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Abstract
In the first billion years after the Big Bang, the first stars and galaxies began trans-
forming the dark, primitive universe into the rich, complex one that we observe today.
These primitive objects thus govern crucial, foundational rungs in our understanding
of how the universe came to be. However, little is directly known of their properties
since their large distances render direct, detailed observations difficult.

Fortunately, the Milky Way hosts populations of ancient, “metal-poor" stars and
satellite dwarf galaxies that function as nearby time capsules for investigations of
early star formation, galaxy formation, and chemical evolution. The study of these
objects is known as Galactic Archaeology, and has led to significant advances in
our understanding of the first stars, supernovae, and galaxies. However, the most
primitive, metal-poor stars are rare, and the difficulty of discovering them continues
to bottleneck this promising approach.

In this thesis, I present several pioneering studies of the ancient stellar populations
in the Milky Way including (1) a large-scale mapping of low-metallicity stars in the
Galaxy, (2) first insights into the early evolution of carbon in several satellite dwarf
galaxies and implications on the early assembly of the Milky Way, and (3) a detection
of an extended “halo" of stars around a tiny (∼3000 stars) relic galaxy; the first
direct evidence that primitive galaxies formed in massive, extended dark matter halos,
and that even the tiniest galaxies may have had an early merger history. These
discoveries were enabled by my development of novel imaging analyses that has led
to nearly an order of magnitude improvement in the efficiency of identifying the most
metal-poor stars relative to traditional spectroscopic techniques. Such analyses will
be readily scalable with upcoming surveys (e.g., LSST) for the next generation of
Galactic Archaeology studies.

Thesis Supervisor: Anna Frebel
Title: Professor of Physics
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cant effect on the flux through the 𝑣 filter. The dashed line corresponds

to the RGB of a [Fe/H] =−2.5, 12Gyr Dartmouth isochrone [10]. . . 78

13



2-5 Overview of the process of finding likely member stars to derive mean

photometric metallicities for NGC6254 (top), a cluster with [Fe/H] =

−1.56, and NGC6809 (bottom), a cluster with [Fe/H] = −1.94 [11].

From left to right: selection of candidate members using a Dartmouth

isochrone [10]; further selection using Gaia proper motion data: a

2d Gaussian (blue) is fitted to a density plot of the proper motion

data to select likely members; resulting CMD after only retaining stars

with photometric log 𝑔 < 3 and with proper motions in the fitted

2d Gaussian; histogram of photometric metallicities of the stars that

passed all selection criteria. . . . . . . . . . . . . . . . . . . . . . . . 80

2-6 Residuals of our photometric metallicities of globular clusters with

respect to spectroscopic results from Carretta et al. [11], as a func-

tion of their metallicities. These residuals have a standard devia-

tion of 0.16 dex. The standard error in the mean of the residuals is

𝜎Δ[Fe/H] = 0.04. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

2-7 Left: Comparison of our photometric metallicities to those derived from

high-resolution spectroscopy in Chiti et al. [12]. Right: Comparison of

our photometric metallicities to those derived from medium-resolution

spectroscopy in Walker et al. [1] for all stars in that paper with metal-

licity values with an uncertainty less than 0.2 dex and [Fe/H] < −1.0.

We note that Walker et al. [1] applied a zero-point offsets of either

0.16 dex or 0.32 dex to their metallicities that may account for the

zero-point offset between our measurements and those in Walker et al.

[1]. Dashed lines are drawn at +0.3 and −0.3 to guide the eye. Error

bars correspond to the uncertainty in the photometric metallicities of

these stars. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

2-8 Comparison of our photometric log 𝑔 values to those derived from high-

resolution spectroscopy in Chiti et al. [12]. Dashed lines are drawn

at +0.3 and −0.3 to guide the eye. Error bars correspond to the

uncertainty in the photometric log 𝑔 values of these stars. . . . . . . . 87

14



2-9 Top left: Color-color plot for determining photometric metallicities.

All stars selected along an isochrone that matches the Tucana II red

giant branch stellar population are colored according to their photo-

metric metallcities. Red star symbols are confirmed members (p >

0.95) from Walker et al. [1]; small black star symbols are confirmed

non-members from Walker et al. [1]; purple star symbols are confirmed

members from high-resolution spectroscopy from Chiti et al. [12]. Top

right: Color-color plot for determining photometric log 𝑔. As discussed

in Section 2.5.2, stars with [Fe/H] > −1.0 and log 𝑔 ≥ 3.0 are excluded

when deriving membership probabilities since they are very likely to

be foreground contaminants. Bottom left: A plot of photometric log 𝑔

vs. photometric [Fe/H] for stars in Walker et al. [1] and Chiti et al.

[12]. Note the separation of the majority of confirmed members from

foreground stars at high metallicites. Bottom right: Gaia DR2 proper

motions of stars in Walker et al. [1] and Chiti et al. [12]. . . . . . . . 91

2-10 Top left: Location of each metal-poor ([Fe/H] < −1.0) giant (log 𝑔 <

3.0) in our sample of stars, and colored by membership probability. As

expected, we identify a number of likely members near the center of

the galaxy. The three likely members with photometric [Fe/H] > −1.5

are circled in red. The half-light radius from Koposov et al. [13] is

overplotted in blue. Top right: Same as the top left, but plotted in

proper-motion space. We find that the likely Tucana II members are

tightly clustered in proper-motion space which is unsurprising given the

small intrinsic dispersion in the system. Bottom panels: Metallicities

of stars with membership probability 𝑝 > 0.50 (left) and 𝑝 < 0.50

(right). Despite not applying an additional metallicity-dependent term

in calculating the membership probabilities, beyond the initial sample

cut we find that the metallicities of the likely members are on average

more metal-poor than the likely non-members. See text for discussion. 93
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2-11 Top left: Spatial distribution of stars, colored by their membership

probability using the likelihood function in Equation 2.2. Stars with

membership probabilities 𝑝 > 0.95 and 𝑔 < 20 in Walker et al. [1], as

well as additional confirmed members from Chiti et al. [12], are outlined

in red. Stars with membership probabilities 𝑝 < 0.50 and 𝑔 < 20 in

Walker et al. [1] are outlined in blue. Top right: Same as left panel, but

only including stars with membership probability of 𝑝 > 0.10 from our

study. We find that we exclude all known non-members and recover all

known members in the literature, except for one horizontal branch star,

which naturally would have been excluded by our selection along the

red giant branch of an isochrone. Bottom panels: Same as top panels,

but membership probabilities are computed excluding the spatial terms

in the likelihood function in Equation 2.2. We find several additional

candidate member stars in Tucana II that are distant from the center

of the system. However, further investigation is needed before these

distant stars can be classified as likely members. Note that the color

scheme for membership probabilities is different compared to that used

in Figure 2-10, to visually aid the identification of marginal members. 98
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2-12 Left: color-magnitude diagram of Tucana II with stars that have mem-

bership probability 𝑝 > 0.50, based on the methodology presented in

this paper. Each star is colored by its photometric metallicity value.

A 12 Gyr, [Fe/H] = −2.5 MIST isochrone is overplotted for reference

[14, 15]. Right: metallicity distribution function (MDF) of the Tucana

II UFD based on our membership likelihood analysis. It is largely

composed of extremely metal-poor stars with [Fe/H] ∼ −3 but we also

find a population of stars at photometric [Fe/H]∼ −1.25. The latter

group is suggestive of additional carbon-enhanced metal-poor giants

with overestimated metallicities (see Section 2.4.3 for discussion). We

note that all stars with photometric [Fe/H] > −1.0 are removed from

our sample, and our grid for deriving metallicities extends down to

[Fe/H] = −4.0. Thus, our MDF is only populated by stars with metal-

licities between those values, and extensions above [Fe/H] = −1.0 and

below [Fe/H] = −4.0 are due to uncertainties in the photometric [Fe/H]

for individual stars. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

3-1 Plots of the CH region (left), Mg b line region (center), and H𝛼 feature

(right) for each of the Tucana II members with no prior high-resolution

chemical abundance measurements available. TucII-078 was spectro-

scopically identified as member [1], while TucII-203 and TucII-206 were

identified based on narrow band photometry. . . . . . . . . . . . . . . 107
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3-2 Left: Color magnitude diagram of Tuc II stars from this study. A

Dartmouth isochrone [10] with an age of 12.5Gyr, distance modulus of

18.8, and a metallicity of [Fe/H] = −2.5 is overplotted in black along

with offsets of (g−r)±0.1 in dashed lines to guide the eye. We denote

with different colors the four members previously observed by Ji et al.

[2], one member selected from Walker et al. [1], and two selected from

our SkyMapper photometry. Open circles indicate confirmed members

in Walker et al. [1] with no high-resolution spectroscopic observations.

Right: Spatial distribution of Tuc II members centered on the coordi-

nates of Tucana II. The elliptical half-light radius from Koposov et al.

[13] is overplotted. In both plots, each star is labeled by its identifier

as found Table 3.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

3-3 Comparison of the equivalent widths of Fe I lines measured on the

same spectra using our method and Ji et al. [2]. The mean offset and

standard error in the mean between our measurements are listed in

each panel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

18



3-4 [X/Fe] vs. [Fe/H] ratio for the abundances of carbon, the odd-Z ele-

ments, the iron-peak elements, and europium. Gray data points cor-

respond to stars in the halo [16, 17]. Colored symbols are UFD stars.

Error bars correspond to random uncertainties; see Table 3.4 for to-

tal uncertainties. Abundances marked by colons (:) in Table 3.3 are

shown with uncertainties of 0.5 dex. The carbon abundances in this

plot are not corrected for the evolutionary state of each star following

[8]; see Table 3.3 for corrected carbon abundances. In general, the

abundances of these elements in Tucana II stars agree with trends in

other UFDs and the Milky Way halo. UFD abundances are from Koch

et al. [18], Feltzing et al. [19], Frebel et al. [20, 21, 22], Norris et al.

[23, 24], Simon et al. [25], Gilmore et al. [26], Koch et al. [27], Ishi-

gaki et al. [28], Koch and Rich [29], Roederer and Kirby [30], Ji et al.

[2, 31, 32], Hansen et al. [33], Kirby et al. [34], Venn et al. [35], Naga-

sawa et al. [36]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

3-5 [X/Fe] vs. [Fe/H] ratio of abundances of 𝛼-element abundances in stars

in Tucana II. Gray data points correspond to stars in the halo [16, 17].

Colored symbols are UFD stars. Error bars correspond to random

uncertainties; see Table 3.4 for total uncertainties. Abundances marked

by colons (:) in Table 3.3 are shown with uncertainties of 0.5 dex. The

decrease in the [𝛼/Fe] ratio of the most metal-rich star (TucII-033)

would suggest that Tucana II had an extended star formation history,

but see Section 3.4.1 for a discussion on the membership of TucII-033. 117

3-6 [X/Fe] vs. [Fe/H] and [X/H] vs. [Fe/H] ratio of abundances of stron-

tium and barium in stars in Tucana II. Gray data points correspond

to stars in the halo [16, 17]. Colored symbols are UFD stars. Er-

ror bars correspond to random uncertainties; see Table 3.4 for total

uncertainties and Section 3.3.1 for a discussion on deriving uncertain-

ties. The most metal-rich star in Tucana II (TucII-033) has Sr and Ba

abundances that are above those typically seen in UFD stars. . . . . . 118
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4-1 a. Spatial distribution of all confirmed member stars of the Tucana

II ultra-faint dwarf galaxy, colored by metallicity. The dashed ellipses

correspond to one, three, and five half-light radii [37]. Metallicities

from MIKE high-resolution spectra are shown as stars[12], those from

M2FS spectra are squares[1], and those from MagE and IMACS spec-

tra presented in this work are circles and diamonds, respectively. For

Tucana II stars with no high-resolution MIKE results, we plot all our

available medium-resolution measurements. Metallicities from M2FS

spectra are reduced by 0.32 dex for agreement with high-resolution

metallicities (see methods). Contours correspond to 1, 3, and 5 half-

light radii. Arrows indicate the direction of predicted Tucana II tidal

debris (see methods). Our distant members lie perpendicular to this

track, suggesting that their distant location is not due to tidal disrup-

tion. b. Metallicities of Tucana II member stars as a function of their

geometric radius from the center of the system. There is a general

trend towards lower metallicities at larger distances. As for panel (a),

metallicities from M2FS spectra are reduced by 0.32 dex. The error

bars correspond to 1sigma uncertainties on the metallicity, as derived in

the methods section. c. Velocities and metallicities of our IMACS and

MagE Tucana II members (yellow stars) compared to non-members in

those samples with metallicity measurements and non-members with

S/N > 5 observed with M2FS[1] (black points). There is a clear sepa-

ration in metallicity and velocity space between the two populations.

d. Heliocentric radial velocities from MagE and IMACS measurements

of Tucana II members as a function of distance (declination) from the

center of the system. A velocity gradient would be present in the data

if the newly discovered member stars were being dispersed due to tidal

stripping. The error bars correspond to 1sigma uncertainties on the

velocity measurements, as derived in the methods section. . . . . . . 134
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4-2 a. Density profiles of Tucana II, derived using data from previous

spectroscopic work [1] shown in grey, and from including the new stars

in blue. The error bounds correspond to 1sigma uncertainties from

the posterior density distribution. b. Enclosed mass as a function

of distance, derived using data from previous spectroscopic studies[1]

shown in grey, and from including the new members, in blue. An

enclosed mass measurement within a half-light radius[38] using the

velocity dispersion and 1 sigma uncertainty from refWalker et al. [1] is

shown as the black data point. The error bounds correspond to 1sigma

uncertainties from the posterior mass distribution in our modeling. . . 135

4-3 a. Locations of candidate members (blue data points) with g < 19.5.

Candidates were selected by identifying metal-poor giants with SkyMap-

per photometry (photometric [Fe/H] < −1.0 and photometric log g <

3.0 [39]), and then only including stars with proper motions around

the systemic proper motion of Tucana II (0.2 mas/yr < pm_ra < 1.4

mas/yr and −1.7 mas/yr < pm_dec < −0.5 mas/yr). All stars con-

firmed as members of Tucana II in this work or prior work [1, 12]

are highlighted in yellow. Confirmed non-members of Tucana II that

were observed in this work are marked in red. b. Proper motions of

candidate members with g < 19.5. The majority of stars with proper

motions near the systemic proper motion of Tucana II are members.

This results from our exclusion of stars that are not metal-poor giants

using log g to cut out foreground stars. Milky Way foreground stars

outside our proper motion selection criteria are shown as small black

points. The error bars on the proper motions correspond to 1sigma

uncertainties in the Gaia DR2 catalog. . . . . . . . . . . . . . . . . . 151
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4-4 a. A metallicity-sensitive SkyMapper color-color plot of every star

within a degree of Tucana II. The Tucana II members observed with

MagE in this study are shown as purple stars, and all have photomet-

ric [Fe/H] < −1.0. Photometric metallicities were derived following

ref[39]. b. A surface gravity-sensitive SkyMapper color-color plot of

every star within a degree of Tucana II. Similarly to the metallicity-

sensitive plot, the Tucana II members observed with MagE separate

from the foreground population due to their low surface gravities. . . 152

4-5 a. Color-magnitude diagram of the MagE and IMACS Tucana II

members with DES photometry. A 10 Gyr, [Fe/H] = −2.2 MIST

isochrone[14, 15, 40, 41, 42] at the distance modulus of Tucana II[37]

is overplotted for reference. The horizontal branch from a PARSEC

isochrone[43, 44, 45, 46, 47, 48] with the same parameters is also shown.

Members and non-members are indicated in blue and red, respectively.

The two most distant members are outlined in yellow. b,c,d. MagE

spectra of the magnesium region Tuc2-319, Tuc2-318, and Tuc2-305.

The absorption lines in the region become noticeably weaker at lower

metallicities. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
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4-6 a. A histogram of MagE and IMACS radial velocities of stars deter-

mined to be non-members of Tucana II is shown in orange. In blue, we

plot a scaled histogram of radial velocities of stars in the field of Tu-

cana II, as generated from the Besancon model of stellar populations

in the galaxy[49] after replicating our target selection cuts (blue). The

vertical red line marks the systemic velocity of Tucana II [1], which

is well separated from the foreground velocity distribution. b. Scaled

histogram of metallicities of stars generated from the Besancon model

following those in panel a. The red shaded region ([Fe/H] < −2.0) cor-

responds to the metallicities of the newly detected Tucana II members.

Only 0.4% of simulated foreground stars satisfy our Tucana II mem-

bership criteria (−141 km/s < HRV < −110 km/s; [Fe/H] < −2.0)[1],

implying that our newly identified members are extremely unlikely to

be false positives. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

5-1 Color magnitude diagrams (CMDs) of Sculptor from Coleman et al.

[50]. M2FS targets for which [Fe/H] and [C/Fe] are computed are over

plotted. Top left: [Fe/H] of stars on the red giant branch of Sculp-

tor that were selected as the most metal-poor candidates. Top right:

[Fe/H] of bright stars that were selected to fill available fibers. Much of

the bright star sample was excluded from this work (see Section 5.3.3).

Bottom left: [C/Fe] of stars on the red giant branch of Sculptor that

were selected to be metal-poor. Stars with saturated G-bands are cir-

cled in red. Bottom right: [Fe/H] of all stars we observed that were

selected to be metal-poor. . . . . . . . . . . . . . . . . . . . . . . . . 160

5-2 Spectral region around the Ca II K line (3933.7 Å) after continuum

normalization. The horizontal black dashed line depicts the continuum

fit to the blue and red sidebands (green), and the vertical red dashed

lines correspond to the range of integration for the KP index. The

over-plotted dashed red line corresponds to the best fit Voigt profile. 162
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5-3 Histograms of the difference between our measured metallicity of each

globular cluster member and the overall cluster metallicity for globular

clusters M3 (top left), M13 (top right), M2 (bottom left), and M15

(bottom right). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

5-4 Difference between our measured metallicity of each cluster member

and the overall cluster metallicity as a function of 𝐵−𝑉 color. Dashed

lines correspond to ±0.25 dex. The mean of the distribution of residuals

is −0.02 and the standard deviation is 0.18. . . . . . . . . . . . . . . 169

5-5 Left: Comparison of [Fe/H] measured by Kirby et al. [51] and [Fe/H]

measured in this work for the 86 stars in both samples. Blue points

correspond to stars with 𝐵−𝑉 ≤ 1.2 and red points correspond to stars

with 𝐵 − 𝑉 > 1.2. Right: The difference between [Fe/H] measured in

this work and [Fe/H] measured by Kirby et al. [4] as a function of 𝐵−𝑉

color. The vertical line marks the cutoff to the right of which 𝐵 − 𝑉

colors are not directly calibrated to [Fe/H] in Beers et al. [52]. Dashed

lines indicate ±0.30 dex. . . . . . . . . . . . . . . . . . . . . . . . . . 170

5-6 Spectral region around the G-band together with best fitting synthetic

spectra (blue) for three example observed M2FS spectra (black). Syn-

thetic spectra with [C/Fe] closest to the 1𝜎 upper and lower [C/Fe]

measurements are overplotted in red and green, respectively. . . . . . 171

5-7 Carbon abundance measurements of metal-poor stars from Jacobson

et al. [3] after spectra were degraded to the same resolution as the

Sculptor M2FS spectra versus high-resolution [C/Fe] measurements of

the same stars. The median offset between medium-resolution and

high-resolution [C/Fe] measurements is 0.03 dex and the observed scat-

ter is 0.22 dex. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

5-8 [C/Fe] measured with Turbospectrum, the MARCS model atmospheres,

and the Masseron et al. [53] line list vs. [C/Fe] measured with MOOG

and the same inputs. Dashed lines indicate ±0.2 dex offsets to guide

the eye. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
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5-9 M2FS spectra of 4 stars (from top: 10_7_486, 10_8_3963, 11_1_4121,

and 11_1_6440) that have saturated G-bands (∼ 4315 Å). We mea-

sure their carbon abundance using the C2 band head at 5165 Å in their

corresponding MagE spectra. . . . . . . . . . . . . . . . . . . . . . . 182

5-10 Yoon et al. plot with the original sample of halo stars in black and our

Sculptor CEMP candidates overlaid in red, cyan, and magenta points.

Groups I, II, and III are represented by blue, green, and orange el-

lipses, respectively. Cyan points correspond to M2FS measurements of

stars with saturated G-bands and lower limits on their carbon abun-

dances and metallicities, magenta points correspond to M2FS mea-

surements of stars with saturated G-bands but accompanying MagE

carbon abundance measurements, and magenta points in Group I are

MagE measurements of those stars with saturated G-bands. The ma-

jority of Group I stars are CEMP-s stars, and the majority of Group

II and III stars are CEMP-no stars . . . . . . . . . . . . . . . . . . . 183

5-11 Plots of barium lines at 4554 Å, 5853 Å, 6141 Å, and 6496 Å in MagE

𝑅 ∼ 6000 spectra for 4 Sculptor CEMP stars (solid lines). The MagE

(𝑅 ∼ 6000) spectrum of CS29497-034 ([Ba/Fe] = 2.23 from Aoki et al.

54), a halo CEMP-r/s star, and a high-resolution MIKE spectrum of

HE1523-0901 ([Ba/Fe] ∼ 1.1 from Frebel et al. 55), an r-process en-

hanced star, smoothed to 𝑅 ∼ 6000 are over plotted for comparison. . 184
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5-12 Top: [C/Fe] as a function of [Fe/H] for RGB stars in our M2FS Sculp-

tor sample. CH strong, Ba strong, and CEMP-s candidates are not

displayed in the upper panel of the plot. The displayed [C/Fe] mea-

surements have been corrected for the evolutionary state of each star

following Placco et al. [8]. The dashed red line marks the cutoff for

a star to be considered a CEMP star ([C/Fe] > 0.7). Red downward-

facing triangles are upper limits on [C/Fe] from non-detections of the

G-band. Bottom: Measured cumulative CEMP fraction as a function

of [Fe/H] for our Sculptor sample (blue) and the Milky Way halo from

Placco et al. [8] (black). The shaded blue region corresponds to the

95% confidence interval of our measured CEMP fraction. . . . . . . . 187

5-13 Plot of the Mg region of the MagE spectra of CS29497-034 ([Fe/H] =

−2.9) and four other more metal-rich Sculptor members. These stars

were classified as [Fe/H]∼ −3.0 from measurements of the Ca II K

line. It appears that the strong carbon-enhancement of these Sculptor

members biased the Ca II K metallicities in lower-resolution spectra

(see Section 5.5.2). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190

5-14 Histogram of the metallicities measured for 89 stars. Star with lower

limits on metallicities are not included. The vertical red line indicates

the cutoff for extremely metal-poor stars ([Fe/H]< −3.0). After ex-

cluding lower limits on [Fe/H], we detect 24 extremely metal-poor star

candidates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191

6-1 Left: Color-magnitude diagram of all sources within 60′of the center

of the Sgr dSph. A 10 Gyr, [Fe/H] = −2.0 Dartmouth isochrone is

overlaid [10], and points within 𝑔− 𝑖± 0.15 are marked in blue. Right:

Gaia DR2 proper motions of the blue data points in the left panel.

An over-density in proper motion space is centered on 𝜇𝛼 cos(𝛿) =

−2.33mas/yr, 𝜇𝛿 = −1.36mas/yr, indicating the systemic proper mo-

tion of the Sgr dSph members. . . . . . . . . . . . . . . . . . . . . . . 203
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6-2 Left: Color-magnitude diagrams of NGC6752, NGC6397, M68, and

M30, from top to bottom of stars within 15′ from their centers. Dart-

mouth isochrones of 10 Gyr, [Fe/H] = −2.0 are overlaid. Right: Metallicity-

sensitive color-color plots using SkyMapper photometry of the corre-

sponding globular clusters, with the magnitudes of the data points

along the isochrone color-coded by magnitude. As noted in Section 6.2.1,

the measurements appear to start being less sensitive to metallicity at

a magnitude 𝑔 ∼ 16, due to a lack of photometric precision. . . . . . . 206

6-3 Sample spectra of the Ca II K line (top), Mg b region (middle), and the

calcium triplet region (bottom). Spectra for Sgr-10 ([Fe/H] = −1.70)

are shown in green on the left, and those for Sgr-9 ([Fe/H] = −2.3) on

the right. In all plots, a MIKE spectrum of HD122563 [[Fe/H] = −2.64;

56] smoothed to 𝑅 ∼ 4000 is overplotted. . . . . . . . . . . . . . . . . 210

6-4 Top left: Color-magnitude diagram of stars within 2.85∘ of the center

of the Sgr dSph. Green data points are within 𝑔 − 𝑖 ± 0.15 along the

overlaid Dartmouth isochrone of age 10 Gyr, [Fe/H] = −2.0. Black

stars are stars with measurements from this study. Colored stars have

measurements in Hansen et al. [57], and their metallicities are color-

coded by the colorbar on the right. Top right: Metallicity-sensitive

color-color plots using SkyMapper photometry with synthetic photo-

metric contours and sources from the top left color-magnitude diagram.

The stars in Hansen et al. [57] with 𝑣 photometry available in the

public SkyMapper catalog are also overlaid. Bottom left: Metallicity-

sensitive color-color plots using SkyMapper photometry with synthetic

photometric contours and the metal-poor globular cluster (NGC 6752)

in Figure 6-2 overlaid. Bottom right: Metallicity-sensitive color-color

plots using SkyMapper photometry with synthetic photometric con-

tours and the three very metal-poor globular clusters (NGC 6397, M68,

M30) from Figure 6-2 overlaid. . . . . . . . . . . . . . . . . . . . . . 218
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7-1 A color-magnitude diagram of all stars within three degrees of the

center of the Sagittarius dSph that pass the photometric metallicity,

surface gravity, and proper motions criteria listed in Section 7.2. A

10Gyr, [Fe/H] = −2.0 isochrone from the Dartmouth Stellar Evolution

Database [10] is over plotted for reference. Stars in red are within

(𝑔 − 𝑖) ± 0.30 of the isochrone, and stars in yellow are outside those

bounds. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 226

7-2 Histogram of the heliocentric radial velocities of stars in our sample.

The blue portion of the histogram represents the stars that we classify

as members of the Sagittarius dSph, as determined by restricting radial

velocity values between 111 km s−1 and 171 km s−1. . . . . . . . . . . . 228

7-3 Sample spectra over the Ca II K line at 3933.7 Å(top panels), the Mg

b line region at ∼ 5150 Å(middle panels), and the calcium triplet lines

around ∼8550 Å(bottom panels). MagE spectra of Sgr-136 ([Fe/H] =

−1.69) and HD21581 ([Fe/H] = −1.56; Roederer et al. 17) are shown

on the left panels, Sgr-333 ([Fe/H] = −2.10) and HD216143 ([Fe/H]

= −2.24; Boeche and Grebel 58) on the middle panels, and Sgr-180

([Fe/H] = −3.08) and CS22892-052 ([Fe/H] = −3.08; Frebel et al. 59)

on the right panels. HD21581 and CS22892-052 have slightly weaker

absorption features than Sgr-136 and Sgr-180 due to their higher (∼
300K) effective temperatures. HD216143 and Sgr-333 have absorption

features of similar strengths, due to their proximate metallicities and

effective temperatures. . . . . . . . . . . . . . . . . . . . . . . . . . . 233
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7-4 Left: The CH G bandhead region of our most metal-poor star, Sgr-180

(blue), compared to its best-matching synthetic spectra (red). Syn-

thetic spectra with carbon abundances offset by ±0.50 are shown as

dashed orange lines, and the continuum is marked as a dashed black

line to guide the eye. Right: The same plot but with our most carbon-

enhanced star, Sgr-48, shown in blue. The best matching synthetic

spectrum is again shown in red, and synthetic spectra with carbon

abundances offset by ±0.20 are shown as dashed orange lines. . . . . 234

7-5 Histogram of the metallicities of our sample of 18 our newly discovered

members red giant stars. The distribution peaks just above the very

metal-poor regime ([Fe/H] = −2.0) with a tail extending to extremely

metal-poor ([Fe/H] = −3.0) metallicities. . . . . . . . . . . . . . . . . 236

7-6 Carbon abundances as a function of [Fe/H] for stars in our sample. The

plotted carbon abundances have been corrected for the evolutionary

state of the star following Placco et al. [8]. The dashed line indicates

a carbon enhancement of [C/Fe] = 0.7, above which value stars are

defined as carbon-enhanced metal-poor (CEMP) stars. . . . . . . . . 238

7-7 Left: Color-magnitude diagram of our observed Sagittarius stars col-

ored by their metallicities. Two 12 Gyr isochrones with [Fe/H] =

−2.0 and [Fe/H] = −1.5 from the MESA Isochrones & Stellar Tracks

database [14, 15, 40, 41, 42, 60] database are overlaid at the distance

modulus of the Sagittarius dSph (17.10, Ferguson and Strigari 61).

Right: Position of our Sagittarius members with respect to the center

of the Sagittarius dSph, which is marked with a blue cross. . . . . . . 240

8-1 Left: Metallicity-sensitive color-color plot that was used to derive pho-

tometric metallicities (see Section 8.2.2), where each point corresponds

to a star in SkyMapper DR2. Right: Surface gravity-sensitive color-

color plot, where each point also corresponds to a star in SkyMapper

DR2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 246
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8-2 Spatial location of stars with SkyMapper photometric metallicities that

also have high-quality metallicities (see Section 8.3.1 for a description)

from LAMOST DR6 (red), GALAH DR3 (blue), and APOGEE DR16

(black). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 250

8-3 Top left: Residuals of the initial photometric metallicities derived in

Section 8.2.2 with respect to metallicities of stars in GALAH DR3 as a

function of galactic latitude. A line is fit to the residuals and the trend

is subtracted from the initial photometric metallicity determination to

account for the spatial variation of the metallicity. Top right: Same as

top left, but shown as a function of declination. Bottom left: Residuals

of the photometric metallicities after removing the trend as a function

of galactic latitude. No further trends are apparent. Bottom right:

Same as bottom left, but shown as a function of declination. . . . . . 251

8-4 Top left: Residuals of our initial photometric metallicities derived in

Section 8.2.2 with respect to high-quality (see Section 8.3.1 for a full

description) metallicities of stars in LAMOST DR6 (red), GALAH

DR3 (blue), and APOGEE DR16 (black) as a function of the 𝑣 − 𝑔

color for stars with photometric metallicities [Fe/H] > −1.75. A clear

quadratic trend is apparently in the residuals. Note that the residuals
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Chapter 1

Introduction

1.1 The Early Evolution of the Universe

Our understanding of the history of the universe is largely informed by the observation

of light from stars, galaxies, and gas in the night sky. By applying basic physics to

interpret this observed light, we can derive a plethora of properties of these sources, in-

cluding distances, chemical compositions, intrinsic brightnesses, velocities, and so on.

But most remarkably, light takes a finite amount of time to travel across space (e.g.,

it takes a billion years for light to traverse a distance of a billion light years). Con-

sequentially, this implies that we can observe the state of the universe at its earliest

times and map out its evolution over cosmic time, if we simply strain our ever-larger

telescopes to observe the most distant sources and then observe progressively nearer

sources. Most of what is discussed in this section concerns the evolution of the early

universe (within ∼ 1 billion years of the Big Bang), right at the point where sources

become so distant, faint, and crowded by interloping nearby objects/signals that it is

difficult to directly observe this epoch of the universe. However, using indirect clues

and recent, precise observations[66] of the Cosmic Microwave Background– radiation

from ∼ 380, 000 years after the Big Bang– we can reconstruct a broad history of the

early universe. I provide a brief summary of that early history in this section.
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1.1.1 Upto the Cosmic Dark Ages

We can define the beginning of our universe to be ∼ 13.8 billion years ago, when it

began expanding from an initial state of high temperature and density. This point in

time is commonly known as the “Big Bang.” After this point, the universe continually

expanded, cooled, and become less dense. The very earliest epochs of the universe

(within a few ∼100,000 years after the Big Bang) are not directly observable, and

thus still remain in the realm of speculation. However, multiple important events

must have occurred in this time to set the initial conditions for the later epochs of

the universe that we can observe. Fundamental particles (quarks, electrons, etc.) and

hydrogen, helium, and trace amounts of lithium must have formed during this time.

The four fundamental forces– gravity, electromagnetism, and the strong and weak

nuclear forces, must have emerged and shaped the interplay of matter and radiation.

All of these developments set the base initial conditions that led to the emergence of

the universe that we observe today.

Figure 1-1 Image of the Cosmic Microwave Background– radiation from just ∼
380, 000 years after the Big Bang, as imaged by the Planck mission. Credit: ESA.

Until ∼ 380, 000 years after the Big Bang, the universe would still have been too

hot (&3000K) for electrons to remain bound to atoms. The interplay of free electrons

with photons would have prevented light from being emitted due to a process known
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as Thomson scattering, in which photons interact, “scatter” and are thus trapped by

surrounding electrons. The first light we can observe from the universe was emitted

when the universe became sufficient cool to allow for these free electrons to bind

with protons and consequently decrease the prevalence of Thomson scattering. This

initial binding of electrons to protons ∼380,000 years ago is known as the epoch of

Recombination. We observe this first light from the Universe today as the Cosmic

Microwave Background (see Figure 1-1).

The Cosmic Microwave Background (CMB) conveys a remarkable amount of infor-

mation about the early universe. First, the fluctuations in the CMB are remarkably

low (at the 10−5 level) suggesting the universe is isotropic and smooth on large scales.

Second, the regions of slightly higher density in the CMB are the seeds of future

structure in the universe, as these slightly over-dense regions will disproportionally

continue to attract matter through gravity and thereby grow to form large galactic

structures. Third, the location and relative strengths of peaks in the power spectrum

of fluctuations in the CMB are sensitive to fundamental cosmological parameters,

including the matter density of the universe (Ω𝑚), the cosmological constant (ΩΛ),

the baryon density of the universe (Ω𝑏), and the curvature of the universe. The exact

nature of deriving these properties from the CMB is beyond the scope of this intro-

duction, but I refer the interested reader to the paper from the Planck Collaboration

on their derivation of cosmological parameters [66] and an excellent review by Max

Tegmark [67].

Notably, the CMB suggests that the formation of the first galactic structures was

shaped by dark matter. Dark matter is a form of matter whose only means of interac-

tion with baryonic matter (the “regular” matter that we are familiar with) is through

gravity, and forms ∼ 85% of the matter in the universe. For the interested reader,

Peter [68] provides an excellent review of the evidence for dark matter and our current

understanding of its properties. Since dark matter only interacts with baryonic mat-

ter through gravity, it evaded interacting with photons and began “clumping” before

the time of the CMB. In this way, dark matter formed gravitational potential wells

that baryonic matter could settle into after the epoch of recombination. Indeed, if
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these underlying clumps of dark matter did not exist at the time of recombination,

then the over-densities of baryonic matter as inferred from the CMB would not have

grown enough to form the galactic structures that we see today.

After recombination and the emission of the CMB, the next notable event in the

universe was the formation of the first stars and galaxies several ∼ 100 million years

after the Big Bang. These sources are associated with the Epoch of Reionization,

as the radiation emitted by these objects ionized the neutral hydrogen gas that was

distributed throughout the universe. This event is known as the cosmic dawn, as the

formation of these stars and galaxies in the nascent universe marks the end of the

cosmic dark ages.

1.1.2 The Formation of the First Stars and Galaxies

As mentioned, the first stars and galaxies formed a few 100 million years after the Big

Bang [69, 70]. There is both theoretical and observational evidence for this fact. On

the observational end, galaxies hosting supermassive black holes have been observed

out to a redshift 𝑧 ∼ 11 (∼ 400 million years after the Big Bang) [71]. That age

is therefore a hard upper bound on the time of formation of the earliest galaxies.

Additionally, a direct absorption signature of the epoch of reionization was detected

by Bowman et al. [72] from ∼ 200 to ∼ 300 million years after the Big Bang. From

a more theoretical standpoint, simulations suggest that the first galaxies that could

host successive generations of star formation formed around a redshift of 𝑧 ∼ 10

(∼ 400 million years after the Big Bang) [73]. A timeline of the universe, including

the epoch of reionization and the formation of the first stars and galaxies, is shown

in Figure 1-2.

The first stars formed before the first galaxies, around redshifts of 𝑧 ∼ 20 to

𝑧 ∼ 30, in dark matter halos of mass ∼ 106 solar masses [74, 75]. We note that a

“galaxy” is typically defined as an object that can host multiple generations of star

formation [70]. Larger halos of 108 solar masses can host successive generations of

star formation, but the “minihalos” that hosted the formation of the first stars likely

did not have enough mass to accomplish this [73]. The feedback (e.g., supernovae,
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Figure 1-2 A timeline of the history of the universe, from the Big Bang to the current
day. Notable points in the universe’s evolution are highlighted, including the Big
Bang, recombination and the emission of the CMB (∼ 380, 000 years after the Big
Bang), and Epoch of Reionization and the formation of the first stars and galaxies.
Credit: NASA/Caltech
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ionizing radiation) from the first stars would likely blow any remaining gas out of

the tiny halos that hosted the first stars. Such feedback effects are significant, as the

first stars are thought to have been massive (& 100 solar masses) due to inefficient

𝐻2 cooling, which would have been the only molecular compound that could cool gas

prior to the first stars [76]. Such large stars would exhaust their fuel early and have

short lifespans, which explains why we have not yet observed any surviving “first

stars” today. However, recent work has suggested that disk fragmentation effects

could lead to the formation of a rarer class of low-mass first stars [77]. Regardless, it

seems likely that the vast majority of the first stars were massive and their feedback

effects likely blew the gas out of their tiny host minihalos. This gas would have to be

re-accreted by galaxies before successive generations of star formation.

In the current paradigm of hierarchical galaxy formation, larger galaxies formed

by the hierarchical merging of smaller systems (see Figure 1-3). Consequently, the

minihalos that hosted the first stars merged to form larger halos that hosted the

first galaxies, and the successive merging and growth of these structures led to the

formation of all galactic structure that we observe today. This hierarchical assembly

of galaxies is a prediction of the ΛCDM paradigm of cosmology, in which a cosmo-

logical constant Λ, “cold” dark matter, and baryonic matter are used to parametrize

cosmological models of the universe. The ΛCDM paradigm has been very success-

ful in replicating several properties of the observable universe, including the CMB,

the expansion rate of the universe, and much of the large-scale distribution of mass.

However, there are several tensions between ΛCDM and observations when it comes

to replicating the mass distribution at smaller scales [78].

In summary, the appearance of the first stars and galaxies marks the transition

from the primitive universe to one that more resembles the rich, complex system that

we observe today. The first stars ushered this transformation by lighting the universe

and producing the first heavy elements, and the first galaxies by assembling the first

galactic structures and hosting successive generations of star formation.
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Figure 1-3 A merger tree cataloging the different galaxies that merged to form one
large galaxy. At each successive step in the tree, larger galaxies are formed by the
merger of smaller systems. Credit: ESA/Hubble and NASA.
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1.1.3 The Drivers of Early Chemical Evolution

As previously noted, the only elements produced in the Big Bang were hydrogen,

helium, and trace amounts of lithium. Successive generations of stars, supernovae,

and other astrophysical events (e.g., neutron star mergers) converted these initial

elements into the plethora of elements that we observe today. The astrophysical

processes that lead to the formation of each element are fairly well identified, and are

shown in Figure 1-4. In this subsection, I will briefly review some relevant drivers of

chemical enrichment in the early universe.

Figure 1-4 A periodic table in which the origin or each element is linked to an astro-
physical source. Typically, elements lighter than iron are fused in stars, those from
exploding white dwarfs are produced in Type 1a supernovae, those from neutron stars
mergers are produced by the 𝑟-process, and those from dying low-mass stars are pro-
duced in the 𝑠-process. These processes are briefly detailed in Section 1.1.3. Credit:
Jennifer Johnson.

The elements in the periodic table up to iron are generally fused in the cores of

stars. Stars progressively fuse elements in their cores to produce light. These fusion

pathways are well-known [79]. The low mass stars (∼ 1 solar masses) only have

sufficient density and temperature in their cores to fuse up to carbon. However, the

highest mass stars are able to fuse elements up to iron. A schematic comparing the

elements in the interior of a low-mass star and a high-mass star is shown in Figure 1-5.

However, even the most massive stars are unable to use iron as an input to fuse heavier

elements and produce energy, as iron has the largest binding energy per nucleon of
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any element.

Figure 1-5 Left: Schematic of the interior of a low-mass star at the end of its life.
Note that only elements up to carbon have been fused. Credit: University of Alberta
Right: Schematic of the interior of a high-mass star at the end of its life. Note that
elements up to iron have been fused. Credit: Penn State Astronomy & Astrophysics.

The elements heavier than iron are produced through a variety of processes, the

most prominent of which are the 𝑟-process and the 𝑠-process. Both of these processes

produce heavier elements through a process of neutron capture and 𝛽 decay. The 𝑟 and

𝑠 refer to the rate of neutron capture. If atoms capture neutrons on a timescale faster

than the timescale of 𝛽 decay (𝑟-process), then nuclei will accumulate a number of

neutrons and then undergo decay. Otherwise, nuclei will slowly accumulate neutrons

and will 𝛽 decay once an unstable isotope is formed. A different set of stable elements

are formed through each of these processes. The 𝑠-process is thought to occur in

neutron-rich environments, such as Asymptotic Giant Branch stars (e.g., low-mass

and intermediate-mass stars at the end of their life cycles)[80]. The site of the 𝑟-

process has been long debated, but recent evidence suggests that neutron star mergers

contribute significantly [81, 82, 83]. Although, sources beyond neutron stars mergers

may be needed to explain the full pattern of 𝑟-process element abundances in the

galaxy [84, 85, 86].

Another prominent site of element production is supernovae. There are a variety

of classes of supernovae (Type Ia, Type Ib, Type Ic, Type II) which can be further
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grouped by two main mechanisms. Type Ia supernovae occur when a white dwarf

accretes mass from a companion star until its mass reaches the Chandrasekhar limit

(∼1.4 solar masses). At this point, a runaway explosion occurs that unbinds the

white dwarf. Core Collapse Supernovae (CCSNe) occur in the rapid collapse and

explosion at the end of the life cycle of a massive star (& 8 solar masses). CCSNe

tend to dominate chemical evolution in the early universe, as their progenitor massive

stars tend to have short lifetimes (.50 million years). Type Ia supernovae contribute

somewhat to early chemical evolution, but generally dominate chemical evolution

some time after the onset of CCSNe. This is because the progenitors of white dwarfs

are low and intermediate-mass stars (. 8 solar masses) that have a longer lifespan

than the progenitors of CCSNe. Furthermore, there is a delay time associated with

the accretion of matter onto white dwarfs until the onset of a Type Ia supernova

[87]. The onset of Type Ia supernovae can actually be traced with observations of

ancient stars (see Section 1.2.2) since CCSNe produce 𝛼-elements (Mg, Si, Ti, Ca)

at an elevated level relative to iron ([𝛼/Fe] = 0.4) relative to Type 1a supernovae

([𝛼/Fe] = 0.0) [88, 89].

1.2 The Ancient Milky Way

Popular depictions of our own galaxy, the Milky Way, typically show a simple, aes-

thetically pleasing, blue spiral of stars (see Figure 1-6). This depiction undersells the

complexity of our Galaxy’s ecosystem. Notably, it excludes the extended, spherical

distribution of dark matter (known as the Milky Way’s dark matter “halo”) which

envelopes this blue spiral of stars. This vast distribution of dark matter stretches out

to ∼ 20 times the length of the disk and accounts for ∼ 90% of the mass of the Milky

Way. The investigation of dark matter, the mysterious substance that gravitationally

binds our galaxy and comprises ∼ 86% percent of the matter in the universe, is an

incredibly rich and intrinsically interesting area. But in this section, I will largely

discuss the ancient stars, tiny galaxies, and vast stellar streams that are embedded in

this extended distribution of dark matter, in addition to the other stellar components
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of the Milky Way. A schematic of these objects, and the entire Milky Way ecosystem,

is shown in the bottom panel of Figure 1-6.

Figure 1-6 Top: Schematic of the dominant stellar components of the Milky Way:
the central bulge, and the disk. Credit: NASA/JPL-Caltech/R. Hurt (SSC/Caltech).
Bottom: Schematic of the entire Milky Way ecosystem, including the larger stellar
halo, satellite dwarf galaxies, and globular clusters. Credit: Kaley Brauer.
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1.2.1 The Structure of our Galaxy

The two most prominent stellar components of the Milky Way are the dense grouping

of stars at the center of our Galaxy (aka “the Bulge"), and the blue spiral arms (aka

“the Disk"). These two components comprise the overwhelming majority of the ∼ 100

billion stars in our Galaxy. The Bulge is a slightly flattened spherical distribution of

stars at the center of our galaxy extending out to ∼kiloparsec scales. The kinematics

of these stars are likely heavily influenced by the presence of a supermassive black

hole, Sgr A*, at the center of our galaxy (as manifested in the e.g., well-known 𝑀−𝜎

relation [90]). The Milky Way disk can be separated into two components: the thin

disk and the thick disk. The thin disk extends out to a scale length of ∼ 3 kpc and

has a scale height of ∼ 300pc [91], and contains younger Population I stars as it is

an active site of star formation. This is shown by the presence of young, blue stars in

the thick disk that give it a characteristically blue color. The thick disk is composed

of generally older stars and extends to a scale height of ∼ 1 kpc and roughly the same

scale length as the thin disk [92]. Each of these components is scientifically interesting.

The stars in the Milky Way’s Bulge have been used to e.g., calculate the mass of the

Milky Way’s Supermassive Black Hole through their orbital dynamics [93]. The stars

and gas in the disk have been used to trace the star formation history of the Milky

Way, map the local distribution of dark matter, and constrain the formation history

of our own Galaxy[94, 95, 96].

The Milky Way’s dark matter halo is studded with a population of ancient stars,

dwarf galaxies, and stellar streams. The stars in the Milky Way halo comprise a sort of

“cosmic junkyard,” in which stars have been deposited by galaxies that have accreted

onto the Milky Way during its hierarchical assembly. As a matter of fact, we also see

a number of dwarf galaxies caught in the Milky Way’s dark matter halo today, and

some galaxies (e.g., the Sagittarius dwarf galaxy) show dramatic signs of being tidally

ripped apart by the Milky Way. A schematic of all the known dwarf galaxies orbiting

the Milky Way as of 2015 is shown in Figure 1-7. These dwarf galaxies have stellar

masses ranging from a few ∼ 1000 stars [37] to 109 stars [97]. This population of stars
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and galaxies provide remarkable insights to the assembly history of the Milky Way,

early chemical evolution, and the earliest galaxies, as further detailed in Sections 1.2.2

and 1.2.3.

For completeness, we also note that there are a number of star clusters in the

Milky Way. These star clusters are distinct from dwarf galaxies due to their lack

of dark matter. There are young, metal-rich clusters known as open clusters (few

∼100 stars) found near the galactic disk, and old, metal-poor globular clusters (∼105

stars) found near the Milky Way halo. The formation mechanism of these systems

still remains a mystery, and an informative review is presented in Bastian and Lardo

[98].

Figure 1-7 Schematic of all known Milky Way satellite galaxies as of 2015. Several
dozen more have been discovered in the past 6 years. Credit: H. Jerjen & ESO.

1.2.2 Stellar Archaeology with Metal-poor stars

The chemical composition of a star’s atmosphere remains unchanged throughout 90%

of its life. Consequently, the stellar atmospheres of ancient, still living stars display

53



a chemical signature that is notably deficient in heavy elements (or “metals”). This

deficiency is due to the fact that the universe continually produces heavy elements

as it ages through e.g., stars, supernovae, so stars that formed at early times will

reflect the chemically primitive nature of the young universe. The identification and

chemical characterization of these “metal-poor” stars is a powerful, indirect technique

to study the early chemical evolution of the universe, the first stars and yields from

the earliest supernovae, and early star and galaxy formation processes.

Formally, we define the abundance of various elements in stars on a logarithmic

scale relative to the elemental abundances in the Sun. The overall metal-content (or

“metallicity”) of a star is defined as [Fe/H] = log10(𝑁Fe/𝑁H)⋆ − log10(𝑁Fe/𝑁H)⊙ [99],

where the first term is the ratio of the number of iron to hydrogen atoms in a given

star, and the second term is the number ratio of iron to hydrogen in the Sun. Formally,

a metal-poor star is defined as having a relative iron abundance less than 1/10th of

the Sun ([Fe/H] < −1.0). Further classes of very, and extremely metal-poor stars

have iron abundances [Fe/H] < −2.0 and < −3.0, respectively. The bracket notation

for elemental abundances can be extended to elements beyond iron (e.g., [C/H] =

log10(𝑁C/𝑁H)⋆ − log10(𝑁C/𝑁H)⊙). The detailed chemical abundances of extremely

([Fe/H] < −3.0) and ultra ([Fe/H] < −4.0) metal-poor stars are particularly useful,

as these metallicity regimes indicate that a star has only been enriched by a handful of

early supernovae. Consequently, the metallicity of stars maps, to first-order, to their

time of formation, making the most metal-poor stars relics from the young universe.

A schematic of chemical evolution is shown in Figure 1-8.

By chemically characterizing metal-poor stars in the Milky Way and its surround-

ing dwarf galaxies, we can learn more about the processes that drove chemical evolu-

tion. For instance, some well-known phenomena among metal-poor stars in the Milky

Way halo are (1) a flat plateau of 𝛼-element (Ca, Ti, Mg, Si) abundances at low metal-

licities, and then a progressive trend toward lower [𝛼/Fe] at higher metallicities, and

(2) the increasing prevalence of stars highly abundant in carbon at low metallici-

ties. Both of these trends are shown in Figure 1-9. Trend (1) is a well-described

phenomenon, in which the decreasing [𝛼/Fe] ratio at high metallicities indicates the
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Figure 1-8 A schematic of the process by which chemical evolution continually occurs
in the universe. Molecular clouds form stars, which along with their supernovae,
generate heavy elements that enrich successive generations of stars. Credit: Richard
Longland.

onset of Type Ia supernovae which suppresses the [𝛼/Fe] ratio. The metallicity at

which this decrease occurs can be used to e.g., gauge the efficiency of star formation in

a galaxy [89]. Trend (2) indicates that the sources of chemical evolution in the early

universe preferentially imprinted a carbon enhancement on stars. The exact cause

of this carbon-enhancement remains debated, but faint supernovae [100] or stellar

winds from rapidly rotating “spinstars” at low metallicities [101] have been proposed

to explain this signature. At a more intricate level, the detailed chemical abundances

of the most metal-poor stars ([Fe/H] < −4.0) can be fit with yields from a single su-

pernova assuming progenitor mass, supernova energy, etc. are free parameters [102].

This way, the detailed chemistry of the most metal-poor stars can be used to indi-

rectly infer the properties (e.g., initial mass functions [103]) of the first stars and the

earliest supernovae.

A bottleneck of studies of the most metal-poor stars is the difficulty in identifying

them, given their rarity. A fairly comprehensive summary of past efforts to identify

metal-poor stars is given in Section 8.1. But some relevant numbers are that for

each 1 dex decrease in metallicity, stars become roughly ∼ 10 times less frequent, and
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Figure 1-9 Left: [𝛼/Fe] as a function of [Fe/H] for stars in the Milky Way Bulge. The
beginning of the trend toward lower [𝛼/Fe] indicates the onset of chemical enrichment
from Type Ia supernovae. Adapted from Gonzalez et al. [7]. Right: The fraction of
stars enhanced in carbon as a function of metallicity. There is a clear trend towards
carbon enhancement at the lowest metallicities. Replicated from Placco et al. [8].

one star with [Fe/H] = −3.0 may be found among every 65,000 stars, and one star

with [Fe/H] = −3.5 among 200,000 stars. Around 20 stars are known to have [Fe/H]

< −4.0 [104].

The methodology of deriving chemical abundances of stars from spectra is outlined

in many excellent textbooks (e.g., chapter 2 of Choudhuri [105]). I briefly outline the

process here. The basic ingredients are a stellar spectrum, a “line list” of atomic data

of spectral lines, a model stellar atmosphere, and a radiative transfer code. Individ-

ual absorption lines in stellar spectra have a line strength (quantitatively measured

as a reduced equivalent width) that is a function of the intrinsic strength of the line

(reflected in the atomic data), and the stellar parameters of the star (effective temper-

ature 𝑇Teff, surface gravity log 𝑔, and microturbulence 𝑣mic). The effective temperature

and surface gravity of the star map to physical properties, but the microturbulence

is a common input nuisance parameter for radiative transfer codes. After measuring

the reduced equivalent width of each line, each reduced equivalent width is mapped

to a chemical abundance using the radiative transfer code, with the atomic line data

and an initial guess of stellar parameters. Then, the stellar parameters are refined
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until the iron abundances1 show no trend as a function of reduced equivalent width

and line excitation potential, and the Fe I and Fe II abundances match. A final, em-

pirical correction is applied to the effective temperature to account for a discrepancy

between spectroscopically-derived temperatures and photometrically-derived temper-

atures, and stellar parameters are re-adjusted until the trend as a function of reduced

equivalent width is removed, and the Fe I and Fe II abundances match. This full

procedure is outlined in Frebel et al. [59]. A schematic of spectra of stars at different

metallicities in shown in Figure 1-10.

Figure 1-10 Sample spectra of stars at various metallicities. Note the systematically
weaker absorption lines at lower metallicities. Credit: Anna Frebel.

1.2.3 Dwarf Galaxy Archaeology with Satellite Galaxies

The Milky Way is surrounded by dozens of dwarf galaxies. The largest of these dwarf

galaxies have been known for decades (e.g., Sculptor, Sagittarius, the Magellanic

Clouds). Dozens of smaller, “ultra-faint” dwarf galaxies have been discovered in the

past 15 years with the advent of large-scale digital sky surveys [106, 107, 37].

1the iron abundance is used as the iron lines are the most ubiquitous in optical stellar spectra
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These smaller, ultra-faint dwarf galaxies (UFDs) have several distinct properties.

First is their remarkably low stellar mass: these systems typically have ∼ 103 to

∼ 105 stars. Thus, UFDs are the smallest galaxies of which we know, and provide

insights to galaxy formation and evolution on the smallest scales. A corollary of

their small size is that these systems may be surviving analogs of some of the earliest

galaxies to have formed in the universe. Second, UFDs are the most dark-matter

dominated stellar systems that we observe in the universe, with mass to light ratios

approaching 𝑀/𝐿 ∼ 1000 [91]. This makes them appealing targets for searches for

indirect signatures of dark matter (e.g., annihilation signals [108]). And third, the

star formation histories of UFDs indicate that they formed the bulk of their stars

before reionization (e.g., Brown et al. [109]). This, coupled with the low metallicities

of their stars (⟨[Fe/H]⟩ < −2.0) suggests that these galaxies are truly relics from the

early universe. UFDs thus provide a nearby population of surviving early galaxies for

early galaxy evolution and galaxy formation studies.

The larger, classical dwarf spheroidal galaxies are also simple, self-contained envi-

ronments to study early chemical and galactic evolution. In particular, the localized

nature of these dwarf galaxy environments facilitates connecting the interpretation of

the chemical abundances of metal-poor stars to galactic evolution processes (e.g., star

formation histories, accretion events, enrichment events). The remarkable similarities

of the abundances of the most metal-poor stars ([Fe/H] < −3.0) in dwarf galaxies to

Milky Way halo stars suggest some level of universality in early chemical evolution, or

that the most metal-poor stars in the Milky Way halo plausibly accreted from dwarf

galaxy analogs [20]. This points to the intrinsic cosmological importance of dwarf

spheroidal galaxies, as the accretion of dwarf spheroidal mass galaxies are thought to

have contributed the bulk of the very and extremely metal-poor stellar populations to

the Milky Way halo [110]. Thus, studying the most metal-poor populations in these

dwarf galaxies can provide observational tests of the assembly history of the ancient

Milky Way halo.
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1.3 Outline

In this thesis, I present several notable discoveries relating to the metal-poor stel-

lar populations of the Milky Way and its satellite dwarf galaxies. These studies were

facilitated by my development and implementation of novel photometric analysis tech-

niques to identify the most metal-poor stars. These techniques, when combined with

astrometry from the Gaia mission[111, 112], increased the efficiency in detecting the

most metal-poor stars in dwarf galaxies by an order of magnitude relative to tradi-

tional techniques. The paper presenting these analysis techniques and applying them

to the Tucana II UFD comprises Chapter 2 of this thesis.

As a result of the techniques in Chapter 2, I revealed a population of metal-poor

stars at very large distances (∼ 0.3 kpc to ∼ 1 kpc; out to ∼9 half-light radii) from

the center of Tucana II. Chapter 3 presents detailed chemical abundances from a

high-resolution spectroscopic analysis of newly discovered stars out to ∼ 0.35 kpc

from the center of Tucana II. In particular, Chapters 3.4 and 3.4.5 provide brief, but

comprehensive overviews on interpreting the detailed chemical abundances of stars in

the UFD context. Chapter 4 presents the kinematic confirmation and metallicities of

stars out to ∼1 kpc (∼ 9 half-light radii) from the center of Tucana II. This result is

the first detection of a population of stars beyond ∼4 half-light radii from the center

of any UFD. Intriguingly, we find that these stars appear to be bound to Tucana II;

the first direct evidence that UFDs (and thus, relic early galaxies) inhabit extended,

massive dark matter halos. The stars in the dark matter halo around Tucana II

suggest that the system may have been shaped by an early galactic merger or strong,

early supernova feedback. But more excitingly, this detection demonstrates that the

stellar halos of relic galaxies are now accessible with efficient selection techniques.

Chapters 5 through 7 present the metallicities and carbon abundances of a num-

ber of very and extremely metal-poor stars in the Sculptor and Sagittarius dwarf

spheroidal galaxies. These studies ∼tripled the known extremely metal-poor stars

in Sculptor and the known very metal-poor stars in Sagittarius, allowing for robust

insights on the early chemical evolution of these systems. Notably, Chapter 5 presents
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a first detection of a population of carbon-enhanced metal-poor stars in any dwarf

spheroidal galaxy, and suggests that the fraction of carbon-enhanced stars in Sculptor

is similar to that of the Milky Way halo when [Fe/H] < −3.0. This contrasted the

prior lack of known carbon-enhanced stars in dwarf spheroidal galaxies, and suggested

that the carbon-enhanced population at the lowest metallicities in the Milky Way halo

originated from accreted analogs of dwarf spheroidal galaxies. Interestingly, we find

no such carbon-enhanced stars among the very metal-poor stars in the Sagittarius

dwarf galaxy in Chapters 6 and 7.

In Chapters 8 and 9, I apply the photometric metallicity analysis techniques from

Chapter 2 to the public second data release of the SkyMapper Southern Sky Survery

(SkyMapper DR2) [113]. I demonstrate that these photometric metallicity techniques,

when combined with Gaia EDR3 data [111, 114], can be used to derive precise metal-

licities of stars down to the extremely metal-poor regime. I use these techniques,

along with Gaia EDR3 distances [115] to generate maps of the low-metallicity stellar

populations of the Milky Way within ∼ 8 kpc in Chapter 9.
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Part I

The Milky Way’s dwarf galaxies
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Chapter 2

Stellar metallicities from SkyMapper

photometry I: A study of the Tucana II

ultra-faint dwarf galaxy

The content of this chapter was published in the Astrophysical Journal as [39] in

March 2020.

Abstract

We present a study of the ultra-faint Milky Way dwarf satellite galaxy Tucana II using
deep photometry from the 1.3m SkyMapper telescope at Siding Spring Observatory,
Australia. The SkyMapper filter-set contains a metallicity-sensitive intermediate-
band 𝑣 filter covering the prominent Ca II K feature at 3933.7 Å. When combined
with photometry from the SkyMapper 𝑢, 𝑔, and 𝑖 filters, we demonstrate that 𝑣 band
photometry can be used to obtain stellar metallicities with a precision of ∼ 0.20 dex
when [Fe/H] > −2.5, and ∼ 0.34 dex when [Fe/H] < −2.5. Since the 𝑢 and 𝑣 filters
bracket the Balmer Jump at 3646 Å, we also find that the filter-set can be used to
derive surface gravities. We thus derive photometric metallicities and surface grav-
ities for all stars down to a magnitude of 𝑔 ∼ 20 within ∼75 arcminutes of Tucana
II. Photometric metallicity and surface gravity cuts remove nearly all foreground
contamination. By incorporating Gaia proper motions, we derive quantitative mem-
bership probabilities which recover all known members on the red giant branch of
Tucana II. Additionally, we identify multiple likely new members in the center of the
system and candidate members several half-light radii from the center of the system.
Finally, we present a metallicity distribution function derived from the photometric
metallicities of likely Tucana II members. This result demonstrates the utility of
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wide-field imaging with the SkyMapper filter-set in studying UFDs, and in general,
low surface brightness populations of metal-poor stars. Upcoming work will clarify
the membership status of several distant stars identified as candidate members of
Tucana II.

2.1 Introduction

The Milky Way’s satellite dwarf galaxies test paradigms of the formation and evolu-

tion of the local universe. These systems are thought to be similar to those that were

accreted to form the old Milky Way halo [99]. Consequently, studying the stellar con-

tent of these ancient dwarf galaxies and comparing their stars to those in the Milky

Way halo can probe potential connections between the these stellar populations [e.g.,

116, 20]. The relatively simple nature of dwarf galaxies also enables the modeling of

their early chemical evolution [e.g., 117, 118, 119, 120] and the nature and properties

of the earliest nucleosynthesis events [e.g., 82].

Of particular interest in this regard are the Milky Way’s ultra-faint dwarf galax-

ies (UFDs). These systems have stellar populations that are old (& 10 Gyr) and

metal-poor (average [Fe/H] . −2.0) (see Simon 121 for a review), where a metal-

poor star is defined as having an iron abundance [Fe/H] ≤ −1, in which [Fe/H] =

log10(𝑁Fe/𝑁H)⋆ − log10(𝑁Fe/𝑁H)⊙. Hence, UFDs are particularly interesting targets

both from the perspective of chemical evolution, since they are thought to have un-

dergone only a few cycles of chemical enrichment and star formation, and from a

cosmological perspective, since at least some of them are hypothesized to be surviv-

ing first galaxies [122].

However, the faintness of UFDs makes it difficult to study their stellar population

in detail. Each system has only a handful of stars that are bright enough (𝑉 .

19) to obtain detailed chemical abundances. Thus, the number of foreground stars

generally outnumbers the number of bright(er) UFD stars in images of the galaxy.

This makes identifying UFD member stars for follow-up observations time-consuming,

since stars along the giant branch in a color-magnitude diagram (CMD) must first be

spectroscopically followed up with low or medium-resolution spectroscopy to measure
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velocities (and metallicities) to identify true member stars. Only for those confirmed

member stars it is useful to obtain reliable chemical abundances, usually from high-

resolution spectroscopy.

One can principally bypass the time-intensive intermediate step of low or medium-

resolution spectroscopy by deriving metallicities from photometry, since UFD stars

have collectively been shown to be metal-poor ([Fe/H] . −2.0), and thus generally

more metal-poor than foreground halo stars [123]. Indeed, Pace and Li [124] demon-

strated that one can increase the efficiency in identifying member stars of UFDs by

using metallicity-sensitive colors in Dark Energy Survey photometry. Deriving reli-

able metallicities of individual metal-poor stars from photometry is a relatively recent

techique [i.e., 125], building on previous studies that demonstrated that photometry

could be used to identify metal-poor stars [126]. Photometric metallicities are gener-

ally computed by using a narrow-band imaging filter that is sensitive to the overall

metallicity of the star due to the presence of a prominent metal absorption feature

(i.e., the Ca II K line) within the bandpass of the filter [e.g., 127, 125, 128]. Pho-

tometry has the additional benefit of being able to provide information on all stars

within the field of view of the camera, whereas in spectroscopy, one is limited by e.g.,

slit arrangements, number of fibers, or pixels in the CCD mosaic.

The SkyMapper Southern Sky Survey [127, 9] pioneered the search for metal-poor

stars using a filter set that contains an intermediate-band ∼ 300 Å wide 𝑣 filter that

encompasses the Ca II K line within its bandpass, making the flux through the 𝑣 filter

dependent on the overall stellar metallicity. This narrow-band 𝑣 filter has already

been used to identify a number of extremely metal-poor stars and several stars with

[Fe/H] < −6 [129, 3, 130]. Recent work from the Pristine Survey [125], which uses

a narrow-band filter centered on the Ca II K line at 3933.7 Å to obtain photometric

metallicities, has been successful in applying this technique to find halo metal-poor

stars [e.g., 131, 132] and also study UFDs to derive their metallicity distribution

functions [133, 134].

A goal of this paper is to demonstrate that the SkyMapper filter set [135] can be

used to chemically characterize UFDs via photometric measurements of stellar param-
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eters. Besides metallicities from the 𝑣 filter, the relative flux through the SkyMapper

𝑢 and 𝑣 filters is sensitive to the surface gravity (log 𝑔) of stars since those filters sur-

round the Balmer Jump at 3646 Å [e.g., 136]. The log 𝑔 of stars is of additional use as

a discriminant when studying UFDs, since their member stars that are bright enough

for spectroscopy are generally on the red giant branch (RGB) and should thus have

low surface gravities. We note that we do not analyze horizontal branch stars in this

study, as it is difficult to discriminate their metallicities due to their relatively high

effective temperatures. Given this difficulty in discriminating metallicities, photom-

etry with higher precision than the data presented in this paper would be required

to derive photometric metallicities for stars on the horizontal branch of Tucana II

(g∼19.2).

The Tucana II UFD was discovered in the Dark Energy Survey [13, 37]. Tu-

cana II is relatively nearby (57 kpc) and has a half-light radius of 9.83′ [13]. It was

confirmed as a UFD by Walker et al. [1], who measured a large velocity dispersion

(𝜎vlos = 8.6 km s−1), a low mean metallicity of ⟨[Fe/H]⟩ = −2.23, and identified eight

stars as probable members. Ji et al. [2] and later Chiti et al. [12] presented chemical

abundances from high-resolution spectroscopy of seven stars in Tucana II. Interest-

ingly, two of the stars from the Chiti et al. [12] sample were new member stars that

were approximately two half-light radii from the center of Tucana II. These stars were

originally selected for spectroscopic follow-up based on the SkyMapper photometry

described here. If not for these data, they would likely have been missed by traditional

low or medium resolution spectroscopic selection techniques.

We obtained deep images (down to 𝑔 ∼ 22) of the Tucana II UFD using the 𝑢, 𝑣, 𝑔,

and 𝑖 filters on the 1.3 m SkyMapper telescope to demonstrate that we can 1) use

the photometry to efficiently identify bright members for follow-up high resolution

spectroscopy, and 2) use the photometric metallicities of the member stars to derive

a metallicity distribution function (MDF) of dwarf galaxies. Since UFD members

should have similar proper motions, we also use Gaia DR2 proper motion data [111,

112] to further improve our selection of likely members. As shown in e.g., Pace and

Li [124] and Chiti and Frebel [137], Gaia proper motion data is especially useful in
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removing foreground contaminants when studying dwarf galaxy member stars.

The paper is arranged as follows. In Section 2.2, we discuss the observations, data

reduction procedure, and precision and depth of our photometry; in Section 2.3, we

discuss generating a grid of synthetic photometry which we later use to derive stellar

parameters; in Section 2.4, we outline our derivation of photometric metallicities and

photometric log 𝑔 values, and discuss our sources of uncertainty; in Section 2.5, we

speculate on properties of Tucana II (i.e., the MDF) from our analysis; in Section 2.6,

we summarize our results.

2.2 Observations & Data Reduction

2.2.1 Photometry

Observations of the Tucana II UFD were taken between July 19, 2015 and December

15, 2015 with the 1.35m SkyMapper telescope at Siding Springs Observatory, Aus-

tralia, as part of an auxillary program to obtain deep photometry of UFDs. Table 2.1

summarizes our photometric observations. The SkyMapper camera has 32 4k×2k

CCD chips covering a 2.34∘ by 2.40∘ field of view, which enabled the imaging of the

entire Tucana II UFD [𝑟1/2 ∼ 10′; 13, 37] in each frame. Images were taken with the

custom SkyMapper 𝑢, 𝑣, 𝑔, and 𝑖 filters [135].

We developed a data reduction pipeline for these data separately from the one

used by the SkyMapper collaboration [9], since no pipeline existed when the data

for this project were collected in late 2015. The reduction procedure for SkyMapper

data is not trivial due to the presence of systematic pattern-noise signatures in the

raw data that, if not properly removed, would impair any photometric measurements,

as can be seen in Figure 2-1. We therefore explicitly outline each step of our data

reduction procedure in Section 2.2.1.1 and describe our handling of the pattern-noise

removal process in Section 2.2.1.2. We then discuss the precision and completeness

of our photometry in Section 2.2.1.3.
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2.2.1.1 Data Reduction

Data reduction was mostly performed following standard procedures [138] using python

scripts that utilized the astropy package [139]. Bias-subtraction was done on a row-

by-row basis using the overscan region that was 50 pixels wide. Flat-field corrections

were applied using master flat-field frames that were generated for each filter on each

night data was taken. Each master flat-field frame was generated by median-filtering

5 to 10 individual frames. We note that we used the master flat-field frames from

July 20, 2015 for the 𝑢 and 𝑣 data on July 26, 2015, since an insufficient number of

individual flat-field frames were obtained for those filters on that date.

Then, we derived astrometric solutions for each frame following a two-step proce-

dure. First, an estimate of the astrometric solutions was computed using astrometry-net

[140]. These astrometric solutions were subsequently corrected with SCAMP [141].

We derived photometric zero-point corrections for each of our exposures by com-

paring our measured instrumental magnitudes to calibrated magnitudes in the pub-

lic SkyMapper DR1.1 catalog (released on December 2017) that were derived with

the analysis pipeline used by the SkyMapper collaboration [9]. We first compiled

source catalogs for each of our exposures using the default configuration of the

Source Extractor program [142] except for the following parameters to ensure ap-

propriate background subtraction: BACKPHOTO_TYPE=LOCAL, BACKSIZE=100,100, and

BACKPHOTO_THICK=10. Then, for each exposure, we cross-matched our source cata-

log to the public SkyMapper DR1.1 catalog and derived a zeropoint offset for our

magnitudes by taking the weighted average of the difference between our measured

instrumental magnitudes and those in the SkyMapper DR1.1 catalog. To improve

the precision of our measured offsets, we only compared the magnitudes of unblended

stars brighter than 16th magnitude, and compared our aperture photometry, based

on the MAG_AUTO keyword in Source Extractor, to the aperture photometry in

the SkyMapper catalog, denoted by the _𝑝𝑒𝑡𝑟𝑜 flag.

Since each of the 32 CCD chips of the SkyMapper camera have slightly different

sensitivities, we needed to apply additional photometric zeropoint corrections for data
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taken with each of the 64 readout amplifiers. We derived these offsets by first applying

the overall zeropoint offsets computed for each exposure and combining the source

catalogs from each night. We then repeated the procedure outlined in the previous

paragraph, except we computed the residual zeropoint offset for sources on each of

the 64 readout amplifiers.

For each night, our images were then stacked by sigma-clipping 5𝜎 outliers to

remove cosmic rays after incorporating the above magnitude zeropoint corrections

using the SWARP package [143]. Then, a final mosaic was generated by stacking the

nightly images following the aforementioned procedure. Final source catalogs were

computed with Source Extractor package with the same configuration as used in de-

riving initial catalogs for the zeropoint calibration. All the magnitudes reported in

this paper are from the MAG_AUTO keyword in Source Extractor, which are mag-

nitudes obtained with elliptical apertures. We opted not to use magnitudes derived

from fitting a point spread function (PSF) of the images as the PSF appeared to

not be stable over the full field of view of the SkyMapper images. Our final source

catalogs were de-reddening following Wolf et al. [9], based on reddening maps from

Schlegel et al. [144]. An additional zero-point correction was applied to the 𝑢 and 𝑣

magnitudes following equations 4 and 5 in Casagrande et al. [145] to account for a

reddening overcorrection for sources close to the Galactic plane.

2.2.1.2 Pattern-Noise Removal

Before deriving the astrometric solution, we had to remove pattern-noise signatures

that were imprinted on each image. This issue is illustrated in the left panel of

Figure 2-1. These signatures are composed of a high-frequency interference pattern

and low-frequency waves with row-dependent zeropoint offsets. These pattern-noise

signatures changed between exposures and between each of the 64 readout amplifiers.

We performed the following steps to remove the pattern-noise after bias sub-

traction and flat-field correction. To remove the low-frequency components of this

signature, a 5th order polynomial was iteratively fit to each row of data from each

readout amplifier after sigma-clipping outliers 2𝜎 above the fit and 3𝜎 below the fit.
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After this process, the high-frequency interference pattern was found to be identical

across all CCD chips of a given image, after accounting for the orientation of each

chip. Consequently, we aligned the orientation of each CCD chip and median-filtered

the data from two sets of 32 amplifiers to obtain two templates of the high-frequency

signature. Each template was then fit, using a scaling factor and a zero-point offset

as free parameters, to the appropriate readout amplifier and subtracted to remove the

high-frequency pattern. Figure 2-1 shows a comparison of images before and after

pattern noise removal. Visually, the dominant systematic patterns appear to be re-

moved. Quantitatively, the standard deviation of the values of the background pixels

drops by ∼30% after our pattern noise removal procedure.

2.2.1.3 Completeness & Photometric Precision

We measure the completeness of our SkyMapper source catalog by comparing the

number of stars in the DES Y1A1 gold catalog [146] and in our catalog within 60′

of the center of Tucana II. We first convert the 𝑔𝐷𝐸𝑆 magnitudes to SkyMapper 𝑔SM

magnitudes using the following formula, which we derive by fitting a polynomial to

our SkyMapper photometry using magnitudes from the DES Y1A1 gold catalog as

independent variables: 𝑔SM = 0.983× 𝑔DES − 0.144× (𝑔DES − 𝑖DES) + 0.431. We find

that the cumulative 95% completeness limits correspond to the following SkyMapper

magnitude limits: 𝑔SM = 22.3 for the SkyMapper 𝑔 filter, 𝑔SM = 22.1 for the SkyMap-

per 𝑖 filter, 𝑔SM = 20.8 for the SkyMapper 𝑣 filter, and 𝑔SM = 20.1 for the SkyMapper

𝑢 filter. We further find that the typical uncertainty in our photometry, as reported

by magerr_auto in Source Extractor, reaches 0.05mags at the following DES magni-

tudes: 𝑔SM ∼ 22.0 for the SkyMapper 𝑔 filter, 𝑔SM ∼ 21.6 for the SkyMapper 𝑖 filter,

𝑔SM ∼ 19.6 for the SkyMapper 𝑣 filter, and 𝑔SM ∼ 19.2 for the SkyMapper 𝑢 filter.

As an additional check that our photometry is well-characterized, we compared

the magnitudes derived from our pipeline to those in SkyMapper DR1.1 for stars in

common between the two catalogs. We find that the residuals between our magnitudes

and those in SkyMapper DR1.1 are distributed as gaussians, therefore implying that

our photometry is well-behaved with respect to the public SkyMapper data. The
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Table 2.1. Photometric Observations of Tucana II

Date filter Exposure time (s)

2015 Jul 19 𝑢 24 × 300
2015 Jul 20 𝑢 21 × 300
2015 Jul 26 𝑢 9 × 300
2015 Aug 09 𝑢 20 × 300
2015 Aug 10 𝑢 15 × 300
2015 Jul 19 𝑣 24 × 300
2015 Jul 20 𝑣 20 × 300
2015 Jul 26 𝑣 5 × 300
2015 Aug 09 𝑣 22 × 300
2015 Aug 10 𝑣 16 × 300
2015 Aug 09 𝑔 4 × 300
2015 Dec 02 𝑔 4 × 300
2015 Dec 03 𝑔 4 × 300
2015 Dec 07 𝑔 4 × 300
2015 Dec 13 𝑔 4 × 300
2015 Dec 14 𝑔 4 × 300
2015 Dec 02 𝑖 8 × 300

standard deviation in the residuals reaches 0.05mags for 𝑔SM magnitudes when 𝑔SM ∼
15.8, 𝑖SM magnitudes when 𝑖SM ∼ 15.5, 𝑣SM magnitudes when 𝑣SM ∼ 15.4, and 𝑢SM

magnitudes when 𝑢SM ∼ 15.8. We note that the scatter is driven by the uncertainty

in the SkyMapper DR1.1 catalog, as our photometry is substantially deeper.

2.3 Grid of synthetic photometry

We generated a grid of flux-calibrated, synthetic spectra over a range of stellar pa-

rameters and metallicities specifically covering that expected for red giant branch

(RGB) and main sequence turn off (MSTO) stars in Tucana II and the Milky Way

halo. The stellar parameters of this grid are given in Table 2.2. We then computed

the expected flux through each of the SkyMapper filters from these synthetic spectra.
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Figure 2-1 Top: Comparison of a portion of an image immediately before (left) and
after (right) pattern noise removal (see Section 2.2.1.2). Bottom: A histogram of pixel
values in each image before pattern noise removal (left) and after removal (right).
After pattern-noise removal, the standard deviation of the values of the pixels in this
image is ∼7 counts. This spread agrees with the range of readout noises reported for
the SkyMapper readout amplifiers in Wolf et al. [9].

72



Table 2.2. Stellar parameters of grids of synthetic spectra

Parameter Minimum Maximum Step

RGB Grid
𝜆 3000 Å 9000 Å 0.01 Å
𝑇eff 4000K 5700K 100K

log 𝑔 1.0 3.0 0.5
[Fe/H] −4.0 −0.5 0.5

MSTO Grid
𝜆 3000 Å 9000 Å 0.01 Å
𝑇eff 5600K 6700K 100K

log 𝑔 3.0 5.0 0.5
[Fe/H] −4.0 −0.5 0.5

2.3.1 Generating synthetic spectra

We used the Turbospectrum synthesis code [147, 148], MARCS model atmospheres

[149], and a linelist composed of all lines between 3000 Å to 9000 Å available in the

VALD database [150, 151] to generate our grid of flux-calibrated synthetic spectra.

We replaced the lines of the CN molecule in the VALD line list with those from Brooke

et al. [152] and Sneden et al. [153], those of CH with lines from Masseron et al. [53]

and Brooke et al. [154], and those of C2 with lines from Ram et al. [155]. This resulted

in a linelist with ∼ 800, 000 lines. An example of two synthetic spectra with different

metallicities is shown in Figure 2-2. The 12C/13C isotope ratio was assumed following

the relation presented in Kirby et al. [4], which is based on figure 4 in Keller et al.

[156]. We note that solar abundances for the MARCS model atmospheres are adopted

from Grevesse et al. [157].

For the analysis of RGB stars, we generated a grid of spectra with stellar param-

eters ranging from 𝑇eff = 4000K to 5700K, log 𝑔 = 1.0 to 3.0, and [Fe/H] = −4.0 to

−0.5. We opted to use the “standard" spherical model geometry within the MARCS

model atmospheres. We used a microturbulence of 2 km s−1. The 𝛼-enhancement

was set to [𝛼/Fe] = 0.4 for stars with [Fe/H] < −1.0, and linearly decreased between

−1 < [Fe/H] < 0 such that [𝛼/Fe] = 0 when [Fe/H] = 0.
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For the analysis of MSTO stars, we generated a grid of spectra with stellar pa-

rameters ranging from 𝑇eff = 5600K to 6700K, log 𝑔 = 3.0 to 5.0, and [Fe/H] = −4.0

to −0.5. We opted to use plane-parallel model geometries as part of the MARCS

model atmospheres, and used the same microturbulence value and [𝛼/Fe] trends as

for the RGB grid.
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Figure 2-2 Top: Flux-calibrated synthetic spectra for two stars with the same stellar
parameters, but different metallicities. Bottom: Normalized synthetic spectra for the
same two stars, with the bandpass of the SkyMapper 𝑣 filter overplotted as a dashed
line. The strength of the Ca II K line measurably affects the flux through the 𝑣
filter. The CN absorption feature at 3870 Å is also sufficiently prominent to affect
the flux through the filter, and its impact on the measured photometric metallicity is
discussed in Section 2.4.3.

2.3.2 Generating synthetic photometry

For each synthetic spectrum, we calculated the absolute magnitude from the flux

through each of the SkyMapper 𝑢, 𝑣, 𝑔, and 𝑖 filters. First, we retrieved the bandpasses

of each of the SkyMapper filters [135] from the Spanish Virtual Observatory (SVO)

Filter Profile Service [158]1. We then closely followed the methodology in Casagrande

and VandenBerg [159] to generate synthetic magnitudes for each of our synthetic

1http://svo2.cab.inta-csic.es/svo/theory/fps3/
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spectra. We computed synthetic AB magnitudes, in which a flux density of 𝐹𝜈 =

3.63 × 10−20 erg cm−2 s−1 Hz−1 is defined as having mAB = 0, through each filter by

applying the following formula

𝑚AB = −2.5 log

∫︀ 𝜈𝑓
𝜈𝑖

𝜈−1 𝐹𝜈 𝑇𝜂 𝑑𝜈∫︀ 𝜈𝑓
𝜈𝑖

𝜈−1 𝑇𝜂 𝑑𝜈
− 48.60 (2.1)

where 𝐹𝜈 is the flux from a flux-calibrated synthetic spectrum as a function of wave-

length, 𝑇𝜂 is the system response function over the bandpass of the filter, and 𝜈𝑖 and

𝜈𝑓 are the lowest and highest wavelengths of the bandpass filter. We note that small

zero point offsets on the order of ∼ 0.02 are possible in this formalism, as briefly

mentioned in Casagrande and VandenBerg [159]. We, however, find that we need to

apply an a zero-point correction of +0.06mags to our synthetic 𝑣 magnitudes to derive

accurate metallicities, as described in the second to last paragraph of Section 2.4.4.

2.4 Analysis

One aim of this study is to demonstrate that SkyMapper photometry can be used to

derive stellar parameters and metallicities to ultimately derive a metallicity distribu-

tion function for the Tucana II UFD. For that purpose, it is necessary to carefully

characterize the sources of uncertainty in our photometric metallicities. Therefore,

we first describe our methodology in measuring photometric metallicities and surface

gravities in Sections 2.4.1 and 2.4.2. Then, in Sections 2.4.3 through Section 2.4.6,

we attempt to quantify the impact of (strong) carbon molecular features within the

bandpass of the 𝑣 filter on our photometric metallicities, and compare our photometric

metallicities to available spectroscopic metallicities in the literature.

2.4.1 Measuring metallicities from photometry

The SkyMapper 𝑣 filter has been designed to be sensitive to stellar metallicity [e.g.,

127]. This sensitivity arises from the presence of the strongest metal absorption line,
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Figure 2-3 Left: Contours used to measure photometric metallicities from the
SkyMapper photometry for several log 𝑔 values. Right: Contours used to measure
photometric surface gravities from SkyMapper photometry for several [Fe/H] values.

76



Ca II K, at 3933.7 Å in the bandpass. Since the strength of the Ca II K line scales

with the overall metallicity of the star, the overall flux measured through the filter

is thus governed by the stellar metallicity. An example is illustrated in Figure 2-2,

where synthetic spectra of stars with [Fe/H] = −1.0 and −3.0 are juxtaposed, and

the bandpass of the 𝑣 filter is overplotted.

Making use of the relation between Ca II K absorption and metallicity, previous

work by Keller et al. [160] suggested that metal-poor stars can be discriminated from

metal-rich ones in the 𝑣− 𝑔− 2× (𝑔− 𝑖) vs. 𝑔− 𝑖 space. Inspired by this, we instead

choose to utilize 𝑣 − 𝑔 − 0.9 × (𝑔 − 𝑖) vs. 𝑔 − 𝑖 as a discriminator, which we have

already successfully used to identify metal-poor dwarf galaxy stars using our custom

SkyMapper data and SkyMapper DR1.1 [12, 137].

As part of this work, we plotted 𝑣 − 𝑔 − 0.9× (𝑔 − 𝑖) vs. 𝑔 − 𝑖 of the photometry

from the synthetic spectra (described in Section 2.3) on the left panels of Figure 2-3.

We did so for four different log 𝑔 values, from 1 to 4. As can be seen, stars of a given

metallicity form well-behaved contours allowing us to easily interpolate between these

contours to derive quantifiable stellar metallicities. Hence, we interpolated between

these metallicity contours with a piecewise 2d cubic spline interpolator using the

scipy.interpolate.griddata function, and thereby derived photometric metallici-

ties for every star with 𝑣, 𝑔, and 𝑖 photometry. We flagged each star with photometry

placing them beyond the upper (most metal-poor) bounds given of these contours,

and set their metallicity to the boundary value (i.e., [Fe/H] = −4.0).

As is shown on the left panel in Figure 2-3, the contours used for measuring

metallicity depend on the surface gravity log 𝑔. It is thus necessary to assume an initial

log 𝑔 before attempting any metallicity calculations. We initually assume log 𝑔 = 2

which should roughly correspond to the surface gravity of stars on the RGB of Tucana

II.

Upon obtaining these initial metallicities, photometric surface gravities were then

derived as described in Section 2.4.2. After that, the photometric surface gravities

were used to determine our final photometric metallicities. The average change in the

photometric metallicities upon updating the surface gravity is marginal (∼ 0.02 dex

77



for stars with log 𝑔 < 3.0), suggesting that one iteration is sufficient for convergence.

Section 2.4.7 discusses our final adopted metallicity uncertainties.

2.4.2 Measuring surface gravities from photometry
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Figure 2-4 Effect of different carbon abundances on the photometric metallicities as
a function of surface gravity and effective temperature and a fixed [Fe/H] = −2.5.
A strong effect occurs towards lower effective temperatures (.4700K) and with in-
creasing carbon enhancement ([C/Fe] ≥ 0.5) because the strength of the CN feature
at ∼3870 Å has a significant effect on the flux through the 𝑣 filter. The dashed line
corresponds to the RGB of a [Fe/H] =−2.5, 12Gyr Dartmouth isochrone [10].

The SkyMapper 𝑢 and 𝑣 filters can be used to discriminate the surface gravities

of stars. These filters bracket the Balmer Jump at 3646 Å which is sensitive to the

H− opacity, which, in turn, is a function of the log 𝑔 of the star [e.g., 136]. Similar to
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the method outlined in Section 2.4.1 for deriving photometric metallicities, plotting

𝑢−𝑣−0.9×(𝑔−𝑖) vs. 𝑔−𝑖 can discriminate stellar surface gravities. This behavior is

illustrated on the right panels in Figure 2-3, based on the synthetic spectra described

in Section 2.3. We then use the same interpolation technique described in Section 2.4.1

to derive photometric surface gravities from the 𝑢− 𝑣 − 0.9× (𝑔 − 𝑖) contours.

We use the first-pass synthetic metallicities from Section 2.4.1 to choose the cor-

responding set of log 𝑔 contours from which to derive surface gravities. Since we use

surface gravities solely to remove foreground main-sequence stars from our sample, we

opt not to iteratively re-measure log 𝑔 with updated photometric metallicity values.

2.4.3 Dependence of the photometric metallicity measurements on car-

bon abundance

Since a CN molecular absorption feature is located at ∼3870 Å in the bandbass of

the SkyMapper 𝑣 filter (encompassing ∼ 3600 Å to ∼ 4100 Å), its spectral morphol-

ogy can become strong enough to systematically affect the flux through the filter.

The strength of the CN feature significantly depends on the carbon abundance and

effective temperature of the star: A higher carbon abundance and a lower effective

temperature leads to a stronger CN absorption feature which, in turn, leads to an ar-

tificially higher photometric metallicity. This could systematically skew photometric

metallicity results since a significant fraction of metal-poor stars tend to be enhanced

in carbon ([C/Fe] > 0.7) and are known as carbon-enhanced metal-poor (CEMP)

stars. 80% of stars with [Fe/H] < −4.0 and still 24% of stars with [Fe/H] < −2.5

have [C/Fe] > 0.7 [8]. We thus attempt to quantify these effects to gauge how our

photometric metallicities derived from the 𝑣 filter are influenced by the carbon abun-

dance.

We test the effect of the strength of the CN feature on the flux through the

SkyMapper 𝑣 filter by regenerating our grid of synthetic spectra, as described in

Section 2.3. We do so by varying the carbon abundances of the synthetic spectra

between [C/Fe] = −0.5 and [C/Fe] = 1.0 in intervals of 0.5. We then derived the
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Figure 2-5 Overview of the process of finding likely member stars to derive mean
photometric metallicities for NGC6254 (top), a cluster with [Fe/H] = −1.56, and
NGC6809 (bottom), a cluster with [Fe/H] = −1.94 [11]. From left to right: selection
of candidate members using a Dartmouth isochrone [10]; further selection using Gaia
proper motion data: a 2d Gaussian (blue) is fitted to a density plot of the proper
motion data to select likely members; resulting CMD after only retaining stars with
photometric log 𝑔 < 3 and with proper motions in the fitted 2d Gaussian; histogram
of photometric metallicities of the stars that passed all selection criteria.

𝑣 − 𝑔 − 0.9× (𝑔 − 𝑖) index and 𝑔 − 𝑖 colors for these synthetic spectra and obtained

the corresponding photometric metallicities following the procedure described in Sec-

tion 2.4.1.

In Figure 2-4, we plot the changes in the resulting photometric metallicity, relative

to a baseline of [C/Fe] = 0, for four different carbon abundances as a function of

surface gravity and effective temperature, corresponding to our RGB grid in Table 2.2.

The [C/Fe] = 0 baseline, however, is temperature-dependent as the strength of the

CN band is temperature sensitive. Decreasing the carbon abundance by 0.5 dex to
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gauge the corresponding effect on the photometric metallicity leads minimal effects

of ∼ 0.1 dex, as seen in Figure 2-4. But among the cooler stars (𝑇eff < 4700K) with

[C/Fe] > 0.5, we find significant changes (the ultimately measured [Fe/H] of a CEMP

star gets artificially increased by Δ[Fe/H]∼ 0.5). Accordingly, some true CEMP stars

may always remain “hidden" in our samples, especially among the cooler stars. No

significant effects are apparent otherwise since the CN feature is relatively weak for

all these stars, meaning the feature does not influence the overall flux through the

𝑣 filter. Therefore, our analysis suggests that we would still select moderately cool

(𝑇eff ∼ 4700K) CEMP stars as very metal-poor candidates. This result is supported

by the fact that we can re-identify all three members of Tucana II that are CEMP

stars, all of which are warmer than 4600 K [12] but are not greatly enhanced in carbon

([C/Fe] < 1.0 before applying the carbon correction following Placco et al. [8]).

Overall, we conclude that while our derived photometric metallicities are depen-

dent on the carbon abundance and effective temperature of stars, we can select stars

with (uncorrected) [C/Fe] . 0.5 that also have [Fe/H] ∼ −2.5 and have 𝑇eff & 4800K

with sufficient precision (within +0.3 dex). Stars which turn out to have e.g., [C/Fe]

∼ 0.35, if on the RGB (log 𝑔 ∼ 1.5), would likely become CEMP stars after ap-

plying a correction for the evolutionary status of the star following Placco et al.

[8]. Correspondingly, a star with a carbon abundance of up to [C/Fe] ∼ 1 and

[Fe/H] ∼ −2.5 could principally still be identified as a candidate member of a UFD

([Fe/H] . −1.5) when it has 𝑇eff & 5000K since its photometric metallicity would be

shifted by Δ[Fe/H]. 1.0.

CEMP-s stars tend to be the most carbon-enhanced ([C/Fe] & 1.25 at [Fe/H] &

−2.8) subclass of CEMP stars and would thus systematically have among the strongest

CN bands [161] somewhat irrespective of temperature. Consequently, CEMP-s stars

would appear as much more metal-rich stars (we estimate by about 1 dex or more)

supposing they were on the RGB. Hence, any CEMP-s star with e.g., [Fe/H] = −2.5

would be measured as having a metallcity of −1.5 dex or higher. These metallicities

tend to be excluded from our selection since we are focused on more metal-poor stars,

so our sample could thus be regarded mostly free of CEMP-s stars.
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At lower metallicities, the effect of the CN absorption on the measured [Fe/H] is

somewhat mitigated. After repeating our procedure for [Fe/H] = −4.0, a star with

[C/Fe] = 1.0 will affect the measured [Fe/H] by ∼ 0.3 dex when it has 𝑇eff & 4500K.

When [C/Fe] is increased to 2.0, moderately cool (𝑇eff ∼ 4800K) stars will be affected

by up to 0.75 dex due to the highly nonlinear growth of the CN feature. Nevertheless,

we note that to first order, the CN feature of a star with [Fe/H] = −5.0 and [C/Fe] =

2.0 should be similar to that of a star with [Fe/H] = −4.0 and [C/Fe] = 1.0, assuming

similar stellar parameters. This implies that most CEMP stars with [Fe/H] < −4.0

should be identifiable, except for perhaps very extreme cases.

In general, these results suggests that any metallicity distribution function (MDF)

derived from SkyMapper photometry will likely be upscattered to some degree. Ac-

cording to our models, the most metal-poor ([Fe/H] ∼ −4.0), moderately cool (𝑇eff ∼
4800K) stars with a significant carbon-enhancement ([C/Fe] ∼ 2.0) will be affected

by up to 0.75 dex. High-resolution spectroscopic follow-up observations of stars in the

SkyMapper dataset can confirm the extent of these CN feature-induced changes.

2.4.4 Comparison to Globular Clusters

Globular clusters are old (∼ 10Gyr) and metal-poor ([Fe/H] < −1.0) star clus-

ters. The dispersion of the metallicities of their member stars is generally small

(𝜎[Fe/H] ∼ 0.05) as discussed in e.g., Carretta et al. [11]. The stellar population of

individual globular clusters therefore provides a useful test of the precision of deriving

photometric metallicities, since most of the dispersion in the photometric metallici-

ties of member stars can be ascribed to the uncertainty in our SkyMapper data and

broader methodology.

While we did not observe any globular clusters as part of our observing program,

a number of globular clusters are located within the footprint of the first data release

(DR1.1) of the SkyMapper Southern Survey [9]. Thus, we retrieved SkyMapper 𝑢, 𝑣, 𝑔,

and 𝑖 photometry from the DR1.1 catalog for member stars of all globular clusters in

the southern hemisphere with a distance less than 10 kpc. Specifically, we used the

Harris [162] catalog of globular clusters, an update to the older Harris [163] catalog,
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Figure 2-6 Residuals of our photometric metallicities of globular clusters with respect
to spectroscopic results from Carretta et al. [11], as a function of their metallicities.
These residuals have a standard deviation of 0.16 dex. The standard error in the
mean of the residuals is 𝜎Δ[Fe/H] = 0.04.
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and retrieved all stars within three times the tidal radius of each globular cluster.

This resulted in the retrieval of 17 globular clusters with metallicities ranging from

[Fe/H] = −2.27 to [Fe/H] = −0.99 as measured in Carretta et al. [11].

Upon retrieving SkyMapper 𝑢, 𝑣, 𝑔, 𝑖 photometry from the public catalog, we se-

lected likely member stars of each globular cluster. We first overlaid 13 Gyr Dart-

mouth isochrones [10] with metallicities and distance moduli matching those from

Carretta et al. [11] and then selected all stars with 𝑔−𝑖 within 0.3mag of the isochrone.

We then computed photometric metallicities and surface gravities of these candidate

members using the methods described in Sections 2.4.1 and 2.4.2.

We used proper motion measurements from the second data release from the Gaia

mission [DR2; 111, 112, 164] as an additional avenue to exclude non-members since

members of a globular cluster should have similar proper motions. To identify the

systemic proper motion of each cluster, we generated 2d histograms of the proper

motions with a binsize of 0.2mas/yr in 𝜇𝛼 and 𝜇𝛿. We then fitted a 2d elliptical

Gaussian to the overdensity in each proper motion histogram and selected all stars

enclosed within the 3𝜎 bounds of the Gaussian.

We then chose to only retain stars with photometric surface gravities of log 𝑔 < 3,

as the depth of the public SkyMapper photometry with usable photometric metal-

licity precision (𝑔 ∼ 16) does not extend to the main sequences in our sample of

globular clusters. We also only retained stars with photometric metallicity uncer-

tainties below 0.5 dex and photometric surface gravity uncertainties below 0.75 dex.

The determination of the uncertainties is described in Section 2.4.7. Each step of

our selection of likely member stars of globular clusters is shown in Figure 2-5. We

finally derive an overall metallicity of each globular cluster by taking the average of

the photometric metallicities, weighted by the inverse-squared photometric metallic-

ity uncertainties, of each remaining sample of likely member stars. Two histograms

of the photometric metallicities of likely member stars for NGC6254 and NGC6809

are shown as examples in Figure 2-5.

For all clusters for which we identify 𝑁 > 1 member stars, we plotted the residuals

of our derived cluster metallicities with respect to spectroscopically-derived metallic-
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Table 2.3. Photometric metallicities of globular clusters based on SkyMapper
DR1.1 data

Name (𝑚−𝑀) [Fe/H]C09 [Fe/H]phot N

NGC7099 14.54 −2.27 −2.39 10
NGC6397 11.81 −2.02 −2.30 29
NGC6809 13.66 −1.94 −1.83 97
NGC4833 14.10 −1.85 −1.95 3
NGC6541 14.38 −1.81 −1.73 7
NGC6681 14.77 −1.62 −1.44 2
NGC3201 13.45 −1.59 −1.72 23
NGC6254 13.22 −1.56 −1.61 42
NGC6752 13.01 −1.54 −1.28 68
NGC5139 13.58 −1.53 −1.51 185
NGC6218 13.41 −1.37 −1.46 28
NGC288 14.75 −1.32 −1.56 7
NGC362 14.67 −1.26 −1.03 15
NGC6723 14.70 −1.10 −1.04 7
NGC6362 14.40 −0.99 −1.17 4

ities of each cluster from Carretta et al. [11]. We found that applying an offset of

0.06mags to our synthetic 𝑣 magnitudes removed a ∼ 0.1 dex systematic offset be-

tween our metallicities and those in Carretta et al. [11]. Thus, we applied this offset

to our contours and re-derived our cluster metallicities. We note that all photo-

metric metallicities and log 𝑔 values presented in this paper are calculated with this

+0.06mags offset in the synthetic 𝑣 magnitudes.

The final residuals of our cluster metallicities with respect to Carretta et al. [11]

are shown in Figure 2-6. A negligible final offset of −0.02 dex is found with a standard

deviation is 0.16 dex with respect to the values from Carretta et al. [11]. We thus

take 0.16 dex as an estimate of the intrinsic uncertainty from our method as further

discussed in Section 2.4.7. Table 2.3 lists our measured photometric metallicities as

well as spectroscopic metallicities from Carretta et al. [11].
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Figure 2-7 Left: Comparison of our photometric metallicities to those derived from
high-resolution spectroscopy in Chiti et al. [12]. Right: Comparison of our photo-
metric metallicities to those derived from medium-resolution spectroscopy in Walker
et al. [1] for all stars in that paper with metallicity values with an uncertainty less
than 0.2 dex and [Fe/H] < −1.0. We note that Walker et al. [1] applied a zero-point
offsets of either 0.16 dex or 0.32 dex to their metallicities that may account for the
zero-point offset between our measurements and those in Walker et al. [1]. Dashed
lines are drawn at +0.3 and −0.3 to guide the eye. Error bars correspond to the
uncertainty in the photometric metallicities of these stars.
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Figure 2-8 Comparison of our photometric log 𝑔 values to those derived from high-
resolution spectroscopy in Chiti et al. [12]. Dashed lines are drawn at +0.3 and −0.3
to guide the eye. Error bars correspond to the uncertainty in the photometric log 𝑔
values of these stars.
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2.4.5 Comparison to Tuc II high-resolution members

Seven stars in Tucana II have high-resolution spectroscopic metallicities presented in

Chiti et al. [12]. We compare our photometric metallicities and surface gravities for

those seven stars to the spectrosopically determined values. The results are shown in

the left panel of Figure 2-7 and in Figure 2-8.

For the metallicities, we find a mean offset between our values of 0.09 dex (in which

we measure a higher [Fe/H]) with a standard deviation of 0.34 dex. This is excellent

agreement, given that all but one photometric metallicity is within 1𝜎 agreement of

the metallicities derived from high-resolution spectroscopy (see Section 2.4.7 for a

discussion of the derivation of these uncertainties). Additionally, the mean carbon

abundance of these stars is [C/Fe] = 0.35 and their mean 𝑇eff is 4870K, which,

according to Figure 2-4 would suggest that we should overestimate the photometric

metallicity by ∼0.1 dex.

We also find generally excellent agreement between our photometric log 𝑔 values

and those in Chiti et al. [12], as shown in Figure 2-8. The mean offset is −0.09 dex,

meaning we measure a lower log 𝑔 relative to those derived from high-resolution spec-

troscopy. The standard deviation of the residual between our log 𝑔 measurements

is 0.22 dex. The standard deviation and mean offset are almost entirely driven by

the one outlier, labeled as TucII-078 in Chiti et al. [12], at log 𝑔 ∼ 1.9 in Figure 2-

8. Excluding it would change the offset to +0.02 dex and the standard deviation to

0.11 dex. However, the presence of this outlier is not entirely surprising, given that

Chiti et al. [12] derive a correspondingly large uncertainty of 0.67 dex in the log 𝑔 of

TucII-078.

2.4.6 Comparison to Walker et al. [1]

We also compare our photometric metallicities to [Fe/H] values from Walker et al. [1],

who derived these values from 𝑅 ∼ 18, 000 and 𝑅 ∼ 10, 000 spectra of the Mg b region

(∼ 5150 Å) for 137 candidate member stars in the vicinity of Tucana II. We chose

to only compare with stars in Walker et al. [1] that had metallicity uncertainties <
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0.20 dex to ensure a high-quality comparison. We further only compared to stars with

[Fe/H] < −1.0 in Walker et al. [1], as our grid of synthetic photometry only extends

to [Fe/H] = −0.5. We find good agreement between our photometric metallicity

measurements and those in Walker et al. [1], with a mean offset of −0.12 dex, meaning

we measure a lower [Fe/H], and a standard deviation between our measurements of

0.23 dex.

2.4.7 Final [Fe/H] and log 𝑔 uncertainties

We assume that the uncertainty in each photometric [Fe/H] value is a combination

of 1) intrinsic uncertainty from our methodology and 2) random uncertainty that is

propagated from uncertainties in the photometry. The intrinsic uncertainty in our

methodology is assumed to be 0.16 dex, which is the standard deviation of the resid-

uals of our photometric metallicities for globular clusters (see Section 2.4.4). We thus

take into account that the mean photometric [Fe/H] value for each cluster is usually

derived from a large number of stars (𝑁 > 10), suggesting that the standard error in

each of these values is generally small. We therefore assume that the 0.16 dex scatter

in the residuals is mostly driven by the intrinsic uncertainty in our method, which

we adopt as such when calculating the final uncertainty in our photometric [Fe/H]

values. The random uncertainty is derived by adding in quadrature the difference in

photometric [Fe/H] obtained after varying each the 𝑣, 𝑔, and 𝑖 magnitudes by their

1𝜎 photometric uncertainties and redetermining final values. If the variation of any of

the magnitudes by their 1𝜎 photometric uncertainties takes them beyond the bounds

of the grid of synthetic photometry, then a conservative uncertainty of 0.75 dex is

adopted.

The intrinsic and random uncertainties are then added in quadrature to derive

final uncertainties on our photometric [Fe/H] values. Our final photometric metal-

licity uncertainties appear to be reasonable, as the median of the uncertainty of the

photometric metallicities in the left and right panels of Figure 2-7 is 0.31 dex and

0.21 dex, respectively. These uncertainties are similar to the standard deviations of

the data points in each of these panels of 0.34 dex and 0.23 dex, respectively. For
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another estimate of the precision of our method, we can thus pool together the resid-

uals in Figures 2-6 and 2-7 and compute their standard deviation. Upon doing this,

we find that the standard deviation of the residuals is 0.20 dex for data points with

[Fe/H] > −2.5 and 0.34 dex for those with [Fe/H] < −2.5.

The uncertainty in the photometric log 𝑔 is calculated a similar manner. The

random uncertainty is derived by adding in quadrature the difference in photometric

log 𝑔 after varying the 𝑢, 𝑣, 𝑔, and 𝑖 magnitudes by their 1𝜎 photometric uncertainties.

The intrinsic uncertainty is assumed to be 0.20 dex, since this leads to the median

uncertainty of the photometric log 𝑔 values in Figure 2-8 to agree with the standard

deviation of the residuals.

2.5 Re-discovering the Tucana II dwarf galaxy

In this section, we show that our photometric metallcities and surface gravities, when

combined with Gaia DR2 proper motion data, provide an extremely efficient means

to identify likely member stars (Section 2.5.1) of Tucana II. This principally enables

precise studies of the properties of a UFD. We further outline a method using the

python emcee package to quantify membership probability (Section 2.5.2) to derive

a metallicity distribution function (MDF) for the Tucana II UFD (Section 2.5.3). In

principle, these techniques could also be used to study other UFDs with incomplete

or no spectroscopy of member stars.

2.5.1 Identifying members of Tucana II

We performed several preliminary steps to prepare our source catalog for analysis.

We first removed galaxies by cross-matching our sources with those in the DES Y1A1

gold catalog [146]. Following the criteria and procedure described in Desai et al.

[165] and Bechtol et al. [37], we excluded all sources from the DES catalog with the

parameter SPREAD_MODEL_I > 0.003 [165] to retain only stars. We then measured

photometric metallicities and surface gravities of every star within the parameters of

our grid of synthetic photometry, and compiled their proper motion measurements
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Figure 2-9 Top left: Color-color plot for determining photometric metallicities. All
stars selected along an isochrone that matches the Tucana II red giant branch stellar
population are colored according to their photometric metallcities. Red star symbols
are confirmed members (p > 0.95) from Walker et al. [1]; small black star symbols
are confirmed non-members from Walker et al. [1]; purple star symbols are confirmed
members from high-resolution spectroscopy from Chiti et al. [12]. Top right: Color-
color plot for determining photometric log 𝑔. As discussed in Section 2.5.2, stars with
[Fe/H] > −1.0 and log 𝑔 ≥ 3.0 are excluded when deriving membership probabilities
since they are very likely to be foreground contaminants. Bottom left: A plot of
photometric log 𝑔 vs. photometric [Fe/H] for stars in Walker et al. [1] and Chiti et al.
[12]. Note the separation of the majority of confirmed members from foreground stars
at high metallicites. Bottom right: Gaia DR2 proper motions of stars in Walker et al.
[1] and Chiti et al. [12].
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from the Gaia DR2 catalog [111, 112]. Then, we compiled a list of confirmed member

stars of Tucana II from Walker et al. [1] and Chiti et al. [12] and confirmed non-

member stars in the vicinity of Tucana II from Walker et al. [1]. Walker et al. [1]

derived membership probabilities for 137 stars in the vicinity of the Tucana II UFD.

Two new confirmed member stars of Tucana II had already been identified by Chiti

et al. [12] from the data presented in this paper.

We consider all stars with a membership probability > 95% in Walker et al. [1]

to be likely members in our subsequent analysis. Of particular interest in this regard

is whether likely member stars could be separated from non-member stars using our

photometric stellar parameter measurements and Gaia proper motion data. In Fig-

ure 2-9, we illustrate several tests to qualitatively separate the non-members and likely

members from Walker et al. [1] and Chiti et al. [12]. The top two panels demonstrate

that the majority of likely members separate from non-members in the color-color

plots we employ to measure photometric stellar parameters. The bottom two panels

of Figure 2-9 show that when combining metallicity, log 𝑔, and proper motion infor-

mation, the confirmed members are largely distinct from foreground stars. However,

three members from Walker et al. [1] do not separate as cleanly. One of these stars is

fairly metal-rich ([Fe/H] ∼ −1.3), about 1 dex more compared to the other member

stars. It is likely a metal-rich, or carbon-enhanced (see Section 2.4.3), member of

the UFD, given its separation from the foreground in log 𝑔 and proper motion. The

other two stars may indeed be non-members, given our measurements of their pho-

tometric metallicity ([Fe/H] > −1) and surface gravities (log 𝑔 > 2.5). Furthermore,

the slight separation of these two stars from the other confirmed member stars in

proper motion space, as shown in the bottom right panel of Figure 2-9, supports this

notion. However, since these two stars are faint (𝑔 > 20) and their measurements are

correspondingly less precise, firm arguments about their membership status cannot

be made.

In conclusion, however, we demonstrate that photometric metallicities and surface

gravities, especially in the case of high-quality measurements, can clearly separate

UFD member stars from foreground stars. Furthermore, the Gaia proper motion
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data is useful in identifying likely members that may otherwise be metal-rich (i.e.,

the one star at [Fe/H] ∼ −1.3 in the bottom left plot of Figure 2-9).
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Figure 2-10 Top left: Location of each metal-poor ([Fe/H] < −1.0) giant (log 𝑔 <
3.0) in our sample of stars, and colored by membership probability. As expected, we
identify a number of likely members near the center of the galaxy. The three likely
members with photometric [Fe/H] > −1.5 are circled in red. The half-light radius
from Koposov et al. [13] is overplotted in blue. Top right: Same as the top left,
but plotted in proper-motion space. We find that the likely Tucana II members are
tightly clustered in proper-motion space which is unsurprising given the small intrinsic
dispersion in the system. Bottom panels: Metallicities of stars with membership
probability 𝑝 > 0.50 (left) and 𝑝 < 0.50 (right). Despite not applying an additional
metallicity-dependent term in calculating the membership probabilities, beyond the
initial sample cut we find that the metallicities of the likely members are on average
more metal-poor than the likely non-members. See text for discussion.
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2.5.2 Quantifying membership probabilities

In order to quantitatively derive properties (i.e., MDF) of the Tucana II UFD, member

stars need to be selected well despite the presence of large numbers of foreground

stars. Given that we derive photometric log 𝑔 and [Fe/H] values, we can immediately

remove foreground metal-rich, and main sequence stars from our sample to alleviate

the issue of significant foreground contamination. Then, as previously demonstrated

in e.g., Pace and Li [124], we use a combination of the spatial location of each star

and its Gaia DR2 proper motion measurements to derive quantitative membership

probabilities for each star. The bottom panels of Figure 2-9 already qualitatively

show that using photometric metallicity, log 𝑔, and proper motions enable adequate

membership identification.

To quantify the membership likelihood of each star, we then proceed with several

steps. First, we remove stars that are either metal-rich ([Fe/H] > −1.0), not on the

red giant branch (log 𝑔 ≥ 3.0), or fainter than 𝑔 = 20. We apply the brightness cut

to ensure that our stars have reliable photometric log 𝑔 and [Fe/H] values. We apply

the metallicity cut since no metal-rich stars are known as members of UFDs (see i.e.,

Frebel and Norris 99, Simon 121 for reviews), and we apply the log 𝑔 cut as stars in

Tucana II down to 𝑔 = 20 are at the base of the red giant branch or higher up.

We model the remaining set of metal-poor giants using a mixture model with the

following likelihood function:

ℒTotal = 𝑓memℒsp,memℒpm,mem +

(1− 𝑓mem)ℒsp,nonmemℒpm,nonmem (2.2)

where 𝑓mem denotes the fraction of member stars of Tucana II. The spatial distribution

of member stars of Tucana II is assumed to follow an exponential profile, following

Martin et al. [166] and Longeard et al. [134], with a likelihood function given by:

ℒsp,mem =
exp(− 𝑅

𝑅𝑒
)

2𝜋𝑅𝑒(1− 𝜖)

⧸︃∫︁
𝑆

exp(− 𝑅
𝑅𝑒
)

2𝜋𝑅𝑒(1− 𝜖)
𝑑𝑆 (2.3)
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where 𝜖 is the ellipticity, 𝑅𝑒 is the exponential radius, and R is the elliptical radius,

given by:

𝑅 = ((
1

1− 𝜖
((𝑥− 𝑥0) cos 𝜃 − (𝑦 − 𝑦0) sin 𝜃))

2

+((𝑥− 𝑥0) sin 𝜃 + (𝑦 − 𝑦0) cos 𝜃)
2)1/2 (2.4)

where 𝑥0 and 𝑦0 are the right ascension and declination of the center of Tucana

II, as measured in Koposov et al. [13], and 𝜃 is the position angle of the elliptical

distribution. 𝑥 and 𝑦 are the distances from the center of Tucana II along the di-

rection of right ascension and declination, respectively. The spatial distribution of

non-members, ℒsp,nonmem is assumed to be uniform.

The likelihood functions for the proper motions of members and non-members,

ℒpm,mem and ℒpm,nonmem are assumed to be bivariate Gaussians, following the formal-

ism presented in e.g., Longeard et al. [134]. We use a standard bivariate gaussian to

model the foreground stars, but use the following probability density to model the

members of Tucana II:

𝑝 = (2𝜋)−1

𝜎𝜇𝛼 𝜎𝜇𝛿
×

exp
[︁
− (𝜇𝛼−⟨𝜇𝛼⟩TII)

2

2𝜎2
𝜇𝛼

− (𝜇𝛿−⟨𝜇𝛿⟩TII−𝑘 (𝜇𝛼−⟨𝜇𝛼⟩TII))
2

2𝜎2
𝜇𝛿

]︁
(2.5)

where 𝜇𝛼 is Gaia proper motion in the direction of right ascension, 𝜇𝛿 is the proper

motion is the direction of declination, 𝜎𝜇𝛼 and 𝜎𝜇𝛿
are their corresponding uncertain-

ties, ⟨𝜇𝛼⟩TII and ⟨𝜇𝛼⟩TII denote the systemic proper motion of the Tucana II UFD,

and 𝑘 adds the analog of a position angle to the bivariate gaussian. Identically to

Pace and Li [124], we assume that the intrinsic proper motion uncertainties are much

smaller than the observational uncertainties in proper motion, and thus the width of

the bivariate Gaussian for the UFD members is solely determined by the uncertainties

in proper motions.

We sample the likelihood function using the emcee package [167], which uses the

ensemble sampler from Goodman and Weare [168]. There were 8 free parameters in
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our sampling, which were 𝑓mem, 𝑘, ⟨𝜇𝛼⟩TII, ⟨𝜇𝛼⟩TII, ⟨𝜇𝛼⟩MW, ⟨𝜇𝛼⟩MW, 𝜎𝜇𝛼,MW , 𝜎𝜇𝛿,MW .

The parameters 𝑅𝑒, 𝜖, 𝜃 were fixed to the values provided in Koposov et al. [13]. We

initialized the sampler with 200 walkers, with 2000 steps after a burn-in period of

500 steps to ensure a good sampling of the posterior distributions. The membership

probability was then simply assumed to be the ratio of the membership terms to the

total likelihood in equation 2.2.

In Table 2.4, Figure 2-10, and the top panels of Figure 2-11, we present our

final membership probability for each star. As expected, we find a number of likely

members near the nominal center of Tucana II. However, interestingly, we also find

several stars well separated from the center of the galaxy that also have a likelihood

of being members.

To ensure that our identification of likely members is accurate, we investigated

whether we recovered the known sample of Tucana II members from Walker et al.

[1] and Chiti et al. [12]. We only considered stars with DES 𝑔 < 20 in Walker et al.

[1], as this is comparable to the initial magnitude cut for our sample. We consider

stars that have membership probability 𝑝 > 0.95 in Walker et al. [1] and the two

additional members presented in Chiti et al. [12] to be likely members, and stars

with membership probability 𝑝 < 0.50 in Walker et al. [1] to be likely non-members.

Results of our comparison are shown in Figure 2-11.

As an additional check, we also compared our catalog of likely members with

that of Pace and Li [124], who identified likely members based on Gaia DR2 proper

motions and DES photometry. We find that we recover their entire sample of 10 likely

(𝑝 > 0.50) members of the red giant branch of Tucana II brighter than 𝑔 ∼ 19.6.

We additionally identify three likely member stars not found as having membership

probability greater than 0.50 in their catalog. We note that two of our likely members

that appear to be more metal-rich ([Fe/H] > −1.5) also appear as likely members in

Pace and Li [124], further supporting that they are indeed members.

We find that our initial exclusion of stars with photometric [Fe/H] > −1.0 and

log 𝑔 > 3.0 removes all but five likely non-members from Walker et al. [1]. Further-

more, the five remaining likely non-members are identified as likely non-members from
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our method, since we derive membership probabilities 𝑝 < 0.10 for all those stars.

We re-identify all likely members of the red giant branch from Walker et al. [1] and

Chiti et al. [12] as highly likely members in our sample (all 𝑝 > 0.99). The one likely

member we are not recovering from Walker et al. [1] is on the horizontal giant branch,

since we exclude stars not on the red giant branch from our sample. In addition to

re-identifying all the known likely members on the red giant branch, we here identify

likely members both in the core of Tucana II and several half-light radii away from

it. This result demonstrates that SkyMapper photometry and Gaia proper motions

very efficiently identify likely member stars of UFDs, and by extension, alleviate the

problem of foreground contamination when studying these systems.

We further note that our selection procedure excludes all known non-members in

the core of Tucana II. This fact implies that it may be possible to identify members

of Tucana II, agnostic of the spatial distribution of stars. Purely as an exercise, we

recompute membership probabilities after excluding the spatial terms in Equation 2.2

and present the result in the bottom panels of Figure 2-11. We find, as expected, that

we still exclude all known non-members in the core of Tucana II and re-identify the

likely members on the red giant branch. We additionally find a number of candidate

members that are many half-light radii from the center of the system. In upcoming

work, we indeed confirm the membership status of a handful of these distant stars

(A. Chiti et al., in prep), which is suggestive of a more spatially extended population

of stars, some tidal disturbance, or a need to revisit the structural parameters of the

system.

2.5.3 Metallicity distribution of likely Tucana II members

Given the membership probabilities obtained using Equation 2.2 in Section 2.5.2,

we can now derive a MDF for Tucana II including spatial priors. We compile the

photometric metallicity values and uncertainties derived in Section 2.4, together with

our membership probabilities (see Section 2.5.2). We then generate a Gaussian for

each star in which the mean is the photometric metallicity, with one 𝜎 being equal to

the uncertainty in the photometric metallicity, and the amplitude being equal to the
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Figure 2-11 Top left: Spatial distribution of stars, colored by their membership prob-
ability using the likelihood function in Equation 2.2. Stars with membership prob-
abilities 𝑝 > 0.95 and 𝑔 < 20 in Walker et al. [1], as well as additional confirmed
members from Chiti et al. [12], are outlined in red. Stars with membership prob-
abilities 𝑝 < 0.50 and 𝑔 < 20 in Walker et al. [1] are outlined in blue. Top right:
Same as left panel, but only including stars with membership probability of 𝑝 > 0.10
from our study. We find that we exclude all known non-members and recover all
known members in the literature, except for one horizontal branch star, which nat-
urally would have been excluded by our selection along the red giant branch of an
isochrone. Bottom panels: Same as top panels, but membership probabilities are
computed excluding the spatial terms in the likelihood function in Equation 2.2. We
find several additional candidate member stars in Tucana II that are distant from the
center of the system. However, further investigation is needed before these distant
stars can be classified as likely members. Note that the color scheme for membership
probabilities is different compared to that used in Figure 2-10, to visually aid the
identification of marginal members.
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Figure 2-12 Left: color-magnitude diagram of Tucana II with stars that have mem-
bership probability 𝑝 > 0.50, based on the methodology presented in this paper. Each
star is colored by its photometric metallicity value. A 12 Gyr, [Fe/H] = −2.5 MIST
isochrone is overplotted for reference [14, 15]. Right: metallicity distribution function
(MDF) of the Tucana II UFD based on our membership likelihood analysis. It is
largely composed of extremely metal-poor stars with [Fe/H] ∼ −3 but we also find a
population of stars at photometric [Fe/H]∼ −1.25. The latter group is suggestive of
additional carbon-enhanced metal-poor giants with overestimated metallicities (see
Section 2.4.3 for discussion). We note that all stars with photometric [Fe/H] > −1.0
are removed from our sample, and our grid for deriving metallicities extends down to
[Fe/H] = −4.0. Thus, our MDF is only populated by stars with metallicities between
those values, and extensions above [Fe/H] = −1.0 and below [Fe/H] = −4.0 are due
to uncertainties in the photometric [Fe/H] for individual stars.
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membership probability. We then simply sum these Gaussians to generate a MDF.

The result is shown in Figure 2-12.

We find a population of extremely metal-poor stars in this distribution which

makes Tucana II one of the most metal-poor galaxies, with a MDF peaking at

[Fe/H]∼ −2.9. This result follows earlier investigations that also yielded overall

low metallicities for the system [2, 12]. However, we also find a more metal-rich

component around [Fe/H]∼ −1.25. If these photometric [Fe/H] values are taken at

face value, this higher metallicity component would suggest an extended formation

history for the system. Any indications for an extended star formation history might,

however, suggest that even more stars at higher metallicity are present in the system.

This has not been found by other studies, as all other UFDs have been shown to

not contain stars with [Fe/H] > −1.0 [121]. It is thus unlikely that the apparent

bump at [Fe/H]∼ −1.25 represents a truly metal-rich component. As discussed in

detail in Section 2.4.3, the absorption features around the Ca II K line (most im-

portantly the CN feature) artificially increase the measured metallicity of each star

in accordance with their carbon abundance. Thus, the high metallicity population

may instead be indicative of the presence of strongly carbon-enhanced CEMP stars in

Tucana II. Given that the metal-poor halo population contains a significant fraction

of CEMP stars [8] and that UFDs have not yielded many strongly enhanced CEMP

stars ([C/Fe] > 1.0), this is an interesting option to explore further with spectroscopic

followup observations.

2.6 Conclusion

In this paper, we present an application of deep imaging carried out with the SkyMap-

per telescope to derive stellar parameters for stars. We find that by modeling the

predicted fluxes for stars over a wide range of stellar parameters, we can accurately

and precisely measure the log 𝑔 and metallicities of stars, solely from photometry.

We then apply this technique to the Tucana II UFD. Previous studies of UFDs

were hampered by the presence of foreground, metal-rich main-sequence stars. We
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Table 2.4. Photometric metallicities of stars with Tucana II membership probabiliy
𝑝mem > 0.50

RA (deg) (J2000) DEC (deg) (J2000) 𝑔SM 𝑖SM 𝑝mem [Fe/H]phot 𝜎([Fe/H]phot)

342.671075 −58.518976 18.58 17.94 1.00 −2.66 0.26
342.959507 −58.627823 18.17 17.42 1.00 −2.40 0.19
343.136343 −58.608469 19.42 18.77 1.00 −3.56 0.75
342.929412 −58.542702 18.73 18.06 1.00 −2.89 0.31
343.089087 −58.518710 19.51 18.97 1.00 −1.16 0.21
342.753839 −58.537255 19.37 18.81 0.99 −1.21 0.20
342.784619 −58.552258 18.57 17.90 0.99 −2.27 0.21
342.715112 −58.575714 18.76 18.10 0.99 −2.92 0.32
343.652659 −58.616101 18.71 18.10 0.99 −3.08 0.41
342.537105 −58.499739 18.72 18.02 0.96 −3.73 0.75
341.916360 −58.402040 19.09 18.47 0.75 −1.05 0.19
342.352876 −58.346508 18.83 18.13 0.73 −1.39 0.18
342.687905 −58.939023 18.98 18.33 0.64 −3.44 0.75

demonstrate that by leveraging these photometric stellar parameters, we can effi-

ciently identify member stars of these generally metal-poor systems and derive pho-

tometric metallicities for these stars. We can also derive quantitative membership

probabilities by using Gaia DR2 proper motion data, after removing foreground con-

taminants using our photometric stellar parameters.

Using these membership probabilities, we are able to (1) identify a handful of

stars several half-light radii from the center of Tucana II that have high membership

probabilities and (2) derive a MDF for the system. We identify additional possible

members of the Tucana II UFD upon removing the spatial likelihood terms when

computing membership probabilities. Follow-up spectroscopy of several of these stars

will be presented in an upcoming paper (A. Chiti et al, in prep), in which we find that

a handful of distant stars are indeed members, based on spectroscopic metallicities

and radial velocity measurements. The MDF of Tucana II is either suggestive of

an extended period of star formation history, or the presence of some very carbon-

enhanced metal-poor stars in Tucana II, with the latter option being more likely.

Future work will apply this technique to other UFDs to derive spatially complete
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MDFs and to investigate whether any other UFDs may host a spatially extended

population of stars.
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Chapter 3

Chemical abundances of new member stars

in the

Tucana II dwarf galaxy

The content of this chapter was published in the Astrophysical Journal as [12] on

April, 2018.

Abstract

We present chemical abundance measurements for seven stars with metallicities rang-
ing from Fe/H] = −3.3 to [Fe/H] = −2.4 in the Tucana II ultra-faint dwarf galaxy
(UFD), based on high-resolution spectra obtained with the MIKE spectrograph on
the 6.5m Magellan-Clay Telescope. For three stars, we present detailed chemical
abundances for the first time. Of those, two stars are newly discovered members of
Tucana II and were selected as probable members from deep narrow band photometry
of the Tucana II UFD taken with the SkyMapper telescope. This result demonstrates
the potential for photometrically identifying members of dwarf galaxy systems based
on chemical composition. One new star was selected from the membership catalog
of Walker et al. [1]. The other four stars in our sample have been re-analyzed, fol-
lowing additional observations. Overall, six stars have chemical abundances that are
characteristic of the UFD stellar population. The seventh star shows chemical abun-
dances that are discrepant from the other Tucana II members and an atypical, higher
strontium abundance than what is expected for typical UFD stars. While unlikely,
its strontium abundance raises the possibility that it may be a foreground metal-poor
halo star with the same systemic velocity as Tucana II. If we were to exclude this
star, Tucana II would satisfy the criteria to be a surviving first galaxy. Otherwise,
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this star implies that Tucana II has likely experienced somewhat extended chemical
evolution.

3.1 Introduction

The elements in the atmospheres of metal-poor stars allow us to study the chemical

composition of the early universe. The elements in stellar atmospheres reflect the

composition of a star’s formative gas cloud. Thus, a low surface metal abundance

of a metal-poor star indicates its natal gas cloud must have undergone relatively

few cycles of chemical enrichments (e.g., from supernovae). This lack of enrichment

implies that metal-poor stars generally formed earlier than typical solar-metallicity

stars, and that metal-poor stars can be used to probe the composition of the early

universe in which they formed.

The iron abundance is typically used as a proxy for the overall metal context (or

“metallicity") of a star and metal-poor stars are defined to have an iron abundance of

[Fe/H] ≤ −1 dex, where [Fe/H] = log10(𝑁Fe/𝑁H)⋆−log10(𝑁Fe/𝑁H)⊙ [99]. Of particular

interest are the most metal-poor stars, such as very metal-poor stars (VMP; [Fe/H]≤
−2.0) and extremely metal-poor stars (EMP; [Fe/H]≤ −3.0). The abundance of

various elements (i.e., carbon, neutron-capture elements) as a function of overall

[Fe/H] for VMP and EMP stars sheds light on the nature of the chemical evolution of

the early universe [169, 170, 17, 8]. Stars with [Fe/H] ≤ −4.0 can be used to constrain

the yields and properties of the very first supernovae [e.g., 102] and by extension,

properties of the first stars [171]. Metal-poor stars have also been used to trace old

substructure in the Milky Way (e.g., Starkenburg et al. 125), and to address a number

of questions related to galaxy formation and cosmology [172, 173, 55, 174, 175, 99].

The simpler formation history of dwarf galaxies makes them an ideal laboratory

to use metal-poor stars for studying topics such as chemical evolution, star formation

history, and stellar populations [176]. Furthermore, faint dwarf galaxies are thought

to be the surviving analogs of the ancient galaxies that were accreted to form the

Milky Way halo [20, 177], and are also themselves older and more metal-poor than
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some components of the Milky Way such as the disk [178, 179]. Thus, studying the

metal-poor stars in these systems provides insights on the nature of the first galaxies

and the origins of the of chemical signatures of the VMP and EMP stellar population

in the halo [180].

Ultra-faint dwarf galaxies (UFDs), in particular, are among the oldest (≥10Gyr),

most metal-poor (typically a mean [Fe/H]< −2.0), and dark-matter dominated (M/L𝑉

& 100) [e.g., 109] dwarf galaxy systems. These characteristics make stars in UFDs

especially promising targets to study the aforementioned questions. Several surveys

over the past decade have detected dozens of UFDs [106, 181, 107, 182, 183, 37, 184,

185, 186, 13, 187, 188, 189, 190, 191], thus greatly increasing the prospect for studying

the population of metal-poor stars in their environments.

To investigate the detailed chemical composition of stars, it is necessary to obtain

high-resolution spectra. Results already show the utility of detailed studies of the

composition of metal-poor stars in UFDs. For instance, the strong over-abundance of

neutron-capture elements associated with the r-process in seven stars in the Reticulum

II UFD has constrained the dominant astrophysical site of the r-process [82]. However,

only 59 stars have been observed with high-resolution spectroscopy in 14 UFD systems

[18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 2, 31, 32, 33, 34, 35, 36] since the

low stellar mass (. 104𝑀⊙), distance (𝑑 & 30 kpc), and lack of giant branch stars in

UFDs [e.g., 192] strictly limits the stars for which high-resolution spectroscopy can

be performed with current technology. Adding to the observational burden, medium-

resolution spectroscopy is required to identify which stars in their field are members

of these systems before high-resolution observations can be carried out. All of these

reasons make the time required to identify and observe member stars of UFDs a

bottleneck to progress in the field.

In this paper, we present the chemical abundances of seven stars with [Fe/H] rang-

ing from −2.4 to −3.3 dex in the UFD Tucana II [37, 13] derived from high-resolution

spectroscopy. Two stars are new members that were identified from photometry of

the Tucana II dwarf galaxy obtained with the filter set on the SkyMapper telescope

(Chiti et al. 2018, in prep). The discovery of these stars motivated studying Tucana
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Table 3.1. MIKE observations of stars in Tucana II

Name RA (h:m:s) (J2000) DEC (d:m:s) (J2000) Slit size 𝑔 (mag) 𝑡exp (min) S/Na 𝑣helio (km/s)

TucII-006 22:51:43.06 −58:32:33.7 1.′′0 18.78 206b 15, 30 −126.1
TucII-011 22:51:50.28 −58:37:40.2 1.′′0 18.27 314b 15, 30 −124.6
TucII-033 22:51:08.32 −58:33:08.1 1.′′0 18.68 155b 17, 32 −126.9
TucII-052 22:50:51.63 −58:34:32.5 1.′′0 18.83 155b 17, 35 −119.9
TucII-078 22:53:06.67 −58:31:16.0 1.′′0 18.62 215 15, 30 −123.8
TucII-203 22:50:08.87 −58:29:59.1 1.′′0 18.81 275 16, 37 −126.1
TucII-206 22:54:36.67 −58:36:57.9 1.′′0 18.81 385 15, 37 −122.9

aS/N per pixel is listed for 4500 Å and 6500 Å
bCombined exposure time from Ji et al. [2] and this work

II in more detail. We also observed one new star that was previously confirmed as a

member by Walker et al. [1]. To supplement the new observations, we decided to re-

analyze the four stars with published measurements from Ji et al. [2], after collecting

additional data to improve measurement precision. Since observations suggest that

UFDs contain no members with [Fe/H] > −1, selecting metal-poor stars from pho-

tometry is a potentially powerful way to identify significant numbers of UFD members

for spectroscopic follow-up observations. This has the potential for bypassing the ex-

pensive medium-resolution spectroscopy step of the process, and thus accelerating the

characterization of UFDs and other dwarf galaxies.

This paper is organized as follows. We outline the target selection procedure and

observations in Section 3.2, discuss the abundance analysis in Section 3.3, present

the chemical signatures of stars in Tucana II and implications in Sections 3.4, and

conclude in Section 3.5.

3.2 Target Selection and Observations

3.2.1 Members from Walker et al. [1]

Ji et al. [2] observed TucII-006, TucII-011, TucII-033, and TucII-052 with the MIKE

spectrograph (see Table 3.1). All four stars were selected from the membership cat-

alog of Walker et al. [1]. They observed each star between 100mins to 4.42 hrs in
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Figure 3-1 Plots of the CH region (left), Mg b line region (center), and H𝛼 feature
(right) for each of the Tucana II members with no prior high-resolution chemical abun-
dance measurements available. TucII-078 was spectroscopically identified as member
[1], while TucII-203 and TucII-206 were identified based on narrow band photometry.

August 2016 with the MIKE spectrograph on the Magellan-Clay telescope. For the

stars with the shortest exposure times (TucII-033 and TucII-052), this precluded the

measurement of several elements and led to large uncertainties in the measurement

of the abundances of several other elements. Thus, we re-observed each star in [2]

for an additional 55mins to address the aforementioned deficiencies. In addition to

re-observing these stars, we observed an additional member (TucII-078) from Walker

et al. [1] that had not previously been observed with a high-resolution spectrograph.

3.2.2 Members selected from SkyMapper photometry

Through a P.I. program, we obtained SkyMapper photometry of Tucana II using the

1.3m telescope at Siding Spring Observatory. In an upcoming paper, we will fully

discuss the implementation of the SkyMapper filter-set to determine photometric

metallicities (Chiti et al. 2018, in prep) but we briefly discuss the method here. The

SkyMapper filter set includes a narrow-band 𝑣 filter that covers the prominent Ca II

K line at 3933.7 Å [135]. Given the strength of this line, the preponderance or lack

of metals sufficiently affects the line strength which changes the total flux through

this filter. Thus, a metal-poor star with a weak Ca II K line appears brighter in
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this filter than more metal-rich stars. To quantify this effect, we generated a grid

of flux-calibrated spectra using the Turbospectrum synthesis code [193, 148], the

MARCS model atmospheres [149], and a line list derived from the VALD database

[150, 151]. The stellar parameters of our grid covered the expected stellar parameters

(4000 < 𝑇eff [K] < 5700; 1 < log 𝑔 < 3) and metallicities (−4.0 < [Fe/H] < −0.5)

of RGB stars in dwarf galaxies. We closely followed the methodology of Bessell and

Murphy [194] and Casagrande and VandenBerg [159] to generate a library of synthetic

photometry through the SkyMapper 𝑢, 𝑣, 𝑔, and 𝑖 filters for spectra in this grid.

By relating our observed SkyMapper photometry in the 𝑣, 𝑔, and 𝑖 filters to

the synthetic photometry from our grid, we selected a few metal-poor targets for

spectroscopic test observations. Two of these targets (TucII-203 and TucII-206) were

confirmed as members of Tucana II since radial velocity measurements from their

MIKE spectra were similar to the systemic velocity of Tucana II of −129.1 km/s [1].

3.2.3 High-resolution spectroscopy

The data in this paper were obtained with the Magellan Inamori Kyocera Echelle

(MIKE) spectrograph on the Clay telescope at Las Campanas Observatory [195]. The

observations were taken between August 14-17 and October 7-11, 2017. Examples of

the spectra are shown in Figure 3-1. The location of each star in the color magnitude

diagram of Tucana II is shown in Figure 3-2. Targets were observed with 2x2 binning

and the 1.′′0 slit (R ∼ 28,000 on the blue chip and R ∼ 22,000 on the red chip) covering

∼3500 Å to ∼ 9000 Å. The weather was mostly clear on all nights. The spectra were

all reduced and wavelength-calibrated with the MIKE CarPy pipeline1 [196].
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Figure 3-2 Left: Color magnitude diagram of Tuc II stars from this study. A Dart-
mouth isochrone [10] with an age of 12.5Gyr, distance modulus of 18.8, and a metal-
licity of [Fe/H] = −2.5 is overplotted in black along with offsets of (g−r)±0.1 in
dashed lines to guide the eye. We denote with different colors the four members pre-
viously observed by Ji et al. [2], one member selected from Walker et al. [1], and two
selected from our SkyMapper photometry. Open circles indicate confirmed members
in Walker et al. [1] with no high-resolution spectroscopic observations. Right: Spatial
distribution of Tuc II members centered on the coordinates of Tucana II. The ellipti-
cal half-light radius from Koposov et al. [13] is overplotted. In both plots, each star
is labeled by its identifier as found Table 3.1.

Table 3.2. Stellar parameters of stars in Tucana II

Name 𝑇eff Log 𝑔 vmicro [Fe/H]
(K) (dex) (km s−1) (dex)

TucII-006 5017± 227 1.50± 0.54 1.95± 0.24 −2.93± 0.27
TucII-011 4693± 158 1.25± 0.50 1.95± 0.21 −2.92± 0.16
TucII-033 4828± 153 1.40± 0.53 1.80± 0.21 −2.41± 0.12
TucII-052 4819± 195 1.70± 0.42 1.85± 0.23 −3.23± 0.20
TucII-078 4954± 178 1.90± 0.67 2.20± 0.23 −2.69± 0.20
TucII-203 4882± 186 1.60± 0.33 2.00± 0.22 −3.08± 0.19
TucII-206 4900± 186 1.65± 0.85 1.90± 0.26 −3.34± 0.28
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3.3 Abundance Analysis

3.3.1 Derivation of stellar parameters and chemical abundances

The python-based Spectroscopy Made Hard (SMH) analysis software first described

in Casey [197] was used for the majority of our analysis, including normalizing spec-

tra, measuring equivalent widths, and generating synthetic spectra. Our version of

this software made use of the 2011 version of MOOG [198], which has an updated

treatment of scattering from Sobeck et al. [199]. The spectroscopic stellar parameter

adjustment scheme by Frebel et al. [59] is based on this version. We used 𝛼-enhanced,

1D plane-parallel stellar model atmospheres from Castelli and Kurucz [200]. The line

list in Roederer et al. [17] was used for identifying lines and deriving abundances from

equivalent width measurements. For spectral syntheses, we supplemented this line

list with those used in Ji et al. [32]. Namely, we incorporated lines from Hill et al.

[201], Den Hartog et al. [202], Ivans et al. [203], Lawler et al. [204], Lawler et al.

[205], Sneden et al. [206], and Masseron et al. [53]. Our chemical abundances are

listed relative to the solar abundances of Asplund et al. [207].

We derived radial velocities by cross-correlating our observed spectra with a tem-

plate spectrum of HD140283 over the H𝛽 feature at 4861 Å. Heliocentric velocity

corrections were derived using the rvcorrect task in IRAF. We find evidence that

TucII-078 may be in a binary, since our measured velocity is ∼ 12 km/s greater than

the velocity reported in Walker et al. [1].

We determined stellar parameters and chemical abundances following Frebel et al.

[59] whose methodology we briefly outline in this paragraph. First, equivalent widths

were measured by fitting a Gaussian profile to each line. We generally excluded

lines with reduced equivalent width measurements greater than −4.5, since these

measurements potentially lie outside the linear regime of the curve of growth. We

varied the stellar parameters (𝑇eff, log 𝑔, 𝑣micro, and [Fe/H]) until our Fe I abundances

showed no trend with both excitation potential and reduced equivalent width. We

further constrained log 𝑔 by requiring our Fe I and Fe II abundances to match. We

1http://code.obs.carnegiescience.edu/mike

110



then corrected our 𝑇eff with the prescription given in Frebel et al. [59], but re-adjusted

log 𝑔, 𝑣micro, and [Fe/H] until the above criteria were again satisfied. To determine

random uncertainties, stellar parameters were varied to match the 1𝜎 uncertainty in

the Fe I abundance trends. These random uncertainties were added in quadrature

to the systematic uncertainties, which were assumed to be 150K for 𝑇eff, 0.3 dex for

log 𝑔, and 0.2 km s−1 for 𝑣micro. Final stellar parameter measurements are listed in

Table 3.2.

We followed a few prescriptions to determine uncertainties for abundances based

on equivalent width measurements. For abundances measured with a large number of

lines (N ≥ 10), we take the standard deviation of the individual line abundances as the

random uncertainty. We adopt the standard deviation as it well represents abundance

uncertainties obtained from data with poor signal to noise. For abundances with a

small number of lines (1 < N < 10), we derived random uncertainties by multiplying

the range covered by the line abundances by the k-statistic following Kenney [208]

to obtain a standard deviation. The k-statistic gives measurements with a smaller

number of lines an appropriately larger uncertainty. For abundances derived from only

one line measurement, we derived the random uncertainty by varying the continuum

placement and assuming the resulting abundance variation as the uncertainty. If any

resulting random uncertainty was below the standard deviation of the abundances of

the iron lines, we nominally adopt as a conservative random uncertainty the standard

deviation of the iron abundance (0.12 dex to 0.27 dex). The total uncertainty for

each element was then determined by adding the random uncertainty in quadrature

with the systematic uncertainties. The systematic uncertainties were assumed to be

the difference in the abundances caused by varying each stellar parameter by its 1𝜎

uncertainty.

For abundances measured by spectrum syntheses, we also derived uncertainties

by adopting the procedure in the previous paragraph. If an element had only one

synthesized line, the random uncertainty was assumed to be the change in abundance

that was required to capture the variations of the continuum placement. The sys-

tematic uncertainty was obtained by measuring the change in the abundance after
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varying each stellar parameter by its 1𝜎 uncertainty. If an element had measured

abundances from both spectrum synthesis and equivalent width measurements, we

pooled the measurements and derived random uncertainties following the procedure

outlined in the previous paragraph. The random uncertainty was then added in

quadrature with the systematic uncertainties for each star to derive a total uncer-

tainty. Certain elements (e.g., Al and Si) had absorption features that were detected

in our data, but the signal to noise was too poor to derive a meaningful abundance

and especially uncertainty. However, we report tentative abundances but mark them

with a colon in Table 3.3 to indicate a large uncertainty. Our measurements and

uncertainties are listed in Tables 3.3 and 3.4. Our individual equivalent width and

synthesis measurements are listed in Table 3.5.

3.3.2 Comparison to Ji et al. [2] and Walker et al. [1]

We compare our results with measurements from Ji et al. [2] and Walker et al. [1]

to check consistency with previous studies of Tucana II. We focus on comparisons

with Ji et al. [2], with whom we have four stars in common, as they also analyzed

high-resolution spectra from the MIKE spectrograph.

We first discuss our measured stellar parameters and chemical abundances of

TucII-006, TucII-011, TucII-033, and TucII-052 in comparison to those presented

in Ji et al. [2]. For TucII-011 and TucII-052, we find excellent agreement (within

1𝜎) in stellar parameters and chemical abundances. For TucII-006, we measure a

discrepant log 𝑔 by 0.4±0.4dex, a discrepant microturbulence by 0.25±0.26 dex, and

a discrepant [Fe/H] by 0.25±0.21dex, where the uncertainties are from Ji et al. [2].

However, 0.15 dex of the discrepancy in [Fe/H] can be explained by differences in the

stellar parameters, and the discrepancy in the stellar parameters can be explained

by the lack of Fe II measurements for that star in Ji et al. [2]. We measure three

Fe II lines for the same star due to the better S/N of our spectra. This comparison

underscores the importance of propagating stellar parameter uncertainties to final

abundance uncertainties, particularly in the case of spectra with low S/N and few

lines. For TucII-033, we measure a larger microturbulence and [Fe/H], which partially
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spectra using our method and Ji et al. [2]. The mean offset and standard error in the
mean between our measurements are listed in each panel.
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contributed to large discrepancies in the measurements of the Sr and Ba abundances

(see Section 3.4.1). To isolate whether the discrepancies in measurements of TucII-

033 were indeed due to the better S/N of our spectra, we performed our analysis on

exactly the spectra used in Ji et al. [2]. Furthermore, we chose to analyze the spectra

of all four stars in Ji et al. [2] as a check on our method of measuring equivalent

widths and deriving stellar parameters.

Applying our methodology to the same spectra that Ji et al. [2] analyzed gives

broadly consistent results. We recover their measured 𝑇eff within their reported 1𝜎

bounds. We also recover their log 𝑔 measurements to within 1𝜎 for all stars. We

find general agreement within 2𝜎 between our microturbulence measurements and no

obvious systematic effects.

All [Fe/H] measurements agree within 1𝜎 as well, but we measure a larger [Fe/H]

by at least 0.15 dex for three stars (TucII-006, TucII-033, and TucII-052). For the

star with the largest discrepancy (TucII-033), we thus inspected the equivalent width

measurements. After inspecting fits to the individual absorption lines, it became

apparent that the discrepancy is likely due to unfortunate continuum placement issues

with the automated continuum fitting routine in previous work. We thus inspected

and compared equivalent widths of all stars, as shown in Figure 3-3. We find a small

(somewhat) statistically significant difference between measurements for TucII-001

and TucII-052 but which are overall on the level of 3-4m Å, and thus not a source for

any significant abundance differences. No offset is found for TucII-006. For TucII-

033, there is indeed a significant offset, of ∼ 10m Å, which indeed explains why we

measure systematically increased [Fe/H].

We conclude that any abundance discrepancies are consistent with previous un-

certainties, but we now have significantly better S/N than before. Thus, differences

in our final stellar parameters and abundances between this work and Ji et al. [2] are

likely due to the additional observations that we have combined with theirs for a new

analysis presented here.

Walker et al. [1] measured metallicities for their Tucana II stars by matching their

observed spectra of the Mg b region (∼5150 Å) to a grid of synthetic spectra in the
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Segue Stellar Parameters Pipeline [SSPP; 209]. They obtained 𝑅 ∼18,000 spectra

of their brighter targets and 𝑅 ∼10,000 of their fainter targets. We find that our

metallicities are typically much lower (at least ∼0.50 dex) than those in Walker et al.

[1] for the five stars in common, including the four stars in Ji et al. [2]. There is no

obvious significant systematic difference between other stellar parameters that could

explain this offset. We do measure lower 𝑇eff values by 70K on average, but this

difference does not explain such a large difference in the metallicities. Neither do

we see trends in our measured Mg abundances that could affect the Mg b region,

and consequently, the metallicity measurements in Walker et al. [1]. Much of the

discrepancy, however, can be attributed to the fact that Walker et al. [1] applied a

metallicity offset of 0.32 dex to their measurements based on an offset with respect

to the measured metallicity of a solar spectrum, which may not be appropriate in

our case, given that the Sun and these dwarf galaxy stars have very different stellar

parameters.

3.4 Chemical signatures of the Tucana II stellar population

We first explore the possibility that TucII-033 is a halo interloper in Section 3.4.1.

Then, we discuss the trends of element abundances provided, and how they charac-

terize the stellar population of Tucana II in the remainder of this section.

3.4.1 Is TucII-033 a member of Tucana II?

Traditionally, the membership status of stars in dwarf galaxies is derived from a com-

bination of velocity and metallicity measurements. However, the detailed chemical

abundances of candidate member stars might also be used to determine member-

ship because UFDs are expected to show distinct chemical signatures (e.g., lower Fe,

Sr, Ba) compared to the halo background. Additional evidence for non-membership

might be gained if any star has chemical abundances distinct from those of other stars

in the sample. The small number of stars currently known in UFDs that do not nec-

essarily yield well-defined abundance trends over large parameter space (e.g., [Fe/H])
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requires, in particular, that any claim of chemical (non-)membership be investigated

thoroughly. In this section, we thus discuss if any stars in our sample have chemical

signatures that challenge their radial velocity membership status.

All stars in our sample except one have abundances that are consistent with those

of typical UFD stars, as can be seen in Figures 3-4, 3-5, and 3-6. The exception is

TucII-033, the most metal-rich ([Fe/H] = −2.41) star. It displays a Sr abundance

([Sr/Fe] = −0.39, [Sr/H] = −2.8) that is in disagreement with that of the typical UFD

stars [21, 22], and importantly, with that of the other stars in Tucana II. TucII-033

has a [Sr/H] abundance distinctly different by 1.7 dex (a 50 fold increase) from five

of the stars in Tucana II, which have an average [Sr/H] = −4.46 (with a standard

deviation of only 0.14 dex). The remaining star (TucII-078) is also distinct in that

it has a low upper limit on its Sr abundance. The lack of Sr in TucII-078 relative

to the other Tucana II members is puzzling, but similar stars are known to exist

in other UFDs (e.g., Segue I). TucII-033 has an enhancement in Sr that appears to
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agree with the trend for halo stars as shown in Figure 3-6, whereas TucII-078 and the

other Tuc II members have Sr abundances far below the halo trend. This comparison

raises the possibility that TucII-033 might be an interloping halo star with the same

systemic velocity as Tuc II.

To further investigate, we determined whether it was plausible for a halo star

to have the same systemic velocity of Tucana II (𝑣sys = −129.1 km/s; Walker et al.

1). We retrieved the velocities of halo stars with metallicities of [Fe/H] < −2.0 in

the literature [210]. We find that this sample of 799 halo stars has a distribution of

velocities that is roughly Gaussian and centered on 15 km/s with a standard deviation

of 154 km/s. Using this distribution of velocities, we can calculate the odds of finding

an interloping halo star around the mean systemic velocity of Tucana II. We derive a

6% chance of finding a halo star within two times the velocity dispersion (8.6 km/s

in Walker et al. 1) around the mean velocity of Tucana II, and a 9% chance if we

increase the bounds to three times the velocity dispersion. Thus, it is unlikely but

not unreasonable for a metal-poor halo star to have the same systemic velocity as

Tucana II. As an aside, we do note that considering exclusion from our sample likely

does not affect the status of Tucana II as a dwarf galaxy. Walker et al. [1] measure a

mean velocity for Tucana II of −129+3.5
−3.5 km/s and a velocity dispersion of 8.6+4.4

−2.7 km/s.

The velocity measurement of TucII-033 (𝑣helio = −127.5 km/s) is close to 1𝜎 of the

error on the measured systemic velocity of Tucana II. Thus, it is unlikely that the

exclusion of this star would remove any velocity spread that is used to classify Tucana

II as a UFD.

While there are also stars in Reticulum II [31], a star in Tucana III [33], and a star

in Canes Venatici II [211] that show an enhancement in Sr, we do not consider them to

be typical UFD stars. In the case of Reticulum II and Tucana III, this Sr enhancement

is reflective of strong and moderate 𝑟-process enrichments, respectively. Given that

the origin of these enhancements clearly derive from 𝑟-process events that occurred

in these systems, and that these events are regarded rare, we do not consider them

to be typical examples of UFDs. Moreover, TucII-033 is not a 𝑟-process enhanced

star. It is difficult to judge the significance of the one available Sr abundance ([Sr/Fe]
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= 1.32) in Canes Venatici II. This star has a Sr enhancement that could be a result

of a weak r-process enrichment event [e.g., 212] and in theory, a similar event may

have enhanced TucII-033. However, more data from Canes Venatici II is needed to

derive firm conclusions. Thus, around the metallicity of TucII-033 ([Fe/H] ∼ −2.5),

the typical UFD stellar population either has extremely low upper limits on the Sr

abundance (i.e., Segue 1; [Sr/H] . −4.0) or marginal detections (e.g., stars in Coma

Berenices, Ursa Major II; Frebel et al. 21, 22).

This high Sr abundance measurement of TucII-033 also naturally raises the ques-

tion of why the Sr abundance was not recognized as such in the previous study of this

galaxy. Upon investigation, we find that we measure a higher Sr abundance than Ji

et al. [2] by 0.70 dex. However, their Sr abundance has a large uncertainty (∼ 0.6 dex)

and somewhat distorted lines due to low S/N at the Sr lines (4077 Å and 4215 Å).

Our improved S/N in this region clearly shows that high Sr is required.

We do note that TucII-033 is distinct from halo stars in that it has a markedly

lower [𝛼/Fe] ratio (∼0.05 dex) than other halo stars (∼ 0.4dex) as discussed in Sec-

tion 3.4.3. Using the compilation by Abohalima and Frebel [210], we find that only

8% of halo stars have a lower Ca abundance than TucII-033 and 15% have a lower Mg

abundance. These fractions, when viewed in the context that TucII-033 has the same

systemic velocity as Tucana II, make it less likely that TucII-033 is an interloping

star.

For these reasons, for the remainder of the analysis, we present two lines of argu-

ment: one assuming TucII-033 as a member, and one assuming TucII-033 as a non-

member. The exclusion of TucII-033 from the interpretation of this galaxy would be

meaningful, since its low [𝛼/Fe] abundance would otherwise imply that Tucana II had

an extended star formation history and would thus not be a surviving first galaxy

(see Sections 3.4.3 and 3.4.5). While the Sr abundance of TucII-033 might suggest

that it is a halo interloper, its [𝛼/Fe] and velocity make this scenario less likely.
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3.4.2 Carbon

Empirically, a high fraction of EMP stars in the halo (∼ 42%; Placco et al. [8]) are

enhanced in carbon ([C/Fe] > 0.7 dex) and are thus classified as carbon-enhanced

metal-poor stars. This enhancement in carbon has been used to constrain potential

sites of nucleosynthesis that may have dominated early chemical evolution [e.g., 213,

214, 99]. From the paradigm of hierarchical galaxy formation, we might expect that

stars in dwarf galaxies also display this enhancement given that accreted analogs

perhaps contributed to the metal-poor population of the halo. However, recent studies

of the prevalence of carbon-rich stars in dwarf galaxies give differing results [4, 6, 215].

In Tucana II, we find that three stars out of five with [Fe/H] < −2.9 are enhanced

in carbon, following the correction in Placco et al. [8]. This fraction is slightly larger

than that of the halo, with the caveat of the small size of our sample. One star (TucII-

011) appears to be somewhat less enhanced in carbon ([C/Fe]= 0.29 after correction

for the evolutionary state of the star). This slight outlier might reflect inhomogeneous

mixing of gas in the system or multiple avenues of enrichment that contributed to the

chemical evolution of the system.

3.4.3 𝛼-elements

The abundance of 𝛼-elements (Mg, Si, Ca, Ti) in stars can be used investigate the

integrated population of supernovae (SNe) that chemically enriched the natal gas

cloud of the stars. In particular, enrichment by core-collapse SNe results in a flat

[𝛼/Fe] ∼ 0.4 trend vs. [Fe/H], whereas Type Ia SNe enrichment result in a declining

[𝛼/Fe] abundance trend vs. [Fe/H] [e.g. 88, 89]. Typically, this switch from a flat to

a declining [𝛼/Fe] vs. [Fe/H] indicates the metallicity at which type Ia SNe started

dominating the Fe production. The most metal-rich member of our sample, TucII-

033, shows a slight deficiency in its 𝛼-element abundance compared to the other

stars in our sample. This deficiency suggests that Type Ia SNe contributed to the

chemical abundances of at least some stars in this galaxy, which in turn would suggest

somewhat extended star formation and chemical enrichment in Tucana II [e.g., 89].
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Declining [𝛼/Fe] is seen in most UFDs [216], though Tucana II is one of the least

luminous UFDs with available [𝛼/Fe] measurements.

If TucII-033 were a halo interloper (see Section 3.4.1), our sample would instead

show a trend consistent with a constant [𝛼/Fe], as produced by core-collapse SNe

only. We note, that the lower Mg abundance displayed by TucII-006 is likely due to

a distortion in one of the two lines used to measure its abundance, which is reflected

in the larger uncertainties on its Mg abundance of 0.46 dex.

3.4.4 Odd-Z, iron-peak and neutron-capture element abundances

We find no significant deviation from the halo trend in the odd-Z elements (Na, Al,

Sc) and iron-peak elements (Cr, Mn, Co, Ni). This is also consistent with abundances

of other UFD stars in the literature (see Figures 3-4 and 3-5). We do find one star

(TucII-078) with a lower Na abundance than typical halo and dwarf galaxy stars.

We find low strontium and barium abundances in six stars that are characteristic

of the stellar populations set by other UFD stars (see Figure 3-6). See Section 3.4.1

for a discussion of the neutron-capture element abundances in TucII-033. We do not

detect europium or other neutron-capture elements in any stars in our sample.

3.4.5 Tucana II as a surviving first galaxy

Frebel and Bromm [122] predict chemical characteristics of the population of surviving

first galaxies:

1. A large spread in [Fe/H] (∼ 1 dex),

2. Light element abundance ratios in agreement with a core-collapse supernova

enrichment

3. No stars with [𝛼/Fe] systemically lower than the galactic halo abundance of

[𝛼/Fe] ∼ 0.35, and

4. No signatures of 𝑠-process enhancement from AGB stars.
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The first prediction is a consequence of inhomogeneous mixing in the first galaxies,

and the last two predictions are consequences of the first galaxies being enriched by

“one-shot” chemical enrichment events since extended star formation is not thought to

have occurred in the first galaxies. The second criterion simply confirms enrichment

by supernovae. According to our chemical abundance results, Tucana II largely sat-

isfies the aforementioned first, second and fourth criteria for a surviving first galaxy.

The second one would also be satisfied if we exclude TucII-033 when assuming it is a

halo interloper (see Section 3.4.1). However, if we include TucII-033 in the interpre-

tation, then its Sr relative enhancement relative to other Tuc II members and [𝛼/Fe]

deficiency would imply that Tuc II had undergone some period of chemical evolution,

and would thus not be a surviving first galaxy. Given the low luminosity of Tucana

II (∼ 3 × 103 L⊙; Bechtol et al. 37, Koposov et al. 13), it would still be interesting

to find that Tucana II has some chemical evolution as opposed to isolated chemical

enrichment events.

Together with Segue 1 [22], Tucana II might still be one of the best candidates for

a surviving first galaxy, as determined from chemical abundances of six stars in each

galaxy. Moreover, these six stars form the majority of known members in Tucana II,

and their chemical abundances suggest that most stars in the galaxy are consistent

with having formed in an environment similar to a first galaxy. Theoretical modeling

of early galaxies such as these two systems could shed further light on this issue.

However, detailed abundances of more stars with [Fe/H]& −2.5 in Tucana II are

needed to further investigate the nature and origin of Tucana II, as is the case with

other potential first galaxy candidates (i.e., Ursa Major II, Coma Berenices, Leo IV).

3.5 Conclusion

In this paper, we presented the high-resolution chemical abundance measurements

of seven stars in the Tucana II dwarf galaxy. Three stars with no previous high-

resolution chemical abundance measurements were analyzed. Four other stars had

been reanalyzed from the sample in Ji et al. [2] with the addition of new data.
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From the detection of new members and the re-analysis of known members, we

were able to discuss the chemical signatures of stars in the Tucana II UFD. We raise

the possibility that one of the stars (TucII-033) may be an interloping halo star given

its high Sr abundance with respect to other known UFD stars, but its velocity and

[𝛼/Fe] ratio make this unlikely. Excluding TucII-033 from the interpretation, Tucana

II does meet all the criteria to be a surviving first galaxy [122]. Assuming TucII-033

is a member, Tucana II would not meet the one-shot enrichment criterion due to the

star’s low [𝛼/Fe] and likely somewhat extended chemical evolution.

We confirmed two new members of Tucana II that were pre-selected as probable

members from SkyMapper photometry. Given the large field of view of the SkyMap-

per telescope (5.7 sq. deg.) and the metallicity discriminating “𝑣" filter, we were able

to search for metal-poor stars within a large area around Tuc II UFD. As a result,

our two new members are ∼ 2 half-light radii from the center of Tucana II and may

have been missed by traditional spectroscopic follow-up observations (see Figure 3-

2). Interestingly, one of these new members is the most metal-poor star discovered

in Tucana II thus far ([Fe/H] = −3.34). From our small sample, we however cannot

claim these new members display systematic differences to stars near the center of

Tucana II.

This new photometric metal-poor star identification technique might aid in identi-

fying members for detailed chemical analysis and studying potential correlations with

substructure of UFD systems. Combining this photometric selection technique with

traditional spectroscopic follow-up would result in more accurate parameters for UFDs

(e.g., half-light radii, mass-to-light ratios), supposing the photometry itself could pre-

dict membership status. In particular, this highly efficient large-field of view method

for finding members would be interesting to apply on systems that show potential

elongated tidal features, such as Tucana III [189, 217]. Moreover, the spectroscopic

study of more stars in UFDs would have multiple benefits. For instance, detecting

more stars with [Fe/H]∼ −2.5 in Tuc II would potentially resolve whether the en-

tire galaxy had undergone chemical evolution. This would better inform whether

TucII-033 is indeed a halo interloper or rather signaling unusual enrichment events or
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some degree of chemical evolution in that UFD. At minimum, future work will extend

this selection technique to other UFDs for the purpose of efficiently identifying new

members and enabling detailed abundance measurements.
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Table 3.3. Detailed chemical abundances of stars in Tucana II

El. N log 𝜖(X)⊙ [X/H] [X/Fe] 𝜎a El. N log 𝜖(X)⊙ [X/H] [X/Fe] 𝜎a

TucII-006 TucII-011

CH 2 8.43 −2.05 0.88 0.27 CH 2 8.43 −3.27 −0.35 0.31
CHb 2 8.43 −1.69 1.24 0.27 CHb 2 8.43 −2.63 0.29 0.31
Na I 2 6.24 −2.78 0.15 0.27 Na I 2 6.24 −2.35 0.57 0.23
Mg I 2 7.60 −2.97 −0.04 0.37 Mg I 5 7.60 −2.41 0.51 0.16
Al I 1 6.45 −3.62:c −0.69:c · · · Al I 2 6.45 −3.57:c −0.65:c · · ·
Si I 1 7.51 −2.71:c 0.22:c · · · Si I 2 7.51 −2.38:c 0.54:c · · ·
Ca I 2 6.34 −2.61 0.32 0.27 Ca I 10 6.34 −2.44 0.48 0.21
Sc II 5 3.15 −3.00 −0.07 0.27 Sc II 6 3.15 −2.80 0.12 0.16
Ti II 12 4.95 −2.81 0.12 0.27 Ti I 2 4.95 −2.73 0.19 0.16
Cr I 3 5.64 −3.51 −0.58 0.27 Ti II 17 4.95 −2.60 0.32 0.22
Mn I 3 5.43 −3.27 −0.34 0.27 Cr I 5 5.64 −3.24 −0.32 0.20
Fe I 52 7.50 −2.93 0.00 0.27 Mn I 3 5.43 −3.89 −0.97 0.17
Fe II 3 7.50 −2.93 0.00 0.27 Fe I 99 7.50 −2.92 0.00 0.16
Co I 1 4.99 −2.75 0.18 0.34 Fe II 11 7.50 −2.91 0.01 0.16
Ni I 2 6.22 −2.84 0.09 0.66 Co I 3 4.99 −2.77 0.15 0.21
Sr II 2 2.87 −4.39 −1.46 0.27 Ni I 3 6.22 −2.77 0.15 0.22
Ba II 2 2.18 −4.20 −1.27 0.27 Sr II 2 2.87 −4.52 −1.60 0.19
Eu I 1 0.52 < −2.02 <0.91 · · · Ba II 1 2.18 −4.82 −1.90 0.20

Eu I 1 0.52 < −2.27 <0.65 · · ·

TucII-033 TucII-052

CH 2 8.43 −2.33 0.08 0.18 CH 2 8.43 −2.53 0.70 0.20
CHb 2 8.43 −1.81 0.60 0.18 CHb 2 8.43 −2.33 0.90 0.20
Na I 2 6.24 −2.54 −0.13 0.12 Na I 2 6.24 −3.00 0.23 0.29
Mg I 4 7.60 −2.25 0.16 0.12 Mg I 2 7.60 −2.87 0.36 0.20
Al I 2 6.45 −3.27:c −0.86:c · · · Al I 1 6.45 −3.73:c −0.50:c · · ·
Si I 2 7.51 −2.23:c 0.18:c · · · Si I 2 7.51 −2.91:c 0.32:c · · ·
Ca I 8 6.34 −2.34 0.07 0.12 Ca I 4 6.34 −2.78 0.45 0.20
Sc II 5 3.15 −2.50 −0.09 0.12 Sc II 5 3.15 −2.99 0.24 0.20
Ti I 2 4.95 −1.94 0.47 0.51 Ti II 12 4.95 −2.85 0.38 0.25
Ti II 12 4.95 −2.49 −0.08 0.27 Cr I 5 5.64 −3.56 −0.33 0.20
Cr II 1 5.64 −2.42 −0.01 0.32 Mn I 4 5.43 −3.53 −0.30 0.21
Cr I 5 5.64 −2.70 −0.29 0.12 Fe I 56 7.50 −3.23 0.00 0.20
Mn I 3 5.43 −2.95 −0.54 0.30 Fe II 3 7.50 −3.21 0.02 0.20
Fe I 92 7.50 −2.41 0.00 0.12 Co I 3 4.99 −2.88 0.35 0.20
Fe II 12 7.50 −2.39 0.02 0.14 Ni I 2 6.22 −3.10 0.13 0.20
Co I 2 4.99 −2.24 0.17 0.26 Sr II 2 2.87 −4.28 −1.05 0.20
Sr II 2 2.87 −2.80 −0.39 0.26 Ba II 2 2.18 −4.13 −0.90 0.20
Ba II 2 2.18 −3.40 −0.99 0.39 Eu I 1 0.52 < −1.98 <1.25 · · ·
Eu I 1 0.52 < −2.21 <0.20 · · ·

TucII-078 TucII-203

CH 2 8.43 −2.36 0.33 0.20 CH 2 8.43 −2.76 0.32 0.20
CHb 2 8.43 −2.26 0.43 0.20 CHb 2 8.43 −2.44 0.64 0.20
Na I 2 6.24 −3.34 −0.65 0.20 Na I 2 6.24 −2.99 0.09 0.26
Mg I 5 7.60 −2.27 0.42 0.20 Mg I 2 7.60 −2.70 0.38 0.20
Al I 2 6.45 −3.09:c −0.40:c · · · Al I 2 6.45 −3.60:c −0.52:c · · ·
Si I 2 7.51 −2.20:c 0.49:c · · · Si I 1 7.51 −2.78:c 0.30:c · · ·
Ca I 8 6.34 −2.25 0.44 0.20 Ca I 4 6.34 −2.88 0.20 0.20
Sc II 6 3.15 −2.51 0.18 0.20 Sc II 5 3.15 −3.08 0.00 0.20
Ti I 1 4.95 −2.39 0.30 0.36 Ti II 14 4.95 −2.77 0.31 0.28
Ti II 20 4.95 −2.22 0.47 0.25 V II 1 3.93 −1.88 1.20 0.21
Cr I 5 5.64 −2.97 −0.28 0.26 Cr I 3 5.64 −3.34 −0.26 0.20
Mn I 2 5.43 −3.54 −0.85 0.20 Mn I 3 5.43 −4.03 −0.95 0.20
Fe I 83 7.50 −2.69 0.00 0.20 Fe I 59 7.50 −3.08 0.00 0.20
Fe II 9 7.50 −2.69 0.00 0.20 Fe II 4 7.50 −3.07 0.01 0.20
Co I 1 4.99 −2.35 0.34 0.42 Co I 2 4.99 −3.00 0.08 0.20
Ni I 2 6.22 −2.58 0.11 0.24 Ni I 3 6.22 −3.04 0.04 0.20
Sr II 1 2.87 < −4.69 < −2.00 · · · Sr II 1 2.87 −4.48 −1.40 0.30
Ba II 1 2.18 < −4.59 < −1.90 · · · Ba II 1 2.18 −4.38 −1.30 0.20
Eu I 1 0.52 < −1.94 <0.75 · · · Eu I 1 0.52 < −2.08 <1.00 · · ·

TucII-206

CH 2 8.43 −2.87 0.47 0.28
CHb 2 8.43 −2.61 0.73 0.28
Na I 2 6.24 −2.72 0.62 0.46
Mg I 3 7.60 −2.89 0.45 0.28
Al I 2 6.45 −3.96:c −0.62:c · · ·
Si I 1 7.51 −3.14:c 0.20:c · · ·
Ca I 2 6.34 −3.08 0.26 0.32
Sc II 5 3.15 −3.09 0.25 0.28
Ti II 9 4.95 −3.07 0.27 0.28
Cr I 3 5.64 −3.46 −0.12 0.28
Mn I 3 5.43 −3.81 −0.47 0.28
Fe I 46 7.50 −3.34 0.00 0.28
Fe II 3 7.50 −3.33 0.01 0.34
Sr II 2 2.87 −4.64 −1.30 0.28
Ba II 1 2.18 −4.19 −0.85 0.28
Eu I 1 0.52 < −2.04 <1.30 · · ·

aRandom uncertainties. See Table 3.4 for total uncertainties.
bCorrected for the evolutionary status of the star following Placco et al. [8].
cColons (:) indicate large uncertainties despite the detection of a line feature.
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Table 3.4. Chemical abundance uncertainties of stars in Tucana II

El. N 𝜎rand 𝜎sys 𝜎tot El. N 𝜎rand 𝜎sys 𝜎tot

TucII-006 TucII-011

CH 2 0.27 0.51 0.58 CH 2 0.31 0.39 0.50
Na I 2 0.27 0.39 0.47 Na I 2 0.23 0.33 0.40
Mg I 2 0.37 0.32 0.49 Mg I 5 0.16 0.24 0.29
Al I 1 · · · · · · · · · Al I 2 · · · · · · · · ·
Si I 1 · · · · · · · · · Si I 2 · · · · · · · · ·
Ca I 2 0.27 0.30 0.40 Ca I 10 0.21 0.16 0.26
Sc II 5 0.27 0.28 0.39 Sc II 6 0.16 0.15 0.22
Ti II 12 0.27 0.64 0.69 Ti I 2 0.16 0.20 0.26
Cr I 3 0.27 0.53 0.59 Ti II 17 0.22 0.23 0.32
Mn I 3 0.27 0.29 0.40 Cr I 5 0.20 0.29 0.35
Fe I 52 0.27 0.28 0.39 Mn I 3 0.17 0.22 0.28
Fe II 3 0.27 0.20 0.34 Fe I 99 0.16 0.23 0.28
Co I 1 0.34 0.57 0.67 Fe II 11 0.16 0.20 0.26
Ni I 2 0.66 0.45 0.80 Co I 3 0.21 0.25 0.33
Sr II 2 0.27 0.22 0.35 Ni I 3 0.22 0.29 0.36
Ba II 2 0.27 0.26 0.37 Sr II 2 0.19 0.21 0.28
Eu I 1 · · · · · · · · · Ba II 1 0.20 0.20 0.28

Eu I 1 · · · · · · · · ·

TucII-033 TucII-052

CH 2 0.18 0.41 0.45 CH 2 0.20 0.43 0.47
Na I 2 0.12 0.27 0.30 Na I 2 0.29 0.27 0.40
Mg I 4 0.12 0.25 0.28 Mg I 2 0.20 0.33 0.39
Al I 2 · · · · · · · · · Al I 1 · · · · · · · · ·
Si I 2 · · · · · · · · · Si I 2 · · · · · · · · ·
Ca I 8 0.12 0.14 0.18 Ca I 4 0.20 0.17 0.26
Sc II 5 0.12 0.20 0.23 Sc II 5 0.20 0.16 0.26
Ti I 2 0.51 0.22 0.56 Ti II 12 0.25 0.19 0.31
Ti II 12 0.27 0.21 0.34 Cr I 5 0.20 0.28 0.34
Cr II 1 0.32 0.18 0.36 Mn I 4 0.21 0.22 0.30
Cr I 5 0.12 0.28 0.30 Fe I 56 0.20 0.28 0.34
Mn I 3 0.30 0.31 0.43 Fe II 3 0.20 0.14 0.24
Fe I 92 0.12 0.23 0.26 Co I 3 0.20 0.28 0.34
Fe II 12 0.14 0.18 0.23 Ni I 2 0.20 0.28 0.34
Co I 2 0.26 0.30 0.40 Sr II 2 0.20 0.23 0.30
Sr II 2 0.26 0.19 0.32 Ba II 2 0.20 0.19 0.28
Ba II 2 0.39 0.16 0.42 Eu I 1 0.20 0.16 0.26
Eu I 1 · · · · · · · · ·

TucII-078 TucII-203

CH 2 0.20 0.39 0.44 CH 2 0.20 0.43 0.47
Na I 2 0.20 0.21 0.29 Na I 2 0.26 0.24 0.35
Mg I 5 0.20 0.25 0.32 Mg I 2 0.20 0.29 0.35
Al I 2 · · · · · · · · · Al I 2 · · · · · · · · ·
Si I 2 · · · · · · · · · Si I 1 · · · · · · · · ·
Ca I 8 0.20 0.15 0.25 Ca I 4 0.20 0.19 0.28
Sc II 6 0.20 0.23 0.30 Sc II 5 0.20 0.20 0.28
Ti I 1 0.36 0.25 0.44 Ti II 14 0.28 0.17 0.33
Ti II 20 0.25 0.25 0.35 V II 1 0.21 0.13 0.25
Cr I 5 0.26 0.28 0.38 Cr I 3 0.20 0.29 0.35
Mn I 2 0.20 0.28 0.34 Mn I 3 0.20 0.28 0.34
Fe I 83 0.20 0.23 0.30 Fe I 59 0.20 0.25 0.32
Fe II 9 0.20 0.25 0.32 Fe II 4 0.20 0.13 0.24
Co I 1 0.42 0.29 0.51 Co I 2 0.20 0.25 0.32
Ni I 2 0.24 0.27 0.36 Ni I 3 0.20 0.27 0.34
Sr II 1 · · · · · · · · · Sr II 1 0.30 0.22 0.37
Ba II 1 · · · · · · · · · Ba II 1 0.20 0.18 0.27
Eu I 1 · · · · · · · · · Eu I 1 · · · · · · · · ·

TucII-206

CH 2 0.28 0.51 0.58
Na I 2 0.46 0.32 0.56
Mg I 3 0.28 0.31 0.42
Al I 2 · · · · · · · · ·
Si I 1 · · · · · · · · ·
Ca I 2 0.32 0.27 0.42
Sc II 5 0.28 0.26 0.38
Ti II 9 0.28 0.29 0.40
Cr I 3 0.28 0.29 0.40
Mn I 3 0.28 0.24 0.37
Fe I 46 0.28 0.27 0.39
Fe II 3 0.34 0.29 0.45
Sr II 2 0.28 0.25 0.38
Ba II 1 0.28 0.29 0.40
Eu I 1 · · · · · · · · ·
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Table 3.5. Line measurements from spectroscopy of stars in Tucana II

Star Rest Species Excitation Oscillator Equivalent log 𝜖(X)

name wavelength ( Å) potential (eV) strength width (m Å)

TucII-006 4313.00 CH syn syn syn 6.25
TucII-006 4323.00 CH syn syn syn 6.50
TucII-006 5889.95 Na I 0.00 0.11 146.4 3.61
TucII-006 5895.92 Na I 0.00 −0.19 114.9 3.31
TucII-006 5172.68 Mg I 2.71 −0.45 120.3 4.33
TucII-006 5183.60 Mg I 2.72 −0.24 162.6 4.92
TucII-006 3944.00 Al I syn syn syn 2.83
TucII-006 3905.52 Si I syn syn syn 4.80
TucII-006 4454.78 Ca I 1.90 0.26 73.2 3.77
TucII-006 6122.22 Ca I 1.89 −0.32 42.3 3.69

Note. — Table 3.5 is published in its entirety in the machine-readable format. A portion is shown here for guidance
regarding its form and content.
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Chapter 4

An Extended Halo around an Ancient

Dwarf Galaxy

An amended version of this chapter was published in Nature Astronomy as [218] on

February, 2021. The data tables in this chapter can be provided upon request to the

author.

Abstract
The Milky Way is surrounded by dozens of ultra-faint (< 105 solar luminosities)
dwarf satellite galaxies[219, 177, 121]. They are the surviving remnants of the earli-
est galaxies[70], as confirmed by their ancient (∼13 billion years old)[109] and chem-
ically primitive[179, 22] stars. Simulations[110, 220, 221] suggest that these systems
formed within extended dark matter halos and experienced early galaxy mergers and
supernova feedback. However, the signatures of these events would lie outside their
core regions (>2 half-light radii)[222], which are spectroscopically unstudied due to
the sparseness of their distant stars[223]. Here we identify members of the Tucana II
ultra-faint dwarf galaxy in its outer region (up to 9 half-light radii), demonstrating
the system to be dramatically more spatially extended and chemically primitive than
previously found. These distant stars are extremely metal-poor (<[Fe/H]>=−3.02;
less than ∼1/1000th of the solar iron abundance), affirming Tucana II as the most
metal-poor known galaxy. We observationally establish, for the first time, an extended
dark matter halo surrounding an ultra-faint dwarf galaxy out to one kiloparsec, with
a total mass of > 107 solar masses. This measurement is consistent with the ex-
pected ∼2×107 solar masses using a generalized NFW density profile. The extended
nature of Tucana II suggests that it may have undergone strong bursty feedback or
been the product of an early galactic merger [221, 222]. We demonstrate that spa-
tially extended stellar populations, which other ultra-faint dwarfs hint at hosting as
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well[224, 225], are observable in principle and open the possibility for detailed studies
of the stellar halos of relic galaxies.

4.1 Primary Text

Tucana II is a typical ultra-faint dwarf galaxy: it is extremely dark-matter-dominated

(M/L∼2000[1]), has a low metallicity (<[Fe/H]> = −2.7[2, 12]), and has a low stellar

mass (∼3000 solar masses[37]). As with other similar systems[121], spectroscopy of its

member stars remains sparse due to its low stellar density[37, 13]. Previous follow-up

spectroscopic studies were largely limited to stars within two half-light radii[1, 2, 12]

and identified ten probable members of Tucana II.

To significantly extend the spectroscopic characterization of Tucana II, we ob-

tained wide-field images (∼2 x 2 degrees) with the ANU 1.3 meter SkyMapper

telescope[127] and used its unique filter-set to efficiently identify metal-poor red giant

stars at large galactocentric distances[39]. This efficiency arises because the filter-set

enables the derivation of stellar metallicity and surface gravity solely from photometry.

By combining these derived stellar parameters with Gaia DR2 proper motions[112],

we identified new candidate member stars in Tucana II in a spatially unbiased man-

ner. We then verified their membership and spectroscopically characterized nine of

these stars, nearly doubling the previously known stellar population of this galaxy.

These stars were detected out to ∼9 times the half-light radius[37] (∼1 kiloparsec)

of Tucana II – the first detection of member stars beyond ∼4 half-light radii in any

ultra-faint dwarf galaxy.

Our follow-up spectroscopic observations of candidate members were performed

with the MagE[226] and IMACS[227] instruments on the 6.5 meter Magellan-Baade

telescope. These spectra enable measurement of radial velocities with a precision of

∼3 km/s and ∼1 km/s, respectively, and metallicities with a precision of ∼0.2 to

∼0.3 dex. Such precisions are sufficient to conclusively determine the membership

status of all candidate stars from a joint velocity and metallicity analysis.

The metallicities of the spatially extended members decrease the Tucana II galactic
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metallicity to <[Fe/H]>=−2.77, affirming Tucana II as the most metal-poor galaxy

known. Metallicities from prior work[2, 12] already show Tucana II to have a low

average metallicity of <[Fe/H]>=−2.71. However, we find that the stars beyond

two half-light radii are preferentially more metal-poor (<[Fe/H]>=−3.02) than the

already studied core population (see Figure 4-1), which has a mean metallicity of

(<[Fe/H]>=−2.62). Such metallicity gradients have previously been seen in larger

dwarf galaxies and are hypothesized to result from, e.g., chemical evolution, feedback,

or mergers [228]. Our finding is the first evidence of such a metallicity gradient in a

relic early galaxy, indicating that their formation may have also been shaped by the

same processes.

The spatial configuration of Tucana II members – twelve giants within two half-

light radii and seven between two and nine half-light radii – suggests that this ultra-

faint dwarf galaxy’s stellar density profile may differ from one typically assumed for

such systems. Under the common assumption of an exponential density profile, we

would not statistically expect to see seven giant stars beyond ∼2 half-light radii

(∼0.24 kiloparsecs[37]) in a sample of 19 members. However, when assuming a Plum-

mer profile, it is unlikely but still principally plausible (at a 7% level) to identify seven

giant stars beyond ∼2 half-light radii in a sample of nineteen members. Conclusive

results rest on a precise knowledge of the half-light radius, which is currently not well

constrained (see Methods). Deeper photometry and more precise structural parame-

ters of Tucana II would thus enable a more robust determination of these potential

density profile differences. Any such discrepancies might cause concern regarding the

existence of these distant members in Tucana II, but with the possible exception of the

most metal-rich star (see Methods), every distant star is unambiguously a member.

We expect no false positive classifications among our most metal-poor distant stars

because the systemic velocity (−129.1 km/s) and low mean metallicity (<[Fe/H]>

−2.77) of Tucana II are well separated from those of foreground Milky Way stars (see

Methods).

Tidal disruption is the most obvious process to displace stars to large radii, but

that explanation is inconsistent with the orbital parameters of Tucana II (see meth-
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ods). The location of any predicted Tucana II tidal debris, based on its orbit, would be

perpendicular to the position of the most distant newly discovered Tucana II member

stars (Figure 4-1). Furthermore, tidally disrupted systems should display a velocity

gradient[229], which is not observed in Tucana II. For instance, the radial velocity of

the farthest star, at 9.3 half-light radii, is only ∼(1±3) km/s away from the systemic

velocity of Tucana II. Therefore, Tucana II is currently not tidally disrupting.

It follows that the farthest star in Tucana II must be gravitationally bound to

the system, given that Tucana II is not tidally disrupting and that the probability of

falsely identifying a member is negligible (see methods). To be bound, the farthest

star must lie within the tidal radius of Tucana II. Thus, the tidal radius of Tucana

II must extend beyond 1 kiloparsec, which requires an enclosed total mass within 1

kiloparsec of at least 1.3×107 solar masses (see methods). This mass is a factor of 4

larger than the mass within one half-light radius. Such extended, massive dark matter

halos of relic galaxies were predicted[230], but previous mass estimates of ultra-faint

dwarf galaxies were limited to those within a few hundred parsecs. Our study confirms

that the halo of a relic galaxy contains significant mass out to a large distance (∼1

kiloparsec) for the first time. The majority of this extended mass distribution of at

least 1.3×107 solar masses must consist of dark matter, given the low stellar mass of

Tucana II (∼3000 solar masses[37]).

We estimate the mass for this extended dark matter halo by attempting to directly

model Tucana II with a generalized NFW dark matter density profile. This mass en-

closed within ∼ 9 half-light radii comes to (2.1+3.7/−1.2) ×107 solar masses. At face

value, this estimate is in excellent agreement with the mass deduced from assuming

that the farthest member star is bound and thus adds further evidence that these

distant stars are indeed bound to Tucana II. We note that adopting the highest and

lowest plausible velocity anisotropy prescriptions only vary this mass at the ∼1sigma

level (see methods). We show the corresponding enclosed mass and density profiles

of Tucana II in Figure 4-2. To test whether masses at large radii can be extrapolated

from estimates within the half-light radius, we also calculated the NFW density pro-

file solely from previously known members[1] and extrapolated to ∼9 half-light radii.
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This extrapolation results in a consistent enclosed mass as inferred from all member

stars, and supports the common practice of extrapolating the masses from within one

half-light radius to larger radii to, for instance, compare with theoretical models[230].

We also note that our derived mass within 1kpc of ∼2×107 solar masses is consistent

with an overall halo mass of ∼ 108 Msun, roughly compatible with constraints on the

minimum virial halo mass [231].

We find tentative evidence for a metallicity gradient in Tucana II, as our more

distant member stars tend to have lower metallicities than those in the galaxy core.

If such gradients are actually pervasive amongst other ultra-faint dwarf galaxies,

then the dwarf galaxy metallicities derived only from core populations may be biased

high. This bias might affect prior studies that place ultra-faint dwarf galaxies on

the dwarf galaxy mass-metallicity relation, a key prediction from galaxy formation

simulations that is sensitive to mechanisms including supernova yields, feedback, and

gas accretion [232]. For instance, lowering the mean metallicity of the most metal-poor

ultra-faint dwarf galaxies may increase the number of plausible feedback prescriptions

in simulating these systems [232].

One way to form the extended stellar halo component of Tucana II is by heating

the system via galaxy mergers or stellar feedback. The former interpretation implies

Tucana II to be the product of an early merger, likely that of two primitive galaxies at

high redshift (z& 2)[110]. Simulations do indeed suggest that a dwarf galaxy with the

stellar mass of Tucana II (∼3,000 solar masses[37]) should be assembled by no more

than a handful of star forming progenitors[233]. Otherwise, early supernova feedback

may have heated the most metal-poor stars, which is plausible since ultra-faint dwarf

galaxies may have a bursty star formation history[221].

Our detection of a population of stars out to ∼9 half-light radii in Tucana II sug-

gests that other ultra-faint dwarf galaxies could plausibly host member stars at large

radii as well. Indeed, the ultra-faint dwarf galaxies Segue 1 and Bootes I presently

each have one known member star at ∼4 half-light radii[224, 225]. With targeted

wide-field photometric searches, it should be feasible to rapidly uncover the distant

members of Segue 1, Bootes I, and additional dwarf galaxies to comprehensively es-
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tablish the evolution of these early relic systems.
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Figure 4-1 a. Spatial distribution of all confirmed member stars of the Tucana II
ultra-faint dwarf galaxy, colored by metallicity. The dashed ellipses correspond to
one, three, and five half-light radii [37]. Metallicities from MIKE high-resolution
spectra are shown as stars[12], those from M2FS spectra are squares[1], and those
from MagE and IMACS spectra presented in this work are circles and diamonds,
respectively. For Tucana II stars with no high-resolution MIKE results, we plot all
our available medium-resolution measurements. Metallicities from M2FS spectra are
reduced by 0.32 dex for agreement with high-resolution metallicities (see methods).
Contours correspond to 1, 3, and 5 half-light radii. Arrows indicate the direction of
predicted Tucana II tidal debris (see methods). Our distant members lie perpendicu-
lar to this track, suggesting that their distant location is not due to tidal disruption.
b. Metallicities of Tucana II member stars as a function of their geometric radius
from the center of the system. There is a general trend towards lower metallicities
at larger distances. As for panel (a), metallicities from M2FS spectra are reduced
by 0.32 dex. The error bars correspond to 1sigma uncertainties on the metallicity,
as derived in the methods section. c. Velocities and metallicities of our IMACS and
MagE Tucana II members (yellow stars) compared to non-members in those sam-
ples with metallicity measurements and non-members with S/N > 5 observed with
M2FS[1] (black points). There is a clear separation in metallicity and velocity space
between the two populations. d. Heliocentric radial velocities from MagE and IMACS
measurements of Tucana II members as a function of distance (declination) from the
center of the system. A velocity gradient would be present in the data if the newly
discovered member stars were being dispersed due to tidal stripping. The error bars
correspond to 1sigma uncertainties on the velocity measurements, as derived in the
methods section.
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Figure 4-2 a. Density profiles of Tucana II, derived using data from previous spec-
troscopic work [1] shown in grey, and from including the new stars in blue. The error
bounds correspond to 1sigma uncertainties from the posterior density distribution.
b. Enclosed mass as a function of distance, derived using data from previous spec-
troscopic studies[1] shown in grey, and from including the new members, in blue. An
enclosed mass measurement within a half-light radius[38] using the velocity disper-
sion and 1 sigma uncertainty from refWalker et al. [1] is shown as the black data
point. The error bounds correspond to 1sigma uncertainties from the posterior mass
distribution in our modeling.

4.2 Methods

4.2.1 Selection of Candidate Members

Targets were initially selected using deep narrow-band imaging of the Tucana II ultra-

faint dwarf galaxy obtained using the 1.3m SkyMapper Telescope at Siding Springs

Observatory[127] between July and December 2015. The SkyMapper filter-set[135]

is unique in that the flux through the u, v, g, and i filters can be related to stellar

metallicity and surface gravity[234, 39, 235]. Therefore, SkyMapper photometry can

directly identify metal-poor red giant stars. These stars are more likely to be members

of the Tucana II ultra-faint dwarf galaxy, since the mean metallicity of Tucana II is

very low (<[Fe/H]> ∼ −2.7[2, 12]) compared to most Milky Way halo stars and

based on the distance of Tucana II, all members brighter than g 22 should be red

giant stars or blue horizontal branch stars[37, 13].

In previous work[39], we have shown that one can quantitatively determine stel-
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lar metallicities and surface gravities from SkyMapper photometry by generating

synthetic photometry[193, 148] over a range of stellar parameters and relating ob-

served magnitudes to theoretical magnitudes from this synthetic grid. We applied

this method to derive surface gravities and metallicities for every star brighter than

g∼19.5 in the field of view of the SkyMapper Telescope (∼2 degrees × ∼2 degrees).

We thereby identified many metal-poor ([Fe/H] < −1.0) giant (log g < 3.0) stars as

candidate members of Tucana II.

We further refined this sample of likely member stars by making use of Gaia DR2

proper motion data[111, 112]. Since ultra-faint dwarf galaxies are gravitationally

bound, their member stars should have proper motions clustered around the systemic

proper motion of the galaxy. We narrowed down our sample of candidates by only

including stars with proper motions close to the systemic proper motion of Tucana

II (pm_ra = 0.936 mas/yr, pm_dec = −1.23 mas/yr [236]). Specifically, we selected

stars with proper motions and proper motion uncertainties that are consistent within

two sigma of the following bounds: 0.4 mas/yr < pm_ra < 1.2 mas/yr and −1.4

mas/yr < pm_dec < −1.0 mas/yr (see extended data Figure 4-3). These proper

motion ranges were chosen to roughly correspond to the proper motions of stars that

were previously confirmed to be members of Tucana II[1, 12]. Note that we slightly

relaxed this proper motion criterion for one candidate member – it was subsequently

found to be a non-member. We then selected a sample of 22 metal-poor red giant

stars with proper motions similar to that of Tucana II to observe with the MagE spec-

trograph. Observing priority was given to stars with photometric [Fe/H] < −1.5, as

more metal-poor stars have increased likelihood of being members. Full observational

details are given in Extended Data Table 1 below, and the SkyMapper color-color

plots from which stars were identified as metal-poor giants are shown in Extended

Data Figure 4-4.

Prior to the Gaia DR2 data release and any of our Tucana II SkyMapper photome-

try studies, we had already taken spectra of 43 stars with the IMACS spectrograph[227]

(more details given below). This early target selection was solely based on choosing

stars with g−r colors within 0.1 mag of a 12 Gyr, [Fe/H] = −2.5 isochrone[10] over-
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laid at the distance modulus of Tucana II[37, 13] on a g, r color-magnitude diagram

of stars within 20 arcmin of the center of the system, along with a few horizontal

branch candidates. This color-magnitude diagram had been generated by running

the Source Extractor software[237] with default parameters on Dark Energy Survey

images of Tucana II obtained from the NOAO public data archive[238, 239].

4.2.2 Spectroscopic Observations

We obtained spectra of 22 candidate members of the Tucana II ultra-faint dwarf

galaxy using the MagE spectrograph[226] on the Magellan-Baade Telescope on 3-5

August 2019. Data were obtained using 1x1 on-chip binning and a 0.7" slit which

granted a resolving power of R∼6000, and spanning a wavelength range of ∼320nm to

∼1000nm. The seeing was excellent (<0.6") throughout the duration of these obser-

vations. The MagE data were reduced using the CarPy reduction pipeline[196]. From

a subsequent radial velocity analysis of these spectra (see Radial Velocity Analysis

section below), 10 of these 22 candidates were confirmed as members of Tucana II.

A Thorium-Argon lamp frame was obtained for wavelength calibration after slewing

to each target. Our targets had g magnitudes between 17.5 and 20.5, and each star

was observed for at least 10 minutes. For the purposes of more accurate metallicity

determinations, the two most metal-poor stars in our sample were observed for more

extended periods of time. A full summary of our MagE observations, including to-

tal exposure times and signal-to-noise values, is provided in Extended Data Table 1.

Examples of our MagE spectra are shown in Extended Data Figure 4-5.

We had also obtained spectra of 43 stars in the field of the Tucana II ultra-

faint dwarf galaxy using the IMACS spectrograph[227] on 23-25 July 2015, 25 May

2016, and 5-7 August 2016. These spectra were obtained simultaneously by using

the multi-slit mode of the spectrograph with the f/4 camera, which granted a 15.4

arcmin x 15.4 arcmin field of view. A slit size of 0.7" and a 1,200l/mm grating were

used for these observations, which resulted in a resolving power of R∼11,000 and

a dispersion of 0.19A/pixel over the wavelength range of these spectra (∼750nm to

∼900nm). We note that this spectral range was chosen to cover the prominent telluric
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absorption feature at ∼760nm and the calcium triplet lines at 849.8nm, 854.2nm, and

866.2nm. Due to the configuration of the multislit mask used for these observations,

the actual wavelength range varied from star to star, but slits were placed such that,

at minimum, the calcium triplet region was included. Our observing strategy followed

that of previous IMACS spectroscopic studies of ultra-faint dwarf galaxy stars[217,

240], except we used a HeNeAr comparison lamp in each of our observations. A total

of 14 x 2700s exposures were taken in July 2015 in mediocre seeing conditions (∼1.0"

seeing), 4 x 2700s exposures in May 2016 in poor seeing conditions (>1.0"), and 8 x

2700s in generally fair seeing conditions (∼0.9") in August 2016. We reduced our data

in the exact manner as outlined in the aforementioned studies, utilizing the Cosmos

pipeline[227, 241] and a modified version of the DEEP2 reduction pipeline[242, 243].

4.2.3 Radial Velocity Analysis

We derived radial velocities closely following methods by refs[217, 240] when ana-

lyzing our IMACS spectra, and with slight modifications when analyzing our MagE

spectra to account for instrumental differences, differences in wavelength range, and

resolution. We briefly describe both analyses here.

The velocities from the IMACS spectra were derived by chi-squared fits[91] to a

template IMACS spectrum of the bright, metal-poor giant HD 122563[56] observed

in the same configuration as the multi-slit observations. The chi-squared fits were

performed over the wavelength range 845nm to 868nm, and a velocity of −26.51

km/s was assumed for HD 122563[244]. Velocity corrections for the mis-centering of

stars in their slits were computed by performing this same procedure over the telluric

A-band region (750nm to 770nm) using a spectrum of the rapidly rotating hot star

HR 4781[217]. These velocity corrections from the A-band region showed a systematic

dependence on the position of the slit on the chip[217, 240]. Therefore, we fit a linear

relation between the velocity correction and the slit position and applied the velocity

correction from the A-band following this relation. This had the advantage of being

applicable to spectra with A-band regions not covered in the spectral range or with

low S/N. Heliocentric corrections were computed using the astropy package[245, 246].
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The velocities from the MagE spectra were derived by cross-correlating the ob-

served spectra with a template MagE spectrum of HD 122563 observed in the same

configuration. The cross-correlation was performed over a wavelength region encom-

passing the prominent Mg b absorption feature (490nm to 540nm), and the velocity of

HD 122563 was again assumed to be −26.51 km/s. The A-band region of an IMACS

spectrum of HR 4781[217] that was smoothed to the resolution of the MagE spectra

(R∼6,700) was used to perform any corrections for the mis-centering of the stars in

the slit.

The uncertainties on our velocity measurements were derived by adding in quadra-

ture the statistical uncertainty with an estimate of the systematic uncertainty, fol-

lowing previous work[91, 217, 240]. To derive the statistical uncertainty, we first

re-added random noise to each spectrum based on its noise level as estimated from

its signal-to-noise ratio, re-measured the velocity, and then repeated this procedure

500 times[91]. Then, the statistical uncertainty was defined as the standard deviation

of the resulting distribution of velocities, after removing 5 sigma outliers. To derive

the systematic uncertainty, we computed velocities and statistical uncertainties for

spectra that were obtained from individual exposures. We then derived the system-

atic uncertainty as the additional uncertainty needed to account for the variation in

velocities across exposures for each star. The systematic uncertainty for the IMACS

spectra was determined to be 1.2 km/s, which agrees with previous work[217, 240].

The systematic uncertainty for the MagE data was determined to be 2.95 km/s, likely

due to the lower resolution (R∼6,700) relative to the IMACS data (R∼11,000).

Final velocities from the IMACS spectra were taken as the weighted average of

velocity measurements from stacked spectra from each observing run, where each

measurement was weighted by the inverse-square of the uncertainty. We excluded

likely binaries from this step, which were identified as stars with at least one two

sigma discrepancy in their radial velocities across epochs. Final velocities for the

MagE spectra were calculated in the same way, except a weighted average was taken

over velocity measurements from stacked spectra for each night of observation. All

velocity measurements and uncertainties are listed in Extended Data Table 2.
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We derive a systemic velocity for Tucana II of −126.4km/s ± 2.2km/s and a

velocity dispersion of 4.6km/s +1.5/−1.1km/s using our sample of MagE and IMACS

members. We implemented a maximum likelihood estimate following ref[247] using

the emcee python package[248] to derive these values. Our systemic velocity and

velocity dispersion are consistent with previous of those quantities for Tucana II[1],

but have significantly smaller uncertainties. Our measurements imply that Tucana II

has a mass of (2.4 +1.9/-1.2)×106 solar masses within a half-light radius, following

ref[38]. We note that performing this analysis for a subsample of only the MagE

spectra and another subsample of only the IMACS spectra both return Tucana II

systemic velocities apart by 1.3 km/s, which is well within the statistical uncertainty

in the systemic velocity. This suggests no significant systematic offset in the velocities

derived from each instrument. Excluding the Tucana II star most likely to be a non-

member (TucII-309; see Membership Confirmation) lowers our velocity dispersion by

only ∼5%.

4.2.4 Metallicity analysis

From the MagE spectra, we derived metallicities using the magnesium b absorption

feature (∼515nm) and the calcium triplet lines (849.8nm, 854.2nm, and 866.2nm).

From the IMACS spectra, we solely used the calcium triplet lines. We used an

empirical calibration to derive metallicities from the calcium triplet lines[249], and

employed standard spectral synthesis techniques to derive metallicities from the mag-

nesium b region. Our particular implementation of these techniques is comprehen-

sively described in prior work with MagE spectra of dwarf galaxy stars[137], which

we summarize here.

Stellar metallicities can be derived from the equivalent widths of the calcium

triplet lines in combination with the absolute V magnitude of the star[249]. For our

MagE spectra, we measured the equivalent widths of the calcium triplet lines by

fitting the Voigt1D model in the astropy.modeling package to each line. The spectra

were continuum normalized by iteratively fitting a 3rd order spline after masking

absorption features. For fits requiring additional attention due to, e.g., poor estimates
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of the stellar continuum, equivalent widths were measured using the splot task in

IRAF[250, 251]. The absolute V magnitude was derived for each star using color

transformations from the DES photometric system[37] and the distance modulus of

Tucana II[37, 13]. Random uncertainties were derived by re-measuring the equivalent

widths after varying the continuum level by 1 sigma according to the S/N of each

spectrum, and adopting a systematic uncertainty of 0.17dex[249] for the calcium

triplet metallicity calibration. For our IMACS spectra, we fit the calcium triplet lines

and derive uncertainties following previous studies of dwarf galaxies with IMACS

[240]. We find that our IMACS metallicities agree within 1 sigma with literature

metallicities for the two stars that have metallicities from previous spectroscopic work

of Tucana II[39].

We measured metallicities from the magnesium b region by fitting synthetic spec-

tra of varying abundances to the observed spectrum. The syntheses and fitting were

performed with the Spectroscopy Made Hard software[197] using a 2017 version of the

MOOG radiative transfer code[198] that has an updated treatment of scattering[199]

and the ATLAS9 model atmospheres[200]. The linelist was compiled from various

sources[252, 206, 153, 253] using software provided by C. Sneden (priv. comm.). The

effective temperature and surface gravity of each star are required as inputs for the

spectral synthesis. Initial stellar parameters were derived by matching the g−r col-

ors of the Tucana II stars[254] to those on a [Fe/H] = −2.5, 12 Gyr isochrone[10].

To test this method we also derived stellar parameters in this manner for stars with

known stellar parameters[39]. We find on average higher effective temperatures by

120 K and higher log g by 0.33 dex compared to the literature results. We therefore

correct our stellar parameter measurements by these values in our analysis. We ob-

tain random uncertainties by noting the variation in [Fe/H] required to encompass

most of the noise in the absorption feature. Systematic uncertainties were derived

by re-measuring [Fe/H] after varying the effective temperature by 150 K and the

surface gravity by 0.3 dex. We note that all of our Tucana II members have metal-

licity measurements dominated by the systematic uncertainty, due to the relatively

high signal-to-noise ratio (S/N > 25) of their spectra. Using these methods, we derive

141



metallicities that agree with literature values for the standard stars CD 38 245 ([Fe/H]

= −3.97; literature [Fe/H] = −4.06[59]), CS 22897-052 ([Fe/H] = −3.11; literature

[Fe/H] = −3.08[59]), and HD 122563 ([Fe/H] = −2.57; literature [Fe/H] = −2.64[56])

that were also observed by the MagE spectrograph.

We find that our metallicities from the magnesium b synthesis generally agree

well with metallicities from the calcium triplet method. The metallicity differences

have a mean value of 0.01 dex and a standard deviation of 0.26 dex, suggesting no

systematic offset. We note that one distant star (Tuc2-309) has significantly different

calcium triplet ([Fe/H] = −1.77) and magnesium b ([Fe/H] = −2.47) metallicities.

Upon inspection of its spectrum, this star appears to be genuinely deficient in mag-

nesium, or unusually enhanced in calcium, rendering its overall metallicity somewhat

ambiguous. For consistency with our other measurements, we still report its metal-

licity as the weighted average of the calcium triplet and magnesium b metallicities.

Further investigation of systematic offsets from the few stars in common between

our MagE, IMACS, and MIKE datasets shows that they have metallicities consistent

within 2 sigma uncertainties. The stars in common between the samples are indicated

in extended Data Table 2.

The final metallicity measurements were derived by taking the weighted average

of the metallicities from the calcium triplet lines and the magnesium b region (for

the MagE spectra), or simply from the calcium triplet lines (for the IMACS spectra).

Due to reduction issues (e.g., bad sky subtraction), we estimate the equivalent width

of the reddest calcium triplet line for two stars (Tuc2-303 and Tuc2-319) by taking

it to be 0.62 times the sum of the equivalent widths of the other two calcium triplet

lines. The value of 0.62 is the mean of the corresponding ratio of equivalent widths

for the other Tucana II members. As an additional quality criterion, we only report

metallicities from IMACS spectra with S/N greater than or equal to 10. All the

metallicities and uncertainties of Tucana II members are presented in Extended Data

Table 3.

The mean metallicity of Tucana II was calculated as the average of the metallicities

of its member stars, weighted by the squared inverse of their metallicity uncertainty. If
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available, metallicities from high-resolution MIKE spectra were assumed as the stellar

metallicities. Otherwise, metallicities from medium-resolution MagE and IMACS

spectra were used. We used metallicities from M2FS spectra[1] for the two stars in

that study listed as likely members (membership probability > 0.90) but that were

not later re-observed. We reduced these M2FS metallicities by 0.32 dex, which is

necessary to undo an artificial offset and bring the metallicities of the entire M2FS

sample in agreement with those from high-resolution spectra[39].

We find some tantalizing evidence of a metallicity gradient in Tucana II (see top

right panel of Figure 4-1). A linear fit to the stellar metallicities as a function of

their distance from the center of Tucana II returns a statistically significant slope of

−0.87dex/kpc ± 0.29dex/kpc. We note that this result rests on the existence of the

farthest star in Tucana II; however, given its low metallicity of [Fe/H] = −3.50 there

is little doubt that this star is not a member. For reference, if we were to exclude it,

the resulting slope of −0.73dex/kpc ± 0.66dex/kpc would no longer be statistically

significant. However, excluding the distant star that has the highest probability of

being a foreground star, Tuc2-309 (see Section ?Membership confirmation?), results

again in a more statistically significant slope of −0.99dex/kpc ± 0.24dex/kpc. This

highlights the need for a larger sample of distant members to further validate the

existence of any such gradient. At face value, our derived metallicity gradient for

Tucana II is −0.11dex/r_h, assuming the Tucana II half-light radius in ref[37]. This

is comparable to other metallicity gradients seen in larger dwarf spheroidal galaxies

[89].

4.2.5 Membership confirmation

Members of ultra-faint dwarf galaxies are generally identified through a joint analysis

of their metallicities and radial velocities, since ultra-faint dwarf galaxy stars tend to

be far more metal-poor than foreground Milky Way stars and have clustered radial

velocities. Namely, we identified members as stars with radial velocities within thrice

the velocity dispersion of Tucana II around the mean radial velocity of Tucana II

(−141 km/s to −110 km/s) and with metallicities [Fe/H] < −2.0. It is unlikely that
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we excluded members based on the velocity threshold- no stars had radial velocities

just beyond these cutoffs. However, one distant star (Tuc2-309) has a metallicity just

above this threshold ([Fe/H] = −1.95), but a radial velocity and proper motion still

consistent with membership. We therefore regard it as a likely member. Both the

mean metallicity (∼ −2.85) and systemic radial velocity (∼ −125.6 km/s) of Tucana

II are well separated from the corresponding values of the foreground stellar popula-

tion, granting confidence to this particular scheme of confirming membership status.

However, given the distant nature of our newly identified members, we performed an

additional check on their membership likelihood.

In extended data Figure 4-6, we show the predicted halo distribution of radial

velocities and metallicities for stars in the vicinity of Tucana II from the Besancon

stellar population model[49], after replicating our isochrone, [Fe/H], and logg target

selection cuts. We find that 0.4% of these stars satisfy our velocity and metallicity

criteria for Tucana II membership. By replicating our isochrone, [Fe/H], and logg

cuts but relaxing the proper motion cut on our SkyMapper catalog, we estimate

that there are 260 foreground metal-poor giant stars within ∼9 half-light radii of

Tucana II. If 0.4% of these stars satisfy our membership criteria, this would result in

∼1 false positive in our sample of Tucana II members. However, we note that the

false positive rate drops off rapidly at lower metallicities. Restricting the range of

membership metallicities to [Fe/H] < −2.5 results in a rate of 0%. Thus, while one of

our more metal-rich Tucana II members could conceivably be a foreground star, there

is a negligible chance that the farthest member is falsely classified, given its very low

metallicity of [Fe/H] = −3.50. It is also extremely unlikely that any members beyond

two half-light radii are falsely classified, given that their metallicities are all below

[Fe/H] = −2.5, except for Tuc2-309.

In Extended Data Table 2, we list the membership status of every star in our

sample. We identify stars that meet the above radial velocity and metallicity criteria

as members. Some stars in our sample have radial velocity measurements that satisfy

the velocity criterion, but do not have metallicities as their spectra have S/N < 10.

We identify these stars as likely members. We note that all members have proper
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motions consistent with the bounds defining the Tucana II stellar membership as

listed in Section Selection of Candidate Members

4.2.6 Comparison to Canonical Stellar Density Profiles

We tested whether the spatial distribution of Tucana II member stars is compatible

with either an exponential or a Plummer stellar density profile. Specifically, we drew

samples of 19 members 10,000 times from each distribution to test the likelihood of

observing 12 stars within 2 half-light radii and 7 stars beyond that distance. We

find this happens in 7% of cases under a Plummer profile and in 2% of cases under

an exponential profile. Excluding our distant member that is most likely to be a

foreground star, Tuc2-309, leads to 15% of cases under a Plummer profile fulfilling

our criterion. However, we caution that these numbers are very sensitive to the choice

of structural parameters for Tucana II.

We assume a half-light radius of 7.2" for Tucana II[37] in this analysis. We

opt for this value over others[13, 255] due to better agreement (within 2 sigma) be-

tween the structural parameters in ref [37] and those obtained from deeper follow-up

photometry[256, 257, 258, 259, 260] of seven other dwarf galaxies with such available

data. The structural parameters from refs[13, 255] for these seven systems show more

scatter when compared to the deeper imaging studies. For completeness, we note

that if we were to assume the half-light radii in refs [13, 255], the distances of the

farthest two stars would be 4.1 and 6.8 half-light radii, and 3.6 and 6.0 half-light radii,

respectively. These radii would lead to substantially more agreement with a Plummer

profile. As a consequence, we cannot claim a discrepancy with these canonical profiles

until deeper photometry of Tucana II is obtained.

From our Extended Data Figure 4-3 of candidate members, spectroscopic obser-

vations of stars can be regarded as complete down to g∼19.5 within the inner region

of the galaxy, but likely incomplete in the outer regions (beyond 3 half-light radii).

This implies that additional distant members of the galaxy may be discovered in the

future. If more stars were known in the extended halo, the underlying stellar density

distribution would stray even further from any canonical density profile.
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Finally, we note that there are multiple distance measurements of Tucana II in

the literature, with all measurements being consistent within 2 kpc [37, 13, 261]. For

consistency with our choice of structural parameters, we adopt a distance of 58 kpc

from ref[37] throughout our analysis.

4.2.7 Systemic Proper Motion of Tucana II

We derive the systemic proper motion of Tucana II by taking the weighted average of

the Gaia DR2 proper motions[111, 112] of members brighter than g = 20 in Extended

Data Table 2. Each weight was taken as the inverse-square of the measurement

uncertainty. We derive a systemic pm_ra = 0.955 mas/yr ± 0.047 mas/yr and a

systemic pm_dec = -1.212 mas/yr ± 0.058 mas/yr.

4.2.8 Modeling of Tidal Disruption

In order to determine the expected location of tidal debris from Tucana II, we simulate

its tidal disruption and subsequent stream formation using the modified Lagrange

Cloud stripping technique[262] which has been updated to include the influence of

the Large Magellanic Cloud (LMC)[263]. Including the LMC is crucial since it can

deflect tidal debris, leading to a significant misalignment between the progenitor’s

orbit and tidal debris[263, 264]. We use a realistic Milky Way model[265] and the

machinery of GALPOT[266] to evaluate accelerations in this potential. Motivated

by recent fits to the LMC mass[263], we treat the LMC as a Hernquist profile[267]

with a mass of 1.5×1011 solar masses and a scale radius of 17.13 kpc. We integrate

Tucana II backwards for 5 Gyr starting from its present day distance[13], proper

motions[124], and radial velocity from this work. The LMC is similarly integrated

backwards starting with its present day observables[268, 269, 270]. We model the

progenitor of Tucana II as a Plummer sphere with a conservative mass estimate of

2×106 solar masses[1] and a scale radius of 100 pc. This produces tidal debris which

is well aligned with the orbit. This shows that the debris should be aligned with the

track shown in Figure 4-1 with a small offset of −2 ± 4 degrees on the sky. We find
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that this alignment is not sensitive to the precise choice of the total mass of Tucana

II.

We derived the tidal radius of Tucana II using the galpy[271] python library.

Specifically, we instantiated an orbit using the orbital parameters of Tucana II[236]

and derived a tidal radius using the rtide function[272] under the Milky Way potential

MWPotential14. We then derived tidal radii for various masses of Tucana II to deter-

mine at what mass the tidal radius encompasses the distance to the farthest member

(1.11 kiloparsec). This occurred for a mass of 1.3×107 solar masses, which we take

as the lower limit on the Tucana II mass. We note that our choice of MWPotential14

is consistent with reporting a lower bound on the Tucana II mass. MWPotential14

is a low estimate for the Milky Way mass, and adopting a heavier Milky Way mass

would only increase the Tucana II mass required to bound its farthest member.

We also tested whether the spatially extended members of Tucana II display a

velocity gradient, which is a signature of tidally disrupting systems[229]. To do this,

we fitted a line to our MagE and IMACS velocities, weighted by the inverse square

of their velocity uncertainty, as a function of declination from the center of Tucana

II. These velocities as a function of their declination from the center of Tucana II are

shown in the bottom right panel of Figure 4-1. We find a slope of 0.06km/s/arcmin

± 0.16km/s/arcmin, suggesting that our velocities show no strong evidence of a ve-

locity gradient. Our 2sigma upper limit on the velocity gradient would therefore be

0.32km/s/arcmin. The 2sigma upper limit increases to 0.36km/s/arcmin if Tuc2-309,

the distant star most likely to be a non-member, is excluded.

4.2.9 Modeling of Dark Matter Density Profile

We model the density profile of the dark matter halo of Tucana II using a Jeans

modeling procedure[272, 273, 274]. For completeness, we briefly outline the most

important steps here but more details will be reported in Chang and Necib [275].

147



The three-dimensional distribution of the stars is modeled by a Plummer profile,

𝜈(𝑟) =
3𝑀

4𝜋𝑎3

(︂
1 +

𝑟2

𝑎2

)︂−5/2

where L is the total luminosity and a is the scale length of the distribution. Given

that the system is observed in projection, we use the surface brightness profile

𝐼(𝑅) =
𝑀

𝜋𝑎2

(︂
1 +

𝑅2

𝑎2

)︂−2

where R is the projected radius, while r is the three dimensional radius from

the center of the dwarf. Because the stars contribute negligibly to the gravitational

potential, the value of L does not carry physical influence.

We model the density profile of dark matter by a generalized NFW profile[276],

𝜌𝐷𝑀(𝑟) = 𝜌0

(︂
𝑟

𝑟𝑠

)︂−𝛾 [︂
1 +

(︂
𝑟

𝑟𝑠

)︂]︂−(3−𝛾)

where the free parameters that we fit for are the overall density normalization

(𝜌0), the scale radius (𝑟𝑠), and the slope of the inner profile (𝛾). We assume that the

system is spherical and in equilibrium, and solve the projected Jeans equation

𝜎2
𝑝(𝑅)𝐼(𝑅) = 2

∫︁ ∞

𝑅

(︂
1− 𝛽(𝑟)

𝑅2

𝑟2

)︂
𝜈(𝑟)𝜎2

𝑟(𝑟)𝑟√
𝑟2 −𝑅2

𝑑𝑟

where 𝜎𝑝 is the projected velocity dispersion along the line of sight, 𝜎𝑟 is the radial

velocity dispersion in 3 dimensions, and 𝛽(𝑟) = 1 − (𝜎2
𝜃 + 𝜎2

𝜑)/(2𝜎
2
𝑟) is the velocity

anisotropy of the stars. The radial velocity dispersion is the solution to

1

𝜈

[︂
𝜕

𝜕𝑟
(𝜈𝜎2

𝑟) +
2𝛽(𝑟)

𝑟
(𝜈𝜎2

𝑟)

]︂
= −𝐺𝑀(< 𝑟)

𝑟2

where G is the gravitational constant, and M(<r) is the enclosed mass within

radius r, calculated from the density profile of dark matter.

We use an unbinned likelihood function[277] in order to take into account the in-
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dividual velocity uncertainties of each star, first assuming that the system is isotropic

(𝛽(𝑟) = 0). We use a MCMC procedure to find the best fit parameters, assum-

ing uniform priors on Log10(a/kpc) of [-1.2, -0.6], Log10(L/(Lsun)) of [2.0, 4.0],

Log10(𝜌0)/(solar masses/kpc3) of [2.2, 13.0], Log10𝑟𝑠/kpc of [-3.0, 2.0] 𝛾 of [-1, 3],

and average velocity < 𝑣 >/(km/s) of [-200,200].

Given the large swaths of literature on the mass anisotropy degeneracy (see ref[273]

and references therein), we also rerun the mass modeling assuming the standard

Osipkov-Merritt anisotropy[278, 279], defined as

𝛽(𝑟) = 𝑟2/(𝑟2 + 𝑟2𝑎)

,

where 𝜎𝑟, 𝜎𝜑, and 𝜎𝜃 are the velocity dispersions in spherical coordinates, and

𝑟𝑎 is the anisotropy parameter that we fit for, which describes the transition of the

anisotropy from beta = 0 at small radii, to beta = 1 at large radii. We assume

a prior on Ln(𝑟𝑎/kpc) of [-5, 0] to ensure the transition radius occurs before the

location of the farthest star. We find that the mass of the system with this anisotropy

model increases to (4.1 +6.1/-2.68)× 107 solar masses within 1 kpc, which is within a

1sigma variation of the mass in the isotropic case of (2.1 +3.7/-1.2)×107 solar masses.

Furthermore, adopting the most extreme cases of constant velocity anisotropy still

only vary our results at the 1 sigma level relative to the mass derived assuming

isotropy. Assuming constant radial anisotropy (beta=1) increases our mass estimate

to (7.0 +9.0/-3.0)×107 solar masses, while assuming extreme constant tangential

anisotropy (beta = -9) still results in a large mass of (1.0 +1.6/-0.5)×107 solar masses

within 1 kpc.

As presented in Figure 4-2, we performed the above analysis on two samples to

investigate the effect of adding our newly discovered members to the body known

members in the literature. The first sample is simply the previously known red giant

members in the literature with precise velocity measurements[1]. The second sample

is composed of previously known members and our newly discovered members. We
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note that the sample of eight red giant members in ref[1] has a systemic velocity (∼
−127.3 km/s) similar to the systemic velocity of just our newly discovered members

(∼ −126.4 km/s), suggesting no statistically meaningful velocity systematics across

the two samples.

We note that the theoretically derived mass estimate from this method, and any

larger mass estimates, are supported by our observationally derived lower bound of

1.3 ×107 solar masses that is required to ensure that the most distant Tucana II

member is gravitationally bound to the system.

We also derive the enclosed mass within 1 kpc of a 108 solar mass NFW halo to

compare our results to recent bounds on the minimum halo mass[231]. We begin this

calculation by using the python package Halotools v0.7[280] to initialize a 108 solar

mass halo with a concentration parameter of 26[281]. We then use the enclosed_mass

method to calculate that a mass of 2.5×107 solar masses exists within 1 kpc of such

a NFW halo, which is comparable to the mass we derive within 1 kpc of Tucana II.
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Figure 4-3 a. Locations of candidate members (blue data points) with g < 19.5.
Candidates were selected by identifying metal-poor giants with SkyMapper photom-
etry (photometric [Fe/H] < −1.0 and photometric log g < 3.0 [39]), and then only
including stars with proper motions around the systemic proper motion of Tucana II
(0.2 mas/yr < pm_ra < 1.4 mas/yr and −1.7 mas/yr < pm_dec < −0.5 mas/yr).
All stars confirmed as members of Tucana II in this work or prior work [1, 12] are
highlighted in yellow. Confirmed non-members of Tucana II that were observed in
this work are marked in red. b. Proper motions of candidate members with g < 19.5.
The majority of stars with proper motions near the systemic proper motion of Tu-
cana II are members. This results from our exclusion of stars that are not metal-poor
giants using log g to cut out foreground stars. Milky Way foreground stars outside
our proper motion selection criteria are shown as small black points. The error bars
on the proper motions correspond to 1sigma uncertainties in the Gaia DR2 catalog.
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Figure 4-4 a. A metallicity-sensitive SkyMapper color-color plot of every star within
a degree of Tucana II. The Tucana II members observed with MagE in this study
are shown as purple stars, and all have photometric [Fe/H] < −1.0. Photometric
metallicities were derived following ref[39]. b. A surface gravity-sensitive SkyMapper
color-color plot of every star within a degree of Tucana II. Similarly to the metallicity-
sensitive plot, the Tucana II members observed with MagE separate from the fore-
ground population due to their low surface gravities.
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Figure 4-5 a. Color-magnitude diagram of the MagE and IMACS Tucana II members
with DES photometry. A 10 Gyr, [Fe/H] = −2.2 MIST isochrone[14, 15, 40, 41, 42]
at the distance modulus of Tucana II[37] is overplotted for reference. The horizontal
branch from a PARSEC isochrone[43, 44, 45, 46, 47, 48] with the same parameters is
also shown. Members and non-members are indicated in blue and red, respectively.
The two most distant members are outlined in yellow. b,c,d. MagE spectra of the
magnesium region Tuc2-319, Tuc2-318, and Tuc2-305. The absorption lines in the
region become noticeably weaker at lower metallicities.
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Figure 4-6 a. A histogram of MagE and IMACS radial velocities of stars determined to
be non-members of Tucana II is shown in orange. In blue, we plot a scaled histogram
of radial velocities of stars in the field of Tucana II, as generated from the Besancon
model of stellar populations in the galaxy[49] after replicating our target selection
cuts (blue). The vertical red line marks the systemic velocity of Tucana II [1], which
is well separated from the foreground velocity distribution. b. Scaled histogram of
metallicities of stars generated from the Besancon model following those in panel
a. The red shaded region ([Fe/H] < −2.0) corresponds to the metallicities of the
newly detected Tucana II members. Only 0.4% of simulated foreground stars satisfy
our Tucana II membership criteria (−141 km/s < HRV < −110 km/s; [Fe/H] <
−2.0)[1], implying that our newly identified members are extremely unlikely to be
false positives.
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Chapter 5

Detection of a Population of

Carbon-Enhanced Metal-Poor Stars in the

Sculptor Dwarf Spheroidal Galaxy

The content of this chapter was published in the Astrophysical Journal as [215] on

April, 2018.

Abstract

The study of the chemical abundances of metal-poor stars in dwarf galaxies provides
a venue to constrain paradigms of chemical enrichment and galaxy formation. Here
we present metallicity and carbon abundance measurements of 100 stars in Sculp-
tor from medium-resolution (𝑅 ∼ 2000) spectra taken with the Magellan/Michigan
Fiber System mounted on the Magellan-Clay 6.5m telescope at Las Campanas Obser-
vatory. We identify 24 extremely metal-poor star candidates ([Fe/H] < −3.0) and 21
carbon-enhanced metal-poor (CEMP) star candidates. Eight carbon-enhanced stars
are classified with at least 2𝜎 confidence and five are confirmed as such with follow-up
𝑅 ∼ 6000 observations using the Magellan Echellette Spectrograph on the Magellan-
Baade 6.5m telescope. We measure a CEMP fraction of 36% for stars below [Fe/H] =
−3.0, indicating that the prevalence of carbon-enhanced stars in Sculptor is similar
to that of the halo (∼ 43%) after excluding likely CEMP-s and CEMP-r/s stars from
our sample. However, we do not detect that any CEMP stars are strongly enhanced
in carbon (e.g., [C/Fe] > 1.0). The existence of a large number of CEMP stars both
in the halo and in Sculptor suggests that some halo CEMP stars may have originated
from accreted early analogs of dwarf galaxies.
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5.1 Introduction

The oldest stars in the Milky Way contain trace amounts of elements heavier than

helium (or “metals") and measurements of their relative chemical abundances pro-

vide key constraints on the early phases of chemical evolution [e.g. 282, 283], galaxy

formation [e.g. 284], and the star-formation history (SFH) and initial mass function

(IMF) of their birth environment [e.g. 285]. Studying metal-poor (MP) stars ([Fe/H]

< −1.0, where [Fe/H] = log10(𝑁𝐹𝑒/𝑁𝐻)⋆ − log10(𝑁𝐹𝑒/𝑁𝐻)⊙) and in particular, ex-

tremely metal-poor (EMP) stars ([Fe/H] < −3.0) in the Milky Way’s dwarf satellite

galaxies effectively probes the aforementioned topics due to the simpler dynamical

and chemical evolution histories of dwarf galaxy systems (see Tolstoy et al. 176 for a

complete review). Furthermore, dwarf galaxies have innate cosmological significance

as they are hypothesized to be the surviving analogs of the potential building blocks

of larger systems in hierarchical galaxy formation scenarios. Studying the most metal-

poor stars in these systems is a promising avenue to explore this intriguing potential

connection.

While the specific relationship between dwarf galaxies and their ancient analogs is

not entirely understood, detailed abundance studies of the most metal-poor stars in

ultra-faint dwarf galaxies and classical dwarf spheroidal (dSph) galaxies have shown

some remarkable similarities between the chemical composition of EMP stars in dSphs

and EMP stars in the halo of the Milky Way [286, 287, 288, 20, 21, 289, 290, 23, 24,

291, 26, 22, 29, 30, 5, 6, 32]. These results hint, at some level, of universality in early

chemical evolution and suggest that some of the most metal-poor stars in the Milky

Way halo could have formed in dwarf galaxies. Because of the rarity of EMP stars,

further identification and study of these objects in any dwarf galaxy provides key

information to further investigate these initial findings.

Chemically characterizing members of the Sculptor dSph galaxy has provided

insights on its chemical evolution and formation using high-resolution spectroscopy

of red giant stars [292, 293, 294]. Tolstoy et al. [228] found evidence for two stellar

components in Sculptor, as also seen in other dSphs. More recently, Kirby et al.
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[288] analyzed 388 members of Sculptor to derive the metallicity distribution function

(MDF). Later, Kirby et al. [283] used the MDFs of Sculptor (Scl) and other dSphs to

investigate chemical evolution models. Additionally, observations of ∼600 probable

members in Scl by the DART collaboration [e.g., 295, 296] were used by Romano

and Starkenburg [297] to get a more complete picture of the MDF of Scl for modeling

chemical evolution. Moreover, observations of a few individual EMP stars in Sculptor

provided the first evidence that low-metallicity stars in dSphs are present and have

chemical signatures matching those of EMP halo stars [20, 290]. Recently, work by

Simon et al. [5] and Jablonka et al. [6] has indicated that EMP stars in Sculptor may

have been enriched by just a handful of supernovae from the first generation of stars.

The population of stars with [Fe/H] < –2.5 in the Milky Way halo has long been

known to include a large fraction enhanced in carbon [298, 299, 300, 301, 170, 302, 54,

8, 99]. This discovery led to the classification of carbon-enhanced metal-poor (CEMP)

stars (metal-poor stars with [C/Fe] > 0.7), within which exist subdivisions contingent

on the enhancements of r-process and/or s-process elements. Of those, CEMP-s and

CEMP-r/s stars are readily explained as the products of binary mass transfer from

an asymptotic giant branch (AGB) companion [303, 304]. However, stars that show

[C/Fe] enhancement reflecting the chemical composition of their formative gas cloud,

as is thought to be the case for CEMP-r and CEMP-no stars, are the most useful in

constraining theories of early chemical evolution. Proposed mechanisms behind this

early carbon enhancement include “mixing and fallback” SNe and massive rotating

stars with large [C/Fe] yields, as discussed in e.g., Norris et al. [305].

Interestingly, the current sample of stars in Sculptor with [Fe/H] < −2.5 from

Starkenburg et al. [306], Simon et al. [5], and Jablonka et al. [6] contains no CEMP

stars, contrary to expectations set by the high fraction of CEMP halo stars and

earlier results that low-metallicity chemical evolution appears to be universal. Only

one CEMP-no star has been previously detected in Sculptor [307], with [Fe/H] =

–2.03 and [C/Fe] ∼ 0.51, and only three CEMP-s stars are known in the galaxy

out of spectroscopic samples of hundreds of stars [308, 309]. Under the assumptions

that the ancient analogs of today’s dwarf galaxies formed the Milky Way halo, one

157



would expect that dwarf galaxies should show carbon enhancement in their oldest

stellar population as well. Earlier work detected a number of carbon-strong stars

in dSph galaxies, including Sculptor, but did not report individual metallicities for

stars, precluding the characterization of these detected carbon-strong stars as CEMP

stars [310, 311, 312, 313, 314, 315, 316, 317]. More recent searches in dSph galaxies

[291, 318, 306, 307, 4, 319] have, however, detected only a handful of any category of

CEMP stars.

To investigate this apparent dearth of true CEMP stars, or CEMP-no stars, we

surveyed Sculptor with the goal of identifying EMP star candidates and robustly char-

acterizing its metal-poor population (Hansen et al., in prep). We conducted follow-up

observations of the most promising of these candidates to establish the low-metallicity

tail of the MDF of Sculptor, and constrain the CEMP fraction in the system. In this

paper, we present [Fe/H] and [C/Fe] measurements of the stars in our sample. In

Section 5.2, we provide an overview of the target selection and observations. In Sec-

tions 5.3 and 5.4, we outline our methods of obtaining [Fe/H] and [C/Fe] abundances

for our sample. In Section 5.5, we discuss additional measurements and considerations

that are useful in analyzing our sample. We present our results, discuss implications,

and conclude in Section 5.6.

5.2 Observations and Data Reduction

5.2.1 Target Selection

We first obtained low-resolution (𝑅 ≈ 700) spectroscopy of eight fields in Sculptor

using the f/2 camera of the IMACS spectrograph [227] at the Magellan-Baade tele-

scope at Las Campanas Observatory. Each IMACS field spans a diameter of 27.4′,

and the eight fields together produce nearly complete coverage of the upper three

magnitudes of Sculptor’s red giant branch (RGB) over a 37′ × 39′ area centered on
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the galaxy, which approximately corresponds to a diameter of four times the core

radius [320]. The IMACS observations were taken with a narrow-band Ca K filter

attached to a 200-lines mm−1 grism. With this setup, approximately 900 stars can

be observed at a time. IMACS targets were selected from the photometric catalog of

Coleman, Da Costa, and Bland-Hawthorn [50] using a broad window surrounding the

RGB so as not to exclude stars at the extremes of the metallicity distribution. The

selection limits were based on a Padova isochrone [321] passing through the Sculptor

RGB, and extended from 0.37 mag bluer than the isochrone to 0.19 mag redder than

the isochrone in 𝑉 − 𝐼, down to 𝑉 = 20.

We selected Sculptor stars from the IMACS spectra for more extensive spectro-

scopic follow-up observations. We identified a sample of low-metallicity candidates by

searching for stars with the smallest Ca K equivalent widths, adjusting for the color of

each star according to the calibration of Beers et al. [52]. The most metal-poor known

Sculptor stars from Frebel et al. [20] and Tafelmeyer et al. [290] were independently

recovered in this data set, as well as two new [Fe/H] < −3.5 stars [5]. We then ob-

tained 𝑅 ∼ 4000 and 𝑅 ∼ 6000 optical spectra of 22 of the best candidates, using the

MagE spectrograph [226] at the Magellan telescopes. The majority of the observed

stars were confirmed as EMP stars, including a number with spectra dominated by

carbon features.

5.2.2 M2FS Observations

Having confirmed the utility of the IMACS data for both identifying EMP and carbon-

rich candidates in Sculptor, we set out to obtain medium-resolution spectra of a much

larger number of EMP candidates. We observed two partially overlapping 29.5′-

diameter fields in Sculptor using the Michigan/Magellan Fiber System (M2FS) [322]

on the Magellan–Clay telescope. We employed the low-resolution mode of M2FS,

producing 𝑅 = 2000 spectra covering 3700− 5700 Åfor 256 fibers.

M2FS targets were selected in two categories. First, we chose all of the EMP

candidates from the IMACS sample (including those confirmed as low metallicity

and/or carbon-rich with MagE spectra). Since these candidates only occupied about

159



0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

V-I

17

18

19

20

21

22

V

4.0

3.6

3.2

2.8

2.4

2.0

1.6

1.2

0.8

0.4

0.0

[Fe
/H

]
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

V-I

17

18

19

20

21

22

V
4.0

3.6

3.2

2.8

2.4

2.0

1.6

1.2

0.8

0.4

0.0

[Fe
/H

]

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

V-I

17

18

19

20

21

22

V

0.6

0.3

0.0

0.3

0.6

0.9

1.2

1.5

1.8

[C
/Fe

]

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

V-I

17

18

19

20

21

22

V

4.0

3.6

3.2

2.8

2.4

2.0

1.6

1.2

0.8

0.4

0.0

[Fe
/H

]

Figure 5-1 Color magnitude diagrams (CMDs) of Sculptor from Coleman et al. [50].
M2FS targets for which [Fe/H] and [C/Fe] are computed are over plotted. Top left:
[Fe/H] of stars on the red giant branch of Sculptor that were selected as the most
metal-poor candidates. Top right: [Fe/H] of bright stars that were selected to fill
available fibers. Much of the bright star sample was excluded from this work (see
Section 5.3.3). Bottom left: [C/Fe] of stars on the red giant branch of Sculptor that
were selected to be metal-poor. Stars with saturated G-bands are circled in red.
Bottom right: [Fe/H] of all stars we observed that were selected to be metal-poor.
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half of the M2FS fibers, we then added a magnitude-limited “bright” sample containing

all stars along the Sculptor RGB brighter than 𝑉 = 18.1 in field 1 and 𝑉 = 18.0 in

field 2 (the difference between the two reflects the number of fibers available and the

number of bright stars in each field). This bright sample should be unbiased with

respect to metallicity or carbon abundance. About 30 fibers per field were devoted to

blank sky positions. A few broken fibers were not used. The first M2FS field, centered

at RA (J2000), Dec (J2000) = 00:59:26, −33:45:19, was observed for 5× 900 s on the

night of 23 November, 2013. The second M2FS field, centered at 01:00:47, −33:48:39

was observed for a total of 6838 s on 14 September, 2014. Figure 5-1 shows the M2FS

targets for which [Fe/H] and [C/Fe] were measured in this work on color magnitude

diagrams of Sculptor. We note that stars with saturated CH G-bands are circled in

red in the bottom left panel of Figure 5-1. While the most carbon-enhanced stars do

appear to be biased redward of the Sculptor RGB, they are not excluded from our

selection procedure.

M2FS data were reduced using standard reduction techniques [323]. We first

bias-subtracted each of the four amplifiers and merged the data. We then extracted

2D spectra of all the fibers by using the spectroscopic flats to trace the location of

science spectra on the CCD, flattened the science data, and took the inverse variance

weighted average along the cross-dispersion axis of each science spectrum to extract

a 1D spectrum.

We computed wavelength solutions using spectra of HgArNeXe and ThAr cali-

bration arc lamps. The typical dispersion of our wavelength solution was ∼ 0.10 Å,

which we derived by fitting third-degree polynomials to the calibration lamp spectra

for the 2013 data. We derived the wavelength solution for the 2014 data by fitting

third-degree Legendre polynomials. We performed the sky-subtraction by fitting a

fourth-order b-spline to the spectra of ∼ 10 sky fibers on the CCD, and fitting a

third-order polynomial to the dependence of these spectra on the cross-dispersion

direction of the CCD (e.g., the location of the fiber’s output on the CCD). We then

subtracted the predicted sky model at the location of each science spectrum on the

CCD, and extracted final 1D spectra.
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5.2.3 Follow-up MagE Observations

Motivated by the number of EMP and CEMP candidates from the M2FS data, we ob-

served an additional ten Sculptor stars using the MagE spectrograph on the Magellan-

Baade telescope in September 2016. This brought the total number of Sculptor stars

observed with MagE to 31 stars, as one star had already been observed as part of

the original 22 star sample (see Section 5.2.1). Five of these ten stars showed strong

carbon features in their M2FS spectra. Another five were not seen to be as carbon-

enhanced from their M2FS spectra, but we chose to observe them due to their similar

stellar parameters to the strongly carbon-enhanced stars. These ten stars were an-

alyzed to corroborate our M2FS carbon measurements. We also observed the halo

CEMP-r/s star CS29497-034 for reference purposes. Five stars (four CEMP candi-

dates and CS29497-034) were observed with the 0.7′′ slit (𝑅 ∼ 6000), which granted

sufficient resolution to resolve barium lines at 4554 Å, 4934 Å, 5853 Å, 6141 Å, and

6496 Å. The remaining stars were observed with the 1.0′′ slit (𝑅 ∼ 4000). The MagE

spectra were reduced using the Carnegie Python pipeline described by Kelson [196].

With these observations, we confirmed the CEMP and regular metal-poor nature of

our candidates, as suggested by the M2FS observations.
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Figure 5-2 Spectral region around the Ca II K line (3933.7 Å) after continuum nor-
malization. The horizontal black dashed line depicts the continuum fit to the blue
and red sidebands (green), and the vertical red dashed lines correspond to the range
of integration for the KP index. The over-plotted dashed red line corresponds to the
best fit Voigt profile.
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5.3 Metallicity Measurements

We used established calibrations of two spectral line indices to measure [Fe/H] from

the M2FS spectra. The first such index is the KP index, a measure of the equivalent

width of the Ca II K line at 3933.7 Å. The second index is the LACF index, a line

index derived from applying the autocorrelation function (ACF) to the wavelength

range 4000 Å to 4285 Å, which is chosen due to the presence of many weak metal

lines. Both line indices, along with the nature of their calibration to [Fe/H] values,

are thoroughly discussed by Beers et al. [52] and their implementation in this work is

detailed in this subsection.

5.3.1 Membership Selection

We measured radial velocities for each star primarily to exclude non-members of

Sculptor. Radial velocities were measured by cross-correlating the spectrum of each

star with a rest-frame spectrum of the metal-poor giant HD122563. Wavelength cali-

bration for spectra obtained in 2013 was carried out using a ThAr lamp, resulting in

a well calibrated range from 3900 Å to 5500 Å. For the cross-correlation, we used this

full range to determine velocities. However, spectra obtained in 2014 had associated

HgArNeXe arc lamp frames taken, which provided fewer usable reference lines. It was

found that cross-correlating over only the H𝛽 line (4830 Å to 4890 Å) gave the most

precise (∼10 km s−1) velocity measurements for these spectra. Moreover, velocities

obtained from the M2FS fiber observations in 2014 had to be adjusted to ensure that

the mean velocity of the stars was centered on the velocity of Sculptor. Accordingly,

velocities measured based on fiber observations on the red CCD chip were increased by

35 km s−1. Those from the blue CCD chip observations were increased by 31 km s−1.

For stars on both the 2013 and 2014 fiber plates, we used the velocity measurement

from the 2013 spectrum.

We assumed that stars with velocities within 35 km s−1 of the systemic velocity of

Sculptor were members. This threshold corresponded to roughly 2.5𝜎 of our distribu-

tion of velocities after excluding outliers. We found that applying this membership
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criterion recovered known members of Sculptor from Walker et al. [324] and Kirby

et al. [288]. Using this criterion, we excluded four stars in our sample that would

otherwise have been part of this data set.

5.3.2 Stellar Parameters

We derive initial 𝐵 − 𝑉 color, 𝑇eff, and log 𝑔 estimates of stars in our IMACS sample

by transforming 𝑉 and 𝐼 band photometry from Coleman et al. [50] using a 12

Gyr, [Fe/H] = −2.0 Dartmouth isochrone [10]. After a first pass measurement of

[Fe/H] with this initial 𝐵 − 𝑉 estimate (see Section 5.3), we iteratively update the

metallicity of the isochrone and re-derive parameters until convergence. Before any

measurement of [Fe/H], the spectrum was shifted so that the Ca II K line was centered

at 3933.7 Å. This re-centering was necessary given that the wavelength calibration

was not necessarily accurate around the Ca II K feature, since only there was only

one line below 4000 Å (a weak Ar II line at 3868.53 Å) in our arc frames.

5.3.3 KP Index

The KP index is a measurement of the pseudo-equivalent width of the Ca II K line

at 3933.7 Å. To determine final KP indices, we first compute the K6, K12, and K18

indices using bandwidths of Δ𝜆 = 6 Å, 12 Å, and 18 Å, respectively, when calculating

the equivalent width of the Ca II K feature [325]. Table 5.1 lists the bands of these

indices. The KP index assumes the value of the K6 index when K6 < 2 Å, the K12

index when K6 > 2 Å and K12 < 5 Å, and the K18 index when K12 > 5 Å.

To derive an estimate of the local continuum around the Ca II K feature, we

fit a line through the red and blue sidebands listed in Table 5.1. We then visually

inspected each continuum placement and applied a manual correction for a small

subset of our sample that had an obviously bad fit (e.g., due to low S/N or nearby

absorption features). After continuum normalization, we derived estimates of the

K6, K12, and K18 indices using two methods. For the first approach, we directly

integrated across the line band to estimate the pseudo-equivalent width. For the
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Table 5.1. KP line indices ( Å)

Line Blue Red Band
Index Sideband Sideband

K6 3903−3923 4000−4020 3930.7−3936.7
K12 3903−3923 4000−4020 3927.7−3939.7
K18 3903−3923 4000−4020 3924.7−3942.7

second approach, we integrated over the best-fit Voigt profile to the Ca II K line as

illustrated in Figure 5-2. These two methods gave largely similar results, but the KP

values from direct integration were adopted to ensure consistency with previous work

involving the calibration. We derive [Fe/H] values using the KP index and 𝐵 − 𝑉

color as inputs to the Beers et al. [52] calibration.

The KP index calibration from Beers et al. [52] is only valid for stars with 𝐵−𝑉 ≤
1.2, meaning it can only be readily applied to 100 stars in our sample. This population

largely excludes the bright-star sample, which is unbiased with respect to metallicity.

5.3.4 LACF Index

The LACF index measures the strength of many weak metal lines between 4000 Å

and 4285 Å [326, 52]. It is computed by taking the autocorrelation of a spectrum

within the aforementioned wavelength range after excising extraneous line features.

The LACF index is then defined as the log of the value of the autocorrelation function

(ACF) at 𝜏 = 0 as defined in Equation 5.1 over this interval.

To ensure we computed the LACF index in a manner consistent with Beers et al.

[52], we closely reproduced their methodology. We first interpolated each spectrum

using a cubic spline and re-binned in 0.5 Å increments to match their calibration

sample. We then excised the ranges 4091.8 Å to 4111.8 Å and 4166 Å to 4216 Å to

remove effects from the H𝛿 region and CN molecular absorption, respectively. To

calculate the continuum, each of the three resulting ranges were independently fit

by a fourth-order polynomial, after which outliers 2𝜎 above and 0.3𝜎 below each fit
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Figure 5-3 Histograms of the difference between our measured metallicity of each
globular cluster member and the overall cluster metallicity for globular clusters M3
(top left), M13 (top right), M2 (bottom left), and M15 (bottom right).
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were excluded. An acceptable continuum estimate was returned after four iterations

of this process.

After normalizing each wavelength segment by its corresponding continuum esti-

mate, we re-stitched the three segments together and computed the power spectrum

of the resulting spectrum. We then set the high and low frequency components of

the power spectrum to zero in order to remove the effects of high frequency noise and

continuum effects, respectively. The inverse Fourier transform of the power spectrum

was taken to derive the ACF, which was then divided by the square of the mean

counts in the normalized region. We finally computed the LACF index by taking the

log of the resulting ACF at 𝜏 = 0.

It is important to note that an alternative expression of the autocorrelation func-

tion is

ACF(𝜏) =
∫︁ 𝜈2

𝜈1

𝑓(𝜆+ 𝜏)𝑓(𝜆)𝑑𝜆 (5.1)

where 𝑓(𝜆) is the complex conjugate of the function 𝑓(𝜆). From Equation 5.1, it is

clear that computing the LACF index, defined as the log of the value of the ACF at

𝜏 = 0, is analogous to integrating the squared spectrum after manipulating Fourier

components to remove continuum and noise related effects. This fact motivates the

application of an ACF to measure line strength. As with the KP index, the LACF

index is only calibrated to [Fe/H] for stars with 𝐵 − 𝑉 ≤ 1.2 (see discussion in

Section 5.3.3).

5.3.5 Comparison of Methods and Final [Fe/H] Values

To ensure our measured KP and LACF indices were consistent with the existing

[Fe/H] calibration, we measured KP and LACF indices on a subset of the calibration

sample in [52]. We found agreement in KP indices, but a gradually increasing scatter

in LACF measurements when LACF < 0, which roughly corresponds to very metal-

poor stars, stars with high effective temperatures, or stars with spectra that have low

signal-to-noise. We thus chose to discard the LACF-based metallicity measurement

for stars with LACF < −0.5 or when [Fe/H]KP < −2.5. Since the LACF works
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best at measuring [Fe/H] in the more metal-rich regime where weak metal lines are

more prominent, this exclusion seems reasonable. We also chose to discard KP-based

metallicity measurements when [Fe/H]KP > −1.0, motivated by the failure of the KP

calibration at high metallicities due to the saturation of the Ca II K line. In the

regime where both KP and LACF based metallicities are valid, we take the average

of the two measurements weighted by the measurement uncertainty.

The 𝛼-element abundance of stars in the Beers et al. [52] calibration is assumed

to be [𝛼/Fe] = +0.4 for [Fe/H] < −1.5 and [𝛼/Fe] = −0.27×[Fe/H] for −1.5 < [Fe/H]

< 0. Stars in Sculptor display a different trend in [𝛼/Fe] with [Fe/H]. We account for

this discrepancy by first computing an [𝛼/H] measurement for our stars based on the

aforementioned 𝛼-element trends used in the Beers calibration for both the KP and

LACF derived metallicities. We then fit a line to a Sculptor [Fe/H] vs. [𝛼/H] trend

derived from measurements in Kirby et al. [288], and use this trend to compute an

[Fe/H] measurement from our [𝛼/H] measurement for each of our Sculptor stars. This

adjustment is motivated by the fact that the Beers et al. [52] calibrations measure

the strength of 𝛼-element features and derive metallicities under the assumption of a

given [𝛼/Fe] for halo stars, which is discrepant from the trend in dwarf galaxy stars.

This correction typically increased the metallicities of stars in our sample by . 0.1 dex,

since it had no effect on stars with [Fe/H] < −3.0 and increased metallicities of stars

with [Fe/H] = −2.5 by ∼ 0.1 dex.

Initial [Fe/H] uncertainties were assigned following Beers et al. [52]. To account

for uncertainties in using an isochrone to transform between 𝑉 −𝐼 and 𝐵−𝑉 color, we

propagated the uncertainty in our original 𝑉−𝐼 color to the final [Fe/H] measurements

and added this effect in quadrature to the other uncertainties. We also propagated

uncertainties in the age of the isochrone, which had negligible effects. Finally, we

re-measured the metallicities after shifting the continuum by the standard errors of

the fluxes in the red and blue continuum regions. The difference between the re-

measured metallicities and the original metallities was added in quadrature with the

other estimates of uncertainty. Typical uncertainties are ∼0.25 dex.
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Figure 5-4 Difference between our measured metallicity of each cluster member and
the overall cluster metallicity as a function of 𝐵 − 𝑉 color. Dashed lines correspond
to ±0.25 dex. The mean of the distribution of residuals is −0.02 and the standard
deviation is 0.18.
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Figure 5-5 Left: Comparison of [Fe/H] measured by Kirby et al. [51] and [Fe/H]
measured in this work for the 86 stars in both samples. Blue points correspond to
stars with 𝐵 − 𝑉 ≤ 1.2 and red points correspond to stars with 𝐵 − 𝑉 > 1.2. Right:
The difference between [Fe/H] measured in this work and [Fe/H] measured by Kirby
et al. [4] as a function of 𝐵−𝑉 color. The vertical line marks the cutoff to the right of
which 𝐵 − 𝑉 colors are not directly calibrated to [Fe/H] in Beers et al. [52]. Dashed
lines indicate ±0.30 dex.
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Figure 5-6 Spectral region around the G-band together with best fitting synthetic
spectra (blue) for three example observed M2FS spectra (black). Synthetic spectra
with [C/Fe] closest to the 1𝜎 upper and lower [C/Fe] measurements are overplotted
in red and green, respectively.
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Table 5.2. Stellar parameter comparison of stars in the Sculptor dSph

ID log 𝑔MR log 𝑔HR TeffMR (K) TeffHR (K) [Fe/H]KP [Fe/H]HR Δ[Fe/H] Ref.

S1020549 1.30 1.25 4610 4702 −3.74± 0.21 −3.68 −0.06 S15
Scl 6 6 402 1.67 2.00 4796 4945 −3.91± 0.25 −3.53 −0.38 S15

Scl 11 1 4296 1.52 1.45 4716 4770 −3.90± 0.21 −3.77 −0.13 S15
Scl 07−50 1.35 1.05 4676 4558 −3.96± 0.20 −4.05 +0.09 S15

S1020549 1.29 1.25 4581 4702 −3.63± 0.21 −3.68 +0.05 S15
Scl 11 1 4296 1.55 1.45 4697 4770 −3.33± 0.22 −3.77 +0.44 S15

Scl 07−50 1.40 1.05 4641 4558 −3.77± 0.20 −4.05 +0.28 S15
ET0381 1.19 1.17 4532 4540 −2.83± 0.19 −2.83 +0.00 J15

Scl 03 059 1.10 1.10 4492 4400 −3.00± 0.15 −3.20 +0.20 J15

Note. — [Fe/H]KP is the metallicity measured by applying the KP index calibration. [Fe/H]HR is the metallicity
measured in the indicated reference paper. Measurements labeled MR are medium-resolution measurements following
the methodology of this paper. Top section: Measurements from smoothed high-resolution spectra of stars presented
in Simon et al. [5]. Bottom section: Measurements from our medium-resolution M2FS spectra. S15 and J15 refer to
Simon et al. [5] and Jablonka et al. [6], respectively. Log 𝑔 values in this table have been corrected by +0.39 dex to
account for the measured offset with respect to Kirby et al. [51].

5.3.6 External Validation: Comparison to Globular Cluster Members

As an external check on our metallicity measurements, we determined [Fe/H] val-

ues for cool (𝑇eff < 5500K) member stars in four globular clusters (M2, M3, M13,

M15) with metallicities ranging from [Fe/H] = −2.33 to −1.5. We retrieved medium-

resolution spectra of these stars from the Sloan Digital Sky Survey-III1 [327, 328].

𝑉 − 𝐼 colors were derived by applying an empirical color transformation following

Jordi et al. [329].

The metallicity spread among members of a globular cluster is a fraction of our

measurement uncertainties, with the exception of some anomalies in M2 [330]. Thus,

we used the offset of our [Fe/H] values of each cluster member from the average

metallicity of the globular cluster to gauge the validity of our metallicity calibration.

Before measuring metallicities, we recorded the mean [𝛼/Fe] of these globular clusters

from Carney [331], Kirby et al. [332], and Yong et al. [330] and corrected them for

the discrepant [𝛼/Fe] assumption in our calibrations. As shown in Figures 5-3 and

5-4, our measurements gave largely reasonable results, with an overall [Fe/H] offset

of −0.02 dex and scatter of 0.18 dex. This is consistent with our typical derived

1http://dr10.sdss3.org
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uncertainty in [Fe/H] of ∼0.25 dex.

5.3.7 External Validation: Comparison to Kirby et al.

Kirby et al. [288, 51, 179] measured the metallicities and 𝛼-abundances of a total

of 391 stars in Sculptor with medium-resolution spectroscopic data from the Deep

Imaging Multi-Object Spectrometer on the Keck II telescope. We found 86 stars in

common with our full sample of ∼ 250 stars, of which 20 stars have 𝐵−𝑉 ≤ 1.2. We

compare the stellar parameter measurements between all 86 stars. We find reasonable

agreement in our 𝑇eff measurements as demonstrated by a mean offset of Δ𝑇eff = 25K

and a standard deviation of 𝜎(ΔTeff) = 137K.

For log 𝑔, we correct the significant offset of +0.39 dex compared to the Kirby et

al. sample. The mean of the differences in log 𝑔 then has a standard deviation of

0.17 dex. If we were to only consider stars with 𝐵 − 𝑉 ≤ 1.2, then the standard

deviation would be 0.23 dex. This correction also results in agreement with log 𝑔

values of stars with high-resolution spectroscopic stellar parameters (see Table 5.2).

We note that not applying this gravity correction would artificially increase the carbon

abundance correction we apply to take into account the evolutionary state of the star

(see Placco et al. 8), and thus the number of CEMP stars in the sample.

We then compare our metallicities for the subset of stars with 𝐵 − 𝑉 ≤ 1.2. We

find a mean offset of [Fe/H] − [Fe/H]K10 ≈ −0.11 dex with a standard deviation of

∼ 0.15 dex (excluding two outliers below 𝐵 − 𝑉 = 1.2 for which we measure a lower

metallicity by over ∼ 0.5 dex, see Figure 5-5). Including these outliers changes the

mean offset to [Fe/H]−[Fe/H]K10 ≈ −0.16dex and increases the scatter to ∼ 0.19 dex.

Both outliers (10_8_2730 and 10_8_2788) in Figure 5-5 have low reported cal-

cium abundances ([Ca/Fe]=−0.23 ± 0.30 and [Ca/Fe] = 0.05±0.39) in Kirby et al.

[51]. This could lead to a weaker Ca II K line than our assumed [𝛼/Fe] would suggest

and would cause an underestimation of the metallicity.

Figure 5-5 also demonstrates the failure of the KP and ACF calibrations for 𝐵 −
𝑉 > 1.2. Accordingly, we choose to limit this work to the subset of stars in our sample

with 𝐵 − 𝑉 ≤ 1.2.
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5.3.8 External Validation: Comparison to High-Resolution [Fe/H]

As a final check to ensure the KP calibration holds for extremely metal-poor (EMP)

stars, we retrieved high-resolution spectra of four EMP Sculptor members from Si-

mon et al. [5]2. We smoothed these spectra to match the resolution of our medium-

resolution data and degraded the signal-to-noise ratio to 20 Å−1. We then computed

KP-derived metallicities of these stars. The results are shown in the top portion of

Table 5.2 and demonstrate the accuracy of KP calibration.

We also compared the KP-derived metallicities from our M2FS sample to high-

resolution measurements in Simon et al. [5] and Jablonka et al. [6] for five stars in

common to both samples. The results are shown in the bottom panel of Table 5.2.

We note a marginally higher KP-derived metallicity in most cases for the EMP stars

in the M2FS data. The largest residual (11_1_4296) can reasonably be explained

due to the presence of noise near the Ca II K line. Interpolating over this noise

spike results in a marginally lower disagreement of +0.34 dex when compared to the

high-resolution [Fe/H] measurement.

5.4 Carbon Abundance Measurements

To derive carbon abundances ([C/Fe]), we matched each observed spectrum to a grid

of synthetic spectra closely following the methodology of Kirby et al. [4]. We gener-

ated these using the MOOG spectrum synthesis code with an updated treatment of

scattering [198, 199], and model atmospheres from ATLAS9 [200]. We independently

computed [C/Fe] using regression relations from Rossi et al. [333], but found that

fitting to a grid allowed accurate [C/Fe] measurements over a broader range of input

parameters.

2The spectrum of the fifth star in that paper does not extend blue-ward to the Ca II K feature.
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5.4.1 Spectrum Synthesis

Table 5.3 lists the stellar parameters of the generated grid of synthetic spectra. We

used a comprehensive line list spanning 4100 Å to 4500 Å compiled by Kirby et al.

[4]. The list comprises transitions from the Vienna Atomic Line Database [VALD;

150, 334], the National Institutes of Standards and Technology [NIST; 335], Kurucz

[336], and Jorgensen et al. [337]. We assumed an isotope ratio of 12𝐶/13𝐶 = 6 based on

the low surface gravity (log 𝑔 ≤ 2.0) of most of our stars. The 𝛼-element abundance

of the grid was chosen to be +0.2 dex, which is the mean expected value for this

sample of Sculptor members, as gleaned from measurements by Kirby et al. [288].

Each synthetic spectrum was degraded to match the resolution of medium-resolution

M2FS spectra. This grid was then used for measuring the carbon abundances reported

in this paper. It should have similar inputs (e.g., line lists, model atmospheres) to

previous works on the CEMP fraction in dwarf galaxies [e.g., 4] and other studies of

halo stars. This enables a fair comparison of our results with literature values.

To appropriately compare our [C/Fe] measurements with nearly all values in the

literature, we generated two smaller test grids based on model atmospheres and line

lists different from those in the primary grid used in our analysis. The first test grid

was generated using the Turbospectrum synthesis code [193, 148], MARCS model

atmospheres [149], and a line list comprised of atomic data from VALD, CH data

from Masseron et al. [53], and CN data from Brooke et al. [152] and Sneden et al.

[153]. The second test grid had the same inputs as the first test grid, but was generated

using MOOG to compare differences between just the two synthesis codes. Both test

grids spanned 4500 to 4800K in effective temperature, 1.0 to 2.0 dex in log g, and

−4.0 to −2.5 dex in [Fe/H], which roughly covers the stellar parameters of the more

metal-poor stars in our sample.

5.4.2 Fitting to the Grid

Since synthetic spectra computed by MOOG are generated as normalized spectra,

we normalized each spectrum. We found that iteratively fitting a cubic spline to the
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observed data from 4100 Å to 4500 Å, excluding points 5𝜎 above and 0.1𝜎 below in

each iteration, reproduced the continuum well. After dividing the observed spectrum

by our continuum estimate, we found the best fitting synthetic spectrum by varying

[C/Fe].

We then implemented a 𝜒2 minimizer to match the region spanning the CH G-

band (4260 Å to 4325 Å) to the synthetic grid. We measured [C/Fe] by setting the

three parameters 𝑇eff, log 𝑔, and [Fe/H] equal to the values determined from our

medium-resolution M2FS measurements and letting [C/Fe] vary as a free parameter.

We then interpolated between the five [C/Fe] measurements around the best [C/Fe]

value with the lowest 𝜒2 values to determine a final carbon abundance. Sample fits

are shown in Figure 5-6. Each [C/Fe] measurement was corrected to account for the

depletion of carbon for stars on the upper red giant branch [8]. After this correction,

we find no statistically significant trend in the [C/Fe] abundances with respect to

measured Log g values.

To determine the uncertainty in our carbon abundance measurements, we re-

measured [C/Fe] 100 times for each spectrum after varying the stellar parameters

each time. For each measurement of [C/Fe], we drew values of Teff, log 𝑔, [Fe/H]

from gaussian distributions parametrized by the medium-resolution measurements

and uncertainties of those parameters. We adopted stellar parameter uncertainties

of ±150K for 𝑇eff and ±0.15 dex for log 𝑔. Before each measurement, the continuum

was multiplied by a number drawn from a gaussian distribution centered on one

with 𝜎 = 0.01 to capture the uncertainty in continuum placement. The standard

deviation of the resulting [C/Fe] measurements was taken as the total uncertainty in

our measurement.

5.4.2.1 External Validation: Comparison to SkyMapper Sample from Jacobson et al.

[3]

We applied our framework to measure [C/Fe] values to a sample of high-resolution

Magellan/MIKE spectra of metal-poor halo stars selected from the SkyMapper sur-

vey. These spectra were degraded to match the resolution of our medium-resolution
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Table 5.3. Stellar parameter range of grid of synthetic spectra

Parameter Minimum Maximum Step

𝜆 4250 Å 4350 Å 3930.7−3936.7
log 𝑔 0.0 4.0 0.5
[Fe/H] −4.0 +0.2 0.2
[C/Fe] −2.00 2.00 0.25
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Figure 5-7 Carbon abundance measurements of metal-poor stars from Jacobson et al.
[3] after spectra were degraded to the same resolution as the Sculptor M2FS spectra
versus high-resolution [C/Fe] measurements of the same stars. The median offset
between medium-resolution and high-resolution [C/Fe] measurements is 0.03 dex and
the observed scatter is 0.22 dex.
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Table 5.4. [C/Fe] comparison with literature

ID [C/Fe]This work [C/Fe]ref Δ[C/Fe] Ref.
(dex) (dex) (dex)

S1020549 < 0.25 < 0.20 − S15
Scl11_1_4296 0.25± 0.32 0.34± 0.34 −0.09 S15

Scl07-50 < 0.34 −0.28± 0.34 − S15

1008832 −1.14± 0.27 −0.88± 0.10 −0.26 K15
1007034 −1.01± 0.37 −1.11± 0.10 +0.10 K15
1007391 +0.55± 0.38 −0.05± 0.13 +0.60 K15
1009538 −0.78± 0.61 −0.80± 0.11 +0.02 K15
1010633 −0.84± 0.31 −0.84± 0.10 0.00 K15
1013035 < 0.00 < −1.24 − K15
1013808 < 0.22 −1.05± 0.27 − K15
1016486 −0.26± 0.36 −0.65± 0.12 +0.39 K15

ET0381 −0.18± 0.34 −1.00± 0.15† +0.82‡ J15
scl_03_059 −0.39± 0.40 −1.20± 0.40† +0.81‡ J15

Note. — S15, K15, and J15 refer to Simon et al. [5], Kirby et al. [4], and [6],
respectively.
† Jablonka et al. [6] present asymmetric uncertainties. These are the average of their
asymmetric uncertainties.
‡ See Section 5.4.4 for a discussion of the potential causes of these discrepancies.

spectra and were injected with gaussian noise to bring the S/N down to 20 Å−1. High-

resolution [C/Fe] abundances computed by Jacobson et al. [3] were used as reference

values.

Analyzing a sample of 84 stars, we find that our [C/Fe] values differ from the high-

resolution values [C/Fe] by a median value of 0.03 dex with 𝜎(Δ[C/Fe]) = 0.22 dex

(see Figure 5-7). We regard this agreement as excellent, since different normalization

routines tend to produce different [C/Fe] measurements, given the difficulty of nor-

malizing the G-band due to ubiquitous absorption features. Furthermore, the average

offset is dwarfed by the typical measurement uncertainty of ∼ 0.35 dex. Raising the

continuum placement by 2% increases [C/Fe] by ∼ 0.1 dex in this sample.
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Figure 5-8 [C/Fe] measured with Turbospectrum, the MARCS model atmospheres,
and the Masseron et al. [53] line list vs. [C/Fe] measured with MOOG and the same
inputs. Dashed lines indicate ±0.2 dex offsets to guide the eye.

5.4.3 External Validation: Comparison to Kirby et al. [4] and Simon

et al. [5]

Three stars in our sample have high-resolution [C/Fe] measurements in Simon et al. [5]

with which we find agreement, as shown in Table 5.4. Eight stars in our sample have

medium-resolution [C/Fe] measurements in Kirby et al. [4]. We find good agreement

with their measurements, except for one star for which we measure a higher [C/Fe]

by 0.6 dex. If we adopt the stellar parameters provided by Kirby et al. [4], then the

discrepancy reduces to 0.33 dex. This resulting discrepancy appears to be reasonable

given the reported uncertainty in our [C/Fe] measurements of ∼ 0.35 dex and the low

S/N of the M2FS spectrum of the star.
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5.4.4 External Validation: Comparison to Jablonka et al. [6]

Two stars in our sample have high-resolution [C/Fe] measurements in Jablonka et al.

[6]. We do not find agreement in [C/Fe] measurements, as our measurements are

at least ∼ 0.8 dex higher (see Table 5.4). We note that Jablonka et al. [6] adopted

log 𝜖(C)⊙ = 8.55 [338, 339], which is discrepant with the log 𝜖(C)⊙ = 8.43 assumed

in MOOG [207]. This can account for 0.12 dex of the total [C/Fe] offset between the

measurements.

To explore whether the rest of this discrepancy could reasonably be explained by

differences in the spectrum synthesis codes, model atmospheres, or line lists, we first

attempted to reproduce the synthesis shown in Jablonka et al. [6] for star ET0381.

We were able to reproduce their synthesis using Turbospectrum, the MARCS model

atmosphere, and the Masseron line list, but noticed a consistent offset of ∼0.5 dex if

we attempted to reproduce the synthesis with our adopted line list and MOOG. This

total observed discrepancy between our two approaches reasonably accounts for most

of the observed offset between [C/Fe] measurements, and about half of this observed

∼ 0.5 dex discrepancy can be ascribed to differences in the line lists and adopted solar

abundances.

To ensure that our CEMP detections were not susceptible to differences in syn-

thesis codes, line lists, and model atmospheres, we replicated our analysis for our

CEMP stars using the two test grids discussed in Section 5.4.1. We measured [C/Fe]

for the subset of stars falling within the grid. As shown in Figure 5-8, the discrep-

ancies in [C/Fe] between the two synthesis codes are largely within 0.2 dex, but grow

larger for carbon-poor stars. Different model atmospheres and input line lists cause

up to another ∼ 0.1 to 0.2 dex difference. Referring to Figure 5-8, we note that a

star such as ET0381 with a measurement of [C/Fe]∼ −0.20 in MOOG tends to have

an abundance lower by ∼ 0.15 dex in Turbospectrum. If we apply additional offsets

accounting for differences in line lists and adopted solar abundances, we recover the

aforementioned offset of ∼ 0.50 dex. However, the classification of carbon-enhanced

stars appears to be largely robust to different synthesis codes, model atmospheres,
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and input line lists.

5.4.5 Confirmation of [C/Fe] with MagE spectra and further classifica-

tion

Motivated by the high number of CEMP stars in the M2FS sample, we conducted

follow-up observations of ten Sculptor stars with the MagE spectrograph as outlined

in Section 5.2.3. This sample included five strong CEMP candidates, and five stars

that were not as carbon-enhanced but had similar stellar parameters to the five CEMP

candidates. We also observed one halo CEMP-r/s star, CS29497-034, as a comparison.

The purpose of these observations was to apply an independent check on our

overall classification scheme, and to potentially derive the barium abundance of the

stars to further classify them. Large Ba abundances in carbon-rich metal-poor stars

are a strong indicator of the stars belonging to the CEMP-s and CEMP-r/s classes

that are generally explained as being caused by accretion from a binary companion

[304]. The more metal-rich analogs are the CH-strong and Ba-strong stars [340]. Any

of these stars have to be excluded when computing a CEMP fraction, as their carbon

enhancement does not reflect the abundance pattern in their birth environment. We

indeed verified the carbon-rich nature of the five stars in our sample, but found four

of them to be more metal-rich stars of potentially either the CH-strong or Ba-strong

class (see Section 5.5.1). The other star was observed with the 1′′ slit, which does

not provide sufficient resolution to measure barium features. M2FS spectra of a few

strong carbon-enhanced stars are shown in Figure 5-9.

5.4.6 Identifying accreting binary carbon-rich stars in our M2FS sample

It is necessary to exclude carbon-rich stars whose source of enhancement is extrinsic

(e.g. accretion from a binary companion) from our calculation of the CEMP fraction.

Generally, members of this class of carbon-rich binary stars can be identified by radial

velocity monitoring or by detecting a combined enhancement in s-process elements

(e.g. Ba) together with carbon that would have been produced in a companion
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Figure 5-9 M2FS spectra of 4 stars (from top: 10_7_486, 10_8_3963, 11_1_4121,
and 11_1_6440) that have saturated G-bands (∼ 4315 Å). We measure their carbon
abundance using the C2 band head at 5165 Å in their corresponding MagE spectra.

asymptotic giant branch star. But recent work by Yoon et al. [161] suggests that stars

with sufficiently high absolute carbon abundance (A(C)) can already be identified as

CEMP-s stars just based on the [Fe/H] and A(C) measurements, as shown in Figure 5-

10.

We can readily apply the Yoon et al. criterion to both our M2FS and MagE

samples. However, for the four most carbon-enhanced stars in our MagE sample

there is a discrepancy in our carbon abundance measurements. The A(C) values

derived from the MagE data suggests these stars to be clearly s-process rich stars,

while the M2FS A(C) measurements place them on the boundary according to the

Yoon et al. criterion.

The higher resolution of the MagE spectra better resolves the G-band and the C2

band head and suggests that these four stars are more carbon-enhanced than inferred

from the lower resolution M2FS spectra. In addition, renewed inspection of the Ca II
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K line reveals the same trend; these four stars are actually more metal-rich than the

KP index measurement from the M2FS data had indicated. Overall, these revisions

strongly suggest that the four stars could be either CEMP-s stars (if they indeed

have [Fe/H] . −1.5), or belong to the class of even more metal-rich CH-strong or

Ba-strong stars.
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Figure 5-10 Yoon et al. plot with the original sample of halo stars in black and our
Sculptor CEMP candidates overlaid in red, cyan, and magenta points. Groups I,
II, and III are represented by blue, green, and orange ellipses, respectively. Cyan
points correspond to M2FS measurements of stars with saturated G-bands and lower
limits on their carbon abundances and metallicities, magenta points correspond to
M2FS measurements of stars with saturated G-bands but accompanying MagE carbon
abundance measurements, and magenta points in Group I are MagE measurements
of those stars with saturated G-bands. The majority of Group I stars are CEMP-s
stars, and the majority of Group II and III stars are CEMP-no stars

Regarding the carbon abundance discrepancy, we note that when high carbon

abundances lead to strong spectral absorption features (especially in cool stars), there
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Figure 5-11 Plots of barium lines at 4554 Å, 5853 Å, 6141 Å, and 6496 Å in MagE
𝑅 ∼ 6000 spectra for 4 Sculptor CEMP stars (solid lines). The MagE (𝑅 ∼ 6000)
spectrum of CS29497-034 ([Ba/Fe] = 2.23 from Aoki et al. 54), a halo CEMP-r/s star,
and a high-resolution MIKE spectrum of HE1523-0901 ([Ba/Fe] ∼ 1.1 from Frebel
et al. 55), an r-process enhanced star, smoothed to 𝑅 ∼ 6000 are over plotted for
comparison.

is no region in the vicinity of the G-band (4250 Å to 4350 Å) to place the true contin-

uum value in M2FS spectra. Thus, even accounting for this effect can still easily lead

to systematically underestimating the continuum, and thus the carbon abundance.

These four stars all had [C/Fe]M2FS & 1. We thus speculate that the G-band in M2FS

spectra begins to saturate around [C/Fe]M2FS ∼ 1.

We note that the G-band in the higher-resolution MagE spectra also begins to

saturate for those four stars. This is illustrated by our inability to use the G-band to

recover the literature [C/Fe] measurement of CS29497-034, a star with similar G-band

depth in the MagE spectra as our Sculptor members with high [C/Fe]. Motivated by

the near-saturation of the G-band for these stars, we instead determined the carbon

abundances of CS29497-034 using the C2 band head at 5165 Å. We used a line list
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compiled from Sneden et al. [206, 253] and Masseron et al. [53] and the MOOG

synthesis code. We measure [C/Fe] = 2.6±0.1 for CS29497-034, consistent with the

literature value of [C/Fe] = 2.72 [341]. We thus use the C2 band head to measure

carbon abundances for the stars observed with MagE that have a near saturated

G-band.

We find 11 stars with [C/Fe]M2FS > 1.0 and showing the presence of a C2 band

head and a very strong G-band, which we suspect to have underestimated carbon

abundances. If the A(C) value of these stars were revised upwards by ∼1 dex (follow-

ing the results for CS29497-034 and the four stars also observed with MagE), they

would clearly be members of the class of s-process rich stars, based on the Yoon et

al. plot (see Figure 5-10). We thus consider these stars as s-process rich candidates,

and list our derived carbon abundances strictly as lower limits in Table 5.6 and Fig-

ure 5-12. Table 5.5 has a final list of the iron and carbon abundances computed

for the subset of all 31 MagE spectra with 𝐵 − 𝑉 < 1.2. Given the ambiguity in

the metallicities of the carbon-rich stars observed with MagE, we cautiously only list

A(C) measurements for those stars.

5.5 Chemical signatures of the metal-poor stellar population

of Sculptor

5.5.1 [Ba/Fe] estimates from MagE spectra & exclusion from CEMP-no

classification

In our follow-up MagE observations (Section 5.2.3) of ten stars, we observed four of the

five very carbon-enhanced candidates with the 0.′′7 slit to obtain sufficient resolution

(𝑅 ∼ 6000) to also resolve barium lines at 4554 Å, 4934 Å, 5853 Å, and 6141 Å.

We used a line list from Sneden et al. [206, 253] and the MOOG synthesis code to

synthesize these lines and constrain [Ba/Fe].

At 𝑅 ∼ 6000, these four lines can be blended, e.g., with praseodymium at 5853 Å,

when neutron-capture element abundances are high as in s-process-rich stars. We are
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able to reproduce the literature [Ba/Fe] = 2.2 measurement of CS29497-034 when

considering the depth of the centroid of the line and neglecting fitting the entire line

profile. This suggests that the blending features do not significantly affect the centroid

of the barium lines. In Figure 5-11, the barium lines of the stars are over-plotted with

the resolution-degraded MIKE spectrum of the halo r-process star HE 1523−0901

[55], which has similar stellar parameters to the four Sculptor stars. The barium

features of the Sculptor stars are stronger than those in the reference stars CS29497-

034 ([Ba/Fe] = 2.2) and HE 1523−0901 ([Ba/Fe] = 1.1), suggesting that they are

s-process enhanced stars with [Ba/Fe] > 1.0. The centroid measurements for these

stars yield high [Ba/H] values of 0.36, 0.8, −0.53, and −0.18. Taking our KP-based

Fe measurements at face value, these abundances translate to [Ba/Fe] = 3.00, 3.80,

2.50, and 2.60. However, these stars show strong CH features in the vicinity of the

Ca II K line in their spectra. This prevents an accurate [Fe/H] measurement (see

Section 5.5.2). Even if the [Fe/H] values of these stars were underestimated by up

to 1.5 dex, these stars would still be considered s-process rich stars due to their high

barium abundance. In addition, just based on the A(C) criteria described in Yoon

et al. [161], and as shown in Figure 5-10, these stars could independently be classified

as s-process rich stars.

5.5.2 Sample bias assessment

Our M2FS sample is composed of the most metal-poor members of Sculptor as se-

lected from measurements of the Ca II K line in lower-resolution IMACS spectra. Our

initial metallicity cut based on the IMACS data attempted to include all stars with

[Fe/H] < −2.9. The majority of stars are cool red giants. There is a potential for

CEMP stars to be preferentially included or excluded from the M2FS sample if their

metallicity measurements are systematically biased because of strong C absorption.

At face value, we expect CH absorption features to depress the continuum blueward of

the Ca II K line in the lower-resolution IMACS spectra, causing a lower measurement

of the equivalent width of the Ca II K line and thus a faulty selection. This would

mean that carbon-rich stars may be preferentially selected into our M2FS sample
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Figure 5-12 Top: [C/Fe] as a function of [Fe/H] for RGB stars in our M2FS Sculptor
sample. CH strong, Ba strong, and CEMP-s candidates are not displayed in the
upper panel of the plot. The displayed [C/Fe] measurements have been corrected
for the evolutionary state of each star following Placco et al. [8]. The dashed red
line marks the cutoff for a star to be considered a CEMP star ([C/Fe] > 0.7). Red
downward-facing triangles are upper limits on [C/Fe] from non-detections of the G-
band. Bottom: Measured cumulative CEMP fraction as a function of [Fe/H] for our
Sculptor sample (blue) and the Milky Way halo from Placco et al. [8] (black). The
shaded blue region corresponds to the 95% confidence interval of our measured CEMP
fraction.

because they may appear to be extremely metal poor stars.

Stars whose carbon-enhancement is driven by accretion across a binary system,

such as CEMP-s, Ba-strong, and CH-strong stars, have the highest A(C) values and

would thus be the most likely to be preferentially selected into our sample. Indeed, we

find 4 more metal-rich CEMP-s, Ba-strong, or CH-strong stars in our M2FS sample

based on follow-up observations with MagE (see Section 5.4.6). All of these stars

were initially found to have [Fe/H]∼ −3.0 based on measurements of the strength of

the Ca II K line. But these stars must actually be much more metal-rich as a simple

comparison of the magnesium triplet region (∼ 5175 Å) of these stars to that of the
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halo CEMP-r/s star CS29497-034 ([Fe/H] = −2.9) shows (see Figure 5-13). Given

this comparison, we also chose to investigate the magnesium triplet region of stars

without extreme A(C) values to determine whether their metallicity measurements

were biased.

For each star in Table 5.5, we derived a Mg abundance from the 5172.7 Å and

5183.6 Å lines if the S/N was sufficiently high. Then, we compared the derived

[Mg/Fe] ratio of these stars to the expected [Mg/Fe] ratio for dwarf galaxy stars

in their metallicity regime. We would expect to see systematically higher [Mg/Fe]

values if the Ca II K based metallicities were biased lower, such as in the case of stars

with high A(C) values.

We consider two examples: stars 10_7_442 and 10_8_1226 have carbon abun-

dances close to the CEMP threshold and Mg line equivalent widths in the linear

regime of the curve of growth (reduced equivalent widths . −4.45). For these two

stars, we measure [Mg/Fe] values of 0.23 and 0.17, respectively. These [Mg/Fe] ratios

are roughly at the lower end of the regime of what is expected for dwarf galaxy stars

at these metallicities. This suggests that we are not strongly underestimating our

[Fe/H] measurements for stars that are near the CEMP threshold.

If we include stars from Table 5.5 with Mg line equivalent width measurements

in the non-linear regime of the curve of growth at face value and adopt the M2FS

metallicities and carbon abundances when available, the average [Mg/Fe] of stars with

[C/Fe] > 0.50 is 0.43. This [Mg/Fe] ratio is also in the regime of expected values. As

mentioned, if the metallicities were substantially underestimated, we would expect

to get much larger [Mg/Fe] values. For comparison, all the CEMP-s candidates have

[Mg/Fe] & 1.0 if we take the KP-based [Fe/H] measurements at face value. While

these Mg abundance estimates may have large uncertainties (up to ∼ 0.4 dex, as is

expected for data of this quality), they suggest we are not strongly biased in our

metallicity estimates for stars without copious carbon-enhancement.

We also compared our observed MagE spectra to MIKE spectra of CS22892-52

([Fe/H] = −3.16; 𝑇eff = 4690 K) and HD122563 ([Fe/H] = −2.93; 𝑇eff = 4500 K) that

had been degraded to match the resolution of the MagE data. Measurements of these
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standard stars are from Roederer et al. [17]. We find that the strengths of the Mg

b lines observed with MagE appear to be roughly consistent with what is expected

from our Ca II K derived metallicities.

Thus, only stars with very strong carbon enhancement are incorrectl selected

into our M2FS sample. These stars are overwhelmingly likely to have their carbon

abundance elevated by accretion from a binary companion (see Figure 5-10), and

should already be excluded in a calculation of the CEMP fraction. This confirms

that our selection is not biased in favor of CEMP-no stars.

Below a fiducial metallicity of [Fe/H] ∼ −3.0 and after excluding CEMP-s, Ba-

strong, and CH-strong stars, we can reasonably assume that there is not a strong bias

toward high carbon enhancement in our EMP sample in Sculptor.

5.5.3 Measurement of the CEMP fraction in Sculptor

In a measurement of the CEMP fraction, we must exclude stars whose carbon en-

hancement is extrinsic (e.g. driven by accretion from a binary companion). We

identify such stars in our M2FS sample by applying the Yoon et al. criterion (see

Figure 5-10), as discussed in Section 5.4.6 and Section 5.5.1. We then excluded 90%

of those stars, which is the probability of correct classification according to Yoon et

al., from our calculation of the CEMP fraction.

We note that there is a group of stars that sits blueward of the Sculptor RGB

by up to ∼0.25mag (see Figure 5-1). Despite detailed investigation, the evolutionary

status and hence the nature of these stars remains somewhat ambiguous. While they

are generally bluer than would be expected for Sculptor RGB stars, they do tend to

have velocities similar to Sculptor. Due to this uncertainty, we thus cautiously exclude

these stars from our calculation of the CEMP fraction and we list them separately

in Table 5.6. Since they comprise only a small portion of the sample, the CEMP

fraction is largely unchanged by their exclusion.

We determined the CEMP fraction by accounting for the probability that any

individual star in our sample is carbon enhanced ([C/Fe] > 0.7). We assigned a

probability that each star is carbon enhanced based on its [C/Fe] measurement and
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Figure 5-13 Plot of the Mg region of the MagE spectra of CS29497-034 ([Fe/H] =
−2.9) and four other more metal-rich Sculptor members. These stars were classified
as [Fe/H]∼ −3.0 from measurements of the Ca II K line. It appears that the strong
carbon-enhancement of these Sculptor members biased the Ca II K metallicities in
lower-resolution spectra (see Section 5.5.2).
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Figure 5-14 Histogram of the metallicities measured for 89 stars. Star with lower
limits on metallicities are not included. The vertical red line indicates the cutoff for
extremely metal-poor stars ([Fe/H]< −3.0). After excluding lower limits on [Fe/H],
we detect 24 extremely metal-poor star candidates.

assuming that the uncertainty on [C/Fe] is normally distributed. Finally, we com-

puted a cumulative CEMP fraction for each metallicity range by finding the expected

number of CEMP stars in that subset based on the probabilities of each member

being carbon enhanced. We then divided the expected number of CEMP stars by the

total number of stars in the subset. This approach enables us to accurately constrain

the overall population of such stars even though we are not able to identify individual

CEMP stars with high (p>0.95) confidence.

To derive an uncertainty on this CEMP fraction, we modeled the CEMP classifica-

tion as a random walk where 𝑝𝑖 is the probability of a given star being a CEMP star.

This formulation yields an uncertainty on the CEMP fraction of Σ𝑖

√︀
𝑝𝑖 × (1− 𝑝𝑖)/𝑁 .

This uncertainty matches the uncertainty derived from Monte Carlo simulations of the
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CEMP fraction. We can then measure the observed cumulative CEMP fraction, and

an uncertainty on the fraction, as a function of [Fe/H]. While abundance uncertainties

in [C/Fe] for our sample are almost certainly non-Gaussian as the distributions of 𝑇eff

and log 𝑔 residuals with respect to Kirby et al. [179] are asymmetric, this method

allows us to place a rough uncertainty on the observed CEMP fraction. The results

of this analysis are shown in Figure 5-12.

We measure a CEMP fraction of 0.36 ± 0.08 for stars below [Fe/H] = −3.0 in

Sculptor. If we instead take the simpler approach of dividing the number of CEMP

stars by the total number of stars after excluding 10 of the 11 probable CEMP-s stars,

we derive a CEMP fraction of 0.24 (6/25) for stars below [Fe/H] = −3.0. The latter

fraction is likely lower because our carbon abundances have large uncertainties (∼
0.35 dex) and a number of stars lie right below the cutoff of the CEMP classification.

Exactly this fact has been taken into account by the method described in the previous

paragraph, so we adopt the former measurement.

5.6 Discussion and Conclusion

The overall aim of this study has been to establish the early chemical evolution of

Sculptor by studying a sample of metal-poor stars in this galaxy. In particular,

we obtained metallicity ([Fe/H]) and carbon abundance ([C/Fe]) measurements for

100 metal-poor stars in Sculptor using medium-resolution M2FS spectroscopy. We

identify 21 carbon-enhanced metal-poor star candidates (CEMP; [C/Fe] > 0.7, [Fe/H]

< −1.0), and 24 extremely metal-poor candidates (EMP; [Fe/H] < −3.0). The MDF

of our sample is shown in Figure 5-14. Note that this sample is selected to have

[Fe/H] ∼ −3 and is not representative of the galaxy as a whole.

We also observed 31 stars with the MagE spectrograph of which 26 had 𝐵 − 𝑉 <

1.2. For ten, their carbon-enhanced nature was confirmed, enabling further insight

into the origin of their carbon enhancement.

From these observations, we determine that many of our carbon-rich stars may

be CEMP-s, CH-strong, or Ba-strong stars (see Sections 5.4.6 and 5.5.1) but such
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Table 5.5. Stellar parameters and abundances of Sculptor stars from MagE spectra

Names Slit Log (g) Teff [Fe/H]KP A(C) [C/Fe] [C/Fe]corr [C/Fe]final [Ba/H]
(arcsec) (dex) (K) (dex) (dex) (dex) (dex) (dex) (dex)

CS29497−034† 0.7 1.50 4900 −2.90 ± 0.27 8.25 ± 0.29 2.60 ± 0.10 0.09 2.69 ± 0.10 −0.70:‡

10_8_3963 0.7 1.08 4513 > −3.00 8.10 ± 0.15 ... ... ... 0.80:‡

10_7_486 0.7 1.05 4523 > −2.64 7.96 ± 0.15 ... ... ... 0.36:‡

11_1_6440 0.7 1.29 4605 > −2.78 7.82 ± 0.15 ... ... ... −0.18:‡

11_1_4121 0.7 1.24 4579 > −3.03 7.52 ± 0.10 ... ... ... −0.53:‡

11_1_4422 1.0 1.75 4810 −2.85 ± 0.23 6.80 ± 0.34 1.10 ± 0.25 0.16 1.26 ± 0.25 ...
6_5_1598 1.0 1.08 4516 −2.83 ± 0.16 6.02 ± 0.26 0.30 ± 0.20 0.65 0.95 ± 0.20 ...
11_2_661 1.0 1.16 4550 −2.93 ± 0.17 5.67 ± 0.23 0.05 ± 0.15 0.67 0.72 ± 0.15 ...
10_8_1566 1.0 1.53 4659 −2.11 ± 0.34 5.84 ± 0.40 −0.60 ± 0.20 0.47 −0.13 ± 0.20 ...
7_4_2408 1.0 1.06 4524 −2.64 ± 0.16 5.51 ± 0.26 −0.40 ± 0.20 0.72 0.32 ± 0.20 ...
11_1_4673 1.0 1.21 4570 −2.94 ± 0.18 5.31 ± 0.27 −0.30 ± 0.20 0.65 0.35 ± 0.20 ...

10_8_3804 1.0 1.62 4752 > −2.78 8.24 ± 0.22 ... ... ... ...
11_1_3334† 1.0 1.62 4721 ... 7.88 ± 0.15 ... ... ... ...
6_5_505† 1.0 1.57 4706 ... 7.52 ± 0.15 ... ... ... ...
11_2_556 1.0 2.04 4939 > −3.27 7.48 ± 0.20 ... ... ... ...
7_4_3280 0.7 3.59 5518 −2.41 ± 0.25 < 6.84 < 0.70 0.00 < 0.70 ...
10_8_2714 1.0 3.02 5328 −2.96 ± 0.38 < 6.59 < 1.00 0.01 < 1.01 ...
10_8_3810 1.0 2.69 5199 −3.10 ± 0.33 < 6.15 < 0.70 0.01 < 0.71 ...
6_5_1035 0.7 1.27 4589 −2.86 ± 0.20 5.69 ± 0.28 0.00 ± 0.20 0.61 0.61 ± 0.20 ...
10_8_1226 1.0 1.47 4685 −3.05 ± 0.21 5.68 ± 0.33 0.18 ± 0.25 0.44 0.62 ± 0.25 ...
10_7_442 1.0 1.61 4752 −3.33 ± 0.22 5.67 ± 0.30 0.45 ± 0.20 0.29 0.74 ± 0.20 ...
7_4_1992 1.0 1.66 4769 −3.14 ± 0.22 5.60 ± 0.33 0.19 ± 0.25 0.23 0.42 ± 0.25 ...
11_1_4296 1.0 1.52 4720 −3.99 ± 0.22 < 5.56 < 1.00 0.36 < 1.36 ...
11_1_6015 1.0 1.87 4824 −2.42 ± 0.30 5.53 ± 0.36 −0.60 ± 0.20 0.12 −0.48 ± 0.20 ...
10_7_790 0.7 1.23 4574 −3.03 ± 0.17 5.47 ± 0.34 −0.05 ± 0.30 0.63 0.58 ± 0.30 ...
6_6_402 1.0 1.68 4802 −3.91 ± 0.25 < 5.44 < 0.80 0.17 < 0.97 ...
10_7_923 1.0 1.39 4666 −3.87 ± 0.20 < 4.88 < 0.20 0.49 < 0.69 ...

.

Note. — Stellar parameters and [Fe/H] for CS29497−034 are from Aoki et al. [54]. Stars in the top portion were observed as a
follow-up to M2FS observations to confirm [C/Fe] measurements, and stars in the bottom portion were observed immediately after the
initial IMACS observations as EMP candidates.
†The S/N over the Ca II K feature was too low to estimate a [Fe/H] from the KP index. The M2FS [Fe/H] was assumed when calculating
[C/Fe] (See Table 5.6)
‡The colon (:) indicates large and uncertain error bars
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stars should be excluded in an estimate of the CEMP fraction. Excluding 90% of

these stars, which is an approximation of their recovery rate, suggests a true CEMP

fraction of 36% (see Section 5.5.3) for EMP stars in Sculptor (see Figure 5-12).

Prior to this study, only four CEMP stars had been identified in Sculptor [307, 308,

309]. Of those, only one was a CEMP-no star, resulting in an apparent disagreement

between the CEMP fraction of Sculptor and the CEMP fraction of the Milky Way

halo (∼ 42%). This discrepancy, if true, would have hinted at a divergence of the

earliest phases of chemical evolution, as reflected in the most metal-poor stars in

the halo and in Sculptor. However, our CEMP fraction of ∼ 36% for EMP stars in

Sculptor is in agreement with the CEMP fraction of ∼ 42% for EMP stars in the

Milky Way halo, posing no such challenges.

In fact, our results show that Sculptor may have a similar cumulative CEMP

fraction as the halo for stars with [Fe/H] < −3.0 (see Figure 5-12), using the compi-

lation of metal-poor halo stars from Placco et al. [8] for comparison. At face value,

Figure 5-12 suggests that Sculptor and the halo have the same CEMP fraction at all

metallicities below [Fe/H] = −2.5. However, the large number of stars in our sample

with [Fe/H] ∼ −2.8 biases the measurement of the cumulative CEMP fraction to-

wards the value at metallicities lower than that number. Contrary to previous work,

this suggests that a high CEMP star fraction may be a defining characteristic of

the low metallicity Sculptor population after all, and also suggests that in Sculptor,

early chemical evolution was driven by high [C/Fe] producing objects such as fallback

supernovae with large [C/Fe] yields and/or massive rotating stars with large CNO

yields [342, 343, 344, 345, 346, 102, 347, 348].

This result indicates that the earliest stars in Sculptor and, perhaps, more gen-

erally in all classical dSphs, may have undergone similar processes of early chemical

enrichment as the birthplaces of halo stars did. This has already been suggested for

the ultra-faint dwarf galaxies [21]. Furthermore, because of the similar CEMP frac-

tions, the origin of CEMP stars in the halo may also lie within early analogs of the

surviving dwarf galaxies.

However, we do find that none of our CEMP stars have [C/Fe] > 1.0, whereas
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32% of stars in the halo with [Fe/H] < −3.0 have [C/Fe] > 1.0 [8]. This discrepancy

implies that the distribution and magnitude of carbon-enhancement of CEMP stars in

the halo may be different from that in Sculptor. Thus, while our result does indicate

some level of similarity in early chemical enrichment among Sculptor and the Milky

Way halo in terms of the CEMP fraction, there may be a level of inhomogeneity in

producing the most carbon-enhanced stars. More observations of Sculptor will further

confirm or refute our findings and shed more light on the enrichment history of this

galaxy.

Finally, it is interesting to note that the vast majority of CEMP stars in the Milky

Way halo with [Fe/H] < −3.0 are CEMP-no stars, which are stars that display no

enhancement in neutron-capture elements. If our population of CEMP-s candidates

have [Fe/H] < −2.90, this sample might suggest a discrepancy between the halo and

Sculptor in the occurrence rate of CEMP-s stars at low metallicities. However, all

of the CEMP-s candidates have only lower limits on their metallicities since strong

carbon features blue-ward of the Ca II K line preclude an accurate metallicity mea-

surement. Additional observations with higher resolution spectrographs are needed

to verify whether any of our CEMP-s candidates may be EMP stars, although it is

unlikely.

Given that most of our CEMP-no candidates have [Fe/H] < −2.8, the previ-

ous scarcity of CEMP stars in Sculptor can likely be explained by the overall rar-

ity of EMP stars in Sculptor and the correspondingly small stellar samples at the

lowest metallicities with available [Fe/H] and [C/Fe] measurements. The previ-

ously known sample with simultaneous [Fe/H] and [C/Fe] abundances includes 198

medium-resolution measurements from Kirby et al. [4], 94 medium-resolution mea-

surements from Lardo et al. [308], and 28 stars with high-resolution measurements

[292, 294, 20, 290, 349, 306, 307, 6, 5]. Thirteen of these stars have [Fe/H] < −2.8,

one of which is potentially a CEMP-no star (Scl11_1_4296 in Simon et al. [5]). This

difference (i.e., a low CEMP fraction), is likely the result of samples that did not

target EMP stars systematically as was done in our IMACS survey or potentially

unaccounted for sample biases. Regardless, our sample demonstrates the existence of
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a substantial population of CEMP stars with [Fe/H]< −2.8 in Sculptor.

In summary, we identified EMP stars in an IMACS survey (Hansen et al. in

prep) and based on M2FS follow-up observations, increased the number of known

metal-poor stars in Sculptor with available [Fe/H] and [C/Fe] measurements. As a

result, we provide the first meaningful sample of EMP stars from which to determine

CEMP fractions to learn about early chemical enrichment and evolution. Given the

similarity to the halo, perhaps all dwarf galaxies share certain properties of early

chemical evolution. Follow-up spectroscopy of additional EMP candidates from our

IMACS survey will likely lead to even more EMP and CEMP star discoveries in other

dwarf galaxies in the future.
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Chapter 6

Four Metal-poor Stars in the Sagittarius

Dwarf Spheroidal Galaxy

The content of this chapter was published in the Astrophysical Journal as [137] on

April, 2019.

Abstract

We present the metallicities and carbon abundances of four newly discovered metal-
poor stars with −2.2 < [Fe/H] < −1.6 in the Sagittarius dwarf spheroidal galaxy.
These stars were selected as metal-poor member candidates using a combination of
public photometry from the SkyMapper Southern Sky Survey and proper motion data
from the second data release from the Gaia mission. The SkyMapper filters include a
metallicity-sensitive narrow-band 𝑣 filter centered on the Ca II K line, which we use
to identify metal-poor candidates. In tandem, we use proper motion data to remove
metal-poor stars that are not velocity members of the Sagittarius dwarf spheroidal
galaxy. We find that these two datasets allow for efficient identification of metal-poor
members of the Sagittarius dwarf galaxy to follow-up with further spectroscopic study.
Two of the stars we present have [Fe/H] < −2.0, which adds to the few other such
stars currently identified in the Sagittarius dwarf galaxy that are likely not associated
with the globular cluster M54, which resides in the nucleus of the system. Our results
confirm that there exists a very metal-poor stellar population in the Sagittarius dwarf
galaxy. We find that none of our stars can be classified as carbon-enhanced metal-poor
stars. Efficiently identifying members of this population will be helpful to further our
understanding of the early chemical evolution of the system.
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6.1 Introduction

Studying the detailed chemical abundances of metal-poor stars1 in our own galaxy,

the Milky Way, allows us to probe the physical processes that governed element

formation in the early universe. For instance, the most metal-poor stars can be

used to study the yields of early nucleosynthesis events [i.e., 343, 350, 102, 351].

Studying these enrichment events helps constrain the properties (e.g., initial mass

function) of the First Stars [e.g., 103]. Additionally, comparing the detailed chemical

abundance patterns of metal-poor stars in the Milky Way halo to those in other

environments such as dwarf galaxies can help constrain paradigms of galaxy formation

and environment-related dependencies in star formation and chemical enrichment

[reviewed in 352, 99]. The efficient identification of metal-poor stars in a variety of

environments is a necessary prerequisite for the aforementioned studies.

Early work on the detection of metal-poor halo stars relied on measuring the

strength of the Ca II K absorption line at 3933.7 Å in large samples of low-resolution

and medium-resolution stellar spectra [353, 298]. Then, more detailed spectroscopic

follow-up of the most promising candidates would be performed. This technique of

selecting metal-poor candidates from samples of low-resolution or medium-resolution

spectra, and then conducting follow-up observations, has been replicated in a number

of large surveys such as the Hamburg-ESO Survey [354, 355], the Sloan Extension

for Galactic Understanding and Exploration [SEGUE; 356, 357, 358, 359], the Radial

Velocity Experiment [RAVE; 360], and survey work with the LAMOST telescope

[361, 362]. The success of these surveys has led to the discovery of more than 500

extremely metal-poor (EMP) stars, which are defined as having [Fe/H] < −3.0 [363,

and references therein].

Recently, narrow-band photometry has been used to identify metal-poor candi-

dates [i.e., 127, 125, 364]. This involves using a narrow-band 𝑣-filter encompassing

the region of the Ca II K line as the flux through the narrow-band filter is strongly

related to the strength of the Ca II K line. Hence the flux can be related to the

1Defined as [Fe/H] ≤ −1dex, where [Fe/H] = log10(𝑁Fe/𝑁H)⋆ − log10(𝑁Fe/𝑁H)⊙ [170, 99].
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overall metallicity of the star, in particular for metal-poor stars. The gain from this

technique over spectroscopic identification is that photometry requires less observing

time than spectroscopy, and the ability to simultaneously derive metallicity informa-

tion on all stars to a given magnitude. So far, the application of this technique in the

SkyMapper Southern Sky Survey has led to the discovery of over 100 EMP stars [e.g.,

3] and a star with an upper limit on the iron abundance of [Fe/H] < −6.5 [129, 365].

Recent work by the Pristine Survey with a more finely tuned narrow-band 𝑣-filter has

led to the discovery of a star with [Fe/H] = −4.7 [132], among others.

A natural venue in which to apply this selection techniques are dwarf spheroidal

galaxies (dSphs). Only in the past decade have stars with [Fe/H] < −3.0 been

discovered in dwarf galaxies [51, 20] which are simpler systems than the Milky Way

due to their smaller size and limited star formation history. Their localized context

facilitates interpretation when relating the chemical abundances of metal-poor stars

to properties of the galaxy (i.e., star formation history, chemical enrichment events).

Certainly, the chemical abundances of EMP stars in dSphs appear to show many

similarities to the Milky Way halo population, in accordance with current paradigms

of hierarchical galaxy formation (see Frebel and Norris 99 for a review). Further work

on efficiently identifying the most metal-poor stars in any dwarf galaxy would thus

be useful in probing these similarities across as many systems as possible.

In this paper, we choose to use a combination of SkyMapper [9] and Gaia public

data [111, 112] to implement an efficient technique to identify metal-poor stars in

the Sagittarius dSph [366]. Early work on the chemical abundances of stars in the

Sagittarius dSph focused primarily on stars with [Fe/H] > −1.6 [367, 368, 369, 370,

371, 372, 373, 374]. Bellazzini et al. [371] found four stars with [Fe/H] < −2.0 in

the nucleus of the Sagittarius dSph, one of which was recovered in the sample of

Mucciarelli et al. [375]. However, the proximity of these stars to the globular cluster

M54, which also lies in the nucleus of the Sagittarius dSph, make their association

with the main body of the Sagittarius dSph slightly less clear. Recently, Hansen

et al. [57] published detailed chemical abundances for three more stars with [Fe/H]

< −2.0 in the Sagittarius dSph that are beyond the tidal radius of M54 and are thus
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Table 6.1. Observations of stars in the Sagittarius dSph

Name RA (h:m:s) (J2000) DEC (d:m:s) (J2000) Slit size 𝑔 (mag) 𝑡exp (min) S/Na 𝑣helio (km/s)

Sgr-2 19:01:39.16 −32:56:44.1 1.′′0 16.83 15 22, 35 142.7
Sgr-7 18:50:32.63 −32:35:34.0 1.′′0 16.81 20 30, 60 169.8
Sgr-9 18:55:51.59 −30:39:45.4 1.′′0 17.10 15 25, 45 142.6
Sgr-10 18:50:23.40 −31:09:00.1 1.′′0 15.96 6 20, 40 173.0

aS/N per pixel is listed for 4500 Å and 8500 Å

associated with the main body of the Sagittarius dSph. The chemical abundances of

these stars show some similarities to stars with [Fe/H] < −2.0 in the Milky Way halo,

and have disputed the nature of the Sagittarius dSph having a top-light initial mass

function as argued from the more metal-rich population [e.g., 374]. By adding to the

population of the most metal-poor stars known in the Sagittarius dwarf galaxy, we

aim to probe its early chemical and assembly history. Here we report the discovery of

four photometrically-selected metal-poor stars in the Sagittarius dSph. We present

spectroscopic measurements of the [Fe/H] and carbon abundance of these stars, of

which two have [Fe/H] < −2.0.

The paper is organized as follows. In Section 6.2, we outline our target selection

procedure and observations; in Section 6.3, we present our analysis in deriving the

chemical abundances of these stars; in Section 6.4, we discuss the chemical abundance

signatures of these stars, the efficiency of our target selection procedure, and overall

findings regarding the early history of the Sagittarius dSph; in Section 6.5, we provide

summarize our results.

6.2 Target Selection & Observations

Traditionally, candidate stellar members of a dwarf galaxy are identified in a color-

magnitude diagram along an isochrone. Then, spectra are obtained for these stars to

determine their membership status based on metallicity and velocity measurements.

With our new technique, we increased the efficiency of the target-selection procedure

by leveraging publicly available data to select metal-poor star candidates that appear

to have similar proper motions and thus might be associated with a common dwarf
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galaxy system.
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Figure 6-1 Left: Color-magnitude diagram of all sources within 60′of the center of the
Sgr dSph. A 10 Gyr, [Fe/H] = −2.0 Dartmouth isochrone is overlaid [10], and points
within 𝑔− 𝑖± 0.15 are marked in blue. Right: Gaia DR2 proper motions of the blue
data points in the left panel. An over-density in proper motion space is centered on
𝜇𝛼 cos(𝛿) = −2.33mas/yr, 𝜇𝛿 = −1.36mas/yr, indicating the systemic proper motion
of the Sgr dSph members.

6.2.1 Target Selection

We queried the SkyMapper DR1.1 catalog [9] to retrieve photometric information on

all sources within 2.85∘ of the center of the Sagittarius dSph (𝛼J2000 = 18h55m19.5s,

𝛿J2000 = −30d32m43s). We opted to use petrosian magnitudes, denoted in the source

catalog by the _petro flag, for all subsequent analysis. The photometry was de-

reddened following the prescription in Wolf et al. [9] using reddening maps from

Schlegel et al. [63]. To remove sources that are likely not stars, we chose to exclude

all sources with the catalog flag class_star < 0.9.

From the resulting catalog, we used 𝑔 − 𝑖 colors and 𝑔 magnitudes to construct a

color-magnitude diagram (CMD) to use for a first-pass selection of candidate members

of the Sagittarius dSph. A 10Gyr, [Fe/H] = −2.0 isochrone from the Dartmouth

Stellar Evolution Database [10] was overlaid on the CMD at the distance modulus of
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the Sgr dSph [16.97; 376]. All stars within (𝑔 − 𝑖) ± 0.15 of the isochrone were kept

as candidate members. The result of this procedure is shown in the leftmost panel of

Figure 6-1.

We then retrieved proper motion data from the Gaia DR2 catalog [111, 112, 164]

for all stars within (𝑔 − 𝑖)± 0.15 of the isochrone. Upon plotting each star in proper

motion space, we found an over-density centered on 𝜇𝛼 cos(𝛿) = −2.33mas/yr, 𝜇𝛿 =

−1.36mas/yr as shown in the right panel in Figure 6-1. Since this over-density is

clearly distinct from the foreground population and since stellar members of a dSph

should have similar velocities, it therefore likely corresponds to stellar members of the

Sagittarius dSph. Furthermore, the location of this over-density agrees well with the

proper motion measurement of the Sagittarius dSph derived using Gaia DR2 data

in Gaia Collaboration et al. [377]. We then conservatively narrowed our selection of

candidate members to all stars with proper motion measurements −2.75mas/yr <

𝜇𝛼 cos(𝛿) < −1.90mas/yr, and −1.75mas/yr < 𝜇𝛿 < −1.0mas/yr.

To select the most metal-poor of these stars, we leveraged the 𝑣-band photometry

in the SkyMapper DR1.1 catalog. The SkyMapper narrow-band 𝑣-filter is sensitive to

stellar metallicities because much of the bandpass of the filter is encompassed by the

prominent Ca II K line [135]. We plotted our candidate members in 𝑣−𝑔−0.9×(𝑔−𝑖)

vs. 𝑔− 𝑖 space, since metal-poor stars tend to have lower 𝑣− 𝑔− 0.9× (𝑔− 𝑖) values

for a given 𝑔− 𝑖. This argument is based on work presented in Keller et al. [378], who

used an index of 𝑣−𝑔−2× (𝑔− 𝑖). Since this differs from our index, we had to verify

whether the most metal-poor stars will also lie at lower 𝑣−𝑔−0.9×(𝑔−𝑖) indices. We

therefore applied this selection process to several globular clusters in the footprint of

the SkyMapper survey to test whether their member stars were identifiable as more

metal-poor than foreground stars.

We performed the same CMD and proper motion selection procedure on four glob-

ular clusters: NGC6752 [[Fe/H] = −1.43; 379], NGC6397 [[Fe/H] = −2.10; 380], M68

[[Fe/H] = −2.23; 11], M30 [[Fe/H] = −2.27; 11]. Since all member stars of a globular

cluster have a similar metallicity, their members should form a distinct contour in

𝑣 − 𝑔 − 0.9 × (𝑔 − 𝑖) vs. 𝑔 − 𝑖 space. In Figure 6-2, we see a clear separation in
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𝑣−𝑔−0.9× (𝑔− 𝑖) vs. 𝑔− 𝑖 space between foreground halo stars and members of the

globular clusters NGC6397, M68, and M30. The separation is visible, but less promi-

nent, for the member stars of NGC6752, since they do not separate as clearly from the

foreground. This result implies that stars with metallicities below [Fe/H] = −1.43,

which is the metallicity of NGC6752, should begin to separate from the halo fore-

ground in our metallicity selection. Of note, we also found that SkyMapper DR.1.1 𝑣

band photometry for stars fainter than 𝑔 ∼ 16 appears to have insufficient precision

to clearly separate members from the foreground. Thus, having demonstrated the

utility of selecting metal-poor candidates using this technique, we followed this pro-

cedure to pick metal-poor candidate stars in the Sagittarius dSph. Following Hansen

et al. [57], we observed stars outside the tidal radius of the nearby globular cluster,

M54 [7.′5; 381] to ensure our targets were not members of that system.

6.2.2 Observations & Data Reduction

We used the Magellan Echellette (MagE) Spectrograph [226] on the Magellan-Baade

telescope at Las Campanas Observatory to obtain medium-resolution spectra of six

metal-poor candidate member stars in the Sagittarius dSph. These stars were selected

since their 𝑣− 𝑔− 0.9× (𝑔− 𝑖) indices were among the lowest in the sample. Targets

were observed with the 1.′′0 slit and 1x1 binning, which grants sufficient resolution

(𝑅 ∼ 4000) and wavelength coverage (3200 Å − 10000 Å) to derive abundances from

the Ca II K line (∼ 3933 Å), the CH G band (∼ 4300 Å), the Mg b region (∼ 5150 Å),

and the calcium triplet lines (∼ 8500 Å). We observed these stars for the first ∼1.5

hours of the night of July 17th, 2018, during which the weather was partially cloudy.

Our spectra were reduced using the Carnegie Python pipeline [196]2 using standard

calibration procedures. To account for potential effects from instrument stability

on the wavelength calibration, a ThAr calibration arc lamp spectrum was collected

after slewing to each target. Spectra of each target were then reduced using the

corresponding arc lamp spectrum. Four of the six observed stars were later determined

to be members of the Sagittarius dSph. Details of their observations are shown in
2https://code.obs.carnegiescience.edu/mage-pipeline
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Figure 6-2 Left: Color-magnitude diagrams of NGC6752, NGC6397, M68, and M30,
from top to bottom of stars within 15′ from their centers. Dartmouth isochrones of 10
Gyr, [Fe/H] = −2.0 are overlaid. Right: Metallicity-sensitive color-color plots using
SkyMapper photometry of the corresponding globular clusters, with the magnitudes
of the data points along the isochrone color-coded by magnitude. As noted in Sec-
tion 6.2.1, the measurements appear to start being less sensitive to metallicity at a
magnitude 𝑔 ∼ 16, due to a lack of photometric precision.
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Table 6.1.

6.3 Analysis

Here we present our methods for deriving the stellar parameters (𝑇eff, log 𝑔), metallic-

ities, and carbon abundances of the stars we observed. The 𝑇eff and log 𝑔 values were

derived by matching public photometry from SkyMapper DR1.1 to isochrones from

the Dartmouth Stellar Evolution Database [10]. The metallicity was derived based

on measurements of the strengths of the Ca II K line (∼ 3933.7 Å), Mg b region

(∼ 5150 Å), and calcium triplet lines (∼ 8500 Å). The carbon abundance was derived

from the CH G band (∼ 4300 Å).

In subsequent analysis, we assume the stars in our sample are members of the red

giant branch. There exists a chance that some are instead asymptotic giant branch

(AGB) stars, due to the proximity of the AGB track to the red giant branch. However,

the timescale of stars existing on the AGB track is short compared to the timescale

that stars exist on the red giant branch, which makes it unlikely that any stars in our

sample of only four stars are AGB stars.

6.3.1 Radial Velocity Measurements & Deriving Stellar Parameters

As a preliminary step, it was necessary to measure the radial velocity of each star to

verify it as a member of the Sagittarius dSph. To derive radial velocities, we cross-

correlated each spectrum with a template spectrum of the metal-poor giant HD122563

in the Spectroscopy Made Hard (SMH) analysis software [197]. Heliocentric velocity

corrections were derived using the task rvcorrect in IRAF. We found that the four

stars in Table 6.1 have velocities consistent with the systemic velocity of the bulge of

the Sagittarius dSph of ∼ 141 kms ± 9.6 kms [371]. While this comparison may not

be strictly applicable to Sgr-2, Sgr-7, and Sgr-10 since they are over one degree from

the center of the Sagittarius dSph, we note that their velocities are comparable to the

velocities of the population of metal-poor members of the Sagittarius dSph presented

in Hansen et al. [57], which range from 127.4 km/s to 167.2 km/s. The other two stars
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that we observed had radial velocities ∼ 180 km/s below the systemic velocity of the

bulge of the Sagittarius dSph, and we thus concluded that they were not members of

the system.

The stellar parameters, 𝑇eff and log 𝑔, were derived by matching SkyMapper 𝑔

and 𝑖 photometry to a 10 Gyr, [Fe/H] = −2.0 isochrone from the Dartmouth Stellar

Evolution Database. To validate this method of measuring stellar parameters, we

performed the same procedure on the seven metal-poor and very metal-poor Sagit-

tarius dSph stars with stellar parameter measurements in Hansen et al. [57] that also

had publicly available SkyMapper photometry. Hansen et al. [57] derived 𝑇eff and

log 𝑔 from high-resolution spectra by removing trends in excitation potential with

abundance and satisfying ionization equilibrium. For these seven stars, we derive 𝑇eff

values that are consistent with the measurements in Hansen et al. [57]. We measure a

marginally higher 𝑇eff of 24K on average and the residuals have a standard deviation

of 176 K. For the log 𝑔 values, our measurements are larger than those in Hansen et al.

[57] by 0.3 dex on average and the residuals have a standard deviation of 0.7 dex.

To further test the validity of our stellar parameter measurements, we compared

our 𝑇eff values to those predicted from a color-𝑇eff-[Fe/H] relation. We converted the

SkyMapper photometry to the SDSS photometric system by first converting to the

Pan-STARRS photometric system (described in paragraph 2 of Section 6.3.2.1) and

then the SDSS photometric system using the color transformations in Tonry et al.

[382]. Then, we applied the IRFM temperature estimator3, which is an additional

photometric 𝑇eff calibration that was added to the original SEGUE Stellar Parameter

Pipeline [383]. The IRFM temperature estimator gives largely reasonable 𝑇eff values

that are offset from our original 𝑇eff values by −300K (Sgr-2), 40K (Sgr-7), and

−71K (Sgr-10). For Sgr-9, the estimator gives a 𝑇eff value that is 590K lower than

our original measurement. We choose to adopt our original 𝑇eff value of 4767K for

Sgr-9, since a visual comparison of the Balmer lines in its spectrum to the Balmer

lines in the spectra of the other Sagittarius dSph members suggests that all have

similar 𝑇eff values.

3https://www.sdss.org/dr14/spectro/sspp_irfm/
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We also compared our log 𝑔 values to those derived from an estimate of the absolute

magnitude of each of our stars by assuming each star has a distance modulus equal

to that of the Sagittarius dSph [16.97; 376]. We then derive log 𝑔 values using the

canonical equation presented in Hansen et al. [57], assuming a mass of 0.7M⊙ and the

𝑇eff values in Table 6.2. We find our log 𝑔 values are 0.4 dex on average below those

derived by the above method, with a standard deviation of the differences in log 𝑔

values between the two methods of 0.15 dex.

6.3.2 Deriving Chemical Abundances

We derived the metallicity ([Fe/H]) of each star in our sample from the equivalent

widths of the Ca II K line (3933.7 Å) and the calcium triplet lines (8498 Å, 8542 Å,

and 8662 Å). We used these measurements to derive metallicities by applying cal-

ibrations detailed in Beers et al. [52] and Carrera et al. [249], respectively. Their

application is further described in Sections 6.3.2.1 and 6.3.2.2. By using spectral

synthesis techniques, we also independently derived the metallicity using the Mg b

region (∼ 5150 Å). We derived a carbon abundance ([C/Fe]) for each star using the

CH G band (∼ 4300 Å). Details of methodology are provided in Sections 6.3.2.3 and

6.3.2.4.

We took the weighted average of the three iron abundances from the methods

described in Sections 6.3.2.1, 6.3.2.2, and 6.3.2.3 to derive final [Fe/H] values. Ex-

amples of our spectra covering the three wavelength regions used to derive [Fe/H]

are presented in Figure 6-3. All chemical abundance measurements are presented in

Table 6.2 and are listed relative to solar abundances from Asplund et al. [207].

6.3.2.1 Ca II K Line

Beers et al. [52] presented a calibration that related a star’s 𝐵 − 𝑉 color and the

strength its Ca II K line at 3933.7 Å to metallicity. The calibration used the KP

index, a measurement of the pseudo-equivalent width of the Ca II K line, to quantify

line strength. A full discussion of deriving the KP index, which involves measur-
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Figure 6-3 Sample spectra of the Ca II K line (top), Mg b region (middle), and the cal-
cium triplet region (bottom). Spectra for Sgr-10 ([Fe/H] = −1.70) are shown in green
on the left, and those for Sgr-9 ([Fe/H] = −2.3) on the right. In all plots, a MIKE
spectrum of HD122563 [[Fe/H] = −2.64; 56] smoothed to 𝑅 ∼ 4000 is overplotted.

210



ing separate line indices known as K6, K12, and K18, is presented in Beers et al.

[52]. We exactly followed their implementation. For continuum normalization, we

fit a line through the blue and red sidebands of the Ca II K line located between

3903 Å−3923 Å and 4000 Å−4020 Å, respectively. We then directly integrated over

the bandpasses presented in Beers et al. [52] to measure the K6, K12, and K18 line

indices, and adopted a final KP index following their prescription. The uncertainty

on the KP index was derived by shifting the continuum placement based on the

signal-to-noise of the spectrum.

To obtain 𝐵−𝑉 colors for each of our stars, we first derived a conversion between

SkyMapper 𝑔 and 𝑟 photometry and the Pan-STARRS photometric system using data

for K, G, and F type stars on the SkyMapper Southern Sky Survey website4 based on

the spectral library from Pickles [384]. We then converted the Pan-STARRS 𝑔 and

𝑟 photometry to 𝐵 − 𝑉 colors using color transformations provided in Tonry et al.

[382]. The resulting uncertainties on the 𝐵 − 𝑉 colors from these transformations

ranged from 0.04mag and 0.08mag.

Additionally, we note that Beers et al. [52] assumes [Ca/Fe] = 0.4 when [Fe/H]

< −1.5, which holds true for stars in the Milky Way halo. Results from Mucciarelli

et al. [375] and Hansen et al. [57] suggest general agreement between the [Ca/Fe]

values of Milky Way halo stars and Sagittarius dSph stars for metal-poor stars. Thus,

we apply no further correction to our [Fe/H] values derived from the calibration.

The uncertainty on the [Fe/H] from this method was derived by adding in quadra-

ture the model uncertainties from the Beers et al. [52] calibration and the shifts in

[Fe/H] by varying the KP index and 𝐵 − 𝑉 colors by their uncertainties.

6.3.2.2 Ca Triplet Lines

The equivalent widths of the calcium triplet lines at 8498 Å, 8542 Å, and 8662 Å can

also be related to the overall metallicity of the star, as detailed in Carrera et al. [249].

We measured the equivalent width of each of these lines in our spectra using the splot

function in iraf. The uncertainty on each of these equivalent width measurements

4http://skymapper.anu.edu.au/filter-transformations

211



was determined by varying the continuum placement. We note that for Sgr-2, fringing

near the calcium triplet lines in its spectrum led to higher uncertainties.

We opted to use the form of the calibration in Carrera et al. [249] that requires an

absolute 𝑉 magnitude measurement. To derive this value, we followed the same steps

outlined in the second paragraph of Section 6.3.2.1 to convert SkyMapper photometry

to the Pan-STARRS photometric system. We then applied transformations from

Tonry et al. [382] to derive 𝑉 magnitudes. Then, we derived an absolute 𝑉 magnitude

by subtracting the distance modulus of the Sagittarius dSph [16.97; 376].

The uncertainty on the [Fe/H] was derived by propagating the model uncertainties

in Carrera et al. [249] calibration, and adding them in quadrature to the shifts in

[Fe/H] by varying the equivalent widths and 𝑉 by their respective uncertainties.

6.3.2.3 Mg b Region

We fit synthetic spectra to the Mg b region (5150 Å− 5220 Å) to derive metallicities.

All syntheses and fitting were performed with the SMH software using the 2017 version

of the 1D LTE radiative transfer code MOOG [198]5 with an updated treatment of

scattering [199]6 and the Kurucz model atmospheres [385]. The line list was compiled

using software provided by C. Sneden. The software retrieved data from the Kurucz

[252] database and added measurements from references in Sneden et al. [206, 153,

253]. The 𝑇eff and log 𝑔 values derived in Section 6.3.1 were used as stellar parameters

when synthesizing spectra. A microturbulence of vmicro = 2.0 was assumed in all

syntheses.

We generated synthetic spectra with different [Fe/H] until there was agreement

with the observed spectra. The [Mg/Fe] ratio was fixed to 0.4, following from a

general agreement in [𝛼/Fe] values between Milky Way halo stars and metal-poor

Sagittarius dSph stars [375, 57].

To derive the uncertainty on our values, we added random and systematic sources

of uncertainty in quadrature. The random uncertainty was derived by noting the

5https://www.as.utexas.edu/ chris/moog.html
6https://github.com/alexji/moog17scat
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Table 6.2. Stellar parameters and chemical abundances of stars in the Sagittarius
dSph

Name 𝑇eff log 𝑔 [Fe/H]Mg [Fe/H]CaT [Fe/H]Ca2k [Fe/H]final [C/Fe] [C/Fe]corrected
a

(K) (dex) (dex) (dex) (dex) (dex) (dex) (dex)

Sgr-2 4836 1.71 −2.20 ± 0.33 −1.82 ± 0.43 −2.25 ± 0.41 −2.11 ± 0.18 0.02 ± 0.36 0.34 ± 0.36
Sgr-7 4610 1.25 −1.95 ± 0.34 −1.69 ± 0.30 −1.49 ± 0.46 −1.74 ± 0.17 −0.52 ± 0.33 0.04 ± 0.33
Sgr-9 4767 1.56 −2.47 ± 0.36 −2.10 ± 0.17 −2.34 ± 0.39 −2.19 ± 0.15 −0.66 ± 0.44 −0.25 ± 0.44
Sgr-10 4610 1.25 −1.84 ± 0.32 −1.57 ± 0.27 −1.54 ± 0.48 −1.66 ± 0.13 −0.37 ± 0.35 0.17 ± 0.35

aCorrected for the evolutionary state of the star following Placco et al. [8].

variation in [Fe/H] required to encapsulate the noise in each spectrum. This procedure

led to random uncertainties between 0.20 dex and 0.25 dex. The systematic sources

of uncertainty were from uncertainties in the stellar parameter measurements. We

find that uncertainties of ∼150K in 𝑇eff and ∼0.3 in log 𝑔 arise when propagating

the SkyMapper photometric uncertainties through our method of deriving stellar

parameters. We thus vary each stellar parameter by its uncertainty, re-derive [Fe/H],

and note the discrepancy from the original [Fe/H] as a systematic uncertainty. We

then add all systematic uncertainties and the random uncertainty in quadrature to

derive a final uncertainty. Final derived values and uncertainties are presented in

Table 6.2.

6.3.2.4 G Band

We fit synthetic spectra to the CH G band between 4260 Å and 4320 Å to derive car-

bon abundances. The same procedure was followed as in Section 6.3.2.3 with the

exception of the following details. First, the line list was compiled with the same

sources as in Section 6.3.2.3, but CH data were added from Masseron et al. [53]. Sec-

ond, the [Fe/H] value in the synthetic spectra was fixed to the final [Fe/H] presented

in Table 6.2, and the [C/Fe] value was allowed to vary. Third, when calculating the

uncertainties, we include the uncertainty in [Fe/H] from Table 6.2 as a source of sys-

tematic uncertainty in [C/Fe]. Finally, the derived carbon abundances were corrected

for the evolutionary state of the star following Placco et al. [8]. The final carbon

abundance values are presented in Table 6.2.

213



6.4 Results

In Section 6.4.1, we discuss the relatively low carbon abundances of the stars in our

sample, and in Section 6.4.2, we discuss in more detail the implementation of our

technique for identifying metal-poor stars in the Sagittarius dSph. Since our sample

of four is small and biased toward metal-poor stars, further interpretation is difficult in

the context of the overall metallicity distribution of stars in the system. However, we

confirm that the metallicity distribution function reaches below [Fe/H] = −2.0. Our

fairly efficient detection of two very metal-poor stars builds on the previous detection

of such stars in the system [371, 375, 57], and bolsters the argument that Sagittarius

dSph should host a population of very metal-poor stars. Our results suggest that

this population can be identified for further study by using efficient target selection

techniques, thus facilitating a more complete understanding of the early chemical

evolution of the system.

6.4.1 The Signature of Carbon in the Sagittarius dSph

Carbon is an important element for studying early chemical evolution, partly because

the fraction of stars that are enhanced in carbon increases as metallicity decreases

[386, 8]. This observation has led to the identification of carbon-enhanced metal-poor

(CEMP) stars ([C/Fe] > 0.7, [Fe/H] < −1.0) as a separate subclass of metal-poor

stars [170, 54]. Placco et al. [8] measured the fraction of CEMP stars to be ∼ 20% for

stars with [Fe/H] < −2.0. However, CEMP stars are not found in all environments.

For instance, only a few s-process rich CEMP stars have been detected in the direction

of the Milky Way bulge [387, 388] and studies generally tend to find a lower fraction

of CEMP stars in dSphs [4, 6, 215], but a small number have been detected in the

ultrafaint dwarf galaxies [99].

We find that none of the stars in our sample meet the threshold to be considered

CEMP stars. However, this is not surprising given our small sample size. For instance,

Placco et al. [8] find that CEMP stars compose 20% of the Milky Way halo population

below [Fe/H] = −2.0 and our sample only has two stars with [Fe/H] < −2.0 which
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makes a null CEMP detection reasonable. Moreover, a strong CN absorption feature

exists at ∼ 3880 Å, which is covered by the bandpass of the SkyMapper 𝑣 filter. The

presence of this absorption feature means that the most carbon enhanced stars are

likely to be identified as more metal-rich than their true metallicity, and thus might

be excluded from our target selection procedure as suggested in e.g., Jacobson et al.

[3]. However, Hansen et al. [57] also found no CEMP stars in their three stars with

[Fe/H] < −2.0. If we were to assume that the Sagittarius dSph has the same CEMP

fraction as the halo, the probability of finding five stars below [Fe/H] = −2.0 that

are not carbon-enhanced is ∼32%. While this calculation ignores sampling biases,

it does suggest that a conclusive claim that CEMP stars are under-abundant in the

Sagittarius dSph is difficult to argue given the small sample size.

Placco et al. [8] find that the median corrected [C/Fe] is 0.14 for stars in the Milky

Way halo with −2.25 < [Fe/H] < −2.0. This value is roughly in agreement with the

[C/Fe] values in our sample. In contrast, Hansen et al. [57] and Hasselquist et al.

[374] find that, over a broad metallicity range, stars in the Sagittarius dSph tend to

be under-abundant in carbon relative to stars in the Milky Way halo. This difference

suggests a spread in the carbon abundances of stars at low metallicities. Overall,

results suggesting a low carbon abundance over all metallicities and a putative lack

of CEMP stars suggest that early nucleosynthetic events in the Sagittarius dSph may

not have been dominated by sites hypothesized to have produced CEMP stars, such

as e.g., faint supernovae [e.g., 389].

6.4.2 Searching for Metal-poor Stars using SkyMapper Photometry

We observed six candidates selected as metal-poor Sagittarius dSph candidate mem-

bers from SkyMapper photometry and Gaia proper motion data (see Section 6.2.1).

Of these six stars, four were confirmed as members by follow-up spectroscopy. Given

our success rate and the fact that only a handful of stars were found with [Fe/H]

< −2.0 before this study [371, 375, 57] in either M54 or the main body of the Sagit-

tarius dSph, we consider our target selection procedure for metal-poor stars fairly

successful.
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However, it is worth inquiring into why two of our candidates were not members.

Both candidates have proper motions consistent with that of the Sagittarius dSph.

Additionally, assuming similar 𝑇eff values, both stars appear to have metallicities

similar to Sgr-10 ([Fe/H] ∼ −1.7) based on visually comparing the strengths of their

Ca II K lines, Mg b region, and calcium triplet lines to those in the spectra of the

Sagittarius dSph members. Thus, it is likely that the non-members were simply

metal-poor halo stars in the vicinity of Sagittarius dSph.

Discriminating stars at very low metallicities ([Fe/H] < −2.0) from simple metal-

poor stars (−2.0 < [Fe/H] < −1.0) would likely remove some contamination from the

metal-poor halo population. Based on our spectroscopic measurements, we had mixed

success at recovering only very metal-poor stars, likely because we opted to observe

stars fainter then 𝑔 ∼ 16. At these magnitudes, the public SkyMapper photometric

uncertainties make a quantitative metallicity prediction unreasonable. This fact is

illustrated in Figure 6-2. Despite this fact, we still show a reasonable success rate in

identifying metal-poor and very metal-poor stars at these magnitudes, likely because

we chose to observe stars that were already predicted to have very low metallicities.

For the purposes of future work, we chose to investigate whether it would be possible

to quantitatively predict metallicities for stars with sufficient precision in the public

SkyMapper DR1.1 catalog.

To quantitatively relate the photometric metallicities to the overall stellar metal-

licities as a function of photometric precision, we generated synthetic photometry

for stars with various stellar parameters. First, we used the Turbospectrum code

[193, 148], the MARCS model atmospheres [149], and a line list compiled from the

VALD database [150, 151] to generate a grid of flux-calibrated synthetic spectra. The

stellar parameters of our grid were the following: 4000 < 𝑇eff [K] < 5700; 1 < log 𝑔 <

3; −4.0 < [Fe/H] < −0.5. We then retrieved the bandpass of the SkyMapper 𝑣, 𝑔,

and 𝑖 filters from the Filter Profile Service7, which used bandpass data from Bessell

et al. [135]. Then, we generated a library of synthetic 𝑣,𝑔,𝑖 photometry based on

the methods presented in Bessell and Murphy [194] and Casagrande and VandenBerg

7http://svo2.cab.inta-csic.es/svo/theory/fps3/
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[159].

In Figure 6-4, we have overlaid these synthetic contours on the results from the

globular cluster SkyMapper photometry. We find that the bright stars in NGC6397,

M30, and M68 lie largely between the [Fe/H] = −2.0 and −2.5 contours as expected

since their metallicities are [Fe/H] = −2.10, −2.23 and −2.27, respectively. As ex-

pected, fainter stars tend to fall outside these contours due to worse photometric

precision. This agreement between the synthetic contours and the globular cluster

photometry suggests that future work could pre-select stars of specific metallicities for

further spectroscopic study. We note that only the most metal-poor stars in Hansen

et al. [57] have 𝑣-band SkyMapper photometry. This is not surprising because more

metal-rich stars appear fainter in the 𝑣 filter. Thus, the more metal-rich stars in

Hansen et al. [57] are likely below the threshold for detection in the SkyMapper sur-

vey data. When overlying our observed stars and those in Hansen et al. [57] with 𝑣

photometry in SkyMapper, we find that all but one star is likely metal-poor, but the

photometric uncertainties are sufficiently large that it is unclear which photometric

metallicity contour they lie on. Thus, this illustrates the need for precise SkyMapper

photometry for target selection or solely choosing brighter stars for future candidate

selection.

6.5 Summary

We present a technique for identifying metal-poor stars in dwarf galaxies using public

SkyMapper photometry and Gaia proper motion data. We obtained spectra of six

stars, of which four turned out to be metal-poor members of the Sagittarius dSph.

Of the four, two have [Fe/H] < −2.0 and none are enhanced in carbon. This sample

builds onto the four known stars in Sgr with a metallicity below [Fe/H] = −2.0,

showing that public proper motion and photometric data may be effectively leveraged

to identify the most metal-poor stars in dwarf galaxies. Future work will continue to

implement SkyMapper photometry in tandem with Gaia proper motion data to study

dwarf galaxies, both with public survey data and deep imaging of dwarf galaxies using
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Figure 6-4 Top left: Color-magnitude diagram of stars within 2.85∘ of the center of
the Sgr dSph. Green data points are within 𝑔− 𝑖±0.15 along the overlaid Dartmouth
isochrone of age 10 Gyr, [Fe/H] = −2.0. Black stars are stars with measurements
from this study. Colored stars have measurements in Hansen et al. [57], and their
metallicities are color-coded by the colorbar on the right. Top right: Metallicity-
sensitive color-color plots using SkyMapper photometry with synthetic photometric
contours and sources from the top left color-magnitude diagram. The stars in Hansen
et al. [57] with 𝑣 photometry available in the public SkyMapper catalog are also over-
laid. Bottom left: Metallicity-sensitive color-color plots using SkyMapper photome-
try with synthetic photometric contours and the metal-poor globular cluster (NGC
6752) in Figure 6-2 overlaid. Bottom right: Metallicity-sensitive color-color plots us-
ing SkyMapper photometry with synthetic photometric contours and the three very
metal-poor globular clusters (NGC 6397, M68, M30) from Figure 6-2 overlaid.
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the metallicity-sensitive SkyMapper 𝑣-filter (A. Chiti et al., in prep).
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Chapter 7

Discovery of 18 stars with −3.10 < [Fe/H]

< −1.45 in the Sagittarius dwarf galaxy

The content of this chapter was published in the Astrophysical Journal as [390] in

October 2020.

Abstract

Studies of the early chemical evolution of some larger dwarf galaxies (> 107 M⊙) are
limited by the small number of stars known at low metallicities in these systems. Here
we present metallicities and carbon abundances for eighteen stars with metallicities
between −3.08 ≤ [Fe/H] ≤ −1.47 in the Sagittarius dwarf spheroidal galaxy, using
medium-resolution spectra from the MagE spectrograph on the Magellan-Baade Tele-
scope. This sample more than doubles the number of known very metal-poor stars
([Fe/H] ≤ −2.0) in the Sagittarius dwarf galaxy, and identifies the first known ex-
tremely metal-poor star ([Fe/H] ≤ −3.0) in the system. These stars were identified as
likely metal-poor members of Sagittarius using public, metallicity-sensitive photome-
try from SkyMapper DR1.1 and proper motion data from Gaia DR2, demonstrating
that this dearth of metal-poor stars in some dwarf galaxies can be addressed with
targeted searches using public data. We find that none of the stars in our sample are
enhanced in carbon, in contrast to the relative prevalence of such stars in the Milky
Way halo. Subsequent high-resolution spectroscopy of these stars would be key in
detailing the early chemical evolution of the system.
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7.1 Introduction

The Milky Way’s metal-poor stars1 are a nearby window to the high-redshift universe.

The natal chemical composition of these ancient stars is generally preserved in their

stellar atmospheres. Accordingly, their chemical abundances trace the formation of

the first heavy elements (see review Frebel and Norris 99) and can be used to infer

the properties (e.g., initial mass function, explosion energy, chemical yields) of the

First Stars and supernovae that drove early nucleosynthesis [102, 103]. The chemical

abundances of metal-poor stars also reflect the early evolution of their host galaxies,

since an interplay of several galactic properties, including star formation efficiency,

accretion, and feedback, drives chemical evolution [352, 297, 179].

In this context, the Milky Way’s satellite dwarf galaxies are prime environments

to identify and chemically characterize metal-poor stars to learn about early galactic

environments. These systems span a range of masses (∼ 105 M⊙ to ∼ 1011 M⊙; e.g.,

Walker et al. 1, Simon 121, Erkal et al. 263) and thus allow the investigation of early

chemical evolution in a variety of self-contained environments. Furthermore, analogs

of these surviving satellite dwarf galaxies may have been accreted onto the Milky

Way to form the old stellar halo. Accordingly, diversity in the chemical abundances

of very metal-poor ([Fe/H < −2.0) stars in the Milky Way halo may be explained by

its assembly from smaller galaxies [391, 392]. To fully test this claim, and then conse-

quently isolate the environments that produce the chemical signatures we observe in

the oldest, most metal-poor stars, it is necessary to identify large samples of similarly

metal-poor stars in the Milky Way’s satellite dwarf galaxies.

However, the most metal-poor population ([Fe/H] . −2.5) of the most massive

Milky Way dwarf spheroidal (dSph) galaxies (> 107 M⊙) remains sparsely charac-

terized, as galaxies with larger masses have much higher average metallicities [179].

Only 55 stars with [Fe/H] < −2.5 known across all dSphs have detailed chemical

abundance measurements available [393, 394, 395, 396, 286, 287, 20, 290, 349, 118,

397, 5, 6, 57, 398], with the majority in just two systems: the Sculptor and Sextans

1Defined as [Fe/H] ≤ −1dex, where [Fe/H] = log10(𝑁Fe/𝑁H)⋆ − log10(𝑁Fe/𝑁H)⊙ [170, 99].
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dSphs. Identifying more such metal-poor stars across all dSphs is informative when

addressing the aforementioned questions, especially since these larger dwarf galaxies

are thought to have contributed the most stars to the Milky Way halo [391].

Here we present the results of a targeted search for very metal-poor stars in the

Sagittarius dSph [366, 399]. Sagittarius is the most massive known satellite dwarf

spheroidal galaxy of the Milky Way [∼ 4 × 108 M⊙; 400]. It has only a handful

of known very metal-poor stars [371, 375, 57, 137], due to a prominent metal-rich

(⟨[Fe/H]⟩ ∼ −0.5) component of its stellar population [375]. A detailed abundance

analysis of just three of these very metal-poor stars in Hansen et al. [57] already

hinted at some similarities to the chemical abundances of very metal-poor stars in

the Milky Way halo. It also challenged claims of a top-light initial mass function as

suggested by its more metal-rich population [e.g., 373]. To further investigate the

early evolution of this system, we present metallicities and carbon abundances for

eighteen red giant metal-poor stars in the Sagittarius dSph that were identified using

metallicity-sensitive SkyMapper photometry [127, 9] and Gaia DR2 proper motions

[111, 112] following Chiti and Frebel [137]. Notably, we identify nine stars with [Fe/H]

≤ −2.0, one of which is the first known extremely metal-poor star ([Fe/H] < −3.0)

in the system.

This paper is organized as follows. In Section 7.2, we provide an overview of our

observations; in Section 7.3, we outline our methodology in deriving stellar param-

eters and chemical abundances. We discuss the implications of our results on the

early evolution of the Sagittarius dSph in Section 7.4, and summarize our work in

Section 7.4.

7.2 Target Selection & Observations

We identified metal-poor candidate members of the Sagittarius dwarf spheroidal

galaxy (dSph) following the criteria in Chiti and Frebel [137], which we briefly out-

line here. We retrieved photometric data from the SkyMapper DR1.1 catalog [9] on

all sources within three degrees of the center of the Sagittarius dSph. This dataset
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Table 7.1. Additional observations of stars in the Sagittarius dSph

Name RA (h:m:s) DEC (d:m:s) 𝑔 𝑡exp S/Na 𝑣helio

(J2000) (J2000) [mag] [s] [km s−1]

Sgr-300 18:44:26.84 −29:37:56.09 15.82 480 40,85 132
Sgr-265 18:44:56.86 −31:12:01.84 16.09 480 40,75 165
Sgr-180 18:48:43.24 −31:46:26.82 15.66 420 25,55 152
Sgr-157 18:48:51.47 −31:35:21.58 17.30 1200 30,40 133
Sgr-298 18:49:32.88 −32:44:26.81 17.46 1200 30,40 165
Sgr-91 18:51:44.32 −29:30:38.85 16.17 540 40,65 125
Sgr-69 18:52:48.45 −29:32:23.42 15.56 480 45,95 129
Sgr-48 18:56:26.25 −31:21:23.61 15.83 480 45,85 142
Sgr-81 18:56:52.64 −31:43:07.51 17.39 900 25,40 138
Sgr-38 18:57:27.66 −31:07:39.87 16.26 540 40,65 150
Sgr-139 18:57:50.62 −29:00:29.93 17.35 1200 40,50 119
Sgr-198 18:57:51.93 −28:37:08.95 15.95 480 25,70 138
Sgr-141 18:59:07.78 −29:08:15.52 16.31 540 35,60 118
Sgr-62 18:59:13.41 −31:12:39.45 16.16 480 35,60 157
Sgr-182 19:00:50.31 −29:04:53.46 17.41 1200 35,50 117
Sgr-136 19:00:53.93 −29:28:38.09 15.68 480 45,90 155
Sgr-162 19:02:12.05 −31:29:37.94 17.40 1200 40,60 156
Sgr-215 19:04:30.07 −29:56:14.05 16.26 540 45,55 130
Sgr-225 19:05:06.80 −30:19:22.89 16.00 480 45,75 120
Sgr-333 19:07:29.65 −29:58:01.35 16.08 480 40,70 126

aS/N per pixel is listed both for 4500 Å and 8500 Å
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includes photometric data obtained through the metallicity-sensitive SkyMapper 𝑣

filter [135, 234], which is also sensitive to surface gravity when compared to photom-

etry from the SkyMapper 𝑢 filter [235]. We thereby derived metallicities and surface

gravities for all of these sources using the methods described in Chiti et al. [39] and

identified likely metal-poor giants ([Fe/H] < −2.0 and log 𝑔 < 3.0) for observations.

We note that the photometric metallicities for these stars had large uncertainties

(∼ 0.75 dex) due to the large uncertainties on the SkyMapper 𝑢 and 𝑣 photometry at

the magnitudes (𝑔 ∼ 15.5 to 𝑔 ∼ 17.5) of these stars. As a result, we regarded these

metallicity and surface gravity cuts effectively qualitative selection criteria.

To increase the likelihood of membership, we selected the subset of these metal-

poor giants with Gaia DR2 proper motions [111, 112] near the systemic proper mo-

tion of the Sagittarius dSph. The proper motion ranges of −4.2mas/yr < 𝜇𝛼 <

−1.90mas/yr and −2.15mas/yr < 𝜇𝛿 < −0.85mas/yr were used to select likely mem-

bers for the first night of observations. These criteria were narrowed to −3.6mas/yr <

𝜇𝛼 < −2.70mas/yr and −1.6mas/yr < 𝜇𝛿 < −1.2mas/yr on subsequent nights to en-

sure a purer sample of members, since a number of non-members were observed near

the bounds of our original proper motion cut. We then generated a color-magnitude

diagram of these remaining candidates using SkyMapper 𝑔 and 𝑖 photometry. We

chose to observe candidates that were within (𝑔 − 𝑖) ± 0.30 of a 10Gyr, [Fe/H] =

−2.0 isochrone from the Dartmouth Stellar Evolution Database [10] placed at the

distance modulus of the Sagittarius dSph (16.97; Kunder and Chaboyer 376). A

color-magnitude diagram of stars fulfilling these selection criteria is shown in Fig-

ure 7-1.

We obtained spectra of 37 of these metal-poor candidate members using the Mag-

ellan Echellette (MagE) Spectrograph [226] on the Magellan-Baade telescope during

the nights of August 3-5, 2019. Targets were observed with the 0.′′7 slit and 1x1

binning, granting a resolution of 𝑅 ∼ 6700 over a broad wavelength range of 3200 Å

to 10000 Å. The seeing was excellent (∼0.′′6) throughout these observations. A spec-

trum of a ThAr calibration arc lamp was obtained after slewing to each target for

wavelength calibration purposes. Our observations were reduced using the Carnegie
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Figure 7-1 A color-magnitude diagram of all stars within three degrees of the center
of the Sagittarius dSph that pass the photometric metallicity, surface gravity, and
proper motions criteria listed in Section 7.2. A 10Gyr, [Fe/H] = −2.0 isochrone from
the Dartmouth Stellar Evolution Database [10] is over plotted for reference. Stars in
red are within (𝑔 − 𝑖) ± 0.30 of the isochrone, and stars in yellow are outside those
bounds.
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Python pipeline [196]2.

Twenty-one stars that we observed were determined to be members of the Sagit-

tarius dSph (see Section 7.3.1). Of these members, we excluded the following from

further analysis: one spectroscopic binary system and two stars with distorted H𝛼

absorption lines. This resulted in 18 members for which we derived chemical abun-

dances. Details of the observations of these 18 members are provided in Table 7.1.

7.3 Analysis

7.3.1 Radial Velocity Measurements

We derived radial velocities by cross-correlating our spectra with a template spectrum

of the metal-poor giant HD122563 that was obtained on the second night of data

collection. The rest velocity of HD122563 was assumed to be −26.51 km s−1 [244],

and the cross-correlation was performed over the Mg b absorption region (4900 Å to

5400 Å). We further performed a cross-correlation over the Telluric A-band absorption

region (7590 Å to 7710 Å) between our spectra and a template spectrum of the hot,

rapidly rotating giant HR4781 to correct for any slit mis-centering. We note that this

template spectrum of HR4781 was obtained with the IMACS instrument [217], but

was then smoothed to the resolution of our MagE spectra (𝑅 ∼ 6700). We calculate

heliocentric velocity corrections using the SkyCoord function in the Astropy package

[139]. These methods resulted in a systematic velocity uncertainty of ∼3 km s−1, as

determined by repeat observations of other dwarf galaxy stars in this observing mode

(Chiti et al. 2020, subm.). Table 7.1 lists our final velocity measurements.

We used these radial velocity measurements to determine whether the stars in our

sample were members of the Sagittarius dSph. The known stars in the bulge of the

Sagittarius dSph display a systemic velocity of 141 km s−1 and a velocity dispersion

of 9.6 km s−1 [371]. We find that the majority of our targets indeed lie within three

times the velocity dispersion of this systemic velocity (111 km s−1 to 171 km s−1). We

2https://code.obs.carnegiescience.edu/mage-pipeline
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identify those stars as members and classify the rest as nonmembers (see Figure 7-2).

The uncertainties in our velocity measurements are roughly equal to the systematic

uncertainty (∼ 3 km s−1), which is small relative to the velocity dispersion assumed

for the Sagittarius dSph.

100 50 0 50 100 150 200
HRV (km/s)

0

1

2

3

4

5

6

7

8

N

Sgr members
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Figure 7-2 Histogram of the heliocentric radial velocities of stars in our sample. The
blue portion of the histogram represents the stars that we classify as members of
the Sagittarius dSph, as determined by restricting radial velocity values between
111 km s−1 and 171 km s−1.

7.3.2 Stellar Parameters

We closely follow the methodology presented in Chiti and Frebel [137] to derive the

stellar parameters (𝑇eff, log 𝑔) of the stars in our sample. Namely, we matched the

SkyMapper 𝑔 − 𝑖 colors of our stars to those colors in a 10 Gyr, [Fe/H] = −2.0

isochrone from the MESA Isochrones & Stellar Tracks database [14, 15, 40, 41, 42, 60]
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and retrieved the corresponding stellar parameters. These colors were de-reddened

following Wolf et al. [9] using maps from Schlegel et al. [63]. As reported in Chiti and

Frebel [137], applying this method on the sample of metal-poor Sagittarius dSph stars

with already known stellar parameters derived from high-resolution spectroscopy in

Hansen et al. [57] results in stellar parameters that are in good agreement with those

spectroscopic stellar parameters and thus validates this approach. With our particular

choice of isochrone, this method, on average, leads to a marginally larger 𝑇eff of 47K

and log 𝑔 of 0.4 dex than those reported in Hansen et al. [57]. We note that these

stellar parameter estimates are relatively insensitive to the assumed metallicity of the

isochrone. Increasing metallicity of the isochrone by 0.5 dex decreases the derived 𝑇eff

by only ∼ 40K.

The standard deviation of the 𝑇eff residuals with respect to Hansen et al. [57]

is 170K. We adopt this value, subtracted in quadrature by the 𝑇eff measurement

uncertainty of 50K in Hansen et al. [57], as our systematic uncertainty in 𝑇eff. Prop-

agating this systematic uncertainty to log 𝑔 results in a log 𝑔 systematic uncertainty

of 0.25 dex. Random uncertainties were derived by propagating photometric uncer-

tainties in the public SkyMapper photometry to these stellar parameter derivations.

The total uncertainty was taken as the quadrature sum of the systematic and random

uncertainties.

7.3.3 Metallicity Analysis

We derived metallicities for the stars in our sample using independently the Ca II

K absorption feature (∼3933.7 Å), the Mg b absorption region (∼5180 Å), and the

calcium triplet absorption features (∼ 8500 Å). The methods for deriving each of

these metallicities are described below. The metallicities we derive are shown in

Table 7.2, and sample spectra are shown in Figure 7-3. A histogram of our final

metallicities is shown in Figure 7-5.
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7.3.3.1 Ca II K line

We follow the calibration of Beers et al. [52] to derive metallicities from the Ca II K

absorption line at ∼ 3933.7 Å. This calibration requires 𝐵 − 𝑉 colors and a measure

of the strength of the Ca II line known as the KP index, which is an estimate of the

pseudo-equivalent width of the feature. We derive the KP index following exactly the

procedures presented in Beers et al. [52]. The 𝐵−𝑉 colors of these stars were derived

by first transforming SkyMapper 𝑔 and 𝑟 photometry to the Pan-STARRS system

using a sample photometry of F, G, and K stellar type stars from the SkyMapper

website [384]. We then used the transformations in Tonry et al. [382] to convert from

Pan-STARRS 𝑔 and 𝑟 photometry to 𝐵 − 𝑉 colors.

We note that we excluded Ca II K metallicity estimates if the procedure returned

a value of [Fe/H] > −1.5. This is the metallicity regime where the Ca II K line

saturates (see top left panel of Figure 7-3) and no longer produces accurate metallicity

estimates. This led to removal of metallicities of three stars: Sgr-62, Sgr-136, and

Sgr-141. Finally, we note that the Beers et al. [52] calibration assumes a [Ca/Fe]

= 0.4 when [Fe/H], given that this is a calibration for Milky Way halo stars. We

assume the same for these Sagittarius dSph stars, given the general agreement in the

[Ca/Fe] values between halo stars and Sagittarius dSph metal-poor stars found by

Hansen et al. [57]. Uncertainties in the metallicities of these stars were derived as the

quadrature sum of the systematic uncertainty provided in Beers et al. [52], and the

random uncertainties propagated by shifting the continuum and from propagating

the uncertainty in the 𝐵 − 𝑉 color.

7.3.3.2 Mg b line triplet lines

Metallicities were derived from the Mg b line region (5150 Åto 5190 Å) via standard

spectral synthesis techniques, following Chiti and Frebel [137]. We do note that

several previous studies have used the Mg b region to derive metallicities of stars in

dwarf galaxies [401, 402, 1]. Specifically, synthetic spectra were generated using the

2017 version of the MOOG 1D LTE radiative transfer code [198, 199], the Kurucz
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model atmospheres [200], and a linelist combining data from Kurucz [252] and Sneden

et al. [206, 153, 253]. The [Mg/Fe] in these syntheses was set as [Mg/Fe] = 0.3,

matching the general [𝛼/Fe] trend for metal-poor stars in Sagittarius [57]. These

syntheses were performed within the SMH software [197], which enabled the visual

identification of the synthetic spectrum that best matched each observed spectrum.

The [Fe/H] of the best matching synthetic spectrum was taken as the [Fe/H] of the

observed spectrum.

The random uncertainty from the fitting procedure was assumed to be the dif-

ference in [Fe/H] when requiring to encompass the noise in the observed spectrum

with synthetic spectra. The systematic uncertainty was determined by re-deriving

metallicities after shifting the Teff and log 𝑔 values by their 1𝜎 uncertainties. The

total uncertainty was assumed as the quadrature sum of the random and systematic

uncertainties. We note that additional uncertainty from variations in the [Mg/Fe] is

likely far less than our total uncertainties (∼ 0.35dex). Sagittarius stars with [Fe/H]

< −1.5 in Hansen et al. [57] have a scatter of ∼ 0.15 dex in their [Ca/Fe]. Since Mg,

like Ca, is an 𝛼-element, this suggests a similarly low scatter in the Mg abundances

relative to our uncertainties.

7.3.3.3 Calcium triplet lines

We derived metallicities from the calcium triplet lines using the calibration of Car-

rera et al. [249]. This calibration relates the metallicity of a star to its absolute 𝑉

magnitude and the sum of the equivalent widths of the three calcium triplet lines

at 8498 Å, 8542 Å, and 8662 Å. We calculated these equivalent widths by fitting the

Voigt1D model in the python astropy package [139] to each line. Absolute 𝑉 mag-

nitudes were derived following the color transformations described in Section 7.3.3.1,

along with an updated distance modulus of the Sagittarius dSph (17.10, Ferguson

and Strigari 61). Random uncertainties were determined by re-deriving the metal-

licity after varying the continuum by 1𝜎, as determined by the signal-to-noise of the

spectrum. Systematic uncertainties were assumed to be 0.17 dex following Carrera

et al. [249]. Total uncertainties were derived as the quadrature sum of the random
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and systematic uncertainties.

7.3.3.4 Final metallicity values & validation

We derived final metallicity values by taking the average of the three metallicity

estimators (see Sections 7.3.3.1 to 7.3.3.3), weighted by the inverse square of their

uncertainties. The final uncertainty was taken as the uncertainty in the weighted

average. Final metallicities and uncertainties are presented in Table 7.2.

To validate our metallicities, we also derived metallicities for four metal-poor

giant stars (HD21581, HD216143, HD122563, and CS22892-052) that we observed

with the same MagE observational setup. We obtained metallicities for these stars

following the aforementioned methods, and obtained the following values: [Fe/H] =

−1.60±0.15 for HD21581, [Fe/H] = −2.25±0.15 for HD216143, [Fe/H] = −2.67±0.13

for HD122563, and [Fe/H] = −3.01 ± 0.14 for CS22892-052. These metallicities all

agree within 1𝜎 of the literature metallicities of these stars, which are [Fe/H] = −1.70

for HD21581 [17], [Fe/H] = −2.15 for HD216143 [58], [Fe/H] = −2.79 for HD122563

[59], and [Fe/H] = −3.08 for CS22892-052 [59].

In Figure 7-3, we provide a visual comparison of the spectra of three of these

metal-poor giants to selected Sagittarius members with similar stellar parameters

and metallicities. As can be seen, the absorption lines of HD21581 and CS22892-

052 are slightly weaker than Sgr-136 and Sgr-180, respectively, despite their similar

metallicities. This is due to HD21581 and CS22892-052 being on average ∼ 300K

warmer than the two Sagittarius members. HD216143 and Sgr-333 have nearly iden-

tical absorption features and effective temperatures (4600K vs. 4546K), validating

our derivation of similar metallicities ([Fe/H] = −2.24 vs. [Fe/H] = −2.10) for both

stars.

7.3.4 Carbon Abundances

We also derived a carbon abundance ([C/Fe]) for each of our red giants from the CH

𝐺 bandhead region (4275 Åto 4320 Å) using standard spectral synthesis techniques,
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Figure 7-3 Sample spectra over the Ca II K line at 3933.7 Å(top panels), the Mg
b line region at ∼ 5150 Å(middle panels), and the calcium triplet lines around
∼8550 Å(bottom panels). MagE spectra of Sgr-136 ([Fe/H] = −1.69) and HD21581
([Fe/H] = −1.56; Roederer et al. 17) are shown on the left panels, Sgr-333 ([Fe/H] =
−2.10) and HD216143 ([Fe/H] = −2.24; Boeche and Grebel 58) on the middle panels,
and Sgr-180 ([Fe/H] = −3.08) and CS22892-052 ([Fe/H] = −3.08; Frebel et al. 59)
on the right panels. HD21581 and CS22892-052 have slightly weaker absorption fea-
tures than Sgr-136 and Sgr-180 due to their higher (∼ 300K) effective temperatures.
HD216143 and Sgr-333 have absorption features of similar strengths, due to their
proximate metallicities and effective temperatures.
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analogous to our derivation of metallicities from the Mg b line region in Section 7.3.3.2.

The line list for these syntheses included CH molecular line data from Masseron

et al. [53] in addition to the sources listed in Section 7.3.3.2. The [C/Fe] was varied

to find the best fitting synthetic spectrum while the [Fe/H] was set to each star’s

final metallicity value. The random uncertainty in [C/Fe] was taken as the variation

in [C/Fe] needed to encompass the noise in the G band region. The systematic

uncertainties were determined by re-deriving [C/Fe] after varying Teff , log 𝑔, and the

metallicity of each star by their 1𝜎 uncertainties. All these sources of uncertainty were

added in quadrature to derive a total uncertainty. Examples of our carbon syntheses

are shown in Figure 7-4. In Table 7.2, we present our derived carbon abundances in

addition to corrected carbon abundances that account for the depletion of the surface

carbon abundance as stars ascend the red giant branch [8].
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Figure 7-4 Left: The CH G bandhead region of our most metal-poor star, Sgr-180
(blue), compared to its best-matching synthetic spectra (red). Synthetic spectra with
carbon abundances offset by ±0.50 are shown as dashed orange lines, and the contin-
uum is marked as a dashed black line to guide the eye. Right: The same plot but with
our most carbon-enhanced star, Sgr-48, shown in blue. The best matching synthetic
spectrum is again shown in red, and synthetic spectra with carbon abundances offset
by ±0.20 are shown as dashed orange lines.

7.4 Results and Conclusions

We present the metallicities and carbon abundances of eighteen red giant stars in the

Sagittarius dSph that were identified as metal-poor candidates with publicly available,
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Figure 7-5 Histogram of the metallicities of our sample of 18 our newly discovered
members red giant stars. The distribution peaks just above the very metal-poor
regime ([Fe/H] = −2.0) with a tail extending to extremely metal-poor ([Fe/H] = −3.0)
metallicities.
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metallicity-sensitive photometry from SkyMapper DR1.1 [9]. Notably, eight of these

stars are very metal-poor (−3.0 < [Fe/H] ≤ −2.0) and one is extremely metal-poor

([Fe/H] ≤ −3.0), more than doubling the known ∼ 5 very metal-poor stars in the

system (e.g., Hansen et al. 57, Chiti and Frebel 137) and identifying the first known

extremely metal-poor star in the Sagittarius dSph. This result conclusively shows that

even the most massive satellite dwarf spheroidal galaxy, Sagittarius, has a metallicity

distribution function extending to the extremely metal-poor regime as is also seen in

other, less massive dwarf spheroidal galaxies (e.g., Frebel et al. 20, Theler et al. 398).

Our detection of these very metal-poor stars in the Sagittarius dSph aligns with

theoretical expectations that all galaxies should plausibly host chemically primitive

stellar populations. These stars would likely be remnants from early generations of

star formation (e.g., de Boer et al. 403), or could plausibly originate from smaller,

more chemically primitive dwarf galaxies that were accreted onto the system, both

of which are processes that should occur in the formation of larger dwarf spheroidal

systems. The previous scarcity of known stars with [Fe/H] < −2.0 in the Sagittarius

dSph was then likely caused by its dominant stellar population having a peak metal-

licity of [Fe/H] ∼ −0.5 [375], which would render very metal-poor stars in the system

relatively rare. With our newly discovered sample of very metal-poor stars, we can

now investigate the early chemical evolution of this system and compare it with other

galaxies.

One curious observed signature of our sample is that none of the stars can be

classified as carbon-enhanced metal-poor (CEMP; [C/Fe] > 0.7) stars (see Figure 7-

6). In contrast, one prominent signature among old metal-poor stars in the Milky

Way’s halo is the increase of relative carbon enhancement with decreasing metallicity.

Around 20% of stars in the halo are classified as CEMP stars when [Fe/H] < −2.0,

and 43% of stars are CEMP when [Fe/H] < −3.0 [8]. Combining our sample with

the sample in Hansen et al. [57] and Chiti and Frebel [137] results in 14 stars with

[Fe/H] ≤ −2.0 in the Sagittarius dSph, none of which are CEMP stars. There is a

4% probability of observing no CEMP stars in a sample of 14 with [Fe/H] ≤ −2.0, if

the Sagittarius dSph had the same CEMP fraction as the halo. This probability hints
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Figure 7-6 Carbon abundances as a function of [Fe/H] for stars in our sample. The
plotted carbon abundances have been corrected for the evolutionary state of the star
following Placco et al. [8]. The dashed line indicates a carbon enhancement of [C/Fe]
= 0.7, above which value stars are defined as carbon-enhanced metal-poor (CEMP)
stars.

that the Sagittarius dSph may have a lower CEMP fraction than the Milky Way halo

in the very metal-poor regime.

This possible discrepancy between the CEMP fractions in the Sagittarius dSph

and the Milky Way halo may hint at some dependence of early chemical evolution on

the environment in which stars form. The CEMP fraction in other dwarf spheroidal

galaxies also appears to be lower than the halo CEMP fraction when [Fe/H] ≤ −2.0

(e.g., Carina, Draco, Sculptor; Venn et al. 118, Kirby et al. 4), although it may again

increase when [Fe/H] ≤ −3.0 (e.g., Chiti et al. 215). Further targeted studies of

extremely metal-poor stars would be helpful in further investigating this trend. A

similar lack of CEMP stars is observed in the Galactic bulge (e.g., Howes et al. 387,

404), also suggesting that early chemical evolution may not be universal. However,
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these discrepancies do not invalidate the Milky Way halo being assembled from the

accretion of smaller galaxies, as the spread in carbon abundances of stars in the Milky

Way halo may originate from a variety of galaxies that assembled to form the halo.

We note for completion that metallicities derived from the SkyMapper 𝑣 filter are

biased high for carbon-enhanced stars, which can lead to them being excluded from

our sample and thus artificially decrease any CEMP fraction [234, 39]. However, we

emphasize that this selection effect should be negligible for our sample discussed here.

Due to the weakening precision of the 𝑣 band photometry in SkyMapper DR1.1 at

the magnitudes of these stars (𝑔 ∼ 15 to 𝑔 ∼ 17.5), our photometric metallicities had

large (∼ 0.75 dex) uncertainties. Any bias in the photometric metallicities of stars at

the CEMP threshold of [C/Fe] = 0.7, after carbon-correction following Placco et al.

8,would have been lower than these uncertainties [39]. Accordingly, the large uncer-

tainties in the photometric metallicities in our selection procedure would supercede

much of the bias against CEMP stars. We also note that the metallicity distribution

of our observed stars peaks above [Fe/H] = −2.0, suggesting that our selection func-

tion does select stars at higher metallicities than [Fe/H] = −2.0. Accordingly, this

suggests that stars with [Fe/H] < −2.0 with slightly artificially higher photometric

metallicities due to carbon enhancement would still have been selected for our sam-

ple. As a result, our lack of detected CEMP stars is likely independent of our target

selection procedure.

At a broader level, we demonstrate that dedicated, wide-field searches for the most

metal-poor stars in large dwarf galaxies are feasible using public metallicity-sensitive

photometry. As shown in Figure 7-7, all of our observed Sagittarius dSph stars are

notably distant from the nucleus of the system (𝑟ℎ = 0.43′ ± 0.08′; Bellazzini et al.

371), but lie within its main body (𝑟𝑐 = 224′ ± 12′; Majewski et al. 405). Searches

for the most metal-poor stars in the outskirts of dwarf spheroidal galaxies could

be particularly productive, since at least some of these systems are known to have

metallicity gradients (e.g., Tolstoy et al. 406). At face value, we unfortunately cannot

interpret the spatial distribution of our Sagittarius dSph stars further to investigate,

for instance, a metallicity gradient, given our relatively small sample of stars and

239



qualitative selection function. However, such work and more precise targeting of the

most metal-poor stars will be possible with the improved photometric precision in

future SkyMapper data releases (e.g., Onken et al. 407). At minimum, future high-

resolution spectroscopy of these stars will derive their detailed chemical abundance

patterns. Such work will enable comprehensive studies of the early chemical evolution

and formation history of the massive systems that were accreted to form Milky Way

halo.
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Figure 7-7 Left: Color-magnitude diagram of our observed Sagittarius stars colored
by their metallicities. Two 12Gyr isochrones with [Fe/H] = −2.0 and [Fe/H] = −1.5
from the MESA Isochrones & Stellar Tracks database [14, 15, 40, 41, 42, 60] database
are overlaid at the distance modulus of the Sagittarius dSph (17.10, Ferguson and
Strigari 61). Right: Position of our Sagittarius members with respect to the center
of the Sagittarius dSph, which is marked with a blue cross.
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Table 7.3. Velocities of objects omitted from metallicity analysis

Name RA (h:m:s) DEC (d:m:s) 𝑔 𝑣helio Comments
(J2000) (J2000) [mag] [km s−1]

Sgr-317 18:43:33.8001 −31:14:41.5383 16.02 −1
Sgr-105 18:49:00.7118 −30:55:59.5389 15.52 181
Sgr-87 18:49:38.4731 −30:17:13.1231 14.96 135 Has Balmer emission lines
Sgr-68 18:50:11.9385 −30:50:06.6329 16.08 10
Sgr-134 18:50:35.179 −31:47:22.3161 15.89 33
Sgr-179 18:51:11.3552 −28:54:55.0119 16.60 −132
Sgr-186 18:51:57.8331 −32:18:49.8092 15.79 74
Sgr-349 18:52:21.1407 −27:51:24.9048 16.46 −58
Sgr-127 18:55:53.378 −32:02:01.2355 15.93 25
Sgr-205 18:56:20.4976 −28:31:17.5376 16.18 −92
Sgr-177 18:58:29.6478 −28:50:05.0311 15.86 29
Sgr-249 19:01:22.094 −32:24:52.5733 17.67 177
Sgr-148 19:01:29.765 −31:36:43.6175 17.26 45
Sgr-7 19:01:43.3463 −29:08:25.4097 14.98 32

Sgr-115 19:01:48.7458 −30:54:30.8118 15.96 101
Sgr-170 19:03:29.5049 −31:01:38.7417 16.38 10
Sgr-228 19:05:16.2722 −30:11:05.3032 15.97 132 Distorted Balmer lines
Sgr-312 19:05:55.7122 −31:48:48.3383 18.04 126 Spectroscopic binary
Sgr-335 19:07:20.3496 −29:46:41.0352 16.15 188
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Mapping the Ancient Milky Way
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Chapter 8

Stellar Metallicities from SkyMapper

Photometry II:

Precise photometric metallicities of

∼280,000 giant stars with [Fe/H] < −0.75

in the Milky Way

The content of this chapter was submitted for publication in the Astrophysical Journal

on October 2020.

Abstract

The Milky Way’s metal-poor stars are nearby ancient objects that are used to study
early chemical evolution and the assembly and structure of the Milky Way. Here we
present reliable metallicities of ∼ 280, 000 stars with −3.75 . [Fe/H] . −0.75 down
to 𝑔 = 17 derived using metallicity-sensitive photometry from the second data release
(DR2) of the SkyMapper Southern Survey. We use the dependency of the flux through
the SkyMapper 𝑣 filter on the strength of the Ca II K absorption features, in tandem
with SkyMapper 𝑢, 𝑔, 𝑖 photometry, to derive photometric metallicities for these stars.
We find that metallicities derived in this way compare well to metallicities derived in
large-scale spectroscopic surveys, and use such comparisons to calibrate and quantify
systematics as a function of location, reddening, and color. We find good agreement
with metallicities from the APOGEE, LAMOST, and GALAH surveys, based on a
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standard deviation of 𝜎 ∼ 0.25 dex of the residuals of our photometric metallici-
ties with respect to metallicities from those surveys. We also compare our derived
photometric metallicities to metallicities presented in a number of high-resolution
spectroscopic studies to validate the low metallicity end ([Fe/H] < −2.5) of our pho-
tometric metallicity determinations. In such comparisons, we find the metallicities of
stars with photometric [Fe/H] < −2.5 in our catalog show no significant offset and a
scatter of 𝜎 ∼0.31 dex level relative to those in high-resolution work when considering
the cooler stars (𝑔 − 𝑖 > 0.65) in our sample. We also present an expanded catalog
containing photometric metallicities of ∼ 720, 000 stars as a data table for further
exploration of the metal-poor Milky Way.

8.1 Introduction

Metal-poor stars in the Milky Way and their role in exploring the early universe have

been studied in great detail for several decades [353, 298, 354, 355, 408, 125, 362].

It has long been known that finding the most metal deficient ([Fe/H] < −3.0) of

these stars is a challenge because of their extremely rare occurrence rate [409]. As

one illustration, these stars are more likely to be found as part of the Milky Way

halo component, but the halo-to-disk star ratio is ∼ 10−3 in the solar neighborhood

[410]. More broadly, the number of stars roughly decreases by a factor of ∼10 or

more for each dex decrease in metallicity [411]. For the solar neighborhood, this

translates to expectations that one star with [Fe/H] = −3.0 may be found among

every 65,000 stars, and one star with [Fe/H] = −3.5 among 200,000 stars. Efficient

selection techniques are thus required to make large-scale progress of understanding

the old halo component with sufficient statistics.

Early searches for metal-poor halo stars were based on kinematics (i.e., high proper

motions) and were the first systemic discoveries of tens of stars with [Fe/H] < −3.0

[e.g., 412]. Then came the era of low resolution (R∼ 400) objective-prism spectro-

scopic surveys of large portions of the sky based on calibrated measurements of the

Ca IIK line to obtain metallicities for millions of stars. The Southern HK Survey [298]

and the Hamburg/ESO Survey [413, 355] resulted in thousands of candidates with

[Fe/H] < −3.0. However, these candidates required medium-resolution (R∼ 2, 000)

follow-up spectra to confirm the metallicity before investing in high-resolution spec-
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troscopic observations to obtain a detailed chemical abundance analysis. Beers and

Christlieb [170] provide a detailed account of all these efforts, including the more re-

cent Northern Sloan Digital Sky Survey (SDSS)1 and the subsequent SEGUE medium-

resolution spectroscopic surveys that extended the reach to fainter stars [414, 327].

For additional details on search and analysis techniques, and how the most metal-

poor stars in the halo and dwarf galaxies are utilized to reconstruct the conditions of

the early Galaxy, we also refer the reader to Frebel and Norris [99].

Promising recent searches for metal-poor stars are based on custom photometric

filters designed to facilitate metallicity measurements of millions of stars as part of

large sky surveys. A metallicity sensitive imaging filter centered near the Ca IIK line

that enabled metallicity measurements in the very and even extremely metal-poor

regime [135] was developed for the SkyMapper Telescope and a targeted search for

metal-poor stars in the Southern Sky [127]. The Southern Sky Survey has recently

provided shallow data of the entire Southern sky (data release DR1.1, Wolf et al. 9),

following data collection in the commissioning phase. A number of impressive findings

have been achieved, including identification of the most iron-poor stars known in the

halo [129, 130], large samples of metal-poor stars analyzed with medium [234] and

high-resolution spectroscopy [3, 64], and a kinematic analysis [415]. In addition,

exploration of the bulge revealed a population of extremely metal-poor stars [387],

and spatial maps of the Southern sky as a function of metallicity (down to [Fe/H]

∼ −2.0) were produced [145, 416].

A modified and tuned metallicity-sensitive filter was used to carry out the Pristine

survey [125] in the Northern hemisphere with the Canada-France-Hawai’i Telescope.

Samples of very and extremely metal-poor stars have also been identified in great

numbers and followed-up with medium and high-resolution spectroscopy in the halo

[132] and the bulge [417], in addition to the discovery of an ultra metal-poor ([Fe/H]

< −4.0) star [132]. The large number of stars with photometric metallicities was also

able to probe the extremely metal-poor regime of the metallicity distribution function

of the Milky Way [418]. In addition to these targeted surveys for metal-poor stars,

1http://www.sdss.org
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Figure 8-1 Left: Metallicity-sensitive color-color plot that was used to derive pho-
tometric metallicities (see Section 8.2.2), where each point corresponds to a star in
SkyMapper DR2. Right: Surface gravity-sensitive color-color plot, where each point
also corresponds to a star in SkyMapper DR2.

stellar photometric metallicities have also been determined from broadband SDSS

data of the Northern hemisphere [419, 420].

Recently, Data Release 2 (DR2) of the SkyMapper Southern Sky Survey was re-

leased [113], containing ∼ 500 million astrophysical sources and increasing the imaging

depth significantly compared to the earlier data release (DR1.1). Chiti et al. (ApJL

accepted) presented a metallicity map of the Southern sky with a metallicity reso-

lution down to [Fe/H] ∼ −3.3, based on sample of ∼111,000 stars with photometric

metallicities determined by applying techniques in Chiti et al. [39] on SkyMapper

DR2 data. Here we present the full catalog of metallicities of stars from SkyMap-

per DR2 from which that sample was selected, composed of giant stars with 𝑔 < 17

and −3.75 < [Fe/H] < −0.75 for which we achieved metallicities with uncertainty

. 0.75 dex. Our full catalog contains ∼ 720, 000 stars, of which ∼ 280, 000 have re-

liable metallicities after applying checks on the evolutionary status and metallicities

of these stars using Gaia EDR3 data [111, 114].

8.2 Methods

Here we outline the steps involved in deriving and compiling photometric metallicities

of stars in the second data release (DR2) of the SkyMapper Southern Sky Survey [407].
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We first describe how we compiled the SkyMapper photometric catalog, and then we

outline our derivation of photometric metallicities.

8.2.1 Compilation of photometric catalog

We queried the entire SkyMapper catalog to retrieve photometry of all sources brighter

than 𝑔 = 17 using the Virtual Observatory Access (TAP) protocol23 with the TapPlus

class in the astroquery python package [421]. To ease computing, individual queries

were performed on 15∘ by 15∘ regions that, when combined, tiled the full southern

hemisphere. The photometry was then de-reddened using maps from Schlegel et al.

[63] with bandpass absorption coefficients listed on the SkyMapper website4. In all

analysis, we used the petrosian magnitudes, which were denoted in the catalog by e.g.,

g_petro. We also only retained objects with the keys flags=0 and class_star>0.9

in the SkyMapper DR2 catalog. This initial cut ensured that our sample was com-

posed of stars with no obvious issues e.g., blending affecting their photometry.

8.2.2 Initial derivation of photometric metallicities and stellar parame-

ters

The photometric metallicities of our stars were derived using the methods in Chiti

et al. [39], which we briefly outline here. First, we generated a grid of flux cali-

brated synthetic spectra over a range of stellar parameters (see Table 8.1) using the

Turbospectrum software [193, 148], MARCS model atmospheres [149], and a linelist

from VALD database [150, 151] supplemented by carbon molecular lines from Brooke

et al. [154, 152], Masseron et al. [53], Ram et al. [155], Sneden et al. [153]. The [𝛼/Fe]

values was set to match the “standard" MARCS model atmospheres, in which [𝛼/Fe]

= 0.4 when [Fe/H] < −1.0, [𝛼/Fe] = 0 when [Fe/H] = 0, and [𝛼/Fe] decreases linearly

between the two values when −1 < [Fe/H] < 0. This behavior matches the general

[𝛼/Fe] trend in the Milky Way halo. Then, we derived a grid of synthetic photometry

2http://skymapper.anu.edu.au/how-to-access/
3http://api.skymapper.nci.org.au/public/tap/
4http://skymapper.anu.edu.au/filter-transformations/
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Table 8.1. Stellar parameters of grid of synthetic spectra

Parameter Minimum Maximum Step

𝜆 3000 Å 9000 Å 0.01 Å
𝑇eff 4000K 5700 K 100K

log 𝑔 1.0 3.0 0.5
[Fe/H] −4.0 −0.5 0.5

by calculating the expected flux that each of our synthetic spectra would produce

through each of the SkyMapper filters [135].

To derive photometric metallicities, we then matched the magnitudes in SkyMap-

per DR2 photometry to those in our grid of synthetic photometry and found the

associated metallicity. Specifically, stars with distinct metallicities separate in a well-

behaved manner in the color-color plot 𝑣 − 𝑔 × 0.9 (𝑔 − 𝑖) vs 𝑔 − 𝑖 (see Figure 8-1).

Consequently, we overlaid our synthetic photometry on this plot and interpolated be-

tween the contours of constant metallicity using the scipy.interpolate.griddata

to map each location in that plot to a metallicity. Then, simply by overlaying the

observed SkyMapper photometry onto this plot, we were able to determine metallic-

ities.

We note that the metallicity contours in the color-color plot 𝑣− 𝑔× 0.9 (𝑔− 𝑖) vs

𝑔−𝑖 are dependent on surface gravity (see Figure 3 in Chiti et al. 39), so we iteratively

determined photometric metallicities to account for this fact. As such, we first derived

photometric metallicities assuming log 𝑔 = 2.0. Then, we derived photometric surface

gravities using the fact that stars with distinct surface gravities separate in a well-

behaved manner in the color-color plot 𝑢−𝑣×0.9 (𝑔− 𝑖) vs 𝑔− 𝑖 (see Figure 8-1). As

such, we could simply replicate the procedure described for photometric metallicities

to derive photometric surface gravities, using the first-pass metallicity estimates as

inputs to generate contours for each star. Then, we used these photometric surface

gravity measurements as inputs to adjust the photometric metallicity contours and

derive updated, final photometric metallicities.
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We note that stars may have stellar parameters or metallicities beyond our grid of

synthetic spectra, and we outline how we account for those situations here. In the case

of metallicity, stars with SkyMapper photometry consistent with [Fe/H] > −0.5 or

[Fe/H] < −4.0 would be beyond the edge of our grid. To avoid the spurious presence

of such stars in our catalog, we exclude stars with photometric [Fe/H] > −0.75 or

photometric [Fe/H] < −3.75. We exclude all stars with log 𝑔 beyond the upper edge

of our grid (log 𝑔 = 3.0), but do retain stars with log 𝑔 below the lower range of our

grid (log 𝑔 = 1.0) as the effect on the photometric metallicity contours from log 𝑔 is

not hugely significant below that value. Finally, we account for stars with 𝑇eff beyond

the range of our grid by excluding stars with 𝑔 − 𝑖 < 0.35 and 𝑔 − 𝑖 > 1.2.

We derived uncertainties on our photometric metallicities by adding sources of

random uncertainty and an estimate of the systematic uncertainty in quadrature. We

derived random uncertainties by varying the 𝑣−𝑔×0.9 (𝑔−𝑖) and 𝑔−𝑖 colors for each

star by propagating the photometric uncertainties in SkyMapper DR2. After each

term was varied, photometric metallicities were re-derived and the differences between

the re-derived metallicity and the original metallicity were added in quadrature to

derive the total random uncertainty. The intrinsic systematic uncertainty from this

method was taken as 0.16 dex, following Chiti et al. [39]. The random and systematic

uncertainties were then added in quadrature for each star to derive a final uncertainty

on the photometric metallicity.

8.2.3 Refinement of stellar metallicities through comparison to large-

scale sky surveys

Due to the large size and broad spatial coverage of the SkyMapper catalog, it was

necessary to test for systematic effects in our metallicities as a function of sky location,

color, and reddening. To accomplish this, we compared our photometric metallicities

to metallicities derived in three large spectroscopic surveys: APOGEE DR16 [327,

422, 423], GALAH DR3 [424], and LAMOST DR6 [425, 426, 427]. A full description

of the cross-matching procedure and quality criteria that were applied to compile a
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Figure 8-2 Spatial location of stars with SkyMapper photometric metallicities that
also have high-quality metallicities (see Section 8.3.1 for a description) from LAMOST
DR6 (red), GALAH DR3 (blue), and APOGEE DR16 (black).

comparison sample from these large spectroscopic surveys is detailed in Section 8.3.1.

For the investigations in this section, we only included stars from those surveys in

the metallicity range of our sample (−3.75 <[Fe/H] < −0.75) to ensure a consistent

comparison sample.

We first checked for any trends in the residuals of our photometric metallicities

with respect to the metallicities from GALAH DR3 as a function of right ascension,

declination, galactic longitude (𝑙), and galactic latitude (𝑏). The GALAH survey
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Figure 8-3 Top left: Residuals of the initial photometric metallicities derived in Sec-
tion 8.2.2 with respect to metallicities of stars in GALAH DR3 as a function of
galactic latitude. A line is fit to the residuals and the trend is subtracted from the
initial photometric metallicity determination to account for the spatial variation of
the metallicity. Top right: Same as top left, but shown as a function of declination.
Bottom left: Residuals of the photometric metallicities after removing the trend as a
function of galactic latitude. No further trends are apparent. Bottom right: Same as
bottom left, but shown as a function of declination.

was chosen for the comparison sample due to its broad overlap in spatial coverage

and magnitude range with our catalog of photometric metallicities (see Figure 8-2).

We find no trends with respect to right ascension and galactic longitude, but find

statistically significant trends as a function of declination and galactic latitude (see
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Figure 8-4 Top left: Residuals of our initial photometric metallicities derived in Sec-
tion 8.2.2 with respect to high-quality (see Section 8.3.1 for a full description) metal-
licities of stars in LAMOST DR6 (red), GALAH DR3 (blue), and APOGEE DR16
(black) as a function of the 𝑣− 𝑔 color for stars with photometric metallicities [Fe/H]
> −1.75. A clear quadratic trend is apparently in the residuals. Note that the resid-
uals with respect to each survey have been slightly adjusted to account for zero-point
offsets in metallicities. Top right: Same as left, but residuals are shown for stars with
photometric [Fe/H] < −1.75 for which a slightly different trend is apparent. Bottom
left and right: Same as top panels, but using photometric metallicities that were cal-
culated after decreasing the photometric log 𝑔 by 0.55 dex to bring our surface gravity
scale in agreement with that in Ezzeddine et al. [62] and Ou et al., in prep. Only
negligible trends in the residual metallicities exist after the surface gravity correction.

Figure 8-3). The trend with respect to declination likely arises from residual effects

on the photometry from the airmass. Similarly, the trend with respect to galactic

latitude likely arises from residual effects of reddening on the photometry, which

would become more notable at lower galactic latitudes. We fit the trends in the top

panels of Figure 8-3 with the displayed linear equations and subtracted the trends

from our metallicities to account for these systematic effects.
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We then investigated the behavior of the metallicity residuals as a function of the

metallicity-sensitive color 𝑣 − 𝑔 to calibrate for possible imperfections in our grid of

synthetic photometry. We used LAMOST, GALAH, and APOGEE metallicities as

comparison samples to investigate such effects. We find that the residuals of the pho-

tometric metallicities with respect to metallicities in those surveys show systematic

trends with respect to the 𝑣−𝑔 color (see Figure 8-4), suggesting slight imperfections

in our method of deriving metallicities. We alleviated this imperfection by reducing

our photometric surface gravities by 0.55 dex before deriving final photometric metal-

licities. This adjustment to the surface gravities reduces these systematic trends (see

bottom panels of Figure 8-4) and also brings our surface gravity scale in agreement

to that used in large high-resolution spectroscopic studies of metal-poor stars (e.g.,

Ezzeddine et al. 62).

We further find no strong systematics in the residuals of our photometric metal-

licities with respect to metallicities from GALAH DR3 as a function of reddening

values from Schlegel et al. [63] out to E(B−V) ∼ 0.35. This is shown in Figure 8-5.

8.2.4 Distance-based pruning using Gaia EDR3

We performed additional tests using Gaia EDR3 data [111, 114] to flag two cases

of contaminants in our catalog. First, while we aim for our catalog to be limited to

giant stars by limiting to photometric surface gravities log 𝑔 < 3.0, there may still

be main-sequence interlopers due to e.g., stars with high uncertainties on their log 𝑔

values. Second, given the large number of stars in the Milky Way in the metallicity

regime right above our sample (−0.75 < [Fe/H] < 0.0), it is possible for some stars

in that metallicity regime to contaminate the more metal-rich end ([Fe/H] & −1.25)

of our sample. We thus performed two checks to identify such stars in our catalog.

We first cross-matched our sample with Bailer-Jones et al. [115] to compile their

photogeometric distances. We then derived a distance modulus and absolute mag-

nitude for each star from these distances to generate a color-magnitude diagram of

our entire sample of stars. We identified stars that had a 84% percentile value in

their distance posterior that led to absolute SkyMapper 𝑔 magnitude < 5.0 as plau-
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Figure 8-5 Residuals of the final photometric metallicities with respect to metallicities
from GALAH DR3 shown as a function of the reddening values from Schlegel et al.
[63]. No strong systematics appear as a function of reddening value out to E(B−V)
∼ 0.35, beyond an offset with metallicities in GALAH DR3.

sible main sequence interlopers, since such magnitudes easily exclude stars from the

giant branch (see Figure 8-6). Further, we then overlaid a Dartmouth isochrone [10]

with [Fe/H] = −0.75, 10Gyr on our color-magnitude diagram to identify plausible

metal-rich stars in our catalog. We identified stars that had a 84% percentile in their

distance posterior that placed them red-ward of the isochrone and that had photo-

metric [Fe/H] > −2.0 as plausible metal-rich interlopers. Stars that satisfy either of

these criteria have flag_msmr = 1 in our catalog (see Table 8.2).
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Figure 8-6 Dartmouth isochrones of [Fe/H] = −0.75,−1.0, and −2.0 plotted with
SkyMapper 𝑔 − 𝑖 color and absolute 𝑔 magnitude. We flag stars in our sample that
have absolute SkyMapper 𝑔 > 5.0 or that are redward of the [Fe/H] = −0.5, 10Gyr
isochrone as plausible main-sequence or metal-rich contaminants in our sample (see
Section 8.2.4). We show the [Fe/H] = −0.75 isochrone with two ages for illustrative
purposes.

8.2.5 Description of final metallicity catalog

Our full catalog of photometric metallicities is composed of 728,712 stars, after the im-

plementation of a number of cuts for quality control purposes that we briefly describe

here. First, we applied an initial photometric quality cut, as outlined in Section 8.2.1.
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Table 8.2. Photometric metallicities of stars in SkyMapper DR2

RA (deg) DEC (deg) 𝑔 𝑖 [Fe/H] 𝜎[Fe/H] Gaia DR2 source ID flagmsmr
(J2000) (J2000) [mag] [mag] [dex] [dex]

10.46886 −12.648856 10.35 9.55 −1.05 0.22 2376821329509745152 1.0
11.33971 −13.854287 10.38 9.60 −1.30 0.25 2375707631605778560 0.0
12.850476 −10.422958 10.38 9.63 −1.12 0.19 2473618420505263232 1.0
12.709095 −13.133477 10.73 9.97 −1.39 0.26 2376214300308134784 0.0
12.501912 −13.469329 10.83 10.32 −0.97 0.42 2372823990562608256 1.0

Note. — Table 8.2 is published in its entirety in the machine-readable format. A portion is shown here for guidance
regarding its form and content.

Second, to ensure a basic quality of our compiled photometric metallicities, we ex-

cluded stars with a random uncertainty in their photometric metallicity (e.g., the

propagated uncertainty from the photometry) of ≥ 0.75 dex. Third, we applied cuts

discussed in Section 8.2.2 to avoid keeping stars with stellar parameters near the edge

of our grid of photometry. Fourth, we excluded stars at galactic latitudes |𝑏| < 10∘ or

with E(B−V) > 0.35 to excise regions of extreme reddening. This ultimately resulted

in our final sample of stars, which we refer to as our catalog in the following dis-

cussions. The distribution of magnitudes and metallicity uncertainties of our catalog

are shown in Figure 8-7. Our catalog is shown in Table 8.2, which is published in

its entirety in machine-readable format. Of the 728,712 stars in our catalog, 282,351

stars pass the checks in Section 8.2.4.

8.3 Validation

8.3.1 Comparison to Large Spectroscopic surveys

Due to the large size of our dataset and sky coverage, there is significant overlap

with several large spectroscopic surveys. To test the validity of our metallicities,

for stars in common, we compared our photometric metallicities with metallicities

presented in LAMOST DR6 [425, 426, 427], GALAH DR3 [424], and APOGEE DR16
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Figure 8-7 Left: Histogram of the magnitudes of all stars in our catalog (blue) and
those passing the flags in Section 8.2.4 (orange). Right: Uncertainties on the photo-
metric metallicities of the stars in our sample as a function of magnitude.

[327, 422, 423]. Data from these surveys were downloaded5,6,7 and cross-matched to

our catalog using the TOPCAT software [428]. The results of these comparisons are

presented in Figure 8-8, and are discussed further in this section.

We find 6,409 stars in our catalog that have stellar parameters in LAMOST DR6.

We applied several cuts to the LAMOST catalog (log 𝑔 < 3.0, and 4000 < 𝑇eff < 5700)

to ensure the stellar parameters of stars in the LAMOST sample were comparable to

those of stars in our catalog. Then, we excluded stars in LAMOST and our catalog

that have metallicity uncertainties greater than 0.3 dex, and stars in LAMOST with

log 𝑔 uncertainties > 0.30 to compare stars with high-quality stellar parameters.

This resulted in a sample of 2,262 stars, which are plotted in the leftmost panel of

Figure 8-8 as hollow squares. Of those stars, 1,835 pass the Gaia-based quality checks

in Section 8.2.4 and are plotted as solid squares. We find that our metallicities that

pass the quality checks are on average 0.05 dex lower than the LAMOST metallicities,

and the standard deviation of the residuals between metallicities is 0.24 dex. This is

5http://dr6.lamost.org
6https://docs.datacentral.org.au/galah/
7https://www.sdss.org/dr16/irspec/spectro_data
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great agreement, given typical best metallicity precisions achievable with medium-

resolution spectroscopy are ∼ 0.15 dex, and the systematic floor on the metallicity

precision from our photometric method is ∼0.16 dex.

There are 14,362 stars in our catalog that have stellar parameters in GALAH

DR3. We applied the same cuts to the GALAH catalog that we applied to the LAM-

OST sample to ensure a high quality stellar parameter comparison. We also applied

some cuts using flags in the GALAH catalog (flag_sp = 0, flag_fe_h == 0)

to further increase the quality of the comparison sample. This resulted in a sample

of 6,957 stars, of which 4,312 passed all the checks outlined in Section 8.2.4. The

comparison between the metallicities is plotted in the middle panel of Figure 8-8.

We find that these metallicities are on average 0.24 dex lower than those metallici-

ties presented in GALAH and the standard deviation of the residuals between our

metallicities is 0.25 dex.

The same cuts were applied to the APOGEE DR16 catalog as for the previous

catalogs to ensure a high quality reference sample. Additionally, we only retained

APOGEE stars with ASCAPFLAG = 0 which indicated no warnings or errors were

raised by the APOGEE stellar parameter pipeline [429]. This led a sample of 1,307

stars in total and 959 stars passing the checks in Section 8.2.4, all of which are

plotted in the right panel of Figure 8-8. Our photometric metallicities that pass the

quality checks are on average 0.11 dex lower than the APOGEE metallicities, and

the residuals of metallicities between the two datasets have a standard deviation of

0.23 dex.

8.3.2 Comparison to high-resolution spectroscopic samples

There are a number of stars in our catalog that have metallicities previously deter-

mined by high-resolution spectroscopic studies. Metallicity comparisons are particu-

larly useful to test the behavior of our photometric values in the very low metallicity

regime (−3.5 <[Fe/H]< −2.5). We thus compared our metallicities to those derived

by the high-resolution studies of Barklem et al. [65], Jacobson et al. [3], Marino et al.

[64], and Ezzeddine et al. [62] that are within the metallicity range of our grid ([Fe/H]
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Figure 8-8 Our SkyMapper photometric metallicities, compared to metallicities from
LAMOST DR6 (left panels), GALAH DR3 (middle panels), and APOGEE DR16
(right panels) for stars with photometric metallicity uncertainties lower than 0.30 dex.
The filled black squares correspond to stars that passed the flags in Section 8.2.4,
and the open squares correspond to the entire sample. The Lower panels show the
residuals between our photometric metallicities and those presented in the above
surveys. Dashed lines indicate ±0.50 to guide the eye. The agreement between our
metallicities and those in presented in these surveys is good, as indicated by the
relatively low standard deviation of the residuals in the bottom panel (∼ 0.25 dex)
despite slight offsets with each survey.
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> −4.0), as well as a sample of stars that was specifically observed for comparison

purposes with the high-resolution MIKE spectrograph [195] on the Magellan/Clay

Telescope in January, October, and December 2020. Detailed results will be pre-

sented in Ou et al., in prep. but we compare to their derived metallicities here. For

completeness, we refer the reader to Section 3 of Ezzeddine et al. [62] which compre-

hensively details the methodology (e.g., linelist, analysis software) used in Ou et al.,

in prep for deriving stellar metallicities.

Results of the various metallicity comparisons are shown in Figure 8-9. The top

left panel displays the comparisons to both Ou et al., (in prep) and Marino et al. [64].

The following panels, in clockwise order, show the comparisons to Barklem et al. [65],

Ezzeddine et al. [62], and Jacobson et al. [3], respectively. The orange data points in

the panels correspond to the warmer stars in our sample (𝑔− 𝑖 < 0.65) and the black

data points correspond to the cooler stars (𝑔 − 𝑖 > 0.65). For reference, 𝑔 − 𝑖 = 0.65

corresponds to an effective temperature of ∼ 5000K.

The agreement of photometric metallicities for all 55 stars in common with those

of the combined sample of Marino et al. [64] and Ou et al. (in prep) is excellent. Our

metallicities are marginally higher (0.15 dex) on average but the standard deviation

of the residuals is 0.29 dex. Note that in the Figure 8-9 we list a slightly different

standard deviation that refers to stars with 𝑔 − 𝑖 > 0.65.

We find worse agreement (mean offset of 0.24 dex with a standard deviation of

0.45 dex) for the metallicities of our stars in common with the three other studies

[65, 3, 62] combined but there are hints that this is the case because our photometric

metallicities are biased high when 𝑔 − 𝑖 < 0.65. If we only include the 87 cooler

stars with 𝑔 − 𝑖 > 0.65, the average offset drastically reduces to 0.08 dex, and the

standard deviation of the residuals reduces to 0.36 dex. Finally, combining all five

high-resolution samples and restricting the comparison to −4.0 < [Fe/H] < −2.5 (as

measured on our metallicity scale), metallicities agree reasonably well mean offset of

0.03 dex with a standard deviation of 0.30 dex), with roughly similar scatter when

𝑔 − 𝑖 > 0.65 (mean offset on 0.02 dex with a standard deviation of 0.31 dex).

To further gauge precision in the lowest metallicity regime (−3.5 . [Fe/H] .
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−2.5), we investigated the contamination rate of stars with [Fe/H] < −4.0 in our

catalog by cross-matching our catalog to the sample of ultra metal-poor stars listed

in Ezzeddine et al. [104]. We recover only three of their sixteen stars: CD−38∘ 245,

HE 2139−5432, and SMSSJ0313−6708, suggesting a negligible presence of stars be-

low [Fe/H] < −4.0 in our catalog. Furthermore, the presence of HE 2139−5431 and

SMSSJ0313-6708 in our catalog is not altogether surprising, given their extremely

large relative carbon abundances ([C/Fe] = 2.59; Yong et al. 430 and [C/Fe] > 4.8;

Keller et al. 129, respectively) which significantly up-scatters their photometric metal-

licities (see Section 8.3.3). Our recovery of CD−38∘ 245 ([Fe/H] = −4.12 ± 0.10;

Ezzeddine et al. 62) cannot be explained this way as it has no strong overabundance

of [C/Fe], but we note a [Fe/H] = −3.05 ± 0.48 for this star in our catalog. In gen-

eral, anomalously high or low [𝛼/Fe] values, unresolved interstellar Ca absorption,

significant CH absorption or other issues may mask as stellar Ca, and are known to

result in systematic overestimates for stars when the signal from the Ca II K line has

become incredibly weak (e.g., when [Fe/H] . −3.5). This highlights the difficulty

in extending this technique to derive precise metallicities at the very lowest [Fe/H]

regime (e.g, ultra metal-poor stars).

This comparison exercise with results from high-resolution spectroscopy princi-

pally validates our analysis technique and confirms that our photometric metallic-

ities are reliable down to [Fe/H] ∼ −3.3 for the cooler subsample of our catalog

(𝑔 − 𝑖 > 0.65). It also suggests that the photometric metallicities presented in this

catalog could feasibly be used for targeted searches for the most metal-poor stars in

our galaxy, especially among the cooler stars. The use of metallicities of warmer stars

with 𝑔−𝑖 < 0.65 is less accurate due to some evidence of systematic metallicity offsets

when compared to Barklem et al. [65], Jacobson et al. [3], and Ezzeddine et al. [62],

but we still report their metallicities because (1) of the overall good agreement with

the Ou et al. (in prep) and Marino et al. [64] studies, and (2) even if these metallici-

ties were somewhat biased high, they would still be useful for targeted spectroscopic

follow-up campaigns for low metallicity stars.
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Figure 8-9 Top left: A comparison between the photometric metallicities of stars
presented in our catalog and metallicities from high-resolution spectroscopy of Marino
et al. [64] and X. Ou et al. (in prep). Top right: Same comparison but with the high-
resolution spectroscopy results of Barklem et al. [65]. Bottom right: Same comparison
but with the high-resolution spectroscopy results of Ezzeddine et al. [62]. Bottom left:
Same comparison but with the high-resolution spectroscopy results of Jacobson et al.
[3]. The black data points correspond to cooler stars in our sample (𝑔− 𝑖 > 0.65) and
orange data points to warmer stars (𝑔 − 𝑖 < 0.65). There is some evidence that our
photometric metallicities are biased high with respect to three of the studies when
𝑔 − 𝑖 < 0.65. Lines are drawn at ±0.5 dex to guide the eye. The 𝜎 in each panel
corresponds to the standard deviation of the metallicity residuals between our catalog
and the corresponding study for stars with 𝑔 − 𝑖 > 0.65.
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8.3.3 Effect of carbon abundance

As extensively discussed in e.g., Da Costa et al. [234] and Chiti et al. [39], stars with a

prominent CN spectral feature at ∼3870 Å may have photometric metallicities from

SkyMapper photometry that are biased high. This is because that absorption feature

is located within the wavelength region covered by the SkyMapper 𝑣 filter and thus

affects the observed flux and will make the star appear more metal-rich. Such an

effect could be particularly pronounced at lower metallicities where carbon-rich stars

become more frequent.

At face value, this effect implies that carbon-enhanced metal-poor (CEMP) stars

in this catalog will appear to have higher metallicities than their true metallicity. For

reference, a star with 𝑇eff = 4700K, [Fe/H] = −2.5, and [C/Fe] = 0.50 will have a

metallicity biased upward by ∼ 0.40 dex compared with a similar star with [C/Fe] =

0 [39]. This means that for the majority of stars in our catalog, this effect will be

below that ∼ 0.40 dex level since most stars with −3.0 < [Fe/H]< −1.0 do not reach

that level of carbon enhancement (Figure 2 in Placco et al. 8). Obvious exceptions

to this would be e.g., CEMP-s stars (typically with [Fe/H] & −2.5,) that display ex-

treme carbon enhancements due to mass transfer from a binary companion but those

numbers are expected to be comparably small. We also emphasize that if variations

in the carbon abundance were greatly influencing our metallicity determinations for

a bulk of stars in this catalog, this effect would have manifested as a much larger

scatter in our comparisons to the metallicities obtained by the LAMOST, GALAH,

and APOGEE surveys (see also Section 8.3.1) which is not observed. Hence, for the

bulk of stars in this catalog, we regard the effect of the carbon abundance on the

metallicity as likely not significant.

8.3.4 Selection Effects on the Metallicity Distribution

We also attempt to quantify the extent to which our catalog is biased in selecting or

de-selecting stars as a function of metallicity. We test for any such effect among stars

with −2.0 < [Fe/H] < −1.0 by deriving the fraction of stars that we recover in the
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southern hemisphere coverage of the LAMOST DR6, GALAH DR3 and APOGEE

DR16 catalogs with comparable stellar parameters (log 𝑔 < 3.0, −2.50 <[Fe/H]<

−0.75, 4000K < 𝑇eff < 5700K, and 𝜎[Fe/H] < 0.3) and spatial distribution (|𝑏| > 10∘),

over a magnitude range 11 . 𝑔 . 16.5.

We note that our recovery rate with respect to the combined sample of LAM-

OST, GALAH, and APOGEE stars is between 40% and 50,%, but this apparently

low value is largely driven by our initial photometric quality cut on the SkyMapper

DR2 catalog (flags = 0). After that initial cut, a significantly higher 70% of stars

in the LAMOST, GALAH, and APOGEE catalogs are retained in our photometric

metallicity catalog, suggesting that the majority of the loss is driven by photometric

quality and not anything particular to our subsequent analysis technique. However,

we still present the recovery fraction below including the loss of stars in our catalog

due to photometric quality, in order to test whether such losses could plausibly have

an effect on the metallicity selection. Since SkyMapper imaging covers the entire

southern sky, we note that our catalog includes a significant number of stars that are

in neither the LAMOST, GALAH, or APOGEE catalogs.

We determined that for −1.5 <[Fe/H]< −1.0, 42 % of stars were retained in our

catalog. For −2.0 <[Fe/H]< −1.5, 47% were retained. At face value, this suggests

that we are slightly more sensitive to accurately selecting stars with −2.0 <[Fe/H]<

−1.5 than −1.5 <[Fe/H]< −1.0. This difference in recovered stars is robust given the

large sample size of 8270 reference stars from LAMOST, GALAH and APOGEE.

To test whether any potential selection effects extend into the [Fe/H] < −2.0

regime, we performed the same exercise, except this time using the combined sample

of stars from Barklem et al. [65], Jacobson et al. [3], Marino et al. [64], Ezzeddine

et al. [62], and X. Ou et al. (in prep) as references, as they extend to lower metal-

licities than the APOGEE/LAMOST/𝐺𝐴𝐿𝐴𝐻 comparison. In this case, we find no

strong dependency of the recovery fraction with metallicity, with recovery fractions of

58%, 51%, 45%, and 25% for the respective 0.5 dex increments ranging from [Fe/H]

= −1.5 to [Fe/H] = −3.5. Unfortunately, the smaller sample size of 417 stars in

this combined sample is too small to resolve differences below a ∼ 7% level (set by
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Poisson statistics) in each of these bins. For that reason, it is particularly difficult

to asses the completeness in the extremely metal-poor regime with [Fe/H] < −3.0 at

this time, although indications suggest that our catalog is preferentially incomplete

in that regime. This is not surprising, as the selection is likely to decrease due to a

loss of metallicity precision since the color-color separation between stars of different

metallicities significantly narrows in this regime (see Figure 8-1). We note that in-

cluding/excluding stars that fail the quality checks in Section 8.2.4 negligibly changes

these recovery fractions.

8.4 Summary and Conclusion

In this paper, we have presented a new catalog of ∼ 720, 000 stars in the Southern

hemisphere for which we have obtained photometric metallicities using metallicity-

sensitive photometry from the second data release (DR2) of the SkyMapper Southern

Survey. We identify ∼ 280, 000 of these stars as having reliable metallicities, after

excluding main-sequence and more metal-rich ([Fe/H] > −0.75) contaminants using

Gaia EDR3 data. This sample of giants with Teff . 5600K, log 𝑔 < 3.0, and −3.75 <

[Fe/H] < −0.75 reaches down to 𝑔 = 17, and stretches throughout the inner halo to

a scale height of |𝑍| ∼ 7 kpc (Chiti et al. ApJL accepted). We find that our photo-

metric metallicities compare well (average offsets ∼ 0.15dex with standard deviation

𝜎 ∼ 0.25 dex) to those obtained in large-scale surveys (e.g., LAMOST, GALAH,

APOGEE), suggesting that our analysis techniques produce accurate metallicities for

the bulk of the stars in our sample. Overall, this validates our general approach of

deriving photometric metallicities.

To test the performance of our catalog in the [Fe/H] < −2.5 regime, we com-

pared our photometric metallicities to metallicities derived in several high-resolution

spectroscopic studies of very and extremely metal-poor stars in Barklem et al. [65],

Jacobson et al. [3], Marino et al. [64], Ezzeddine et al. [62], and X. Ou et al. (in

prep). We find some evidence that warmer stars in our catalog (𝑔 − 𝑖 < 0.65) have

systematically higher photometric metallicities. However, we find good agreement
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(mean offset = 0.02 dex with standard deviation 𝜎 = 0.31 dex) between the photo-

metric metallicities of cooler stars with 𝑔 − 𝑖 > 0.65 with [Fe/H] < −2.5 and their

metallicities from high-resolution studies.

We highlight that several systematic effects could bias our photometric metallic-

ities. First, as noted before, warmer stars with 𝑔 − 𝑖 < 0.65 may have metallicities

biased high, at least when compared to several high-resolution studies of very and

extremely metal-poor stars. Secondly, carbon-enhanced metal-poor (CEMP) stars

will systematically have artificially higher photometric metallicities due to the pres-

ence of a CN absorption feature in the bandpass of the SkyMapper 𝑣 filter. However,

the latter effect likely does not affect the bulk of stars in our sample as evidenced

by the good agreement of our photometric metallicities to metallicities presented in

APOGEE and LAMOST.

In Chiti et al. (ApJL accepted), we use a subset of this catalog to explore the

metallicity distribution function (MDF) of the Milky Way and create spatial metal-

licity maps of our galaxy. We recover well-known features in the MDF, such as a peak

at [Fe/H] ∼ −1.5 when considering stars distant from the disk plane (|𝑍| > 5 kpc)

[419]. We also find that the metallicity distribution function steepens below [Fe/H] =

−2.3, confirming the significant challenge in searching for the most metal-poor stars,

and we identify of order 1000 giants with quality photometric metallicities (random

uncertainties < 0.50 dex) and colors (𝑔 − 𝑖 > 0.65) that have [Fe/H] . −2.6 in this

catalog.

This shows that this catalogue is suitable for a variety of chemical characteriza-

tions of the metal-poor Galaxy ([Fe/H] < −0.75) and its components, as well as tar-

geted searches of stellar populations such as the most metal-poor stars. Accordingly,

spectroscopic observations and detailed kinematic analyses are currently underway

to further characterize the low-metallicity tail of the metallicity distribution function

and to obtain detailed chemical abundances of the population of stars with [Fe/H]

< −3.0. This will contribute to our understanding of the origin and evolution of the

oldest components of the Milky Way.
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Chapter 9

The Metal-Poor Metallicity Distribution of

the Ancient Milky Way

The content of this chapter was submitted for publication in the Astrophysical Journal

Letters on October 2020, and was accepted for publication in December 2020.

Abstract

We present a low metallicity map of the Milky Way consisting of ∼111,000 giants
with −3.5 . [Fe/H] . −0.75, based on public photometry from the second data
release of the SkyMapper survey. These stars extend out to ∼7 kpc from the solar
neighborhood and cover the main Galactic stellar populations, including the thick disk
and the inner halo. Notably, this map can reliably differentiate metallicities down
to [Fe/H] ∼ −3.0, and thus provides an unprecedented view into the ancient, metal-
poor Milky Way. Among the more metal-rich stars in our sample ([Fe/H] > −2.0),
we recover a clear spatial dependence of decreasing mean metallicity as a function
of scale height that maps onto the thick disk component of the Milky Way. When
only considering the very metal-poor stars in our sample ([Fe/H] < −2), we recover
no such spatial dependence in their mean metallicity out to a scale height of |𝑍| ∼ 7
kpc. We find that the metallicity distribution function (MDF) of the most metal-poor
stars in our sample (−3.0 < [Fe/H] < −2.3) is well fit with an exponential profile
with a slope of Δ log(𝑁)/Δ[Fe/H] = 1.52±0.05, and shifts to Δ log(𝑁)/Δ[Fe/H] =
1.53±0.10 after accounting for target selection effects. For [Fe/H] < −2.3, the MDF is
largely insensitive to scale height |𝑍| out to ∼ 5 kpc, showing that very and extremely
metal-poor stars are in every galactic component.
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9.1 Introduction

Many studies have focused on comprehensively characterizing the nature of the Milky

Way’s galactic components, which include the bulge [387], the thin and thick disk

[431], the metal-weak tail of the thick disk, and the inner and outer halo [432] through

determining spatial properties (e.g., scale heights, densities), stellar chemical abun-

dances (e.g., metallicities), kinematic properties, and when possible, dating using age

measurements. The halo is of particular interest for galactic archaeology studies that

e.g., aim to understand the galaxy’s early evolution. Firstly, a relatively large portion

of the halo is composed of ancient very and extremely metal-poor stars ([Fe/H] < −2.0

and < −3.0, respectively), which are pivotal for studies of early chemical evolution

[99]. Secondly, theoretical simulations of galaxy formation [433] have shown that the

halo bears the signatures of the Milky Way’s assembly from smaller “building block"

galaxies.

Astrometric data from the Gaia mission [111, 114] has shown e.g., the existence

of stellar kinematic signatures as a result from earlier accretion events [434, 435, 436]

but there remains the need for precise metallicities down to the extremely metal-poor

regime ([Fe/H] ∼ −3.0) for many stars for a full chemodynamic picture of early struc-

tures still present in the current Milky Way. Recent spectroscopic and photometric

surveys have began to remedy this. Spectroscopic surveys for which metallicities

have been derived for large samples of stars include LAMOST [437], RAVE [438],

GALAH [439], SDSS/SEGUE [327, 414], and APOGEE [423]. Photometric surveys

are far more complete than spectroscopic surveys and thus offer better prospects for

mapping chemical structure because the relative rarity of extremely metal-poor stars

means that these are generally poorly represented in any sample. Ivezić et al. [419]

created a metallicity map of the Northern sky based on SDSS broadband photometry

of ∼ 5.6 million stars. The disk and halo as well as the Monoceros stream cleanly dif-

ferentiate in metallicity vs. height above the Galactic plane, confirming the galactic

components and stellar populations. However, the SDSS photometry only enabled

metallicity determination down to [Fe/H] ∼ −2.0.
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More recent photometric surveys, such as the SkyMapper Southern Sky Survey

[127] and the Pristine survey [125], have instead developed the use of metallicity-

sensitive filters surrounding the Ca II K line that enable metallicity measurements in

the very and even extremely metal-poor regime. These have led to notable results,

including identification of the most metal-poor stars in the halo [132, 234] and the

bulge [387, 417], and the metallicity distribution function of extremely metal-poor

stars [418].

Additional spatial maps of the metallicity of the Northern hemisphere were pre-

sented in [420], analogous to those in Ivezić et al. [419], but extending to lower metal-

licities ([Fe/H] ∼ −3.0). Similarly, spatial maps of the Southern sky as a function

of metallicity were presented in Casagrande et al. [145] and Huang et al. [416] using

photometry from Data Release 1.1 from the SkyMapper Survey [9]. However, these

maps only claimed metallicity precision down to [Fe/H] ∼ −2.0 or [Fe/H] ∼ −2.5,

and were limited by the relatively shallow magnitudes in SkyMapper DR1.1.

Here we explore the oldest and most metal-poor stellar population spread across

the galaxy with a series of metallicity maps of the Southern sky based on the re-

cently released SkyMapper Southern Sky Survey Data Release 2 (DR2) [407]. The

metallicity sensitive imaging filters [135] enable a significant metallicity resolution

down to [Fe/H] ∼ −3.3. Using techniques developed in Chiti et al. [39] to extract

precise metallicities from the intermediate-band SkyMapper 𝑣 and broadband 𝑢, 𝑔, 𝑖

filters, we derived photometric metallicities for every giant star with 𝑔 < 17 and

[Fe/H] < −0.75 in the full catalog (Chiti et al. ApJS subm.). We here focus on

a subset of well-selected ∼ 111, 000 metal-poor red giants with quality metallicity

measurements to map out the ancient components of the Galaxy.

9.2 Observational Data and Photometric Metallicities

The SkyMapper Southern Sky Survey DR2 contains ∼ 500 million astrophysical

sources [407]. We downloaded photometry for every star brighter than 𝑔 = 17 in this

catalog, de-reddened the data following the bandpass coefficients on the SkyMapper
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website1, and derived photometric stellar parameters of these stars (log g, [Fe/H]) fol-

lowing the methods presented in Chiti et al. [39]. In summary, this involved matching

the observed photometry to a grid of synthetic photometry spanning a broad range of

stellar parameters (1.0 < log 𝑔 < 3.0, 4000K < < 5700K, −4.0 <[Fe/H] < −0.75).

We excluded all stars with initial2 photometric [Fe/H] ≥ −0.75, [Fe/H] ≤ −3.75, and

< 3.0, and 0.35 < 𝑔 − 𝑖 < 1.2 (corresponding to our limits) to largely limit our

sample to metal-poor red giant stars. We furthermore excluded stars with random

uncertainties of >0.5 dex in their photometric metallicity and those in regions of high

reddening (galactic latitude |𝑏| < 10∘ and E(B−V) > 0.35 in Schlegel et al. 63). This

resulted in a sample of 593,668 stars. Finally, we find that we systematically overes-

timate the metallicities of very metal-poor ([Fe/H] < −2.0) stars when 𝑔 − 𝑖 < 0.65,

upon comparison to high-resolution samples [3, 62]. To avoid this issue, we conser-

vatively only retain stars with 𝑔 − 𝑖 > 0.65, resulting in 308,702 stars. We refer the

reader to Chiti et al. (ApJS, subm.) for further details on the full catalog.

We adopted photogeometric distances to every star in our sample from ? ] over

using inverted parallax-based distances (see Mardini et al. 440 for a recent discussion).

To ensure distance measurements of sufficient quality, we only included stars that have

distance uncertainties less than the 20% level. We then excluded stars with absolute

SkyMapper 𝑔 magnitude > 5 and a location on a color-magnitude diagram consistent

with a metallicity [Fe/H] > −0.75 (Chiti et al. ApJS Subm.), which further limits

contamination from cool dwarf stars and more metal-rich interlopers. This resulted

in a final sample of 111,149 stars extending down to 𝑔 ∼ 17.

To validate the metallicities in our sample, we compared our metallicities to those

from multiple other surveys. Details are given in Chiti et al. (ApJS subm.), but we

list relevant comparisons here. For −2.5 < [Fe/H] < −0.75, when only considering

stars with uncertainties on their photometric metallicities < 0.5 dex, our metallicities

are on average lower than those reported in the LAMOST survey by 0.05 dex. The

1http://skymapper.anu.edu.au/filter-transformations/
2We note that ∼ 5% of stars have photometric metallicities up to 0.1 dex higher than [Fe/H]

= −0.75 due to a metallicity correction based on the spatial location of stars (see Section 2.3 of
Chiti et al. ApJS subm.).
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standard deviation of the residuals between our photometric metallicities and those

in the LAMOST survey is 0.25 dex, indicating great agreement. Similarly, upon

comparing to metallicities from the combined APOGEE and GALAH surveys over

the same metallicity regime, we find, on average, lower metallicities by 0.21 dex. The

metallicity residuals have a standard deviation of 0.25 dex.

We demonstrate that our metallicities are robust when [Fe/H] < −2.5 follow-

ing high-resolution observations of 74 initial metal-poor candidates selected from

SkyMapper DR1.1 and DR2 data [9, 407] as an early test sample. We derived their

stellar parameters following standard spectral analysis techniques [59] for these stars

based on Magellan/MIKE [195] high-resolution (𝑅 ∼ 22, 000) snapshot spectra that

were reduced using the CarPy pipeline [196]. Full results will be reported in X. Ou

et al. (in prep) but we show results (red points) in Figure 9-1 for the 21 stars that

we recovered in the DR2 catalog after our quality cuts. The comparison is excellent,

with an average metallicity offset between the two samples of 0.09 dex and a standard

deviation in the residuals of 0.17 dex. In Figure 9-1, we also compare our values to the

high-resolution samples of to Barklem et al. [65], Marino et al. [64], and Ezzeddine

et al. [62] for stars with covering the range of our photometric metallicities ([Fe/H]

> −3.75). Results largely follow what is presented in the comparisons to APOGEE

and LAMOST and X. Ou et al. (in prep), but the Barklem et al. [65] comparison

shows an offset of 0.25 dex, largely due to them lacking an empirical correction on

[59]. The standard deviation of the residuals of our photometric metallicities and the

high-resolution spectroscopic studies is 0.29 dex.

We note that in Chiti et al. ApJS subm., we find that the completeness of our

sample is independent of metallicity down to [Fe/H] ∼ −3.0. Consequently, when

presenting quantitative analysis (e.g., fitting an exponential slope) of the metallicity

distribution function of our sample, we only include photometric metallicities down

to [Fe/H] = −3.0 in the fitting procedures.

An additional bias is related to target selection effects, since metal-poor stars are

brighter than metal-rich stars at the same effective temperature. Consequently, our

sample may be preferentially biased toward low-metallicity stars at larger distances
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as our quality cuts will exclude more metal-rich stars at larger distances. As an

illustration of this effect, stars right at the threshold of our distance quality cut

(uncertainties at the 18% to 20% level) have a median distance of 6.4 kpc when

−1.25 < [Fe/H] < −0.75, but a median distance of 8.9 kpc when −2.75 < [Fe/H]

< −2.25. However, this selection preference toward metal-poor stars is not significant

within a distance of ∼5.0 kpc, as we find that at distances between 4.0 kpc and 5.0 kpc,

a roughly constant fraction of < 1% of stars are excluded from our full catalog by

our quality cut as a function of metallicity. A weak trend with metallicity appears

at distances between 5.0 kpc and 6.0 kpc, in which 6% of stars are excluded with

higher metallicities ([Fe/H] > −1.25), but only 2% of stars are excluded with low

metallicities ([Fe/H] < −1.75). This suggests a slight preferential selection of low

metallicity stars at distances beyond ∼5.0 kpc, but no bias at distances nearer.

9.3 Metal-Poor Stars in the Milky Way

Our low-metallicity map ([Fe/H] ≤ −0.75) of the Milky Way is shown in Figure 9-2

as a function of scale height (|𝑍|) and distance from the Galactic center (𝑅). Using

astropy [139], we transformed the coordinates of each star into the 𝑅, 𝑍 plane,

assuming the Sun’s location of 8.1 kpc away from the Galactic center and 22 pc above

the Galactic midplane [441]. Each location of this map is colored by the average

metallicity of stars in the corresponding spatial bin (300 pc by 300 pc in size). The

disk/halo separation is immediately easy to recognize, due to the transition of the

average metallicity from [Fe/H] & −1.25 to [Fe/H] . −1.25 above |𝑍| ∼ 2.8 kpc.

This compares well to the metallicity map presented in Ivezić et al. [419], whom also

find a sharp break at |𝑍| ∼ 3 kpc above which the mean metallicity drops below

[Fe/H] ∼ −1.25.

In Figure 9-3, we show metallicity maps for several metallicity ranges (1 dex in-

crements from [Fe/H] = −1.0 to [Fe/H] = −4.0) to display the structure of the

Galaxy at progressively lower metallicities. The Milky Way disk is still clearly no-

ticeable in our highest metallicity bin (−2.0 < [Fe/H] < −1.0), along with a diffuse
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Figure 9-1 Comparison of [Fe/H] metallicities between our photometric SM results and
high-resolution measurements of stars in Barklem et al. [65], Marino et al. [64], Ezzed-
dine et al. [62] and X. Ou et al. (in prep). The agreement is excellent, with Δ[Fe/H]
= 0.04±0.03. The standard deviation of the residuals between the metallicities is
0.29 dex. Dashed lines indicate ±0.5 dex to guide the eye, and the metallicities in
Barklem et al. [65] have been increased by 0.25 dex to account for an empirical cor-
rection on [59].

population of more metal-poor stars (−2.0 < [Fe/H] < −1.5) that follow no obvi-

ous spatial structure. Continuing this trend, the stars in the two lowest metallicity

bins (−3.0 < [Fe/H] < −2.0 and −4.0 < [Fe/H] < −3.0) appear to show no spatial

correlation with their mean metallicity.

To illustrate this trend, in the right panel of Figure 9-3, we plot the mean metal-

licity of each of these metallicity bins as a function of scale height |𝑍|. While the

mean metallicity of our most metal-rich bin shows a decreasing mean metallicity as a

function of |𝑍|, the more metal-poor bins do not, suggesting no significant spatial cor-

relation with metallicity below [Fe/H] = −2.0. Overall, this figure confirms that the
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Figure 9-2 Top: Low metallicity map of stars with [Fe/H] ≤ −0.75 in the R-|𝑍| plane,
where R is the galactocentric distance and |𝑍| is the absolute value of the height above
the galactic plane. A clear, decreasing metallicitiy gradient is apparent as a function
of |𝑍|, and the Milky Way disk is visible via a drop-off in average metallicity above
|𝑍| ∼ 2.8 kpc. Each cell in the plot has dimensions of 300 pc by 300 pc, and is colored
by the mean metallicity of stars contained within its region. The dashed semicircle
includes stars with distances < 5.0 kpc, within which target selection effects do not
appreciably bias the metallicity of the sample (see Section 9.2 for discussion).

most metal-poor stars are spatially distributed in all of the Galactic components, but

their search in certain components (e.g., the disk) is simply impeded by the wealth

of the more metal-rich stars. In fact, 0.8% of stars in our sample have [Fe/H] < −2.5

when |𝑍| < 3 kpc, but comprise 2.7% of stars when |𝑍| > 3 kpc.

In Figure 9-4, we present the metallicity distribution function (MDF) of our sample

of metal-poor giants. We now include stars with a loosened distance quality cut

(uncertainty of < 40%), since those giants with unreliable distances are most likely

to be associated with the outer halo and populate the most metal-poor regime of the

MDF. As mentioned in Section 9.2, we only include stars with [Fe/H] > −3.0 when

fitting profiles to the MDF, given incompleteness effects when [Fe/H] < −3.0.
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Figure 9-3 Left panels: Low metallicity maps of stars in different metallicity ranges.
The thick disk is easily apparent among stars with −2.0 < [Fe/H] < −1.0. No
significant structure is present among stars with [Fe/H] < −2.0. Right panel: Mean
metallicities of stars as a function of scale height |𝑍|, within 0.25 kpc bins in |𝑍| that
correspond to the respective left panels. The disk region induces a clear metallicity
gradient (top) that makes way for no significant change in [Fe/H] with increasing |𝑍|.

Below [Fe/H] = −1.5, the MDF smoothly decreases exponentially towards lower

metallicities. Down to [Fe/H] ∼ −2.3, this behavior is well described by an exponen-

tial function with a slope of (Δ( log𝑁))/(Δ[Fe/H]) = 0.98 ± 0.01. This slope was de-

rived through a MCMC procedure by implementing the likelihood function for a trun-

cated exponential distribution (equation 8.1.17 in Cohen 442) in the python package

emcee [248]. Then, the derived exponential slope was converted from Δ( ln𝑁)/Δ[Fe/H],

as was returned from this likelihood function, to Δ( log𝑁)/Δ[Fe/H]. This slope sug-

gests that the number of the metal-poor stars drops by a factor of ∼10 for every dex

decrease in [Fe/H], supporting conventional wisdom that a factor of ∼ 10 fewer stars

exist for each 1 dex drop in metallicity. Below [Fe/H] = −2.3, the slope steepens to

(Δ( log𝑁))/(Δ[Fe/H]) = 1.52 ± 0.05, implying that stars with metallicities below
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Figure 9-4 Top left: Metallicity distribution function (MDF) below [Fe/H] <
−0.75 of ∼122,000 metal-poor giants. Best-fitting exponential fits are shown,
(Δ( log𝑁))/(Δ[Fe/H]) = 0.98 ±0.01 when −2.3 < [Fe/H] < −1.5 and
(Δ( log𝑁))/(Δ[Fe/H]) = 1.52 ± 0.05 when −3.0 < [Fe/H] < −2.3. Fitting for the
more metal-poor regime only includes stars [Fe/H] > −3.0, to avoid incompleteness
effects (see Section 9.2 for discussion). Top right: MDF of stars with [Fe/H] < −3.0
in our sample. Bottom left and right: Same as top row, but only including stars with
distances <5.0 kpc to minimize target selection effects (see Section 9.2 for discussion).
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this cutoff are progressively more difficult to find as this corresponds to a drop by

a factor of ∼33 for every dex decrease in [Fe/H]. This translates into a frequency of

1.5% of finding stars with [Fe/H] ∼ −3.0 and 0.2% when [Fe/H] ∼ −3.5 among stars

with [Fe/H] < −1.5 within our sample. Overall, the MDF is remarkably smooth down

to the lowest [Fe/H], as was also found in previous studies based on smaller samples

[355, 443, 430, 234], and other large photometric studies [444, 418].

Only including stars with distances < 5.0 kpc, to account for target selection

effects, results in a slope of (Δ( log𝑁))/(Δ[Fe/H])) = 1.09 ±0.02 when −2.3 < [Fe/H]

< −1.5 and (Δ( log𝑁))/(Δ[Fe/H])) = 1.53 ± 0.10 when −3.0 < [Fe/H] < −2.3. We

note that the slope at the more metal-poor end is negligibly different, suggesting

a robustness to target selection effects. However, the slope at the more metal-rich

end is notably steeper. While this steepening plausibly does arise from addressing

target selection effects that exclude metal-rich stars at large distances, it may also be

caused by the exclusion of spatially distant stars that have an underlying MDF that

is preferentially metal-poor [e.g., 419].

Our derived exponential slope of the MDF is consistent with that of previous

spectroscopic studies [443, 445], but is steeper than what is found in others [444, 418].

By taking the relative ratio of the MDF in Schörck et al. [443] at [Fe/H] = −3.0 and

[Fe/H] = −2.3 suggests an exponential slope of (Δ( log𝑁))/(Δ[Fe/H]) ∼ 1.73, which

is comparable to our result of Δ log(𝑁)/Δ[Fe/H] = 1.52±0.05 or 1.53±0.10 in that

regime. A similar calculation for the MDF presented in Allende Prieto et al. [445]

suggests an exponential slope of (Δ( log𝑁))/(Δ[Fe/H]) ∼ 1.66. However, the same

analysis returns an exponential slope of 0.98 from An et al. [444], and Youakim et al.

[418] present a value of 1.0 ± 0.1, with which our derived slope is somewhat discrepant.

This suggests that underlying selection effects between our samples might be affecting

the slope. For instance, this study only focuses on relatively cool giant stars within

∼ 7 kpc, whereas other studies purely focus on stars in the halo (> 6 kpc away).

We also investigate how the shape of the MDF varies as a function of height above

the galactic plane. In Figure 9-5, we show MDFs for four different scale heights. The

closest range is 0.8 < |𝑍| < 1.2 kpc, followed by 1.5 < |𝑍| < 2.0 kpc, 3.0 < |𝑍| <
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4.0 kpc, and 5 < |𝑍| < 7 kpc. At low |𝑍|, the thick disk component clearly dominates

the higher [Fe/H] end of the distribution, but wanes beyond 2 kpc. By 3 kpc the more

metal-rich population associated with the thick disk population no longer dominates

the distribution, and the metal weak tail of the thick disk becomes apparent around

[Fe/H] ∼ −1.3. Finally, beyond 5 kpc, the halo dominates, with the MDF peaking at

[Fe/H] ∼ −1.5 and showing a significant metal-poor tail. The more metal-rich thick

disk population appears to be entirely removed.

In Figure 9-5, we also fit the very metal-poor tail of the MDF ([Fe/H] < −2.3)

with an exponential slope to see if variations occur with scale height. We find four

slopes: (Δ( log𝑁))/(Δ[Fe/H]) = 1.41 ± 0.19 when 0.8 < |𝑍| < 1.2 kpc, 1.63 ± 0.13

when 1.5 < |𝑍| < 2.0 kpc, 1.46 ± 0.12 when 3.0 < |𝑍| < 4.0 kpc, and 1.59 ± 0.13

when 5 < |𝑍| < 7 kpc. Upon performing a chi-squared test of the hypothesis that the

slope is constant as a function of |𝑍|, we find no evidence to reject that hypothesis.

Consequently, from our analysis, there is no strong evidence that the behavior of the

very metal-poor tail of the MDF varies as a function of scale height.

Finally, we note that metallicities derived from SkyMapper photometry are bi-

ased high in the case of carbon-enhanced stars, which would plausibly steepen our

MDF since carbon-enhanced stars are more prevalent at low metallicities. To es-

timate whether this affect could appreciably alter our MDF, we used the sample

of Placco et al. [8] to investigate the carbon abundance ([C/Fe]) of stars between

−3.0 <[Fe/H]< −2.0. We find that the average carbon abundance of stars increases

by 0.13 dex between [Fe/H] = −2.0 and [Fe/H] = −3.0. At a typical = 4500K, such

an increase in the carbon abundance stars with [Fe/H] = −3.0 would only increase

the photometric metallicity by 0.07 dex. Consequently, while we do acknowledge that

individual outliers with extremely high carbon abundances would appear to have

much higher metallicities, at a population level, the metallicity of a typical star is not

significantly affected.
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Figure 9-5 Metallicity distribution of ∼122,000 stars, arranged as a function of dis-
tance from the Galactic plane in four different ranges, mimicking the inner thick disk
(top left), the outer thick disk (bottom left), the metal-weak tail of the thick disk
(top right), and the halo (bottom right). Insets show the MDFs of stars with [Fe/H]
< −2.3, with the best fitting exponential slope indicated.
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9.4 Summary and Conclusion

We have presented a low-metallicity map of the Milky Way based on photometric

metallicities obtained from new public SkyMapper DR2 data of ∼111,000 red giants

in the Southern sky with −3.75 . [Fe/H] . −0.75 and 𝑔 < 17 out to ∼ 7 kpc from the

solar neighborhood. Based on a comparison with new high-resolution spectra as well

as using several literature samples and surveys, we demonstrate this sample achieves

reliable metallicity precision (𝜎 ∼0.24 dex to 0.29 dex) down to [Fe/H] ∼ −3.3. We

display the spatial distribution of stars within the very and extremely metal-poor

regimes providing an unprecedented view into the ancient, metal-poor Milky Way.

We find clear signatures of the components of the Milky Way in our dataset.

Notably, the thick disk prominently appears in our population of stars with [Fe/H]

> −1.50 (see Figure 9-3), and the transition from the thick disk to the inner halo is

reflected in a sharp drop in metallicities around |𝑍| ∼ 2.8 kpc (see Figure 9-2). The

average metallicities of stars in our sample progressively decrease out to |𝑍| ∼ 7 kpc.

At even larger distances, we do not have enough coverage to confidently map out

metallicity averages but observe hints of an additional small decrease, as expected

for the outer halo. It is worth pointing out that a smooth distribution of very and

extremely metal-poor stars exists across the entire sky covered by this sample, even

within the more metal-rich thick disk. This highlights that the most metal-poor stars

are well spread across the galaxy, likely owing to their orbital properties that regularly

bring to the inner portions of the Galaxy. We explore this topic in a separate paper

(M. Mardini et al. 2020, in prep), in which we quantify the kinematic properties of

our sample of stars and find that ∼200 stars with [Fe/H] < −2.3 in our sample have

orbits consistent with membership to the thick disk. This result further highlights

that very and extremely metal-poor stars exist in the thick disk of the galaxy.

We are also able to quantify the shape of the MDF for [Fe/H] < −1.5. It is

well fit by two exponential profiles with a slope of Δ log(𝑁)/Δ[Fe/H] = 0.98±0.01

for stars with −2.3 < [Fe/H] < −1.5, and Δ log(𝑁)/Δ[Fe/H] = 1.52±0.05 when

−3.0 < [Fe/H] < −2.3. When only including stars within 5.0 kpc, to account for
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biases from target selection, we derive slopes of Δ log(𝑁)/Δ[Fe/H] = 1.09±0.02 for

stars with −2.3 < [Fe/H] < −1.0, and Δ log(𝑁)/Δ[Fe/H] = 1.53±0.10 when −3.0 <

[Fe/H] < −2.3. In both cases, the MDF steepens at low metallicities, highlighting

the difficulty of finding the most metal-poor stars. More intuitively, the slope from

our entire sample implies that the number of metal-poor stars drops by a factor of

∼10 for every dex decrease in [Fe/H] when −2.3 < [Fe/H] < −1.0 and a factor of

∼33 for every dex decrease in [Fe/H] when −3.0 < [Fe/H] < −2.3. Unsurprisingly,

we also find that the relative frequency of the most metal-poor stars increases as a

function of |𝑍|, as 0.8% of stars in our sample have [Fe/H] < −2.5 when |𝑍| < 3 kpc

but comprise 2.7% of stars when |𝑍| > 3 kpc. Finally, we find some evidence that

the MDF for stars with [Fe/H] < −2.3 is largely insensitive to scale height |𝑍| out to

∼ 5 kpc, suggesting that the most metal-poor stars are spatially distributed in every

galactic component. Overall, our sample contains ∼140 giants with [Fe/H] < −3.0,

and ∼35 with [Fe/H] < −3.3. Detailed follow-up studies of these stars are underway

which should help to reveal the full extent of the nature and origin of the ancient

component of our Milky Way.
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Chapter 10

Conclusion

This thesis has presented several studies of the metal-poor stellar populations of the

Milky Way and its satellite dwarf galaxies. Notably, this work has demonstrated that

targeted, efficient photometric searches for metal-poor stars in UFDs eliminates the

traditional inefficiencies related to identifying stars for study in these relic galaxies

(Chapter 2). The application of these photometric techniques to just one UFD,

Tucana II, doubled its population of known member stars and revealed a previously

inaccessible, diffuse “halo” of stars out to ∼9 half-light radii from the center of this

system (Chapters 3 and 4). This detection is the first direct evidence that some of the

earliest galaxies may have inhabited extended, massive dark matter halos, and showed

that this tiny (∼ 3000 stars) relic system may have formed through the merger of even

smaller galaxies. I also present work that greatly increased (∼tripled) the number

of known extremely metal-poor stars in the Sculptor dwarf galaxy (Chapter 5) and

the number of very metal-poor stars in the Sagittarius dwarf galaxy (Chapters 6

and 7). These studies showed that Sculptor, much like the Milky Way halo, hosts a

population of carbon-enhanced stars at the lowest metallicities ([Fe/H] < −3.0). This

suggests some level of universality in early chemical evolution, or that the carbon-

enhanced stars in the Milky Way halo plausibly originated from accreted analogs of

dwarf spheroidal galaxies. The studies of the Sagittarius dwarf galaxy do not show

this carbon-enhanced signature in the very metal-poor regime, but a larger sample,

especially in the [Fe/H] < −3.0 regime, is needed for robust conclusions.
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In Chapters 8 and 9, I present photometrically-derived metallicities of hundreds

of thousands of stars in the Milky Way and present a low-metallicity map of our

Galaxy out to ∼ 8 kpc using these metallicities and Gaia EDR3 data [111, 114, 115].

This work demonstrates the feasibility of deriving precise photometric metallicities

down to the extremely metal-poor regime using public survey data with metallicity-

sensitive imaging filters. The next generations of astronomical surveys (e.g., LSST)

will have imaging filters that are demonstratively metallicity-sensitive, and luckily,

the photometric methods presented in this thesis are highly modular and can readily

be extended to these datasets for the next generation of Galactic Archaeology studies.

This, in tandem with the next generation of 30m class telescopes and large, multi-

fiber surveys (e.g., Subaru/PFS, DESI) will comprehensively map the Milky Way

halo and its satellite galaxies and will certainly reveal a plethora of serendipitous

discoveries. Unsurprisingly, I remain eager to see what these next generations of

studies will reveal,
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