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Department of Astronomy

The infrared tip of the red giant branch (IR-TRGB) is a powerful tool for measuring dis-
tances to galaxies in the local Universe. However, establishing its absolute “anchor” with
sufficient precision and accuracy has proved challenging due to lingering sources of system-
atic uncertainty in both theoretical predictions and empirical calibrations. Here I describe
three studies aimed at improving observational constraints on the IR-TRGB. First, I develop
a computational method for self-consistently measuring TRGB magnitudes and colors, and
the covariance thereof, in multiwavelength stellar photometry catalogs. Traditional detection
methods either marginalize over color, or else rely on assuming a fidicial color dependence,
both of which may result in different stellar populations dominating the TRGB signal at
different wavelengths. Next, I explore two complementary approaches to reconciling obser-
vations of the IR-TRGB as measured with ground- and space-based instruments respectively.
The former are impacted by absorption features in Earth’s atmosphere, where the latter are
not. Furthermore, there is an extremely limited range of magnitudes at which current fa-
cilities can achieve the requisite data quality from both locations. To this end, I derive
transformation equations between respective photometric systems using synthetic photome-
try of observed stellar spectra, and then present initial results from a three-year observing
campaign designed to directly compare space- and ground-based observations of bright RGB

stars in the Magellanic Clouds.
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Chapter 1

INTRODUCTION
1.1 Cosmological Context

Nearly a century after its initial theoretical articulation and empirical measurement (Fried-
mann 1922; Lemaitre 1927; Hubble 1929), the quantity currently known as the Hubble or
Hubble-Lemaitre constant, Hy, remains a topic of active investigation in contemporary as-
trophysics and cosmology. Hj is most simply described as the rate of expansion of the
universe; formally, it parameterizes the relationship between distant galaxies’ recessional ve-
locities v, or the speed at which they appear to be traveling away from us due to expansion
of the intervening spacetime (the “Hubble flow”), and their proper distances D at the time

of observation:

v = HyD (1.1)

In the past decade, measurements of H, derived from two complementary techniques—one
anchored in the “local-” or “late-universe”, and the other in the early universe—have si-
multaneously reached unprecedented precision at the percent-level, and yet diverged from
each other by 240, with late-universe values skewing systematically larger (Planck Collab-
oration et al. 2020; Aiola et al. 2020; Di Valentino et al. 2021; Efstathiou 2021; Freedman
2021; Perivolaropoulos & Skara 2022). This discrepancy may signal either as-yet-unknown
physics—the standard ACDM cosmological model cannot explain such a change—or else lin-
gering sources of systematic bias that have been heretofore underestimated or unaccounted
for in any or all existing measurements. Although many solutions to this conundrum have
been proposed, at the time of this writing a broad consensus has yet to emerge in the liter-

ature.



1.2 The Cosmic Distance Ladder

In academic and popular discourse, the cosmic distance ladder serves as an umbrella metaphor
for the diverse and ever-expanding assemblage of techniques by which distances to astro-
physical objects may be inferred, from Earth’s nearest planetary companions to the farthest
observable galaxies. In this paradigm, techniques applicable at different scales are conceived
of as rungs, building progressively outwards upon each other from geometric parallaxes in
the near field to velocities in the Hubble flow in the far field.

Between these two extremes, a number of “intermediate” rungs rely on classes of astro-
physical objects or phenomena most popularly termed “standard candles” (or sometimes,
more properly, standardizable ones). Broadly, these are objects whose intrinsic luminosities
are either a) nearly constant across all members of a class, at least under certain physical
and /or observational conditions, or else b) can be reliably constrained using other distance-
independent properties. Their utility as distance indicators relies on the inverse square law of
radiation, which states that the intensity of electromagnetic output from an isotropically radi-
ating point source—as effectively all stars can be approximated as in this context—decreases
proportionally to the square of the distance traveled. Therefore, a standard candle’s distance
can be measured solely by comparing its intrinsic (“absolute”) and observed (“apparent”)

luminosities. In logarithmic units this is typically articulated as

w=5log,,(D)—5 (1.2)

=m-M (1.3)

where p is distance modulus, D is proper distance in parsecs (1 parsec = 3.26 light years),
m is apparent magnitude, and M is absolute magnitude.

The best-established distance ladder pathway to Hy employs two such types of standard
candles: classical Cepheid variable stars and Type Ia supernovae (SNe Ia). First, distances
to galaxies which host both Cepheid variables and SNe Ia are determined from geometric

calibrations of nearby Cepheids; these in turn are used to establish an absolute SNe Ia



calibration, which can then finally be applied to distant SNe Ia in the Hubble flow to arrive
at Hy (Freedman et al. 2001; Riess et al. 2009; Burns et al. 2018; Scolnic et al. 2022). The
current highest-precision measurement from this method (and the local universe in general)
reports a formal uncertainty below 1.5% (Riess et al. 2022).

In recent decades, another standard candle has emerged as a complement to Cepheids,
able to provide an independent SNe Ia calibration of comparable precision: the tip of the
red giant branch (TRGB, Lee et al. 1993; Freedman et al. 2019, 2020). Two independent
estimates with this technique have so far measured Hj to within 2.5% systematic uncertainty,
with values in between those determined from Cepheids and the early universe respectively
(although statistical consistencies differ; Freedman et al. 2019, 2020; Freedman 2021; Anand
et al. 2022). While these differences are smaller than the overall Hy tension, understanding
sources of variation both between and within techniques that ultimately calibrate the same

quantities is central to establishing the consensus local universe distance scale.
1.3 The Tip of the Red Giant Branch as a Distance Indicator

Stars of ~0.8 to 2 solar masses begin their first “ascent” of the red giant branch (RGB) after
they have fused all available hydrogen in their cores into helium. As the star continues fusing
hydrogen in a shell around the core, the core contracts until it reaches electron degeneracy, at
which point it continues to accumulate mass and heat without changes in volume. Meanwhile,
the outer layers expand and cool, causing the star to appear increasingly red and luminous.
This process is brought to an abrupt halt once the core reaches ~10® K and ignites runaway
helium fusion via the triple alpha process in an event known as the helium flash. The energy
released from the core in this process effectively restructures the star from the inside out, until
the degeneracy in the core is lifted and the star settles onto the core helium-burning horizontal
branch (Harm & Schwarzschild 1964; Thomas 1967; Salaris et al. 2002; Salaris & Cassisi
2005). In ancient (2 4 Gyr) and metal-poor ([M/H] < -0.5) stellar populations, the helium
flash occurs only under tightly constrained core temperature and mass conditions, resulting

in a near-constant maximum bolometric luminosity on the red giant branch (Serenelli et al.



2017; Beaton et al. 2018). Observationally speaking, this manifests as a sharp decrease in
star counts at the bright end of the RGB sequence, which can be statistically detected and
measured in external galaxies.

Relative to Cepheids, the TRGB offers two main observational advantages. First, nearly
all galaxy types host the ancient, metal-poor populations in which the TRGB method is
most effectively applied, whereas Cepheids are much shorter-lived, occurring only in galaxies
with recent star formation (< 100 Myr). Second, Cepheids’ use as distance indicators relies
on their periodic variability (Leavitt & Pickering 1912), which requires repeat observations
over weeks or months to characterize; the TRGB has no such constraint.

Current applications of the TRGB to Hj use observations taken at optical wavelengths,
where the absolute magnitude of the TRGB is least dependent on stellar properties (Salaris
& Cassisi 1997, 2005; Beaton et al. 2016, 2018). However, these studies are still hampered
by interstellar extinction at the precision level now required (Yuan et al. 2019; Freedman
et al. 2020; Gorski et al. 2020). Moving into the infrared (IR) reduces this systematic by
a factor of 2 or greater. Furthermore, where the optical TRGB is fainter than Cepheids,
the IR-TRGB is as bright as the faint end of the Cepheid sequence, further increasing its
efficiency advantage (Beaton et al. 2018; Freedman et al. 2020). With new and upcoming
infrared facilities including JWST, the Nancy Grace Roman Space Telescope, and eventually
ground-based Extremely Large Telescopes (Beaton et al. 2019a), the IR-TRGB is poised to
enable uniform distance measurements for unprecedented volumes of the nearby Universe—

provided it can be sufficiently well-calibrated.

1.4 Thesis outline

1.4.1 MCR-TRGB

In Chapter 2 (originally published as Durbin et al. 2020, hereafter D20) I present an end-
to-end reevaluation of the IR-TRGB color-absolute magnitude relations first presented by
Dalcanton et al. (2012a, hereafter D12). To this end, I re-reduced the D12 dataset with



updated calibration and photometry techniques, and developed a method to self-consistently
detect and fit TRGB magnitudes and colors in multiwavelength catalogs. The results, when
compared to two state-of-the-art suites of general-purpose isochrone predictions, nonetheless
revealed ~0.1 mag discrepancies between observations and theory for both color-magnitude
and optical-IR color-color relations of TRGB stars. These findings were consistent with
theoretical investigations’ conclusions that stellar physics implementations and bolometric
corrections remain a dominant source of uncertainty in absolute TRGB predictions (Capozzi
& Raffelt 2020; Serenelli et al. 2017; Straniero et al. 2020). Since this study’s publication,
exciting progress has been made in reducing uncertainties, both from the theoretical side
(Di Luzio et al. 2022; Lopes & Lopes 2021; Pietrinferni et al. 2021; Saltas & Tognelli 2022;
Dennis & Sakstein 2023a,b) and on the empirical optical calibration as well (Hoyt 2023).

1.4.2  Empirical HST-2MASS Filter Transformations I and II: Overview

Connecting near-field trigonometric parallaxes to extragalactic SNe Ia host measurements is
an essential step in calibrating the cosmic distance ladder at the precision required to address
remaining uncertainties in near-field Hy measurements. This poses particular challenges for
the IR-TRGB for two reasons: 1) the ground-based infrared filters anchoring the nearest
geometric TRGB calibrators diverge from their spaceborne counterparts due to varying ab-
sorption features in the Earth’s atmosphere (“tellurics”); and 2) while the relative brightness
of the infrared TRGB confers an advantage in distant galaxies, in the near field this same
feature poses a challenge. The statistical nature of the TRGB requires observations of dozens
to hundreds of stars, if not more. At present, there is only a narrow magnitude range in
which current infrared facilities can obtain adequate precision and population statistics from
both space and the ground without incurring extreme observational overheads. In Chapters 3
and 4, I explore two complementary approaches to deriving empirical filter transformations
between HST and ground-based photometric systems, not only for TRGB-like stars but a

robust sample of many stellar types and populations for comparison as well.



1.4.8 NIR Filter Transformations I. Synthetic Photometry

In Chapter 3 T present 2MASS-WFC3/IR filter transformations predicted from synthetic
photometry of four empirical optical-IR spectral libraries. This sample comprises over 1000
individual stars, which together span nearly the full HR diagram and include stellar popu-
lations from the solar neighborhood out to the Magellanic Clouds at a broad range of ages,
metallicities, and other relevant stellar properties (Turnshek et al. 1990; Rayner et al. 2009;
Villaume et al. 2017; Verro et al. 2022c). The final synthetic magnitudes and fitted transfor-
mations incorporate several sources of random and systematic uncertainties, including those
of the library spectral data themselves, and from line-of-sight extinction and other astrophys-
ical and calibration considerations (Delchambre et al. 2022; Gordon et al. 2003; Vergely et al.
2022a; Bailer-Jones et al. 2021; Martins 2018). For most library stars, transformations were
well-fit by piecewise-linear functions with two to three breakpoints, but strong molecular
features in cool stars (both low-mass dwarfs and luminous giants with temperatures under
~ 3500 K) can cause deviations from these relations of up to several tenths of a magnitude,

often in ways that do not map one-to-one with broadband color.

1.4.4 NIR Filter Transformations II. A Direct Calibration in the Magellanic Clouds

In Chapter 4, I show preliminary results of a three-year program designed to obtain high-
quality NIR photometry of cool giants in the Large and Small Magellanic Clouds using
both HST WFC3/IR and the FourStar camera on Las Campanas Observatory’s 6.5m Baade
telescope (Persson et al. 2013). While the synthetic photometry technique explored in Chap-
ter 3 is a well-tested and highly efficient method for predicting filter transformations, fully
empirical calibrations are of course preferred when possible. The HST component of these
observations was completed only a few weeks before the time of this writing, and to date
we have obtained FourStar photometry for about half of the available HST fields, mainly in
the SMC. (A majority of the LMC fields were observed only in the last several months of

the HST program, and certain constraints of the observation mode meant that we could not



determine their precise coordinates ahead of time.) While we do not yet have the population
statistics for a more sophisticated analysis, initial results show overall good agreement with

prior results, and that the data quality is more than adequate for the task.

1.4.5 Conclusions and Appendices

I briefly discuss my conclusions and possible avenues for future work in Chapter 5.
Appendix A discusses tests of the technique developed in Chapter 2 on artificial data,
and Appendix B shows figures for the full galaxy sample in this chapter, which are limited
to a small representative subset in the body of the text. Appendix C gives the full set of
synthetic magnitudes used in 3, and Appendix D compares a number of available extinction

estimates for these data.



Chapter 2

MCR-TRGB: A MULTIWAVELENGTH-COVARIANT,
ROBUST TIP OF THE RED GIANT BRANCH
MEASUREMENT METHOD

2.1 Introduction

The tip of the red giant branch (TRGB) is defined as the truncation of the RGB phase
of stellar evolution. The TRGB is reached when the helium flash ignites, terminating the
expansion and cooling of the outer layers (Salaris & Cassisi 2006). Helium ignition occurs
at a more or less fixed temperature, and thus the maximum bolometric luminosity (Lye)
produced by the core is well-constrained (see e.g., Sweigart & Gross 1978; VandenBerg
et al. 2000; Salaris & Cassisi 2006; Serenelli et al. 2017). However, both the bolometric
luminosity and the observed luminosity in a given bandpass will vary from star to star
depending on the effective temperature, atmospheric chemistry, and on which elements and
molecules selectively absorb and emit flux. While the TRGB can be used as a “standardizable
candle”, care must be taken to understand the wavelength dependence of the observed TRGB
luminosity (see Serenelli et al. 2017, for a discussion of additional physical details).

Baade (1944), when first resolving M 31 into stars, noticed a field of red-stars of roughly
equal brightness, which we now associate with the TRGB of “old” stellar populations. How-
ever, the optical TRGB (OPT-TRGB) was not used as a distance indicator until Lee et al.
(1993), who leveraged precise color-magnitude diagrams (CMDs) of globular clusters from
Da Costa & Armandroff (1990) to demonstrate an effective technique to “detect” the trun-
cation of the RGB sequence observationally, and thereby determine a distance to the host

system.

The Lee et al. (1993) methods are conceptually simple; to detect the truncation of the



RGB sequence, one identifies the magnitude at which there is a sharp jump in star counts,
as expected for the edge of the RGB sequence. Lee et al. (1993) applied an edge-detection
algorithm that approximates the first-derivative of a discrete function (a Sobel filter; Sobel &
Feldman 1968) to measure the point of greatest change in the RGB luminosity function, which
they identified as the apparent magnitude of the TRGB. Since Lee et al. (1993), algorithms
to detect the TRGB and calibrations of the absolute TRGB have evolved (a review and
comparison is given in Beaton et al. 2018), but the core of the technique has stayed the
same. In general, the OPT-TRGB employed in the I filter is thought to have a near-
constant magnitude My ~ —4 mag for most old (¢t > 5 Gyr) and metal-poor ([Fe/H] < —0.5
dex) stellar populations — populations that are nearly ubiquitous in galaxies of all Hubble
types and luminosity classes (Kunder et al. 2018). These properties have made the detection
of the OPT-TRGB an effective distance determination method out to ~31 Mpc (Jang & Lee
2017a).

While the OPT-TRGB is a powerful tool with several key science drivers (for example,
Tully et al. 2013; Trujillo et al. 2019; Anand et al. 2019b; Freedman et al. 2019, among others),
extending this method to the near-infrared (IR-TRGB, hereafter) has several advantages: (i)
the stars themselves are ~ 1 — 1.5 mag brighter and comparable in luminosity to P ~ 10
day Cepheids (see Fig. 30 in Beaton et al. 2018); (ii) the impact of extinction is reduced by
up to a factor of 6 (Indebetouw et al. 2005) (Casagrande & VandenBerg 2014), permitting
exploration of galaxies behind high extinction (see e.g., Anand et al. 2019a) and reducing any
dust-based systematics; and (iii) the next generation of astronomical facilities, whether 30-m
class telescopes on the ground, wide-field telescopes in space, or large-aperture telescopes in
space, are likely to realize their highest efficiency in the near- to mid-infrared. Thus, there is
enormous potential for the IR-TRGB, although there remain challenges to its implementation
at high precision.

The first detailed characterization of the IR-TRGB in the Hubble Space Telescope (HST)’s
WFC3/IR filters was presented in Dalcanton et al. (2012a, D12 hereafter) in which 23 galax-

ies with optical imaging from the ACS Nearby Galaxy Survey Treasury (ANGST, Dalcanton
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et al. 2009, hereafter D09) were supplemented with WFC3/IR imaging in the F110W and
F160W filters (Dalcanton 2009, GO-11719). D12 detected the IR-TRGB applying a Sobel
filter to F110W-F160W color-magnitude diagrams, and then converted the dust-corrected
apparent magnitudes to an absolute scale via distances derived in D09, using the OPT-TRGB
calibrated to models described in Girardi et al. (2008). D12 found a strong correlation be-
tween the absolute F160W magnitude of the IR-TRGB and the F110W-F160W color, such
that redder TRGB stars had a brighter absolute magnitude. The correlation was expected
due to metallicity variations among the sample, such that more metal rich stars had redder
colors, pushing a larger fraction of their bolometric flux into the NIR. However, the D12
IR-TRGB was brighter than contemporaneous theoretical models by 0.05 to 0.10 mag and,
generally, was notably different from globular cluster observations that had been converted
from 2MASS into the WFC3/IR system. The general conclusion from this paper was that
while the IR-TRGB was promising, there were significant unresolved issues. A subsequent
and similar analysis by Wu et al. (2014), however, essentially found the same underlying
mag-color relationship for the IR-TRGB, albeit these authors argued for a break in the slope
at F110W-F160W = 0.95 mag.

More recent, ground-based work in the 2MASS filter system by Hoyt et al. (2018), Madore
et al. (2018), and Gorski et al. (2018) produced empirical color-magnitude relations for the
IR-TRGB. These, however, are significantly different from those determined for WFC3/IR on
HST. In their review, Beaton et al. (2018) compared the WFC3/IR and 2MASS IR-TRGB
slopes to demonstrate that these independent WFC3/IR and 2MASS calibrations largely
agree when considered within a given filter system and that the apparent differences are
morely likely due to inherent differences between the filter systems. As a result, calibrations
from the ground-based 2MASS systems are likely inapplicable to the space-based WFC3/IR
system.

In addition to advancing empirical measurements of the IR-TRGB, recent papers have

also updated theoretical relationships derived from stellar models. A key work is that of

Serenelli et al. (2017), which directly compared the theoretical IR-TRGB for a range of
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Figure 2.1: Footprints of the HST observations originally presented in D09 and D12, which we
reanalyze in this work. ACS/WFC footprints are shown by thin white lines, and WFC3/IR
footprints are in thick orange. Background images are PanSTARRs z+g¢ for all targets except
NGC300 & NGC7793-HALO-6, which use DSS2. All background images were retrieved
through the HiPS thumbnail service provided by the Université de Strasbourg.
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metallicities and ages in the BaSTI (Pietrinferni et al. 2013) model suite. Serenelli et al.
(2017) report both physical and color-magnitude relationships for the IR-TRGB, but note
that uncertainties in the bolometric corrections and stellar T.g scale make direct use of these
relationships challenging (as discussed further in Beaton et al. 2018). McQuinn et al. (2019)
studied the variation in the TRGB with age and metallicity from the optical to the mid-IR
using simulated photometry based on the PARSEC (Bressan et al. 2012; Marigo et al. 2017)
model suite, and found that rectifying the photometry to a fiducial tip reduced the range
of variations in the measured F160W TRGB to 0.04 mag. Thus, while the potential for
the IR-TRGB is well-recognized (see e.g., Beaton et al. 2018, among others), the empirical

evidence for its reliability remains unclear.

D12 presented a number of concerns regarding their analysis that ranged from the rela-
tively new data processing and calibration of WFC3/IR data, to crowding in the images (for
which the higher-resolution optical images are clearly deeper and more complete). However,
since D12, major large-scale projects like the Panchromatic Hubble Andromeda Treasury
(PHAT; Dalcanton et al. 2012b; Williams et al. 2014), the Cosmic Assembly Near Infrared
Deep Extragalactic Legacy Survey (CANDELS; Grogin et al. 2011; Koekemoer et al. 2011),
and the Ultra Deep Field (Koekemoer et al. 2013; Borlaff et al. 2019), have led to sub-
stantial improvement both in our technical knowledge of the WFC3/IR camera and in the
development of multiwavelength data-processing techniques that significantly improve the
WEFC3/IR photometric quality. Additionally, there have been multiple internal efforts to
improve WFC3/IR calibration and data products (for a comprehensive overview see Mack
2018). It is the purpose of this work to apply these techniques to the D12 dataset and
revisit the discrepancies identified in D12 regarding the IR-TRGB (Durbin 2017). We also
take advantage of and expand upon recent works (e.g. Hoyt et al. 2018; Madore et al. 2018;
Freedman et al. 2020) that have demonstrated the effectiveness of calibrating the TRGB in
multiple bandpasses by selecting a set of fiducial “tip stars” and fitting their multiwavelength

behavior; we present a generalized version of this method here.

The outline of this chapter is as follows. Section 2.2 describes the observations, image
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processing, photometry, and artificial star tests. Section 2.3 presents techniques to isolate
the RGB, identify candidate TRGB stars, and trace their multiwavelength behavior. Sec-
tion 2.4 presents the final measured TRGB apparent magnitudes and colors, and compares
the absolute magnitudes and distance moduli obtained from previously published distances
and then from calibration to two sets of theoretical isochrones. Section 2.5 presents a discus-
sion of our results, attempts to resolve concerns from D12, and discusses lingering concerns
regarding the full realization of the IR-TRGB. Section 2.6 presents a summary of our work
and discusses directions of future research. Throughout the main text, we limit visualizations

to a representative set of galaxies; figures for the full sample are given as figure sets.

2.2 Data

2.2.1 Observations

We re-reduced the optical and near-infrared HST imaging data described in D09 and D12.
The D12 observations were a WFC3/IR imaging follow-up (SNAP-11719) to the optical
ACS/WFC data presented in D09. The F110W+F160W observations cover 26 pointings
in 22 Local Volume galaxies with a range of star-formation histories. The majority of the
galaxies are low-metallicity dwarfs, with the exception of M81. Table 2.1, reproduced from
D12, presents summary information about the galaxies in our sample, including coordinates,
angular diameter, apparent B magnitude, foreground reddening, T-type, HI line widths,
and group membership. We note that not all of these galaxies have the purely old stellar
populations that are considered optimal for measuring the TRGB.

We analyzed 24 of the 26 datasets that were included in D12. To maintain uniformity in
the final dataset and analyses, we excluded two targets (NGC404 and NGC2403-DEEP) be-
cause their optical data were taken by WFPC2 rather than ACS. Additionally, we combined
the two pointings of Holmberg IT (UGC4305-1 and UGC4305-2 in D12) into a single target
UGC4305 here, as they have slight overlap in the NIR and substantial overlap in the optical.

All targets have ACS imaging in F814W (comparable to Johnson-Cousins /) and at least one



Table 2.1: Sample galaxies
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Galaxy  Alt. Name(s) RA Dec Diam. Br Ay m-M T Wsy Group
(J2000) (J2000) ! mag mag km s~!
DDO53 U4459 08:34:06.5 66:10:45 1.6 14.55 0.104 2779 10.0 25 MS1
DDO78 10:26:27.9  67:39:24 2.0 15.80 0.058 28.18 -3.0 MS81
DDO82 U5692 10:30:35.0  70:37:10 3.4 13.57 0.112 2790 9.0 MS81
Hol U5139, DDO63 09:40:28.2  71:11:11 3.6 13.64 0.137 2795 10.0 29 M8l
Holl U4305 08:19:05.9 70:42:51 7.9 11.09 0.087 27.65 10.0 66 MS81
HS117 10:21:25.2  71:06:58 1.5 16.50 0.316 2791 10.0 13 MS81
12574 U5666, DDO81 10:28:22.4  68:24:58 13.2 10.84 0.100 2790 9.0 115 MBS81
KDG2  Eb540-030, KK9 00:49:21.1 -18:04:28 1.2 16.37 0.064 2761 -1.0 Scl
KDG63 Ub428, DDO71  10:05:07.3 66:33:18 1.7 16.01 0.270 27.74  -3.0 19 Ms81
KDGT73 10:52:55.3 69:32:45 0.6 17.09 0.052 28.03 10.0 18  MS81
KKH37 06:47:45.8 80:07:26 1.2 16.40 0.204 27.56 10.0 20
M81 N3031, Ub318  09:55:33.5 69:04:00 26.9 7.69 0.232 2777 3.0 422 MS81
N300 00:54:53.5 -37:40:57 21.9 895 0.034 26.50 7.0 149 14413
N2403 U3918 07:36:54.4  65:35:58 21.9 882 0.110 2750 6.0 231 MBS81
N2976 Ub221 09:47:15.6  67:54:49 5.9 11.01 0.241 27776 5.0 97 M8l
N3077  U5398 10:03:21.0  68:44:02 5.4 10.46 0.188 2792 10.0 65 MS81
N3741 U6572 11:36:06.4  45:17:07 2.0 14.38 0.066 27.55 10.0 81 14407
N4163 U7199 12:12:08.9  36:10:10 1.9 13.63 0.055 27.29 10.0 18 14407
N7793 23:57:49.4 -32:35:24 9.3  9.70 0.054 2796 7.0 174 Scl
Sc22 Sc-dE1 00:23:51.7 -24:42:18 0.9 17.73 0.042 28.11 10.0 Scl
U8508 1Zw60 13:30:44.4  54:54:36 1.7 14.12 0.042 27.06 10.0 49 14407
UA292 CVnl-dwA 12:38:40.0  32:46:00 1.0 16.10 0.043 2779 10.0 27

Table 2.1 notes: Reproduced from D12, with updates to Ay from Schlafly & Finkbeiner
(2011). Name, position, diameter, By, Wsy, and T-type taken from Karachentsev et al.
(2004). m — M from D09 and Karachentsev et al. (2003) for NGC 7793; Group membership
from Karachentsev (2005) or Tully et al. (2006).
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of the FA75W, F555W, and F606W filters (comparable to SDSS ¢, Johnson-Cousins V', and
broad Johnson-Cousins V' respectively). Figure 2.1 shows the footprints of the ACS/WFC
(white) and WFC3/IR (orange) on either PanSTARRS or DSS2 imaging for each of the 23
distinct targets used here.

Table 2.2 describes the ACS/WFC and WFC3/IR observations used for this work in-
cluding references to the original proposals, total F814W exposure time, and offsets of the
observation from the galaxy center.

We retrieved all data in the form of calibrated individual exposures (*flt files for
WFC3/IR and CTE-corrected *f1c files for ACS/WFC) from the Mikulski Archive for Space
Telescopes (MAST) with Astroquery (Ginsburg et al. 2017, 2019) on January 28, 2019, and
obtained up-to-date reference files with the HST CRDS bestref tool (Swam et al. 2004).

2.2.2  Alignment & Photometry
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Figure 2.2: Distributions of the RMS scatter of alignment residuals for F814W, F110W, and
F160W. Both near-IR filters have a residual scatter on the order of 0.025”, or ~0.2 WFC3/IR
pixels. In F814W the alignment RMS has a peak closer to 0.01”7, but there is a long tail of
images with higher scatter, likely due to variations in exposure depth and source densities.

We aligned all exposures using TweakReg and Drizzlepac 2.0 (Hack et al. 2013; Avila

et al. 2015). TweakReg aligns images by calculating an affine transform (shifts, rotation, and
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scale) that best describes the transformation between astrometric catalogs from two images,
one of which is treated as the fiducial “reference” image. It then calculates an updated WCS
solution for the non-reference image using the affine transform.

By default, TweakReg extracts astrometric source catalogs from input images with a
point source extraction routine based on DAOFIND (Stetson 1987), which is optimized
for point source detection. However, many of our exposures are too sparsely populated
with bright stars to produce a reliable cross-filter alignment solution from point sources
alone, requiring the addition of background galaxies to the astrometric source catalogs.!
We therefore followed the procedure described in Lucas (2015) to align images on Source
Extractor (Bertin & Arnouts 1996) catalogs rather than TweakReg-produced catalogs. Source
Extractor’s detection algorithm is largely morphology-agnostic, which enables the robust
detection of both point and extended sources. We used SEP (Barbary 2016), a Python
and C reimplementation of core Source Extractor algorithms, to derive all catalogs used in
alignment.

We chose ACS/WFC F814W as our “reference” filter for all targets, as it is the only
optical filter common to all targets, and in most cases it is the deepest and most likely to
contain sources that are detected across multiple filters. We aligned all frames for each target

with the following steps:

1. Extract initial source catalogs from all F814W exposures with SEP and align these
with TweakReg;

2. Combine all aligned F814W exposures into a single distortion-corrected reference image

with AstroDrizzle, and extract a deep reference catalog from the drizzled image;

3. Realign all F814W exposures to the reference image using catalogs from the cosmic

ray cleaned (*crclean) images produced by AstroDrizzle;

L Although it is true that extended sources are less optimal for alignment, as their morphologies may vary
across filters affecting their calculated centroids, they are nonetheless useful in the absence of sufficient
point sources.
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4. Align all other exposures to the reference image with TweakReg.

We did not attempt to derive an absolute astrometric solution for any of our targets,
as the majority are severely limited by the ~ 2" x 2/ WFC3/IR field of view and do not
have enough bright sources to reliably match against external astrometric catalogs such as
Gaia. For the purposes of this work, internally consistent alignment on a per-target basis is
sufficient.

Figure 2.2 compares the RMS scatter of the alignment residuals for the common filters
of F814W, F110W, and F160W. The residuals for the two WFC3/IR filters are very similar,
with a residual scatter of ~07025 or 0.2 WFC3/IR pixels. The residuals for F814W are
more scattered, with a peak at 0701 (0.2 ACS/WFC pixels) and a long tail, likely due to
differences in the underlying image datasets themselves (e.g., different exposure depths and
source densities).

We carried out photometry on the aligned images with the pipeline described in Williams
et al. (2014), which wraps the HST photometry package DOLPHOT (Dolphin 2000). Briefly,
DOLPHOT uses a set of fiducial PSF models that are empirically scaled for each frame
to account for frame-to-frame differences, such as those induced by “breathing” (Hasan &
Bely 1994). The cross-camera wrapper utilizes a single underlying source list such that
DOLPHOT can iteratively measure each individual source simultaneously across frames
employing techniques optimized for crowded fields. As described in Williams et al. (2014),
the output photometry for each source requires additional characterization to have realistic
uncertainties incorporating all concerns; these are derived via artificial star tests that are
described in the following subsection.

The key difference in the procedure adopted here compared to that of D12 is that we
perform simultaneous cross-camera photometry rather than reducing the datasets indepen-
dently and then matching catalogued sources. Due to the differences in the native angular
resolution between ACS/WFC and WFC3/IR (0705/pixel vs. 0/13/pixel respectively), the

simultanous procedure should produce a more complete and robust WFC3/IR dataset due
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to improved deblending and more complete source lists.

We rejected large contaminating sources, such as bright foreground stars and background
galaxies, by convolving the images with a 2D Gaussian kernel with width (/75 (15 WFC3/IR
pixels) and extracting sources from the convolved images with SEP. We used the ellipse
parameters a, b, and 6 of the sources to mask potentially contaminated pixels, with a and b

multiplied by 5 to ensure that a sufficient fraction of the contaminating flux was masked.

2.2.8  Artificial Star Tests

The primary sources of photometric uncertainty in these data are total exposure depth, which
determines the Poisson noise of photon counts, and stellar surface density, which affects the
likelihood of a star being blended with surrounding sources. The former are well-captured
by DOLPHOT’s accounting of photon-counting uncertainties. The latter, however, require
additional tests to fully characterize, especially given that blending is typically the dominant
source of bias and uncertainty in crowding-limited data.

We evaluated the photometric biases, scatter, and completeness of our data with a series
of artificial star tests (ASTs). We generated 20,000 artificial stars to be injected into the
image stack for each target, for a total of 460,000 ASTs. We prioritized the near-IR RGB
when selecting artificial star magnitudes. Half were drawn directly from simulated absolute
photometry generated with MATCH (Dolphin 2002) from PARSEC models. The other half
were assigned random magnitudes within our F110W-F160W selection box, with optical
magnitudes taken from simulated stars with comparable near-IR photometry. Figure 2.3
shows a CMD of the full set of input NIR photometry. All absolute input magnitudes were
then adjusted by the per-filter foreground reddening and D12 distance modulus for each
target and assigned random pixel coordinates within the NIR image footprints, excluding
the locations of masked contaminating sources such as extended background galaxies and
bright foreground stars. These input stars were then inserted into the image stack in batches
of 1000 at a time and processed identically to the original photometry.

As the AST input locations were assigned at random, they do not necessarily reflect the
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AST input IR photometry
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Figure 2.3: Hess diagram of input AST photometry in the near-IR. The densest portions
(orange to yellow) are from the CMDs, whereas the uniform sampling is purple.

true distributions of density and depth for any single target. We therefore resampled the full
set of AST results to match the distribution of these quantities for each target as closely as

possible, as follows.

We evaluated stellar surface densities using kernel density estimation (Rosenblatt 1956;
Parzen 1962) with the Python package KDEpy (Odland 2018). We selected the photometry
to be used for density estimation using the same near-IR selection box as in the ASTs, with
the additional criteria of having a mean near-IR signal-to-noise greater than 3. We then
constructed stellar surface density maps by convolving source coordinates with a Gaussian
kernel with a width of 5”, and tagged all photometry with their local densities. Density maps
for three example targets are shown in Figure 2.4. In the analysis presented in Section 2.3 we
used only photometry with local densities less than 1.5 stars/[1”, except for the high-density
target SN-NGC2403-PR, where we used a maximum local density of 3 stars/".

While all near-IR exposures were taken with identical exposure times and are therefore

of comparable depth, there is considerable variation in the optical exposure depths, which in
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Figure 2.4: Left panels: NIR Hess diagrams of three galaxies in our sample, with the selec-
tions of stars included in our surface density calculations highlighted. Right: corresponding
stellar surface density maps for each target. All density maps are scaled to the same limits
(0 to 1.5 RGB stars per square arcsecond) to highlight the range of stellar densities in our
sample. Gaps in the density images show where contaminating sources such as foreground
stars and background galaxies were rejected. The complete figure set (23 images) is available
in the online journal.
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turn may affect DOLPHOT’s source detection and subsequent deblending of near-IR sources.
To characterize exposure depth, we use the weight maps generated by Astrodrizzle for the
combined F814W reference images to assign fiducial total exposure times to the locations of
each source.

For each target we separated to the photometry into 10 bins according to density vs.
depth using K-means clustering (Arthur & Vassilvitskii 2007; Sculley 2010), and resampled
the full set of ASTs to match the observed distributions of densities and depths.

We then use the resampled ASTs to assign fiducial photometric uncertainties, biases, and
completenesses to all of our photometry. We define the photometric bias to be the median
of the differences between observed and input AST magnitudes, the photometric error to be
the interquartile range of the same, and the completeness to be the fraction of stars with
non-null observed magnitudes. We calculate these quantities as a function of AST input
magnitudes in each filter.

We subtract filter-appropriate foreground extinctions from all photometry, with values
obtained from Schlafly & Finkbeiner (2011); the corresponding V-band extinctions are listed
in Table 2.1. We assume negligible internal extinction for all targets, as the majority of our
targets are either low-metallicity dwarfs or halos of spiral galaxies. Target SN-NGC2403-PR
is an exception, but in that case we find that the photometric uncertainties due to crowding
are large enough that an attempt to analyze or correct for internal extinction would likely

not be productive.

2.2.4  Comparison to D12 photometry

Here we directly compare this generation of photometry to that of D12 by crossmatching
individual stars. We first convert the IR pixel coordinates of the original photometry to the
WCS defined by our realigned images. We select an initial sample of stars within 1 mag
of the D12 TRGB values and maximum per-filter old-to-new magnitude differences of 0.5
mag, and match on RA and Dec using a kd-tree (Bentley 1975) with a maximum distance

of 2”. We then find the robust coordinate transformation parameters between the new and
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old photometry using RANSAC regression (Fischler & Bolles 1987) on the matched initial
sample with a maximum residual value of 0"1. We apply this transformation to the full set
of old photometry coordinates and match the transformed coordinates again with a kd-tree,
this time with a maximum distance of 01. Figure 2.5 shows the changes in magnitude
as a function of the original D12 magnitudes in F160W, with the D12 TRGB +0.1 mag
highlighted.
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Figure 2.5: Changes in photometry between D12 and this work for HS117 (top), NGC 300
(middle), and NGC 4163 (bottom), with the D12 magnitude on the x-axis and Am on the
y-axis. The color-coding indicates the DOLPHOT crowding parameter of the new photom-
etry, which is the number of magnitudes subtracted from the initial measurement due to
neighboring sources. The rolling mean and median are shown by the solid and dashed lines
respectively. The complete figure set for both F110W and F160W (46 images) is available
in the online journal.
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Interestingly, we find that near the tip, the median magnitude difference is typically
very small (on the order of 0.01 mag) but negative for uncrowded stars, indicating that this
generation of photometry is slightly brighter than the previous. However, even the sparsest
fields show a population of high-crowding stars that are several tenths of a magnitude dimmer

than their D12 counterparts.
2.3 TRGB Measurement

In this section we describe the steps we use to measure the apparent magnitudes and colors
of the IR-TRGB. We adopt a multiwavelength approach, which we call “MCR-TRGB?”,
that we summarize for the reader in advance of detailed descriptions. First, we isolate the
RGB sequence from the other stellar populations. From the RGB sample, we do a tip
detection to select stars in the vicinity of the TRGB. This initial sample is then separated
into potential sub-populations to isolate those that have colors and magnitudes consistent
with being TRGB stars. The color and magnitude distributions of the candidate tip stars are
then fitted jointly for all applicable color-magnitude spaces to build the final color-magnitude
calibrations. This approach has several advantages over traditional Sobel edge-detection for
the purpose of this work, which we discuss in detail in Section 2.5.

Throughout this section, the methods are demonstrated using galaxies that span a range
in metallicity and RGB shape. Identical figures for each of the 23 galaxies in the sample are

provided as figure sets.

2.3.1 Initial RGB Star Selection

A maximally complete and minimally contaminated sample of RGB stars is essential for
characterizing the TRGB and the RGB luminosity function near the tip. Unfortunately
there are many stars that have colors and magnitudes similar to RGB stars, such as red
helium-burning (RHeB) and asymptotic giant branch (AGB) stars. These “contaminant”
populations can blur the TRGB edge or distort its measured magnitude (see discussion in

D12).
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NGC4163 RGB+ selection
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Figure 2.6: A demonstration of filter-by-filter RGB selections for NGC4163. Each of the
9 panels contains a color-magnitude combination used to determine P(RGB)+ for stars in
the color-magnitude range. The points in each panel are color-coded by the final probability
as indicated on the color-bar. The best-fit PARSEC synthetic RGB in each combination is
shown. The complete figure set (23 images) is available in the online journal.
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Typically, RGB stars are selected using strict binary color-magnitude cuts; we describe
two particular examples. D12 initially select stars with colors in the range 0.6 < F110W —
F160W < 1.1 mag and magnitudes brighter than 1 mag below their initial TRGB estimate,
and then make further rejections based on the standard deviations of a linear fit to the
remaining stars in color-magnitude space. The Carnegie-Chicago Hubble Program (Hatt
et al. 2017; Jang et al. 2018; Hatt et al. 2018a,b; Freedman et al. 2019) makes color cuts
with a fiducial RGB slope and a color width chosen visually to encompass the edges of the

RGB near the tip.

Here, we leverage the multiwavelength information available for our targets to probabilis-
tically identify stars that fall along characteristic RGB color-magnitude sequences. For each
target we construct a set of red vs. blue—red CMDs using F814W, F110W, and F160W as
the red filters, and using all available optical filters other than F814W as the blue. We also
construct CMDs in F814W vs. F814W-F160W, F110W vs. F814W-F110W, and F110W vs.
F110W-F160W for all targets. The number of unique color-magnitude combinations varies
from 6 to 12 depending on the number of available optical filters for each target. We apply
broad initial color and magnitude cuts based on the D12 TRGB measurements. Figure 2.6
provides example CMDs after cuts for NGC 4163 in the color-magnitude combinations used

for this analysis.

Next, we define an RGB locus in each filter combination by fitting a predicted RGB color-
magnitude sequence to the photometry in each color-magnitude combination independently.
We minimize the median distance between the observed photometry and a grid of synthetic
photometry derived from PARSEC (Marigo et al. 2017) isochrones of ages 4 to 14 Gyr and
[Fe/H] —3.0 to —0.2 dex, which have been limited to RGB stars brighter than Mgy = —2
mag and converted to apparent magnitudes using the distance moduli from D12. The panels
of Figure 2.6 have their best-fit isochrone-predicted RGB sequences overlaid in blue. As our
goal is to trace the RGB color-magnitude locus across all available bandpasses rather than
to measure any underlying properties of the stellar populations, we do not force a single

age and metallicity combination to fit all color-magnitude combinations.(We note that the
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metallicities of the “best-fit” isochrones for a single target can vary filter-to-filter by up to
nearly a full dex, especially in the case of low-metallicity targets where the upper RGB color
only weakly depends on metallicity; see subsection 2.5.3 for further discussion of filter-to-filter
differences between observed and predicted photometry at the TRGB.)

An initial “RGB-sequence probability” is then assigned to each star based on the distance
between its observed position in color-magnitude space and the nearest point on the predicted
RGB for each color-magnitude combination. The points in the panels of Figure 2.6 are color-
coded by these probabilities.

The purpose of this process is to construct a luminosity function with which to make an
initial TRGB estimate, as described in subsection 2.3.2. We therefore extrapolate the fitted
RGB sequences out to at least 1.5 mag brighter than the measured D12 TRGB apparent
magnitudes in all filters. As a result, stars brighter than the TRGB that fall along the
predicted color-magnitude loci will be assigned high RGB-sequence probabilities. These
probabilities should be understood as estimates of a star’s proximity to the color-magnitude
relations characteristic of each target’s RGB sequence, rather than as identifications of only
the stars that are truly on the RGB.

The individual RGB-sequence probabilities are then averaged across all color-magnitude

combinations to produce global RGB-sequence probabilities, which we call P(RGB)+.

2.3.2 Edge Detection

We make an initial selection of candidate tip stars by applying a Sobel edge detection to
the RGB-weighted luminosity function (LF). For each target we choose the filter with the
sharpest LF; that is, the filter in which the tip magnitude is least dependent on color. This
is F814W for most targets, and F110W for targets with F110W — F160W > 0.95 mag, as
measured in D12). We first construct a luminosity function (shown in the middle column of
Figure 2.7) by marginalizing P(RGB)+ over color as a function of magnitude. We use a bin
size of 0.01 mag, which is a factor of ~5 smaller than the typical magnitude uncertainty.

For each galaxy, the middle panels of Figure 2.7 show the raw LF (blue), where the
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noise is consistent with Poisson fluctuations. We first smooth the LF with a Savitzky-Golay
filter (Savitzky & Golay 1964), a low-pass filter originally developed to suppress noise in
spectroscopic data by fitting a polynomial within a rolling window. This technique effec-
tively removes Poisson noise spikes while preserving sharp features such as the TRGB edge.
However, there may be remaining spurious edges from photometric variance or stochastic
sampling of the luminosity function, particularly in sparse data. To reduce the impact of
these false edges, we smooth the LF once more using GLOESS (Gaussian-windowed, Lo-
cally Weighted Scatterplot Smoothing); for an in-depth description see Hatt et al. (2017)
and references therein. Briefly, GLOESS is an implementation of one-dimensional Gaussian
kernel density estimation, which we have modified to accept a variable kernel width. We se-
lect a fiducial kernel width using the KDEpy implementation of the Improved Sheather-Jones
algorithm (Botev et al. 2010), which chooses an optimal kernel width based on the overall
density of the data. We then multiply this fiducial width by the square of the photometric
uncertainties scaled by their median value as a function of magnitude, which de-emphasizes
LF variation fainter than the TRGB, where photometric uncertainties are higher. The final
smoothed LF, shown overlaid in black on the raw LFs in Figure 2.7, is then used for the

initial TRGB detection.

To detect the TRGB, we begin by applying a Sobel filter, which is one of the most widely
used means of finding the tip (see summary and comparisons in Beaton et al. 2018). The
Sobel filter approximates the first derivative of a discrete dataset via convolution with a
kernel. In its simplest form, this kernel is [—1,0, 1], which effectively subtracts counts in
the ¢ — 1 bin from the 7 + 1 bin to determine the edge-response, 7, for bin 7. This kernel is
applied to the smoothed LF, and the response is shown for each galaxy in the right panels of
Figure 2.7. In Figure 2.7, the magnitude of maximum Sobel response, m(Nmax), is indicated
by the dashed line across all panels.

We then select candidate tip stars near m(nmax) within a range we call An. The value of
An is determined using two quantities: i) the median photometric error within £0.1 mag of

max

M (Nmax)> Tper» and i), a minimum number of tip candidate stars N, We define N*™ as
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the square root of the number of stars 1 magnitude below m(nyax), with a hard minimum

of 30 stars. For each target, we make an initial selection of stars within +10%¢", and

then iteratively expand the selection range by 0.50 35" on each side until either N is
reached or An is over 0.2 mag. For the majority of our targets, the initial selection window
of 103" is enough to meet N;**. Our final A7 is shown by the blue band in the panels
of Figure 2.7 for our example pointings.

Out of the stars that fall within the fiducial tip magnitude range, we first select likely RGB
stars as those with P(RGB)+ > 0.6, which roughly corresponds to stars that were identified
as RGB+ sequence candidates with over 90% probability in at least two-thirds of the filter
combinations we used to assign RGB probabilities. We then reject stars with anomalous
magnitudes in at least one filter with Local Outlier Factor outlier detection (Breunig et al.
2000), which evaluates the relative isolation of points using k-nearest neighbors. We take
this trimmed sample of stars to be our final set of tip star candidates, which we then use to
measure tip magnitudes and colors as described in the following section.

We note that this selection of likely RGB tip stars is performed based on the resuts of
applying the Sobel filter to the filter where the tip is “flat” with color. The Sobel filter,
by design, looks for an sharp edge in a one-dimensional distribution. Two dimensional
implementations of the Sobel Filter exist, but still require conversion of our CMDs into a
binned form. Thus, application of the one-dimensional Sobel filter to a distribution that
has magnitude-color behavior may not fully detect the true edge in the distribution. Lastly,
where there is strong magnitude-color trend, because our colors are more imprecise than our
magnitudes, the intrinsic slope can be distorted by the color-spread in our data. Thus, in
the next section, we develop a method to utilize the tip stars we have just identified to trace

the intrinsic TRGB slope across our set of color-magnitude combinations.

2.3.8  Multiwavelength tip fitting

We characterize the color and magnitude distributions of our candidate tip stars using Ex-

treme Deconvolution (XDGMM, Bovy et al. 2011), a modification of Gaussian mixture mod-
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Figure 2.7: Tip star selection with edge detection for three demonstrative galaxies in our
sample. From top to bottom, HS117, NGC 300, and NGC4163. For each galaxy, three
panels are shown, from left to right, the CMD of high-probability RGB stars, the raw (gray)
and smoothed (black) luminosity function, and the Sobel edge response (). The initial
magnitude of the TRGB is identified as the magnitude at 7y,.x, Which is identified as the
dashed line in each panel. TRGB candidate stars are selected within the blue band, the
width of which is deteremined by the photometric uncertainty at the tip and by the number
of stars on the upper RGB as described in the text. The complete figure set (23 images) is
available in the online journal.
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eling that accounts for uncertainties in the input data. Specifically, we use XDGMM to fit
a single six-dimensional Gaussian to the F814W, F110W, and F160W magnitudes and the
F814W-F160W, F814W-F110W, and F110W-F160W colors of the tip star candidates. Al-
though the underlying distribution of tip stars in this parameter space is not intrinsically
Gaussian, we find that a single Gaussian is a reasonable approximation for the majority
of our tip star samples. Additionally, for the faintest and sparsest of our targets, low star
counts and photometric uncertainties on the same order as the width of the tip star selection
windows do not allow us to place reasonable constraints on more complex models, such as
multi-component Gaussian mixtures. We discuss potential alternative modeling approaches
in subsection 2.5.2.

For the uncertainties we use as inputs to XDGMM, we divide each star’s individual
photometric uncertainties by P(RGB+), effectively weighting the input points by P(RGB+).
We emphasize that XDGMM, as a tool, allows us to take into account these uncertainties
and weights on the RGB+ likelihood to trace the tip in filters where the Sobel edge is less
effective due to color-magnitude slopes.

We take the means of the fitted distributions to be our final apparent tip magnitudes and
colors. Results of these fits are shown for our sample galaxies in Figure 2.8, where we plot
ellipses showing the 95% confidence regions of the XDGMM fits in three color-magnitude
combinations. The width, height, and position angle of each ellipse are derived from two-
dimensional slices of the full six-dimensional covariance matrix.

Potential systematic and statistical biases of this method are discussed in Section A;

overall, we find that the results are comparable to those of edge detection in most cases.

2.4 Results

2.4.1 Apparent TRGB magnitudes and colors

In this section we compare the TRGB apparent magnitudes and colors we have measured

using the techniques developed in this paper to those used in D12. All revised apparent
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Figure 2.8: Results of XDGMM fits to candidate TRGB stars for HS117 (top), NGC 300
(middle), and NGC 4163 (bottom). For each galaxy the fits are shown for the following color-
magnitude combinations: F814W, F814W-F160W (left), F110W, F814W-F110W (center),
and F160W, F110W-F160W (right). The solid horizontal lines in each panel identify the
mean magnitudes of the tip from XDGMM (which are typically very close to the Sobel-
detected edge), and the overplotted ellipses show the 95% color-magnitude confidence regions
of the two-dimensional fitted tip. We note that because this method uses a set of candidate
tip stars selected based on their magnitudes in a single band (either F814W or F110W),
the 2-D ellipses may not follow the visual impression of the tip in other bandpasses. This
is especially apparent when the color-width of the RGB is of order the color uncertainties,
which is typical in the NIR.
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magnitudes and errors are reported in Table 2.3.
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Figure 2.9: Comparison of the revised tip F160W apparent magnitudes and F110W — F160W
colors from this work (blue points) to those of D12 (orange points). Arrows indicate per-
target correspondence between D12 and the new measurements. The blue ellipses show the
68% confidence regions on the measurements of this paper from XDGMM fitting, and the
bottom right errorbars indicate the median photometric uncertainties in color and magnitude
for an individual star. For NGC 300 (unfilled points) we plot Mpigow + 1 rather than Mgigow,
as it is ~ 1 mag brighter than the remainder of the sample. On average, our mean color-
magnitude tip results are redder and slightly fainter than D12.

First, Figure 2.9 compares the change in apparent F160W magnitude and F110W-F160W
color between this work (blue points) and D12 (orange points) for each target in our sample.
The 68% confidence intervals are shown for our measurements and demonstrate that the
difference between this work and D12 is almost always larger than our measurement uncer-
tainties, albeit, as shown in the lower right, most are within the color-magnitude photometric
error circle for an individual source at the tip.

The origin of these offsets can be determined by comparing the individual differences

between the photometry. Figure 2.10 compares the relative change between the measure-
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Figure 2.10: Left: changes in the Mpi60w tip magnitudes compared to changes in the Mpi19w
TRGB magnitudes between this work and D12. Right: changes in the Mgi6ow tip magnitudes
between this work and D12 against the NIR color measured in this work. Both panels
show histograms with overlaid kernel density estimates of the marginal distributions of the
quantities on each axis, linear fits with shaded confidence intervals, and scale bars with
typical photometric uncertainties.
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ments of this work and that of D12 for the F110W (x-axis) and F160W (y-axis). For both
Ampigow and Ampiiow (defined as this work minus D12), the median difference is approx-
imately +0.05 mag; histograms are shown in Figure 2.10 on each axis. Interestingly, the
offsets are highly correlated; in the left panel, a one-to-one line is shown in black-dashed
line with a fit to the results given in blue solid, and the 95% confidence interval (shown in
the shaded region) encompasses the one-to-one line. The offsets also show some color depen-
dence, with stars at redder TRGB colors skewing systematically dimmer in this work relative
to D12. We attribute this largely to differences in the populations that dominate the TRGB
in the optical vs. the IR. As most of our measurements are tied to the lower-metallicity
stars selected from the F814W TRGB edge, it makes sense that differences relative to direct

IR-TRGB edge measurements would become more pronounced in metal-rich populations.

Figure 2.11 displays the F814W-F110W (left) and F814W-F160W (right) to F110W—
F160W color-color diagrams for the results of this work (blue) compared to that of D12
(orange). Relative to D12, the measurements from this work move the color-color relations
to the left in this diagram — bluer in F814W-F110W and F814W-F160W and slightly redder
in F110W-F160W.

In Figure 2.11 we provide reference lines to highlight the color behavior, using a linear
function for the D12 photometry and a logistic function for our new photometry. (We caution

that these fitting relations should not be taken as physically meaningful.)

2.4.2 The TRGB color-absolute magnitude relation

To derive the color dependence of the NIR TRGB absolute magnitude, we must adjust the

apparent magnitudes in Figure 2.9 by the appropriate distance modulus for each galaxy.

We first present a revised NIR color-absolute magnitude relation adopting the same
distances as in D12, and then explore the use of the most up-to-date stellar models to derive

revised distance moduli and absolute magnitudes.
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Figure 2.11: Comparison of D12 color-color relation to the TRGB color-color relation deter-
mined in this work, with F110W — F160W against F814W-F110W (left) and F814W-F160W
(right). As in Figure 2.9, orange points are from D12, blue points are from this work, ar-
rows connect the corresponding results, and the blue shading indicates our two-dimensional
uncertainties from XDGMM. We show a linear fit to the D12 values (as done in that work)
and a generalized logistic fit to values from this work to highlight the changes in morphology
in our new color-color relations.
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Table 2.3: Apparent TRGB magnitudes

F814W F110W F160W
Target m Ogit Ophot m Ofit Ophot m Ofit Ophot N,
DDO71 23.742  0.002 0.015 22.990 0.022 0.047 22.134 0.040 0.048 1478
DDO78 23.730 0.005 0.032 22966 0.050 0.042 22.056 0.066 0.042 1948
DDO82 23.864 0.005 0.044 23.040 0.041 0.051 22.123 0.060 0.051 4525
ES0540-030 23.617 0.007 0.036 22940 0.023 0.039 22.092 0.031 0.043 631
HS117 23.845 0.011 0.036 23.154 0.009 0.045 22.318 0.019 0.040 592
1C2574-SGS 23.875 0.005 0.040 23.091 0.031 0.062 22211 0.050 0.057 5227
KDG73 23.887 0.021 0.031 23.258 0.023 0.046 22.483 0.024 0.052 312
KKH37 23.542 0.004 0.032 22.819 0.020 0.044 21.959 0.030 0.048 902
MS&1-DEEP 24.074 0.103 0.013 22.892 0.021 0.039 21.892 0.024 0.035 551
NGC0300 22,493 0.043 0.017 21.565 0.009 0.022 20.602 0.022 0.022 1350
NGC2403-HALO-6 23.340 0.020 0.027 22497 0.036 0.027 21.593 0.036 0.028 378
NGC2976-DEEP 23.734 0.055 0.027 22.857 0.016 0.044 21.910 0.028 0.040 1771
NGC3077-PHOENIX 23.972 0.080 0.016 22.990 0.015 0.044 22.010 0.034 0.041 1136
NGC3741 23.488 0.004 0.034 22795 0.005 0.043 21.981 0.006 0.043 798
NGC4163 23.241 0.007 0.030 22,508 0.039 0.038 21.623 0.059 0.039 2429
NGC7793-HALO-6 23.868 0.007 0.051 23.029 0.046 0.032 22.101 0.042 0.038 866
SCL-DE1 24.007 0.028 0.015 23.348 0.034 0.049 22.554 0.030 0.052 454
SN-NGC2403-PR 23.416 0.076 0.067 22.457 0.030 0.100 21.489 0.032 0.079 1641
UGC4305 23.569 0.004 0.034 22.803 0.034 0.050 21.954 0.049 0.049 4883
UGC4459 23.708 0.004 0.034 22.985 0.028 0.044 22.162 0.031 0.048 1292
UGC5139 23.893 0.003 0.021 23.133 0.031 0.047 22.296 0.048 0.050 2015
UGC8508 23.018 0.005 0.027 22315 0.021 0.032 21.503 0.035 0.034 1402

UGCA292 23.750 0.021 0.028 23.168 0.023 0.044 22.411 0.035 0.048 177
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Adopting D12 distances

The distance moduli used in D12 were detemined using the F814W TRGB, which enables a
fully self-consistent study of the TRGB across bandpasses. With the exception of NGC 7793,
these distances were originally published in Dalcanton et al. (2009), whereas the distance
for NGC 7793 is from Karachentsev et al. (2003), which also uses the F814W TRGB. The
absolute calibration of the F814W (ground-based I-band) TRGB at < 5% precision is unclear
(Jang & Lee 2017b; Beaton et al. 2018; Freedman et al. 2019; Yuan et al. 2019; Reid et al.
2019; Freedman et al. 2020). Historically, it has been assumed to be a constant value of
approximately Migqp ~ —4.05 mag (Lee et al. 1993; Salaris & Cassisi 1997). However,
this magnitude is only anticipated to be roughly constant for uniformly old and metal-
poor populations (Beaton et al. 2018; Serenelli et al. 2017; Salaris & Cassisi 2006); more
specifically, [M/H] < —0.5 dex and > 4 Gyr.

The stellar populations in the D12 sample, however, span a wide range of ages and
metallicities that preclude the assumption of a single value for the TRGB F814W luminosity.
Rather than adopting a single value for MIsHW, Dalcanton et al. (2009) used the mean
optical colors of stars within 0.2 mag of the apparent F814W TRGB to choose fiducial Girardi
et al. (2008) isochrones with corresponding colors. Dalcanton et al. (2009) then determined
the predicted F814W TRGB absolute magnitude for each galaxy from the isochrone sets,
subtracted that from their measured F814W TRGB apparent magnitudes, and corrected for
foreground extinction to obtain their distance moduli.

We calculate NIR TRGB absolute magnitudes by subtracting the D12 distance moduli
from our apparent tip magnitudes, as reported in Table 2.4. The resulting NIR absolute
magnitudes and color-magnitude relation are compared to that of D12 in Figure 2.12.

We fit a linear relation to the absolute F160W magnitudes and F110W-F160W colors

determined in this work using orthogonal distance regression (ODR, Boggs et al. 1987), and
find:

MIFEY = —2.541(F110W — F160W) — 3.475 (2.1)
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Figure 2.12: Comparison of revised NIR color-absolute magnitude relations to D12 with
revised absolute magnitudes derived using the same distances as in D12. Blue points are
values from the current work and orange points are from D12. The corresponding color-coded
lines show linear fits to each dataset and the shaded regions show 95% confidence intervals.
Again, we see that our results are slightly redder and slightly fainter than D12 using their
distances. This color-color relation is distance-independent.
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The uncertainties on our slope and zeropoint are 0.057 mag color™! and 0.050 mag,

respectively. Compared to the equivalent fit from D12 (their eq. 1),
MY = —2.576(F110W — F160W) — 3.496, (2.2)

we find an 0.02 mag fainter zero-point (< 1% in distance) and a change in the slope of
less than 0.04 mag color™!, both of which are well within our uncertainties. As expected,
the difference in the zeropoint is roughly equivalent to the differences in measured TRGB

photometry observed in Figure 2.9.

Recalibrating Distances to Recent Models

Both the physical isochrones and the filter transformations described in Girardi et al. (2008)
have undergone many revisions in the intervening years (Bressan et al. 2012; Marigo et al.
2017), and thus the F814W TRGB zeropoints adopted in D09 and D12 may no longer be
appropriate. Here we apply a similar distance estimation method as in D09 to our revised
measurements, using synthetic photometry from the model suites PARSEC v. 1.2S? (Bressan
et al. 2012; Marigo et al. 2017) and MIST v. 1.2% (Choi et al. 2016), both of which are used
routinely for stellar populations work. We retrieved the synthetic photometry directly from
the cited web services. For both sets, we use isochrones with ages spanning 8 to 14 Gyr
with log(age) spacing of 0.05 dex. The PARSEC metallicities span —2.2 < [Fe/H| < 0 dex
with a spacing of 0.1 dex, whereas the MIST metallicities span —2.0 < [Fe/H] < 0 dex with
a spacing of 0.25 dex. Both model suites use scaled-solar abundances, albeit with slightly
different calibrations (Z, = 0.0152 and Y = 0.275556 for PARSEC, and Z, = 0.0142 and
Y, = 0.2703 for MIST). We use the evolutionary phase tags in each model set to select the
predicted TRGB at each age/metallicity combination.

For each of these model sets, we estimate new sets of distance moduli using two color-

magnitude combinations: (i) F814W vs. F814W-F160W and (ii) F160W vs. F110W-F160W.

2http://stev.oapd.inaf.it/cgi-bin/cmd_3.3
3http://waps.cfa.harvard.edu/MIST/index.html
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Target p (D12)  Mpgiuw  orsiaw  Mriow  oriiow  Mrisow  Oriow
DDO71 27.740 —=3.998 0.016 —4.750 0.052 —5.606 0.062
DDO78 27820 —4.090 0.033 —4.854 0.065 —5.764 0.078
DDOS82 27900 —4.036 0.044 —4.860 0.066 —=5.777 0.079
ES0540-030 27.610 —=3.993 0.037 —4.670 0.046 —5.518 0.053
HS117 27910 —4.065 0.037 —4.756 0.045 —5.592 0.044
[1C2574-SGS 27900 —4.025 0.040 —4.809 0.069 —5.689 0.076
KDG73 28.030 —4.143 0.037 —4.772 0.051 —=5.547 0.057
KKH37 27.560 —4.018 0.032 —4.741 0.049 —-5.601 0.056
MS81-DEEP 27770 0 —=3.696 0.104 —4878 0.045 —5.878 0.043
NGC0300 26.500 —4.007 0.046 —4.935 0.024 —-5.898 0.031
NGC2403-HALO-6 27.500 —4.160 0.034 —5.003 0.045 —=5.907 0.046
NGC2976-DEEP 27.760 —4.026 0.061 —4.903 0.047 —5.850 0.049
NGC3077-PHOENIX  27.920 —3.948 0.082 —4.930 0.047 —5.910 0.053
NGC3741 27.550 —4.062 0.035 —4.755 0.043 —5.569 0.044
NGC4163 27.290 —4.049 0.031 —4.782 0.055 —=5.667 0.070
NGCT7793-HALO-6 27960 —4.092 0.062 —4.931 0.056 —5.859  0.057
SCL-DE1 28.110 —4.103 0.031 —4.762 0.060 —5.556 0.060
SN-NGC2403-PR 27.500 —4.084 0.101 —=5.043 0.105 —6.011 0.086
UGC4305 27.650 —4.081 0.034 —4.847 0.060 —5.696 0.069
UGC4459 277790 —4.082  0.034 —4805 0.052 —5.628  0.057
UGC5H139 27950 —4.057 0.022 —4817 0.056 —5.654 0.069
UGC8508 27.060 —4.042 0.027 —4.745 0.039 —5.557 0.049
UGCA292 27790  —4.040 0.035 —4.622 0.049 —=5.379 0.060
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Figure 2.13: Revised absolute tip magnitudes using distance moduli calibrated to Mpgiaw
versus F814W-F160W derived from synthetic photometry from the MIST (orange) and
PARSEC (green) model suites. Each solid line represents a set of theoretical tip star colors
and absolute magnitudes at a single age. In the left panel, we tie the observed colors to
an absolute magnitude in either isochrone set to determine ppgisw. On the right, we use
prsiaw to determine MW and plot against our F110W-F160W color; we find that these

measurements are systematically offset from the corresponding isochrone models.
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For most of our color measurements, there are multiple isochrones with TRGB colors that fall
within the measurement uncertainties, each with slightly different absolute TRGB magni-
tudes. We calculate a fiducial tip absolute magnitude for each galaxy by taking the weighted
mean of the isochrone absolute magnitudes, where the weights are defined by a Gaussian with
a center at the measured tip color and a width from the color-uncertainty. Derived distance

moduli for all color-magnitude combinations and model sets are reported in Table 2.5.
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Figure 2.14: We invert the demonstration of Figure 2.13. In the left panel, we tie the observed
colors to an absolute magnitude in either isochrone set to determine ppigow. On the right,
we use prigow to compute MASHW and plot against our F814W-F160W color; we again find
that our measurements are systematically offset from the corresponding isochrone models.
Taken with Figure 2.13, this suggests that distance moduli calibrated to models in one band
will systematically mispredict the corresponding tip behavior in other bands.

The results of this procedure are shown in Figure 2.13 where the left panel shows the
adopted values of Mrrgp(F814W)—(F814W-F160W) and the right panel shows the inferred
values of Mrrgp(F160W)—(F110W-F160W). In each panel, sets of synthetic photometry at
single ages (8-13 Gyr), with metallicities spanning —2.0 < [F'e/H] < —0.25 dex, are plotted
as transparent lines, with PARSEC models plotted in green and MIST models in orange.
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Overall, the mag-color behavior of the two sets is qualitatively similar, but the absolute
magnitudes differ by AMggiqw ~ 0.15 mag, with PARSEC being brighter than MIST for
the same color (~8% in distance).

The fits of our data to the predicted Mrrap(F814W)—(F814W-F160W) distributions are
shown as the points in the panels of Figure 2.13. From this, we determine a distance modulus
to each galaxy, which we denote as ppgiqw. In the right panel, we use upsiqw to translate
mrrae(F160W) to Mrrap(F160W), and compare these values to the same isochrone sets
used to derive ppgiaw. The PARSEC-based distances place the observed NIR TRGB ~ 0.05
mag fainter than predicted, but they do trace the same underlying variations with color.
In contrast, the MIST-derived values are less offset overall in magnitude, but show shape
deviations that become particularly pronounced at red colors.

Figure 2.14 repeats this process in reverse by determining a distance modulus, prigow,
based off of the Mrrgp(F160W)—(F110W-F160W) model predictions (left panel) and then
comparing the absolute Mrrgp(F814W)—(F814W-F160W) empirical relationship to the mod-
els in the right panel. In this case, different behavior is observed: for both model sets,
Mrrep(F814W) from our data are too bright by ~0.1 mag at the blue (low-metallicity) end,
and there is a slight color offset of ~0.05 mag.

Overall Figure 2.13 and Figure 2.14 suggest that the isochrone predictions are inconsistent
both with each other and, when used internally to predict multi-band magnitudes, with our
measurements. We will further discuss potential reasons for these apparent inconsistencies

in subsection 2.5.3.

New Distance Moduli Compared to D12

Figure 2.15 compares the distance moduli determined in the previous subsection to those from
D12. The top panel compares the distances calibrated to F814W (the same filter in either
case) and the bottom panel compares the distances from F160W. No difference (Ap = 0
mag) is indicated by the vertical dashed line. In both cases, the PARSEC-based calibration
is systematically larger than in D12 by median values of 0.043(£0.069) mag in F814W



45

] ]
8 ! Ap(FS14W) 6 ! Ap(F160W)
' == PARSEC ' == PARSEC
' == MIST 5 ' == MIST
6 1 1
= ! z '
g ! £ 49 !
%] 1 %] 1
ks I = I
27 i
2 1
1 i
1
/\I
0 T T T T T T T 0 T T T T T T T
—0.3 —-0.2 —0.1 0.0 0.1 0.2 0.3 —0.3 —0.2 —0.1 0.0 0.1 0.2 0.3
Ay, this work — D12 Ay, this work — D12

Figure 2.15: Histograms and overlaid biweight kernel density estimates of Au, where Ap is
the difference between distance moduli derived in this work and the distance moduli used in
D12. The top panel shows Ay using distance moduli calibrated to Mggi4w and the bottom
shows Ay using distance moduli calibrated to Mgigow. These differences are much larger
than those measured using the same distances (Figure 2.12) and thus can be interpreted as
differences between model predictions of tip magnitudes.

and 0.126(40.071) mag in F160W, corresponding to 2(+3)% and 6(%3)% greater distances,
respectively. The MIST calibrations, on the other hand, are systematically smaller, with
median differences of —0.096(+0.084) mag in F814W and —0.045(£0.063) mag in F160W
(4(£4)% and 2(£3)% closer respectively).

2.5 Discussion

In this section, we discuss the advantages and limitations of our adopted methods to trace
the TRGB across multiple wavelengths. Once established, we then discuss more funda-
mental limitations to our investigation, which include knowledge of the absolute magnitude
of the TRGB, details of the physical models underlying the isochrone suites, and possible
systematics that are difficult to disentangle with the data at hand.



Table 2.5: New distance moduli

PARSEC MIST
F814W F160W F814W F160W

Target n o I o n o W o)

DDO71 27.842 0.065 27.899 0.093 27.710 0.065 27.747 0.093
DDO78 27.822 0.093 27.939 0.100 27.700 0.093 27.785 0.100
DDO82 27948 0.101 28.026 0.109 27.835 0.101 27.864 0.109
ES0540-030 27.719 0.072 27.839 0.080 27.566 0.072 27.694 0.080
HS117 27.948 0.072 28.042 0.075 27.796 0.072 27.885 0.075
1C2574-SGS 27969 0.094 28.027 0.115 27.847 0.094 27.866 0.115
KDG73 27978 0.072 28.077 0.090 27.761 0.072 27.898 0.090
KKH37 27.643 0.072 27.733 0.087 27.506 0.072 27.585 0.087
M81-DEEP 28.043 0.162 28.068 0.070 27.938 0.162 27.788 0.070
NGC0300 26.551 0.079 26.639 0.047 26.441 0.079 26.435 0.047
NGC2403-HALO-6 27423 0.061 27.456 0.060 27.311 0.061 27.306 0.060
NGC2976-DEEP 27.804 0.098 27.893 0.079 27.696 0.098 27.699 0.079
NGC3077-PHOENIX 28.015 0.124 28.118 0.083 27.909 0.124 27.877 0.083
NGC3741 27.590 0.065 27.659 0.075 27.429 0.065 27.501 0.075
NGC4163 27.340 0.079 27.450 0.091 27209 0.079 27.290 0.091
NGC7793-HALO-6 27.948 0.091 28.026 0.077 27.838 0.091 27.858 0.077
SCL-DE1 28.104 0.064 28.188 0.094 27926 0.064 28.020 0.094
SN-NGC2403-PR 27.467 0.158 27.546 0.155 27.358 0.158 27.334 0.155
UGC4305 27.668 0.084 27.705 0.099 27.537 0.084 27.557 0.099
UGC4459 27.810 0.074 27.857 0.087 27.664 0.074 27.695 0.087
UGC5139 27993 0.075 28.022 0.099 27.858 0.075 27.864 0.099
UGC8508 27.119 0.064 27.178 0.069 26.964 0.064 27.015 0.069
UGCA292 27.811 0.071 27.961 0.091 27.586 0.071 27.787 0.091
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Table 2.5 notes: Quoted errors are the quadrature sum of the photometric and fitting errors.
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2.5.1 Advantages of the MCR-TRGB method

MCR-TRGB simultaneously measures the distributions of a pre-selected group of stars across
an arbitrary number of color-magnitude combinations. As a result, the method ensures self-
consistency in the measured color-magnitude behavior as it is determined from the same
underlying set of stars. In contrast, traditional edge detection is done on a per-filter basis, and
it is not guaranteed to detect the tip using precisely the same stars across color-magnitude
combinations. This limitation is particularly important in the cases of steeply-sloped tips

where the corresponding color-baseline changes significantly relative to the color-uncertainty.

Fitting the full color-magnitude covariance has the further benefit of characterizing spread
of colors and magnitudes both intrinsically, e.g., within a galaxy, and experimentally, e.g.,
with respect to our photometric precision. This differs from Sobel-based edge detection where
it is difficult to properly account for measurement uncertainties in both magnitude and color.
Moreover, Sobel-based edge detection does not automatically account for intrinsic color-
magnitude variation across a given TRGB and, as a result, the Sobel-edges are generalized

to a mean color on a per-filter basis.

Unlike the T-magnitude system of Madore et al. (2009), which rectifies the photometry to
an assumed TRGB slope, MCR-TRGB relies only on the assumption that there is one filter
in which the tip magnitude has a weak enough color dependence enough to make an initial
selection of tip star candidates. This permits us to use the well-established Sobel method to
find a “flat” edge to define candidate tip stars and then utilize those stars in regimes where
the tip is more difficult to detect using Sobel-based methods. This provides a fundamental
advantage toward revealing the underlying intrinsic behavior of TRGB stars to construct

self-consistent color-magnitude calibrations.

We posit that MCR-TRGB is a more effective tool to define the underlying color-
magnitude calibrations for local, well-studied, and well-observed galaxies than relying on
techniques more suited for distant galaxies. Stated differently, if your goal is to provide

the best characterization of the behavior of tip stars across multiple bands, MCR-TRGB
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will perform better than standard Sobel-edge detection. It also provides a fully empirical
basis to explore the ultimate precision of the TRGB as distance-measurement tool, from
which we can gain understanding of both systematic and statistical biases for more distance

measurements where there is a lower ability to probe these terms with available data.

2.5.2  Limitations of MCR-TRGB

Our method requires multi-wavelength data and relatively good data quality, which makes it
less generally applicable to all distance measurement applications. More specifically, MCR-
TRGB requires fairly stringent initial rejection of potential contaminants, which may not be
feasible for all datasets due to photometric uncertainties or the complexity of the underlying
stellar populations. Moreover, the multiwavelength tracing of individual TRGB stars may
also be infeasible for many contexts where the acquisition of multiband imaging is too ex-
pensive. Thus, as just discussed, we consider MCR-TRGB’s most significant role is as a tool
to define the underlying systematics affiliated with TRGB-based distances as the community
explores different color-magnitude regimes.

The XDGMM algorithm used in MCR-TRGB loses its ability to resolve the shape of an
intrinsic distribution when the typical uncertainties on the input data points are comparable
to the full range of the input data. This method loses its advantages for low signal-to-noise
photometry, filter combinations with very short color baselines, and simple stellar populations
with little color spread near the TRGB. (See Section A for further discussion.)

Another limitation of XDGMM is its assumption of Gaussianity. In practice, the intrin-
sic distribution of TRGB stars within a given magnitude range is far from Gaussian. More
complex models of this distribution should be investigated, ideally on high-precision pho-
tometry of systems with well-populated RGB sequences. For example, a multi-component
Gaussian mixture could be of use in distinguishing remaining contaminants, such as a low-
density AGB “background”, from the TRGB population. Alternate fitting methods, such
as Gaussian process regression, should also be considered. We reserve tests of this nature

for future exploration using local galaxies with properties and observations that are better
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matched to the requirements of drawing conclusions from such tests.

2.5.3 Absolute Calibration

In Section 2.4.2, Figures 2.13 and 2.14 introduce a puzzle with regards to using synthetic
photometry as the absolute calibration for the TRGB. Inspection of Figures 2.13 and 2.14 re-
veal two concerns for the isochrone sets: (i) a systematic offset between PARSEC and MIST
is present for the absolute magnitudes regardless of filter, such that PARSEC is consistently
brighter than MIST, and (ii) there is a relative filter-to-filter offset between the models’ pre-
dictions and our measurements, such that the absolute NIR magnitudes of our measurements
derived by adopting the models’ optical predictions do not correspond to the models” NIR
predictions, and vice versa. Understanding these differences requires considering how stellar
interior models, which predict stellar structure, are mapped to stellar atmospheres used to
construct the synthetic photometry shown in Figures 2.13 and 2.14. An excellent discussion
of this process is given by Casagrande & VandenBerg (2014).

Before examining the models more closely, we note that such offsets should not be surpris-
ing when viewed in the context of the larger literature. Even in the well-studied F814W/I-
band, there is a current debate in the value of the absolute magnitude of the TRGB, which
is central to determining Hy (e.g., see Freedman et al. 2019; Yuan et al. 2019; Reid et al.
2019; Freedman et al. 2020, and references therein). Even the most detailed and careful
calibrations have total uncertainties at the 0.05 mag level due to various systematic terms.
The range of recently used F814W absolute values spans ~0.10 mag (as reviewed by Beaton
et al. 2018). These discrepancies in the absolute magnitude of the tip can propagate into
stellar models depending on exactly how the isochrone sets cross-check their own absolute
scales. As reviewed by Beaton et al. (2018), such discrepancies also affect the RR Lyrae and
horizontal branches, which imparts uncertainty on the absolute scale for globular clusters (as
are explored in detail by Casagrande & VandenBerg 2014). Therefore, no theoretical pre-
dictions can be expected immune to the downstream effects of systematics in the empirical

distance scale.



20

In this subsection, we first present a preliminary comparison of our results to the empirical
TRGB relation derived for the (F606 W-F814W)-Mpgi4w color-magnitude plane by Jang &
Lee (2017b), and discuss its implications with regard to assessing differences in the models’
behavior. We then consider two aspects of the synthetic photometry that might contribute
to the discrepancies in Figures 2.13 and 2.14: (i) differences in adopted stellar atmospheres,
which affect the conversion from bolometric luminosity to observed fluxes in specific filters,
discussed in section 2.5.3, and (ii) differences in the underlying stellar evolution physics,

discussed in section 2.5.3.

Comparison to empirical optical results
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Figure 2.16: As in Figure 2.13, we infer absolute F160W magnitudes via adopted F814W
absolute magnitudes. Here the F814W absolute magnitudes are calibrated to the F814W
vs. F606W-F814W QT relation presented by Jang & Lee (2017b) for the subset of our
sample with F606W coverage. We overplot MIST (orange) and PARSEC (green) synthetic
photometry for comparison. Left: The QT relation with adopted Mggi4w values. Center:
Inferred Mgigow vs. F110W-F160W. Right: Distance-independent F110W-F160W vs.
F606 W-F814W color-color plot.

The discrepancies between our measurements and both sets of synthetic photometry in
Figures 2.13 and 2.14 make it unclear which model should be preferred, if either. As an
alternative, we turn to the empirical F814W TRGB calibration presented by Jang & Lee
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(2017b). Like the majority of existing empirical F814W /I calibrations, it is based on a
specific optical color baseline (F606 W-F814W), which precludes us from adopting it for our
entire sample, as F814W is the only optical filter common to all our targets. However, the
subset of our sample with F606W observations (14 out of 23 targets) allows us to make a
preliminary comparison as a benchmark against theoretical calibrations.?

Jang & Lee (2017b) employ a quadratic functional form (the QT system) for the Mygiaw
vs. (F606W-F814W) relation, which they calibrate over an extensive color range of 0.8 <
F606W — F814W < 3 mag. We show the results of adopting the QT relation for the galaxies
in our sample with F606W coverage in Figure 2.16.

Figure 2.16 shows that the Jang & Lee calibration falls squarely between the PARSEC
and MIST predictions in F814W. Adopting the distances from this calibration, we then plot
the inferred absolute magnitude in the F160W band in the center panel. The resulting
F160W TRGB absolute magnitudes agree quite well with the MIST predictions in the NIR.
We explore this apparent color mismatch further in the right panel, which compares the
optical F606W-F814W colors to the NIR F110W-F160W colors for the 14 galaxies with
F606W data. Although the center panel of Figure 2.16 appears to favor MIST predictions
in the NIR at all but the reddest colors, the optical-IR color-color behavior strongly favors
PARSEC.

Bolometric corrections

We make a direct comparison of the models’ physical predictions in the left panel of Fig-
ure 2.17, which compares the MIST and PARSEC model TRGB in temperature-luminosity
space for the same range of ages and metallicities as in Figures 2.13 and 2.14. We see that
the models are offset from each other in T.g and log(L /L), indicating differences in the un-
derlying stellar structure, with PARSEC running approximately ~10% more luminous and

50-150 K warmer than MIST at the same age and metallicity. (For comparison, Choi et al.

4A more detailed analysis that incorporates recently revised distances to the two absolute-scale zeropoint
anchors used by Jang & Lee (2017b) is currently in preparation.
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Figure 2.17: Left: Bolometric luminosity vs. effective temperature for the MIST (orange) and
PARSEC (green) model tip stars used in this work (ages 8 - 14 Gyr and —2 < [Fe/H] < —0.25
dex). PARSEC luminosities are found to be consistently ~1.1 times brighter than MIST at
the same age and metallicity. Center: (F110W-F160W) vs. (F814W-F110W) color-color
plots for MIST and PARSEC tip star predictions. Right: Color-color results of this work
overlaid on MIST and PARSEC predictions.

(2018a) find uncertainties on the absolute Tog scale of £100 K due to boundary conditions.)
The PARSEC predictions also show a slightly larger spread in T.g than MIST over the same

range of age and metallicity.

We attempt to isolate filter-to-filter differences between the models’ predictions by exam-
ining their color-color behavior. The middle panel of Figure 2.17 shows the F814W-F110W
to F110W-F160W color-color behavior of the two model sets. There is a divergence on the
order of 0.1 mag for stars with F814W-F110W > 1 mag, indicating significant differences in
the model atmospheres of cooler stars. Close inspection of the bluer side shows that although
the color-color relations have similar slopes, they are slightly offset from one another at the
same metallicity.

We compare these color-color predictions to our measurements in the right panel of Fig-
ure 2.17, which overlays the color-color results derived via the MCR-TRGB technique. Un-
like Figures 2.13 and 2.14, the color-color relations are distance-independent, which alleviates

concerns about the absolute scale of the measurements. The observed TRGB is systemati-



93

cally redder than predicted in F110W-F160W and/or systematically bluer in F814W-F110W
(which appears to effectively rule out unaccounted-for extinction as a source of disagreement).
Comparison to the right panel of Figure 2.16, which shows good agreement between obser-
vations and PARSEC predictions for F606W-F814W and F110W-F160W colors, suggests
that PARSEC’s predicted TRGB colors are overall accurate in the optical and IR inde-
pendently, but that there may be offsets in the relative cross-calibration between the two
wavelength regimes in either the stellar atmosphere models or in our data. More specifically,
if PARSEC’s predicted F110W and F160W absolute magnitudes were shifted to be ~ 0.1
mag dimmer (or if our NIR measurements were 0.1 mag brighter) with no changes to the
optical, the predicted and observed F814W-F110W colors would be brought into alignment,
with no change to the F110W-F160W or F606W-F814W colors.

The stellar atmospheres used to generate synthetic photometry are encoded as bolomet-
ric corrections, which transform bolometric luminosities into filter-specific quantities. The
bolometric corrections depend primarily on log(g), Teg, and both [Fe/H] and [o/H]. While
the differences in predicted bolometric luminosities shown in the left panel of Figure 2.17
suggest that PARSEC and MIST would still predict different absolute magnitudes for a tip
star of a given age and metallicity, bolometric corrections and the stellar T4 scale are likely

to be a source of some of the filter-to-filter offsets we observe.

As of this writing, the PARSEC web service (CMD v. 3.3) uses PHOENIX (Allard et al.
2012) bolometric corrections for stars with Tog < 5500 K (~ 1000 K warmer than the warmest
TRGB stars), and MIST uses ATLAS12 (Kurucz 2014). Chen et al. (2019b) have explored
how the PHOENIX (Allard et al. 2012) and ATLAS9 (Kurucz 2014) model atmospheres affect
predicted colors and magnitudes of PARSEC isochrones in optical and IR passbands. Their
Figure 2 shows that the PHOENIX bolometric corrections produce RGB colors that are biased
red by up to 0.1 mag in V — I, which translates to an artificially bright TRGB in the NIR
consistent with what we see in Figures 2.13 and 2.14. Although Chen et al. (2019b) claim
that the PHOENIX bolometric corrections are preferable for giants because they are computed

with spherical geometry, Fu et al. (2018, section 3.2.3) find that the PHOENIX bolometric
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corrections cannot reproduce the observed RGB colors in 47 Tuc, which they term the
“RGB-too-red” problem. While we have been unable to locate any similar such studies of
MIST’s predictions for the RGB, Fu et al. (2018) caution that ATLAS12 atmospheres may
be unreliable for Tog < 4000 K, which may explain the divergence we see between the MIST
and PARSEC predictions at F814W-F110W > 1 in the center panel of Figure 2.17.

Similar evidence for the importance of bolometric corrections for the optical TRGB was
explored by Serenelli et al. (2017), who directly compared the predicted absolute magnitudes
of the I-band TRGB from the BaSTI models (Pietrinferni et al. 2013) using four sets of bolo-
metric corrections (see their fig. 8). They see differences at the ~10% level when applying
different sets of bolometric corrections to models using the same underlying physics, compa-
rable to the amplitude of discrepancies we see here. Although this investigation focused on
the optical, their finding of ~0.1 mag discrepancies aligns with the scale of the adjustments
needed to bring our measurements and the models’ predictions into alignment.

While further quantitative investigation is clearly required, we conclude that bolometric
corrections are a likely source of a substantial part of the optical-IR discrepancies we observe

in Figures 2.13 and 2.14.

Physical properties of TRGB stars

The left-most panel of Figure 2.17 suggests that there are currently real differences in the
predicted stellar structure at the TRGB due to the different physical assumptions between
the models, even before differences in atmospheres or bolometric corrections are included.
Our comparison of PARSEC and MIST broadly agrees with the conclusions from a more de-
tailed model-focused study by Serenelli et al. (2017), who investigated both the physical and
computational factors contributing to differences between the predicted TRGB luminosities
of two sets of stellar models (BaSTI and GARSTEC). Serenelli et al. (2017) were able to
produce identical predictions of tip stars’ physical properties from two different model suites
only when certain physical processes, such as neutrino energy loss and electron screening, as

well as some numerical criteria such as integration timestep, were implemented consistently
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between stellar evolution codes (the full set of which they term “concordance physics”).
While a comparable investigation of such sources of difference between MIST and PARSEC
is well outside the scope of this work, we find it reasonable to conclude that some aspects
of their physical differences are likely due to limitations in our current understanding of
certain “cutting edge” topics in stellar astrophysics, and may also be in part due to differing
computational approaches. Tip stars, in addition to being both cool and luminous, are at

an evolutionary transition point, and so may be especially sensitive to these details.

Another possible source of disagreement between the models’ predictions and our data
is elemental abundances, including the helium fraction Y and « enhancement, the latter of
which is of particular concern at [Fe/H|] < —1 dex (F110W-F160W < 0.9 mag for PARSEC).
At present, neither MIST nor PARSEC have publicly available a-enhanced models, although
they are slated to be included in future releases of both (Choi et al. 2016; Fu et al. 2018).
Serenelli et al. (2017) report that, at least after the adoption of their concordance physics, «
enhancement produces what they consider to be negligible effects on the TRGB bolometric
luminosity (< 1% difference between [a/Fe| = 0.4 and [a/Fe| = 0 at fixed [M/H]), Tog
(< 2% difference), and predicted VIJK magnitudes (< 0.01 mag difference at constant
color). Similarly, they find that a change in the helium fraction Y of 0.01 (approximately
the range over which estimates of the primordial helium mass fraction vary) has no more than
a 1% effect on TRGB temperatures and luminosities. Nonetheless, as forthcoming versions
of PARSEC will offer options for variable o enhancement and helium abundance (Fu et al.
2018) as well as updated bolometric corrections®, we anticipate that a direct analysis of these
quantities’ impacts on predictions of TRGB behavior as they pertain to this work will be

both easily achievable and informative.

5The PHOENIX bolometric corrections currently employed in the PARSEC web service only take total
Z into account in their color transformations (Fu et al. 2018), which is problematic for understanding
potential photometric effects of varying abundance ratios. ATLAS12 model atmospheres for a-enhanced
PARSEC isochrones down to Tex = 4000 K are currently in development (Fu et al. 2018; Chen et al.
2019b).



o6

2.5.4 TP-AGB contamination

While we believe that our method of determining P(RGB)+ is overall effective at rejecting
contaminating populations, such as red supergiants and the bulk of the AGB, there may be
some amount of remaining contamination, particularly from thermally-pulsing AGB (TP-
AGB) stars, which we briefly discuss here.

Although TP-AGB stars are generally intrinsically brighter than the TRGB, extinction
from circumstellar dust can substantially impact their observed magnitudes and bring them
closer to luminosities typical of the upper RGB. However, as they are also heavily reddened,
their colors are inconsistent with RGB stars (Boyer et al. 2017, see their fig. 8), so it is likely
that our method of TRGB candidate selection successfully rejected most, if not all, of these
stars.

TiO absorption is another factor that may bring certain TP-AGB stars, particularly M-
type stars at high metallicity, closer in luminosity to the TRGB (Boyer et al. 2019). While
the bulk of our targets are low-metallicity dwarf galaxies, this may be an issue for some of
the larger galaxies in our sample, such as M8&1.

Finally, TP-AGB stars may cross the TRGB when they reach the minimum point in their
pulsation cycle. In this case, the fact that our NIR data were taken several years later than
our optical data is an advantage; TP-AGB stars at their minimum in our optical observations

are unlikely to be at their minimum in the NIR, and vice versa.

2.5.5 Limited Empirical Constraints on TRGB Magnitude Stability

We briefly discuss other physical concerns that may affect the colors and magnitudes of
TRGB stars, including binarity, low amplitude pulsational variability, mass loss, and plan-
etary engulfment.

First, the presence of a companion star may affect the intrinsic photometric properties
of a TRGB star through mass transfer in a binary interaction. Preliminary investigations

suggest that the photometric effects of the former phenomenon are overall secondary to
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the variation of TRGB magnitude with metallicity (Eldridge 2019, private communication).
Thus, we qualitatively conclude that binarity is likely to be a source of some amount of
residual scatter in our measurements rather than a primary driver of TRGB variation across
populations.

Second, as recent high-precision, high-cadence photometry has demonstrated, low-amplitude
variability exists for many to most stellar types. Pulsational variability was first proposed for
stars on the upper RGB by Ita et al. (2002) and has since been observationally confirmed (Ita
et al. 2004; Lebzelter & Wood 2005; Wood 2015). Variability may contribute some amount
of uncertainty to TRGB measurements by effectively blurring the TRGB edge. However,
there are few established constraints on relevant characteristics, such as typical periods, am-
plitudes, fractions of stars that exhibit variability, and dependence on stellar properties such
as age and metallicity. We have thus disregarded TRGB variability as a potential systematic
in this work due to lack of empirical constraints. We expect that any overall effects are small
compared to our dominant sources of uncertainty.

RGB stars are known to experience mass loss driven by chromospheric activity (Origlia
et al. 2007; Groenewegen 2012; Pasquato et al. 2014), which may be amplified by either
of the first two properties. Jimenez et al. (2020) predict that variations in the mass loss
parameter n at the TRGB may affect individual stars’ luminosities by over 5%, although
they estimate that the net effect on measured TRGB distances does not exceed 2%, and that
it is strongly metallicity-dependent. Additionally, although mass loss has been correlated
with the blueshifting of optical and near-IR spectral lines such as Ha and the calcium triplet
(McDonald & van Loon 2007; Wood 2015), the impact of this blueshifting on broadband
photometry has not been quantified.

Jimenez et al. (2020) also consider planetary engulfment, wherein an RGB star consumes
one or more planets in close orbit as it expands. They predict that the increased turbulence
in the star’s convective envelope, corresponding to an increase in mixing length, may result
in a net decrease in TRGB luminosity by up to 5% for a single star that has consumed a

giant planet. However, they conclude that both detailed hydrodynamical simulations and
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further studies of planetary system formation are required to accurately constrain potential
impacts of this phenomenon on the TRGB as a distance indicator.
Again, we expect that these effects are overall well within the uncertainties of this work,

but may need to be taken under consideration in future high-precision TRGB studies.

2.6 Conclusions and Future Work

2.6.1 Conclusions

We have developed a method to measure TRGB magnitudes and colors in multiple filters
simultaneously. This method, MCR-TRGB, was designed to use a set of likely RGB stars,
which were defined where traditional TRGB-detection methods using edge-detection can
be employed reliably, to study the multi-wavelength behavior of the TRGB using those
same stars. We applied MCR-TRGB to a re-reduction of optical+NIR HST data originally
presented in D12; these new reductions use the optical observations, which have higher spatial
resolution and are generally more complete at the TRGB, to produce more complete and
precise photometry in the infrared-bands. When using the same distances as D12, we find
only minor adjustments to the color-magnitude behavior of the IR-TRGB. However, the D12
absolute magnitudes were determined relative to color-magnitude predictions from stellar
models. Thus, we compared three different absolute-magnitude calibrations of the measured
TRGB magnitudes, one using the same distance moduli as in D12, and two using distance
moduli derived from the predicted TRGB absolute magnitudes from two commonly used
isochrone sets (PARSEC and MIST). We find that the isochrone-based absolute calibrations
are inconsistent with each other at the ~0.1 mag level, consistent with previous work in this
domain, and that both sets of isochrones are internally inconsistent with our measurements of
the TRGB magnitudes and colors when optical and infrared measurements are used together.
We further caution that adoption of model-based absolute calibrations for the TRGB, a
conservative 10% systematic included in the calibrations for the TRGB based on differences

between the isochrone sets at the TRGB. We find that these tensions persist even with
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the application of a state-of-the-art empirical calibration. From examining the distance-
independent color-color behavior of our data against model predictions, we conclude that
bolometric corrections and the underlying stellar 7T,g scale are likely to explain a large part

of the inconsistences we have found.

2.6.2 Future work

An empirical absolute TRGB calibration in WFC3/IR bandpasses remains elusive. A fully
model-independent calibration, as in Jang & Lee (2017b), is clearly necessary. However,
there are a limited number of systems that are distant enough that their apparent TRGB
magnitudes are easily observable with HST, but nearby enough to have distances that are
well-constrained by other means.

Another limitation of our study is the lack of precise independent distances to the galaxies
in this work. Indeed, the majority of these systems only have distances determined from the
TRGB itself. Some of these galaxies are within a volume for variable-star based distances
with HST, though we are cautious about their precision given the metallicity dependence of
such relations and the difficulty of inferring stellar metallicities for galaxies at these distances
(for RR Lyrae see Beaton et al. 2018).

Our initial goal in this work was to relate empirical results on the multi-wavelength
TRGB to the physical characteristics of the underlying stellar populations, such as age and
metallicity. We found that goal challenging due to the internal mismatches we observe in the
isochrone sets, given that the aforementioned physical parameters are ultimately inferred via
comparison to those from isochrone sets once a distance, also often isochrone-dependent, is

assumed.
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Chapter 3

EMPIRICAL HST-2MASS FILTER TRANSFORMATIONS
I. SYNTHETIC PHOTOMETRY

3.1 Introduction

Near-infrared (NIR) spectrophotometry of stars is increasingly important to a wide range of
astrophysical issues. Recent and upcoming missions with NIR capabilities, such as JWST
and Roman, will resolve orders of magnitude more stars at higher precision and greater
distances than their closest predecessors.

In practice, however, the potential of these and other space-based observations is fre-
quently limited by the ability to link new photometry to the rich legacy of ground-based
observations (e.g. 2MASS, Skrutskie et al. 2006). The widely-used JHK filter set and
its near relatives are largely shaped to accommodate the atmospheric windows where the
Earth’s atmosphere is transparent. Space-based instruments, however, do not share these
constraints, and can sample the full range of the stellar spectrum. Even for space-based
filters expressly designed to mimic their ground-based counterparts, subtle differences can
arise from the atmospheric absorption that typically defines ground filters’ blue and red
edges. Similarly, spatial and temporal variations in Earth’s atmosphere add complexity to
the task of consistently calibrating ground-based NIR photometry, both night-to-night and
across observatories.

Interpreting even precisely calibrated NIR photometry is particularly challenging for
the cool and luminous giants that dominate the integrated rest-frame infrared light of
intermediate-aged to ancient stellar populations. In such stars, low surface gravities (log g <
1) and effective temperatures (Teg S 4000 K) give rise to deep and wide atomic and molec-

ular absorption features that can have profound impacts on spectral shapes as measured
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with typical broadband filters. Figure 3.1 shows example spectral sequences for three broad
subclasses of such stars: non-pulsating asymptotic giant branch (AGB) or bright first-ascent
red giant branch (RGB) stars (“quasi-static” giants, following Verro et al. 2022a), and ther-
mally pulsing AGB (TP-AGB) stars with carbon- and oxygen-rich atmospheres. We overlay
synthetic integrated fluxes for each spectrum in the ground-based 2MASS JH Kg and Hubble
Space Telescope (HST) F110W and F160W filters. While the integrated fluxes in overlapping
HST and 2MASS bandpasses approximately agree for the quasi-static giants, they begin to
diverge as molecular feature strength increases in both TP-AGB subtypes. Furthermore,
even non-pulsating giants exhibit variability over a range of amplitudes, timescales, and
modes due to asteroseismic oscillations, further complicating their photometric calibration.

In this paper, we begin a systemic empirical cross-calibration of the ground-based 2MASS
filter set with a subset of popular broadband filters on the the infrared channel of HST’s
Wide Field Camera 3 (WFC3/IR). We take advantage of several empirical spectral libraries
that have been released in the past two decades, which together include stars ranging in
temperature from below 3000 K to over 60,000 K. At the higher temperatures, the sample is
dominated by main sequence stars and white dwarfs, and at cool temperatures, the sample
is approximately evenly split between low-mass dwarfs and evolved giants.

§3.2 describes the data products used in this work, including all spectral libraries, distance
and extinction estimates, and other literature data used in determining and interpreting our
final synthetic magnitudes and colors. §3.3 describes our synthetic photometry production
and validation process. In §3.4 we present best-fit global 2MASS«+»HST/WFC3-IR magni-
tude and color transformations. We compare to previously published relations and examine
residuals with respect to stellar properties in §3.5, and discuss conclusions and future work

in §3.6.
3.2 Data

In this section, we describe the datasets used in this work: empirical spectral libraries

(§3.2.1); distance and reddening measurements (§3.2.2); and other compiled literature pa-
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Figure 3.1: Schematic comparison of near-infrared stellar spectra (black lines, Verro et al.
2022a) and their integrated fluxes (colored points, plotted at respective effective wavelengths)
for three broad classes of cool and luminous giants. These include non-pulsating AGB and
upper RGB stars (upper three), and thermally pulsating carbon-rich (center) and oxygen-
rich (lower) AGB stars respectively. Transmission curves for the 2MASS JH Kg and HST
F110W, F160W bandpasses are shown as filled curves at the bottom, and regions with
significant atmospheric telluric absorption are marked by gray vertical bands.
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rameters (§3.2.3).

3.2.1 Empirical Spectral Libraries with NIR Coverage

Empirical spectral libraries are critical benchmarks for understanding many facets of stellar
atmospheres, evolution, and populations (Trager 2012). Many existing libraries offer excel-
lent coverage of optical and near-UV wavelengths (e.g. Yan et al. 2019; Wang et al. 2018;
Sanchez-Blazquez et al. 2006; Falcon-Barroso et al. 2011; Prugniel & Soubiran 2001, 2004;
Prugniel et al. 2007; Gregg et al. 2006; Valdes et al. 2004; Le Borgne et al. 2003; Bagnulo
et al. 2003). However, there is a relative dearth of comparable libraries available for the
near-infrared. Such observational libraries are essential, given that theoretical spectra are
known to have difficulty reproducing observed NIR SEDs and spectral features of cool and
luminous giants (Alvarez et al. 2000; Tej et al. 2003; Bonatto et al. 2004; Maraston 2005;
Levesque et al. 2006; Lyubenova et al. 2012; Aringer et al. 2016; Gonneau et al. 2017; Bald-
win et al. 2018; Dahmer-Hahn et al. 2018; Coelho et al. 2020; Langon et al. 2021; Aringer
et al. 2019; Eftekhari et al. 2022; Eriksson et al. 2023).

The spectral library datasets adopted in this work were selected to have continuous
spectral coverage in the range of at least 0.8 < A < 1.8 pum, with the SED continuum
preserved. In addition to the descriptions to follow, basic characteristics of the libraries and
the stars adopted from them are provided in Table 3.1. For all of the stars selected from the
libraries, we also search the literature and archives such as SIMBAD for relevant optical and
infrared photometry, stellar parameters and classifications, and distances and line-of-sight
extinctions. Because this information is extensive and potentially of use for other purposes,

we include machine-readable tables of our final compiled database in Appendix C.

CALSPEC

CALSPEC is a library of spectrophotometric standards that forms the basis of the HST
absolute flux calibration scale (Turnshek et al. 1990; Bohlin et al. 2001; Bohlin 2007; Bohlin &
Cohen 2008; Bohlin et al. 2014; Bohlin & Deustua 2019, and references therein). The majority
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of observed spectra are taken with the Space Telescope Imaging Spectrograph (STIS), the
infrared channel of the Wide Field Camera 3 (WFC3/IR), and/or the Near Infrared Camera
and Multi-Object Spectrometer (NICMOS) instruments. STIS covers 0.011-1.03 pm at low
to medium resolution with a number of gratings/grisms; only the G750L and G750M span
into the IR (~0.5- 1. pm) with resolutions of ~500-1000 and ~ 5000 — 9000, respectively.
The WFC3/IR grisms G102 and G140 together span 0.8-1.7 um, at resolutions of R = 210 at
1 pm and 130 at 1.4 pm. The NICMOS grisms span from 0.8-2.5um with resolution R ~ 200.
Most CALSPEC stars have counterpart theoretical spectra available as well (Bohlin et al.
2017), and regions of the empirical spectra that lack observational coverage are filled in
with model predictions where available. We do not retain stars without empirical WFC3/IR
and/or NICMOS data in our final analysis, but show them in §3.3.2 for comparison.

In addition to CALSPEC’s sub-percent absolute and relative calibration and widespread
use as standards (e.g. Holberg & Bergeron 2006; Casagrande et al. 2010; Bessell & Murphy
2012; Tonry et al. 2012; Scolnic et al. 2018), its lack of atmospheric absorption makes it an
extraordinarily valuable anchor, as the other spectral libraries we use are all from ground-
based observatories.

Throughout this work, we use the February 2023 CALSPEC release!, which includes the
Vega spectrum alpha_lyr_stis_011.fits. We use this spectrum as our reference for the

Vega magnitude system in all bands.

IRTF and Extended IRTF Libraries

The original IRTF Spectral Library? (Rayner et al. 2009) contains 226 R ~ 2000 spectra
of 225 late-type stars at mostly solar metallicity, taken by the SpeX prism spectrograph at
the NASA Infrared Telescope Facility on Mauna Kea (Rayner et al. 2003) with coverage
from 0.8-2.54+ pm. We adopt the data as presented in the library, which relied on the data

https://web.archive.org/web/20230312225336/https://www.stsci.edu/hst/instrumentation/
reference-data-for-calibration-and-tools/astronomical-catalogs/calspec

2http://irtfweb.ifa.hawaii.edu/~spex/IRTF_Spectral_Library/
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processing tool described in Cushing et al. (2004), the telluric correction described in Vacca
et al. (2003), and the uncertainty propagation described in Vacca et al. (2004).

The Extended IRTF Library (EIRTF, Villaume et al. 2017)% expands the metallicity
range of the original library, adding spectra of 206 stars with —1.7 < [Fe/H] < 0.6 taken
with the same instrument. Both phases of the IRTF libraries are flux calibrated to 2MASS
photometry (see Rayner et al. 2009, §2.3).

X-Shooter Spectral Library

The X-Shooter Spectral Library? (Chen et al. 2014a; Gonneau et al. 2020a; Verro et al. 2022b)
was designed to bridge the optical and NIR for studies of intermediate to old-aged stellar
populations. As such, it spans a wide range of spectral types and luminosity classes with an
emphasis on cool giants, including first-ascent red giants, red supergiants, and both oxygen-
and carbon-rich thermally-pulsing asymptotic giant branch (TP-AGB) stars (Gonneau et al.
2016; Langon et al. 2018). As of the third data release (Verro et al. 2022b), the library
comprises 830 spectra of 683 unique stars observed with the ultraviolet, visible, and near-
IR arms of the VLT /X-shooter spectrograph simultaneously. The final set of arm-merged
spectra offer R ~ 10,000 spectral coverage from 0.35 to 2.48 pm. Of these, 736 (89%;
614 unique stars) are fully corrected for wavelength-dependent instrumental flux losses (as
described in Gonneau et al. 2020a).

Detailed comparisons between XSL and other empirical spectral libraries, as well as
between synthetic and observed Gaia and 2MASS broadband colors, find overall agreement
of 5% or better for common non-variable stars in all cases, and 1% or better in many
(Gonneau et al. 2020a; Verro et al. 2022b). Comparisons with model atmospheres and
literature fundamental parameters, however, highlight ongoing difficulties in reproducing
both overall SED shapes and specific spectral features for stars at low temperatures (Tog <

4000 K) and surface gravities (logg < 1) (Gonneau et al. 2017; Arentsen et al. 2019; Lancon

Shttp://irtfweb.ifa.hawaii.edu/~spex/IRTF_Extended_Spectral_Library/

“http://xsl.astro.unistra.fr/index.html
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et al. 2021).

3.2.2  Distances and Reddenings

Distance modulus s, [mag]
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Figure 3.2: Fractional distance uncertainties as a function of distance (linear on the lower
axis, modulus on the upper) for all library stars. Colors and symbols correspond to host
objects, which are Galactic field or bulge stars, open and globular clusters, and the Magellanic
Clouds. Note that many of the distance uncertainties are asymmetric; we show the mean
values here.

While absolute-scale synthetic fluxes are neither necessary nor practical for our purposes,
line-of-sight reddenings are important for interpreting synthetic colors. All of the spectral
libraries in §3.2.1 provide dereddened spectra with the exception of CALSPEC, which offers
reddened model spectra instead (and whose targets are largely low-extinction regardless).
However, we opt to deredden all of the spectra as uniformly as possible using independent
E(B — V) estimates for inter-library consistency.

For the majority of Galactic stars, we are able to utilize three-dimensional dust maps to

obtain the best estimate of reddening along the line-of-sight to the star. Thus, the process
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of adopting reddening has two steps: first, the determination of the distance to the star and

second, the estimation of the reddening from maps.

Distances

For the vast majority of Galactic field stars we use geometric distances from Bailer-Jones et al.
(2021). These distances use a Bayesian framework to invert the Gaia EDR3 trigonometric
parallaxes and derive realistic uncertainties using a Galactic disk prior. We find available
distances for 1030 stars in this catalog, but 136 of these are superseded by distances to parent
objects as described below, such that onlu 894 stars have distances adopted directly from
Bailer-Jones et al. (2021).

For stars that are members of Galactic stellar clusters, we use the mean distances derived
in Cantat-Gaudin & Anders (2020) and Baumgardt & Vasiliev (2021) for open and globular
clusters respectively. Both of these works combine astrometric and kinematic information for
individual stars to determine aggregate cluster distances. Cantat-Gaudin & Anders (2020)
provided catalogs with membership probabilities at a star-by-star level, and we adopt the
cluster distance for library stars that have cluster membership probabilities greater than 50%,
which 17 stars in our sample do. For globular cluster candidate stars, we determine cluster
membership by first querying SIMBAD for hierarchical parent membership probabilities. For
stars with available membership data, we supersede the Bailer-Jones et al. (2021) distance
if the median cluster membership probability is greater than 50%. For 9 candidates without
membership data, we compare individual Bailer-Jones et al. (2021) distances to those derived
for the parent clusters, and accept the cluster distances for all but two stars whose individual
distances differ from the cluster distance by more than a factor of two.

For Magellanic Cloud stars, we do not require distance information to obtain reddening
values, as 2D extinction maps offer sufficient correction. For completeness, we adopt the
detached eclipsing binary distances from Pietrzyniski et al. (2019, m — M = 18.477+0.004 +
0.026) and Graczyk et al. (2020, m — M = 18.977 £0.016 £ 0.028) for 51 and 25 stars in the
Large and Small Magellanic Clouds respectively.
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For the remaining 34 stars without distances from any of these sources, 14 have parallax
distances from Gaia DR2 (Bailer-Jones et al. 2018), and 13 from Hipparcos (van Leeuwen
2007). Seven have distances derived from various other methods, primarily luminosity fitting
(Sahai et al. 2007; Schmidt et al. 2010; Torres et al. 2010; Davies & Beasor 2020; Maiz
Apelléniz et al. 2022).

We were unable to locate any literature distance information for only 1 star, UCAC2
18505584. As this star is towards the Galactic bulge, we conservatively assume its distance
is 8 + 4 kpc.

In summary, distances for 894 stars were adopted from Bailer-Jones et al. (2021), 57 stars
from cluster distances, 76 from Magellanic Clouds eclipsing binary distances, and 34 from
other sources.

Figure 3.2 shows average fractional distance uncertainties (07,/D,) against distance mod-
uli (p,) for our preferred distances for all library stars. Many of these distances have asym-
metric upper and lower uncertainties; we describe how we incorporate asymmetric distance
uncertainties into our star-by-star F(B — V') estimates where possible in §3.2.2. For Galac-
tic field and bulge stars, uncertainty largely scales with distance, as expected. The best-
measured of these are below 1% distance uncertainty out to ~1 kpc, and 10% at ~10 kpc.
The uncertainties on open cluster distances scale similarly, as we adopt the most conservative
reported uncertainties based on assumed parallax offsets of Aw = 40.1 mas (Cantat-Gaudin
& Anders 2020). The globular cluster distances of Baumgardt & Vasiliev (2021), on the
other hand, incorporate information from multiple distance determination techniques wher-
ever available, of which parallax inversion is only one. Several of these distances reach 1%
uncertainty out to ~10 kpc, and all are within 5%. Finally, the detached eclipsing binary dis-
tances to the Large and Small Magellanic Clouds have 1- to 2% formal uncertainties. These
are almost certainly underestimates for individual stars given line-of-sight depth variations,
especially in the SMC (Ripepi et al. 2017, 2022, and references therein). However, the larger
distance uncertainties are not a concern for reddening corrections, as the Magellanic Clouds

reddening map is distance-independent.
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Figure 3.3: Sky maps of our final cross-library sample, color coded by adopted E(B — V)
values. We show all-sky maps in Galactic coordinates for Milky Way stars in three distance
bins of 0-0.1 kpc, 0.1-1 kpc, and 1-20 kpc. Magellanic Cloud stars are shown in separate
insets in the lower right in equatorial coordinates.

With distances in hand, we can now obtain line-of-sight reddening estimates for our
sample. For the majority of Galactic disk and bulge stars, including cluster stars, we use the
3D all-sky map from Vergely et al. (2022b)°, which uses a hierarchical inversion algorithm to
derive line-of-sight extinctions over a 10 x 10 x 0.8 kpc volume around the Sun to stars with
high-quality Gaia EDR3 parallaxes and Gaia and 2MASS photometry. This map revises
Lallement et al. (2022) with an improved calibration for cool giant stars specifically, and
Lallement et al. (2022) itself updates Lallement et al. (2019). We use this map for 808 stars
in total.

For the 178 Galactic stars that fall outside the boundaries of the Vergely et al. (2022b)

®Available at https://explore-platform.eu/sdas.
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map, we use the Gaia DR3 total Galactic extinction map (TGE, Delchambre et al. 2022).
This map combines individual extinction measurements inferred from low-resolution BP/RP
spectra (Andrae et al. 2022) of giants outside the Galactic plane (]b| > 300 pc or Galacto-
centric radius R > 16 kpc).

Finally, for Magellanic Cloud stars we use the 2D map presented by Skowron et al. (2021),

which is derived from OGLE-IV red clump color excess measurements.

In Appendix D we compare our final adopted E(B — V') values both to those adopted
or measured by the original libraries, and to those from several other widely used maps and
stellar parameter fitting techniques as well. We find that different E(B — V') estimates have
typical median absolute deviations (MADs) of 0.05-0.1 mag, with some exceptions. This
translates to a ~2-5% MAD in E(J — Kg), assuming E(J — Kg)/E(B — V) = 0.42 (Yuan
et al. 2013).

A similar intercomparison of the values from Skowron et al. (2021) with other such
measurements in the Magellanic Clouds (e.g. Imara & Blitz 2007; Haschke et al. 2011; Choi
et al. 2018b; Joshi & Panchal 2019; Bell et al. 2019; Chen et al. 2022) would be of potential
interest as well. We do not pursue it here because the proportion of Magellanic Clouds stars
in our sample is low (below 10%), and many of those spectra are affected by data quality

issues regardless.

3.2.3  Global Sample Properties

In addition to distances and reddenings, we have compiled relevant literature data for our
sample from Vizier and SIMBAD. These include stellar parameters such as effective temper-
ature Teg, metallicity [Fe/H], and surface gravity log(g); observed Gaia and 2MASS photom-
etry; spectral type and other classifications; and binarity and variability information. We

show a summary of Tig, log(g), and [Fe/H] coverage in Figure 3.4.
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Figure 3.4: Summary stellar properties (effective temperature T,g, metallicity [Fe/H], and
surface gravity log(g)) of the merged spectral libraries. We note that these literature mea-
surements are extremely heterogenous, and these data are used primarily to understand the
ranges of stellar properties over which our library can provide insight. Stars with known
photometric variability are plotted in orange, whereas stars not known to be variable are
shown in blue.
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3.3 Synthetic Photometry

Here we describe the process of producing and validating synthetic photometry from our
ensemble library. For ease of reproducing or expanding on this work, all derived products

have been made public; we describe those data in Appendix C.

3.83.1 Synthetic Photometry Procedure

For a given spectrum with flux density f\(A) and bandpass with dimensionless throughput

P()), the integrated flux density is defined as:

_ S HAQ)PA)AA
IP) = [P(M)Adx

(3.1)

(Stromgren 1937; Koornneef et al. 1986).
If we treat the spectrum fy(\) as a vector fy, and a set of bandpasses P as a matrix
with dimensions np x n,, where np is the number of bandpasses and n) is the number of

wavelength samples, then the integrated fluxes fp are simply:
fp=P- f, (3.2)

This approach allows us to calculate the covariance between integrated fluxes in different

bandpasses as

Cov[fp] = P - Cov[fy] - P* (3.3)

following Gaia Collaboration et al. (2022b).

We begin by resampling all spectra and transmission curves to the R = 100 wavelength
grid on which the HST flux uncertainty scale is defined (Bohlin et al. 2014), to improve com-
putational efficiency and ease of uncertainty propagation. We used the FluxConservingResampler
from the Python package specutils, which preserves integrated flux and associated uncer-
tainties (Carnall 2017). For XSL spectra, we first fill in the deepest telluric-dominated regions
(1.35 - 1.41 and 1.81 - 1.935 pm) via convolution with a Gaussian kernel.
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Next, we correct the resampled spectra for interstellar extinction. Specifically, we esti-
mate the total wavelength-dependent line-of-sight extinction A, using the E(B — V') values
described in §3.2.2 as inputs to extinction laws implemented in the dust-extinction pack-
age.5 We use the Fitzpatrick et al. (2019) law with Ry = 3.1 for Galactic stars, and in the
LMC and SMC we use the respective average laws from Gordon et al. (2003). We incorporate
both the reported uncertainties on E(B — V') and, in the Galactic case, uncertainties of +0.3
on Ry into the final uncertainties on the deextinguished spectra.

Using equations 3.2 and 3.3, we are able to derive integrated fluxes and covariances for
an arbitrary set of bandpasses P over both the original and deextinguished spectra. For the
remainder of this paper, we will focus primarily on the 2MASS JH K¢ and HST WFC3/IR
F110W, F125W, and F160W bandpasses. However, we also provide synthetic Gaia DR3
BP, G, and RP magnitudes for spectra with sufficient wavelength coverage in this paper.
Comparable sets of transformations for JWST/NIRCam, Roman/WFI, and other ground-

based systems will be presented in a follow-up paper.

3.3.2 Validation

Overall, the best check on synthetic magnitudes and colors is to compare them to correspond-
ing measured values. In this section, we first cross-check our CALSPEC data against high-
quality 2MASS and Gaia photometry, and then consider the global 2MASS color-magnitude
and color-color fidelity of the full sample.

CALSPEC zeropoints

While an end-to-end recalibration in either direction (as in, e.g., Riess 2011; Maiz Apellaniz
& Weiler 2018; Maiz Apellaniz & Pantaleoni Gonzalez 2018; Gaia Collaboration et al. 2022b)
is beyond the scope of this paper, here we briefly reproduce the 2MASS zeropoint adjustment
procedure of Maiz Apellaniz & Pantaleoni Gonzélez (2018, hereafter MA18) and references

Shttps://web.archive.org/web/20230706195114/https://learn.astropy.org/tutorials/
color-excess.html
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Figure 3.5: Differences between observed and synthetic magnitudes in Gaia (E)DR3 BP,
G, RP (left) and 2MASS JH K5 (right) as functions of observed magnitude for select CAL-
SPEC stars. Blue points indicate empirical spectrophotometry (available for effectively all
CALSPEC stars in the optical), and orange indicates spectra extrapolated from theoretical
models (e.g. missing WFC3/IR and/or NICMOS data), which we exclude from calculations
and show only for reference. Blue dashed lines and solid bands show weighted means and
standard deviations of the photometric offsets, as reported in Table 3.2.
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therein. We extend this procedure to Gaia (E)DR3 as well for additional verification, as in
Fabricius et al. (2021, section 4.4.2).

We choose our comparison sample based on the criteria of MA18 with minor updates,
namely: a) CALSPEC spectra with empirical IR spectrophotometry (limited to NICMOS
in MA18; here we also include WFC3/IR); and b) uncertainties on observed magnitudes of
0.05 mag or less. For Gaia, we use all available CALSPEC stars with observed magnitudes
5 < m, < 15. All criteria are applied on a per-band basis.

We calculate mean offsets and dispersions weighted by combined synthetic and observed
magnitude uncertainties for each band, as summarized in Table 3.2 and shown in Figure 3.5.
We find a consistent ~0.02 mag offset between the synthetic and observed photometry in all
Guaia bands, and offsets of up to 0.03 mag in 2MASS, although the latter are all statistically
compatible with zero. We attribute these largely to differences in the respective adopted
reference SEDs, consistent with previous studies of synthetic Gaia and 2MASS magnitudes
(MA18, Casagrande & VandenBerg 2018) and historical changes to the CALSPEC Vega
calibration (Bohlin et al. 2014, 2019).

Global CMD and color-color fidelity

Figure 3.6 compares the absolute observed 2MASS magnitudes (left) to their synthetic coun-
terparts (right) in a My versus J— H color magnitude diagram. The right panel of Figure 3.6
separates the highest quality photometry, Qf1g = AAA (Skrutskie et al. 2006), from that with
flags in one or more bands; the best photometry is shown as dark blue, and the lower quality
in lighter blue. Visually, the stars with lower photometric quality have larger scatter around
prominent CMD features (e.g., the red giant branch, main sequence, and white dwarf cooling
sequence) that are tightly traced by the high-quality photometry.

The left panel of Figure 3.6 uses our synthetic magnitudes, where the points are color-
coded if there are quality flags within the spectral libraries themselves. Of note: the orange
points are CALSPEC stars observed only with STIS, meaning that the spectrum beyond
~ 1 pm is synthetic (Bohlin et al. 2017); the green are XSL spectra corrected for slit-
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Figure 3.6: Left: absolute H vs. J — Kg CMD of all available 2MASS photometry for our
full sample. Here, dark blue points indicate sources with high-quality 2MASS photometry
in all bands (“Qf1g=AAA”), and light blue indicates non-optimal quality flags in one or more
bands. Center: the same CMD for our synthetic photometry suite. Blue points indicate
spectra with no data caveats. Orange indicates CALSPEC library stars that were observed
only with STIS, where the spectra are filled in outside the STIS wavelength range (2 1 pum)
using theoretical spectra. Green indicates XSL spectra that were corrected for slit loss via
spline fitting (Verro et al. 2022b), and red indicates XSL spectra uncorrected for slit loss.
Right: The same in J — H vs. J — Kg color-color space.
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Table 3.2: Summary of Gaia (E)DR3 and 2MASS observed and synthetic photometry dif-
ferences for CALSPEC stars

Band AZP  o(AZP)  Gops Osyn Vs

Gaia BP | 0.0175 0.0052 0.0030 0.0042 80
G 0.0184 0.0068 0.0028 0.0042 82

RP | 0.0208 0.0052 0.0039 0.0045 80
2MASS J | -0.0030 0.0229 0.0248 0.0085 45
H 0.0283  0.0172  0.0258 0.0099 30

Kg | 0.0168 0.0176 0.0244 0.0116 23

Table 3.2 notes: AZP and o(AZP) are the error-weighted mean and standard deviation of
the differences (in the direction observed — synthetic); Gobs and gy, are the respective mean
uncertainties; and N, is the number of stars used.

dependent flux loss with a spline function (Verro et al. 2022b); and the red are XSL spectra

uncorrected for slit loss.

Generally, the scatter in the right panel of Figure 3.6 is reduced with the synthetic
photometry, which is a comforting check on our processes. However, we emphasize that the
absolute-scale synthetic magnitudes for XSL in particular should be treated with caution,
as the XSL spectra are calibrated only for relative (wavelength-dependent) flux and not
absolutely fluxed. We do not make more detailed comparisons here because of the relatively
large sample of stars known to be variable, particularly on the upper giant branch (e.g.,
Figure 3.4) and the comparison here would likely only serve to highlight cases where the

spectra and photometry were taken at inconsistent phase points.
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Figure 3.7: Color-magnitude diagrams of our final fitting sample (left) and stars excluded
from fitting (right), colormapped by literature effective temperature.
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3.4 Results

3.4.1 Fitting sample selection

To construct general-purpose filter transformations, we require a subset of library stars with
high-quality spectra covering as broad a swath of the HR diagram as possible. Given the
heterogeneity of available information for stars in our library, we combine several comple-
mentary kinds of classification data to accept or reject stars for our final calibration sample.

We selected the fitting sample based on the following criteria:

1. Synthetic magnitude uncertainties under 0.05 mag in all bands;
2. No spectral quality flags (see Figure 3.6);

3. No known atypical SED features, based on available SIMBAD object class and spectral
type information. Specifically, we reject stars with any of the following literature

classifications:

(a) Ae or Be stars, which often show IR excesses from circumstellar decretion disks;
(b) dwarves of type M or later, including L. and T dwarves;

(c) C-, R-, and S-type stars; these are mainly AGB stars of varying masses, but
also include carbon-enhanced metal poor (CEMP) and other chemically peculiar

non-AGB stars;

(d) other extreme giant types, including Miras, OH/IR and post-AGB stars, and

supergiants of any temperature;

(e) any other stars with Tog < 3500 K.

Together, these yield a sample of 773 high-quality spectra of 648 unique stars in total.
Color-magnitude diagrams of accepted and rejected stars are shown in Figure 3.7. The
fitting sample is dominated by main sequence and red giant branch stars the color range

—03<J—Kg<1.35.
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3.4.2  Fitting process

We plot differences between comparable HST and 2MASS magnitudes as functions of color
for our fitting sample in Figure 3.8. In general, they follow consistent and well-defined
relations, albeit not necessarily linear ones.

Deviations from linearity are most clearly seen in F110W — J vs. J — Kg (the upper
leftmost panel of Figure 3.8). Here, the noticeably steeper slope at 0 < J — Kg < 0.25
corresponds to the 0.82 ym Paschen jump, which is strongest in A-type stars (Taylor 1986;
Straizys 1998). The slope change at the blue end of this feature is only detectable in F110W
—Jvs. J— Kg, as F110W is the most blue-sensitive filter and J — Kg the wides available
color baseline. However, we consistently observe slope changes at colors of about 0.2 to 0.35

mag in F110W — J and F160W — H for all color baselines.



Table 3.3: Filter transformation results
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Y X Xo Xy Co 1 Oseg Ny Oglobal
F110W - J J—H -0.13  0.20 -0.0066 0.4743 0.0091 153 0.0088
0.20 1.02 0.0396 0.2419 0.0087 620 7
J— Kg -0.29 -0.04 -0.0103 0.2244 0.0078 29 0.0088
-0.04 0.24 -0.0025 0.4065 0.0117 137 7
0.24 1.34 0.0494 0.1885 0.0080 607 7
F110W - F160W -0.17 0.21 -0.0069 0.3797 0.0059 125 0.0073
0.21  1.09 0.0200 0.2518 0.0075 648 7
F125W - F160W -0.09 0.14 -0.0096 0.6162 0.0090 128 0.0093
0.14 0.76 0.0278 0.3404 0.0094 645 7
F125W — J J—H -0.13 1.02 -0.0023 -0.0115 0.0050 773 0.0050
J— Kg -0.29 1.34 -0.0027 -0.0090 0.0051 773 0.0051
F110W - F160W -0.17 1.09 -0.0018 -0.0111 0.0051 773 0.0051
F125W - F160W -0.09 0.76 -0.0018 -0.0156 0.0051 773 0.0051
F160W — H J—H -0.13  0.31 -0.0080 0.1845 0.0063 268 0.0081
0.31 0.63 -0.0330 0.2659 0.0089 386 7
0.63 1.02 -0.0704 0.3256 0.0094 119 ”
J—Kg -0.29  0.30 -0.0027 0.1402 0.0064 217 0.0082
0.30 1.34 -0.0257 0.2166 0.0089 556 7
F110W - F160W -0.17 0.34 -0.0079 0.1442 0.0076 224 0.0096
0.34 0.66 -0.0496 0.2668 0.0100 407 7
0.66 1.09 -0.0992 0.3424 0.0113 142 7
F125W — F160W -0.09 0.24 -0.0087 0.2253 0.0074 246 0.0102
0.24 049 -0.0420 0.3634 0.0108 409 7
049 0.76 -0.1022 0.4864 0.0131 118 7

NoTE—Filter transformations take the functional form Y = ¢ + 1 X for Xy < X < Xj,
where X is a broadband color and Y is the difference between comparable filters. oy is the

weighted RMS dispersion of the residuals in each segment (e.g. with Xy < X < X7), and

Oglobal 18 the same for the full piecewise relation. N, is the number of stars per segment.
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A more subtle change in F160W — H also appears near 0.5 - 0.65 mag for all colors except
J — Kg. We attribute this to the 1.6 pm “bump”, where the H— continuum opacity reaches
a minimum as the dominant absorption mode transitions from photoionization to free-free
(John 1988; Allende Prieto 2023). This produces a well-defined peak in cool stars’ SEDs,
which is strongest in intermediate M-type giants and supergiants (Rayner et al. 2009). The
H band is nearly centered on this feature, but F160W falls about 0.1 gm bluewards of its
peak, resulting in slightly dimmer F160W magnitudes relative to H.

We fit transformations using the Python library pwlf (Jekel & Venter 2019), which solves
for a system of piecewise linear equations continuous over the data domain.” The current
version as of this writing, v0.2.0, offers the options to fit for optimal breakpoint locations
given a desired number of line segments, and to incorporate weights in the least-squares
regression. For a synthetic color X and HST-2MASS magnitude difference Y, we weight by
the inverse variance

w)_(?y = 0% + 0% —cov(X,Y) (3.4)

where cov(X,Y) is obtained by propagating the uncertainties from Equation 3.3.

Our fitting results are summarized in Table 3.3, and overplotted in black in Figure 3.8.
3.5 Discussion

3.5.1 Comparison with Literature Relations

Earlier works have carried out similar exercises to what we have done here using theoretical
stellar atmospheres.

Riess (2011) derived first-order transformations between F125W, F160W and JH as part
of an investigation of the WFC3/IR count rate nonlinearity (CRNL, also known as reciprocity
failure). They used synthetic photometry of Castelli & Kurucz (2003) model atmospheres

"For a detailed description of the pwlf algorithm and implementation, please see https://web.archive.
org/web/20211203035946/https://jekel .me/2018/Continous-piecewise-linear-regression/.
The original description of the method may be found at https://web.archive.org/web/
20171116164225/https://www.golovchenko.org/docs/ContinuousPiecewiselinearFit.pdf
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with —0.15 < J — H < 0.8, Tog > 3500 K, log(g)=4.5, and solar metallicity and abundance
ratios. With these they fit the following color terms:

J — F125W = 40.012(£0.020)(J — H) (3.5)
H — F160W = —0.204(40.040)(J — H) (3.6)

To interpret tip of the red giant branch (TRGB) color-magnitude absolute calibrations,
Dalcanton et al. (2012a) derived transformations using Padova isochrone predictions (Girardi
et al. 2008) for 10 Gyr stars at the TRGB with 0.6 < J — H < 1.15. Within this color range,
the model transformations between JH and F110W, F160W were fit by:

F160W — H = 0.2031 + 0.401(J — H — 0.9) a7
3.7
+0.3498(J — H — 0.9)?

J — H = 0.9418 + 0.841(F110W — F160W — 1.0) 5.9
— 0.9053(F110W — F160W — 1.0)?

We show comparisons between equations 3.5-3.7 and our results in Figure 3.9. We find
overall excellent agreement with Riess (2011) in both bands, and only a very slight offset
relative to Dalcanton et al. (2012a) in F160W — H (~0.02 mag at J — H = 0.8, but less at
both bluer and redder colors).

3.5.2  Stellar properties

We now examine these transformations with respect to fundamental stellar properties. In
Figures 3.10 through 3.13 we show residuals of the transformations color-coded by effective
temperatures, surface gravities, and metallicities from the literature, as well as our adopted
reddenings. Figures 3.10 and 3.11 show residuals of our fitting sample, and figures 3.10 and
3.11 show residuals of stars excluded from the fits (i.e., those plotted in the right panel of
Figure 3.7). Stars without literature parameters are shown as open gray covariance ellipses.

Figures 3.10 and 3.11 show that the fitting sample residuals are nearly all within 0.05 mag

of our final filter conversions, and the majority are within 0.025 mag. However, there may
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Figure 3.10: Residuals of our HST-2MASS filter transformations with respect to J — Kg
color for our fitting sample (773 spectra of 648 unique stars). Colormaps show relevant
stellar parameters where available, including effective temperature To, metallicity [Fe/H],
surface gravity log(g), and reddening F(B — V'). Reddenings are as described in §3.2.2; all
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Figure 3.11: As Figure 3.10 with respect to J — H color on the z-axis.
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Figure 3.12: As Figure 3.10, but showing residuals for stars excluded from our fitting sample
(424 spectra of 643 unique stars). Note the changes in both z- and y-axis ranges relative to

figures 3.10 and 3.11.
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also be slight differences in the residuals that correlate with stellar parameters, leading to
either increased scatter or small biases that vary systematically with intrinsic quantities, like
metallicity and surface gravity, or observed quantities like extinction. We note a possible
metallicity dependence in the F110W—J and F160W-H residuals at 0.4 < J — H < 0.8
(upper right of Figure 3.11), with metal-poor stars appearing to fall preferentially below
the nominal fit (that is, slightly brighter in HST filters relative to 2MASS than average),
and metal-rich above (dimmer in HST). This is more or less expected, as higher metal
content generally reddens stellar spectra and F110W and F160W both fall bluewards of J
and H respectively. However, we do not attempt to quantify this effect further given the
heterogeneity of available metallicity information and possible confounding effects of surface
gravity, dust, and/or specific abundance patterns such as alpha enhancement.

In the excluded sample (Figures 3.12 and 3.13), the most noticeable feature is the much
higher level of scatter in the residuals overall, and the color dependence thereof. In particular,
the residual amplitude increases dramatically for red stars (J — Kg 2 1 or J — H 2 0.5) due

to deep absorption features and variability (see Figure 3.14).

3.5.8  Stellar classifications

We now examine residuals for several subclasses of luminous evolved stars, many of which
are commonly used in the literature as primary distance indicators. Figure 3.14 compares
synthetic photometry residuals for carbon-rich (blue) and oxygen-rich (orange) TP-AGB
stars, RGB stars (green), RR Lyrae variables (RRL, red), and classical Cepheids (pink). For
stars with multiple library spectra taken at different phase points, we connect their synthetic
magnitudes with solid lines to show variability effects.

As seen for the reddest stars in the previous section, it is clear that TP-AGB stars
show dramatically higher color-magnitude scatter relative to other stellar types due to
temperature- and abundance-dependent absorption features. Furthermore, the strength
of these features—as well as the overall SED shape—can vary significantly in individual

stars over the course of a thermal pulsation cycle; indeed, we see changes in band-to-band
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residuals of up to ~0.2 mag in several of the O-rich variables. We note that the XSL ob-
servations took simultaneous UV-optical-NIR spectra of such variables at multiple phase
points to accurately model their net effects on the integrated light of simple stellar popula-
tions. These results highlight the need for similar observing strategies—and careful choices of
filters—when cross-calibrating TP-AGB magnitudes between near-infrared photometric sys-
tems. This is especially salient in any distance-scale work that seeks to establish a common
zeropoint between local calibrators best observed from the ground (e.g. Galactic stars with
trigonometric parallaxes, the Magellanic Clouds) and space-based extragalactic observations

of distant galaxies.

With the exception of the TP-AGB stars, however, we find that the transformations given
in Table 3.3 hold well for RR Lyrae, Cepheids, and RGB stars, and require no additional

uncertainties beyond those reported in Table 3.3.
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Figure 3.14: Synthetic 2MASS color-magnitude diagram (left) and filter transformation
residuals (center, right) with several subtypes of evolved stars used as primary distance
indicators highlighted by color. These include C- and O-rich TP-AGB variables in blue and
orange respectively; first-ascent RGB stars in green; RR Lyrae variables in red; and classical
Cepheids in pink. Repeat observations of the same stars are connected with solid lines.
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3.6 Conclusions

We have derived new transformations between 2MASS and HST broadband filters based
on synthetic photometry of empirical stellar spectra. While the majority of stars follow
relations that are well-constrained as a function of broadband color, stars with Tog < 3500 K
in particular diverge significantly from these nominal relations due to molecular absorption.
This is especially apparent in the case of both carbon- and oxygen-rich thermally pulsing
AGB stars; furthermore, such stars’ extreme and often irregular variability poses additional
challenges for directly cross-calibrating them between systems. While we cannot recommend
a one-size-fits-all set of transformations for these stars, readers may find the individual
synthetic magnitudes and literature parameters compiled in Appendix C of use in this regard,

depending on the application.

3.6.1 Future Work

We will use the data and methods presented here to predict similar transformations for
a number of new and upcoming NIR photometric systems in a follow-up paper, including
JWST/NIRCam, Roman/WFI, and Euclid/NISP.

While synthetic photometry is a well-tested and highly efficient method for predicting
filter transformations, fully empirical calibrations are of course preferred when possible. In
a future paper series (Beaton et al. in prep), we will directly compare HST WFC3/IR
spectrophotometry of cool giants in the Magellanic Clouds to JH Kg photometry of the same

fields from the FourStar camera on Las Campanas Observatory’s 6.5m Baade telescope.
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Chapter 4

EMPIRICAL HST-2MASS FILTER TRANSFORMATIONS
II. A DIRECT CALIBRATION IN THE MAGELLANIC
CLOUDS

The past decade has seen a dramatic increase in the precision at which the Hubble
constant (Hy), a key cosmological parameter, can be measured. From its initial 10% measure
at the conclusion of the HST Key Project (Freedman et al. 2001), the current state-of-the-
art measurement from the local distance ladder is at 1.4% (Riess et al. 2022), and from
modelling the anisotropies in the Cosmic Microwave Background drops this uncertainty by
another factor of two to 0.6% (Planck Collaboration et al. 2020). Despite these dramatic
improvements, the values themselves are in ~ 50 tension (Riess et al. 2022). This tension
could be signaling physics beyond the current concordance A-CDM or pointing to as-yet

unrealized systematics in either measurement.

The standard for the local measurement of Hj is set by calibrating type Ia supernovae
(SNe Ia) in the local volume (~50 Mpc) using a stellar standard candle and then applying
that calibration to hundreds of SNe Ia in the smooth Hubble Flow (beyond ~80 Mpc) (Riess
et al. 2019; Freedman et al. 2019). The current standard for SNe Ia calibration is Cepheid-
type variables, which can be observed both in the optical and near-infrared out to distances

as great as ~50 Mpc (Riess et al. 2016).

The growing tension in the value of Hy has inspired the rise of two competitive alternative
techniques for measuring distances to local SNe Ia calibrators: (1) the statistical detection
of the tip of the red giant branch (TRGB) in the optical (Beaton et al. 2016; Freedman
et al. 2019; Freedman 2021), which can produce exquisitely precise distances (2-3%), but
at M7 ~ —4 mag is limited to only ~40 Mpc; and (2) Mira-type variables, which require
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long-baseline (hundreds of days) multi-epoch observations (Huang et al. 2018, 2020; Sanders
2023). The TRGB as observed in the near-infrared (IR-TRGB), instead of the optical (OPT-
TRGB), is a resource-efficient solution to both expand the volume probed by standard candles
(at My ~ —6.0 mag; Hoyt et al. 2018; Dalcanton et al. 2012a; Wu et al. 2014) and, because
only a single epoch of observations in two filters is required, greatly reduce the observational
overheads required to obtain precise distances. Thus, the IR-TRGB combines the intrinsic
brightness of variable stars with the statistical precision of the OPT-TRGB to enable large-

scale distance measurement.

A major expansion of the use of the IR-TRGB is expected from the Nancy Grace Roman
Space Telescope, whose proposed wide-area survey will provide ~5% IR-TRGB distances to
any galaxy within ~20 Mpc. This will sharpen secondary distance indicators like the Tully-
Fisher Relation (Tully et al. 2016; Singh et al. 2021) and the Fundamental Plane (Blakeslee
et al. 2002). The IR-TRGB can also be pushed to much larger distances with JWST and
the next generation of extremely large telescopes (ELTSs). Distances accessible with the IR-
TRGB technique for these facilities are sufficiently large that they are best communicated
not in linear distance, but in redshift. Conservatively, JWST can reach out to cz ~ 2400
km/s (z = 0.008) in a 1-hour total integration, and ELTs to ¢z ~ 7200 km/s (z ~ 0.024).
Accessing these volumes will produce several major advances in cosmological parameter
derivation: (i) the TRGB can be used directly in the Hubble Flow (bypassing SNe Ia); (ii)
hundreds, instead of ~dozens, of SNe Ia can be calibrated over a large range of properties to
better understand their intrinsic variations for application to dark energy studies; and (iii)
techniques independent of the distance-ladder can be checked directly against the distance
ladder to form a consensus distance scale (e.g., megamasers and gravitational wave standard
sirens (Beaton et al. 2019a; Beasley et al. 2019), among others). Thus, the IR-TRGB enables
the measurement of key quantities in cosmology in a vastly new way.

While the application of the IR-TRGB is straightforward, establishing the absolute sys-
tem remains a challenge. The absolute system is set by objects (either individual stars

or populations in galaxies) with distances determined via geometric techniques. Of these,
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there are currently only a handful: (i) Gaia parallaxes of individual stars in the Milky Way
(e.g. Li et al. 2022; Dixon et al. 2023); (ii) a 1.3% (2%) eclipsing binary distance to the
Large (Small) Magellanic Cloud (Pietrzynski et al. 2013, 2019; Graczyk et al. 2020); (iii) a
less precise eclipsing binary distance to M 31 (Vilardell et al. 2010); and (iv) a distance to
NGC 4258 from modeling the megamaser within its black hole accretion disk (Reid et al.
2019). The geometric distances to M 31 and NGC 4258 are feasible to calibrate directly us-
ing the space-based filter systems, and these studies can be performed with existing datasets
(e.g., Williams et al. 2018; Jang et al. 2021). Galactic field stars are challenging to use di-
rectly with space-based instrumentation, both due to their brightness and due to the sparse
nature of the targets, which require wide-area mapping. There are special WFC3 /IR ob-
serving modes that have been used to great success for small numbers of nearby calibrator
stars, but the overheads are still far too extreme for the hundreds of stars required for a
precise TRGB calibration (Rich et al. 2018; Riess et al. 2016; Casertano et al. 2016; Deustua
et al. 2014). This leaves the Magellanic Clouds, in particular the LMC, as the best available
anchors in which to determine a direct transformation between 2MASS and WFC3/IR from

a set of commonly observed stars.

The Magellanic Clouds are ideal for making such a comparison for several reasons. First,
their population characteristics are broadly typical of the environments where the IR-TRGB
is most effectively applied: the halos of Milky Way-mass galaxies (~1.5 dex, with a large
spread; Gilbert et al. 2014), sufficiently populated dwarf galaxies (Hatt et al. 2017), and the
outskirts of early-type galaxies. The median metallicity of older stellar populations in the
LMC (SMC) is 0.7 (-1.2) dex, and both objects have strong spreads (~1.5 dex) in M/H
and «/H over their full multi-degree extents (Nidever et al. 2020). Second, they are one of
only a few well-populated extragalactic systems in which high-precision NIR photometry (at
the 1% level or better) at the magnitude of the TRGB can be obtained from the ground.
While adaptive optics can reach the depths and spatial resolutions required, precise absolute

photometry remains a challenge.

In this paper we present initial results of a pure-parallel HST campaign designed to
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Figure 4.1: Comparison of imaging data from 2MASS 6X J (left), LCO/FourStar J (cen-
ter), and HST WFC3/IR F125W (right) of the same field in the Small Magellanic Cloud
(SMC_AV_14 1 in our nomenclature). The HST image is a single exposure, whereas
2MASS and FourStar are stacked mosaics. Bright RGB and AGB stars are circled in solid
blue and dashed orange respectively, with classifications taken from the OGLE-III catalog
of long-period variable stars (Soszynski et al. 2009, 2011).

obtain high-quality NIR photometry and low-resolution spectroscopy of upper RGB stars in
the Magellanic Clouds, along with counterpart ground-based observations from the FourStar
camera on Las Campanas Observatory’s 6m Baade telescope (hereafter LCO/FourStar or
simply FourStar). While a direct calibration between HST and 2MASS is not impossible, the
2MASS data are hampered by photometric blends and crowding at the magnitudes and stellar
surface densities of interest. Figure 4.1 illustrates this with a side-by-side comparison of
2MASS, FourStar, and HST imaging data for a single HST pointing in the Small Magellanic
Cloud, with known upper RGB and AGB stars circled. The FourStar image depth and
resolution are much closer to that of HST than 2MASS. Notably, several of the RGB stars
have nearby neighbors that are unresolved in 2MASS, but clearly resolved in FourStar and

HST.

Figure 4.2 compares throughput curves for a subset of filters on the four instruments we
consider here: HST WFC3/IR, 2MASS, LCO/FourStar, and Paranal/VISTA. While differ-
ences between JH K filters in the three ground systems are subtle (if not fully negligible),
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Figure 4.2: Spectral response curves for selected near-infrared wide- and medium-band imag-
ing filters on HST WFC3/IR, 2MASS, LCO/FourStar, and Paranal/VISTA (upper to lower
panels). Regions strongly affected by absorption features in Earth’s atmosphere (tellurics)
are marked by gray vertical bars, with boundaries taken from Verro et al. (2022a, Table 1).
We focus on the wide passbands in this work (F110W, F125W, and F160W on HST, and
JH Kg on the ground), and will present additional medium band data (F153M, J1, J2, and
Hg) in a future paper.
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even their closest analogues on HST are noticeably different in wavelength coverage, rein-
forcing the importance of calibrating all filters with a common set of stars.

The paper is organized as follows. §4.1 describes the HST (§4.1.1) and FourStar (§4.1.2)
observations, data reduction, and photometry procedures, and the production of the final
crossmatched catalog (§4.1.3). §4.2 presents color-magnitude diagrams and cross-instrument
filter transformations. We compare to literature results in §4.3, and give a summary and

conclusions in §4.4.
4.1 Observations, data reduction, and photometry

§4.1.1 describes the observing strategy, data processing, and photometry procedures for our
HST campaign, and §4.1.2 describes the same for the counterpart ground-based observations.
§4.1.3 describes the process of cross-matching photometry at the exposure and instrument
levels to produce matched multiband catalogs.

All observations taken as part of this program are summarized in Table 4.1, and Figure 4.3

shows their locations on the sky overlaid on the Gaia DR3 source density map.

Table 4.1: Summary of WFC3/IR and FourStar observations.

Field Name R.A.¢ Decl.® HST cycle | LCO observation date’
ICRS ICRS 27 28 29|01-02 11-14 11-16
LMC_SK -68 8 1 73.506357 -68.626855 | X X X
LMC_SK_ -68 8 2 73.639922 -68.756230 | X X X
LMC_ N11 026 1 74.238119 -66.323070 | X X X
LMC_SK_-68 16 1 74.541885 -68.449595 | X X X
LMC_HV_5622 1 77.596996 -68.961495 | X X X
LMC SK -71 19 1 80.622226 -71.270509 | X X X

@ Coordinates are the centers of the HST pointings.

b All dates are for the year 2021.
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Field Name R.A.“ Decl.® HST cycle | LCO observation date’
ICRS ICRS 27 28 29|01-02 11-14 11-16

LMC_SK_ -69 140 _2 | 82.058949 -69.281399 | X X X

LMC_ LMCe078-1_1 84.301586 -69.160400 | X X X X X

LMC SK -70 16 1 73.658110 -70.065153 X

LMC_SK _-69 43 1 73.846232 -69.210118 X

LMC_SK_-66_17 1 73.947106 -66.427066 X X

LMC_SK -71 21 1 80.759676 -71.668570 X X

LMC_SK_-67 167 _1 | 83.104615 -67.592718 X X

LMC_HD 269927C_1 | 84.551376 -69.524323 X X

LMC_SK_-67 266 _1 | 86.628756 -67.300250 X X

LMC_SK_ -66_17_3 73.904037 -66.501278 X X

LMC_N11_051_1 74.009610 -66.368952 X X

LMC LH 9-89 1 74.064700 -66.446129 X X

LMC_SK_-66_18 1 74.069429 -66.056381 X

LMC_N11_046_1 74.076943 -66.653721 X

LMC_ LMCe055-1_1 74.186453 -69.868456 X

LMC_SK -69 52 1 74.697892 -69.892836 X

LMC_SK_-70_50_1 75.669415 -70.200188 X

LMC_SK_-70_60_1 76.185237 -70.224231 X

LMC_SK -69 83 2 78.405105 -69.535491 X

LMC_SK_ -69 83 1 78.883831 -69.508190 X

LMC_SK_-67 78 1 79.840998 -67.304241 X

LMC_SK_-67_78 2 80.301049 -67.313528 X

@ Coordinates are the centers of the HST pointings.

b All dates are for the year 2021.
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Field Name R.A.“ Decl.® HST cycle | LCO observation date’
ICRS ICRS 27 28 29|01-02 11-14 11-16
LMC_LH_58-496 1 81.428546 -68.810599 X
LMC SK -71 35 1 82.238915 -71.113195 X
LMC_SK_-71 46 1 82.975567 -70.993524 X
LMC_SK -69 178 1 | 83.095613 -69.476595 X
LMC_SK_ -69 212 2 | 83.788259 -69.160495 X
LMC_SK -68 133 1 | 84.001863 -68.762075 X
LMC_SK -69 212 1 | 84.205169 -69.162533 X X X
LMC_VFTS_355_1 84.621757 -68.998532 X X X
LMC_[ST92] 5-52 1 | 84.764192 -69.639422 X
SMC_AV_14 1 11.645862 -73.254116 | X X X X
SMC_AV_187 1 14.622625 -71.282483 | X X X
SMC_AV_235 1 15.182993 -72.797432 | X X X
SMC_AV_332 2 15.907979 -72.262273 | X X X
SMC_AV_332 1 15915021 -72.196823 | X X X
SMC_AV_393 1 16.565307 -72.412196 | X X X
SMC_2dFS_2266_1 16.788492 -72.329429 | X X X
SMC_AV_ 440 1 17.528008 -71.869370 | X X X
SMC_AV_488 1 19.209163 -73.418120 | X X X
SMC_2dFS_3694 1 20.832438 -73.171903 | X X
SMC_AV_85 1 12.867040 -72.805318 X
SMC_AV_96_1 12.905838 -72.038137 X
SMC_ AV 148 1 13.161580 -72.662020 X

@ Coordinates are the centers of the HST pointings.

b All dates are for the year 2021.
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Field Name R.A.“ Decl.® HST cycle | LCO observation date’
ICRS ICRS 27 28 29|01-02 11-14 11-16
SMC_AV_186_1 14.454051 -72.558794 X X
SMC_AV_343 1 16.128977 -72.627007 X X
SMC_AV_445 1 17.042607 -72.395550 X X X
SMC_AV_472 1 18.533833 -72.721052 X X
SMC_AV_224 1 14.763455 -72.087255 X X
SMC_AV_296_2 15.432402 -72.135818 X X
SMC_2dFS_2553 1 17.293580 -73.170638 X
SMC_SK_ 183 1 22.240860 -73.468530 X
SMC_SK_ 187 1 22.897249 -73.308369 X X
SMC_SK_ 187 2 23.007647 -73.348568 X X

J.1.1 WFC3/IR

The Wide Field Camera 3 instrument is a fourth-generation imager installed during the

fourth HST servicing mission.

Its infrared channel, WFC3/IR, is a 1024x1024 CMOS

HgCdTe detector with a 136” x 123" field-of-view and ~0.13 ” pixel~! plate scale. It in-

cludes fifteen wide, medium, and narrow filters as well as two grisms.

Program Design

Our observing campaign comprises HST proposals GO/PAR-15875, GO/PAR-16358, and
GO/PAR-16928 (cycles 27 through 29 respectively; Beaton et al. 2019b, 2020, 2022). The

program was designed as a pure-parallel to be executed alongside observations for the Hubble

UV Legacy Library of Young Stars as Essential Standards (ULLYSES, Roman-Duval et al.
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Figure 4.3: Locations of all pure parallel HST pointings obtained as part of this work (white
points), overlaid on the Gaia DR3 source density map in the vicinity of the Magellanic
Clouds (Gaia Collaboration et al. 2022a). The actual WFC3/IR footprints are smaller on
the sky than the size of the markers.

2020)*. ULLYSES is a large Director’s Discretionary program devoting approximately 1,000
orbits to obtaining ultraviolet spectroscopy of a wide range of young stars, including OB
stars in both Magellanic Clouds. By taking WFC3 exposures during the UV spectroscopy,
we anticipated capturing of order 1-3 upper RGB stars (within 1 mag of the TRGB) per
pointing, based on extant observations of the MCs.

As WFC3/IR is several arcminutes offset in the HST focal plane relative to the primary
instruments, and the roll angles of the primaries were unconstrained, exact WFC3/IR field
locations were not possible to specify beforehand. Similarly, repeat parallels attached to
observations of the same primary target were not necessarily guaranteed to overlap each
other, depending on the net difference in roll angle at the respective times of observation.
Therefore, we adopt the field names for the primary targets, but append an extra digit to

identify non-overlapping parallel fields for the same primary where needed.

"https://ullyses.stsci.edu
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Table 4.2: Typical 1-orbit HST exposure sequence

Name Filter =~ Samp. seq. N.reads Tep [s| Readout times [s]

J Spec G102  SPARS25 4 779 2.9,27.9,52.9, 77.9

J Img F125W  RAPID 7 20.5 2.9, 5.9, 8.8, 11.7, 14.7, 17.6, 20.5
H Spec G141  SPARS25 5 102.9 2.9, 27.9, 52.9, 77.9, 102.9

H Img F160W RAPID 7 20.5 2.9, 5.9, 8.8, 11.7, 14.7, 17.6, 20.5
Hs Img® F153M SPARSI0 2 129 29,129

wJ Img F110W  RAPID 5 147 2.9,5.9, 88, 11.7, 14.7

¢ Introduced in Cycle 28.

Our exposure sequences for WFC3 /IR were designed to avoid saturating the TRGB stars
of interest. Following Hoyt et al. (2018), the magnitudes of the TRGB in the LMC (SMC)
are between 12.4 < Hyye <12.5 (12.9< Hsume <13.0), which saturate in ~2.0 s (~3.1 s) in
F110W, ~3.4 s (~5.2 s) in F125W, and ~3.5 s (~5.5 s) in F160W based on the ETC. These
times to saturation are very short, but all but one are longer than the minimum WFC3/IR
full-frame exposure time of 2.9s, which is set by the time required to read out the chip. In
this time, stars near the TRGB reach a predicted signal-to-noise of over 300. While it is
possible to use subarrays to obtain shorter exposure times, our program is not centered on
specific stars and, thus, the full area is needed to sample as many stars as possible.

HST observations were obtained in pure parallel mode for STIS or COS primary obser-
vations. The frame-by-frame details for pure parallel programs are set by the needs of the
primary program, in particular the memory capacity of in-flight buffers. Thus, our program
was limited to 32 individual reads of the WFC3/IR chip. A typical exposure sequence for a
single-orbit observation is given in Table 4.2. This is the sequence used for 1-orbit visits; for
2-orbit visits the order of the F125W and F160W exposures were flipped to test for system-
atics due to taking observations through the Earth’s atmosphere. As noted in Table 4.2, the
F153M filter was added at the beginning of Cycle 28.
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Photometry

We measured all WFC3/IR photometry using the hstipass software (Anderson 2022).
hstlpass is a publicly available FORTRAN routine designed to perform optimal point
spread function (PSF) fitting on relatively bright, isolated sources in individual HST f1t
or flc exposures. Included with the software are a number of library HST PSFs derived
using the effective PSF method (ePSF, Anderson & King 2000, 2006), with those provided
for WFC3/IR described in Anderson (2016).

Table 4.3: hstlpass parameters

Name Value Description
HMIN 2 Minimum isolation in pixels
FMIN 500 Minimum flux (SNR~20)

PSF PSKFSTD  Library PSF file
GDC STDGDC Distortion model file
DOSATD +“ Measure saturated stars?
PMAX 9999999 Maximum central pixel flux

QMAX 0.25° Maximum PSF quality-of-fit
CMIN 0.2 Minimum PSF central excess
CMAX 0.2 Maximum central excess
PERT 0/1° Perturb library PSEF?

@ +/- = True/False
b 0 being a perfect fit.
¢ 1 for sufficiently populated fields, otherwise 0.

Our hstlpass star finding and data quality parameters are summarized in Table 4.3. We
briefly discuss the most relevant of these here. For in-depth descriptions of all parameters,

please refer to Anderson (2022).
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hstipass takes three required arguments when operating on an input image or list of
images. HMIN and FMIN are finding parameters, which specify the minimum radius at which
a pixel can have no brighter neighbors and the minimum flux in the brightest 2x2 pixels
respectively. PSF specifies either the PSF library file, or else a radius and sky annulus for
aperture photometry.

A number of optional arguments allow tuning of certain photo- and astrometric quality
parameters and the inclusion of additional reference files. GDC refers to a file with a model of
the instrument geometric distortion, required to transform between instrumental and celestial
coordinate frames and to correct photometry for distortion-induced pixel area variations.
Like the library PSFs, these are provided along with the code for HST instruments. DOSATD
specifies whether to perform aperture photometry on saturated stars, and PMAX sets the
maximum allowed flux of the central pixel. The QMAX, CMIN, and CMAX parameters relate to
PSF-fitting quality metrics. q is the PSF-weighted sum of the fit residuals, where a perfectly
fit source has q=0. c is the excess of the central pixel relative to the best-fit PSF. Positive
c values indicate too-sharp sources, such as cosmic rays in CCD data, and negative values
indicate blurry or extended sources.

hstipass allows an option to construct “perturbation” PSFs, which are empirical ad-
justments to the library PSFs to account for image-to-image variations from telescope jitter,
focus changes (both from thermal expansion and contraction over the course of an orbit, or
“breathing”, and from long-term secular focus changes), and other such spacecraft or instru-
ment effects. A value of 0 for the PERT parameter indicates to use the library PSFs as-is. 1
indicates to derive a single perturbation PSF for the entire image, and higher values (up to
9) produce an n x n perturbation PSF grid evenly spaced over the image area.

We initially ran all photometry with PERT=0, as recommended in the documentation,
and then a second round with PERT=1. Not all of these second runs completed, as many
exposures lack sufficient bright and isolated stars with which to construct a perturbation
PSF. For exposures where the PERT=1 runs were successful, we found consistently higher

photo- and astrometric quality. We adopt the PERT=1 photometry wherever available in the
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rest of this work.

Zeropoints

hstlpass provides strictly uncalibrated photometry by design. Users are encouraged to
derive their own zeropoints both for the sake of understanding the associated uncertainties,
and because the HST absolute photometric calibration is subject to ongoing refinement.
Therefore, we adapt STScl’s recommended procedure for calculating custom zeropoints with
the Python package stsynphot (STScI Development Team 2020)2.

stsynphot offers the option to predict ACS and WFC3 photometry for apertures much
smaller than the “infinite” aperture that defines the full extent of the PSF. In this mode,
synthetic fluxes are scaled by the fraction of flux the PSF contains at a given radius (“en-
circled energy”) relative to its flux at infinity. The on-orbit encircled energy calibration for
WFC3/IR is discussed in Hartig (2009); stsynphot implements the values reported in their
Table 6.

The hstipass library PSFs for WFC3/IR are normalized to a 5.5 pixel radius (0.7"on
average for WFC3/IR?), as are all its downstream photometric outputs (Anderson 2016).
However, this is not the same as the aperture used in the PSF-fitting process itself. For
that hstlpass uses the innermost 5 x 5 whole pixels, or an effective radius of r ~ 2.8 pixels
(~0.36"on WFC3/IR).

We note that the stsynphot documentation? recommends using only the aperture radii
at which encircled energy fractions have been measured for a given instrument (the nearest of
these to our 0.7"aperture being 0.6 and 0.8"”). This is because it performs only first-order in-
terpolation of the encircled energy fraction with respect to aperture radius, which the authors

caution may be a poor approximation of its true form at small radii especially. However,

’https://github.com/spacetelescope/WFC3Library/tree/master/notebooks/zeropoints

SWFC3/IR pixels are not square on the sky due to its substantial geometric distortion, with a ~10%
difference in scale between the image x and y axes.

‘https://stsynphot.readthedocs.io/en/stable/stsynphot/appendix\_specialkey.html\
#encircled-energy; v1.2.0
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the most recent web version of the encircled energy table® provides values for a different set
of aperture radii than those reported in Hartig (2009); the nearest of these to ours are 0.65
and 0.78”. The page does not specify the origin of these values, but we speculate that an
update to the 2009 calibration is in progress. Calamida et al. (2022) presented new encircled
energy measurements for a subset of WFC3/UVIS filters that incorporated time-dependent
photometric calibration information, but uncertainties in the WFC3/IR sensitivity evolution
prevented them from doing the same there (see their section 4 and Som et al. 2021). Since
then, Bajaj et al. (2022) have reported an IR sensitivity loss term of 0.13 £ 0.02% year™!,
with no evidence of wavelength dependence. For these reasons, we have chosen to derive
initial zeropoints at the 0.7"radius regardless of the possible uncertainties it introduces. We
conservatively estimate the uncertainty as half the difference between the zeropoints calcu-
lated at the stsynphot-recommended 0.6 and 0.8”apertures. We will make updates in a

future data release should a new encircled energy calibration become available.

Our final zeropoint values are provided in Table 4.4. We use the newly implemented
time-dependent photometric calibration (Calamida et al. 2022) to calculate zeropoints ap-
propriate for the approximate midpoint of our full set of observations, MJD=59570 (Decem-
ber 22, 2021). Although we use the Vega magnitude system throughout this paper, we also
provide the ST and AB systems for convenience, and we similarly include F153M for poster-
ity despite limiting this initial work to our broadband data. Our reference Vega spectrum is
alpha_lyr_stis_011.fits, and our operational CRDS® context is hst_synphot_0055. imap.

The full stsynphot observation mode keyword pattern is wfc3,ir, <band>,mjd#59570,aper#0.7,

where <band> is the filter name in all lowercase.

Shttps://web.archive.org/web/20230607225833/https://www.stsci.edu/hst/instrumentation/
wfc3/data-analysis/photometric-calibration/ir-encircled-energy

6Calibration Reference Data System; https://hst-crds.stsci.edu/
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Table 4.4: WFC3/IR zeropoints

Filter | A [um] Vegamag STmag ABmag o

F110W | 1.1521  25.9297 28.3200 26.7046 0.0143
F126W | 1.2481  25.1956  27.9045 26.1153 0.0131
F153M | 1.5322  23.0438 26.5541 24.3197 0.0210
F160W | 1.5366  24.5370 28.0516 25.8109 0.0201

NOTE—Zeropoints are for an 0.7” aperture at MJD=59570. X indicates pivot wavelength
(Koornneef et al. 1986).

Astrometric alignment

We adapted the workflow described in Bajaj (2017)7 to align our HST data to Gaia with
TweakReg. TweakReg is an alignment routine included in the Drizzlepac software (Gonzaga
et al. 2012; STSCI Development Team 2012; Avila et al. 2015; Hoffmann et al. 2021). It
derives transformations between coordinates of sources in a reference frame and sources in
individual exposures using a triangle pattern matching algorithm, and optionally updates

exposure headers” WCS information with the “tweaked” astrometric solutions.

Here, we used Gaia DR3 coordinates as the reference catalog (ICRS, epoch J2016.0),
and hstlpass pixel coordinates as exposure catalogs. We employed progressive quality cuts
depending on numbers of available stars (per target for Gaia, and per exposure for HST).
For Guaia, we restricted all reference catalogs to non-duplicated sources (Dup == 0) with the
recommended RUWE < 1.4. For targets with more than 500 reference sources, we additionally
required the maximum error of the 6-parameter astrometric solution to be less than 1 mas
(amax < 1), and for over 1000 reference sources we required amax < 0.5 mas. For HST, we
required that the absolute central pixel excess relative to the PSF model be less than 0.1

(C*x2 < 0.1%*2), and quality-of-fit q values less than: 0.2 for exposures with 50+ detected

"https://github.com/spacetelescope/gaia\_alignment
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sources; 0.15 for 250+ sources; and 0.1 for 500+ sources.
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Figure 4.4: Per-exposure RMS scatter of TweakReg astrometric solutions relative to Gaia

DR3, in units of WFC3/IR pixels (plate scale 0.13” pixel™!). Scatter points and marginal
density plots are color-coded by filter.

The x and y RMS dispersions of all alignment solutions are shown in Figure 4.4. Nearly
all frames are aligned to within 0.03 pix (4 mas) on both axes, and the majority of F125W
and F160W frames are aligned to within 0.02 pix (~2.5 mas). The scatter in F110W is

systematically higher by about a factor of 2, likely due to greater numbers of both faint

sources and saturated stars.

We considered incorporating proper motion information from Gaia into our alignment
procedure, but we found that doing so offered only marginal benefits at best, even with
strict quality cuts. For a number of fields, application of proper motions to the reference
catalogs consistently increased the residual scatter. We attribute this largely to lingering

scanning-law systematics in Gaia DR3 (see Gaia Collaboration et al. 2021), which we expect

will continue to see substantial improvement in future data releases.
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4.1.2  LCO/FourStar

To complement each field observed with HST WFC3/IR, observations were acquired from
the ground using the FourStar instrument on the Magellan-Baade telescope at Las Cam-
panas Observatory (hereafter LCO/FourStar or simply FourStar; for a full description of
the instrument, please see Persson et al. 2013). FourStar is a 4 K x 4 K NIR imager with
Teledyne electronics and an all-refractive optical system. The 10.8" x 10.8 field-of-view is
split over four HAWAII-2RG detectors, with a pixel scale of 0.159 ” pixel~!.

In addition to the JH Kg broadband filter set, five medium-width filters spanning the
1-1.8 pum wavelength range are available. These were designed for the FourStar Galaxy
Evolution Survey (ZFOURGE, Straatman et al. 2016)® to enable precise and accurate pho-
tometric redshift measurements unachievable with wider filters. Similarly, the finer sampling
of stellar SEDs enables luminous giant subtypes to be much more reliably identified than
with broadband data (e.g. Boyer et al. 2013, 2019). All six FourStar filters obtained in this
survey (JHKg and the medium bands J1, J2, and Hg) are shown in Figure 4.2.

While the JH K¢ data are easily calibrated to 2MASS with only minimal if any color
terms (see §4.1.2 and §4.2.2), color and airmass terms must be jointly fitted in the case of
the medium band data. As we observed all targets in one filter at a time (§4.1.2), different
bands were taken at different airmasses over the course of the night, further complicating
their relative calibration. For that and other reasons, we focus on the JH K filters in this
work, and will incorporate the medium band data in a future data release. As part of this
future release, we will include data from a secondary campaign of standard star observations,

with which we will further constrain the medium bands’ zeropoints and color terms.

Program design

Because the roll-angle for the HST parallel observations was not constrained, the precise

coordinates of the WFC3/IR fields were only known once the observations were taken. Thus,

Shttps://zfourge.tamu.edu/
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the ground-based observations occurred after the HST observations (once the coordinates
were known), typically in the B LCO semester when both the LMC and SMC are accessible
for the full night. A basic observing log of the LCO/FourStar campaign is given in Table 4.1,

with the exposure times and dither sequences repeated at each position given in Table 4.5.

The ground observations were planned to reach signal-to-noise ~ 100 for the upper giant
branch targets of interest in all six filters (J1, J2, J, Hg, H, Kg). A 5-pt dither sequence
was used to achieve five images of length <10 s each and the specifics are given in Table 4.5.
Custom macros were used to minimize overheads. The macro would move to all fields in a
region of the sky (usually the LMC or SMC) and execute a single filter sequence (Table 4.5)
at each location. The script was used once per filter because filter moves on FourStar take
several seconds and, in some switches, require focus offsets, which also add time. We did not
guide or do real time focus adjustments because any given position was not held long enough;
thus between each run of the macro, we reset to the intial coordinages and peroformed a

Shack-Hartmann focus after known focus offests (if required).

Table 4.5: Typical LCO/FourStar Exposure Sequence

Filter Exptime [s] Sequence

J1 5.822 5-pt dither
J2 5.822 5-pt dither
J 4.366 5-pt dither
Hg 5.822 5-pt dither
H 4.366 5-pt dither

Kg 4.366 5-pt dither
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Image reduction

Raw data was processed using a FourStar Reduction (FSRED) pipeline developed by AJM.
The pipeline preprocesses the raw image data by applying a linearity, dark and flat field
correction and creates a bad pixel mask for each image starting with the known bad pixels.
The pipeline also masks pixels above the saturation threshold and forward propogates those

pixels to mask image persistence up to five minutes from the onset of saturation.

The pipeline creates a first pass sky frame for each raw image by combining a number
(nine in this case) of adjacent dithered frames and rejecting 50% of high values (which
might be stars, cosmic rays or other transients like satellite streaks, etc). For each FourStar
exposure, there are four images (one for each chip) which are merged into a multi-extension
fits (MEF) image that is then analyzed to locate sources using Source Extractor (Bertin
& Arnouts 1996; Bertin & Arnouts 2010). The Source Extractor detection cataloges are
used as input into SCAMP (Bertin 2006, 2010a), which solves for the astrometric alignment
between frames and on sky using 2MASS sources as a reference (Skrutskie et al. 2006), then
SWarp (Bertin et al. 2002; Bertin 2010b) is used to resample each image along with a weight
image . The pipeline uses IRAF’s imcombine (Tody 1986, 1993; National Optical Astronomy
Observatories 1999) to co-add (using a median) the resampled images into a first pass mosaic

image of the field.

Source Extractor is run on the first pass mosaic to detect and mask sources; for each input
image, a corresponding sub-image from the mosaic and mask is created. Sources detected in
the mosaic are propogated to each input mask, and the difference between each input and
corresponding subsection is used to detect and mask transients (cosmic rays, satellites, etc).
For each input, a second pass sky is created using a weighted average (weighted inversely
by time difference or position offset from the input frame) of adjacent frames relying on the
masks to reject non-sky sources. Similar to the first pass step, the sky-subtracted mef images
are run through Source Extractor, SCAMP and SWARP and resampled into images which

are combined, using IRAF:imcombine, using a weighted average into a final image mosaic.



113

FourStar photometry

The final mosaics are photometered using Source Extractor to detect sources and DAOPHOT
(Stetson 1987, 2011) to perform point spread function (PSF) photometry. The final mosaic
image for each filter is run through a script which first detects sources using Source Extractor
with a detection threshold of 150, where o is the sky background standard deviation. Then
the output from Source Extractor is used to identify 200 sources to be used to create a
PSF in the DAOPHOT PSF-fitting software. The image is then iterated on 3 times with
decreasing detection threshold sigmas of 10, 5, and 2. In each iteration Source Extractor
detects sources, then DAOPHOT:PHOT is used to perform aperture photometry at each
location then DAOPHOT:ALLSTAR is used to fit the PSF and generate a PSF subtracted
image for the next iteration of detection. In each iteration the new detections are simply
appended to the original list and ALLSTAR is run on the original image with the appended
list of detections. The PSF subtracted images are only used for detection of fainter or
hidden/merged sources; it is not recommended to PSF fit an image which has already been

PSF subtracted.

Calibration to 2MASS

Normally, the PSF photometry would be compared against the APER photometry to deter-
mine an offset to add to the PSF phot to place it on the APER system. Then the PSF phot
would be compared to 2MASS stars in the frame to determine a zero-point offset for that fil-
ter/frame. The PSF to APER correction is redundant since a single zero-point offset can be
determined by comparing the raw JH Kg PSF photometry directly to 2MASS magnitudes,
which simultaneously incorporates an airmass correction term.

For each mosaic, we matched the single-band photometry to 2MASS using a maximum
radius of 0.5” (see §4.1.3 for more details on cross-matching). We then took the median
difference of the FourStar and 2MASS magnitudes for stars with FourStar single-band pho-
tometric uncertainties below 0.05 mag and 2MASS quality flags equal to “A” in all bands
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(SNR > 10; see Skrutskie et al. 2006). All applied magnitude corrections (e.g. the values
subtracted from the original FourStar magnitudes to put them on the 2MASS system) are

shown as a function of airmass in Figure 4.5. We examine FourStar-2MASS color terms in

§4.2.2.
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Figure 4.5: Median offsets between 2MASS and raw FourStar magnitudes as a function of
airmass, colored by the date of the FourStar observations.

4.1.3  Catalog matching

We adopt the same cross-matching routine to first combine all single-band photometry for
HST and FourStar into separate multiwavelength catalogs, and then to match between re-
spective catalogs and to archival photometry. While hstipass does offer a companion
routine hst2collate for similar such purposes (with respect to its own output catalogs at
least), it is currently limited in functionality and documentation, and requires an undistorted
reference image created with AstroDrizzle. As the majority of our HST fields have only one

exposure per filter with no subpixel dithers, and cosmic rays in WFC3/IR data are rejected
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in the ramp fitting step prior to £1t creation, there are few if any advantages to producing

drizzled reference images for our use case.

To match single-band photometry on a per-instrument basis, we use the search_around_sky
method of the SkyCoord class in Astropy, with respective separation limits of 0.1” for HST
and 0.15” for FourStar. These correspond to just under one pixel on each detector, which is
both well above the typical astrometric scatter of these data, and well below the separation
at which mismatches become a concern for the stellar surface densities at hand. While most
of our targets have only one orbit or epoch of observations, not all do; for targets with re-
peat observations, we average the fluxes and other photometric information per filter. Sky
coordinates are averaged over all available measurements in all data. The combined single-
instrument catalogs include all non-matched sources, equivalent to an outer join; therefore,

the order in which the matching was done does not matter.

To match between the combined multiband catalogs, and to archival catalogs as well,
we take the HST coordinates as the astrometric reference. We match other catalogs to
HST with the match_to_catalog_sky method, also of the Astropy SkyCoord class. This
method finds the nearest match to all reference catalog sources at any distance (analogous
to a left join), rather than finding all matches within a given distance. We retain angular
separation information in the final matched catalogs, and make cuts as appropriate to filter

out mismatches on a post-hoc basis.

In addition to our FourStar photometry and the 2MASS 6X catalogs, we consider the
VISTA survey of the Magellanic Clouds (VMC, Cioni et al. 2011) as a third point of com-
parison. With its recent sixth data release, the VMC survey now offers deep Y JKg coverage
of over 180 deg? of the Magellanic clouds and bridge. Details of the VISTA/VIRCAM tele-
scope, camera, and photometric system (which is itself calibrated to 2MASS) may be found
in Emerson et al. (2006); Dalton et al. (2006); Gonzélez-Fernandez et al. (2018). In this
work we adopt the VMC DR6 PSF photometry catalog (version 4)° throughout.

Yhttps://www.eso.org/qi/catalog/show/401
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We show histograms of the fractions of stars from our HST data with matched detections
in ground catalogs in Figure 4.6. Most fields have fewer than 20% of stars matched in 2MASS,
whereas most have 80% or better in VMC. For FourStar matches are more evenly spread
between 60 to 100%; the outlier below 10% is a field centered on another target that happened

to partially overlap an HST pointing observed later on.

20 Catalog
B 2MASS 6x
VMC DR6
15F

M LCO FourStar (this work)

0.2 0.4 0.6 0.8 1.0
Fraction of matches to HST stars per field

Figure 4.6: Fractions of sources in our HST photometry with matches in 2MASS 6X (blue),
VMC (orange), and FourStar (green) catalogs.

4.2 Results

4.2.1  Color-magnitude diagrams

We show color-magnitude diagrams for all our HST photometry in Figures 4.7 through 4.9,
the same for our FourStar photometry in Figures 4.10 and 4.11, and comparisons between
matched stars in HST, FourStar, and 2MASS in Figure 4.12. The red giant branch and
red clump are the dominant features in all HST and FourStar CMDs, and the upper red
giant branch dominates in 2MASS. The RGB appears as a tight sequence from H =~ 12,
J — H = 0.8 down to the detection limits, which are 1-2 mag fainter than the red clump
at H ~ 17 in HST and FourStar. The bright end of the main sequence appears as well at
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Figure 4.7: Color-magnitude diagrams of our complete HST catalogs in the Large (left) and
Small (right) Magellanic Clouds in the F110W, F110W-F160W plane. Stars that saturate in
the first read in F110W (down to just above 14th magnitude) are marked with large points,
and unsaturated stars with smaller and lighter ones.
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Figure 4.8: As Figure 4.7, but with F125W on the y axis. Saturation occurs at F125W ~ 13.
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Figure 4.9: As Figure 4.7, but with F160W on the y axis. Saturation occurs at F160W ~ 12.
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Figure 4.10: As Figure 4.7 for H, J — H on LCO/FourStar.
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Figure 4.11: As Figure 4.10 for Kg, J — Kg on LCO/FourStar. The population of stars
dimmer than Kg ~ 18.5 is from a small subset of deeper areas with repeated pointings.
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Figure 4.12: Color-magnitude diagrams of our final crossmatched sample for the Large (upper
row) and Small (lower row) Magellanic Clouds. Catalogs from left to right: WFC3/IR F160W
vs. F110W-F160W, FourStar H vs. J — H, and the same bands with 2MASS. Both HST
and FourStar reach at least two magnitudes below the red clump (H ~ 17), whereas 2MASS
stops just short of it. Note the large crowding uncertainties at the 2MASS magnitude limit,
where faint stars are upscattered due to photometric blending with nearby sources.



123

J— H =~ 0. The sparse populations at colors between the main sequence and RGB are a mix
of Milky Way foreground dwarfs and intermediate- to high-mass Magellanic Clouds stars at
varying evolutionary stages, such as the red- and blue core helium burning sequences. Some
reddening from interstellar dust is apparent in the LMC, most noticeably in the populations
extending redwards of the red clump and RGB. Such effects are far less pronounced, although
not entirely absent, in the SMC.

The most noticeable difference in the FourStar CMDs relative to HST is the larger scatter
at faint magnitudes, which is expected due to the lower resolution. The faint red sources
near H ~ 18, J — H ~ 1.5 not seen in the HST data are likely background galaxies and/or
photometric blends.

In the HST CMDs, we mark saturated stars with heavier scatter points. First-read
saturation occurs in stars brighter than 14th magnitude in F110W, 13th in F125W, and
12th in F160W. This results in saturation below the TRGB only in F110W in the LMC, and
just above it in F125W and F160W. The SMC TRGB is fainter than the saturation limit
in all our data. Note that there may be some unsaturated stars slightly brighter than the
dimmest saturated stars; this is because saturation is affected by subpixel location, where a
star falling on the center of a pixel will saturate more quickly than a star at the corner. The

FourStar catalogs do not include saturation information.

4.2.2 Filter transformations
FourStar to 2MASS and VMC

We first examine the residual differences between FourStar and 2MASS, and compare to
VMC photometry as well for stars with high-quality photometry in common. For 2MASS
this includes stars with angular separations relative to FourStar under 0.5”, and photometric
uncertainties below 0.05 mag and quality flags of “A” in all bands. For VMC this includes
combined statistical and systematic uncertainties under 0.025 mag in JKg, and for FourStar

uncertainties under 0.025 mag in JHKg. We also require that the absolute differences in
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Figure 4.13: Differences between FourStar and 2MASS JH K g bands as functions of FourStar
J — Kg and J — H color.
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Figure 4.14: First-order transformations between FourStar and VMC J K¢ bands as functions
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magnitudes between FourStar and other catalogs be less than 0.25 mag in all bands to reduce
the impact of sources that are blended or otherwise upscattered in one catalog but not the
other, which particularly affects 2MASS.

We perform first-order least-squares fitting on all available color and magnitude combi-
nations. Transformations take the functional form Y = ¢g + ¢; X, where X is the broadband
color in the FourStar system, and Y is the difference between magnitudes in the same filter,
in the direction of (other catalogs — FourStar). o,y and 0., are the uncertainties on the fitted
coefficients. All fits are weighted by the inverse variance of both the X and Y terms. Results

are shown in Figures 4.13 and 4.14, and coefficients are listed in Table 4.6.

Table 4.6: Filter transformations: FourStar

X Y Co 00 1 Ocl
2MASS
J-H AJ  -0.0074 0.0068 0.0153 0.0098
AH 0.0302 0.0077 -0.0368 0.0109
AKg 0.0060 0.0091 0.0020 0.0125
J-Ks AJ  -0.0078 0.0063 0.0125 0.0073
AH 0.0366 0.0071 -0.0369 0.0080
AKg -0.0087 0.0083 0.0182 0.0088
VMC
J-Kg AJ 0.0172 0.0023 -0.0284 0.0029
AKg 0.0087 0.0024 0.0127 0.0032

NoTE—Transformations take the functional form Y = ¢q + ¢; X, where X is the broadband
color in the FourStar system, and Y is the magnitude difference in the direction of (other
catalog — FourStar).

Between FourStar and 2MASS, only the H band coefficients are statistically inconsistent

with zero. We suspect this may be due in part to the several fields with noticeably large
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offsets relative to 2MASS in our initial calibration (see Figure 4.5).

HST to FourStar, 2MASS, and VMC

For transformations from ground data to the HST flight system, we apply the same quality
criteria as described in §4.2.2, and add only the requirement that a source have measurements

in all three HST wide bands as well. We apply the same fitting procedure as in §4.2.2.

Results of these fits are shown in Figures 4.15-4.20, and coefficients are listed in Table 4.7.

Transformations take the same form as in §4.2.2.

For these fits, many of the zeropoint terms (cg) are statistically inconsistent with zero.
This is most likely attributable to a combination of changes to the underlying Vega calibration
(Cohen et al. 2003; Bohlin et al. 2014; Maiz Apellaniz & Pantaleoni Gonzalez 2018; Bohlin
et al. 2020), and the fact that a single first-order term may not be sufficient to capture the

full range of color-magnitude behavior in some filter combinations.

4.3 Discussion

4.8.1  Comparison to literature transformations

Riess (2011) predicted color terms between WFC3/IR F125W, F160W and 2MASS JH based
on theoretical spectra. They used synthetic photometry of Castelli & Kurucz (2003) model
atmospheres with —0.15 < J — H < 0.8, T > 3500 K, log(g)=4.5, and solar metallicity

and abundance ratios. From these they fit the following slopes:

J — F125W = 40.012(£0.020)(J — H) (4.1)
H — F160W = —0.204(40.040)(J — H) (4.2)

Dalcanton et al. (2012a) derived JH to F110W, F160W transformations using Padova
isochrones (Girardi et al. 2008) for 10 Gyr TRGB stars with 0.6 < J — H < 1.15 at a range



Table 4.7: Filter transformations: HST

X Y Co o €1 Ocl
FourStar
J-H F110W-J 0.0306 0.0097 0.2463 0.0138
F125W-J  0.0222 0.0065 -0.0331 0.0093
F160W-H -0.0435 0.0076 0.2452 0.0107
J-Kg F110W-J  0.0260 0.0096 0.1989 0.0109
F125W-J  0.0099 0.0077 -0.0221 0.0088
F160W-H -0.0380 0.0078 0.1869 0.0086
2MASS
J-H F110W-J 0.0268 0.0089 0.2702 0.0126
F125W—-J  0.0153 0.0047 -0.0130 0.0066
F160W-H -0.0239 0.0067 0.2302 0.0094
J-Kg F110W-J 0.0204 0.0078 0.2263 0.0089
F125W-J  0.0041 0.0059 0.0002 0.0067
F160W-H -0.0055 0.0073 0.1621 0.0082
VMC
J-Kg F110W-J -0.0027 0.0080 0.2695 0.0096
F125W—J -0.0116 0.0062 0.0261 0.0074

NoTE—Transformations take the form Y = ¢g 4+ 1 X.
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Figure 4.15: Linear fits to WFC3/IR F110W — J vs. J — K for the FourStar, VMC, and
2MASS J and K filters (top to bottom).
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Figure 4.16: As Figure 4.15 for F125W — J vs. J — K.
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Figure 4.18: As Figure 4.17 for F110W — J vs. J — H.
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of metallicities. They found:

F160W — H = 0.2031 + 0.401(J — H — 0.9) 43
4.3
+0.3498(J — H — 0.9)?

J — H = 0.9418 + 0.841(F110W — F160W — 1.0) (44
4.4
—0.9053(F110W — F160W — 1.0)?

We show comparisons between these two sets of transformations, as well as piecewise
linear relations from synthetic photometry from the previous chapter, and color terms from
this work in Figure 4.21. (We disregard zeropoint terms for the sake of comparison, as they

are likely dominated by changes in the calibration of Vega and similar such factors.)
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Figure 4.21: Comparisons of this work to published transformations for F125W — J (Riess
2011, Durbin et al. in prep, upper panel) and F160W — H (Riess 2011; Dalcanton et al.
2012a, Durbin et al. in prep, lower panel).

Gonzalez-Fernandez et al. (2018) fit for color terms between the VISTA and 2MASS
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photometric systems in terms of 2MASS J — K color. They found:

Jy = Jo — (0.031 £ 0.006)(J — Kg)s (4.5)

Ky = Kgs — (0.006 £ 0.007)(J — Kg)s (4.6)

(their equations 7 and 9).
Combining our FourStar, 2MASS, and VMC results and rearranging, we find:

Jy = Jy — (0.0352 + 0.0139)(J — Kg)s (4.7)

Ksy = Kgo + (0.0001 £ 0.0148)(J — Kg)a (4.8)
Both of these are fully statistically consistent with those of Gonzélez-Ferndndez et al. (2018).

4.4 Conclusions

We have produced catalogs of near-infrared broadband photometry of over 35,000 Magellanic
Cloud stars, mainly evolved giants, from both HST WFC3/IR F110W, F125W, F160W and
LCO/FourStar JHKg. Using these data, we have produced direct empirical transforma-
tions between HST and ground-based filter systems, including archival catalogs from the
2MASS and VMC surveys. Preliminary results show overall good agreement with literature
transformations.

In a subsequent paper, we will present a library of low-resolution slitless spectra extracted
from the WFC3/IR G102+G141 grism observations obtained in this program, as well as the
full set of broad- and medium-band photometric coverage from both HST and FourStar.
This spectrophotometric library will provide absolutely fluxed R ~ 150 SED coverage from
0.8-1.7 pm for dozens of IR-bright giants in the Magellanic Clouds. This will offer a valuable
complement both to current ground-based NIR spectral libraries (e.g. Rayner et al. 2009;
Villaume et al. 2017; Chen et al. 2014b; Gonneau et al. 2020b; Verro et al. 2022¢) as well
as to the gold standard CALSPEC library (Turnshek et al. 1990; Bohlin 2007; Bohlin et al.
2014; Bohlin & Deustua 2019), which largely omits cool and luminous evolved stars due to

their lack of suitability as high-precision flux standards. It will additionally serve as a bridge
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to the much more distant hosts accessible with JWST /NIRSpec (e.g. Nidever et al. 2023),

and to much greater areas with Roman/WFL.
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Chapter 5

CONCLUSIONS

5.1 Summary

In Chapter 2 I led an end-to-end reevaluation of the IR-TRGB color-absolute magnitude
relations first presented by Dalcanton et al. (2012a, hereafter D12). The reprocessed results,
when compared to two state-of-the-art suites of isochrone predictions, revealed ~0.1 mag
discrepancies between measurements and theoretical predictions for both color-magnitude
and optical-IR color relations for TRGB stars. These results were consistent with theoretical
investigations’ conclusions that stellar physics implementations and bolometric corrections
remain a dominant source of uncertainty in absolute TRGB predictions (Capozzi & Raffelt
2020; Serenelli et al. 2017; Straniero et al. 2020). Since this study, exciting progress has
been made in minimizing these theoretical uncertainties (Di Luzio et al. 2022; Lopes &
Lopes 2021; Pietrinferni et al. 2021; Saltas & Tognelli 2022) as well as uncertainties on the
empirical optical calibration (Hoyt 2023).

In Chapter 3, I predicted filter transformations between 2MASS and WFC3/IR from
synthetic photometry. These predictions were based on empirical spectra of over 1000 indi-
vidual stars from four optical4+IR spectral libraries, which together span nearly the full HR
diagram and sample stellar populations from the solar neighborhood out to the Magellanic
Clouds, covering a broad range of ages, metallicities, and other relevant stellar properties
(Rayner et al. 2009; Turnshek et al. 1990; Verro et al. 2022¢; Villaume et al. 2017). We
found that for most stars, filter transformations were well fit by piecewise-linear relations
as functions of color; however, molecular features in the coolest stars’ atmospheres result in
significant departures from these relations.

In Chapter 4, I showed preliminary results from a complementary approach to achieving
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the same goals as in the previous chapter. I directly compared photometry of the same stars
from the ground and space to achieve the same goals as in the previous chapter. Although
the full complement of ground-based observations has not yet been obtained, early results
are highly promising.

In the near term, I plan to continue the work of this thesis in future papers by a) ex-
tending the synthetic photometry technique described in Chapter 3 to other infrared instru-
ments, including JWST/NIRCam, Roman/WFI, and Fuclid/NISP; and b) incorporating the
medium-band and spectroscopic observations mentioned in Chapter 4 to produce a robust

absolute spectrophotometric calibration of the NIR-TRGB.
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Appendix A
MCR-TRGB: TESTS ON ARTIFICAL DATA

In this section, we diagnose potential biases and systematics induced by the MCR. tech-
nique by applying it to simulated CMDs with known theoretical TRGB magnitudes. We use
the results of this analysis to determine bias corrections to our final tip magnitudes and to
refine the uncertainties on our measurements.

We first generate a set of idealized (i.e., error-free) photometry of artificial RGB sequences
with MATCH based on the PARSEC model suite. Serenelli et al. (2017) demonstrated that
metallicity is the primary driver of variation in TRGB colors and magnitudes for old ages,
so we hold all parameters except metallicity constant. We use a Chabrier IMF with a slope
of 1.3, a binary fraction of 0.3, and a constant star formation rate with an age range of 100
Myr to 14 Gyr. We vary metallicity between —2.0 < [Fe/H] < —0.5 dex with a spacing
of 0.1 dex, which covers a color range representative of our data. We constrain the output
magnitudes to ~1 mag brighter than the TRGB to ~2.5 mag dimmer for each filter: —5.0
< F814W < —1.5 mag, —6.0 < F110W < —3.0 mag, and —7.0 < F160W < —3.5 mag.

We choose to model a constant SFR rather than a single-age population for two rea-
sons. First, most of our data (see star-formation histories in D12) show evidence for stellar
sequences from young populations, and as such, mono-age populations are not realistic rep-
resentations of our data. Second, for a mono-age population, the full color or magnitude
range of the TRGB is small enough to be comparable to the typical errors on the data
points. In this limit, XDGMM cannot resolve the underlying distribution of TRGB color
and magnitude, and thus its performance cannot be tested.

We add fiducial photometric errors to the simulated stellar population using the aggregate

of all of our AST results, which were determined for each galaxy in our dataset in section 2.2.3.
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We do not incorporate a net photometric bias or photometric incompleteness, both of which
are negligible at the TRGB for the majority of our sample.

For all tests, we randomly subsample the artificial data to reach a desired total number
of RGB stars less than 1 magnitude fainter than the fiducial- TRGB (NI*!) in the filter used
to measure the Sobel edge. We also adjust all magnitudes by a value randomly generated
from a Gaussian with a mean of 0 mag and standard deviation set to the star’s photometric

uncertainty.
A.1 Luminosity function sampling

Here we test our method against NI ! over a range of 200 < NI+ < 5000 stars, which spans
the NI+ values for the majority of the galaxies in our sample. At each NI+ we run 20 end-
to-end XDGMM tip fitting iterations and calculate the offsets AMrrgp = Mrrgp(measured)
— Mryrgg(true) for each filter. We repeat these tests at four different metallicities ([Fe/H =
{-1.7,-1.3,-1.0,—0.7} dex) to check for possible color-dependent effects.

Figure A.1 shows the median per-filter differences in the measured versus theoretical
TRGB values against NI*! for each of the four metallicities. The error bars on the points
in Figure A.1 show the interquartile range of the results. The dashed horizontal lines are
color-coded to match the filter and show the range of the per-filter mean uncertainty on the
tip-fitting results; we define the uncertainty as the quadrature sum of the XDGMM fitting
uncertainty and the median photometric error of the tip stars.

For all but [Fe/H] = —0.7 dex, the results are largely consistent: the offsets AMrrap start
out around 0.04 mag in the most undersampled case, increase approximately with NI for
NT+L <1000 stars in all filters, and then begin to level off near AMrrgp ~ 0.01 mag. These
results are broadly similar to what is seen for traditional edge detection methods. Madore
et al. (2009) found that Sobel edge detection is prone to bias when the RGB luminosity
function is undersampled, and that a sample of NI*1 > 500 stars is required for edge
detection to function accurately.

For [Fe/H| = —0.7 dex, where the edge detection and initial tip star selection are done in
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[Fe/H] = —1.3
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Figure A.1: Differences between measured and theoretical TRGB magnitude versus NI +1
(the number of stars within 1 mag fainter of the TRGB), for [Fe/H] = —1.7 dex (top left),
—1.3 dex (top right), —1.0 dex (bottom left), and —0.7 dex (bottom right). The error bars
on the points show the interquartile range of the results. The various dashed horizontal
lines show the mean per-filter uncertainties on the tip fitting results, which we define as the
quadrature sum of the XDGMM fitting uncertainty and the mean photometric uncertainty
of the tip stars. The bias in the XDGMM edge measurement is typically within the 1-o
TRGB uncertainty, with the exception of poorly populated CMDs (NI+1<~500 stars).
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F110W rather than F814W, we see behavior similar to the lower metallicities in the NIR, but
not in F814W, which hovers at 0.04 mag throughout. This foreshadows a possible selection
effect when using F110W for the primary edge detection, which we investigate further in

section A.2.

A.2 DMetallicity

g
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Figure A.2: The difference between measured and theoretical TRGB values against the
median measured NIR tip color for the ensemble of simulated datasets. Results for F814W,
F110W, and F160W are shown in blue, orange, and green, respectively. The horizontal lines
show +10, where ¢ is the mean quadrature sum of the photometric and fitting errors for
each filter This bias is within the TRGB detection uncertainty in almost all cases.

For each metallicity in our artificial dataset, we run 20 end-to-end tip fitting iterations
with NI = 4000 stars, in the regime where sampling effects are minimal. Figure A.2 shows
the median per-filter differences in the measured versus the theoretical TRGB values against
the measured IR-TRGB color; the IR-TRGB color increases approximately monotonically
with metallicity in the artificial data.

The jump in offset values at F110W-F160W > 0.95 mag corresponds to the switch from
using F814W to using F110W for the Sobel edge detection. We hypothesize that this jump is

due to a difference in which stars are selected as candidate tip stars. At high metallicity, stars



175

that have similar magnitudes in F110W may have a large range of magnitudes in F814W due
to the increasingly steep TRGB-color slope in F814W. The stars that are the brightest in
F814W are relatively dim in F110W and so may not fall within the F110W tip star selection
window and, thus, our measured F814W tip magnitudes are skewed faint relative to the

predicted values.

A.3 Photometric uncertainties

704 = F814W
— F110W
604 == F160W

—0.02 —0.01 0.00 0.01 0.02 0.03
AMrrep (measured - predicted)

Figure A.3: Histograms of the difference between the measured and predicted Mrrgp for the
with NJ ™+ = 2000 stars and [Fe/H] = —1.0 dex artifical dataset for 500 trials, where each trial
modifies the stellar magnitude randomly in proportion to its photometric error. The blue
histogram is for F814W, the orange is for F110W, and the green is for F160W. As expected,
the widths of all histograms are smaller than the reported photometric uncertainties at the

tip.

To isolate the impact of photometric uncertainties on our TRGB-measurements, we use
the artifical dataset with NI 1 = 2000 stars and [Fe/H] = —1.0 dex. For each of 500 trials,
we vary the input magnitudes by a different random value drawn from a Gaussian whose
standard deviation is each star’s photometric uncertainty. The results of this test are shown
in Figure A.3. We find that for all filters the standard deviation of the resulting distribution

of offsets is roughly a third of the typical photometric uncertainty at the tip.
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A.4 XDGMM vs. Sobel edge detection
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Figure A.4: Top: The median difference between XDGMM-fitted and theoretical tip mag-
nitudes versus the median difference between the Sobel edge magnitude and theoretical tip
magnitude in either F814W or F110W. Each point is the median result for one set of trials
with fixed metallicity and NI +1. The solid line and flanking filled region show a linear fit
to the data and its 68% confidence interval, whereas the dashed line shows a one-to-one
relation. Bottom: Difference between the XDGMM-fitted mean and Sobel edge magnitude
versus An, which is the width in magnitudes of the tip star selection region in the luminosity
function. Each point represents the offset for a single trial with fixed metallicity and NI
The solid line and flanking filled region show a linear fit to the data and its a 95% confidence
interval, respectively.

Here we investigate the behavior of XDGMM tip fitting relative to the standard method
of Sobel edge detection using the same set of trials as in section A.1. As our method for
XDGMM tip fitting itself uses Sobel edge detection to set the color-magnitude center of
the initial tip star selection window, we can make a fully self-consistent comparison of the
Sobel edge magnitudes to the XDGMM mean magnitudes for detections in F814W and
F110W. (We do not perform edge detection on F160W in our method and so do not make

the comparison.)
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The top panel of Figure A.4 shows the relation between the median difference between
the XDGMM-fitted mean and the theoretical tip versus the median difference between the
Sobel edge and theoretical tip. The linear fit to the data is consistent within 1o with a
one-to-one relation, indicating that the methods produce overall consistent tip mangitudes.

The bottom panel of Figure A.4 shows the relation between the width of the tip star
selection region, An, and the difference between the XDGMM- and Sobel-derived tip mag-
nitudes, AMrrgg. The quantities are correlated, albeit with some scatter on the order of

0.01 mag, and are fit by the linear relation AM3z5s = 0.25(An) — 0.01 mag.
A.5 Adjustments to measurements

In the previous sections, a number of tests were performed to quantify the statistical and
systematic uncertainties of the MCR method using artificial photometry. Here we match our
observed galaxies to their artificial tests to determine both systematic terms that are applied
in the form of bias corrections and statistical terms that are applied in the form of inflating
the algorithmic uncertainties. The corrections are parameterized by two key observables: (i)
how well populated the RGB is as a proxy for the total mass, and (ii) the F814W-F160W
color as a proxy for the underlying stellar population properties. All such adjustments are
summarized in Table A.1 and if a given target does not appear in the table, then it did not
require a modification.

For each target, we determine the most appropriate sets of tests to use to determine the
bias based on NI*! and F814W-F160W color. The quoted adjustment values are adopted
from the relevant set of trials, with uncertainties determined as the median and interquartile
range of the offsets (measured — predicted value) in each filter. We subtract the offsets from
the measured TRGB apparent magnitude and add the associated uncertainty in quadrature
to the fitting uncertainty. We also modify all relevant colors based on these adjustments.

The first four targets in Table A.1 (KDG73, NGC2403-HALO-6, SCL-DE1, and
UGCA292) all have NI < 500 stars. (Although these targets do not all have the same

colors, we found that differences between offsets were negligible at the relevant colors.) For
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Table A.1: Applied bias corrections

Value(=+ error) subtracted from mrtrgp

Target name F814W F110W F160W
KDG73 0.04 +0.02 0.04 +0.02 0.04 +0.02
NGC2403-HALO-6 0.04 +0.02 0.04 + 0.02 0.04 +0.02
SCL-DE1 0.04 +0.02 0.04 +0.02 0.04 +0.02
UGCA292 0.04 +0.02 0.04 +0.02 0.04 +0.02
NGC0300 0.03 £0.01

NGC2976-DEEP 0.03 +0.01

NGC3077-PHOENIX  0.03 £0.01

SN-NGC2403-PR 0.03 £0.01

MS81-DEEP 0.06 +£0.01 —0.02£0.02 —0.02=+0.02

these we take the median and interquartile range of offsets for all trials with NI+ < 500
stars and [Fe/H| < —1.0 dex.

The remaining targets (NGCO0300, NGC2976-DEEP, NGC3077-PHOENIX, SN-
NGC2403-PR, and M81-DEEP) use F110W as the edge detection filter. All but M81-DEEP
have colors F814W—F160W ~ 2 mag, whereas M81-DEEP has F814W—-F160W ~ 2.25 mag.
We match these colors by adopting the median and interquartile range of offsets for trials
with —0.8 < [Fe/H] < —0.7 dex for all but M81-DEEP, and —0.6 < [Fe/H] < —0.5 dex for
M81-DEEP.
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Figure B.1: Stellar surface density maps
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Figure B.4: CMDs showing individual RGB-sequence probabilities.
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Appendix C

SYNTHETIC PHOTOMETRY TABLE

Table C.1: Synthetic 2MASS and HST magnitudes

218

Spectrum Name J H Ks F110W F125W  F160W
CALSPEC
109vir_stis_003 3.675  3.668  3.673 3.667 3.675 3.672
10lac_stis_007 5.273  5.388  5.486 5.212 5.273 5.356
16cygb_stis_003 5.017  4.676  4.635 5.140 5.012 4.732
1732526 _stisnic_007 12.264 12.216 12.210 12.287 12.263  12.220
1740346 _stisnic_005 12.059 11.977 11.967 12.101 12.059  11.990
1743045_stisnic_007 12.933 12.820 12.805 12.990 12,933 12.838
1757132 _stiswfc_004 11.262 11.159 11.156 11.305 11.261 11.176
1802271 _stiswfcnic_004 11.827 11.811 11.803 11.825 11.825 11.819
1805292 stisnic_006 12.017 11973 11.972 12.037 12.017 11.978
1808347 _stiswfc_004 11.623 11.539 11.550 11.665 11.622 11.554
1812095 _stisnic_006 11.324 11.255 11.256 11.348 11.322  11.266
1812524 nic_005 11.888 11.822 11.809 11915 11.886 11.836
18sco_stis_003 4295 3.955 3915 4.417 4.290 4.011
2m003618_stiswfcnic_006 12.444 11.585 11.040 12950 12.521 11.946
2m055914 stiswfcnic_005 13.777 13.570 13.588  14.412  14.025  13.909
agk_81d266_stisnic_007 12.678 12.807 12.921 12.603 12.677 12.770
alpha_lyr_stis_ 011 0.000  0.000  0.000 0.000 0.000 0.000
bd02d3375_stis_006 8.770  8.442  8.417 8.886 8.764 8.495




Table C.1: — continued
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Spectrum Name J H Ks F110W  F125W  F160W
bd21d0607_stis_006 8.172  7.885  7.862 8.279 8.168 7.929
bd26d2606_stis_006 8.641  8.356  8.332 8.749 8.637 8.400
bd29d2091_stis_006 9.079 8.723  8.688 9.202 9.073 8.782
bd54d1216_stis_005 8.628  8.303  8.276 8.744 8.623 8.354
bd60d1753_stiswfc_004 9.613 9.606  9.610 9.607 9.612 9.609
bd_17d4708_stisnic_007 8.391  8.080  8.048 8.498 8.386 8.133
€c26202_stiswfcnic_005 15.329 15.044 15.030 15.435 15.324  15.088
delumi_stis_004 4.257  4.243 4.242 4.257 4.256 4.248
etaldor_stis_004 5.715  5.726  5.738 5.704 5.715 5.724
etauma_stis_007 2216 2.282  2.336 2.179 2.217 2.263
feigel110_stisnic_008 12.508 12.635 12.757 12.436 12.508 12.597
g191b2b_stiswfcnic_004 12,520 12.638 12.738 12456  12.520 12.606
gd153_stiswfcnic_004 14.055 14.169 14.287 13.997 14.056  14.136
gd71_stiswfcnic_004 13.710 13.820 13.918 13.656 13.710 13.786
gj7541a_stis_004 12.343 12.359 12.393 12336 12.343  12.349
grw_70d5824 stiswfcnic_ 13.247 13.318 13.395 13.219 13.247 13.291
003
hd009051_stis_007 7.237  6.761  6.698 7.393 7.229 6.847
hd031128_stis_006 8.036  7.746  7.715 8.149 8.032 7.791
hd074000_stis_006 8.645 8.351  8.328 8.755 8.641 8.397
hd101452_stis_003 6.954 6.844  6.827 7.007 6.953 6.858
hd106252_stis_006 6.279  5.954 5.919 6.397 6.274 6.007
hd111980_stis_006 7.203 6.851 6.818 7.325 7.197 6.910
hd115169_stis_003 8.022  7.673 7.635 8.144 8.017 7.731
hd116405_stis_006 8.402  8.424  8.443 8.384 8.402 8.420




Table C.1: — continued
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Spectrum Name J H Ks F110W  F125W  F160W
hd128998 stis_003 5.792  5.787  5.792 5.787 5.791 5.790
hd142331_stis_004 7.462  7.105  7.066 7.587 7.456 7.165
hd14943 stis_005 5.543  5.474  5.458 5.582 5.543 5.482
hd158485_stis_005 6.199 6.153  6.135 6.228 6.199 6.158
hd159222 stis_007 5.374  5.056  5.018 5.492 5.369 5.107
hd160617_stis_005 7.605 7.274  7.250 7.721 7.600 7.327
hd163466_stis_005 6.442  6.368  6.352 6.482 6.442 6.379
hd165459 stisnic_006 6.621  6.571  6.568 6.646 6.620 6.577
hd167060_stis_004 7.746  7.407  7.367 7.868 7.741 7.463
hd172728 _stis_002 5.768  5.782  5.799 5.752 5.768 5.780
hd180609_stis_006 9.119 9.084 9.081 9.136 9.119 9.090
hd185975_stis_007 6.858  6.504  6.460 6.984 6.852 6.563
hd200654_stis_007 7.607 7.168  7.119 7.750 7.600 7.246
hd205905_stis_007 5.607 5.291  5.254 5.724 5.602 5.342
hd209458 _stisnic_008 6.610 6.328  6.300 6.718 6.607 6.374
hd2811_stis_004 7.140  7.069  7.055 7.170 7.139 7.081
hd37725_stiswfc_004 7.953 7.907 7.899 7.978 7.952 7.912
hd37962_stis_008 6.636  6.283  6.245 6.759 6.630 6.342
hd38949_stis_007 6.715  6.411  6.380 6.828 6.710 6.459
hd55677_stis_004 9.186 9.156  9.151 9.196 9.186 9.163
hd93521_stis_007 7.519 7.631 7.726 7.460 7.518 7.600
kf01t5_nic_004 11.705 11.156 11.0563 11.881 11.697 11.274
kf06tl nic_004 11.493 10.932 10.851 11.663 11.486 11.047
kf06t2 stiswfcnic 005 11.823 11.201 11.111 12.009 11.814 11.332
kf08t3_stisnic_ 004 11.550 11.038 10.958 11.708 11.544 11.137




Table C.1: — continued
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Spectrum Name J H Ks F110W  F125W  F160W
ksi2ceti_stis_006 4.336  4.347  4.359 4.324 4.336 4.345
lamlep_stis_007 4.821 4931 5.023 4.759 4.821 4.900
1ds749b_stisnic_008 14918 14.959 15.020 14.889 14.918 14.938
mucol_stis_007 5.768  5.886  5.984 5.705 5.768 5.853
pO041c_stisnic_009 10.868 10.564 10.521 10.982 10.865 10.615
pl77d_stisnic_009 12.240 11.902 11.837 12362 12.236 11.961
p330e_stiswfcnic_005 11.772 11436 11.393 11.890 11.766 11.495
sdssj151421 stis_005 16.428 16.524 16.629 16.375 16.428  16.492
sf1615_001a_stisnic_010 15.242 14.897 14.870 15.348 15.235 14.957
sirius_stis_005 -1.421  -1.410 -1.406  -1.421 -1421 -1.414
snapl_stisnic_008 15.996 15.947 16.017 15.974 15.996 15.961
snap2_stiswfcnic_004 14.942 14586 14.545  15.067 14.937 14.645
vb8_stiswfcnic_004 9.773 9.155  8.790  10.109 9.804 9.402
wd0148_467_stiswfc_001 12.764 12.756  12.764  12.767
wd0227_050_stiswfc_002 13.265 13.238  13.266  13.297
wd0308_565_stis_009 14.576 14.671 14.754  14.541 14.576  14.643
wd0320_539_stis_005 15.622 15.731 15.832 15.567 15.622  15.698
wd0809_177_stiswfc_002 13.769 13.752  13.768  13.781
wd0947_857_stis_006 16.457 16.574 16.674 16.396 16.457  16.541
wd1026_453 stis_006 16.814 16.930 17.031 16.756 16.815  16.897
wd1057_719_stisnic_011 15.447 15.558 15.737  15.389  15.447 15.524
wd1105_048_stiswfc_002 13.420 13.405 13.419 13.429
wd1105_340_stiswfc_002 13.914 13911  13.913 13.912
wd1202_232_stiswfc_002 12.419 12.463 12417  12.306
wd1327_083_stiswfc_004 12.634 12.626  12.633  12.657




Table C.1: — continued
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Spectrum Name J H Ks F110W  F125W  F160W
wd1544 377 _stiswfc_002 12.912 12.942 12913 12.847
wd1657_343_stiswfcnic_ 17.149 17274 17.367 17.081 17.149 17.241
006
wd1713_695_stiswfc_002 13.653 13.637 13.652  13.669
wd1911 536_stiswfc_001 13.635 13.614 13.635 13.655
wd1919 145 stiswfc_001 13.321 13.310  13.317  13.306
wd2039_682_stiswfc_001 13.698 13.679  13.697  13.709
wd2117_539_stiswfc_002 12.673 12.669  12.673 12.677
wd2126_734_stiswfc_002 13.206 13.193  13.205 13.218
wd2149 021 stiswfc_001 13.176 13.154  13.176  13.200
wd2341_ 322 stiswfc_004 13.130 13.131  13.129 13.126
Extended IRTF Spectral Library (EIRTF)
BD+002058A 9.143 8.844 83815 9.257 9.142 8.894
BD+012916 7.184  6.523  6.408 7.382 7.176 6.664
BD+053080 7448  6.968  6.900 7.601 7.441 7.061
BD+112998 7.575 7178 7117 7.707 7.564 7.237
BD+130013 6.822  6.337 6.232 6.979 6.815 6.443
BD+172473 8.675 8203 8.103 8.825 8.669 8.292
BD+182890 8.229 7.760  7.701 8.376 8.223 7.841
BD+290366 7.567  7.226 7.184 7.688 7.563 7.282
BD+302611 6.846  6.166 6.054 7.046 6.835 6.306
BD+312360 9.433 8879 8.798 9.602 9.425 8.985
BD+430699 7123  6.590  6.494 7.287 7.117 6.701
BD+501021 8.821 8341 8.264 8.980 8.815 8.435
BD+511696 8.679 8304  8.282 8.808 8.672 8.365




Table C.1: — continued
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Spectrum Name J H Ks F110W  F125W  F160W
BD-010306 7.873 7.536  7.504 7.987 7.870 7.590
BD-011792 7.586  7.095  7.038 7.744 7.581 7.190
BD-060855 9.245 8.859  8.806 9.373 9.236 8.919
BD-103166 8.600 8.212 8.125 8.750 8.606 8.303
BD-182065 7.843 7.316 7.224 8.016 7.838 7.422
CD-2809374 8.623  8.140  8.069 8.772 8.614 8.228
G171-010 6.820 6.219  5.922 7.100 6.822 6.389
HD001461 5.323 4.998  4.850 5.443 5.310 5.033
HD001918 5.793  5.277  5.204 5.960 5.789 5.382
HD003546 2.662  2.151  2.057 2.826 2.652 2.246
HD003567 8.194 7.895  7.842 8.307 8.190 7.944
HD003574 2525  1.771  1.598 2.754 2.521 1.960
HD004307 4.998  4.671  4.627 5.116 4.994 4.719
HD004744 5.619  4.998  4.896 5.805 5.606 5.117
HD004906 7242  6.786  6.738 7.397 7.235 6.864
HD006497 4.648  4.037  3.916 4.835 4.634 4.166
HD006755 6.162  5.683  5.642 6.326 6.162 5.780
HD0O07106 2.839 2270  2.140 3.027 2.838 2.400
HD007351 2749  1.900 1.656 3.001 2.731 2.106
HD009919 4.801  4.593  4.568 4.890 4.802 4.631
HD011397 7.650 7.290  7.248 7.774 7.645 7.355
HD013520 2.244  1.508  1.357 2.459 2.240 1.681
HD013783 7.011 6.634 6.555 7.146 7.009 6.706
HD0O17361 2.912 2.340  2.223 3.096 2.905 2.461
HD017491 1.601  0.707  0.431 1.876 1.588 0.929




Table C.1: — continued
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Spectrum Name J H Ks F110W  F125W  F160W
HD017548 7.053  6.775  6.757 7.161 7.049 6.818
HD018191 0.238 -0.651 -0.933 0.528 0.224  -0.428
HD019373 3.120  2.848  2.805 3.226 3.123 2.898
HD020893 2975 2369 2.238 3.176 2.975 2.518
HD021581 6.903  6.409  6.349 7.045 6.893 6.492
HD022879 5.537  5.237  5.205 5.644 5.530 5.286
HD023439A 6.609 6.152  6.087 6.761 6.606 6.241
HD023439B 6.942 6.412 6.338 7.110 6.936 6.515
HD024341 6.566  6.143  6.059 6.712 6.558 6.221
HD024421 5.785  5.490  5.422 5.898 5.784 5.548
HD025673 7.982 7.504  7.450 8.138 7.977 7.595
HD026297 5.353  4.718  4.597 5.531 5.338 4.844
HD027371 1.991 1.543  1.462 2.151 1.986 1.643
HD027771 7.594  7.197  7.130 7.739 7.592 7.274
HD030649 5.798  5.452  5.401 5.923 5.793 5.510
HD031128 8.090  7.777  7.635 8.206 8.089 7.831
HDO31767 2.168 1.523 1.326 2.375 2.163 1.672
HD033608 5.126 4.923  4.885 5.211 5.123 4.952
HD034411 3.425 3.128  3.071 3.540 3.423 3.179
HD035179 7.647  7.132  7.049 7.804 7.627 7.219
HD036003 5.588  4.985  4.886 5.767 5.570 5.101
HD036395 4970 4.261 4.074 5.187 4.958 4.424
HD037160 2.431 1.864 1.785 2.604 2.425 1.979
HD037828 4.818 4.163 4.014 5.004 4.802 4.288
HD037984 2.958 2343  2.246 3.141 2.945 2.465
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HD038393 2.837  2.603  2.565 2.930 2.824 2.625
HD039364 2.136  1.575  1.467 2.306 2.124 1.689
HD039833 6.487 6.174  6.118 6.606 6.481 6.227
HD042543 1.447  0.743  0.545 1.703 1.466 0.973
HD044030 5.034  4.264 4.110 5.256 5.020 4.426
HD045282 6.567  6.143  6.070 6.706 6.563 6.218
HD045829 4.037 3.456  3.311 4.237 4.042 3.610
HD054719 2429 1.835 1.703 2.619 2.427 1.973
HD055496 6.523 5980  5.903 6.694 6.520 6.093
HD058551 5.538  5.273  5.241 5.638 5.533 5.307
HD061935 2.277  1.770  1.680 2.441 2.270 1.878
HD065583 5.502  5.117  5.093 5.633 5.497 5.183
HD073394 5.601  5.007  4.939 5.770 5.580 5.111
HD074011 6.183  5.822  5.777 6.305 6.171 5.870
HDO74377 6.709 6.164 6.087 6.882 6.703 6.270
HD074462 6.627 6.054 6.017 6.810 6.629 6.169
HDO74721 8.527  8.528  8.427 8.531 8.522 8.525
HD075318 6.535  6.147  6.090 6.668 6.530 6.217
HD075691 1.960 1.302  1.187 2.165 1.953 1.449
HDO76151 4.824  4.522  4.460 4.937 4.814 4.563
HDO76932 4.716  4.402  4.367 4.834 4.719 4.464
HDO77236 5.390  4.753  4.660 5.584 5.385 4.893
HD082074 4.721  4.257  4.191 4.874 4.716 4.348
HD082734 3.426 2977 2.907 3.586 3.423 3.071
HD083212 6.234  5.667  5.586 6.409 6.225 5.778
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HD083632 5.614 4.838  4.646 5.834 5.600 5.005
HD086986 7.607  7.497  7.425 7.646 7.603 7.510
HD087141 4.783  4.538  4.500 4.884 4.777 4.572
HD088230 3.899 3.220 3.072 4.103 3.884 3.368
HD088446 6.771  6.464  6.406 6.877 6.755 6.490
HD088725 6.548  6.188  6.100 6.678 6.542 6.249
HD088986 5.235 4907 4.855 5.358 5.231 4.964
HD089010 4.752  4.409  4.353 4.879 4.747  4.467
HD091347 6.370  6.043  6.000 6.488 6.364 6.094
HD094028 7.134  6.818 6.785 7.251 7.141 6.872
HD095128 4.048 3.760  3.727 4.158 4.048 3.809
HD096360 4.030 3.168  2.862 4.291 4.025 3.377
HD097855 5.550  5.285  5.239 5.650 5.533 5.310
HD099109 7.600 7.210 7.144 7.746 7.595 7.279
HD100906 7.991  7.523  7.456 8.146 7.993 7.620
HD102328 3.455  2.875 2.734 3.642 3.428 2.992
HD103095 4917 4.446 4.374 5.068 4.910 4.536
HD104307 3.917  3.295 3.179 4.115 3.911 3.433
HD105452 3.537  3.378  3.359 3.602 3.535 3.403
HD105546 7.186  6.697  6.605 7.343 7.170 6.776
HD105740 6.478 5905 5.822 6.650 6.462 6.011
HD106038 9.082 8.768 8.731 9.203 9.081 8.821
HD107213 5.377  5.141  5.105 5.475 5.374 5.175
HD108564 7.522  6.961 6.881 7.690 7.518 7.071
HD109443 8.332 8.163 8.156 8.398 8.329 8.182
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HD114038 3.448  2.857  2.740 3.636 3.444 2.988
HD114606 7.532 7.137  7.068 7.673 7.532 7.213
HD114710 3.272  3.004 2.949 3.383 3.269 3.049
HD115589 8.109 7.685 7.571 8.272 8.123 7.782
HD115617 3.331 2986 2927 3.457 3.327 3.052
HD116316 6.668  6.427  6.393 6.768 6.665 6.465
HD117176 3.853  3.500  3.449 3.980 3.847 3.563
HD117200 5.920 5.713  5.671 6.013 5.921 5.750
HD117635 5.814  5.392  5.334 5.952 5.813 5.476
HD117876 4.570  4.025  3.940 4.742 4.562 4.134
HD118244 5.882  5.621  5.594 5.979 5.880 5.662
HD119288 5.368  5.159  5.071 5.464 5.369 5.192
HD120136 3.719  3.571  3.582 3.788 3.710 3.580
HD125451 4.577  4.413  4.395 4.651 4.571 4.426
HD126141 5.399  5.232 5.221 5.478 5.401 5.254
HD126614 7446  7.110 7.019 7.567 7.430 7.160
HD126778 6.408 5.888  5.810 6.575 6.404 5.990
HD128959 7.903 7.588  7.552 8.016 7.900 7.640
HD130095 7751 7.722  7.724 7.755 7.751 7.725
HD130322 6.667 6.281 6.234 6.812 6.671 6.359
HD130705 4.723  4.167 4.034 4.924 4.728 4.303
HD130817 5.288  5.091  5.056 5.381 5.289 5.126
HD132142 6.239 5.824  5.799 6.376 6.228 5.895
HD132475 7.289 6.942  6.889 7.410 7.283 7.000
HD134063 6.016 5.513 5.424 6.179 6.008 5.603




Table C.1: — continued

228

Spectrum Name J H Ks F110W  F125W  F160W
HD134083 4121 3918 3.874 4.207 4.110 3.930
HD134440 7.765  7.258  7.165 7.928 7.758 7.357
HD134987 5.301  4.997  4.927 5.415 5.295 5.048
HD136064 4.279 4.001  3.961 4.391 4.277 4.047
HD137391 3.866  3.728  3.712 3.943 3.878 3.757
HD137471 1.960 1.175  0.994 2.191 1.947 1.364
HD138290 5.833  5.663 5.632 5.911 5.833 5.691
HD138776 7.449  7.133  7.076 7.576 7.453 7.195
HD139641 3.680 3.190 3.179 3.834 3.661 3.279
HD142575 7.670 7.486  7.468 7.749 7.670 7.510
HD144585 5.139 4.870 4.821 5.247 5.135 4.918
HD145148 4301 3.815 3.715 4.460 4.289 3.909
HD145976 5.672  5.495  5.465 5.749 5.668 5.512
HD150177 5.272  5.012  4.987 5.364 5.262 5.046
HD152601 3.492 2966  2.868 3.666 3.489 3.084
HD154733 3.344 2725  2.626 3.535 3.342 2.866
HD155763 3.569  3.610  3.593 3.531 3.567 3.597
HD157089 5.761  5.424 5.374 5.884 5.759 5.485
HD157881 4933  4.292  4.158 5.125 4.925 4.440
HD161149 5.244  5.082  5.053 5.325 5.241 5.107
HD162211 3.188  2.656  2.559 3.367 3.184 2.774
HD164349 2575 2.012 1.918 2.755 2.567 2.139
HD166460 3.310  2.730 2.607 3.489 3.294 2.852
HD170737 6.474 5974  5.887 6.634 6.469 6.065
HD171496 6.129  5.616  5.542 6.296 6.121 5.715
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HD173740 5.722  5.165  4.932 5.951 5.718 5.309
HD174912 6.025 5.726  5.633 6.145 6.026 5.779
HD175535 3.528  3.098  3.010 3.678 3.525 3.191
HD175640 6.136  6.207  6.263 6.095 6.130 6.179
HD182572 3.593  3.259  3.259 3.720 3.593 3.325
HD185657 4.706  4.189  4.099 4.873 4.698 4.293
HD189558 6.500 6.177  6.146 6.609 6.489 6.223
HD190178 8.322 8.068 8.073 8.427 8.324 8.116
HD190360 4468 4.124 4.074 4.596 4.449 4.170
HD192640 4.517  4.435  4.430 4.557 4.513 4.429
HD196755 4.053  3.698  3.632 4.176 4.043 3.755
HD199191 5.349  4.794 4717 5.529 5.351 4.912
HD200527 2.244 1407  1.149 2.496 2.222 1.612
HD200779 6.002  5.427 5.324 6.183 5.998 5.558
HD201891 6.257  5.937  5.897 6.373 6.254 5.993
HD203638 3.377 2833 2.710 3.558 3.368 2.957
HD204155 7.335 7.007 6.975 7.456 7.335 7.069
HD204587 6.634 5.980 5.841 6.828 6.623 6.117
HD204613 7.098 6.780 6.734 7.221 7.114 6.852
HD205153 7.130 6.856 6.816 7.232 7.120 6.894
HD205512 3.325  2.789  2.692 3.499 3.314 2.900
HD207222 8.349 8331 8.342 8.359 8.350 8.335
HD210295 7072 7.240 777 7.933 7.770 7.344
HD213042 5.843  5.207  5.025 6.055 5.837 5.346
HD216131 1.761 1.273 1.191 1.917 1.750 1.368
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HD216174 3.611 2943 2.704 3.815 3.608 3.092
HD217107 4999 4.644  4.489 5.133 4.989 4.699
HD218640 3.290  3.065 3.012 3.384 3.292 3.102
HD219734 1.483  0.652  0.420 1.731 1.472 0.854
HD221148 4611 4.070  3.853 4797  4.603 4.192
HD221377 6.593  6.363  6.335 6.684 6.591 6.399
HD221830 5.654 5.316  5.264 5.779 5.650 5.375
HD223524 3917  3.356  3.248 4.085 3.882 3.458
HD224458 6.341 5779  5.679 6.528 6.334 5.892
HD284248 8.147 7.866  7.836 8.255 8.142 7.910
HD285773 7.496  7.106  7.042 7.640 7.494 7.178
HD345957 7.681 7372 7.361 7.790 7.671 7.415
M71_1 9.259  8.563 8.473 9.440 9.239 8.704
M79_160 10.888 10.240 10.165 11.064 10.880 10.375
M79_223 10.532 9.835 9.714 10.723  10.528 9.990
NGC288-77 10.739 10.072 9.971 10.909 10.716  10.198
NGC6791-R19 10.952 10.278 10.094 11.156 10.942  10.436
NGC6791-R4 8.867 8.024 7.744 9.133 8.850 8.221
IRTF Spectral Library (IRTF)
C-J4.5I1Ta:C26j6_HD70138 5.763  4.777  4.382 5.987 5.673 5.248
C-J5-C25-j4_HD57160 4.327  3.230  2.726 4.612 4.263 3.674
C-N4.5C24.5_HD92055 0.771 -0.322 -0.744 1.066 0.723 0.082
C-N4.5C25.5MS3_HD76221 1.602  0.491 -0.087 1.896 1.549 0.914
C-N4C23.5_HD44984 1.938  0.979 0.616 2.198 1.898 1.355
C-N5C26-_HD48664 3.986 2.882  2.365 4.275 3.927  3.337
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C-R2+II1Ia:C22.5 HD76846 7.310 6.762  6.622 7.515 7.308 6.977
C7,6e(N4) _HD31996 2.269 0.886 -0.199 2.641 2.236 1.319
FOIII-IVn HD13174 4.244  4.078  4.065 4.319 4.241 4.101
FOIIIa_HD89025 2.751  2.579  2.552 2.815 2.736 2.599
FOII_HD6130 4419 4287 4.281 4.448 4.413 4.316
FOIV_HD27397 4.964 4.846  4.858 5.022 4.965 4.866
FOIa_HD7927 3.339 3.192  3.143 3.364 3.331 3.233
FOIb-II_HD135153 4.071  3.919 3.877 4.116 4.071 3.964
FOV(n) _HD108519 7.091  6.940 6.904 7.146 7.088 6.965
F1II HD173638 3.645 3.587  3.633 3.638 3.644 3.607
F1V_HD213135 5.253  5.064  5.048 5.331 5.252 5.095
F2-F5Ib_BD+38_2803 7.615 7.294  7.224 7.730 7.608 7.349
F2III-IV_HD40535 5496  5.296  5.259 5.579 5.492 5.328
F2Ib_HD182835 2.754  2.629  2.640 2.791 2.759 2.667
F2V_HD113139 4.166 3.972  3.951 4.248 4.144 3.988
F3V_HD26015 5.147  5.016  5.032 5.217 5.145 5.033
FAITII HD21770 4.465 4.269  4.246 4.548 4.466 4.299
FAV_HD16232 6.073  5.849 5.821 6.162 6.078 5.890
FAV_HD87822 5.365  5.167  5.135 5.456 5.367 5.196
F5.5III-IV_HD75555 7217 6.991  6.955 7.317 7.215 7.025
F5II-IIT HD186155 4.368 4.196 4.162 4.450 4.373 4.221
F5III_HD17918 5.388  5.186  5.183 5.476 5.389 5.219
F5Ib-G1Ib_HD213306 2.808 2443  2.386 2.929 2.792 2.508
F5V_HD218804 4974 4716  4.667 5.060 4.948 4.749
F5V_HD27524 5.959  5.763  5.740 6.040 5.954 5.783
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F6III-IV_HD160365 4.874  4.692  4.726 4.946 4.872 4.717
F6IV_HD11443 2.450 2.189  2.111 2.538 2.444 2.230
F6V_HD215648 3.291  3.046  3.016 3.383 3.273 3.072
F7II- HD201078 4.633 4.404  4.347 4.715 4.624 4.442
F7III_HD124850 3.117  2.854 2.831 3.226 3.119 2.900
F7V_HD126660 3.142 2909 2.854 3.232 3.133 2.940
F8.5IV-V_HD102870 2.584 2315  2.279 2.687 2.576 2.351
F8III_HD220657 3.518 3.166  3.067 3.641 3.501 3.220
F8IV_HD111844 6.687 6.573  6.567 6.746 6.685 6.588
F8Ia_HD190323 4999 4.788  4.785 5.076 4.999 4.829
F8Ib_HD51956 5.966  5.655  5.602 6.084 5.962 5.707
F8V_HD219623 4.637  4.357 4.313 4.744 4.633 4.408
F8V_HD27383 5.793  5.561  5.547 5.883 5.784 5.597
F9.5V_HD114710 3.174 2961  2.970 3.263 3.165 2.982
F9IITa_HD6903 4.519 4.178 4.121 4.643 4.514 4.236
FOV_HD176051 4.035 3.688  3.642 4.150 4.022 3.743
F9Vmetalweak HD165908 3.439 3.188  3.136 3.522 3.423 3.221
GOIb-II HD185018 4.324  3.959  3.909 4.449 4.319 4.033
GOV_HD109358 3.191  2.875  2.849 3.299 3.183 2.926
G1-VFe-0.5_HD95128 4.000 3.703  3.667 4.123 4.001 3.753
G1.5V_HD20619 5.878  5.506  5.444 6.013 5.880 5.576
G1II-III:Fe-1CHO.5_ 6.259 5971  5.925 6.360 6.244 6.010
HD216219
G1ITII:CH-1: HD21018 4.711  4.368 4.311 4.833 4.706 4.434
G1Ib HD74395 3.141  2.762  2.693 3.285 3.143 2.847
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G1V_HD10307 3.962 3.656  3.629 4.072 3.957 3.710
G2II-IITI_HD219477 5.132 4.802  4.757 5.250 5.127 4.860
G2IV_HD126868 3.486  3.142  3.080 3.605 3.486 3.207
G2Ib-II_HD3421 3.652  3.259  3.204 3.785 3.648 3.346
G2Ib_HD39949 5.073  4.669  4.603 5.214 5.063 4.745
G2Ib_HD42454 4.862  4.504 4.454 4.987 4.848 4.565
G2V_HD76151 4.853 4.523  4.453 4.969 4.844 4.582
G3IIIbFe-1_HD88639 4498 4.071 4.018 4.648 4.495 4.156
G3II_HD176123 4485  4.089  4.046 4.620 4.478 4.168
G3Ib-IIWkH&Kcomp: _ 3478  3.029 2944 3.641 3.480 3.137
HD192713
G3Va_HD10697 5.022  4.665  4.589 5.144 4.999 4.716
GAIII-IIIb_HD94481 4.191 3.759  3.692 4.335 4.184 3.844
GAIII HD108477 4.776  4.350  4.272 4.921 4.767 4.437
G4Ia_HD6474 3.993  3.722  3.680 4.075 3.985 3.777
G40-Ia_HD179821 4.862 4.623  4.516 4.928 4.840 4.668
G4V_HD214850 4.462 4.036  3.942 4.586 4.453 4.117
G5:III:CN-3CH-2H delta-1_  3.535 3.094 3.071 3.677 3.533 3.180
HD18474
G5IITa_HD193896 4.677  4.204  4.105 4.839 4.667 4.298
G5Ib _HD190113 5.100  4.582  4.489 5.273 5.094 4.702
G5V_HD165185 4.825  4.546  4.499 4.923 4.815 4.589
G6.5V_HD115617 3.277 2969  2.956 3.391 3.279 3.020
G6III_HD27277 6.072  5.666 5.623 6.215 6.072 5.751
G6IIb_HD58367 3.393 2921 2.838 3.549 3.385 3.027
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G6Ib-ITaCalBa0.5 HD202314 4.580  4.097  3.968 4.745 4.579 4.224
G6IbH _deltal HD161664 3.181 2.656  2.557 3.360 3.166 2.779
G7.5I1Ta_HD16139 6.098  5.628  5.532 6.254 6.095 5.728
G7IIIa_HD182694 4.388 3.946  3.855 4.534 4.378 4.032
G7II_HD25877 4.146  3.787  3.772 4.263 4.142 3.861
G7IV_HD114946 3.666  3.177  3.097 3.824 3.667 3.277
G7IV_HD20618 4512 4.037  3.953 4.665 4.502 4.130
G7Ia_HD333385 3.904 3.603 3.501 4.023 3.899 3.658
G8:III:Fe-5_HD122563 4374  3.814  3.727 4.536 4.354 3.915
G8IIIBalCN-1CH1 HD104979 2.594  2.068 1.982 2.753 2.586 2.178
G8IIIFe-1 HD135722 1.650 1.116  1.007 1.807 1.637 1.225
G8Ib_HD208606 3.336 2.815 2.714 3.503 3.329 2.957
G8V_HD101501 3.995 3.633  3.583 4.120 3.987 3.703
G8V_HD75732 4.504 4.103 4.019 4.640 4.491 4.190
GOIICN1H deltal HD170820 4109  3.528 3.384 4.315 4.100 3.678
GOIII_HD222093 4.129  3.583  3.491 4.297 4.116 3.697
KO.5IIICN1_HD9852 5.066  4.517  4.450 5.233 5.059 4.651
KO.5ITIb HD164349 2473 1.973  1.917 2.639 2.460 2.091
KOIII_HD100006 3.900 3.324 3.232 4.077 3.890 3.450
KOII_HD179870 4.631  4.205 4.198 4.779 4.609 4.290
KOIa_HD165782 2941 2.607 2.514 3.079 2.938 2.687
KOIb_HD44391 5.117  4.584  4.469 5.290 5.110 4.713
KOV_HD145675 5.138  4.765  4.715 5.278 5.135 4.836
K1-IIIFe-0.5_HD36134 3.792  3.213  3.130 3.973 3.787 3.339
K1-IIIbCN1.5Cal_HD91810 4.833 4.256 4.138 5.023 4.825 4.393
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K1.5I1IFe-0.5_HD124897 _ -2.195 -2.895 -3.016 -2.004 -2.210 -2.745
shape
K1III_HD25975 4526  4.064  4.000 4.673 4.519 4.159
K1IV_HD165438 4.304 3.810 3.723 4.466 4.292 3.909
K1IVa_HD142091 3.018 2521  2.448 3.180 3.012 2.629
K1Ia-Iab_HD63302 3.548 2917  2.719 3.776 3.549 3.103
K1V_HD10476 3.810 3.372 3.291 3.951 3.793 3.449
K2.5II_HD23082 3.535  2.870  2.739 3.741 3.523 3.046
K2IIIFe-1_HD2901 4.890 4.253 4.174 5.088 4.891 4.393
K2III_HD132935 4391 3.698  3.559 4.589 4.376 3.855
K2III_HD137759 1.325  0.708  0.582 1.520 1.314 0.850
K20-Ia_HD212466 2.027  1.708  1.590 2.138 2.040 1.825
K2V_HD3765 5.682  5.227  5.157 5.830 5.663 5.307
K3+IIIFe-0.5_HD99998 2.163 1.363  1.180 2.397 2.150 1.549
K3.5IIIbCNO.5CHO.5_ 4.089 3.420 3.281 4.300 4.087 3.586
HD114960
K3II-III_HD16068 4397  3.722  3.621 4.598 4.384 3.891
K3IIIFel HD35620 2.824  2.161  2.008 3.025 2.799 2.323
K3III_HD178208 4408 3.769  3.640 4.614 4.393 3.920
K3III_HD221246 3.813 3.119  3.001 4.021 3.803 3.287
K3Iab-Ib_HD187238 3.027 2402 2.294 3.224 3.021 2.579
K3V_HD219134 3.960  3.407 3.304 4.135 3.944 3.517
K4-IIT HD207991 3.930 3.122 2948 4.159 3.917 3.310
K4Ib-II_HD201065 4202  3.581  3.495 4.361 4.189 3.746
K4Ib_HD185622A 1.802  1.042  0.830 2.026 1.787 1.250
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K4V_HD45977 7.038 6.518  6.427 7.199 7.027 6.624
K5.5II1 _HD120477 1.286  0.487  0.286 1.524 1.277 0.680
K5III_HD181596 4.787  4.009  3.826 5.015 4.768 4.191
K5Ib_HD216946 1.773  0.873  0.589 2.049 1.759 1.103
K5V_HD36003 5.594  4.993  4.885 5.771 5.582 5.113
K6IITIa HD3346 2.214 1.389 1.172 2.448 2.203 1.587
K7III_HD194193 3.046 2.184 1.977 3.280 3.022 2.385
K7ITIa_HD181475 2.666 1.862 1.639 2.901 2.644 2.064
K7V_HD201092 3.428  2.837  2.706 3.581 3.384 2.946
K7V_HD237903 6.115  5.459  5.347 6.309 6.104 5.600
LO.5_2MASSJ0746+2000AB 11.730 10.958 10476 12.178 11.782  11.261
L1 _2MASSJ0208+2542 14.024 13.144 12.583 14.052  13.471
L1 2MASSJ1439+1929 12.748 12.000 11.523 13.210 12.824 12.328
L2 Kelu-1AB 13.332 12.381 11.756 13.392  12.747
L3.5_2MASSJ0036+1821 12.450 11.564 11.034 12.959 12,533 11.928
L3_2MASSJ1146+2230AB 14.118 13.167 12.574 14.172  13.529
L3 2MASSJ1506+1321 13.330 12.364 11.723 13.387  12.738
L4.5 2MASSJ2224-0158 14.011 12.794 12.012 14.040 13.181
L5_2MASSJ1507-1627 12.804 11.853 11.307 12.897  12.232
L5_SDSSJ0539-0059 14.055 13.125 12.624 14.153  13.506
L6(NIR) 2MASSJ1515+4847 14.082 13.066 12.456 14.169  13.439
L7.5_2MASSJ0825+2115 15.013 13.794 13.026 15.099  14.209
L8 _DENISJ0255-4700 13.233 12.151 11.552 13.771 13.364 12.544
MO.5Ib_HD236697 4.393  3.607  3.389 4.637 4.385 3.819
MO.5V_HD209290 6.182 5503 5.314 6.394 6.167 5.653
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MOIIIb_HD213893 3.861 3.056 2.872 4.091 3.848 3.241
MOV_HD19305 6.478  5.796  5.638 6.678 6.471 5.948
M1+III_HD204724 1.589  0.815  0.581 1.808 1.568 1.020
M1-Iab-Ib_HD14404 3.066 2.339 2.138 3.300 3.063 2.552
M1-M2Ia-Iab_HD39801 -3.216  -3.940 -4.056 -2966 -3.217 -3.724
M1.5Iab-Ib_HD35601 2488 1.693 1.431 2.720 2.444 1.905
M1.5Ib_BD+60_265 3.450  2.700  2.449 3.681 3.434 2.907
M1.5V_HD36395 4.902  4.172  3.998 5.122 4.892 4.340
M10+III_TRAS14086-0703 6.569 4.434  2.598 7.295 6.717 5.156
M1TIa_ HD339034 2.227  1.538  1.289 2.486 2.226 1.772
M1V_HD42581 5.079  4.424  4.243 5.284 5.065 4.574
M2-Ia_HD206936 -0.873 -1.548 -1.841 -0.656 -0.887 -1.323
M2.5I11Ba0.5_HD219734 1.484 0.616  0.387 1.739 1.478 0.832
M2.5V_G1381 7.004 6.397 6.192 7.239 7.010 6.552
M2.5V_G1581 6.659  6.080  5.840 6.888 6.663 6.235
M2III_HD120052 1.851 0.956 0.704 2.097 1.825 1.163
M2II HD23475 0.331 -0.496 -0.715 0.551 0.294  -0.291
M2Ib_HD10465 2450  1.689  1.447 2.685 2.426 1.894
M2V_G1806 7.309  6.699  6.543 7.509 7.286 6.832
M2V_HD95735 4.134  3.569  3.391 4.345 4.130 3.712
M3-M4Iab_HD14469 2430 1.656 1.371 2.694 2.437 1.907
M3.5IIICa-0.5_HD28487 2.569 1.661  1.408 2.832 2.563 1.895
M3.5IabFe-1var:_HD14488 2.692 1.795 1.399 2.954 2.682 2.049
M3.5V_G1273 5.681  5.106  4.865 5.922 5.679 5.265
M3III_HD39045 2472  1.611 1.377 2.718 2.456 1.820
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M3IIb_HD40239 0.273 -0.644 -0.923 0.536 0.248  -0.415
M3Iab-Ia_CD-31_49 4.078  3.280  3.035 4.338 4.086 3.520
M3V_G1388 5.413  4.798  4.599 5.642 5.406 4.952
M3toM4Ia-Iab_RW_Cyg 1.082  0.356  0.144 1.287 1.070 0.579
M4+ITI_HD214665 1.119  0.095 -0.225 1.432 1.107 0.344
M4+IITa_HD19058 -0.753  -1.698 -1.980 -0.481 -0.759  -1.454
M4-II1 HD27598 2.941 2.061 1.808 3.204 2.947 2.294
M4 .5I1Ta_HD204585 1.039  0.205 -0.019 1.307 1.034 0.421
M4.5V_G1268AB 6.706  6.108  5.841 6.973 6.716 6.274
MATIII HD4408 1.399 0483 0.198 1.664 1.389 0.708
M4V _G1213 7126  6.597  6.364 7.373 7.134 6.758
M4V_G1299 8.393 7913  7.655 8.642 8.406 8.078
M5.5I1I1: HD94705 0.420 -0.478 -0.801 0.710 0.407  -0.249
M5III HD175865 -0.763 -1.624 -1.848 -0.492 -0.779  -1.408
M5Ib-II_HD156014 -2.592  -3.262 -3.358  -2.342  -2.594  -3.077
M5V_G151 8593 7.985 7.703 8.873 8.605 8.167
M5V_G1866ABC 6.515  5.882  5.561 6.821 6.528 6.081
M5e-M9eIII HD14386 -0.914 -1.558 -2.003 -0.549 -0.843 -1.172
M6-III: HD18191 0.258 -0.681 -0.980 0.558 0.248  -0.438
M6.5StoM7SIII: HD142143 0.769 -0.179 -0.605 1.111 0.745 0.072
M6.5V_GJ1111 8201 7.598  7.232 8.516 8.200 7.800
M6III_HD196610 0.145 -0.707 -0.986 0.428 0.126  -0.489
M6V_G1406 7.073 6.436 6.071 7.392 7.080 6.630
M6e-M9eIII HD69243 0.641 -0.268 -0.794 1.191 0.753 0.183
M7-8II1 BRIB2339-0447 9.032 8.123 7.672 9.321 9.077 8.427
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M7-III: HD108849 0.513 -0.397 -0.784 0.894 0.548  -0.104
M7-III: _HD207076 -0.494 -1.265 -1.529 -0.189 -0.495 -1.037
M7-M7.5I_MY _Cep 3.087  2.432 1.865 3.994 3.624 2.791
M7V_G1644C 9.765 9.171 8.793  10.098 9.788 9.404
M8-9III TRAS14303-1042 6.272  5.497 4991 6.702 6.447 6.067
M8-9IIT TRAS14436-0703 5.546  4.815  4.354 6.013 5.688 5.340
M8-9III IRAS21284-0747 6.117 5251  4.693 6.632 6.239 5.748
M8III_TRAS01037+1219 7.315  4.858  3.253 8.050 7.424 5.531
M8V_G1752B 9.843 9.203 8777 10.213 9.879 9.462
M8V _LP412-31 11.757 11.038 10.607 12.133 11.776  11.280
M9.5V_BRIB0021-0214 11.870 11.072 10.549 12.296 11.884 11.363
MOIII_BRIB1219-1336 8.560  7.809  7.335 8.991 8.667 8.234
MOIII TRAS15060+0947 5.397  4.103  2.999 5.837 5.440 4.549
MOV_DENIS-PJ1048-3956 9.490 8.875 8.462 9.885 9.545 9.156
MOV_LHS2065 11.215 10.423 9916 11.621 11.226 10.689
MOV_LHS2924 11.962 11.201 10.728 12.382 11.995 11.483
MOV _LP944-20 10.697  9.993  9.528 11.125 10.744 10.289
S2.5Zr2 BD+44 2267 6.219 5.392 5.151 6.472 6.193 5.609
S4.5Zr2Ti4 _HD64332 3436  2.560 2.287 3.706 3.430 2.782
S5-S6Zr3to4Ti0_HD62164 2.700 1.663 1.256 2.997 2.646 1.931
SC5.5Zr0.5_HD44544 3.077  2.006 1.633 3.411 3.057 2.323
T2_SDSSJ1254-0122 14.824 14.067 13.881 15.025  14.501
T4.5_2MASSJ0559-1404 13.782 13.603 13.608 14.022  13.934
kAOhF2mF2(IV) HD164136 2971 2748 2732 3.062 2.972 2.790
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X-Shooter Spectral Library (XSL)
MD002_merged_scl 11.562 10.911 10.725 11.790 11.554  11.070
MDO03_merged_scl 8.111  7.472  7.265 8.344 8.100 7.621
MD004_merged_scl 10.114  9.416 9.172 10.365 10.103 9.579
MDO05_merged_scl 11.372 10.773 10.538 11.607 11.365 10.915
MD006_merged_scl 12.004 11.316 11.086 12.241 11.994 11.475
MDOO7_merged_scl 8.013  7.569  7.356 8.251 8.019 7.720
MDO08_merged_scl 11.934 11.312 11.077 12.186 11.929 11.468
MD010_merged_scl 12.921 12.388 12.138 13.189 12.925  12.557
MDO11_merged_scl 10.732  10.110 9.848 10.983 10.730  10.280
MD012 _merged_scl 12.895 12.193 11.953 13.144 12.886 12.361
MD013_merged_scl 11.031 10.428 10.218 11.266 11.027 10.602
MD014 merged_scl 10476 9.848  9.662 10.682 10.465 10.013
MDO17_merged_scl 9.995 9.385 9.145 10.246 9.988 9.535
MD018_merged_scl 10.779 10.152  9.834 11.054 10.780 10.321
MD020_merged_scl 11.779 11.203 10.984 12.033 11.778 11.358
MD021 merged_scl 7331  6.557  6.132 7.658 7.324 6.770
MD022 merged_scl 11.933 11.285 10.953 12.201 11.930 11.454
X0003_merged_scl 13.480 12.723 12.580 13.699 13.470  12.903
X0004_merged 10.398 9.485 9.076 10.716  10.429 9.781
X0005_merged 9.498 8.669 8.434 9.758 9.499 8.892
X0006_merged 9.726 8925 8.716 9.964 9.725 9.133
X0007_merged 7.023  6.585  6.530 7.163 7.011 6.655
X0012_merged_ncl 11.982 10.919 10.432 12286 11.957 11.327
X0013_merged_ncl 11.588 10.590 10.184 11.892 11.564 10.962
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X0020_merged 10.701  9.874  9.432 11.158 10.782  10.288
X0021 merged 9.578 8.803 8.512 9.847 9.596 9.042
X0022 _merged_scl 6.441  6.501  6.540 6.410 6.436 6.477
X0023_merged 6.548  5.797  5.677 6.749 6.535 5.958
X0024_merged 10.805 10.687 10.681 10.857 10.793  10.696
X0026_merged_scl 13.250 12.403 12.238 13.504 13.232 12.601
X0031_merged_scl 13.035 12.395 12.288 13.216 13.025 12.533
X0037_merged 9.876 8945 8552 10.143 9.914 9.266
X0038_merged_ncl 12.139 11.004 10.426 12.451 12.089 11.401
X0039_merged_ncl 12.230 11.001 10.354 12,590 12.202 11.452
X0040_merged_ncl 12.342 11.283 10.783 12.643 12.292 11.633
X0041 merged 8.965  8.227  8.002 9.213 8.973 8.427
X0042 merged_scl 6.404 6.026  5.967 6.530 6.395 6.084
X0043_merged_scl 5.622  5.169  5.118 5.770 5.611 5.245
X0044 _merged 8.368  7.533  7.229 8.664 8.382 7.788
X0045_merged_ncl 10.510  9.539  9.017 10.958  10.567  10.015
X0048_merged_ncl 10.030  9.206 8.732 10.425 10.112 9.625
X0050_merged 8911 8172 7.805 9.262 8.980 8.517
X0057_merged_ncl 10372 9.466 9.099 10.786  10.435 9.880
X0059_merged_scl 12.297 11.461 11.231 12,551 12.290 11.682
X0065_merged 8.724  8.425  8.389 8.828 8.717 8.473
X0066_merged_scl 4.136  3.623  3.571 4.291 4.125 3.718
X0070_merged 6.925 6.603  6.568 7.043 6.917 6.654
X0071_merged 5.870  5.582  5.53H 5.982 5.863 5.629
X0072_merged 8.162  7.857  7.823 8.267 8.150 7.905




Table C.1: — continued

242

Spectrum Name J H Ks F110W  F125W  F160W
X0073_merged 5.606  5.544  5.521 5.639 5.602 5.552
X0074_merged 5.513 5476  5.459 5.514 5.508 5.480
X0075_merged 6.846  6.315  6.217 7.004 6.836 6.415
X0077_merged 6.269  5.715  5.635 6.443 6.258 5.813
X0081 _merged_scl 6.264  6.257 6.274 6.252 6.259 6.248
X0082_merged_scl 5.747  5.608  5.592 5.809 5.740 5.615
X0084_merged_scl 4.738  4.241  4.170 4.907 4.731 4.338
X0089_merged 5.256  4.860 4.812 5.392 5.247 4.921
X0092_merged 6.332  5.782  5.709 6.499 6.321 5.876
X0094_merged_scl 6.143 5500 5.415 6.330 6.136 5.635
X0096_merged_scl 5.196 4912 4.862 5.304 5.185 4.949
X0097 _merged_scl 5.568  4.955  4.891 5.745 5.561 5.080
X0099_merged_scl 11.576 10.740 10.518 11.827 11.572  10.960
X0106_merged_scl 3.061  2.802  2.543 3.791 3.559 3.016
X0110_merged_scl 3.807  3.257  3.190 3.967 3.809 3.401
X0113_merged 6.727  6.772  6.813 6.703 6.722 6.751
X0118_merged 9.198 8.389  8.057 9.454 9.224 8.649
X0119_merged 8.794 7.938 7.636 9.110 8.825 8.228
X0120_merged 8.870  8.030  7.755 9.150 8.878 8.283
X0121 merged_ncl ncge 10.435  9.541  9.127 10.806  10.470 9.870
X0122_merged 6.3b3  5.835  5.767 6.515 6.344 5.930
X0123_merged 6.645  6.212  6.166 6.785 6.635 6.286
X0131_merged_ncge 11.332 10.578 10.082 11.704 11.329 10.823
X0133_merged 6.913  6.996 7.073 6.868 6.907 6.961
X0134_merged 6.288 5470 5.174 6.584 6.321 5.753
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X0136_merged_ncl_ncge 13.395 12.455 11.872 13.876 13.430 12.809
X0137_merged 12.711 12.081 12.053 12.891 12,700 12.209
X0138_merged 12.303 11.766 11.761 12.456 12.296 11.881
X0139_merged 12.267 11.670 11.652 12.429 12258 11.790
X0140_merged 6.202 5.851  5.841 6.322 6.195 5.907
X0141 merged 5.549  5.262  5.258 5.659 5.543 5.307
X0142 _merged 5.459  4.933  4.868 5.629 5.449 5.036
X0143_merged 8.282 7.873 T7.854 8.411 8.273 7.943
X0144 merged_ncl 8.636  7.862  7.663 8.832 8.632 8.063
X0145_merged_ncge 7.622  6.928  6.660 7.935 7.648 7.189
X0146_merged _ncl_ncge 8.529  7.845  7.502 8.806 8.610 8.249
X0147 _merged_ncl_ncge 8.709  7.958  7.678 8.953 8.761 8.293
X0148_merged 9.291 8.356 8.044 9.616 9.327 8.667
X0149_merged 5.543  4.692  4.315 5.786 5.602 5.047
X0151_merged 12.486 12.004 12.052 12.629 12477 12.093
X0152_merged 12.469 11.934 11.934 12.617 12467 12.073
X0153_merged 9.688 8.908  8.747 9.897 9.680 9.109
X0154 _merged 9.191 8361 8.170 9.463 9.214 8.634
X0155_merged_ncl_ncge 7480  6.494  6.105 7.937 7.524 6.844
X0156_merged ncl_ncge 9.864 9.222  8.906 10.202 9.885 9.465
X0157_merged 9.221 8.842  8.826 9.345 9.215 8.909
X0158_merged_ncl_ncge 7.695 6.959  6.729 7.971 7.750 7.290
X0159 _merged_ncl _ncge 8.714  8.004  7.785 8.914 8.754 8.319
X0160_merged 8.421 7.548 7.313 8.688 8.437 7.808
X0161_merged 6.639 6.519  6.538 6.678 6.636 6.545
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X0162_merged 4551  4.192  4.205 4.645 4.551 4.283
X0163_merged 6.155  6.100  6.135 6.143 6.152 6.117
X0164_merged 7290 7.142  7.158 7.342 7.286 7.167
X0165_merged 5.500 4.871  4.786 5.678 5.493 5.010
X0168_merged_ncl_ncge 7.626  6.829  6.558 7.905 7.682 7.174
X0169_merged_ncl 9.278  8.430 8.221 9.537 9.272 8.652
X0170_merged 11.452 10.794 10.807 11.603  11.440 10.930
X0171_merged 12.486 12.010 12.035 12,619 12.476 12.096
X0172_merged 8.065  7.263 7.123 8.272 8.061 7.470
X0173_merged_ncl 8.852  7.996  7.776 9.127 8.854 8.230
X0174_merged_scl 6.622 5922 5.773 6.832 6.618 6.092
X0175_merged 7.157  6.932  6.903 7.248 7.152 6.967
X0176_merged 8.967  8.657  8.629 9.072 8.962 8.709
X0177 _merged 6.421 5956  5.880 6.560 6.416 6.053
X0178_merged 6.053 5935 5915 6.092 6.049 5.955
X0179_merged 7.310  6.970  6.933 7.429 7.304 7.028
X0180_merged 6.470  5.740  5.608 6.674 6.461 5.904
X0181_merged_ncl 10.199  9.152  8.707 10.496 10.257 9.534
X0184_merged_ncl 10.612 9.839 9.389 11.010 10.716  10.293
X0185_merged ncl_ncge 8.827  8.179  7.845 9.131 8.892 8.554
X0186_merged_ncl_ncge 6.976  5.947  5.442 7.478 7.024 6.310
X0187_merged_ncl 8.162  7.418  7.152 8.436 8.205 7.721
X0188_merged_ncl 8.534  7.843  7.609 8.757 8.610 8.211
X0189_merged_ncl 8.960  8.271  7.977 9.241 9.033 8.665
X0190_merged_ncl_ncge 8.082 7.328  7.006 8.286 8.137 7.655
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X0191 merged _ncl 8.655  7.899  7.659 8.892 8.677 8.149
X0192_merged ncl_ncge 8.487  7.7T75  7.453 8.829 8.556 8.141
X0193_merged_ncl 7.818 7.032 6.729 8.041 7.864 7.339
X0194 merged_scl 6.345  6.268  6.282 6.358 6.342 6.277
X0195_merged 4590 4.144  4.064 4.739 4.583 4.233
X0196_merged 6.649 6.648  6.662 6.641 6.646 6.652
X0197_merged_ncge 6.287  5.792  5.710 6.449 6.283 5.903
X0198_merged 9.299 8961 8.929 9.418 9.293 9.017
X0199_merged 6.311 6.334 6.364 6.278 6.308 6.328
X0200_merged 7133 6.817 6.778 7.246 7.127 6.868
X0201_merged 6.170  5.482  5.301 6.373 6.158 5.639
X0202_merged_ncl 6.499  5.855  5.513 6.805 6.508 6.057
X0203_merged 5.663  5.356  5.303 5.792 5.659 5.409
X0205_merged 8.327 7.490  7.147 8.612 8.343 7.748
X0206_merged 14.292 13.584 13.568 14.500 14.281 13.727
X0207_merged 4.732  4.235 4.130 4.898 4.731 4.351
X0208_merged_ncge 4.860 4.629  4.546 4.930 4.859 4.690
X0209_merged 13.021 12.244 12.057 13.282 13.012 12.422
X0210_merged 4556  3.796  3.675 4.764 4.552 3.972
X0211_merged 5.825  5.377  5.306 5.942 5.826 5.485
X0212_merged 5.644  5.152  5.085 5.803 5.636 5.246
X0213_merged 7.667  7.325  7.290 7.793 7.663 7.384
X0216_merged 6.258 5944  5.908 6.374 6.253 5.994
X0217_merged 5.543  5.248  5.209 5.666 5.539 5.297
X0218_merged _ncl_ncge 7939 7.155  6.758 8.199 8.011 7.540
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X0220_merged 7.116  6.995 6.981 7.158 7.113 7.013
X0221 merged 6.138  6.175  6.212 6.114 6.137 6.165
X0222_merged 6.572  6.337  6.302 6.672 6.567 6.374
X0223_merged 9.096 8.797 8.772 9.209 9.090 8.845
X0224 merged 5.288  5.323  5.363 5.263 5.287 5.314
X0225_merged 10.125  9.767  9.731 10.256  10.119 9.829
X0228_merged 6.3b3  6.348  6.346 6.355 6.353 6.357
X0230_merged_ncl 8.061 7.334  6.945 8.316 8.145 7.748
X0231 _merged_ncl 7.759  6.956  6.627 8.003 7.783 7.214
X0232_merged 4571 3.983  3.905 4.733 4.561 4.104
X0238_merged 14.388 13.691 13.660 14.600 14.376  13.835
X0241 merged 8.860  8.025  7.718 9.148 8.879 8.279
X0242 merged 5.595  4.728  4.257 5.895 5.662 5.101
X0243_merged 8.718 8727  8.752 8.707 8.716 8.729
X0245_merged 6.016 6.012  6.026 6.011 6.014 6.016
X0246_merged 7.691  7.097  6.980 7.818 7.704 7.290
X0247_merged 9.548 8.988  8.738 9.691 9.548 9.142
X0248_merged 7132  6.589  5.875 7.218 7.124 6.754
X0249 _merged 5.733  5.257  5.210 5.879 5.722 5.347
X0250_merged_ncl _ncge 7.871 7.232  7.063 8.072 7.913 7.515
X0251 _merged 7.669  7.141  7.093 7.736 7.692 7.343
X0252_merged_ncl_ncge 8.086  7.396  7.066 8.493 8.172 7.798
X0253_merged 9.067 8390 8.179 9.305 9.099 8.694
X0254 merged 8877 8133 7917 9.069 8.884 8.336
X0255_merged_ncl_ncge 8.925 7.962 7.578 9.342 8.930 8.232
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X0256_merged_ncl 8.626  7.777  7.488 8.946 8.631 8.022
X0257_merged 10.183  9.349 9.165 10.410 10.176 9.563
X0258_merged 6.556  5.847  5.726 6.756 6.547 6.005
X0259_merged_ncl 10.016  8.970  8.547 10.354 10.070 9.343
X0260_merged 8.487 7.659  7.311 8.767 8.502 7.916
X0263_merged_scl 14.303 13.588 13.471 14.502 14.294 13.752
X0264_merged ncl 10.586 9.836  9.435 10.919 10.687  10.270
X0265_merged 9.121 8320 8.102 9.369 9.122 8.540
X0266_merged 9.350  8.535  8.259 9.626 9.365 8.789
X0267_merged 6.287 6.192  6.189 6.314 6.283 6.211
X0268_merged 5.854  5.417  5.350 5.983 5.851 5.518
X0269_merged 5.333  4.942  4.875 5.441 5.328 5.027
X0270_merged 6.262  6.253  6.228 6.254 6.256 6.247
X0271_merged 7.198  6.965  6.928 7.297 7.191 6.994
X0272_merged 4.808  4.288  4.188 4.975 4.803 4.405
X0273_merged 4.680  3.940  3.820 4.888 4.671 4.106
X0274_merged 6.450 5964  5.883 6.615 6.443 6.065
X0275_merged 7.458  7.072  7.002 7.597 7.449 7.135
X0276_merged 7.535 7312 T7.275 7.633 7.528 7.341
X0277_merged 6.287  5.610  5.422 6.494 6.274 5.762
X0278_merged 6.417  6.109  6.069 6.533 6.410 6.157
X0279_merged 5.652  5.362  5.318 5.769 5.644 5.404
X0280_merged 5.435  5.472  5.509 5.406 5.430 5.455
X0281_merged 5945 5.631  5.579 6.071 5.937 5.676
X0282_merged 8.389  8.008  7.962 8.524 8.377 8.065
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X0283_merged 7273  7.163  7.156 7.321 7.270 7177
X0285_merged 7.232 7.163  7.160 7.266 7.227 7.166
X0286_merged 6.612 5905 5.785 6.814 6.603 6.060
X0287_merged 5.945 5.704  5.686 6.042 5.940 5.737
X0288_merged 6.702  6.717  6.748 6.686 6.696 6.702
X0289_merged 6.361  6.404  6.449 6.325 6.357 6.384
X0290_merged 7179  6.886  6.858 7.292 7.172 6.929
X0291 merged 6.111 6.015 6.018 6.151 6.105 6.020
X0292_merged 6.466  6.027  5.964 6.603 6.463 6.118
X0293_merged_ncl 9.271  8.457 8.234 9.494 9.261 8.663
X0294 merged 6.257  6.310 6.338 6.224 6.251 6.288
X0295_merged 6.689  6.466  6.437 6.781 6.682 6.494
X0296_merged_ncge 8.356  7.637  7.381 8.613 8.415 7.968
X0297 _merged 4.629 4.199 4.131 4.777 4.621 4.279
X0298 _merged_scl 4498 3944 3.864 4.681 4.492 4.063
X0299_merged 4298  3.696  3.555 4.484 4.296 3.849
X0300_merged 5.712 5.299  5.120 5.845 5.705 5.383
X0302_merged_ncge 4933 4.715  4.639 5.007 4.930 4.774
X0306_merged_scl 5.747  5.609  5.596 5.809 5.741 5.619
X0308_merged_scl 6.322  5.641  5.511 6.515 6.319 5.815
X0309_merged_scl 6.747 5976  5.855 6.956 6.733 6.147
X0310_merged 4310 4.103  4.061 4.402 4.304 4.129
X0311 merged_scl 5.757  5.611  5.596 5.812 5.749 5.619
X0313_merged 5.583  5.572  5.582 5.574 5.580 5.572
X0318_merged_scl 5.231 4917  4.827 5.331 5.218 4.960
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X0319_merged_scl 4.253  3.531  3.385 4.454 4.250 3.718
X0320_merged_scl 0.372  4.644  4.488 5.539 5.357 4.841
X0323_merged 5.241  4.467  4.288 5.466 5.234 4.653
X0325_merged 5910 4.949  4.586 6.170 5.871 5.403
X0326_merged 4260 4.036  4.006 4.347 4.255 4.079
X0327_merged 5.713  5.717  5.733 5.697 5.709 5.711
X0328_merged 5.535  4.754  4.575 5.761 5.531 4.946
X0333_merged_scl 3.957  3.189  3.033 4.176 3.945 3.360
X0334 _merged_scl 4.848 4.191  4.086 5.045 4.844 4.343
X0347_merged 6.347  5.754  5.663 6.540 6.339 5.876
X0348_merged 9.434 8.669 8.475 9.658 9.433 8.863
X0349_merged 9.489  9.065  9.059 9.606 9.484 9.155
X0350_merged 9.597  9.388  9.415 9.625 9.589 9.427
X0351_merged 11.267 10.676 10.668 11.416 11.264 10.822
X0352_merged 9.187 8.657  8.648 9.319 9.177 8.761
X0353_merged_ncge 8.959  7.673  7.005 9.303 8.930 8.120
X0354_merged 9.175 8537  8.502 9.321 9.165 8.671
X0355_merged 8.768  8.188  8.119 8.935 8.760 8.313
X0356_merged 8.592 8.074 7.993 8.763 8.584 8.183
X0357_merged 9.550 9.640 9.718 9.490 9.538 9.602
X0358_merged 7.658  7.513  7.492 7.720 7.655 7.538
X0359_merged 11.144 10.854 10.863 11.245 11.138 10.900
X0360_merged 8.026  7.380  7.285 8.218 8.017 7.519
X0361_merged 10.949 10.554 10.524 11.083 10.943 10.628
X0363_merged 9.173  8.633  8.567 9.335 9.163 8.742
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X0364_merged 7.649 6.785  6.660 7.872 7.647 7.004
X0365_merged 6.142  5.810 5.766 6.250 6.136 5.878
X0366_merged 8132 7.771  7.729 8.264 8.125 7.833
X0367_merged 5.786  5.445  5.439 5.887 5.779 5.506
X0368_merged_ncl 8.279  7.B37  7.167 8.584 8.338 7.923
X0370_merged 7.786  7.769  7.767 7.791 7.781 7.767
X0371_merged 6.533  6.417  6.389 6.585 6.523 6.416
X0372_merged 5.199  4.617  4.547 5.369 5.192 4.737
X0373_merged 5.709  5.324  5.271 5.849 5.702 5.392
X0374_merged 7.532 7.072  7.007 7.684 7.524 7.158
X0375_merged 7413  6.980  6.930 7.567 7.404 7.054
X0376_merged 7.851  7.496  7.454 7.995 7.842 7.553
X0377_merged 7.058  6.472  6.337 7.247 7.051 6.610
X0378_merged 8.833 8231 8.152 9.012 8.821 8.346
X0379_merged 6.617  6.071  5.979 6.791 6.605 6.177
X0380_merged 9917 9.175 9.077 10.115 9.908 9.336
X0381_merged 10.380  9.671  9.596  10.564  10.355 9.825
X0382_merged 5.034  4.693  4.663 5.166 5.025 4.740
X0383_merged 7.861  7.370  7.298 8.015 7.850 7.459
X0384_merged 6.648 6.262 6.211 6.791 6.640 6.327
X0385_merged_ncge 13.775 13.066 12.919 14.024 13.759  13.297
X0386_merged 5.429  5.425  5.436 5.419 5.424 5.421
X0387_merged 9.065 8789  8.773 9.159 9.048 8.824
X0388_merged 11.788 11.283 11.280 11.933 11.777 11.364
X0389_merged 12.160 11.744 11.801 12.290 12.151 11.803




Table C.1: — continued

251

Spectrum Name J H Ks F110W  F125W  F160W
X0390_merged 7425  6.785  6.666 7.620 7.413 6.920
X0391_merged 7422  6.765  6.635 7.611 7.411 6.905
X0392_merged 8.488 8.031  7.982 8.637 8.482 8.117
X0393_merged 7.710  7.002  6.890 7.901 7.697 7.145
X0394 merged 7.151  6.460  6.359 7.348 7.142 6.599
X0395_merged 6.246  5.727  5.655 6.406 6.236 5.825
X0396_merged_ncl 7.741  7.007  6.626 8.052 7.797 7.341
X0397 _merged 7475 6.734  6.360 7.783 7.535 7.073
X0398_merged_ncl 9.116 8.345 8.135 9.333 9.109 8.544
X0399_merged 8.681 7.913 7.705 8.914 8.673 8.109
X0400_merged 12.573 12.178 12.195 12.691 12,571  12.273
X0401 _merged 12.342 11956 11.976 12.459 12338 12.048
X0402_merged 11.579 10.884 10.802 11.758 11.575 11.058
X0403_merged 10411 9.720 9.631 10.574  10.399 9.879
X0405_merged 11.519 10.989 10.973 11.658 11.510 11.103
X0406_merged_scl 12.907 12.322 12.201  13.093 12,900 12.452
X0407_merged 9.698 8977 8.881 9.880 9.687 9.132
X0408_merged 11.930 11.403 11.404 12.077 11.921 11.501
X0409_merged 6.422 5.887 5.804 6.584 6.414 5.991
X0410_merged 5.788  5.613  5.579 5.869 5.783 5.634
X0411_merged 13.254 12.523 12.329 13.514 13.273  12.727
X0412 merged 8376  7.970  7.910 8.520 8.369 8.045
X0413_merged 5.231  4.547  4.394 5.427 5.219 4.696
X0414 merged 7.243  6.945  6.910 7.351 7.238 6.993
X0415_merged 7.347  6.875 6.801 7.495 7.340 6.964
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X0416_merged 8.033  7.434  7.339 8.207 8.022 7.550
X0417_merged 7.146  6.493  6.386 7.332 7.135 6.625
X0418_merged 6.807  6.300 6.219 6.958 6.799 6.397
X0419_merged 12.862 12.379 12.407 12.997 12.853  12.472
X0420_merged 11.142 10.231  9.975 11.454 11.145 10.493
X0421_merged 9.346  9.282  9.288 9.351 9.339 9.290
X0422_merged 6.257  5.577  5.441 6.454 6.250 5.737
X0423_merged 5.264  4.767  4.704 5.410 5.256 4.861
X0426_merged 12.569 12.101 12.066 12.719 12,550  12.196
X0427_merged 12.638 12.107 12.069 12.807 12.632 12.229
X0428_merged 7.809 7.036 6.730 8.029 7.840 7.302
X0430_merged 5.748  5.226  5.130 5.923 5.737 5.331
X0432_merged 4.889  4.600  4.556 4.991 4.882 4.645
X0433_merged 6.317  6.260  6.256 6.351 6.311 6.261
X0434_merged 6.687  6.038  5.923 6.874 6.672 6.171
X0435_merged_ncge 7.706  7.160 7.072 7.895 7.708 7.316
X0436_merged 5209 4.714  4.629 5.374 5.201 4.814
X0437_merged 6.042  5.425 5.321 6.227 6.028 5.548
X0438_merged 5.357  4.766  4.656 5.544 5.351 4.900
X0439_merged 6.603 5938  5.795 6.796 6.588 6.074
X0440_merged 7.563 6.964 6.673 7.830 7.565 7.134
X0441_merged 7715 7.166  7.079 7.881 7.703 7.268
X0442_merged 5.421  4.819 4.717 5.602 5.409 4.931
X0443_merged 7.007  7.060 7.082 6.983 7.002 7.038
X0444 merged 5.757  5.179  5.078 5.926 5.745 5.289
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X0445_merged 9.268 8961 8.924 9.379 9.262 9.008
X0446_merged 6.323  5.773  5.684 6.492 6.313 5.876
X0447 _merged 6.013 5374  5.268 6.207 6.006 5.516
X0448_merged 10.902 11.001 11.099 10.844 10.897 10.961
X0449 _merged 5.840  5.365  5.268 5.999 5.839 5.466
X0450_merged 6.542  6.496  6.469 6.563 6.541 6.507
X0451 _merged 6.750  6.577  6.532 6.816 6.749 6.616
X0452 _merged 4.707  4.396  4.336 4.800 4.706 4.468
X0453_merged 5.701  5.109  5.038 5.879 5.695 5.238
X0454 merged 8.736 8196  8.117 8.906 8.730 8.314
X0455_merged 5.886  5.633  5.615 5.986 5.881 5.668
X0456_merged 7.176  6.738  6.699 7.327 7.170 6.823
X0458_merged 5.562  4.924  4.826 5.743 5.551 5.054
X0459_merged 7.382 7.301  7.288 7.410 7.375 7.309
X0460_merged 7.590  7.592  7.596 7.581 7.583 7.579
X0461 merged 8.226 8.114  8.088 8.251 8.218 8.122
X0463_merged 10.915 11.025 11.142 10.860 10.906  10.968
X0464 _merged 7754  7.332  7.316 7.877 7.746 7.407
X0465_merged 8.659  8.576  8.597 8.682 8.655 8.589
X0466_merged_scl 4.716  4.239 4.181 4.865 4.711 4.340
X0467_merged 6.343  6.414  6.526 6.289 6.338 6.392
X0468_merged 6.874  6.791 6.813 6.882 6.870 6.806
X0469_merged 6.331  6.251  6.270 6.352 6.328 6.262
X0470_merged 7.053  7.098 7.191 6.994 7.049 7.087
X0471_merged 5.378  4.897  4.860 5.524 5.376 5.010
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X0472_merged 7.585  7.502 7.521 7.610 7.580 7.515
X0473_merged 5.816  5.340  5.296 5.966 5.812 5.446
X0474_merged 5.306  4.959  4.929 5.422 5.299 5.027
X0475_merged 5.947  5.764  5.765 6.016 5.943 5.794
X0476_merged 5.891  5.691  5.693 5.961 5.886 5.725
X0477_merged 6.199 5.849  5.840 6.308 6.193 5.910
X0478_merged_ncl 8.063 7.251  7.019 8.316 8.080 7.505
X0479_merged_ncge 7973 7.431  7.308 8.176 7.982 7.669
X0480_merged 9.363  9.036  9.041 9.469 9.356 9.089
X0481_merged 5.782  5.230  5.180 5.948 5.776 5.345
X0482_merged 5.425  4.925  4.875 5.580 5.418 5.026
X0483_merged 6.741  6.589  6.601 6.802 6.736 6.610
X0484_merged 6.305  5.833  5.802 6.450 6.298 5.925
X0485_merged 7.165  7.004 7.011 7.217 7.161 7.028
X0486_merged 7.169 6.736  6.698 7.317 7.161 6.817
X0487_merged 7.690 6.928 6.677 7.897 7.711 7.172
X0488_merged 5291  5.077  5.075 5.366 5.284 5.109
X0489_merged 7743  6.946  6.712 7.967 7.781 7.228
X0490_merged 5.850  5.371  5.353 6.004 5.839 5.454
X0491_merged 12.170 11.618 11.665 12.314 12162 11.732
X0492_merged 7219  6.396 6.108 7.536 7.270 6.718
X0493_merged 9.592  8.812 8.740 9.794 9.580 8.986
X0494_merged 10.100  9.470  9.437 10.269 10.093 9.613
X0495_merged 5.751  4.872  4.706 5.980 5.741 5.079
X0496_merged 8.577  8.067  8.047 8.716 8.566 8.161
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X0498_merged 5470  4.802  4.665 5.680 5.462 4.944
X0500_merged 6.915 6.276 6.194 7.105 6.903 6.401
X0501_merged 6.925 6.295 6.211 7.111 6.912 6.416
X0502_merged 9.131 8522 8471 9.287 9.122 8.651
X0504_merged 11.059 10.368 10.256 11.263 11.051  10.523
X0505_merged_ncl 12.815 11.543 10.787 13.175 12.796 11.984
X0506_merged 10.746  9.985  9.826 10.966 10.740  10.163
X0508_merged 7723  7.038  6.905 7.928 7.713 7.183
X0509_merged 12.822 12.047 11.858 13.107 12.832  12.251
X0510_merged 13.499 12.633 12.522 13.746 13.484 12.825
X0511 _merged 10.534  9.590 9.332  10.824 10.544 9.872
X0514_merged 11.093 10.318 10.107 11.357 11.160 10.672
X0515_merged 13.042 11.929 11.307 13.389 13.029 12.317
X0516_merged 12.759 11.590 10.886 13.113 12.753 11.984
X0517_merged 12.119 11.211 10.930 12415 12.120 11.454
X0518_merged 10.322 10.042 10.003 10.417 10.317  10.103
X0519_merged 12.657 11.901 11.657 12.957 12.672 12.148
X0520_merged 6.866  6.382  6.347 7.022 6.858 6.473
X0521_merged 10312 9.633  9.596 10.486  10.299 9.770
X0522_merged 10.924 10.248 10.232 11.097 10.911 10.385
X0523_merged 10.589  9.870  9.842 10.766  10.577  10.021
X0524_merged 12.796 12.132 12.131 12987 12.790 12.283
X0526_merged 5.422 4833 4.721 5.605 5.413 4.956
X0527_merged 7736 6.984  6.665 7.965 7077 7.262
X0529_merged 6.118 5.830 5.769 6.230 6.114 5.880
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X0530_merged 12.373 11.587 11.359 12.661 12.398 11.870
X0531_merged 12.445 11.524 11.289  12.727 12452  11.775
X0532_merged 12.431 11.459 11.231 12.741 12450 11.747
X0533_merged_ncl 12.268 11.329 11.079 12.599 12.280 11.601
X0534_merged_ncl 12.784 11.479 10.801 13.133 12,770 11.917
X0535_merged 7.310 7177 T7.188 7.356 7.306 7.196
X0536_merged 6.204  5.683  5.645 6.359 6.194 5.780
X0537_merged 5.560  4.982  4.909 5.735 5.552 5.102
X0538_merged 5.281  4.835  4.783 5.434 5.275 4.924
X0539_merged 7.262  7.327 7.384 7.226 7.258 7.306
X0540_merged 5.783  5.234  5.017 5.999 5.784 5.376
X0542_merged 8.407  8.168  8.078 8.501 8.403 8.224
X0543_merged_ncl 12.190 11.238 10.907 12.526 12.204 11.516
X0544_merged 13.440 12.032 11.023 13.825 13.423  12.446
X0545_merged 7.241  7.024  6.960 7.330 7.234 7.051
X0546_merged 5.823  5.491  5.447 5.956 5.815 5.544
X0547 _merged 6.671  6.335 6.315 6.782 6.663 6.389
X0548_merged 5.282  4.661  4.570 5.465 5.270 4.779
X0549_merged 6.370  5.784  5.713 6.530 6.359 5.898
X0550_merged 5.451  4.738  4.582 5.671 5.446 4.909
X0551_merged 12.804 11.936 11.745 13.046 12.798 12.149
X0552_merged 5.875  5.218  5.097 6.076 5.869 5.366
X0553_merged 2.577  4.892  4.749 5.794 5.576 5.057
X0554_merged 5448  5.085  5.016 5.584 5.441 5.149
X0555_merged 6.706  6.186  6.100 6.873 6.693 6.279
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X0556_merged 5.504 4.846 4.731 5.705 5.501 5.002
X0557_merged 7.152  6.247  5.895 7.423 7.178 6.526
X0558_merged 7.646  7.236  7.168 7.791 7.639 7.313
X0559_merged 5.591  5.091  5.000 5.763 5.587 5.202
X0560_merged 5.784  5.230  5.127 5.969 5.772 5.345
X0561_merged 7.960  7.498  7.430 8.121 7.951 7.586
X0562_merged 5471 4.742  4.599 5.681 5.462 4.909
X0563_merged 5.144 4581  4.474 5.320 5.143 4.727
X0564_merged 5.750  5.528  5.500 5.846 5.744 5.562
X0565_merged 4.640 4.114  4.034 4.801 4.629 4.221
X0566_merged 5490  5.058  5.007 5.633 5.478 5.134
X0567_merged 6.359  5.843  5.755 6.525 6.350 5.948
X0568_merged 7.247  6.558  6.425 7.448 7.240 6.722
X0569_merged 5.617  5.330  5.340 5.721 5.606 5.369
X0570_merged 7.579  7.072  6.995 7.740 7.571 7.172
X0571_merged 7.956  7.554  7.500 8.090 7.949 7.626
X0572_merged 11.003 10.439 10.349 11.172 10.990 10.548
X0573_merged 7.947  7.702  7.653 8.048 7.942 7.737
X0574_merged_ncge 8.069  6.738  5.980 8.427 8.029 7.198
X0576_merged_ncl 7.364  6.292  5.777 7.623 7.306 6.650
X0577_merged_ncl_ncge 7.872  6.641  5.637 8.472 8.017 7.278
X0578_merged 5.331  4.887 4.791 5.481 5.327 4.978
X0579_merged 6.488  6.259  6.200 6.584 6.482 6.291
X0580_merged 6.628  6.459  6.402 6.707 6.624 6.485
X0581_merged 4.728  4.183  4.071 4.905 4.721 4.296
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X0582_merged 6.953 7.042  7.099 6.895 6.949 7.014
X0583_merged 5.650  5.133  5.026 5.819 5.642 5.237
X0584_merged 5461  4.778  4.608 5.678 5.454 4.941
X0585_merged 5.987 5.686  5.612 6.110 5.980 5.733
X0586_merged 6.248  5.775  5.674 6.402 6.241 5.869
X0587_merged 7.278  6.438  6.207 7.518 7.268 6.643
X0588_merged 5.397  4.680  4.493 5.617 5.389 4.851
X0589_merged 6.894 6.135 5.885 7.125 6.900 6.323
X0590_merged 6.962 6.699 6.634 7.060 6.955 6.744
X0591 _merged_ncl 7.532  6.458  6.053 7.868 7.522 6.833
X0592_merged 12.307 11.379 11.127 12.603 12.303 11.620
X0593_merged 6.599 6.016 5.934 6.777 6.588 6.130
X0594_merged 6.693  6.072  5.975 6.871 6.685 6.207
X0595_merged 7.618 7.228 7.151 7.768 7.613 7.310
X0596_merged 5.655  5.500  5.475 5.733 5.651 5.523
X0597_merged 5122 4.764  4.703 5.258 5.117  4.833
X0598_merged 6.931 6.305 6.210 7.113 6.923 6.437
X0599_merged_ncge 6.765 6.709  6.709 6.764 6.763 6.736
X0600_merged 6.515 5944  5.847 6.687 6.505 6.060
X0601_merged 12.469 11.870 11.831 12.644 12459 11.990
X0602_merged 8.980  8.555  8.505 9.121 8.972 8.636
X0604_merged 8.607 8.140 8.083 8.759 8.595 8.224
X0605_merged_ncge 8.828  7.595  6.962 9.145 8.781 8.032
X0606_merged_ncge 8.794  7.567 6.941 9.111 8.747 8.003
X0607_merged 9.026 8.738 8.721 9.135 9.018 8.779




259

Table C.1: — continued

Spectrum Name J H Ks F110W  F125W  F160W
X0609_merged _ncl 7489  6.425 6.041 7.815 7.482 6.810
X0610_merged 11.210 10.645 10.586 11.364 11.209  10.792
X0611_merged 8.544  8.274  8.258 8.645 8.537 8.314
X0613_merged 8.621 8.335 8.311 8.728 8.614 8.378
X0614_merged 8.859  8.855  8.866 8.854 8.854 8.855
X0615_merged 9.440 8.678  8.485 9.661 9.435 8.867
X0616_merged 8.886  8.582  8.545 8.979 8.879 8.638
X0617_merged 4947  4.858  4.841 4.987 4.940 4.862
X0618_merged 6.052  5.549  5.479 6.216 6.041 5.641
X0619_merged 9.606  9.406  9.397 9.648 9.593 9.440
X0620_merged 6.934  6.288  6.207 7.125 6.925 6.424
X0621_merged 9.244 8713  8.662 9.380 9.236 8.819
X0622_merged 12.602 12.300 12.297 12.716 12.596 12.344
X0623_merged 13.182 12,930 12971 13.281 13.175 12.962
X0624_merged 14.086 13.873 13.982 14.193 14.080 13.890
X0625_merged 6.930 6.303 6.185 7.121 6.916 6.433
X0626_merged 8.776  8.757  8.765 8.777 8.772 8.759
X0627_merged 6.455 5.804  5.709 6.646 6.441 5.931
X0628_merged 5.226  4.626  4.443 5.443 5.217  4.768
X0629_merged 5.256  5.042  5.019 5.361 5.251 5.074
X0630_merged 10.819 10.424 10.385 10.939 10.809  10.488
X0631_merged 13.045 12.805 12.844 13.149 13.038 12.831
X0632_merged 4.999  4.746  4.722 5.081 4.991 4.795
X0633_merged 5419  5.326  5.315 5.458 5.413 5.333

X0634_merged 6.901 6.258 6.175 7.090 6.887 6.382
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Spectrum Name J H Ks F110W  F125W  F160W
X0635_merged_ncge 8.909 7.637 6.984 9.231 8.877 8.104
X0636_merged 7742 7.551  7.539 7.818 7.735 7.573
X0637_merged_ncge 9.901 9.404 9.303 10.071 9.901 9.569
X0638_merged 7.866 7.035  6.753 8.130 7.895 7.310
X0639_merged 6.410  6.297  6.295 6.462 6.406 6.314
X0640_merged 11.258 11.079 11.123 11.309 11.251 11.109
X0641_merged 5.245  4.696  4.609 5.413 5.240 4.828
X0642_merged 7434 6.688  6.389 7.639 7.459 6.930
X0643_merged 7.263 6.616 6.538 7.437 7.251 6.748
X0644_merged 7.393 6.646  6.347 7.608 7.418 6.888
X0645_merged 5.945 5.845 5.831 5.988 5.940 5.857
X0646_merged 5.752  5.726  5.760 5.738 5.746 5.732
X0647_merged 6.530  5.708  5.363 6.832 6.568 6.004
X0648_merged 7425  7.353  7.351 7.460 7.420 7.358
X0649_merged 8.941 8380 8.192 9.139 8.938 8.520
X0650_merged 7.671  7.105  6.992 7.863 7.659 7.213
X0651_merged 8.193  7.538  7.402 8.387 8.182 7.681
X0652_merged 12.736  12.301 12.305 12.867 12.734  12.405
X0653_merged 5.897  5.992  6.092 5.854 5.892 5.964
X0654_merged 7244 7.095 7.078 7.317 7.239 7.113
X0655_merged 6.158  6.136  6.155 6.140 6.153 6.142
X0656_merged 7.092  7.570  7.591 7.590 7.587 7.569
X0657_merged 7.241 7214 7.229 7.251 7.237 7.215
X0658_merged 5.799  5.312  5.245 5.952 5.794 5.421
X0659_merged 7.509  6.940 6.720 7.753 7.507 7.088
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Spectrum Name J H Ks F110W  F125W  F160W
X0660_merged 11.602 11.294 11.328 11.673 11.594 11.351
X0661 _merged 9.442 8829 8.779 9.588 9.433 8.962
X0662_merged 7410 7.376  7.434 7.380 7.404 7.384
X0663_merged 7.088 6.436  6.321 7.275 7.074 6.572
X0664 _merged 6.010  5.580  5.528 6.147 6.003 5.668
X0665_merged 7.818 T7.138  6.986 8.015 7.805 7.289
X0666_merged 6.614 6.570  6.568 6.634 6.610 6.573
X0667_merged 5.883  5.320 5.196 6.071 5.880 5.464
X0668_merged 6.901 6.756  6.743 6.978 6.896 6.770
X0669_merged 5.565  4.936  4.849 5.748 5.554 5.062
X0670_merged 7.323  6.800 6.740 7.473 7.313 6.899
X0671_merged 6.375  6.182  6.158 6.464 6.369 6.207
X0672_merged 7.068 6.336  6.067 7.301 7.103 6.621
X0673_merged 7.458  7.330 7.321 7.517 7.452 7.345
X0674_merged 6.914 6.818 6.823 6.942 6.908 6.829
X0675_merged 7945 7.170  6.933 8.184 7.967 7.424
X0676_merged 6.465  6.527  6.588 6.418 6.462 6.506
X0677_merged 6.278  6.075  6.043 6.365 6.272 6.103
X0678_merged 5422  4.808  4.722 5.595 5.412 4.932
X0679_merged 6.585  6.366  6.348 6.674 6.579 6.394
X0680_merged 4.601 4.384 4.376 4.681 4.595 4.416
X0681_merged 11.971 11464 11.457 12.116 11.961  11.558
X0682_merged 8.964 8.691 8.673 9.067 8.957 8.728
X0683_merged 8.514  T7.818  7.642 8.725 8.501 7.975
X0684_merged 8510 7.817 7.641 8.724 8.497 7.972
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Spectrum Name J H Ks F110W  F125W  F160W
X0685_merged 7.606  7.289  7.240 7.734 7.600 7.343
X0686_merged 7575 7.239  7.212 7.702 7.568 7.311
X0687_merged 6.170  5.827  5.797 6.289 6.162 5.878
X0688_merged 6.208  5.868  5.837 6.325 6.201 5.921
X0689_merged 7481  6.752  6.454 7.713 7.509 6.987
X0690_merged 7.644 6.914 6.615 7.866 7.670 7.147
X0691_merged 5.660  5.513  5.500 5.727 5.655 5.531
X0692_merged_ncge 9.569  9.534  9.551 9.541 9.563 9.530
X0694_merged 5.915 5.244  5.108 6.125 5.909 5.388
X0695_merged 7479 7422 7.420 7.505 7.475 7.425
X0696_merged 6.685 6.434  6.407 6.790 6.677 6.467
X0697_merged 7.838 7472  7.435 7.971 7.831 7.532
X0698_merged 12.594 12.009 11.935 12,781 12.589  12.155
X0699_merged 11.885 11.367 11.352 12.029 11.875 11.462
X0700_merged 8.455 7.900  7.822 8.625 8.442 8.003
X0701_merged_scl 13.264 12.815 12816 13.372 13.252  12.896
X0702_merged 9.719 9.019 8.935 9.904 9.704 9.163
X0703_merged 10.647 10.106 10.080 10.794 10.638  10.219
X0705_merged 11.503 10.970 10.939 11.657 11.492 11.076
X0706_merged_scl 13.191 12.822 12.820 13.276 13.179  12.883
X0712_merged 10.040  9.341 9.270 10.215  10.029 9.498
X0713_merged 12.201 11.702 11.765 12359 12194 11.794
X0714_merged 12.999 12.412 12262 13.157 12.990 12.536
X0715_merged 6.223  5.695  5.606 6.393 6.213 5.788
X0716_merged 6.212  5.680 5.591 6.386 6.201 5.774




263

Table C.1: — continued

Spectrum Name J H Ks F110W  F125W  F160W
X0717 _merged 6.482 5952  5.867 6.653 6.472 6.047
X0718_merged 10.573  9.910 9.858 10.746 10.563  10.056
X0719_merged 11.039 10.384 10.325 11.218 11.029 10.526
X0720_merged 10.877 10.220 10.149 11.051 10.866  10.363
X0721_merged 8.978  8.463  8.376 9.148 8.967 8.560
X0722_merged 8.694  8.183  8.097 8.861 8.684 8.279
X0723_merged 8.586  8.077  7.991 8.753 8.575 8.173
X0727_merged 7.534  7.432 7.416 7.574 7.528 7.439
X0728_merged 7.576  7.471  7.453 7.616 7.571 7.478
X0729_merged 7.569  7.470  7.457 7.612 7.564 7.476
X0730_merged 8.505  8.470  8.476 8.523 8.499 8.463
X0731_merged 8.413 8378 8.384 8.426 8.406 8.370
X0732_merged 8.6b4 8.615  8.622 8.670 8.648 8.609
X0733_merged 6.360  5.805  5.745 6.523 6.348 5.905
X0734_merged 10.653 10.010 9.982 10.818 10.641  10.142
X0735_merged 12.270 11.770 11.788  12.404 12262 11.872
X0736_merged 8.480  7.768  7.640 8.684 8.464 7.918
X0737_merged 7416  6.786  6.541 7.676 7.412 6.947
X0738_merged_ncge 8.080  7.517  7.374 8.289 8.093 7.769
X0739_merged 6.971 6.454  6.382 7.140 6.961 6.557
X0741_merged 12.277 11.772 11.768 12.421 12270 11.876
X0742_merged_scl 13.184 12.749 12.766 13.291 13.178  12.840
X0743_merged_scl 8.382 8.106  8.099 8.488 8.380 8.156
X0744_merged 7.260 6.617  6.507 7.449 7.247 6.744

X0746_merged 9.241  8.486  8.377 9.434 9.228 8.653
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Spectrum Name J H Ks F110W  F125W  F160W
X0747 _merged 5.681 5.601  5.587 5.716 5.676 5.611
X0748_merged 9.961 9.354 9.291 10.116 9.954 9.494
X0749_merged 7.247  6.968  6.926 7.350 7.239 7.009
X0750_merged_ncge 7794 7.249  7.151 7.973 7.796 7.407
X0751_merged 6.939 6.458  6.369 7.088 6.930 6.556
X0752_merged 6.918  6.309  6.220 7.078 6.905 6.427
X0753_merged 7.380 6.933  6.883 7.513 7.371 7.014
X0754_merged_scl 13.262 12.890 12.823 13.380 13.254 12.964
X0755_merged 11.884 11.361 11.266 12.073 11.875 11.465
X0756_merged 9.633 8.749 8.544 9.877 9.624 8.961
X0757 _merged 12.063 11.982 12.012 12.087 12.053 11.999
X0760_merged 13.929 13.439 13.420 14.076 13.919 13.525
X0761_merged 7472 6.750  6.373 7.700 7.512 7.034
X0762_merged_scl 13.113 12.666 12.685 13.228 13.108 12.762
X0763_merged 8.306  7.621  7.467 8.509 8.293 7772
X0764_merged_ncge 7.965 7.431  7.268 8.166 7.976 7.677
X0765_merged 11.079 10.177 9917 11.346 11.084  10.435
X0767_merged 9.533 8.697  8.555 9.761 9.528 8.902
X0768_merged 7.263  6.767  6.710 7.419 7.254 6.859
X0769_merged 7.253  6.755  6.695 7.410 7.244 6.848
X0770_merged 8.801 8517 8.493 8.901 8.795 8.564
X0771_merged 7.439  7.511  7.575 7.388 7.435 7.489
X0772_merged 6.924  6.428  6.348 7.085 6.919 6.537
X0774_merged_scl 9.350  9.082  9.067 9.457 9.346 9.125
X0775_merged 8.873  8.648  8.630 8.952 8.868 8.686
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Spectrum Name J H Ks F110W  F125W  F160W
X0778_merged 7.681 7.333 7.312 7.808 7.667 7.382
X0782_merged 8.181 8.071  8.066 8.229 8.177 8.089
X0783_merged 12.757 11912 11.716 13.004 12735 12.116
X0786_merged 9.835 9.058 8.764 10.089 9.858 9.316
X0787_merged 6.366  5.863  5.817 6.521 6.362 5.970
X0788_merged 6.493 6.020 5.984 6.648 6.489 6.119
X0789_merged 6.471 5979 5941 6.621 6.467 6.082
X0791_merged 4.803  4.557  4.538 4.904 4.794 4.588
X0792_merged 6.775  6.164  5.981 7.002 6.770 6.312
X0793_merged 6.087 5.815 5.811 6.193 6.080 5.853
X0794_merged 7711 7.631  7.670 7.744 7.705 7.632
X0795_merged 9.131 8.824 8.844 9.236 9.123 8.868
X0796_merged 6.495 6.241 6.254 6.592 6.487 6.273
X0797 _merged 10.735  9.931 9.828 10.951 10.726 10.114
X0798_merged 12.892 12.022 11.865 13.138 12.883 12.234
X0801_merged 13.908 13.0563 12.952 14.158 13.895 13.246
X0803_merged_ncl 12.989 11.702 10.951 13.356 12974 12.118
X0804_merged 13.458 12.585 12.476 13.690 13.445 12.779
X0805_merged_scl 14.332  13.540 13.414 14.553 14.321 13.727
X0806_merged_scl 14.379 13.583 13.458 14.600 14.370 13.772
X0807_merged 13.244 12.354 12.147 13.520 13.250  12.595
X0809_merged 13.191 12.402 12.159 13.462 13.203 12.642
X0811 merged 12.298 11.391 11.222 12.544 12288 11.610
X0813_merged_ncl 12.004 11.024 10.748 12.329 12.001  11.283
X0815_merged 11.134 10.193 9.891 11.455 11.143  10.469
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Spectrum Name J H Ks F110W  F125W  F160W
X0816_merged 6.293  6.095 6.105 6.365 6.285 6.121
X0817_merged 7.454 7499  7.595 7.408 7.449 7.482
X0821_merged 12.275 11.432 11.141 12,574 12.287  11.715
X0824 _merged 9.233 8.768  8.801 9.338 9.225 8.868
X0825_merged 9.970 9.121 8938 10.204 9.963 9.337
X0826_merged 5401  4.693  4.609 5.601 5.392 4.852
X0827_merged 6.084  5.437 5377 6.261 6.072 5.567
X0828_merged 6.243 5498  5.343 6.460 6.238 5.688
X0829_merged 5.366  4.783  4.671 5.556 5.367  4.937
X0831_merged 7.224  7.051  7.055 7.291 7.218 7.075
X0832_merged 6.484 6.164 6.146 6.604 6.475 6.213
X0834_merged 7409  7.361  7.353 7.419 7.405 7.371
X0835_merged 10.102  9.572  9.498 10.262  10.098 9.691
X0836_merged 6.092 5.619 5.534 6.249 6.084 5.715
X0837_merged 4813  4.568  4.522 4.904 4.806 4.615
X0838_merged 6.159  5.998  5.964 6.235 6.154 6.021
X0839_merged 5.182  4.651  4.537 5.355 5.180 4.781
X0840_merged 5.397  4.837  4.723 5.573 5.391 4.965
X0841_merged 7206 6.634  6.529 7.380 7.197 6.756
X0842_merged 4.744 4443  4.379 4.855 4.734 4.490
X0843_merged 7.620 7.132  7.085 7.776 7.609 7.218
X0844_merged 6.993  6.162  5.986 7.221 6.984 6.361
X0845_merged 5.365 4.514  4.316 5.603 5.352 4.717
X0846_merged 7.811  7.504  7.484 7.932 7.803 7.550
X0847 _merged 7.546  7.448  7.441 7.593 7.540 7.457
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Spectrum Name J H Ks F110W  F125W  F160W
X0848_merged 6.247  6.157 6.144 6.282 6.241 6.170
X0849 merged 5.610  4.684  4.440 5.870 5.603 4.930
X0850_merged 5485  4.582  4.339 5.727 5.477 4.825
X0851_merged 6.105  5.698  5.625 6.251 6.097 5.776
X0852_merged 6.899  6.063  5.867 7.128 6.889 6.265
X0853_merged 7.546  7.052  6.981 7.703 7.535 7.141
X0854_merged 5.046  4.621  4.511 5.191 5.038 4.707
X0855_merged 6.136  5.690  5.598 6.286 6.129 5.781
X0856_merged 6.903  6.779  6.735 6.971 6.898 6.797
X0857_merged 6.672  6.558  6.516 6.718 6.668 6.576
X0858_merged 6.185  5.655  5.584 6.355 6.180 5.772
X0859_merged 7.363  6.657  6.548 7.570 7.356 6.822
X0860_merged 7.259  6.071  5.464 7.567 7.222 6.558
X0861_merged 5.368  4.714  4.566 5.560 5.364 4.873
X0862_merged _ncl 9.302  7.999 @ 7.226 9.677 9.276 8.389
X0863_merged 8.599 8306 8.273 8.713 8.591 8.350
X0864 _merged_ncl 9.127 7.839 7.154 9.476 9.098 8.320
X0865_merged 5.282  5.000 4.956 5.404 5.276 5.044
X0866_merged 7.121  6.507  6.407 7.306 7.110 6.627
X0867_merged 7.341  7.065  7.038 7.444 7.336 7.107
X0868_merged 9.754  9.476  9.457 9.859 9.747 9.516
X0869_merged 5.279  4.432  4.228 5.517 5.270 4.637
X0870_merged 8.793  8.600 8.599 8.875 8.787 8.622
X0871_merged 5.602  5.119 5.044 5.770 5.596 5.224
X0872_merged 10.201  9.896 9.884 10.325 10.190 9.938
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Spectrum Name J H Ks F110W  F125W  F160W
X0873_merged 6.570  6.153  6.087 6.721 6.562 6.226
X0874_merged 8.590  8.543  8.550 8.608 8.585 8.544
X0875_merged 6.545  6.202  6.148 6.677 6.536 6.252
X0876_merged_ncl_ncge 7494  6.576  6.030 7.954 7.592 7.037
X0877_merged 6.390 6.061  6.006 6.518 6.385 6.121
X0878_merged 5.623 4917 4.731 5.843 5.618 5.068
X0879_merged 6.078 5921  5.895 6.158 6.073 5.945
X0880_merged 6.043  5.268  5.125 6.258 6.032 5.446
X0881_merged 7.385  6.958  6.917 7.524 7.378 7.039
X0882_merged 9.102 8.762 8.737 9.224 9.092 8.817
X0883_merged 8.270  7.657  7.572 8.455 8.270 7.810
X0884_merged 10.520  9.983 9.881 10.689 10.512  10.095
X0885_merged 8.443 8385 8.372 8.471 8.439 8.397
X0886_merged 7.990  7.525  7.458 8.149 7.981 7.611
X0887_merged 4.947 4394  4.289 5.129 4937  4.510
X0888_merged 9.116  8.348 8.033 9.397 9.163 8.694
X0889_merged 10.529 10.000 9.816 10.745 10.534  10.155
X0890_merged 6.808  6.321  6.253 6.969 6.803 6.428
X0891_merged 7.361  6.779  6.701 7.533 7.354 6.903
X0893_merged 5.027  4.701  4.609 5.144 5.031 4.786
X0894 _merged 5.850  5.804  5.803 5.876 5.847 5.818
X0895_merged 5.382  5.237  5.220 5.444 5.380 5.267
X0897_merged 5.859  5.233  5.143 6.051 5.851 5.359
X0898_merged 5132 4916  4.885 5.242 5.123 4.937
X0899_merged 8.371 8182 8171 8.454 8.362 8.202
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X0900_merged 7.805  7.447 7411 7.932 7.796 7.505
X0901 _merged 6.763  6.388  6.349 6.905 6.752 6.446
X0902_merged 8.504 7.954  7.888 8.678 8.497 8.071
X0903_merged 5.739  5.066  4.927 5.943 5.722 5.208
X0904 merged 6.345 5.866  5.813 6.498 6.335 5.950
X0905_merged 8.046 7.314 6.971 8.291 8.098 7.632
X0906_merged 11.338 10.821 10.695 11.528 11.327 10.925
X0907 _merged 5.592  4.835 4.676 5.807 5.578 5.006
X0908_merged 6.644 5780  5.637 6.859 6.636 5.989
X0909_merged 6.724  5.825  5.667 6.947 6.716 6.044
X0910_merged 7.960 7.259  6.886 8.187 8.026 7.614
X0911 merged 8.157 7.459  7.101 8.381 8.224 7.811
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Appendix D
EXTINCTION MAP COMPARISONS

We investigated a number of available line-of-sight extinction estimates for our sample
of library stars, both from large-scale extinction maps and from parameter fits to individual
stars. Of these, five are from three-dimensional (3D) maps derived from aggregate spec-
trophotometric and parallax information (Vergely et al. 2022b; Lallement et al. 2022, 2018;
Green et al. 2019; Chen et al. 2019a); three are from SED fitting techniques applied to in-
dividual library stars, including the values adopted for or derived from the original spectral
library data (Anders et al. 2022; Andrae et al. 2022); and the remaining three are from
two-dimensional (2D) total line-of-sight maps (Delchambre et al. 2022; Skowron et al. 2021,
Schlafly & Finkbeiner 2011).

A summary of all extinction data sources we considered is given in Table D.1, includ-
ing primary references, applied conversion factors from original data units to E(B — V) if
needed, and numbers of library stars for which extinction data are a) available for a given
star or distance-independent line of sight, and b) of those how many are considered valid
measurements. For 3D maps we follow the dustmaps convention, where E(B — V') values
are considered valid for a given sightline within a specified range of distances. We consider
single-star E(B — V') measurements valid if they are free from data or fitting quality flags
as defined by respective references, if available.

Figure D.1 shows pairwise comparisons for F(B — V) values from the 3D maps and
individual stellar fits, and median absolute deviations of each of these are given in Table D.2.
The majority of E(B — V') measurements agree to within 0.05 or 0.1 mag, with the exception

of GSP-Phot, which shows deviations of up to 0.25 mag.
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Figure D.1: Pair plots of E(B — V') measurements for stars common to different extinction
catalogs. Stars with high-quality measurements in both E(B — V') maps per pair are shown
by blue points, and stars with data quality flags in one or both maps are shown in light gray.
Summary data for individual tables are given in Table D.1, and median absolute deviations
of pairwise differences in Table D.2.



