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A B S T R A C T 

The current properties of globular cluster systems (GCSs) in the nearby Universe are a consequence of an evolutionary history 

ruled by accretion and disruption processes. The analysis of scaling relations for GCSs is crucial for understanding the rele v ance 
of different physical processes involved in their origin and subsequent survival. In this work, radial profiles are calculated for a 
sample of GCSs associated with nearby massive galaxies. This is supplemented with results from our previous papers, achieving 

a total sample of 53 GCSs with radial profiles homogeneously calculated, and spanning more than two orders of magnitude in 

stellar mass of the host galaxy. Scaling relations involving different parameters of the GCSs are obtained for the entire sample, 
and their significance in terms of different scenarios is considered. Finally, the results are analysed in the literature context. 

Key words: galaxies: elliptical and lenticular, cD – galaxies: evolution – galaxies: haloes – galaxies: star clusters: general. 
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 I N T RO D U C T I O N  

lobular clusters (GCs) are compact stellar systems that occupy the 
assive end of the stellar cluster mass function. Most of them are

etween 8 and 10 Gyr old (e.g. Usher et al. 2019 ; Fahrion et al. 2020 ),
eaning that they formed around the epoch at which the cosmic star

ormation rate density peaked (Madau & Dickinson 2014 ). They 
re present in galaxies of different morphologies, and span a wide 
ange of masses (Harris, Harris & Hudson 2015 ; Lim et al. 2018 ),
uggesting that they are valuable tracers of the evolution of galaxies. 

oreo v er, the properties of globular cluster systems (GCSs) have 
een shown to be closely linked to those of their host galaxy, in
articular through a variety of scaling relations. 
A significant one is the linear relation between the mass enclosed 

n a GCS and the halo mass of the host galaxy (Hudson, Harris &
arris 2014 ; Forbes et al. 2018 ). This persists over several orders of
agnitude in halo mass, and it is still present when GC subpopula-

ions are considered separately (Harris, Harris & Hudson 2015 ). It has
een described as a natural consequence of the hierarchical assembly 
f haloes (El-Badry et al. 2019 ), which is supported by the presence
f second-order environmental effects in several scaling relations 
or central and satellite galaxies in clusters (De B ́ortoli et al. 2022 ,
ereafter Paper II ). A striking example is NGC 7507, a field elliptical
hose kinematics imply that it is deficient in dark matter (Salinas 

t al. 2012 ; Lane, Salinas & Richtler 2015 ), and whose GCS is rather
oor in comparison with ellipticals of similar stellar mass (Caso 
t al. 2013 ). A possible interpretation for this is that the evolution
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f GCSs is ruled by the mass of the dark matter halo, decoupled
rom the stellar component of the galaxy. In this way, the observed
caling relations between the properties of GCSs and the stellar mass
f the host galaxies (e.g. Harris, Harris & Alessi 2013 ; Caso et al.
019 , hereafter Paper I ) come from the non-linear behaviour of the
tellar-to-halo mass relation across cosmic times (e.g. Legrand et al. 
019 ; Girelli et al. 2020 ). Beyond its population, several properties
f GCSs suggest a tight connection between its evolution and the
ain body of the galaxy, for instance (i) the increase in the rele v ance

f the red subpopulation in more massive galaxies (e.g. Peng et al.
006 ; Cho et al. 2012 ), (ii) the correlation of the stellar mass of the
alaxy with the dispersion and turno v er luminosity of the globular
luster luminosity function (GCLF; Villegas et al. 2010 ; Harris et al.
014b ), and (iii) GC subpopulations differing in behaviour at large
cales of their photometrical and kinematical distributions in bright 
llipticals (e.g. Schuberth et al. 2010 ; Caso, Bassino & G ́omez 2017 ),
ossibly showing that they are associated with distinct components 
f the galaxy. Hence, a combination of the mass accretion history
nd intrinsic evolutionary processes is very likely responsible for the 
urrent properties in the GCS hosted by nearby galaxies. 

The impro v ement of computational capabilities has facilitated the 
se of simulations to study the formation and subsequent evolution 
f GCs in a cosmological context (e.g. Kravtsov & Gnedin 2005 ;
ekki & Yahagi 2006 ; Kruijssen 2014 , and subsequent studies).
o we ver, it is still unclear whether the birth of old GCs was driven
y galaxy mergers, accretion of cold gas through filaments, or just
egular star formation (Kim et al. 2018 ; Mandelker et al. 2018 ).
 mix of these pathways rather than a single one of them is

uggested by nearby merger remnants (Strader, Brodie & Forbes 
004 ; Richtler et al. 2017 ; Sesto et al. 2018 ) as well as recent
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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1 Based on observations made with the NASA/ESA Hubble Space Telescope , 
obtained from the data archive at the Space Telescope Science Institute. STScI 
is operated by the Association of Universities for Research in Astronomy, Inc. 
under NASA contract NAS 5-26555. 
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igh-redshift observations of proto-GCs (e.g. Vanzella et al. 2022 ).
t is currently understood that GCs formed within high-pressure
louds that experienced compression by feedback-driven winds or
ollisions with other clouds (Ma et al. 2020 ). Both observations
nd simulations of groups of nearby star clusters suggest that the
ierarchical assembly played a role in the formation of the proto-
Cs (e.g. Torniamenti et al. 2022 ; Della Croce et al. 2023 ), but
umerous questions remain unanswered, including the initial stellar
ass function that go v erned their formation (e.g. Fukushima &
ajima 2023 , and references therein). 
These efforts to determine the conditions and mechanisms re-

ponsible for the GC formation are typically constrained by the
bserved properties of nearby GCSs, but a key consideration to be
ade is that the observed GCSs are made up of the objects that

urvi ved the e volution of their host galaxy (e.g. Mieske, K ̈upper &
rockamp 2014 ; Rossi, Bekki & Hurley 2016 ; Choksi & Gnedin
019 ). The extreme environmental conditions that lead to the origin
f GCs might also fa v our their disruption during the first Gyr after
luster formation (e.g. Li & Gnedin 2019 ). In this scenario, mergers
acilitate the survi v al of some GCs by redistributing them to the
alo, thus linking the build-up of GCSs to the merging history of
heir host galaxy (e.g. Choksi & Gnedin 2019 ; Kruijssen et al. 2019 ).
ur understanding of the long-term disruption of GCs is limited,

nd its consequences in the current properties of GCSs are hardly
stablished, with numerical studies arriving at opposite conclusions
e.g. El-Badry et al. 2019 ; Bastian et al. 2020 ). In particular, Capuzzo-
olcetta & Mastrobuono-Battisti ( 2009 ) attributed the observed
attening in the inner regions of the GC radial profile to long-

erm dynamical friction and estimated the number of eroded GCs
rom the comparison with the stellar population profile of the galaxy.

ore recently, a few numerical studies have addressed this topic (e.g.
rockamp et al. 2014 ; Reina-Campos et al. 2022 ) as a product of sim-
lations that differ in the significance assigned to various disruption
echanisms. 
Another clear example of the impact of disruption in scaling

elations at z = 0 is the initial mass function for GCs, which in
umerical simulations is modelled as a power law with exponent
2 (e.g. Kruijssen 2015 ; Rossi, Bekki & Hurley 2016 ) or a Schecter

unction (e.g. Choksi & Gnedin 2019 ), based on observational results
f star cluster formation at redshift z = 0 (e.g. Lieberz & Kroupa
017 , and references therein). This differs significantly from the
CLF measured in the Local Universe (e.g. Villegas et al. 2010 ;
arris et al. 2014b ). A considerable effort has been made in the
ast decade to constrain the formation theories of GCs (see the
e vie w from Beasley 2020 ). In this sense, literature results suggest
orrelations between the galactocentric distance ( r gal ) and both the
verage half-light radius of GCs (Jord ́an et al. 2005 ) and the turnover
uminosity in GCLF (Harris et al. 2014b ) in massive ellipticals. Both
radients can be interpreted as evidence of the relevance of tidal
nteractions in the disruption of GCs, but more evidence is needed
o constrain these models. Although the inner regions of massive
alaxies constitute an ideal test bench for GC disruption, there are
nly a few studies addressing this issue from both observational
nd numerical sides (e.g. Capuzzo-Dolcetta & Mastrobuono-Battisti
009 ; Brockamp et al. 2014 ). 
It is clear that the different disruption mechanisms experienced by

Cs during their lifetime strongly influence the current properties
f the GCSs. These processes surpass the early destruction of
Cs during their first Gyr of existence, and accurate modelling
ould enhance our understanding of formation theories and their

osmological interpretation. Analysing the properties of nearby
CSs is essential to achieve this. 
NRAS 527, 6993–7004 (2024) 
In this study, we present the analysis of the inner GCS radial profile
or a sample of nearby ellipticals that present several thousands of
Cs, complementing our previous studies. In Paper I , several scaling

elations for GC radial profiles were revisited and extended towards
ower stellar masses, based on the homogeneous analysis of the GCSs
n a sample of nearby early-type galaxies (ETGs) with intermediate
uminosity, and supplemented with results from the literature. The
ample was enlarged in Paper II , which focused on the rele v ance
f the environment in the evolution of GCS and how it impacts
he scaling relations. This work extends the sample analysed in a
omogeneous manner to the massive end of the stellar mass function,
nd focuses on the properties of the GCS at galactocentric distances
omparable to the ef fecti ve radius of the galaxy, in order to shed
ome light on our understanding of disruption mechanisms. 

The paper is organized as follows: Section 2 describes the
bservations and data reduction, in Sections 3 we present the results,
nd Section 4 is devoted to the discussion of the GCS scaling relations
n the literature context. Finally, in Section 5 our conclusions are
ummarized. 

 OBSERVA  T I O NA L  DA  TA  A N D  R E D U C T I O N  

he GCSs in the sample analysed in this paper are hosted by
right ETGs from the nearby clusters in Virgo ( D ≈ 17 Mpc;
ei et al. 2007 ) and Fornax ( D ≈ 20 Mpc; Blakeslee et al.

009 ), as well as two intermediate-luminosity galaxies from the
ornax cluster, NGC 1374 and NGC 1427, which were not included

n our previous studies. A list of properties of the galaxies is
resented in Table 2 , including magnitudes in several bands and
istances. The data set consists of photometric observations carried
ut with the Advanced Camera for Surv e ys (ACS) in the Wide
ield Channel, mounted at the Hubble Space Telescope ( HST )
nd publicly available at the Mikulski Archive for Space Tele-
copes, 1 originally observed as part of programmes 9401 (C ̂ ot ́e
t al. 2004 ) and 10217 (Jord ́an et al. 2007 ). The observations
orrespond to filters F 475 and F 850, widely used to study GCSs
n the literature, and the total exposure times are 750 and 1120 s,
espectively. 

These observations are deep enough to obtain accurate photometry
or the GCSs up to more than 1 mag below the turno v er magnitude
TOM) of the globular cluster luminosity function (GCLF), including
ypically more than 80 per cent of the GC population for each galaxy
see Villegas et al. 2010 , for more details on the GCLF of the galaxies
n Virgo and Fornax clusters). The fields are centred on the galaxies,
ith a field-of-view (FOV) of 202 × 202 arcsec 2 and a pixel scale of
.05 arcsec. 

.1 Photometry and selection of GC candidates 

irst, the stellar component of the galaxies is fitted in both filters,
sing the task ELLIPSE within IRAF , and a synthetic model is
enerated and subtracted from the original image to facilitate the
etection of GC candidates. Following Paper I , a first catalogue of
ources is made in each filter by means of SE XTRACTOR (Bertin &
rnouts 1996 ), assuming as a source every detection of at least three

onnected pix els abo v e a threshold of 3 σ . Aperture photometry, with
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Figure 1. Completeness as a function of z 0 magnitude for M 87, obtained 
from 120 000 artificial stars. The completeness curves are calculated in six 
galactocentric ranges, and the fits correspond to equation ( 1 ). The vertical 
line at z 0 = 24 mag indicates the magnitude limit assumed for the analysis. 
An analogue analysis is performed for the other galaxies in the sample. 
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Table 1. Parameters of the analytical function described in equation ( 1 ), 
fitted to the completeness curv es deriv ed for different galactocentric regimes 
in the case of M 87. Analogue analyses were performed on the rest of the 
galaxies listed in Table 2 . 

Radial regime (arcsec) α β m 0 (mag) 

15–20 1.12 0.44 24.25 
20–25 1.45 0.46 24.45 
25–30 1.76 0.48 24.50 
30–37 1.90 0.49 24.60 
37–45 2.00 0.49 24.75 
45 + 2.50 0.50 24.85 
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n aperture radius of 5 px, is also performed in this step. Sources with
longation larger than 2 and presenting full width at half-maximum 

arger than 5 px are rejected, considering that GC-like objects at the
istances to Virgo and Fornax galaxies are expected to be marginally 
esolved in HST /ACS, and present low eccentricities (see Paper I , and
eferences therein). Similar criteria have been previously applied to 
elect GC candidates in these observations (e.g. Jord ́an et al. 2004 ,
007 ). 
The structural parameters of the objects with a signal-to-noise ratio 

arger than 50 are derived using ISHAPE (Larsen 1999 ), assuming
 King profile (King 1962 , 1966 ) with a concentration parameter of
 = 30. Then, the results are used to split the sample into ranges
f ef fecti ve radius ( r eff ), from 1.5 to 4.5 pc, which comprises 80–
0 per cent of the GC population, according to the distributions
erived by Jord ́an et al. ( 2005 ) and Masters et al. ( 2010 ) for Virgo and
 ornax galaxies, respectiv ely. Aperture corrections are calculated for 
ach group of objects in order to quantify their change with r eff that
carcely represents 0.05 mag for the entire range. Since this change 
s not significant for our goals, we adopt mean aperture corrections, 
stimated from bright objects with r eff = 3 ± 0.25 pc. This procedure
as also applied in Papers I and II . 
The instrumental magnitudes ( F 475, F 850) are calibrated to ( g ,

) bands based on the zero-points magnitudes published by Sirianni 
t al. ( 2005 ), ZP F 475 = 26.068 and ZP F 850 = 24.862. Then, the
chlafly & Finkbeiner ( 2011 ) calibration is adopted to correct by
alactic extinction. Finally, we select as GC candidates those sources 
ith colours in the range 0.6 mag < ( g − z) 0 < 1.7 mag, in agreement
ith previous studies in these bands (e.g. Jord ́an et al. 2005 ; Cho et al.
012 ), and z 0 < 24 mag, to a v oid the drop in completeness (see next
ection). 

.2 Completeness analysis 

he photometric completeness for each galaxy is obtained from the 
ddition of artificial stars to the images in both bands. A total of
20 000 stars are added along 1800 runs, spanning the colour range
f GCs and 20 < z 0 < 25 in brightness. The photometry is performed
n the same manner as for the science fields, and the catalogue of
easured artificial stars is used to derive the completeness curves in 

ix different galactocentric ranges (Fig. 1 ). The fainter magnitude 
imit is selected at z 0 = 24 mag, at which completeness levels
ypically fall below 90 per cent for distances to the galaxy centre
arger than 30 arcsec, and around 70 per cent for lower distances. An
nalytical function is fitted to the completeness curve, similar to that
sed by Harris et al. ( 2009 ): 

 ( m ) = β

( 

1 − α( m − m 0 ) √ 

1 + α2 ( m − m 0 ) 2 

) 

(1) 

ith β, α, and m 0 free parameters. The galaxies present slightly
ifferent parameters, depending on their surface brightness profile, 
ut the o v erall behaviour is similar, with completeness approaching
 for artificial stars brighter than z 0 = 23 mag and galactocentric
adii larger than 30 arcsec, but falling for inner radii. For comparison
urposes, Table 1 shows the parameters fitted to the completeness 
urves of M 87. 

 RESULTS  

.1 Radial profiles of globular cluster systems 

here are several functional expressions used in the literature to fit
he radial profile of a GCS. F ollowing P apers I and II , the modified
ubble profile (e.g. Binney & Tremaine 1987 ; Bassino & Caso 2017 )

s chosen in this study, 

 ( r) = a 

( 

1 + 

(
r 

r 0 

)2 
) −b 

, (2) 

hich behaves as a power law with an exponent 2 b at large galacto-
entric distances, but flattens below the core radius r 0 , representing
he depletion of GCs usually found in bright ellipticals. 

The projected GC density distributions are obtained from con- 
entric circular annuli, and corrected by differential completeness 
hrough the analysis described in Section 2.2 . The results for each
alaxy are shown in Fig. 2 with black squares. The contamination
s derived from ACS fields from the respective clusters, centred on
warf galaxies with poor GCSs, according to literature results (Peng 
t al. 2008 ; Liu et al. 2019 ). We concluded that this correction is
egligible for the majority of the galaxies in this sample, considering
he large population of the GCSs and the central region analysed
n this work. The radial binning is constant on a logarithmic scale
or all the profiles, with a typical value of � log 10 r = 0.1, with r in
rcmin. 

The extension of the GCSs in massive galaxies usually exceeds 
00 kpc (e.g. Bassino et al. 2006b ; Peng et al. 2011 ; Caso, Bassino &
 ́omez 2017 ), and the limited FOV of HST /ACS scarcely represents
 tenth of it for our nearby galaxies. Hence, to obtain accurate radial
rofiles, only the central density a and the core radius r 0 from the
MNRAS 527, 6993–7004 (2024) 
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M

Figure 2. Projected radial distribution for the GCS analysed in this study. The red solid lines represent the fitted modified Hubble profile, with fixed slope 
(obtained from the literature). The grey regions show the variations from several fits performed by shifting the bin breaks (see text for further details). 
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ubble profile are fitted to the radial distributions. The slope b is fixed
o v alues deri ved by large-scale studies from the literature. This does
ot introduce uncertainties in our analysis because the slope of the
adial profiles is usually accurately fitted in these studies and their
ajor issues come with the decrease of completeness towards the

entre of the galaxy. Small shifts are applied ten times to the bin
reaks and the parameters of the Hubble profile are fitted in each
tep to account for noise uncertainties. The changes in the Hubble
odified profile are represented by the shaded regions in Fig. 2 .
he definitive parameters, listed in Table 2 , are obtained through the
eighed mean of those fitted in each individual run, and correspond

o the solid curve in Fig. 2 . The assumed b slopes and their references
re also listed in the table. 

In the case of the most populated systems, the radial profile is
lso fitted for different ranges of GC magnitudes. The GC sample is
ivided into quartiles through the integration of the Gaussians fitted
y Villegas et al. ( 2010 ) to their GCLF. The photometry depth allows
s to derive radial profiles for the three brightest quartiles, which are
epresented in Fig. 3 , and their core radius, r 0 , are listed in Table 3 . In
he four cases, the core radius increases towards fainter magnitudes,
NRAS 527, 6993–7004 (2024) 

i  
epresenting approximately the ef fecti ve radius of the host galaxy
 r eff,gal ) for the second quartile. 

.2 Scaling relations for GCSs 

n this section, the properties of the inner region of GCSs are derived
s a function of several parameters of the host galaxies. The sample
f ETGs analysed in this paper is complemented with those profiles
resented in our previous studies: 17 GCSs from Paper I and 18 from
aper II , associated with ETGs in the clusters of Virgo and Fornax,
lus 7 GCS from Paper I , corresponding to ETGs located in low-
ensity environments. This results in 53 ETGs with photometry in
lters g and z derived in the same manner, from images presenting
imilar depth. This latter point is important, considering that the
fficiency of the physical processes involved in the GC disruption is
ssumed to vary with the mass of the GCs. 

The evolution of the GCSs is tightly related to that of the stellar
opulation of their host galaxies; hence, the comparison with their
tellar mass ( M � ) is straightforward. As well as in our previous papers,
 � is assumed as the mean of the masses derived from the luminosity

n J and K bands, using the mass-to-light ratios ( M / L ) from Bell
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Table 2. Galaxies under analysis on this paper, listed in decreasing B -band luminosity. The apparent magnitudes in several filters (columns 2–5) are obtained 
from NASA/IPAC Extragalactic Database (NED) and the reddening corrections correspond to the recalibrationby Schlafly & Finkbeiner ( 2011 ). The distances 
correspond to SBF measurements listed in NED, typically from Tully et al. ( 2013 ) or Blakeslee et al. ( 2009 ). Columns 8–11 correspond to the parameters 
from the modified Hubble profiles, where a and r 0 are fitted to the GCS radial profiles, and the slope ( b ) is assumed from large-scale studies available in the 
literature. Column 10 corresponds to the core radius expressed in kiloparsecs, assuming the distances indicated in column 7. Its uncertainty comes from that of 
the parameter fitted to the data, and the typical error in the distances, assumed as 5 per cent. The ef fecti ve radius of the galaxy ( r eff,gal ) and its total GC population 
( N GCs ) also comes from the literature. The central velocity dispersion ( σ 0 ) is taken from the HyperLeda data base. 

Name B V J K E ( B − V ) D a r 0 r 0 b r eff,gal N GCs σ 0 

(mag) (mag) (mag) (mag) (mag) (Mpc) (arcmin) (kpc) (kpc) (km s −1 ) 

NGC 1316 9 .40 8 .53 6.45 5.59 0.019 20.8 2.08 ± 0.03 1.01 ± 0.06 6 .1 ± 0.5 1.23 1 3.5 2542 ± 514 2 223 
NGC 4472 9 .37 8 .41 6.27 5.40 0.020 16.7 1.92 ± 0.02 1.26 ± 0.11 6 .1 ± 0.6 0.64 3 8.4 9100 ± 1000 4 282 
NGC 4486 9 .59 8 .63 6.72 5.81 0.022 16.7 2.47 ± 0.01 1.06 ± 0.03 5 .1 ± 0.3 0.91 5 8.4 14660 ± 891 6 323 
NGC 4406 9 .83 8 .90 7.01 6.10 0.026 17.1 1.84 ± 0.02 1.34 ± 0.19 6 .7 ± 1.0 0.62 7 7.5 2660 ± 129 6 231 
NGC 4649 9 .81 8 .84 6.67 5.74 0.025 16.4 2.18 ± 0.01 0.79 ± 0.01 3 .8 ± 0.2 0.69 8 5.9 4690 ± 980 8 331 
NGC 4382 10 .00 9 .11 7.06 6.15 0.026 17.9 1.97 ± 0.01 0.98 ± 0.04 5 .1 ± 0.3 0.94 9 8.9 1100 ± 181 6 176 
NGC 4374 10 .09 9 .11 7.12 6.22 0.036 16.9 1.51 ± 0.04 0.78 ± 0.11 3 .8 ± 0.2 0.55 10 4.5 4300 ± 1200 6 278 
NGC 1399 10 .60 9 .59 7.21 6.31 0.012 20.2 2.26 ± 0.01 0.83 ± 0.02 4 .9 ± 0.3 0.81 11 4.1 6450 ± 700 12 332 
NGC 4365 11 .00 9 .60 7.50 6.60 0.021 23.1 2.26 ± 0.02 0.6 ± 0.04 4 .0 ± 0.3 0.67 13 6.4 6450 ± 110 13 250 
NGC 1427 11 .77 10 .86 9.03 8.14 0.011 19.6 2.26 ± 0.03 0.44 ± 0.02 2 .5 ± 0.2 1.00 14 3.3 470 ± 40 14 155 
NGC 1374 12 .00 11 .08 9.05 8.16 0.012 19.6 2.29 ± 0.04 0.45 ± 0.02 2 .6 ± 0.2 1.15 15 2.5 360 ± 17 15 179 

Note. References: 1 Richtler et al. ( 2012 ), 2 Liu et al. ( 2019 ), 3 Rhode & Zepf ( 2001 ), 4 Durrell et al. ( 2014 ), 5 Harris ( 2009 ), 6 Peng et al. ( 2008 ), 7 Rhode & Zepf ( 2004 ), 8 Faifer 
et al. ( 2011 ), 9 fitted on data from Ko et al. ( 2019 ), 10 G ́omez & Richtler ( 2004 ), 11 Bassino et al. ( 2006b ), 12 Dirsch et al. ( 2003 ), 13 Blom, Spitler & F orbes ( 2012 ), 14 F orte et al. 
( 2001 ), 15 Bassino, Richtler & Dirsch ( 2006a ). 

Figure 3. Projected radial distribution for the most populated GCSs in the sample, split into quartiles of the GCLF from Villegas et al. ( 2010 ). The solid lines 
represent the fitted modified Hubble profile, with a fixed slope (obtained from the literature). The upper x -axis is represented in units of the ef fecti ve radius of 
the galaxy, following the values indicated in Table 2 . 
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t al. ( 2003 ) and the ( B − V ) colours, adopting a Salpeter initial
ass function (see Table 2 , and Papers I and II ). The sample spans

wo orders of magnitude in M � , from cluster-dominant galaxies to 
ntermediate-mass ETGs. 

The left panel of Fig. 4 shows the core radius ( r 0,GCS ) of the
odified Hubble profiles as a function of the M � of the galaxy,

n logarithmic scale. The different symbols represent those GCSs 
osted by galaxies classified as slow rotators (circles, hereafter SRs) 
nd fast rotators (ellipses, hereafter FRs) by Emsellem et al. ( 2011 ),
cott et al. ( 2014 ), and Iodice et al. ( 2019 ). Those galaxies without
inematical information, typically in the Southern Hemisphere, are 
ymbolized with triangles. The colour palette, from light yellow to 
ark red, represents increasing values for the colour gradient of the
alaxies in the ( g − z) filters for the inner r eff,gal , � g −z . Following Li
t al. ( 2011 ), we obtain it through the expression: 

 g−z = 

( g − z) r eff, gal − ( g − z) r 0 
log r eff, gal − log r 0 

(3) 

ith r 0 corresponding to 1 arcsec, to a v oid central star clusters and
ifferences in cusp/core profiles. The colours are obtained from the 
ersic profiles fitted by Ferrarese et al. ( 2006 ), and Papers I and II .
he majority of the sample has a ne gativ e gradient, implying that

he galaxy is redder in the centre, but most of them present mild
MNRAS 527, 6993–7004 (2024) 
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M

Table 3. Galaxies with populated GCSs, for whom the radial distribution 
is derived in three magnitude ranges, defined as quartiles of the GCLF. The 
columns 2–4 present the core radius of the fitted Hubble profile for each 
quartile, in decreasing order of brightness. 

Name r 0 r eff,gal 

(arcmin) (arcmin) 
q 1 q 2 q 3 

NGC 4472 0.70 ± 0.11 1.10 ± 0.15 2.10 ± 0.50 1.2 
NGC 4486 0.92 ± 0.05 0.97 ± 0.10 1.12 ± 0.15 1.3 
NGC 1399 0.57 ± 0.09 0.77 ± 0.08 1.40 ± 0.20 0.7 
NGC 4365 0.45 ± 0.1 0.69 ± 0.1 0.97 ± 0.13 0.9 
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radients (i.e. | � g −z | < 0.1), which is in agreement with the results
rom Li et al. ( 2011 ) for the early-type galaxies in their sample. If
he numerical range spanned by � g −z is split in halves, the lower one
orresponds to galaxies with M � from 8 × 10 9 to 7 × 10 10 M �, with
 mean value of ≈ 3 × 10 10 M �, and increasing masses towards less
e gativ e gradients, which is in agreement with recent results from
iao & Cooper ( 2023 ). 
For r 0,GCS and the M � , a Kendall test Kendall ( 1938 ) reveals a

ignificant correlation at 99 per cent, and the same result is obtained if
nly FRs are considered. Following Sereno ( 2016 ), a Bayesian linear
egression analysis is performed by means of the LIRA package. For
he entire sample, it leads to 

og 10 ( r 0 , GCS ) = −3 . 3 ± 0 . 4 + 0 . 34 ± 0 . 04 × log 10 ( M � ) (4) 

epresented in Fig. 4 by the solid line, and intrinsic scatter of 0.04 dex.
If only FRs are taken into account, the slope slightly changes to

.29 ± 0.03, but an enlarged sample is required to analyse whether
here is a different behaviour for SRs and FRs. If the range of � g −z is
ivided into halves, the slopes for the intervals of increasing gradients
re 0.21 ± 0.02 (dashed line) and 0.29 ± 0.04 (dotted line in Fig. 4 ),
espectively. The slope corresponding to the most negative gradients
iffers from the general trend. Ho we ver, it is important to consider
hat these galaxies correspond to a narrow range in mass. 
NRAS 527, 6993–7004 (2024) 

igure 4. Left panel: Core radius of the modified Hubble profile of the GCS ( r 0,G

ifferentiate between galaxies classified as SRs or FRs (circles and ellipses, respect
rom light yellow to dark red, represent increasing values of the colour gradient �
egression fit to the entire sample, while the dashed and dotted lines represent fits fo
adius of the galaxy ( r eff,gal ), both in kpc, as listed in Table 2 and A1 . The symbol 
y each line stroke. Right panel: r 0,GCS versus the central velocity dispersion, obta
nd II for the rest. The symbol coding is the same as in the previous panels. 
Although several studies have focused on the processes that rule
he disruption of GCs (e.g. Rossi, Bekki & Hurley 2016 ; Giersz et al.
019 ; Li & Gnedin 2019 ), only a few of them described the resulting
adial profile of the GCS. Brockamp et al. ( 2014 ) take into account
everal mechanisms that may drive the mass-loss of GCs in elliptical
alaxies simulated in isolation. The GC radial profiles from their
imulations tend to present a central core, due to the efficiency of
issolution processes in the central re gions. The y found that the mean
alactocentric radius at which GCs are destroyed, in units of r eff,gal ,
s inversely proportional to the mass and size of the galaxy. Hence,
t is worth it to analyse the connection between these parameters,
ssuming the r 0,GCS as a proxy for this radius. The middle panel of
ig. 4 shows the r 0,GCS as a function of r eff,gal , from single S ́ersic
rofiles (see Ferrarese et al. 2006 , also Papers I and II ). The symbol
oding is the same as in the pre vious plot. A K endall test re veals
 significant correlation at 99 per cent, and the linear regression
nalysis for the entire sample leads: 

og 10 ( r 0 , GCS ) = 0 . 19 ± 0 . 03 + 0 . 6 ± 0 . 07 × log 10 ( r eff, gal ) (5) 

ith an intrinsic scatter of 0.06 dex. This implies that the ratio
 0, GCS /r eff, gal is inversely proportional to r eff, gal , and through the
ize-mass relation (e.g. Hon, Graham & Sahu 2023 , and references
herein) to M � of the g alaxy. Ag ain, the sample is divided into halves
rom their colour gradients. For the most ne gativ e gradients (dashed
ine), the fitted slope is 0.30 ± 0.2, and its large uncertainty reflects the
educed stellar mass spanned by these galaxies. The slope for galaxies
ith larger � ( g − z) is 0.53 ± 0.08 (dotted lines), in agreement with

he general trend. 
Some studies focused on GCSs found a correlation between the
ass of the central black hole of the host galaxy and the total

opulation of the GCS ( N GCs ), suggesting a coe v al e volution (e.g.
arris, Poole & Harris 2014a ; Gonz ́alez-L ́opezlira et al. 2022 ). Based
n the well-known correlation between stellar velocity dispersions
nd masses of the central black hole (e.g. van den Bosch 2016 ;
aspari et al. 2019 ), it is worth analysing the evolution of r 0,GCS 

ersus the central velocity dispersion ( σ 0 ), which is shown in the
CS ), as a function of the stellar mass of the host galaxy ( M � ). The symbols 
ively), and those lacking of kinematical information (triangles). The colours, 
 ( g − z) for the host galaxy. The solid line results from a Bayesian linear 

r increasing intervals of � ( g − z). Middle panel: r 0,GCS versus the ef fecti ve 
coding is the same as in the left panel, as well as the subgroups represented 
ined from HyperLeda for galaxies analysed in this paper, and from Papers I 
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Figure 5. Upper panel: Fractional richness for the core of the GCS, T N , r 0 
considering the number of GCs at lower galactocentric distances than r 0,GCS , 
and the stellar mass enclosed at that distance. The symbol coding is the same 
than in the previous figure. Lower panel: Change between the global richness 
of the GCS, obtained from its total population and the M � of the galaxy, and 
T N , r 0 . 
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ight panel of Fig. 4 . For galaxies analysed in this paper, σ 0 is listed
n Table 2 , while the rest of them can be found in Papers I and II . The
olid curve corresponds to the linear fit in logarithmic scale for the
ntire sample, 

og 10 ( r 0 , GCS ) = −1 . 1 ± 0 . 30 + 0 . 68 ± 0 . 13 × log 10 ( σ0 ) (6) 

ut with an intrinsic scatter of 0.11, larger than in the previous cases.
he other curves represent the fits when the sample is split into
alves of the � ( g − z) range. For the most negative gradients (dashed
ine), the relation is flatter, with a slope of 0.30 ± 0.11, becoming
teeper for galaxies with larger values of � ( g − z) (dotted lines),
.73 ± 0.13, similar to the general trend. The Kendall test implies 
 significant correlation at 99 per cent, with a τ coefficient similar
f 0.39, according to that obtained for r eff,gal , and lower than the
oefficient obtained for M � , 0.44. These results suggest that the black
ole mass does not lead to a particularly tight correlation with the
ize of the core of the GCS. 

Numerical studies suggested that tidal shocks by close encounters 
ule the disruption of GCs in the early stages of their evolution
e.g. Choksi & Gnedin 2019 ). Although it is assumed that the
urrent conditions in the central regions of early-type galaxies differ 
rom the turbulent environment of discs at high redshift (Kruijssen 
015 ), the projected stellar density might preserve evidence about 
he circumstances that enhanced GCs dissolution in the past. In order 
o look into this, the surface brightness of the galaxies at r 0,GCS is
btained from the S ́ersic profile fitted to the z filter ( μz, r 0 ). Ho we ver,
hen analysed across the luminosity range spanned by the galaxies in 
ur sample, we find no correlation with r 0,GCS . This lack of correlation
lso pre v ails if the relations from Bell et al. ( 2003 ) are used to
onvert μz, r 0 to projected stellar mass density. The parameter μz, r 0 
orrelates with M � , getting brighter towards more massive galaxies, 
ut this emerges from the correlation between r 0,GCS and r eff,gal , and
he scaling relation between μeff and M � (or M V , T in some studies) for
arly-type galaxies (e.g. Kormendy & Bender 2012 ; Calder ́on et al.
015 ). 
We also analysed the richness in GCs enclosed by r 0,GCS as defined

y Zepf & Ashman ( 1993 ) through the parameter T N,r 0 , calculated
s the ratio between the number of GCs up to r 0,GCS and the stellar
ass enclosed by that radius. The first value is obtained through the

ntegration of the modified Hubble profile, and the stellar mass up to
 0,GCS emerges from the product of the mean ( M / L z ) from Bell et al.
 2003 ) and the cumulative projected flux in the z filter through the
ntegration of the S ́ersic profile (Sersic 1968 ) up to the radius r 0,GCS ,
rom the expression 

 ( r p ) = 2 π r 2 eff, gal b 
−2 n 
n I eff, gal n e 

b n γ

[ 

2 n, b n 

(
r p 

r eff, gal 

) 1 
n 

] 

(7) 

ith r eff,gal , I eff,gal , and n , the parameters of the S ́ersic profile. 
The upper panel of Fig. 5 shows the fractional richness as a

unction of the M � of the galaxy. The symbol coding is the same
s in Fig. 4 . This fractional richness deviates from the classical U-
hape, with a minimum around 5 × 10 10 M �, and the largest values
owards both extremes of the mass range. Instead, in this analysis 
t seems to flatten for the entire mass range, although a correlation
annot be discarded from a Kendall test. After removing the only 
alaxy with T N,r 0 > 15, the mean results 5 ± 3. If the sample is
estricted to those galaxies that present colour gradients in the upper 
alf of the � g −z range, the Kendall test rejects a correlation at the 90
er cent of confidence, and the mean results in 4.2 ± 1.8. The lower
anel shows the change in richness between the global parameter, 
btained from the population of the GCSs compiled for these galaxies 
n Papers I and II , and the fractional richness up to r 0,GCS , represented
y � T N , as a function of M � . The GCSs with the most significant
hange between T N,r 0 and its total richness are those at the massive
nd, which is expected from the large contribution of GCs accreted
rom satellites to the outer regions of the GCS (e.g. Forbes et al.
011 ; Caso, Bassino & G ́omez 2017 ; Ramos-Almendares et al.
020 ). For the galaxies fulfilling M � � 10 11 M �, the mean of � T N is
 ± 4.7. 
Finally, we looked into the relation between the gravitational field 

t r 0,GCS and M � . In order to estimate it, we first need to obtain the
ynamical mass enclosed by r 0, GCS which is approximated from the 
ass estimator derived by Wolf et al. ( 2010 ), 

 dyn = 

4 σ 4 
eff, gal r eff, gal 

G 

(8) 

Following Harris, Harris & Alessi ( 2013 ), it is assumed as a
roxy for the mass of the bulge. The velocity dispersion inside the
f fecti ve radius ( σ eff,gal ) is taken from G ̈ultekin et al. ( 2009 ) and
an den Bosch ( 2016 ) and, for galaxies without information, we
ssume the central velocity dispersion from HyperLeda web page 2 

Makarov et al. 2014 ), based on the relation for both quantities from
 ̈ultekin et al. ( 2009 ). From this, based on the strong assumption of

pherical symmetry for the mass distribution, it is possible to estimate 
he gravitational field at r eff,gal produced by this dynamical mass, 
 dyn,eff , which should not differ significantly from that at r 0,GCS . The
pper panel of Fig. 6 shows the absolute value of g dyn,eff versus M � .
he different symbols represent the kinematical classification of the 
alaxies, as indicated in the previous figures, and the colour palette
epresents the � g −z gradient up to r eff,gal . The solid lines correspond
o the fits obtained for the galaxies split in two mass ranges with a
MNRAS 527, 6993–7004 (2024) 
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Figure 6. Upper panel: Gravitational field produced by the dynamical mass 
at r eff,gal , as a function of the M � . The symbol coding is the same as in previous 
figures. The solid lines represent the fit for galaxies in two different ranges 
of M � , with the threshold at 2 × 10 10 M �. Middle panel: Gravitational field 
caused by the stellar component at r 0,GCS , as a function of the M � . The symbol 
coding is the same as in Fig. 4 . The solid lines represent the fit for galaxies in 
two different ranges of M � , with the threshold at 5 × 10 10 M �. The dashed 
and dotted lines represent the fits for subsamples where galaxies are divided 
in two ranges of � g −z . Lower panel: The deri v ati ve of the gravitational field 
in terms of r , as a function of the M � . The symbols and the different lines are 
analogues to those from the upper panel. 
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hreshold at M � = 2 × 10 10 M �. From these, the resulting relation
s 

 = − 10 . 7 ± 3 . 6 + 1 . 2 ± 0 . 3 × X, M � � 2 × 10 10 M � (9) 

+ 0 . 9 ± 0 . 9 + 0 . 03 ± 0 . 09 × X, M � � 2 × 10 10 M �

ith X corresponding to log 10 ( M � ) and Y representing the
og 10 ( | g dyn,eff | ). This implies that the gravitational field at r eff,gal 

emains constant through more than an order of magnitude in M � . 
It is also possible to calculate the gravitational field caused by

he stellar component from the spatial mass distribution. Following
he assumption of spherical symmetry, the luminosity enclosed at a
iven radius, r , the de-projection of the S ́ersic profile through the
xpression from Lima Neto, Gerbal & M ́arquez ( 1999 ), 

 r ( r) = L tot 

γ
[ 
(3 − p) n, ( r b n n /r eff, gal ) 

1 
n 

] 

 [ (3 − p) n ] 

, 

L tot = 2 π n 
(2 n ) I eff, gal e 
b n r 2 eff, gal b 

−2 n 
n , 

p � 1 − 1 

n 
+ 

0 . 05463 

n 2 
(10) 
NRAS 527, 6993–7004 (2024) 
ith 
( a ) representing the complete gamma function, and γ ( a , x )
he lower incomplete gamma function. The stellar mass enclosed at x
esults from the mean ( M / L z ) from Bell et al. ( 2003 ) relations. Then,
he assumption of spherical symmetry leads to the gravitational field
t radius r , g � ( r ) and its deri v ati ve, 

d g � 
d r 

( r) = K GM 

{
1 

n 

b n r 
1 
n −1 

r 
1 /n 
eff, gal 

e −b n ( r/r eff, gal ) 
1 
n 

r 2 

(
r b n 

n 

r eff, gal 

)3 −p− 1 
n 

+ 

− 2 

r 3 
γ
[ 
(3 − p) n, ( r b n 

n /r eff, gal ) 
1 
n 

] }
, 

K GM 

= 

−G 〈 M/L z 〉 L tot 


 [ (3 − p) n ] 
(11) 

ith L tot and p as presented in equation ( 10 ), G being the gravitational
onstant, and 〈 M / L z 〉 the mean of ( M / L z ) up to the radius x . 

The middle panel of Fig. 6 shows the absolute value for this latter
xpression of the gravitational field at the core radius, g �, r 0 , as a
unction of the stellar mass of the galaxy, M � . The symbols follow
he same coding as in previous figures. The solid lines represent the
inear fits for the galaxies in two ranges of M � , with a threshold at
 × 10 10 M �, 

 = −6 . 9 ± 1 . 4 + 0 . 7 ± 0 . 1 × X, M � � 5 × 10 10 M �
+ 2 . 4 ± 1 . 9 − 0 . 15 ± 0 . 18 × X, M � � 5 × 10 10 M � (12) 

ith X corresponding to log 10 ( M � ) and Y representing the
og 10 ( | g �, r 0 | ). The slopes for both fits differ, leading to a positive
orrelation between M � and g �, r 0 for the galaxies in the low mass
ange, most of them FR, while the more massive ones present
 slightly ne gativ e slope, in compliance with zero, suggesting a
egligible correlation. If the range of colour gradient is split in halves,
he linear fit for the galaxies with the lower � g −z values has a slope
.5 ± 0.1 (dashed line in the figure), which increases to 0.6 ± 0.1 if
GC 1316, a massive merger remnant in the outskirts of the Fornax

luster, is not considered. For the galaxies with large � g −z values,
he slope results 0.22 ± 0.07 (dotted line). These latter fits span the
ntire mass range and suggest that the change in the relation might
bey different evolutionary histories for the stellar population of the
nner regions of the galaxies. 

The deri v ati ve of the gravitational field at r 0,GCS as a function of
he M � is presented in the lower panel of Fig. 6 , following the same
ymbol coding as in the upper panel. As it occurred for g �, r 0 , the
inear fit differs for galaxies with M � ≤ 5 × 10 10 M �, in comparison
ith their more massive counterparts, 

 = −5 . 2 ± 2 . 5 + 0 . 5 ± 0 . 2 × X, M � � 5 × 10 10 M �
+ 8 . 5 ± 2 . 9 − 0 . 76 ± 0 . 26 × X, M � � 5 × 10 10 M � (13) 

ith X corresponding to log 10 ( M � ) and Y representing the logarithm
f d g � /d r at r 0,GCS . When the sample of galaxies is split in two
anges of � g −z , the linear fits for both subsamples differ. The one
orresponding to the galaxies with lower values of � g −z (dashed line)
resents a slope of 0.63 ± 0.2 and is in agreement with that obtained
or galaxies with M � ≤ 5 × 10 10 M �, which are mainly FRs. The fit
o the galaxies with larger values of � g −z (dotted line) is less steep
nd implies a ne gativ e correlation, presenting a slope of −0.14 ± 0.1.

The o v erall view from the Fig. 6 indicates that the observational
stimations of the gravitational field at r 0,GCS and its change are
roportional to the stellar mass up to a few times 10 10 M �. Assuming
hat r 0,GCS is a proxy of the galactocentric radius at which GCs are

ore susceptible to tidal disruption, it suggests that less massive
alaxies require weaker gravitational fields. These behaviours are not
eproduced at the massive end of the stellar mass function, populated
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y central galaxies. The partition into samples according to their 
olour gradients reinforces these results, pointing to the rele v ance of
he different evolutionary histories. 

 DISCUSSION  

.1 The relevance of the evolutionary pathways 

olour gradients are essential probes of the evolutionary history of 
alaxies since different assembly histories naturally yield contrasting 
radients (e.g. Suess et al. 2019 ). Classic inside-out growth produces 
e gativ e gradients, and once this initial dissipative phase culminates 
hrough quenching mechanisms, the galaxy continues to grow its 

ass by accreting bluer stars in major mergers, leading to a steeper
radient (e.g. Bezanson et al. 2009 ; Naab, Johansson & Ostriker
009 ). 
As depicted by the colour palette used across all plots in this

ork, the majority of the galaxies within our sample present a 
e gativ e colour gradient, which is expected for local ETGs in this
ange of masses. Ho we ver, a wide range of values is observed, and
 dependence on how ne gativ e the gradient is appears when we
nalyse scaling relations splitting the sample into halves according 
o this value. This implies the assembly history of galaxies that 
etermines the gradient also shapes the inner regions of the GCS. In
he left panel of Fig. 4 , galaxies with more positive gradients show a
teeper correlation, indicating a larger difference in the behaviour of 
alaxies at the extremes of the mass range. More massive galaxies 
how larger values of core radius, corresponding to GCS with a 
atter profile in the inner region. This is commonly attributed to 
ergers re-distributing GCs to the outskirts of the galaxy, which also 

ffect the field population of massive ETGs, leading to flatter colour 
rofiles (e.g. Tortora et al. 2010 ; Kennedy et al. 2016 ). In the lower
ass end, galaxies show lower values of core radius, closer to the

ange co v ered by galaxies with more ne gativ e gradients. This might
mply that the positive gradient in these galaxies might just be a
onsequence of shorter star formation phases (see Liao & Cooper 
023 , for a discussion on the physical processes that shaped the
olour gradients), with these behaviours split at approximately the 
ivot mass. As mentioned in Paper II, the pivot mass is associated
ith the point where GCSs are dominated by metal-poor GCs that 

ome from the accretion of stripped dwarf galaxies in dry mergers, 
hich is consistent with our scenario. 
This is crucial to understand the behaviour of the relations involv- 

ng r 0,GCS for different ranges of colour gradients. Chen & Gnedin 
 2022 ) post-processed the evolution of Milky Way-like haloes in 
NG50 and tagged collisionless particles as GCs, to follow up their 
volution, including estimations of mass-loss due to stellar evolution 
nd tidal disruption. Their results suggest that median apocenter radii 
or ex situ GCs are considerably larger than those for in situ GCs,
eading to more extended cores in the radial profiles of ex situ GCs.
onsidering that galaxies with the most ne gativ e colour gradients 
re FRs, it is worth considering that stellar discs might increase 
he disruption of GCs for galaxies with masses below ≈ 10 10 M �
Bekki 2010 ). This is supported by the different relations obtained 
or the gravitational field caused by the stellar population at r 0,GCS as
 function of M � , when galaxies are split in halves from their colour
radient (see Fig. 6 ). 

.2 Disruption mechanisms at long term 

n addition to the large-scale evolutionary processes that their host 
alaxy undergoes, GCs are affected by the stellar evolution of their 
opulation, as well as dynamical processes of different types that 
educe their total mass and might even entirely destroy them (e.g.
ruijssen et al. 2011 ). Inner processes include the expulsion of
as caused by the evolution of stars inside the GC and two-body
ncounters that may provide stars with enough speed to escape the
luster (Chandrasekhar 1942 ). Galactic tidal fields cause external 
ynamical processes that kinematically perturb the cluster, allowing 
or stars and gas to escape its gravitational influence (e.g. Gieles
t al. 2006 ; Elmegreen & Hunter 2010 ; Kruijssen et al. 2011 ).
eiron et al. ( 2021 ) pose that all of these processes are coupled,

ince the time-scales are comparable, which increases the difficulty 
n modelling them numerically. In their work, tidal interactions rule 
 v er stellar evolution in terms of leading the mass-loss, even for weak
idal fields. Tidal field-based disruption is stronger in the inner parts
f galaxies, whereas mass-loss by internal processes is ubiquitous, 
lthough it is still consistently less rele v ant than external processes
Rossi, Bekki & Hurley 2016 ; Chen & Gnedin 2022 ). The rele v ance
f the external processes is also supported by observational evidence; 
he relative richness of GCSs in dwarf galaxies (e.g. Georgiev et al.
010 ; Harris, Harris & Alessi 2013 ) can be interpreted in terms of
 deficiency of field stars, but also as a hint of the lo w ef ficiency of
isruption processes in these galaxies, particularly for those that are 
ot embedded in intense tidal fields (Liu et al. 2019 ). 
In the early stages of galaxy evolution, while star formation is

till active in the proto-galaxy discs, these external processes are 
redominantly caused by tidal shocks caused by molecular clouds. 
hen GCs approach these clouds, they heat up, thus losing stars

hat gain enough velocity to escape. Molecular clouds become rare 
n a relatively short time after star formation ends, yet GC disruption
ontinues after the host galaxy quenches. Galaxies undergo inter- 
ctions and accretion processes, which affect their GCS, as shown 
umerically (e.g. Brockamp et al. 2014 ; Bastian et al. 2020 ). Once
idal interactions with the interstellar medium become insufficient, 
Cs must be tidally shocked by other elements of the galaxy. In the

ase of FRs, we have already noticed that GCs can become tidally
hocked after interacting with discs (see Bekki 2010 ). Fig. 6 shows
hat low-mass galaxies have small derivatives of the gravitational 
eld at r 0,GCS , indicating that tidal interactions are happening even in
alaxies with weak fields that do not vary much at core radius. For
Rs, the lack of substructure in the stellar component would decrease

he likelihood of disruption by fast tidal shocks, but the presence of
 r 0,GCS indicates that tidal interactions are still efficient to induce
ass-loss in GCs. In agreement with this, several properties of GCSs

n ETGs exhibit trends with increasing galactocentric distances, i.e. 
ith the weakening of the tidal fields experienced by GCs, such as

he increase in the mean half-light radius (Jord ́an et al. 2005 ; Masters
t al. 2010 ), as well as changes in the mass function of intermediate-
ge GCs in nearby merger remnants (e.g. Goudfrooij 2012 ). 

An alternative to tidal shocks is dynamical friction, as originally 
roposed by Capuzzo-Dolcetta & Mastrobuono-Battisti ( 2009 ). In 
his mechanism, GCs are dragged through the centre of the galaxy
hrough dynamic friction, where they get tidally disrupted. Since 
his is heavily dominated by the energy equipartition, more massive 
Cs should be mainly affected. The more massive quartiles in 
ig. 3 present significantly larger values of core radius, suggesting 

hat even if dynamical friction drags them to the inner regions
f the galaxy, the tidal interactions are not efficient to disrupt
hem. In general, observations point to lower mass GCs being the

ost commonly disrupted, making dynamic friction unlikely as the 
ominant mechanism for massive galaxies. This might not be the 
ase for less massive galaxies, considering that recent results from E-
OSAIC simulations found that time decays from dynamical friction 
MNRAS 527, 6993–7004 (2024) 
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ecrease towards less massive hosts (Shao et al. 2021 ), but numerical
esults suggest that cored dark matter profiles should weaken the
ffect of dynamical friction for dwarf galaxies, leading to decay
ime-scales larger than the age of the Universe (e.g. Goerdt et al.
006 ; Inoue 2011 ; Modak, Danieli & Greene 2023 ). 

.3 Contribution of dark matter in the inner regions 

uriously, the correlations in the middle and bottom panels of Fig.
 exhibit a changing behaviour at M � ≈ (2 –5) × 10 10 M �. This is
omewhat unexpected since it implies that less massive galaxies
equire weaker gravitational fields from the stellar component to
uild up the core of the GCS. Such a trend is likely linked to the
volution of the dark matter fraction in the inner regions of ETGs,
eading to a U-shape relation with the M � , with a minimum at M � 

 few times 10 10 M � (e.g. Lo v ell et al. 2018 ). This behaviour is a
onsequence of the competition among the physical processes that
uled the star formation in galaxies. Supernova feedback is supposed
o be more efficient in halting star formation in dwarf galaxies, where
he potential well is shallower (Naab & Ostriker 2017 ; Dashyan &
ubois 2020 ). Therefore, massive galaxies are more efficient at

onverting gas into stars, producing more stars in the cores and more
ompact profiles that result in lower dark matter fractions for the inner
e gions. Conv ersely, in the most massive ETGs the AGN feedback
rocess efficiently suppresses star formation, and dry galaxy mergers
roduce large ef fecti ve radii and larger dark matter fractions (e.g.
ortora et al. 2019 , and references therein). This connects with the
istinct behaviour of the r 0,GCS against several parameters of the host
alaxy for different ranges of colour gradient, depicted in previous
ections. 

While dark matter substructures are susceptible to disruption at
ong time-scales by the tidal interaction with the central halo, a
raction of them survive, as suggested by several numerical studies
e.g. Springel et al. 2008 ; van den Bosch & Ogiya 2018 ). Webb
t al. ( 2019 ) studied the effect of these dark matter substructures
n globular clusters. They e v aluated galaxy models presenting
ev eral de grees of substructure, with subhaloes represented by both
ernquist spheres and point sources. The presence of Hernquist

ubhaloes does not significantly affect the star cluster ev olution, b ut
he mass-loss across the time is increased when subhaloes are treated
s point sources. This is driven by close encounters with subhaloes
ore massive than 10 5 M �. Although point-source subhaloes seem

ike an unrealistic scenario, perturbers in the mass range 10 7 –10 8 M �
ith concentrations higher than expected for field dark matter haloes
f similar mass are thought to be responsible for the gaps in the
alactic stellar stream GD-1 (Bonaca et al. 2019 ; Banik et al. 2021 ).

n this re gard, P avanel & Webb ( 2021 ) indicate that for Milky Way-
ike haloes, GCs in circular orbits at galactocentric radii of ≈5 kpc
xperience a decrease of the dissolution times when the fraction of
ubstructure increases. Recently, Molin ́e et al. ( 2023 ) studied the
ubhalo population in haloes spanning nine orders of magnitude in
ass. In their findings, the radial distribution for subhaloes leads to
 large number of them in massi ve haloes. Its e volution with redshift
hows no variation in their number and a progressive fall into the
nner parts of the halo. Hence, the role of dark matter substructure in
he disruption of GCs, and particularly in massive galaxies, cannot
e ruled out. 

 C O N C L U S I O N S  

n this work, we studied the inner region of the GCS for a sample
f bright ETGs located in nearby clusters of galaxies, supplemented
NRAS 527, 6993–7004 (2024) 
ith the results obtained from our previous studies ( Papers I and II )
or intermediate-luminosity ETGs. The final sample has 53 GCSs,
panning more than two orders of magnitude in M � , and a wide range
f environments, from the field to the core of clusters of galaxies.
ll of them were observed in g and z filters by means of HST /ACS,

nd the depth of the images in terms of the typical brightness of
ld GCs is similar, which enables the comparison of the results.
he analysis through the three papers has been carried out in a
omogeneous manner, with an emphasis on the correction of the
CS radial profile for differential completeness in order to properly
uantify any variations, enhancing our measurements in the inner
egion. The highlights from this analysis are listed below. 

(i) In the most populated GCSs, it was possible to fit the radial
rofiles for different quartiles of brightness. The increase of r 0,GCS 

ow ards f ainter (i.e. less massive) GCs in these systems fa v ours
idal shocks as the main process in the long-term erosion of GCSs.
ynamical friction could also be rele v ant for brighter (i.e. massive)
Cs, since the change of r 0,GCS as a function of z 0 magnitude suggests

hat they are dragged to inner regions, although they do not seem to
e efficiently disrupted. 
(ii) The r 0,GCS correlates with the M � of the galaxy and its r eff,gal .

or this latter parameter, the relation deviates from perfect corre-
ation, leading to values of r 0,GCS lower than the r eff,gal for massive
TGs. Both scaling relations differ when the GCS samples are split
ccording to the colour gradient of the host galaxy. This suggests
hat the merging processes and the pre v alence of inside/outside
tellar formation are rele v ant to constrain the region where GCs
re disrupted. 

(iii) The correlation between r 0,GCS and σ 0 is less clear, and
he pertinence of the central black hole of the galaxy in terms of

odulating the efficiency of the processes that lead to GC disruption
eems neglectable. 

(iv) The richness of the GCSs in terms of the stellar mass up to
 0,GCS , i.e. T N,r 0 , remains approximately constant along the entire
ass range. This implies a proportionality between the number of
Cs that survive at z = 0 and the M � of the galaxy up to that radius,

n contrast with the behaviour of the global richness T N,r 0 for ETGs,
hich is largely influenced by the fraction of GCs formed ex situ and

ubsequently accreted from a satellite galaxy. 
(v) The proxy of the gravitational field experienced by GCs at

 0,GCS as a function of the M � shows a bilinear relation independently
f which mass (dynamical or stellar) is used to estimate it, with a
ivot mass at 2 –5 × 10 10 M �. However, the relations slightly differ
epending on which of these masses is considered, and it is probably
elated to a variety of factors, including the fraction of dark matter
nside the r eff,gal as a function of M � , the survi v al time of dark matter
ubstructure, the presence of inner discs (more efficient to disrupt
Cs), and how likely it is that major mergers redistributed the stellar
opulation at inner radii, including GCs, in the past Gyr. 

Large efforts have been made in recent years to shed light on
he formation and early evolution of GCs, constraining numerical
imulations by scaling relation at z = 0. The results presented in this
tudy emphasize the rele v ance of long-term disruption processes and
heir necessary inclusion in the analysis of GC models. 
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able A1. Galaxies analysed in Papers I and II , listed in decreasing B -band
uminosity. The core radius, expressed in kiloparsecs, was calculated from the
arameter fitted to the radial profile and the distance assume for each galaxy,
oth indicated in table 4 of Paper I and table 2 of Paper II . Its uncertainty
omes from that fitted to the data, and the typical error in the distances,
ssumed as 5 per cent. 

ame r 0,GCS (kpc) 

GC 1404 3.2 ± 0.4 
GC 4526 3.5 ± 0.4 
GC 1380 3.4 ± 0.3 
GC 4552 2.4 ± 0.4 
GC 3818 1.5 ± 0.2 
GC 1340 3.8 ± 0.6 
GC 4621 1.3 ± 0.3 
GC 4473 1.9 ± 0.3 
GC 1387 4.7 ± 0.6 
GC 1439 2.2 ± 0.3 
GC 4459 2.8 ± 0.4 
GC 4442 1.9 ± 0.3 
GC 1426 2.4 ± 0.4 
GC 7173 2.3 ± 0.6 
GC 4435 1.5 ± 0.2 
GC 4371 0.7 ± 0.2 

C 2006 2.2 ± 0.3 
GC 4570 1.3 ± 0.2 
GC 4267 5.2 ± 1.1 
GC 4033 1.6 ± 0.2 
GC 4417 2.8 ± 0.4 
GC 1351 1.6 ± 0.1 
GC 4564 1.3 ± 0.2 
GC 1339 2.6 ± 0.3 
GC 1172 3.1 ± 0.4 
GC 3377 1.4 ± 0.2 
GC 4434 1.0 ± 0.1 
GC 4660 2.4 ± 0.3 
GC 4474 1.7 ± 0.2 
GC 4377 2.2 ± 0.3 
GC 1419 2.6 ± 0.3 
GC 1336 2.2 ± 0.2 
GC 4387 1.9 ± 0.3 
GC 1380A 2.0 ± 0.3 
GC 4458 1.5 ± 0.2 
GC 4483 1.2 ± 0.2 
GC 4623 1.1 ± 0.1 
GC 4352 2.6 ± 0.4 
GC 4515 1.6 ± 0.2 
GC 1380B 1.9 ± 0.2 
GC 1428 2.0 ± 0.3 
CC 255 0.9 ± 0.2 

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 
© 2023 The Author(s). 
Open Access article distributed under the terms of the Creative Commons Attribution License 
e, distribution, and reproduction in any medium, provided the original work is properly cited. 

http://dx.doi.org/10.1093/mnras/stw2953
http://dx.doi.org/10.3847/1538-4357/aacb81
http://dx.doi.org/10.1046/j.1365-8711.1999.02849.x
http://dx.doi.org/10.3847/1538-4357/ab12d9
http://dx.doi.org/10.1093/mnras/sty2339
http://dx.doi.org/10.1093/mnras/staa527
http://dx.doi.org/10.1146/annurev-astro-081811-125615
http://dx.doi.org/10.1051/0004-6361/201423496
http://dx.doi.org/10.3847/1538-4357/aaca98
http://dx.doi.org/10.1088/0004-637X/715/2/1419
http://dx.doi.org/10.1086/509598
http://dx.doi.org/10.1093/mnras/stab649
http://dx.doi.org/10.1051/0004-6361/201424005
http://dx.doi.org/10.3847/1538-4357/accc2d
http://dx.doi.org/10.1093/mnras/stac2930
http://dx.doi.org/10.1146/annurev-astro-081913-040019
http://dx.doi.org/10.1088/0004-637X/699/2/L178
http://dx.doi.org/10.1093/mnras/stab461
http://dx.doi.org/10.1086/498210
http://dx.doi.org/10.1086/587951
http://dx.doi.org/10.1088/0004-637X/730/1/23
http://dx.doi.org/10.1093/mnras/staa551
http://dx.doi.org/10.1093/mnras/stac1126
http://dx.doi.org/10.1086/318039
http://dx.doi.org/10.1086/380616
http://dx.doi.org/10.1051/0004-6361/201118589
http://dx.doi.org/10.1051/0004-6361/201630227
http://dx.doi.org/10.1093/mnras/stw1827
http://dx.doi.org/10.1051/0004-6361/201116517
http://dx.doi.org/10.1088/0004-637X/737/2/103
http://dx.doi.org/10.1051/0004-6361/200912482
http://dx.doi.org/10.1093/mnras/stu472
http://dx.doi.org/10.1093/mnras/stv2374
https:\begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ \begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ ui.adsabs.harvard.edu\begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ abs\begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 1968adga.book.....S
http://dx.doi.org/10.1093/mnras/sty1416
http://dx.doi.org/10.1093/mnras/stab2285
http://dx.doi.org/10.1086/444553
http://dx.doi.org/10.1111/j.1365-2966.2008.14066.x
http://dx.doi.org/10.1086/380614
http://dx.doi.org/10.3847/1538-4357/ab1bda
http://dx.doi.org/10.1093/mnras/stab3608
http://dx.doi.org/10.1111/j.1365-2966.2010.16938.x
http://dx.doi.org/10.1093/mnras/stz2320
http://dx.doi.org/10.1088/0004-6256/146/4/86
http://dx.doi.org/10.1093/mnras/stz2596
http://dx.doi.org/10.3847/0004-637X/831/2/134
http://dx.doi.org/10.1093/mnras/sty084
http://dx.doi.org/10.3847/2041-8213/ac8c2d
http://dx.doi.org/10.1088/0004-637X/717/2/603
http://dx.doi.org/10.1093/mnras/stz2118
http://dx.doi.org/10.1111/j.1365-2966.2010.16753.x
http://dx.doi.org/10.1093/mnras/264.3.611
http://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 OBSERVATIONAL DATA AND REDUCTION
	3 RESULTS
	4 DISCUSSION
	5 CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	APPENDIX A

