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Abstract

We conducted an extensive study of the spheroidal dwarf satellite galaxies around the Andromeda
galaxy to produce an extensive catalog of LPV stars. The optical monitoring project consists of 55 dwarf
galaxies and four globular clusters that are members of the Local Group. We have made observations of
these galaxies using the WFC mounted on the 2.5 m INT in nine different periods, both in the i-band
filter Sloan and in the filter V -band Harris. We aim to select AGB stars with brightness variations larger
than 0.2 mag to investigate the evolutionary processes in these dwarf galaxies. The resulting catalog of
LPV stars in Andromeda’s satellite galaxies offers updated information on features like half-light radii,
TRGB magnitudes, and distance moduli. This manuscript will review the results obtained for And II
galaxy. Using the Sobel filter, we have calculated the distance modulus for this satellite galaxy, which
ranges from 23.90 to 24.11 mag.

Keywords: stars: evolution – stars: AGB and LPV– stars: luminosity function, mass function – stars:
mass-loss – stars: oscillations – galaxies: stellar content galaxies: Local Group

1. Introduction

Dwarf galaxies are known to show a wide range of properties due to complications within the galactic
environment-affecting star formation rates, gas composition, and interactions with other galaxies (Vollmer,
2013). Within the Local Group, they are noteworthy for their proximity, their variety,and the large range
in metallicity and morphology. Their simpler star formation history compared to other galaxies makes
them easier to study. The studies of dwarf galaxies have the potential to provide clues on galaxy formation
scenarios, both the hierarchical and downsizing models. Dwarf galaxies are very crucial in attempts to
understand dark matter since they are dominated by this form of matter, unlike globular star clusters.
Their distribution in galaxy clusters may indicate the distribution of dark matter; hence, they may serve as
better indicators of mass distribution within clusters than brighter galaxies.

Generally, dwarf galaxies have low stellar density and have undergone minimal dynamical evolution,
preserving their initial mass function. Several questions remain about galaxy evolution, such as the dif-
ferences between the evolutionary processes of dwarf satellites and isolated dwarfs, and the impact of gas
removal mechanisms on star formation. Focusing on dwarf galaxies, particularly Andromeda satellites, the
Isaac Newton telescope monitoring survey of dwarf galaxies in the Local Group (INT survey) was conducted
to study their evolutionary history. Observations were made at three-month intervals from June 2015 to
February 2018. To study galaxy evolution, asymptotic giant branch (AGB) stars were observed because
they are key tracers of SFH (Hamedani Golshan et al., 2017, Hashemi et al., 2019, Javadi et al., 2011b, 2017,
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Table 1. Observational properties and half-light radius of targets.

Galaxy R.A. a Dec a ϵb [Fe/H]c rh
b rh

Exponential rh
Plummer rh

Sérsic NTotal NLPV

(J2000) (J2000) (dex) (arcmin) (arcmin) (arcmin) (arcmin)

And I d 00 45 39.80 +38 02 28.00 0.28± 0.03−1.45± 0.04 3.90± 0.10 3.20± 0.30 - - 10243 470
And II 01 16 29.78 +33 25 08.75 0.16± 0.02−1.64± 0.04 5.30± 0.10 5.32+0.19

−0.02 5.21+0.09
−0.12 5.35+0.16

−0.05 10384 728
And III 00 35 33.78 +36 29 51.91 0.59± 0.04−1.78± 0.04 2.20± 0.20 2.33+0.07

−0.20 2.21+0.19
−0.08 2.15+0.25

−0.02 5409 573
AndV 01 10 17.10 +47 37 41.00 0.26+0.09

−0.07 −1.6± 0.3 1.60+0.20
−0.10 1.88+0.04

−0.17 1.84+0.08
−0.14 1.86+0.06

−0.16 7928 398
AndVI 23 51 46.30 +24 34 57.00 0.41± 0.03−1.3± 0.14 2.30± 0.20 2.24+0.15

−0.03 2.00+0.02
−0.16 2.27+0.12

−0.07 6336 364
AndVII e 23 26 31.74 +50 40 32.57 0.13± 0.04−1.40± 0.30 3.50± 0.10 3.80± 0.30 - - ? 55
And IX f 00 52 53.00 +43 11 45.00 0.00+0.16

−0.00 −2.2± 0.2 2.00+0.30
−0.20 2.50± 0.26 - - 8653 77

AndX 01 06 33.70 +44 48 15.80 0.10+0.34
−0.10 −1.93± 0.11 1.10+0.40

−0.20 1.30+0.35
−0.20 1.29+0.36

−0.19 1.28+0.37
−0.18 4025 418

AndXI 00 46 20.00 +33 48 05.00 0.19+0.28
−0.19 −2.0± 0.2 0.60± 0.20 0.54+0.18

−0.06 0.53+0.19
−0.05 0.53+0.19

−0.05 3999 495
AndXII 00 47 27.00 +34 22 29.00 0.61+0.16

−0.48 −2.1± 0.2 1.80+1.20
−0.70 1.72+0.33

−0.18 1.72+0.33
−0.18 1.73+0.33

−0.18 3555 237
AndXIII 00 51 51.00 +33 00 16.00 0.61+0.14

−20 −1.9± 0.2 0.80+0.40
−0.30 0.71+0.25

−0.07 0.69+0.27
−0.05 0.73+0.23

−0.09 3794 587
AndXIV 00 51 35.00 +29 41 49.00 0.17+0.16

−0.17 −2.26± 0.05 1.50± 0.20 1.67+0.20
−0.17 1.66+0.21

−0.16 1.66+0.21
−0.16 7876 360

AndXV 01 14 18.70 +38 07 03.00 0.24± 0.10−1.8± 0.2 1.30± 0.10 1.55+0.01
−0.25 1.48+0.08

−0.18 1.46+0.10
−0.16 7215 439

AndXVI 00 59 29.80 +32 22 36.00 0.29± 0.08−2.1± 0.2 1.00± 0.10 1.19+0.01
−0.19 1.14+0.06

−0.14 1.13+0.07
−0.13 2972 183

AndXVII 00 37 07.00 +44 19 20.00 0.50± 0.10−1.9± 0.2 1.48± 0.30 1.48+0.01
−0.17 1.47+0.02

−0.17 1.48+0.02
−0.17 10369 430

AndXVIII 00 02 14.50 +45 05 20.00 0.03+0.28
−0.03 −1.8± 0.1 0.80± 0.10 0.97+0.15

−0.01 0.95+0.01
−0.15 0.93+0.03

−0.13 2638 266
AndXIX 00 19 32.10 +35 02 37.10 0.58+0.05

−0.10 −1.9± 0.1 14.20+3.40
−1.90 14.28+0.49

−0.08 14.22+0.55
−0.02 14.44+0.33

−0.24 7441 1676
AndXX 00 07 30.70 +35 07 56.40 0.11+0.41

−0.11 −1.5± 0.1 0.40+0.20
−0.10 0.50+0.04

−0.10 0.49+0.05
−0.09 0.46+0.07

−0.06 4050 654
AndXXI 23 54 47.70 +42 28 15.00 0.36+0.10

−0.13 −1.8± 0.2 4.10+0.80
−0.40 3.83+0.27

−0.55 3.82+0.28
−0.54 3.82+0.28

−0.54 2621 293
AndXXII 01 27 40.00 +28 05 25.00 0.61+0.10

−0.14 −1.8 0.90+0.30
−0.20 0.90±0.18 0.87+0.21

−0.15 0.85+0.23
−0.13 4645 295

a Coordinates inferred from the NASA/IPAC Extragalactic Database (NED) (2024) portal.
b All ellipticities are referred from Martin et al. (2016), except for AndVI which is from McConnachie (2012).

c McConnachie (2012), d Saremi et al. (2020) , e Navabi et al. (2021), and f Abdollahi et al. (2023).
ϵ = 1− b/a, where b is the semi-minor axis and a is the semi-major axis.

Rezaeikh et al., 2014). AGB stars, which can become long-period variable (LPV) stars, provide insights into
the dynamics and evolution of dwarf galaxies (Javadi et al., 2013, 2016). Stars with initial masses between
0.5 to 8 M⊙ can reach the late stages of the AGB evolutionary path (Höfner & Olofsson, 2018). AGB stars
reach their maximum luminosity during these stages, making them easier to observe in faint dwarf galaxies.
The luminosity of LPVs is linked to their initial birth mass, providing clues about their mass, age, and
pulsation duration. AGB stars are excellent indicators for reconstructing SFH as they age from 10 Myr to
10 Gyr (Javadi et al., 2011a).

Table 1 lists the M31 satellites in this study, detailing the observational time, epoch, filter, exposure
time, airmass, and seeing conditions for each galaxy. Of the 24 dwarf galaxies in the Andromeda system, four
(M110, M32, Pisces I, and Pegasus) lacked sufficient observational epochs to detect long-period variable
(LPV) stars, while three had already been studied previously (Abdollahi et al., 2023, Navabi et al., 2021,
Saremi et al., 2021).

As illustrated in Figure 1, And II is significantly larger than the other Andromeda satellites, except
for And XIX. And II was first identified through the analysis of images acquired with the 48-inch Schmidt
telescope at Palomar Observatory, during observations conducted by Sidney Van den Bergh in 1970 and
1971 (van den Bergh, 1972). In this paper, we present the results of time-series observations of this galaxy,
performed using the INT Telescope.

2. Observation and Data

The Wide Field Camera (WFC) on the 2.5 m INT telescope at the Observatorio del Roque de los
Muchachos in La Palma is equipped with four 2048×4096 CCDs, each with a pixel scale of 0.33 arcseconds.

Long-period variable stars exhibit distinctive brightness fluctuations due to intrinsic mechanisms such
as pulsations and eclipses. Time-series observations enable the quantification of periodicity, the detection of
transient events, and the study of different evolutionary phases. This approach reveals detailed behaviors
such as light-curves, amplitude modulation, and phase shifts. To investigate the magnitude variations of
the LPV in And II, time series observations were performed using Sloan i, Harris V , and RGO I filters
with the WFC to analyze photometric variability. The i-band filter enhances the contrast of spectral energy
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distributions (SEDs) for cool, evolved stars, particularly LPVs. The V filter, with a peak transmission
around 528 nm, is used to determine stellar color, which is directly related to temperature.

Figure 1. Satellite galaxies of Andromeda. The semi-major axis of the galaxies is represented proportionally
to their actual sizes, based on data from Table 1.

3. Methodology

3.1. Data reduction and Photometry

To obtain the science images of And II from raw data, the images were processed using the ’THELI’
pipeline, which is optimized for precise astrometry and multi-chip CCD cameras.

Photometry in both i and V filters was performed using the DAOPHOT/ALLSTAR package (Stetson, 1987).
Initially, a selection of approximately 30-40 isolated stars located at various positions in the field was made
using the PSF routine. 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, DAOMASTER, and MONTAGE2 routines. This master image was used to generate a
star list with the ALLSTAR routine. Subsequently, the ALLFRAME routine used the star list to estimate the
instrumental magnitudes of stars by fitting the PSF models to the individual images (Stetson, 1994). The
transformation of instrumental magnitudes into the standard system was accomplished using observations
of standard stars (Landolt, 1992) and the NEWTRIAL routine (Stetson, 1996).

3.2. 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 photometry of about 40 isolated bright stars in each frame (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 trans-
formation equations for each frame, which accounted for 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 accurately distinguish variable from non-
variable sources. Approximately 1000 common stars were selected across all frames within the magnitude
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interval 18 to 21 mag. Each star’s deviation at each epoch was determined relative to the mean mag-
nitude 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 (Stetson,
1987) in both i- and V -band single frames, across discrete 0.5 mag bins ranging from 16 to 24.5 mag. The
fraction of recovered artificial stars was estimated with the ALLFRAME routine. The results indicated that
the survey is sufficiently complete up to 22 mag in the i and V bands, near the tip of the RGB, and up to
50% complete for stars with a magnitude of approximately 23 mag in both filters, confirming that nearly
the entire AGB and RSG populations are detected for the primary research purpose.

3.3. Detection of long-period variables

The foreground stars were removed by cross-correlating the catalog with the Gaia DR3 catalog before
LPV cognition (Gaia Collaboration et al., 2021). The method developed by Welch & Stetson (1993) and
refined by Stetson (1996) involves calculating the Stetson variability index. This index quantifies a star’s
brightness variability based on time series observations, considering the measured magnitudes and their
errors. The next step involves calculating the pairwise product of these standardized deviations. For variable
stars, it is expected that the magnitudes in the i and V filters will either increase or decrease together across
different observational nights within a time interval of less than half a minimum period (60 days for LPVs
(McDonald & Zijlstra, 2016)). Although the magnitude of change could vary, for each observation pair,
the direction of change should remain the same to yield a positive product that measures the coherence of
the deviations: if the deviations from the mean are consistent and correlated across observations, it will be
positive to indicate variability; otherwise, random noise cancels out due to uncorrelated deviations. The
index of variability, L, normalizes and weights them based on the number of observations. A large value of
L denotes that the large probability of a star being an LPV is hence very useful for selecting the variable
stars out of an extensive dataset.

The accuracy of the variability indices method is confirmed through simulations, such as the ADDSTAR

subroutine. This includes introducing artificial stars with known properties into the data and evaluating how
effectively the method retrieves these inputs. This procedure aids in gauging the method’s dependability
and accuracy.

3.4. Amplitude of Variability for Candidate Stars

The variability amplitude was estimated by assuming a sinusoidal light-curve shape. By comparing
the standard deviation in the magnitudes to the value expected for a completely random sampling of a
sinusoidal variation (0.701), the amplitude can be determined using the equation that defines it as the
difference between the minimum and maximum brightness.

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

A = 2σ/0.701, (1)

4. Results

The photometric analysis of the And II dwarf galaxy has not only led to the discovery of LPV stars
but has also aided in the estimation of the tip of the red giant branch (TRGB). This estimation is crucial
for calculating the distance modulus, which is fundamental for comprehending the spatial arrangement of
galaxies. Moreover, the analysis offers a method for determining the half-light radius of these galaxies.

In Figure 2, the upper left subplot illustrates the distribution of LPV candidates in the studied areas.
Red circles indicate LPV candidates, while solid and dashed black circles represent the half-light radius and
twice the half-light radius of the dwarf galaxy, respectively. The black arrows point toward the center of
the Andromeda galaxy. As illustrated in this subplot, photometric measurements required the utilization of
CCD1, CCD3, and CCD4 of WFC due to the considerable size of this galaxy. As a result, the total number
of stars identified (10, 384) and the detected LPV stars (825) are notably higher than those found in other
target galaxies.
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In the upper right subplot, the left panel shows stellar sources within two half-light radii, the middle
panel presents the histogram of the luminosity function, and the right panel displays the Sobel filter response
for edge detection of the tip of the red giant branch (TRGB). These plots are specific to And II and resulted
in TRGB = 20.40±0.10 mag (The TRGB is highlighted with red lines and arrows). The distance modulus
computed for this galaxy stands at 23.81±0.10 mag (∼ 578 kpc). The results for the TRGB and distance
modulus align with those reported in the study by McConnachie et al. (2004).

The lower left subplot shows the color-magnitude diagram (CMD) of the And II dwarf satellite galaxy.
The gray points denote stars that were identified photometrically in the final images. The black dots
represent stars situated within two times the half-light radius of the center of the target galaxy. Green
points indicate potential long-period variable candidates throughout the entire studied field, while red points
highlight LPV candidates within two times the half-light radius. The magenta lines illustrate the relevant
isochrones.

Finally, the lower right subplot displays the light-curve of a sample variable star in And II galaxy.

Figure 2. Distribution of the LPVs, detection of the TRGB, CMD, and light-curve in the And II galaxy.
.

5. Summary

We utilized the Wide Field Camera (WFC) on the Isaac Newton Telescope (INT) to conduct observations
aimed at monitoring most of the dwarf galaxies observable from the northern hemisphere. Our observations
primarily focused on the i-band filter, with additional V -band observations carried out over up to nine
epochs. This study presents the initial findings for galaxy And II, showcasing our methodology and the
potential scientific insights that this project can provide.
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For each of these galaxies, we developed photometric catalogs focused mainly on the area covered by
CCD4 of the WFC, which spans 11.26′′ × 22.55′′. These catalogs are comprehensive, providing both exten-
sive photometric data and the identification of potential long-period variable (LPV) stars, especially those
exhibiting amplitude variations greater than 0.2 mag. We derived the distance modulus for these galaxies
by analyzing the tip of the RGB in the photometric data. Additionally, we measured the half-light radii for
these satellite galaxies.

In future papers in this series, we will utilize these catalogs to explore the star formation history and dust
production of all identified LPV candidates across the monitored galaxies. 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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