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Abstract

The tip of the red giant branch (TRGB) allows for the measurement of precise and accurate distances to nearby
galaxies based on the brightest ascent of low-mass red giant branch stars before they undergo the helium flash.
With the advent of JWST, there is great promise to utilize the technique to measure galaxy distances out to at least
50 Mpc, significantly further than the Hubble Space Telescope's (HST's) reach of 20 Mpc. However, with any
standard candle, it is first necessary to provide an absolute reference. Here, we use Cycle 1 data to provide an
absolute calibration in the FO90W filter. FOOOW is most similar to the F814W filter commonly used for TRGB
measurements with HST, which had been adopted by the community due to its minimal dependence on the
underlying metallicities and ages of stars. The imaging we use was taken in the outskirts of NGC 4258, which has a
direct geometrical distance measurement from the Keplerian motion of its water megamaser. Utilizing several
measurement techniques, we find Migdy' = —4.362 + 0.033 (stat) + 0.045 (sys) mag (Vega) for the metal-poor
TRGB. We also perform measurements of the TRGB in two Type Ia supernova hosts, NGC 1559 and NGC 5584.
We find good agreement between our TRGB distances and previous determinations of distances to these galaxies
from Cepheids (A =0.01 + 0.06 mag), with these differences being too small to explain the Hubble tension
(~0.17 mag). In addition, we showcase the serendipitous discovery of a faint dwarf galaxy near NGC 5584.

Unified Astronomy Thesaurus concepts: Distance indicators (394); Galaxy distances (590); Hubble constant (758);

Red giant tip (1371)

1. Introduction

The tip of the red giant branch (TRGB) has become an
increasingly prolific way to measure precise and accurate
distances to nearby galaxies (Lee et al. 1993; Karachentsev
et al. 2006; Rizzi et al. 2007; Jang & Lee 2015; McQuinn
et al. 2017; Beaton et al. 2019; Durbin et al. 2020; Anand
et al. 2021a; Shen et al. 2021). With the Advanced Camera for
Surveys (ACS) instrument presently operating on board the
Hubble Space Telescope (HST), measurements of galaxy
distances accurate to 5% can be performed out to 10 Mpc with
a single orbit of time. Indeed, TRGB distances to ~500 galaxies
have been obtained and uniformly analyzed under the umbrella
of the Extragalactic Distance Database’s (Tully et al. 2009)
Color-Magnitude Diagrams and Tip of the Red Giant Branch
Distances Catalog10 (Jacobs et al. 2009; Anand et al. 2021b).

The underlying premise for its use as a standard candle is
relatively straightforward—stars continue to fuse hydrogen into

10" Available for public access at edd.ifa.hawaii.edu.
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helium within a shell around their inert helium cores as they
ascend the red giant branch (RGB). For low-mass stars
(0.5 <M < 2M.), once the helium core reaches a critical mass
and temperature, the conditions become suitable for ignition of
helium fusion within the core, and the star rapidly rearranges its
structure and becomes a much fainter horizontal branch star.
Importantly, the luminosity at the TRGB is essentially
independent of the initial stellar mass of the low-mass
precursor, allowing us to exploit it as a standard candle. In
practice, complications come from (1) the effects of line
blanketing, (2) varying populations of asymptotic giant branch
(AGB) stars right near and above the TRGB, and (3) the
presence of dust and crowding within the host galaxy, among
others. These issues can be greatly reduced, if not eliminated,
by (1) performing measurements in filters where the magnitude
of the TRGB has little to no variation with underlying
metallicity over a broad range of observed colors, and (2)
performing measurements in the uncrowded outer regions of
galaxies or alternatively, carefully correcting for crowding via
artificial star experiments). More detailed discussions of the use
of the TRGB as a standard candle can be found in the literature
(e.g., Serenelli et al. 2017; Beaton et al. 2018).

With the advent of JWST (Gardner et al. 2023; Rigby
et al. 2023) and its NIRCam imager (Rieke et al. 2023), there is
great promise to extend the reach of the TRGB out to much
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Table 1
Observation Log for the Data Used in This Paper
Date Epoch Exposure SW Filter Exp. time (s)
2023-01-30 N5584-Epoch 1 009001_03101_" FO90OW 418.7 x 4
2023-01-30 N5584-Epoch 1 009001_05101_" FI50W 526.1 x 4
2023-02-21 N5584-Epoch 2 010001_02101_" FO90OW 418.7 x 4
2023-02-21 N5584-Epoch 2 010001_02103_" F150W 526.1 x 4
2023-05-02 N4258-Epoch 1 005001_03101_" FO90W 2577 x 4
2023-05-02 N4258-Epoch 1 005001_03103_" F150W 365.1 x 4
2023-05-17 N4258-Epoch 2 006001_03101_" FO90OW 2577 x 4
2023-05-17 N4258-Epoch 2 006001_03103_" F150W 365.1 x 4
2023-06-30 N1559-Epoch 1 001001_02101_" FO90W 418.7 x 4
2023-06-30 N1559-Epoch 1 001001_04101_" F150W 526.1 x 4
2023-07-15 N1559-Epoch 2 002001_03101_" FO90OW 418.7 x 4
2023-07-15 N1559-Epoch 2 002001_03103_" FI150W 526.1 x 4

Note. All data was rerun with the jwst_1130.pmap or greater context version. The name of all observations starts with “jw01685”.

further distances due to its greater sensitivity, sharper
resolution, and the increased intrinsic brightness of red giants
in the near-infrared. Indeed, a look at the Early Release Science
observations of the Wolf-Lundmark—Mellote galaxy (Weisz
et al. 2023) shows that JWST/NIRCam is capable of reaching
down to at least mpgow =30 mag, allowing TRGB
measurements out to at least 50 Mpc (while allowing for
photometry that reaches 1 mag below the TRGB).

As we will show, even relatively modest exposure times can
allow for substantially further measurements of the TRGB than
can be done with equivalent exposure times on HST (even after
accounting for the increased JWST overheads). To allow for
measurements of galaxy distances via the TRGB with JWST
observations, we present an initial absolute calibration of the
FO90W TRGB magnitude with Cycle 1 data taken in the
megamaser host galaxy NGC 4258. We also highlight the
effectiveness of FOOOW for JWST TRGB measurements by
showcasing applications to two Type Ia supernova (SN Ia) host
galaxies (NGC 1559 and NGC 5584) that lie at ~20 Mpc.

2. Data

The data used in this paper was obtained via the Cycle 1
JWST proposal GO-1685 (Riess et al. 2021). The main
objective of this program is to obtain precise photometry of
Cepheid variables, Mira variables, and RGB stars, with the goal
of reducing systematics along the distance ladder, and as a
result, the measurements of the Hubble constant. One of the
galaxies targeted with this program was NGC 4258, which is
host to a water megamaser that allows for the determination of
a highly precise geometric distance to this galaxy (Humphreys
et al. 2013; Reid et al. 2019). The data was taken in two
separate visits, with the FO90W, F150W, and F277W filters,
although we do not use the long-wavelength (F277W) images
in this paper (see the discussion in Section 3). We have
reprocessed all the underlying data to the jwst_1130.pmap
or greater context files,'' which include recent updates to the
NIRCam flat fields introduced in jwst_1125.pmap, as well
as to the zero-points introduced in jwst_1126.pmap. We
note that our photometry is performed using the Vega-Vega
zero-points, and not the Sirius-Vega zero-points.'? Notably, the

1 See a full description of updates at jwst-crds.stsci.edu.

12 See the explanations provided at https://jwst-docs.stsci.edu/jwst-near-
infrared-camera/nircam-performance /nircam-absolute-flux-calibration-and-
zero-points.

Visit 1

Figure 1. An SDSS (Alam et al. 2015) gri color composite of NGC 4258,
where north is up and east is to the left. Overlaid on the SDSS imaging are the
footprints of the two visits of our observations in NGC 4258 covered by JWST
GO-1685. The dashed blue line indicates D,s, or the 25th B-band magnitude
isophote from de Vaucouleurs et al. (1991)—only stars external to this radius
are used for our baseline TRGB measurements. All stars found within the
outermost chips from each visit (in bold) were used for our spatial selection
variant (see Table 2).

uncertainties in the flux calibrations with this latest suite of
updates are “now less than 1% for most filter/detector
combinations”, including those used with our program. Table 1
contains additional details about the individual observations,
and Figure 1 shows footprints of our NGC4258 JWST
observations overlaid on SDSS gri imaging (Alam et al. 2015).

The inclusion of FO90W imaging in our program allows us
to measure the TRGB in a filter where there is little to no
expected variation of the TRGB over a modest range of colors
(the metallicity and age variations are projected onto the color).
This is very similar to the case with HST’s F814W filter (see
Figure 1 in Freedman et al. 2020), which has been by far the
most popular filter with which to perform HST TRGB
measurements (Jacobs et al. 2009; Anand et al. 2021b). The
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Figure 2. PARSEC RGB isochrones in our choice of JWST filters (Bressan et al. 2012). The solid lines show populations of varying underlying ages, and the dashed
orange line shows the predicted variation of the absolute magnitude of the TRGB as a function of metallicity (—=2.0 > M > 0.0 dex) for the 10 Gyr population. In
FO90W, there is minuscule variation with age over the range of 4-13 Gyr (< 0.005 mag), and still little variation with metallicity (< 0.02 mag) over the color range of
FO90W-F150W = 1.15-1.75 mag. The situation in F150W is much different, where the absolute magnitude of the TRGB is a sharp function of age and metallicity.

inclusion of the secondary filter F150W allows us to generate a
color-magnitude diagram (CMD) and prevent contamination
by young stellar populations (e.g., main-sequence stars and
supergiants). Figure 2 shows PARSEC (Bressan et al. 2012)
RGB isochrones in our choice of JWST filters for a range of
stellar ages (solid lines). It can be appreciated that the
anticipated brightness of the TRGB in FO90W has effectively
zero (< 0.005 mag) dependence on stellar age for sufficiently
old (>4 Gyr) stellar populations, which to our knowledge of
galaxy formation and evolution populate essentially every
nearby galaxy.'® Also shown is the dependence of the FOOOW
magnitude of the TRGB on the underlying stellar metallicity
(for a 10 Gyr stellar population, in the dashed line). There is
great constancy up until FOOOW-F150W ~1.8 mag, after
which the TRGB begins to tilt downward. In particular,
between FOOOW and F150W = 1.15-1.75, there is only ~0.02
mag of variation in the absolute magnitude of the TRGB in
FO90W. The same plot is repeated on the right-hand side of
Figure 2, except with F150W as the y-axis. It can be seen that
while the absolute magnitude of the TRGB is substantially
brighter, there is also a large variation with both metallicity and
age. While the precise details (such as the predicted absolute
magnitude) differ among different families of isochrones (e.g.,
BaSTI; Pietrinferni et al. 2004, MIST; Choi et al. 2016), the
overall picture is the same—F090W is an incredibly stable
place to measure the TRGB.

Our chosen filter set is in contrast to another Cycle 1
program (Freedman et al. 2021) that aims, in part, to measure
TRGB distances to nearby SN Ia host galaxies with F115W as
the primary filter. With F115W, there is substantial variation
over even small ranges of colors in the observed magnitude of
the TRGB (about half as much as seen with F150W in

13 There are less than a handful of candidate young galaxies in the local
Universe, including the Peekaboo dwarf galaxy (Karachentsev et al. 2023).

Figure 2). While this slope may be rectified before making the
measurement (Madore et al. 2009, 2018), such a process
increases the uncertainty in the underlying measurements. And
though there is some benefit due to the increased brightness of
the TRGB in F115W when compared with FOO0OW, the main
benefit of reduced exposure times may not be worth the
increased uncertainties, especially in cases where the highest
fidelity TRGB measurements are desired (e.g., for the eventual
purposes of measuring the Hubble constant). Additionally, for
more nearby galaxies (within ~20 Mpc), JWST visit times are
largely overhead dominated, and filter choice makes a
relatively small difference in the total charged times. Indeed,
a Cycle 2 program (Tully et al. 2023) that aims to connect the
TRGB and SBF distance scales (as an alternative to the
traditional Cepheid and SNe Ia route) is set to use the same
filter set as the data from GO-1685. We note that the JWST
Early Release Science (ERS) Program for Resolved Stellar
Populations (Weisz et al. 2023) utilizes both of our chosen
filters, indicating there is strong community support for their
use for general resolved stellar populations science.

3. Data Reduction

We perform point-spread function (PSF) photometry on the
underlying stage 2 images (‘cal.fits), with the stage 3
F150W image ("i2d.fits) as the reference frame used for
source detection and mutual image alignment. We treat the
photometry for each visit independently, except for NGC 5584
(which has overlapping visits in its halo, and greatly benefits
from the doubled exposure time). Our choice of software for
PSF photometry is DOLPHOT (Dolphin 2000, 2016), along
with its NIRCam module (Weisz et al. 2023; D. R. Weisz et al.
2024, in preparation). Specifically, we use the latest major
release version of DOLPHOT and its NIRCam PSFs, which are
from 2023 April 6. We note that there have been two minor
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Figure 3. A 22" x 14" cutout from our F150W reference frame image of Visit 1 shown with an arcsinch stretch. The green circles represent stellar detections that pass
our quality criteria and a radial selection exterior to D,s (shown in blue). A 1” cyan bar is shown for scale in the bottom right. It can be appreciated that the stars in the
final list are well resolved and are located in a relatively uncrowded portion of the outer regions of NGC 4258.

updates since then. The first was on 2023 October 11, and this
update only changed the default zero-points to the Sirius-Vega
system. However, we retain the usage of the original Vega-
Vega magnitude system. A second update was provided on
2023 December 2, which provided the “—etctime” option for
adjusting the exposure times in the image headers to be in line
with the exposure time calculator (ETC) values. As we will
discuss shortly, changes brought upon by the use of this option
are not particularly relevant for the very high signal-to-noise
ratio (S/N) data to be presented for NGC 4258.

We follow the recommendations for reduction parameters
outlined in the DOLPHOT NIRCam manual.'* We note that
the pixel scale of the long-wavelength channel (0”063) is much
coarser than that of the short-wavelength channel (07031),
resulting in data that is of noticeably worse quality. Combined
with the fact that there are currently minor but nonzero
photometric impacts by running simultaneous short-wave-
length and long-wavelength photometry,'> we opt to analyze
only the short-wavelength NIRCam data in this work.

A great deal of the initial output photometry from
DOLPHOT contains detections of low quality. To cull our
initial photometry and generate a high-quality source list, we
adopt a modified version of the quality cuts given by Warfield
et al. (2023), which were developed using the ERS data from
Weisz et al. (2023). Specifically, we select sources with (1)
crowding < 0.5; (2) sharpness2 <0.01; (3) object type <2; (4)
S/N >5; and (5) error flag <2. The quality cuts are applied to
both filters (FO90W and F150W), except for object type, which

14 http: / /americano.dolphinsim.com /dolphot/dolphotNIR Cam.pdf

At present, these can be greatly reduced, but not entirely eliminated with the
use of the “warmstart” option—see Riess et al. (2023b) for a lengthier
discussion.

is not filter-specific. An image cutout from the first visit with
the stellar detections overlaid can be seen in Figure 3 (after
applying the spatial cut described in Section 4.1). We provide
our DOLPHOT photometry on GitHub.'®

To quantify the levels of completeness, photometric error,
and bias present in our data, we perform artificial star
experiments within DOLPHOT. One at a time, we insert and
recover ~100,000 stars of varying ranges of input magnitudes
and colors for each chip and record these results. The artificial
stars are processed with the same quality cuts as those applied
to the genuine stellar photometry.

An important note, of which we became aware of toward the
end of writing this manuscript, is that there are discrepancies
between the JWST exposure times provided within the image
headers when compared with those provided by the JWST ETC
(the former can be over 10% longer in some instances). This
mismatch leads to some ambiguity in the determination of the
true photometric uncertainties determined via both Poisson
noise characteristics and artificial star experiments, especially
in parts of the CMD with low S/N. However, we note that the
NGC 4258 data is of exceptionally high S/N near the
magnitude of the TRGB, where these concerns should have a
negligible overall impact. As shown in Figure 4, the
photometric completeness curve remains near 100% over 1
mag below the TRGB. Similarly, photometric bias is not a
concern until we reach much fainter magnitudes. The same
may or may not be said for our SN host galaxies, for which the
TRGB appears at much fainter magnitudes (see Section 6 for
more details). For this reason, we only present edge detection
measurements of the TRGB for our SN hosts, and reserve a

16 https://github.com/gsanand /anand24_jwst_trgb
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Figure 4. Results from FO9OW artificial star experiments for NGC 4258 used
for our baseline TRGB results (though only two out of four methods utilize the
artificial stars). The top panel shows the completeness curve, which measures
the percentage of injected stars that were successfully recovered (including
meeting all of our quality criteria). The bottom panel shows the offset between
injected and recovered stars (black points), as well as the overall photometric
bias (green line). The key point here is that the effects of photometric
completeness and bias are entirely negligible near the magnitude of the TRGB
(mEepoow ~25.0 mag). Note that the TRGB measurement tools described later
do not use the simple binned versions of these curves shown here, but instead
smoothed versions to avoid errors from their apparent jaggedness.

more detailed analysis, including methods that rely on artificial
star results, to a later paper.

4. Analysis

Broadly speaking, two distinct methods have been used in
the literature to measure the TRGB. The first set involves using
an edge detection algorithm (typically a Sobel filter) to locate
the discontinuity that is to be expected with the onset of the
TRGB (Lee et al. 1993; Sakai et al. 1999; Mager et al. 2008;
Jang et al. 2018). This is a conceptually simple technique,
though there are differences between applications, such as the
bin width used to construct the luminosity function and
whether or not the luminosity function is smoothed before
applying an edge detector (and if so, how). The second
methodology involves fitting a model luminosity function to

Anand et al.

the data. This approach was introduced by Méndez et al.
(2002), where the_}/ adopt a theoretical luminosity function of
the general form'

10“(’”_’"TRGB)+[’, m—nm >0
Y= { TRGB = 1)

106(m7mTRGB), m — MTRGB < 0

where a is the power-law slope for stars below the TRGB, c is
the power-law slope for stars above the TRGB, and b is the
strength of the discontinuity. Further enhancements presented
in Makarov et al. (2006) introduce the ability to incorporate
results from artificial star experiments, which allows one to
account for photometric bias, completeness, and errors present
in the data. Wu et al. (2014) present a modified version using a
nonlinear least-squares method based on a Levenberg—
Marquardt algorithm instead of the Broyden—Fletcher—Gold-
farb—Shanno (BFGS) maximum likelihood algorithm used by
Makarov et al. (2006).

In this work, we compare results from several iterations of
both of the above methods using the same underlying
photometry. This will highlight any differences introduced by
adopting distinct measurement techniques.

4.1. Spatial Selections

Figure 1 shows that the majority of our JWST observations
lie within the disk of NGC 4258 (intentionally, as to measure
Cepheid variables). Many previous works have discussed the
importance of limiting TRGB measurements to the regions of
galaxies that are relatively uncrowded and unaffected by dust
internal to the host galaxy (Makarov et al. 2006; Anand
et al. 2018; Beaton et al. 2019; Hoyt et al. 2021). For
NGC 4258 specifically, Jang et al. (2021) adopt a radial
selection of stars outside a semimajor axis cut of 14”, in part
guided by a relatively high-sensitivity HI map from Heald
et al. (2011). However, we note that such high-sensitivity HI
data is not available for many nearby galaxies (including many
SN Ia hosts), and thus presents difficulties when trying to adopt
similar spatial cuts for TRGB measurements in other galaxies.

In this work, we adopt the same, simple radial selection as
Anand et al. (2022), namely, the 25th B-magnitude isophote
from de Vaucouleurs et al. (1991) (D,s) as shown by the
dashed blue line in Figure 1. We find 23,268 sources that pass
our quality cuts outside this region (for reference, there are
~100,000 sources within an individual NIRCam SW chip for
observations centered on the disk of NGC 4258). We note that
isophotal radii are simpler to measure from existing all-sky
ground-based surveys and can provide a more uniform method
of spatial selections (as they account for differing sizes of
galaxies).

Another potential avenue of performing spatial cuts relies on
selection regions with relatively low numbers of young, main-
sequence stars in their CMDs (Anand et al. 2021b; Li
et al. 2023; Scolnic et al. 2023; Wu et al. 2023). We note
that the radial cut we adopt for this work results in a relatively
low ratio of main-sequence/giant branch stars. Specifically,
blue stars (crudely defined as those with FOOOW-F150W <0.5
mag, based on the appearance of the main-sequence stars in the
CMD) make up less than one out of every 28 stars within a
magnitude range of 0.5 mag above and below the TRGB,

7 The definitions of a, b, and ¢ differ between Méndez et al. (2002) and
Makarov et al. (2006), and we choose to adopt the definitions from the latter.
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Figure 5. Our baseline edge detection result for the TRGB measurement in NGC 4258. The left panel shows the underlying CMD from our spatially trimmed region,
and the gray band shows our limited color selection region. In the right-hand panel, the binned (gray) and GLOESS smoothed (blue) luminosity functions are visible,
as well as the output from the Sobel filter (maroon). The data near the TRGB is of exceptionally high quality, as it is nearly 3 mag brighter than the faint limit of

S/N=5.

indicating there is minimal contamination from young stellar
populations. Regardless, to further reduce the level of
contamination from young stellar populations, we will adopt
a color selection to the CMD before performing our TRGB
measurements. Additionally, we will also present results based
on just the outermost two of eight chips from each visit
(effectively a crude spatial cut) to test our sensitivity to the
adopted spatial criterion.

Lastly, we ensure that the artificial stars undergo the same set
of spatial selections, so as not to create a mismatch between the
environments in which the selected genuine stars and artificial
stars reside.

4.2. Color Selections

Earlier, we mentioned that there is only ~0.02 mag of
anticipated variation in the absolute magnitude of the TRGB in
FO90W between colors of FOOOW-FI150W = 1.15-1.75 mag.
This would provide a natural color selection for which to limit
our TRGB analysis with. However, we find that even with our
adopted spatial selection, there is a small population of what we
believe are supergiants, lying along the blue end of this color
band. To prevent the influence of these young stars on our
measurements, we further restrict our color selection to within
FO9OW-F150W = 1.30-1.75 mag. That being said, we will
later show that the precise color selection makes little
difference to our measurements.

4.3. Edge Detection Results

The first group of measurement techniques involves edge
detection. To construct the underlying luminosity function, we
first bin the photometry with a small bin width (oy;, =0.01
mag), using only the stars in our limited color range. Before
applying the edge detector, we smooth the underlying luminosity
function with a Gaussian locally weighted regression smoothing
(GLOESS) algorithm (Persson et al. 2004; Hatt et al. 2017) to
reduce the underlying noise present due to stochastic and/or star
formation history driven variations in the underlying stellar
populations. Given that our CMD extends ~3 mag below the
TRGB and that our CMD is relatively well populated even
within our selected color band (~3200 stars in the first
magnitude below the measured TRGB), we adopt a relatively
small baseline smoothing scale of og = 0.05 mag.

To perform the edge detection, we employ the use of a Sobel
filter with a kernel of [—1, 0, 1], which is effectively a discrete
first derivative. Our baseline result is shown in Figure 5, from
which we measure myrgg = 25.04 £0.02 mag, where the
uncertainty is determined via 1000 bootstrap resampling with
replacement trials, where each time the TRGB is remeasured
(similar to Cohen et al. 2018; Hoyt 2023). To test for any
variations with the adopted value of og, we run through a range
of smoothing scales from 0.04-0.15 mag (see Figure 6), which
bracket the values that are generally used in the literature. From
o5 =0.04-0.12 mag, we find no change in the measurement of
mrrge- However, with smoothing scales higher than o= 0.12
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Figure 6. The variation of mrrgg as a function of the underlying smoothing
scale (og), for both the unweighted and the Poisson-weighted Sobel edge
detectors. The unweighted case shows a stable response until a relatively large
smoothing scale, where the TRGB response begins to blend with a fainter edge

response. The Poisson-weighted response shows a general trend of becoming
brighter with increased smoothing scales, with no readily apparent cause.

mag, we find that the peak in the edge detection response
identified as the TRGB begins to blend with a second set of
peaks near mpgogw ~ 25.3 mag, causing the measurement to
become skewed faintward due to a modest jump in the
underlying luminosity function.

We note that our baseline result does not employ the use of
further weighting to the edge detection output, as done by some
previous works (Hatt et al. 2017; Freedman et al. 2019;
Hoyt 2023). We test the use of a Poisson weighting scheme
over the same range of smoothing scales tested for the
unweighted edge detection. It can be seen in Figure 6 that the
weighted edge detection results start becoming brighter with
os > 0.06 mag. This matches the behavior seen from simulated
luminosity functions as well as the observed Large Magellanic
Cloud red giant luminosity function (Anderson et al. 2023).
Unlike the case with the unweighted edge detection, there is no
significant peak brightward of the one that is identified as the
TRGB. Instead, we suspect this may be an inherent feature of
weighted edge detectors, and thus avoid utilizing them further.
We recommend that future studies should closely examine the
potential systematic effects of adopting different smoothing
scales in their work, especially when employing a further
weighting algorithm.

To test the effects of applying a cruder spatial selection, we
also perform our measurement on the combined CMD
generated from the outermost two of eight SW NIRCam chips
from each visit (the bold chips in Figure 1). We measure nearly
the same value of mrrgp = 25.05 £ 0.02 mag, indicating that
our results are not highly sensitive to the precise spatial
selection that is adopted. Indeed, Jang et al. (2021) found that
their measured TRGB values in NGC 4258 did not significantly
vary over a broad range of radial cuts (from 6” > SMA > 22"
in their mosaic). Subdividing the crude spatial cuts further into
their individual visits results in mtrgg = 25.06 £ 0.05 mag for
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Visit 1 (east), and mrrgg = 25.04 +0.02 mag for Visit 2
(west). Again, our general point stands, in that our results are
quite resilient to the precise spatial cut applied.

Additionally, we note that while we exercise additional care
in our color selection (mainly to eliminate the contamination
from a small sample of yellow supergiants), a much broader
color range gives a very similar result—that is, increasing the
color range to 0.5-2.5mag results in mprgg =25.05 £
0.02 mag, which is only 0.01 mag offset from our baseline
result. This difference is likely very small due to the fact that
we do not have a large sample of higher metallicity TRGB stars
in the outskirts of NGC4258. These stars would appear
faintward of the low-metallicity TRGB, and could otherwise
skew our result toward substantially fainter magnitudes.

4.4. Fitting a Model Luminosity Function

Next, we turn to the model fitting solutions to determine the
value of mrrge. We will explore the use of three different
tools. First, using the original maximum likelihood TRGBTOOL
described in Makarov et al. (2006), we find a value of
mrrge = 25.07 £0.02mag. We also use the modified
TRGBTOOL presented in Wu et al. (2014). As mentioned
earlier, the underlying fitting algorithm in this work (a
Levenberg—Marquardt nonlinear least-squares algorithm) dif-
fers from one utilized by Makarov et al. (2006), a BFGS
maximum likelihood algorithm. Notably, the tool described by
Wu et al. (2014) requires binning of the underlying luminosity
function. The only change we make to the procedure described
in Wu et al. (2014) is that we lower the bin width from 0.05 to
0.02 mag, an option we are afforded due to the relatively well-
populated CMDs. With this version of the tool, we find
mrrge = 25.07 = 0.01 mag, where the error is determined from
the square root of the variance of the TRGB magnitude. We
also find that varying the bin width between 0.01 and 0.05 mag
in steps of 0.01 mag varies the measured TRGB magnitude by
less than 0.005 mag. For illustration, we show the baseline
model fit to the observed luminosity function using the (Wu
et al. 2014) methodology in Figure 7.

Finally, we also use a maximum likelihood algorithm-based
tool that does not employ artificial stars. This method searches
for the set of parameters in the broken power-law luminosity
function model that maximizes the likelihood of the sample,
given the model and model parameters (the same underlying
principle as Méndez et al. 2002). A two-dimensional version of
this tool is described in Li et al. (2022), where the extra
dimension is required due to the need to jointly model
individual red giants in the Milky Way that are not located at
the same line-of-sight distance. We use a one-dimensional
version here, and find mtrgg = 25.04 £ 0.01 mag, where the
error is determined from the inverse Hessian matrix.

As with the edge detection results, we also perform a series
of the above three fits, but using a cruder spatial cut which
involves just examining the outer two chips from each of the
two visits. With the original TRGBTOOL (Makarov et al. 2006),
we find mrrgp = 25.09 &+ 0.01 mag. With the tool described in
Wu et al. (2014), we find mrrgp = 25.06 = 0.01 mag. Lastly,
with a one-dimensional version of the maximum likelihood tool
from Li et al. (2022; in which a two-dimensional version is
required as Milky Way stars are not all at the same distance),
we find mrrge =25.05 £0.01 mag. The scattering of these
results from their original values with the cruder spatial cut is
cause for close examination of the adopted spatial selection
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Figure 7. The baseline model fit for the TRGB measurement via the method of
Wu et al. (2014), from which we find mtrgp = 25.07 = 0.01 mag.

criteria with future TRGB measurements. Although the
differences are modest in our case (0.01-0.02 mag), these
changes may be noticeably larger with data that is either lower
S/N or taken in different regions of the host galaxy.

Lastly, we also test the effects of adopting a broader color
baseline with our luminosity function fitting techniques. We
increase the color baseline from FOOOW-F150W = 1.30-1.75
mag to 0.5-2.5 mag. For the original TRGBTOOL (Makarov
et al. 2006), we now find mtrgg = 25.07 &= 0.02 mag, which is
identical to the version with the stricter color selection (but
with a larger uncertainty). With the modified TRGBTOOL (Wu
et al. 2014), we find mrrgg =25.06 £0.01 mag, or 0.01
brighter than the baseline result with this methodology. Lastly,
with the one-dimensional version of the Li et al. (2022) tool,
we find mtrgg =25.05 = 0.01 mag, or 0.01 mag fainter than
the baseline result.

The modest (0.01-0.02 mag) differences we see with a much
broader color selection for the luminosity function fitting
techniques are likely reflective of the fact that we simply do not
have many high-metallicity RGB stars in our spatially trimmed
region. If working with a data set with a substantial portion of
high-metallicity RGB stars near the tip, we anticipate our
results would be skewed toward a fainter magnitude. This
situation is similar to the same tests with a Sobel filter, where
again we did not see a substantial difference when broadening
the color range.

4.5. Differences among Measurement Routines

We provide a summary of all of our measurement techniques
and their resultant TRGB magnitudes in Table 2. The table
includes the four baseline results for each distinct measurement
methodology and two variants for each (one that varies the
color selection and a second that varies the spatial selection).

It is interesting to note that the baseline results could be
grouped into two categories, with one being brighter (25.04
mag) than the other (25.07 mag). However, the split is not upon
the edge detection versus luminosity function fitting
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methodologies, but instead on whether or not artificial stars
are included in the analysis. We speculate that this difference of
0.03 mag could arise from the fact that the photometric error of
stars near the tip is 0.04 mag in FO90W (see Figure 4), similar
to the level offset seen between the results (whereas the
photometric bias is <0.01 mag). It is possible that the
techniques that do not rely on artificial stars are triggering off
a set of up-scattered TRGB stars (whereas those that do use
artificial stars take this effect into account in their modeling of
the luminosity functions). This effect could explain offsets
between TRGB measurements by different groups of the same
galaxies in the literature (Jang et al. 2021; Anand et al. 2022).
On the other hand, this could be reading too much into our
results, and the differences may just arise from underlying
uncertainties in the various fitting procedures, which may
underreport the true uncertainties. Yet another alternative is that
the artificial star procedures need further refinement, with the
minor NIRCam exposure time issues (see Section 3 for a brief
discussion) coming into play. Future, more detailed investiga-
tions are warranted.

Broadly speaking, methodological differences in TRGB
measurements for the same underlying data at the level of
~0.04 mag are common in the literature on a case-by-case
basis (Anand et al. 2022). Avoiding a systematic uncertainty
between measurements at this level is difficult without
substantial effort to match photometric reduction techniques,
noise properties, populations via selection, TRGB measure-
ment techniques, etc. While an error at this level is less relevant
for a common galaxy, it is most significant in the case of
NGC 4258, which serves as a calibrator of many.

5. Absolute Calibration

To provide our absolute calibration of the TRGB in FO90W,
we begin with our value of mrrgg = 25.055 + 0.02 mag, where
the measurement is the simple average of our four baseline
techniques and the uncertainty is the larger of the reported
values (two methods provide 0.01 mag, and two provide
0.02 mag). To proceed further, we must first determine the
amount of foreground extinction caused by the Milky Way. We
used the Fitzpatrick (1999) reddening law with Ry, =3.1,
convolved with the transmission functions of the Johnson B,
Johnson V, FOOOW, and F150W filters, to determine the
effective reddening relationships between these filters. This
analysis yielded reddening coefficients of Aggoow/E
(B—V)=1.4156 and Ag sow/E(B — V) =0.6021. Thus, from
E(B—V)=0.014 (Schlafly & Finkbeiner 2011), we determine
Argoow = 0.0198 mag and Ag;sow = 0.0084 mag. Correcting
our measured value for foreground extinction, we find
mAReRY Y =25.035 mag. The value for the geometrical distance
modulus to NGC 4258 provided by Reid et al. (2019) is
1 =129.397 4+ 0.032 mag, or D =7.576 £ 0.082 (stat.) == 0.076
(sys.) Mpc. Subtracting the two distance moduli, we find
MY = —4.362 mag.

Now, onto the important matter of the uncertainty associated
with our calibration. We lay out the separate sources of
uncertainty in Table 3, as done similarly in Table 5 in Jang
et al. (2021). The individual uncertainties are separated by
whether or not they could be reduced with additional
observations around NGC 4258 (i.e., statistical versus systema-
tic). For instance, the initial TRGB measurement is assigned a
statistical uncertainty of 0.02mag (as mentioned at the
beginning of this subsection), and an additional systematic
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Table 2
Summary of Our Four Baseline TRGB Measurements, Followed by Two Variants for Each (Adjusting the Spatial Selection and Color Ranges)

Methodology Color Range Spatial Selection MTRGB + Method Reference
(mag) (mag)
Simple Sobel 1.30-1.75 D > Dys 25.04 0.02 e.g., Freedman et al. (2019) w/o weighting
LF fitting 1.30-1.75 D > Dys 25.07 0.02 e.g., Makarov et al. (2006)
LF fitting 1.30-1.75 D > Dys 25.07 0.01 e.g., Wu et al. (2014)
LF fitting (w/o art. stars) 1.30-1.75 D > D»s 25.04 0.01 e.g., Li et al. (2022)
Simple Sobel 1.30-1.75 Outer chips 25.05 0.02 e.g., Freedman et al. (2019) w/o weighting
LF fitting 1.30-1.75 Outer chips 25.09 0.01 e.g., Makarov et al. (2006)
LF fitting 1.30-1.75 Outer chips 25.06 0.01 e.g., Wu et al. (2014)
LF fitting (w/o art. stars) 1.30-1.75 Outer chips 25.05 0.01 e.g., Li et al. (2022)
Simple Sobel 0.50-2.50 D > Dys 25.05 0.02 e.g., Freedman et al. (2019) w/o weighting
LF fitting 0.50-2.50 D > Dys 25.07 0.02 e.g., Makarov et al. (2006)
LF fitting 0.50-2.50 D > Dys 25.06 0.01 e.g., Wu et al. (2014)
LF fitting (w/o art. stars) 0.50-2.50 D > Dss 25.05 0.01 e.g., Li et al. (2022)
Table 3 directions, depending upon the particular frame in question).
Uncertainty Budget for Our Absolute Calibration of Migep' While the PSF models are empirically varied by DOLPHOT on
- a frame-by-frame basis, we still choose to include a 0.02 mag
Uncertainty Result Ogtat Osys L . N . R
(mag) (mag) (mag) uncertainty term here. Another small contribution is derived
from the stability of the NIRCam PSF, which Riess et al.
TRGB measurement 25.055 0.02 0.02 (2023b) show to be very consistent for the observations in
Intrinsic TRGB variation 0.02 . . . . .
Color selection 0.01 question. One sometimes overlqoked uncertainty contribution
Spatial selection 0.01 is the dlffezrence between a given photometry setup (e.g.,
WebbPSE model 0.02 DOLPHOT’s NIRCam module with recommended parameters)
NIRCam PSF stability 0.01 versus other reductions for which our absolute calibration may
NIRCam zero-points 0.02* be applied to (e.g., with different DOLPHOT setup parameters,
DOLPHOT photometry 0.03* or using other photometry packages). We adopt a 0.03 mag
p— uncertainty term here, based on the extensive tests carried out
m o0y 25.055 0.033 0.028 .
in Jang et al. (2021) and Jang (2023).
Arooow 0.0198 0.014 L L )
FO90W 0 astly, for the foreground extinction, we assign a
m FOO0W. 25.035 . . ) s
conservative systematic uncertainty of 0.014 mag, which is
Maser distance modulus 29.397 0.032 the quadrature sum of one-half of the measured extinction and
an additional 0.01 mag of uncertainty due to potential
MERY —4.362 0.033 0.045 g Y P

Note. For the foreground extinction, we assign a conservative systematic
uncertainty of 0.014 mag, which is the quadrature sum of one-half of the
measured extinction and an additional 0.01 mag of uncertainty due to potential
extinction within the outer regions of the host galaxy itself. “The uncertainty
terms assigned to the NIRCam zero-points and DOLPHOT photometry will
cancel when comparing photometry that uses the same set of NIRCam zero-
points and reduction setup, so we do not include these uncertainties in our
totals.

uncertainty of 0.02 mag (derived from the spread in our four
baseline measurements). A further 0.02mag systematic
contribution is assigned due to the potential variations of
MEYY with age and metallicity, which are small but nonzero
(see Figure 2). This uncertainty term may also encompass some
of the differences seen in recent field-to-field measurements
done by the CATs team (Wu et al. 2023), though our TRGB
measurement techniques differ from theirs, complicating a
more direct comparison. Our color and spatial selections are
assigned uncertainties of 0.01 mag each, based on the impact of
varying these quantities (shown in Table 2).

Moving to uncertainties resulting from our photometry, we
note the presence of small mismatches between the WebbPSF
models (Perrin et al. 2014) currently used within DOLPHOT
and the observed PSFs, which range between 0% and 2% in the
central pixel of the PSF (in either positive and negative

extinction within the outer regions of the host galaxy itself
(as also done by Jang et al. 2021). In the end, we find

MY — —4362 + 0.033 (stat) £+ 0.045 (sys)mag

when excluding the error contributions that cancel with
comparisons to photometry taken with the same set of NIRCam
zero-points, and reduced in an identical manner with DOLPHOT.
If these terms are included, the systematic uncertainty increases
from 0.045 to 0.058 mag.

We note that while we provide one averaged calibration for
our four underlying methods, this can be further tailored to
match a particular TRGB measurement methodology. For
instance, if one were using the precise methodology outlined in
Makarov et al. (2006), a value of Mipay' = —4.347 mag may

be more appropriate. Similarly, MA3eq" = —4.377 mag may be
appropriate for providing the absolute calibration to an
unweighted Sobel measurement (as we use for NGC 1559

and NGC 5584 in the next section).

6. Application to SN Ia Hosts

With an initial calibration in place, we are able to determine
absolute distances to other galaxies observed with JWST in the
FO9OW+F150W filter set. Here, we will highlight the cases of
NGC 1559 and NGC 5584, which are host to the Type Ia
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Figure 8. Footprints for our NGC 1559 and NGC 5584 visits, overlaid on Digitized Sky Survey color images. We use only the outer 4alo modules for our TRGB
analysis, as they are well removed from the spiral disks and lie outside D,s (shown as the dashed blue lines).

supernovae (SNe Ia) SN2005df (Evans & Gilmore 2005) and
SN2007af (Nakano & Itagaki 2007), respectively.

6.1. NGC 5584

NGC 5584 was observed as part of the same JWST program
as NGC 4258, with the main difference being greater exposure
times and field placement. In particular, the outer NIRCam
module placements from each visit are mostly overlapping,
with a minor orientation difference between the two (see the
right-hand side of Figure 8). This decision was made to provide
greater depth for TRGB measurements, given that the Cepheid
distance to this galaxy is ~23 Mpc (Riess et al. 2022a). As
mentioned in Riess et al. (2023b), NGC 5584 is an important
galaxy for examining the Hubble tension, as it (1) is near the
mean distance of the SHOES galaxies, (2) contains a plethora
of known Cepheids, and (3) on its own, as a singular target
of comparison, is nearly 3o inconsistent with Hy~
67.5 kms~ ' Mpc™' based on results from the Planck satellite
(Planck Collaboration et al. 2020).

A TRGB distance to NGC 5584 was first presented by Jang
& Lee (2015), who found p=31.76 +0.04 (random) £ 0.12
(systematic) mag, which was measured in the outskirts of the
spiral disk using HST data acquired to measure Cepheids. A
rescaled version of this same TRGB measurement was utilized
by Freedman et al. (2019) in determining a value of the Hubble
constant from the TRGB (instead of Cepheids). However, a
reanalysis of the same underlying images by Anand et al.
(2022) was unable to measure the TRGB, due to the
shallowness of the resulting photometric catalog. Scolnic
et al. (2023) came to the same conclusion, using the same
photometric catalog produced by Anand et al. (2022). Now, we
perform an analysis of the TRGB from this Cycle 1 JWST data
set, which shows a clearly visible presentation of the TRGB.
Recently, Riess et al. (2023b) determined a revised Cepheid
distance with the B modules (placed on the disk) from this
same JWST data set, where they measure a baseline distance
modulus of p=31.813 £0.020 mag.

We perform the reduction and analysis for NGC 5584 in the
same manner as was done with NGC 4258, except that we only
use the inner two chips of the A module, which fall within the
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target’s halo and outside D,s (the outer two chips of the A
module are too sparsely populated). We also re-extend the left
edge of the color baseline to FOOOW-F150W = 1.15 due to the
lack of younger supergiant stars (this alteration impacts the
final result by only 0.01 mag). The resulting CMD is shown in
Figure 9. We assign the first significant edge detection response
to the TRGB, the most common choice in the literature and
consistent with the analysis of NGC 4258, or
mrrge = 27.47 £ 0.05 mag. We note there is a substantial
secondary response of ~0.1 mag fainter. This is not entirely
surprising, as the data is of a much lower S/N than it is for
NGC 4258, and the underlying CMD is of a sparser nature.
Very similar secondary responses have been seen in the
literature (see the case of NGC 1316 presented in Hatt
et al. 2018), and may also be in part due to variations in the
underlying star formation history, assemblies of the stellar
halos in question, or other factors.

Accounting for Aggeow = 0.05 mag (Schlafly & Finkbeiner
2011), and using the TRGB magnitude from the analogous
measurement in NGC 4258 (a simple Sobel filter), we
determine ;= 31.80 4 0.08 mag, in very good agreement with
the recently determined JWST Cepheid distance of
1 =31.813+0.020 mag (Riess et al. 2023b) and the HST
Cepheid distance of p=31.810+£0.047 mag (Javanmardi
et al. 2021).

While the current situation with the JWST exposure times in
image headers prevents the determination of highly precise
estimates of S/N for individual stars (in the form of
photometric errors), we can still use artificial stars to measure
the impact of photometric bias on our measurements. The
increased exposure times and even lower stellar density levels
(when compared to NGC4258) result in a negligible
photometric bias (<0.01 mag) at the magnitude of the TRGB,
despite it being notably fainter than in NGC 4258. We
anticipate a more rigorous analysis of the data from this JWST
program (including results from other measurement routines),
along with the other SN hosts from this program (NGC 1448,
NGC 1559, and NGC 5643) in a planned future work (S. Li
et al. 2024, in preparation).
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Figure 9. Our simple Sobel TRGB measurement for NGC 5584 was performed in the same manner as our baseline edge detection of NGC 4258 (shown in Figure 5).
We use only the outer halo module for our TRGB analysis (see Figure 3 in Riess et al. 2023b), as it is well removed from the spiral disk. The TRGB is clearly visible,
even to the eye, with a sharp contrast between the AGB above (which fans off to the right) and the RGB below.

As an entirely distinct point, we note that there is perhaps a
visible gap between the brightest RGB stars, and the thermally
pulsing-AGB sequence above it (shown as an underdensity of
stars in the first couple tenths of a magnitude brighter than the
TRGB). This gap is predicted by some stellar models, whereas
it is not in others. Here, we simply note the appearance of this
potential gap in our data, and highlight that it may be used to
calibrate stellar models, as previously suggested by Dalcanton
et al. (2012).

6.2. NGC 1559

Along with NGC 5584, we also present a TRGB measure-
ment for NGC 1559. We selected NGC 1559 as a second
highlight because it is the only other galaxy from our program
without a TRGB measurement in the literature.'® Additionally,
NGC 1559 has an independently determined distance modulus
from its Mira variable stars of y=31.41 4+0.05 (stat.) + 0.06
(sys.) mag (Huang et al. 2020), which allows for another
avenue of comparison.

While we have the same two visit structure for NGC 1559,
this galaxy is ~0.4 mag closer than NGC 5584, allowing us to
securely measure the TRGB from each visit separately. While
there is a modest orientation difference between the two visits
(see the left-hand side of Figure 8), much of the underlying
stellar population is the same, and a second measurement
allows for an additional check of internal stability.

We follow the same procedure as described for NGC 5584,
including the color baseline of FOOOW-F150W=1.15-1.75. For
our first visit, we find myrgg = 27.17 & 0.04 mag, and for the
second visit, we find mrrgg =27.13 £0.02 mag. As in NGC
5584 and NGC 4258 we note the presence of a fainter feature,

18 Neither does NGC 5468, but at a distance of ~40 Mpc, our data set is too
shallow to allow for such a measurement.
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while in all three cases accepting the brighter. Taking the simple
average of these two measurements (and conservatively
adopting the larger error), we find mrrgp = 27.15 £ 0.04 mag
(see Figure 10). From Schlafly & Finkbeiner (2011), we
determine Agpoow = 0.04 mag, and thus we find ©=31.49 £
0.07 mag. This is consistent with both the Cepheid determination
of 31.494+0.06 mag (Riess et al. 2022a), and the Mira
determination of 31.41 +0.08 mag (Huang et al. 2020). As
with NGC 5584, the photometric bias is negligible at the
magnitude of the TRGB, and we anticipate a more multifaceted
and thorough analysis of this data set in a future paper.

6.3. Comparing Cepheid and TRGB Distances

An important issue under study in the context of the current
Hubble tension is the level of agreement between values of the
Hubble constant derived from SN Ia calibrated through either
Cepheids, TRGB, and Mira distances as well as from masers,
surface brightness fluctuations (SBFs), and the Tully—Fisher
relation, independent of SNe Ia. The Cepheid-SN Ia route gives
a result of Hy=73.04+1.04kms 'Mpc ' with the most
recent major SHOES release (Riess et al. 2022a), with more
recent updates (Riess et al. 2022b; Murakami et al. 2023)
providing a value of 73.29 +0.90km s~ ' Mpc ™.

A prominent measurement of H, was derived via a
TRGB calibration of SNe Ia Iuminosities by the CCHP
team (Freedman et al. 2019), who found Hy,=69.8 +0.8
(stat) == 1.7 (sys) km s ! Mpcfl. Freedman (2021) then provided
an updated value of Hy = 69.8 +-0.6 (stat)+= 1.6 (sys) km s ! Mpcfl.
An alternate reduction from the same underlying HST data but
with different photometric and TRGB measurement methodol-
ogies by Anand et al. (2022) resulted in Hy=715=%
1.5kms 'Mpc™'. Another alternate measurement by Scolnic
et al. (2023), which uses the same photometry as Anand et al.
(2022) from the Extragalactic Distance Database (EDD;
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Figure 10. The two pairs of panels show our simple Sobel TRGB measurements for each visit of NGC 1559, performed in the same manner as our baseline edge
detection of NGC 4258 (shown in Figure 5). Again, we use only the outer halo module for our TRGB analysis (see Figure 8), as it is well removed from the spiral disk.

Tully et al. 2009; Anand et al. 2021b) but with a different
approach to standardizing TRGB measurements, finds a baseline
result of Hy=73.22+2.06kms ' Mpc ™.

As discussed by Scolnic et al. (2023), the largest source of
differences between the TRGB and Cepheid results is not due
to differences between the use of Cepheids and TRGB to
measure the distances to SN Ia host galaxies. Rather, they find
in their comparisons of distance ladders that the majority of the
disagreement between the H, values between these studies
comes from differences in their treatment of the SN Ia data in
the rung following either Cepheids or TRGB. Specifically, the
application of peculiar velocity corrections and photometric
standardization of different SN surveys at optical wavelengths
contributes to a ~2.0 kms~'Mpc ™' difference between the
CCHP and studies that utilize the Pantheon + SN survey
(Brout et al. 2022). A recent study by Uddin et al. (2023) that
combines Cepheids, TRGB, SN Ia, and SBF, and includes the
application of SN Ia peculiar velocity corrections finds
Hy=725+15kms 'Mpc'.

For a direct comparison of TRGB and Cepheid measures as
they contribute to the Hubble tension, we can circumvent SNe
Ia and geometric distance estimates and directly compare
distances to individual SN Ia host galaxies determined with
each method calibrated with the same geometric source, as is
done in Figures 5 and 6 in Freedman et al. (2019) and Figure
23 in Riess et al. (2022a). Here, we provide an updated version
of Figure 23 from Riess et al. (2022a) in our Figure 11, which
incorporates our two initial measurements of distance to
NGC 1559 and NGC 5584. The difference between the HST
Cepheid and JWST TRGB distances when calibrated to the
same anchor (NGC 4258) is negligible at 0.01 4 0.06 mag,
similar to the minor differences found between comparisons of
HST Cepheids and HST TRGB results from the CCHP and
EDD teams. With newly obtained and further upcoming JWST
data that is appropriate for both Cepheid and TRGB
measurements from GO-1685 (Riess et al. 2021), GO-1995
(Freedman et al. 2021), and GO-2875 (Riess et al. 2023a), we
anticipate even more robust comparisons between Cepheids
and the TRGB in the near future. Comparisons of distances by
different methods provide the ability to disentangle compo-
nents of the distance ladder without reference to H,, whose
calculation is a composite of many steps. For reference, the
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approximate size of the Hubble tension is 51log(73/67.5) =
0.17 mag, a difference that is inconsistent with the comparisons
presented here, demonstrating that the middle rung of the
distance ladder cannot be solely responsible for the tension.

6.4. Discovery of a New Dwarf Galaxy near NGC 5584

While inspecting the images from the first visit to
NGC 5584, we noticed what appeared to be a stellar
overdensity on the A3 chip that was well off of the main
spiral disk (which was focused on with the B module). We
consider this stellar overdensity (see the left-hand side of
Figure 12) to be a candidate dwarf galaxy in the vicinity of
NGC 5584.

While there are two visits to this galaxy, the orientation of
the second visit misses half of the body of the dwarf candidate.
Additionally, a significant portion of the remaining stars that
are covered in the second visit lie in the glow of a diffraction
spike of a very bright foreground star, which would likely lead
to degraded photometry. For this reason, we only present data
from the first visit for this newly discovered candidate dwarf
galaxy, NGC 5584-dwl. The CMD of this dwarf galaxy is
shown on the right-hand side of Figure 12, limited to the region
within the blue circle. The CMD for the entire chip from that
same visit is shown in the background in gray points. We
reduce the S/N cut to 3 instead of our baseline value of 5 for
both filters, in order to probe further down the RGB. It can be
seen that the candidate dwarf’s CMD is broadly consistent with
the underlying CMD from the halo of NGC 5584, with a
somewhat lower mean metallicity. We reserve a more detailed
analysis of the properties of this newly discovered dwarf
galaxy, along with one more found in the outskirts of
NGC 5468, to a future paper.

7. Summary and Future Outlook

We present an initial, absolute calibration of the magnitude
of the TRGB in the JWST FO90W passband based on data
taken in the outer regions of the megamaser host NGC 4258.
We find MiRanY = —4.362 4 0.033 (stat) & 0.045 (sys) mag,
when considering only the relatively metal-poor stars before
the high-metallicity turnover. The relative constancy of the

TRGB in FO90W at lower metallicities (traced by the color of
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Figure 11. An updated version of Figure 23 from Riess et al. (2022a), which compares Cepheid and TRGB distances to SN Ia host galaxies. We find excellent
agreement between Cepheid and TRGB distances when each set is measured consistently relative to the same anchor (NGC 4258).
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Figure 12. The left-hand panel shows a cutout from the A3 chip of the first visit in NGC 5584. Encircled in blue is a candidate dwarf galaxy (NGC 5584-dw1) we
identified upon first inspection of the images, with sources that pass our quality cuts encircled in green. The CMD within the circle is shown on the right in blue points,
with the underlying CMD of the rest of the A3 chip shown in gray.

stars) allows it to be used as a standard candle without the need field placement (<0.02 mag) and uncertainties in the under-
for color rectification, as would be required with observations lying photometric calibrations (<0.02 mag) are negligible for
in bluer or redder filters. While we do not present this as a most applications (especially as the later would cancel out,
definitive calibration, we believe this work represents a first when comparing data which uses the same version of NIRCam
major step, and that any remaining systematic errors due to Zero-points).
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Our NGC 4258 data, which consists of just 1030 s of
exposure time in FO90W at each field placement, would allow
us to measure distances out to ~19 Mpc (while keeping the
TRGB one full magnitude above the S/N =5 floor). A similar
amount of time in FI150W would suffice for the TRGB (the
F150W data set presented here is somewhat deeper, as it was
required for the Cepheid observations). Including overheads,
such a visit typically requires less than 2 hr of JWST charged
time. This situation represents nearly a factor of 8 increase in
volume over a similar setup with HST/ACS (a reach of 10 Mpc
with one orbit split between F606 W +F814W), highlighting the
gains due to JWST’s increased sensitivity. While largely not
relevant to the measurement of the TRGB within NGC 4258,
the increased resolution of NIRCam (compared to ACS/WFC)
will be key for measuring TRGB distances out to further
distances, where crowding will become an increasingly larger
factor. Additionally, K-corrections become relevant for TRGB
distances at the 1% level for galaxies 250 Mpc distant
(Anderson 2022).

We also present a preliminary measurement of the TRGB in
NGC 1559 and NGC5584, as a showcase of JWST’s
capabilities. While the repeatability of the singular HST TRGB
measurement in NGC 5584 is a matter of some debate (Jang &
Lee 2015; Freedman et al. 2019; Anand et al. 2022), the JWST
TRGB measurement is clearly visible, even to the unassisted
eye. In the near future, we will use our absolute TRGB
calibration to measure well-tested distances to four SN hosts
from GO-1685 (NGC 1448, NGC 1559, NGC 5584,
NGC 5643), which are host to a total of six SNe Ia. Combined
with anticipated TRGB measurements from the upcoming
Cycle 2 program GO-2875 (Riess et al. 2023a), an independent
appraisal of the Cepheid distance scale (Riess et al. 2022a) is
well within reach with just the data already on JWST’s
schedule.

Our calibration will also be useful as a preliminary absolute
calibration of the TRGB + SBF distance scale, where the SBF
measurements would take the place of SNe Ia in the final rung
of the distance ladder (Canticllo & Blakeslee 2023). In-
progress observations from the Cycle 2 JWST Program GO-
3055 (Tully et al. 2023) will provide the data needed to
determine a secure TRGB calibration for the SBF distance
scale. It is incredible to imagine that except for the initial
geometric scaling, all other steps of the distance ladder can be
obtained with NIRCam, including SBF measurements out into
the Hubble flow. This would have the effect of nullifying many
mutual sources of error along our proposed Population II
distance ladder.

To reiterate, we do not present this as a final calibration of
the TRGB in NIRCam’s FO90W filter. There will be inevitable
updates to photometric reference files, zero-points, and flat
fields, as well as changes to best practices for PSF photometry
with DOLPHOT. Updates to the TRGB calibration presented
here from our team will duly follow. What we do present is a
well-tested set of measurements in NGC 4258 that form the
basis of an initial calibration, which we believe will serve the
community well in performing general distance measurements
with the TRGB and JWST. Additionally, we are aware of at
least one other program (GO-1638; McQuinn et al. 2021) that
will present not only a calibration in FO90W, but also in a
broader range of JWST filters. It is indeed an exciting time for
work on the extragalactic distance scale.
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