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ABSTRACT
NGC4382 is a merger-remnant galaxy that has been classified as morphological type E2, S0, and even Sa. In this work, we
performed a photometric and spectroscopic analysis of the globular cluster (GC) system of this peculiar galaxy in order to provide
additional information about its history. We used a combination of photometric data in different filters, and multi-object and
long-slit spectroscopic data obtained using the Gemini/GMOS instrument. The photometric analysis of the GC system, using
the Gaussian Mixture Model algorithm in the colour plane, reveals a complex colour distribution within 𝑅gal < 5 arcmin (26.1
kpc), showing four different groups: the typical blue and red subpopulations, a group with intermediate colours, and the fourth
group towards even redder colours. From the spectroscopic analysis of 47 GCs, confirmed members of NGC4382 based on
radial velocities, we verified 3 of the 4 photometric groups from the analysis of their stellar populations using the ULySS code.
NGC4382 presents the classic blue (10.4±2.8Gyr, [Fe/H] = −1.48±0.18 dex) and red (12.1±2.3Gyr, [Fe/H] = −0.64±0.26
dex) GCs formed earlier in the lifetime of the galaxy, and a third group of young GCs (2.2±0.9Gyr; [Fe/H] = −0.05±0.28 dex).
Finally, analysis of long-slit data of the galaxy reveals a luminosity-weighted mean age for the stellar population of ∼2.7 Gyr, and
an increasing metallicity from [Fe/H]=−0.1 to +0.2 dex in 𝑅gal < 10 arcsec (0.87 kpc). These values, and other morphological
signatures in the galaxy, are in good agreement with the younger group of GCs, indicating a common origin as a result of a
recent merger.

Key words: galaxies: individual – galaxies: elliptical and lenticular, cD – galaxies: star clusters

1 INTRODUCTION

Globular clusters (GCs) are key players in the evolutionary history of
galaxies since they are tracers of their main star-formation episodes
(e.g., Blom et al. 2014; Sesto et al. 2018; Forte et al. 2019; Fensch
et al. 2020). Being objects more luminous than the starlight of the
galaxy inwhich they are associated, GCs allow obtaining information
from their host galaxy at large galactocentric radii (e.g., Norris et al.
2008; Pota et al. 2013; Dolfi et al. 2020, 2021).
GC systems in the most massive galaxies are known to present

a bimodal optical colour distribution (e.g., Elson & Santiago 1996;
Larsen et al. 2001; Faifer et al. 2011; Escudero et al. 2018). This

★ E-mail: cgescudero@fcaglp.unlp.edu.ar

bimodality in colour is translated into bimodal metallicity distri-
butions (e.g., Cenarro et al. 2007; Brodie et al. 2012; Usher et al.
2012) of equally old populations (> 10Gyr) that differ in metallicity.
The difference in metallicity may indicate distinct cluster formation
mechanisms for the two populations (blue or metal-poor and red
or metal-rich), with small age differences allowed within the un-
certainties of current age estimates. However, various GC systems
associated with early-type galaxies have turned out to be complex
systems showing multiple subpopulations of clusters (Blom et al.
2012; Caso et al. 2013, 2015; Escudero et al. 2015; Sesto et al. 2016;
Bassino & Caso 2017; Sesto et al. 2018; Escudero et al. 2020).
In this sense, Chies-Santos et al. (2011) have studied GC systems

of elliptical (E) and lenticular (S0) galaxies using optical/NIR pho-
tometry, finding that S0 galaxies contain ‘blue’ GCs that are most
likely on average younger than those of ellipticals. This difference
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could be interpreted as a result of minor mergers, where part of
the ‘blue’ GCs of S0 galaxies could have formed in dwarf galaxies
and later been accreted onto their current hosts. In fact, metal-poor
(blue) and young GCs are preferably formed in low-mass galaxies,
in the local universe (Beasley 2020). Hence, GCs associated with
S0 galaxies should exhibit a range of ages and different kinematics
according to their formation or accretion mechanism. In the Milky
Way, stars of accreted dwarf galaxies present different kinematics
depending on their in-fall time, where recently acquired satellites
have a larger difference to the galaxy systemic velocity and extend to
larger radii (Rocha et al. 2012). Similar results are found for the GC
systems of NGC1023 and NGC3115 (Cortesi et al. 2016; Zanatta
et al. 2018), where accreted GCs were encountered on the basis of
their kinematics. In the case of NGC1023, the majority of rejected
GCs are consistent with having blue colours.
There are very few galaxies for which a combined study of GCs

(both stellar population and kinematics), stellar light and other large
galactocentric tracers has been attempted, due to the cost of observing
time and data collection. Nevertheless, these types of studies are of
vital importance in shedding light on the formation of galaxies, since
they provide information on the kinematics and stellar population of
the galaxy outskirts, which are otherwise impossible to gain.
In this work, we perform the study of the recent merger remnant

E2 galaxy NGC4382 (Kormendy et al. 2009), located in the outskirts
of the Virgo cluster, at a projected distance of 1.7 Mpc from the cD
galaxy M87 (Sivakoff et al. 2003; Nagino & Matsushita 2010). It is
relatively isolated in the outskirts of the cluster, interacting with its
companion NGC4394. However, NGC4382 has also been classified
as S0 due to the surrounding diffuse stellar light (Gültekin et al. 2011)
and as Sa because it displays bluer colours than those expected for
an early-type galaxy and an inner disk with spiral patterns (Sivakoff
et al. 2003).
NGC4382 is also an X-ray faint early-type galaxy (Fabbiano et al.

1994). Its X-ray to optical flux ratio is among the lowest detected
in E and S0 galaxies, being ∼100 times smaller than those of the
X-ray brightest galaxies in Virgo and in the field of similar optical
luminosity (Kim et al. 1996).According to Sivakoff et al. (2003), 45%
of the X-ray Chandra counts within two effective radii in NGC4382
is attributed to diffuse gas. This high fraction of diffuse gas has also
been observed in another X-ray faint S0 galaxy, NGC1553 (Blanton
et al. 2001). Sivakoff et al. (2003) also state that the large core radius
of NGC4382, its rounder X-ray emission than optical emission, and
lower gas temperature at inner radii are consistent with a rotating
interstellar gas distribution as predicted by Brighenti & Mathews
(1996).
Futhermore, the galaxy presents several particular characteristics

as a result of its past mergers, such as distorted and boxy isophotes
(Burstein 1979; Ferrarese et al. 2006), shells and ripples (Schweizer
& Seitzer 1988), excess light at intermediate radius in its brightness
profile (Kormendy et al. 2009), kinematically decoupled core (Mc-
Dermid et al. 2004), among others. Regarding itsGC system, different
photometric and spectroscopic studies indicate the presence of more
than two subpopulations of clusters (Peng et al. 2006b; Chies-Santos
et al. 2011; Trancho et al. 2014; Ko et al. 2018, 2019, 2020). In partic-
ular, Ko et al. (2018) (hereafter K18) analyzed a sample of 21 objects
(20 GCs) associated with NGC4382 using spectra obtained by the
Gemini/GMOS instrument. These authors determined that 55% of
their GCs located at 𝑅 < 3 arcmin had a mean age of ∼4 Gyr. Later,
Ko et al. (2020) (hereafter K20), using the MMT/Hectospec cam-
era, presented a wide field spectroscopic analysis of 89 GCs covering
𝑅 < 30 arcmin. The study of the stellar populations of the GC system
obtained in this work, unlike that estimated by K18, reveal that the

Table 1. Basic information of NGC4382

(𝑚 −𝑀 ) 31.262±0.067 Blakeslee et al. (2009)
Distance (Mpc) 17.9±0.5 Blakeslee et al. (2009)
Morph. Type E2 Kormendy et al. (2009)
𝑀𝑉 (mag) -22.54 Gültekin et al. (2011)
𝑀𝐵 (mag) -21.34 de Vaucouleurs et al. (1991)
𝑉sys (km s−1) 729 ± 2 Smith et al. (2000)
𝜎 (km s−1) 179 McDermid et al. (2006)
[𝛼/Fe] 0.12±0.06 McDermid et al. (2006)
ISM T𝑋 (keV) 0.3 Nagino & Matsushita (2010)
M𝐵𝐻 (107 M�) 1.3 Gültekin et al. (2011)

different GC subpopulations have similar ages of the order of 10 Gyr,
but with different metallicities. However, it is necessary to mention
that the mean age and metallicity values of the GC subpopulations
estimated by K20 were obtained from co-added spectra according
to the colour range (𝑔 − 𝑖)0 considered for each group of clusters.
This choice was dictated by the low signal-to-noise ratio (S/N) of
those data, which impossibilities the fit of a single spectrum of a GC.
Furthermore, this approach leads to mixing of stellar populations,
which can completely muddle conclusions regarding the formation
history of the system.
In order to analyze the different characteristics of the GC subpopu-

lations associated with NGC4382, we carried out a photometric and
spectroscopic study in the inner region of the galaxy (𝑅 < 5 arcmin),
obtaining high S/N spectra of 25 GCs, complementing with the 21
objects of K18, thus doubling the sample of GCs with S/N ≥ 10 in
the mentioned region.
The work is organized as follows. In Section 2, we present the

photometric and spectroscopic data and describe the reduction pro-
cess. In Section 3, we focus on the photometric analysis of the GC
system and its different subpopulations. In Section 4, we obtained
the radial velocities of the objects in our spectroscopic sample, we
derive and analyze the stellar population parameters of the GCs using
the full spectral fitting technique. Also, we analyze the kinematics
of the system as well as the different groups. On the other hand,
in this same section, we study the stellar populations of NGC4382
from long-slit data. Finally, in Section 5 we present our summary and
conclusions. In this work, according to the distance modulus adopted
for NGC4382 (see Table 1), 1 arcsec corresponds to 0.087 kpc.

2 OBSERVATIONS AND DATA REDUCTION

2.1 Photometric Data

Photometric data used in this work consists of images obtained from
the Gemini Multi-Object Spectrograph (GMOS) camera (Hook et al.
2004) mounted on the Gemini North telescope. The observed images
of NGC4382 were taken in the 𝑔′, 𝑟 ′, 𝑖′ filters with a 2×2 binning
and correspond to the Gemini programmes GN-2014A-Q-35 (PI:
A. Cortesi), GN-2006A-Q-81 (PI: O. Nakamura) and GN-2015A-
Q-207 (PI: Myung Gyoon Lee). The programme GN-2014A-Q-35
comprises a dataset observed in the 𝑔′, 𝑖′ filters located towards the
north of the galaxy. On the other hand, the observations correspond-
ing to the programmes GN-2006A-Q-81 and GN-2015A-Q-207 are
centered on the galaxy, and were observed in the filters 𝑔′, 𝑖′ and
𝑟 ′, respectively. Figure 1 shows the orientation and distribution of
the aforementioned GMOS fields. In addition, we use additional data
from a GMOS field (GN-2019A-Q-903; PI: A. Zitrin) located a few
degrees away from the galaxy in order to use it as a comparison field

MNRAS 000, 1–20 (2015)
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Figure 1. Colour image of NGC4382 taken by the Irida Observa-
tory (https://www.irida-observatory.org/CCD/NGC4382/NGC4382.html). In
cyan, the GMOSfields corresponding to theGemini programmesGN-2014A-
Q-35 (upper field) and GN-2006A-Q-81, GN-2015A-Q-207 (lower field cen-
tred on the galaxy) are shown. The red square indicates the position of the
HST/ACS field used in this work. Finally, the green line indicates the position
of the GMOS long-slit spectroscopic data associated with the programme
GN-2009A-Q-102 (see Section 2.2). North up and east to the left.

during photometric analysis (see Section 3.2). Table 2 provides a
summary of the observations used in this work.
The data reduction process was carried out using Gemini/GMOS

tasks within iraf1 (e.g. gprepare, gbias, giflat, gireduce, gmo-
saic). To do this, we downloaded bias and flat-field images as part
of the standard GMOS baseline calibrations from the Gemini Obser-
vatory Archive (GOA), in order to correct the raw science data from
each programme. Subsequently, the reduced images of each field and
filter were combined using the iraf task imcoadd. The final FWHM
values are listed in Table 2.
Finally, we complement the GMOS data with the photometric

catalogue of GC candidates of NGC4382 in the filters 𝑔 (F475W)
and 𝑧 (F850LP) of Jordán et al. (2009). This dataset corresponds to the
HST/ACS camera obtained from theACSVirgoCluster Survey (Côté
et al. 2004) (programme ID: GO-9401). However, it is necessary to
consider that the ACS FoV covers a smaller area than a GMOS field.
Figure 1 shows the location of this ACS field with a red square.

1 IRAF is distributed by the National Optical Astronomical Observatories,
which are operated by the Association of Universities for Research in Astron-
omy, Inc., under cooperative agreement with the National Science Foundation

2.2 Spectroscopic Data

The spectroscopic observations in this study were performed with
the GMOS-North instrument (GMOS-N) in MOS mode as part of
our Gemini programme GN-2016A-Q-62 (PI: A. Cortesi). Observa-
tions were made with a B600_G5307 grating, a 2×2 binning and
slit widths of 1 arcsec, with variable slit length in order to have the
largest number of objects in the mask. In this case, we placed 28
slits in the mask for GC candidates of NGC4382. The selection of
the objects was performed using the image data from the programme
GN-2014A-Q-35 (𝑔′, 𝑖′ filters). The spectroscopic configuration pro-
duces a dispersion of 0.92 Å pixel−1, a spectral resolution of 4.7 Å,
and covers the wavelength range of ∼ 3900-6800 Å, according to the
position of the target in the mask. The set of exposures is made up
of thirteen observations of 1850 s at central wavelength of 500, 505
and 510 nm, with a total time of 6.68 hours on-source. The reduction
of the GMOS spectroscopy was carried out with the GEMINI iraf
package (version V2.16). We follow the same guidelines described
in Norris et al. (2015) and Sesto et al. (2018). We use the gbias
and gsflat tasks to obtain the master bias and master flat calibration
images. Subsequently, using the gsreduce task, we corrected the
science data by bias, overscan subtraction and flat-field correction.
Wavelength calibration was performed on the copper-argon (CuAr)
arc spectra using the gswavelength task. This solution was applied
to the science data using the gstransform task. Then, the individual
spectra were sky-subtracted and extracted using the apall task in the
apextract package, and before combining they were corrected to
the heliocentric system using the dopcor task. The 13 spectra of each
object were combined using the task scombine. To flux-calibrate our
data, the flux standard star Hiltner 600 was observed. The reduction
of this dataset was carried out with the same procedures mentioned
above. We obtained the sensitivity function using the gsstandard
task in order to calibrate the standard star spectrum and the science
spectra. This last step was carried out using the calibrate task of
iraf.

With the aim to increase the spectroscopic sample of objects,
we complemented our spectra with those of K18 (programme
GN-2015A-Q-207). This dataset, without objects in common with
our sample, comprises 8 exposures of 1800 s (4 hours on-source)
and was observed with the same instrument (GMOS-N), grating
(B600_G5307), and slits (1 arcsec wide) as our Gemini programme.
A complete description of them can be found in the work mentioned
above. To obtain a homogeneous sample between both datasets, we
downloaded the raw data corresponding to this program and we carry
out the reducing process according to the aforementioned guidelines.
In this way, the total sample of objects with spectra used in this work
comprises 53 sources (28 objects in our mask and 25 objects corre-
sponding to K18). Figure 2 shows with circles the spatial distribution
of the objects in our mask, and with squares the objects analyzed by
K18.

Finally, we also consider the GMOS long-slit data for the galaxy
corresponding to the Gemini programme GN-2009A-Q-102 (PI:
Aragón-Salamanca). This dataset, oriented in the north-south di-
rection of NGC4382 (see Figure 1), comprises 4 exposures of 900 s
obtained with the B1200 grating in combination with a 0.5 arcsec
slit. This configuration provided a spectral resolution of ∼1.13Å in
the wavelength range ∼4300-5500Å. In addition, the images were
binned by 4 in the spatial direction giving a scale of 0.29 arcsec
pixel−1. Together with the observation programme, the standard star
Feige 66 was observed in order to flux-calibrate the data. A detailed
description of these data can be found in Johnston et al. (2014).

MNRAS 000, 1–20 (2015)
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Table 2. Set of photometric and spectroscopic observations used in this work.

Programme ID Type PI RA DEC Description
(h:m:s) (d:m:s)

GN-2006A-Q-81 Photometry Nakamura 12:25:22.5 18:11:30 GMOS images: 𝑔′:2×150 sec; 𝑖′:3×150 sec; FWHM:0.59-0.85 arcsec
GN-2009A-Q-102 Spectroscopy Aragón-Salamanca 12:25:24.0 18:09:14 GMOS long-slit; grating B1200; slit 0.5 arcsec; 4×1 binning; 4×900 sec
GN-2014A-Q-35 Photometry Cortesi 12:25:24.1 18:14:44 GMOS images: 𝑔′:4×120 sec; 𝑖′:4×120 sec; FWHM:0.43-0.48 arcsec
GN-2015A-Q-207 Photometry and Myung Gyoon Lee 12:25:24.1 18:11:29 GMOS images: 𝑟′:5×60 sec; FWHM:0.75 arcsec

Spectroscopy GMOS MOS: grating B600; slits 1 arcsec; 2×2 binning; 8×1800 sec
GN-2016A-Q-62 Spectroscopy Cortesi 12:25:24.1 18:14:44 GMOS MOS: grating B600; slits 1 arcsec; 2×2 binning; 13×1850 sec
GN-2019A-Q-903 Photometry Zitrin 12:12:18.5 27:32:55 GMOS images; 𝑔′:8×600 sec; 𝑟′:7×600 sec; 𝑖′:8×300; FWHM:0.50-0.79
GO-9401 Photometry Côté 12:25:25.5 18:11:23 ACS images: 𝑔:2×375 sec; 𝑧:2×560 sec

Figure 2. NGC4382 composite image of two GMOS fields in filter 𝑖′ (see
Section 2.1). The foreground and background objects were removed and
the unsharp masking technique was applied to highlight the fine-structure
features of the galaxy. The red triangle indicates the galactic centre. The
circles and squares point to the location of GCs identify by programmes GN-
2016A-Q-62 and GN-2015A-Q-207, respectively. The crosses and the plus
symbol indicate the objects that were later confirmed as contaminants. The
cyan square indicates the location of hypercompact cluster M85-HCC1 (see
Section 4.3). North up and east to the left.

The data reduction process was carried out with the same iraf tasks
applied for the aforementioned MOS data.
The central position of the long-slit was placed offset from the

centre of the galaxy in order to maximize the spatial coverage, as
shown in Figure 1. Since an accurate sky subtraction is required to
estimate reliable kinematic and stellar population parameters at large
galactocentric radii, we use the region of the slit furthest from the
galactic centre to estimate it. The mean sky level obtained in the

last 40 arcsec of the slit was then subtracted from the whole image.
Finally, the four 2D reduced images of the galaxywere then combined
using the iraf task lscombine.

3 PHOTOMETRIC ANALYSIS

3.1 Photometry

The detection, classification and photometry of GC candidates of
NGC4382 was performed following the guidelines of Escudero et al.
(2018, 2020). In summary, we use the combination of the daophot
package (Stetson 1987) of iraf to obtain the point spread function
(PSF) photometry of the detected objects, togetherwith the versatility
of SExtractor software (Bertin&Arnouts 1996) to classify.We use
the parameter class star of SExtractor to separate the resolved
from the unresolved objects considering the limit value 0.5. The
selection of this value was considered due to the distance at which the
galaxy is located (see Table 1) since its GC candidates are expected
to be observed as unresolved objects. Subsequently, we calibrate
our photometry to the standard system using standard star fields
observed on the same nights as the science data. Finally, we apply
the galactic extinction coefficients of Schlafly & Finkbeiner (2011)
to the catalogue.
Furthermore, as mentioned in Section 2.1, we complemented the

GMOS data with the ACS photometry of the GC candidates from
Jordán et al. (2009). Due to the difference between the FoVs of
both cameras, only one-third of the objects in the GMOS catalogue
will have information in the 𝑔 and 𝑧 filters. Figure 3 shows the
difference in magnitudes in the 𝑔-band of common objects between
the GMOS and ACS data. There, the excellent agreement obtained
for 270 objects in both photometries is observed. The difference
between them results in 0.020 ± 0.007 mag. Throughout the rest of
this paper for the different analyses carried out in this work, we will
use the 𝑔′-magnitudes of GMOS since we have a greater number of
measured objects.

3.2 GC Selection

When observing the colour-colour and colour-magnitude diagrams of
GC candidates associated with early-type galaxies (e.g., Harris 2009;
Faifer et al. 2011; Sesto et al. 2016; Escudero et al. 2017, 2018), it is
observed that they are generally located around specific colours. In
order to obtain an initial sample of GC candidates clean enough from
contaminating objects, we considered wide colour ranges according
to the filters 𝑔′, 𝑟 ′, 𝑖′:

• 0.0 < (𝑔′ − 𝑟 ′)0 < 1.05;
• 0.5 < (𝑔′ − 𝑖′)0 < 1.6;
• 0.1 < (𝑟 ′ − 𝑖′)0 < 0.9 mag.

MNRAS 000, 1–20 (2015)
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Figure 3. Comparison of magnitudes in the 𝑔-band between GMOS and
ACS data. The dashed black line and the solid red line indicate the zero value
and the difference obtained between both photometries (∆𝑔 = 0.020± 0.007
mag), respectively.

These colour ranges were considered because NGC4382 is not a
typical early-type galaxy, since it would present a significant number
of young GCs (K18) as well as an excess of diffuse stellar clusters
(Peng et al. 2006b; Liu et al. 2016). In particular, this last type of
object is characterized by presenting redder colours (1.1 < (𝑔 −
𝑧) < 1.6 mag) than the typical old metal-rich GCs, as well as low
luminosities (𝑀𝑉 > −8 mag) and broad half-light radii (3 − 30 pc).
In this work, we do not consider the 𝑧 filter for the colour cuts since
the objects withmagnitudes in this filter are limited to amuch smaller
region than the GMOS FoV, and furthermore, these objects would
already be strong GC candidates according to Jordán et al. (2009).
The photometric quality of this initial selection of candidates is

reflected in Figure 4. As can be seen in the figure, those colours
that involve the filter 𝑔′ present mean errors of the order of ∼0.2
at 𝑖′0 = 24 mag. This dispersion is due to the fact that part of the
objects detected in this filter corresponds to the programme GN-
2006A-Q-81 in which we have just two exposures obtained under
worse seeing condition than the programme GN-2014A-Q-35 (Table
2). Therefore, in order to homogenize our catalogue and obtain a
sample of objects with low colour errors, we consider the magnitude
cutoff at 𝑖′0 = 23.2 mag (colour errors 𝜖 ∼ 0.12 mag). This value
in magnitude results in a completeness level in our sample greater
than 90 per cent after performing several completeness experiments
(Figure 5). These experiments are carried out by adding 200 artificial
point sources into intervals of 0.2 mag in the range 19 < 𝑖′0 < 27
mag, which are then recovered using the same guidelines mentioned
in Section 3.1.
Asmentioned in Section 2.1, we used a comparison field in order to

obtain a second cleanup of the GC sample for contaminating objects
such as Milky Way (MW) stars or background galaxies. According
to the Galactic latitude of this field (𝑏 = 81.3◦), the foreground
contamination should be similar to that ofNGC4382 (𝑏 = 79.2◦).We
made the same cuts in colour andmagnitudementioned above andwe
correct the number of objects considering the ratio of areas between
this comparison field and those of NGC4382. Figure 6 shows the
colour-magnitude diagrams 𝑖′0 versus (𝑔

′ − 𝑟 ′)0 and 𝑖′0 versus (𝑔
′ −

𝑖′)0 with the unresolved sources detected in the comparison field.
According to this field, the estimated contamination level for our
final GC sample (414 objects in Figure 7) is 9 per cent.

3.3 GC Subpopulations

As can be seen in Figure 7, (𝑔′ − 𝑖′)0 colour distribution does not
present a clear separation between the classic old metal-poor (blue)

Figure 4. Photometric errors of colour indices (shifted vertically +0.3 mag
to avoid overlapping). Vertical dashed line indicates the limiting magnitude
𝑖′0 = 23.2 mag considered in this work.
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Figure 6. Colour-magnitude diagrams of the unresolved sources detected
in the comparison field (grey dots). The black circles indicate the objects
that present colours and magnitude within the ranges adopted for the GC
candidates of NGC4382.
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Figure 7. Colour-magnitude diagram of the unresolved sources detected in
the GMOS fields (small black dots) and the final GC candidates of NGC4382
(black filled circles). Mean colour errors (𝑔′ − 𝑖′)0 are shown in red bars.

and old metal-rich (red) GC subpopulations, as is usually observed
in other early-type galaxies (e.g., Faifer et al. 2011; Escudero et al.
2018). This feature observed in NGC4382 had already been reported
in previous works such as Peng et al. (2006a) and Ko et al. (2018,
2019). Particularly in Ko et al. (2019) (hereafter K19), it is mentioned
that the overall (𝑔 − 𝑖)0 colour distribution of the GC system is
bimodal. However, the analysis of the system in different radial bins
carried out by these authors would indicate that the presence of GC
candidates with intermediate colours blurs this optical bimodality
towards the central region of the galaxy (R<4 arcmin; 20.9 kpc).
In this work, in order to analyze and separate between the different

GC subpopulations of NGC4382, we initially construct background-
corrected colour histograms (𝑔′ − 𝑖′)0 and (𝑔′ − 𝑧)0 (Figure 8). To
do this, we consider bin sizes of 0.05 and 0.08 mag for both his-
tograms and Gaussian kernels with these same values for 𝜎 to obtain
the smoothed colour distributions. Using the expressions of Peng
et al. (2006a) and Faifer et al. (2011), we estimate the expected
mean colours of the blue and red GC subpopulations according to
the absolute blue magnitude of NGC4382 (see Table 1), obtaining
(𝑔′ − 𝑖′)0 = 0.77; (𝑔′ − 𝑧)0 = 0.97 mag for the blue subpopulation
and (𝑔′ − 𝑖′)0 = 1.06; (𝑔′ − 𝑧)0 = 1.4 mag for the red subpopula-
tion (vertical dashed lines in Figures 8 and 9). As seen in Figure 8,
although the position of these peaks results in an acceptable agree-
ment with the substructures in our histograms, mainly in the red GC
subpopulation, the presence of a group of objects with intermediate
colours in (𝑔′ − 𝑖′)0 ∼ 0.95 and (𝑔′ − 𝑧)0 ∼ 1.2 mag stands out.
Furthermore, the position of the intermediate peak in this galaxy is
consistent with other GC systems that would present more than two
GC subpopulations (Blom et al. 2012; Escudero et al. 2020).
Subsequently, in order to visualize and delimit the colour ranges

between the different groups of clusters, we separate the catalogue
into two subsamples at different galactocentric radii (𝑅gal), and ac-
cording to the objects with information on the colours (𝑔′ − 𝑖′)0
and (𝑔′ − 𝑧)0. In the first case, considering objects with information
in (𝑔′ − 𝑖′)0, we split the catalogue at 𝑅gal = 90 arcsec (7.8 kpc)
obtaining 222 GC candidates in both subsamples (𝑅gal < 90 and
90 < 𝑅gal < 360 arcsec). On the other hand, given that we have
fewer objects with information in (𝑔′ − 𝑧)0, and their location is lim-
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Figure 8. Background-corrected colour histograms (𝑔′ − 𝑖′)0 (upper panel)
and (𝑔′ − 𝑧)0 (bottom panel) for the GC candidates of NGC4382. The black
line shows the smoothed colour distribution using a Gaussian kernel. The
dashed vertical lines indicate the expected locations for the blue and red GC
subpopulations, based on the galaxy’s absolute magnitude (see text). We can
already note that the colour distributions point to amore complex combination
of underlying stellar populations that go beyond the bimodal distribution.

ited to the ACS field, we split the catalogue at 𝑅gal = 65 arcsec (5.6
kpc), where we obtained 115 GC candidates for both subsamples
(𝑅gal < 65 and 65 < 𝑅gal < 148 arcsec). It is worth mentioning
that the regions corresponding to 𝑅gal > 90 and 𝑅gal > 65 arcsec of
both colour samples have not been corrected for areal completeness.
Figure 9 shows the histograms for each subsample according to the
colour considered. As can be seen in the figure, the (𝑔′ − 𝑖′)0 his-
togram towards 𝑅gal < 90 arcsec (7.8 kpc) shows the presence of the
red GC subpopulation at (𝑔′ − 𝑖′)0 ∼ 1.1 mag, and a clear peak with
intermediate colour at (𝑔′ − 𝑖′)0 ∼ 0.93 mag. Outside this region
(90 < 𝑅gal < 360 arcsec), the histogram becomes unimodal with a
peak at (𝑔′ − 𝑖′)0 ∼ 0.85 mag, probably due to a mixture between
these intermediate clusters and the classic blue subpopulation which
begins to be significant towards larger galactocentric radii. In the
case of (𝑔′ − 𝑧)0 histograms, since the candidates are restricted to a
smaller area around the galactic centre, the clear domain of objects
with intermediate colours (𝑔′ − 𝑧)0 ∼ 1.2 mag is observed.
It is clear that the galaxy has more than two families of GCs in

optical colours, so a correct separation between them is necessary
to correctly analyze their properties. In this context, we tackle the
analysis using the same procedure as in Escudero et al. (2020), ac-
cording to the filters available in our catalogue, which allows us to
better disentangle the underlaying multiple subpopulations present
in the global GC system of the galaxy. In this case, we use the joint
information of the colour indices (𝑔′−𝑖′)0 and (𝑔′−𝑟 ′)0 in the colour-
colour diagram (see Section 3.2), together with the GaussianMixture
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Figure 9. Background-corrected colour histograms (𝑔′ − 𝑖′)0 (upper panels) and (𝑔′ − 𝑧)0 (bottom panels) at different galactocentric radii. Upper panels show
(𝑔′ − 𝑖′)0 histograms at 𝑅gal < 90 arcsec (7.8 kpc; left) and 90 < 𝑅gal < 360 arcsec (right). Bottom panels show (𝑔′ − 𝑧)0 histograms at 𝑅gal < 65 arcsec (5.6
kpc; left) and 65 < 𝑅gal < 148 arcsec (right). The black lines show the smoothed colour distribution using a Gaussian kernel. The dashed vertical lines indicate
the expected locations for the blue and red GC subpopulations, based on the galaxy’s absolute magnitude (see text).

Model (GMM) code through the open-source machine learning li-
brary scikit-learn2 for python. A detailed description of the method
used here can be found in Escudero et al. (2020). The choice of the
aforementioned colours reduces the total number of GC candidates,
since we do not have information in the filter 𝑟 ′ of a certain region of
the GMOS field associated with the programme GN-2014A-Q-35.
However, the final number of objects with these colours (350 GC
candidates), and uncorrected for contamination, is still significant.
For this type of analysis, we do not consider the colours that involve
the 𝑧 filter because the final sample would be considerably reduced
by 40 per cent. It is necessary to mention that K19 carried out a
similar analysis using the classic GMM code (Muratov & Gnedin
2010) but using only the information in colour (𝑔 − 𝑖)0.
To estimate the optimal number of groups in our sample, we use

two probabilistic statisticalmeasures, theAkaike (AIC;Akaike 1974)
and Bayesian Information Criterion (BIC; Schwarz 1978). These two
parameters allow us to estimate the quality of each used model, rela-
tive to each of the other models. In both parameters, the model with
the lowest AIC and BIC is preferred. In this case, we consider a max-
imum number of 9 components/subpopulations (𝐾) in the sample.
We ran both statistical tests (AIC, BIC) on the sample of GC

candidates clean of contaminants. This sample was generated as
follows; (𝑔′ − 𝑖′)0 colour histograms were created for the original
sample of GCs and the comparison field, correcting the latter for
areal completeness. Subsequently, objects were randomly removed
in each bin of the candidates’ histogram according to the number of
counts obtained from the comparison field. As observed in Figure
11 (upper panel), both statistics show a break in the curve at 𝐾 = 4,

2 http://scikit-learn.org

indicating that this value would be the minimum number of groups
in our GC sample.
However, to confirm this result, we carried out 100 experiments

for each of the two statistical tests as follows. In each of these exper-
iments, objects were randomly removed according to the aforemen-
tioned procedure, obtaining different samples in each run. The left
panel of Figure 10 shows the 100 curves obtained by both tests, with
the mean value indicated by a solid line. As can be seen, the mean
AIC and BIC values indicate that the optimal number of groups is
four. Subsequently, in order to verify whether the colour uncertainties
could affect the results, we generate 100 new experiments randomly
changing in each run the colour values (𝑔′ − 𝑖′)0 and (𝑔′ − 𝑟 ′)0 of
the objects within their uncertainties. The right panel of Figure 10
shows that although the dispersion of the 100 AIC and BIC curves
increases, the general trend shows that 4 groups would be optimal
according to both tests. Therefore, for the following analyzes, we
consider that the sample of GC candidates of NGC4382 is made up
of 4 different groups or subpopulations.
In order to separate these four groups in the colour plane (𝑔′− 𝑖′)0

versus (𝑔′−𝑟 ′)0 of our GC sample, we ran the GMM code. Figure 11
(bottom panel) and Table 3 show the four groups assigned by GMM
and the values obtained for each of them, respectively. Unlike the
analysis carried out in the colour histograms where a clear separation
between the different groupswas not obtained, the analysis performed
in the (𝑔′ − 𝑖′)0-(𝑔′ − 𝑟 ′)0 colour plane indicates colour peaks for
the blue (group A) and red (group C) GC candidates similar to those
expected in other early-type galaxies. In addition to the two usual GC
subpopulations, a group with intermediate colours (group B) and a
group towards redder colours (group D) are identified. In particular,
when comparing the colour peak positions obtained in this work
(Table 3) with the values of the blue and red peaks obtained by
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Figure 10. AIC and BIC values as a function of the number of components/subpopulations (𝐾 ) obtained for 100 experiments considering AIC and BIC values
as a function of the number of components/subpopulations (𝐾 ) obtained on 100 experiments. The left panel shows the results obtained on 100 samples of GC
candidates cleaned of contaminants as mentioned in the text. The right panel shows the results obtained considering 100 samples of GC candidates where the
colours (𝑔′ − 𝑖′)0 and (𝑔′ − 𝑟 ′)0 of the objects within their uncertainties were randomly changed in each sample. The black lines indicate the mean and standard
deviation values of the 100 experiments.

Table 3. Parameters obtained by GMM. 𝑝𝑖 : percentage of the number of
GC candidates associated with each group. 𝑤𝑖 : mixture weights. ®̀𝑖 : central
vectors of the groups. ®Σ𝑖 : covariance matrices.

Parameter value

𝑝𝐴 30 ± 4
𝑝𝐵 34 ± 6
𝑝𝐶 28 ± 7
𝑝𝐷 8 ± 4

𝑤𝐴 0.26 ± 0.01
𝑤𝐵 0.35 ± 0.01
𝑤𝐶 0.27 ± 0.01
𝑤𝐷 0.12 ± 0.02

(𝑔′ − 𝑟 ′) (𝑔′ − 𝑖′)
®̀𝐴

(
0.38 ± 0.01 0.77 ± 0.01

)
®̀𝐵

(
0.47 ± 0.01 0.92 ± 0.01

)
®̀𝐶

(
0.57 ± 0.01 1.07 ± 0.01

)
®̀𝐷

(
0.69 ± 0.02 1.21 ± 0.02

)
®Σ𝐴

(
0.005 0.001
0.001 0.005

)
®Σ𝐵

(
0.003 0.001
0.001 0.003

)
®Σ𝐶

(
0.003 0.001
0.001 0.004

)
®Σ𝐷

(
0.010 0.007
0.007 0.015

)

K19 transformed to the AB system of SDSS3 ((𝑔 − 𝑖)0=0.73 and
(𝑔 − 𝑖)0=0.99 mag, respectively), a small difference is observed in
both values. In that work, the authors mention that the mean colour
of the red GC subpopulation is towards bluer colours probably due
to the presence of the intermediate group, which we determined in a
clearer way in our colour-colour analysis.

3 http://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/megapipe/docs/filtold.html

3.4 Spatial Distribution

According to the separation performed by GMM, we plotted the
(𝑔′ − 𝑖′)0 colour and the smoothed colour distribution of the differ-
ent GC groups as a function of the projected galactocentric radius
(Figure 12). In order to increase the photometric sample towards
larger 𝑅gal, we included in the figure the GC candidates (black dots)
from the whole GMOS sample (programmes GN-2014A-Q-35 and
GN-2006A-Q-81). As mentioned in Section 3.3, these objects have
not been considered in the GMM analysis due to the lack of infor-
mation in the 𝑟 ′ filter.
Figure 12 shows that the blue candidates (group A) are homoge-

neously distributed around the galaxy in the entire range 0 < 𝑅gal < 5
arcmin (0 < 𝑅gal < 26.1 kpc). For their part, the red GC candidates
(group C) show a distribution throughout the GMOS field but with a
higher concentration towards 𝑅gal < 1 arcmin (𝑅gal < 5.2 kpc). On
the other hand, when observing the GC candidates with intermediate
colours (group B), the presence of two clumps located at different
galactocentric radii (𝑅gal ∼ 1 arcmin (5.2 kpc) and 2.1 arcmin (10.9
kpc), respectively), stands out. Finally, although the group associated
with GC candidates with the reddest colours (groupD) presents a low
number of objects, they seem to show a similar spatial distribution to
the red ones, with a small subgroup located near the galactic centre
(𝑅gal < 0.6 arcmin; 𝑅gal < 3.1 kpc) while the rest are distributed
between 1 < 𝑅gal < 2 arcmin (5.2 < 𝑅gal < 10.4 kpc).
Figure 13 shows the projected spatial distribution of the different

GC groups together with the shell structures of the galaxy. Only those
objects classified by GMM are shown in this figure. As mentioned
above, the intermediate GC candidates (group B) show two clumps
at different galactocentric radii. In particular, when observing the
spatial distribution of the objects that make up the second clump
(1.5 < 𝑅gal < 2.4 arcmin; 7.8 < 𝑅gal < 12.5 kpc), initially a
specific concentration of them would not be observed. However,
some of these objects overlap in regions where different stellar shells
are found. The black dashed circles in Figure 13 indicate the region
where these objects are located. The analyses carried out by Lim
et al. (2017) and Fensch et al. (2020) on the shell galaxy NGC474,
with similar characteristics to NGC4382, have shown the spatial and
kinematic correlation between some GCs and these stellar streams
and shells. Furthermore, it is worth mentioning that the bulk of the
intermediate GCs are located in the region in which an unusual
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Figure 11. Upper panel: Akaike Information Criterion (AIC; solid line) and
Bayesian Information Criterion (BIC; dashed line) as a function of the num-
ber of components/subpopulations (𝐾 ). These two parameters were used to
statistically identify the optimal number of distinct groups of GCs in our
sample. As can be seen, both parameters point to an optimal number of 4,
indicated by the break in the curves. Bottom panel: colour-colour diagram
with the objects assigned to each group with different colours according to
GMM. The solid lines indicate the density distribution of each group using
bivariate kernel density estimate with bandwidth 0.05 mag.

"extra halo" (0.5 < 𝑅gal < 3 arcmin; 2.6 < 𝑅gal < 15.6 kpc) is
observed in the galaxy’s brightness profile (Kormendy et al. 2009).
Therefore, a spectroscopic analysis is necessary to confirm or rule out
the possible association between these structures and the intermediate
GC candidates of NGC4382. This type of analysis will be carried
out in detail in a future work (Cortesi et al. in prep).
At first glance, some of the GC subpopulations seem to show

an elongated projected spatial distribution, mainly in the red (east-
west direction) and intermediate (north-south direction) candidates.
Therefore, in order to quantify the radial and azimuthal distribution
of the four GC groups identified by GMM, we initially obtained
the one-dimensional radial distribution of each of them, performing
counts of objects in circular rings of step Δ 𝑙𝑜𝑔 𝑟 = 0.1. During this
process, each ring was corrected for effective area. Subsequently, we
fit a power-law function (𝑙𝑜𝑔 𝜎𝐺𝐶 = 𝑎 + 𝑏 𝑙𝑜𝑔(𝑟)) on each profile
excluding the points at 𝑅gal < 26 arcsec (< 2.2 kpc), in order to avoid
possible incompleteness effects of the photometric sample towards

Figure 12. Grayscale representation of the smoothed colour (𝑔′ − 𝑖′)0 versus
galactocentric radius diagramof theGCcandidates ofNGC4382.Blue, green,
red and orange overplotted points indicate GC candidates assigned by GMM
to groups A, B, C and D, respectively. Horizontal dashed lines indicate the
mean colour (𝑔′− 𝑖′)0 of each group. The black points are the GC candidates
without information in the 𝑟 ′ filter.

the inner region of the galaxy. The obtained values are listed in
Table 4, and Figure 14 shows the profiles with their respective fits. In
agreement with that observed in Figure 13, the intermediate (group
B) and the red GC candidates (group C) show a higher concentration
towards the galaxy compared to the blue subpopulation (group A).
The same trend is also observed in those objects with the reddest
colours (group D). In particular, the projected density profile of
group B shows a wave-like behaviour, due to the presence of the two
clumps of objects mentioned above, located at 𝑅gal ∼ 1 (5.2 kpc)
and 2.1 arcmin (10.9 kpc).
On the other hand, to analyze the azimuthal distribution, we per-

form object counts as a function of the position angle (measured
from north to east) within the circular ring 0.25 < 𝑅gal < 2.5 arcmin
(1.3 < 𝑅gal < 13.1 kpc) centred in the galaxy. These values were
considered to avoid correction for completeness of objects in the
central region and for areal completeness of the wedges. Figure 15
shows the histograms for the total GC sample, and for the different
groups identified by GMM. In order to determine the ellipticity (𝜖)
and position angle (𝑃𝐴) of each sample, we fit the McLaughlin et al.
(1994) expression given by:

𝜎(𝑅, \) = 𝑘𝑅−𝛼 [𝑐𝑜𝑠2 (\ − 𝑃𝐴) + (1− 𝜖)−2𝑠𝑖𝑛2 (\ − 𝑃𝐴)]−𝛼/2, (1)

where 𝜎(𝑅, \) is the number of clusters, 𝑘 is the normalization
constant, \ is the 𝑃𝐴 measured counterclockwise from the north,
and 𝛼 is the value of the power-law exponent in the surface density
fit. The values obtained from these fits are listed in Table 4. Due to
the low number of objects presented by the GC subpopulation with
redder colours (group D), we did not perform the fit on this sample.
Regarding this last group, since the galaxy does not seem to show
the clear existence of dust that could turn the typical red GCs even
redder in colour, the presence of the group D could be associated
with those objects called diffuse star clusters (e.g., Larsen & Brodie
2000; Forbes et al. 2014; Escudero et al. 2020) of which NGC4382
would present an excess (Peng et al. 2006b; Liu et al. 2016).
It should be noted that the results listed in Table 4 show high uncer-

tainties in the parameters obtained mainly in groups A and B. In this
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Figure 13. Spatial distribution of the 4 groups of GC candidates identified by GMM. The blue, green, red and orange points correspond to the GC subpopulations
blue (upper left), intermediate (upper right), red (bottom left) and that with the reddest colours (bottom right), respectively. The black dashed lines (upper right
panel) indicate the area (1.5 < 𝑅gal < 2.4 arcmin; 7.8 < 𝑅gal < 12.5 kpc) where the second clump of intermediate GC candidates is located (see text). The
yellow triangle indicates the centre of the galaxy. Negative unsharp-masking image in the 𝑖′-filter was superimposed for better visualization of the shell structures
of the galaxy (dark regions) and the spatial distribution of the GC candidates. The structure located on the lower-left corner corresponds to the wavefront sensor
of the GMOS instrument.

sense, the only subpopulation that presents a significant elongation
is group C. On the other hand, for the intermediate subpopulation
(group B) a significant overdensity of objects is observed towards
𝑃𝐴 = 210 degrees. This characteristic is in agreement with that
obtained by D’Abrusco et al. (2015) where they determined several
overdensity structures around NGC4382. For its part, although red
GCs generally resemble the shape of the host galaxy as observed in
other early-type galaxies (Kartha et al. 2014; Escudero et al. 2018),
the GC system of NGC4382 presents a lower elongation value com-
pared to the red candidates (group C). This difference is probably due
to the contribution of the intermediate group of clusters that smoothes
the overall shape of the system. However, Cortesi et al. (2016) find
that the red GC system of NGC1023 is more elongated than the blue
GC system, resembling the disk surface brightness profile.

Comparing the ellipticity and the position angle obtained here for
the GC system with the values of K19 at the same galactocentric
radius (𝑅gal < 2.5 arcmin; 13.1 kpc), a good agreement is obtained
on the ellipticity (𝜖 ∼ 0.2), while the 𝑃𝐴 obtained by these authors is
smaller (∼ 60 degrees) compared to that obtained in this work (Table
4).

4 SPECTROSCOPIC ANALYSIS

4.1 Radial Velocities

As mentioned in Section 2.2, we analyse the spectra of 53 objects
corresponding to our Gemini programmes GN-2016A-Q-62 and the
programme GN-2015A-Q-207 of K18 (28 and 25 objects, respec-
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Figure 14. Projected density profiles for the GC system (black circles) of
NGC4382, and for the blue (blue circles), intermediate (green circles), red
(red circles) and redder (orange circles) subpopulations. The profiles of the
subpopulations were vertically shifted to avoid overlap. The solid lines indi-
cate the fits made on each profile considering a power-law function. Vertical
dashed lines indicate the range considered for the fits.
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Figure 15. Azimuthal distribution of the GC system (upper panel) and of
the blue, intermediate, red and redder colours subpopulations (lower panel;
groups A, B, C and D, respectively). The dashed lines indicate the fits made
on each sample. The histograms for groups B, C and D were shifted vertically
by adding 5, 19 and 32 to the counts to avoid overlapping. The vertical dotted
line indicates the 𝑃𝐴 of the GC system.

tively). The determination of the radial velocities of both datasets
was carried out using the fxcor task in the rv package of iraf.
fxcor uses the cross-correlation method (Tonry & Davis 1979) by
comparing a spectrum whose radial velocity and dispersion velocity
are unknown, with template spectra. In this work, we used as tem-
plates the stellar population synthesis modelsMILES (Vazdekis et al.
2010), considering the grid of models of−2.27 < [Z/H] < +0.4 dex,
1.0 < age < 14.0 Gyr, [𝛼/Fe]= 0 and 0.4, and with a bimodal IMF
of slope 1.3. The resolution of this dataset is 2.51 Å, superior to our

Population Slope (b) Zero point (a) 𝜒2a 𝜖 𝑃𝐴 (degrees)

All -1.39±0.11 0.29±0.23 1.7 0.19±0.12 91±22
Blue (A) -0.88±0.26 -1.31±0.54 1.7 0.27±0.29 87±35
Interm. (B) -1.53±0.28 0.13±0.55 2.0 0.16±0.18 38±30
Red (C) -1.51±0.16 -0.06±0.32 1.1 0.32±0.12 89±11
+Red (D) -1.06±0.14 -1.19±0.26 0.5 — —

Table 4. Fitted parameters of slope (b) and zero point (a) corresponding to
the considered power-law function. The fourth column indicates the values
of reduced chi-square obtained from the fit of this function. The last two
columns indicate the ellipticity (𝜖 ) and position angle (𝑃𝐴) values obtained
for the GC system and for each subpopulation in NGC4382.
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Figure 16. Stacked histogram of the radial velocity of objects belonging to
the programme GN-2016A-Q-62 (orange histogram) and programme GN-
2015A-Q-207 (green histogram). The red line indicates the Gaussian fit
performed on the sum of both samples. Vertical dashed line indicates the
separation boundary between GCs associated with the galaxy and MW stars.
The continuous vertical line indicates the systemic velocity of NGC4382
(𝑉sys=729 km s−1).

GMOS data. The final radial velocities for each object were obtained
by applying a 3𝜎 clipped mean of the measured values. In addi-
tion, the radial velocity errors were obtained as the mean of errors
measured by fxcor. Since the typical average velocity dispersion
for GCs (e.g., Baumgardt & Hilker 2018) is below the resolution in
our instrumental configuration, we were unable to estimate velocity
dispersion in our dataset.
Figure 16 shows the velocity distribution of the analysed objects,

together with the Gaussian fit obtained for the dataset (` = 674 ±
35 km s−1 and 𝜎 = 158 ± 36 km s−1). We consider the objects
associated with the galaxy (𝑉sys = 729 ± 2 km s−1; Smith et al.
2000) with radial velocities within ` ± 3𝜎. Of the 28 objects in our
mask, 25 were confirmed as GC associated with NGC4382. The
remaining 3 objects correspond to two MW stars and possibly a
background galaxy (𝑧 ∼ 0.03). These three objects were discarded
for the following analyses in this work. Regarding the GCs confirmed
byK18, theywere reconfirmed in our analysis. Table 5 lists the values
obtained for each fitted object in both samples.

MNRAS 000, 1–20 (2015)



12 Escudero et al.
ID

𝛼
(J

20
00

)
𝛿

(J
20

00
)

𝑔
′ 0

𝑟
′ 0

𝑖′ 0
Ve

l
S/

N
(5

80
0Å

)
(𝑔

′ −
𝑟
′ )
0

(𝑔
′ −
𝑖′
) 0

A
ge

[F
e/

H
]

[𝛼
/F
e]

(d
eg
)

(d
eg
)

(m
ag
)

(m
ag
)

(m
ag
)

(k
m
s−
1 )

pe
rÅ

(m
ag
)

(m
ag
)

(G
yr
)

(d
ex
)

(d
ex
)

4
18
6.
30
17
9

18
.2
40
05
6

22
.3
14
±0
.0
09

—
-

21
.5
04
±0
.0
18

99
7±
25

17
.6

—
0.
81
0±
0.
02
0

10
.9
±3
.8

-1
.4
6±
0.
13

0.
00
±0
.2
0

8
18
6.
33
22
1

18
.2
52
77
8

22
.6
09
±0
.0
29

—
-

21
.8
04
±0
.0
41

59
8±
29

17
.7

—
0.
80
5±
0.
05
0

13
.1
±1
.6

-1
.7
3±
0.
20

0.
39
±0
.1
6

19
18
6.
33
72
1

18
.2
42
52
8

23
.0
12
±0
.0
28

—
-

22
.1
94
±0
.0
36

96
7±
20

13
.8

—
0.
81
8±
0.
04
5

6.
8±
2.
4

-1
.5
1±
0.
21

0.
40
±0
.3
0

20
18
6.
34
24
6

18
.2
44
08
3

23
.0
26
±0
.0
20

—
-

22
.1
49
±0
.0
23

54
2±
28

12
.9

—
0.
87
7±
0.
03
0

9.
4±
4.
5

-1
.6
5±
0.
26

0.
39
±0
.2
9

22
18
6.
36
87
1

18
.2
65
52
8

23
.2
15
±0
.0
14

—
-

22
.4
35
±0
.0
10

80
1±
40

8.
1

—
0.
78
0±
0.
01
7

—
—

—
-

23
18
6.
35
02
9

18
.2
45
91
7

23
.2
70
±0
.0
12

—
-

22
.3
69
±0
.0
18

70
0±
31

10
.8

—
0.
90
1±
0.
02
1

1.
8±
0.
7

-0
.1
8±
0.
20

0.
15
±0
.2
2

25
18
6.
32
90
8

18
.2
21
66
7

22
.1
58
±0
.0
15

21
.6
49
±0
.0
10

21
.3
06
±0
.0
18

84
3±
24

20
.1

0.
50
9±
0.
01
8

0.
85
2±
0.
02
3

9.
8±
4.
4

-1
.4
8±
0.
14

0.
10
±0
.4
0

27
18
6.
37
59
6

18
.2
63
50
0

22
.3
59
±0
.0
20

—
-

21
.5
13
±0
.0
19

66
5±
27

17
.7

—
0.
84
6±
0.
02
7

14
.0
±1
.8

-1
.7
7±
0.
22

0.
50
±0
.2
2

64
18
6.
37
28
3

18
.2
14
41
7

22
.4
34
±0
.0
09

21
.8
66
±0
.0
11

21
.3
91
±0
.0
12

63
9±
12

15
.1

0.
56
8±
0.
01
4

1.
04
3±
0.
01
5

2.
2±
0.
4

-0
.3
4±
0.
17

0.
11
±0
.1
5

90
18
6.
35
99
6

18
.2
12
36
1

21
.3
15
±0
.0
11

—
-

20
.2
93
±0
.0
12

81
5±
15

29
.5

—
1.
02
2±
0.
01
6

2.
9±
0.
8

-0
.5
9±
0.
07

0.
26
±0
.0
8

10
5

18
6.
35
63
7

18
.2
22
86
1

23
.2
18
±0
.0
18

22
.7
28
±0
.0
16

22
.4
34
±0
.0
16

52
7±
40

10
.1

0.
49
0±
0.
02
4

0.
78
4±
0.
02
4

6.
3±
2.
9

-1
.5
5±
0.
50

0.
00
±0
.2
0

12
6

18
6.
34
82
9

18
.2
21
61
1

23
.0
42
±0
.0
21

22
.4
07
±0
.0
16

22
.0
06
±0
.0
22

85
2±
18

12
.7

0.
63
5±
0.
02
6

1.
03
6±
0.
03
0

1.
4±
0.
4

0.
02
±0
.0
9

0.
09
±0
.1
8

13
3

18
6.
35
42
9

18
.2
39
22
2

22
.8
31
±0
.0
15

—
-

22
.0
10
±0
.0
20

50
0±
35

13
.5

—
0.
82
1±
0.
02
5

13
.8
±5
.7

-1
.7
2±
0.
26

0.
11
±0
.3
3

16
5

18
6.
37
15
8

18
.2
10
63
9

22
.2
75
±0
.0
07

21
.7
10
±0
.0
09

21
.1
09
±0
.0
07

74
6±
16

18
.8

0.
56
5±
0.
01
1

1.
16
6±
0.
00
9

10
.2
±3
.4

-0
.4
1±
0.
12

0.
37
±0
.1
0

16
6

18
6.
33
34
6

18
.2
13
63
9

22
.2
52
±0
.0
12

21
.5
39
±0
.0
09

21
.0
21
±0
.0
10

61
0±
13

19
.8

0.
71
3±
0.
01
5

1.
23
1±
0.
01
5

13
.8
±2
.2

-0
.5
4±
0.
06

0.
22
±0
.0
9

16
7

18
6.
34
23
3

18
.2
12
47
2

21
.8
45
±0
.0
09

21
.2
25
±0
.0
06

20
.8
09
±0
.0
10

62
0±
10

23
.3

0.
62
0±
0.
01
0

1.
03
6±
0.
01
3

13
.4
±5
.3

-0
.6
3±
0.
08

0.
31
±0
.0
8

16
8

18
6.
36
44
2

18
.2
09
22
2

21
.5
48
±0
.0
20

21
.1
24
±0
.0
10

20
.7
23
±0
.0
21

36
0±
23

25
.8

0.
42
4±
0.
02
2

0.
82
5±
0.
02
9

11
.5
±3
.2

-1
.4
4±
0.
12

0.
31
±0
.1
0

17
2

18
6.
33
13
7

18
.2
08
61
1

22
.3
60
±0
.0
11

21
.7
03
±0
.0
08

21
.2
18
±0
.0
08

82
8±
11

17
.8

0.
65
7±
0.
01
3

1.
14
2±
0.
01
3

11
.4
±3
.5

-0
.4
1±
0.
15

0.
28
±0
.1
2

17
3

18
6.
34
18
7

18
.2
05
22
2

22
.6
44
±0
.0
12

22
.1
40
±0
.0
15

21
.7
37
±0
.0
12

75
7±
36

14
.2

0.
50
4±
0.
01
9

0.
90
7±
0.
01
6

9.
6±
3.
7

-1
.3
1±
0.
11

0.
40
±0
.2
2

17
5

18
6.
35
39
2

18
.2
01
50
0

21
.8
71
±0
.0
16

21
.3
84
±0
.0
11

20
.9
22
±0
.0
14

68
8±
15

20
.2

0.
48
7±
0.
01
9

0.
94
9±
0.
02
1

13
.0
±4
.4

-0
.9
6±
0.
11

0.
28
±0
.1
5

17
6

18
6.
34
50
4

18
.2
01
02
8

22
.9
96
±0
.0
15

22
.4
18
±0
.0
21

21
.9
83
±0
.0
16

72
5±
33

9.
5

0.
57
8±
0.
02
5

1.
01
3±
0.
02
2

—
—

—
17
9

18
6.
34
86
7

18
.1
98
88
9

22
.8
64
±0
.0
28

22
.4
43
±0
.0
24

22
.0
93
±0
.0
21

64
0±
22

5.
7

0.
42
1±
0.
03
6

0.
77
1±
0.
03
5

—
—

—
18
1

18
6.
33
90
4

18
.1
98
22
2

22
.6
30
±0
.0
12

22
.1
19
±0
.0
15

21
.6
41
±0
.0
09

98
3±
40

12
.8

0.
51
1±
0.
01
9

0.
98
9±
0.
01
5

3.
6±
1.
8

-0
.4
5±
0.
20

0.
16
±0
.2
2

18
4

18
6.
35
90
4

18
.1
92
83
3

22
.4
65
±0
.0
18

22
.0
07
±0
.0
16

21
.5
20
±0
.0
10

70
9±
24

14
.1

0.
45
8±
0.
02
4

0.
94
5±
0.
02
0

14
.0
±2
.1

-1
.0
5±
0.
17

0.
29
±0
.2
7

18
6

18
6.
35
57
1

18
.1
92
86
1

21
.7
84
±0
.0
13

21
.2
81
±0
.0
09

20
.6
87
±0
.0
12

55
4±
16

21
.6

0.
50
3±
0.
01
5

1.
09
7±
0.
01
7

11
.5
±3
.2

-0
.6
3±
0.
08

-0
.0
1±
0.
13

St
ar
/G
al

2
18
6.
31
87
5

18
.2
71
52
8

22
.2
21
±0
.0
10

—
-

21
.3
58
±0
.0
08

10
3±
17

18
.1

—
-

—
-

—
-

—
-

—
-

3
18
6.
34
42
5

18
.2
87
66
7

22
.4
65
±0
.0
08

—
-

21
.7
28
±0
.0
10

16
5±
35

16
.5

—
-

—
-

—
-

—
-

—
-

5
18
6.
31
23
7

18
.2
43
83
3

22
.5
83
±0
.0
45

—
-

21
.5
01
±0
.0
66

𝑧
=0
.0
3

15
.1

—
-

—
-

—
-

—
-

—
-

21
18
6.
30
57
0

18
.1
60
26

22
.0
90
±0
.0
14

21
.5
02
±0
.0
10

20
.8
96
±0
.0
11

10
38
±1
4

21
.9

0.
58
8±
0.
01
7

1.
19
4±
0.
01
7

3.
8±
1.
3

0.
13
±0
.0
7

0.
27
±0
.0
7

48
18
6.
30
76
5

18
.2
06
36

22
.1
15
±0
.0
09

21
.6
00
±0
.0
07

21
.2
58
±0
.0
04

97
1±
26

20
.9

0.
51
5±
0.
01
1

0.
85
7±
0.
00
9

7.
9±
3.
0

-0
.7
9±
0.
11

0.
04
±0
.1
2

39
18
6.
32
04
0

18
.1
60
42

22
.0
47
±0
.0
10

21
.6
19
±0
.0
07

21
.1
14
±0
.0
05

69
1±
12

18
.7

0.
42
8±
0.
01
2

0.
93
3±
0.
01
1

13
.8
±2
.0

-0
.9
8±
0.
12

0.
34
±0
.1
3

45
18
6.
32
67
0

18
.1
93
56

22
.0
27
±0
.0
14

21
.5
33
±0
.0
06

21
.1
27
±0
.0
06

10
67
±2
4

21
.7

0.
49
4±
0.
01
5

0.
90
0±
0.
01
5

5.
4±
1.
4

-1
.1
8±
0.
12

0.
44
±0
.1
4

20
18
6.
32
94
0

18
.1
59
72

21
.5
73
±0
.0
11

21
.1
47
±0
.0
08

20
.6
67
±0
.0
10

72
1±
12

25
.1

0.
42
6±
0.
01
3

0.
90
6±
0.
01
4

2.
1±
0.
3

0.
17
±0
.0
8

0.
00
±0
.0
6

5
18
6.
33
33
0

18
.1
95
63

21
.5
15
±0
.0
10

20
.9
36
±0
.0
05

20
.4
64
±0
.0
05

93
0±
24

27
.9

0.
57
9±
0.
01
1

1.
05
1±
0.
01
1

12
.0
±2
.6

-0
.7
2±
0.
06

0.
31
±0
.0
6

29
18
6.
33
67
5

18
.1
84
28

21
.8
31
±0
.0
18

21
.3
47
±0
.0
08

20
.9
19
±0
.0
10

60
2±
18

23
.1

0.
48
4±
0.
01
9

0.
91
2±
0.
02
0

13
.8
±2
.2

-1
.0
8±
0.
11

0.
22
±0
.1
5

6
18
6.
34
08
0

18
.1
96
98

21
.1
94
±0
.0
10

20
.6
25
±0
.0
04

20
.1
55
±0
.0
03

63
6±
7

34
.7

0.
56
9±
0.
01
0

1.
03
9±
0.
01
0

1.
5±
0.
2

0.
18
±0
.0
4

0.
00
±0
.0
6

25
18
6.
34
84
5

18
.1
75
61

21
.8
36
±0
.0
14

21
.3
29
±0
.0
08

20
.8
76
±0
.0
09

87
2±
20

17
.1

0.
50
7±
0.
01
6

0.
96
0±
0.
01
6

14
.0
±2
.8

-0
.3
8±
0.
11

0.
33
±0
.1
0

7
18
6.
35
25
0

18
.1
99
00

20
.4
03
±0
.0
06

19
.8
73
±0
.0
03

19
.4
08
±0
.0
03

61
5±
12

51
.3

0.
53
0±
0.
00
6

0.
99
5±
0.
00
6

2.
0±
0.
1

0.
19
±0
.0
2

0.
04
±0
.0
3

2
18
6.
35
41
5

18
.1
82
46

21
.5
69
±0
.0
15

21
.0
02
±0
.0
08

20
.4
88
±0
.0
08

61
4±
8

30
.2

0.
56
7±
0.
01
7

1.
08
1±
0.
01
7

14
.0
±2
.6

-0
.3
3±
0.
07

0.
20
±0
.0
5

23
18
6.
35
62
5

18
.1
72
23

21
.3
82
±0
.0
10

20
.9
44
±0
.0
07

20
.5
81
±0
.0
13

44
6±
18

28
.6

0.
43
8±
0.
01
2

0.
80
1±
0.
01
6

12
.4
±2
.9

-1
.4
5±
0.
08

0.
17
±0
.0
9

33
18
6.
36
07
5

18
.2
06
30

21
.7
90
±0
.0
13

21
.4
05
±0
.0
13

20
.8
87
±0
.0
07

44
9±
14

26
.1

0.
38
5±
0.
01
8

0.
90
3±
0.
01
4

11
.6
±2
.5

-1
.2
6±
0.
10

0.
22
±0
.1
3

30
18
6.
36
57
0

18
.1
86
30

21
.6
88
±0
.0
16

21
.1
72
±0
.0
06

20
.6
87
±0
.0
06

66
9±
8

25
.9

0.
51
6±
0.
01
7

1.
00
1±
0.
01
7

11
.2
±2
.9

-0
.9
0±
0.
07

0.
23
±0
.0
7

4
18
6.
36
88
5

18
.1
85
72

20
.9
47
±0
.0
04

20
.5
17
±0
.0
04

20
.1
09
±0
.0
12

86
5±
12

37
.3

0.
43
0±
0.
00
5

0.
83
8±
0.
01
2

13
.8
±1
.3

-1
.5
1±
0.
06

0.
22
±0
.0
8

32
18
6.
37
33
5

18
.1
93
73

21
.6
59
±0
.0
08

21
.2
53
±0
.0
11

20
.7
57
±0
.0
18

64
2±
10

26
.6

0.
40
6±
0.
01
3

0.
90
2±
0.
01
9

1.
3±
0.
2

0.
14
±0
.0
4

0.
02
±0
.0
8

14
18
6.
35
34
0

18
.2
05
96

22
.2
32
±0
.0
10

21
.7
05
±0
.0
07

21
.0
84
±0
.0
03

41
6±
14

20
.7

0.
52
7±
0.
01
2

1.
14
8±
0.
01
0

6.
1±
1.
8

-0
.2
5±
0.
08

0.
20
±0
.0
8

43
18
6.
38
73
0

18
.1
86
49

22
.3
08
±0
.0
12

21
.7
85
±0
.0
07

21
.2
29
±0
.0
05

53
6±
12

19
.4

0.
52
3±
0.
01
3

1.
07
9±
0.
01
3

14
.0
±1
.5

-0
.5
6±
0.
14

0.
30
±0
.1
4

15
18
6.
38
94
0

18
.2
06
62

22
.0
75
±0
.0
11

21
.7
82
±0
.0
10

21
.2
45
±0
.0
07

43
5±
20

20
.9

0.
29
3±
0.
01
4

0.
83
0±
0.
01
3

7.
4±
2.
7

-1
.1
8±
0.
11

0.
01
±0
.1
8

40
18
6.
39
48
0

18
.1
70
53

22
.4
90
±0
.0
10

21
.8
05
±0
.0
07

21
.4
11
±0
.0
06

62
0±
18

18
.0

0.
68
5±
0.
01
2

1.
07
9±
0.
01
1

12
.7
±3
.9

-0
.3
9±
0.
14

0.
23
±0
.1
4

64
*

18
6.
34
51
5

18
.1
81
55

19
.0
95
±0
.0
03

18
.5
87
±0
.0
03

18
.0
96
±0
.0
07

63
0±
8

89
.9

0.
50
8±
0.
00
4

0.
99
9±
0.
00
7

1.
5±
0.
1

0.
23
±0
.0
1

0.
18
±0
.0
2

61
**

18
6.
35
04
0

18
.1
91
05

—
-

—
-

—
-

73
8±
6

64
5.

—
-

—
-

2.
5±
0.
1

0.
29
±0
.0
1

0.
13
±0
.0
1

St
ar
/G
al

12
18
6.
32
38
5

18
.1
72
69

21
.8
10
±0
.0
11

21
.4
73
±0
.0
08

21
.1
15
±0
.0
09

11
5±
12

21
.6

—
-

—
-

—
-

—
-

—
-

Ta
bl

e
5.
Sp
ec
tro
ph
ot
om
et
ric
pa
ra
m
et
er
s
of
th
e
ob
je
ct
s
as
so
ci
at
ed
w
ith
ou
rG
em
in
ip
ro
gr
am
m
e
G
N
-2
01
6A
-Q
-6
2
an
d
th
e
pr
og
ra
m
m
e
G
N
-2
01
5A
-Q
-2
07
(P
I:
M
yu
ng
G
yo
on
Le
e)
,d
er
iv
ed
in
th
is
w
or
k.
Th
e
se
co
nd

ha
lf
of
th
e
ta
bl
e
co
rr
es
po
nd
st
o
th
is
la
st
pr
og
ra
m
m
e.
*
an
d
**
in
di
ca
te
th
e
hy
pe
rc
om
pa
ct
cl
us
te
rM
85
-H
C
C
1
(S
an
do
va
le
ta
l.
20
15
)a
nd
th
e
nu
cl
eu
so
fN
G
C
43
82
,r
es
pe
ct
iv
el
y.

MNRAS 000, 1–20 (2015)



GC system of NGC 4382 13

4.2 Full Spectral Fitting

The analysis of the stellar populations was carried out using the full
spectral fitting technique through the ULySS (University of Lyon
Spectroscopic Analysis Software; Koleva et al. 2009) algorithm.
ULySS fits synthetic single stellar population (SSP) models to the
observed spectra, providing SSP equivalent stellar population pa-
rameters. In this work, we used the PEGASE-HR model grid (Le
Borgne et al. 2004) resolved in [𝛼/Fe] (Prugniel & Koleva 2012).
Assuming the initial mass function of Salpeter (IMF; Salpeter 1955)
and the ELODIE3.2 stellar library (Prugniel & Soubiran 2001; Wu
et al. 2011), these models cover a wavelength range of 3900-6800 Å
with a resolution of FWHM=0.55 Å. These synthetic SSP models
have ages between 0.001 and 20 Gyr, metallicities in the range of
−2.3 < [Fe/H] < +0.69 dex and [𝛼/Fe]=0 and 0.4 dex. In this work,
we carry out the spectral fits considering the models in the age range
0.001 to 14 Gyr.

The fits made with ULySS were carried out using the largest
possible spectral range according to each science spectrum (∼ 4000−
6700Å) since the precision of the results mostly depends on the
total S/N ratio (Koleva et al. 2008). In this process, a multiplicative
polynomial of order 20 was considered to absorb possible errors in
flux calibration. Furthermore, we consider the parameter clean of
ULySS to exclude outliers in our spectra due to possible residues by
night sky emission and cosmic rays during the extraction process.
Finally, we performed 200 Monte Carlo simulations to determine
the standard deviations of the estimated luminosity-weighted stellar
population parameters. Only in 3 objects in our sample, it was not
possible to obtain their stellar parameters using UlySS. Different
tests were carried out in order to obtain the convergence of the code.
However, no positive results were obtained in the fits possibly due
to the low S/N presented by these objects. Table 5 lists the obtained
values in this work.

Although K18 also used ULySS in their analysis, the SSP model
used by them did not consider the improvement in [𝛼/Fe]. The [𝛼/Fe]
values derived in that work were obtained by a different technique,
using Lick indices (Burstein et al. 1984;Worthey et al. 1994;Worthey
& Ottaviani 1997) and SSP models of Thomas et al. (2011). In
particular, those models have a wider range in [𝛼/Fe] (−0.3 to +0.5
dex) compared to the model used in this work. Therefore, in order to
homogenize the results obtained between our sample of objects and
those of K18, we recalculate the stellar population parameters of the
latter considering the previously mentioned 𝛼-resolved SSP model
(Table 5).

We compare the values of age, metallicity and [𝛼/Fe] obtained by
K18 with those calculated here. In Figure 17, in general, the differ-
ent parameters obtained with this new model are in good agreement
within uncertainties with those of K18. In the case of [𝛼/Fe], a signif-
icant dispersion can be seen when comparing the values recovered in
this work with the ones obtained by K18. However, it is necessary to
emphasize that the values were obtained using different techniques
andmodels. The top panel of Figure 17 shows three objects that stand
out for clearly deviating from the one-to-one relationship, GC(43),
GC(39) and GC(25). We carry out different tests on these objects,
using shorter wavelength ranges, varying the multiplicative polyno-
mial, without considering the parameter clean of ULySS, and even
reviewing the reduction process again. In all cases, we have not been
able to find an explanation for such differences, since results similar
to those shown in Table 5 were always obtained in the fits.
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Figure 17. Comparison between the values of ages (top panel), metallicities
(central panel) and 𝛼-element abundances (bottom panel) of the objects stud-
ied in K18, and the values estimated here considering the SSP model resolved
in [𝛼/Fe]. The [𝛼/Fe] values obtained by these authors were estimated using
the Lick index method. The dashed line indicates the one-to-one relation.
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4.3 Stellar Populations

As obtained in the photometric analysis of the colour distribution (see
Section 3.3), aswell as in other photometric and spectroscopic studies
(e.g., K18,K19,K20), the galaxy shows differentGC subpopulations.
In particular, in K18 approximately one-third of their spectroscopic
sample located within 𝑅gal = 3 arcmin (15.6 kpc) have ages <6 Gyr
(〈age〉=3.7 ± 1.9 Gyr), while the rest of the objects have old ages
(〈age〉=13.3 ± 3.3 Gyr).
Since in this work we added twice as many objects as the sample

analyzed byK18 in the same region, and even some stellar population
values estimated by these authors differ from those obtained here, we
analyze the joint sample in order to have a more complete picture of
the cluster formation and assembly events in the galaxy. Figure 18
shows the colour-magnitude and colour-colour diagrams of the GC
system of NGC4382 with the different groups identified by GMM
(Section 3.3), and the location of the spectroscopically confirmed
GCs. It should be noted that several of the GCs mainly associated
with group A do not have information in colour (𝑔′ − 𝑟 ′)0, which
is why there is a significant lack of objects observed in this region
of the colour-colour diagram. As it can be seen in the figure, a good
correlation is obtained between the photometric analysis and the
spectroscopic results, that is, the GCs with ages less than 5 Gyr are
associated with groups B and C, while the clusters with ages >5
Gyr present a wide range of colours associated with all the different
groups. On the other hand, only one object (GC(166)) is found in
the photometric region corresponding to group D associated with
objects called diffuse star clusters (see Section 3.4). However, when
observing its metallicity and brightness values (see Table 5), they do
not turn out to be typical values for this type of objects (see Peng
et al. 2006b), so it is probably a typical red GC.
Figure 19 shows the relationships between the age, metallicity

and 𝛼-element abundance values of the objects in the sample ob-
tained through the full spectral fitting technique. Based on the age
distribution of the sample, it is observed in the lower panel of the
figure the presence of a group of young objects (<5 Gyr; green
symbols) with mean age, metallicity and 𝛼-abundance of 2.2 ± 0.9
Gyr, [Fe/H] = −0.05 ± 0.28 dex and [𝛼/Fe] = 0.11 ± 0.10 dex,
respectively, stands out. Within this group, the hypercompact cluster
M85-HCC1 is located (double square), which is considered a tidally
stripped galaxy-centre according to Sandoval et al. (2015). When
comparing the aforementioned mean values for this young group
with those of K18 (3.7 ± 1.9 Gyr, [Fe/H] = −0.26 ± 0.62 dex), a
slight difference is obtained in age and metallicity, although within
the uncertainties. Furthermore, it should be noted that the estimated
values here are in good agreement with those of the stellar component
of the nucleus of the galaxy (see Table 5).
On the other hand, objects with old ages (> 5Gyr) seem to show a

small gap in the age-metallicity diagram (lower panel of Figure 19).
This bifurcated age-metallicity relationship, indicated with a dotted
line in the figure, is similar to that observed for the halo and bulge-
disc GCs of the MW (Leaman et al. 2013). Using this relationship,
we separate the old GCs into two groups which present mean values
10.4 ± 2.8 Gyr, [Fe/H] = −1.48 ± 0.18 dex, [𝛼/Fe] = 0.24 ± 0.16
dex (blue symbols) and 12.1 ± 2.3 Gyr, [Fe/H] = −0.64 ± 0.26
dex, [𝛼/Fe] = 0.24 ± 0.10 dex (red symbols). These mean values
are similar to those associated with the typical old metal-poor (blue)
and old metal-rich (red) GC subpopulations (e.g., Usher et al. 2012),
respectively, in early-type galaxies.
Considering the age and metallicity limits mentioned above to

separate the typical old metal-poor and metal-rich clusters, and those
young ones, we displayed the metallicity values as a function of

Figure 18. Upper panel: colour-magnitude diagram of the GC system of
NGC4382 (grey points). Vertical dashed lines indicate the approximate sepa-
ration in colour (𝑔′ − 𝑖′)0 of the different groups according to GMM. Bottom
panel: colour-colour diagram as in Figure 11 indicating the four photometric
GC groups identified by GMM (solid lines). Filled coloured rhombuses and
squares indicate the GCs/HCC spectroscopically confirmed as a function of
age corresponding to the programmes GN-2016A-Q-62 and GN-2015A-Q-
207, respectively. Note that some GCs do not have colour (𝑔′ − 𝑟 ′)0 so they
are not shown in the colour-colour diagram (see text).

the photometric colour (𝑔′ − 𝑖′)0 for these 3 groups (Figure 20).
The figure shows a clear trend followed by the old clusters, while
the young ones seem to follow a different sequence. This colour-
metallicity relationship is similar to those obtained for other early-
type galaxies, particularly in the case of NGC1316 (Sesto et al.
2018), where its young GCs deviate from this relationship. In this
work, we fit a linear relation considering only the old GCs, obtaining
[Fe/H] = (3.33±0.32)×(𝑔′−𝑖′)0−(4.188±0.31).When comparing
with the colour-metallicity relation obtained in Usher et al. (2012) for
the colour values (𝑔′− 𝑖′)0 > 0.77mag (orange dotted line in Figure
20), a good agreement is obtained between the two expressions.
It is worth mentioning that the relation obtained in terms of total
metallicity ([Z/H]) in Usher et al. (2012) was transformed to iron
abundance ([Fe/H]) using expression 2 published in the same work.
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Figure 19. Diagrams [𝛼/Fe]-[Fe/H] and age-[Fe/H] of the objects associated
with NGC4382. The rhombuses and squares correspond to the objects associ-
ated with the Gemini programmes GN-2016A-Q-62 and GN-2015A-Q-207,
respectively. The squared filled square indicates the hypercompact cluster
M85-HCC1. The blue, red, and green symbols indicate the old metal-poor,
old metal-rich, and young GC subpopulations, respectively. The black dashed
line in the lower panel indicates the limit used to separate the two groups of
old GCs.

On the other hand,we analyzed possiblemetallicity gradients in the
GC subpopulations in order to identify different star formation pro-
cesses (e.g., Hopkins et al. 2009; Pipino et al. 2010) that could have
occurred in NGC4382. Figure 21 shows the radial metallicity distri-
bution for the GCs of each subpopulation as a function of galactocen-
tric distance. Both the old metal-rich group and the young group do
not initially showa gradient alongwith the radial extent of theGC sys-
tem, while the old metal-poor ones show a clear negative metallicity
gradient. We fit the logarithmic relation [Fe/H] = 𝑎 + 𝑏 𝑙𝑜𝑔(𝑅/𝑅eff)
for each subpopulation in the same radius range (𝑅/𝑅eff < 3.1),
where 𝑅eff is the effective radius for NGC4382 (𝑅eff = 66 arc-
sec; Cappellari et al. 2011). In the case of the old metal-rich and
young clusters, we could not detect any significant metallicity gra-
dient (𝑎 = −0.60 ± 0.15, 𝑏 = −0.01 ± 0.10 and 𝑎 = −0.14 ± 0.21,
𝑏 = −0.07± 0.14), while for the old metal-poor clusters a clear rela-
tion is obtained (𝑎 = −1.70±0.07, 𝑏 = −0.27±0.06). This last value

Figure 20. Colour-metallicity relation for the GCs of NGC4382. Blue trian-
gles, red circles and green squares indicate the old metal-poor, old metal-rich
and young GC subpopulations, respectively. Black dashed line and orange
dotted line indicates the colour-metallicity relations obtained in this work
and in Usher et al. (2012), respectively. The upper panel shows the colour
histograms of the different spectroscopic groups.
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Figure 21. Radial metallicity distribution for the GCs of NGC4382. Blue
triangles, red circles and green squares indicate the old metal-poor, old metal-
rich and young GC subpopulations, respectively. Black dashed line indicates
the metallicity gradient obtained for the old metal-poor GC subpopulation.

is similar to those obtained in other early-type galaxies (e.g., Forbes
et al. 2011; Kartha et al. 2016), which would indicate that part of the
old metal-poor subpopulation would have been formed by dissipative
collapse. Alternatively, a similar gradient may be generated from a
fairly sizable metal-rich accretion event whose GCs would be pulled
closer to the centre because of the increased efficiency of dynamical
friction as a function of mass (e.g., Amorisco 2019). In the case of
old metal-rich clusters, even though in general they have been found
to show similar gradients to old metal-poor clusters (e.g., Forbes &
Remus 2018), flat radial distribution for old metal-rich clusters are
not unheard of (e.g., Strader et al. 2012; Kartha et al. 2014). Since
the old metal-rich and young populations show significantly more
scatter than the old metal-poor clusters, any initial gradient may have
been erased by an accretion event not fully mixed yet.
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ity for the three GC subpopulations is indicated with dashed error bars. The
dashed orange line traces the galaxy systemic velocity.

4.4 Kinematics

Figure 22 shows the one-dimensional phase space diagram, obtained
by plotting the variation of the GC radial velocity with radius, of the
GC system of NGC4382. Old metal-poor and metal-rich (hereafter
blue and red) GCs are shown as blue triangles and red circles, re-
spectively, while young GCs are represented by green squares. Those
objects whose stellar parameters could not be estimated (see Table
5) are indicated with a black asterisk. The dashed orange line traces
the galaxy systemic velocity. In Figure 22 it is possible to see that
the objects nearest to the centre of NGC4382 (𝑅/𝑅eff . 0.7), cor-
respond, in their majority, to the red and young clusters. At all radii,
red and young GCs have a radial velocity in a range of ±200 km s−1
with respect to the systemic velocity of the galaxy, with the exception
of few outliers. Blue GCs, instead, lie at a larger distance from the
galaxy systemic velocity, Δ𝑉𝑟 ≤ 400. Cortesi et al. (2016) found a
similar behaviour for the GC system of NGC1023, where red GCs
are found to be rotating as the stars in the disk of the galaxy and blue
GCs have the same kinematics as the halo component. To study this
effect, we analyze the kinematics of the GC system as well as that of
each subpopulation. Figure 23 shows the radial velocity of GCs as a
function of the position angle (PA). At first glance, a sign of rotation
is clearly evident in each of the subpopulations and in the system as
a whole. We calculate the rotation velocity of each system by fitting
the following equation:

𝑉 (\) = Ω𝑅 sin(\ − \0) +𝑉sys, (2)

where 𝑉 (\) is the velocity of each GC in the sample, 𝑉sys the sys-
temic velocity of the GC system, wherein this case we adopt the
radial velocity of the galaxy (738 ± 6 km s−1; Table 5), Ω𝑅 the am-
plitude of the projected rotation velocity, \ the azimuthal angle of
each object relative to the galactic centre, and \0 the orientation
of the rotation angle. We perform a non-linear least-squares fit on
the aforementioned samples. As in the work of K18, we correct the
amplitude values of the projected rotation velocity considering the
inclination angle of the galaxy (𝑖 = 39 degrees). Table 6 lists the
values obtained from the fits as well as the mean values of radial ve-
locity and velocity dispersion for each sample. The values obtained
for the GC system are in very good agreement with those obtained
by K18 (Ω𝑅 = 148+67−42 km s

−1, \0 = 161+25−18 degrees) and for the
inner (𝑅gal < 6 arcmin) GC system in K20 (Ω𝑅 = 150+35−37 km s

−1,
\0 = 188+7−13 degrees). However, it is difficult to compare the val-
ues recovered for the subpopulations in this work and in K18, since

they are differently defined. While, K18 separate the GCs into in-
termediate and old, in here we choose to study the red, blue and
young GCs. We can, on the other hand, compare with the results
obtained by K20 for the inner GCs. We estimate the Ω𝑅/𝜎 for
the system and the subpopulations (young, blue and red), obtaining
0.85 ± 0.19, 0.83 ± 0.48, 0.89 ± 0.34, 1.01 ± 0.27, respectively. K20
list a value of Ω𝑅/𝜎𝑟 ,𝑐𝑜𝑟𝑟 for the whole population and the red GC
subpopulation, while it returns Ω𝑅/𝜎𝑟 for the blue subpopulation.
We used the values of𝜎𝑟 from Table 5 of K20 to calculateΩ𝑅/𝜎𝑟 for
the whole population in the bins that overlap with the sample in study
here (i.e. till 5.9 and 5.3 arcmin for the whole population and the red
subpopulation respectively). We obtain Ω𝑅/𝜎𝑟 = 0.98+0.06−0.11 for the
whole GC system andΩ𝑅/𝜎𝑟 = 1.46+0.17−0.32 for the red subpopulation.
For the blue subpopulation, K20 estimate Ω𝑅/𝜎𝑟 = 0.41+0.64−0.71 (they
do not apply correction to the dispersion velocity since the rotation of
blue GCs is negligible). These values are in agreement, within error
bars, with the determination obtained in this work. Note the large
errors on the Ω𝑅/𝜎 measured for the GC subpopulations, especially
for the young and blue GCs. This results from both low number statis-
tics in the fit, and, in the case of blue GCs, from the large spread of
the radial velocities 𝑉r, with respect to the galaxy systemic velocity,
which returns a high value of Ω𝑅 as well as of 𝜎 (see Table 6). Such
large errors forΩ𝑅/𝜎 for the blue subpopulation might also indicate
a complex kinematic, resulting frommultiple origins of the blue GCs
(see, Cortesi et al. 2016; Shapiro et al. 2010). In the following text,
we discuss only the Ω𝑅/𝜎 value obtained for the whole population
of GCs, which present the lowest error. According to simulation, for
star like particles, the values of Ω𝑅/𝜎 recovered in this work for the
the GC system is typical of minor merger with a mass ratio between
4.5:1 to 7:1 (Bournaud et al. 2005). On the other side, of the 71 S0-
like merger remnants (Ω𝑅/𝜎 ' 1) extracted by Tapia et al. (2017)
from the GalMer database, 29 corresponds to minor encounters (7:1
to 20:1 mass ratio) and 42 to major ones, the majority (69%) being
the result of direct encounters and 31% of retrograde encounters.
According to the results obtained in this work, the radial velocity
dispersion of the GC system is similar to the velocity dispersion of
the stars in NGC4382 (𝜎 = 179 km s−1 within 4-arcsec; McDer-
mid et al. 2006). This is also found in NGC1023, where all the GC
subpopulations share a similar dispersion velocity, while the rotation
velocity varies for the different subpopulations (Cortesi et al. 2016).
The old clusters (blue and red ones) have an identical rotation angle
(∼160 degrees), as in K18 and K20 for the blue GCs, while the ro-
tation orientation of the young clusters is slightly greater (\0 = 191
degrees) compared to the previous ones, but still within the errors,
resembling the value found for red GCs in K20. Interestingly, the
position angle of the kinematic major axis of the GC system is per-
pendicular to the kinematic angle of the stars, 𝑃𝐴kin = 19.5 ± 4.8
degrees (Krajnović et al. 2011), as determined using SAURON data.
Díaz & Dottori (2016) modelled the SAURON 2D velocity field of
this galaxy and found that it has a kinematically decoupled core that
is counter-rotating relative to the rest of the galaxy. Yet, the field of
view of SAURON covers the inner 30" of the galaxy, where few of
the GCs lie. Moreover, Kormendy et al. (2009) found a variation of
the position angle of the galaxy isophotes with radius, according to
which the SAURON data might describe the bulge dominated area
of the galaxy, and the red GCs would lie along the disk major axis.
The comparison of the GC kinematics with long slit data covering
larger radii along the major and minor axis will be studied in details
in the following papers (Cortesi et al. in prep).
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Figure 23. Radial velocities of all sample, the young, blue, and red GCs
(panels a, b, c, and d, respectively) as a function of position angle (PA). The
horizontal dotted lines indicate the radial velocity of the nucleus of NGC4382
obtained in this work (738 ± 6 km s−1), and the dashed lines the best fit.

Population 〈𝑉𝑟 〉 𝜎𝑟 Ω𝑅 Ω𝑅∗ \0
(km s−1) (km s−1) (km s−1) (km s−1) (deg)

All 698 175 148±33 235±52 167±11
Blue 666 217 194±74 308±117 160±18
Young 751 149 123±72 195±114 191±24
Red 691 153 155±41 246±65 162±16

Table 6. Kinematic parameters of the GC system of NGC4382. 〈𝑉𝑟 〉: mean
radial velocity, 𝜎𝑟 : velocity dispersion, Ω𝑅: amplitude of the projected ro-
tation velocity, Ω𝑅∗: corrected-amplitude of the projected rotation velocity
considering the inclination angle of the galaxy, \0: orientation of the rotation
angle.

4.5 Star Formation History of NGC4382 and its GCs

As mentioned in Section 2.2, we used the final 2D spectrum of
the galaxy in order to extract 1D spectra along the slit at different
galactocentric radii. To do this, we binned the spectrum in the spatial
direction, applying increasing bin width towards the outer regions of
the galaxy in order to obtain appropriate 𝑆/𝑁 values (𝑆/𝑁 > 20 per
pix). This 𝑆/𝑁 value allows us to achieve reliable measurements of
the kinematic and stellar populations parameters up to ∼75 arcsec
(6.5 kpc) towards the south direction, and ∼25 arcsec (2.1 kpc) to the
north direction, from the galactic centre.
As in the analysis carried out on the GCs, we used the ULySS

code together with the SSP models resolved in [𝛼/Fe] built with

PEGASE.HR model grid and the ELODIE3.2 library (see Section
4.2), on each extracted spectrum. In this paper, we will not focus
on the kinematic analysis of the galaxy, which will be addressed in
details in Cortesi et al. (in prep). On the other hand, the analysis of
the stellar populations of NGC4382 was carried out via full spectral
fitting, using amultiplicative polynomial of order 10 togetherwith the
clean option of ULySS. Figure 24 shows the luminosity-weighted
SSP equivalent ages, metallicities and [𝛼/Fe] values as a function of
the galactocentric radius. As can be seen in the figure, the central
region of the galaxy (𝑅gal < 10 arcsec; 0.87 kpc) has a young
population with a luminosity-weighted mean age of ∼2.7 Gyr. From
this radius, the age begins to increase up to ∼ 7 Gyr at 𝑅gal = 20
arcsec (1.7 kpc) towards the southern region of the galaxy, while
towards the north direction it reaches an age of ∼ 5 Gyr at 𝑅gal = 15
arcsec (1.3 kpc). After this radius, the age values obtained show a
slight decrease. However, this should be taken with caution due to
the low number of points.
On the other hand, the radial metallicity distribution shows higher

values towards the galactic centre than in the outskirts. The metal-
licity increases from −0.1 dex at 𝑅gal = 10 arcsec up to +0.2
dex in the center. Finally, the [𝛼/Fe] values remain relatively con-
stant (∼0.12 dex) at 𝑅gal < 18 arcsec (1.6 kpc). This last value is
in good agreement with that obtained by McDermid et al. (2006)
([𝛼/Fe]=0.12±0.06 dex within 𝑅 = 4 arcsec).
When comparing these values obtained for the galaxy with those

of the spectroscopic sample of GCs, we observed a good agreement
between the different stellar population parameters of NGC4382
at 𝑅gal < 10 arcsec, and the sample of young GCs (green bands in
Figure 24; 2.2±0.9Gyr, [Fe/H] = −0.05±0.28 dex, [𝛼/Fe] = 0.11±
0.10 dex). This similarity suggests that NGC4382mergedwith a gas-
rich object about 2.7Gyr ago, which gave rise to this subpopulation of
younger GCs as well as the galaxy’s young diffuse stellar population.
For their part, the ancient ages and low metallicities of the blue and
red GC subpopulations obtained in this work probe that these GCs
formed earlier in the lifetime of the galaxy.

5 SUMMARY AND CONCLUSIONS

In order to provide a clearer picture of the complex GC system asso-
ciated with the galaxy NGC4382, we present a detailed photometric
and spectroscopic study of it using Gemini/GMOS data.
From the photometric analysis, using the GaussianMixtureModel

(GMM) code in the colour plane (𝑔′ − 𝑖′)0 versus (𝑔′ − 𝑟 ′)0, we
identified 4 different groups of clusters, the typical blue ((𝑔′− 𝑖′)0 ∼
0.77 mag; group A) and red ((𝑔′ − 𝑖′)0 ∼ 1.07 mag; group C)
subpopulations, a group with intermediate colours to the previous
ones ((𝑔′ − 𝑖′)0 ∼ 0.92 mag, group B), and a fourth group with
redder colours ((𝑔′ − 𝑖′)0 ∼ 1.21 mag, group D).
These results indicate a partial agreement with previous work by

K19, in the complex colour distribution of the GC system within
the inner 4 arcmin (20.9 kpc). However, our analysis in the colour
plane shows that the red GCs presents mean colours typical for
this type of subpopulations, unlike that obtained by K19 where this
subpopulation is ∼0.1 mag bluer in comparison with other Virgo
early-type galaxies. We attribute this difference to the mixing of an
underlying GC subpopulation with intermediate colours, untraceable
without a careful analysis of a broader sample of GCs with individual
spectral follow-up, as we show in this paper.
When analyzing the colour distribution as a function of the pro-

jected galactocentric radius up to 𝑅gal < 5 arcmin (𝑅gal < 26.1 kpc)
of these 4 groups of GCs, it is observed that the group with inter-
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Figure 24. From top to bottom: luminosity-weighted age, metallicity and
[𝛼/Fe] ratio as a function of the galactocentric radius obtained with ULySS.
The vertical dashed line indicates the galactic centre. The green bands indicate
the range in age, metallicity, and [𝛼/Fe] of the sample of young GCs. The
black arrows indicate the north-south direction in which the slit is located
(see Figure 1).

mediate colours shows two clumps located at 1 arcmin (5.2 kpc) and
2.1 arcmin (10.9 kpc). In particular, some objects that make up the
second clump are found in regions where different stellar shells are
observed (see Figure 13). This tentatively suggests that the GC group
with intermediate colours is associated with the same merger event
responsible for the shells observed in this system. Furthermore, this
region coincides with the region where an unusual "extra-halo" is
reported in the surface brightness profile of the galaxy (Kormendy
et al. 2009). However, a future spectroscopic analysis will be nec-
essary to confirm or rule out the possible association between these
structures and the GCs.
For its part, the group of objects with colours redder than the typ-

ical red GCs make up approximately 8% of the photometric sample
of GC candidates and are located near the galactic centre at 𝑅gal < 2
arcmin (10.4 kpc). The presence of this group could be associated
with those objects called diffuse star clusters (DSC), of which the
galaxy has shown to present an excess (Peng et al. 2006b; Liu et al.
2016). Faint DSCs could be the objects identified as faint fuzzies (FF)
by Brodie & Larsen (2002), which have been suggested to be con-
nected to the formation of lenticular galaxies (Burkert et al. 2005).
Interestingly, Larsen et al. (2001) found that not all lenticular galaxies
present FFs, as in the case of NGC3115. The presence of FFs could
be related to the formation mechanisms responsible for the origin
of lenticular galaxies. Maybe, FFs are present in S0s that are faded
spirals, as galaxies belonging to cluster and groups, which is the case

of NGC4382, NGC1023 and NGC3384 (Brodie & Larsen 2002;
Cortesi et al. 2016). While, isolated S0s galaxies, as NGC3115,
which possibly formed through disk instability and accretion will
not present such populations (Burkert et al. 2005).
From the spectroscopic analysis, we determined the radial velocity

of 53 objects confirming 47 GCs associated with NGC4382. The
mean radial velocity and the velocity dispersion of this data set
results in ` = 674 ± 35 km s−1 and 𝜎 = 158 ± 36 km s−1, with the
value of the mean radial velocity being slightly less than the systemic
velocity of the galaxy (𝑉sys = 729 ± 2 km s−1; Smith et al. 2000).
We analyzed the luminosity-weighted stellar population parame-

ters in the data set (age, metallicity, and 𝛼-element abundance) using
the full spectral fitting technique through the ULySS software to-
gether with the PEGASE-HR models. This spectroscopic analysis
allowed us to confirm 3 of the 4 groups identified by GMM on the
photometric data, the typical blue and red GCs (groups A and C),
and the group with intermediate colours (group B). On the other
hand, given that only one object in the spectroscopic sample would
be associated with group D, we cannot confirm the presence of this
group. The different characteristics of each GC subpopulation are
detailed below.

• The blue GC subpopulation has a mean radial velocity of 666
km s−1 with a radial velocity dispersion of 217 km s−1. This group
presents rotation with a corrected rotation amplitude ofΩ𝑅∗ = 308±
117 km s−1 and a rotation axis of 160±18 degrees. On the other hand,
themean values of its stellar population parameters result in 10.4±2.8
Gyr, [Fe/H] =−1.48±0.18 dex, and [𝛼/Fe] = 0.24±0.16 dex,which are
typical values for this type of subpopulation. Furthermore, this group
clearly shows a negativemetallicity gradient ([Fe/H] =(−1.70+0.07−0.07)−
(0.27+0.06−0.06) 𝑙𝑜𝑔(𝑅/𝑅eff)) as we move away from the galactic centre.
This characteristic would indicate that the origin of the blue GCs is
due to early dissipative events towards the inner regions of the galaxy
with the subsequent accretion of GCs as a result of mergers with low
mass galaxies (e.g., Forbes et al. 2011).
The optical/near-infrared study of Chies-Santos et al. (2011)

presents evidence for this galaxy hosting younger GCs if compared
to GC systems with typically old ages (> 10 Gyr) such as NGC4486
and NGC4649. Such study reports tantalizing evidence that bluer
GCs could be the clusters driving this age trend. From the 20 objects
in common between the present work and that of Chies-Santos et al.
(2011), we find that 3 of these objects have younger ages (∼ 2 Gyr)
and metallicities from −0.45 to +0.19 dex and show intermediate
colours in our photometric analysis.

• For its part, the red GC subpopulation has a mean radial velocity
of 691 km s−1, being closer to the value of the systemic velocity of
the galaxy, with a radial velocity dispersion of 153 km s−1. This
group shows a clear rotation perpendicular to the stellar rotation
axis (Krajnović et al. 2011; Ko et al. 2018, 2020), with a corrected
rotation amplitude of Ω𝑅∗ = 246 ± 65 km s−1 and a similar rotation
axis to that of the blue ones of 162±16 degrees. The position angle
of the stellar kinematics is retrieved from IFU data within a radius
of 20 arcsec which might cover the bulge dominated part of the
galaxy. The galaxy isophotal profile varies with radius (Kormendy
et al. 2009), suggesting that the red GCs might be rotating along the
disk major axis, as in NGC1023 (Cortesi et al. 2016). Regarding its
stellar population parameters, the mean age for the reds is 12.1± 2.3
Gyr, being slightly older compared to the blue GCs, although within
the uncertainties. On the other hand, its metallicity and 𝛼-element
enhancement result in [Fe/H]=−0.64 ± 0.26 dex and [𝛼/Fe]=0.24 ±
0.10 dex, being typical values for this subpopulation.

• As in K18, a group of young GCs stands out in the system of
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NGC4382. When analyzing the stellar population parameters of this
group, a mean age of 2.2 ± 0.9 Gyr, metallicity of [Fe/H] = −0.05 ±
0.28 dex and [𝛼/Fe] = 0.11±0.10 dex, is obtained. These young GCs
present a mean radial velocity of 751 km s−1 with a radial velocity
dispersion of 149 km s−1, showing a Ω𝑅∗ = 195 ± 114 km s−1
with a rotation angle (191±24 degrees) slightly different from the
aforementioned subpopulations. On the other hand, the photometric
colours of this young subpopulation are in good agreement with
group B identified in the photometric analysis carried out in this
work.

• Finally, it was not possible to spectroscopically confirm the
photometric group D, which would be composed of the so-called
diffuse star clusters (Peng et al. 2006b). Although one object in our
spectroscopic sample (GC(166)) presents colours characteristic of
this group, both its brightness (𝑔′0 = 22.252 mag) and metallicity
([Fe/H]=−0.54 ± 0.06 dex) values are not typical for this type of
objects. This is why GC(166) is probably a typical red GC.

We also analyze the stellar populations of NGC4382 itself as
a function of the galactocentric radius from long-slit data-oriented
along the north-south direction of the galaxy. Towards the central re-
gion (𝑅gal < 10 arcsec; 0.87 kpc), NGC4382 presents a luminosity-
weighted mean age of ∼2.7 Gyr, and a metallicity increasing from
[Fe/H]=−0.1 dex to +0.2 dex in the mentioned region. These values
are in good agreement with those obtained on the young GC popu-
lation, which could suggest a common origin, as a consequence of a
recent (minor) merger that the galaxy experienced. Outside 𝑅gal = 10
arcsec, the age of the galaxy begins to increase until reaching 7 Gyr
at 𝑅gal = 20 arcsec (1.73 kpc), while the metallicity shows a negative
gradient towards the outer regions. Finally, the parameter [𝛼/Fe] has
a relatively constant value of +0.12 dex at 𝑅gal < 18 arcsec (1.56
kpc).
Combining all these findings, we can imagine a formation scenario

for this galaxywhere oldmetal-poor blue GCs are associated with the
galaxy halo, old metal-rich red GCs were formed through the merger
of clumps at high redshifts (𝑧 ' 2) (Shapiro et al. 2010; Cortesi et al.
2016; Saha & Cortesi 2018) and the young GCs have originated in
a recent encounters with neighbouring galaxies, as well as the inner
stellar population. In a way, NGC4382 is consistent with being a
lenticular galaxy in the process of turning into an elliptical galaxy,
through mergers and encounters that slowly disrupt the galaxy disk.
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