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Abstract

The tip of the red giant branch provides a luminous standard candle for calibrating distance ladders that reach Type
Ia supernova (SN Ia) hosts. However, recent work reveals that tip measurements vary at the ~0.1 mag level for
different stellar populations and locations within a host, which may lead to inconsistencies along the distance
ladder. We pursue a calibration of the tip using 11 Hubble Space Telescope fields around the maser host, NGC
4258, that is consistent with SN Ia hosts by standardizing tip measurements via their contrast ratios. We find
F814W-band tips that exhibit a full 0.3 mag range and 0.1 mag dlsperswn We do not find any correlation between
H 1 column density and the apparent tip to 0.04 £ 0.03 mag/cm ™~ 2. We search for a t1p—contrast relation (TCR) and
measure the TCR within the fields of NGC 4258 of —0.015 4+ 0.008 mag/R, where R is the contrast ratio.
This value is consistent with the TCR originally discovered in the GHOSTS sample of —0.023 £ 0.005 mag/R.
Combining these measurements, we find a global TCR of —0.021 £+0.004 mag/R and a calibration of
MRGB — _4.025 + 0.035 — (R — 4) x 0.021 mag. We also use stellar models to simulate single age and
metalhclty stellar populations with [Fe/H] from —2.0 to —0.7 and ages from 3 to 12 Gyr and reconstruct the global
TCR found here to a factor of ~2. This work is combined in a companion analysis with tip measurements of
nearby SN Ia hosts to measure H,.

Unified Astronomy Thesaurus concepts: Red giant stars (1372); Standard candles (1563); Stellar distance (1595);

, Stefano Casertanoz,

Hubble constant (758); Observational cosmology (1146); Calibration (2179); Absolute magnitude (10);
Luminosity function (942); Red giant tip (1371); Distance indicators (394)

1. Introduction

The tip of the red giant branch (TRGB) is a near-standard
candle that forms as a consequence of the onset of helium
burning in the degenerate cores of low-mass red giant stars
(Serenelli et al. 2017). Because of its bright luminosity
(M; ~ —4 mag), the tip can be used to measure distances to
galaxies beyond the Local Group (for instance, Lee et al. 1993;
Radburn-Smith et al. 2011; Lee & Jang 2012; Tully et al. 2013;
Jang & Lee 2017; Anand et al. 2021; Jang et al. 2021) and aid
in the construction of extragalactic distance ladders to measure
the Hubble constant, H, (Ferrarese et al. 2000; Freedman et al.
2001; Tammann et al. 2008; Mould & Sakai 2009; Hislop et al.
2011; Lee & Jang 2012, 2013; Tammann & Reindl 2013; Jang
& Lee 2015; Freedman et al. 2019, 2020; Kim et al. 2020;
Anand et al. 2022; Blakeslee et al. 2021; Anderson et al. 2023).
It has been long known that the tip luminosity varies with color
(Lee et al. 1993; Rizzi et al. 2007; Madore et al. 2009; Jang &
Lee 2017; McQuinn et al. 2019), and its color-rectified
luminosity or luminosity measured over a modest color range
has been treated as a standard candle.

However, observations have revealed that measurements of
the luminosity of the tip vary at the ~0.1 mag level in the /
band even over a small, ~1 mag V —1 color range (for a
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compilation and discussion of recent measured luminosities
with NGC 4258, Large Magellanic Cloud (LMC), and the
Milky Way, see Blakeslee et al. 2021; Freedman 2021; Li et al.
2022). Strong evidence of this variation is anchored by LMC
studies. Hoyt (2023) observed field-to-field variations of
several tenths of a magnitude (after correction for extinction)
accompanied by differences at the <0.03 mag level in the
width of the Sobel responses of the luminosity function (LF).
Similarly, Anderson et al. (2023) observed a 0.1 mag level
difference in the tip of two subpopulations of red giants (those
with small-scale variability in the A or B sequence) with 5o
confidence. Unfortunately, these metrics (width or variability)
require very high signal-to-noise ratio (S/N) data that are not
readily available for more distant hosts. They are also not
measurable in the maser host, NGC 4258, which serves as
perhaps the most important calibrator of the tip due to the
ability to observe it with the same facilities and under similar
conditions as Type Ia supernova (SN Ia) hosts.

Another measure that correlates with tip brightness, but
which is feasible to measure in distant hosts, is the tip contrast
ratio (the ratio of stars below and above the measured tip). Its
relation with the tip has been observed at high (50) confidence
by Wu et al. (2023) by comparing multiple halo pointings for
several hosts in the GHOSTS sample, which can be attributed
in part due to the measurement method itself. This property,
largely driven by the presence of younger, asymptotic giant
branch (AGB) stars more luminous than the tip, is expected to
be related to characteristics of the stellar populations such as
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age and metallicity (Wu et al. 2023) based on the study of
stellar isochrones. In analyses, it is essential that tip measure-
ments are standardized to account for variations that arise from
these stellar properties.

1.1. TRGB Measurements

Empirically, the tip is measured by locating the discontinuity in
the number of stars along the giant branch LF, typically computed
from inside a diagonal band placed on a color—magnitude diagram
(CMD). This discontinuity can be located using edge-detection
methods such as a Sobel filter (Lee et al. 1993; Sakai et al. 1996;
Hatt et al. 2017, and references therein) or with a multiparameter
model fit to the LF using least squares minimization (Wu et al.
2014) or maximum likelihood estimation (Méndez et al. 2002;
Makarov et al. 2006; McQuinn et al. 2016; Kim et al. 2020; Li
et al. 2022, and references therein). For the edge-detection
approach, a filter, most often of the Sobel type, is evaluated across
the LF to measure its weighted first derivative and identify the
TRGB discontinuity (peak in the derivative function; Lee et al.
1993). However, this approach can result in several local maxima
in the first derivative that are comparable in height or which are
outside the “expected” range of tip values based on prior
inferences. These effects can lead to a somewhat subjective
differentiation between the true tip and spurious features. Previous
measurements of the tip in NGC 4258 (such as Madore et al.
2009) involved supervision to decide which tip to accept and
subjective definition of what area constitutes “the halo” (Jang
et al. 2021). To address these issues, Wu et al. (2023) developed
an unsupervised, Sobel-filter-based tip measurement algorithm as
part of the Comparative Analysis of Tips (CATs) program and
optimized its parameters to minimize the dispersion among
multiple fields in Galaxy Halos, Outer disks, Star clusters, Thick
disks, and Substructure (GHOSTS) survey (Radburn-Smith et al.
2011) galaxies. The CATSs algorithm from Wu et al. (2023) differs
from past tip measurement algorithms by using quantifiable,
objective procedures that remove some of the subjective steps
used in other work such as the choice of color band slopes and
widths. It uses an entirely unsupervised Sobel-filter-based
approach and accepts multiple tip measurements per population;
this obviates the need to select a specific peak in the Sobel
response, and accounts for variations in stellar properties that can
produce tips of slightly different luminosities. The detections
undergo a series of quality cuts that are applied in an unsupervised
and consistent manner.

Wu et al. (2023) found that the measured tip magnitude
becomes brighter with increasing contrast ratio, where the
contrast ratio is defined as the quotient between the number of
stars 0.5 mag fainter and brighter than the measured tip and
may be related to properties of different stellar populations, LF
characteristics, and measurement parameter choices that cause
variations in the measured tip. We note that the exact origin of
this relationship is inconsequential to the validity of its
application as a calibrating tool in general (though the slope
may change with smoothing and noise, see Sections 5 and 6).
The tip—contrast ratio relationship can be used to standardize
the tip so that distances to galaxies are calibrated in a more
similar manner. When measuring the distance to a galaxy, the
measured apparent magnitude tip should be tied to an absolute
magnitude tip or zero-point that is calculated using a population
of similar stellar properties, LF characteristics, and measure-
ment parameter choices, otherwise the zero-point may not
accurately reflect the true absolute magnitude of the tip of a
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population with those stellar properties and characteristics
measured with a different setup. It will be important to
investigate whether this relationship exists in other galaxies,
especially those used to anchor the extragalactic distance ladder
to measure Hy. NGC 4258 acts as an anchor galaxy for the
TRGB-based distance ladder due to the availability of a
geometric, maser-based distance (Reid et al. 2019; Pesce et al.
2020), and is an ideal testing ground for this hypothesis as
multiple fields have been observed in the past (see Section 2).

In this study, we use the CATs algorithm to calibrate the
tip—contrast ratio relationship in NGC 4258. We describe our
data selection procedure in Section 2 and first provide an
estimate of the average tip measured across all fields in NGC
4258, before any correction, in Section 3. We then calibrate the
tip—contrast ratio relationship in Section 4. We recreate a
tip—contrast ratio relationship with simulated populations in
Section 5 and discuss our results in Section 6.

2. Data Selection

We retrieve all publicly available images of NGC 4258 in
the approximate region of its halo (twenty-fifth mag isophote)
that were taken in the Hubble Space Telescope (HST)
ACS/WFC F814W, F555W, and F606W filters from the
Mikulski Archive for Space Telescopes (MAST): GO-9477, PL:
Madore (Madore 2002); GO-10399, PI: Greenhill (Green-
hill 2004); GO-16198, PI: Riess (Riess et al. 2020); GO-16688,
PI: Anderson (Anderson et al. 2021); and GO-16743, PI: Hoyt
(Hoyt et al. 2021). We drizzle together overlapping fields that
were taken in the same set of filters (F814W and F606W or
F814W and F555W) and perform photometry using DOL-
PHOT (Dolphin 2002, 2016) and the same pipeline used in
Anand et al. (2022). We apply the same set of DOLPHOT
photometric quality cuts (crowd, sharp, object type, error flag,
and S/N) for NGC 4258 from Anand et al. (2022), which are
based on McQuinn et al. (2017), with the exception of the S/N
F606W quality cut, which we set to S/N=3 instead of
S/N=2. In Field 6 we note excessive error flagging by
DOLPHOT of bright stars using the “benign” flag =2 (a flag
which according to the DOLPHOT manual is usable), which
was not common in the other fields. Inspection of these stars
indicated no issues we could identify for these stars. Rather
than exclude them, we tested all other fields by measuring the
difference in the TRGB for all other fields between error
cutting and retaining error flag=2 and found no significant
difference. Indeed, the GHOSTS analyses (Wu et al. 2023) use
all flag =2 data. Therefore we concluded it was safe to retain
the flag =2 photometry for the field.

We find that the individual fields in Field 4 are clustered in
three groups and can be better aligned if drizzled separately.
We separate Field 4 into Group 1, Group 2, and Group 3,
which we refer to as G1, G2, and G3, respectively. We show
these groupings in Appendix A and ultimately do not use G3 or
the bottom most field in our analysis because the stars are too
sparse for us to find a proper alignment solution within
DOLPHOT. The locations of the fields can be seen in Figure 1.

We provide a summary of the fields used in Table 1, and the
photometry, along with other intermediate data products, used
for this study in a publicly available GitHub repository®
(Wu 2023).

6 https://github.com/JiaxiWu1018 /CATS-HO
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Figure 1. Footprints for the 10 fields (blue) and locations of stars that made it past the CATs spatial clipping algorithm (green). Field numbers are labeled in orange.
The background image was created by combining gri images from the Sloan Digital Sky Survey (Alam et al. 2015). In this image, north and east correspond to the

upward and leftward directions, respectively.

Table 1
Summary Table for the Fields Used in This Study

Exposure Time (s)

Field Number Program PI Filters
F814W F555W /F606W

1 GO-9477 Madore F814W /F555W 2600 5700
2 GO-10399 Greenhill F814W /F555W 1040 1300
3 GO-10399 Greenhill F814W /F555W 1040 1300
4 GO-10399 Greenhill F814W /F555W 1040 1300
5 GO-16198 Riess F814W /F606W 640 785
6 GO-16198 Riess F814W /F606W 640 785
7 GO-16688 Anderson F814W /F606W 2250 2250
8 GO-16743 Hoyt F814W /F606W 5146 5146
9 GO-16743 Hoyt F814W /F606W 2614 5146
10 GO-16743 Hoyt F814W /F606W 5146 5146

Note. Columns from left to right: field number, program numbers, principal investigators, filter sets, and exposure times for each filter.

3. Tip Properties in NGC 4258

It is useful to examine the direct tip measurements and
properties first before applying any additional corrections. To
measure the tip, we use the same algorithm from Wu et al.
(2023). This algorithm applies spatial clipping to remove
contamination from young stars, optimizes a color band,
smooths the LF within the optimized color band with Gaussian-
windowed, Locally Weighted Scatterplot Smoothing
(GLOESS) with a smoothing parameter of s =0.1, applies a
weighted Sobel filter to obtain edge-detection responses
(EDRs), and finds the tip based on local inflection points

along the LF. The detected tips and EDRs using a smoothing
parameter of s =0.1 near the RGB among the 11 different
fields around NGC 4258 are shown in Figure 2 and compared
in Figure 3. They appear quite inhomogeneous even after we
reject tips with contrast ratios less than 2; we find that these
latter detections have high levels of noise due to a weakly
defined break and in many cases correspond to the tip of the
AGB rather than the RGB.

The range of detected tips is several tenths of a magnitude.
The average of the 11 field tips is F§14W, = 25.37 mag with a
dispersion of 0.099 mag. This value uses the external extinction



THE ASTROPHYSICAL JOURNAL, 956:32 (14pp), 2023 October 10 Li et al.
o Field 1 . o Field 2 . . Field 3 .
25.0F L 25.0 L 25.0 i E 3

= = =
3 25.5F L X255 . X255 1F .
[+9] [+2] o]
w o w
26.0F - 26.0 - 26.0 1 F .
26.5—— 2 ] 0.0 0.2 26.5—— 2 ) 0.0 0.1 26.5—7 2 3 0.0 01
F606W — F814W Sobel F555W — F814W Sobel F555W — F814W Sobel
Response Response Response
24.5 : Field 4 G?.‘ . 245 Flelld 4G2 : 245 F'?Id 5 , :
25.0F L 25.0 . 25.0 1 F .
= = =
& 25.5F 2 2255 L F 255 1 3
[o0] [+o] [ee]
@ w w
26.0F L 26.0 L 26.0 1 F .
26.5—= 2 7 00 0T 65— T 00 00 265 2 7 00 0.2
F555W — F814W Sobel F555W — F814W Sobel F606W — F814W Sobel
Response Response Response
24.5 Field 6 . i Field 7 . sae Field 8 ‘
25.0F L 25.0 L 25.0 1 F .
= = =
X 2s.5F L Fass L X255 1 F 3
[+9] [e9] [ee]
w w w
26.0F L 26.0 L 26.0 4L 3
205 2 I 0.0 0.2 26:5—71 A 0.0 03 2013 3 0.0 01
F606W — F814W Sobel F606W — F814W Sobel F606W — FB14W Sobel
Response Response Response
245 :Fleld 9 . 24.5 Field 10 :
25.0F 1 F ] 25.0F 1F ]
= =
3 2s5.5F 1 F 1 Y assf 1F ;
o] [+o]
& w
26.0F 1F ] 26.0F 1 F ]
26.5——§ 7 T 00 0.1 26575 T 00 0.1
F606W — F814W Sobel F555W — F814W Sobel
Response Response

Figure 2. CMDs after applying quality and spatial cuts for the fields analyzed in this study are shown in the left panels of each subplot. Internal and external extinction
corrections have not yet been applied in this plot. Diagonal blue lines in the left panels for each subplot indicate the optimized color band determined with the CATs
algorithm, and the orange lines in the right panels for each subplot show the Sobel response generated with the CATs algorithm with a smoothing parameter of 0.1 and

stars within the blue color bands.

estimate of 0.030 mag from Schlafly & Finkbeiner (2011) and
Argiaw/E(B — V) =2.107 (R. Anderson 2023, private com-
munication), consistent with Anderson et al. (2023), but is not
corrected for internal extinction (Anderson 2022), which has an
expected average Apgigsw =0.013 mag using Ménard et al.
(2010; see Wu et al. 2023 for a discussion). For two cases,
Fields 1 and 5, we computed their value by averaging rather
than selecting one of two tips.

If instead we average the fields by the number of stars below
the tip each contains (hence weighted by the inverse Poisson
error as though together they were one big field) we find
F814W, =25.42 mag, where we present this average in the
context that a change in methodology can significantly affect
the result. It is important to note here that the field dispersion of
o0 =0.10 mag dominates the statistical bootstrap precision of
<0.03 mag per field. This dispersion cannot be attributed to

disk contamination due to our use of spatial masking or the
small number of younger stars that remain after spatial clipping
in the corners of the fields (for instance, with Fields 1 and 5).
We also note that none of these fields are outliers (more than 2o
from the mean, full range of 25.27-25.61 mag). Because of this
field-to-field variation, the simple mean tip of NGC 4258 is no
more accurate than o ~ 0.03 mag. We also note that our results
are in good agreement with the tip measurements in different
fields used by Jang et al. (2021) and Anand et al. (2022).
With the maser distance, the simple means result in
MF814W,0 =—4.054+0.03 mag, or MF814W,0 =—4.00£0.03
weighted by star number, which serves as a useful reference for
studies of the metal-poor tip which do not embark on further
standardization. We provide the measured tips, uncertainties,
contrast ratios, tip—contrast relation (TCR)-corrected tips,
internal extinction, and foreground extinction values in
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Table 2
Summary of Measured TRGB Parameters

Field mlﬁﬁ‘W.TRGB OTRGB" R Niio mpsGs A (Int.) A (MW)
1 25.375 0.041 7.00 3193 25.360 0.019 0.03

1 25.619 0.462 291 4529 25.690 0.019 0.03
2 25.332 0.108 442 1971 25.367 0.014 0.03
3 25.301 0.130 4.38 480 25.334 0.011 0.03
4 Gl 25.291 0.048 541 1386 25.304 0.013 0.03
4 G2 25.296 0.041 6.35 902 25.288 0.012 0.03
5 25.453 0.041 6.75 2451 25.441 0.016 0.03
5 25.707 0.567 2.64 3199 25.781 0.016 0.03
6 25.468 0.041 6.38 4120 25.462 0.014 0.03
7 25.306 0.041 7.46 3550 25.280 0.016 0.03
8 25.331 0.041 7.25 474 25.302 0.010 0.03
9 25.330 0.041 6.29 302 25.320 0.009 0.03
10 25.382 0.040 11.41 531 25.268 0.011 0.03
Note.

 From Equation (1). From left to right: field number, tip corrected to a fiducial contrast ratio of R = 4, tip errors, contrast ratios, number of stars one magnitude fainter
than the measured tip, original tips before TCR correction, internal extinction estimated with Ménard et al. (2010), and Milky Way extinctions estimated with Schlafly
& Finkbeiner (2011). Tip, error, and contrast ratios were measured using the unsupervised CATs algorithm. The tips shown in the fifth column from the left have not

been corrected for internal and foreground extinction.

Table 2. We also explore more tip measurement properties in
Appendix B.

4. Tip—Contrast Ratio Relationship

It is not entirely clear what produces the large variance of EDRs
shown in the fields of NGC 4258, and changing the level of
smoothing changes the magnitude of the variance (see also
Anderson et al. 2023). However, to reduce the bias due to a
mismatch when they are used to calibrate the TRGB in other
fields (e.g., in SN Ia hosts), we seek to standardize or homogenize
the tip measurements across different fields. Color has been used
(Rizzi et al. 2007; Jang & Lee 2017) for fields where the TRGB
has been measured over a wide color range. However, the
variance we see is present after selecting a narrow color range
(AV — I~ 1.0). Here we follow the approach of Wu et al. (2023)
who found an empirical relation between the observed tip
magnitude of a field and the measured contrast ratio (the ratio of
stars above versus below the tip, parameterized as R).

We characterize and employ the empirically determined
relation between the brightness of the tip and the contrast ratio.
We measure the tips and contrast ratios for the 11 fields
described in Section 2 and present them in Table 2. For fields
with more than one tip, we average the tips measured with
CATs in each field (weighted by their contrast ratios), correct
for internal and foreground extinction, and plot these values in
the top panel of Figure 4. Tip uncertainties were estimated
using the model determined in Wu et al. (2023):

2
2015G3-R) | 0.1
0= + 0.04* mag.
(61.5(31?) + 1)(N+,1.0 _ 100) g
(D
We look for a relationship of the form:
m"ll“eR:CfB = mtrge — (R — 4.0) x m, 2)

where m{SREB4 is the fiducial tip at a contrast ratio of 4, mrgg is
the measured tip before correction, R is the contrast ratio, and m is

1.2
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Figure 3. Normalized Sobel responses for all fields described in Section 2
overlaid for comparison. The plotted lines here are identical to the orange lines
in Figure 2 and produced using the CATs algorithm. We measure these Sobel
responses for each field using the CATs algorithm by first applying spatial
clipping, optimizing a color band selection, applying 0.1 smoothing to the LF,
and evaluate the Sobel response using the same procedure from Wu et al.
(2023). The Sobel responses shown here have not yet been corrected for
internal or external extinction. We mark the locations of the measured TRGB
from these Sobel responses with tick marks colored with their corresponding
Sobel response curve at the top of the figure.

the slope of the tip—contrast ratio relationship. We first determine
m via a linear least squares regression to the measured tips in
Table 2, and find m = —0.015 + 0.008 mag/R. We do not find
any outliers outside a 3¢ clip. This value is 1o from the calibration
by Wu et al. (2023) of —0.023 4 0.005 mag/R. A weighted
average of these two measurements yields —0.021 + 0.004 mag/
R. Following Equation (2), we then measure a tip at a contrast
ratio of 4 of m{; A = 25.361 4+ 0.0136 mag. We subtract the
maser distance of jingosg =29.397 +0.0324 mag from Pesce
et al. (2020) to find a zero-point of:
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Table 3
Summary of Tip Measurements from Sections 3 and 4
Method ml};%ng\?V MW Aggiaw Int. Apgiaw TCR
Average (by field) 25.37 0.030 Not applied None
Average (by stars) 25.42 0.030 Not applied None
Standardization 25.372 £ 0.0136 0.030 Not applied —0.021 £ 0.004
Standardization 25.361 £0.0136 0.030 0.011 —0.021 £ 0.004

Note. The standardized tip is taken to be at a fiducial contrast ratio of R = 4. For the tip measurements shown here, we applied foreground extinction correction but not
internal extinction to facilitate better comparison to past studies in the literature.
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Figure 4. Measured tips as a function of contrast ratio using the CATSs
algorithm described in Wu et al. (2023) using the NGC 4258 fields from
Figure 1 and Table 1 (top) and the GHOSTS fields (Radburn-Smith et al. 2011;
bottom). An approximated tip—contrast ratio pair from Figure 10 in Jang et al.
(2021) is added in the top panel in blue for comparison purposes only. We note
that their measurement setup would likely produce a TCR different from the
one calibrated here.

MESE, = —4.036 £ 0.035 mag — (R — 4) x 0.021.  (3)

Removing the internal extinction correction gives
mi iy = 25.372 4+ 0.0136 mag and a zero-point of:

MESEy = —4.025 + 0.035 mag — (R — 4) x 0.021. (4)
We summarize the mean and standardized tips across all fields
from Section 3 and this section in Table 3.

4.1. HI Regions

We examine whether the tip measurements correlate with the
amount of HT present in each field. We obtain HI column
density measurements from Heald et al. (2011). In the left panel
of Figure 5, we overlay the field contours on the H1 map from

Heald et al. (2011). In the right panel of Figure 5, we plot the
TCR-corrected tips from Table 2 as a function of the mean HI
column density for each field using the HI map. We plot a
horizontal red line at 25.37mag for reference, which
corresponds to the TCR-corrected tip from Section 4. We fit
the points in Figure 5 with a linear least squares regression and
find a slope of 0.04 +0.03 magcm 2. We do not find a
significant trend (i.e., <1.50) between the HI column densities
and measured tips after applying the CATs algorithm and TCR
correction. If we add back in stars that were removed with

spatial clipping, we find a fit of 0.05 & 0.03 mag cm ~.

5. TCR Simulations

In this section, we investigate whether a tip—contrast ratio
relationship can be created using the CATs algorithm applied to
simulated stellar populations. To do this, we use ArtPop, which
is a Python package that can generate synthetic stellar
populations and artificial images of stellar systems (Greco &
Danieli 2022) using Modules for Experiments in Stellar
Astrophysics (MESA; Paxton et al. 2011, 2013, 2015) and
Isochrones and Stellar Tracts (MIST; Choi et al. 2016;
Dotter 2016). While these simulations include noise due to
interpolation errors and choices of stellar models, we attempt to
reproduce a TCR in general within the limitations of the single
age and metallicity synthetic populations using informed
assumptions about the underlying populations. We do not
necessarily attempt to recreate a population of stars in a
halo field.

We simulate a grid of stellar populations of single ages and
metallicities from 3 to 12 Gyr and [Fe/H] from —2 to —0.7 (see
Figure 6). The total mass for each population is 6 x 10° M.
To reflect actual measurement conditions better, we add
Gaussian distributed noise following an exponential model of
o =Ae®" where o is the noise and m is the magnitude of the
star. We calculate the parameters A and B by fitting the
uncertainties estimated using artificial stars for NGC 1448 from
the Extragalactic Distance Database (EDD; Tully et al. 2009;
Anand et al. 2021). We selected NGC 1448 as a representative
galaxy to use for galaxies used to measure H, in a companion
study (Scolnic et al. 2023). For opgoew and oggiaw, we find
A=1 and B=0.710, and A=1.684 and B=0.721, respec-
tively. Because NGC 1448 is at a different distance than NGC
4258, we apply an additional scaling so that the errors are
0.05 mag at F814W = —4 mag and F606W = —3 mag, which
we take to be approximately the location of the tip. Then, we
use the CATs algorithm with the baseline parameters described
in Section 4 to measure the tip and contrast ratio for each
simulated population of stars.

We first plot the measured tips and contrast ratios in
Figure 7. We limit the range of interest to contrast ratios
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Figure 5. Left: locations of the 10 fields analyzed in this study overplotted on an H I density map from Heald et al. (2011). Right: TCR-corrected tips from Table 2 as a
function of the mean H I column density. We do not find a significant trend between the corrected tips and H I column densities.
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Figure 6. Grid of ages (3-12 Gyr) and metallicities ([Fe/H]; —2 to —0.7) used
to simulate stellar populations for Figure 7. To approximate an old, metal-poor
to young, metal-rich trend, we draw an ellipse along this axis on the plot. Points
that fall inside this ellipse are shown as large, solid dots while points that lie
outside this ellipse are shown as smaller fainter dots.

between 3 and 12 to match more closely the contrast ratios
observed in NGC 4258 and for GHOSTS galaxies from Wu
et al. (2023). We note that not all age and metallicity
combinations plotted may exist in nature, and real halos are
not simple populations. To select a more realistic sample, we
draw an ellipse roughly containing populations that follow old
and metal-poor to young and more metal-rich. We show this
selection in Figure 6 and plot points that lie inside the ellipse in
both Figures 7 and 6 as large, solid dots. Points that lie outside
the ellipse are shown as lighter, smaller dots. For instance,

3 Gyr populations may be too young for stars to reach the tip
(Serenelli et al. 2017), which is why they are excluded from the
ellipse.

To measure the slope for the large, solid points, we apply an
unweighted linear least squares fit and find a slope of
—0.010 +0.002 mag/R. Similar to the empirical calibration
found in Section 4, we find a significant inverse relationship
between the tip magnitude and contrast ratio (i.e., the tip
magnitude becomes brighter with increasing contrast ratio).
This fit corresponds to the center subplot in Figure 7. We note
that the most of the slopes found in these simulations agree
well with those found empirically in Equations (3) and (4) and
that these simulations use stellar populations of single ages and
metallicities, while the stellar populations used for the
empirical measurements contain a mixture of ages and
metallicities.

5.1. Impact of Smoothing

To wunderstand better the impact of the measurement
technique itself on the TCR, we repeat the procedure described
above with a grid of values for smoothing and noise. We apply
(1) GLOESS smoothing values of s = 0.05, 0.10, and 0.15; (2)
noise values of 0.02, 0.05, and 0.10 mag to all simulated
magnitudes; and (3) the same age and metallicity range as used
above. We fit the points with a linear least squares regression
and plot the results in Figure 7. We find that in general, the
fitted slopes increase in steepness with increasing smoothing
and noise, although this trend could vary with different LFs
(see Anderson et al. 2023). We notice that the smoothing
function with a large smoothing of 0.15 attempts to smooth out
the tip discontinuity. This results in a smoothed LF with a
larger number of stars brighter than the tip when compared to a
smoothed LF using a lower smoothing parameter. This occurs
despite the bins in the unsmoothed LF remaining the same. We
describe this effect in further detail in Appendix C.
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Figure 7. Tip measurements as a function of contrast ratio using the CATs algorithm on simulated populations of single ages (3—12 Gyr) and metallicities ([Fe/H]; —2
to —0.7) generated with ArtPop with the selection shown in Figure 6. We then apply the CATs algorithm to this grid of simulated populations with a grid of noise

(0.02, 0.05, and 0.10 mag) and smoothing values (0.05, 0.10, and 0.15). Noise values are added using the exponential model of o = Ae

Bm where the coefficients are

provided in Section 5. We restrict and fit each subplot to contrast ratios between 3 and 12. We also restrict the tips to be fainter than —4.1 mag as we find tips brighter
than this often correspond to the tip of the AGB rather than TRGB. We show the points that have ages and metallicities that lie inside the ellipse from Figure 6 as large,
solid black dots and points with ages and metallicities that lie outside the ellipse as smaller, fainter dots. Linear least squares fits and their slopes are shown in red
(large dots) and blue (all dots including large and small). The fits are unweighted.

These populations are generated using homogeneous ages
and metallicities, whereas observed fields will likely contain a
mixture of different stellar properties. We note that we do not
attempt to reproduce the observed halo fields, as creating a
simulated population that accurately reflects the possible
mixtures of stellar properties involves detailed considerations
that are outside the scope of this study. In addition, simulations
can also include additional errors due to interpolation and
variations in the models. However, this independent replication
of the tip—contrast ratio relationship using simulated popula-
tions suggests the tip—contrast ratio relationship is not an

artifact of field placement and can be impacted by smoothing
and noise.

6. Discussion

We calibrated the tip—contrast ratio relationship in NGC 4258
and provide a standardized tip zero-point at a fiducial contrast
ratio of 4 that can be used to anchor extragalactic distance
measurements. We generated simulated populations using
ArtPop (Greco & Danieli 2022) and reproduced a tip—contrast
ratio relationship with the CATs algorithm demonstrating that
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the tip—contrast ratio relation not originate from field placement
and is impacted by noise and smoothing.

We investigated the potential effects of HI column density
on our results. Jang et al. (2021) and Anand et al. (2022) argue
that HI regions may affect the measured tip by contaminating
the sample with nonnegligible internal extinction and younger
stars in the halo. However, Wu et al. (2023) argues that the
results from Ménard et al. (2010) demonstrate that extinction in
the halo where the tip is typically measured is negligible, even
in the presence of H1 gas. In our analysis, we remove younger
stars using the spatial clipping process described in Wu et al.
(2023), which was based on the concepts from Anand et al.
(2018, 2022).

We do not find evidence of a significant relationship between
the measured tip and amount of H 1 gas present in the field after
spatial clipping. This suggests that the measurement presented
above is not affected by the trend observed between the
measured tip and HI column density described in Beaton et al.
(2018), Anand et al. (2022), and Jang et al. (2021). We note
that even if there was a remaining relationship between HI
column density and the tip, the low uncertainty of
0.005-0.008 mag/R in the fitted tip—contrast ratio slope
presented in Section 4 suggests that any effects from measuring
the tip using stars in HI regions, even if remaining, is well
accounted for in the fitted tip—contrast ratio relationship to the
degree that the fields are positioned similarly to those used
here. We also note that SN Ia hosts do not have HI maps
available or have HI maps that lack sufficient resolution (SN
hosts ~ 20 Mpc; see Condon 1987; Condon et al. 1996).
Spatial clipping is a method that can remove contamination
from younger stars that can be applied to both anchors and host
galaxies as opposed to direct removal of HI regions via
H T maps.

The tip—contrast ratio relationship represents an approach
that is distinct but consistent with previous measurements of
the tip and can be used to explain the large (~0.1 mag) spread
in recent tip zero-point calibrations (see Blakeslee et al. 2021;
Freedman 2021; Li et al. 2022). Instead of assuming that a
single, universal tip zero-point that can be used with any stellar
population regardless of its composition of different stellar and
LF properties or measurement setup, we standardize the tip and
its zero-point to account for the variations due to these
astrophysical properties and measurement parameters such as
age and smoothing. This interpretation also means that multiple
tip discontinuities can exist in a single LF, as fields with
mixtures of stars with different stellar properties can have
multiple subpopulations that exhibit a slightly different tip,
though detecting these peaks will depend on the relative
distance between the peaks and the degree of smoothing and
noise. Previous measurements of the tip often selected a single
tip discontinuity over others or proximity to an accepted range
of tips based on previous studies and required supervision to
determine which peak to choose that rejects certain tips in favor
of others. We discuss an example of this in Appendix D. The
CATs algorithm used in this study is unsupervised to avoid this
potential subjective bias.

We hypothesize the TCR relationship originates from a
combination of astrophysical and measurement processes such
as age, metallicity, photometric errors, and smoothing.
Observationally, we find that the tip varies with the contrast
ratio similar to the trends found in Anderson et al. (2023) for
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the LMC and Wu et al. (2023) for GHOSTS galaxies and argue
that a given tip zero-point should be used to calibrate tip
measurements of similar characteristics. Even if the TCR were
entirely due to a particular choice of measurement setup and
has no astrophysical origin, or vice versa, it does not change the
fact that there is an observable variation in the tip against a
parameter, the contrast ratio, that was previously not accounted
for and that this variation should be accounted for in future
measurements involving the tip to ensure greater consistency
when using the tip to measure distances. There may be an
additional uncertainty that will need to be propagated into
distance measurements due to a change in the slope of the TCR
due to different photometric noise in different galaxies. We
plan to investigate this topic in further detail and note that this
does not change the results presented in this paper, which
calibrates the TCR in a single galaxy.

The tip currently plays an important role in the “Hubble
tension” debate as it can be used to measure H,, independently
and parallel to the Cepheid distance scale. It will be essential to
measure the TRGB-based Hj using this improved standardiza-
tion to increase the accuracy of future extragalactic distance
measurements. We present this work in a companion paper in
Scolnic et al. (2023).
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Appendix A
Field 4 Groups

We show the positions of the three groups that make up
Field 4 in Figure 8.
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Appendix B
Measuring Tips

The CATs algorithm (Wu et al. 2023) measures the spatial
density of blue stars and masks high-density regions to
remove young-star contamination (a step called spatial
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clipping). It then selects a diagonal region in the CMD of
fixed width and variable slope and position to maximize the
number of RGB stars contained within that region. Finally, it
bins and smooths the LF consisting of red giants and
asymptotic giants. We plot the CMDs for the 10 fields
analyzed in this study after the photometric quality cuts and
spatial cuts in Figure 2, which also shows the diagonal
regions selected to measure the LFs.

The LFs appear rather fuzzy near the visual tip of the TRGB.
Smoothing and weighting are necessary to evaluate the
derivative of such noisy data. However, we note that various
options used to smooth and weight the derivative will generate
a bias in the determination of its position, even without noise,
due to the asymmetric shape of the LF. This is illustrated in
Figure 9 where we show several common choices.

In Figure 9, we simulate an LF with 1,000,000 samples using
von Neumann rejection sampling and the broken-power-law
model described in Méndez et al. (2002), Makarov et al.
(2006), and Li et al. (2022) using realistic model parameters of
mrrge = —4 mag and a=F=~=0.3, where «, (3, and ~y
correspond to a, b, and ¢ in Makarov et al. (2006), respectively.
We Gaussian (GLOESS) smooth the LF at values of s = 0.01,
0.05, 0.1, and 0.15 and evaluate the derivative of the LF with

three choices of functions with different weights or
normalizations:
S/N EDR (Gorski et al. 2018; Wu et al. 2023):
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Figure 9. Sobel responses with four smoothings (s = 0.01 (top left), 0.05 (top right), 0.1 (bottom left), and 0.15 (bottom right)) and three different weightings (CATs
(orange; Equation (B1)), inverse variance (green; Equation (B2)), and none (blue)) on the same LF simulated with 1,000,000 samples using von Neumann rejection
sampling, a TRGB at —4 mag, and shape parameters of & = =y = 0.3 for the broken-power-law model described in Méndez et al. (2002), Makarov et al. (2006),
and Li et al. (2022). The vertical red lines mark the location of the TRGB in each subplot.
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Inverse variance weighting:

NG+ D -=NG-1)

EDR() = . B2
D= N H NG D 2

No weighting:
EDR(G) =N@G+ 1) — NG — 1). (B3)

We note that the S/N EDR in Equation (B1) is different than
that used in Hatt et al. (2017), which applies the S/N as a
weight on top of the Sobel filter (see their Section 3.3.2). We
plot the EDRs from these variations in Figure 9. We find that
adopting different smoothing and weighting can shift the
measured TRGB by several hundredths of a magnitude.

To reduce this bias along the distance ladder, we have
chosen the EDR in Equation (B1), which has the smallest bias,
and we set the smoothing value to be the same in both this
calibration for NGC 4258 and application to SN hosts for first-
order cancellation. Following the optimal values found in Wu
et al. (2023), we use baseline parameters of spatial clipping of
10%, color band of 1 mag, smoothing of 0.1, Sobel threshold
fraction of 0.6, and the “error weighting” EDR.

Appendix C
Simulated LF with Different Smoothing

We visualize the effect of smoothing on the measured tip and

TCR with Figure 10, where we generate four simulated
Sobel Response

Age = 13, [Fe/H] = -2.0 0 05 10 15

TRGB(s = 0.05) = -4.00 mag
I — TRGB(s=0.15) = -4.05 mag

T

150 175

075

0.50 1.00 1.25 200 ¢ 100 200
F606W —F814W Number per Bin
Sobel Response
Age = 6, [Fe/H] = -1.3 0.5 1.0
T TT T T T T T NP | L
r—— TRGB(s=0.05) =-3.96 mag - . 1
-4.4 -

| — TRGB(s=0.15) = -4.01mag :@ * °

=3.6

150 175 2. 0

125
F606W — F814W

0.50 0.75 1.00

200
Number per Bin

400

Li et al.

populations with [Fe/H] = —2.0, —1.67, —1.33, and —1.0 and
ages of 13, 9.7, 6.3, and 3 Gyr, respectively. In the CMDs, the
blue slanted lines represent the color band optimized with the
CATs algorithm, and the histogram in the right panel
corresponds to stars within the color band only. The blue and
red lines correspond to measurements using smoothing
parameters of s =0.05 and 0.15, respectively. Dashed lines
correspond to the smoothed LFs, and dotted—dashed lines
correspond to the Sobel responses. We add the same 0.05 mag
noise to the F814W and F606W magnitudes as described above
and measure the “measured” tip using the CATs algorithm.
From this plot, we see that increasing smoothing from 0.05 to
0.15 pushes stars fainter than the tip across the tip in the
brighter direction by flattening the tip discontinuity. This in
turn pushes the measured tip in the brighter direction, as shown
by the separation between the red horizontal lines in each
subplot.

From Figure 10, we observe that (1) adding noise tends to
scatter the tip brightward, as there are more RGB stars that are
moved to the region brighter than the tip than vice versa due to
the intrinsic relative number of stars in each evolutionary stage;
and (2) increasing the smoothing from 0.05 to 0.15 biases the
measured tip in the brightward direction. The extra stars that
are pushed from the region fainter than the measured tip to the
region brighter than the measured tip can be visualized as the
shaded red space under the dashed lines in each panel. A larger
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Figure 10. CMDs and LFs for simulated stellar populations of [Fe/H] = —2.0, —1.7, —1.3, and —1.0 and ages of 13, 10, 6, and 3 Gyr, respectively, from clockwise
order from the top left. Blue diagonal lines in the left subpanels are the color bands used. Red and blue lines in both subpanels correspond to smoothing values of
s =0.05 and s = 0.15, respectively. Solid, dashed, and dotted—dashed lines correspond to the measured tip, smoothed LF, and Sobel response, respectively. We shade
the extra space representing extra stars underneath the smoothed LF created by applying a higher smoothing parameter in red.
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smoothing generates a larger region indicating more stars
around the tip are pushed in the brightward direction. This
effect is intensified with larger contrast ratios where the tip
discontinuity is larger. Smoothing values used by CATSs
typically do not reach this high, however, we caution that
oversmoothing can bias the measured tip in the brightward
direction depending on the observed LF (Anderson et al. 2023).
This also illustrates the need for applying consistent smoothing
for both zero-point and apparent magnitude tip measurements,
as different smoothing values will offset the measured tip from
the true tip by different amounts due to this effect. A similar
effect was found by Anderson et al. (2023) who found a bias
that is not necessarily linear and is a function of contrast (with a
different definition than that used here) and steepness of the tip
discontinuity for a fixed smoothing value. They note that there
is often a lack of an objective criterion for choosing the
smoothing scale (for instance, Hatt et al. 2017 suggests that one
can increase the smoothing scale until there is a single,
dominant, local maximum in the Sobel response) and define a
criterion such that the choice of smoothing should not change
the result more than 0.1 mag/mag. They also note that the
smoothing scale should be used consistently in the anchor and
SN Ia calibrator galaxies as this bias would otherwise not
cancel out.

As the tip is biased in the brighter direction for a given LF,
the decrease in the number of AGB stars is greater than the
decrease in the number of RGB stars in the 0.5 mag region
around the tip. In terms of the broken-power-law model
(Méndez et al. 2002; Makarov et al. 2006; Li et al. 2022), the ¢
or «y parameter (AGB slope) is greater than the a or «
parameters (RGB slope). As the tip is biased brightward with
larger smoothing, R will also change accordingly, given the
same LF is used in this comparison. We note this situation,
where the LF remains constant but the measured tip changes, is
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different from the tip—contrast ratio calibration where the
population of stars changes for each measurement.

Appendix D
LMC

In this section, we investigate the feasibility of using the tip
calibration from Hoyt (2023) for H, measurements and whether
the TCR is consistent with their findings. Hoyt (2023) measure
a subpercent calibration of the tip using red giants in the LMC
by selectively removing 15 out of 20 fields on the basis of a
subjective evaluation of their Sobel responses and bootstrap
asymmetry. We note that the fields Hoyt (2023) removes are
systematically fainter, suggesting a relationship between the tip
magnitude and the cleanness of the Sobel response.

To see if these same cuts can be feasibly applied to SN Ia
hosts, we first apply the CATs algorithm to the SN Ia host
galaxies from Scolnic et al. (2023). We perform 10,000
bootstrap resamples for each galaxy and plot the 90% width of
the bootstrapped samples in Figure 11. We record only the tip
corresponding to the highest Sobel peak.

We find that none of the galaxies would pass the cuts shown
in Extended Data Figure 1 shown in Hoyt (2023). In other
words, it would not be possible to choose brighter fields in
these host galaxies selectively as done in Hoyt (2023) for the
LMC. We conclude that the tip calibration from Hoyt (2023)
cannot be used to calibrate tip measurements in host galaxies to
measure H.

Next, we take the same 20 measured tips from Hoyt (2023),
which were measured in 20 Voronoi fields based on the
concepts from Cappellari & Copin (2003) and Hoyt et al.
(2018) and attributed to M. Seibert, and measure their contrast
ratios. We plot the tips as a function of their contrast ratio in
Figure 12. We see a trend that is indicative of a TCR. We do
not plot uncertainties or apply a fit because the errors quoted in
Hoyt (2023) do not account for field-to-field dispersion such as

| T T T I T T T | T T T

Pk ok

All SN fields have bootstrap widths higher than
the 0.025 mag cut from Hoyt 2023

* &

0.4

0

0.8

Figure 11. 90% bootstrap widths for the SN Ia host galaxies from Scolnic et al. (2023). We indicate the limit of 0.025 mag used by Hoyt (2023) to select LMC fields
such that all bootstrap widths greater than 0.025 mag would be rejected. We find that none of the SN Ia host galaxies would pass the cuts made by Hoyt (2023) for

the LMC.

0.0 0.2 .6 1.0 1.2
90% Bootstrap Width (mag)
Y M101 NGC1404 % NGC4526
M66 Y NGC1448 NGC4536
* M96 NGC3021 NGC5584
% NGC1309 ¥ NGC3370 % NGC5643
% NGC1316 Y NGC4038 NGC7814
Y NGC1365 Y NGC4424

12



THE ASTROPHYSICAL JOURNAL, 956:32 (14pp), 2023 October 10

Li et al.

LMC Fields

14.2

14.3

[}
B
ul

TRGB

=
e
o

14.8

14.9

=
N
w

N
Ul
(0)}
~

Contrast Ratio (R)

Figure 12. Tips from Hoyt (2023) as a function of their contrast ratio.

the one calibrated in Wu et al. (2023). In addition, the error
equation in Equation (1) was calibrated using fainter GHOSTS
galaxies and will overestimate the uncertainties for the LMC
tips, which are much brighter. We defer a more detailed
treatment with the CATs algorithm to future work.
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