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ABSTRACT

We carry out an imaging survey of six globular clusters (GCs) with a limit magnitude to 22 mag at the 5o level, down to the
main-sequence stars of the respective cluster, as one of the pilot observing program of the Wide Field Survey Telescope (WFST).
This paper presents the early results of this survey, where we investigate the tidal characters at the periphery of the clusters
NGC 4147, NGC 5024, NGC 5053, NGC 5272, NGC 5904, and NGC 6341. We present the estimated number density of cluster
candidates and their spatial distribution. We confirm the presence of tidal arms in NGC 4147 and NGC 5904 and identify several
intriguing potential tidal structures in NGC 4147, NGC 5024, and NGC 5272, corroborating the elliptical morphology of the
periphery of NGC 6341. WEST shows its ability to detect faint main-sequence stars of clusters beyond 15 kpc in heliocentric
distance. Our findings underscore WFST’s capability for probing faint structural features in GCs, paving the way for future
in-depth studies, especially for the search of the large-scale tidal streams associated with the clusters with the future wide field
survey.

Key words: surveys— globular clusters: general — Galaxy: structure.

formation of extended tidal tails in some cases (see Ibata et al. 2021;

1 INTRODUCTION Zhang, Mackey & Da Costa 2022, and references therein). The spatial

The evolution of galaxies is fundamentally a history of accretion and
merger events, which contribute to the growth of the Milky Way by
supplying material (e.g. Ibata, Gilmore & Irwin 1994). Alongside
these significant merger events, the globular cluster (GC) systems of
the progenitor galaxies are also assimilated into the Milky Way (e.g.
Kruijssen et al. 2019; Carlberg 2020). By their intrinsic nature, GCs
preserve the environmental conditions of their birthplaces and record
the interaction history during mergers, offering a unique window
into the properties of progenitor galaxies and the merger history.
Strong tidal interactions with the Milky Way’s gravitational potential
reshape these GCs, leading to deformed stellar envelopes and the
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distribution of these tidal tails provides critical constraints on the
properties of the Milky Way’s gravitational potential, particularly
when compared with N-body simulations (e.g. Law & Majewski
2010).

The connection between GCs, stellar streams, and their surround-
ing tidal tails or features (e.g. Ibata et al. 2021) reveals that GCs are
not simple, spherically symmetric structures densely packed with
stars. Instead, their member stars can escape to significant distances,
and the clusters themselves are dynamically reshaped by the Milky
Way’s gravitational potential. Notably, tidal features associated with
GCs can exhibit large-scale asymmetry (e.g. Carballo-Bello et al.
2012, 2014), underscoring the need for an unbiased study of each
single cluster. Such a study requires a survey capable of providing
deep photometry and a wide field of view (FOV; e.g. Piatti 2024b,
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Table 1. The basic properties of the GCs we concern, which are adopted from Baumgardt & Vasiliev (2021). The first column is the identifier of the cluster;
the second column is the coordinate of the cluster in the equatorial coordinate system; the third column is the heliocentric distance; the fourth column is the
Galactocentric distance; the fifth column is the proper motion; and the last column is the line-of-sight velocity.

Cluster Coordinate Re (kpe) Rgc (kpe) Proper motion (mas yrfl) Vios (kms™1)
NGC 4147 (18225262, 1825426) 18.54 +0.21 20.74 £0.19 (—1.690 + 0.014, —2.092 £ 0.013) 179.35 £ 0.31
NGC 5024 (19892302, 18°1681) 18.50 £0.18 19.00 £0.16 (—0.131 £ 0.005, —1.332 &£ 0.005) —63.37 +0.25
NGC 5053 (19921128, 17°7002) 17.54 £0.23 18.01 £0.20 (—0.338 £ 0.007, —1.214 £ 0.007) 42.82 +£0.25
NGC 5272 (20595484, 28°3772) 10.18 £0.08 12.09 £ .06 (—0.153 +0.007, —2.679 £ 0.007) —147.20 £ 0.27
NGC 5904 (22926384, 220810) 7.48 +0.06 6.27 £0.02 (4.073 £ 0.006, —9.872 %+ 0.006) 53.50 £0.25
NGC 6341 (25992807, 43°1359) 8.50 £ 0.07 9.85+0.04 (—4.934 +0.012, —0.630 £ 0.012) —120.55+0.27

2025), which are essential for a systematic understanding of GCs
system. Furthermore, the morphology and spatial distribution of
tidal features, combined with robust candidate selection based on
photometric data, are critical for enabling future chemodynamical
studies. These studies will rely on spectroscopic follow-up observa-
tions, which are often resource intensive and require careful target
prioritization (e.g. Li et al. 2019; Awad et al. 2025).

Pioneering photometric surveys have provided significant advan-
tages for studying the stellar populations and spatial distributions of
GCs (e.g. Bellazzini et al. 2003; Balbinot et al. 2011). However, the
faint outer regions of these clusters have only recently become more
accessible and scientifically significant, thanks to advancements in
observational techniques and instrumentation (e.g. Bianchini, Ibata &
Famaey 2019; Zhang et al. 2022; Piatti 2024a, b). Mapping the
faint structures surrounding the Milky Way remains a key focus
for both existing and upcoming optical surveys, such as the Dark
Energy Survey (DES), the Large Synoptic Survey Telescope (LSST),
the Euclid mission, the Chinese Space Station Telescope, and the
JWST (e.g. The Dark Energy Survey Collaboration 2005; Gardner
et al. 2006; LSST Science Collaboration 2009; Zhan 2018; Euclid
Collaboration 2025).

The Wide Field Survey Telescope (WFST)! is one of the latest
optical survey telescopes to commence operations (Wang et al. 2023).
It features a 2.5-m primary mirror and is equipped with five corrector
lenses, an atmospheric dispersion compensator, and active optics.
The telescope’s filter system includes five bands (u#griz) and a white
band. Its scientific imaging array comprises nine CCDs, each with
9k x 9k pixels, enabling an FOV of 3°. WEST is designed to survey
the Northern sky with unprecedented sensitivity, aiming to explore
the dynamic Universe and capture time-domain phenomena. Key
scientific objectives include the detection of supernovae (Hu et al.
2023), tidal disruption events (Lin, Jiang & Kong 2022), variables
(Lin et al. 2024), optical counterparts of gravitational wave events
(Liu et al. 2023), active galactic nuclei (Su et al. 2024) variability,
and Solar system objects (Lu et al. 2025; Wang et al. 2025).

Since the establishment of the Lenghu Observatory (Deng et al.
2021), WEST represents the first large optical survey telescope
to commence its mission at this new site. As one of its primary
scientific objectives, WFST will conduct a wide-field survey covering
approximately 8000 deg? in the Northern sky, reaching a depth of
over 24 mag. This deep data set will facilitate systematic studies
of large faint structures around the Galaxy, including the Galactic
halo structure, faint dwarf galaxies, and the outer regions and the
tidal features of Galactic GCs, which will contribute to near-field
cosmology research and enhance our understanding of small-scale
structures. Against this backdrop, we have initiated a study of
the Northern sky GC system using WFST. This project aims to

Thttps://wist.ustc.edu.cn
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Table 2. Summary of the GC pilot survey. The first column shows the name
of the cluster; the second column is the filter name of each set of exposures;
the third column shows the single exposures times; the fourth column shows
the observation epoch numbers; and the fifth column shows the FWHM of
the final stacked images.

Cluster Filter Exp. time (s) Epoch FWHM (arcsec)
NGC 4147 glr 60/60 12/15 ~2.52/1.36
NGC 5024 glr 60/60 12/15 ~2.05/1.24
NGC 5272 glr 30/30 25/25 ~1.59/1.18
NGC 5904 glr 30/30 25/25 ~1.74/1.35
NGC 6341 glr 30/30 30/30 ~1.37/1.70

survey Northern sky GCs to depths reaching their main sequences,
with the goals of investigating their morphology and traces of
tidal interactions, identifying short-period variable stars within the
clusters, and analysing stellar populations through the advantage of
the future deep u-band photometry. In this work, we present the
first results from WEST observations of GCs from the pilot survey,
focusing on their structural properties, particularly the tidal structures
in their outer regions.

This paper is organized as follows: Section 2 provides an overview
of the observations; Section 3 illustrates the data reduction process;
the observational results are presented and discussed in Section 4;
and the conclusions of this study are summarized in Section 5.

2 SURVEY SUMMARY

During the pilot survey conducted from 2024 March to July,
we performed a series of single-pointing observations of GCs.
Table 1 summarizes the fundamental properties of the GCs in our
observations. Exposures pointing towards five GCs (NGC 5024 and
NGC 5053 are contained in the single pointing) in two bands (g and r)
were obtained, with the total exposure time for each target designed to
ensure the detection of members below the main-sequence turnoff.
In total, 214 exposures with a total exposure time of 8040 s were
collected, and the observational details are summarized in Table 2.

The telescope’s large FOV enables a single exposure to cover a
3° area, which, for a cluster located 10 kpc away, corresponds to
a physical radius of approximately 500 pc around the cluster. This
extensive FOV not only ensures efficient survey coverage within the
limited time available during the pilot phase, but also facilitates the
study of extended features associated with the clusters.

The general design of the exposure time is to reach a depth that
covers a significant portion of the main-sequence turnoff. The actual
photometric limit, however, depends on the weather as well. For
example, Fig. 1 shows the stacked images of NGC 4147 in two
bands. The clearly deeper in 7 band is primarily due to a much better
seeing condition.
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Figure 1. The stacked g (left) and r (right) images of central ~100 arcsec x 100 arcsec of NGC 4147 are presented. The r-band exposure exhibits greater depth,

primarily attributable to more favourable weather conditions during observation.

3 DATA REDUCTION

The raw data collected by WFST require further calibration, which
includes standard calibration exposures taken routinely each night.
These consist of 20-30 bias exposures acquired before and after
observations, as well as 10-20 flat exposures obtained during twi-
light, depending on the required filters and weather conditions. The
calibration exposures undergo pre-processing as follows. First, the
bias frames are combined to create a ‘master bias’, where each pixel
value is the median of the corresponding pixels in the individual bias
exposures. This master bias is then subtracted from all subsequent
exposures. Similarly, the flat frames are combined to produce a
‘master flat’. Each flat frame is normalized to its average count before
the pixel values are median combined to generate the master flat. The
science exposures are then calibrated by subtracting the master bias
and correcting for pixel-to-pixel response variations using the master
flat. A more detailed description of the data reduction process can be
found in Cai et al. (2025).

Further photometry is performed on the calibrated exposures
primarily using the PHOTUTILS (Bradley et al. 2024) package. We
begin with a preliminary source detection to generate an initial
source catalogue, which is also subsequently used for background
estimation. A mask is created to mark regions with positive detections
and a 10-pixel buffer around them. The background is estimated
using a gridded approach with 200 pixels x 200 pixels boxes and a
kernel size of 2, employing the o-clipped BACKGROUND2D method
to produce a low-resolution background map. For data from the
fourth CCD, we exclude a central 1° x 1° region where the clus-
ter is located to prevent overestimation of the background level.
The final background maps are derived by interpolating the low-
resolution map, which is then subtracted from the science exposures
to produce clean science images. Since the background of the GC is
estimated through the interpolation of the surrounding data, where
the small-scale fluctuation can lead to uncertainties that mainly
influence the faint stars’ photometry. We estimate the background
fluctuation in 3000 pixels x 3000 pixels scale to be 2-3 ADU, which
is significantly smaller than the background level of about 600 ADU,
depending on the weather and moon distance.

To characterize the images, we perform deeper source de-
tection and point spread function (PSF) measurements. Us-
ing DAOSTARFINDER, we select sources with roundness1? +
roundness 22 < 0.3 as reliable detections. Here, roundness 1 quanti-
fies the ratio of the object’s bilateral (two-fold) to four-fold symmetry,
while roundness 2 measures the difference in the height of the best-
fitting Gaussian function in the x-direction minus that in the y-
direction, normalized by their average. A perfectly circular source
would have both roundness values equal to 0. The selected sources
are cross-matched with the Panoramic Survey Telescope and Rapid
Response System (Pan-STARRS) Data Release 2 (DR2) reference
catalogue (Flewelling et al. 2020) within a magnitude range of
16-20 to ensure genuine detections. These matched stars are used
to estimate the PSF of each exposure using the CIRCULARGAUS-
SIANPRF model, which provides measurements of position, flux,
and full width at half-maximum (FWHM). The model is fitted to
15 pixels x 15 pixels cut-outs of the sources to derive their FWHM,
and the PSF for each exposure is calculated as the o-clipped mean
of the individual source measurements. This process is repeated for
each CCD to account for slight variations in FWHM across the focal
plane.

We perform PSF photometry using the PSFPHOTOMETRY tool,
with a fixed FWHM derived from the exposure. This enables the
measurement of source positions, PSF fluxes, and the quality of
photometry for detected point sources. To identify well-measured
targets, we utilize the quality metrics gfit, cfit, and flags provided by
PSFPHOTOMETRY, applying the following selection criteria to select
PSF measurement candidates:

—0.1 < cfit < 0.1,

gfit < 0.1,

flags = 0,

mag,,. < 0.1. (1)
The parameter cfit is defined as the fit residual of the initial

central pixel value divided by the fit flux, while dfit is defined as
the absolute value of the sum of the fit residuals divided by the fit

MNRAS 540, 2863-2876 (2025)
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Figure 2. The magnitude difference between the WEST photometry and the
reference Pan-STARRS catalogue in g (top) and r (bottom) bands. The error
bars show the median and the standard deviation of the magnitude difference
in each bin.

flux. Furthermore, the condition flags = 0 ensures that the selected
sources are not located within any mask or near the edge of the
image. The flux selection criteria are applied to exclude sources
that are either too faint or too bright, and the magnitude uncertainty
constraints are used to select stars with a signal-to-noise ratio of
approximately 10. Additionally, we restrict the sample to stars
with 2.5 < log,,(flux) < 5 to avoid flux saturation or excessively
faint measurements. The well-measured sources are cross-matched
with the Pan-STARRS DR?2 catalogue (using the g or r bands, as
appropriate) to calibrate the photometric zero-point. They are also
cross-matched with the Gaia Data Release 3 (DR3) catalogue (Gaia
Collaboration 2023) to calibrate the astrometric positions and the
world coordinate system of the exposure.

The individual calibrated exposures are stacked to produce a
deep coadded image. For each target, the exposures are combined
using SWARP (Bertin et al. 2002), with the pixel variance propagated
through the data calibration steps serving as the weight maps. Fig. 1
presents the stacked images of NGC 4147 in the g (left) and r
(right) bands. We emphasize that the final limiting magnitude is
determined by combining the photometric data from both bands.
The same photometric procedures are applied to the stacked images
in the g and r bands separately. Subsequently, the multiband data are
cross-matched and merged to generate final source catalogues. In this
study, we primarily utilize the deep photometric data derived from
the stacked images, with a focus on analysing the spatial distribution
of the clusters.

Fig. 2 illustrates a comparison between our photometry results and
those from the Pan-STARRS DR2 catalogue. Our results demonstrate
good consistency with the reference catalogue. We note that the
standard deviation of the magnitude differences presented in Fig. 2 is
larger than the intrinsic photometric uncertainties. This is because the
standard deviation incorporates not only the statistical uncertainties
from both catalogues, but also the systematic uncertainties arising
from differences between the two photometric systems.

3.1 Cluster members selection

We construct the colour-magnitude diagram (CMD) based on the
two-band photometry results. Cluster members are selected from the
source catalogue based on the CMD. A widely adopted approach

MNRAS 540, 2863-2876 (2025)

for identifying cluster members is the matched-filter method, which
utilizes theoretical isochrones corresponding to the cluster’s age and
metallicity to determine its location in the CMD, and further the
weight of each target in the selection process. However, theoretical
isochrones tailored to the WFST photometric system are currently
unavailable. Given that the cluster’s signature is most prominent in
the central region, we employ an algorithm that integrates clustering
and classification techniques to identify the cluster members’ loca-
tion in the CMD. This approach achieves an effect comparable to
that of the matched-filter method.

First, we select stars within a radius of 0.1° around the cluster
centre, where cluster members are expected to dominate. To further
reduce contamination from field stars, we utilize proper motion and
parallax data from Gaia DR3. Following Fabricius et al. (2021), the
Gaia data set is cleaned with following quality controls: ruwe <
1.4, ipd_frac_multi_peak < 2, and ipd_gof_harmonic_amplitude <
0.1. By combining the systemic proper motion and distance of the
cluster from Vasiliev & Baumgardt (2021), we exclude stars whose
parallax and proper motion measurements significantly deviate from
the cluster’s values. It is important to note that the astrometric infor-
mation is used solely to eliminate stars that are clearly identified as
field stars, thereby maximizing the signal from the cluster. However,
most faint and distant stars — including both cluster members and
field stars — lack reliable astrometric measurements and are therefore
retained in the catalogue. Specifically, we exclude stars that follow
any of the selections below:

w > 0,

|w - wsysl > Werr,

V(e = 11a0)? + (115 — p50)? > 4masyr™!, )

where @ and we; represent the parallax and parallax uncertainties
from Gaia DR3, and wgy, denotes the systemic parallax of the
cluster derived from distance measurements. The terms u, and
s correspond to the measured proper motion in the equatorial
coordinate directions, while .o and pso represent the systemic
proper motion of the cluster. We note that the 4 mas yr~! corresponds
to ~200kms~! for targets located at 10 kpc, which is significantly
large enough for a confident non-member exclusion. Quality control
from equation (1) is also applied to the selected members. To
further clean the cluster members, we apply the clustering algorithm
HDBSCAN (Pedregosa et al. 2011) to the samples from the central
region. This method effectively selects stars located in the region of
the CMD that are densely populated by cluster members. Specifically,
it isolates stars predominantly on the main-sequence branch and
further reduces the field contamination, establishing them as the
fiducial sample of cluster members.

Using the fiducial sample as a reference, we extend the selection
to identify additional member stars within a larger radius. For
each star, we compute its distance in the CMD to the ith fiducial
sample using the metric d = \/((g —r)—(g—r)*+r—r)A
star is classified as a candidate member if it has at least three
closest fiducial members satisfying d < 0.02. For NGC 4147,
this threshold is relaxed to d < 0.08 due to the smaller number
of identified cluster members in its central region, a result of
its greater distance. The blue lines in the top-right panels of
Figs 3-8 delineate the regions from which cluster candidate stars are
selected.

In addition to the member selection process, we apply the quality
control equation (1) to the selected samples. For comparison, we
select a region in the CMD dominated by the Galactic thick disc,
where the density of cluster members is expected to be extremely
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Figure 3. Top left: The CMD of NGC 4147. The purple points are the stars within 0.1° around the cluster centre that are selected as a fiducial sample of the
cluster members. The blue line outlines the region where we adopt a star to be a cluster member candidate, calculated based on the distance to the fiducial
of the cluster members. The grey and the black points are the remaining background stars, while the black points within the dashed rectangle are selected
as the background level indicators. Top right: The number density of the selected cluster candidate members (blue) and the background level (orange). The
distribution is scaled to properly match the background level of the cluster candidates sample. The grey dashed line indicates the location of the tidal radius
of the corresponding cluster. Bottom left: The number density distributions of the selected cluster candidates with the scaled background subtracted. Bottom
right: The zoom-in view of the candidate distribution, where the blue dashed circle indicates the tidal radius of the cluster. We mark the direction of the Galactic
Centre as the short dashed arrow, and the Galactocentric velocity of the cluster as the long arrow (aligned with the tangent direction of the cluster’s orbit).

low. The top-right panels of Figs 3-8 represent the CMD of the
photometry results, where the grey points are the full photometry
results. The purple points illustrate the selected samples from the
central region of the corresponding clusters, displaying a clear, sim-
ple stellar isochrone structure that accurately represents the location
of the clusters in the CMDs. The grey points are all targets in the

FOV, where the black points in the orange dashed rectangle region are
the selected background indicators. The top-right panels of Figs 3—
8 display the density distribution of the selected cluster member
candidates. We select stars within the orange rectangular region
in the corresponding CMD as the background sample and present
their density distribution in the right panels. The background number

MNRAS 540, 2863-2876 (2025)
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Figure 4. The same as Fig. 3, but for cluster NGC 5024. The clear overdensity in the south-eastern direction is NGC 5053.

density is scaled to match the level of the cluster member density
between 0.6° and 1.2° from the cluster centre. We further calculate the
density of member stars across the FOV. Rather than presenting the
raw number density of the selected member candidates, we subtract
the scaled background level to estimate the neat candidates’ number
density map. The bottom two panels illustrate the number density of
the selected cluster member candidates with the background number
density subtracted.

We note here that several factors can influence the member
selection results. First, the results suffer from the uncertainties that
come from the photometry process. The high-order CCD effects,
like the responding unevenness, high-order cross-talk, and the PSF

MNRAS 540, 2863-2876 (2025)

model — FWHM and the ellipticity — can vary throughout the
focal plane, resulting in systematic photometric uncertainties. We
expect the uncertainties are included in the magnitude dispersion
presented in Fig. 2; however, the detailed high-precision photo-
metric and astrometric calibration of WFST data is beyond the
scope of this work, and will be published in the future WFST
paper.

Another factor to consider is the differential extinction through
the FOV. A matched-filter method typically includes the information
from the stellar evolution isochrone. Unfortunately, at the early
stage of WFST, we lack the corresponding theoretical analyses.
As a compromise, we use the fiducial sample of the GC members
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Figure 5. The same as Fig. 3, but for cluster NGC 5053. The overdensity in the north-western is NGC 5024.

from purely observational data with the assumption that all the
observational properties of the GC members are similar to the
fiducial sample. However, the differential reddening can influence the
location of the GC members in the CMD. Based on the measurement
in previous studies (e.g. Bonatto, Campos & Kepler 2013; Legnardi
et al. 2023; Pancino et al. 2024), it is worth mentioning that the
differential reddening is not significant for clusters in this study. As
noted in Bonatto et al. (2013), the differential reddening 6 E(B — V)
of our targets is 0.019, 0.030, 0.029, 0.031, 0.033, and 0.030 for
NGC 4147, NGC 5024, NGC 5053, NGC 5272, NGC 5904, and
NGC 6341 respectively, which is generally small. We note that
for clusters with large differential reddening, the member selection
can be significantly influenced due to the variation of the fiducial

sample location, and the differential reddening must be taken into
consideration.

4 RESULTS AND DISCUSSIONS

In this section, we present the observational results for each cluster.
As described earlier, cluster candidates were selected from a specific
region of the CMDs, defined using measurements of targets in the
central region of the cluster. The background level was estimated
and subtracted using stars selected from a region dominated by thick
disc stars with minimal cluster members. For reference, we indicate
the direction of the Galactic Centre based on the cluster’s position
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Figure 6. The same as Fig. 3, but for cluster NGC 5272.

and Solar system position from the default ‘pre-v4.0’ parameters
from ASTROPY. It includes the Galactic Centre of (RA, Dec.) =
(26624051, —28°9361) (Reid & Brunthaler 2004), Galactic Centre
distance of 8.3 kpc (Gillessen et al. 2009), the Galactocentric ve-
locity of the Solar system of (11.1, 232.24, 7.25)km s~! (Schénrich,
Binney & Dehnen 2010; Bovy 2015), and the height of the Solar
system to the Galactic disc of 27 pc (Chen et al. 2001). Additionally,
we calculated the cluster’s Galactocentric velocity using velocity
information from Baumgardt & Vasiliev (2021). The cluster’s orbit,
presented in each number density figure, was derived using GALPY
(Bovy 2015). Our calculated Galactocentric velocity is validated by
its consistency with the tangent of the orbit.

MNRAS 540, 2863-2876 (2025)

4.1 NGC 4147

This cluster has a heliocentric distance of 18.54 £ 0.21kpc and
a highly eccentric orbit (¢ ~ 0.87) (Baumgardt & Vasiliev 2021).
Extended tidal arms in the outskirts of this cluster have been
detected (Jordi & Grebel 2010), although deeper studies have
only explored one quadrant of the outskirts (Carballo-Bello et al.
2012, 2014). During the pilot survey, we conducted twelve 60-
s exposures in g band and fifteen 60-s exposures in r band. The
weather condition is not optimal during the g-band exposure, and
we obtained photometry of the cluster down to approximately
21.8 mag, as shown in the top-left panel of Fig. 3. The top-right
panel of Fig. 3 displays the number density distribution of cluster
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Figure 7. The same as Fig. 3, but for cluster NGC 5904. The black solid line indicates the rotation axis of this cluster measured by Lanzoni et al. (2018).

member candidates, along with the background number density
selected from the orange rectangular region in the top-left panel.
The significantly low number density at 0.5° corresponds to gaps
in the CCD. We mark the tidal radius from Harris (1996; 2020
version). The right panel of Fig. 3 shows the cluster member
density of NGC 4147 from our observations. The colour scale
indicates the number density of cluster member candidates with
the background subtracted. The blue dashed circle denotes the tidal
radius r, (Harris 1996; 2020 version), and arrows mark the direction
of the Galactocentric velocity of the cluster and the Galactic Centre
(shorter dashed). We also denote the cluster’s orbit in a black dashed
line.

NGC 4147 exhibits a distinct extension of cluster candidates
beyond its tidal radius, reaching approximately 0.2°. The density map
reveals a pronounced overdensity in an arm-like structure extending
beyond the cluster’s tidal radius. This structure aligns with the
findings of Jordi & Grebel (2010), who identified two tidal arms
extending in the northern and southern directions. The northern arm
is oriented in the direction of the cluster’s Galactocentric velocity and
may extend beyond 0.5°. Additionally, we find a mild signal of the
multi-arm structure reported by Jordi & Grebel (2010), as evidenced
by the extension of member stars in the eastern direction. Such multi-
arm structures are consistent with the simulations of Montuori et al.
(2007), particularly for GCs at the apogalacticon of highly eccentric
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Figure 8. The same as Fig. 3, but for cluster NGC 6341.

orbits. In addition, as the lower right panel shows, we find a series
of low-confidence overdensities of the cluster candidates along the
orbit direction of the clusters, which can be a sign of the tidal tails
of this cluster.

4.2 NGC 5024 and NGC 5053

GC NGC 5024 has a heliocentric distance of 18.50 & 0.18 kpc
(Baumgardt & Vasiliev 2021) and an orbital eccentricity of ~0.42. Its
dynamical classification remains contentious, with proposed associa-
tions to both the Helmi streams (Massari, Koppelman & Helmi 2019;
Forbes 2020) and the LMS-1/Wukong accretion event (Malhan et al.
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2022). While early studies reported no conclusive detection of tidal
substructures (e.g. Jordi & Grebel 2010; Carballo-Bello et al. 2012,
2014), recent claims of kinematic and spatial correlations with the
Sylgr and Ravi stellar streams (Shipp et al. 2018; Ibata, Malhan &
Martin 2019; Bonaca et al. 2021) suggest the presence of large-
scale tidal tails. This apparent dichotomy underscores the need for
deeper photometric surveys to resolve whether the cluster exhibits
weak tidal features or is embedded within a more extended stream
system.

We obtained deep photometric data for this cluster with a limiting
magnitude of approximately 22.3 mag, reaching about 2 mag be-
low the main-sequence turnoff (top-left panel of Fig. 4). Cluster
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candidates were selected using the blue-outlined CMD region,
while background contamination was quantified using the orange
rectangular field dominated by thick disc stars (top-right panel).
The number density distribution reveals continuous stellar extensions
beyond the tidal radius (grey dashed line), particularly evident in the
0.3°-0.4° annulus.

The bottom panels display the candidate density map, showing
less pronounced extratidal structures compared to NGC 4147’s arm-
like features. Nevertheless, we detect significant stellar overden-
sities in the south-western direction of the cluster, correspond-
ing to the extended density enhancement around 0.6°. We find
two high significance signals of overdensities at (RA, Dec.) =
(197260, 18205) and (1974, 18200), located anti-aligned with the
cluster’s Galactocentric velocity vector. These outer overdensities
exhibit spatial alignment with NGC 5024’s orbital path derived from
GALPY simulations, strongly suggesting their origin as tidal debris.

The wide-field capability of WEST proves particularly advanta-
geous in this study, as demonstrated by the simultaneous coverage
of both NGC 5024 and the south-eastern overdensity structure
NGC 5053 within a single exposure. With an orbit eccentricity is
~(.25 and a heliocentric distance of 17.54 £ 0.23 kpc (Baumgardt &
Vasiliev 2021), NGC 5053 resides at a distance modulus differing
by only 0.06 mag from NGC 5024, resulting in substantial photo-
metric overlap. This photometric degeneracy introduces significant
contamination from NGC 5053 members into our NGC 5024 sample,
manifesting as a secondary density peak at 1° offset in the top-right
panel.

Contrary to the interacting cluster scenario proposed by Chun et al.
(2010), we find no evidence of a shared tidal envelope connecting the
two clusters. However, our analysis finds a mild signal of NGC 5053’s
elongated morphology along the western axis, initially reported
by Lauchner, Powell & Wilhelm (2006) and later corroborated by
Jordi & Grebel (2010).

We performed a similar photometric and astrometric analysis on
NGC 5053, with the results presented in Fig. 5. A notable overdensity
is detected at (RA, Dec.) = (197275, +17°40), which aligns closely
with the cluster’s orbit derived from Gaia DR3 proper motions. This
overdensity may represent tidal debris from NGC 5053.

4.3 NGC 5272

NGC 5272 is located at a distance of 10.18 £ 0.08 kpc (Baumgardt &
Vasiliev 2021) with an orbital eccentricity of ~0.50. Bonaca et al.
(2021) proposed an association between this cluster and the Svol
stream (Ibata et al. 2019), suggesting the presence of extended tidal
features. However, Jordi & Grebel (2010) found no large-scale tidal
structures, reporting only minor distortions in the outer contours.
Subsequent studies by Carballo-Bello et al. (2014) and Sollima
(2020) also found no significant evidence of tidal structures in the
cluster’s immediate vicinity. We note that the deep photometry from
Carballo-Bello et al. (2014) covered only the north-western quadrant
of the cluster, potentially limiting the detection of extended features
in other directions.

During the WEST pilot survey, we conducted twenty 30-s g-band
exposures and twenty-five 30-s r-band exposures. Fig. 6 presents
our deep photometric analysis of NGC 5272, reaching a limiting
magnitude of approximately 22 mag for main-sequence stars. The
number density distribution shows no clear extension of cluster
candidates beyond the tidal radius. However, we detect an intriguing
overdensity feature in the south-eastern direction at (RA, Dec.) =
(20427, 42729), consisting of three aligned overdensities. While not
directly connected to the cluster, the stellar density gradient suggests
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a possible extension toward this structure. The feature is spatially
close to the cluster’s orbit. In the opposite direction, we observe
a slight elongation of cluster candidates, potentially indicating a
symmetric tidal tail. The faintness and spatial coherence of this
structure suggest it may represent a tidal feature of NGC 5272,
visible only with deep photometry. If confirmed, this would provide
new insights into its dynamical history.

4.4 NGC 5904

NGC 5904 is located at a heliocentric distance of 7.48 £ 0.06 kpc
and a galactocentric distance of 6.27 £ 0.02 (Baumgardt & Vasiliev
2021), with an orbital eccentricity of ~0.76. As shown in the
bottom-right panel of Fig. 7, the cluster is currently approaching
perigalacticon. Our deep photometric observations, reaching a limit-
ing magnitude of approximately 22 mag, cover a significant portion
of the main sequence. The number density distribution in the top-
right panel of Fig. 7 reveals clear stellar extensions beyond the tidal
radius, particularly in the 0.6°—0.8° annulus, consistent with previous
findings by Carballo-Bello et al. (2014).

The spatial distribution (bottom panels of Fig. 7) shows strong
peripheral deformation, with tidal arm-like structures extending
in the north and south directions. We identify several overden-
sities beyond the tidal radius, including two symmetric features
at (RA, Dec.) = (23026, +222) east and (22971, +199) west of the
cluster. These features align with the cluster’s known rotational
signature (Bellazzini et al. 2012; Lanzoni et al. 2018; Sollima,
Baumgardt & Hilker 2019). The rotational axis from Lanzoni et al.
(2018) (black solid line in the bottom-right panel) is nearly aligned
with the north—south tidal arms and approximately perpendicular to
the east—west symmetric structures, suggesting a possible connection
between internal dynamics and external tidal features.

4.5 NGC 6341

NGC 6341 is located at a heliocentric distance of 8.50 &+ 0.07 kpc,
with a galactocentric distance of 9.85 £ 0.04, and an orbital eccen-
tricity of ~0.79 (Baumgardt & Vasiliev 2021). The cluster exhibits
complex internal dynamics: Fabricius et al. (2014) first reported
rotational signatures, later corroborated at lower significance by Cruz
Reyes & Anderson (2024), with the rotational axis aligned with the
minor axis of the cluster’s elliptical density distribution. Externally,
large-scale tidal features have been detected, including long tidal
tails reported by Thomas et al. (2020) and clear tidal arms identified
by Sollima (2020).

Our observations consist of 30 exposures per filter, each with 30-s
integration times, totalling 30 min of integration. The photometric
data reach a limiting magnitude of approximately 21 mag, enabling
the detection of cluster member candidates extending beyond the tidal
radius, as shown in the top-right panel of Fig. 8. The spatial distribu-
tion (bottom panels) reveals a significant elliptical extension of stellar
density contours beyond the tidal radius. While no high-confidence
tidal structures are detected, we identify a low-confidence extension
of cluster candidates aligned with the cluster’s Galactocentric motion
vector. This feature exhibits a three-branched morphology, but its low
surface brightness prevents definitive confirmation of its physical
reality.

5 CONCLUSIONS

The 2.5-m WEST recently completed its pilot survey, during which
we conducted a series of deep imaging observations targeting five
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GCs in the Northern sky. This dedicated survey aims to detect
and characterize tidal features in the clusters’ peripheral regions
by leveraging WEFST’s unique combination of wide FOV and deep
photometric capabilities. Our observations reach sufficient depth to
identify cluster member candidates down to the main-sequence stars,
enabling the detection of low surface brightness features that trace
the clusters’ dynamical interactions with the Milky Way.

We conducted observations over five nights, targeting five distinct
pointings, which included a total of six GCs. These observations
covered a region with a radius of 1.5° centred on each cluster.
Individual exposures were stacked to achieve deep photometry,
enabling precise data reduction and the derivation of CMDs for all
six GCs. The limit magnitudes of the GC survey exposures are about
21.5-22 mag, and we expect it to be 2 mag deeper during the formal
survey. WEST shows its ability to detect faint and populated main-
sequence stars, especially for NGC 4147, NGC 5024, and NGC 5053
that have heliocentric distances beyond 15 kpc, which is beyond the
ability of Gaia photometry to observe a significant number of main-
sequence stars.

To identify member candidates for each cluster, we selected stars
located within specific regions of the CMD, defined based on the
spatial distribution of targets near the cluster centre. This selection
criterion is functionally similar to the widely used matched-filter
method. Additionally, for each cluster, we designated a control region
dominated by the Galactic thick disc to estimate the background
stellar density.

We compared the number density of the selected member can-
didates with the background density in both one-dimensional radial
profiles and two-dimensional sky-projected distributions. This analy-
sis aimed to identify potential tidal features associated with the GCs,
providing insights into their dynamical evolution and interaction with
the Galactic environment.

Using the number density of cluster member candidates, we
investigated the spatial distribution of stars beyond the tidal radius
of the cluster. For NGC 4147, the g-band observations were not
conducted under optimal conditions, as the seeing exceeded 2 arcsec,
resulting in a limiting magnitude that did not reach sufficiently
deep below the main-sequence turnoff. Despite these limitations,
we detected prominent tidal features around the cluster.

We confirmed the presence of tidal arms in NGC 4147, which
exhibit a morphology consistent with the findings of Jordi & Grebel
(2010). These tidal arms extend in both the northern and southern
directions, with the northern arm displaying a higher stellar density
compared to the southern arm. This result aligns with the work
of Kundu et al. (2022), who identified a similar northern overden-
sity using cluster candidates selected with comparable photometric
depth and dynamical information. Additionally, Zhang et al. (2024)
reported a similar northern arm and an envelope-like southern
overdensity using slightly deeper photometric data from the DES.

We also detected a mild signal of the multi-arm structure previ-
ously observed by Jordi & Grebel (2010). Such multi-arm features
have been documented in other GCs, such as NGC 288 (Leon,
Meylan & Combes 2000) and Willman 1 (Willman et al. 2006).
This suggests that the multi-arm structure in NGC 4147 may result
from its gravitational interactions with the Milky Way. Alternatively,
the structure could be linked to the host galaxy of NGC 4147. Early
studies (e.g. Bellazzini et al. 2003) proposed a spatial association
between NGC 4147 and the Sagittarius (Sgr) stream, supported by
radial velocity measurements and the detection of Sgr stars in the
cluster’s vicinity. Furthermore, main-sequence features of the Sgr
stream near the cluster have been reported in several studies (e.g.
Martinez Delgado et al. 2004; Carballo-Bello et al. 2014). These
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findings raise the possibility that the observed extratidal structure
may be a remnant of the Sgr dwarf galaxy population.

Along the orbital path of NGC 4147, we identified a series of
low-confidence overdensities, which may represent the extension of
the cluster’s tidal stream. This suggests that the tidal stream aligns
with the direction of the cluster’s orbit. A similar alignment has been
observed in Whiting 1, another GC associated with the Sgr stream
(Carballo-Bello et al. 2017; Nie et al. 2022).

The pilot survey of NGC 4147 was conducted under non-ideal
observational conditions, which limited the depth of the data to levels
only marginally deeper than the main-sequence turnoff stars. Despite
these limitations, the detected signals indicate that NGC 4147 likely
possesses strong tidal features that remain to be fully characterized.
Deeper photometric observations, such as those expected from
WEST reaching beyond 24 mag, should be able to confirm the
presence of these large-scale tidal features around the cluster.

For the clusters NGC 5024 (as well as NGC 5053) and NGC 5272,
we did not detect tidal structures directly connected to the clusters.
The observational depths for these clusters reached beyond 22 mag,
covering a significant portion of their main-sequence stars. Our
results are consistent with previous studies (Jordi & Grebel 2010;
Carballo-Bello et al. 2014; Sollima 2020). However, we identified
potential overdensities around these clusters, particularly in regions
close to their orbital paths.

We note that these signals could be real or arise from fluctuations in
the background contamination, which requires further confirmation
from additional information. Although the photometric depths are
sufficient to reliably identify a significant number of cluster candi-
dates, additional selection criteria, such as radial velocity and proper
motion measurements, would be important for confirming or refuting
the existence of these structures. For instance, Yang et al. (2023)
employed a proper-motion-weighted selection method, revealing
both small-scale S-shaped tidal structures around the periphery of
NGC 5272 and large-scale tidal tails extending over 50° associated
with the cluster. The overdensity we detected near (RA, Dec.) =
(20520, 27°7) (see Fig. 6) likely corresponds to a similar overdensity
reported in their study. However, we did not observe the major
overdensity structures near (RA, Dec.) = (20620, 27°5) presented in
their work. This discrepancy may stem from differences in target
selection — our analysis did not fully incorporate proper motion as
a selection criterion, which could enhance the significance of the
detected signals for some cases.

Similar to NGC 4147, we identified a symmetric arm-like structure
in NGC 5904, extending in both the northern and southern directions.
Tidal features associated with this cluster, including large-scale
tidal streams (Grillmair 2019) and localized tidal structures around
the cluster (Carballo-Bello et al. 2014; Sollima 2020), have been
previously detected, indicating that the cluster has experienced
significant tidal interactions. Interestingly, this arm-like structure is
closely aligned with the rotational axis of the cluster (particularly
Lanzoni et al. 2018). Additionally, we detected two overdensities
located on either side of the rotational axis. We note that the tidal
features may also contribute to the rotational signal, as the velocity
difference between the two sides of the cluster could arise from a
velocity gradient along the tidal arms (e.g. the simulations in Wan
etal. 2021).

The large-scale tidal structures of NGC 5904 exhibit significant
complexity. Grillmair (2019) detected a long trailing tail associ-
ated with this cluster, while Piatti (2023) proposed a dual origin
for NGC 5904 based on its velocity distribution and chemical
composition. They suggested that the cluster may have undergone
a collision with a metal-poor GC during its evolutionary history.
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However, Bianchini & Mastrobuono-Battisti (2024) argued that the
observed double population in metallicity could be an artefact arising
from systematic errors in the data. Our findings indicate that the
immediate periphery of NGC 5904 is also rich in structural features,
further highlighting the dynamical complexity of this cluster. These
results underscore the need for continued investigation into the tidal
interactions and evolutionary history of NGC 5904.

NGC 6341 stands out as a unique GC among our targets. The
number density distribution of its member candidates exhibits a clear
deviation from a circular shape, displaying a symmetric elliptical
contour beyond the tidal radius. This elliptical morphology may
result from internal dynamical processes. For instance, the minor
axis of the ellipse aligns with the rotational signal of the cluster
(Cruz Reyes & Anderson 2024). If the shape is indeed linked to the
cluster’s rotation, stars in the corresponding region should remain
bound to the cluster and exhibit systemic rotation.

Alternatively, the elliptical shape could represent an extension of
the cluster’s tidal arms. NGC 6341 has been shown to possess strong
tidal features, as recently documented by Sollima (2020) and Ibata
et al. (2021), and a large-scale tidal stream identified by Thomas
et al. (2020). In the leading direction of the cluster’s motion, we
detected low-confidence overdensities extending from the cluster,
suggesting that stars at the periphery may no longer be gravitationally
bound. Additionally, the observed rotational signal could arise from
a velocity gradient along the tidal arms of the cluster. To resolve these
possibilities, future studies should focus on dynamical analyses of
stars in this region and the development of detailed N-body models
to better understand the cluster’s evolution and tidal interactions.

The wide field survey on GCs is essential for the precise GC
population estimation (e.g. Sarajedini et al. 2007), multipopulation
studies (e.g. Monelli et al. 2013; Piotto et al. 2015; Stetson et al.
2019; Milone et al. 2023), and the stellar distribution (e.g. Stetson
et al. 2019). This study demonstrates the capability of WFST in
achieving deep photometric observations. We expect WFST can
provide another important contribution with its #-band photometry
in its future survey for studies on the multiple population studies.
More importantly, WEST is promising for the interdisciplinary
studies combining the variables stars and the GC properties with the
time series observations, focusing on the targets including the blue
straggler stars and the binary populations. Hence, the future survey
campaigns and subsequent data releases hold significant promise for
advancing research in near-field cosmology.
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