I to be both larger and brighter than was previously
thought. With this more precise data and wider FOV, this study finds Grus I to be smaller than

before (Chapter 2) but still larger and brighter than previous studies.
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34.8 Grusll

Grus II was found in the Year 2 DES data as the most significant new UFD candidate (4).
However, in the reprocessing a lot of the data in this part of the footprint was removed to increase
uniformity and precision. There is some hint at a stellar population in both Figure 3.14 and Figure
A.8. At g ~ 21, there is a potential sub-red giant branch. Follow up photometry or dedicated

reprocessing of the DES data will be needed to further confirm the status of this candidate.
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3.4.9 Horologium I

Horologium I was found with high significance in the DES Y1 coadded data by both Koposov
et al (3) and the DES collaboration (20). Despite the ambiguity introduced due to its small size, it
was classified as a UFD (3). We find it to be marginally larger and brighter at 40 pc in extent and
with a My = —3.9 and agree that it is likely a UFD. Further, Horologium I has a very clear MSTO
and RGC (see Figure A.9).
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3.4.10 Horologium II

Horologium II was discovered as a UFD candidate in the Y1A1 DES catalog (the first catalog
to be produced) (81). It was found to be a faint, elongated object with a potential match to an
old, metal-poor isochrone (13.5 Gyr, [F'e/H| ~ —2.1). It can be seen in Figure 3.16 that we are
unable to recover an associated half-light radius for this object. Figure A.10 shows a potentially
populated RGB and MSTO, but there is too much scatter to confidently say that this is a coherent

stellar population. We recommend a targeted follow-up study to confirm the nature of this object.
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Horologium II. This figure is similar to Figure 3.7
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34.11 IndusII

In agreement with our previous analysis (see chapter 2), this analysis shows that Indus II is
likely neither a UFD or GC. Figure 3.17 shows a complete lack of convergence on any structural

parameters. Figure A.11 still shows the features that flagged the object before.
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34.12 Kim2

Kim 2 was discovered in an independent survey with DECam and followed up with targeted

DECam data (81). It has been determined to likely be a larger star cluster as opposed to a UFD.
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Our analysis supports the findings that this FOV contains a coherent stellar population (see Figure

A.12), but is unlikely to be a UFD.

el

kim?2

L .

AR.A. (")
% U Y

Q
Mr
ol
» L —27.59+339
[ T T LS|
~ »F r
=~ £ Els
(&) MF
Y @ @
zr
< et it
E L L L
T 8, [ e £
\’Qj £
o \(\'}
<z [
— [
S HE
JEfH
TE[I
JH AL 0.28+938
S e preeeTeT
Bl B2 sy S
1 [ ]
Els [
1t [
W 1t [
1E Vol
1E [
s [
1h I
1F I
El Vol
I | \/ TN | 5 ST N A 85.2613477
T T TV T T T q\w—\w T T Imasn T
o 3 1Y it
] 1
Z 1L ’2} 1F
s I 1 ik
L L L 1l L L L iE L L L L L L L L 1 1 L
ORI I P VN S N N N ® e e
A AR.A. (") ADec. (") ap() £ ¢ (deg)

Figure 3.18: Posterior probability distributions for the structural and isochrone parameters of Kim
2. This figure is similar to Figure 3.7

3.4.13 Phoenix II

Phoenix II is a likely UFD based on discovery parameters (20; 3) and spectroscopy (84).
This candidacy is also supported by the presence of an RR Lyrae star located on the horizontal
branch (13). We present updated characteristics that are in very good agreement with previous

studies (20; 3; 37).
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Figure 3.19: Posterior probability distributions for the structural and isochrone parameters of
Phoenix II. This figure is similar to Figure 3.7

3.4.14 Pictoris I

Pictoris I was reported in Koposov et al. using DES Y1 data as a high confidence UFD (3).
Unfortunately, this FOV suffers from large gaps in the data due to the reprocessing and more strin-
gent quality control. Despite this Figure 3.20 shows some convergence on similar morphological
properties as found previously. Additionally, it can be seen in Figure A.14 that there is a RGB and

potential HB along with a MSTO.
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Figure 3.20: Posterior probability distributions for the structural and isochrone parameters of Pic-
toris I. This figure is similar to Figure 3.7

3.4.15 Reticulum II

Reticulum IT was discovered in the Y1 DES footprint and classified as a candidate rather than a
UFD due to its small size (3). However, its ellipticity and subsequent likelihood analyses pointed
toward the object being a UFD (20). Follow-up spectroscopy has since confirmed its status as
an UFD (10). Here we provide updated structural parameters as well as the slope of the IMF. In

keeping with other IMF studies done on UFDs, Reticulum II hints at a "bottom-light" IMF.
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Figure 3.21: Posterior probability distributions for the structural and isochrone parameters of
Reticulum II. This figure is similar to Figure 3.7 with the addition of the free parameter «, the
slope of the IMF.

3.4.16 Reticulum III

Reticulum III was found in the DES Y2 and tentatively classed as a UFD based on it’s potential
BHB and RGB stars (85). Figure 3.22 shows a lack of convergence on 7, and a large uncertainty
on the centroid parameters. There does seem to be some potential overdensity at the MSTO (see
Figure A.16). This object would be worth either follow-up observation or further investigation

using this data set.
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Figure 3.22: Posterior probability distributions for the structural and isochrone parameters of
Reticulum III. This figure is similar to Figure 3.7

3.4.17 Tucana Il

Tucana II was discovered in Y1 DES data as a high significance UFD candidate (4; 3). This
object is well populated along the MSTO and RGB (see Figure A.17. With our updated properties
we find this object to be larger than was previously thought. Recently, it was reported that some
stars associated with Tucana II were further than expected (86). However, Figure 3.23 points

toward a larger 7, than previously found.
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Figure 3.23: Posterior probability distributions for the structural and isochrone parameters of Tu-
cana II. This figure is similar to Figure 3.7

3.4.18 Tucana III

Tucana III was found in the Y2 DES data release (4). Comparable in size to Reticulum II, its
nearby proximity is also what made it a useful target to determine IMF slope constraints. Tucana
III is well populated and resolved several magnitudes below its MSTO. We find updated structural
parameters in keeping with previous studies and a shallower slope than the standard Salpeter of

2.35. This points toward a "bottom-light" IMF.
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Figure 3.24: Posterior probability distributions for the structural and isochrone parameters of
Reticulum II. This figure is similar to Figure 3.7 with the addition of the free parameter «, the
slope of the IMF.

3.4.19 TucanalV

Tucana IV was discovered in Y2 DES data (85). It is another large candidate with a reported
extent of ~ 127 pc. As shown in Figure 3.25, the half-light radius is difficult to constrain. This
is due to a large gap in coverage near the center of the object. Despite this Figure A.19 shows a
strong MSTO indicating that this is still a strong candidate. It is recommended to either perform
follow-up observations or to rerun this analysis using data that does not include some of these

quality cuts. Tucana IV shows strong candidacy for the IMF study if that gap can be filled.
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Figure 3.25: Posterior probability distributions for the structural and isochrone parameters of Tu-
cana IV. This figure is similar to Figure 3.7

3.4.20 TucanaV

Tucana V was discovered in Y2 DES data as a faint, stellar system that was too extended and
elliptical to be a GC (85). We find Tucana V to be brighter and less elliptical than was previously
found. This would cast some ambiguity onto its nature as a UFD. It is clearly well populated
below the MSTO (see Figure A.20, however we recommend that this object be the subject of

targeted follow-up observation before confirming its status as a UFD
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Figure 3.26: Posterior probability distributions for the structural and isochrone parameters of Tu-
cana V. This figure is similar to Figure 3.7

3.5 Discussion

The difference between the literature values and our study of My, a;, and distance (D) is
shown in Figure 3.27. It can be seen that most of the objects have very little shift. It is interesting
to note that we find Tuc II to be slightly larger than before. There has been some speculation that
some of its member stars are further than expected (based on the previous halflight radius (86).

Another interesting result that can be seen in Figure 3.27 is Cetus II. Cetus II should have
dedicated follow-up to determine the actual size of the object. The FOV centered on Indus I was

again found not to have a stellar population indicative of a UFD or GC.
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Figure 3.27: The difference between all of the objects listed in Table 3.3 and their original literature
values. For readability, only a; (the black dots), My, (the blue star), and D (the distance in kpc,
the red plus) are listed here.

Figure 3.28 shows the range of « for all UFDs that have IMF measurements. It is clear that
though they all are shallower than the Salpeter IMF, there’s still significant variation among them. It
should also be noted that although the uncertainties aren’t reported here, most are only significantly
different than the Salpeter IMF to 1o.

Figure 3.29 explores the potential relationship between average metallicity and IMF. There is
a hint of a correlation in this figure, but it really points toward the need for more UDF IMFs. It
has been speculated before that there may also be a correlation between distance and slope (70).
Although Ret II and Tuc III have a steeper slop than the furthest UFDs (Hercules, Leo IV, and CVn
IT), they are not the steepest as compared to some others that they are closer than. Again, it proves
necessary for more UFDs to be analyzed to make definitive statements. Hopefully when JWST
and the Vera Rubin Observatory come online, we will be able to probe deeper on a few of these

objects that are just slightly too faint to have the proper mass range.
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4. SUMMARY AND CONCLUSIONS

With this thesis, I have contributed to the larger astronomy community by improving our under-
standing of the physical properties of local Ultra-faint Dwarf galaxies. I have added to the small,
but growing, catalog of IMF information for UFDs. Given the small number of objects within the
UFD population it is ever imperative that they are characterized accurately and precisely. The open
questions in the field that I addressed were two-fold in most cases: what is the nature of a target

object and does our method work given the noise and small size of our targets.
4.1 The Nature of UFD Candidates

In Chapter 2, I used targeted, deep follow-up photometry to explore the nature of two UFD
candidates within the DES footprint, Grus I and Indus II. These objects were chosen due to their
low-confidence and ambiguous nature. We used Magellan/Megacam imaging for its large FOV
(24" x 24")—at the time, the largest FOV for data that deep. We obtained coadded images in g- and
r-band with ~ 0.64” seeing.

The first step was to obtain the data from reduced images by performing point-spread function
photometry. PSF photometry was chosen due to both the crowded nature of the field and due to
some tracking issues that changed the shape of the data. I was able to overcome the fitting issues
due to the elongation in the g-band images of Grus I and obtain deep photometry. The resulting
photometry allowed us to probe ~ 2 magnitudes fainter than was previously done. As part of the
DES collaboration, I have access to phenomenal photometry. I used this photometry to calibrate
the follow-up photometry to 1 — 2% uncertainties. The photometry, photometric uncertainties,
and spatial information from this was used in a statistical analysis to infer information about the
physical properties of Grus I and Indus II.

I chose to use an MCMC algorithm to take advantage of every data point (i.e., stellar mag-
nitudes and positions). By doing so, I avoided the need to bin data and lose information in the

process. This is important due to the small size of UFDs in general and the noise associated with
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probing deep into faint objects.

I utilized the toolkit called UGaLi to implement the MCMC algorithm. UGaLi was created
for the search and characterization of small stellar overdensities in the Milky Way by DES. I
defined the probability distribution function by an elliptical Plummer distribution for the spatial
component. This was characterized by five morphological parameters. The probability distribution
function of the isochrone parameters was created by forward-modeling over a grid of isochrone
templates.

The results from this analysis helped determine that Grus I was a UFD and that Indus II was a
false positive. Additionally, I was able to provide updated physical characteristics that shifted the

position of Grus I in the size-luminosity plane.
4.2 Characterization of UFDs

In Chapter 3, I accomplished several things: I updated the physical properties of a large portion
of the population of UFDs, I developed a method for inferring the slope of the IMF of UFDs, and I
found the slope of a couple of UFDs. Starting with a target list of 20 objects, I used data from the
latest DES Y6_GOLD to perform a similar analysis as was done in Chapter 2.

The Y6_GOLD catalog is arguably an unprecedented achievement in photometric precision
and uniformity. By updating the catalog of UFD characteristics with this data set, I have provided
uniform constraints on several physical relationships that help us understand these objects, classify
them, and disentangle their physical properties and origins from that of other astronomical objects.
There were 20 targets that fell within the DES footprint. Of those 20, I was able to provide updated
characteristics on 13 objects. Of the objects that I was unable to provide updated constraints on,
some (such as Indus II) are now confirmed false positives. Others (such as Cetus III) are simply
too faint to be analyzed reliably.

For the objects that have updated characteristics, I also have assigned membership probabilities
for each star in the FOV. These membership probabilities are used to target individual stars for
spectroscopic follow-up. Spectroscopic follow-up is the most reliable way to classify a UFD and

determine its metallicity and kinematics.
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4.3 Characterization of the IMF

Next in Chapter 3, I determined which of the UFDs were viable IMF targets. To do this,
I simulated several different data sets representing UFDs of varying size, total mass, and IMF.
I used these simulated datasets to ensure that I could recover the input IMF and other physical
properties. These simulated data sets were also assigned a photometric uncertainty in keeping with
the Y6_GOLD data set. By doing this, I was able to determine observational limitations on our
analysis.

I determined that below a magnitude of g ~ 24, the star galaxy separation broke down and
the photometric uncertainties became too large to return appropriate results. Additionally, I de-
termined that applying appropriate color cuts in color-magnitude space was necessary to limit
background contamination. On the other hand, I found that it was best to include all bright mag-
nitude information to properly constrain and subtract the foreground/background contamination. I
also determined that it was best to have resolved stars down to at least three magnitudes below the
MSTO in order to recover the IMF slope.

For this study, I chose Reticulum II and Tucana III based on their proximity, size, and how well
populated they were below the MSTO. For both objects, I found an IMF slope that is shallower
than the standard Salpeter IMF that is found in the MW. This implies a "bottom-light" IMF which
translates to stars below the MSTO (or very low on the MS) not dominating the system. Alterna-
tively, a "bottom-light" IMF could imply a "top-heavy" IMF. And for objects as old as these, most
of those stars could be gone by now, potentially leaving behind observable signals to search for.

One of the biggest open questions in astronomy is "Is the IMF universal?" If we continue to
find more UFDs with these shallower IMF slopes, while more massive and extragalactic object’s
seem to have steeper slopes—the answer would appear to be no. Which begs the question, what
exactly determines the IMF at an objects birth? Further, how much variance in the IMF is there
within these smaller populations.

Previously, IMF studies were limited to space-based data. These placed huge limitations on

using the UFD population to contribute to IMF studies both in terms of telescope time and FOV.
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UFDs are often much bigger than the FOV of the Hubble Space Telescope.

By accomplishing this analysis with ground-based data, I have proved undeniably that this
method works. As astronomy heads into the survey data era, our photometry will get deeper and
more precise. The UGaLi toolkit is now equipped to work immediately and with little adjustment

or preparation on obtaining IMF constraints.
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APPENDIX A

HESS CMDS

Text for the Appendix follows.

Background
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Figure A.1: The left panel is a binned CMD of Cetus II within a ROI of 2r;,. The middle panel is
a binned CMD of the background nearby. The right panel is a background subtracted Hess color
magnitude diagram. The dashed line represents an old, metal poor Dotter 2008 isochrone and the
red lines are DES Y6_GOLD representative spread due to photometric uncertainty.
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Figure A.2: A background subtracted Hess color magnitude diagram of Cetus III. This figure is
similar to Figure A.1
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Figure A.3: A background subtracted Hess color magnitude diagram of Columba I. This figure is
similar to Figure A.1
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Figure A.4: A background subtracted Hess color magnitude diagram of DES 0225 0304. A back-
ground subtracted Hess color magnitude diagram of Columba I. This figure is similar to Figure
Al
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Figure A.5: A background subtracted Hess color magnitude diagram of Eridanus II. This figure is
similar to Figure A.1
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Figure A.6: A background subtracted Hess color magnitude diagram of Eridanus III. This figure is
similar to Figure A.1
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Figure A.7: A background subtracted Hess color magnitude diagram of Grus I. This figure is
similar to Figure A.1
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Figure A.8: A background subtracted Hess color magnitude diagram of Grus II. This figure is
similar to Figure A.1
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Figure A.9: A background subtracted Hess color magnitude diagram of Horologium I. This figure
is similar to Figure A.1
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Figure A.10: A background subtracted Hess color magnitude diagram of Horologium II. This

figure is similar to Figure A.1
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Figure A.11: A background subtracted Hess color magnitude diagram of Indus II. This figure is

similar to Figure A.1
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Figure A.12: A background subtracted Hess color magnitude diagram of Indus II. This figure is
similar to Figure A.1
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Figure A.13: A background subtracted Hess color magnitude diagram of Phoenix II. This figure is
similar to Figure A.1
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Figure A.14: A background subtracted Hess color magnitude diagram of Pictoris I. This figure is
similar to Figure A.1
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Figure A.15: A background subtracted Hess color magnitude diagram of Reticulum II. This figure
is similar to Figure A.1
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Figure A.16: A background subtracted Hess color magnitude diagram of Reticulum III. This figure
is similar to Figure A.1
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Figure A.17: A background subtracted Hess color magnitude diagram of Tucana II. This figure is
similar to Figure A.1
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Figure A.18: A background subtracted Hess color magnitude diagram of Tucana III. This figure is
similar to Figure A.1
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Figure A.19: A background subtracted Hess color magnitude diagram of Tucana IV. This figure is
similar to Figure A.1
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Figure A.20: A background subtracted Hess color magnitude diagram of Tucana V. This figure is
similar to Figure A.1
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