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ABSTRACT

The difference between direct and indirect measures of Hy, i.e. via SNe la distances anchored
by Cepheids and via modeling of the Cosmic Microwave Background, stands at an average
> 3o0. This tension has motivated a second look at the calibration of the extragalactic
distance scale. Population II stars have gained favor as an independent calibrator of SNe Ia,
bypassing the possible systematics associated with the traditional Cepheid-based distances.
We present high-fidelity distances to four local galaxies—IC 1613, NGC 4424, NGC 4526, and
NGC4536—using the Tip of the Red Giant Branch, which is a prominent observable that
is defined by well-understood stellar astrophysics. We further compare these results with
existing Cepheid-based distances and demonstrate a good correspondence between distances

derived from stars of Population I and II on a galaxy-by-galaxy basis.
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CHAPTER 1
INTRODUCTION

1.1 A Cosmological Conundrum

The value of current expansion rate of the Universe (Hg) holds importance in the field of
cosmology because it is highly co-variant with other cosmological parameters. Specifically,
a precision of better than 1% would be required to break the degeneracy between itself and
others [see discussion in 46]. The present > 3o difference in the average estimates of Hy from
different methodologies is therefore a potential cause for concern (see Figure 1.1). Should
this tension persist, it could necessitate non-standard physics in the early or late Universe

[3] or a re-working of the established extragalactic distance scale [2].
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Figure 1.1: Compilation of direct and indirect measures of Hy via [2].

These resolutions stem from the two methodologies employed in the determination of H,
namely a indirect measure based on modeling of the Cosmic Microwave Background under
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ACDM [29, 47], and a direct measure based on the distances to Type Ia Supernovae (SNe Ia)
[most recently 17, 50], which are calibrated in the local Universe via classical Cepheids
(henceforth, simply referred to as ‘Cepheids’). The focus of this work in on the latter
methodology, i.e. we undertake a re-calibration the SNe Ia distance scale using Population
IT (Pop II) stars, whose use as standard candles is completely independent of Cepheids. In
the following sections, we discuss the possible systematics associated with Cepheids and their

resolution through use of Pop II stars.

1.2 Reconsidering the Cepheid-based distance scale

Cepheids are an established tool for the extragalactic distance scale, but questions remain
about their reliability given their intrinsic placement in the dusty components of galaxies
(see Figure 1.2). The first possible systematic in their distance determinations arises from
the fact that said dust contributes an unknown amount of reddening internal to the parent
galaxy. It is possible to reduce the impact of reddening by applying knowledge of the observed
relative colors of stars when multi-band photometry is available [see definition of Wesenheit
functions in 32]. Conceptually, these converted magnitudes will be identical to those when no
reddening is present. This approach assumes a reddening law for the parent galaxy, however,
which itself is an unknown and therefore an additional source of uncertainty.

To further reduce the impact of reddening, which can also include foreground extinction
in the Milky Way, it is common to shift observations to longer wavelengths such as the near-
infrared (NIR). For Cepheids, however, this introduces a new possible systematic. Cepheids
are most luminous in the optical whereas other populations like Red Giant Branch (RGB)
stars are brighter in the NIR. Thus while Cepheids are visually prominent at shorter wave-
lengths, a sea of RGB stars emerges in the NIR that directly impacts photometric accuracy.
Without high-resolution imaging and an extended observing program to confirm light curve
structure, it cannot be verified that a Cepheid has been properly identified and measured.

A further systematic is the uncertainty in the metallicity dependence of their period-
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Fundamental-mode classical Cepheids

Figure 1.2: Cepheids trace dusty features of galaxies, e.g. classical Cepheids in the Large
and Small Magellanic Clouds via [63].

luminosity (PL) relations. The overall impact of metallicity is debated, and but there is
general consensus that the slope of the PL relations is insensitive to metallicity. On the
other hand, a trend in the zero-point with metallicity has been noted in observation [34] and
theory [5], with a lessening impact in the NIR. More recent studies have spotted a metallicity
trend in the NIR [59], however, which indicates that the full effect on the zero-point is not
yet known.

Should theoretical and observational progress be made on the metallicity dependence
of Cepheid PL relations, it will remain a challenge in at least the near-term to assess the
metal content of more distant galaxies. The modified form of the PL relation, the period-
Wesenheit (PW) relation (discussed again later in this work), is predicted to have vanishing
metallicity effects [5]. This independence relies on accurate knowledge of the passband-
specific metallicity-dependence, however, which is not only currently uncertain but relies

primarily on only two local sources for calibration, namely the Large and Small Magellanic

Clouds (LMC, SMC).



These systematics—reddening, source crowding, and metallicity—are considered ‘known’.
It is plausible that further systematics exist that are ‘unknown’. For example, the fact that
Cepheids are limited to spiral galaxies is an indication of a biased sample, though the extent
of this bias has not been quantified. To assess the impact of systematics on Cepheid-based
distances, it is critical to provide an independent check beyond the few instances where non-
Cepheid distances are known to high precision, e.g. the eclipsing binary distances to the
LMC/SMC [45, 23] and M 31 [49, 64], as well as the maser distance to NGC 4258 [22, 24]. In
the following section, we discuss the use of Pop II stars as an independent distance indicator

that bypasses the known and possible unknown systematics associated with Cepheids.

1.3 An Independent Route to H, using Population II stars

The intrinsic properties of Pop II stars and their distribution within galaxies alleviate all
of the aforementioned possible systematics in Cepheid-based distances. On the topic of
internal extinction to due to dust in the host galaxy, Pop II stars populate the halos of
galaxies, which are virtually dust-free. Furthermore, any remaining extinction (possibly in
the foreground) can be reduced by observing in the NIR. Whereas this switch to longer
wavelengths introduced crowding effects for Cepheids, the halos of galaxies are fortuitously
intrinsically low in their surface density of stars.

On the topic of metallicity, Pop II stars are by definition old (> 10 Gyr) and metal-poor,
with a typical metallicity range of 10~% < Z < 1073, This property reduces, if not eliminates,
the influence of metallicity on the distance scale zero-point calibration. Beyond the known,
possible systematics associated with Cepheids, Pop II stars are found in all galaxy types,
thereby increasing the eligible number of SNe Ia calibrators. These fundamental properties
make Pop II stars a promising tool for a fresh look at extragalactic distance scale.

Pop II stars are standard candles at several of their stages of evolution, including the
Horizontal Branch (e.g. RR Lyrae), the Red Clump, and Globular Cluster Luminosity

Functions. The most promising for the extragalactic distance scale, and the subject of this
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work, is the Tip of the Red Giant Branch (TRGB), which is discussed in detail in the

following sections.

1.4 Physical Origin of the Tip of the Red Giant Branch
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Figure 1.3: Low-mass stars achieve a near constant luminosity at the TRGB (Main-sequence
and RGB evolution via [54]).

As low-mass (< 1.8 M) stars ascend the RGB via hydrogen shell burning, helium
ash accumulates onto the inert stellar core. Eventually, the helium core becomes electron-
degenerate under immense gravitational pressure. The core continues to grow in mass until it
reaches ~ 0.48 M (corresponding to ~ 108 K) when helium burning begins via the triple-a

process. Due to the presence of the degeneracy, the star is unable to compensate for the
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energy production through expansion. Instead, the energy is held internally, further fueling
the highly temperature-sensitive helium burning. The core temperature rises precipitously
until thermal pressure regains dominance and the degeneracy is lifted. At this point, stars
stabilize into helium-core and hydrogen-shell burning Horizontal Branch or Red Clump stars
(see Figure 1.3). Because of the degenerate core, this short-lived thermonuclear runaway
process ignites at a well-defined critical core mass, which constrains the maximum stellar
luminosity achievable for stars ascending the RGB. It follows that this abrupt phase of stellar

evolution, i.e. when RGB stars reach the TRGB, is a standard candle.

1.5 Tip of the Red Giant Branch as a Distance Indicator

The advent of digital, wide-field, and space-based observations has greatly increased the
usage of the TRGB as a galaxy distance indicator. Since of order 400 stars within the first
magnitude of the RGB is needed for at least 1 TRGB star [33], nearby galaxies have typically
needed a wider field-of-view to collect a large enough sample of RGB stars. For more distant
galaxies, their halos were unresolved until the arrival of modern, high-resolution space-based
observations like the Hubble Space Telescope (HST).

To date, the TRGB method has achieved remarkably precise measurements for Local
Group galaxies, comparable to or even out-performing traditional methods like Cepheids.
The method naturally has its own sources of uncertainty, however. A known systematic is
the dependence of luminosity on metallicity for individual TRGB stars, where metal content
within the stellar atmosphere shifts observed flux into the NIR. In the optical, this effect is
observed as a redder, downward sloping TRGB. In the NIR, on the other hand, the trend
is reversed. We note here that the fact that the metal-composition of stars manifests itself
as prominent observable in color-magnitude space is an enormous advantage over Cepheids,
whose shifting of a PL/PW zero-point due to metallicity is observationally indistinguishable
from another in magnitude-log P space. Furthermore, the TRGB is a fixed, non-variable

feature of galaxies and therefore requires far less observing time than Cepheids.
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Figure 1.4: Sample M 31 CMD before (left) and after metallicity (‘QT’) correction (right)
(Hatt et al. in prep). The metal poor component of the RGB (shaded blue) shows that the
TRGB is a prominent enough to not necessitate a metallicity correction.

Given the amount of current literature on the TRGB and independent distance mea-
surements to local galaxies, however, the TRGB of galaxies (especially their halos) have
empirically well-calibrated slopes in color-magnitude space. In the cases where there is sig-
nificant metal content, contemporary studies, e.g. [33] and [27], have developed tools to
rectify the optical TRGB to the metal-poor spectrum. At the transition between the optical
and infrared, approximately in the I-band, it follows that the slope of the TRGB is roughly
flat, especially for the most metal-poor stars [see discussion in 54]. Historically, most studies,
including this work, have leveraged knowledge of this transition point to craft observations of
the TRGB. The luminosity of the TRGB in the /-band is remarkably fixed over a wide range
of ages [11], including as metal-enriched as [Fe/H|] < —0.3 dex [1]. Observations of galaxies
in the I-band, or counterparts such as HST F814W, therefore make the TRGB a remarkably
well-defined observable. Figure 1.4 demonstrates the /-band TRGB for M 31 (Hatt et al. in
prep). The metal-rich TRGB stars can be corrected to the metal-poor spectrum, but for this
galaxy as an example, the metal-poor component is well-populated enough to demonstrate

the flatness of the metal-poor I-band TRGB (shaded in blue).



A further systematic, and one that is unique to the TRGB, is the presence of thermally-
pulsating asymptotic giant branch (TP-AGB, hereafter simply AGB) stars. These stars often
populate the color-magnitude space parallel to and above the RGB [for an overview of this
evolutionary phase, see 20, 8]. Nonetheless, this systematic is often minimized by observing
the halos of galaxies, which are already ideal targets for the TRGB because of low source
crowding and low internal reddening. Here, low-mass stars that ascend the asymptotic giant
branch do not exceed the TRGB in brightness as greatly as intermediate mass stars [see
low-mass evolution in Figure 4.2 of 8], and therefore effectively do not obscure the tip when

a primarily low-mass halo population of stars is observed.

1.6 The Carnegie-Chicago Hubble Program

The Carnegie-Chicago Hubble Program (CCHP,[14]) aims to use Pop II stars, and in partic-
ular the TRGB, as an independent calibrator of SNe Ia, and hence an alternate and poten-
tially more accurate route to Hy. As part of the program and relevant to the work presented
here, we have obtained new, high-fidelity TRGB distances to several local galaxies—namely
IC 1613, NGC4424, NGC 4526, and NGC 4536—using observations from HST and, in the
case of IC 1613, additional ground-based IMACS imaging using the Magellan-Baade Tele-
scope. For each galaxy, we resolve their TRGBs to better than 0.05 mag precision and
distances to better than 3%. Most of these galaxies also have existing Cepheid-based dis-
tances to serve as a comparison to the Pop II distance scale.

The first galaxy as part of this study is IC 1613, which is an ideal target for the study of
both Pop I and II stars for several reasons. It is nearby at ~ 730 — 770 kpc [18, 4, 58], it is
face-on, and it is known to have low source crowding. Additionally, the galaxy is metal-poor
with its Pop II stars ranging between —1.2 < [Fe/H] < —1.6 dex depending on the method
used [see e.g. 28, 61]. IC 1613 is also at a high Galactic latitude [38], with foreground line-
of-sight reddening estimated to be E(B — V) < 0.025 [57, 56]. Moreover, the visibility of

background galaxies through the body of the galaxy has been used as a signal that internal
8



reddening is negligible [55, 15]. Given the proximity of IC 1613, the analysis here also makes
use of their RR Lyrae variables (which are several magnitudes fainter than the TRGB) as
an internal consistency check on Pop II distances.

The remaining galaxies—NGC 4424, NGC 4526, and NGC 4536—are an equally valuable
component of this work because they themselves are SNe Ia hosts and all lie at a comparable
distance ~ 15 Mpc in the Virgo Constellation (also at a high Galactic latitude with F(B —
V) < 0.02). For all but NGC 4526 there are also existing Cepheid-based distances, which
will add to the comparison between Pop I and Pop II distance scales. The inclusion of these
galaxies also allows for a comparison between near and far TRGB distances, demonstrating

its reliability as a standard candle.



CHAPTER 2
OBSERVATIONS

Detailed observation summaries for the results presented in this work are given in [21] and
Hatt et al. (in prep), Table 1 and Figure 1 of each respective work. In the following, we
summarize the observation coverage and strategy.

For all observations as part of the CCHP, the exposure time calculations were intended
achieve a signal-to-noise ratio of 10 at the anticipated magnitude of the TRGB. Each galaxy
makes use of HST imaging from the Space Telescope Science Institute. For observations
taken with the Advanced Camera for Surveys (ACS), we used FLC image products, which,
beyond flat-field and bias corrections, also account for the detector’s degradation in Charge
Transfer Efficiency (CTE). For observations taken with the Wide Field Camera 3 (WFC3),
we used the FLT image products. These are prepared in the same fashion as the FLC images
sans the CTE-correction. In the case of IC 1613, additional ground-based observations were

taken with the IMACS camera using the Magellan-Baade telescope, described below.

2.1 IC1613

2.1.1 Archival HST ACS/WFC

We first made use of archival HST imaging of IC 1613 taken as part of the Local Cosmology
from Isolated Dwarfs program [19]. A single field was imaged over 24 orbits between August
28 and 30, 2006, roughly 5" west of the galaxy center using the ACS/WFC instrument. A
detailed log of observations is given in [4, their Table 1]. Figure 2.1 displays this pointing as
alternating blue and red boxes at the center of the field-of-view. These observations served
two purposes in this study: a calibration of ground-based IMACS imaging, described below,
and the determination of RR Lyrae distances as an independent check on the TRGB distance
to IC 1613.

10



2.1.2 CCHP WFC3/IR

We obtained near-infrared (F160W) imaging over 24 orbits between December 17 and 18,
2014, using the HST WFC3/IR instrument [PID:GO13691, PI: Freedman; 14]. These obser-
vations were specifically designed to provide well-sampled light curves for RRL. The orbits
were divided between two overlapping WFC3/IR pointings in order to span the archival
ACS/WFC field-of-view. The WFC3/IR imaging is shown relative to the wide-field IMACS
and archival HST imaging in Figure 2.1 as solid black boxes at the center of the field-of-view,

with the two pointings labeled 1 and 2.

2.1.3 CCHP HST ACS/WFC

In parallel with the observations described in the previous section were 24 orbits with the
ACS/WFC instrument [PID:GO13691, PI: Freedman; 14]. The HST roll angle was set so
that the pointings would occur at a larger projected separation from the center of IC 1613
to target halo RGB stars. This strategy resulted in a set of two pointings northwest of the
galaxy center, which are shown relative to the wide-field IMACS imaging in Figure 2.1 as
alternating gold and red boxes. The two pointings in the F606W and F814W filters are

again labeled 1 and 2.

2.1.4 CCHP Baade-Magellan IMACS

Additional observations of 1C 1613 were obtained on June 12, 2015, using the Inamori-
Magellan Areal Camera and Spectrograph on the 6.5m Magellan-Baade telescope at Las
Campanas Observatory [12, IMACS]. We used the f/4 imaging mode to obtain a 15.46" x
15.46' field-of-view in the BV filters. The observations were centered on archival HST
ACS/WFC imaging [4] in order to obtain a large sample of RGB stars well out into the
surrounding halo.

Image processing was undertaken for each chip individually using standard procedures,

11
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Figure 2.1: Magellan-Baade IMACS and HST imaging of dwarf galaxy IC 1613 [see 21]

including bias and per-filter flat-field corrections. The resulting chips were combined into a

single image mosaic shown as the backdrop in Figure 2.1.

2.2 NGC4424, NGC4526, and NGC 4536

Observations for NGC 4424, NGC 4526, and NGC 4536 were taken over 6 orbits each between
May 15, 2015, and December 15, 2015, using the HST ACS/WFC instrument. The selection

of the fields is described in [2]. In summary, these fields were chosen to: i) avoid disks as
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(a) NGC 4424 (b) NGC 4526 " | (©) NGC 4536

Figure 2.2: HST imaging of NGC 4424, NGC 4526, and NGC 4536 (Hatt et al. in prep)

well as young or tidal structures; ii) lie between the WISE W1 25-26 mag and the GALEX
NUV 27-28 mag isophotes (where available); and iii) align along minor axes to maximize the
number of halo stars within each field-of-view. Figure 2.2 displays the imaging coverage of the
observations, taken in the F606W and F814W filters, where the backdrops are inverted-color

DSS images.

2.3 Photometry

The approach to photometry is identical for all imaging datasets and is described in detail
n [21], their Sections 2.1 and 2.2. Calibration parameters that are potentially unique to
independent data reduction efforts, such as the difference in magnitude between the modeled
and true PSF (aperture correction), are listed in [21] and Hatt et al. (in prep). In the
remainder of this section we describe the salient features of the resulting color-magnitude
diagrams (CMDs) for each galaxy.

Figure 2.3 displays the IC 1613 CMD using IMACS photometry. The ACS label indicates
that the ground-based photometry was brought onto the HST flight magnitude system.

Figure 2.3a is the complete sample of IMACS VI photometry centered on the core of IC 1613
13



and denoted by r > 0. Figure 2.3b is the same as the previous panel but using IMACS BI.
Figure 2.3c¢ displays the IMACS VI photometry greater than twice the half-light radius,
or r > 2ry, and Figure 2.3d is same as the previous panel but using IMACS BI. The
entire photometric catalog of IC 1613 shows many stellar populations, such as two distinct
blue plumes near (V' — I) 405 ~ —0.5 and red supergiants near (V' — I) 405 ~ 0.7 between
18 < Iycs < 20. On the other hand, the halo is composed of nearly exclusively RGB stars
as well as some AGB stars brighter than the TRGB. An arrow in Figure 2.3d visually marks
the location of the TRGB.

Figure 2.4a displays the CMD of NGC4424. This field has the second most notable
AGB/blended RGB component of the three galaxies as part of this study, although the
TRGB is plainly visible by eye. This feature is possibly attributable in part to the relative
proximity of the observations to the galaxy. Figure 2.4b is the CMD of NGC 4526, which has
the most populated RGB of the Virgo Constellation galaxies, and consequently, the most
populated TRGB. The lack of a substantial AGB/blended RGB component is also plainly
visible. The primary contribution to the uncertainty in measuring the TRGB will therefore
likely be photometric errors.

Finally, Figure 2.4c shows the CMD of NGC 4536, which has the most prominent AGB /blended
RGB component of the three galaxies that are part of this study. Although the TRGB of
NGC 4536 can be difficult to pinpoint visually depending on the visualization of the CMD,
as with the other two galaxies, the jump in star count in the luminosity function due to the

TRGB will be readily detected in later sections of this work.
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CHAPTER 3
THE TIP OF THE RED GIANT BRANCH

3.1 Introduction

As described previously, the TRGB is marked by a discontinuity in the stellar luminosity
function (LF) of the RGB as low-mass stars evolve onto the horizontal branch or red clump
[25, 48]. The following subsections detail all aspects of measuring the TRGB, including an
overview of existing methods, and a revisiting of the fundamentals of locating a discontinuity
or edge in a dataset. We further summarize the simple yet robust approach to measuring
the TRGB for the high signal-to-noise targets adopted by the CCHP. We then describe
artificial star tests that inform us how to optimize the measurement of the TRGB such
that we minimize the statistical and systematic uncertainties associated with our method.
Finally, we present our estimates of the four TRGBs as part of this study and compute their

true distance moduli based on a provisional estimate of the I-band TRGB luminosity.

3.2 Edge Detection Methodology

An early approach to measuring the TRGB was to record the magnitude of the brightest
RGB stars, often located by simple binning of the LF [43, 42, 15, among others]. An arrow
in Figure 2.3d demonstrates how the IC 1613 TRGB is prominent enough to be estimated
by eye or ruler to within a few hundredths of a magnitude. This method was satisfactory
when other sources of uncertainty, like the tip luminosity, dominated the error budget.

One of the first algorithmic approaches began with [30]. A review of the recent devel-
opments to the TRGB edge-detection is given in [21] and [26]. In summary, there are two
fundamental approaches to measuring the TRGB. One applies a kernel to measure the point
of greatest change in the LF as the TRGB, typically binning and smoothing the data in

some fashion. The second employs a maximum likelihood function to fit two slopes to the
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luminosity function, one brighter than the TRGB that corresponds to foreground or AGB
stars, and one fainter that is part of the RGB. The transition point between the two slopes
marks the TRGB.

As described in [21], each approach has their own advantages and disadvantages. The
methodology adopted in this study seeks a middle ground where the nature of the true slope
of the LF is not as critical to the measurement itself. We further avoid issues of granularity
with binning of the LF that have limited the precision of previous studies. First, the LF
is finely binned such that stars are mostly isolated in their respective bins. The GLOESS
(Gaussian-windowed, Locally-Weighted Scatterplot Smoothing) function is then applied to
smooth out the inherent granularity of the incomplete LF. GLOESS is the preferred method
of smoothing because the weighting function spans the entire dataset range. This feature
is well-suited for suppressing noise brighter than the TRGB and therefore minimizing the
chance of obtaining a false measurement.

Finally, a [—1,0,41] kernel, which is the finite-differences approximation of the first-
derivative, is run over the LF to detect the point of greatest change. This approach was
shown to be indistinguishable from existing methods in [21] for the ideal case of the bright

and isolated TRGB for IC 1613.

3.3 Edge Detector Optimization

In the measurement of the TRGB, we seek the value of the GLOESS smoothing scale that
would minimize the combination of statistical and systematic errors for our edge detection
kernel. To understand an approach that would adequately assess these properties, we looked
to existing literature on edge detection. A prominent area of edge image is digital image
processing. The transition between the highs and lows of an image is not dissimilar to the
transition seen in a galaxy LF in that it can be a sharp, pixel-wide jump or simply blurred.

Although edge detection methods have long been applied in astrophysical contexts, the

assessment of uncertainties associated with the TRGB measurement from a digital imaging

18



processing standpoint is presented for the first time in this work. In particular, in order to
assess the performance of an edge detector (in terms of accuracy and precision), one must
simulate the conditions under which the measurement is made. With a large ensemble of
comparable measurements, one can then assess the performance.

In the case of the TRGB, there is one measurement despite that the fact that there are
many stars that contribute to that measurement. In practice, one could make observations
of different parts of a galaxy and assess the uncertainties in the measurement by how the
TRGB changes under the same methodology. This approach is resource-expensive, however.
The alternative is to generate artificial luminosity functions that mimic the real observations
as closely as possible. Then, keeping the [-1,0,41] kernel fixed, we model the effect of the

GLOESS smoothing scale (henceforth often referred to as o).

3.3.1 Artificial Star Luminosity Functions

In order to appropriately model the RGB and AGB populations for our observations and
make an informed measurement of the TRGB for each galaxy, we first assumed the RGB
LF had a slope of 0.3 dex mag ™!, which is well-constrained in both theoretical and observed
LFs [65, 40]. This estimate for the slope of the RGB LF has also been widely confirmed
in TRGB studies where the slope is treated as a free parameter [see e.g. 36, 10]. For the
AGB population, some studies have assumed the LF slope to be flat [e.g. 13, 39]. Modeling
observed populations, however, suggests that the AGB LF slope could be in the range 0.3+0.2
dex mag ™! [36]. We have assumed an the intermediate value of 0.1 dex mag™!,

Stars were then sampled at random from these luminosity functions, ranging from 1
magnitude brighter than the anticipated TRGB to 1 magnitude fainter. These stars were
placed into our frames at pixel coordinates chosen by randomly sampling from a uniform
distribution in X and Y. Typically 1000 stars per iteration was sufficient to avoid introducing

crowding effects. Stars were added to the ‘master list’ of sources and photometry was

performed and calibrated as before. This process was repeated until a large sample size of
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stars was generated, or at least 100 times the estimated number of stars within the CMDs.

We refer to this final output as ‘master’ artificial star luminosity functions (ASLF's).

3.3.2  Simulating TRGB edge detections

To gain insight into our edge detector, as well as the optimal level of smoothing for each set of
observations, we downsample the ‘master’ ASLF for each galaxy to match the approximate
number of RGB and AGB stars to populate a single, smaller ASLF. This ASLF samples
both the AGB and RGB populations, and the relative number of AGB stars sampled within
0.1 mag of the TRGB is normalized to be 20% of the total number to match the approximate
greatest fraction that has been recently observed local galaxies [52].

Since the LF binning can be arbitrarily small, i.e. o5 in GLOESS smoothing can simply
be increased to compensate for additional noise in the LF, we choose a bin size 0.005 mag
such that stars are mostly isolated in their bins and the computation time for GLOESS
remains short. For a fixed og, we first run GLOESS on the downsampled ASLF. We then
suppress any remaining Poisson noise by assigning a signal-to-noise weight based on the
number of stars in each bin as described in [21]. These weights transform the output of the
response function for a given bin from any edge detector into a statistical quantity related
to the number of standard deviations above a baseline signal.

We then run our edge detector kernel across the smoothed LF and record the location of
maximum response. We repeat the sampling, smoothing, and edge detection process until
the average measurement of the TRGB converges, typically 5000 iterations, for the fixed og.
The distribution of detected edges then reveals the systematic and statistical uncertainties
associated with the chosen og for our edge detector. We then adjusted o and repeated
the analysis. Where the combined average systematic offset and dispersion of estimates are
minimized is set to be the optimal level of smoothing. A sample result for the study of
IC 1613 is given in Figure 3.1, taken from [21].

We find generally that the simulated AGB component simulated has no substantial effect
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on the measured TRGB magnitudes. The ratio of TRGB to AGB stars near the tip is
~4:1, which might, conceivably, cause a TRGB measurement to be systematically brighter.
Nonetheless, we find that the signal-to-noise of the TRGB still outweighs the noise component

due to AGB stars and there are minimal systematic effects.

3.4 Rectifying the Tip of the Red Giant Branch for Metallicity

As mentioned previously, the shape of the TRGB for each galaxy is a proxy for metallicity.
In each of the galaxies in this work, the TRGB are broadly metal-poor, in part because of the
targeting of galaxy halos. Generally, the color range in F606W-F814W (and V — I) is small
enough (about 0.3-0.5 mag) that there is visually no metallicity effect. An analysis by [27]
showed that the TRGB in ACS passbands, to which our observations are calibrated, can be
rectified using a color-dependent quadratic formula called ‘QT’. Applying their formulation
to IC 1613, for example, a suitable magnitude correction to further flatten the TRGB in
F606W and F814W is only 4+0.007 mag for F606W — F814W = 1.35, the approximate red
end of the RGB (see Figure 2.3). The blue end of the TRGB corresponds to the most
metal-poor component and therefore has an even smaller correction.

The apparent color-range for the Virgo Constellation galaxies is larger than that of
IC 1613, but the typical error in color of TRGB stars exceeds 0.1 mag, indicating that
they are plausibly as metal-poor as the IC 1613 sample. We conclude that the TRGB for

each galaxy in this work does not require a metallicity correction.

3.5 Setting the Tip of the Red Giant Branch Distance Scale

Although it will be possible in the near future to directly calibrate the TRGB luminosity (see
6.1) using Milky Way RGB stars (discussed later), the current value of the I-band TRGB
luminosity has been based on independently derived distances including eclipsing binaries,

Cepheids, and RR Lyrae. The long-standing approximation in the literature, MITRGB R~
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—4 mag, is still consistent to within 1-o of more recent estimates [39, 51].

Based on recent eclipsing binary distances to the LMC [45], as well as a recent calibration
of the TRGB luminosity (Freedman et al. in prep) suggest a tip luminosity M; = —3.95 +
0.05 mag, which is slightly fainter than, but still consistent with, the original estimate
~ —4 mag. In the following, we therefore adopt a provisional tip luminosity M; = —3.95 £+

0.05 mag.

3.6 TRGB Measurements, Reddening, and Distances

We next consider the extent of foreground and internal extinction. For IC 1613, the [56]
dust maps give a median color-excess per source from foreground extinction F(B — V) ~
0.025 mag, which corresponds to Apgisw =~ 0.038 mag assuming the [6] reddening law.
For NGC 4424, NGC 4526, and NGC 4536, the estimated E(B — V') do not exceed 0.02 mag.
Given the large intrinsic scatter in estimated F(B—V') of o gy & 0.03, we adopt the estimated
reddening as a systematic uncertainty in our distance estimates. We apply the foreground
extinction correction to the Virgo Constellation galaxies, but in the case of 1C 1613, an
independent case against reddening can be made, which we later revisit in the context of its
RR Lyrae.

Any residual reddening would have to then arise from within the galaxies themselves.
As mentioned in the introduction, internal reddening in IC 1613 has long been considered to
be negligible based on the visibility of background galaxies through the main body of the
galaxy itself. Furthermore, the specific targeting of galaxy halos for the remaining galaxies
minimizes implies there is negligible internal reddening as well. For these reasons, we do not
include a correction for internal reddening within the TRGB galaxies.

Figure 3.2 displays the TRGB edge detection for IC 1613. We find a TRGB magnitude
I =20.3540.0154¢ £0.015ys mag. The results for NGC 4424, NGC 4526, and NGC 4536 are
displayed in Figure 3.3. For these galaxies, we find extinction-corrected TRGB magnitudes

26.89 % 0.05, 26.94 4+ 0.05, and 26.98 4 0.05 mag, respectively. The corresponding distance
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Figure 3.2: The IC 1613 TRGB edge detection

moduli are, in the order listed above, 24.30 + 0.05, 30.84 + 0.05, 30.79 & 0.05, and 30.92 +

0.05 mag.
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CHAPTER 4
RR LYRAE AS A CHECK ON POP II DISTANCES

RRL are low-metallicty, He-burning stars with periods 0.2 < p < 1.1 days. They are fre-
quently used to estimate distances within the Milky Way [44, 60, for example], as well as
nearby within the Local Group [53, 9, among many others|. Traditionally, RRL distances
have been obtained from the V-band luminosity-metallicity relationship, though at longer
wavelengths (such as the near-infrared), RRL follow period-luminosity relations [for a com-
prehensive introduction, see e.g. 62].

There are two primary sub-types of RRL: the RRab and the RRc. The RRab pulsate
in the fundamental mode (FU), with a larger amplitude and asymmetric ‘saw-tooth’ light
curve shape; and the RRec pulsate in the first-overtone mode (FO), with a smaller amplitude
and a sinusoidal light curve shape. The physical mechanisms behind the radial pulsation of
RR Lyrae are physically independent of the TRGB and are therefore an excellent internal
test on the Pop II distance scale. Because RR Lyrae are typically several magnitudes fainter
than the TRGB, the RR Lyrae analysis presented here applies to only IC 1613 where they

are detectable in the current imaging.

4.1 The RRL sample

The RRL sample used in the study of IC 1613 was first cataloged by [4] and confirmed in
[21] by their light curve morphology and placement in the Horizontal Branch of the CMD.
There are 85 RRab and RRc within the archival imaging dataset, and 57 in the NIR imaging.
Light curves and image cutouts for four RRab or RRc in our sample are shown in Figure
4.1. Column (a) shows the light curves in F475W (blue), F814W (red), and F160W (black).
F160W light curves use the periods determined with the archival ACS/WFC photometry.
The remaining columns (b), (c), and (d) are image cutouts of size 3.7" x 3.7 in the F475W,

F814W, and F160W imaging, respectively. In each cutout, a circle identifies the RRL. The
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complete set of plots can be found in [21].

4.2 Mean Magnitudes

In the analysis that follows, the average magnitude for each RRL is computed as phase-
averaged fluxes. Specifically, GLOESS-weighted fluxes are computed on a grid of 100 evenly-
spaced phase points for each light curve using a 0.1 phase smoothing scale, which are averaged
and reverted back to a magnitude. In many cases below, we refer to the ACS/WFC and
WEFC3/IR filters by their Johnson-Cousins counterparts, BV I H, except where noted in the
discussion of transmission efficiencies.

Beyond average F475W, F814W and F160W magnitudes, we compute 4 additional mag-
nitudes using a combination of these three ACS filters. First, we calculate V-magnitudes
from F475W and F814W using the approximation V ~ (FA75W + F814W) /2 from [4],
which flattens the Horizontal Branch. We further calculate Wesenheit magnitudes for each
RRL, which use the total-to-selective absorption of two or three passbands in order to mini-
mize the uncertainty in the reddening of observations [early use includes 32]. The Wesenheit

magnitudes used here have the following forms:

Wi p_1 = F814W — 0.86 (F47T5W — F814W),
Wy g = F160W — 0.44 (F814W — F160W), (4.1)

Wy p—1 = F160W — 0.24 (F475W — F814W) .
where we have adopted the Wesenheit labels from [37], and we have re-computed the above
color-coefficients using the estimated reddening for the ACS filters (obtained via NED).
4.3 Period-Luminosity and Period-Wesenheit relations

Figure 4.2 contains the V-band and PL/PW relations used in this study, adopting the

periods determined by [4]. Panels (a) and (b) show the average BV IH magnitudes against
28



F475W / V /| F814W / F160W

Wip 05/ Wyp /Wy y-05

2301

235F

230F
24.0F

250k

24.0F
245F
250F

255F

 (a) RRc RRab (b)  RRab+Fundamentalized RR¢

25F
235F

245F

-0.6 -0.5 -0.4 -0.3 02 -0.1 0.0 -0.4 -0.3 -0.2 -0.1
log P (days)

Figure 4.2: RR Lyrae PL relations for IC 1613

0.0



their periods, and panels (c) and (d) show the Wesenheit magnitudes defined above. In
panels (a) and (b), open symbols denote RRL that have photometry that is possibly- or
confirmed-blended. Details on the PL relations and slope fits are given in Table 3 of [21].

The location of the two primary types of RRL used in this study are labeled in panel
(a) of Figure 4.2. All RRab observed in this study show a relationship between period and
luminosity. However, in the case of F47T5W and V', fundamentalizing the RRc shows that
there is no slope to the PL relations [see the theoretical discussion of this property in 7].
RRL in F814W, F160W, Wr p_1, Wi 1— g, and Wy g_ all show PL/PW relations in their
RRab, RRc, and fundamentalized forms.

Best-fit lines are shown in Figure 4.2 from three sources: fits to observations in this study
are shown as solid lines; for panels (a) and (b), dashed lines use slopes obtained from the
analysis of RRL in M 4; and for panels (c) and (d), dashed lines use the slopes of theoretical
PWZ relations (period-Wesenheit-metallicity) from [37]. In all cases, there is agreement
between the slopes determined independently from this study with both the M4 empirical
relations and the theoretical PWZ relations. There is virtually no difference in the quality
of the fits despite the differing slopes. Generally, the fundamentalized F814W and F160W
PL relations in panel (b) and the PWZ relations in panel (d) of Figure 4.2 show the least
agreement by eye with the best-fit lines for IC 1613 observations. Nonetheless, the root-
mean-square deviations for the empirical and theoretical fits show that the quality of the
fits are also indistinguishable. For example, the Wy j_ g fits have values 0.11 and 0.12 mag

about the observed and theoretical best-fit lines, respectively.

4.4 RRL Zero-points

The zero-points used for the F814W and F160W PL relations are described in detail in [21].
We rely on the HST parallaxes of 5 Galactic RRL (4 RRab and 1 RRc). For the Wesenheit
magnitudes (Figures 4.2c and 4.2d), we use theoretical PWZ relations and therefore compare

the RRab and RRec results separately in addition to their fundamentalized forms. Photom-
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etry used in establishing the zero-points is given in [41] and the general process is described
in [2]. For the V-band magnitudes, we assume a mean IC 1613 RRL halo metallicity of
[Fe/H] = —1.2 dex as measured directly using Fe lines by [28] at the radial location of the
RRL sample. Via [9] we calculate that My = +0.63 £ 0.14 mag, where we have adjusted

their LMC distance assumption to 18.49 mag based on the result of [45].

4.5 RRL Distance to IC 1613

Several distances are obtainable using a combination of the different PL/PW and V-band
relations. The results for individual relations are provided in [21]. We find that the current
uncertainties in the RRL zero-points dominate the distance error budget, and we determine
that (foreground) reddening is small enough for IC 1613 that it is consistent with zero. Com-
bining the 9 RRL distances calculated above, we find a weighted-average distance modulus
24.28 + 0.04 mag. For Pop II stars, there is therefore good agreement between TRGB and
RR Lyrae distances to IC1613. The observables, i.e. the measured TRGB and the RRL

PL/PW relations, yield impressively consistent results at the 0.02 mag level.
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CHAPTER 5
COMPARING POP I AND POP 1I DISTANCE SCALES

5.1 1C1613: TRGB, RR Lyrae, and Cepheids

Individual estimates in Figure 5.1 show that there is considerable scatter in reported distance
moduli for IC 1613, but generally there is a consistent picture when these determinations are
brought onto a common system. Each weighted-average estimate and error on the mean show
visually that the different distance indicators are consistent within their own class—Cepheid,
RRL, or TRGB. It is also clear that RRL and recent Cepheid distances agree well, namely
those of [18] and [58]. Recent updates to archival optical and infrared data such as [35], who
found distance moduli 24.32 + 0.04 and 24.24 + 0.06 mag for VI and 3.6um, respectively,
also agree with the smaller distance modulus for IC 1613. [35] suggest that crowding could
be the cause for the brighter observations (smaller distance moduli), but the agreement with
the optical TRGB results presented here suggests that crowding for IC 1613 (at the very
least in the optical) is not a critical issue. The outlier in recent Cepheid distances is that of
[4], though as [58] showed, a metallicity correction to their W estimate brings their distance
modulus to 24.33 £ 0.14 mag, i.e. in line with the other recent results.

We can quantitatively estimate the extent to which the average distances obtained from
RRL and Cepheids differ. We calculated an unequal variances t-test on the adjusted collec-
tion of all RRL distances with the recent Cepheid sample. We obtained a p-value of 0.64
under the null hypothesis that they have the same mean. This result suggests that there
is no compelling evidence that they belong to different distributions. This compilation of
distances therefore suggests a close correspondence between Pop I and II distance indicators

for IC 1613.
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Figure 5.1: Distance estimates to IC 1613 since the Hubble Key Project.
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5.2 NGC4424 and NGC 4536 TRGB vs Cepheid Distances

There are currently 4 publications at the time of this writing that report a distance for
NGC4424. Two of these estimates are based on the Tully-Fisher relation, and one is based
on observations of SN 2012cg itself, i.e. not independent for the objective of the CCHP. The
fourth and most recent estimate is based on 3 Cepheids via [50]. The relatively small number
of stars to construct the period-luminosity relations results in a distance 31.08 £ 0.29 mag.
The distance determined here, 30.84, is consistent to within a single standard deviation of
their estimated measurement uncertainties. This distance determined here is at the brighter
end of the compilation of estimates, but it is also the most precise to date. The mean and
median via NED are 30.96 £ 0.13 and 30.92 £ 0.14 mag, respectively, where the uncertainty
on the median is the median-absolute-deviation scaled to a Gaussian standard deviation.
These values are also consistent with the value determined here to within a single standard
deviation.

NGC 4536 has the most distance estimates of the three galaxies considered in this study,
owing to the fact that over 2 dozen Cepheids are known in this face-on spiral galaxy. The
mean and median estimates are 30.85 £ 0.39 and 30.83 4= 0.21 mag, respectively, compared
to 30.92 mag as determined here. Although the compilation of estimates spans a large range
in distance, at the conclusion of the HST Key Project, the Cepheid-based distance modulus
(with a metallicity correction) stood at 30.87 4 0.04 mag [16], which is in agreement with
what is determined here. The most re- cent Cepheid-based estimate at the time of this
writing, 30.91 £ 0.05 mag via [50], is also in agreement with our estimate to well within a
single standard deviation.

The agreement between TRGB and Cepheids distance presented here, representing a
much greater distance than IC 1613, also indicates consistency between Pop I and II indica-

tors.
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CHAPTER 6
THE FUTURE OF THE TIP OF THE RED GIANT BRANCH

6.1 Direct Calibration of the Tip of the Red Giant Branch

The calibration of the TRGB presented above relies on the distances to the LMC. Although
this distance is relatively well constrained by detached eclipsing binary stars, future results
will present the opportunity for a direct calibration of the TRGB.

The Gaia project has released its initial catalog of parallax, named the Tycho-Gaia
Astrometric Release [31, TGAS], but will present its own internal, Gaia-exclusive release in
2018. The CCHP is currently observing Milky Way RGB stars using the TMMT telescope
at Las Campanas [41], which, with accurate parallaxes, will allow for the construction of
the Milky Way TRGB luminosity. The uncertainty associated with the observations of RGB
stars is statistical, and therefore the only systematic uncertainty in determining the zero-

point will be from parallax—a value that is predicted to be vanishingly small.

6.2 The Near-Infrared Tip of the Red Giant Branch

As described above, observations in the NIR are often preferred because of the reduced effect
of foreground and internal reddening. Existing tools like the HST WFC3/IR camera have
been used to study the TRGB, but in the near future James Webb Space Telescope (JWST)
has the potential to surpass the current limits of the NIR TRGB and extend much further
in distance, thereby expanding the number of possible SNe Ia hosts. In particular, JWST
has a primary aperture (6.5 m) that is more than double the size of HST (2.4 m). In the

NIR, JWST should attain comparable resolution to HST in the optical.
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CHAPTER 7
CONCLUSION

We have resolved the TRGB of four galaxies: 1C 1613, NGC 4424, NGC 4526, and NGC 4536.
We have further made comparisons to existing Cepheid and RR Lyrae-based distances where
available. The distances presented here are some of the most high-fidelity to date and are
set to improve with anchoring of the TRGB luminosity through Gaia-based parallaxes. We
have found good agreement between TRGB and Cepheid distances, spanning ~ 730 kpc to
~ 15 Mpc, which suggests a close correspondence between distances derived from stars of
Pop I and II on a galaxy-by-galaxy basis. We expect that these and forthcoming results
on the TRGB through the CCHP will provide a fresh look at Pop II stars as local and

extragalactic distance indicators.
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