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Abstract

We present a comprehensive catalog, in the Sloan i and Harris V filters, of long-period variable (LPV) stars in the
spheroidal dwarf satellites of the Andromeda galaxy based on a dedicated survey for variable stars in Local Group
dwarf systems. Using photometric time-series data obtained with the Wide Field Camera on the 2.5 m Isaac
Newton Telescope, we identify approximately 2800 LPV candidates across 17 Andromeda satellites, spanning a
broad range in luminosity and variability amplitude. This study is accompanied by a public data release that
includes two comprehensive catalogs, a catalog of the complete stellar populations for each galaxy, and a separate
catalog listing all identified LPV candidates. Both are available through CDS/VizieR and provide a valuable
resource for investigating quenching timescales, stellar mass distributions, and the effects of mass loss and dust
production in dwarf galaxies. We derive updated structural parameters, including newly measured half-light radii,
and determine distance moduli using the tip of the red giant branch method with Sobel filter edge detection,
yielding values between 23.38 + 0.06 and 25.35 £+ 0.06 mag.

Unified Astronomy Thesaurus concepts: Asymptotic giant branch (108); Long period variable stars (935); Local

Group (929)

Materials only available in the online version of record: machine-readable tables

1. Introduction

Local Group dwarf galaxies provide valuable laboratories
for studying galaxy formation and evolution across a wide
range of environments, morphologies, and metallicities
(M. Cignoni & M. Tosi 2010). Their well-resolved stellar
populations and varied star formation histories (SFHs) make
them ideal for examining the connection between stellar
populations and galactic evolution. These characteristics also
make dwarf galaxies excellent test beds for studying stellar
evolution and the cosmic cycle of matter in environments that
differ significantly from those of massive galaxies such as the
Milky Way (S. Dib & A. Burkert 2005). The generally metal-
poor conditions under which many of their stars formed are
more representative of the early Universe, where individual
stars cannot be directly observed (E. Tolstoy et al. 2009).

Because these systems are typically dominated by
dark matter, they also serve as important probes of dark
matter distribution within galaxy clusters (R. Leaman 2012;
B. Willman & J. Strader 2012). In the context of the ACDM
cosmological model, dwarf galaxies, including the ultrafaint
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dwarfs that represent the smallest dark-matter-dominated
systems, are understood to constitute one of the smallest bound
structures within the dark matter halo hierarchy, thereby
offering crucial observational tests of hierarchical galaxy
formation scenarios (L. Searle & R. Zinn 1978; B. Moore
et al. 1999). Moreover, their low stellar densities and limited
dynamical evolution imply that their present-day mass functions
remain close to their initial forms (J. D. Simon 2019).

The contrasting environments of satellite and isolated dwarf
galaxies allow the investigation of environmental effects such
as tidal interactions and gas removal in shaping their evolution
(H. Mahani et al. 2025). In particular, comparisons between
the satellite systems of the Milky Way and Andromeda (M31)
provide insight into how similar galaxies evolve under
different conditions.

Since Andromeda lies within the northern hemisphere, it can
be observed in its entirety using northern facilities, which
enables a complete study of its satellite system. In contrast, the
Milky Way’s satellite system is distributed across both the
northern and southern hemispheres, making it more challen-
ging to obtain homogeneous observational coverage. This
accessibility motivated the Isaac Newton Telescope Monitor-
ing Survey of Dwarf Galaxies in the Local Group (hereafter
the INT Survey), which targets the dwarf satellites of both the
Milky Way and M31, along with several isolated dwarfs and
globular clusters. The survey was designed to trace the
evolutionary histories of these galaxies by monitoring their
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resolved stellar populations over multiple epochs between
2015 June and 2018 February (E. Saremi et al. 2021).

To explore the late stages of stellar evolution in these
galaxies, this study focuses on asymptotic giant branch (AGB)
stars, which are luminous tracers that can be detected in distant
systems. Although their evolutionary tracks are difficult to
model precisely, AGB stars are valuable because of their
high luminosities (L ~ 10* L.) and their sensitivity to both age
and metallicity distributions within stellar populations
(A. Javadi et al. 2013; S. Hofner & H. Olofsson 2018).
Stars with initial masses between about 0.5 and 8 M., pass
through the AGB phase during their evolution (S. Hofner &
H. Olofsson 2018).

Thermal pulses and associated deep convection transport
material from the stellar interior to the surface, enriching
the photosphere with heavy elements (F. Herwig 2005;
A. 1. Karakas & J. C. Lattanzio 2014). In particular, neutron-
capture nucleosynthesis during thermal pulses leads to the
production of s-process elements (e.g., St, Y, Zr, Ba), which
are subsequently brought to the surface by third dredge-up
episodes (M. Busso et al. 1999; A. 1. Karakas & J. C. Lattanzio
2014). Pulsation-driven shocks then lift material to regions
where it can cool and condense into dust, initiating mass loss
(H. P. Gail & E. Sedlmayr 1999; 1. McDonald et al. 2017).
These processes inject newly formed dust and gas and
s-process-enriched material into the interstellar medium, driving
the chemical evolution of galaxies.

At this stage, AGB stars exhibit long-period variability
caused by large convection cells that excite resonant oscilla-
tions in their extended atmospheres. These long-period
variable (LPV) stars typically have pulsation periods of
60-500days and mass-loss rates of approximately
1077-10° M., yr ' (J. T. van Loon et al. 1999; P. Scicluna
et al. 2022; H. Mahani et al. 2025). Their luminosities depend
primarily on the core mass (T. Bloecker 1993), while their
time spent on the AGB, and therefore their maximum
luminosity, is determined by their initial mass and mass-loss
rate. The dust injected by AGB stars into the interstellar
medium helps regulate the thermal balance and formation of
molecular clouds in which star formation ensues.

Here we present a catalog of AGB-type LPVs in the majority
of Andromeda’s satellite dwarf galaxies, extending our previous
work on a limited number of Andromeda’s dwarf satellites to its
satellite system as a whole (A. Javadi et al. 2011; M. Navabi
et al. 2021; E. Saremi et al. 2021; H. Abdollahi et al. 2023;
T. Parto et al. 2023; M. Gholami et al. 2025). By identifying and
characterizing these evolved, mass-losing stars across diverse
environments, we aim to refine the location of the tip of the red
giant branch (TRGB), determine the half-light radii of the host
systems, and establish a foundation for future studies investigat-
ing how metallicity and environment influence stellar evolution
and dust production in low-mass galaxies.

The structure of this paper is as follows. Section 2 describes
the observations and data. Section 3 outlines the methods used
to identify and analyze variable stars. Section 4 presents the
derived stellar parameters. Section 5 discusses the properties
of each Andromeda dwarf satellite, and Section 6 summarizes
the main results.

2. Observation and Data

The observations in this study are part of the INT Survey. A
full description of the survey strategy, observational setup, and
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Figure 1. Satellite galaxies of Andromeda. The semimajor axis of the galaxies
is represented proportionally to their actual sizes, based on data from Table 1.

data reduction, as well as the number of observations in each
photometric band for each galaxy, is provided in E. Saremi
et al. (2020).

The observations were carried out using the Wide Field
Camera (WFC) on the 2.5m INT at the Observatorio del
Roque de los Muchachos, La Palma. The WFC consists of four
2048 x 4096 CCDs with a pixel scale of 0:33 pixel . Time-
series photometry was obtained in the Sloan i, Harris V, and
RGO [ filters. The RGO I filter was employed only for the
initial epoch of several targets.

The combination of V and i bands allows the characteriza-
tion of cool evolved stars over a wide wavelength range. The i
band enhances the detectability of luminous red variables
whose spectral energy distributions peak near 1 pm, while
the V band provides higher sensitivity to pulsation-induced
variations, which are stronger at shorter wavelengths due to
molecular absorption changes in stellar atmospheres.
Color indices such as V — i were used to estimate effective
temperatures and investigate color—-magnitude behavior during
variability cycles (I. McDonald et al. 2012).

Among the 24 known satellites of Andromeda, four galaxies
(M110, M32, Pisces I, and Pegasus) lacked sufficient observa-
tional coverage to allow LPV detection, while three systems
have been analyzed in previous works (M. Navabi et al. 2021;
E. Saremi et al. 2021; H. Abdollahi et al. 2023).

Figure 1 shows the spatial distribution of the observed
satellites around M31. The size of each ellipse represents the
half-light radius derived in this work (see Section 4.2), while
the color indicates the distance estimated using the TRGB
method (see Section 4.3). The position of M31 is marked with
a red cross.

3. Methodology

This section outlines the comprehensive methodology
employed to determine the photometric variability of stars.
The approach involves several critical steps, from initial data
reduction to preprocessing of the raw observational images.
Subsequent photometric measurements were conducted using
specialized software to quantify the stellar magnitudes
accurately. Additionally, the survey’s completeness was
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evaluated to ensure the reliability of the detected variable stars.
These steps collectively ensure the precision and accuracy
necessary for robust photometric analysis and variability
assessment.

3.1. Data Reduction

Before starting the photometry of observational images,
initial data reduction steps are necessary. These steps involve
preparing the raw images through several calibration pro-
cesses, including bias correction, flat-fielding, and dark current
subtraction, to correct for instrumental and environmental
effects. These preprocessing steps are critical to ensure the
images accurately reflect the brightness of the sources. Bias
correction removes the electronic offset added during image
readout, flat-fielding corrects for pixel sensitivity variations
using images of a uniform light source, and dark current
subtraction removes thermal noise using dark frames taken
with the same exposure time as the science images but with
the shutter closed. The calibration of astrometry enables the
accurate determination of the celestial coordinates of the
objects captured in the images. By utilizing a high signal-to-
noise ratio from combined images, a final stacked image is
produced. This coaddition process significantly enhances the
quality of the data, allowing for more in-depth scientific
analysis.

Image reduction and astrometric alignment were performed
using the THELI pipeline (T. Erben et al. 2005), which is
optimized for wide-field mosaic CCD data. A summary of the
observational parameters, including epoch, filter, exposure
time, air mass, and seeing for each target, is presented in
Table 1 and described in detail by E. Saremi et al. (2020).

3.2. Photometry

The DAOPHOT/ALLSTAR package offers comprehensive
tools for performing precise photometric analysis in crowded
fields (P. B. Stetson 1987). The following sections outline the
key steps required to utilize the Stetson package for this
purpose.

Photometry in both the i and V filters was performed using
the DAOPHOT/ALLSTAR package. Initially, a selection of
approximately 30-40 isolated stars located at various positions
in the field was made using the PSF routine suitable for a
crowded field. The purpose was to construct a point-spread
function (PSF) model for each image following the FIND and
PHOT procedures. A master image was then created by
combining individual images through the DAOMATCH, DAO-
MASTER, and MONTAGE?2 routines. This master image was
used to generate a star list with the ALLSTAR routine.
Subsequently, the ALLFRAME routine employed the star list to
estimate the instrumental magnitudes of stars by fitting the
PSF models to the individual images (P. B. Stetson 1994).

The transformation of the instrumental magnitudes onto the
standard system was accomplished using observations of
standard stars (A. U. Landolt 1992) and the NEWTRIAL
routine (P. B. Stetson 1996).

3.3. Calibration and Photometry Assessment

The photometric calibration process was conducted in three
stages. First, aperture corrections were applied using the
DAOGROW and COLLECT routines to calculate the differences
in magnitude between the PSF-fitting and largest-aperture
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photometry of about 40 isolated bright stars in each frame
(P. B. Stetson 1990). The NEWTRIAL routine then adjusted
these aperture corrections for all stars in each frame.

Second, the transformation to the standard photometric
system was carried out by constructing transformation
equations for each frame, which accounted for the zero-point
and atmospheric extinction. The mean of other zero-points was
used for frames lacking a standard-field observation. The
CCDAVE routine applied these transformation equations to the
program stars for each frame, and the NEWTRIAL routine
subsequently calibrated all other stars using the program stars
as local standards.

Finally, relative photometry between epochs was conducted
to distinguish variable from nonvariable sources accurately.
Approximately 1000 common stars were selected across all
frames within the magnitude interval 18-21 mag. Each star’s
deviation at each epoch was determined relative to the mean
magnitude calculated from all epochs. These mean magnitudes
were computed by weighting the individual measurements.
The resulting corrections were then applied to the frames.

To evaluate the completeness of the survey, artificial stars
were added using the ADDSTAR routine (P. B. Stetson 1987) in
both i- and V-band single frames across discrete 0.50 mag bins
ranging from 16 to 24.50 mag. The fraction of recovered
artificial stars was estimated with the ALLFRAME routine.
The results indicated that the survey is approximately
90%-95% complete up to 22 mag in the i and V bands, near
the TRGB (Section 4.3), and up to 50% complete for stars with
a magnitude of approximately 23 mag in both filters,
confirming that nearly the entire AGB population is detected
for the primary research purpose. In the color—-magnitude
diagram (CMD) for each dwarf galaxy (Section 4.4 and
Figures A9—-A11), the black dashed line signifies the estimated
completeness limit.

3.4. Detection of Long-period Variables

Identifying LPVs in sparsely sampled observations requires
statistical techniques that can reliably distinguish intrinsic
stellar variability from random noise. In the present dataset,
the temporal coverage often spans only one or roughly two to
three pulsation cycles, making classical periodogram-based
methods unreliable. We therefore adopt the variability indices
introduced by D. L. Welch & P. B. Stetson (1993) and refined
by P. B. Stetson (1996), which provide a quantitative and
statistically robust measure of variability by accounting for
photometric uncertainties and correlated brightness changes
across different filters. This approach is well suited for large
datasets and remains effective even when periodicity cannot be
reliably determined.

The method begins by computing standardized magnitude
deviations for each observation, defined as the difference
between an individual measurement and the mean magnitude,
normalized by the corresponding photometric uncertainty.
This procedure places all observations on a common scale,
ensuring that variability is measured consistently despite
differences in measurement errors. The standardized devia-
tions for the i and V filters are given in Equation (1), where m;
is the magnitude in filter j, (m) is the mean magnitude, o;is the
measurement uncertainty, and N is the total number of



Table 1
Observational Properties and Half-light Radius of Targets
Galaxy RAZ? Decl.? €b [Fe /H]c rhb rExponcntial rll:lummcr rﬁérsic Eid Evc NTolalf NLPVg
(J2000) (J2000) (dex) (arcmin) (arcmin) (arcmin) (arcmin)
AndI' 00 45 39.8 138 02 28 028 + 0.03 —1.45 + 0.04 3.90 + 0.10 320 + 0.30 8 5 10,243 470
And II 01 16 29.7 +33 25 08 0.16 £ 0.02 —1.64 £ 0.04 530 £ 0.10 532758 521759 5357548 8 4 11,230 155
And TIT 00 35 33.7 436 29 51 0.59 + 0.04 —1.78 + 0.04 220 + 0.20 2.33 +0.20 221 + 0.19 2.15 + 025 9 4 5878 185
And V 01 10 17.1 +47 37 41 0.26 £ 0.09 —1.60 £ 0.30 1.60 £+ 0.20 1.85°9%7 1.823019 1815048 8 5 7916 112
And VI 23 51 46.3 124 34 57 041 + 0.03 —1.30 £ 0.14 230 + 0.20 2.24 + 0.15 2.00 + 0.16 227 + 0.12 8 5 6342 117
And VI 2326 31.7 450 40 32 0.13 + 0.04 —1.40 + 0.30 3.50 + 0.10 3.80 + 0.30 9 5 55
And IX! 00 52 53.0 +43 11 45 0.007548 —2.20 £ 0.20 2.00 £+ 0.30 2.50 + 0.26 8 4 8653 77
And X 01 06 39.5 +44 47 19 0.10753¢ —1.93 £ 0.11 1.10 £+ 0.40 1647938 1637047 1.63%04] 8 5 3502 123
And XI 00 46 20.0 +33 48 05 0.1910%8 ~2.00 & 0.20 0.60 + 0.20 0.65:897 0.631092 0.60313 7 6 5219 84
And XII 00 47 27.0 +34 22 29 0.61 + 0.48 —2.10 £ 0.20 1.80 £ 1.20 1.897947 1.8210% 176593 8 4 3552 116
And XIIT 00 51 51.0 43300 16 0.61 + 0.20 —1.90 + 0.20 0.80 + 0.40 071 + 025 0.69 + 027 0.73 + 023 8 4 4052 111
And XIV 00 51 35.0 129 41 49 0.17 £+ 0.17 —2.26 + 0.05 1.50 + 0.20 1.67 + 0.20 1.66 + 0.21 1.667931 6 4 7823 48
And XV 01 14 18.7 438 07 03 0.24 £ 0.10 —~1.80 £ 0.20 130 £ 0.10 1.55 + 0.25 148 + 0.18 146 + 0.16 7 3 7228 214
And XVI 00 59 29.8 +32 22 36 029 + 0.08 —2.10 + 0.20 1.00 + 0.10 1.19 + 0.19 1.14 + 0.14 1.13 + 0.17 7 3 2979 78
And XVII 00 37 07.0 +44 19 20 0.50 + 0.10 —1.90 £ 0.20 1.48 + 0.30 147799 1.4675% 147799 8 3 11,097 174
And XVIII 00 02 14.5 +45 05 20 0.0375%8 —1.80 £ 0.10 0.80 £ 0.10 0.8910:5 0.87+0% 0.8710% 5 2 2544 123
And XIX 00 19 32.1 43502 37 0.58 + 0.10 —1.90 £ 0.10 14.20 + 3.40 14294048 14.06* 043 14.355042 8 4 7470 179
And XX 00 07 30.7 +35 07 56 0.11+H —1.50 £ 0.10 0.40 £ 0.20 0.50:0%3 0.497003 0.4975% 8 5 4065 120
And XXI 2354 47.7 +4228 15 0.36 + 0.13 —~1.80 £ 0.20 4.10 £+ 0.80 3.83 + 055 3.82 + 0.54 3.82 + 0.54 10 6 4078 52
And XXII 01 27 40.0 +28 05 25 0.61 £ 0.14 —-1.80 0.90 £ 0.30 0.947033 0.907018 0.957013 4 1 4651 158

Notes. ’Exponential, rElummer’ and 7
# Coordinates inferred from the NASA /TPAC Extragalactic Database (https://ned.ipac.caltech.edu/) portal.

Sérsic

are calculated in this work.

> All ellipticities (¢) and the half-light radius in the sixth column (r,) are from N. F. Martin et al. (2016), except for And VI, which is from A. W. McConnachie (2012). ¢ = 1 — b/a, where b is the semiminor axis and a
is the semimajor axis.

¢ A. W. McConnachie (2012).

9 Total number of observations in the i band.

ej Total number of observations in the V band.
f Total number of stellar populations detected in the observed field.
€ The number of confirmed LPV candidates in the observed field based on the criteria.

" E. Saremi et al. (2020).
' M. Navabi et al. (2021).
J H. Abdollahi et al. (2023).

(This table is available in its entirety in machine-readable form in the online article.)

02T UY2IBIN 9207 ‘(ddg?) 69:0001 “TYNINO[ TVOISAHIOULSY TH],

“Te 19 1Ye[Opqy


https://ned.ipac.caltech.edu/
https://doi.org/10.3847/1538-4357/ae40f3

THE ASTROPHYSICAL JOURNAL, 1000:69 (25pp), 2026 March 20

observations:

o= | N mim) 0
N-—-1 g j

To assess the correlated variability, the method computes
pairwise products of the standardized deviations obtained
within a time interval shorter than half the minimum expected
LPV period (60 days; I. McDonald & A. A. Zijlstra 2016). For
variable stars, brightness changes in different filters are
expected to occur in the same direction, leading to positive
products, whereas random noise produces uncorrelated devia-
tions that tend to cancel out. This behavior is quantified by the
Stetson J index (Equation (2)), which assumes high positive
values for variable stars and approaches zero for nonvariable
sources. The weighting factor w; accounts for the reliability of

each observation pair, while P, is defined in Equation (3):

_ S wi sign(Pr)/|Pid

J ?)
Zszlwk
p— o T 3)
oy — 1 if i=j.

To further characterize the variability, the kurtosis index K
(Equation (4)) is computed from the distribution of standar-
dized deviations. This index probes the shape of the light-
curve distribution by comparing the mean absolute deviation to
the rms deviation, thereby distinguishing between different
variability patterns. For example, K =~ 0.9 corresponds to
sinusoidal variability, K ~ 0.798 reflects a Gaussian distribu-
tion dominated by measurement noise, and values approaching
zero indicate distributions influenced by isolated outliers:

L N
_Ei: |5z|
K = NZET 4)

==l
NS

The final variability index, L, combines the J and K indices
and is normalized by the total observational weight
(Equation (5)). A higher L value indicates a greater likelihood
that a star is an LPV. A threshold for identifying candidate
variable stars is established from the distribution of the
variability index L in each magnitude bin. The negative side of
the L index distribution is fitted with a Gaussian function, and
stars with L values exceeding this fit by a factor of 10 are
flagged as potential variables, corresponding to an approx-
imate 90% confidence level. Figure 2 provides an example of
such a Gaussian fit. Additional details on this procedure can be
found in previous INT survey studies (M. Navabi et al. 2021;
E. Saremi et al. 2021; H. Abdollahi et al. 2023):

N
_ J X K i:th. ©)
0.798 Wall

The reliability of the method has been validated through
simulations using the ADDSTAR routine, in which artificial
stars with known properties are injected into the data and
subsequently recovered. Examples of light curves for the
identified LPV candidates are provided in Figures Al and A2.

3.5. Foreground Contamination

To accurately identify LPV stars in the dwarf satellites of
Andromeda, it is essential to remove foreground stars from the
Milky Way. We cross-matched our catalog with Gaia DR3
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(Gaia Collaboration et al. 2021) to minimize such contamina-
tion. Milky Way foreground stars were identified using Gaia
proper motions and parallaxes. The total proper motion was
calculated as

Hior = \/(MR.A.)2 + (:udecl.)2 ’

where pg a. and fige. are the proper-motion components
in R.A. and decl. Stars with i > 0.28 masyr !, roughly at
20 above the measurement uncertainty, were classified as
foreground. Additionally, stars with parallax significance
Pa/op, > 2 were also flagged as Milky Way stars. A star
satisfying either of these two criteria was excluded from the
analysis. The threshold value of 0.28 masyr ' follows the
approach adopted by R. P. van der Marel et al. (2019) for
identifying Milky Way foreground stars in Local Group dwarf
galaxy studies.

3.6. Amplitude of Variability for Candidate Stars

The amplitude of variability was estimated by assuming a
sinusoidal light curve. To account for photometric uncertain-
ties, random offsets that scale with the measurement errors
were included by using the observed standard deviation of the
magnitudes. The amplitude can be recovered using the
equation

A =20/0.707, (6)

where o is the observed standard deviation. Since our
observations span a maximum of two to three pulsation
cycles, the impact of semiregular variations and changes in
mean magnitude is reduced, enhancing the reliability of the
derived amplitude estimates.

In this study, we prioritize stars with amplitudes exceeding
0.2 mag due to our uncertainty regarding the nature of stars
with lower amplitudes.

4. Results

In this study, the photometric analysis of the target galaxies
has enabled the identification of LPV stars and the estimation
of the TRGB. For this work, all LPVs are treated as a single
class, as the available data do not cover enough cycles to
reliably distinguish between Miras and semiregular variables.
Determining the TRGB allows us to estimate the distance
modulus, which is crucial for understanding the spatial
positions of these galaxies. Additionally, the analysis provides
estimates of the half-light radius, offering further insight into
their structural properties. The following section discusses the
implications of these results in more detail.

4.1. Cross-matching with DUSTINGS

To enhance the robustness of our findings, we cross-
matched our photometric catalog results for M31’s satellite
galaxies with the DUST in Nearby Galaxies with
Spitzer (DUSTiINGS) catalog by M. L. Boyer et al. (2015a).
Integrating our photometric results with this infrared catalog
allows a better comparison of variability characteristics.

The DUSTiINGS project is an infrared observational study
targeting 50 dwarf galaxies in and near the Local Group to
identify evolved, dust-generating stars (M. L. Boyer et al.
2015a, 2015b). Utilizing the InfraRed Array Camera on the
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Figure 3. The observed regions of the AndIIl galaxy, with black dots
representing data from the INT and red dots indicating observations from
the SST.

Spitzer Space Telescope (SST) in its postcryogenic phase, the
survey examined 37 dwarf spheroidal galaxies, 8 dwarf
irregular galaxies, and 5 galaxies exhibiting characteristics of
both dIrr and dSph types. To improve the detection of AGB
stars, known for their variability at 3.6 and 4.5 um wave-
lengths, each galaxy was observed twice, approximately 6
months apart.

To demonstrate how many LPV stars photometrically
measured in this study overlap with those in the DUSTiINGS
catalog, it should first be noted that the surveyed areas in the
two observations differ. As illustrated in Figure 3, using
galaxy AndIII as an example, the region enclosed by dashed
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Figure 4. The distribution of LPVs observed in both the INT and Spitzer
datasets. Black histograms show the total number of LPVs within the area
overlapping with the Spitzer observation, while red histograms indicate the
subset of LPVs common to both observations.

lines represents the area observed by both catalogs. For each
galaxy, the number of LPVs within this overlapping region
was identified, followed by determining how many of these
LPVs are also included in the DUSTiINGS catalog. The results
and details of these calculations are presented in Figure 4.

As seen in Figure 4, the ratio of LPVs detected in the INT
and Spitzer observations varies among galaxies. This variation
primarily arises from differences in the sky coverage of the
two surveys. A larger overlap area results in a ratio closer to
unity, whereas a smaller overlap area or a limited number of
detected LPVs leads to lower ratios.

It should be noted that the SST works within the infrared
spectrum, which can penetrate dust clouds in a far better way.
This, in turn, can select stars that are obscured in the optical
range observed by the INT survey. As represented in Figure 3,
Spitzer detects more sources in a smaller field of view due to
its infrared sensitivity, higher limits for faint objects, and
effective survey strategies.

4.2. Half-light Radius

To determine the half-light radius of each dwarf galaxy, we
employed a method that involves plotting the number density
and surface brightness of the stellar population as functions of
the distance from the galaxy’s center. Generally, as the number
of stars in a region decreases, the surface brightness also
diminishes. However, this trend is not always observed, as the
distribution of faint and luminous stars can vary across
different areas, leading to deviations from direct proportion-
ality between star count and brightness.

To calculate the half-light radius, stars were first sorted by
distance from the galaxy center. They were then grouped into
radial bins, each containing an equal number of stars, so that
each bin’s width was adjusted to the local stellar density. For
each bin, we computed the surface brightness and number
density.
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Figure 5. Stellar number density (red squares) and surface brightness (black
squares) profiles of AndII dwarf galaxies as a function of galactocentric
distance, shown together with the best-fitting exponential (pink), Plummer
(blue), and Sérsic (green) models. Dashed lines mark the half-light radii
derived from the corresponding exponential, Plummer, and Sérsic fits. Vertical
error bars represent Poisson uncertainties in the stellar counts.

Following the approach of A. W. McConnachie &
M. J. Irwin (2006), the exponential (Equation (7)) and
Plummer (Equation (8)) profiles were used to estimate the
half-light radius (H. C. Plummer 1911; S. M. Faber &
D. N. C. Lin 1983). The findings from the fitting of the King
profile (I. R. King 1966) exhibited disparities when compared
to those derived from the exponential and Plummer profiles.
Subsequently, we elected to utilize the Sérsic profile
(Equation (9)) to attain results that are more consistent and
precise (J. L. Sersic 1968):

I(x) =a x e¥/b 4 ¢, @)
1(x) = a x (b*/(b* + xH)?) + c, (3
I(x) = a x eC-bx@/at/"=1), 9)

Table 1 contains the estimated half-light radii obtained from
exponential, Plummer, and Sérsic fits. For more comparison,
the half-light radii from A. W. McConnachie (2012) and
N. F. Martin et al. (2016) are referenced in Table 1. As an
example, Figure 5 presents the fitted profiles employed in the
half-light radius calculation for the And II dwarf galaxy.

4.3. The Tip of the Red Giant Branch as a Distance Indicator

The TRGB serves as a crucial distance indicator for
calibrating the cosmic distance ladder, thus playing an
essential role in determining cosmological parameters such
as the Hubble constant (Hp). In this study, we employ the
Sobel filter to estimate the TRGB of the stellar population
within two half-light radii (M. G. Lee et al. 1993; S. Sakai
et al. 1996). The Sobel filter, a well-established edge detection
technique in image processing, is used here to highlight sharp
discontinuities in the luminosity function of red giant branch
(RGB) stars that correspond to the TRGB.

The filter computes the gradient magnitude by convolving
the luminosity function with one-dimensional kernels, effec-
tively identifying rapid changes in stellar counts with
magnitude. The maximum gradient marks the TRGB location,
where the luminosity function changes most abruptly.
Depending on the noise level and crowding in the data, either
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the [-2, —1, 0, 1, 2] kernel, which provides smoother results
in noisy or crowded fields, or the simpler [—1, O, 1] kernel may
be adopted (B. F. Madore et al. 2023).

The estimated TRGB magnitudes and corresponding
distance moduli for each of Andromeda’s dwarf satellites are
listed in Table 2. The fourth column reports the TRGB values
derived by A. R. Conn et al. (2012) using the same i-band
filter, while the fifth and sixth columns show the minimum and
maximum TRGB estimates from other studies. The two
rightmost columns indicate the Galactic extinction and its
references.

For each galaxy, the absolute TRGB magnitude in the
Sloan i band was determined individually using PARSEC
stellar evolution models in the Sloan Digital Sky Survey
(SDSS) photometric system following the methodology of
A. R. Conn et al. (2012) and accounting for the metallicity of
the RGB population. Galactic extinction was corrected using
A; = 1.698 x E(B — V), where the SDSS i-band extinction
coefficient was adopted from E. F. Schlafly & D. P. Finkbeiner
(2011) and the reddening values E(B-V) were taken from
D. J. Schlegel et al. (1998).

Discrepancies between our results and those in the literature
can arise from several factors, including photometric depth,
instrumental characteristics, and data reduction methods. In
particular, the level of stellar crowding influences the accuracy
of the TRGB determination (A. E. Dolphin 2002; D. Makarov
et al. 2006; L. Rizzi et al. 2007).

Excluding the most crowded central regions could, in
principle, yield a cleaner TRGB detection by minimizing
blending effects, though this comes at the cost of reduced RGB
statistics and increased field contamination. Future analyses could
explore this trade-off in more detail using artificial-star tests.

The TRGB magnitudes obtained here correspond to red
magnitudes observed in the i band, which show only a weak
dependence on metallicity and age (M. G. Lee et al. 1993). This
relative insensitivity makes the TRGB a robust extragalactic
distance indicator. Compared to RR Lyrae and Cepheid variables,
the TRGB method benefits from being intrinsically brighter than
RR Lyrae stars and less affected by extinction than Cepheids,
although contamination from AGB stars near the tip can
occasionally complicate edge detection. Figures A6—-A8 present
the Sobel filter response for the TRGB determination.

Figure 6 presents the distances derived for each galaxy
using the TRGB method. Our estimates, shown as black circles
with uncertainties, are compared with the range of literature
values from A. R. Conn et al. (2012; red error bars). Overall,
our results are consistent with previous determinations within
the uncertainties. A more detailed comparison and discussion
of individual systems is provided in Section 5.

4.4. Color-Magnitude Diagram

Figure 7 shows the CMDs of AndII as an example of the
stellar population distribution in the Hertzsprung—Russell
diagram. CMDs for the other galaxies are provided in
Figures A9-Al1l. In these diagrams, gray markers represent
all stars photometrically identified in the final images
(Figures A3-A5), black points denote stars within two half-
light radii of the galaxy, and magenta points indicate all LPV
candidates across the observed field. Figures A3—AS5 show the
distribution of LPVs in the photometry field. The half-light
radius of each galaxy is indicated by a solid black line, while
the dashed line illustrates twice the half-light radius.
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Table 2
Physical Characteristics of the Targets

Galaxy TRGB s work (mag) Hihis work (Mag) TRGB [1] (mag) Honin (Mag) Hmax (Mag) Ay (s) (mag)  A; (s) (mag)
Distance (kpc) Distance (kpc) Distance (kpc)
And I* 21.00 £+ 0.05 2441 + 0.05 20.98 + 0.05 2431 £ 0.05 [1] 24.56 + 0.09[2] 0.145 0.090
762.08 + 17.75 727.28 + 16.95 816.58 + 34.56
And 11 20.40 + 0.10 23.83 + 0.10 20.69 + 0.05 23.83 + 0.42[3] 24.17 £ 0.12[2] 0.167 0.104
584.457273 583.96 + 54.69 682.34 + 38.77
And TIT 21.14 £ 0.09 24.48 + 0.09 20.98 + 0.07 24.18 + 0.11[4] 24.48 + 0.19[2] 0.152 0.094
788.21133:3¢ 685.44 + 30.98 787.17 + 68.41
And V 21.27 + 0.10 24.63 £+ 0.10 21.17 + 0.07 2435 + 0.07[1] 24.66 + 0.13[5] 0.342 0212
842.46*39:39 74131 + 2429 855.07 + 52.75
And VI 21.01 + 0.10 24.34 + 0.10 2437 + 0.09[4] 24.94 + 0.09[6] 0.173 0.107
7389343383 748.17 + 31.66 973.99 =+ 40.42
And VII* 21.30 + 0.05 24.38 + 0.05 24.25 + 0.25[7] 24.50 + 0.10[8] 0.532 0.329
751.62 + 17.15 707.95 + 86.38 79433 + 37.43
And IX* 2120 + 0.15 24.56 + 0.15 20.61 + 0.31 23.89 + 0.31[1] 24.48 + 0.20[9] 0.206 0.128
816.58 + 54.50 599.79 + 92.04 787.05 + 75.93
And X 20.77 + 0.08 24.09 + 0.08 20.95 + 0.28 24.01 + 0.07[10] 24.23 + 0.10[11] 0.354 0.219
659.1972374 633.87 + 20.77 701.46 + 33.05
And XI 20.75 + 0.08 24.05 + 0.08 21.14 + 031 24.17 £ 0.09[4] 2470 £ 0.20[12] 0.219 0.136
646.8972328 682.34 + 28.87 870.96 + 84.03
And XII 21.38 + 0.10 24.63 + 0.10 21.63 + 0.34 24.44 + 0.12[6] 24.84 + 0.34[1] 0.302 0.187
843.9139%% 773.76 + 47.26 928.97 + 157.46
And XIII 2140 + 0.05 2470 + 0.05 2130 + 0.07 2440 + 0.49[1] 24.80 + 0.35[13] 0.226 0.140
871.277303 758.58 + 192.02 912.01 + 159.51
And XIV 20.85 + 0.12 24.19 £ 0.12 21.18 + 0.56 24.33 + 0.33[14] 24.50 + 0.56[1] 0.164 0.101
688.063700 734.51 £ 120.56 794.33 + 223.69
And XV 20.84 + 0.11 2421 + 0.11 21.02 + 0.05 23.98 + 0.26[1] 24.66[15] 0.128 0.079
692.4373358 625.17 + 79.52 855.07
And XVI 20.05 + 0.06 23.38 + 0.06 20.27 + 0.08 23.3 + 0.19[1] 24.13 £ 0.04[16] 0.182 0.113
473791133 467.74 + 42.76 669.88 + 12.46
And XVII 21.00 + 0.10 2431 + 0.10 21.12 + 0.07 2431 + 0.11[1] 2450 + 0.10[17] 0.204 0.126
728.67433:3% 72778 + 37.82 794.33 + 37.43
And XVII 22.09 + 0.06 2535 + 0.06 2220 + 0.08 25.42 + 0.08[1] 25.66 + 0.13[18] 0.290 0.180
1176.7473337 121339 + 45.54 1355.19 + 83.61
And XIX 21.08 + 0.10 24.41 + 0.10 2124 + 0.09 2452 + 0.23[19] 24.85 + 0.13[18] 0.170 0.105
763.7473% 802.35 + 109.65 933.25 + 57.58
And XX 21.05 + 0.07 24.39 + 0.07 21.03 + 0.08 24.35 + 0.16[1] 24.52 £ 0.74[18] 0.161 0.100
755.6273% %3 74131 + 56.68 801.68 + 325.52
And XXI 21.14 £ 0.09 24.42 + 0.09 21.19 + 0.07 24.40 £+ 0.17[19] 24.67 £ 0.13[20] 0.256 0.158
766.3373%% 827.94 + 27.13 859.01 + 53.00
And XXII 21.07 + 0.08 24.38 + 0.08 2111 £ 0.07 24.65 + 0.07[21] 24.87 + 0.09[21] 0.216 0.133
752.54+28:24 853.45 + 32.98 940.12 + 41.70 .
Note.

# Galaxies with star signs have been previously studied by the INT group; And I (E. Saremi et al. 2021), And VII (M. Navabi et al. 2021), and And IX (H. Abdollahi

et al. 2023).

References The physical parameters in this table are based on references (1) A. R. Conn et al. (2012), (2) C. E. Martinez-Vézquez et al. (2017), (3) C. H. B. Koenig
et al. (1993), (4) A. K. Dambis et al. (2013), (5) L. Ferrarese et al. (2000), (6) D. R. Weisz et al. (2014), (7) N. A. Tikhonov & I. D. Karachentsev (1999),
(8) B. A. Jacobs et al. (2009), (9) D. B. Zucker et al. (2004), (10) C. M. Brasseur et al. (2011), (11) D. B. Zucker et al. (2007), (12) N. F. Martin et al. (2006),
(13) M. L. M. Collins et al. (2010), (14) S. R. Majewski et al. (2007), (15) E. D. Skillman et al. (2017), (16) M. Monelli et al. (2016), (17) M. J. Irwin et al. (2008),
(18) A. W. McConnachie et al. (2008), (19) F. Cusano et al. (2013), (20) N. F. Martin et al. (2009), (21) S. C. Chapman et al. (2013).

(This table is available in its entirety in machine-readable form in the online article.)

The PARSEC-COLIBRI isochrones (P. Marigo et al. 2017),
along with the relevant metallicity data (Table 1) and our
estimated distance modulus discussed in Section 4.3, are
overlaid on these plots. The black dashed lines indicate the
AGB tip and TRGB.

We used the classic core—luminosity relation to estimate the
theoretical AGB tip, determining that the absolute bolometric
magnitude for a Chandrasekhar core mass is approximately

—7.1 mag, which we then converted to an apparent magnitude
based on our distance modulus calculation.

PARSEC group isochrones were chosen for several
reasons. They provide a sufficient range of birth masses
(0.8 < M/M., < 30) by integrating models for intermediate-
mass stars (M < 7M.) with those for more massive stars
(M > TM.; G. Bertelli et al. 1994). These isochrones cover
the thermal pulsing AGB phase through the post-AGB stage
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Figure 6. Distance results for Andromeda’s satellite galaxies. The range
depicted in this plot is derived from A. R. Conn et al. (2012).
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Figure 7. CMD of LPVs in the And II galaxy (additional CMDs are provided
in Figures A9-All). Gray markers represent all stars photometrically
identified in the final images (Figures A3-AS5). Black points denote stars
located within two half-light radii of the galaxy. Magenta points indicate all
LPV candidates across the observed field, while cyan points highlight LPV
candidates within twice the half-light radius. The isochrones are shown as
colored curves: log(z/yr) = 6.6 (black), 8 (blue), 8.6 (green), 9 (purple), 9.4
(red), and 10 (cyan). The dashed lines mark the positions of the AGB tip and
TRGB, while the dotted line indicates the photometric completeness limit.

consistently with preceding evolutionary models. Importantly,
they account for mechanisms such as the third dredge-up
mixing in stellar envelopes during helium-burning pulses and
the increased luminosity of massive AGB stars due to hot
bottom burning (I. Iben & A. Renzini 1983). Additionally,
these isochrones include molecular opacities, which are vital
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for describing the cool atmospheres of red giants. They also
incorporate predictions for dust production in the winds of
LPVs, associated reddening effects, forecasts for radial
pulsations, and adjustments for various optical and infrared
photometric systems, all of which are easily accessible through
a user-friendly online platform.

5. Discussion

This section discusses the results of our time-series analysis
for the satellite galaxies of Andromeda observed as part of the
INT Survey. Previous analyses of other satellites in the INT
Survey, including NGC 147, NGC 185, and IC 10, have
revealed large populations of LPV stars and demonstrated their
potential as tracers of intermediate-age stellar populations and
dust production in Local Group dwarfs (M. Navabi et al. 2021;
E. Saremi et al. 2021; H. Abdollahi et al. 2023; T. Parto et al.
2023). The present work extends this effort to the wider M31
satellite system, allowing a comparative assessment of stellar
content, TRGB distances, and LPV properties across diverse
galactic environments.

5.1. And 1l

AndII was first identified by Sidney Van den Bergh from
photographic plates obtained with the 48 inch Schmidt telescope
at Palomar Observatory during 1970-1971 (S. van den Bergh
1972). Distance estimates for AndIl have ranged from
23.83 + 0.42 mag (583.96 + 54.69 kpc) based on the CMD
method (C. H. B. Koenig et al. 1993) to 24.17 £ 0.12 mag
(682.34 £+ 38.77 kpc) using the TRGB method and BaSTI
evolutionary tracks (C. E. Martinez-Vazquez et al. 2017).

As observed in the subplot concerning the And II galaxy in
Figure A3, the CCD1, CCD3, and CCD4 of WFC had to be
used for photometry due to the substantial size of this galaxy.
Consequently, the number of stars (11,230) and detected LPVs
(155) is more significant in comparison to other target
galaxies. The results obtained for the TRGB and distance
modulus are found to be consistent with those of the study
conducted by A. W. McConnachie et al. (2004).

5.2. And 1l

The region corresponding to twice the half-light radius of
AndIIl was encompassed within CCD4. Consequently, only
CCD4 underwent photometric analysis. Among the 5878
photometric stars examined, 185 LPV candidates were identified.

The least distance modulus calculated for this dwarf galaxy
is 24.18 £ 0.11 mag (685.44 + 30.98 kpc; A. K. Dambis et al.
2013), while the farthest distance is approximately 24.48 mag
(787.17 £+ 62.68 kpc; C. E. Martinez-Vazquez et al. 2017)
using the RR Lyrae stars. To estimate the least distance for
RR Lyrae variables, the statistical parallax is utilized. The
method involves using proper motions from the US Naval
Observatory CCD Astrograph Catalogue and apparent magni-
tudes from the Wide-Field Infrared Survey Explorer to
determine the parameters of the velocity distribution of the
Galactic RR Lyrae population (A. K. Dambis et al. 2013). The
calculations in C. E. Martinez-Vazquez et al. (2017) rely on
the period luminosity (PL) relation specific to RR Lyrae stars.
This method is based on the direct relationship between the
pulsation period of RR Lyrae stars and their absolute
brightness, which is then compared to their apparent
brightness.
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5.3. AndV

And V was first observed using a digital filtering technique
applied to images from the second Palomar Sky Survey.
Covering an area of 1550 deg” around the Andromeda galaxy,
this method was employed as part of a survey to identify low
surface brightness galaxies near the Andromeda galaxy
(T. E. Armandroff et al. 1998).

The distance modulus for And V was found to vary in the
range of 24.35 £+ 0.07 mag (741.31 £ 24.29 kpc; A. R. Conn
et al. 2012) to 24.66 £ 0.855 mag (855.07 £ 52.75 kpc;
L. Ferrarese et al. 2000) using the TRGB method. The main
distinction between the two estimations arises from statistical
perspectives. L. Ferrarese et al. (2000) utilize Cepheid variable
stars in 25 galaxies to calibrate secondary distance indicators
such as the TRGB, while the A. R. Conn et al. (2012) paper
applies a Bayesian statistical framework to estimate the
TRGB. In this galaxy, 112 LPV candidates were identified
out of 7916 stars that underwent photometry. The calculations
conducted in this study exhibit a closer alignment with the
minimum distance previously reported for this galaxy.

5.4. And VI

The distances to And VI span from 24.37 + 0.09 mag
(748.17 + 31.66 kpc) utilizing the RR Lyrae method
(A. K. Dambis et al. 2013) to 24.94 mag (973.99 + 40.42 kpc)
using the CMD method (D. R. Weisz et al. 2014). Using the
TRGB as a distance indicator, we obtained a distance modulus of
24.32 £ 0.10 mag (731.14 £ 34.46 kpc).

The variations among reported distance moduli can be
attributed to several factors, including differences in metho-
dology, calibration, and the treatment of interstellar dust. For
instance, D. J. Schlegel et al. (1998) utilized infrared data to
trace dust emission, while E. F. Schlafly & D. P. Finkbeiner
(2011) used higher-resolution optical data from the SDSS to
recalibrate those dust maps. The latter study revised the
original dust extinction values upward by about 14%, which
directly affects the correction for attenuation of starlight and
hence the inferred brightness of stars used in distance
determinations. These differences in extinction correction,
therefore, lead to corresponding variations in the derived
distance modulus.

This galaxy contains 6342 stars, including 117 LPV
candidates.

5.5 And X

The discovery of And X was reported by D. B. Zucker
et al. (2007). The discovery was based on stellar photometry
from the SDSS. Follow-up imaging data allowed the
researchers to estimate the distance modulus ranging from
24.01 £ 0.07 mag (633.87 £ 20.77 kpc; C. M. Brasseur et al.
2011) with the horizontal branch method to 24.23 £ 0.10 mag
(701.46 £ 33.05 kpc; D. B. Zucker et al. 2007) with the TRGB
method. C. M. Brasseur et al. (2011) employed deep wide-field
photometry from the Large Binocular Camera to scrutinize the
stellar and structural properties of the galaxies.

In this galaxy, among the 3502 stars observed in CCD4, 123
LPV candidates were detected. The distance modulus and
TRGB stars also show good concordance with existing
literature.
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5.6. And XI

N. F. Martin et al. (2006) highlighted the discovery of the
And XI, AndXII, and And XIII dwarf galaxies using data
collected from the Canada—France-Hawaii Telescope (CFHT).
These discoveries were obtained from a MegaCam survey that
encompassed the southern quadrant of the Andromeda galaxy,
covering a projected distance of approximately 50-150 kpc.
Based on the overdensity of stars aligned along the RGB tracks in
their CMDs, the detections were determined (N. F. Martin et al.
2006). The least distance estimation is 24.17 4+ 0.09 mag
(682.34 + 28.87 kpc) with RR Lyrae methods (A. K. Dambis
et al. 2013), while the furthest distance is about 24.70 £ 0.20 mag
(870.96 + 84.03 kpc) through the TRGB method (N. F. Martin
et al. 2006).

In this small and faint galaxy, 84 LPV candidates have been
identified using the index method from a pool of 5219
photometric stars. Furthermore, factoring in the margin of
error in calculations, the results obtained for the distance
modulus align well with the documented observations.

5.7. And XII

Based on our calculations, And XII, which contains 116 LPVs
and 3552 stellar sources, is located at a distance of 915 kpc as
derived from the TRGB method. Previous distance estimates
range from 24.44 + 0.12 mag (774 £ 47 kpc) using the CMD
method (D. R. Weisz et al. 2014) to 24.84 £+ 0.34 mag
(929 £+ 157 kpc) using the TRGB method (A. R. Conn
et al. 2012).

S. C. Chapman et al. (2007) obtained spectroscopic
observations of RGB stars in And XII to measure their radial
velocities rather than their distances directly. These velocities
were then combined with assumed distances from photometric
estimates to model the galaxy’s orbit within the gravitational
potential of M31. Their analysis indicated that And XII has an
unusually high radial velocity (approximately —556 kms ™),
approaching the local escape speed of the Andromeda system,
suggesting it may be on its first infall into the Local Group.

Our TRGB-derived distance of 915 kpc places And XII
slightly beyond the canonical distance to M31 (~780 kpc).
This position is consistent with the scenario proposed by
S. C. Chapman et al. (2007), where And XII is located behind
M31 and moving rapidly toward it. Thus, our independent
distance determination supports the interpretation of And XII
as a dynamically extreme satellite, possibly on its first
approach to the Andromeda galaxy.

5.8. And XIII

In M. L. M. Collins et al. (2010), And XIII is described as
having a “very poorly populated luminosity function.” As
shown in the subplot for this galaxy in Figure A7, the limited
number of observed AGB stars increases the uncertainty in
locating the TRGB. Nevertheless, our photometry (4052 stars,
including 111 LPV candidates) yields a TRGB-based distance
of 859 £ 20 kpc.

S. C. Yang & A. Sarajedini (2012) advocate the use of
RR Lyrae stars for And XIII and report an RRab-based true
distance modulus of 24.62 4+ 0.05, which corresponds to
840 £ 18 kpc. The two independent estimates differ by about
20 kpc, which is comparable to the quoted uncertainties and
therefore consistent within the errors. Owing to the sparse
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AGB population in And XIII, the RR Lyrae-based distance
offers a reliable and complementary constraint on its distance.

5.9. And XIV

The discovery of this dwarf galaxy is notable because
And XIV shows a heliocentric radial velocity of —481 kms ™",
corresponding to —206kms ™' relative to the Andromeda
galaxy (S. R. Majewski et al. 2007). This indicates that
And XIV is approaching M31 at a velocity close to the
galaxy’s escape speed. If And XIV is gravitationally bound to
Andromeda, this would imply a higher total mass for M31.
Alternatively, if it is not bound, And XIV may be entering the
Local Group for the first time, representing a dwarf galaxy that
evolved in isolation before its current interaction with M31.

Out of the 7823 stars subjected to photometry in CCD4,
48 LPV candidates were recognized. Our calculations indicate
a distance of 680 £ 38.60 kpc for this galaxy, a finding
that aligns with the conclusions drawn by S. R. Majewski
et al. (2007).

5.10. And XV

A deep photometric survey of the Andromeda galaxy,
carried out with the wide-field cameras of the CFHT and the
INT, led to the discovery of And XV (R. Ibata et al. 2007). The
survey extended to nearly 150 kpc from the center of M31 and
revealed numerous faint stellar substructures, including stellar
streams and an extended smooth halo component, offering
valuable insights into the structure and formation history of the
Andromeda system.

The distances to these galaxies varied between 23.98 +
0.26 mag (625.17 4 79.52 kpc; A. R. Conn et al. 2012) and
24.66 mag (855.07 kpc; E. D. Skillman et al. 2017) through the
TRGB method. The other estimations fall within these ranges.
Following the identification of 214 LPV stars among 7228
stellar populations, the distance modulus computed for this
galaxy stands at 24.18 £ 0.11 mag (685.49 + 35.62 kpc).

5.11. And XVI

In this galaxy, we discovered 78 LPV candidates out of
2979 stars that underwent photometry. The distance modulus
we computed for this galaxy is determined to be 23.35 +
0.06 mag (467.74 £+ 13.10 kpc). The minimum distance
for And XVI is 23.35 + 0.19 mag (467.74 £ 42.76 kpc;
A. R. Conn et al. 2012) up to now, and the maximum inferred
distance stands at 24.13 £+ 0.04 mag (669.88 £+ 12.46 kpc;
M. Monelli et al. 2016) utilizing the TRGB method. The other
estimation varied between these ranges.

5.12. And XVII

And XVII was discovered using the WFC on the INT
(M. J. Irwin et al. 2008). M. J. Irwin et al. (2008) measured its
line-of-sight distance using the TRGB method, obtaining
794 £+ 40 kpc (distance modulus 24.5 mag), placing it well
within the halo of M31.

In our study, 174 LPV candidates were identified among
11,097 photometered stars. Using the TRGB method, we
derived a distance modulus of 24.28 £ 0.10 mag (718 £
34 kpc). Our value is slightly lower than that reported by
M. J. Irwin et al. (2008) but remains broadly consistent within
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the uncertainties, confirming the galaxy’s location within the
M31 halo.

5.13. And XVIII

And XVIII was observed with the Hubble Space Telescope
Advanced Camera for Surveys on 2014 June 20 in the F606 W
and F814W filters. L. N. Makarova et al. (2017) analyzed these
images to determine the SFH and derived a TRGB distance
of 1.33Mpec, placing the galaxy at roughly 579 kpc from
Andromeda.

In our ground-based photometry with the INT, we identified
123 LPV candidates among 2544 stars. Using the TRGB
method, we obtained a distance of 1153 + 32 kpc. This revised
distance brings And XVIII somewhat closer to M31, but it
remains at a large enough separation that it is not definitively
bound to the Andromeda system. Therefore, while it could be
associated, And XVIII may also be an isolated dwarf galaxy
within the Local Group.

5.14. And XIX

And XIX is the most extended dwarf galaxy known
in the Local Group, with a half-light radius of 142 + 34
(M. L. M. Collins et al. 2022). The lowest distance estimate for
this particular dwarf galaxy is approximately 24.52 £ 0.23 mag
(802.35 = 109.65 kpc), as determined by utilizing the RR Lyrae
method (F. Cusano et al. 2013).

As depicted in Figure A3, the expanse of this galaxy is
substantial enough to encompass all four CCDs of the WFC.
The total count of photometric stars within this galaxy
amounts to 7470, yielding 179 LPV candidates. The distance
modulus computed for this galaxy stands at 24.39 4 0.10 mag
(755.09 £ 35.59 kpc).

5.15. And XX

Galaxy And XX, being the smallest target in this study in
terms of size, with 4065 stars, hosts 120 LPV candidates
observed in CCD4 along its line of sight. The distance
modulus calculated for this galaxy is 24.37 £ 0.07 mag
(748.17 £ 24.51 kpc), a value supported by the findings of
A. W. McConnachie et al. (2008), accounting for calculation
erTors.

5.16. And XXI

As part of the Pan-Andromeda Archaeological Survey, the
galaxies And XXI and And XXII were observed. This survey is
dedicated to the exploration of the galactic cluster encompassing
the Andromeda and Triangulum galaxies. Both galaxies were
identified as spatial overdensities of stars aligning with the metal-
poor RGBs (N. F. Martin et al. 2009). And XXI was observed
with less estimation at a distance of 2440 =+ 0.17 mag
(82794 + 27.13 kpc; F. Cusano et al. 2015) using the
RR Lyrae method, and the furthest distance was observed at
24.67 £ 0.13 mag (859.01 £ 53.00 kpc; N. F. Martin et al.
2009) using the TRGB method. Following the identification of
52 LPV stars among 4078 detected stars, the distance modulus
we computed for this galaxy stands at 24.39 £+ 0.09 mag
(759.09 +£ 31.96 kpc).
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Table 3
Master Catalog of the And II Dwarf Galaxy

ID R.A. Decl. Vv Verr i ferr Ay A; 1 J K L Nobservation
J2000 J2000 (mag) (mag) (mag) (mag) (mag) (mag)

372 19.0075 332343 22.643 0.131 21.308 0.066 0.490 0.348 1.639 0.675 0.797 0.674 10
378 19.1217 33.2343 20.591 0.031 19.529 0.023 0.103 0.134 6.763 3.442 0.870 3.754 10
379 19.0969 33.2344 22.094 0.061 20.457 0.033 0.137 0.133 2.153 1.268 0.893 1.419 10
380 19.0320 33.2344 21.021 0.069 19.084 0.025 0.158 0.120 6.950 3.565 0.890 3.978 10
381 19.0032 33.2344 20.505 0.122 19.553 0.044 0.353 0.259 5.312 2.219 0.873 2.428 10
383 19.2112 33.2344 23.938 0.259 20.892 0.045 0.706 0.232 3.353 1.596 0.866 1.733 10
384 19.0765 33.2345 21.364 0.086 19.930 0.032 0.222 0.172 7.474 3.009 0.819 3.088 10
391 19.0673 33.2346 21.980 0.148 21.068 0.057 0.411 0.327 2.449 0.938 0.882 1.038 10
392 18.9028 33.2346 24.229 0.434 23.707 0.272 0.883 0.805 0.230 —1.387 0.969 —1.011 6
394 19.2510 33.2345 22.863 0.263 20.974 0.065 0.902 0.310 4.172 2.372 0.943 2.804 10
395 19.2459 33.2345 21.853 0.166 21.207 0.055 0.463 0.448 4.395 2.076 0.924 2.403 10
(This table is available in its entirety in machine-readable form in the online article.)

5.17. And XXII

And XXII lies significantly closer to the Triangulum galaxy
(M33) than to Andromeda, suggesting a potential association
with M33 (N. F. Martin et al. 2009). Literature distance estimates
using the horizontal branch method range from 24.65 £ 0.07 mag
(853 £ 33 kpc; S. C. Chapman et al. 2013) to 24.87 + 0.09 mag
(940 + 42 kpc; S. C. Chapman et al. 2013). In our photometry,
we identified 158 LPV candidates among 4651 stars in CCD4.
Using the TRGB method, we derived a distance modulus of
24.35 £ 0.08 mag (741 + 28 kpc).

This revised distance places And XXII closer to M33,
strengthening the case that it could indeed be a satellite of the
Triangulum galaxy rather than Andromeda. However, given
the uncertainties in the three-dimensional position and
potential line-of-sight projection effects, a definitive assign-
ment to M33 cannot be confirmed.

5.18. Integrated Characteristics of the Andromeda Satellite
LPV Population

The spatial distribution of LPVs within the M31 satellites
provides important information on their membership and
concentration. Figures A3—AS5 show the positions of LPVs in
each dwarf galaxy. In some systems, such as And VI, the LPVs
are clearly concentrated within the galaxy boundaries, while in
others, like And XI1I, the clustering is less obvious.

To quantify membership, the surface density of LPVs
inside each galaxy’s nominal boundary was compared to the
surrounding control fields. This analysis indicates that,
although some LPVs may belong to the background halo of
M31 or M33, a substantial fraction are consistent with
genuine membership in their respective dwarfs. LPVs located
outside the nominal galaxy boundaries are unlikely to be
foreground contamination. To further assess this, Gaia DR3
data were examined for the Andromeda field, where epoch
photometry is available for individual sources. None of the
candidate LPVs are listed in Gaia DR3, likely due to their
faint magnitudes.

The LPV stars identified in this study provide an integrated
perspective on late stellar evolution across diverse galactic
environments. Approximately 2800 LPV candidates were
detected among roughly 1.2 x 10° resolved stars in the
combined photometric catalog. The composite luminosity
distribution of these variables closely matches that observed

in well-studied, intermediate-age systems such as NGC 147
and NGC 185, confirming that luminous AGB stars are reliable
tracers of evolved stellar populations throughout the M31
satellite system (D. Lorenz et al. 2011; R. Hamedani Golshan
et al. 2017; H. Mahani et al. 2025).

No strong trend is found between the LPV population and
the three-dimensional distance from M31. However, satellites
located within about 150 kpc of the host galaxy, such as And I
and And VII, show slightly higher fractions of dusty or large-
amplitude LPVs than more distant systems, including
And XVIII and And XXII. This pattern suggests that weak
environmental effects, possibly tidal interactions or extended
periods of star formation, may enhance LPV production in the
inner satellites (J. Preston et al. 2025).

6. Summary

We conducted observations using the WFC on the INT to
monitor most of Andromeda’s satellite dwarf galaxies. These
observations primarily utilized the i-band filter, with supple-
mentary V-band observations conducted over up to nine
epochs. This study provides the initial findings for galaxies
AndIL, III, V, VI, X, XI, XII, XIII, XIV, XV, XVI, XVII,
XVIIL, XIX, XX, XXI, and XXII, illustrating our approach and
the potential scientific insights this project can offer.

For each of these galaxies, we developed photometric
catalogs focused mainly on the area covered by CCD4 of the
WEC, which spans 1126 x 22!55 and, for most galaxies,
encompasses approximately two half-light radii. For some
dwarf galaxies, however, data from additional CCDs were also
included to cover a larger area. These catalogs are compre-
hensive, providing both extensive photometric data and the
identification of potential LPV stars, especially those exhibit-
ing amplitude variations greater than 0.2 mag. We derived the
distance modulus for these galaxies by analyzing the TRGB
stars in the photometric data. Additionally, we measured the
half-light radii for these satellite galaxies (as detailed in
Table 2). All photometric catalogs of LPV stars are made
publicly available in the online journal and at the Centre de
Données astronomiques de Strasbourg (CDS). The format of
these catalogs is illustrated in Tables 3 and 4. Table 3 provides
an overview of the entire stellar population of AndII,
including columns for ID, coordinates, magnitude, and error
in both the i and V bands. Meanwhile, Table 4 lists the LPV
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Table 4
Catalog of LPV Candidates for the And II Dwarf Galaxy
ID Date Filter Magnitude Error
91 2457612.61 i 20.926 0.046
91 2457613.67 14 21.761 0.036
91 2457681.59 i 21.157 0.073
91 2457683.54 Vv 22.036 0.062
91 2457783.48 i 21.060 0.093
91 2457967.63 i 20.947 0.041
91 2457997.68 i 20.872 0.035
91 2458033.01 i 21.124 0.058
91 2458034.66 1% 22.228 0.103
181 2457428.36 i 21.050 0.054
181 2457612.62 i 20.834 0.038
181 2457613.67 Vv 23.019 0.090
181 2457681.59 i 21.110 0.059
181 2457683.54 Vv 23.420 0.189
181 2457783.48 i 21.103 0.074
181 2457967.63 i 20.862 0.027
181 2457997.68 i 20.856 0.035
181 2458033.01 i 21.087 0.052
181 2458034.66 14 22.982 0.178

(This table is available in its entirety in machine-readable form in the online
article.)
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candidates in AndII. The first column represents the ID,
followed by the date, which is recorded based on Julian dates,
with the final two columns detailing the magnitude and its
corresponding error.

In subsequent reports in this series, we will utilize these
catalogs to explore the SFH and dust production of all
identified LPV candidates across the monitored galaxies
(H. Mahani & A. Javadi 2025; H. Mahani et al. 2025).
Furthermore, we investigate how color, and consequently
temperature, changes during variability phases. By analyzing
these changes and luminosity data, we aim to determine the
variations in stellar radius and their correlation with mid-
infrared excess.
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Appendix
Supplementary Material

Figures Al and A2 show light-curve examples of a
representative LPV from each dwarf galaxy. Figures A3-AS5
provide the spatial distribution of the LPVs within the
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observed fields of all dwarf galaxies. Figures A6—AS8 present
the TRGB determination, while Figures A9—-A11 display the
CMD of the total stellar population together with the LPV
distribution, shown both across the full observed field and
within two half-light radii.
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Figure Al. Light-curve example of LPV candidates. The black solid line represents the best fit for the observational data.
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Figure A2. Light-curve example of LPV candidates. The black solid line represents the best fit for the observational data.
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Figure A9. CMDs of dwarf satellites. Gray squares mark photometrically identified stars, and black squares show stars within twice the galaxy’s half-light radius.
Magenta points mark LPV candidates in the total studied field, with cyan points highlighting LPV candidates within twice the half-light radius. The isochrones are
shown as colored curves: log(t/yr) = 6.6 (black), 8 (blue), 8.6 (green), 9 (purple), 9.4 (red), and 10 (cyan). The dashed lines mark the positions of the AGB tip and

TRGB, while the dotted line indicates the photometric completeness limit.
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