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Abstract

New Frontiers in Extragalactic Stellar Metallicity Measurements with Hubble
Space Telescope

by

Sal Wanying Fu

Doctor of Philosophy in Astronomy

University of California, Berkeley

Associate Professor Daniel R. Weisz, Chair

Detailed studies of our Local Group benchmark our understanding of galaxy forma-
tion. Stellar metallicities are key tracers of the baryonic astrophysics shaping galactic
properties, but they are challenging to measure in distant and faint galaxies. Narrow-
band imaging offers a powerful way to measure stellar metallicities in systems that
push our understanding of dwarf galaxy formation to new regimes in luminosity,
star formation history, and environment. In this dissertation, I present hundreds of
new stellar metallicities in faint, Local Group dwarf galaxies measured via a novel
application of Ca H&K imaging on the Hubble Space Telescope. These metallici-
ties measurements encompass: 1) 463 stars in 13 ultra-faint dwarf galaxies (UFDs)
around the Milky Way, which effectively doubles the number of stellar metallicities
in all known UFDs, b) 374 stellar metallicities in the quenched field dwarf galaxy Tu-
cana (MV = −8.8, D ∼ 1 Mpc), a factor of ∼ 7 increase over literature spectroscopy,
and c) 286 stellar metallicities in two M31 dwarfs Andromeda XVI and And XXVIII
where there were previously 0 and 13, respectively. These homogeneous metallicity
measurements enable a wide range of science: 1) chemical evolution modeling to put
novel constraints on the baryon cycle in UFDs, 2) new metallicity benchmarks for
cosmological simulations of the faintest galaxies, 3) high-fidelity metallicity gradi-
ents that constrain stellar feedback and dark matter core formation models in dwarf
galaxies, 4) ∼ 120 Extremely Metal Poor (EMP; [Fe/H] < −3.0) star candidates
that will be priority spectroscopic follow-up targets in the era of Extremely Large
Telescopes (ELTs). I conclude with a discussion of interpretive and observational
studies that follow from this dissertation.
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Chapter 1

Introduction

This dissertation has been chiefly adapted and compiled from four first-author journal
articles published throughout the course of my degree [96, 97, 99, 98]. These articles
pertain to the novel application of photometric metallicity imaging techniques to
deliver stellar chemistry measurements in Local Group (LG) dwarf galaxy systems
that cannot be recovered using other, contemporary techniques.

In this chapter, I provide the big-picture motivation for work presented in this
dissertation. Section 1.1 establishes the broader astrophysical and cosmological con-
text for detailed chemistry studies within the LG. Section 1.2 presents the landscape
of landscape of stellar chemistry measurements in dwarf galaxies prior to this work.
Section 1.3 introduces the technique of photometric metallicities. Section 1.4 pro-
vides an overview of the remaining dissertation chapters.

1.1 The Cosmological Context
Dwarf galaxies (M⋆ < 109 M⊙) are the smallest and the most numerous types of
galaxies in the universe at all redshifts. They occupy the lowest-mass dark matter
halos capable of forming galaxies, and are therefore important for probing small-scale
predictions of dark matter particle models [43]. Under the hierarchical structure for-
mation theory of galaxy evolution, posited by the standard Λ Cold Dark Matter
(CDM) cosmology, dwarf galaxies are also the building blocks of larger galaxies in
the universe [44, 127, 229]. Finally, owing to their low mass, they are particularly
sensitive to the impact of baryonic processes, and offer opportunities to study in-
dividual chemical enrichment events that have outsized effects on their chemical
properties [152].

The LG is our cosmic neighborhood, anchored by the Milky Way (MW) and
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Andromeda (M31) spiral galaxies. In the last two decades, our census of dwarf
galaxies within the LG has grown exponentially, owing to advances in extensive
imaging surveys (SDSS, PAndAS, Pan-STARRS, DES, UNIONS, HSC-SSP) and
increasingly sophisticated dwarf galaxy search algorithms [26, 197, 170, 23, 82, 134,
53]. These advances have established the LG as home to a diverse cast of dwarf
galaxies along axes of luminosity (L ∼ 10 to 109 L⊙), environment (satellites of
either the MW or M31, or in the field), and star formation history (SFH; ending
12 Gyr ago, persisting until 5 Gyr ago, and forming stars at the present day [319]).
In composite, these galaxies provide important windows into the interplay of galaxy
formation processes: the small-scale behavior of dark matter, and its interaction with
baryonic physics.

Owing to their relative proximity, we are able to resolve LG galaxies down to
the level of individual stars. This is a level of observational detail that is prohibitive
for the vast majority of galaxies in the cosmos. Thus, studies of the LG – i.e., the
discipline of near-field cosmology – anchor our understanding of galaxy formation,
structure formation, and the origin of life, across cosmic time.

1.2 Stellar Metallicity Measurements in Dwarf
Galaxies

The chemical composition of individual stars in a galaxy encodes the archaeological
fingerprints of baryonic processes that contribute to small-scale and global galaxy
formation processes. Detailed chemical abundances are used to trace evidence of
individual chemical enrichment events– Type II and Type Ia SNe, s- and r-process
nucleosynthetic channels– and their composite impacts on a galaxy’s evolutionary
history [300, 93, 152, 147], while the global metallicity distribution (MDF) of stellar
metallicities– [Fe/H]1 – encodes the aggregated consequence of gas inflow and outflow
throughout a galaxy’s star-forming lifetime [299, 237, 165, 315].

Stellar chemistry is measured from absorption lines in stellar spectra. Histori-
cally, equivalent width analysis of high-resolution (R > 10000), high signal-to-noise
(S/N > 30) stellar spectra had been the gold standard technique for chemistry mea-
surements [213, 60, 301]. However, these techniques are limited to stars brighter
than g < 20, and thus can only probe the brightest stars in bright galaxies within
∼ 120 kpc [231].

The use of spectral indices and full-spectrum synthesis fitting techniques applied
to medium resolution spectra (R ∼ 5000) has enabled chemistry (Fe, bulk α element)

1Defined further as [Fe/H]⋆ = log10(NFe/NH)⋆ − log10(NFe/NH)⊙.
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inferences in fainter, more distant targets, with contemporary studies using multi-
object spectrograph (MOS) 10-meter class telescopes recovering measurements for
stars brighter than g ∼ 22.5 [277]. This technique has been the state-of-the-art for
following up dwarf galaxy discoveries enabled by the expansion of imaging survey
science at the turn of the 21st century. However, owing to the small field-of-view
(FoV) of MOSs, complex selection effects in multiplexing, and number of bright stars
spectroscopically accessible, spectroscopic techniques have still struggled to recover
well-sampled stellar MDFs for dwarf galaxies beyond the Milky Way virial radius (>
300 kpc), and for many faint galaxies within. Thus, spectroscopic techniques alone
will likely be challenging for following up on dwarf galaxy discoveries anticipated by
next-generation photometric surveys, most notably the Legacy of Survey of Space
and Time on the Vera C. Rubin Observatory.

1.3 The Value of Photometric Metallicities
Photometric techniques offer an expansive avenue for inferring stellar metallicities.
The Ca H&K absorption lines at 3933.7 and 3968.5 Angstroms (Fig. 1.1) have long
known to be sensitive to stellar metallicity [293]. Narrow-band photometric filters
specifically aimed at measuring flux around these features while avoiding contaminat-
ing absorption introduced by any potential enhancements in C and N, can therefore
provide effectively a very low resolution technique for measuring stellar iron abun-
dance. By trading in detail in spectral features, photometric metallicity imaging
enables recovery of all stars within a field-of-view (FoV) at fainter limiting bright-
nesses than achievable through spectroscopy, and results in orders of magnitudes
gains in sample size.

This technique was proposed as early as 1966 by Strömgren [293], and has
been used to map the metallicity populations of the MW through the 1990s [e.g.,
331, 24, 9]. Since 2010, this technique has seen a resurgence in utility, and has
been used by many teams, notably Pristine and MAGIC, in the last decade to
measure stellar metallicities in the MW halo and to search for metal-poor stars
[barbosa2025magicsculptor , e.g., 291, 2, 308, 184, 119, 56, 188]. However, ow-
ing to small telescope apertures (4m) and low blue-sensitivity, ground-based studies
have largely been confined to the Milky Way ecosystem.

As part of a 2009 WFC3 servicing mission, the F395N narrow-band filter, tar-
geting the Ca H&K absorption features in an analogous way to that of Pristine and
MAGIC, was added to the Hubble Space Telescope’s (HST) observational repertoire.
HST has long been at the forefront of resolved stellar populations and star forma-
tion history studies of the Local Group [e.g., 61, 318, 102, 281], but prior to work
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Figure 1.1: Figure adapted from Starkenburg et al. 2017 [291], showing the near-
ultraviolet portion of the stellar spectrum where the Ca H&K lines are located. The
gray line shows the Skymapper v filter, which has been used for photometric metal-
licity studies in the MW, but which struggle to effectively identify low-metallicity
[Fe/H] < −3.0 stars due to potential contaminating absorption from C and N en-
hancements. In contrast, a narrow-band filter (red) specifically targeting the Ca II
H&K lines enables effectively recovery of stellar metallicity.

in this dissertation, its capability for transforming extragalactic stellar metallicity
measurements have decidedly been under-utilized. Prior to this work, the only other
studies on photometric metallicity measurements with HST have been those of Ross
et al. 2013 and 2015 [247, 248] targeting some of the more LG dwarfs. These stud-
ies were conducted with the F390M filter, which, while encompassing the Ca H&K
feature, also is vulnerable to C and N contamination (Fig. 1.1), and thus renders
the characterization of the metal-poor MDF challenging.
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1.4 This Dissertation
In this dissertation, I demonstrate that photometric metallicity imaging techniques
targeting the Ca H&K spectral feature using HST is a powerful and complimentary
way to measure stellar metallicities in dwarf galaxies that are otherwise not possible
to reach from ground-based spectroscopy. In Chapter 2, I begin with a proof-of-
concept by applying this technique to the Eridanus II ultra-faint dwarf galaxy (UFD;
M⋆ < 105 M⊙), and demonstrate its comparability with state-of-the-art medium
resolution spectroscopy. In Chapter 3, I apply this technique to an additional 12 MW
UFDs observed by HST in this filter, demonstrating a doubling of stellar metallicities
across all known MW UFDs at the time (N ∼ 60). In Chapter 4, I present 463
stellar metallicities in the distant (∼1 Mpc), isolated dwarf galaxy, Tucana, whose
properties render it an important site for studying secular quenching mechanisms in
dwarf galaxies. In Chapter 5, I present ∼ 300 new stellar metallicities in two faint
(M⋆ < 106 M⊙) satellites around M31, which is a population that is important to
characterize as a foil to the well-studied MW satellite dwarf galaxy population. In
composite, these studies represent orders-of-magnitude increases in MDF sampling
in these systems. In Chapter 6, I summarize my results and offer forward-looking
remarks on future work.



6

Chapter 2

Metallicity Distribution Function
of the Eridanus II Ultra-Faint
Dwarf Galaxy

2.1 Overview
We use deep narrowband Ca H&K (F395N) imaging taken with the Hubble Space
Telescope (HST) to construct the metallicity distribution function (MDF) of Local
Group (LG) ultra-faint dwarf (UFD) galaxy Eridanus II (Eri II). When combined
with archival F475W and F814W data, we measure metallicities for 60 resolved
red giant branch stars as faint as mF475W ∼ 24 mag, a factor of ∼ 4× more stars
than current spectroscopic MDF determinations. We find that Eri II has a mean
metallicity of [Fe/H]=−2.50+0.07

−0.07 and a dispersion of σ[Fe/H] = 0.42+0.06
−0.06, which are

consistent with spectroscopic MDFs, though more precisely constrained owing to a
larger sample. We identify a handful of extremely metal-poor star candidates (EMP;
[Fe/H] < −3) that are marginally bright enough for spectroscopic follow up. Eri II’s
MDF appears well-described by a leaky box chemical evolution model. We also com-
pute an updated orbital history for Eri II using Gaia eDR3 proper motions, and find
that it is likely on first infall into the Milky Way. Our findings suggest that Eri II
underwent an evolutionary history similar to that of an isolated galaxy. Compared
to MDFs for select cosmological simulations of similar mass galaxies, we find that
Eri II has a lower fraction of stars with [Fe/H] < −3, though such comparisons should
currently be treated with caution due to a paucity of simulations, selection effects,
and known limitations of Ca H&K for EMPs. This study demonstrates the power of
deep HST CaHK imaging for measuring the MDFs of UFDs.
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This chapter has been adapted from Fu, Weisz et al. (2022), which was published in
the Astrophysical Journal. This chapter was coauthored by the following individuals,
and is included in this dissertation with their permission: Daniel R. Weisz, Else
Starkenburg, Nicolas Martin, Alexander P. Ji, Ekta Patel, Michael Boylan-Kolchin,
Patrick Côté, Andrew E. Dolphin, Nicolas Longeard, Marion L. Mateo, Nathan R.
Sandford.

2.2 Introduction
The advent of wide-field photometric surveys at the turn of the 21st century has
accelerated the discovery of ultra-faint dwarf galaxies (UFD; e.g., [326], [26], [23],
[167], [170]) around the Milky Way (MW). These galaxies currently make up the
faintest end of the galaxy luminosity function, defined tentatively by [277] as being
fainter than 105 L⊙. There are strong cosmological motivations to study UFDs: their
presence constrains the small-scale behavior of dark matter models (e.g., [43], [226],
[160]), and their ages (∼ 13 Gyr, e.g., [41], [319]) make them ideal candidates for
being pristine relics from the era of reionization (e.g., [35], [33], [316]).

Additionally, despite having short periods of star formation (SFHs), UFDs with
resolved metallicity dispersions display significant internal spreads in stellar metal-
licity (e.g., [328], [93]). These observations suggest that they experienced complex
chemical enrichment histories that distinguish them from star clusters [e.g., 325].
Any complete theory of galaxy formation must be able to reproduce the properties
of this population, and the small sizes of UFDs make them particularly sensitive to
the specific implementation of physics in cosmological simulations (e.g., [221], [1]).

Previous studies of the more luminous Local Group (LG) dwarf galaxies have
demonstrated that well-populated metallicity distribution functions (MDFs) can be
used to trace gas dynamics throughout their star formation histories (e.g., [300],
[165], [166], [248], [162], [142]). To learn about the physics of galaxy formation at
the lowest-known masses to-date, it is of great scientific interest to extend the avail-
ability of well-populated MDFs to the lower-luminosity UFDs. However, current
spectroscopic studies have struggled to resolve metallicity dispersions in UFD can-
didates due to very few stars that are bright enough to be efficiently targeted, or
observed at all, by current spectrographs (e.g., [313], [201], [181], [274]). Although
next-generation photometric surveys such as those from the Rubin Observatory are
predicted to find many more UFDs at farther distances (e.g., [322], [11], [225]), spec-
troscopic facilities on future ELT-class telescopes may at best reach down to the
sub-giant branch for Segue 1-luminosity UFD galaxies beyond 100 kpc (e.g., Figure
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9 from [277]).
One well-established alternative approach to measuring stellar metallicities is

using medium or narrowband photometry (e.g., [293], [205], [49], [108], [178], [155],
[247]). Photometric filters are designed to target specific features in a star’s spectrum
that are sensitive to intrinsic properties such as temperature or metallicity. Thanks
to extensive calibration efforts, photometric metallicities are now used expansively
to study the Milky Way (e.g., [126], [141], [7], [136], [330], [12], [51], [57], [324]),
and can provide accurate metallicities for fainter stars than are accessible through
spectroscopy.

One particularly useful photometric band for stellar metallicity is the Calcium
H&K (CaHK) doublet in the blue optical at 3968.5 and 3933.7 Å (e.g., [331], [24], [9]).
More recently, the Pristine survey verified the promise for Ca H&K imaging around
the CaHK feature to trace stellar metallicity for FGK stars [e.g. 291] and search the
Milky Way for metal-poor stars (e.g., [329], [2], [308]). Subsequent ground-based
imaging studies that leverage similar filters targeting CaHK features in Milky Way
satellites (e.g., [184], [119], [56], [187]) have demonstrated that this technique can
substantially expand the sample of stars with metallicity measurements in these
systems.

We extend this existing narrowband work in UFDs to even fainter stars and more
distant galaxies using the Hubble Space Telescope (HST). Specifically, HST-GO-15901
(PI D. Weisz) observed 18 UFD candidates in the F395N filter, which is analogous
to the narrow-band CaHK filter used by the Pristine survey. This paper is the first
in a series based on these observations. Here, we demonstrate the power of HST
Ca H&K imaging for uncovering the MDFs of UFDs using new and archival HST
imaging of the MW satellite, Eridanus II (Eri II).

Eri II was initially discovered in Dark Energy Survey data by [23] and [167].
Subsequent deeper imaging by [68] and [220] confirm that at MV = −7.11, Eri II is the
faintest known galaxy to host a star cluster. Spectroscopic studies of Eri II by [180,
16 stars on Magellan/IMACS] and [332, 26 stars on VLT/MUSE] confirm that Eri II
is a dark matter-dominated dwarf galaxy (σvel = 6.9+1.2

−0.9 km s−1) with a substantial
internal spread in metallicity (⟨[Fe/H]⟩ = −2.38±0.13 and σ[Fe/H = 0.47+0.12

−0.09; [180]).
Star formation history (SFH) studies of Eri II, measured from HST broad-band
imaging ([280], [101], and [5]), show that its color-magnitude diagram is consistent
with having formed stars in a short burst (∼100 Myr) that ended ∼13 Gyr ago.

Eri II is ideal for demonstrating the efficacy of MDF inference from narrow-band
photometry. As the most luminous galaxy in our program, it not only provides a
large sample of stars from which to measure a secure MDF, it also has a modest

1We note that the exact luminosity depends on the adopted distance of Eri II.
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sample of spectroscopic metallcities, which is unusual for most UFDs, allowing us to
cross-check our findings.

In this paper, we combine HST WFC3/UVIS imaging of Eri II in the narrow-band
F395N filter with broadband archival HST photometry to measure metallicities for
60 stars in Eri II. In Section 2.3, we describe our observations and data reduction
process. In Section 2.4, we describe our process for translating our data into metal-
licity measurements. In Section 2.5, we present the resulting MDF of Eri II, as well
as analytic fits. In Section 2.6, we discuss the our results in the broader context
of galaxy formation and cosmology. We conclude with forward-looking remarks in
Section 2.7.

2.3 Data and Observations
Photometry
We observed Eri II using HST on February 19, 2020 as part of HST-GO-15901 (PI
D. Weisz) using the WFC3/UVIS camera and in the F395N narrow-band filter for
two orbits. We performed small dithers to remove hot pixels and reject cosmic rays,
choosing patterns that were used to measure proper motions of nearby galaxies from
previous Treasury program HST-GO-14734 (PI N. Kallivayalil). In this study, we
also used spatially overlapping archival ACS/WFC F475W and F814W broadband
imaging of Eri II, taken as part of HST-GO-14224 (6 orbits; PI C. Gallart, [101]).

Figure 2.1 shows the placement of our WFC3/UVIS imaging relative to Eri II
and to the footprint of the archival ACS observations. At the distance of Eri II,
the WFC3/UVIS and ACS/WFC imaging subtends ∼290 and ∼360 pc, respectively,
across one side of the image. We also note that both frames capture Eri II’s star
cluster, which will analyze the cluster in a future paper.

We use DOLPHOT ([76], [77]) to perform point-spread function (PSF) photometry
simultaneously on the F395N , F475W , and F814W flc images of Eri II. From
the resulting catalog of objects recovered by DOLPHOT, we select stars by applying a
quality cut to the deep broadband imaging. Specifically, we only include stars with
S/N > 5, |sharp|2 < 0.3 and crowd < 1 in each band.

Figure 2.2 shows the broadband color-magnitude diagram (CMD) of stars that
pass the quality cuts in each filter. Color-coded stars in the left panel are those with
F395N S/N > 3. The right panel shows the F395N narrow-band CMD. The blue
error bars show the typical uncertainty in color as a function of F395N .
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Figure 2.1: On-sky rendering of Eri II and our HST frames.

Selection of Stars for Photometric Metallicity Determination
We apply further cuts to select stars for our metallicity inference in Section 2.4,
following the convention of past studies that use narrow-band photometry of the
Ca H&K lines to study the MDF of Milky Way satellites. To begin, we select
stars with F395N S/N > 10: this is the S/N threshold above which the photometric
measurements can provide reliable metallicities (e.g., [184]). We also remove any stars
that fall within two half-light radii of the galaxy’s star cluster using the structural
parameters provided by [280] (rh ∼ 0.16′), as the focus of this paper is on the field
population. From the resulting sample, we limit our analysis to only stars that fall
along the red giant branch (RGB) of Eri II. We exclude horizontal branch stars in
the galaxy that also have sufficient S/N in F395N because the wavelength region of
the narrow-band filter is dominated by the Balmer lines in these hot stars, rather
than the metallicity sensitive H&K lines [e.g., 291].

The left panel of Figure 2.3 presents the final sample of stars that we use for our
analysis. The orange box on the broadband CMD indicates the box used to select
the final sample of stars. These 60 stars have F395N S/N ranging from ∼ 10 to 36.
We verify that the star at F475W ∼ 20.8 and F475W − F814W ∼ 2.0, which falls
right above the selection box, is brighter than the TRGB of a metal-poor isochrone
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shifted to the distance modulus of Eri II from [68] and reported in Table 2.1, and
therefore exclude it from our analysis.

The center panel of Figure 2.3 shows where our sample falls on the SDSS-Pristine
color space defined by the Pristine survey, and which was derived from a similar color
space defined by [157] for the Skymapper survey. [291] demonstrated that the color
space (gSDSS − iSDSS)

2 vs. (CaHK − gSDSS) − 1.5 (gSDSS − iSDSS) was effective
for separating stars of different metallicities. For our study, we use the equivalent
HST filters F395N , F475W , F814W to construct an analogous color space where
the x axis is defined as F395N − F475W , and the y axis of this space is defined as
(F395N −F475W )−1.5(F475W −F814W ). We henceforth refer to the y axis color
as the CaHK color index, and to the entire color space as the CaHK color space. As
shown in the center panel of Figure 2.3, the synthetic HST photometry from MIST
isochrones ([58], [79]) also separate in this space according to metallicity. We discuss
the data, relative to these models, in Section 2.4.

Artificial Star Tests
We use artificial star tests (ASTs) to compute the uncertainties on our photometry.
The procedure for an AST is as follows: we insert an artificial star with input magni-
tudes in F395N , F475W , and F814W onto a random position in the corresponding
HST flc image. We only input stars whose broadband photometry fall within the
isochrone selection box in the left panel of Figure 2.3, and with F395N photometry
that fall within the CaHK color space in the middle panel of Figure 2.3.

We then attempt to recover the star in all of these photometric bands using
the same PSF-fitting procedure and the same culling properties for our photometric
measurements. Additionally, we require that ASTs are within 0.75 mag of their
input magnitudes, which helps mitigate spurious blends. The output of an AST is
the difference between the measured magnitude and the input magnitude (out-in).
We perform 85,580 ASTs. This large sample allows us to quantify (i) average offsets
in measured photometry (bias) and (ii) the variance of out-in (error) at all locations
in CaHK space. In Section 2.4, we describe how we apply the resulting error profile
from ASTs to our metallicity inference.

2Technically, [291] apply the extinction correction to their data, whereas we apply extinction
to the model as described in Section 2.4.
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Figure 2.2: Left: The broadband CMD of the Eri II field population for stars that
pass the quality cuts. We color-code points with their corresponding S/N in F395N
for S/N > 3. In this panel and the next, the photometry plotted excludes stars within
two half-light radii of the galaxy’s cluster. Right: CMD of the Eri II field population
with F395N. The blue error bars show the typical uncertainty as a function of F395N.
Uncertainties on F395N − F475W color are dominated by F395N.
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Figure 2.3: Left: Broadband CMD of Eri II. Black points are photometry with
F395N S/N > 10. The orange outline is the box that we used to select RGB stars
in Eri II for our MDF analysis, and the color-coded points are the 60 selected stars.
Our final sample reaches past the horizontal branch of Eri II. Center: The sample
of Eri II stars that we use for our MDF analysis, plotted in the CaHK photometry
color space defined by [291]. We also apply extinction in the line-of-sight of Eri II
to the MIST mono-metallic isochrone tracks for 13 Gyr stellar populations with
[α/Fe] = +0.4. We plot these tracks here to demonstrate how they separate in this
particular color space. Right: MDF of Eri II, constructed from point estimates.
Binsizes are the median uncertainty of Eri II metallicity measurements (0.35 dex).
The outlined histogram includes point metallicity estimates of stars whose posterior
distributions describe an upper limit on metallicity due either to model limitations
or S/N, which we elaborate on in Section 2.5.

2.4 Metallicity Measurements
The middle panel of Figure 2.3 shows the location of our 60 Eri II field RGB stars
on the CaHK color-color plot. We overplot the alpha-enhanced ([α/Fe] = +0.40),
13 Gyr MIST isochrones for giant stars. The models have been extinction corrected
using the dust maps of [268] and bolometric extinction corrections provided with the
MIST models [58] which enable us to calculate the extinction for the F395N filter.
We also consult the TRILEGAL Milky Way model [304] to determine the extent to
which contaminants would affect our sample: due to the small field of view and our
particular CMD cuts, the chance that our sample contains contaminants are low.
Moreover, the CaHK photometry of potential contaminants imply that they would
likely be more metal-rich than [Fe/H] > −1.0, which we do not observe in our data.
Finally, we also verify that none of the stars in our sample have been deemed Eri II
non-members through spectroscopy ([180], [332]).
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Parameter Eri II
R.A. (h:m:s) 03:44:20.1 ± 10”.5
Decl. (d:m:s) −43:32:0.1 ± 5”.3
Distance modulus (mag) 22.8 ± 0.1
Distance (kpc) 366 ± 17
Absolute magnitude (MV ) −7.1
Luminosity (L⊙) 6× 104

Eccentricity (e) 0.48 ± 0.04
Half-light radius (’) 2.3 ± 0.12
Half-light radius (pc) 277 ± 14

Table 2.1: Properties of Eri II. Note: Structural parameters of Eri II, derived from
[68].

The majority of our sample lie between the [Fe/H] = −3 and [Fe/H] = −1 tracks,
with a mean value somewhere between [Fe/H] = −3 and [Fe/H] = −2. Even by eye,
it is apparent that the stars in Eri II span a range of ∼ 2 dex in metallicity. This
observation is robust for both the bright stars and the faint stars in our sample.

We derive metallicities for each star by first retrieving synthetic HST photometry
for mono-metallic MIST isochrones; we use the MIST models for our analysis because
it is the only currently-available set of evolutionary models that include stellar pop-
ulations as metal-poor as [Fe/H] = −4.03. We limit our analysis to using tracks only
for a 13 Gyr stellar population, in accordance with star formation histories (SFH)
of Eri II from broadband HST data (i.e., [280], [101], and [5]). We obtained advance
access to the MIST v2 models, which are the alpha-enhanced version of the MIST
v1 models. We use these models, instead of Solar-scale alpha models, to fit Eri II,
because UFDs with short bursts of star formation are generally expected to have
enhanced alpha element abundances over a large range of their stellar metallicities
(e.g., [307], [93]). We refer readers to the Appendix for additional discussion on the
impact of alpha enhancements.

Next, we apply the results of the ASTs to each mono-metallic model. For each
mono-metallic isochrone, we match each model isochrone point to its closest set of

3We recognize that there are known issues with the performance of MIST/MESA isochrones
for metal-poor stars (see, e.g., [159], and references therein), and that refining the models of metal-
poor stars remains an active area of research [e.g., 156]. However, as we show in Section 2.5, the
metallicities we derive using MIST are consistent with other Eri II metallicity measurements in
the literature. We deem this result sufficient for this paper in demonstrating the power of CaHK
photometry to recover broad features of Eri II’s MDF.
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AST input magnitudes. From those ASTs, we calculate the bias and apply it to
each isochrone point as offsets. We find for the ASTs that the CaHK color index
has a positive color bias that increases for lower S/N points. A star with F475W −
F814W = 1.4 and a CaHK color index of −1.0, corresponding to a point on the
lower RGB of Eri II, would have a color bias of +0.1 in CaHK. In contrast, a star
with F475W −F814W = 1.8 and a CaHK color index of −1.3, corresponding to the
upper RGB of Eri II, would have a color bias of +0.025 in CaHK. As a result, all of
the isochrone tracks are shifted redward in CaHK space, though based on the spacing
between the tracks and the S/N of our data, they do not result in drastically different
metallicities. This bias effect is driven by the shallower F395N observations, and
may arise from charge transfer efficiency corrections and/or post-flash effects on the
photometry that cause us to lose signal for fainter stars. We intend to investigate
this issue in greater detail in future work.

After applying the bias from the ASTs, we apply extinction using the dustmaps
of [268] and bolometric corrections from the MIST models [58]. Once we apply
the instrumental error profile and extinction models to the synthetic photometry, we
linearly interpolate the CaHK color index as a function of F475W −F814W to allow
for the evaluation of the model at any color value.

As the middle panel of Figure 2.3 shows, the uncertainty in F475W − F814W
color of each star is small compared to the uncertainty in the CaHK color index.
While the largest uncertainty in F475W − F814W is ∼ 0.01 mag, the uncertainty
in the CaHK color index is at least 0.03 mag for the highest S/N points, and 0.1
mag for the lowest S/N. For simplicity in our fitting, we assume that the error in the
F475W −F814W color is negligibly small. We verify that scatter from the ASTs at
a given CaHK location are statistically identical to the photometric errors reported
by DOLPHOT. For simplicity, we adopt the photometric errors reported by DOLPHOT
for our analysis.

For each star, we hold its F475W − F814W color as constant and compute
the corresponding model CaHK photometry at every metallicity using the tracks
interpolated from MIST. To measure the metallicity of an individual star, we adopt
a Gaussian likelihood function of the form:

log L = −1

2

(CaHK − CaHKm([Fe/H]))2
(σ2

CaHK)
(2.1)

where CaHK and σCaHK are the corresponding CaHK color index measurement
and measurement uncertainty, and CaHKm([Fe/H]) is the model CaHK color index
corresponding to a particular metallicity at a fixed F475W − F814W color. We
adopt uniform priors on metallicity over the range of the grid that includes the star’s
F475W −F814W color. We sample the resulting posterior distribution using emcee
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Figure 2.4: Example of a star (Star 9) with a well-constrained metallicity posterior
distribution. (left) The location of Star 9 in CaHK color space, plotted with the
MIST isochrone models corresponding to the median, 16th, and 84th percentiles of
its metallicity posterior distribution. (right) The metallicity posterior distribution
for Star 9.

[90] by initializing 50 walkers and running the MCMC chain for 10000 steps, with a
burn-in time of on average 50 steps per star. We monitor for convergence using the
Gelman-Rubin statistic [109].

We present sample metallicity fits for individual stars in the Appendix and the
table of metallicity measurements in Table 2.12.

2.5 Results
Individual Measurements
In the right panel of Figure 2.3, we present the MDF of Eri II. The reported metal-
licities are the median of the marginalized posterior distribution for each star. Table
2.12 lists the median and 68% confidence interval for each star. Metallicity uncer-
tainties are typically on the order of 0.1 dex, though they vary depending on the
SNR, metallicity of the star, and location on the RGB, as we discuss below.

Our MDF of Eri II has a peak between −2.5 and −2.0. It spans a range of at
least 2.0 dex: as we discuss below, some of the most metal-poor stars are consistent
with metallicities lower than what our model grid allows. We also present our mea-
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Figure 2.5: Results of fitting the metallicities of individual stars to CaHK photome-
try. Left: Histogram of point measurements from this work, compared against those
from L17, Z20, and MV21. Binsizes are the median uncertainty of Eri II metallicity
measurements (0.35 dex). Right: 1-1 comparison of our measurements against those
from L17 for the 10 stars common to both of our samples.

surements in Table 2.12, and now discuss features in the posterior distributions of
our metallicity measurements.

Figure 2.4 presents an example of a star with a well-constrained metallicity pos-
terior distribution. A well-defined metallicity posterior distribution has a clear peak
and clear tails, and are narrower for higher S/N stars. Metallicity posterior distri-
butions also tend to have longer metal-poor tails because the CaHK models are less
distinguishable at the metal-poor end (e.g., middle panel of Figure 2.3). We present
additional examples in Figure 2.12 in the Appendix.

There are 3 stars for which we derive only upper limits on the metallicity. These
are stars with high S/N in F395N (S/N>15) and whose photometry places them at
the edge or beyond the grid of models that we use to make our metallicity inference.
We flag these stars as candidate extremely metal-poor stars (EMP; [Fe/H] < −3.0)
that may be of interest for future spectroscopic studies, and discuss them in more
detail in Section 2.5. We also present the posterior distributions of these stars in
Figure 2.13.

There are 10 stars in our sample whose photometric error bars fall within 1 sigma
of the metal-poor grid edge, but whose metal-poor posterior distribution truncates
within 2 sigma; we also note these stars in Table 2.12. It is possible that at least
some of these stars are more metal-poor than the value that we report, and that
the measurements we derive here are limited by the models that we use. We provide
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posterior distributions of these stars in Figure 2.14. In the same vein, there are 4 stars
whose 1 sigma error bars are at the edge of our grid, meaning that their posterior
distributions show a clear peak, but the metal-poor tail is even more truncated.

Finally, there are 4 stars for which we report only an upper limit because of their
low S/N photometry (S/N∼10). These are stars whose posterior distributions show
no clear peak.

Comparison to Literature
In this section, we compare our MDF of Eri II to those currently in the literature:
[180], [332], [101], and [202], henceforth L17, Z20, G21, and MV21, respectively. LZ17
and Z20 target RGB members of Eri II using spectroscopy and obtain metallicity
measurements for some of the same stars in our sample. From these studies, we can
directly compare individual measurements using different methods to evaluate the
efficacy of CaHK metallicities. In contrast, for G21 and MV21, we cannot do star-
by-star comparisons, but we can compare the overall MDF derived from the various
methods. G21 uses deep HST photometry to measure the SFH of Eri II, inferring
an MDF in the process. MV21 studies variable stars in Eri II, and measures the
galaxy’s MDF from its RR Lyrae stars.

We first discuss how our metallicity measurements compare against the spec-
troscopic studies. For context, L17 targeted candidate Eri II members within 8
arcmin of the galaxy using Magellan/IMACS spectroscopy. They report metallici-
ties derived using the calcium triplet (CaT) equivalent width calibration [50] for 16
RGB members of Eri II, down to a magnitude of gDES ∼ 21.7 mag. Z20 targeted
candidate Eri II members within 1 arcmin centered on Eri II using VLT/MUSE
spectroscopy. They report metallicities derived using full-spectrum fitting with the
PHOENIX model spectra [137] for 26 Eri II member stars, down to a magnitude of
F606W ∼ 23.8 mag.

In Figure 2.5, we compare our measurements against those of L17 and Z20. The
histogram in the left panel compares our MDF with those from L17 and Z20. The
right panel compares our metallicity measurements with the 10 common stars we
have with the L17 sample.

We find good agreement between our metallicites and those in L17: while the
scatter is a little larger than expected from the reported uncertainties, there is no
evidence of a systematic offset between the two studies. In contrast, we find dis-
agreement with the results of Z20. Z20 find systematically more metal-rich stars
and report systematically smaller uncertainties. The MDF of Z20 implies that Eri
II would be a more metal-rich system than implied by the dwarf galaxy luminosity-
metallicity relationship (LZ; see Section 2.6). Z20 noted a similar disagreement with
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L17, but did not explore the origin of this tension. Resolving this issue is beyond
the scope of this paper.

Next, we compare our results against those from the photometric studies. G21
studied the SFH of Eri II from deep HST broadband data and inferred an MDF for
the galaxy as part of their work. While their MDF spans the same metallicity range
as ours, the shape is qualitatively different from the one that both we and MV21
(below) derive. Given the differences in the technique and the part of the CMD used
to infer the metallicities, it is challenging to discern the source of discrepancy.

MV21 studied RR Lyrae (RRL) stars in Eri II using multi-epoch g, r, and i
imaging on the Goodman and Dark Energy Cameras, as well as F475W , F606W ,
F814W from HST/ACS. They derive metallicities from 46 RRL stars using the
period-luminosity relations from [45] and [194].

The left panel of Figure 2.5 compares our MDF against those derived from the
RRL sample in MV21. The peak of our MDF is consistent with that of MV21,
though we are able to recover more metal-poor stars. This discrepancy may be
expected from using different populations of stars to trace the MDF: MV21 point
out that stars in the metal-poor tail of the MDF may not fall into the instability strip
as RR Lyrae stars. As a result, MV21 also recover a smaller metallicity dispersion
(σ[Fe/H] = 0.3 dex) compared to what we derive in Section 2.5 (σ[Fe/H] = 0.42 dex).

Overall, these comparisons suggest that our metallicity measurements can recover
results that are consistent with those from the literature.

Gaussian MDF Fit
Following long-standing practice in spectroscopic studies of UFDs (e.g., [274], [181],
[161], [325]), we fit a Gaussian to Eri II’s MDF4. In particular, we use the two-
parameter Gaussian likelihood function used by L17, and which was adapted from
[311]:

logL = −1

2

N∑
i=1

log(σ2

[Fe/H] + σ2

[Fe/H],i)

−1

2

N∑
i=1

([Fe/H]i − ⟨[Fe/H]⟩)2
σ2

[Fe/H] + σ2

[Fe/H],i
(2.2)

4Although, we note that studies such as [174] suggest that the MDFs of dwarf galaxies are not
well-represented by a Gaussian form. We will explore this further in a study of the full galaxy
sample.
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where ⟨[Fe/H]⟩ and σ[Fe/H] are the mean metallicity and metallicity dispersion
of Eri II, and [Fe/H]i and σ[Fe/H],i are the metallicity and metallicity uncertainties
for each star. We assume uniform priors on the mean, with the maximum and
minimum set by the range of the point metallicity measurements, and require that the
metallicity dispersion be greater than zero (σ[Fe/H] > 0). We use emcee to sample
the posterior distribution, initializing 50 walkers for 10000 steps. The autocorrelation
time for this run is 30 steps. The GR statistic indicates that the chains are converged.

For stars with different lower and upper uncertainties measured from the 16th
and 84th percentiles of their PDFs, we adopt the average of the error bars to use
in our fit. For stars that have only upper limit constraints, we include them in our
fit using the medians of their PDFs as the point estimate and 16th/84th percentile
values to compute uncertainties. All of these are approximations, and in principle, a
more rigorous approach would be to use individual PDFs in our MDF inference. We
will consider such an approach in subsequent papers in this series.

From 60 stars, we measure a mean metallicity of −2.50+0.07
−0.07 dex and metallic-

ity dispersion of 0.42+0.06
−0.06 dex. We present the resulting joint distribution in the

Appendix as Figure 2.16, and tabulate these values in Table 2.2.
In comparison, L17 measure a mean metallicity of −2.38± 0.13 dex and a metal-

licity dispersion of 0.43+0.12
−0.09. Thus, using a completely independent approach to

measuring the MDF, we find consistency with and improved precision over the CaT
MDF. Beyond enabling a precise measurement of Eri II’s MDF, this finding also
demonstrates the power of CaHK imaging in practice.

Analytic Chemical Evolution Models
The MDF of a galaxy is shaped by the gas dynamics throughout the course of its star
formation history. One zone chemical evolution models are simple analytic MDFs
that have long been used for interpreting the formation process of various Milky Way
components (e.g., [269], [189], [236], [122], [299]), as well as those of its nearby dwarf
galaxies (e.g., [125], [166], [248]).

Prior to this work, the only UFD whose MDF was sufficiently populated enough
to fit one-zone chemical evolution models is Bootes I, which has been analyzed by
[142], [246] and [171]. In this section, we follow precedent set by the aforementioned
studies by fitting the Leaky Box, Pre-Enriched, and Accretion/Extra Gas chemical
evolution models to the MDF of Eri II.

The Leaky Box model defined by [237] describes the scenario where a galaxy
forms stars from gas that is initially devoid of metals, and loses gas in the process of
successive star formation and enrichment. Its single parameter is peff, the effective
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yield, which encapsulates contributions from both supernova enrichment and gas
outflow to the stellar MDF.

The Pre-Enriched model and the Accretion/Extra Gas models are more complex
versions of the Leaky Box. The Pre-Enriched model assumes that star formation
starts from pre-enriched gas of metallicity [Fe/H]0. As a result, it imposes a floor on
the lowest metallicity stars in the galaxy, and simplifies to the Leaky Box in the limit
of [Fe/H]0 → −∞. The Accretion/Extra Gas model of [189] describes a system that
is allowed to accrete pristine gas during the process of star formation. This model
adds an extra parameter, M , which is the final stellar mass in terms of the initial gas
mass at the onset of star formation. An Accretion model with M > 1 implies that
the galaxy experienced accretion during its star formation history, resulting in an
MDF with a larger peak and a smaller metal-poor tail. When M = 1, the Accretion
model reduces to the Leaky Box.

We find the best-fit parameters for these analytic MDFs following [142, 150]5.
Briefly, we adopt the Gaussian likelihood from [165] and [166]: i.e., the likelihood
for each star i is the convolution between the MDF and a Gaussian with standard
deviation corresponding to that star’s metallicity uncertainty σ[Fe/H],i evaluated at
the observed metallicity [Fe/H]i. We treat error bars in our sample the same way as
for the Gaussian MDF fit described in the previous section.

We use dynamic nested sampling with dynesty [287] to sample the parameters’
posterior distribution. We use fairly wide priors: log-uniform for peff from 10−3 to
10−1.1; uniform in [Fe/H]0 from −4 to −2 for the Pre-Enriched model; and uniform
in M from 1 to 30 for the Accretion model.

We present the posterior distributions in the Appendix as Figures 2.17 (Leaky
Box), 2.18 (Pre-Enriched), and 2.19 (Accretion), and tabulate fit parameters in Table
2.2. We report the median of the posterior distributions for each parameter, and
compute error bars using the 16th and 84th percentiles. For the pre-enriched model,
the posterior distribution of [Fe/H]0 is truncated at the metal-poor end. For the
accretion model, the posterior distribution of M shows that our data can constrain
an upper limit on M , but cannot rule out M = 1 with high confidence.

We present the best-fit MDFs in Figure 2.6. By eye, it looks that all models fit
the MDF of Eri II reasonably well, and so we investigate whether the Eri II data
prefer an MDF more complex than a Leaky Box. One way to quantify the model
comparison is by using the corrected Akaike Information Criterion [AICc 165], which
is a penalized likelihood ratio test. We compute this statistic for the Leaky Box, Pre-
Enriched, and Accretion models. We tabulate the AICc for the Leaky Box in Table
2.2, and for the other two models, their difference in AICc ∆AICc from that of the

5Code available at https://github.com/alexji/mdfmodels

https://github.com/alexji/mdfmodels
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Leaky Box. A positive value for ∆AICc would suggest that the model is preferred
over the Leaky Box, but we find that there is no strong preference between the three
models that we fit since the ∆AICc is small. dynesty also computes the Bayesian
evidence, which we choose not use here as it is sensitive to the exact prior volume
choice, but it provides similar conclusions as the AICc.

We now discuss limitations in our methodology that could change the analytic
chemical evolution model interpretation. As we lay out in the previous subsection,
we approximate the posterior distribution of measurements for individual stellar
metallicities as Gaussian, despite posterior distributions having longer metal-poor
tails due to the indistinguishability of CaHK metallicities in metal-poor regimes. As
a result, our current methodology downweighs the metal-poor tail of Eri II’s MDF.
Fitting analytic models using the full PDFs of individual stellar metallicities would
remedy this issue, and could bring the MDF of Eri II closer to the Leaky Box model.

Additionally, we caution that the one-zone models used in this work oversimplify
the problem by assuming that galaxies quench via turning the last of its available
gas into stars. This assumption is likely incorrect because star formation is rarely
that efficient, and low-mass galaxies can be quenched via reionization, ram pressure
stripping, and/or SNe feedback (see [84] for example of a 105 L⊙ galaxy in the field
at z = 0 that has been observed to experience SNe feedback, and also the discussion
in Section 2.6). While one way to remedy this issue in future work would be to fit
models that truncate star formation at a particular metallicity (see, e.g., the ram
pressure stripping model from [166]), additional detailed modeling would be fruitful
for developing intuition around interpreting various components of a UFD’s MDF.

With the above caveats and the minimal differences in AICc between the three
models in mind, we also note that the results of our Pre-Enriched and Accretion
fits suggest that they are also consistent with the Leaky Box limit. We therefore
suggest that within the scope of our analysis in this work, the MDF of Eri II is best
represented by the Leaky Box model, and discuss the implications in Section 2.6.

Noteworthy Individual Stars
Direct descendants of the first stars (Pop III) are hypothesized to be more easily
identifiable in UFDs, owing to these systems’ comparatively simpler enrichment his-
tories in contrast to those of their more luminous counterparts (e.g., [148]). The
chemical abundances of EMPs in UFDs are of great scientific interest because they
are thought to trace directly back to past rare chemical enrichment events (e.g. [152])
or to supernovae (SNe) ejecta from Pop III stars (e.g., [92], [143]). In this section, we
discuss the pathfinding potential for CaHK photometry to contribute to the search
for these stars.
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Model Parameters Values
Gaussian [Fe/H] −2.50+0.07

−0.07

σ[Fe/H] 0.42+0.06
−0.06

Leaky box peff 0.005+0.001
−0.001

AICc 96.04
Pre-enriched peff 0.004+0.001

−0.001

[Fe/H]0 −3.73+0.21
−0.17

∆AICc −1.06
Accretion peff 0.005+0.001

−0.001

M 2.77+2.59
−1.14

∆AICc −0.04

Table 2.2: Parameters of Analytic MDF Fits to Eri II for the Gaussian, Leaky Box,
Pre-enriched Gas, and Accretion Models

In Figure 2.7, we highlight spectroscopically accessible stars that are at the metal-
poor edge of our fitting grid, that may be particularly enlightening for spectroscopic
follow-up observations. In particular, we identify 3 stars that are candidate EMPs.
As shown in Figure 2.13, these stars have truncated metal-poor posteriors distribu-
tions, so they may be more metal-poor than our grids allow. They are also located on
the upper RGB of Eri II, with the faintest star being mF475W ∼ 22.5 mag. Although
their CMD position on the blue edge of the RGB raises the possibility that they are
asymptotic red giant branch (AGB) stars, the purely ancient stellar population of
Eri II (∼ 13 Gyr) suggests that it is unlikely to have many, or any, AGB stars.

Of these 3 stars, two of them have CaT metallicities measured by L17. For star
2 (mF475W = 21.3, F395N S/N = 34.5), we find that it has [Fe/H] = −3.50 ± 0.15,
compared to the L17 measurement of [Fe/H] = −3.42 ± 0.15: these measurements
are in good agreement with each other. For star 11, we obtain a 95% upper limit
of [Fe/H] = −3.15, compared to the L17 metallicity of [Fe/H] = −2.82 ± 0.28. For
these two stars, both our measurements and measurements from the literature affirm
that they are consistent with having [Fe/H] < −3.0, demonstrating the potential for
CaHK to identify EMP candidates. Additional spectroscopic observations could aim
to ascertain the behavior of α element and C abundances in Eri II at low metallicities,
which in turn can be used to infer the properties of the SNe whose yields contributed
to these patterns (α, [228], [147]; C, [145]).

Unlike the other two EMP stars that we identify, Star 21 (mF475W = 22.5,
F395N S/N = 17) does not have spectroscopic data. We estimate the upper limit of
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Figure 2.6: Comparing histogram of Eri II measurements to best-fit one zone chem-
ical evolution models. Binsizes are the median uncertainty of Eri II metallicity
measurements (0.35 dex), and the one zone models have also been convolved with a
Gaussian of the same width.

its metallicity to be [Fe/H] = −3.05. Additional observations to measure metallici-
ties from CaT spectroscopy or full spectral fitting would be fruitful both for verifying
that it is an EMP, as well as measuring its other chemical abundances.

Searching for a Metallicity Gradient in Eri II
Radial metallicity gradients have long been observed in Local Group dSph galaxies
(e.g., [124], [260], [262], [120], [303], [71], [154]). The physics responsible for the origin
and steepness of these gradients remain an active area of research, with proposed
mechanisms such as natal angular momentum [e.g., 270], stellar feedback [e.g., 15],
and star formation histories [e.g., 214]. To-date, however, studies of metallicity
gradients in dwarf galaxies have mostly been limited to those more luminous than
105 L⊙ (e.g., [305], [131]).
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Figure 2.7: Left: CMD of Eri II RGB stars, highlighting the metal-poor star can-
didates (blue) that we discuss in Section 2.5 as being potential candidates for spec-
troscopic follow-up. Center: Location of these stars in CaHK color space. Right:
Histogram demonstrating the contribution that these stars make to the MDF of
Eri II. Binsizes are the median uncertainty of Eri II metallicity measurements (0.35
dex).

Motivated by recent searches for metallicity gradients in UFDs ([54], [188]), we
search for a spatial trend in our data. We find none. This could be because: (1)
There is none, (2) Our imaging, which covers < 1 rh of Eri II, is too limited in spatial
extent to find one; and/or (3) the uncertainties on the metallicity measurements need
to be smaller, if the gradient is weak but non-zero.

2.6 Discussion
Improved MDF Statistics for Eri II
Figure 2.8 compares the mean and sigma from fitting a Gaussian to our MDF of Eri II
with those derived for other LG dwarf galaxies (data compiled by [277], with updated
measurements for Boo I from [142]), where the data points are color-coded by the
number of stars used to measure the MDF in each system. The vertical line in both
panels delineates the separation between UFDs and the classical dwarf galaxies as
defined by [277]. The top panel shows that the mean metallicity we derive for Eri II
is fully consistent with its expected location along the mass-metallicity relationship
for dwarf galaxies [166]. The bottom panel shows that the metallicity dispersion we
derive is on par with that of more luminous dwarf spheroidal galaxies, and within
the range of dispersions observed so far in LG satellites. The agreement between our
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Eri II results and the broader dwarf galaxy MDF provides further support for the
power of Ca HK-based metallicities.

As discussed in Section 2.5, our MDF fit of Eri II provides a twofold increase in
precision in metallicity dispersion over those of the measurements from L17 due to
the expanded sample of stars with metallicity measurements. Out of all the UFDs
with measured MDFs so far, Eri II is also now better-characterized for the same
reason: MDF measurements for other UFDs have been limited due to few stars that
have been accessible through spectroscopic studies. These results affirm the potential
for CaHK imaging to deliver improved UFD MDF statistics.

Quenching Mechanisms for Eri II
In this section, we address the questions around quenching mechanisms for Eri II.
As part of this process, we derive the direct orbital history of Eri II following the
methodology outlined in [238], using updated Gaia eDR3 proper motions from [210],
the radial velocity from [180], and a distance consistent with that reported in Table
2.1.

Figure 2.9 summarizes the orbital history of Eri II in a low (MW1; 1× 1012 M⊙)
and high mass (MW2; 1.5 × 1012 M⊙) MW model. Orbits are computed in a MW-
only (dashed lines), MW+LMC (solid lines), and a MW+LMC+SMC (dotted lines)
potential. We only integrate our orbits as far back as 6 Gyr because attempts to
ascertain the orbital history of Eri II earlier than that will also need to account for
the growth of the Milky Way potential, and because orbital uncertainties become
significantly larger beyond 6 Gyr ago.

In all scenarios, we find that Eri II is on first infall into the halo of the MW.
Following [238], we also account for the measurement uncertainties in proper motion,
line-of-sight velocity [180], and distance by computing one thousand orbits using
Monte Carlo drawings of the joint uncertainties as initial conditions. Regardless of
assumed MW mass, our models suggest that Eri II is statistically most likely to be
on first infall as well (e.g., ∼ 98% of all orbits result in the same orbital history).
Moreover, we also verify that Eri II does not pass within 800 kpc of M31 at any
point in its trajectory.

In summary, our updated orbit for Eri II suggests that it was isolated throughout
most of its evolutionary history, though we caution that this orbital history is still
informed by large uncertainties on the proper motion of Eri II. However, this result is
also consistent with the results from [19], who also derive an orbital history for Eri II
using Gaia eDR3 proper motions and find that it is on first infall into the MW. The
revised orbital history of Eri II from Gaia eDR3 proper motions is a departure from
results of previous studies of Eri II, which suggested that Eri II has either completed
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Figure 2.8: Subset of mean metallicity (top) and mean metallicity dispersions (bot-
tom) for known Milky Way satellites, color coded by number of stars used to make
the measurement (compiled partly from [277], with updated measurements for Boo I
from [142] and including our Eri II measurement). The dash-dotted line separates
the ultra-faint dwarfs from the classical dwarfs. We indicate Eri II with the purple
circle.
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Figure 2.9: Orbital history of of Eri II in two different MW mass potentials using
Gaia eDR3 proper motions [210]. MW1 has a virial mass of 1012 M⊙ while MW2
is more massive with a virial mass of 1.5 × 1012 M⊙. Dashed lines represent orbits
computed in a MW-only potential, solid lines indicate a MW+LMC potential with an
LMC mass of 1.8×1011 M⊙, and dotted lines represent a MW+LMC+SMC potential
with an SMC mass of 5× 109 M⊙. All of the above scenarios illustrate that Eri II is
on first infall into the Milky Way’s halo.



CHAPTER 2. METALLICITY DISTRIBUTION FUNCTION OF THE
ERIDANUS II ULTRA-FAINT DWARF GALAXY 29

multiple orbits around the MW (e.g., [180], [95]) or is a backsplash galaxy [42]. The
discrepancies in these results are likely due to a combination of: 1. Different proper
motion measurements between Gaia eDR3 and DR2 for Eri II6, 2. Orbit model-
specific considerations (MW-only vs. including the Large Magellanic Cloud), and 3.
Calculating the past orbit of Eri II vs. orbital history inference by following Eri II
analogs in cosmological simulations.

We now turn to the question of how Eri II quenched. At the time of its discovery,
[167] noted the presence of blue stars in the CMD of Eri II that suggest Eri II may
have stopped forming stars only recently (∼ 250 Myr ago). This scenario had also
seemed viable because Eri II is ∼ 380 kpc from the Milky Way, and thus less likely
to have experienced ram pressure stripping that could have removed gas before the
suspected burst of recent star formation.

Subsequent studies, however, increasingly point away from this recent quenching
scenario. [244] study Eri II analogs in the Fat ELVIS simulations and find that it
is unlikely for them to have quenched through infall into the Milky Way halo. The
orbital history of Eri II that we derive suggests that it fell into the Milky Way only
recently, which does not correlate with deep HST studies of Eri II suggesting that it
formed the majority, if not all, of its stars before z ∼ 6.

Finally, if Eri II was quenched through ram pressure stripping, we should expect
to observe a sharp truncation in its MDF at the metal-rich end (e.g., the one-zone
model of ram pressure stripping fit by [166]), although accretion models with large M
could also produce a similar feature. While our MDF does not uniquely rule out ram
pressure stripping, it adds to the growing body of evidence in the literature pointing
away from ram pressure stripping as a possible source of quenching for Eri II.

Beyond that, the interpretation of Eri II’s old SFH is still up for debate. While
[280] interprets Eri II’s SFH as evidence of quenching by reionization, [101] suggests
that SNe alone would be sufficient to quench Eri II. The MDF of Eri II that we derive
does not provide definitive power to distinguish between these two mechanisms, as
the one-zone models we fit do not distinguish between the details of how star-forming
gas is depleted. However, any proper account of the physics driving star formation
and quenching in Eri II should also be able to reproduce its large internal metallicity
spread. Similar theoretical benchmarks are also set by observations of the Segue 1
UFD, a much fainter UFD (MV = −1.3) that appears to have experienced a short
burst of star formation, but whose stars span almost 2 dex in metallicity [93].

6As an example to illustrate this, the east component of Eri II’s proper motion changes between
DR2 [209] and DR3 [210] from µαcosδ = 0.35+0.21

−0.20 mas yr−1 to µαcosδ = 0.21±0.09 mas yr−1 using
the inference method that does not place prior expectations on the tangential velocity dispersion
of the MW halo.
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Environmental Impacts on Dwarf Galaxy Evolution
In this section, we discuss the role of environment on dwarf galaxy evolution by
comparing our results for Eri II to two other galaxies that are close to Eri II in
luminosity, and which have published MDFs and one-zone chemical evolution model
fits: Leo T, and Boo I.

Leo T is similar to Eri II in luminosity (L ∼ 4 × 104 L⊙; [140]) and distance
(dMW ∼ 410 kpc; [59]) from a more massive host. The key distinction between these
two galaxies is that Leo T displays an extended SFH that continues past reionization
([59], [320]), with a substantial reservoir of H I gas (M ∼ 2.8× 105 M⊙; [249]), while
Eri II stopped forming stars 13 Gyr ago. The orbital history of Leo T suggests that
like Eri II, it also seemed to have evolved in isolation [19]. Finally, similar to Eri II,
the MDF of Leo T is best described by a Leaky Box [166].

On the other hand, Boo I has a CMD which suggests that it underwent a similar
SFH to Eri II: a short starburst that ended also around 13 Gyr ago [41]. Unlike
Eri II, the orbital history of Boo I suggests that it is bound to the Milky Way ([276],
[95]) and, as a result, possibly formed in a denser environment relative to that of
Eri II.7 Finally, the MDF of Boo I is best represented by an Accretion model [142],
suggesting that the dense environment it was born in could have allowed it access to
extra gas.

As a point of reference, [166] fit one-zone models to the MDFs of the more mas-
sive Local Group dwarf galaxies, and found that while the MDFs of dwarf spheroidal
galaxies, which are bound to the Milky Way, are better described by Accretion mod-
els, the MDFs of isolated dIrrs are better described by Leaky Box or Pre-Enriched
models. To the best of the data that we currently have for galaxies of lower luminosi-
ties, these distinctions between MDFs seems to also hold for UFDs that have long
been bound to a more massive host versus UFDs that likely evolved in more isolated
environments.

Instead of present-day morphology, [102] offer a framework for interpreting the
role of environment in dwarf galaxy formation by classifying dwarf galaxies into
fast dwarfs and slow dwarfs based on their SFH. Fast dwarfs are those with SFHs
consisting of a single short, but dominant, event. Slow dwarfs show current or recent
SFH, with continuous activity starting from the oldest epochs. Under this framework,
distinctions in SFH arise from the environments in which the galaxies were forming
stars: fast dwarfs formed in dense environments where they frequently experienced
interactions that would result in rapid star formation (e.g., gas accretion, mergers)
and its rapid truncation (e.g. feedback from SNe and reionization from within and

7Although, [87] show that it is also possible for the star formation epoch of Boo I to have ended
prior to infall into the Milky Way.
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from adjacent galaxies), while slow dwarfs formed throughout cosmic time in a lower-
density environment far from the influence of massive hosts.

While the characteristics of Boo I and Leo T respectively fit into the fast dwarfs
and slow dwarfs categories, Eri II complicates this picture: it resembles a fast dwarf
on the basis of its short and early burst of SFH, but the updated orbit that we
derive for Eri II and the similarity of its MDF to those of several other isolated dIrrs
suggests that Eri II has largely evolved in isolated like slow dwarfs.

Using the SFH of Eri II, [101] argue that it is possible for Eri II to self-quench
entirely through SNe feedback rather than reionizing radiation, e.g. from adjacent
massive hosts. If this is the case, then UFDs with SFHs that would render them as
fast dwarfs can also quench early, independent of environment. On the other hand,
the similarity between the MDFs of Eri II and Leo T, and of some other isolated dIrrs,
despite their different SFHs, raises the possibility of common formation pathways for
fast and slow dwarfs that evolve in isolation.

We of course offer the above discussions with the caveat that they consider limited
numbers of UFDs, and with results that would benefit from further refinement; e.g.
the Leaky Box fit for Leo T was made using only 16 stars. In any case, this line of
investigation could be furthered with studies of more UFDs. Here, the CaHK imaging
technique will also be useful, as it will allow us access to stellar metallicities of the
less luminous and more distant galaxies currently known (e.g. Andromeda XVI, as
part of HST-GO-16686; PI D. Weisz), and that are expected to be discovered in
upcoming surveys.

Interpretation of UFD MDFs in Cosmological Simulations
While one-zone chemical evolution models have been pivotal in building intuition
around the relationship between galaxy MDFs and the physics driving their evo-
lution, detailed simulations show that a subset of dwarf galaxies are affected by
a combination of reionization (e.g., [69], [113]), local environment (e.g., [11]), and
internal stellar feedback ([294], [285]). While some studies have produced certain
observed features, such as the SFH of isolated dwarf galaxies (e.g., [88], [243]), and
have begun to resolve bulk properties such as mean metallicity in UFDs [e.g., 322],
the lack of robust MDF observations of UFDs have motivated few studies to exten-
sively simulate UFD MDFs as tracers of their formation processes. [143] is one of the
few studies so far that predict MDFs of UFDs by following the evolution of 6 halos
with present-day stellar masses from 104 M⊙ to almost 106 M⊙. We use their MDFs
as a point of comparison.

Figure 2.10 presents the MDF of Eri II, compared to the MDFs of the 6 simulated
UFDs from [143]. Halos labeled Halo1, Halo2, and Halo3 are UFD analogs whose
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star formation was ultimately shut off after reionization, though the study finds that
both SNe and reionization are necessary to quench these galaxies. We consider these
halos to have a SFH that is most analogous to that of Eri II. The remaining massive
halos simulated were able to form stars after reionization through gas accretion and
mergers. Comparing the MDF of the first 3 halos to Eri II, Halo2 has the MDF that
is most similar to that of Eri II, although within the simulation there is still variation
in MDFs between halos that experienced similar SFHs and quenching mechanisms.

Regardless of mass, all of the simulated MDFs display long, metal-poor ([Fe/H] <
−4.0) tails. In the simulation, these stars represent Pop II stars that were directly
enriched by the death of Pop III stars at z > 11 in mini halos that later merged
to form the final UFD analogs. This interpretation of the origin of the metal-poor
tail is in contrast with the results of our one-zone fit to Eri II’s MDF, which also
predicts a long, metal-poor tail, but which attributes it through chemical enrichment
taking place in a single system rather than in the aggregate of many. Additional
theoretical work to refine the interpretation of various components of MDFs would
be of great interest in understanding small-scale galaxy formation. In any case, both
comparison to one-zone models and cosmological simulations point to additional
theoretical basis for expecting to find EMP stars in Eri II, and possibly in other
UFDs as well. CaHK imaging studies with larger FoVs and increasing depths could
uncover additional EMP candidates, but since these stars would have metallicities at
the limit of discernment via CaHK, future discoveries would need to confirmed via
low-resolution spectroscopic studies on current facilities or observations on the next
generation of ELTs [see, e.g., 255].

Finally, for each of the simulated MDFs, we also compute their mean metallicity,
metallicity dispersion, and skew. The skew metrics confirm what we also verify
visually: that all of the simulated MDFs from [143] are left-skewed compared to that
of Eri II, in part because our models do not reach below [Fe/H] = −4.0. As a result,
the simulated MDFs tend to have a lower average metallicity than Eri II, and also
larger metallicity dispersions.

Since there are stars in our sample that may be more metal-poor than [Fe/H] =
−4.0 to within 2 sigma, improved metallicity measurements may populate the metal-
poor tail of Eri II’s MDF. If Eri II also has a radial metallicity gradient decreasing
outwards, then measuring the metallicity of Eri II members out to larger radii may
also bring the MDF of Eri II closer to predictions from this study.

More generally, since a viable theory of galaxy formation should be able to pro-
duce features of the UFD population, we suggest that future population-level com-
parisons between simulated and observed UFD MDFs could also account for MDF
statistics. While the population of mean metallicity and metallicity dispersions would
be useful baseline statistics to compare, we also suggest that higher-order moments
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Figure 2.10: Comparison of the MDF that we derive for Eri II (gray shaded his-
togram; Mstar ∼ 1 × 105M⊙, [Fe/H] =−2.50, σ = 0.42, skew = −0.21) with the 6
UFD MDFs simulated from [143]. Following convention in previous histogram plots,
binsizes are 0.35 dex wide. The stellar mass of the corresponding halo at z = 0 are in
the title of each panel. We also compute the mean metallicity, metallicity dispersion,
and skew of the simulated MDFs. All of the simulated MDFs are skewed relative to
Eri II, with long metal-poor tails.

such as skew and kurtosis would be important for capturing asymmetries in the shape
of UFD MDFs, which are currently also represented in the one-zone models.

2.7 Conclusion
In this work, we combined HST WFC3/UVIS imaging in the narrow-band F395N
filter with broadband archival photometry to measure metallicities for 60 stars in
Eri II, increasing the sample of member stars with known metallicities by a factor
of nearly 4. We derive a mean metallicity of [Fe/H] =−2.50+0.07

−0.07 and metallicity
dispersion σ[Fe/H] = 0.42+0.06

−0.06, which is consistent with results from spectroscopic
studies and with known trends about UFDs. We are able to independently confirm
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that Eri II is a UFD whose mean metallicity is consistent with properties of the
general UFD population, and that it has a large internal metallicity dispersion. These
results affirm the promise for HST Ca H&K narrow-band photometry to faithfully
recover the MDF properties of Eri II’s fainter UFD counterparts.

From an expanded sample of stellar metallicities, we fit one-zone chemical evo-
lution models to the MDF of Eri II and find that it is best-represented by a Leaky
Box, similar to results from studies of LG isolated dwarf galaxies. We also present an
updated orbit for Eri II, which suggests that it only recently fell into the Milky Way.
The composite of these results suggest that Eri II likely formed in an underdense
region of the universe at high redshifts.

We also use our photometry to identify outliers in our derived MDF that may
be promising targets for follow-up spectroscopy to 1) verify kinematic membership
with Eri II, 2) refine the shape of the Eri II MDF at the most metal-poor end, and
3) conduct detailed chemical abundance analysis to infer sources of past enrichment
events. Since the field of our narrow-band imaging also includes the central cluster of
Eri II, future work will also involve measuring the metallicity of the cluster as well.

Finally, having verified the efficacy of Ca H&K narrow-band imaging for inferring
the MDF of UFDs, our forthcoming publications will characterize the MDFs of the
rest of the 18 UFD candidates observed by HST-GO-15901.

2.8 Impact of alpha element abundances on
CaHK photometry

Figure 2.11 compares the MIST models in CaHK color space for Solar-scaled alpha
abundances (left) to those for [α/Fe] = +0.4 (right). At a given metallicity, the
alpha-enhanced tracks are shifted down (redward) in CaHK space relative to the
Solar-scaled alpha tracks. For the more metal-poor models, the alpha-enhanced
models also extend redder in F475W − F814W . Stars which fall outside the Solar-
scaled alpha grid are within the alpha-enhanced models.

If we re-compute our MDF using the Solar-scaled alpha models, we derive a
mean metallicity of [Fe/H] = −2.26±0.07, and a metallicity dispersion of σ[Fe/H] =
0.44± 0.06. Thus, the MDF we derive would be more metal-rich, but the metallicity
dispersion would remain unchanged. While alpha abundances changes our inferred
stellar metallicities, these differences are not enough to account for the discrepan-
cies between our measurements and those of Z20, since as Figure 2.5 shows, the
discrepancies in measurements are at least 1 dex or more.
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Figure 2.11: Comparing MIST isochrones in CaHK color space for isochrone models
with [α/Fe]= 0.0 (left panel) vs [α/Fe]= +0.40 (right panel). For an isochrone of a
given metallicity, the α-enhanced model reaches redder extents in F475W −F814W ,
and is also redder in CaHK color index.

2.9 Select Metallicity Posterior Distributions of
Eri II Stars

In this section, we present select marginalized posterior distributions that result from
our measurements of individual stellar metallicities.

Figure 2.12 presents well-constrained marginalized posterior distributions. These
distributions have a clear peak with clear tails. Because CaHK is less effective
at distinguishing between lower metallicities (e.g., Figure 2.11), the tails of these
posterior distributions are often longer at the metal-poor end.

Figure 2.13 shows the posterior distributions of stars that we identify as promising
candidates for spectroscopic follow-up in Section 2.5 and Table 2.12.

Figure 2.14 shows the posterior distributions of stars whose 2 sigma metal-poor
tail extends beyond the lowest metallicity of our grid.

2.10 Recovery of Synthetic MDF
In this section, we demonstrate the efficacy of the CaHK stellar metallicity infer-
ence methods applied in Section 2.4 by recovering a theoretical MDF from synthetic
photometry. Figure 2.15 summarizes the results of this exercise.
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Figure 2.12: Well-constrained posterior distributions.
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Figure 2.13: Posterior distributions of stars that we flag as spectroscopically acces-
sible EMP candidates for follow-up studies, and which we discuss in Section 2.5.
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Figure 2.14: Posterior distributions of stars that are truncated at the 2σ level on
the metal-poor end. The thin dotted red line is the most metal-poor ([Fe/H] = −4.0
model in our grid.
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First, we draw 60 stars from a Gaussian MDF with a mean and spread set by the
values that we infer for Eri II in Section 2.5. We use the metallicities of those stars
to draw model photometry from isochrones of corresponding metallicity, and ensure
that the synthetic colors fall within the CaHK color space range set by our Eri II
data. The top left panel of Figure 2.15 shows the location of the resulting model
photometry in CaHK color space.

To arrive at the final catalog of synthetic photometries, we apply a bias and
error to each model photometry point following its corresponding error profile as
determined by the ASTs from Section 2.3. We apply bias as an offset, and apply
error as a random draw from a Gaussian corresponding to its AST uncertainty. We
also adopt the error bar from our ASTs as the corresponding uncertainties for each
synthetic photometric point. The top right panel of Figure 2.15 shows the final
synthetic photometry in CaHK color space, with their corresponding uncertainties.

We then measure metallicites from the synthetic photometry following the pro-
cedures of Section 2.4. The bottom left panel of Figure 2.15 compares the input
MDF to the recovered MDF, and the bottom right panel of Figure 2.15 compares
the input metallicities to the recovered metallicities for individual stars. We verify
that we can recover the input MDF and individual stellar metallicities following our
method for inferring the MDF of Eri II.

2.11 Posterior Distributions of Analytic MDF
Parameters

2.12 Table of measurements
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Figure 2.15: (top left) The 60 model photometry points that we draw from isochrone
models, with metallicity counts set by a Gaussian MDF with a mean and spread
consistent with what we measure for Eri II. Points are color-coded by their known
metallicities. We also apply extinction to the tracks and the photometry in this plot,
but it is negligible (on order of ∼0.01 mag). (top right) Synthetic photometry
after appying bias and uncertainty from the ASTs (described in Section 2.3 to the
model photometry. As in the previous panel, points are color-coded by their known
metallicities. (bottom left) Comparing the input MDF to the MDF recovered after
measuring individual stellar metallicities of the synthetic photometry, following the
procedures in Section 2.4. (bottom right) Comparing the input metallicity to the
recovered metallicity measurements for individual stars. Points are color-coded by
their synthetic F395N S/N, as determined from the ASTs. The dash-dotted line is a
1-1 relation.
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Figure 2.16: Joint distribution of the mean metallicity ([Fe/H]) and metallicity dis-
persion (σ[Fe/H]) of Eri II. The dashed lines mark the 16th, 50th, and 84th percentile
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Figure 2.17: Posterior distribution of peff for the Leaky Box model.
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Chapter 3

Metallicity Distribution Functions
of 13 Ultra-Faint Dwarf Galaxy
Candidates

3.1 Overview
We present uniformly measured stellar metallicities for 463 stars in 13 Milky Way
(MW) ultra-faint dwarf galaxies (UFDs; MV = −7.1 to −0.8) using narrowband
CaHK (F395N) imaging taken with the Hubble Space Telescope (HST). This rep-
resents the largest homogeneous set of stellar metallicities in UFDs, increasing the
number of metallicities in these 13 galaxies by a factor of 5 and doubling the number
of metallicities in all known MW UFDs. We provide the first well-populated MDFs
for all galaxies in this sample, with ⟨[Fe/H]⟩ ranging from −3.0 dex to −2.0 dex, and
σ[Fe/H] ranging from 0.3 dex to 0.7 dex. We find a nearly constant [Fe/H] ∼ −2.6

over 3 decades in luminosity (∼ 102 − 105 L⊙), suggesting that the mass-metallicity
relationship does not hold for such faint systems. We find a larger fraction (24%) of
EMP ([Fe/H] < −3) stars across our sample compared to the literature (14%), but
note that uncertainties in our most metal-poor measurements make this an upper
limit. We find 19% of stars in our UFD sample to be metal-rich ([Fe/H]> −2), con-
sistent with the sum of literature spectroscopic studies. MW UFDs are known to be
predominantly > 13 Gyr old, meaning that all stars in our sample are truly ancient,
unlike metal-poor stars in the MW, which have a range of possible ages. Our UFD
metallicities are not well-matched to known streams in the MW, providing further
evidence that known MW substructures are not related to UFDs. We include a cata-
log of our stars to encourage community follow-up studies, including priority targets
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for ELT-era observations.

This chapter has been adapted from Fu, Weisz et al. (2023), which was published in
the Astrophysical Journal. This chapter was coauthored by the following individuals,
and is included in this dissertation with their permission: Daniel R. Weisz, Else
Starkenburg, Nicolas Martin, Alessandro Savino, Michael Boylan-Kolchin, Patrick
Côté, Andrew E. Dolphin, Alexander P. Ji, Nicolas Longeard, Mario L. Mateo, Ekta
Patel, Nathan R. Sandford.

3.2 Introduction
The development of wide-field photometric surveys and deep imaging capacities has
revolutionized the discovery of ultra-faint dwarf galaxies (UFDs) around the Milky
Way and within the Local Group (LG; e.g., [26], [170], [23], [82], [135], [53]). With
luminosities fainter than 105 L⊙, these galaxies occupy the faintest-known end of the
galaxy luminosity function [277]. Hubble Space Telescope (HST) star formation his-
tory (SFH) studies of these galaxies reveal stellar populations that appear uniformly
old, suggesting that they may be some of the faintest and earliest galaxies to have
formed in the universe ([41], [319], [101], [280], [250]). As high-redshift UFDs are ex-
pected to be beyond the observational reach of even the recently-launched JWST due
to their intrinsic faintness (e.g., [38], [316], [144]), resolved stellar population stud-
ies of UFDs in our local neighborhood remain our only window into understanding
galaxy formation at the faintest-known scales and the earliest epochs of the universe.

Paramount to these efforts is the characterization of stellar chemical abundances
in these systems. At the broadest level, the presence of internal [Fe/H] dispersion is
understood to be the distinguishing characteristic between a galaxy and a star cluster,
as it has become difficult to categorize many of the newly-discovered satellites on the
basis of size and luminosity alone (e.g., [161], [170], [274]).1 On a more detailed level,
the stellar chemistry in a galaxy encodes the astrophysical circumstances of their
formation, providing constraints on parameters such as supernovae (SNe) yields,
gas inflow/outflow, star formation efficiency, timescales, and burstiness (e.g., [8],
[315]). Additionally, the low masses of UFDs make them particularly sensitive to the
baryonic physics implemented in cosmological simulations, and reproducing their

1Historically, the defining difference between a galaxy and a star cluster is that the former is
embedded in a dark matter halo. An internal metallicity dispersion has been understood as obser-
vational evidence for multiple epochs of star formation, which is only possible with a gravitational
potential well deep enough to retain supernovae ejecta for successive star formation episodes [325].
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internal chemistry remains a key theoretical challenge for the community ([143],
[243], [322], [1], [242]).

For the classical LG dwarf galaxies, the astrophysical circumstances of their star
formation have been inferred using well-sampled stellar metallicity distribution func-
tions (MDFs; e.g., [48], [172], [300], [165]). However, similar observations have his-
torically been challenging to make in the UFD regime. [277] highlights the paucity
of metallicity information in UFDs. Nearly half of known MW UFDs lack any metal-
licity information, while the remainder only have a handful of stars bright enough
to observe with current ground-based facilities. Next-generation photometric sur-
veys are already delivering on their promise to discover more faint satellites and
out to larger distances (e.g., [134], [225], [52], [286]), and even observations with
next-generation spectrographs on extremely large telescopes (ELTs) will not be able
to observe adequate numbers of stars in these galaxies to sufficiently populate the
galaxy’s MDF. For example, Fig. 9 from [277] projects that medium-resolution spec-
troscopy on forthcoming ELTs may only be able to reach ≲ 10 stars at best in a
Ret II equivalent UFD at 250 kpc.

An alternative solution is through photometric metallicities. Though optical
broadband photometry is largely insensitive to metallicity2, medium and narrow
bands that target specific absorption features in cool stars, e.g., red giant branch
stars (RGB), have a long history of metallicity measurements in the Milky Way.
Building on a long legacy of Ca H&K imaging surveys of stars in the MW, the
CFHT/Pristine survey [291] has shown that the combination of Ca H & K, g-, and
i-band imaging can be used to measure metallicities of individual stars to a precision
of 0.2-0.3 dex for stars as metal-poor as [Fe/H]= −3.0 enabling the detection of
extremely metal-poor stars ([Fe/H]< −3.0) candidates in the MW (e.g., [329], [308]).

Motivated by the success of the PRISTINE survey, we designed an HST program
(GO-15901; PI: Weisz) that leverages its excellent blue-optical sensitivity and its
underused Ca H&K filter (UVIS/F395N) to measure metallicities of faint stars in a
sizable sample of UFD satellites of the MW. The first published results from this
program analyzed Eridanus II (Eri II), the brightest galaxy observed by this program.
Specifically, [96] demonstrated that the HST Ca H&K photometric metallicities are
in good agreement with the Calcium Triplet (CaT) calibration [180] that is the
current community standard for ground-based spectroscopic studies characterizing
UFDs ([161], [182], [184], [94], [274], [55]), as well as its agreement with less-often
used photometric metallicity calibrations such as those from RR Lyrae stars [202].
The well-populated HST-based MDF served as a basis for demonstrating that the
star formation of Eri II was characterized by strong outflows and low star-formation

2An exception is the metallicity-sensitive SDSS u band, e.g. [141], [7].
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efficiency [257], which are in good agreement with theoretical expectations [223].
These results demonstrate HST ’s unique ability to provide insight into the baryon
cycle of the faintest galaxies in the Universe.

In this paper, we present MDF measurements for the 13 UFDs observed by our
program. This work represents the largest homogeneous set of stellar metallicity
measurements in UFDs to date and will enable a wide range of science in future
papers from this program. The goals of this paper are to detail the metallicity
determinations and provide qualitatively new insight into our knowledge of the MDFs
of UFDs.

This paper is organized as follows. We describe our observations and photometry
in §3.3 and detail our methodology for measuring metallicities in §3.4. We apply our
method to a few detailed examples in §3.5 and discuss caveats and systematics. We
discuss the MDFs for each galaxy in the sample individually in §3.6 and place our
results into a broader context in §3.7. We summarize our work in §3.8.

3.3 Observations and Data reduction
In this section, we detail the target sample selection process, summarize the obser-
vations, and describe the photometric reduction process. The design of this pro-
gram sought to balance observational efficiency with the need to obsereve enough
UFDs to broadly characterize MDFs across a population of faint galaxies using the
HST-equivalent of the Ca H&K color-color space used by the Pristine survey. This
typically required acquiring new F395N and F475W (SDSS g-band) imaging with
HST/UVIS and pairing it with archival ACS/F814W and ACS/F606W data. All
of the HST data analyzed in this program can be found in MAST at this link:
http://dx.doi.org/10.17909/cfn9-gt96.

Target Selection
To select our sample, we started from all known UFDs within ∼ 300 kpc of the MW
as listed in [277]. We first eliminated galaxies with existing well-populated MDFs
and removed galaxies that are angularly too large on the sky for HST to efficiently
observe them in a single pointing (i.e., HST must cover ≳ 70% rh). For observational
efficiency, we removed a small number of galaxies that did not have archival F814W
imaging. We also eliminated galaxies that would have required large numbers of
orbits due to a paucity of sufficiently bright stars, i.e., the galaxy is distant and/or
didn’t have more than ∼ 20 stars that could be observed in 4 orbits of HST time.
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This process resulted in 18 systems that range in distance from 20 ≲ D ≲ 300 kpc
and spans a factor of ∼ 1000 in luminosity.

Following the execution of our program (see §3.3), some of the systems in the
original sample changed status. At the time of proposal, Sgr II was a UFD candidate
[186], but there is now strong evidence it is a globular cluster (GC; [187], [22]).
Additionally, our analysis of the Sgr II data is also consistent with its GC status.
Thus, we omit this system from our study. Dra II is also a UFD candidate whose
status is still under debate (e.g., [184], [22]); we chose to include it due to this
ambiguity. Finally, Indus II was originally classified as an extremely faint UFD,
but subsequent studies revealed that it was a spurious detection of noise [47]; our
reduction of this data also confirms that there is no stellar system at this location.
As discussed in [96], we used existing deep F475W and F814W imaging for Eri II
and only added new F395N imaging. Owing to unresolvable alignment issues (i.e.,
lack of bright stars in the field) in the photometry process for the remaining 3 UFDs
observed by our program (Pisces II, Pictor I, and Segue II), we exclude them from
our analysis for this work.

Thus for this work, we focus on only 13 systems. Table 3.1 lists the observational
characteristics of our UFD sample.

Table 3.1: Observational Properties of UFDs
Exp. Time S/NF395N = 5

Galaxy MV rh (m − M) rh , WFC3 FoV F395N F475W F606W F814W F395N F475W
(mag) (arcmin) (mag) (s) (s) (s) (s) (mag) (mag)

Eridanus II −7.1 2.3 ± 0.12a 22.8 ± 0.3a 1.13 5517 7644 28,580 7900 26 26
Canes Venatici II −5.2 1.83 ± 0.2b 21.02 ± 0.3c 1.26 6584 1014 20,860 20,860 26 26
Hydra II −4.9 1.7 ± 0.3d 20.89 ± 0.11e 1.53 6584 1014 4746 4746 26 26
Reticulum II −4.0 6.3 ± 0.4f 17.5 ± 0.1f 0.41 4534 780 4627 4627 25.5 25
Horologium I −3.8 1.1 ± 0.15g 19.18 ± 0.09g 2.36 4526 780 4627 4627 26 26
Grus I −3.5 1.77 ± 0.4h 20.4 ± 0.2h 1.47 9481 1314 4766 4766 26 26
Reticulum III −3.3 2.4 ± 0.9i 19.81 ± 0.31i 0.92 8040 919 4662 4662 26 26
Willman 1 −2.9 2.52 ± 0.21j 17.9 ± 0.4k 0.97 4534 780 4627 4627 26 25
Phoenix II −2.7 1.5 ± 0.3l 19.6 ± 0.2l 1.73 4534 780 4627 4627 26 25.5
Eridanus III −2.1 0.315 ± 0.03l 19.8 ± 0.04l 8.25 4534 780 4627 4627 25.5 25.5
Tucana V −1.6 1.0 ± 0.3l 18.71 ± 0.34l 2.6 3120 730 4661 4661 25 25
Segue 1 −1.3 4.5m 16.8 ± 0.2m 0.58 8776 1314 4605 4605 26 25
Draco II −0.8 2.7 ± 1.0n 16.9 ± 0.3n 0.96 8040 919 4662 4662 26 25

Notes. Observational characteristics of the UFDs analyzed by this program are
presented in order of descending luminosity. We provide information on their on-sky
size in relation to the HST FoV, their distance modulus, and exposure times of the
images used in this study. As a summary of data depth, for each UFD, we report
the F475W and F395N magnitudes where F395N S/N = 5. In all cases except Eri
II and CVn II, the archival F606W and F814W imaging are from GO-14734 (PI:
Kallivayalil). For CVn II, the F606W and F814W imaging are from GO-12549 (PI:
Brown). For Eri II, all of the broadband imaging is from programs GO-14224 (PI:
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Gallart) and GO-14234 (PI: Simon). All of the data can be found in MAST at the
following doi:10.17909/cfn9-gt96.

References. a. [68], b. [253], c. [114], d. [195], e. [309], f. [224], g. [146], h.
[167], i. [82], j. [220], k. [327], l. [65], m. [26], n. [170].

Observations and Data Reduction
We acquired new F395N and F475W observations for our 18 systems between Jan
and Oct 2020. The F395N and F475W filters are equivalent to the Pristine Ca H&K
narrow-band and g band filters used for measuring stellar metallicities, and as shown
in [96], are also able to recover MDFs. We required that the UVIS fields spatially
overlapped archival ACS imaging, but did not place any roll angle constraints in
order to maximize scheduleability. Visits were 1-2 orbits in duration.

We use DOLPHOT to perform point-spread function (PSF) photometry simul-
taneously on F395N , F475W , F606W , and F814W flc images for each of our
galaxies. We then perform a quality cut on the resulting catalog by requiring that
every star has S/N > 5, |sharp|2 < 0.3, and crowd < 1 in F606W and F814W ,
which are the highest S/N data.

Color-Magnitude Diagrams
Figure 3.1 shows the gallery of CMDs for our sample in F606W − F814W , and
Figure 3.2 shows the corresponding F475W −F814W CMDs. The stellar population
sequence for all of our galaxies is narrower in F606W − F814W than in F475W −
F814W because (i) the former color combination is less sensitive to temperature,
metallicity, and age and (ii) the F606W photometry has much higher S/N owing
to longer integration. We therefore use F606W − F814W CMD for UFD candidate
member selection, as described in several sections in the paper.

Member selection
As most of our stars are too faint for radial velocities or proper motions, we primarily
determine the membership of each star by selecting stars that fall on/near the RGB
and/or MSTO on the F606W −F814W CMDs. For each UFD, we then cross-match
each star to catalogs of radial velocities to remove MW foreground stars. We provide
detailed discussions on membership vetting for each UFD in §3.6.

We note a few difficulties of relying on spectroscopic velocities for cleaning our
entire sample: (i) The on-sky footprint of spectroscopic studies extends beyond our
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Figure 3.1: A gallery of F606W − F814W CMDs for our galaxies in order of de-
creasing luminosity from the top left to the bottom right. We color-code stars by
their F395N S/N for F395N S/N > 5 and have not yet applied any membership
selection or removed spurious detections.
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Figure 3.2: The same as Figure 3.1 only for F475W − F814W CMDs. The broader
CMD features are partially driven by the lower S/N of the F475W data and the
increased metallicity sensitivity of F475W − F814W vs. F606W − F814W .
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HST field of view and the target density for spectroscopy is smaller due to limita-
tions in slit and fiber placement; (ii) The stars observed spectroscopically are often
much brighter than the stars in our sample; (iii) The brightest stars observed by
spectroscopy are often missing from our data due to saturation effects in the archival
broadband HST data. Using kinematic information, we were able to remove a total
of 8 contaminants: 6 contaminants in Seg 1 [279]3, 1 contaminant in Ret II [275],
and 1 contaminant in Grus I [55]. Some stars in the thirteen UFDs we present in
this work have been studied via spectroscopy, and 10 of our UFDs have at least
some stars in common with spectroscopic studies. For these stars, we compare our
metallicities to those in the literature in §3.6 and §3.11.

Additionally, we manually remove stars which pass the CMD selection criteria,
but which, upon closer inspection, have colors that are inconsistent with their pre-
sumed astrophysical properties. We perform the following checks: 1) That member
stars fall within the [Fe/H] = −4 and [Fe/H] = −1 isochrones of the [α/Fe] =
+0.4 MESA Stellar Isochrones and Tracks (MIST) models ([58], [79]) on both the
F606W − F814W and F475W − F814W and CMDs, and 2) that the metallicity
of stars inferred from the F395N photometry in subsequent sections are consistent
with their positions on the broadband CMD: that metal-poor stars should be on the
bluer side of the stellar population sequence, and the inverse for metal-rich stars.
The stars removed from this process tend to have low S/N in F395N , around the
cutoff threshold of 10. This manual vetting criteria is still quite broad, and in the
absence of kinematic and astrometric data for membership studies, we choose to
err on the side of inclusivity in determining our sample of members. We provide
a table of observed stars in this paper and invite the community to follow up with
complementary observations.

Finally, we expect MW foreground to be a minimal source of contamination for
our member samples due to the small HST FoV. We provide an illustration of this
expectation in the Appendix: §3.9. Where applicable we also discuss the concern of
potential foreground impact for individual galaxies in §3.6. We do not expect the
foreground to significantly affect our MDFs or the general results of our paper.

Artificial Star Tests
We use artificial star tests (ASTs) to compute uncertainties on photometry and
construct an error profile (bias and scatter) for individual star metallicity fitting
as described in §3.4. ASTs involve inserting a star of a known magnitude, in our

3Of the contaminants removed using this method, 4 were MW foreground and 2 were stars from
the 300S stellar stream in the same field.
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case F395N , F475W , F606W , and F814W , into each image, and attempting to
recover its magnitudes using the same DOLPHOT procedure that we use for the
original photometric reduction. By running many ASTs, we build up the statistics
to construct well-sampled error profiles for each of our UFDs.

In advance of the metallicity fitting procedure, we generate ASTs around each
member star that we identify in each UFD, with about 104 ASTs run per star. The
general idea is to distribute the ASTs such that they (a) cover all model tracks in
Ca H&K space and (b) sample the relevant regions of the CMD. To do this, we
center the ASTs for each star within 0.2 mag of its F475W magnitude. We then
require the input AST list to satisfy the criteria 0.7 < F475W − F814W < 2.0
and −2.0 < CaHK < −0.4. This is a departure from the procedure for generating
ASTs for the Eri II sample in [96], as it provides more efficient coverage of the 4
dimensional AST space. We apply this procedure to each galaxy, including Eri II.

We discuss and illustrate the ASTs in greater detail for select galaxies in our
sample in §3.5 and only provide a general summary here. Our error profile is based
on difference between the recovered magnitude and its known input magnitude in
each filter, (Out - in). At a given magnitude, we use the (Out - in) quantity at
that magnitude to define the scatter. We use the mean of the (Out - in) quantity to
compute the bias.

In all of our galaxies, the error and bias introduced by F606W and F814W is
minimal (≲ 0.01 mag) because the imaging is much deeper. The scatter in F475W is
larger (>0.05 mag) at fainter magnitudes, and there is a modest bias (∼ 0.02 mag at
F475W = 24.5 mag) in recovered magnitudes vs. input magnitudes for fainter ASTs.
However, the error and bias in the F395N filter are the chief sources of photometric
uncertainty for the metallicity measurements as it has the shallowest imaging of all
the data sets (uncertainty ∼ 0.1 mag, bias∼ 0.1 mag for F475W ∼ 23.5 mag). We
provide concrete examples in §3.5.

3.4 Determining Metallicity Distribution
Functions

Individual Metallicity Measurements
To build MDFs, we first infer metallicities for individual stars by adapting the tech-
nique used for CMD-based SFH fitting as described in [75]. We first construct the
equivalent of a Hess diagram with the x-axis as F475W−F814W and on the y-axis as
CaHK = F395N−F475W−1.5∗(F475W−F814W ), which is motivated by the Pris-
tine survey. The resulting Hess-like diagram runs from 0.7 < F475W−F814W < 2.0
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and −2.0 < CaHK < −0.4, and bins are 0.025 mag by 0.025 mag. Individual stars
are then modeled in this pixelated space. Stellar metallicities are inferred by compar-
ing the overlap of an individual star’s Hess-like diagram with that of model CaHK
tracks of various metallicities that have been corrected for observational effects. We
now describe the process of constructing the metallicity models for fitting each indi-
vidual star.

We begin with α-enhanced ([α/Fe] = +0.40), 13 Gyr MIST CaHK color-color
tracks. We use the MIST suite because they have the most metal-poor limit ([Fe/H] =
−4.0) out of all isochrones currently available.4 Additionally, we choose to use
[α/Fe] = +0.40 models because observations thus far have demonstrated that stars
at the typical UFD metallicity of [Fe/H] ∼ −2.5 tend to be α-enhanced [307] and
that UFD stars are uniformly old [41].5 The impact of our choice in α enhancement
is within the uncertainties as verified in §3.10. The mono-metallic tracks we use are
0.05 dex apart. We apply dust corrections to the MIST CaHK tracks using the filter
appropriate extinction values from [268]; for most of our galaxies, the extinction is
minimal (AV ≲ 0.05). We use the extinction coefficient for F395N provided by the
MIST models for our corrections.

For every point in the model CaHK tracks, we select ASTs that match its color
in CaHK color space, and the magnitude of the star in F475W . We use the results
of those ASTs to calculate the expected bias to apply to that point. As a result of
the bias effects discussed in §3.3, the model tracks become redder in CaHK color
index and F475W − F814W color. The overall impact of accounting for bias effects
is lowering the inferred metallicity. We illustrate these effects in the CaHK color
panels in Figures 3.3, 3.5, 3.6.

Next, we pixelate the bias-applied model CaHK tracks into Hess-like diagrams.
We use the ASTs to calculate the standard deviation for the ASTs in each pixel, and
to convolve it with the number of expected stars from the model tracks. The result
at the end of this process are a series of hess diagrams for mono-metallic populations
that have been applied with the specific observational characteristics of each UFD.
We refer to the hess diagram corresponding to individual metallicities is as a basis
function. We normalize the counts in each basis function so that it is equal to 1,
and infer a star’s metallicity measurement by comparing the overlap of its Hess-like
diagram with that of basis functions of various metallicities. Because the number
counts can be low in many cases, we adopt a Poisson likelihood function:

4As an example, the Dartmouth Stellar Evolution Database [80] Bag of Stellar Tracks and
Isochrones (BaSTI; [129]) models only extend down to [Fe/H] = −2.5 and [Fe/H] = −3.2 respec-
tively.

5We also note that for these models, the mapping of CaHK color to metallicity in CaHK space
is largely invariant with age for old stars.
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logL =
∑
mi ̸=0

d lnmi −mi − ln(di!), (3.1)

where mi are the number of counts in the model bin, and di is the data in each
bin.

We adopt uniform priors on the metallicity, ranging between the limits of our
metallicity grid: −4.0 and +0.0 and then sample the posterior distribution using
emcee [90] by initializing 50 walkers and running the Markov chain Monte Carlo
sampler for 10,000 steps, with a burn-in time of about 50 steps per star. We assess
convergence using the Gelman-Rubin (GR) statistic [109]. Compared to [96], this
approach allows us to account for uncertainties in both CaHK and F475W−F814W .
The result of this process is a posterior distribution for the metallicity of each star.
We determine metallicity measurements and statistical and systematic uncertainties
in the following ways:

For stars with well-constrained posterior distributions, we report the median
measurement and their uncertainties corresponding to the 68% confidence interval.
Following the investigation into systematics in §3.10, we assign a systematic un-
certainty of either 0.2 dex or 0.3 dex depending on if the star is on the RGB or
MSTO/MS, respectively.

For stars with posterior distributions that have a well-defined peak but truncation
at the MP end, we also report the median measurement and their uncertainties
corresponding to the 68% confidence interval. We assign a systematic error of 0.5
dex if their median measurement is below −3.0; if their median measurement is above
that, then we follow the schema based on the star’s evolutionary phase.

For stars with posterior distributions that only show an upper limit (i.e., no clear
peak), we report that upper limit. For stars that fall outside the metal-poor end of
the grid, with undefined posterior distributions, we assign them an upper limit of
−4. For stars that are unconstrained altogether, we remove them from the sample;
since they are low S/N to begin with, their measurements should not significantly
change the nature of our inferred MDFs.

We discuss our measurement reporting procedure in greater detail by using the
example of CVn II in §3.5 and present example fits to CVn II stars in Figure 3.4.
We present the table of measurements in Table 3.4, reporting both the random un-
certainties from photometry, and from systematic uncertainties that we determined
following our procedure in §3.10.
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Fitting the MDF
Following standard practices in the field, we model the MDF of each UFD assum-
ing a Gaussian distribution, for which the parameters of interest are the mean and
dispersion of the MDF. For the MDF of each galaxy, we adopt the two-parameter
Gaussian likelihood function from [311]:

logL = −1

2

N∑
i=1

log(σ2

[Fe/H] + σ2

[Fe/H],i)

−1

2

N∑
i=1

([Fe/H]i − ⟨[Fe/H]⟩)2
σ2

[Fe/H] + σ2

[Fe/H],i
, (3.2)

where ⟨[Fe/H]⟩ and σ[Fe/H] are the mean metallicity and metallicity dispersion of
the galaxy, and [Fe/H]i and σ[Fe/H],i are the metallicity and metallicity uncertainties
for each star. In this procedure, we assume Gaussian uncertainties on the individual
metallicity measurements, and discuss their derivation later in this section. We
adopt a uniform prior on the mean and require that it remain within the range
set by the most metal-poor and metal-rich stars for a galaxy. We also require that
σ[Fe/H] ≥ 0. We use emcee to sample the posterior distribution, initializing 50
walkers for 10,000 steps. The autocorrelation time for each galaxy is about 50 steps,
and the corresponding GR statistic indicates the chains have likely converged.

The above likelihood function assumes symmetric uncertainties on the individual
star metallicity measurements. Due to the uneven spacing between mono-metallic
CaHK tracks, that is not the case for the vast majority of stars. We thus make the
following adjustments:

For stars with posterior distributions that are well-constrained enough where
we can report a median and 68% confidence interval uncertainties, we average the
asymmetric uncertainties and then add them in quadrature with their correspond-
ing systematic uncertainty (see §3.10 for more detail) order to arrive at the final
uncertainty used for the MDF measurement.

For stars whose posterior distributions allow us to constrain an upper limit, we
adopt a point measurement that is the median of the posterior distribution. We
adopt a Gaussian uncertainty by averaging the uncertainties from the 68% confidence
interval. If the upper limit of the star is below −3 (i.e., an EMP candidate), then we
add the uncertainties in quadrature with a systematic error of 0.5 dex. If the upper
limit of the star is above −3, then we add the uncertainties in quadrature with their
corresponding systematic uncertainty.
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The above schematic accounts for the vast majority of stars analyzed in our study.
Finally, there are a few stars whose CaHK color places them beyond the metal-poor
end of the grid. These stars are particularly low S/N (≲ 15). We adopt a point
measurement of −4.0 with an uncertainty floor of 1.0 dex, which reflects our low
confidence in our estimate.

3.5 Illustrative Examples of MDF Measurements
To illustrate the process of measuring MDFs, we provide detailed examples for three
systems that represent the range of data quality and galaxy type across our sample.
The systems are CVn II (§3.5), Grus I (§3.5), and Dra II (§3.5). CVn II is a bright
UFD with a fairly well-populated RGB. Grus I is an intermediate-luminosity UFD
with an RGB present. Dra II is a faint UFD with no RGB at all.

CVn II
Figure 3.3 illustrates the MDF derivation process for CVn II. Using the F606W
broadband CMD, we select 34 candidate member stars (red points) along the RGB
that have F395N S/N> 10. We highlight stars in common with [166] (circled in light
blue) and [307] (circled in dark blue), two other spectroscopic studies of CVn II. We
compare our metallicities to these literature values in §3.5.

The four panels in the top-right corner of Figure 3.3 show the ASTs (i.e., the
difference in input and recovered magnitude vs. input magnitude). The uncertainties
in photometry are dominated by F395N and F475W . The typical scatter in F395N
and F475W towards the faint magnitude limit of F475W ∼ 24 mag are 0.15 and
0.02 mag respectively. Toward fainter magnitudes, there is also a bias in (Out - in)
in both filters. Characteristic to all the UFDs that we analyze, the bias effect is
largest in F395N (∼ 0.1 mag).

The bottom left panel of Figure 3.3 shows the CVn II RGB stars in CaHK color
space, with mono-metallic MIST isochrone tracks for [α/Fe]= +0.4 overplotted. The
low-opacity lines are the mono-metallic models without ASTs applied, and the high-
opacity are the same models with the AST noise model applied. While the bias
effect is less prominent for brighter and redder stars, it does become significant for
stars bluer than F475W − F814W = 1.4. Without accounting for this bias effect,
a star’s inferred metallicity would be larger than it actually is. For example, a star
at F475W = 23.5 and with F475W − F814W = 1.20, CaHK = −1.1 would have
an inferred metallicity of −2.0 and −2.3 before and after applying the bias effect,
respectively.
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Figure 3.3: An illustrative example of our process for measuring a galaxy’s MDF from
HST imaging using CVn II. The upper left panels show the CMDs of CVn II, with
members shown in red and stars in common with other studies highlighted in blue.
The upper right panels show the scatter and bias in the artificial star tests (ASTs)
for each filter. The bottom left panel shows the CaHK diagram with member stars
plotted in red and select metallicity tracks as lines. The high-opacity lines are the
convolution of the intrinsic models low-opacity with the ASTs. The lower right panel
shows the MDF of CVn II. The shaded red regions are well-constrained metallicity fits
for individual stars, while the unshaded regions reflect stars with poorly constrained
fits (e.g., off the metallicity grid, truncated PDFs). The blue line shows a Gaussian
fit to all stars on the histogram.
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Plotted in CaHK space, it is apparent by eye that the stars in CVn II span a
range of metallicities because they do not fall along a single mono-metallic track.
The placement of stars in CVn II suggests that there are stars as metal-rich as
[Fe/H] = −1.2 and at least as metal-poor as [Fe/H] = −4, with the bulk of them
centered at [Fe/H] = −3.0.

We now discuss the nature of our individual metallicity measurements by de-
scribing the broad categories of individual posterior distributions and presenting
examples in Fig 3.4. Some posterior distributions are well within the metallicity grid
and have well-defined peaks; this is usually the case for stars at intermediate metal-
licities (≳ −3.0) and intermediate-to-high S/N in F395N (Fig 3.4, top right). Others
are truncated at the metal-poor end, corresponding to the metal-poor limit of the
metallicity grid, but with well-defined peaks; these are often stars with [Fe/H]< −3
of intermediate or high S/N (Fig 3.4, bottom left) There are also stars that fall out-
side of the metallicity grid, so their metallicities are not constrained by the fitting
process, and we can only obtain an upper limit (Fig 3.4, bottom right). This includes
stars across a range of S/N.

The bottom-right panel of 3.3 shows the MDF of CVn II (red) and our Gaussian fit
to the MDF (blue line). We infer ⟨[Fe/H]⟩ = −2.98+0.12

−0.12 dex and σ[Fe/H] = 0.55+0.12
−0.10

dex. We identify 15 stars as EMP candidates for spectroscopic follow-up. We also
find two stars with metallicity [Fe/H] ∼ −1.2, albeit with uncertainties of about
0.5 dex. As we discuss in §3.5, spectroscopic studies of CVn II find similarly metal-
rich member stars at larger radii, supporting the notion that our metal-rich stars may
be bona fide members of CVn II. In §3.5, we compare our metallicities to literature
values.

Grus I
Figure 3.5 illustrates the MDF process for Grus I. Grus I has a sparsely populated
RGB and the S/N of our F395N data is sufficiently high that we are able to include
MSTO stars in our analysis (i.e., the F395N S/N is > 10 down to the MSTO). The
layout of Figure 3.5 is identical to the CVn II example (Figure 3.3).Stars in common
with the literature study of [55] are indicated in light blue. One of the stars that
passed our isochrone selection was ruled by [55] to be a kinematic non-member, so it
is represented in the CMD panel plots as a purple point. The ASTs for Grus I also
reveal a systematic bias for F395N and F475W for fainter stars that results in the
reddening of the mono-metallic tracks in CaHK space (e.g., at F475W = 24, a bias
of 0.17 mag in F395N and 0.02 mag in F475W ).

In CaHK color space (bottom left), the highest S/N stars show a clear scatter,
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Figure 3.4: Example posterior distribution functions of stars in CVn II. (upper left)
Position of example stars in CaHK space, plotted against the MIST mono-metallic
tracks used to infer metallicities in this work. (upper right) Example of a star with
a well-constrained PDF. (lower left) Example of a star with a well-constrained PDF
peak that is truncated at the metal-poor end; we also designate this star as an EMP
candidate. (lower right) Example of a star for which we only constrain an upper
limit, also an EMP candidate.
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Figure 3.5: Same as Figure 3.3 only for the fainter, less populated system, Grus I.
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indicative of a metallicity spread. This is also present for the lower S/N stars, though
it is more difficult to visually discern. We identify 5 EMP candidates that would be
compelling for spectroscopic follow-up studies. On the metal-rich end, we also find
stars with [Fe/H] up to −1.0. From this sample, we infer ⟨[Fe/H]⟩ = −2.62+0.14

−0.15 dex
and σ[Fe/H] = 0.61+0.12

−0.11 dex.

Dra II
Figure 3.6 shows our detailed MDF derivation for Draco II. Dra II has no RGB at
all and thus the metallicities all come from lower MS stars. Our narrow-band data
for Dra II reaches S/N = 10 at F475W ∼ 24. The layout of Figure 3.6 is the same
as the previous two examples. We highlight stars in common with the ground-based
CaHK study of Dra II by [184] in light blue.

The bottom left panel of Figure 3.6, shows the Dra II stars on the CaHK color
space. Overplotted are two versions of the mono-metallic MIST isochrone tracks for
[α/Fe]-enhanced lower main sequence star models, which illustrate the bias profile
computed from the ASTs. The effect of the AST bias is to lower the inferred metal-
licity of the star, similar to the case of RGB stars. For the case of Dra II, the highest
S/N stars are also the stars that are bluest in F475W − F814W .

The MDF of of Dra II (bottom right panel) spans a metallicity range of −4.0
to −1.5. From our Gaussian MDF fitting, we infer ⟨[Fe/H]⟩ = −2.72+0.10

−0.11 dex and
σ[Fe/H] = 0.40+0.12

−0.12 dex.

Comparison to the Literature
Figure 3.7 compares the metallicities and MDFs derived from our data to what
is available in the literature for each galaxy. For CVn II, our sample includes 5
stars that were spectroscopically studied by [166], and of those 5 stars, 3 were also
analyzed by [307]. We color code stars with [α/Fe] measurements by the value of their
alpha. For this limited sample, we generally find that point estimate metallicities
from [166] are systematically 0.6 dex more metal-rich than our findings. Including
uncertainites, this level of disagreement is ∼ 1.5σ. Given the use of different models,
spectral features, and broad approaches, we are encouraged by the similarity of our
findings. The stars which have alpha measurements from [307] are also color-coded
by the literature point estimates, and typical [α/Fe] uncertainties from that study
are 0.2 dex. Their point estimates are indicated in the color-coding. As discussed in
[96], increasing α-enhancements in our modeling leads to lower inferred metallicities.
For the single star that has a slightly lower value of α from [307] than we assume,
re-inferring the metallicity with our α value would bring the measurements into
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Figure 3.6: Same as Figure 3.3 only for Dra II, which has no RGB stars. The
mono-metallic tracks shown in the bottom left panel are for MSTO and MS stars.
Accordingly, the MDF is entirely based on stars from these evolutionary phases.
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Figure 3.7: A comparison of metallicities for stars in common for our example galaxies
CVn II, Grus I, and Dra II. The top row shows a one-to-one comparison for stars
common to both studies. Our metallicities and those in the literature generally agree
to ∼ 1.5σ. The lower panels show a comparison between our MDFs (grey) and all
MDFs in the literature for each galaxy. The histogram bins are 0.4 dex wide.

closer agreement. For the other two stars which are α enhanced, differences in α
enhancements alone cannot reconcile the differences.

We also compare our MDF against those from [166] and [305]. [166] infer ⟨[Fe/H]⟩ =
−2.12±0.05 dex and σ[Fe/H] = 0.59 dex from 14 stars in CVn II. While our σ[Fe/H]
measurement is in agreement with [166], they infer a mean that is higher than
ours by ∼ 0.8 dex. This is because our MDF includes more stars that are below
[Fe/H] = −3.0. Given the agreement shown in the 1-1 comparisons, it is unlikely
that all of our EMP stars are systematically too metal-poor. Additionally, it is likely
that we are finding more EMP stars in CVn II simply by virtue of an expanded
sample size of 40. On the metal-rich end, the stars that we detect between −1.5
and −1.0 are not the same as from [166], but that there are spectroscopically con-
firmed metal-rich stars affirms our confidence that the ones in our sample are also
bona fide members of CVn II. Finally, we run a Kolmogorov-Smirnov (KS) test us-
ing scipy.stats.ks_2samp to test the null hypothesis that the MDF we measure
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for CVn II and the MDF from [166] are drawn from the same underlying distribu-
tion. The resulting p-value for the test is 0.11, suggesting that there are insufficient
grounds to reject this null hypothesis, and it is possible for these MDFs to share the
same underlying distribution.

The center column compares our metallicities for Grus I against the literature.
[55] identified 8 members of Grus I using Magellan/IMACS spectroscopy and mea-
sured radial velocities and metallicities from the CaT feature. Of the 3 stars that we
have in common with that study, two of them have CaT metallicity measurements.
They are shown in the top panel. One star agrees within < 1.5σ ([Fe/H] = −2.5),
while the other is ∼ 1 dex more metal-poor in [55]. C-enhancement could contribute
to this discrepancy by adding absorption into the F395N filter that would make
our measurement of this star more metal-rich, but there are currently no known
C-enhanced stars in Grus I. [149] studied two of the brightest stars in Grus I using
high-resolution Magellan/MIKE spectroscopy. However, these stars are saturated in
the archival HST broadband imaging, and cannot be compared.

In the bottom panel, we compare our MDF against those from [149] and [55]. [55]
infer ⟨[Fe/H]⟩ = −2.62± 0.11 and were only able to place an upper limit on σ[Fe/H]
of 0.44 dex. We measure ⟨[Fe/H]⟩ = −2.62+0.14

−0.15, which is in 1-sigma agreement with
[55]. Our σ[Fe/H] measurement of 0.61+0.12

−0.11 is larger than what [55] found, though
our sample is also significantly larger and has better populated tails. Taking both
distributions at face value, the KS test produces a p-value of 0.06, suggesting that
these MDFs may share the same underlying distribution.

In the right column, we compare our findings for Dra II against those from [184].
[184] studied 12 Dra II stars using the Pristine narrow-band CaHK filter. We have
7 stars in common with [184].

The top panel shows that our well-constrained metallicity measurements are in
better than 1σ agreement with the measurements from [184]. There are three stars
for which we can only provide an upper limit, and which are more metal-rich than
−3.0 in the [184] study. We note that [184] impose a metallicity floor on their
measurements at [Fe/H] = −3.0, limiting this comparison.

In the bottom panel of the Dra II column, we compare our MDF to the one
derived by [184]. [184] measure ⟨[Fe/H]⟩ = −2.7 ± 0.1 dex and place an upper
limit on σ[Fe/H] of 0.24. Their ⟨[Fe/H]⟩ measurement is in 1σ agreement with ours.
Additionally, we also resolve σ[Fe/H] because our MDF spans a wider range. The
floor of −3.0 adopted by [184] complicates their ability to resolve σ[Fe/H].

The corresponding KS test yields a p-value of 0.09, suggesting similarity between
our MDF for Dra II and the one from the literature
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We refer the reader to §3.11 for the full set of 1-1 comparisons between our
measurements and those from the literature across all the UFDs in this study.

3.6 Results
We undertake an exhaustive comparison of our MDFs to those previously published
in the literature for the same galaxies. For completeness, here we list the papers
used for each galaxy’s literature values and refer to the face value results from these
papers in the following sections: Eri II ([180], [202]; CVn II ([166]; Hya II ([161]);
Ret II ([275], [168], [313], [152], [151]); Hor I ([168], [228]); Grus I ([149], [55]); Ret III
([94]); Wil 1 ([328]); Phe II ([94]); Eri III (none); Tuc V ([274]); Seg 1 ([107], [232],
[279], [93]); Dra II ([184]). We present a summary of our direct comparisons to the
literature in §3.11.

MDFs for Individual Galaxies
Eri II

Eri II (MV = −7.1, L = 104.8 L⊙) was first discovered in [23] and [167]. Since
its discovery, [180] identified 28 RGB members within 8 arcmin of Eri II using
Magellan/IMACS spectroscopy and measured metallicities for 16 of them using the
CaT equivalent width calibration. They measure ⟨[Fe/H]⟩ = −2.38 ± 0.13 and
σ[Fe/H] = 0.47+0.12

−0.09. [202] derived metallicities for 46 RR Lyrae stars in Eri II;
their metallicity inference method is calibrated to the ⟨[Fe/H]⟩ measured by [180],
and they report σ[Fe/H] of 0.2 dex. As the authors remark, their smaller inferred
σ[Fe/H] is expected because the most metal-poor and metal-rich stars in a galaxy’s
MDF would not end up in the instability strip for RR Lyraes.

Due to its brightness and to the abundance of available literature references, we
analyzed this galaxy in the first paper of our program in [96] to verify the efficacy
of CaHK for recovering the MDFs of UFDs. In [96], we report metallicities for
60 resolved RGB stars in Eri II, measure ⟨[Fe/H]⟩ = −2.50 ± 0.07 and σ[Fe/H] =

0.42 ± 0.06. In this work, we re-analyze Eri II following the procedure outlined in
previous sections, which also newly includes a treatment of systematic uncertainties.
Selecting along the RGB of Eri II, we obtain a sample of 75 stars for this analysis.
We end up with a larger sample size because the F606W − F814W CMD in which
we made our member selection is higher S/N than the F475W −F814W CMD used
for member selection in [96]. The resulting MDF spans a similar range to that from
our previous study.
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From these stars, we measure ⟨[Fe/H]⟩ = −2.63+0.06
−0.06 and σ[Fe/H] = 0.26+0.08

−0.09.
Both the mean metallicity and the metallicity dispersion are lower than the values
inferred from [96] by over 1σ. This is because the MIST models used for the analysis
in this paper is scaled to the [116] solar abundances, while the MIST models used
in [96] are scaled to the [13] solar abundances.6 The metallicity measurements made
using the [116] scaled models are on average more metal-poor by 0.1 ∼ 0.2 dex.
This difference accounts for the change in ⟨[Fe/H]⟩. The lower σ[Fe/H] is due to a
larger fraction of EMP stars in our sample, which contribute to a smaller dispersion
measurement because of the 0.5 dex systematic uncertainty floor.

CVn II

CVn II (MV = −5.1, L = 104.0 L⊙) was originally discovered in SDSS by [26] and
subsequently studied spectroscopically by [278], [166] and [307]. From a sample of
14 stars, [166] measure ⟨[Fe/H]⟩ = −2.2± 0.05 dex and σ[Fe/H] = 0.59 dex.

From a sample of 40, we measure a metallicity of −2.98+0.12
−0.12 and σ[Fe/H] =

0.55+0.12
−0.10. Our mesaurement of ⟨[Fe/H]⟩ places CVn II as one of the most metal-poor

UFDs known to-date.
As detailed in §3.5, our σ[Fe/H] measurement is in good agreement with the

spectroscopic study, but we measure a lower ⟨[Fe/H]⟩ due to more low-metallicity
stars in our sample. Differences in ⟨[Fe/H]⟩ appear to be driven by our larger fraction
of EMPs: 38% of our stars are EMP, versus 20% in the [166] sample. One possibility
is that the small sample of Kirby et al. is missing EMPs, leading to a higher ⟨[Fe/H]⟩
estimate. Alternatively, if half of our EMPs are actually more metal-rich by 0.5 dex,
it would bring our mean metallicities into better agreement.

Hya II

Hya II (MV = −4.9, L = 103.9 L⊙) was discovered by [195] in the Survey of the
MAgellanic Stellar History (SMASH) conducted using the DECam instrument on
the Blanco telescope. [161] followed up on this discovery by observing Hya II using
Keck/DEIMOS, targeting the CaT lines. They identified 13 members of Hya II,
and among that subset were able to measure metallicities for 5 of those stars. They
measured for Hya II ⟨[Fe/H]⟩ = −2.02± 0.08, and σ[Fe/H] = 0.40+0.48

−0.26.
We present the MDF of Hya II, constructed from 31 RGB stars, in Figure 3.10.

The stars span a metallicity from −4.0 to −1.5, and the bulk of them are at around
6C. Conroy, A. Dotter; private communication.
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a metallicity of −3.0. From this sample, we measure ⟨[Fe/H]⟩ = −3.05+0.12
−0.13 and

σ[Fe/H] = 0.47+0.13
−0.12. Compared to the measurements from [161], our σ[Fe/H] are in

1-sigma agreement, but our ⟨[Fe/H]⟩ is lower than that study by about ∼ 0.7 dex
because our sample is dominated by stars below −2.5. We have 7 stars in common
with the sample studied by [161], and none of them are foreground interlopers.

We also note the star in our sample that is at [Fe/H] ∼ −1.5, setting it apart
from the rest of the stars in our sample. We do not have data to verify conclusively
whether it may be an outlier, so instead we recompute the Gaussian MDF excluding
that star to infer ⟨[Fe/H]⟩ = −3.08+0.11

−0.12 and σ[Fe/H] = 0.33+0.12
−0.13. As expected, this

new calculation results in a lower σ[Fe/H], but this new value is still in 1σ agreement
with the value computed from using the full sample. Since the uncertainty on σ[Fe/H]
from [161] is nearly 0.5 dex on the upper end, this new calculation also does not
represent a significant improvement in agreement from the calculation made using
the full sample. Additionally, the removal of the most metal-rich star in our sample
worsens the discrepancies between the ⟨[Fe/H]⟩ measurements. Most notably, we
measure the MDF from 30 stars whereas [161] measured the MDF from 5, and our
expanded sampling may explain the bulk of these discrepancies.

Ret II

Ret II (MV = −4.0, L = 103.5 L⊙) was discovered in the DES by [23] and [167].
Since then, it has been a dwarf galaxy of great interest to the community because
its stars contain evidence of a rare r-process enrichment event ([152], [245]). The
most recent study on Ret II, [151], identified 32 member stars of the satellite us-
ing VLT/GIRAFFE and Magellan/M2FS spectroscopy and aimed to measure the
abundances of the r-process element Barium. As part of this study, they provided
constraints on the metallicities of 29 stars in that sample. From the 13 stars for
which they were able to constrain metallicities beyond an upper limit, they measure
⟨[Fe/H]⟩ = −2.64± 0.11 and σ[Fe/H] = 0.32+0.10

−0.07.
We identify 76 candidate members in Ret II along the MSTO and MS. Using

the catalog of [275], we remove one star whose velocity is inconsistent with Ret II
membership. From the remaining 76 stars, which span a wide range in metallicity,
we measure ⟨[Fe/H]⟩ = −2.64+0.1

−0.11 and σ[Fe/H] = 0.72+0.09
−0.08. Our ⟨[Fe/H]⟩ measure-

ment is in agreement with [151] and earlier works on the dwarf ([168], [275], [312]).
However, we resolve a larger σ[Fe/H].

Direct comparison with existing metallicities is challenging. Due to saturation
effects in our photometry, our sample lacks substantial overlap with the [151] sam-
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ple. We have three stars in common with that study, with two stars of that subset
constrained only by an upper limit in [151]. The star for which the measurement is
constrained is in agreement to 2σ, and the upper limits point in the correct direction
towards agreement.

Our large metallicity dispersion in Ret II is driven by the larger number of stars
in the tails of the MDF than what [151] report. Although the uncertainties on the
metallicities of these stars are large (i.e., we adopt a 0.3 dex systematic uncertainty,
see §3.10), these stars still contribute to a higher metallicity dispersion measurement
as compared to the literature. Because this dispersion is so much larger than what is
reported by spectroscopic data, we undertake further scrutiny to see if any systematic
effects in our analysis, or to Ret II in particular, can reconcile the difference.

First, we consider the possibility of foreground contamination. The MW halo
has very few EMP ([Fe/H] < −3.0) stars (e.g., [66]), which suggests foreground is
unlikely the source of a large metal-poor component.

Instead, we consider the possibility that our large dispersion may result from
substantial contamination from higher metallicity MW foreground stars. Figure 3.15
illustrates this possibility. Here, we plot the simulated TRILEGAL MW foreground
in the direction of Ret II. We find that, on average, one foreground star passes our
isochrone and spatial cuts. A single star does not significantly alter the dispersion
measurement.

The TRILEGAL model also suggests that if foreground is significant, it should be
present in other areas of the CMD, i.e., not just those that pass our isochrone cut. For
Ret II, the CMDs do not exhibit large populations of objects outside the RGB and
MS of Ret II, further suggesting that foreground contamination is not significant. A
clear example of a galaxy with a larger degree of foreground contamination is Seg 1,
for which there are many objects on either side of the actual galaxy RGB and MS.

Second, we consider the possibility that there may be some unknown MW sub-
structure along the line-of-sight that is not accounted for in the smooth MW halo
models of TRILEGAL. Such a contaminating substructure would have to be able to
account for a large fraction of the ∼ 20 MR and/or MP stars observed in the tails of
the MDF. Additionally, it would have to be concentrated almost entirely along the
MS of Ret II. To-date, there are no currently-known substructures in the vicinity of
Ret II from wider-field spectroscopic studies of Ret II ([312], [275], [151]), as well as
from photometric imaging ([82], [224]). It is unlikely that a previously-undiscovered
stellar substructure would be first detected in a narrow HST pointing compared to
other observations.

Third, we consider the possibility that our dispersion measurements are inflated
by lower S/N stars. That is, we allow for the possibility that some unaccounted-for
systematic effects in photometry of the the faint stars has biased our metallicity
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determinations.7 To explore this effect, we remove faint stars in our sample with
mF475W > 22.5 (MF475W > 5) and re-fit our MDF with the remaining 24 stars,
finding ⟨[Fe/H]⟩ = −3.07±0.19 and σ[Fe/H] = 0.70+0.17

−0.15. This cut disproportionately
removes the MR stars, which, in part is due to a known effect of magnitude limited
cuts (i.e., MR stars are fainter at a fixed magnitude owing to increased atmospheric
opacity; [191]). As a result, we measure a lower mean for this revised sample. The
resulting dispersion is still large and in agreement with the dispersion inferred using
our full sample.

Finally, we consider that unaccounted-for impacts of binarity are inflating our
dispersion measurements. Our investigation of the impact of binarity in §3.10 sug-
gests that we may inflate the metallicity of an unresolved binary star by up to 0.2 dex
by fitting them with single stellar models. We consider the upper limit of binarity on
our MDF by measurement by assuming that all of our stars that are more MR than
−2.0 have been affected by the maximum possible impact of binarity– i.e., all 20 of
these stars have a ∼ 0.5 M⊙ solar mass companion (see Fig 3.16). We subtract 0.2
dex from their metallicity measurements and re-compute our Gaussian fit, finding
⟨[Fe/H]⟩ = −2.69±0.1 and σ[Fe/H] = 0.63±0.1. The resulting mean and dispersion
remain in agreement with the values inferred using our full sample.

In summary, all of our tests retain the large dispersion inferred using the original
sample. At worst, they implausibly shift the mean out of agreement with the mean
measured the original sample and from the literature. We do not claim to have
resolved the tension with the literature, but at this time there is no obvious solution
to resolving these discrepancies. We welcome spectroscopic follow-up studies by the
community to improve membership selection and refine these measurements, and
provide coordinates and magnitudes for all the stars in Ret II used to derive its
MDF in Table 3.4.

Hor I

Hor I (MV = −3.8, L = 103.4 L⊙) was discovered in DES data by [23] and first
followed up spectroscopically by [168] using VLT/GIRAFFE. In that study, they
identified 5 candidate members. From those stars, they report ⟨[Fe/H]⟩ = −2.76±0.1
and σ[Fe/H] = 0.17+0.20

−0.03, and detect alpha enhancement of [α/Fe] = 0.30 ± 0.07.
[228] later observed 3 of these stars using Magellan/MIKE and performed a detailed
chemical abundance analysis. The stars they observed have a low average metallicity
of [Fe/H] ∼ −2.6, and low alpha-enhancement at [α/Fe] ∼ 0.0.

7See §3.12 for additional discussion around this context.
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We present the MDF of Hor I, measured from 27 RGB stars, in Figure 3.10.
The stars in the MDFs span a wide range of metallicity, with some potentially being
EMP stars, to stars as metal-rich as ∼ −1.0 dex. The bulk of the stars in Hor I are
between −3.0 and −2.0.

The stars observed in the aforementioned studies fall beyond our HST footprint,
so we cannot make direct comparisons of the measurements. Instead we compare
the broad features of metallicity measurement results. Similar to the aforemen-
tioned studies, we find a low ⟨[Fe/H]⟩ for Hor I of −2.79+0.12

−0.13. We also resolve
σ[Fe/H] = 0.56+0.11

−0.09. We note that there is a star in the MDF of Hor I more metal-
rich than ∼ −1.5 dex that could be an interloper, but absent of detailed kinematic
and astrometric data, it is difficult to ascertain for sure that it is not a member
of Hor I. We instead re-compute the Gaussian MDF excluding these stars to infer
⟨[Fe/H]⟩ = −2.84+0.11

−0.12 dex and σ[Fe/H] = 0.41+0.11
−0.10 dex. As expected, the removal of

this star preserves the metal-poor nature of Hor I. σ[Fe/H] also decreases as a result,
but we still clearly resolve a metallicity spread in the dwarf.

Grus I

Grus I (MV = −3.5, L = 103.3 L⊙) was discovered by [167] in the DES survey.
At the time of discovery, its classification was unknown. [149] studied the chemical
abundances of two stars in Grus I and used the deficiency in neutron capture elements
in those two stars to classify Grus I as a dwarf galaxy. [55] was able to observe
additional members of Grus I using Magellan/IMACS spectroscopy to measure its
metallicity and velocity dispersion. They were unable to resolve σ[Fe/H], but the
measured velocity dispersion of σrv = 2.5+1.3

−0.8 km s−1 translates to a large dynamical
mass-to-light ratio for Grus I and informs its classification as a dwarf galaxy.

In §3.5, we presented a detailed comparison between our Grus I MDF mea-
surement and those from [55]. We measure ⟨[Fe/H]⟩ = −2.62+0.14

−0.15 and σ[Fe/H] =

0.61+0.12
−0.11. Our ⟨[Fe/H]⟩ measurement is consistent with the [55] study, but we were

able to resolve σ[Fe/H] whereas that study could only provide an upper limit. Our
results further support the conclusion that Grus I is a dwarf galaxy.

Ret III

Ret III (MV = −3.3, L = 103.2 L⊙) was discovered in DES by [82], and followed up
spectroscopically by [94] using VLT/FLAMES targeting the CaT features. From
that study, [94] found 3 likely members in Ret III, and used them to measure
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⟨[Fe/H]⟩ = −2.81 ± 0.09 and σ[Fe/H] = 0.35+0.21
−0.09. They were unable to resolve

a velocity dispersion, putting an upper limit on the value at 31.2 km s−1.
We identify 18 RGB stars in Ret III. From this sample, we measure ⟨[Fe/H]⟩ =

−2.46+0.12
−0.15 and σ[Fe/H] = 0.31+0.2

−0.18. Our σ[Fe/H] measurement is in good agreement
with the Fritz et al. measurement, but we infer a larger ⟨[Fe/H]⟩.

We also have two stars in common with the [94] study, all of which were deemed
spectroscopic members. For star 0 in our sample, we measure a metallicity of
[Fe/H] = −2.38+0.04

−0.03 (stat.)± 0.2 (syst.), compared to their measurement of −3.24±
0.15. For star 1 in our sample, we measure [Fe/H] = −2.07+0.04

−0.04 (stat.) ± 0.2 (syst.),
compared to their measurement of −2.32 ± 0.15. Our measurements for star 0 and
star 1 are larger than the [94] measurements by > 3 σ and ∼ 2 σ respectively.
The [94] measurements were derived from spectral synthesis methods that assume
[α/Fe]= +0.5, which is more enhanced than our assumption, but this is not enough
to fully account for discrepancies. We discuss these comparisons further in §3.11.

Wil 1

Wil 1 (MV = −2.9, L = 103.1 L⊙) was discovered by [326] as one of the first faint
MW satellites known to the community. Similar to Seg 1, Wil 1 was one of the stellar
associations whose classification as either a star cluster or a dwarf galaxy has been
the subject of ongoing debate.

The most comprehensive spectroscopic study of Wil 1 done to-date was by [328]
using Keck/DEIMOS spectroscopy. They identified 45 candidate members of Wil 1
and among 40 of those are high-confidence. Their stars span the bright RGB of Wil 1
down to the main sequence. Although they find an irregular kinematic distribution
for Wil 1, they detect evidence of a large metallicity spread in Wil 1 from metallicity
measurements of the two RGB stars in their sample, with one star at [Fe/H] =
−1.73± 0.12, and the other at [Fe/H] = −2.65± 0.12.

We crossmatch our sample against that from [328] and find that we have 10 stars
in common. Of the 10 stars we have in common with their study, one was identified
as a probable nonmember in Wil 1.

We identify 68 stars in Wil 1 on the MSTO and MS. Our stars span a wide
range of metallicity from −4.0 to −1.0. We measure ⟨[Fe/H]⟩ = −2.53+0.11

−0.11, and
σ[Fe/H] = 0.65+0.10

−0.09. A significant fraction of the stars we find are at metallicities
above −2.0 (31%). With a sample size of over an order magnitude larger, we confirm
the large metallicity range suggested by measurements of the two stars from [328].
The large metallicity dispersion we recover supports results from mass-segregation
studies that Wil 1 is a dwarf galaxy [22].
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Phe II

Phe II (MV = −2.7, L = 103.0 L⊙) was discovered in the DES footprint by [23] and
[167], and subsequently followed up spectroscopically by [94] using VLT/FLAMES
spectroscopy targeting the CaT features. From that study, the authors identify 6
likely members, and 5 whose membership they are certain of. From the 5 members,
they measure ⟨[Fe/H]⟩ = −2.51+0.19

−0.17 and σ[Fe/H] = 0.33+0.29
−0.16. They also measure

a radial velocity dispersion of σv = 11.0+9.4
−5.3 km s−1. From these measurements

resolving both a metallicity dispersion as well as a large velocity dispersion (and
therefore a large mass-to-light ratio), the authors conclude that Phe II is a dwarf
galaxy.

We identify 10 RGB stars in Phe II, one of which we have in common with [94].
The star we have in common with that study is a kinematic member of Phe II. Our
measurement for that star is [Fe/H] = −2.23 ± 0.04 (stat.) ± 0.2 (sys.), while [94]
measure for it a metallicity of [Fe/H] = −2.65 ± 0.15. Our measurements for this
star agree within 2σ.

From our overall sample, we measure ⟨[Fe/H]⟩ = −2.36+0.18
−0.16 and σ[Fe/H] =

0.41+0.22
−0.17. These measurements agree with those from [94] at the 1-sigma level.

Alongside the absence of mass segregation detected for Phe II stars [22], our results
support the conclusion that Phe II is a dwarf galaxy.

Eri III

Eri III (MV = −2.1, L = 102.8 L⊙) was simultaneously discovered by [23] and
[167] in the DES survey. To-date, it has not been observed by spectroscopy, but
[65] targeted it for follow-up Gemini imaging to derive its structural properties.
With a half-light radius of rh = 8.3+0.9

−0.8 pc, and a magnitude of MV = −2.1, the
categorization of Eri III, like many recently-discovered satellites, is ambiguous from
structural parameters alone.

We identify 13 candidate RGB members in Eri III and present the resulting MDF
in Figure 3.10. The stars in Eri III span a wide range of metallicities, from −3.0
to −1.2. Using these measurements, we infer ⟨[Fe/H]⟩ = −2.03+0.16

−0.18 and σ[Fe/H] =
0.49+0.22

−0.18. Since we resolve a non-zero σ[Fe/H] for this satellite, we classify it as a
dwarf galaxy. [22] is unable to resolve mass-segregation in Eri III above 3σ level,
supporting our classification of Eri III from the metallicity dispersion. Spectroscopic
follow-up to determine kinematic properties and membership for this satellite would
help confirm or refute this categorization.
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Tuc V

Tuc V (MV = −1.6, L = 102.6 L⊙) was first discovered by [82] in the DES footprint.
[65] targeted Tuc V for follow-up imaging, but did not find evidence in the vicinity
of Tuc V of a bound stellar association. From this imaging, they suggest that Tuc V
may be a chance overdensity in the SMC halo due to its proximity, or a dissolving
star cluster.

Since then, [274] studied Tuc V using Magellan/IMACS spectroscopy in the CaT
region and identified 3 candidate members of Tuc V. They were able to measure
CaT metallicites for two of the candidate members, finding ⟨[Fe/H]⟩ = −2.16± 0.23.
They were unable to resolve σ[Fe/H].

As shown in the CMD figures (Figures 3.1, 3.2), we clearly see a stellar sequence
in our imaging of the Tuc V field, including a defined MSTO. We identify 6 stars
along the RGB of Tuc V and from these 6 stars, measure ⟨[Fe/H]⟩ = −2.41+0.26

−0.34 and
σ[Fe/H] = 0.61+0.44

−0.28, thereby resolving a nonzero metallicity dispersion at the 2-sigma
level. We therefore classify Tuc V as a dwarf galaxy, supporting the conclusion from
the absence of mass-segregation in this satellite as measured by [22].

Seg 1

Seg 1 (MV = −1.3, L = 102.5 L⊙) was one of the first-discovered UFDs, uncovered
by [26] in SDSS data. At the time of discovery, it was among the faint satellites that
ushered in a new paradigm in dwarf galaxy studies, where structural parameters
alone became insufficient to determine a stellar association’s classification as either
star cluster or galaxy. Follow-up spectroscopic studies to determine its classification
are [107], [232], [279], and [93]. [279] conducted a complete spectroscopic study of
stars in the field of Seg 1 down to 22 magnitude in the SDSS r band, encompassing
the RGB and the MSTO. [93] performed high-resolution chemical abundance analysis
of 6 RGB stars in Seg 1, adding their sample to the 1 other star analyzed in the same
manner by [232], and analyze this data in context of Seg 1 history. The metallicities
of the 7 stars studied and compiled by [93] range from −3.8 to −1.4.

We crossmatch our sample against the [279] sample and found that we have 13
stars in common from our initial CMD selection among the main sequence. Of the 13
stars, 6 were ruled out as kinematic nonmembers by [279]. Of the 6 nonmembers, 4
have characteristic velocities of Milky Way stars, and 2 belonged to the 300S stellar
stream in the vicinity of the dwarf ([118], [100]). Since the observed Seg 1 stars are
on the main sequence where the CaT calibration does not extend, we do not have
metallicity measurements from this study for comparison.
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From 12 stars, we measure for Seg 1 ⟨[Fe/H]⟩ = −2.36+0.23
−0.25 and σ[Fe/H] =

0.65+0.26
−0.21. The stars in our sample also span the same metallicity range as the stars

from [93]. We also have one star in common with [93], which we discuss in §3.10
in the context of assessing the impact of carbon enhancements. [93] identified that
star as the most metal-rich known in Seg 1, with [Fe/H] = −1.42 ± 0.24 and also
carbon enhancement with [C/Fe] = 1.44 ± 0.2. In our work, we find that this star
has [Fe/H] = −1.86+0.11

−0.12 (stat.) ± 0.3 (syst.); these measurements are in agreement
within ∼ 1.5 σ.

Dra II

Dra II (MV = −0.8, L = 102.3 L⊙) was discovered by [170] in the Pan-STARRS
survey. It is the faintest galaxy in our sample and has no RGB stars. We describe
its MDF inference in detail in §3.5.

At the time of its discovery, its classification as either a star cluster or a galaxy
was uncertain from structural parameters alone. To resolve this uncertainty, [184]
observed Dra II using the Pristine narrow-band photometry and Keck/DEIMOS
spectroscopy to obtain metallicity and kinematic information. They measure a low
⟨[Fe/H]⟩ for Dra II (−2.7 dex), a low σ[Fe/H] (< 0.24 dex), and place an upper limit
on the velocity dispersion of Dra II at σv < 5.9 km s−1. Coupled with an orbital
history for Dra II that takes it within 25 kpc of the Galactic Center, [184] suggest
that Dra II is a potentially disrupting dwarf galaxy.

More recently, as part of a broader study, [22] measure the degree of stellar mass
segregation in Dra II. They find RBright/RFaint = 0.78±0.07, meaning that brighter,
more massive stars in the satellite are more centrally concentrated than fainter, less
massive ones.8 Since mass segregation is an expected feature in star clusters, they
conclude that Dra II is a star cluster.

Our analysis reveals that Dra II is unambiguously a dwarf galaxy, based on its
large metallicity spread. Specifically, we find ⟨[Fe/H]⟩ = −2.72+0.10

−0.11 and σ[Fe/H] =
0.40+0.12

−0.12. Compared to [184], our ⟨[Fe/H]⟩ is similar, but our dispersion is much
larger. We discuss reasons for this difference in §3.5. There are no clear systematics
in our data that would lead to such a large spread. Conversely, we do not see any
plausible way to reconciling the observed CaHK data with the lack of σ[Fe/H] that
is expected for GCs. The remaining mystery is how to interpret the inferred mass
segregation with a large metallicity spread. Additional kinematic information to 1)

8RBright and RFaint respectively refer to the radii of bright and faint stars in the satellite. A
system with no mass segregation, e.g. dwarf galaxies, would have RBright/RFaint consistent with
1.
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refine velocity dispersion measurements and 2) confirm dwarf membership of the MP
and MR stars in Dra II, may help to bring clarity to the true nature of this enigmatic
object.

Broad Characterization of MDFs Across the Sample
Figure 3.8 shows broadband CMDs of our entire sample, with the stars that we use
for our MDF determinations color-coded by their F395N S/N. The sample displayed
in this figure has been cleaned for contamination using available kinematic data,
which we detail in §3.6. We verify that all stars that we select in F606W − F814W
also fall along the stellar population sequence in F475W − F814W . For stars that
fall on the edge of the selection box, we find that their metallicities are not outliers
compared to the rest of the distribution, and therefore retain them in the sample.
The galaxies with the largest sample sizes are Ret II and Wil 1, which respectively
have 76 and 68 stars from the lower RGB and MSTO. The galaxy with the smallest
sample sizes are Phe II and Tuc V at 10 and 6 stars respectively.

Figure 3.9 shows the stars for each galaxy in CaHK color space. For each galaxy,
we overplot [α/Fe] = +0.4 MIST mono-metallic isochrones for either RGB or MS,
appropriately selected for each galaxy. For most of our galaxies, the sample of
members fall along the RGB and lower RGB, so those corresponding tracks are
presented in their respective panels. The exceptions to this are Ret II, Wil 1, Seg 1
and Dra II, where the sample is dominated by MSTO and lower MS stars. For bluer
F475W − F814W colors (≤ 1.4), the CaHK tracks for RGB and MS evolutionary
phases look similar and using either set of tracks would produce comparable MDF
measurements. On the redder end, the CaHK tracks for MS stars are more closely
spaced, but few of our stars fall in that color regime. Overall, visual inspection alone
shows that each galaxy hosts stars of multiple, distinct metallicities.

Figure 3.10 shows MDFs for each galaxy resulting from applying the metallicity
and MDF fitting methodologies described in §3.4. In alignment with the intuition
guided by the stars’ positions on the CaHK color plots in Figure 3.9, all UFDs have a
wide range of metallicities, with stars for which we indicate upper limits of ≲ −3.0 up
to stars as metal-rich as −1. Some MDFs are broad and flat (Hya II, Ret II, Grus I,
Seg 1), while others are clearly peaked (Eri II, Hor I, Phe II, Dra II). The majority of
the MDFs display evidence of metal-poor tails, although the characterization of their
full extent is limited by the edge of our metallicity grid. We also compute additional
summary statistics to quantify deviations from Gaussianity, and are unable to resolve
significant departures from Gaussianity for majority of our MDFs. We present these
results in §3.13.
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Figure 3.8: A gallery of F606W − F814W CMDs with membership selection indi-
cated by the orange boxes drawn around the RGB. After making this initial selection,
we crossmatch against literature radial velocity data where available to remove fore-
ground interlopers. Stars used to infer MDFs are color-coded with F395N S/N > 10.
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The left panel of Figure 3.11 shows the composite MDF from our study, derived
by stacking the MDFs of all the individual UFDs. We measure metallicities for
463 stars across 13 UFDs, and disaggregate the composite MDF by contributions
from each galaxy. For all of these measurements, we measure a mean of −2.66±0.04
and sigma of 0.56 ± 0.03. We discuss comparisons with composite measurements
from the literature in §3.7, and summarize our MDF measurements for individual
UFDs in Table 3.2.

As part of validating our measurements, we compare our measurements with those
in the literature where available. We discuss comparisons within individual UFDs
in §3.6. In §3.11, we provide a summary figure of direct literature comparisons as
Fig 3.19, and discuss comparisons between specific methods in greater detail. In
summary, our measurements are in agreement with literature measurements to with
∼1.5 sigma. Given the heterogeneity of literature measurements, we consider this an
affirming result of the fidelity of CaHK metallicities.

In §3.14, we present the table of measurements in Table 3.4, reporting both the
random uncertainties from photometry, and from systematic uncertainties that we
determined following our procedure in §3.10. We also identify 112 EMP ([Fe/H] <
−3.0) star candidates, with 5 of them being stars that are low S/N, but whose
photometry place them bluewards of the CaHK grid. On the other end of the MDF,
we identify 86 stars that are more metal-rich than [Fe/H] = −2.0. We provide these
stars in Table 3.5 and 3.6 respectively, also in §3.14.

Note. A summary of our MDF measurements. We list ⟨[Fe/H]⟩ and σ[Fe/H]

inferred from the UFDs in our sample, the number of stars used to make the mea-
surement, and the number of stars of interest at the extreme ends of the UFD’s
MDF. We refer the reader to Section 5 for detailed discussions on the determination
of ⟨[Fe/H]⟩ and σ[Fe/H], and comparisons where available to previous studies.

3.7 Discussion
Comparison to the Literature
The right panel of Figure 3.11, shows a composite MDF (red) from the 463 stars
collected from all UFDs in our sample. For comparison, we overplot with the maroon
line the composite MDFs for all existing literature stellar metallicity measurements
in the same UFDs. The literature sample consists of ∼ 110 stars and includes stars
not in our sample (e.g., at larger radii than the HST footprint). In the same panel, we
also show with a gray line literature metallicity measurements for all UFDs around
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Figure 3.9: A gallery of CaHK diagrams for each UFD, ordered by decreasing lu-
minosity. We have overplotted the MIST alpha-enhanced ([α/Fe] = +0.40) CaHK
tracks for RGB stars in most cases and MS tracks for Ret II, Wil 1, Seg 1, and Dra II,
which are dominated by MS and MSTO stars. The tracks have been convolved with
ASTs run for each galaxy. These tracks are solely for illustrative purposes to demon-
strate the impact of ASTs, and actual tracks used for fitting individual stars may
look different due to the process described in §3.4. It is clear from the distribution
of stars that each galaxy hosts stars over a wide range of metallicities.
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Figure 3.10: A gallery of MDFs for each galaxy based on our CaHK fitting. Metal-
licity bin sizes are 0.4 dex wide, which is comparable to typical stellar metallicity
uncertainties. Well-constrained fits are indicated by shaded grey regions, whereas
poorly constrained fits- largely upper limits- are shown as open histograms. We
overplot the MDFs with the best-fit Gaussian (red). With the exception of Ret III,
we resolve σ[Fe/H] above at least the 2σ level for our UFD sample.



CHAPTER 3. METALLICITY DISTRIBUTION FUNCTIONS OF 13
ULTRA-FAINT DWARF GALAXY CANDIDATES 83

Table 3.2: Summary of MDF Measurements

Galaxy Mv ⟨[Fe/H]⟩ σ[Fe/H] Nstars N[Fe/H]<−3.0 N[Fe/H]>−2.0

(mag) (dex) (dex)
Eridanus II −7.1 −2.63+0.06

−0.06 0.26+0.08
−0.09 75 17 8

Canes Venatici II −5.2 −2.98+0.12
−0.12 0.55+0.12

−0.10 40 15 3
Hydra II −4.9 −3.05+0.12

−0.13 0.47+0.13
−0.12 30 15 1

Reticulum II −4.0 −2.64+0.1
−0.11 0.72+0.09

−0.08 76 17 20
Horologium I −3.8 −2.79+0.12

−0.13 0.56+0.11
−0.09 40 10 5

Grus I −3.5 −2.62+0.14
−0.15 0.61+0.12

−0.11 36 5 10
Reticulum III −3.3 −2.46+0.12

−0.15 0.31+0.2
−0.18 18 2 3

Willman 1 −2.9 −2.53+0.11
−0.11 0.65+0.10

−0.09 68 13 21
Phoenix II −2.7 −2.36+0.18

−0.19 0.41+0.22
−0.17 10 1 1

Eridanus III −2.1 −2.03+0.16
−0.18 0.49+0.22

−0.18 13 0 6
Tucana V −1.6 −2.41+0.26

−0.34 0.61+0.44
−0.28 6 1 1

Segue 1 −1.3 −2.36+0.23
−0.25 0.65+0.26

−0.21 12 2 5
Draco II −0.8 −2.72+0.10

−0.11 0.40+0.12
−0.12 38 14 2

the MW, including those for galaxies not in our sample.
There are several key takeaways from Figure 3.11. The first is the drastic increase

in sample size. Compared to the literature, in our sample of 13 UFDs, we increase the
number of stellar metallicity measurements by nearly a factor of ∼ 5. In almost all of
our galaxies, we at least double the number of stars with metallicity measurements,
with the exception of Seg 1. For Ret III, Wil 1, Eri III, and Tuc V in which previous
efforts yielded less than 3 stars with metallicity measurements per galaxy, our work
provides large enough samples to measure robust metallicity spreads. The largest
gain is for Wil 1: The 68 stars in our study represents a dramatic improvement over
[328], in which only 2 of its RGB stars had metallicity measurements.

Second, we significantly increase the total number of stars in all UFDs with
reliable metallicity determinations. Compared to the literature MDF, drawn from
26 galaxies [277], we double the total number of stars with metallicites; only a small
fraction of our data overlaps with existing measurements, as discussed in previous
sections.

This larger sample has some implications for MDF interpretation. For example,
there are some modest differences in the mean and scatter in our MDF versus the
previous composite literature MDF. For all of our measurements, we find a mean
of −2.66 ± 0.04 and sigma of 0.56 ± 0.03. If we only include well-constrained fits,
which disproportionately exclude our EMP star candidates, we find a higher mean
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Figure 3.11: The composite MDF for all UFDs in our sample, shown against select
UDF MDFs from the literature. Left: The breakdown of the composite MDF by
contribution from each UFD in our sample. Right: Our MDF (red) compared to
the literature. The maroon line is the composite MDF made from all literature
measurements available for the same galaxies in our sample, including stars not
observed by our program. Our program increases the number of stellar metallicities
in these galaxies by nearly a factor of 5. The gray line is the composite UFD MDF
made from all available UFD stellar metallicity measurements, compiled by [277].
Our work more than doubles the number of metallicities in all UFDs. There is a
significant increase in the number of EMP star candidates in these systems compared
with previous studies. In all cases, our work demonstrates the excellent ability for
space-based CaHK narrow-band imaging to significantly expand the number of UFD
stars with metallicity measurements.

of −2.38 ± 0.03 and a smaller scatter of 0.40 ± 0.03. In comparison, the literature
values are mean of −2.41± 0.03 and sigma of 0.49± 0.02.

These differences are driven by pronounced differences in the tails of the compos-
ite MDFs. On the metal-poor end, we identify 112 stars as EMP ([Fe/H] < −3.0)
candidates. These candidates make up 24% of all stars in our sample. This is a
much larger fraction than the literature values both in the same galaxies (12%) and
across all UFDs (14%, [277]). Due to limitations of the current CaHK methodology
(e.g., our grid sharply ends at [Fe/H]= −4.0), it is plausible that not all of these
candidates are bona fide EMP stars. Removing the 5 low S/N stars that fall beyond
our metallicity grid decreases our EMP star fraction to 23%. Within the Galaxy,
spectroscopic follow up of the Pristine-identified EMPs had only a 20% success rate
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(i.e., 80% were not EMPs; [329], [2]). Our observational situation is markedly differ-
ent than a broad survey of the MW: we have targeted the central regions of UFDs,
coherent objects with known distances, and use CMD selection to limit interlopers.
While there may be possible foreground contaminants in excess of our estimates (see
§3.9), the contamination rate is likely to be small. Thus, the main source of uncer-
tainty is in the coarse performance of CaHK techniques for EMPs. Spectroscopic
follow up will be important, but may not be possible until ELTs are online owing
the faintness of most stars in our sample.

At the other extreme, we find 19% of our sample (86 stars) is more metal-rich
than [Fe/H] = −2.0. The fraction of similarly metal-rich stars in the literature MDFs
are 18% for the same UFDs as in our sample and 19% for all UFDs [277]. Thus,
our MR star fraction is in agreement with the literature. We have confidence in our
MR star measurements because the performance of CaHK is more precise for more
enriched stars, and we expect a small number of contaminants given our observational
strategy. There is no broad consensus for whether UFDs should host such metal-
rich stars, with some suggesting that they are unlikely to be actual member stars
(e.g., [94]). However, there are enough clear examples of spectroscopically confirmed
metal-rich stars in UFDs (e.g., CVn II, Wil I, Seg 1) to reinforce the reasonability of
our findings.

A final, and particularly important point, is that of homogeneity. The literature
composite MDFs shown in Figure 3.11 are drawn from over a dozen different studies
of which rely on many different spectroscopic observations (e.g., wavelength range,
S/N, resolution), metallicity inference techniques (e.g., full spectral synthesis, CaT),
and underlying assumptions (e.g., line lists). As highlighted in [256], these types of
differences lead to ∼ 0.3 dex variations in the [Fe/H] values for RGB stars in the MW
GC M15, underscoring the importance of homogeneous measurements. Thus, a key
product of this work is that all of the metallicity determinations are self-consistent,
on the same scale, and have uniformly determined uncertainties. The net result is
that not only have we greatly increased the sample of stellar metallicities in UFDs,
we have also provided clear evidence for a metallicity floor, large internal dispersions,
etc. that are free of study-to-study systematics.

The Faint End of the Dwarf Galaxy Mass-Metallicity
Relation
Figure 3.12 shows our results in the context of the known mass-metallicity relation
for dwarf galaxies. We find that across three orders of magnitude in luminosity
from 102 to 105L⊙, there is no mass-metallicity relation for UFDs. Rather, their
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Figure 3.12: The mass-metallicity relation for dwarf galaxies, updated with results
from this work. Left: We add our ⟨[Fe/H]⟩ measurements to the ⟨[Fe/H]⟩ measure-
ments of other Milky Way dwarf galaxies, using the table compiled by [277]. Our
results show a clear floor in the mass-metallicity relation in the UFD regime. We
characterize this putative floor using only our measurements, assuming that the floor
can be described by a Gaussian mean and scatter, placing the mean of the floor at
[Fe/H]= −2.61 ± 0.08 dex. Right: Our ⟨[Fe/H]⟩ measurements compared to those
from select cosmological simulations. While simulations can broadly reproduce the
mass-metallicity relation for the more luminous dwarf galaxies, they currently strug-
gle to enrich less-luminous dwarf galaxies to the same level as we observe.

mean metallicities are scattered about [Fe/H] = −2.6. Early spectroscopic studies
had already hinted at such an empirical result, but confidence in this feature was
uncertain due to small sample sizes used to make measurements in individual UFDs,
as well as hard-to-quantify systematic differences between metallicity measurements
made using various techniques ([277]).

Our large sample of homogeneous metallicities over a range of UFDs definitively
shows a break in the relation compared to that for larger galaxies. We quantify
the nature of this feature by conducting a linear fit to the mean metallicities of our
measurements, following the procedure laid out in [133]. The resulting slope of the
line in units of [Fe/H]/Log10 L⊙ is −0.17±0.11, with an intercept of −2.06±0.38 dex.
The value of this slope is consistent with zero, and in any case, is discrepant from
the positive slope of the relation for more luminous dwarfs.

While this feature was previously thought of as a “floor” in the relation in early
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Figure 3.13: We compare our σ[Fe/H] measurements, made assuming a Gaussian
characterization of the MDF, to the σ[Fe/H] measurements of other Milky Way
dwarf galaxies (compiled by [277]). Our results confirm the large internal metallicity
variations in these systems.
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theoretical works attempting to reproduce it (e.g., [322]), we instead conceptual-
ize the ⟨[Fe/H]⟩ of the UFD population as a normal distribution centered around
[Fe/H] = −2.61 ± 0.08 with σ[Fe/H] = 0.24+0.09

−0.06 dex (Figure 3.12). We also make
the same Gaussian fit to the [277] compilation of mean metallicities for systems with
less than 105 L⊙, finding a mean of −2.40 ± 0.06 and a dispersion of 0.21 ± 0.06.
The mean metallicity are in agreement to within 2σ, and the dispersion is in good
agreement. Under this framework, galaxies such as Eri III and Hya II are two-σ
deviations from the distribution. The scatter that we observe about this distribution
also traces UFDs’ known sensitivity to the stochasticity of baryonic processes.

The galaxy mass-metallicity relation is the observational synthesis of the baryonic
physics driving galaxy formation across all scales. Previously, the dwarf galaxy mass-
metallicity relation established by [166] was shown to be universal across galaxies of
different morphological types and environments in the Local Group, and could be
somewhat matched with mass-metallicity relations from other techniques that extend
to galaxies as massive as 1012 M⊙. The canonical interpretation of this phenomenon
is that more massive galaxies are better able to retain SNe enrichment products
to form successive generations of stars compared to their fainter counterparts. That
UFDs no longer display the same trends suggests that this picture of galaxy evolution
requires additional refinement for the faintest end of the luminosity function.

In the right panel of Figure 3.12, we compare the dwarf galaxy data against
simulated ultra-faints from the independent simulations of [143], [322], [1], and [252].
While simulations have begun to reproduce the mean metallicities of UFDs more
luminous than 104 L⊙, fainter UFDs still remain a theoretical challenge to simulate.

The mean metallicities of UFDs are shown to be particularly sensitive to the
details of feedback implementation, where increasingly strong feedback mechanisms
suppresses subsequent enrichment and star formation and produces low mean metal-
licities [1]. In the case of FIRE-2 simulations, which implements strong feedback,
many of the lowest-luminosity UFDs never enrich beyond the initialized metal-
licity floor [322], as shown by the lower-luminosity FIRE UFDs in Fig 3.12 at
[Fe/H] = −4.0. So far, there have been numerical experiments varying parame-
ters such as star formation, radiative transfer, SNe energies ([1], [252]), metallicity-
dependence of Type Ia SNe DTDs [103], and top-heaviness and stochastic sampling of
the IMF ([10], [242] respectively), in order to explore the parameter space of physics
that elevate enrichment levels in UFDs. Overall, this area of study is still ongoing.

One notable discrepancy between current UFD simulations and the UFDs that
we have observed is the impact of environment. While the simulations quoted thus
far evolve UFD halos in isolation, all of the UFDs in our sample are present-day
satellites either of the MW or the Magellanic clouds. Environment can matter be-
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cause the presence of a nearby, more massive host could provide pre-enriched gas and
introduce additional metals into the UFD’s internal ecosystem (e.g., [143]). Addi-
tionally, reionization is thought to play a central role in truncating the star formation
of UFDs (e.g., [41]), and a galaxy’s environment becomes a proxy for uneven distance
and exposure from reionizing sources (e.g., [69]).

On the other hand, studies of UFD infall times based on Gaia proper motions and
simulation analogs suggest that the majority of them fell into the Milky Way after
forming all of their stars ([87], [244], [11]). In that case, perhaps the immediate Milky
Way environment would not be relevant for interpreting their present-day MDFs.
Additionally, some galaxies within our sample are also satellites of the LMC prior to
falling into the Milky Way (e.g., [238]), and early studies already suggest that they
may have experienced different chemical enrichment pathways and SFHs compared
to MW satellites ([147], [250]). Detailed orbital histories of Local Group satellites
and, subsequently, a more complete account of Local Group assembly history at
high redshifts, would also be constructive for disentangling competing physics that
contribute to UFD formation.

In Figure 3.13, we present σ[Fe/H] of UFDs as a function of luminosity and in
comparison with data from other LG dwarfs. Our data show that UFDs span a
range of σ[Fe/H], from ∼ 0.3 dex to ∼ 0.7 dex. This empirical result was also hinted
at in prior studies, and our dataset enables its confirmation. The interpretation of
UFD σ[Fe/H] is an active area of investigation, and potential physical mechanisms
responsible include the stochasticity of chemical enrichment processes and metal-
mixing (e.g., [93], [85]).

The Prevalence of Metal-Rich Stars
Our sample contains a higher fraction of stars more MR than [Fe/H] > −2.0 than
previously discovered in the literature. Here, we discuss some of the implications of
and potential concerns with this discovery.

As discussed in §3.9 and §3.6, based on foreground modeling and the narrow FoV
of our observations, we do not expect foreground to be a major source of MR stars
in our sample. At the same time, we acknowledge the possibility that our sample
may be affected by foreground in excess of our estimates, e.g., there is a non-zero
probability that other yet-to-be-discovered MW substructures spatially overlap with
our HST fields. To address this small, but non-zero, possible impact on our results,
we take the very conservative approach of recomputing the MDFs with and without
MR stars for individual UFD cases where this may be a concern (e.g. they are outliers
compared to the rest of the sample; see §3.6). However, because it seems unlikely
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that all MR stars in all our UFDs are MW interlopers, we choose to be inclusive in
our membership sample. Accordingly, we provide these MR stars in Table 3.6 and
welcome follow-up studies by the community to refine membership and undertake
other studies of these stars (e.g., detailed abundance patterns).

To-date, the broad consensus for the abundance of MR ([Fe/H] > −2.0) stars in
UFDs is not well-established. However, there also are known cases of spectroscopi-
cally confirmed MR stars in UFDs (e.g., CVn II, Wil 1, and Seg 1). As a result, we
also remark on the astrophysical implications of our findings. MR stars are quite im-
portant for detailed interpretations of chemical evolution in UFDs: the shape of the
metal-rich end of a galaxy’s MDF is driven by the equilibrium between gas enrich-
ment processes and accretion of pristine gas, as well as the rapidity of star formation
truncation (e.g., [142], [257]). The detailed abundance patterns of metal-rich stars
may also provide insight into enrichment mechanisms and/or number of enrichment
event that preceded their formation (e.g., [92]).

If the dwarf galaxy mass-metallicity relation could be extrapolated down to the
UFD regime [166], then the expectation prior to this work is that UFDs should indeed
be composed primarily of metal-poor stars. However, as discussed in §3.7, our results
have shown that the faintest UFDs deviate from this expectation. These observations
suggest that different galaxy formation physics and enrichment processes dominate
in the UFD regime, and additional theoretical investigations are needed to ascertain
the extent to which UFDs can enrich stars beyond [Fe/H] = −2.0.

Metallicities for a Large Sample of Ancient Stars
A main challenge in EMP studies in the MW is a lack of precise ages. EMPs are
typically found in the field and age dating techniques rely on fitting single-stars to
isochrones, which can produce very precise, but inaccurate ages, or, in some cases,
nuclear cosmochronolgy (i.e., isotopic age dating), which has large uncertainties (see
e.g., [37] for a detailed discussion).

While it would seem that lower metallicity stars in the MW formed at older
ages, theory paints a more complicated picture. Cosmological simulations of the
Milky Way have already suggested that stellar age and metallicity are not monotonic
relations (e.g., [290], [17]). For example, these studies show that stars as metal-rich
as [Fe/H] ∼ −1.0 could have formed as early as within the first 1 Gyr of the Galaxy’s
lifetime alongside stars as metal-poor as [Fe/H] ∼ −4.0. A star with [Fe/H] ∼ −2.5
could have formed as long ago as 13 Gyr or as recently as 7 Gyr ago. As a result,
due to the complexity of the Milky Way’s stellar populations (see, e.g., [117], [204],
[158], [263] for corroborating observations), ages are challenging to infer based on
metallicity alone.
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Figure 3.14: The mean metallicities of our UFDs compared to those of recent streams
characterized by S5 [183] and Pristine [199]. The distributions are noticeably dif-
ferent, suggesting UFDs are not the main progenitors of the currently known MW
stream population.

In contrast, UFDs have well-constrained ages. By fitting the MSTO of deep op-
tical CMDs, numerous studies have shown that UFDs that orbit the MW formed the
majority of their stars during or prior to the epoch of reionization (e.g., [41], [319],
[101], [280], [250], [281]). Consequently, the metallicites and MDFs we measure all
arise from stars that formed within the first billion years of the Universe. Chemical
evolution modeling can provide insights into the physical mechanisms by which such
small galaxies can create such large metallicity spreads so rapidly in the early Uni-
verse (e.g., [257], [4]). We will pursue a similar investigation with our current sample
in the next paper in this series.

Hierarchical Structure Formation
The formation of larger galaxies from the hierarchical mergers of their smaller coun-
terparts has been a long-standing tenet of ΛCDM cosmology (e.g., [272], [323]). An
increasingly common scenario in the literature is that the observed signatures of
accretion are dominated by larger galaxies (e.g., LMC-sized) over small UFD-like
systems (e.g., [67], [72], [127], [27], [229]), though the discovery of numerous fainter
streams and substructures [e.g., 182, 273, 183, 139] may provide a more granular
perspective and reveal the contribution of fainter galaxies.

Figure 3.14, shows the distribution of mean metallicities of our satellites compared
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to the stellar streams recently characterized by S5 [183] and Pristine [199]. The
mean metallicities of our galaxies are centered at ⟨[Fe/H]⟩ ∼ −2.6 and range from
⟨[Fe/H]⟩ = −3.0 to ⟨[Fe/H]⟩ = −2.0. In contrast, the streams observed by S5 and
Pristine tend to be more enriched, and span a larger range of metallicities. For
both comparison studies, the teams were unable to resolve σ[Fe/H] in their streams,
suggesting that they were of globular cluster origin. These preliminary comparisons
suggest that the UFDs we observe are a distinct class of objects from the newer
streams that are being discovered in the MW.

From a theoretical perspective, [40] explored the possibility of recovering com-
pletely tidally disrupted UFDs by searching for clustering in dynamical action space.
Overall, they found that the prospects are slim because the signal of UFD remnants
are weak compared to the background. These results affirm the emerging picture
based on our metallicity measurements, that UFDs do not have similar properties
as currently-known MW streams and their progenitors. It is however possible that
our current understanding of the UFD stream composition in the MW is limited
by selection effects and absence of available information in current stream-finding
efforts. [40] note that additional chemical abundance information such as metallicity
and/or r-process elements may improve the efficacy of such searches, in which case,
the results of our study can assist in future efforts by establishing a baseline for the
expected chemical profile of UFDs.

3.8 Conclusion
We present metallicity measurements of ∼ 500 stars across 13 UFDs, measured from
HST narrow-band imaging in the F395N filter. Our dataset doubles the number
of available metallicities by a factor of five among the just UFDs in our study, and
double the number of available metalliciites across all UFDs. We use these stellar
metallicities to measure the MDFs of these 13 systems.

We summarize the key results enabled by our study:

1. HST F395N narrow-band imaging can recover UFD MDFs to the same level
of fidelity as numerous other metallicity measurement methods currently used
by the community.

2. Our results are the largest homogeneous set of stellar metallicities measured in
UFDs to-date.
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3. With this vastly expanded sample size, we are able to robustly resolve non-
zero metallicity dispersions for all 13 of our targets. For Eri III, we confirm its
status as a UFD (as opposed to a GC) for the first time.

4. The composite MDF of the UFDs has ⟨[Fe/H]⟩ = −2.66 ± 0.04 dex and a
dispersion of 0.56 ± 0.03. Individually, our UFDs span a range of ⟨[Fe/H]⟩
from ∼ −3.0 to ∼ −2.0, and dispersions ranging from ∼ 0.3 to ∼ 0.7. With
⟨[Fe/H]⟩ ∼ −3.0 as measured by our study, CVn II and Hya II are the most
metal-poor UFDs known to-date.

5. We identify stars on the extreme ends of the UFD MDFs ([Fe/H] < −3.0 and
[Fe/H] > −2.0) that would be promising candidates for detailed spectroscopic
follow-up studies to confirm their metallicities and origins. Respectively, these
stars make up 24% and 19% of our sample. The EMP fraction we measure is
larger than the literature value across all known UFDs of 14%, and the MR
star fraction is in agreement with the literature fraction of 19%.

6. We quantify the metallicity floor in the dwarf galaxy mass-metallicity rela-
tion as a distribution centered on [Fe/H] ∼ −2.61 ± 0.08 with a dispersion of
0.24+0.09

−0.06 dex that ranges across three orders of luminosity in the UFD regime,
from 102 to 105 L⊙.

7. We provide the largest set of stellar metallicity measurements for a population
of stars which, owing to HST SFH studies of UFDs, are known to have over-
whelmingly have formed within 1 Gyr of the Big Bang. This is in contrast to
metal-poor stars in the MW, for which age uncertainties can be several Gyr
owing to the complex formation history of the MW.

8. The mean metallicities of our UFD sample are different from the mean metal-
licites of many known streams in the MW, reinforcing the idea that surviving
UFDs do not make up the vast majority of MW halo substructure that can be
detected at present.

9. Our well-populated and homogeneous MDFs pave the way for detailed interpre-
tation of the physics of UFD formation, with recent works like [257] providing
an analytic framework for such studies moving forward.

Our study demonstrates the power for HST narrow-band imaging to amass a large
sample of standardized metallicity measurements and enable science cases in UFDs
that have not been previously pursued due to sparse and heterogeneous datasets.
This observational technique, as well as analogous techniques from the ground (e.g.,



CHAPTER 3. METALLICITY DISTRIBUTION FUNCTIONS OF 13
ULTRA-FAINT DWARF GALAXY CANDIDATES 94

[119], [56], [188]) will continue to play a pivotal role in measuring metallicities of
faint stars in distant galaxies that are anticipated to be uncovered by next-generation
photometric surveys.

3.9 Foreground Contaminants
Our MDFs may suffer from some degree of MW foreground contamination. Unlike
spectroscopy, we are unable to readily identify most contaminants (i.e., via kinematic
selection). However, in contrast to spectroscopic studies, we intentionally target the
inner regions of UFDs (i.e., within 1 rh), for which the contamination fraction is
expected to be lower than many ground-based surveys that extend to much larger
areas.

To estimate the effect of foreground interlopers, we adopt a statistical approach.
For each UFD, we use the TRILEGAL MW model [304] to query all simulated stars
within 0.5 deg2 of the center of each galaxy. We query such a large on-sky area to
adequately sample the distribution generated from the model. TRILEGAL outputs
simulated stars in the filters and with known physical parameters (e.g., metallicity)
which we use to evaluate the expected contamination fraction.

We estimate the expected number of foreground contaminants in our data by (i)
using the ratio of model area to WFC3 field of view and (ii) requiring the possible
contaminants fall into our member-selection region on the CMD of each galaxy.
The result for most galaxies is that we expect at most 1 foreground contaminant.
The combination of the small WFC3 field-of-view, focus on the central regions of
the galaxies, and CMD-based selection criteria ensure that we are predominantly
including UFD member stars in our MDFs.

Figure 3.15 illustrates this process using the foreground model in the direction
of Reticulum II (Ret II). The left panel shows the TRILEGAL CMD of the queried
foreground model within 0.5 deg2, with the stars color-coded by metallicity. The
center panel shows the stars that remain from the same isochrone cut that we use to
select Ret II members. The right panel illustrates the expected impact of foreground
contamination when scaling the number of expected stars that pass the isochrone
cut by the WFC3 field of view.

This is only an estimate, as in some case, UFDs may have contamination in
excess of the smooth TRILEGAL model (e.g., due to MW substructure in the case
of Segue 1). In such cases, we are able to use some stellar kinematics to further
clean our sample. We discuss these cases individually in §3.6. In general, the odds
that our targeted HST observations fall onto another substructure with stars that
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Figure 3.15: The potential impact of foreground contamination on our results illus-
trated using Reticulum II. Left: CMD of the TRILEGAL foreground model [304]
by querying 0.5 deg2 centered around Ret II, color-coded by metallicity. Middle:
Remaining MW foreground stars (colored) from applying the same isochrone cut
used to select Ret II members. Right: Impact of foreground contamination when
scaling down number of expected interlopers by the WFC3 FoV. We typically expect
∼ 1 MW interloper in our final stellar sample. The nature of our observations and
selection criteria combine to make foreground contamination minimal.

satisfy all our selection criteria are generally quite small. Accordingly, we find that
interlopers are unlikely to significantly alter our MDFs.

3.10 Systematic Uncertainties in Individual Star
Metallicities

There are several plausible physics effects that could affect our metallicity estimates
beyond what is discussed in the main paper. Here, we describe these effects and
estimate their possible contribution to our metallicity and MDF determinations.
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The Impact of α Enhancements
UFDs are known to host stars with different degree of α-enhancement [277]. The
effect on CaHK-based metallicities is modest, as shown in [96]. There, we demon-
strated that using MIST models with different levels of α-enhancements (0.4 dex vs.
0.0 dex) shift the inferred stellar metallicity by no more than ∼ 0.2 dex.

Light-Element Abundance Variations
Lighter element abundance variations can affect absorption around the Ca H&K
lines. Notably, enhancements in C and N can introduce contaminating absorption
into the near-UV region of the Ca H&K lines (e.g., Fig. 2 from [291]).

C is an element of particular concern, as nearly half of known metal-poor ([Fe/H] <
−3 stars in the MW show carbon enhancements (e.g., [92]). Carbon enhancement
can introduce additional absorption around the Ca H&K lines, potentially polluting
the CaHK narrowband measurement (see Figure. 2 of [291]). The expected impact
is that a carbon enhanced star would have a higher inferred CaHK-based metallicity
than its true metallicity (i.e., there would be more absorption in the F395N band).
As [291] show, modest carbon enhancements do not drastically affect the CaHK
band. Quantifying the impact of carbon on every star in our sample is a compli-
cated process and is beyond the scope of this paper. Instead, we use an example case
to illustrate the impact of strong carbon enhancement on our inferred metallicites
and MDFs.

One star in our entire sample is known to be carbon enhanced from high resolution
spectroscopy. This star, J100714+160154 in Segue 1, was determined by [93] to have
[Fe/H]= −1.42± 0.24, and, notably, a carbon enhancement of [C/Fe]= +1.44± 0.2.
In this paper, we find a value of [Fe/H] = −1.86+0.11

−0.12(stat.) ± 0.3(syst.), indicating
they are in consistent within 1.2 σ. Though it is only a single example, it does
show that even a very strong carbon enhancement does not change the metallicity
significantly beyond the bounds of our 1σ uncertainties.

For all other stars in our sample, we perform a coarser check on the impact of
carbon. Since line blanketing from carbon enhancement affects the near-UV spec-
tral region covered by the F475W filter, we should expect that a carbon-enhanced
star would appear redder in F475W − F814W than compared to expectations. In
contrast, F606W −F814W colors should be comparatively unaffected because there
are few carbon features in the F606W filter. We do not find a strong trend in our
sample. Though it is likely that a modest fraction of our stars have some degree
of carbon enhancement, we believe it is unlikely that they are affecting our MDFs
beyond the reported uncertainties.
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Figure 3.16: The effect of unresolved binaries on the CaHK color. The y-axis shows
the difference in CaHK color between a single MS star at 0.7 M⊙ and a binary system
composed of a 0.7 M⊙ MS star with companions from 0.1 M⊙ to 0.7 M⊙, for different
metallicities spanned by our CaHK color grid. The impact of binary stars on our
metallicities is small-to-modest compared to other sources of uncertainty.

Binary stars
At least one third of low-mass main sequence stars are accompanied by a compan-
ion(s) [83]. In our sample, Ret II, Wil 1, Seg 1, and Dra II are primarily characterized
by stars on the lower main sequence (Figure 3.1), a place in which unresolved binaries
have the largest photometric impacts. The broadness of their lower MS is suggestive
of binary companions. Using the method detailed below, we estimate the impact of
unresolved binaries on CaHK-based metallicities to be small, thus we do not a priori
exclude any potential unresolved binaries from our sample.

We estimate the effects of binaries by calculating synthetic photometry of single
and binary stars. Specifically, we simulate a binary system with a primary mass
of 0.7 M⊙, a typical stellar mass in our sample, and accompanied by a lower-mass
companion star of varying masses, down to the lowest mass limit available from the
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Figure 3.17: Comparing MIST and BaSTI stellar evolution models in CaHK space
for α-enhanced, 13 Gyr RGB (left) and MS (right) stars.

MIST isochrones (0.1 M⊙). We assume that both stars have the same metallicity,
and conduct this calculation for metallicities from [Fe/H] = −1.0 to −4.0. We also
assume that light from both stars are visible, which means that the deviations from
CaHK for a single-star system that we calculate are upper limits on the magnitude
of the effect.

Figure 3.16 illustrates the impact of a binary companion on the CaHK color.
The presence of an unresolved companion makes a star appear more metal-poor
(i.e., bluer) in CaHK space. This effect is more pronounced for stars that are more
metal-rich. For stars with [Fe/H] > −1.5, the impact of a binary companion can shift
it away from the CaHK track by up to 0.1 mag, which translates into a metallicity
shift of ∼ 0.2 dex. For lower metallicites, the effect is ∼ 0.1 dex. The assumptions
in this calculation means that these numbers describe the upper limit of the impact
of binarity. The impact of unresolved binaries is modest compared to our overall
uncertainty budgets, indicating that unresolved binaries are not a major uncertainty
on our stellar metallicities.

Uncertainties in Stellar Evolution Modeling
There are uncertainties intrinsic to stellar evolution modeling and the generation
of stellar atmospheres that can affect the placement and curvature of CaHK color
tracks. In Figure 3.17, we compare the MIST tracks used in our work to the tracks
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from the Bag of Stellar Tracks and Isochrones (BaSTI; [129], [241]) across the range
of metallicities common to both models.

For RGB stars, the tracks are offset by up to 0.05 mag at F475W−F814W ∼ 2.0,
and < 0.02 mag at F475W − F814W ∼ 1.0. This translates to up to ∼ 0.2 dex
systematic difference in metallicity, and the difference diminishes at bluer colors. For
MS stars, the tracks are offset by less than 0.02 mag between F475W − F814W ∼
0.8 to F475W − F814W ∼ 1.5, which translates to at most 0.2 dex systematic
difference in metallicity. These systematic differences are well within the statistical
and systematic uncertainties we adopt for our measurements.

Quantifying Systematic Uncertainties
While a detailed investigation of the physics contributing to CaHK metallicity un-
certainties is beyond the scope of this work, we do attempt to quantify their impact.
We begin by discussing the EMP end of our measurements ([Fe/H] < −3). Towards
lower metallicities, CaHK loses its discriminating power, as shown in the CaHK
tracks in Figure 3.9. The EMP star search from the Pristine survey using CaHK
photometry has yielded success rates of about ∼ 20% for stars with [Fe/H] < −3
([329], [308]).

Additionally, there are known issues with the MIST/MESA isochrones for metal-
poor stars.9 Given that refining the models of metal-poor stars is an active area
of research [156], we adopt a systematic error floor of ∼ 0.5 dex for all stars whose
metallicity measurements are below −3.

For stars at more intermediate metallicities, we quantify the impact of system-
atics by attempting to recover the MDF of M92, a metal-poor globular cluster
with ⟨[Fe/H]⟩ on par to those expected for UFDs (⟨[Fe/H]⟩ = −2.2) and no known
metallicity dispersion, [Ca/Fe]= 0.10± 0.05 with a dispersion consistent with zero10,
[Mg/Fe]= 0.14±0.04 with a dispersion of 0.22+0.03

−0.02, and [C/Fe]< 0 [215]. We retrieve
archival F395N narrow-band imaging for M92 taken by HST program GO-11729
(PI: Holtzman) and reduce it alongside short (∼ 10s) F475W and F814W archival
exposures from HST programs GO-10505 (PI: Gallart) and GO-12116 (PI: Dalcan-
ton).

From the resulting catalog, we select stars with F395N S/N> 100. The resulting
M92 data begin below the horizontal branch and extend down to the MSTO. We
present the data in Figure 3.18. The stars do not follow a perfectly narrow track,

9For stars at lower metallicities, temperatures inferred from isochrone mapping tended to be
hotter by up to ∆Teff = +500 K compared to spectroscopic methods (e.g., [219], [159]).

10Using the data from [215], we compute mean and dispersion for additional elements following
the procedure in §3.4.



CHAPTER 3. METALLICITY DISTRIBUTION FUNCTIONS OF 13
ULTRA-FAINT DWARF GALAXY CANDIDATES 100

Figure 3.18: HST data of the M92 GC, a mono-metallic population, that we use to
determine systematic uncertainties for our metallicity measurements. (left) CMD of
M92 in F475W −F814W . (right) The position of M92 members on CaHK diagram.
The majority of these stars lie between the [Fe/H] = −3 and [Fe/H] = −2 tracks.

but they lie overwhelmingly between the [Fe/H] = −3 and [Fe/H] = −2 tracks.
With our S/N selection criteria, any scatter observed in the placement of M92 mem-
bers in CaHK should be driven largely by abundance variations and other modeling
uncertainties.

Using this data, we aim to find the minimum individual metallicity measurement
uncertainty that would result in the inferred metallicity dispersion of M92 to be
zero. As part of this exercise, we split the samples by stellar evolution phase, which
also functions as a proxy for temperature: stars on the MSTO are hotter than their
counterparts on the RGB. For hotter stars, the CaHK mono-metallic tracks begin to
converge and make it more difficult to discern metallicities.

For each star, we assign it a metallicity based on its location on a grid of inter-
polated MIST [α/Fe]= +0.20 models.11 We then assign a measurement uncertainty
to each star and infer the metallicity dispersion of M92 following the procedure out-
lined in §3.4. For stars on the lower RGB, we find that a minimum measurement
uncertainty of 0.2 dex is necessary to reduce the metallicity dispersion of M92 to be
consistent with zero. For stars on the MSTO, a minimum measurement uncertainty

11Although we use [α/Fe]= +0.20 models for this exercise, they look very similar to [α/Fe]=
+0.40 models in CaHK color space.
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of 0.3 dex is necessary.

Impact of Systematic Offset on Paper Conclusions
In §3.11, we make direct comparisons to literature measurements where available,
but interpretation of discrepancies and offsets are ultimately complicated by small
sample sizes and a diversity of metallicity inference methods. Here we consider the
robustness of the key results of our paper to systematic shifts in metallicity. These
shifts can be caused, for example, by using different stellar evolution models, scaling
our measurements to different solar abundances, and/or assuming different levels of
α enhancement, all of which are not standardized among literature measurements.

If a MP offset was applied to our measurements:

• The overall level of the luminosity-metallicity relation for UFDs would be low-
ered across our sample, but the break in the LZR would remain. For the
mean metallicities to begin approaching agreement with simulations, an offset
of 0.5 dex at minimum would be required. Such an offset would bring our
results out of agreement with literature values.

• We would expect less MR stars in our sample, bringing the MR star fraction
out of agreement with the literature.

• Our distribution of mean metallicities will deviate further from the MW streams
population from [199] and [183], and it is unlikely that the range of UFD
mean metallicities will broaden enough to be comparable to results from stream
searches.

If a MR offset was applied to our measurements:

• The overall level of the luminosity-metallicity relation for UFDs would be raised
across our sample, thereby exacerbating the problem of under-enriching UFDs
in simulations.

• Accordingly, we would expect more MR stars in our sample, leading to tension
with spectroscopic results.

• Our distribution of mean metallicities will fall closer to the peak of the MW
streams population from [199] and [183], but it is still unlikely that the range
of UFD mean metallicities will broaden enough to be comparable to results
from stream searches.

Overall, these offsets would not affect the main results of the paper.
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Figure 3.19: Comparisons between our measurements and those from the literature,
between different measurement methods. The vast majority of literature metallicity
measurements come from medium-resolution studies, particularly those leveraging
the calcium triplet metallicity calibration. The ground-based CaHK narrow-band
measurements are from the Pristine study of Dra II [184].

3.11 Comparisons to Literature Methods
In Figure 3.19, we compare metallicity measurements from this work to stars with
metallicities in the literature derived from different techniques.

The upper left panel of Figure 3.19 shows a comparison between our metallicities
and those derived using the [50] CaT equivalent widths calibration. The galaxies
whose data are used for this comparison are Eri II (Magellan/IMACS, [180]) and
Grus I (Magellan/IMACS, [55]). This comparison shows about 0.3 dex systematic
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offset and agree reasonably well (within ∼ 1.5σ). Uncertainties between the two
methods are generally comparable in size. The [50] calibration is anchored by Galac-
tic globular and open clusters for metallicities between −2.33 and +0.47, and below
that metallicity range, the calibration was anchored by known metal-poor galac-
tic field stars known at the time of writing. This calibration sample includes both
solar-scaled and α enhanced stars, and though not factored into the calibration, it
is acknowledged in the paper that the CaT equivalent widths, and therefore the in-
ferred metallicity, has a secondary dependence on Ca abundances. The scatter in the
comparison may be due to differences in assumed α abundances as well as additional
systematic effects.

The upper right panel of Figure 3.19 shows a comparison of our metallicities to
those derived using spectral synthesis methods of medium-resolution spectra. The
galaxies represented in this panel are CVn II (Keck/DEIMOS, [166], later analyzed
by [307]), Hya II (Keck/DEIMOS, [161]), Ret III and Phe II (VLT/FLAMES, [94]).
The metallicity measurements from [166] and [161] tend to be more metal-rich than
our measurements (falling above the 1-1 line) by ∼ 0.6 dex, though the overall the
samples agree within 1σ.

On average, the measurements of [94] tend to be more metal-poor than our
measurements by ∼ 0.5 dex (i.e., they fall below the one-to-one line). Where the
Kirby et al. studies do not assume α-enhancement, the [94] measurements assume
[α/Fe]= +0.5, which is slightly enhanced relative to the models that we use. In
CaHK color space, we found that additional α enhancement makes a star appear
more metal-poor, and this may account for some of the discrepancy that we observe.
Some of the technical details in [94] are not entirely clear to us, making it a little
challenging to determine what other factors might lead to the observed discrepancies.

The lower left panel of Figure 3.19 shows a comparison of our metallicities to
those derived using equivalent widths of high-resolution spectroscopy. The galaxies
in this sample are Seg 1 (Magellan/MIKE, [93]) and Ret II (Magellan/M2FS and
FLAMES/GIRAFFE, [151]). As discussed in previous sections, our metallicity mea-
surement for the star that we have in common with [93] is in good agreement at
[Fe/H] ∼ −1.5. The remaining stars in this panel are from [151]. For the single star
that is not an upper limit, the two methods are in agreement at ∼ 1.5σ. The spec-
tra of this star suggests [Ca/Fe] = −0.25 ± 0.48 and an unknown α-enhancement.
Knowledge of the latter could bring them into better agreement. [151] was only able
to place upper limits on the metallicities of the other two stars, and our metallicities
are consistent with these upper limits.

Finally, the bottom right panel of Figure 3.19 shows ground-based CaHK Pristine
measurements from Dra II [184] compared to our CaHK measurements. The level of
agreement is good, given the uncertainties. Though our uncertainties are much larger
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than [184], this is because we adopt a more conservative treatment of systematic
uncertainties, as described in §3.10. Our random uncertainties for these stars are
0.3 dex, which are comparable to what [184] report.

Due to calibration limits, [184] also placed a metallicity floor on their measure-
ments at [Fe/H] = −3.0. Because we use synthetic model grids that extend to
[Fe/H] = −4.0, we are able to report more metal-poor values, as opposed to upper
limits. Though limited in sample size, this comparison affirms the metal-poor na-
ture of Dra II and demonstrates reasonable consistency between ground-based and
space-based CaHK narrowband metallicities.

3.12 Metallicity Measurements as a Function of
Stellar Evolutionary Phase and Brightness

As a diagnostic of the reliability of our measurements, we investigate whether there
are systematic effects in metallicity measurements as a function of stellar evolutionary
phase and/or apparent brightness that may be affecting our mean and dispersion
measurements. We present all of the measurements that we use for the Gaussian
MDF inference fit (see §3.4 for the procedure on their treatment) in Figure 3.20.

In the top panel, we plot our measurements as a function of absolute magnitude,
where absolute magnitude is a proxy for stellar evolutionary phase. There is no
apparent systematic trend in metallicity as a function of absolute magnitude across
our sample, and the larger scatter for MS stars can be attributed to their larger
systematic uncertainties as determined in §3.10, as well as the lower S/N of the
fainter stars. Similarly, there is no apparent systematic trend in metallicity as a
function of apparent magnitude, and the larger scatter in metallicity measurements
for fainter stars is in line with expectations for measurements made using lower S/N
data.

3.13 Additional MDF Summary Statistics
To assess deviations from Gaussianity, in this section we present the 16th percentile,
median, and 84th percentile measurements for our MDFs, as well as the skew and
kurtosis. We compute these quantities by first assuming Gaussian uncertainties on
our individual measurements following the procedure outlined in §3.4 to generate
10000 Monte Carlo realizations of our MDF, and then deriving summary statistics
and their uncertainties from these realizations. In all cases, the median we recover is
in 1σ agreement with the Gaussian mean. For the cases of Wil 1, Ret II, and Dra II,
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Figure 3.20: Stellar metallicities used for fitting the mean and dispersion (§3.4) of
our MDFs as a function of brightness across our entire sample of galaxies. The
measurements shown here are specifically for the process of fitting the MDFs, and
may not fully reflect the final reported measurements (e.g., asymmetric uncertainties,
upper limit constraints). The uncertainties shown here also take into account the
systematic uncertainties we adopt as discussed in §3.10, and statistical uncertainties
for our brighter stars are often smaller. Top: Metallicity measurements as a function
of absolute magnitude, where absolute magnitude is a stand-in for stellar evolutionary
phase. Bottom: Metallicity measurements as a function of apparent magnitude.
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we resolve a kurtosis above at least the 2σ level, suggesting that their MDFs have
weaker tails compared to a standard Gaussian. In all other cases, we are unable to
resolve significant deviations from Gaussianity. We present these measurements in
Table 3.3.
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Note. Additional summary statistics for our MDFs. We list the 16th, 50th, and
84th percentiles, as well as the skew and kurtosis measured from our MDFs.

3.14 Tables of Metallicity Measurements
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Chapter 4

Stellar Metallicities and Gradients
in the Isolated, Quenched
Low-Mass Galaxy Tucana

4.1 Overview
We measure the metallicities of 374 red giant branch (RGB) stars in the isolated,
quenched dwarf galaxy Tucana using Hubble Space Telescope (HST) narrow-band
(F395N) Calcium H & K (CaHK) imaging. Our sample is a factor of ∼ 7 larger than
what is available from previous studies. Our main findings are: (i) A global metallic-
ity distribution function (MDF) with ⟨[Fe/H]⟩ = −1.55+0.04

−0.04 and σ[Fe/H] = 0.54+0.03
−0.03;

(ii) A metallicity gradient of −0.54± 0.07 dex R−1
e (−2.1± 0.3 dex kpc−1) over the

extent of our imaging (∼ 2.5 Re), which is steeper than literature measurements.
Our finding is consistent with predicted gradients from the publicly-available FIRE-
2 simulations, in which bursty star formation creates stellar population gradients
and dark matter cores; (iii) Tucana’s bifurcated RGB has distinct metallicities: a
blue RGB with ⟨[Fe/H]⟩ = −1.78+0.06

−0.06 and σ[Fe/H] = 0.44+0.07
−0.06, and a red RGB with

⟨[Fe/H]⟩ = −1.08+0.07
−0.07 and σ[Fe/H] = 0.42+0.06

−0.06; (iv) At fixed stellar mass, Tucana is
more metal-rich than MW satellites by ∼ 0.4 dex, but its blue RGB is chemically
comparable to the satellites. Tucana’s MDF appears consistent with star-forming
isolated dwarfs, though MDFs of the latter are not as well-populated; (v) ∼ 2% of
Tucana’s stars have [Fe/H] < −3 and 20% [Fe/H] > −1. We provide a catalog for
community spectroscopic follow-up.

This chapter has been adapted from Fu, Weisz et al. (2024), which was published
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in the Astrophysical Journal. This chapter was coauthored by the following indi-
viduals, and is included in this dissertation with their permission: Daniel R. Weisz,
Else Starkenburg, Nicolas Martin, Francisco J. Mercado, Alessandro Savino, Michael
Boylan-Kolchin, Patrick Côté, Andrew E. Dolphin, Mario L. Mateo, Jenna Samuel,
Nathan R. Sandford.

4.2 Introduction
Environment plays a pivotal role in regulating dwarf galaxy star formation. This
theoretical understanding emerges from the empirical morphology-density relation
that has been established over decades’ worth of observations (e.g., [81], [111], [32],
[203], [34], [105]), where star-forming (e.g. gas-rich and/or with Hα emission) dwarf
galaxies are found in the field far from massive hosts, and quenched (e.g. gas-
deficient) dwarf galaxies tend to be satellites.

As part of the same theoretical and empirical landscape, quenched, low-mass field
dwarf galaxies, exceptions to the rule, are quite rare. The origins of the few that do
exist are not well-understood. Hypotheses thus far have ranged from classifying them
as backsplash galaxies that interacted with a more massive host in the distant past
(e.g., [298], [259]), to being the product of complicated interactions from a reionizing
UV background [240], to forming instead from interactions with the cosmic web
[29], but detailed studies are needed to assess the validity and prevalence of various
processes.

Alongside the Cetus dSph, the Tucana dSph is one of two quenched field dwarf
galaxies known in the Local Group, with present-day distances of ∼ 877 and ∼
1345 kpc from the MW and M31 respectively [173], and sufficiently nearby for re-
solved stellar population studies. Its distance from either of the LG spiral galaxies
suggests that it may have evolved largely independently of a more massive host,
and therefore is not subject to processes such as ram pressure stripping and tidal
fields. Aside from its rare status as a quenched field dwarf galaxy, Tucana is also
peculiar among analog dwarf galaxies, as its color-magnitude diagram (CMD) con-
tains multiple distinct morphological overdensities (e.g., bifurcated red giant branch,
horizontal branch) that are not as conspicuous in other LG dwarf galaxies with even
more extended SFHs (e.g., [217], [264]).

In all of these cases, the stellar metallicity distribution function (MDF) of a galaxy
is essential to studies decoding the astrophysics driving its present-day features (e.g.,
pre-enrichment, gas accretion). Detailed observations have been conducted in more
LG dwarf galaxies (e.g., [166], [313], [235], [302]), but similarly detailed studies have
been challenging in distant dSphs such as Tucana due to few stars sufficiently bright
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for efficient spectroscopic observations. The three spectroscopic studies of Tucana
to-date, [91, VLT/FORS2], [115, VLT/FLAMES+GIRAFFE], and [296, henceforth
T20, VLT/FORS2], have yielded 52 stars with metallicity measurements down to
g ∼ 23.5 mag. Additional stellar metallicity measurements in Tucana are needed to
fully sample its MDF (e.g., extent of the tails, skewness) and accurately infer the
astrophysical picture during its star-forming epoch. One approach to expand the
sample, which we take in this paper, is to measure metallicities of even fainter stars
using a well-tested photometric metallicity method.

Photometric metallicity measurements based on observations of the metallicity-
sensitive, near-UV Ca H&K lines have been a longstanding technique used in studies
of resolved stellar populations (e.g., [293], [24], [155], [247]). This technique has
also seen increasing use in recent years to conduct studies of LG dwarf galaxies and
the Milky Way (e.g., [291], [56], [119], [188], [97], [200]). Building off this legacy,
we have conducted an HST imaging program to measure photometric metallicities
in RGB stars of Tucana as faint as F475W∼25 mag in order to measure a well-
populated MDF, establish empirical trends (e.g., gradients), and provide insight into
its formation pathways.

This paper is organized as follows. In §4.3, we present our observations and our
stellar member selection process. In §4.4, we describe our methods for measuring
individual metallicities as well as MDF summary statistics. In §4.5 we present our
MDF measurement results, as well as spatial metallicity trends and metallicity as a
relation to stellar populations. In §4.6, we discuss the implications of our results.
We conclude in §4.7.

4.3 Observations
Observations and Data Reduction
We obtain new WFC3/UVIS F395N imaging for Tucana as part of HST GO-16226
(PI: Fu), which has targeted both Cetus and Tucana. Imaging for Tucana was taken
between July 27, 2022 and July 31, 2022 over the course of 12 orbits. We integrated
the narrow-band filter for a total of 32,268s, with the target depth of achieving
S/N > 10 at the horizontal branch (HB), F475W ∼ 25 mag. We perform dithers
to remove hot pixels and reject cosmic rays, following the dither pattern from HST
GO-10505 (PI: Gallart). We also require that the main science field overlap with
archival broadband F475W and F814W imaging from HST GO-10505Ȯur metal-
licity inference technique is analogous to those used by the Pristine narrow-band
CaHK MW survey (e.g., [291], [200]), and we require additional broadband filters to
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provide temperature information. In the Pristine-like color space constructed using
HST filters, (F475W − F814W ) vs. F395N − F475W − 1.5 ∗ (F475W − F814W ),
stars of different metallicity cleanly separate (e.g. [96], [97]) and enable our principal
science case. Additionally, we impose orientation requirements so that our paral-
lel ACS/WFC exposures, taken in F475W and F814W , overlap with parallel fields
targeted in HST GO-10505. The parallel fields were designed to target scientifically
valuable areas in Tucana’s galactic halo; we defer analysis of data for this ancillary
science case to a future publication.

We perform point-spread function (PSF) photometry simultaneously on individ-
ual F395N , F475W , and F814W flc images using DOLPHOT ([78], [76]). We
then apply a quality cut on the catalog by requiring S/N > 5, sharp2 < 0.3 and
crowd < 1 in F475W and F814W . We only cull our catalogs using the broadband
filters, as they are deeper and therefore more efficient in selecting quality sources.

Figure 4.1 shows the footprint of our WFC3 imaging compared to the on-sky
extent of the galaxy. Small black dots are stars that pass the culling criteria. The
blue star shows the center of the galaxy, and the red ellipses trace 1, 2, and 3 Re of
the galaxy (Table 4.1). Our photometry span ∼ 2.5 Re of the galaxy, allowing us to
characterize its spatial metallicity properties in addition to a global MDF (see §4.5).

The left panel of Figure 4.2 shows the resulting broadband CMD for Tucana, con-
structed from stars that pass the above cuts. Stars with F395NS/N > 3 are color-
coded by their respective narrow-band S/N . The right panel shows the narrow-band
CMD of Tucana, overplotted with average narrow-band photometric uncertainties
as a function of F395N . The high concentration of stars running along the diagonal
line faintward of F395N ∼ 25.75 mag are HB stars.

Member Selection
We determine our sample of Tucana member stars by first selecting stars whose
colors are consistent with being on the RGB. Most of our stars are too faint to be
observed spectroscopically, so we rely primarily on photometric criteria to select the
large majority of our sample. In general, we do not expect contamination to have
a major impact on our results: Due to the small HST WFC3 field of view, we do
not expect enough MW halo stars to fall within it to significantly impact our final
measured MDFs [97]. Additionally, there are no known MW substructures in the
vicinity of Tucana found in spectroscopic surveys of the same region of the sky ([91],
[115], [296]) that could introduce contamination at a level above the background
expectations from the MW halo.

One selection effect in our data is that at a given magnitude, we will tend to
preferentially lose metal-rich (MR) stars in a simple S/N quality cut because more
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Figure 4.1: FoV of our HST WFC3 F395N imaging compared to the center (blue
star) and the 1, 2, and 3 half-light radii contours of Tucana (red ellipses). Small
black points are stars which pass our S/N selection criteria. Our data enable stellar
metallicity measurements within ∼ 2.5 Re of the galaxy, allowing us to measure a
global MDF as well as characterize spatial metallicity trends.

MR stars tend to have lower S/N in F395N as a result of more absorption in the
filter. This is similar to the fixed magnitude effect for spectra, e.g. as discussed by
[191] in the context of the LMC. We also observe this impact in the left panel of
Figure 4.2, where, for example, at F475W ∼ 24, stars on the bluer side of the RGB
(which tend to be more metal-poor) have higher S/N than stars on the redder side
of the RGB. Thus, for the S/N quality cut, we require that stars in our sample have
S/N greater than 7 in F395N as opposed to the criteria of 10 used in previous Ca
H&K narrow-band studies (e.g., [97]). This selection criterion allows us to include
most stars brighter than F475W ∼ 24 mag.

For brighter stars in the resulting sample, we then do an additional level of
membership vetting by cross-matching our catalog with the datasets analyzed in
[296], which include a re-analysis of Tucana observations from [91] and [115]. None
of the overlapping stars that our catalog has with the spectroscopic studies were
ruled out as Tucana radial velocity non-members.
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Figure 4.2: Left: The broadband CMD of Tucana. To demonstrate the depth of
the narrow-band data, we color code stars with F395NS/N > 3 by their narrow-
band S/N value. Our data reach F395NS/N ∼ 10 at about F475W 24.5 mag,
enabling stellar metallicity measurements for stars at least 1 mag fainter than the
brightness limit of studies from current ground-based instruments. Right: Narrow-
band F395N CMD of Tucana. The blue error bars show the typical uncertainty
as a function of F395N . Uncertainties in F395N − F475W color are driven by
uncertainties in F395N . The high concentration of stars running along the diagonal
line faintward of F395N ∼ 25.75 mag are HB stars. Stars above the diagonal line
are the bright RGB stars that ultimately comprise our analysis sample.
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Table 4.1: Tucana Characteristics

Parameter Value Reference
R.A. (deg) 340.45667 [173]
decl. (deg) −64.41944 [173]
Ellipticity 0.48± 0.03 [261]
P.A. (deg) 97± 2 [261]
Re (arcmin) 0.8± 0.1 [261]
Luminosity (Log L⊙) 5.58± 0.01 [227]
E(B − V ) 0.0268 [267]
(m−M)0 24.73± 0.03 [227]
D⊙ (kpc) 886± 13 [227]
Re in WFC3 FoV 3.38 This work
F475W exp. time (s) 34,560 This work
F814W exp. time (s) 30,976 This work
F395N exp. time (s) 32,268 This work

Note. Observational

characteristics of Tucana. Information below the horizontal line describes the HST
observations used in this work. We use broadband imaging from HST GO-10505

(PI: Gallart). All the HST images used for this work can be found at the following
MAST DOI: 10.17909/8974-w227.

Artificial Star Tests
We assess the photometric uncertainties for stars in our sample by running artificial
star tests (ASTs). ASTs involve inserting stars of known magnitudes (i.e., in F395N ,
F475W , and F814W ) into the corresponding HST flc images, and attempting to
recover their measurements using the same DOLPHOT PSF-fitting procedure used
to obtain the original photometric reduction. By running large numbers of ASTs, we
build up the statistics necessary to calculate the photometric uncertainty (scatter be-
tween the difference in recovered and input magnitudes) and bias (systematic offsets
in the difference in recovered and input magnitudes). As we measure metallicities
for individual stars, we do not leverage the completeness information in the ASTs
that are used for population-level inferences in e.g. SFH studies.

Following [97], we generate ASTs for each potential member star in Tucana that
passes our initial color cut. We center the ASTs for each star within 0.2 mag of its
F475W magnitude, and require that the input ASTs fall within the color space of
0.7 < F475W −F814W < 2.5 and −2.0 < CaHK < −0.2. The 10,000 ASTs we run

https://doi.org/10.17909/8974-w227
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Figure 4.3: Left: Selection of Tucana stars along RGB and their F395N S/N.
Center: Location of member stars on Pristine-like CaHK space. Overplotted
are mono-metallic CaHK tracks convolved using the AST error profile of a star at
F475W = 24.14, the median brightness of stars in our sample. The stars are color-
coded by their inferred metallicity, which can also be upper limits on the metal-poor
(MP) end and lower limits on the metal-rich (MR) end. Reasons why the color-
coding of the stars does not perfectly follow the trend implied by the mono-metallic
tracks can be attributed to the reporting of measurement limits for ∼ 50% of stars
more MR than [Fe/H] = −1.0 (e.g. §4.5), as well as the varied S/N of stars blueward
of F475W − F814W = 2.0, which span about 2 magnitudes in brightness. Right:
Resulting MDF of Tucana. Empty histograms represent stars for which we were
only able to constrain either an upper limit (on the MP end) or a lower limit (on
the MR end). Our data has enabled metallicity measurements for 374 stars down to
F475W ∼ 25 mag.

are distributed to cover all the models in the Pristine-like Ca H&K color space that
we will use to measure individual metallicities.

In §4.4, we discuss how we incorporate the results of the ASTs into our individual
metallicity inference procedure.

4.4 MDF Measurements
Individual Metallicity Measurements
Our metallicity measurement method largely follows that from [97]. For fitting the
Ca H&K data of individual stars in our sample, we adopt a fitting technique that
is statistically similar to the long-established CMD star formation history modeling
approach [75]. Here, we briefly describe this process, and provide updates made to
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the method to better describe the case of a galaxy with a SFH more extended than
a UFD.

We first construct the equivalent of a Hess diagram (i.e., a density map) in the
Pristine-like color space shown in the center panel of Figure 4.3 using bins of 0.025
by 0.025 mag. We then convolve our synthetic stellar population models, which
have a range of metallicities, by the uncertainty and bias profile as set by our ASTs.
Afterwards, we infer stellar metallicities by using a Poisson likelihood function to
compare the overlap of an individual star’s CaHK color-color properties with that of
model CaHK tracks of various metallicities that have been corrected for observational
effects following the results of the ASTs.

One notable departure from the [97] method is that here we account for the
impact of varying [α/Fe] over the range of metallicities considered. In dwarf galaxies
of comparable luminosity to Tucana, the expectation is that there will be variations
in [α/Fe] due to its extended SF ([217], [264]): specifically, the decline of [α/Fe]
values at higher metallicities due to the delayed onset of Type Ia SNe (e.g., [299],
[110]). We address these issues in our choice of priors for the metallicity inference
process.

We begin by using soon-to-be-released v2 models from the MESA Stellar Isochrones
and Tracks (MIST) isochrone suite ([79], [58]). We choose this set of models over
other available models because their grid calculates models for the largest range
of metallicities ([Fe/H] = −4.0 to +0.5) and over a range of [α/Fe] enhancements
([α/Fe] = +0.0 to +0.4). We obtained metallicity grids generated for populations
with [α/Fe] = +0.0, [α/Fe] = +0.2, and [α/Fe] = +0.4 to capture the range of
α enhancements observed in dwarf galaxies (e.g., [301]). The spacing between the
metallicity models is 0.05 dex and range from [Fe/H] = −4.0 up to [Fe/H] = +0.0.1
We then convolve these synthetic models through observational effects, which are (1)
dust corrections using the extinction values from [267] and filter-specific coefficients
from MIST, and (2) bias and error effects as characterized by the results of our ASTs
described in §4.3.

To compare the Hess-like diagram of individual stars to our resulting models, we
adopt a Poisson likelihood function with the form:

logL =
∑
mi ̸=0

d lnmi −mi − ln(di!), (4.1)

1MIST generates models up to [Fe/H] = +0.5, but past [Fe/H] = +0.0, the CaHK models are
unable to distinguish between stars of different metallicity. We therefore truncate our grid at +0.0.
In practice, we can only obtain lower limit constraints for stars that fall at this boundary.
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where mi are the number of counts in the model bin, and di is the data in each
bin.

Since there are no constraints on [α/Fe] abundances in Tucana from currently-
available spectroscopy, we adopt priors to account for the impact of varying [α/Fe]
across metallicity by referring to observed trends for classical dwarf galaxies (e.g.,
[301]). Our priors are as follows: (1) For metallicity measurements below [Fe/H] <
−2.0, we assume [α/Fe] = +0.4. (2) For metallicity measurements above [Fe/H] >
−1.0, we assume [α/Fe] = +0.0. (3) For the intermediate range between −2 <
[Fe/H] < −1, we use the [α/Fe] = +0.2 models to infer metallicities. This choice is
to approximate the knee-to-ankle transition observed in [α/Fe] vs. [Fe/H], although
at fixed [Fe/H], there is also a scatter in [α/Fe] of ∼ 0.2 dex. As quantified in
[96], the difference between inferring individual metallicities assuming [α/Fe] = +0.4
vs. [α/Fe] = +0.0 is to shift the measurement by about 0.2 dex in the metal-rich
direction with lower [α/Fe], so the systematic measurement uncertainty we adopt
accounts for uncertainty for scatter in [α/Fe] at fixed metallicity and uncertainty in
the form of the α-metallicity relation. In Appendix 4.8, we explore the impact that
assuming a different form for the α-to-Fe knee pattern has on our resulting MDF.

We then sample the resulting posterior distribution using emcee [90]. We initialize
50 walkers and run the chain for 10,000 steps, with a burn-in time of about 50 steps
per star. We monitor convergence using the Gelman-Rubin statistic (GR; [109])

Subsequent inferences to calculate MDF summary statistics and metallicity trends
(e.g., §4.5) assume symmetric, Gaussian uncertainties on individual star metallicity
measurements. In reality, this is not the case because the spacing between mono-
metallic CaHK tracks are uneven and because there are stars for which we can only
constrain lower or upper limits (e.g., see Figure 4.4). We thus follow the methods
in [97] to make the following adjustments to our measurements for population-level
inferences:

For stars whose posterior distributions are well-constrained enough to measure
median and 68% confidence interval uncertainties, we average the uncertainties and
add them in quadrature with the 0.2 dex systematic metallicity uncertainty for RGB
stars quantified in [97] to arrive at the final measurement.

For posterior distributions that only constrain either a lower or an upper limit,
we adopt measurements that are defined by the median and the 68% confidence
interval of the posterior distributions. For stars with upper limits below −3 (i.e.,
an extremely metal-poor star candidate), we add uncertainties in quadrature with
a systematic uncertainty of 0.5 dex to account for the reduced sensitivity of CaHK
at low metallicities, though these stars are rare in our sample to begin with. For
all other cases, we add the uncertainties in quadrature with their corresponding
systematic uncertainty, which is already likely to be small in comparison to the
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posterior distribution-defined uncertainties.

MDF Summary Statistics
In this section, we describe the procedure for calculating summary statistics of Tu-
cana’s MDF for comparison to the literature.

First, we measure the mean and dispersion of the MDF of Tucana by assuming
that it is characterized by a single Gaussian distribution. We follow community
convention by inferring the MDF using a two-parameter Gaussian likelihood function
used by [311] and subsequent studies of Local Group dwarf galaxies (e.g. [180], [274]):

logL = −1

2

N∑
i=1

log(σ2

[Fe/H] + σ2

[Fe/H],i)

−1

2

N∑
i=1

([Fe/H]i − ⟨[Fe/H]⟩)2
σ2

[Fe/H] + σ2

[Fe/H],i
, (4.2)

where ⟨[Fe/H]⟩ and σ[Fe/H] are the mean metallicity and metallicity dispersion of
the galaxy, and [Fe/H]i and σ[Fe/H],i are the metallicity and metallicity uncertainty
for an individual star.

We adopt a uniform prior on the mean and require it remain within the range
set by the most metal-poor and metal-rich stars in Tucana. We also require that
the dispersion be greater than or equal to 0. We use emcee to sample the posterior
distribution, initializing 50 walkers for 10,000 steps. The autocorrelation time is
about 50 steps, and we use the corresponding GR statistic to assess convergence.

Next, we compute statistics that quantify higher-order features of the MDF,
such as skew and kurtosis, by employing a Monte Carlo method. Similar to the
procedure for measuring the mean and dispersion, we assume Gaussian uncertainties
on individual metallicity measurements. We use this uncertainty profile to construct
10,000 realizations of the MDF, from which we measure skew and kurtosis. The final
measurements we report correspond to the median of the distribution of skew and
kurtosis measurements, with lower and upper uncertainties respectively set by the
16th and 84th percentile.

4.5 Results
In this section, we present the results of our MDF measurements. The center panel
of Figure 4.3 presents the position of our member stars in CaHK-space, color-coded
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by their inferred metallicity. The right panel of the same figure presents the overall
MDF. Table 4.2 presents the MDF summary statistics, along with the sections in
which they are discussed. We begin our presentation of the results by discussing
individual measurements in §4.5 and remark on the overall shape of our MDF in
§4.5. In §4.5, we present our measurement of radial metallicity trends in Tucana, and
in §4.5, we present the distribution of our metallicity measurements along Tucana’s
bifurcated RGB. We present our individual measurements as part of Appendix 4.10
in Tables 4.4, 4.5, and 4.6, corresponding to the entire sample, the EMP ([Fe/H] <
−3.0) star candidates, and MR ([Fe/H] > −1.0) stars respectively.

Individual Measurements
The center panel of Figure 4.3 presents the distribution of stars in our sample in
CaHK color space, color-coded by their final inferred metallicity, some of which reflect
upper (on the MP end) or lower (on the MR end) limits. Overplotted are a set of
representative AST-convolved CaHK mono-metallic tracks for a star at F475W ∼
24.14, which is the median brightness of stars in our sample. Following the intuition
guided by the tracks, the metallicity of stars increases with redder CaHK, but there
are some discrepancies to this trend on the MR end of the MDF. This is because
stars bluer than F475W − F814W = 2.0 occupy a range of luminosities that is not
monotonic in CaHK space. As described in [97], the bias effects captured by the
ASTs are larger for faint stars, and as a result, a faint star would have an inferred
metallicity that is more MP than the inferred metallicity of a brighter star occupying
a similar position in CaHK color space.

Figure 4.4 shows examples of individual metallicity posterior distributions to
illustrate the nature of our measurements. We have selected three stars that represent
the range of posteriors in our fits. As in [97], most posterior distributions are well
within the metallicity limits bounded by our grid and have well-defined peaks. An
example is shown in the top right panel of Figure 4.4. Stars with constrained posterior
distributions are often at intermediate metallicities ranging from [Fe/H] = −2.5 to
[Fe/H] = −1.0.

Some posterior distributions are truncated at either the MR or the MP end,
corresponding to the respective limits of our metallicity grids. We designate mea-
surements as constrained if there is a clear peak in the posterior distribution and
if the 1σ photometric uncertainties of the star fall within the grid. These types of
truncated posterior distributions are similar to the ones presented in Figure 5 of [97],
so we do not include them here.

Finally, there are stars on the extremes of the MDF for which we can only con-
strain either a lower or an upper limit. These stars are at the edge of our grid, and
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Table 4.2: Tucana MDF Characteristics

Feature Parameter Value N Reference in
Thesis

Overall MDF [Fe/H] −1.55+0.04
−0.04 374 §4.5

σ[Fe/H] 0.54+0.03
−0.03 · · · · · ·

Skew −0.16+0.11
−0.11 · · · · · ·

Kurtosis −0.02+0.28
−0.21 · · · · · ·

Gradient within 2.5Re ∇[Fe/H] (dex R−1
e ) −0.54± 0.07 374 §4.5

∇[Fe/H] (dex arcmin−1) −0.57± 0.1 · · · · · ·
∇[Fe/H] (dex kpc−1) −2.1± 0.3 · · · · · ·

Inner Re [Fe/H] −1.35+0.05
−0.05 203 §4.5

σ[Fe/H] 0.51+0.04
−0.04 · · · · · ·

Skew −0.2+0.15
−0.16 · · · · · ·

Kurtosis −0.04+0.44
−0.31 · · · · · ·

1Re < R < 2Re [Fe/H] −1.77+0.05
−0.05 160 §4.5

σ[Fe/H] 0.45+0.05
−0.05 · · · · · ·

Skew −0.02+0.18
−0.19 · · · · · ·

Kurtosis 0.06+0.41
−0.30 · · · · · ·

2Re < R ≲ 2.5Re [Fe/H] −2.22+0.21
−0.22 11 §4.5

σ[Fe/H] 0.54+0.27
−0.28 · · · · · ·

Skew −0.19+0.44
−0.44 · · · · · ·

Kurtosis −0.80+0.68
−0.43 · · · · · ·

Red RGB [Fe/H] −1.08+0.07
−0.07 69 §4.5

σ[Fe/H] 0.42+0.06
−0.06 · · · · · ·

Skew 0.08+0.18
−0.18 · · · · · ·

Kurtosis −0.70+0.34
−0.23 · · · · · ·

∇[Fe/H] (dex R−1
e ) −0.42± 0.14 · · · · · ·

Blue RGB [Fe/H] −1.78+0.06
−0.06 103 §4.5

σ[Fe/H] 0.44+0.07
−0.06 · · · · · ·

Skew 0.21+0.21
−0.20 · · · · · ·

Kurtosis 0.02+0.39
−0.31 · · · · · ·

∇[Fe/H] (dex R−1
e ) −0.62± 0.11 · · · · · ·

Note. Summary of metallicity properties of Tucana’s MDF from this work. For each
property, we include the number of stars used in the calculation and the sections where
these results are presented and discussed. The number of stars in the blue and red
RGBs do not add up to the total number of stars in our sample because we include an
additional magnitude cut in our selection.
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their uncertainties overlap with their respective extreme ends of the grid to permit
constraint using the MCMC procedure. We include examples of lower and upper
limit posterior distributions in the lower left and lower right panels of Figure 4.4
respectively.

In general, posterior distributions at the MR end tend to be broader than the
posterior distributions for measurements at intermediate metallicities due to (1) The
MR stars having lower S/N on average than the MP stars at a given magnitude, and
(2) The CaHK tracks having less discriminatory power over different metallicities
past [Fe/H] = −0.5.

Next, we compare our measurements to literature metallicities from T20. T20
is the most comprehensive spectroscopic study of Tucana so far. They obtain new
observations of Tucana using VLT/FORS2, targeting the near-IR range covering the
Ca II triplet lines, and derive metallicities based on the [289] CaT EW calibration.
Alongside their new data, they also analyze previous spectra of Tucana RGB stars
from [91] (VLT/FORS2) and [115] (VLT/FLAMES/GIRAFFE). Metallicity mea-
surements were made from the new dataset of [296], referred to in the paper as P91,
and from the [91] dataset, referred to in the paper as P69. Between the P91 and P69
datasets, we have the largest number of stars in common with the P91 data because
its observations are more centrally concentrated on Tucana and have more overlap
with our FoV.

We present our comparisons with T20 in Figure 4.5. The left panel shows where
our stars are located on the HST CMD within our WFC3 FoV, as well as where
the stars have also been observed with spectroscopy. The center panel of Figure 4.5
shows 1-1 comparisons between our measurements and those of T20. In total, we
have 35 stars in common with this study, with 24 that have metallicity measurements
for which we can make direct comparisons. Among the 24 stars, one is a variable
star, rendering its CaHK metallicity unreliable2, so we exclude it from comparison. In
total we have 23 stars for metallicity comparisons with T20. The measurements show
a strong correlation and are in agreement at ∼ 1 σ for constrained measurements
(filled circles).

To more broadly understand the reliability of CaHK, we now combine all HST
CaHK measurements with the literature in Figure 4.6. We compare photometric
stellar metallicity measurements using HST narrow-band CaHK imaging (UFDs Eri
II and Grus I, [96], [97]; Tucana, this work) against measurements of the same stars
made using the CaT EW calibration from ground-based spectroscopy (e.g., [180],

2[200] and references therein discuss how the metallicity of a star can be erroneously inferred if
the photometry used to calculate its CaHK color index are taken at different points in its variable
phase. As available data are insufficient for characterizing the variability cycle of this star, resolving
this issue is beyond the scope of our work.
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Figure 4.4: Example posterior distributions for examples of stars with a well-
constrained measurement (90% of our sample), an upper limit constraint (1% of
our sample), and a lower limit constraint (9% of our sample), and their correspond-
ing positions in CaHK color-color space, as well as their corresponding summary
statistic. The AST-convolved tracks plotted here are the same as the ones in Figure
4.3.
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Figure 4.5: Comparing our metallicity measurements to the most comprehensive
ground-based CaT EW spectroscopic study of Tucana to-date [296, VLT/FORS2].
Left: HST broadband CMD that shows our stars (red), the stars we have in common
with [296] (blue). Center: One to one comparison of our metallicity measurements
with the measurements that we have in common with [296]. Right: Overall MDF
comparisons between our metallicity measurements with the MDF from [296]. Our
imaging technique permits recovery of metallicities at a similar level of fidelity to
state-of-the-art ground-based spectroscopic calibrations, with vastly better sampling
along the LF of Tucana to fill out the tails of the MDF.

[296], [55]), with the usual caveats that the CaT methods shown here are heteroge-
neous (e.g., different calibrations, data quality). Additionally, our CaHK measure-
ment uncertainties reported here also account for systematic uncertainty introduced,
e.g., by model and abundance uncertainty ([97]), whereas the measurements reported
from CaT EW measurements in these studies include only statistical uncertainties,
not ones that may be introduced from different CaT EW calibrations (e.g. [289],
[50]).

In any case, these measurements show remarkably broad agreement over a large
range of metallicities with the long-standing CaT EW method for measuring stellar
metallicities in RGB stars of LG dwarf galaxies. Among the constrained measure-
ments, there is no systematic offset, and they are on average within ∼ 1.2 σ agree-
ment; the intrinsic dispersion in this relation is ∼ 0.3 σ. A clear takeaway from this
comparison is that CaHK imaging provides a robust approach to constructing a large
samples of reliable, resolved star metallicities at magnitudes that are often inacces-
sible to any other current facility. We provide all of our individual measurements in
Table 4.4.
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Figure 4.6: Comparing metallicity measurements made using HST CaHK narrow-
band photometry (UFDs Eri II, Grus I, [96], [97]; Tucana, this work) against those
made using ground-based spectroscopy relying on the CaT EW calibration ([180],
[296], [55]). We include a one-to-one line for visual reference. The measurements
show remarkable agreement, and demonstrate that CaHK narrow-band imaging is
a competitive method for measuring stellar metallicities compared with the most
commonly-used method for Local Group dwarf galaxies.

Overall MDF
We present our global MDF of Tucana in the right panel of Figure 4.3, constructed
from 374 stars. The MDF spans a metallicity range from [Fe/H] = −3.5 to [Fe/H] =
−0.5. 60% of the stars are between [Fe/H] = −2.0 and [Fe/H] = −1.0. We identify
8 stars with [Fe/H] < −3.0 as extremely metal-poor (EMP) star candidates. On the
MR end, [Fe/H] > −1.0, we identify 76 stars, with 37 of them being lower limits. The
MDF may be slightly skew negative as it visually appears to have a slightly longer
MP tail, though this may also be in part due to larger uncertainties for MP stars.
We present our EMP candidates and MR stars in Tables 4.5 and 4.6, respectively.

Table 4.2 quantifies basic properties of the MDF. For the global MDF, we measure
⟨[Fe/H]⟩ = −1.55+0.04

−0.04 and σ[Fe/H] = 0.54+0.03
−0.03. We measure a skew and kurtosis
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of −0.16+0.11
−0.11 and −0.02+0.28

−0.21 respectively. The skew is mildly negative, confirming
visual impressions, but is consistent with zero at ∼ 1.5σ. The kurtosis is consistent
with zero, which is also consistent with a clear single peak. Overall, the MDF is
well-described by a Gaussian distribution.

The blue histogram in the right panel of Figure 4.5 shows the MDF reported by
T20. From 52 RGB stars, T20 measure ⟨[Fe/H]⟩ = −1.58 dex and σ[Fe/H](intrinsic) =
0.39 dex. Using their measurements, we re-infer their MDF properties following
the procedure in §4.4, obtaining ⟨[Fe/H]⟩ = −1.64 ± 0.06 dex and σ[Fe/H] =

0.41 ± 0.05 dex. Our mean metallicity is in agreement with the T20 MDF, but
we measure a larger metallicity dispersion. On the MP end, 2% of our stars are MP,
whereas T20 do not find any stars with [Fe/H] < −3.0. On the MR (> −1.0) end,
20% of our stars are MR, while 4% (2 stars) from the MDF of T20 are MR. Stars
between [Fe/H] = −2.0 and [Fe/H] = −1.0 make up 79% percent of the T20 sample,
whereas they are a smaller fraction of our MDF.

We find a larger dispersion than T20 because the CaHK method provides a
larger, more complete sampling of the MDF. It allows us to measure metallicities
for a nearly complete sample of stars to a faint magnitude limit (F475W ∼ 24).
No current spectroscopic facility can reach such faint stars, and most spectroscopic
observations are challenged by selection effects (e.g., slitmask placement). This MDF
comparison illustrates one of the strengths of photometric metallicities.

Radial Trends in Metallicity
The spatial extent probed by our imaging (∼ 500 pc; ∼ 2.5 Re) and large sample
of metallicities allows us to investigate radial trends. Figure 4.7 shows the spatial
distribution of stellar metallicites in Tucana. It is visually apparent that stars in the
center of Tucana are higher metallicity than those in the outskirts.

We reinforce this impression by plotting metallicities for each star as a function of
radius, along with fits to the data, in Figure 4.8. We quantify the strength of this gra-
dient first by fitting a line to individual stellar metallicities as a function of elliptical
Re from the center. Following the procedure outlined in [133], we adopt their like-
lihood function, which assumes Gaussian uncertainties on our measurements. Our
parameters of interest are the slope ∇[Fe/H] and intercept [Fe/H]0. Additionally,
we marginalize over an additional parameter f which quantifies the fractional un-
derestimation of measurement uncertainty. We assume uniform priors for the slope
(−5 < ∇[Fe/H] < 0.5 dex arcmin−1), intercept (−4 < [Fe/H]0 < 0.0) dex, and the
logarithmic fractional uncertainty (−10.0 < log f < 1.0). We sample the result-
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Figure 4.7: The spatial distribution of our CaHK-based stellar metallicities for Tu-
cana. Overplotted are the elliptical half-light radii at 1 Re, 2 Re and 3 Re. Visually,
it’s clear that the central region of Tucana has more MR stars and the outer regions
have more MP stars.

ing posterior distribution using emcee. We run 32 walkers for 10,000 steps, with a
burn-in time of 50 steps. We monitor convergence using the GR statistic.

Using the entire dataset, we measure a metallicity gradient across 2.5 Re of
Tucana of ∇[Fe/H] = −0.54±0.07 dex R−1

e . For completeness, we also fit a gradient
as a function of angular distance from the galaxy, which assumes circular radii from
the center. We find a gradient of ∇[Fe/H] = −0.57 ± 0.1 dex arcmin−1, which
translates in physical units to −2.1 ± 0.3 dex kpc−1. We report the gradient in
units of kpc to maintain consistency with how gradients in the literature have been
reported [295], but because the resulting value is large, its interpretation requires
additional orienting remarks. In particular, since the radial extent of Tucana probed
by our data is ∼ 500 pc, we caution against interpreting the gradient by extrapolating
beyond what is covered by the data (e.g., it may flatten out at larger radii). Within
the extent of our radial coverage, the value of the gradient is consistent with the
statement that the difference between the center and 2.5 Re of Tucana is ∼ 1 dex,
which we see borne out visually in Figure 4.8.

In Appendix 4.9, we present the correlation plot for the gradient fit using elliptical
Re, which we report as the main result for this paper. In Appendix 4.9, we present
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Figure 4.8: Result of fitting a linear model to our Tucana data as a function of
elliptical Re from its center. From our well-sampled MDF, which gives clear shape
to the MP and MR tails, we are able to robustly recover a metallicity gradient.

the linear fit and corresponding correlation plots for the inference assuming circular
arcmin, which are comparable to the gradient measured using elliptical Re.

Our large sample size also allows us to measure MDFs in spatial bins across
Tucana. We compute the MDFs, and associated summary statistics, for the MDFs
in three spatial bins: < 1 Re, between 1− 2 Re, and from> 2 Re to the spatial limit
of our imaging. We compute mean metallicity, dispersions, skew, and kurtosis for the
MDF following the procedure outlined in §4.4. The mean metallicity decreases as a
function of increasing radius, with ⟨[Fe/H]⟩ = −1.35+0.05

−0.05, −1.77+0.05
−0.05, and −2.22+0.21

−0.22

across the three respective bins. The metallicity dispersions in all three bins have a
similar value of ∼ 0.5 dex. We also compute the skew and kurtosis, though both are
consistent with zero at < 2σ.

Metallicities Along the Split RGB
Distinct stellar populations have long been noted in Tucana as overdensities in vari-
ous features of its CMD. [121] and [217] note distinct populations in the RGB bump
of Tucana, with the latter remarking that similar features are not observed in Cetus,
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a dSph with similar environmental and SFH properties. [264] similarly note mul-
tiple CMD overdensities in the HB of Tucana, pointing to the presence of distinct
populations.

As highlighted in Figure 4.9, these features manifest among the brightest stars in
Tucana as a visual bifurcation in the RGB. We characterize the metallicity properties
of the respective bifurcations by selecting RGB stars that are brighter than F475W ∼
24.2 mag. Above this magnitude, the separation is most visually apparent, and
we avoid the completeness issues with the preferential exclusion of metal-rich stars
towards the fainter end of our sample. We then fit the MDFs of each RGB following
the procedure described in §4.4. The resulting MDFs with their summary statistics
are shown in the right panel of Figure 4.9. For the blue RGB MDF, we measure
⟨[Fe/H]⟩ = −1.78+0.06

−0.06 and σ[Fe/H] = 0.44+0.07
−0.06. For the red RGB MDF, we measure

⟨[Fe/H]⟩ = −1.08+0.07
−0.07 and σ[Fe/H] = 0.42+0.06

−0.06. Our measurements unambiguously
show that metallicity is at least partially responsible for the RGB split.

Additionally, we also investigate the spatial chemical properties of stars in the
respective bifurcations, and present the results in Figure 4.10. Even by eye, it is
apparent that stars in the metal-rich red RGB are more centrally concentrated than
the bluer RGB. This result tracks with our metallicity gradient fit to the entire
MDF sample. We also fit the metallicity gradient to stars in the respective bi-
furcations following the same procedure from §4.5. For the blue RGB, we recover
∇[Fe/H] = −0.62 ± 0.11 dex R−1

e , and for the red RGB, we recover ∇[Fe/H] =

−0.42± 0.14 dex R−1
e . We present corresponding correlation plots in §4.9

4.6 Discussion
Improved MDF Statistics for Tucana and the Power of
CaHK
As presented in §4.5, we measure for Tucana ⟨[Fe/H]⟩ = −1.55+0.04

−0.04 and σ[Fe/H] =
0.54+0.03

−0.03. These measurements are in good overall agreement with the literature
values of T20, though with higher precision because we are able to use 374 stars,
which is a factor of ∼ 7 larger than existing CaT spectroscopic measurements. Our
mean metallicity measurement is consistent with Tucana’s expected location on the
dwarf galaxy mass-metallicity relation [166]. Our expanded sample size enables us
to measure a slight negative skew for our MDF, indicating a longer MP tail for
Tucana, but both our skew and kurtosis measurements are consistent with the MDF
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Figure 4.9: MDFs of stars along the respective bifurcations of Tucana’s RGB. Left:
Hess diagram of Tucana stars analyzed in this work, color-coded by the boxes used
to select stars on the blue and red bifurcations of the RGB. We select stars above a
certain magnitude range to ensure better completeness for our comparison. Right:
Comparing the MDFs of stars that fall on the blue and red branches of the bifurca-
tion respectively. Empty histograms on the metal-poor and metal-rich ends of the
MDF respectively denote upper and lower limits. The metallicity difference between
stars on the two branches is apparent even by eye, and the corresponding summary
statistics in the legend quantify these differences: the MDF of the blue RGB is more
MP than the MDF of the red RGB by ∼ 0.7 dex.

of Tucana deviating little, if at all, from Gaussianity. In Appendix 4.8, we show how
these results largely hold assuming different [α/Fe] vs. [Fe/H] relationships.

On the MP end of the MDF, we identify 8 EMP star candidates in Tucana,
comprising 2% of our sample. This is consistent with observations of other dwarf
galaxies in the Local Group, whose MDFs are generally characterized by a sparse
MP tail below [Fe/H] < −3.0 (e.g., [176], [288], [177], [130], [119]). EMP stars are
scientifically interesting for their ability to trace the chemical enrichment pathways
of the first stars [92], and the low-metallicity dSphs have, due to their relatively
simpler SFHs compared to the MW, long been a promising site for EMP searches.
We include our EMP candidates in Table 4.5 as priority targets for spectroscopic
follow-up.

On the MR end of the MDF, we identify 76 MR ([Fe/H] > −1.0) stars in Tucana,
with 37 of them being lower limit constraints. These measurements are not well-
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Figure 4.10: Spatial properties of stars along the respective bifurcations of Tucana’s
RGB. The left panels of each row present the spatial distribution of stars in each
bifurcation, color-coded by their metallicity. The right panels of each row present
stellar metallicities as a function of elliptical half-light radii, and the corresponding
metallicity gradient fit. Stars in the more metal-rich red RGB are more centrally
concentrated than stars in the blue RGB. We recover a steeper metallicity gradient
for stars along the blue RGB than for stars along the red RGB.

constrained because they are low S/N, and because the discriminating power of the
Ca H&K narrow-band filter diminishes at high metallicity. The shape of the MR tail
in a dwarf galaxy’s MDF is crucial for modeling its chemical evolution (e.g., [257])
and is therefore also of interest for detailed follow-up. We provide a table of these
stars in Table 4.6 and invite the community for spectroscopic follow-up in the era of
ELTs.
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Figure 4.11: Comparing the metallicity gradient in Tucana from our work with
gradients of LG dwarf galaxies across a range of morphological type measured with
spectroscopy [295]. The gradient of Tucana is one of the significant ones known
among LG dwarfs. Additionally, while the spectroscopic gradients do not show a
clear relation with t50 (median stellar age), we demonstrate in Figure 4.12 that our
gradient measurement for Tucana is consistent with predictions from cosmological
simulations that posit feedback as the primary mechanism for gradient formation in
isolated dwarf galaxies [214].

Radial Trends in Metallicity
Comparison to Literature Gradients

Based on the spatial concentration of different populations of HB stars, [264] sug-
gested that population gradients should be expected in Tucana. However, T20 was
unable to definitively resolve differences in metallicity between the inner parts and
the outskirts of the galaxy. They fit their data using an error-weighted least squares
method to infer a metallicity gradient of ∇[Fe/H] = −0.16 ± 0.09 dex arcmin−1

for Tucana members within ∼ 2.5 Re of the galaxy. These numbers translate into
−0.13± 0.07 dex R−1

e and −0.6± 0.4 dex kpc−1.
Due to differences in the treatment of the linear fitting procedure, as well as

galaxy parameters used to convert the gradients into different physical units, we re-
fit a line to the T20 data following the procedures outlined in §4.5 to ensure a direct
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comparison to our measurements and gradient determinations. For the T20 data we
find ∇[Fe/H] = −0.10± 0.11 dex arcmin−1, translating to −0.08± 0.09 dex R−1

e and
−0.38 ± 0.44 dex kpc−1, which are slightly different, but consistent with the T20
results. Our re-fit still describes the same qualitative result: the spectroscopic data
do not robustly resolve a metallicity gradient in the dwarf, which is not consistent
with the gradient we measure from the larger CaHK sample.

Figure 4.11 compares our metallicity gradient measurements to those from the
analysis of archival spectroscopic data carried out by [295] in t50 vs. ∇[Fe/H] space
for a larger set of LG dwarf galaxies. The t50 values for other LG dwarf galaxies come
from a combination of the [319] compilation, published results from the LCID project
(Cetus, [216]; Tucana, [216]; Leo A, [61]; Phoenix), and several additional studies
(WLM, [3]; Sextans, [31]; And II, [282]). Individual metallicity measurements used
in [295] were derived using either spectral fitting of Fe I lines or from using the CaT
calibration. The number of stars used to make metallicity gradient measurements in
LG dwarfs ranges from ∼ 50 to ∼ 300.

Our metallicity gradient in Tucana is steeper than previous measurements. In
fact, it is one of the steepest gradients measured in any LG dwarf galaxy to date.
We now consider several aspects of our analysis that could affect the robustness of
this result.

First, as shown by Figures 4.5 and 4.6, our individual metallicities are consistent
with the CaT-based values across the full range of metallicities. Thus, it is unlikely
that any systematic in our measurement is the primary driver of a steep gradient.

Second, we assess the impact of selection effects on our measurements. One
selection effect impacting our overall analysis is that towards fainter magnitudes, we
preferentially lose MR stars in our sample. This is because at a given brightness,
MR stars have lower S/N in F395N due to increased absorption in the Ca H&K
features. The effect is similar to the one described in [191]. To mitigate the impact
of this effect in our metallicity gradient inference, we re-measure our metallicity
gradient with only stars that are brighter than F475W of 24 mag, where we have
higher levels of completeness along the RGB. The resulting gradient is on the order of
−0.8 dex arcmin−1, which is larger in magnitude than the measurement made using
the full sample. Thus it is unlikely that this particular selection effect is inflating
our metallicity gradient measurement.

Third, we consider that the discrepancies may result from the uncertain nature
of spectroscopic selection effects, which comprise the vast majority of dwarf galaxy
metallicity gradient measurements in the literature thus far. In particular, it seems
plausible that the empirical picture of gradients has been limited by spectroscopic
selection effects, some of them complex (e.g., the placement of stars on masks for
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Figure 4.12: Comparing our metallicity gradient measurement for Tucana with those
from the FIRE-2 simulations (e.g., [214]), which posit that metallicity gradients in
isolated dwarf galaxies are driven by feedback-induced breathing modes [16]. Left:
Comparing our gradient measurement and gradients from simulations as a function
of stellar mass. The weak correlation between stellar mass and gradient strength
is an emerging consensus among simulations, and we present this panel largely for
completeness reasons. Center: Comparing our gradient measurement and gradients
from simulations as a function of t50 (Gyr). The orange dotted line is the relation
between t50 and gradient strength as found by [214]. Our gradient measurement
for Tucana is consistent with this theoretical relation. Right: Examining trends in
metallicity dispersion as a function of Re. The radial dispersion trend in Tucana is
consistent with those from simulations.

MOS spectroscopy). It becomes difficult to obtain a clear picture of the metallicity
gradient when the sampling of stars within particular spatial and magnitude limits
is incomplete. In contrast, at a distance of ∼ 1 Mpc, a single pointing and 12 orbits
with HST yields reliable metallicities of RGB stars within 2 Re of Tucana with a
high level of completeness, as illustrated in Figs 4.3 and 4.7.

Comparison to Cosmological Simulations

As a means of illustrating the connection of our results to theory, we compare our
measured gradient3 for Tucana to a subset of isolated, simulated dwarf galaxies from
the publicly available core suite of FIRE-2 simulations [321]. The simulated galaxies

3FIRE-2 dwarf galaxies are known to struggle with producing mean metallicities that are lower
than many observed dwarf galaxies. This tension also exists between Tucana and the comparison
simulations. Since we are only interested in metrics of relative metallicity across the galaxy, we do
not include mean metallicity comparisons in our discussion. Efforts to resolve agreement in mean
metallicities are well underway e.g., [103].
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have evolved in isolation, and are dispersion-supported systems, which make them
good matches to Tucana for this comparison.

Figure 4.12 compares metallicity gradients from FIRE-2 to our Tucana mea-
surement. In all three panels we provide the circularly averaged 2D gradient and
dispersion measured over 100 random projections for each simulated galaxy. The
error bars on the simulations represent the maximum and minimum values. The
simulated dwarf galaxies do not display a strong correlation with gradient as a func-
tion of stellar mass, and the addition of our Tucana measurement, a single galaxy,
does not provide new insight into this trend. The absence of a trend between stellar
mass and metallicity has been seen in early empirical results [295] as well as in other
simulations (e.g., [243], [271]).

The center panel compares the Tucana gradient measurement to simulated gra-
dients as a function of median stellar age, t50 [217]. In the FIRE-2 simulations, these
two parameters are strongly correlated, where galaxies with older stellar populations
have stronger gradients. This relationship was first pointed out by [214] using a
similar sample of FIRE-2 simulated dwarf galaxies not included in the public data
release. Because star formation tends to flatten pre-existing radial trends, metallicity
gradients are best preserved in the oldest galaxies that stopped forming stars early
on. We include the trend that they report in this panel as the orange dashed line, and
find that the simulations we use are in good agreement with their study. The T20
gradient for Tucana (−0.13± 0.07 dex R−1

e ) is too shallow to be in agreement with
this relationship, whereas our measurement for Tucana’s gradient affirms it well.

Our well-sampled MDFs also enable measurements of metallicity dispersion as
a function of radial extent. In the right panel we make comparisons between our
measurements and those from the FIRE-2 simulations. Our results are comparable
to those of the simulations, where the gradients within the inner Re of a galaxy and
the gradient within the adjacent bin are comparable.

In FIRE-2 simulated dwarf galaxies, metallicity gradients are formed primarily
through feedback from successive episodes of star formation, which add energy to
the orbits of older (i.e., more MP stars) and drive outward radial migration over the
course of a galaxy’s lifetime [e.g., 16]. Metallicity gradient measurements made from
a complete sample of stars further down the LF of isolated LG dwarf galaxies can
better determine whether this prediction bears out in the dwarf galaxy population
more generally, and not just in the case of Tucana.

Radial metallicity dispersion trends have not been previously well-quantified in
a dwarf galaxy due to limited sample sizes observed. Similarly, radial dispersion
trends have also not been examined in simulations prior to this work. Given that
not all simulations agree that feedback drives gradient formation (e.g., [193], [251],
[123], [222]), metallicity dispersions are another metric that may be useful for under-
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standing the interplay of different processes that drive or wash out dwarf metallicity
gradients. Our results for Tucana reveal the promise of CaHK narrowband imaging
for enabling the exploration of radial metallicity dispersion trends in dwarf galax-
ies across the LG, and we recommend further exploration of this metric as part of
developing the picture of observational imprints from different processes that drive
spatial trends within a dwarf galaxy.

Metallicity Gradients as Probes of Cored DM Profiles
The “too big to fail” (TBTF) problem [36] describes the overdensity of DM halos
in simulated dwarf galaxies, compared to the actual observed central DM density
of dwarf galaxies based on velocity measurements. Efforts to reconcile theory to
observation has invoked the chaotic effects of baryonic processes, particularly whether
the energetics of SNe can sufficiently reduce the central DM density of halos to form
cores, though the extent to which this is possible remains a point of controversy
([104], [190]).

The most direct probe of central DM density are stellar velocity measurements,
and in the case of Tucana, the central density of its DM halo has been a subject
of controversy within spectroscopic studies: it is either an exception to the TBTF
problem compared to its other LG analogs because it has a dense central DM halo
[115], or its properties are consistent with the properties of LG dwarfs [296]. These
studies have been limited by sample size because of limited ability for spectroscopy
to reach an adequate number of stars to construct a high-confidence, detailed profile.

Given the current limitations of spectroscopic studies in this arena, it is important
to make predictions for ancillary observations that could weigh in on this theoretical
picture. Thus, an important contribution of [16] is proposing that age and metallic-
ity gradients are also an observational consequence of cored DM halo formation from
SNe feedback. Age gradients have historically been difficult to detect in Tucana due
to degenerate effects in age and metallicity particularly for old stellar populations
([128]), and evidence of a metallicity gradient was detected using the different con-
centrations of HB stars of different metallicity and age, but it was not well-quantified
([121], [264]).

As established previously, we robustly detect a metallicity gradient in Tucana.
The gradient is consistent with predictions from the FIRE simulations, which produce
both gradients and dark matter cores through the same baryonic processes. With the
advent of high-confidence dwarf metallicity gradients measured using CaHK imaging,
we propose additional theoretical exploration into the utility of metallicity gradients
as an indirect probe for the underlying kinematics of dwarf galaxy DM halos. Any
such theory will also need to account for the interpretation of metallicity gradients
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and different kinematic properties of MP and MR components that are being robustly
detected in nearby MW satellites ([235], [302]).

The MDF of Tucana in Context
Tucana’s isolated, quenched status makes it an outlier compared to its field, star-
forming analogs, as well as its satellite, quenched analogs. Its contested status as a
backsplash galaxy ([298], [259]), as opposed to galaxy that has truly evolved in the
field away from the influence of more massive hosts, also complicates its interpreta-
tion. Here, we compare the broad features of its MDF to those of other LG dwarf
galaxies to determine potential insights offered.

First, we compare the MDF of Tucana to the MDFs of MW dSphs that are
close to mass analogs of Tucana. We reference the detailed MDFs measured by [166].
Whereas the MDF of Tucana does not deviate strongly from Gaussianity, the MDF of
Draco demonstrates a long MP tail. The MDF of Ursa Minor is closer to symmetrical,
though it has a slightly stronger MR tail. Although their SFHs are comparable to
Tucana’s in duration and age, the mean metallicity of these galaxies are lower than
Tucana’s by ∼ 0.4 dex, suggesting that they experienced slower chemical enrichment
over the course of their lifetimes compared to their isolated counterpart. This may be
related to different mechanisms driving the depletion of gas in these dwarf galaxies:
while Draco and UMi could have had their gas stripped by the proto-MW, Tucana
may have consumed gas largely through star formation, resulting in a higher overall
metallicity for its stellar population.

Second, we compare the MDF of Tucana to the MDFs of other isolated dwarf
galaxies on the periphery of the LG. These galaxies are all currently forming stars.
[163] presents spectroscopic metallicities of Leo A, Aquarius, and the SagDIR, all
of which have stellar masses comparable to Tucana, but are currently star-forming.
The resulting MDFs of 113, 23, and 43 stars respectively appear qualitatively similar
to that of Tucana’s, in that they do not display skewness. Tucana also has a mean
metallicity comparable to that of Leo A and Aquarius to within ∼ 0.1 dex, and is
more MR than SagDIG by 0.3 dex.

The similar metallicity properties between Tucana and some of its star-forming
analogs is interesting to consider further. Taken at face value, the implication is
that field dwarf galaxies of different morphological properties end up at comparable
metallicities, whether they arrived there 10 Gyr ago after 3-4 Gyr of star formation
(e.g. Tucana; [217]) in isolation, or whether they have been slowly forming stars
throughout cosmic time and recently accelerated the process within the last 3 Gyr
(e.g. Leo A; [61]). This comparison implies that there are enrichment processes op-



CHAPTER 4. STELLAR METALLICITIES AND GRADIENTS IN THE
ISOLATED, QUENCHED LOW-MASS GALAXY TUCANA 141

erating on different timescales that can produce degenerate observational signatures
in [Fe/H].

Articulated in a different way, the evolutionary pathways of star-forming isolated
galaxies in the near-present is presumably different from the evolutionary pathways
of isolated galaxies quenched in the distant past. In this framing, the interpretation
of Tucana as a splashback galaxy that was previously bound to M33 (e.g., [298],
[259]) can rule out evolutionary narratives contingent upon isolation, but it alone
would not be able to provide a full detailed account of Tucana’s chemical enrichment
in comparison to its LG stellar mass analogs. Addressing these questions would also
have implication for our detailed understanding of the physics setting the present-day
mass-metallicity relation for dwarf galaxies, which generally holds across a range of
morphological types [166].

Interpretation of the Split RGB
In this section, we discuss possible evolutionary histories of Tucana implied by ob-
servations of its split RGB. We show in §4.5 that the bifurcation is driven in large
part by metallicity differences between the two respective populations. Additionally,
stars belonging to the metal-poor, blue branch are more spatially extended than stars
in the red branch (Figure 4.10), affirming our measurement of a significant global
gradient in Tucana. Given that chemodynamical populations have been found in
other dwarf galaxies (e.g. [235], [302]), we compute velocity and velocity dispersions
for stars in the respective bifurcations, using data from T20. We find no kinematic
difference between these populations, although this calculation is likely limited due
to small number of stars with velocities in Tucana.

We note that the MDF of the blue RGB (Figure 4.9) has comparable mean
metallicity and dispersion to the MDFs of the MW satellites. That is, removal of
the red RGB from Tucana would produce a stellar population whose global MDF
properties more closely resemble Ursa Minor or Draco. As the ratio of blue and red
RGB stars are roughly order unity in our sample, we proceed assuming that their
populations are roughly 105 M⊙ each in stellar mass.

We consider how these features could have formed in-situ in Tucana. The SFH
of Tucana from [264] uses HB stars to resolve effectively two major star-forming
episodes that are spaced roughly 1-2 Gyr apart. Following this finding, we consider
the possibility that each respective bifurcation corresponds to one SF episode, with
the blue, MP RGB corresponding to the earlier episode, and the red, MR RGB
corresponding to the more recent episode. The first round of SF produces a more
metal-poor MDF resembling those of MW satellites. During the quiescent period,
the ISM is enriched further by a number of SNe, including Type Ia, so that the
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second episode of SF proceeds from a more MR ISM and results in the MDF traced
out by the red RGB. Qualitatively, this picture would also be consistent with the
formation of feedback-driven metallicity gradients in dwarf galaxies, where older,
MP stars are more spatially extended than younger, MR stars. Chemical evolution
modeling that treats each component separately should ascertain the feasibility of
this scenario and possibly characterize the physics driving star formation at different
epochs of Tucana’s lifetime.

We next consider the possibility that these two RGB branches are the result
of the merging of two distinct populations. Simulation literature is not conclusive
about the ubiquity of low-mass dwarf galaxy mergers, with some studies suggest-
ing that dwarf galaxy formation is characterized by numerous merger events (e.g.,
[28], [143]) and others strongly discouraging this scenario (e.g., [89]). Given this
ambiguity, we consider this possibility for narrative completeness. At a stellar mass
of roughly 105 M⊙, the blue RGB of Tucana could have the properties of a dwarf
galaxy consistent with the mass-metallicity relation. On the other hand, the red
RGB would be too metal-rich compared to expectations for a dwarf galaxy (i.e.,
from the mass-metallicity relation), and its large metallicity dispersion rules out the
possibility that it is a metal-rich star cluster. Thus, a theoretical stellar population
represented by the red RGB would be an outlier in the current observational and
theoretical landscape of galaxy formation. On the other hand, the blue RGB has a
steeper metallicity gradient than UMi ([295], using [235] spectroscopic data subtend-
ing ∼ 2.5 Re of the dwarf), so the blue RGB is not a perfect analog to known dSphs.
The sum of this evidence suggests that it is unlikely Tucana’s bifurcated RGB is the
product of low-mass galaxy mergers.

More broadly, we situate the split RGB feature within the broader landscape of
known dwarf galaxy stellar populations. The split RGB feature is itself rare, and to-
date other galaxies that display this feature are the Sextans dwarf spheroidal [25] and
the And II dwarf galaxy ([208], [282]). On the other hand, morphologically distinct
features that trace out separate stellar populations are common in LG dwarf galaxies,
even if they don’t manifest in the RGB. For example, the Carina dSph, with multiple
discrete bursts of SFH and corresponding MSTO sequences, does not display a split in
its RGB [70]. Why some galaxies have split RGBs while others, with extended SFHs,
metallicity dispersions, and other distinct morphological features in their CMDs, do
not, is still an outstanding question. While we’ve demonstrated with Tucana that
the level of observed separation is driven in large part by metallicity differences of
∼ 0.7 dex between the two populations, it’s possible that a combination of higher-
order effects such as age and α may influence the prevalence of split RGBs more
broadly. These effects are not yet well-understood and require additional studies.
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4.7 Conclusion
In this paper, we present the MDF of the isolated quenched dwarf galaxy Tucana
measured using HST CaHK narrow-band imaging. In a single HST pointing, we
are able to measure metallicities for stars brighter than 25 mag in F475W within
∼ 2.5 Re of Tucana, to a higher level of completeness than has been previously
possible via spectroscopic surveys. From this dataset with vastly improved sampling
both along the luminosity function of the galaxy as well as its spatial extent, we
present the key conclusions for Tucana:

• From a sample of 374 stars, we measure ⟨[Fe/H]⟩ = −1.55+0.04
−0.04 and σ[Fe/H] =

0.54+0.04
−0.04. Additionally, we quantify higher-order moments in the MDF such

as skew and kurtosis, and find that the MDF of Tucana does not deviate
significantly from a Gaussian.

• Across the ∼ 2.5 Re subtended by our imaging, we measure ∇[Fe/H] = −0.54±
0.07 dex R−1

e . In circular units, we detect ∇[Fe/H] = −0.57±0.1 dex arcmin−1,
which corresponds to ∇[Fe/H] = −2.1 ± 0.3 dex kpc−1 in units of physical
distance.

• We characterize the metallicity features of stars along the respective bifur-
cations of Tucana’s RGB. The blue RGB has ⟨[Fe/H]⟩ = −1.78+0.07

−0.06 and
σ[Fe/H] = 0.44+0.07

−0.06, whereas the red RGB has ⟨[Fe/H]⟩ = −1.08+0.06
−0.06 and

σ[Fe/H] = 0.42+0.06
−0.06. Stars in the more MP blue RGB are also more spatially

diffuse than stars in the red RGB, consistent with our metallicity gradient fit
to the global sample. For the blue and red RGB stars respectively, we mea-
sure ∇[Fe/H] = −0.62 ± 0.11 dex R−1

e and ∇[Fe/H] = −0.42 ± 0.14 dex R−1
e

respectively.

• We compare our gradient measurement of Tucana to simulated gradients of
isolated dwarf galaxies from the FIRE-2 suite, and find that our measurement
affirms the gradient strength-median stellar age law as found by [214]. As
the same feedback mechanisms driving gradients are also expected to form
cored dark matter halo profiles that might alleviate small-scale tensions with
ΛCDM ([16], [43]), we recommend additional studies investigating possible
relationships between metallicity gradient strength and host halo properties.

• Compared to the MDF of MW dSphs Ursa Minor and Draco, most similar
in mass and SFH to Tucana, the MDF of Tucana is more MR on average by
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∼ 0.4 dex and more consistent with Gaussianity, implying that MW satellite
dwarfs may have enriched more slowly than field dwarfs throughout a similar
period of SF. On the other hand, removal of the red RGB component in Tucana
would result in an MDF more consistent with those of MW satellites.

• We compare the MDF of Tucana to MDF of other star-forming, LG dwarf
galaxies of similar mass [163] and find qualitatively similar results, suggesting
that the physics driving different evolutionary pathways of field dwarf galaxies
across morphological type can produce degenerate [Fe/H] signatures observed
in the present-day.

• Chemical evolution modeling of the MDF of Tucana will be essential for obtain-
ing a full detailed picture of the physics driving Tucana’s observed properties.
Constraints on SNe energetics governing Tucana’s chemical evolution may also
inform whether such processes can give rise to the observed metallicity gra-
dient. Modeling efforts will also have to account for the split RGB and the
attendant metallicity properties of each bifurcation. These efforts will have
strong scientific synergy with forthcoming chemical abundance measurements,
particularly [α/Fe], from JWST GO-3788 (PI: Weisz), as well as future efforts
to push stellar spectroscopy to further depths within the Local Group and
beyond [255].

More broadly, our work affirms the power of CaHK narrow-band imaging to
measure stellar metallicities, and recover spatially resolved stellar MDFs of distant
galaxies at a higher efficiency compared to what has been previously done. This
technique will continue to be highly complimentary with science capacities from the
newly-launched JWST for mapping the detailed chemistry of distant dwarf galaxies
of high scientific value. Homogeneous metallicity and chemical abundance measure-
ments and attendant chemical evolution studies of LG dwarf galaxies will be essential
for fleshing out the full explanatory picture of the observed diversity of dwarf galaxies
across mass, morphological type, and environment. Their application to interpreting
observations of distant dwarf galaxies will realize the promise and power of near-field
cosmological studies for providing detailed insight into the evolution of dwarf galaxies
across cosmic time (e.g., [38]).
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4.8 Impact of α Assumptions on MDF
Measurement

In this section, we present MDF measurements of Tucana from assuming different
levels of [α/Fe] across all of its stars. Figure 4.13 presents the results of MDF infer-
ence against different [α/Fe] relationships, and Table 4.3 tabulates the corresponding
MDF summary statistics. The upper row is our fiducial assumption, while the middle
and bottom rows shift the location of the ankle and knee by 0.5 dex backwards and
forwards respectively. The change in mean metallicity and metallicity dispersions
are attributed to the recovery of MR stars that determine the strength of the MR
tails: a MP knee results in the recovery of more MR stars, while a MR knee results
in the recovery of fewer MR stars. In any case, the corresponding mean metallic-
ity and metallicity dispersions are still within 2σ agreement with the values of the
MDF measured from the fiducial [α/Fe] assumption. The skew and kurtosis are also
altered between different assumptions, but remain consistent with one another to
2σ. We find that different assumptions for the [α/Fe] vs. [Fe/H] relationship do not
fundamentally change the conclusions presented in this paper.

Table 4.3: Tucana MDF Assuming Different [α/Fe] vs. [Fe/H] Relationships

Feature Parameter Value

Fiducial

⟨[Fe/H]⟩ −1.55+0.04
−0.04

σ[Fe/H] 0.54+0.03
−0.03

Skew −0.16+0.11
−0.11

Kurtosis −0.02+0.28
−0.21

[α/Fe] knee, ankle = −2.5, −1.5

⟨[Fe/H]⟩ −1.46+0.04
−0.04

σ[Fe/H] 0.61+0.04
−0.04

Skew 0.0+0.1
−0.1

Kurtosis −0.1+0.2
−0.2

[α/Fe] knee, ankle = −1.5, −0.5

⟨[Fe/H]⟩ −1.59+0.03
−0.03

σ[Fe/H] 0.47+0.03
−0.03

Skew −0.2+0.1
−0.1

Kurtosis 0.1+0.3
−0.3

Note. Summary of metallicity properties of Tucana’s MDF, assuming different [α/Fe]
to [Fe/H] relations.
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Figure 4.13: Impact of varying the [α/Fe] assumption on the recovered MDF of Tu-
cana. The top row presents our fiducial assumption, while the middle and bottom
rows present the recovered mean metallicity and dispersion by assuming a relation
that shifts the ankle and knee by 0.5 dex backwards and forwards respectively. Ad-
ditional summary statistics are presented in Table 4.3. The different α do not change
the major conclusions of this work.
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4.9 Metallicity Gradient Measurements
Metallicity Gradient Corner Plots
Figure 4.14 presents the corner plot corresponding to the metallicity gradient value
reported in the main body of this paper. The figure shows correlations between the
intercept, gradient, and a fractional uncertainty underestimation value inferred by
the gradient measurement procedure outlined in §4.5.

Metallicity Gradient Using Circular Arcmin
We provide fits to the metallicity gradient in units of on-sky distance, or arcmin,
from the center of Tucana, following the method outlined in §4.5. By nature of this
metric, this gradient fit necessarily assumes circular distance. Figure 4.15 shows
the resulting gradient fit against the data, and Figure 4.16 shows the corresponding
corner plots. The fit that we find in this case is comparable to the fit using elliptical
half-light radii.

Metallicity Gradient Corner Plots for Split RGB
Components
In Figure 4.17 and 4.18, we present the correlation plots corresponding to the metal-
licity gradient fits to Tucana’s split RGB components.

4.10 Table of Metallicity Measurements
In this section, we present the tables of individual stellar metallicity measurements.
Table 4.4 presents measurements for all the stars in our sample, Table 4.5 presents
the EMP star candidates identified in this work, and Table 4.6 presents the MR stars
in Tucana.
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Figure 4.14: Corner plot of metallicity gradient fit using elliptical Re.
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Figure 4.15: Result of fitting line to our Tucana data as a function of circular arcmin
from the center. The gradient from this method is comparable to the gradient from
fitting as a function of elliptical half-light radius.
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Figure 4.16: Corner plot of metallicity gradient fit using distance from the center of
Tucana in circular arcmin.
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Figure 4.17: Corner plot of metallicity gradient fit to Tucana’s blue RGB, using
elliptical Re distance from the center of Tucana.
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Figure 4.18: Corner plot of metallicity gradient fit to Tucana’s red RGB, using
elliptical Re distance from the center of Tucana.
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Chapter 5

Stellar Metallicities and Gradients
in the Faint M31 Satellites
Andromeda XVI and
Andromeda XXVIII

5.1 Overview
We present ∼ 300 stellar metallicity measurements in two faint M31 dwarf galax-
ies, Andromeda XVI (MV = −7.5) and Andromeda XXVIII (MV = −8.8) derived
using metallicity-sensitive Calcium H & K narrow-band Hubble Space Telescope
imaging. These are the first individual stellar metallicities in And XVI (95 stars).
Our And XXVIII sample (191 stars) is a factor of ∼ 15 increase over literature
metallicities. For And XVI, we measure ⟨[Fe/H]⟩ = −2.17+0.05

−0.05, σ[Fe/H] = 0.33+0.07
−0.07,

and ∇[Fe/H] = −0.23 ± 0.15 dex R−1
e . We find that And XVI is more metal-rich

than MW UFDs of similar luminosity, which may be a result of its unusually ex-
tended star formation history. For And XXVIII, we measure ⟨[Fe/H]⟩ = −1.95+0.04

−0.04,
σ[Fe/H] = 0.34+0.05

−0.05, and ∇[Fe/H] = −0.46 ± 0.10 dex R−1
e , placing it on the dwarf

galaxy mass-metallicity relation. Neither galaxy has a metallicity distribution func-
tion with an abrupt metal-rich truncation, suggesting that star formation fell off
gradually. The stellar metallicity gradient measurements are among the first for faint
(L ≲ 106 L⊙) galaxies outside the Milky Way halo. Both galaxies’ gradients are con-
sistent with predictions from the FIRE simulations, where an age-gradient strength
relationship is the observational consequence of stellar feedback that produces dark
matter cores. We include a catalog for community spectroscopic follow-up, including
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19 extremely metal poor ([Fe/H] < −3.0) star candidates, which make up 7% of
And XVI’s MDF and 6% of And XXVIII’s.

This chapter has been adapted from Fu, Weisz et al. (2024), which was published in
the Astrophysical Journal. This chapter was coauthored by the following individuals,
and is included in this dissertation with their permission: Daniel R. Weisz, Else
Starkenburg, Nicolas Martin, Michelle L. M. Collins, Alessandro Savino, Michael
Boylan-Kolchin, Patrick Côté, Andrew E. Dolphin, Mario L. Mateo, Francisco J.
Mercado, Jenna Samuel, Nathan R. Sandford, Evan D. Skillman.

5.2 Introduction
Studies of satellite galaxies around the next-nearest spiral galaxy, M31, have pro-
ceeded alongside studies of Milky Way (MW) satellite galaxies over the last two
decades. The story of M31 satellite discovery is familiar: just as advances in photo-
metric surveys have unearthed many more MW satellites (e.g., [26], [23], [82], [170],
[134]), deep and comprehensive photometric surveys have similarly built an abundant
census of faint satellites around M31 (e.g., [206], [211], [197], [73]).

Emerging studies of these satellites indicate that their properties are not entirely
similar to those of MW dwarf galaxies ([207], [39], [64], [266], [74]). Most notably
in the ultra-faint regime (< 105 L⊙), their SFHs tend to be more extended than
MW ultra-faint dwarf galaxies (UFDs), suggesting that the low-mass galaxies are
not uniformly affected by reionization (e.g., [318], [218], [266]). The distinct SFHs of
M31 satellites suggest that they experienced different chemical enrichment histories
than MW UFDs. The evidence of this difference should be reflected in their stellar
abundance patterns (e.g., distributions in [Fe/H], [α/Fe]), which encode informa-
tion the baryonic processes (e.g., the balance of inflows vs outflows) that shaped a
galaxy’s evolution (e.g., [8], [315], [258]). Unfortunately, the large distance of the
M31 satellites means that only the brightest have ample robust stellar abundances
measured from spectroscopy ([132], [306], [169]). In fainter M31 satellites, only a
handful of individual stars are bright enough for ground-based measurements [164].

Photometric metallicity measurement techniques enable recovery of stellar metal-
licities for fainter stars lower down a galaxy’s luminosity function by imaging in filters
specifically designed to trace strong, metallicity-sensitive features in stellar spectra.
They are an important complement to ongoing spectroscopic efforts to study the
M31 dwarf population in great detail. This is a well-established technique that has
been utilized for decades of MW studies, including to the present (e.g., [293], [24],
[291], [57], [200]). From space, our team has already applied this imaging technique
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using HST/WFC3 imaging in the narrow-band F395N filter, targeting the Ca H&K
lines, to great success for Milky Way UFDs ([96, 97]), and to a distant isolated dwarf
galaxy on the outskirts of the Local Group (Tucana; [99]). The singular and singu-
larly important contribution HST has made to the field of resolved stellar metallicity
measurements is enabling measurements for stars 1-2 magnitudes fainter than cur-
rently reachable by any ground-based spectroscopic or imaging facility to-date.

In this paper, we present results from an HST program to apply the narrow-
band CaHK photometric imaging technique to two of M31’s UFD satellite galaxies:
Andromeda XVI (And XVI) and Andromeda XXVIII (And XXVIII).

And XVI is a rare system among the ∼ 100 cataloged low-mass galaxies in the
Local Group [138]. Its stellar mass (MV = −7.5, M⋆ ∼ 105M⊙) places it among the
brightest “ultra-faint” dwarf galaxies (UFDs) known in the LG [277]. At 280 kpc
from M31 [265], And XVI lies beyond the spiral’s virial radius. While the vast
majority of UFDs are characterized by metal-poor, ancient stellar populations that
are associated with formation at times during or prior to reionization, deep HST
imaging revealed that And XVI only had a low-level of star formation at the earliest
times, and instead experienced, extended star formation that lasted until ∼ 6 Gyr ago
(z ≲ 1; [318], [218], [282]). And XVI’s prolonged SFH provided a new link between
the faintest UFDs that appear to be quenched by reionization and more massive
“classical” dwarfs whose growth appears unaffected by reionization. Detailed stellar
MDFs are a crucial component of characterizing the physics driving these remarkable
properties, but prior to this work, there have been no resolved stellar metallicity
measurements in And XVI: Keck/DEIMOS spectroscopy was only able to obtain
mean metallicity measurements ⟨[Fe/H]⟩ = −2.1± 0.2,−1.9± 0.2, and −2.0± 0.1 by
stacking low-S/N stellar spectra ([179], [62], [63]).

And XXVIII (M⋆ ∼ 105.5 M⊙) is a faint galaxy located ∼ 370 kpc from the cen-
ter of M31 [283, 265]. More massive than And XVI, its SFH is also more strongly
weighted to old ages: the majority of its stars formed 12 Gyr ago, with a small remain-
ing fraction forming as recently as 8 Gyr ago; these SFH properties are comparable to
that of the Ursa Minor and Draco dSphs [282]. Using Keck/DEIMOS spectroscopy,
[284] measured Calcium triplet metallicities for thirteen stars in And XXVIII, finding
⟨[Fe/H]⟩ = −1.84 ± 0.15 dex and σ[Fe/H] = 0.65 ± 0.15 dex. While these measure-
ments are illustrative for tracing out broad properties of its MDF, they are not
well-sampled enough to fully trace out its shape and define the tails.

Studying just these two galaxies can offer insight on star-forming physics in dwarf
galaxies of different mass and over different timescales in an environment that is not
the MW halo. Robust stellar metallicities are a critical missing piece to this emerg-
ing picture. The properties of And XXVIII and And XVI formed the basis for an
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Figure 5.1: Illustrating the coverage of our HST imaging. The black dots are de-
tected sources from the archival ACS archival image for each galaxy from which
we measure broadband F475W and F814W photometry. The blue squares are the
WFC3/F395N FoV. Each galaxy’s elliptical half-light contours are plotted in red,
corresponding to 1, 2, and 3 half-light elliptical radii.

approved pilot HST program leveraging Ca H&K imaging on WFC3/UVIS to mea-
sure their stellar MDFs. In this paper, we present the first extensive set of resolved
stellar metallicities in And XVI and And XXVIII. We present our observations in
§5.3, our metallicity inference method in §5.4, and our results in §5.5. We discuss
the implications of our results in §5.6, and conclude with forward-facing remarks in
§5.7.

5.3 Observations & Data Reduction
We acquired new F395N imaging using HST WFC3/UVIS for And XVI and And XXVIII
as part of HST-GO-16686 (PI: Weisz). Our aim was to measure metallicities for
∼ 100 red giant stars in each system. Accordingly, the nominal target depth of this
program aimed to collect sufficiently high SNR (≳ 10) F395N imaging to the approx-
imately the depth of the HB (MF475W ∼ +0.5). This depth goal is slightly brighter
in the more luminous systems, as reaching the HB was not necessary to acquire at
least 100 stars.
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Table 5.1: Dwarf Galaxy Characteristics

Parameter And XVI And XVI Reference And XXVIII And XXVIII Reference

R.A. (deg.) 14.8762500 [198] 338.1716667 [283]
decl. (deg.) 32.3761111 ” 31.2161667 ”
Ellipticity 0.29 ± 0.08 ” 0.34 ± 0.13 ”
P.A. (deg.) 99 ± 9 ” 39 ± 16 ”
rh (arcmin) 1.0 ± 0.1 ” 1.11 ± 0.21 ”
E(B − V ) 0.0568 [267] 0.0758 [267]

(m − M)0 (mag) 23.57 ± 0.08 [265] 24.36 ± 0.05 [265]
MV (mag) −7.5 ± 0.03 ” −8.8

+0.4
−1.0

”
Luminosity (log10 L⊙) 4.9 ” 5.5 ”
M⋆ (log10 M⊙) 5.2 ” 5.8 ”
D⊙ (kpc) 517 ± 19 ” 745 ± 17 ”
DM31 (kpc) 280

+26
−27

” 368.8
+7.8
−7.3

”

rh in WFC3 FOV 2.7 This work 2.43 This work
F475W exp. time (s) 17194 [282] 26360 [282]
F814W exp. time (s) 13622 ” 20880 ”
F395N exp. time (s) 30154 This work 24869 This work
F395N obs. dates Jan. 9–15, 2023 ” Nov. 21–23, 2022 ”

Note. Observational characteristics of And XVI and And XXVIII. F395N data are taken
for this work from HST GO-16686 (PI: Weisz). Archival broadband data are from the
ISLAndS program [282]: GO-13028 (PI: Skillman) for And XVI ([318]; [218]; [282]), and
GO-13739 (PI: Skillman) for And XXVIII.

Imaging was acquired between November 21, 2022 and January 15, 2023. We
summarize our observations in Table 5.1. We also targeted And XV, but the obser-
vations, and the repeat observations, failed due to issues with guide star acquisition.

We centered our UVIS fields on existing HST/ACS broadband F475W and F814W
imaging from the ISLAnds program [282]. We used sub-pixel dithers to sample the
point spread function, improve cosmic ray rejection, etc. and used the post-flash level
(FLASH= 20) advised by STScI to mitigate CTE effects. We observed And XI for 11
orbits and And XXVIII for 9 orbits. Visits for both sets of observations consisted
of 1-2 orbits. Long integrations were used in order to increase the S/N for bright
stars in order to aid with astrometric alignment of the images. More observational
details can be found in our public Phase II file. Figure 5.1 shows the WFC3 footprint
overlaid on the ACS image of each galaxy, overplotted with elliptical contours at 1,
2, and 3 half-light radii.

We performed point spread function (PSF) photometry simultaneously on all
F395N, F475W, and F814W HST images of And XVI and And XXVIII using DOLPHOT
([78], [76]). DOLPHOT is a crowded field stellar photometry package that is widely
used to analyze resolved star observations of nearby galaxies and star clusters. We
followed the DOLPHOT reduction procedure that our team has applied to HST Ca
H&K studies of other nearby galaxies ([96, 97, 99]).

Following [97], we culled the raw DOLPHOT output in order to select high quality
stars. We created a noise model for our data using ∼ 500, 000 artificial star tests
(ASTs). The ASTs were distributed across the red giant branch (RGB) in F395N,
F475W, and F814W, following the method described in [99].
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The left column of Figure 5.2 shows the broadband F475W − F814W CMDs
of And XVI (top) and And XXVIII (bottom), zoomed-in on their RGBs. We use
the kinematic catalogs of each dwarf used in [62, 64, 63], to remove 2 radial veloc-
ity interlopers in And XXVIII and 4 interlopers in And XVI for stars as faint as
F475W ∼ 24; these stars are represented in the figure as cyan circles. We color-code
the RGB stars used in this analysis by their F395N signal-to-noise. The F395N data
reached the anticipated depth (i.e., approximately the HB) in both cases. Following
[97], we only measure metallicities for stars with SNRF395N ≥ 10. After measuring
metallicities, we remove additional obvious interlopers by hand; namely, stars whose
metallicities are inconsistent with their color on the CMD (e.g., metal-rich stars on
the blue end of the RGB). This resulted in the removal of an additional 3 stars in
And XXVIII and 4 stars in And XVI. These vetting results are within the range of
predicted MW foreground contamination from the TRILEGAL model [304], which
we expect to have a minimal contribution to the MDFs due to the small FoV of HST
[97].

In total, our sample includes 191 stars in And XXVIII and 95 stars in And XVI.

5.4 Metallicity Property Determination
Individual Stellar Metallicities
We measure stellar metallicities following the procedures laid out in [97], with adap-
tations adopted in [99] for the case of dwarf galaxies with extended SFHs. Here, we
briefly summarize this technique.

We construct a set of basis functions from the MESA Stellar Isochrones and
Tracks (MIST) stellar evolution models [58, 79] over a range of metallicities (−4 ≤[Fe/H]≤
0) for a 13 Gyr stellar population. These models are the forthcoming v2 models which
are scaled to the [116] solar abundances, and include variations in [α/Fe]. Because
the RGB is only weakly sensitive to age, the exact age adopted does not affect Ca
H&K metallicity measurements. The basis functions are projected into the standard
Ca H&K color-color space, as shown in the middle panels of Figure 5.2. The color-
space is pixelated (i.e., similar to a Hess diagram used in fitting CMDs). We adopt
bins that are 0.025 in size in both color indices. Each basis function is then convolved
with the noise model determined from the ASTs. We compare the location of each
observed star in Ca H&K color-color space to each basis function, using a Poisson
likelihood function and flat priors in [Fe/H].

We follow [99] to account for the effects of varying α-elements. Specifically, for
[Fe/H]< −2.0, we only use basis functions with [α/Fe]= +0.4 and for [Fe/H]> −1.0
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Figure 5.2: Presenting the CMD, CaHK color data, and resulting MDF for And XVI
(top row) and And XXVIII (bottom row). Left column: Broadband CMD of
each galaxy, centered on its RGB, with stars analyzed color-coded by their F935N
S/N. Stars in cyan circles are velocity interlopers determined using the datasets of
[62, 64, 63]. Center column: The position of analyzed stars in the Pristine-like
color-color space, color-coded by their inferred metallicities. Mono-metallic CaHK
tracks, convolved by the AST error profile of a star of median luminosity in each
galaxy’s sample, are overplotted to guide the eye. Since stars of different luminosity
have different AST error profiles, the CaHK model tracks used to infer the metallicity
of each star may be different from the ones presented here. Some of these metallicities
are inferred upper limits due to either falling at the edge of the model grid for bright
stars, or being low S/N for fainter stars. Right column: The resulting MDF for each
galaxy. Solid histograms are well-constrained measurements, and empty histograms
are stars for which we can only derive an upper limit.
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we only use basis functions with [α/Fe]= +0.0. Finally, for the range −2.0 ≤[Fe/H]≤
−1.0, we use basis functions with [α/Fe]= +0.2. This criteria approximates the
plateau, knee, and knee-to-ankle transitions known to exist in the [α/Fe] vs [Fe/H]
diagrams of Milky Way satellites (e.g., [301]). As demonstrated in [96], the choice
of [α/Fe] introduces a shift in metallicity measurements. For example, adopting
[α/Fe]= +0.4 instead of [α/Fe]= +0.0 causes the measured metallicity to be ∼
0.2 dex more metal-rich. In the current analysis technique, we do not consider any
scatter in [α/Fe] at fixed [Fe/H]. In addition to random uncertainties on each star,
we adopt a 0.2 dex systematic uncertainty owing to uncertainties in [α/Fe] and the
impact of additional elements (e.g., [97]).

We evaluate the posterior distribution for each star using emcee [90]. We use 50
walkers with a burn-in time of 50 steps per star, and then sample of 104 steps to
fill out the posterior space. We assess convergence using the Gelman-Rubin statistic
([109]).

Following past work, for stars with probability distribution functions (PDFs) that
have clear peaks and are within the metallicity grid, we report the median of each
PDF as the metallicity of the star, and the 68% confidence interval for the statis-
tical uncertainty. The statistical uncertainty is set by spacing in the MIST CaHK
color tracks, and photometric uncertainty. We sum the statistical uncertainties in
quadrature with an additional 0.2 dex systematic uncertainty in RGB star metallic-
ities, as determined by [97]. The handful of extremely metal-poor (EMP) stars in
our sample (e.g., [Fe/H] ≤ −3.0), that have either well- or poorly-constrained PDFs
(i.e. severe truncation at the grid boundary), tend to have larger statistical uncer-
tainties owing to the closer spacing (i.e., decreased sensitivity) of Ca H&K tracks at
lower metallicity. However, a star with very high photometric S/N can have a well
constrained metallicity below [Fe/H] ≤ −3.0. For these stars, we increase the value
of the systematic uncertainty to 0.5 dex to reflect challenges in accurately modeling
metal-poor stars.

MDF Summary Statistics
We compute summary statistics (e.g., fit a Gaussian profile) for the MDFs of And XVI
and And XXVIII, and spatial subpopulations, following the methods described in
[99] and references therein. We compute the mean metallicity (⟨[Fe/H]⟩) and metal-
licity dispersion (σ[Fe/H]) of the MDF by using a two-parameter Gaussian likelihood
function. We assume a uniform prior on mean metallicity bounded by the most MP
and MR star in the MDF. We also require the metallicity dispersion to be greater
than zero. Similar to previous procedure, we adopt symmetric Gaussian uncertain-



CHAPTER 5. STELLAR METALLICITIES AND GRADIENTS IN THE FAINT
M31 SATELLITES ANDROMEDA XVI AND ANDROMEDA XXVIII 164

ties on individual measurements. We sample the posterior distribution using emcee
[90], initializing 50 walkers to run for 10,000 steps. The autocorrelation time is 50
steps, and we assess convergence using the GR statistic.

For higher-order statistics such as skew and kurtosis, we also assume symmetric
Gaussian uncertainties on individual metallicitiy measurements, and use them to
construct 10,000 realizations of the MDF. We measure the skew and kurtosis from
each realization. We report final skew and kurtosis measurements as the median of
the overall distribution, with lower and upper uncertainties set by the 16th and 84th
percentiles. We present our table of summary statistics in Table 5.2, and our table
of individual stellar metallicities in Table 5.4.

Measuring Metallicity Gradients
The spatial extent of our imaging enables us to characterize spatial metallicity trends
across each galaxy. Thus we also quantify the strength of the gradient as the slope
(∇[Fe/H]) obtained by fitting a line to individual stellar metallicities as a function
of elliptical Re from the center. Specifically, we follow the procedure outlined in
[133] and implemented in [99], which assumes Gaussian uncertainties on our mea-
surements. We also fit the intercept of the line ([Fe/H]0) and marginalize over an
additional parameter f that is the fractional underestimation of measurement un-
certainties. We assume uniform priors over the slope, intercept, and logarithmic
fractional uncertainty. We sample the distribution using emcee by running 32 walk-
ers for 10,000 steps. The burn-in time is about 50 steps. We assess convergence
using the GR statistic.

5.5 Results
We present the results of our MDF measurements. The center column of Figure 5.2
presents our sample in the color-color space defined by broadband color F475W −
F814W and the Pristine-like color index ([291]; F395N − F475W − 1.5(F475W −
F814W )). Table 5.2 summarizes our global metallicity measurements. We present
individual metallicities in Table 5.4, and candidate EMP stars in Table 5.6. In the
subsequent sub-sections, we discuss results for individual galaxies.

And XVI
The top row of Figure 5.2 shows the broadband CMD of our member stars (left),
their position on the CaHK color space with a representative set of AST-convolved
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Figure 5.3: (Left) Spatial distribution of stars in And XVI (top) and And XXVIII
(bottom), color-coded by their inferred metallicities. Also presented are each
galaxy’s half-light contours at 1, 2, and 3 Re, and a scale bar indicating physical
distance. (Right) Result of fitting a linear model to our data as a function of ellip-
tical half-light radius. Gray dots are individual data points in each galaxy, while red
dots are the mean metallicity in spatial bins of 0.5 Re for And XVI and 0.25 Re for
And XXVIII. We are able to robustly recover a metallicity gradient for And XXVIII.
We also tentatively detect a gradient in And XVI. These are among the few metallic-
ity gradients of M31 satellites more generally, and for And XVI, one of few gradients
detected in UFDs to-date.
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CaHK mono-metallic tracks (center), and the resulting MDF constructed from mea-
surements of 95 stars (right). The stars in our MDF span a range from −3.5 to −1,
with the majority of them between −2.5 and −1.5 (57 stars, 60%). Eleven (12%)
stars have metallicities above −1.5. Seven stars (7%) have metallicities below −3;
we designate these stars as EMP candidates. We measure an overall mean metallic-
ity of ⟨[Fe/H]⟩ = −2.17+0.05

−0.05, and quantify higher-order moments in the MDF. We
measure a metallicity dispersion of σ[Fe/H] = 0.33+0.07

−0.07. We also quantify the skew
and kurtosis, but do not find deviations from Gaussianity at a 2 σ significance. Vi-
sually, there appears to be a double peak in its MDF (e.g. Figure 5.2) at ∼ −2.5
and ∼ −1.7, though the peaks may become washed out by moving a handful of stars
within uncertainty into an adjacent bin.

To-date, mean metallicity determinations of And XVI are from co-addition of S/N
≳ 3 spectra in the Ca II triple line regime ([63], [179], using the [289] calibration),
which finds a mean metallicity of ⟨[Fe/H]⟩ = −2.0 ± 0.1. Our mean metallicity is
in good agreement with this coarser determination, and places And XVI within 1 σ
scatter of the dwarf galaxy mass-metallicity relation [166].

We measure the metallicity gradient in And XVI to 2 Re. In the top row of Figure
5.3, we show the on-sky spatial distribution of stars, color-coded by our measured
metallicity, and their distribution as a function of Re. We measure a gradient of
∇[Fe/H] = −0.23±0.15 dex R−1

e . We consider the implications of this measurement
as tentative evidence for a metallicity gradient and discuss its implications further
in Section 5.6.

And XXVIII
We present our sample and the resulting inferred MDF in the bottom row of Figure
5.2. The stellar metallicities span a range from as low as −4 to as metal-rich as
−0.5. We identify 12 (6%) stars below −3 that we flag as EMP candidates for
spectroscopic followup. Eight stars (4%) are more metal-rich than −1.0. The MDF
is peaked at ∼ −1.8, and majority of the stars (101; 53%) are between −2.0 and
−1.0. We measured a mean metallicity of ⟨[Fe/H]⟩ = −1.95+0.04

−0.04 and dispersion
σ[Fe/H] = 0.34+0.05

−0.05. We also find that the MDF of And XXVIII is skew-negative
above 3σ significance- this is reflected in the MDF, which shows a long MP tail.

Our results expand significantly on [284], who measured individual metallicities
for 13 And XXVIII stars using Gemini/GMOS spectroscopy. They measure stellar
metallicities using the [50] Calcium Triplet (CaT) calibration and from Gaussian
equivalent widths of the strongest two CaT lines. Their stars span a range similar
to ours: −3.0 and −0.5. Due to their sparse number sampling, the stars are evenly
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distributed across this range. From this dataset, they measured ⟨[Fe/H]⟩ = −1.84±
0.15, which is in good agreement with our mean metallicity measurement. Their
metallicity dispersion measurement of 0.65 ± 0.15 disagrees with our measurement
by 2σ. This discrepancy is in part due to the improved sampling of our MDF about
the mean. Spatial sampling also matters here, given the strong metallicity gradient
in And XXVIII: the broader spatial coverage of the [284] dataset gives MP stars
more weight in the MDF, therefore broadening the dispersion.

Of the 7 stars that we have in common with [284], our metallicities appear to
be more MR by ∼ 1 dex, but this disagreement is also within their uncertainties
(∼ 0.5− 1.0 dex). The formal level of agreement between our measurements is 1 σ.
As shown in Figure 6 of [99], our CaHK metallicities are generally in agreement with
CaT metallicities from the literature which themselves are derived from different
implementations of the CaT calibration.

We resolve a strong gradient for And XXVIII of ∇[Fe/H] = −0.46±0.10 dex R−1
e .

We present the spatial distribution of stars and their metallicity as a function of Re

in Figure 5.3. Here, the spatial concentration of metal-rich stars in comparison to
metal-poor stars is apparent even by eye. We attempted to formally measure the
scale radii of the metal-poor and metal-rich stars, but did not find a difference–
this is likely because our data do not span sufficient area across the galaxy. Our
measurement shows that there is a ∼ 0.9 dex difference in mean metallicity between
the population at the center of the galaxy and the population out at 2 Re, across
∼ 430 pc. We explore the implications of this gradient more in §5.6.

5.6 Discussion
MDFs: Context and Interpretation
Within the M31 satellite system, the most well-sampled stellar spectroscopic mea-
surements have mostly been made in the more massive satellites [306, 131, 169]. Due
to the difficulty of measuring metallicities for individual stars at the large distance
of M31 satellites, most metallicities to-date are measured by stacking low S/N stel-
lar spectra or using estimates from broadband photometry (e.g., [63], [196]). These
studies report mean metallicities from the result of spectral stacking and provide
little information on MDFs.

Of the few faint M31 dwarfs with individual star spectroscopic metalliciites [164],
in terms of stellar mass, And V (M⋆ = 105.8 M⊙, 81 stars out to 2.5 Re) is closest
to And XXVIII and And X (M⋆ = 105.1 M⊙, 21 stars out to 1.5 Re) is closest to
And XVI. The mean metallicities of the dwarf galaxies in each respective comparison
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Table 5.2: Metallicity Properties of And XVI and And XXVIII

Feature Parameter And XVI And XXVIII

Global MDF

N 95 191
⟨[Fe/H]⟩ −2.17+0.05

−0.05 −1.95+0.04
−0.04

σ[Fe/H] 0.33+0.07
−0.07 0.34+0.05

−0.05

Skew −0.14+0.25
−0.24 −0.59+0.17

−0.18

Kurtosis 0.21+0.53
−0.38 −0.76+0.10

−0.39

Metallicity gradient

Re extent 2 2
∇[Fe/H] (dex R−1

e ) −0.23± 0.15 −0.46± 0.10
∇[Fe/H] (dex arcmin−1) −0.27± 0.14 −0.30± 0.10
∇[Fe/H] (dex kpc−1) −1.8± 0.9 −1.39± 0.44

Inner Re

N 72 144
⟨[Fe/H]⟩ −2.15+0.07

−0.07 −1.86+0.04
−0.04

σ[Fe/H] 0.37+0.08
−0.08 0.33+0.06

−0.07

Skew −0.17+0.27
−0.26 −0.52+0.23

−0.24

Kurtosis 0.15+0.55
−0.40 1.02+0.73

−0.54

Outer Re

N 23 47
⟨[Fe/H]⟩ −2.23+0.10

−0.10 −2.28+0.10
−0.11

σ[Fe/H] 0.25+0.14
−0.14 0.52+0.11

−0.10

Skew −0.09+0.48
−0.49 −0.39+0.27

−0.26

Kurtosis −0.13+0.96
−0.60 −0.15+0.55

−0.40

Table 5.3: Note. Summarizing metallicity properties of And XVI and And XXVIII
derived from this work, along with the number of stars used to infer each property.



CHAPTER 5. STELLAR METALLICITIES AND GRADIENTS IN THE FAINT
M31 SATELLITES ANDROMEDA XVI AND ANDROMEDA XXVIII 169

pair are comparable, and places them within scatter on the universal dwarf galaxy
mass-metallicity relation. Like And XXVIII, And V also has an MDF with a long
MP tail. The MDF of And X is also symmetric like that of And XVI, but does
not include any stars more metal-rich than −1.5. The MDFs of And V and And X
both have 3 stars below [Fe/H] < −3.0. The percentage of EMP stars in And V and
And XXVIII are similar. And X has a higher fraction of EMP stars than And XVI,
although the sample size of And X’s MDF is smaller. Owing to their large distances
and weak lines, EMP stars in the M31 satellite system have not been extensively
identified in detail in the way that they have been in, e.g., MW satellites [288]. The
EMP candidates we designate in this study will be valuable spectroscopic follow-up
targets in the era of ELT spectroscopy.

And XXVIII

From the compilation of properties of MW satellites by [166], the closest luminos-
ity analogs to And XXVIII (L ∼ 105.5 L⊙) are Ursa Minor (⟨[Fe/H]⟩ = −2.13,
σ[Fe/H] = 0.43), Draco (⟨[Fe/H]⟩ = −1.98, σ[Fe/H] = 0.42), and Canes Venatici I
(⟨[Fe/H]⟩ = −1.91, σ[Fe/H] = 0.44). Comparing qualitatively to these MDFs, the
MDF of And XXVIII resembles those of Draco and Canes Venatici I in that the MDFs
of all three galaxies are characterized by long, MP tails. In contrast, the MDF of Ursa
Minor is more symmetric, with a slightly longer MR tail. Quantitatively, the mean
metallicity of And XXVIII is comparable to all three galaxies, although its metal-
licity dispersion is smaller by ∼ 0.1 dex. This smaller dispersion is due to the MP
side of the MDF: we assume large uncertainties on our EMP star candidates, which
downweighs the most MP stars’ contributions to the metallicity dispersion. A re-
inference of And XXVIII’s MDF without assuming our adopted systematic uncertain-
ties, which mostly affect the most metal-poor stars, yields ⟨[Fe/H]⟩ = −1.99 ± 0.05
and σ[Fe/H] = 0.54± 0.04. This suggests that differences in σ for the MW satellites
and And XXVIII are not significant. The higher order moments in their MDFs are
also comparable.

And XVI

At L ∼ 104.9 L⊙, And XVI is classified as one of the most luminous ultra-faint dwarf
galaxies (L < 105 L⊙; [277]) in the LG . Its closest luminosity analog among MW
UFDs is Eri II (L ∼ 104.8 L⊙, ⟨[Fe/H]⟩ = −2.63 ± 0.06, σ[Fe/H] = 0.26+0.08

−0.09; [68],
[180], [96]). Compared to Eri II, the MDF of And XVI is more MR by 0.5 dex. Since
MW UFDs fainter than Eri II also have mean metallicities of about [Fe/H] ∼ −2.6
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[97], And XVI is more MR than MW UFDs by a similar amount. While And XVI also
has an MP tail, it also has a higher fraction of stars more MR than [Fe/H] = −2.0,
and, subsequently, a higher σ[Fe/H]. This may be attributable to its extended SFH
relative to Eri II, which allows more time for subsequent generations of stars to enrich.
The gradual fall-off of And XVI’s MDF suggests that it likely did not experience rapid
truncation of SF (e.g., via ram pressure stripping or strong feedback) during the final
epochs of its star formation.1

The HST CMD-based SFH of And XVI shows that it had two major episodes of
SFH: one at 13 Gyr ago that formed ∼ 50% of its stellar mass before being quenched
at a time corresponding to reionization, and then another SF at 8 Gyr that built up
the remainder of the galaxy’s stellar population ([318], [218], [282]). Given this SFH,
a speculative interpretation of its potentially double-peaked MDF is that the MP
peak ([Fe/H] = −2.5) and MR ([Fe/H] = −1.7) peak respectively correspond to its
first and second major episodes of star formation. Following this narrative thread,
and assuming a present-day M⊙/L⊙ = 2, And XVI at 13 Gyr ago may have had
M⋆ ∼ 8 × 104 M⊙, with a mean stellar metallicity of −2.5. At this time, its stellar
mass and mean metallicity would have been very comparable to the present-day mass
of MW UFDs CVn II, Hya II, and Eri II [250, 97, 317].

However, the age-metallicity relation (AMR) of And XVI from the HST CMD
modeling measured by [218] is flat and therefore does not suggest metallicity evo-
lution as a function of time. The uncertainties on the metallicities from the AMR
encompass the peaks of the MDF, so it’s possible that SFH studies may not have
the metallicity sensitivity to be able to resolve this enrichment scenario. Moreover,
[218] only use Solar-scaled stellar models, which may not be accurate for the lower
metallicity stars in And XVI, possibly affecting the metallicity inference. Obtaining
more stellar metallicities through deeper HST CaHK imaging of the current And XVI
field, or HST CaHK and broadband imaging across a different field in the galaxy may
be the best way to determine whether the double peaked feature in the MDF is real.

Metallicity Gradients in M31 Dwarf Galaxies
From 95 stars spread over 2 Re, we measure a metallicity gradient in And XVI at
1.5-σ significance. The identification of a gradient in And XVI is interesting, as the
extent to which lower-mass galaxies like UFDs can host metallicity gradients, and
what the origins of their gradients could be, is still unknown. There are many ongoing
efforts to detect stars in the outskirts of MW UFDs, which tend to be even lower in

1A stark contrast is the MDF of the more massive And XVIII, which sharply truncates at
[Fe/H] = −1.0; this cut-off has been attributed to a sudden stop to star formation [169].
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stellar mass than And XVI ([314], [185], [297], [233]). Among these studies, two have
suggested the existence of metallicity gradients in the studied UFDs. In Eri II, the
metallicities of 67 RR Lyrae stars out to 2 Re trace out a gradient of ∼ 0.3 dex R−1

e

[202].2 In the lower mass Tucana II (L⋆ ∼ 3 × 103 L⊙), the metallicity difference
between the inner regions ([Fe/H] = −2.6) and the two MP ([Fe/H] = −3.0) stars
beyond 2.5 Re forms the basis for the gradient [54]. The differential variations here
are comparable to the gradient strength that we measure in And XVI.

Given the intrinsic difficulty of detecting metallicity gradients in faint galaxies
(e.g., few stars available for targeting, coverage and selection effects), we consider the
implications of a metallicity gradient in And XVI. One of its most notable differences
from other known UFDs is an extended SFH: MW UFDs universally have old stellar
populations of ∼ 13 Gyr [41, 319, 250], as do the majority of M31 UFDs with
published SFHs [266]. Simulations have posited that metallicity gradients can form in
dwarf galaxies more massive than And XVI via mechanisms that require an extended
SFH: e.g., stellar feedback from young, short-lived stars that preferentially push old,
metal-poor stars to a galaxy’s outskirts (FIRE simulations; [16, 214]), gas accretion
which triggers centrally-concentrated star formation (e.g., [271]). The detection of
a gradient in And XVI, which lies at the threshold of the nominal division (M⋆ ∼
105 M⊙) between UFDs and classical dwarf galaxies, may suggest that similar physics
can be significant in shaping the evolution of UFDs at the mass of And XVI. As we
discuss later in this section, additional theoretical work is necessary to determine the
mechanisms for stellar metallicity gradient formation in such low-mass systems.

We resolve a strong, highly-significant (4.6-σ) metallicity gradient in And XXVIII,
where the average metallicity at the center of the galaxy is more MR than stars at
2 Re by 0.9 dex. A more general population gradient in And XXVIII was also
observed by [284] in the different spatial concentrations of its red and blue hori-
zontal branch stars. In addition, stars between 1 and 2 Re in And XXVIII have a
larger metallicity dispersion than stars in its center, which is also seen in the spa-
tially extended metal-poor population of Ursa Minor [235]. Among Local Group
dwarf galaxies with population gradients, spatially-compact metal-rich populations
and comparatively spatially diffuse metal-poor populations can also have different
kinematics (e.g., [21], [310], [154], [235]). The presence or absence of this feature
may point to different origins for forming the gradient (e.g., kinematic differences
suggestive to dwarf-dwarf mergers; [295]). In this context, And XXVIII is also an
ideal target for spectroscopic studies to obtain kinematic information, enabling a full

2Our own analysis of Eri II’s inner Re using HST CaHK imaging did not uncover a gradient [96].
The area is small and we did not consider α-enhancements in that analysis, which may contribute
to our result.
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chemodynamic characterization of the system and its formation history.

Figure 5.4: Contextualizing our gradient measurements for And XVI and
And XXVIII in the current landscape of gradients in M31 dwarfs. Literature gradi-
ents for M31 satellites are from the re-analysis of the [131] dataset in [295, NGC205,
NGC185, NGC 147, And VII], and [169, And XVIII]. The galaxies are color-coded by
the number of stars used to make the gradients measurement. We have measured gra-
dients in these faint galaxies using a comparable number of stars that Keck/DEIMOS
spectroscopy was able to reach in dwarf galaxies several orders of magnitude more
luminous.

Metallicity gradients are common among “classical” Local Group dwarf galaxies.
They have been observed within galaxies spanning a range of kinematic properties,
isolated/satellite status, and stellar mass [295]. Within the M31 system, however,
metallicity gradients have only been measured in three satellites to-date: And II
(∇[Fe/H] = −0.39±0.07 dex R−1

e ) and NGC 185 (∇[Fe/H] = −0.20±0.03 dex R−1
e )

from the [306] and [131] dataset that was re-analyzed by [295], and And XVIII
(∇[Fe/H] = −0.23± 0.03 dex Re; [169]).3

3Despite measuring the gradient from only 38 stars, the reported uncertainties in And XVIII
are smaller than from gradient measurements made with hundreds of stars as in the case of the
previous work. [169], as well as [306] and [131], used a least-squares method to infer their gradi-
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In Figure 5.4, we emphasize the novelty of our measurements from this paper
within the landscape of gradient measurements in M31 dwarfs. In more luminous
M31 dwarf galaxies, Keck/DEIMOS spectroscopy has been used to constrain metal-
licity gradients from measurements of hundreds of stars. In fainter M31 satellites,
there simply aren’t enough bright stars to construct comparably well-populated
MDFs using spectra. The CaHK-based MDFs in this paper, however, can provide
large samples of metallicities, enabling the construction of MDFs that are as robust
as the more luminous M31 satellites.

Metallicity gradients are one of the few observationally accessible signatures of
baryonic processes that shape both luminous and dark matter. For example, stellar
feedback has long been invoked as a mechanism for transforming initially cuspy dark
matter haloes into cores ([230], [112], [104], [190]). Through this mechanism, cored
DM profiles would therefore be consistent with a ΛCDM universe, providing resolu-
tion to the long-standing “core-cusp” problem. As one example in the contemporary
literature, the FIRE-2 simulations of isolated dwarf galaxies predict a relationship
between gradient strength and mean stellar age in dwarf galaxies [214] that would
arise as a result of these feedback processes that also produce dark matter cores.

We show this relation in Figure 5.5 and compare it to data. In the left panel, we
plot the linear form of the relation fit to [214] simulations, properties of the publicly-
available simulated FIRE dwarfs, and the gradient measurements of M31 dwarfs,
including those derived in this work. With the exception of And XVIII [154], the
mean galaxy ages (t50) are taken from Savino et al. (in prep.) which use deep CMDs
from the HST survey of M31 satellites to measure SFHs, and includes re-analyses of
CMDs from the literature ([106], [282]).

In the right panel, we compare the same relation against gradient measurements
of MW satellites from the [295] analysis, with SFHs from [319]. All dwarfs, simu-
lated and observed, are color-coded by their stellar mass. One notable caveat to data
interpretation here is that the area coverage of the SFH measurements and the spec-
troscopic gradient measurements are often different, with the gradient measurements
spanning a larger area over the dwarf due to the nature of spectroscopic targeting.

Our measurements of And XVI and And XXVIII appear to affirm the theoreti-
cal relation quite well. This is additionally noteworthy given that the relation was
derived from simulations of isolated dwarfs, not satellites. This could be because
the bulk of the metallicity information was in place at early times before many of
these galaxies were bound satellites. The rest of the M31 satellites, as well as the
ents, which results in smaller gradient uncertainties due to assuming known Gaussian variance on
individual stellar metallicities [133]. For a more direct comparison with our inference approach, we
instead adopt the [295] re-analysis where available, as we find from [99] that their Gaussian process
regression method produces comparable gradient measurements to ours.
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Figure 5.5: Comparing M31 and MW satellite metallicity gradients to predictions
from the FIRE-2 simulations. (Left) Presenting gradients of M31 satellites relative
to the age-metallicity gradient strength relation from FIRE-2 simulations [214]. All
galaxies, simulated and observed, are color-coded by their stellar masses. The linear
form of the relation is orange, and light circles denote the publicly-available FIRE-2
simulated galaxies. Diamonds are M31 satellites from the literature, and the ‘X’ and
star points are respectively And XVI and And XXVIII. Our dwarf galaxy gradient
measurements trace out the age-gradient relation. (Right) Presenting gradients of
MW satellites as compared to the FIRE-2 simulations. The simulated relations are
presented in the same fashion as the previous panel. Gradient measurements are
sourced from [295]. The MW satellites show large scatter about the age-gradient
relation.

MW satellites, appear to have large scatter about this relation. In particular, there
are no galaxies with intermediate t50 that have strong gradients. The scatter in
gradient strength is largest among galaxies with older stellar populations, ranging
from non-detections to gradients as strong as −0.4 dex R−1

e . One simple, qualita-
tive interpretation of this picture is that old galaxies, with metallicity gradients in
place in accordance to the age-gradient relation, and had their gradients flattened
through close passage(s) with a more massive host that preferentially removes their
MP outskirts.4 The extent to which And XVI and And XXVIII can be described
by this scenario is unclear: both currently lie beyond the virial radius of M31, and
their orbital histories about M31 are not constrained due to absence of proper mo-
tions. Detailed orbital histories of LG dwarf galaxies [238, 234, 20, 30] will be key

4Simulations of tidal stripping in dwarf galaxies show that the outskirts of the galaxy are
removed first [e.g., 239, 86].
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to interpreting the various astrophysical origins of these observed gradients.
The theoretical age-gradient relation is compelling for its potential as an obser-

vational diagnostic of dark matter core formation in the dwarf galaxy population.
But, its explanatory power needs refinement, given that environmental processes can
also set metallicity gradients ([193], [251], [28], [123]). Comparison between obser-
vation and theory also have additional caveats, in part due to ongoing challenges in
simulating low-mass galaxies to high fidelity. The faintest publicly-available FIRE-2
dwarf galaxy used to infer the age-gradient relation has M⋆ ∼ 105 M⊙ and t50 of
1 Gyr; these properties are not well-matched to any LG dwarf galaxy regardless of
environment, as galaxies in this mass range are dominated largely by old (< 10 Gyr),
or in some cases intermediate (∼ 6 Gyr) age stellar populations [e.g., 319, 102, 282].

Notably, theoretical work, including the same simulations positing the age-gradient
relation, have not identified galaxy stellar mass as a strong driving factor in gradient
formation [271, 243, 214]. This runs counter-intuitive to observations, which show
that more massive dwarf galaxies tend to have extended SFHs, younger stars, and
lower t50 values [319]. If stellar age indeed traces gradient strength, then this relation
should also have an underlying stellar mass dependence. Given the near-uniformly
old stellar ages of faint dwarf galaxies, particularly UFDs, [41, 319, 101, 250, 281],
taking the age-gradient relation at face value would imply that nearly all galaxies
with M⋆ < 105 M⊙ should have strong metallicity gradients. The current empirical
landscape of faint dwarf galaxy studies does not support this prediction, although
obtaining high-fidelity gradient measurements for a large sample of UFDs has also
been challenging.

Still, in the regime of classical dwarf galaxies, it is notable that the population-
level behavior of metallicity gradients can be interpreted as the consequence of stellar
feedback-driven breathing modes that form dark matter cores ([292], [16], [214]). A
natural question is how low in galaxy stellar or halo mass this framework can still
apply, and relatedly, whether metallicity gradients in UFDs imply core formation at
all. Indeed, whether UFDs host cores is still an open question: while simulations
have suggested that stellar feedback is insufficient to sculpt cores in UFDs (e.g., [222],
[14]), observations of the Eri II UFD suggest strong feedback during star formation
[101, 258] and a marginally off-center star cluster that is expected to survive to z = 0
only if the galaxy has a cored DM profile [6, 280, 317].

The central mass profile of UFDs, and their reconciliability with small-scale pre-
dictions under CDM, remains an outstanding question [43]. On the observational
side, gradient measurements in UFDs across a range of environments will be im-
portant for disentangling secular and external impacts on gradient formation. In
particular, isolated low-mass galaxies (M⋆ < 106 M⊙) with a range of SFHs such
as Leo P, Tucana B, and Pavo – that are not expected to have interacted with a
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massive host throughout their lifetime – are important targets as a comparison foil
for studies of MW and M31 satellites [212, 254, 153]. By nature, these high-priority
targets also tend to lie at the farthest distances, making spectroscopic studies to
obtain adequately sampled stellar metallicity measurements, or stellar velocities for
dynamical mass profile studies, especially challenging. As our team’s studies thus far
have demonstrated, the stellar metallicity gradient measurements enabled by HST
CaHK imaging can provide additional constraining power for various gradient for-
mation mechanisms. On the theoretical side, detailed studies of metallicity gradients
in high-fidelity simulations of dwarf galaxies, particularly in the UFD class, will be
necessary for refining the interpretive lenses to bring to these observations.

5.7 Summary
In this paper, we present the first well-sampled MDFs for And XVI (L = 104.9 L⊙)
and And XXVIII (L = 105.5 L⊙) based on individual stellar metallicities measured us-
ing HST Ca H&K narrow-band imaging. With a single HST pointing in each galaxy,
we measure stellar metallicities with sample sizes and to precisions that ground-based
Keck/DEIMOS spectroscopy has been able to attain only in M31 satellite galaxies
that are hundreds or thousands of times brighter. We summarize the key results
enabled by this novel dataset:

• From 95 stars in And XVI, we measure ⟨[Fe/H]⟩ = −2.17+0.05
−0.05, in good agree-

ment with previous measurements from stacked stellar spectra. We also resolve
σ[Fe/H] = 0.33+0.07

−0.07. Though its MDF is well-described by a Gaussian statisti-
cally, visually it is also doubly-peaked. We also measure a metallicity gradient
(∇[Fe/H] = −0.23± 0.15 dex R−1

e ) at a significance of 1.5 σ.

• Compared to MW UFDs, with mean metallicities about [Fe/H] ∼ −2.6 [97],
And XVI is more metal-rich by ∼ 0.5 dex. This property, alongside the puta-
tive double-peaked structure and the metallicity gradient, may result from its
extended SFH, which is unusual among the currently-known UFD population.

• From 191 stars in And XXVIII, we measure ⟨[Fe/H]⟩ = −1.95+0.04
−0.04, σ[Fe/H] =

0.34+0.05
−0.05, and a strong metallicity gradient within 2 Re: ∇[Fe/H] = −0.46 ±

0.10 dex R−1
e .

• And XXVIII is more metal-rich than And XVI despite its shorter star forma-
tion history; these results affirm that stellar mass is a fundamental property
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setting the overall enrichment level of a galaxy [e.g., 175, 46, 192, 166]. With
forthcoming chemical evolution studies, we will present a detailed characteri-
zation of the baryon cycle in galaxies of different masses with different SFHs.

• The metallicity gradient measurements for these galaxies follow the age-gradient
relation predicted in the FIRE-2 simulations [214], as the observational con-
sequence of gradients formed from the same stellar feedback hypothesized to
form dark matter cores at the center of dwarf galaxy halos [292, 16].

As the only other current galactic ecosystem for which we can conduct resolved
stellar population studies, M31 and its satellite system offer a necessary comparison
point to the MW and its satellites. In particular, their study is critical to ongoing
efforts to understand the impact of environment on dwarf galaxy evolution, the
extent to which reionization has a universal impact on low-mass halos, and imprints
of star formation baryonic feedback processes that can reconfigure luminous and dark
matter within a galaxy. As our team has demonstrated in this paper and elsewhere,
photometric metallicity techniques are an efficient way to obtain detailed pictures of
stellar metallicities in distant galaxies, and will be highly complementary with future
resolved stellar spectroscopy campaigns with JWST and ELT in the coming years.

5.8 Table of Metallicity Measurements
In this section, we present Table 5.4, which contains all of the individual stellar
metallicity measurements for And XVI and And XXVIII. In Table 5.6, we present
all of the EMP star candidates in the two galaxies.
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Chapter 6

Conclusion

This dissertation adds a new dimension to HST ’s legacy in resolved stellar population
studies by demonstrating its remarkable potential for extragalactic stellar metallicity
measurements through metallicity-sensitive narrow-band imaging. In composite, this
dissertation presents 1133 stellar metallicities measured across 16 Local Group dwarf
galaxies of high scientific value. Previously in these systems, there were 176. Chapter
2 demonstrates the potential technique in the example of the Eridanus II ultra-faint
dwarf galaxy, and Chapter 5 presents 473 measurements in 13 MW UFDs, doubling
the number of measured stellar metallicities across the entire ∼ 60 known systems
[277]. Chapter 4 presents the immense and unprecedented gain in stellar metallicities
for the isolated (D ∼ 1 Mpc) quenched dwarf galaxy, Tucana, which lies at the edge
of the Local Group and is an important site for studying secular quenching in low-
mass dwarf galaxies. Chapter 5 presents ∼ 300 stellar metallicities for two faint
(M⋆ < 106 M⊙) dwarf galaxies around the M31 system. Notably, it presents 95
metallicities were there were previously none in the And XVI M31 UFD satellite,
which, unlike its MW UFD counterparts, formed the vast majority of its stars after
reionization in multiple bursts.

The vastly expanded sample of stellar metallicities in these systems pave the way
for a myriad of interpretive studies to constrain the baryon cycle of dwarf galaxies.
Mean metallicity measurements in dwarf galaxies alone are already a powerful diag-
nostic for the prescription of feedback and stochasticity in cosmological simulations
of low-mass dwarf galaxies (Chapter 3), and achieving agreement between theory and
observations is an active area of ongoing work. On the level of interpreting global
MDF shape, work by Sandford et al. (2024; [258]) applied the modern chemical
evolution models of Weinberg et al. 2017 [315] to the HST MDF of Eri II (Chapter
2) to one of the first quantitative measurements of outflow strengths experienced
by a M⋆ ∼ 105M⊙ galaxy over its star-forming lifetime, and this framework should



CHAPTER 6. CONCLUSION 181

be applied to all the other MDFs as well. Finally, spatially resolved MDFs within a
galaxy – i.e., metallicity gradients – are also important diagnostics of stellar feedback
models and their relation to the internal dark matter structure of dwarf galaxies, and
there is much theoretical work (Chapter 4, 5) that can still be done to sharpen the
interpretation of dwarf galaxy metallicity gradients.

Work in this thesis also opens up a rich landscape of additional observational
studies. As long as HST is functional, it remains a leading facility to conduct space-
based extragalactic photometric metallicity studies, particularly of distant galaxies
in the Local Group, and indeed, the Local Volume. The photometric metallicity
capabilities of the James Webb Space Telescope are still yet untested, but provides
a rich avenue for inquiry to extend extragalactic stellar metallicity measurements
beyond what is feasible with HST. From the ground, the large-FoV Hyper Suprime
Cam, installed on the 8.2m Subaru telescope, has added metallicity- and surface
gravity-sensitive narrow-band filters to its repertoire within the last decade, and it
promises unparalleled capacity for efficient, wide-field photometric metallicity studies
within the Local Group.

Narrow-band studies also provide pathfinding capabilities for spectroscopic stud-
ies. With contemporary instruments on 10m-class telescopes, spectroscopy can verify
galaxy membership via radial velocities, and where possible, provide another metal-
licity inference through spectral indices. Looking ahead to the future, work from this
dissertation alone has produced a sample of ∼ 120 Extremely Metal Poor (EMP;
[Fe/H] < −3.0) star candidates that will be priority spectroscopic follow-up targets
in the era of Extremely Large Telescopes (ELTs).
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