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A B S T R A C T 

ω Centauri is considered the most massive globular cluster of the Milky Way and likely the former nuclear star cluster of a 
Galaxy accreted by the Milky Way. It is speculated to contain an intermediate-mass black hole (IMBH) from several dynamical 
models. Ho we v er, uncertainties re garding the location of the cluster centre or the retention of stellar remnants limit the robustness 
of the IMBH detections reported so far. In this paper, we derive and study the stellar kinematics from the highest-resolution 

spectroscopic data yet, using the Multi Unit Spectroscopic Explorer (MUSE) in the narrow field mode and wide field mode. Our 
exceptional data near the centre reveal for the first time that stars within the inner 20 arcsec ( ∼0.5 pc) counter-rotate relative to 

the bulk rotation of the cluster. Using this data set, we measure the rotation and line-of-sight velocity dispersion profile out to 

120 arcsec with different centres proposed in the literature. We find that the velocity dispersion profiles using different centres 
match well with those previously published. Based on the counter–rotation, we determine a kinematic centre and look for any 

signs of an IMBH using the high-velocity stars close to the centre. We do not find any significant outliers > 60 km s −1 within the 
central 20 arcsec, consistent with no IMBH being present at the centre of ω Centauri. A detailed analysis of Jeans’ modelling of 
the putative IMBH will be presented in the next paper of the series. 

Key words: stars: kinematics and dynamics – (Galaxy:) globular clusters: individual – galaxies: star clusters: general – galaxies: 
star clusters: individual. 
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 I N T RO D U C T I O N  

he most massive cluster of the Milky Way, ω Centauri (NGC 5139),
as been a topic of discussion for more than four decades now (e.g.
reeman & Rodgers 1975 ; Geyer, Hopp & Nelles 1983 ; Meylan et al.
995 ; Lee et al. 2002 ). Many studies have also theorized that it might
e the surviving nucleus (or nuclear star cluster, NSC) of a stripped
warf Galaxy due to the presence of complex stellar populations that 
isplay a broad metallicity distribution (e.g. Johnson & Pilachowski 
010 ; Husser et al. 2020 ), and are far more complex than the multiple
opulations routinely found in other clusters (e.g. Gratton, Carretta & 

ragaglia 2012 ; Piotto et al. 2015 ; Martocchia et al. 2018 ). It also has
vidence for a central stellar disk and tangential velocity anisotropy 
onsistent with tidal stripping (e.g. van de Ven et al. 2006 ). More
ecently, data from the Gaia satellite was used to trace the origin
f Galactic globular clusters (GCs; Massari, Koppelman & Helmi 
019 ), and ω Centauri was suggested to be the former core of the
aia -Enceladus/Sausage galaxy (Forbes 2020 ; Pfeffer et al. 2021 ), 
 E-mail: r.pechetti@ljmu.ac.uk (RP); S.Kamann@ljmu.ac.uk 
SK); dkrajnovic@aip.de (DK) 
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ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whic
rovided the original work is properly cited. 
hich was a dwarf galaxy with a mass of ∼10 8 M � accreted by the
ilky Way ∼10 Gyr ago (Helmi et al. 2018 ). 
Several stripped nuclei, sometimes known as ultra-compact dwarf 

alaxies (UCDs), were recently detected around nearby galaxies. 
hese remnants of more massive galaxies ( > 10 9 M �) are capable
f hosting supermassive black holes with masses > 10 6 M � (e.g.
eth et al. 2014 ; Ahn et al. 2017 , 2018 ). Recent analyses have
urther shown that somewhat less massive black holes (BHs) are 
resent in all five of the nearest early-type galaxies with stellar
asses ∼10 9 M � and NSC masses between 2 × 10 6 –7 × 10 7 M �

Nguyen et al. 2017 , 2018 , 2019 ). Therefore, one might expect a
igh fraction of stripped NSCs from this mass range of galaxies to
lso host massive BHs < 10 6 M �. Indeed, a 10 5 M � BH was recently
ound in the M31 GC, B023-G078 (Pechetti et al. 2022 ). Like ω 

entauri, this object has additional evidence of being a stripped 
ucleus. There have been other proposed detections, for example, 
1 in M31 (Gebhardt, Rich & Ho 2005 ), M54 (Ibata et al. 2009 ),

he likely nuclear star cluster of the Sagittarius dwarf galaxy (e.g.
lfaro-Cuello et al. 2019 ). This establishes that GCs are potential

ites of IMBHs despite the lack of robust detections in Milky Way
Cs. Completing our picture of the number density of massive BHs

n the cosmic neighbourhood is a crucial step towards understanding 
he formation of the seed BHs in the early Universe (e.g. Volonteri
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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010 ; Greene, Strader & Ho 2020 ) as well as the correlations between
alaxies and their BHs (e.g. Saglia et al. 2016 ; Habouzit et al. 2021 ).
ω Centauri is a perfect candidate to search for an IMBH since it is

he most massive cluster in the Milky Way, with a dynamical mass
f 2.5–3.5 × 10 6 M � (van de Ven et al. 2006 ; Baumgardt & Hilker
018 ), and an outlier in the globular cluster luminosity function
Kruijssen & Portegies Zw art 2009 ). Lik e M54, it is an outlier from
egular globular clusters in the relation between average metallicity
nd intrinsic metallicity spread (e.g. fig. 2 of Leaman ( 2012 )), where
oth lie on the dwarf galaxy sequence. It is strongly rotating with a
otation velocity of ∼4–5 km s −1 (Meylan & Mayor 1986 ; Merritt,

eylan & Mayor 1997 ; Sollima, Baumgardt & Hilker 2019 ) and
as one of the highest central velocity dispersions of ∼22 km s −1 

Noyola et al. 2010 ), which makes it an outlier in the V / σ among
he Galactic GCs. The rise in the velocity dispersion in (Noyola
t al. 2010 ) suggests the presence of an IMBH, but an IMBH is
ot the only solution. Several analyses, such as Baumgardt et al.
 2019 ) and Zocchi, Gieles & H ́enault-Brunet ( 2019 ) have shown
hat this rise could also be caused by the presence of an extended

ass distribution consisting of stellar-mass BHs instead of a single
MBH. Zocchi, Gieles & H ́enault-Brunet ( 2019 ) further show that if
adial anisotropy near the centre is considered, a central extended
ark mass of < 5 per cent of the cluster mass is sufficient to
 xplain the observ ed kinematics. Other studies hav e also proposed
he possibility of concentrated non-baryonic matter present in the
ore of ω Centauri. For example, assuming a Navarro–Frenk–White
NFW) profile, Brown et al. ( 2019 ) find an integrated dark mass
f ∼5 × 10 5 M � at the cluster centre. Evans, Strigari & Zivick
 2022 ) performed an analysis with different dark matter profiles for
he central dark mass in the cluster and found that although stellar
emnants can explain masses < 5 × 10 5 M �, any mass greater than
hat cannot be explained by it. Although various interpretations can
e given for the central dark mass component, no conclusions have
een found robustly yet. 

A major source of uncertainty in dynamical measurements are
he central density slope and the velocity dispersion profile, which
hanges based on the adopted centre of the cluster, of which several
stimates exist from Noyola, Gebhardt & Bergmann ( 2008 ), Noyola
t al. ( 2010 ), and van der Marel & Anderson ( 2010 ), which are
ereafter referred to as NGB08, N10, and vdMA10, respectively.
hese studies estimate centres based on kinematics or photometry
nd from different data sets such as integrated kinematics and proper
otions of the stars. The NGB08 centre was determined based on

he central density of ω Centauri and is ∼12 arcsec away from
10 and vdMA10 centre. The N10 and vdMA10 centres are ∼3

rcsec apart but were determined using kinematics and number
ensity counts, respectively. These centres have produced different
ispersion profiles, for example, the profile in N10 peaks strongly
esulting in a central velocity dispersion of ∼22 km s −1 whereas the
ispersion profile of vdMA10 is relatively flatter at ∼ 19 km s −1 

owards the centre. This has also resulted in different estimates for
he IMBH mass where NGB08 and N10 argued for the presence of an
MBH with a mass of 4 –5 × 10 4 M �, whereas vdMA10 found that
o IMBH was required to fit the observed kinematics of the cluster.
s noted by vdMA10 and N10, the exact location of the centre along
ith the kinematics based on that centre are necessary for arguing

he presence of an IMBH. 
A detailed analysis of the kinematics is thus required to solve the

iscrepancies regarding the centre. With ω Centauri being the most
 xtensiv ely studied cluster in the Milky Way, several kinematic data
ets from different instruments exist. We have obtained the highest
patial resolution data (50 mas) yet in the central 20 arcsec using
NRAS 528, 4941–4957 (2024) 
ntegrated field MUSE-NFM spectroscopy. We also obtained MUSE-
FM spectroscopy for ∼40 000 stars within the half-light radius of

his cluster to quantify the presence of a dark mass, either in the form
f an IMBH (Noyola et al. 2010 ; Baumgardt 2017 ) or a collection
f stellar mass BHs that have mass se gre gated to the central regions
f the cluster (Baumgardt et al. 2019 ; Zocchi, Gieles & H ́enault-
runet 2019 ). We revisit two crucial aspects in this paper that are

equired to probe the presence (and constrain the potential mass) of
n IMBH in ω Centauri, namely the central kinematics as well as
he determination of the cluster centre. The latter will also enable an
ccurate determination of the surface brightness profile. We analyse
he kinematics based on the different existing centres proposed in the
iterature and attempt to determine the kinematic centre based on the
etection of a centralized rotation signal. In a subsequent paper, an
nalysis of the presence/absence of the IMBH is done based on the
eans’ modelling of the kinematics. 

This paper is organized as follows. In Section 2 we present the
maging and spectroscopic data. Section 3 presents the analysis of the
inematic data based on the different centres and Section 4 describes
he analysis of the inner 20 arcsec of the cluster. Section 5 consists
f a discussion on the existence of high-velocity stars in ω Centauri.
ection 6 contains our summary and conclusions. 

 MUSE  DATA  – O BSERVATION  A N D  

E D U C T I O N  

he observations used in this paper were carried out as a part of
USE guaranteed time observations (GTO) of 25 GCs (PIs: S.
amann and S. Dreizler). We selected the clusters to be within
5 kpc and have central velocity dispersions of > 5 km s −1 . They
ere observed during multiple epochs, enabling binary stars to be
etected. An o v erview of the surv e y is pro vided in Kamann et al.
 2018 ). Another surv e y was also carried out using the MUSE-
eneral Observer (GO) program, 105.20CG.001 (PI: N. Neumayer)

nd published in Nitschai et al. ( 2023 ), which contains the catalogue
ith a combination of the GO data and our GTO data. For the analysis
f ω Centauri here, we only used a combination of wide field mode
WFM) and narrow field mode (NFM) GTO observations. 

The WFM observations consist of the data presented in Latour
t al. ( 2021 ) plus three additional epochs of observations taken
uring the nights 2021-05-09, 2021-08-05, and 2022-05-29 as part
f program 105.20CR and 109.23DV. In total, 10 WFM pointings
f 1 × 1 arcmin each hav e been observ ed for 15 epochs on average.
o this data set, we add NFM observations consisting of 6 pointings
f size 7 . 5 arcsec × 7 . 5 arcsec , observed during 6 nights (2019-04-
6, 2019-05-03, 2020-02-23, 2021-05-09, and 2022-05-29) as part
f observing programs 0103.D-0204, 0104.D-0257, 105.20CR, and
09.23DV. An o v erview of the different pointings used in this work,
ncluding their number of epochs, total exposure times, and median
eeing values, is provided in Table 1 . The location of NFM pointings
1 to 94 was chosen to co v er the different centres of ω Centauri
hat have been proposed in the literature (NGB08, N10, vdMA10),
hile pointings 98 and 99 resulted from a misidentification of the

equested tip-tilt star at the telescope. VRI mosaics created from the
educed WFM and NFM data are shown in Fig. 1 . The NFM data span
20 arcsec × 15 arcsec, while the WFM data span approximately 3

rcmin × 5 arcmin other than the two pointings that are ∼5 arcmin
way from the centre. These pointings were observed to complete
he radial co v erage inside the half-light radius of the cluster. 

The raw data were reduced using the standard MUSE pipeline
Weilbacher et al. 2020 ) in versions 1.2 and later. All NFM data
ere reduced with pipeline version 2.8, which includes a strongly
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Figure 1. Multi Unit Spectroscopic Explorer (MUSE) data of ω Centauri. The left panel shows a 0.5 ◦ image of ω Centauri (image credit: ESO, https: 
// www.eso.org/ public/ images/ eso0844a /). The wide field mode (WFM) data in the middle panel consists of 10 pointings of 1 arcmin × 1 arcmin each that were 
repeatedly observed for at least > 12 epochs. Two of the pointings were taken ∼5 arcmin away from the cluster centre to co v er the half-light radius of the cluster. 
The right panel shows the narrow field mode (NFM) data which span ∼20 arcsec × 15 arcsec of which each pointing has a size of 7.5 arcsec × 7.5 arcsec. 

Figure 2. Left: Colour–magnitude diagram of ω Centauri. The points are the 963 NFM (coloured) and 1552 WFM (grey) stars within 20 arcsec from the van der 
Marel & Anderson ( 2010 ) centre. They are coloured by the S/N of the spectrum as determined during the extraction of the MUSE spectra. Right: Completeness 
histogram of MUSE NFM and WFM data as a function of magnitude and stellar mass on the NFM footprint. Grey lines correspond to the WFM data and the 
solid purple lines represent NFM data. The NFM data goes 2 mag deeper than the WFM data and extends beyond 20 mag in the F625W band within 20 arcsec 
from the centre. The mass range of the stars co v ered by the NFM is also broader with stellar masses starting from ∼0.5 M �. 
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mpro v ed NFM flux calibration compared to the previous versions.
e used the default settings of the pipeline, with two exceptions. 

irst, we did not perform a sky subtraction, as it would also remo v e
tellar light given the crowding of the observed fields. Second, we 
id not perform a correction for telluric absorption, which instead 
as corrected during the analysis of the spectra (see below). Data

ubes were created for individual pointings and epochs, and they 
ypically combined three (for WFM observations) or four (for NFM) 
MNRAS 528, 4941–4957 (2024) 

https://www.eso.org/public/images/eso0844a
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M

Table 1. MUSE observations analysed in this work summarized per pointing. 

Pointing no. Mode RA Dec N epochs N exposures Total exp. time Median seeing 
[s] [arcsec] 

Pointing 01 WFM 13:26:45.0 −47:29:09 15 45 2025 0.62 
Pointing 02 WFM 13:26:45.0 −47:28:24 14 42 1890 0.61 
Pointing 03 WFM 13:26:49.5 −47:29:09 17 51 2253 0.60 
Pointing 04 WFM 13:26:49.5 −47:28:24 17 51 2295 0.62 
Pointing 05 WFM 13:26:40.6 −47:28:31 14 46 3646 0.60 
Pointing 06 WFM 13:26:53.9 −47:29:01 17 51 4080 0.62 
Pointing 07 WFM 13:26:36.8 −47:27:54 15 45 4500 0.60 
Pointing 08 WFM 13:26:31.0 −47:29:55 16 49 7350 0.62 
Pointing 11 WFM 13:26:40.3 −47:25:00 14 43 12 900 0.92 
Pointing 12 WFM 13:26:41.0 −47:24:03 12 36 21 600 0.82 
Pointing 91 NFM 13:26:47.2 −47:28:50 2 8 4800 0.08 
Pointing 92 NFM 13:26:46.1 −47:28:45 2 8 4800 0.08 
Pointing 93 NFM 13:26:46.8 −47:28:46 3 11 6080 0.06 
Pointing 94 NFM 13:26:46.5 −47:28:51 2 8 4800 0.07 
Pointing 98 NFM 13:26:46.6 −47:28:49 1 4 2400 0.08 
Pointing 99 NFM 13:26:47.5 −47:28:51 1 4 2400 0.07 
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 xposures. In between e xposures, derotator offsets of 90 ◦ and small
patial dithers were applied. 

The reduced data cubes were processed using PAMPELMUSE

Kamann, Wisotzki & Roth 2013 ; Kamann 2018 ), which performs a
eblending of the individual stellar spectra based on a wavelength-
ependent model of the point spread function (PSF) that is reco v ered
rom the data and a wavelength-dependent coordinate transformation
rom a reference source catalogue to the MUSE data. As reference
atalogues for ω Centauri, two publicly available Hubble Space
elescope ( HST ) data sets were used. The central WFM pointings
01–05, cf. Table 1 ), as well as all NFM pointings used the catalogue
reated by Anderson et al. ( 2008 ) for the ACS surv e y of Galactic
Cs (Sarajedini et al. 2007 ). The outer WFM pointings (06–12),
hich are not or only partially co v ered by the ACS footprint, used

he photometric catalogue generated by Anderson & van der Marel
 2010 ). As a PSF model, we used a Moffat profile for all WFM cubes
nd optimized the FWHM as well as the kurtosis (parametrized by
, cf. Kamann, Wisotzki & Roth 2013 ) as a function of wavelength.

n cases where visual inspection of the cubes suggested elongated
tars, we included the ellipticity and the position angle (PA) of the
emi-major axis of the Moffat in the set of free parameters. While
he Moffat profile has been shown to accurately describe the WFM-
SF (Fusco et al. 2020 ), it cannot describe the more complicated
hape of the NFM-PSF. Hence, the NFM data were instead processed
sing the MAOPPY model developed by F ́etick et al. ( 2019 ), which
as previously been successfully applied to NFM observations of the
alactic globular cluster M80 (NGC 6093) by G ̈ottgens et al. ( 2021 ).
The extracted spectra were processed in several analyses to
easure the line-of-sight (LOS) velocities and determine the stellar

arameters of the corresponding stars. These analyses rely on useful
nitial guesses, which we obtained by comparing the aforementioned
hotometric catalogues to isochrones from the data base of Bressan
t al. ( 2012 ), where we assumed an age of 13 Gyr, a metallicity of
Fe/H] = −1.33, and an extinction of A V = 0.37. Initial guesses
or the surface temperature log g and the ef fecti ve temperature T eff 

f each star were obtained by finding the point that is closest to
he isochrone in a colour–magnitude diagram (CMD). An m F606W 

m F814W 

versus m F606W 

CMD was used for the Anderson et al.
 2008 ) catalogue, while an m F435W 

− m F625W 

versus m F625W 

CMD
as used for the Anderson & van der Marel ( 2010 ) photometry. Note

hat despite the strong evidence for metallicity and/or age variations
NRAS 528, 4941–4957 (2024) 
ithin ω Centauri, we only used a single isochrone when deriving
nitial parameter guesses. This is because all parameters except for
og g were later refined during the spectral analysis. log g was not
efined because it impacts the shapes of the spectral lines rather than
heir strengths, and thus is difficult to measure at the low spectral
esolution of MUSE. Moreo v er, log g is only weakly dependent on
he age and metallicity of the old stars present in the cluster. To infer
OS velocities, we first cross–correlated each extracted spectrum
gainst various templates drawn from the PHOENIX spectral library
resented in Husser et al. ( 2013 ). The templates were chosen to
epresent the range in stellar parameters expected in ω Centauri
 T eff = { 3 000 K , 6 000 K , 9 000 K } , log g = { 1, 3, 5 } ), but had
olar metallicity. We selected the LOS v elocity pro vided by the
emplate that gave the strongest cross-correlation signal and used
t as an initial guess for the following full-spectrum fit with SPEXXY

Husser et al. 2016 ). When reliable initial guesses could not be
btained from the cross–correlation, the spectra were then initialized
t the systemic velocity of ω Centauri. During the full spectrum fit,
hich was performed using templates from the PHOENIX library
f Husser et al. ( 2013 ), we determined [Fe/H] and T eff alongside
he LOS velocity. As illustrated in Husser et al. ( 2016 ), SPEXXY

nables the user to fit the telluric absorption simultaneously with the
tellar spectrum, which was done while analysing the spectra. To
 erify the wav elength accurac y of ev ery MUSE cube, we determined
he average velocity of the telluric absorption fits of all spectra
xtracted with an S/N > 30. This mean telluric velocity, which
sually varied between −1 and 1 km s −1 , was subtracted from all
elocity measurements obtained for the cube. 

The derived stellar velocities were assessed based on a reliability
ag following the method described in section 3.2 of Giesers et al.
 2019 ). This includes considering the signal-to-noise ratios of the ex-
racted spectra or the agreement between the v elocities deriv ed from
ross–correlation and spectral fit. Only velocities with a reliability
rading abo v e 80 per cent were kept. Further, we considered the
greement between the magnitudes reco v ered from the spectra and
hose provided in the HST catalogues, as large discrepancies could
ndicate contamination in the spectra by nearby stars. PAMPELMUSE

xpresses the photometric agreement as a MagAccuracy parameter,
anging from 0.0 (large discrepancy) to 1.0 (perfect agreement). We
mposed a cut value of 0.6. 
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The final step in the data analysis was a calibration of the
ncertainties of the LOS velocity measurements. To do so, we 
ollowed the approach outlined in Kamann et al. ( 2018 ), which
akes use of the different valid velocity measurements available 

or each star and is based on the expectation that in the absence of
ntrinsic variability, the normalized scatter of these measurements 
hould follow a Gaussian distribution with a standard deviation of 
nity. Following this calibration, we averaged the filtered velocities 
er star, using inverse-variance weighting. 

After extracting the reliable velocities, 38 602 stars were left in our
ample, including the NFM and WFM data. To compare the depth 
f the NFM data, we plot stars within 20 arcsec, which include 963
FM stars and 1552 WFM stars, on the CMD of Fig. 2 . We used

he ACS photometry for the CMD, which has photometry in the 
606W and the F814W filters. The completeness histograms show 

he comparison of number counts in the WFM and NFM samples 
elative to the HST catalogue within the NFM region. We found that
he NFM data is complete for stars brighter than 19.5 mag, which
xcludes ∼10 stars that are on the edges of the pointings in these
omparisons. For the WFM data, we are complete below 18 mag. 50
er cent of the stars are below 18.6 mag in WFM mode whereas, in
he NFM data, 50 per cent of the stars are below 19.8 mag, which
s close to the completeness limits. The mass range co v ered by the
FM data is also broader since more stars with lower masses (down

o 0.5 M �) are included. The masses of the stars were obtained
ased on the isochrone comparisons as mentioned abo v e. There are
o observations for the WFM data below 20 mag, whereas the NFM
ata extends down to the 22nd magnitude. But, further away from the
entre, the WFM data reach a similar depth due to longer exposure
imes and lesser crowding. The data set co v ers ev erything from the tip
f the RGB to 4 mag below the main-sequence turn-off. The median
/N is ∼12 for the NFM data and the median velocity uncertainties
re ∼2.3 km s −1 . For stars around 16 mag, the typical uncertainties
n velocities are ∼1 km s −1 , whereas, for a star of magnitude ∼21
ag, the uncertainties increase to ∼5 km s −1 because of the low S/N.
he 50 per cent completeness limit in the F606W magnitude and the
asses are 18.6 mag and 0.71 M �, respectively, for the WFM data.
or NFM data, the 50 per cent completeness limit is 19.8 mag and
.65 M �. 
The membership probability of the stars being a part of the cluster

as estimated using the procedure described in Kamann et al. ( 2018 ).
riefly, we assume that the observed stars are composed of cluster 
embers and a field population. For the former, we assume that 

ts velocity and metallicity distributions can be approximated as 
aussians, whereas for the latter, we use the Milky Way model by
obin et al. ( 2003 ) to predict velocities and metallicities. We then

teratively determine the likelihood of each star belonging to the 
luster or field population, with the additional constraint that the 
raction of cluster stars decreases monotonically with distance to 
he cluster centre. The membership probability is then assigned to 
ach star and those with a probability lower than 0.6 are excluded
rom our analyses. Although ω Centauri has a metallicity spread 
f more than a factor of 10 (e.g. Johnson & Pilachowski 2010 ), it
as a radial velocity that offsets the member stars from those of
he MW stars. For a more detailed description of the method, see

alker et al. ( 2009 ) and Kamann et al. ( 2016 ). We also excluded
he stars with temporal variations in their LOS velocities that can be
otential binary stars. We use the probabilities that were derived by 
sing the method described in Giesers et al. ( 2019 ). This work will
e presented in Wragg et al. (in preparation). 
The final sample of stars that were used in the analysis of the central

inematics excludes non-member stars with a cluster membership 
robability cut of < 0.6, a binary variability probability > 0.7, and an
/N cut of < 8 for the mean of the extracted spectra, which leaves us
ith 28 108 stars of which 936 are NFM stars. 

 K I N E M A  TIC  DA  TA  

e analyse the LOS velocities in this section within the half-light
adius of ω Centauri and create velocity and velocity dispersion 
adial profiles. This will help further study of a possible IMBH in
 Centauri. The centre of ω Centauri is debated in the literature
nd several centres have been proposed based on photometry and 
inematics. 

.1 Existing analyses and proposed centres 

 putative BH in ω Centauri was reported in NGB08, and the centre
as estimated using the surface density counts of stars in the central
0 arcsec of HST/ACS data. The kinematic data was obtained from
MOS integral-field spectroscopy with a spectral resolution of R 

 5560 Å; in the Ca-Triplet region (7900–9300 Å), and the LOS
 elocities were deriv ed using these spectra. Their data set was seeing-
imited, whereas the NFM data is at a resolution of 25 mas. The
eld-of-view (FOV) is also bigger co v ering the half-light radius of

he cluster. Based on the line-of-sight velocity dispersion (LOSVD) 
easurements from GMOS IFU and a clear cusp in the surface

rightness profile, an IMBH of M BH = 4.0 + 0 . 75 
−1 . 0 × 10 4 M �, and a

OS central velocity dispersion, σ LOS = 23.0 ± 2.0 km s −1 were 
eported for this cluster. The measured cusp in the surface brightness
rofile was in agreement with the theoretical predictions from N –
ody simulations in Baumgardt, Makino & Hut ( 2005 ) for clusters
arbouring IMBHs, where the central BH tends to prevent the core
ollapse. 

vdMA10 presented another analysis for the central few arcmins, 
here they estimated the projected number density distribution of 
10 6 stars from HST photometry. The LOS velocities were obtained 

sing the ground-based data from Suntzeff & Kraft ( 1996 ); Mayor
t al. ( 1997 ); Reijns et al. ( 2006 ). Proper motions were also estimated
sing ground-based data from van Leeuwen et al. ( 2000 ) and also
sing 10 5 stars from HST data (Anderson & van der Marel 2010 ). The
entre of the cluster was determined using three independent ways 
nd found to be offset from the one derived in NGB08 by 12 arcsec.
heir analysis did not confirm the density cusp that was observed in
GB08 due to the offset centre. Anisotropic models were fit to the
ata wherein if a flat core was assumed, a no-BH model provided
 good fit, whereas cuspy models required either an IMBH of M BH 

 8.7 ± 2.9 × 10 3 M � or a dark cluster of size � 0.16 pc. The final
esult was an upper limit on a possible IMBH with M BH � 1.2 × 10 4 

 � at 1 σ confidence level, in strong tension with the IMBH mass
uggested by NGB08. 

A third search for a central IMBH was performed in N10
here they obtained additional integrated field spectroscopy for the 

entral region of the cluster using VL T -FLAMES/ARGUS. These 
bservations have a spectral resolving power of R ∼10000 and co v er
he 820–940 nm region using the GIRAFFE spectrograph with a FOV
f 11.5 arcsec × 7.3 arcsec. They combined the new LOS velocities
erived from the Ca-Triplet region with the existing measurements 
rom NGB08 and estimated a different centre from the additional 
inematics. A peak in the velocity dispersion map was found by
unning a 5 arcsec kernel across the 2-D map of velocity dispersion,
hich was their estimated centre for the cluster along with a measured 

entral velocity dispersion of 22.8 ± 1.2 km s −1 . Using isotropic
MNRAS 528, 4941–4957 (2024) 
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Table 2. Existing and current measurements of ω Centauri. 

Centre RA Centre Dec M BH (M �) σLOS (km s −1 ) 

NGB08 13:26:46.04 −47:28:44.8 4.0 + 0 . 75 
−1 . 0 × 10 4 23.0 ± 2.0 

vdMA10 13:26:47.24 −47:28:46.5 � 1.2 × 10 4 –
N10 13:26:47.11 −47:28:42.1 4.7 ± 1.0 × 10 4 22.8 ± 1.2 
Kinematic centre 13:26:47.31 −47:28:51.4 – 19.3 ± 1.4 
(From rotation) 
Dispersion centre 13:26:46.86 −47:28:42.5 – 22.6 ± 1.5 
(From dispersion) 

Note. The first three rows list the existing measurements of ω Centauri made in NGB08 (Noyola, Gebhardt & 

Bergmann 2008 ), vdMA10 (van der Marel & Anderson 2010 ), and N10 (Noyola et al. 2010 ). The bottom rows 
present measurements derived in this work, which are described in Section 5.1 . 
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ynamical models and their kinematic centre, they estimated a central
H of M BH = 4.7 ± 1.0 × 10 4 M �. 
The abo v e-mentioned measurements using various centres are

isted in Table 2 . The NGB08 centre is offset by 12 arcsec from the
dMA10 centre. The N10 and vdMA10 seem to lie approximately
n the rotation axis of the cluster but are ∼3 arcsec apart (see Fig. 3 ).
urther analyses using these centres are presented in the subsequent
ections. 

.2 Analysing the MUSE kinematics 

o study the dynamics of ω Centauri, we created radial profiles of
he velocity dispersion and the rotation velocity using two methods.
n the first method, we radially binned the stars, where each bin
onsisted of a minimum of 100 stars, and co v ered a radial range of
og ( r /1 arcsec) > 0.15. In the second method, we created analytical
rofiles for the cluster to estimate the rotation and LOSVD. For
oth methods, a maximum likelihood approach (Pryor & Meylan
993 ) was used in combination with the Markov chain Monte
arlo (MCMC) algorithm EMCEE (F oreman-Macke y et al. 2013 )

o estimate the quantities. A detailed description of this analysis is
iven in Kamann et al. ( 2018 ). For the maximum likelihood analysis,
e assumed the probability of finding a star with a velocity ( v i ± εi )

t a projected distance r i from the cluster centre to be: 

( v i , εi , r i ) = 

1 

2 π
√ 

σ 2 
r + ε2 

i 

exp 
( v i − v 0 ) 2 

−2( σ 2 
r + ε2 

i ) 
. (1) 

ere, σ r = σ r ( r i ) and v 0 = v 0 ( r i ) are the dispersion and heliocentric
adial velocity of the cluster, respectively, at the position of star i .

e then found the values of σ r and v 0 that minimized the ne gativ e
og-likelihood of the model given the kinematic data. A limitation
f this approach is that it applies to the stellar systems whose
OSVD is Gaussian ignoring the higher moments of the LOSVD.
or determining the rotation velocity of the cluster, we assume that

he cluster is a rotating disc and add an angular dependence ( θ ) to
he mean velocity in equation ( 1 ): 

 0 → v ( r i , θi ) = v 0 + v rot ( r i ) sin ( θi − θ0 ( r i )) , (2) 

here v rot and θ0 are the projected rotation velocity and axis angle.
his allows us to estimate the LOS velocity in each bin radially

rom the cluster centre. We then implemented the MCMC analysis
o minimize the ne gativ e likelihood in every radial bin and ran a total
f 100 chains with 100 steps for each bin, which is sufficient for
etermining the parameters. We constrained three parameters, σ r ,
 rot , and θ0 with uniform, uninformative priors. 

Since the effect of binning is remo v ed while using the analytical
orms, we create the analytical profiles using the following functional
NRAS 528, 4941–4957 (2024) 
orm for the rotational velocity, v rot : 

 rot ( r ) = 

2 v max r 

r max 

/
[1 + ( r /r max ) 

2 ] . (3) 

The v rot profile is based on the prediction for a system undergoing
iolent relaxation (Lynden-Bell 1967 ) and has been previously used
o model the rotation profiles of star clusters in, e.g. Bianchini et al.
 2018 ). 

Here, three parameters were constrained: the peak amplitude of
he rotational velocity, v max ; the radius at which v max occurs, r max ; and
0 . Using the MCMC analysis as mentioned abo v e, we fitted those
arameters for a total of 100 chains and 500 steps and created radial
rofiles based on the median values and the 16th and 84th percentile
f the distributions. The results of these methods applied to the data
re discussed and presented in Section 5.2 and Fig. 5 . 

 A  COUNTER-ROTATI NG  C O R E  IN  ω 

E N TAU R I  

n this section, we analyse the central 100 arcsec in detail with a
ocus on the central 20 arcsec as this area is co v ered by the NFM
ata. 

.1 Creating kinematic maps 

o study the mean LOS velocity as a function of position, we
sed a supervised neighbour-based learning method to create a
moothed velocity map. We used a K -nearest neighbours (KNN)
nalysis, where the basic principle is to group the stars based on
 metric (Pedregosa et al. 2011 ). Here, the grouping classifies the
earby neighbours based on their distances and we estimated those
sing biweight location (Beers, Flynn & Gebhardt 1990 ) of
STROPY , which performs a robust detection of the mean of the
istribution, in this case, the LOS velocities of the stars. 
In this method, the number of samples ( k ) is defined as the number

f neighbours that would be chosen to represent a group. A smaller
 -v alue selects fe wer neighbours and results in a coarser grouping
hereas a higher k -value provides smoother grouping. At first,

tandard Euclidean distances are calculated between the neighbours
ased on the k -value, and then a maximum radius is given within
hich the grouping needs to be performed. We visually inspected
aps of the KNN-based mean velocities with k -values ranging from

0–300. We found that smaller values of k ( < 200) lead to patchiness
f the velocity maps due to the lesser number of stars in each group
e.g. see Fig. A1 ). Therefore, we used a k -value of 300 to derive
he LOS velocity map, where the large-scale rotation of ω Centauri
s visible (see Fig. 3 , left column). A zoomed-in version shows the
entral 20 arcsec of the core (Fig. 3 , left middle panel), mainly
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Figure 3. Rotation and velocity dispersion maps: Top and middle panels: Rotation velocity and velocity dispersion maps of the central 80 arcsec and a zoomed 
version of the central 20 arcsec of the MUSE WFM and NFM kinematics grouped using KNN with a k -value of 300. Bottom panel: LOESS smoothed 2D maps 
of the rotation and dispersion. Different centres are marked in different colours as indicated in the legend. 
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Figure 4. Kinemetry results for the central 80 arcsec of the cluster using the LOESS maps. Left: The PA of the cluster, measuring the change in the velocity 
structure on the map. Middle and right: The coefficients k 1 and k 5 / k 1 from the Fourier expansion of the velocity field for the best-fitting ellipse. k 1 describes the 
bulk motion of the cluster with a peak at ∼5 arcsec and decreases after that. Then it increases with the radius indicating the global rotation of the cluster. k 5 / k 1 
is peaked at ∼15–20 arcsec, which indicates the rotation components within the map. 

Figure 5. Left: Rotation profile of the cluster using the kinematic centre. Solid points are the result of discrete binning of the radial velocities (equation 3 ) 
whereas the shaded curve is the analytical rotation profile. Right: PA of the rotation of the cluster. Note the counter-rotation observed towards the centre. 
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o v ered by the NFM data, which is counter-rotating with respect to
he global rotation of the cluster. The central 100 arcsec of ω Centauri
re rotating with maximum projected velocities of ∼4 km s −1 and
he inner core within 20 arcsec shows maximum rotational velocities
f ∼3–5 km s −1 . The different centres from the literature are marked
ere, with each centre being a few arcsec apart. Other estimates of the
entres based on our velocity and dispersion maps are also marked,
hich we discuss in the next subsection. 
For a better visualization of the velocity maps with less noise,

e employed another method to derive the velocity map of the
luster; the locally weighted regression (LOESS) technique, which
as introduced in Cappellari et al. ( 2013 ) based on an algorithm
e veloped by Cle veland ( 1979 ) for the 1D case and further impro v ed
or the 2D case in Cleveland & Devlin ( 1988 ). This is a regression
ethod that uses a multi v ariate smoothing analysis on a surface

y the local fitting of the function in a moving way similar to the
o ving av erage. This method robustly determines the mean values

f the underlying parameters in case of noisy data. In our case,
he parameters are the LOS velocities and the noise is the velocity
ispersion of the stars. We used the code loess 2d from Cappellari
t al. ( 2013 ), which requires input velocities, and a regularization
NRAS 528, 4941–4957 (2024) 
actor ( f ) that describes the fraction of points that are considered for
he approximation and controls the amount of smoothing of the map.

e used a value of f = 0.1 and assumed a linear approximation
o determine the LOESS smoothed maps. The bottom panel of Fig.
 shows the LOESS map of the LOS velocities within 80 arcsec
round the cluster centre. The result is consistent with the maps from
he KNN analysis. On a larger scale, the global rotation is dominant
nd as we go towards the centre, the counter-rotation is visible. The
ifferent centres are marked similarly as in the KNN maps, and we
bserve that except for the NGB08 centre, the rest of the centres are
ligned close to the rotation axis of the counter-rotating core. It is
orth noting that the NGB08 centre is also close to the zero velocity

urve (green contour) of the counter -rotation, b ut on the other side,
hich is a local minimum. 
In both maps, there is clear evidence that the rotation in the central

egion of the cluster is misaligned with the rotation at large radii.
his counter-rotation dominates the kinematics within the central
0–20 arcsec and appears to be centred south of the vdMA10
nd N10 centres. To check for the effect of contamination from
ny bright stars, we removed stars brighter than 14th magnitude
n the F625W filter. We found that there are two bright stars
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Figure 6. Rotation profile and PA of the rotation of ω-Cen. The top panels show the rotation (amplitude) profile of the stars that are binned radially using the 
method in Section 3.2 . The bottom panels show the orientation of the rotation axis within each radial bin. From left to right: profiles using N10, vdMA10, and 
NGB08 centres. Note that the counter-rotation is only observed in vdMA10. 
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t the centres of the counter-rotating velocity components both 
oving in the same direction with a velocity of ∼20 km s −1 but

he counter-rotation signal is still significant even after removing the 
tars. 

Apart from the LOS velocities, we also analysed the velocity 
ispersion of ω Centauri using KNN analysis. Here we grouped the 
tars and used the statistic biweight scale from ASTROPY , which 
etermines a robust standard deviation of the distribution of stars, 
.e. a velocity dispersion in this case. We also used different k -values
anging from 40 to 300. A lot of peaks or patchiness was detected
cross the entire velocity dispersion map for smaller k -values (see 
ig. A1 ). But, as we grouped more stars, for a k -value of 300, we
ound a prominent central peak. This is shown in the right column of
ig. 3 . This peak is close to the centre from N10 as expected since

heir centre was derived based on the peak in the velocity dispersion.
he remaining centres are also marked similarly to the ones in the
elocity maps. The bottom-most panel shows the LOESS smoothed 
ap that was derived based on the KNN velocity dispersion map, 
here the central peak is visible. When we compare the mean velocity 

nd the velocity dispersion maps in the middle panel, the peak in the
entral velocity dispersion appears to be offset from the rotation axis 
f the counter-rotating core. We quantify this rotation and dispersion 
n the subsequent sections and constrain different centres based on 
hem. 
T
.2 Quantifying the counter-rotation with kinemetry 

o quantify the velocities and rotation, we performed kinemetry on 
he velocity and dispersion maps of the cluster. We used LOESS
aps for this analysis only as an alternative to the KNN maps to test

f the counter-rotating core is real and quantifiable using kinemetry. 
inemetry is a method from Krajnovi ́c et al. ( 2006 ) that performs
 harmonic expansion of 2D kinematic moments, in our case, mean
ocal velocities that are the first kinematic moments, along a set of
est-fitting ellipses on the map. 
When analysing velocity maps, kinemetry assumes that there are 

llipses along which the velocities can be described with a simple
osine law, 

 ( R, ψ) = V 0 + V c ( R) sin ( i) cos ( ψ) , (4) 

here V 0 and V c are the systemic and circular velocities, projected
n the sky at an inclination i , and traced along the ellipse via the
zimuthal angle ψ , measured from the projected major axis. Equation 
 4 ) is strictly correct for disks in which stars mo v e on circular orbits,
ut Krajnovi ́c et al. ( 2008 , 2011 ) showed that it applies to a large
raction of early-type galaxies, with deviations of less than 5 per cent.
he kinemetric analysis of the velocities along an ellipse is performed 
MNRAS 528, 4941–4957 (2024) 
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y e v aluating the harmonic terms: 

( a, ψ) = A 0 ( a) + 

N ∑ 

n = 1 

A n ( a) sin ( nψ) + B n ( a) cos ( nψ) , (5) 

here a and ψ are the semi-major axis and the azimuthal angle,
nd in the case of the velocity, n is an odd number. The best-fitting
llipse is determined by minimizing the A1, A3, and B3 terms, as
hey define the shape and the orientation of the ellipse. Kinemetry
esults are often presented in a compact form: 

( a, ψ) = A 0 ( a) + 

N ∑ 

n = 1 

k n ( a) cos ([ n ( ψ − φn ( a))] , (6) 

here k n = 

√ 

A 

2 
n + B 

2 
n and φn = arctan ( A n / B n ). In this form the

erm k 1 describes the amplitude of the rotation, while k 5 is the first
on-minimized higher order coefficient which defines the deviations
rom a simple rotation as assumed in equation ( 4 ). For further details
egarding kinemetry , we refer to Krajnovi ́c et al. ( 2006 ). 

For the kinemetric modelling, for the initial models, we fixed the
entre of the cluster to an initial guess from the previous section.
ince the photometric axis ratio of ω Centauri is abo v e 0.8 at all radii
Geyer, Hopp & Nelles 1983 ), we limited the shape (axial ratio) of
he ellipses for the kinemetry to be between 0.7 and 1.0. To increase
he range of the fit, we used a co v er value of 0.6, which means that 60
er cent of the points on the ellipse should be present for the ellipse
o be included in the fit. We also fixed the range for the PA from 0 ◦

o 180 ◦. The results from these fits are shown in Fig. 4 . 
The left panel of Fig. 4 shows the PA that is varying with respect

o the radius and twists at ∼15–20 arcsec by 180 ◦ approximately
ndicating the observed counter-rotation. The errors on the PA of the
ata points below 5 arcsec are large and can be ignored because the
ounter-rotation is on a scale of 15 arcsec and the ellipses fitted on
 scale smaller than 5 arcsec are unable to trace the rotation. The
 1 coefficient tracing the rotation shows a small peak at 5 arcsec
elineating the extent of the counter-rotation followed by the global
otation of the cluster. The large error bars on k 5 , due partially to
he very lo w-le vel rotation of the cluster, make it almost consistent
ith 0 and prohibit further analysis of the deviations. The peak in
 5 at ∼20 arcsec is correlated with the drop in k 1 , as is expected at
he edge of a kinematic component (Krajnovi ́c et al. 2006 ). Together
ith the radial variation of the PA of ellipses (Fig. 4 , left), which

tabilizes at the end of the counter-rotating core, k 1 ∼ 0, and where
he error in k 5 significantly drops, kinemetry analysis quantifies the
xtent and the shape of the central counter-rotation in ω Centauri. To
onstrain the centre, we explore the central 20 arcsec with different
echniques in the next section. 

 KINEM ATIC  C E N T R E  A N D  C O M PA R I S O N S  

ITH  T H E  P R E V I O U S  STUDIES  

n this section, we describe various methods that were used to
etermine the centre for this cluster and then use it to compare it
ith the previously published centres. 

.1 Finding the kinematic centre 

 well-defined centre is crucial in determining the velocity dispersion
nd rotation profiles, which are required for the detection of any
ind of dark mass in the cluster centre. Below, we show that using
everal methods, we are unable to numerically constrain the centre
o better than ∼5 arcsec, within the range of previous estimates.
NRAS 528, 4941–4957 (2024) 
he kinematics near the centre are so complex that the result also
epends on the method we use. Ho we ver, assuming that the counter-
otation represents the centre, we constrain the centre to be at RA =
3h 26m 47.31s and Decl = −47 ◦28 ′ 51.39 ′′ with an uncertainty of
5 arcsec along the declination. This position is closest to vdMA10,
hile the centres N10 and NGB08 centres are not consistent with
eing at the centre of the counter-rotating core. We describe each
f the methods attempted to better constrain the centre below; all of
hese are consistent with our centre quoted abo v e, with uncertainties
anging from 5 arcsec to 20 arcsec. 

The first method we implemented was a slight modification to
he MCMC analytical profile fits described in Section 3.2 . Here, we
dded two additional parameters to the MCMC analyses, dx and dy
s offsets to the centre and fit them in the iterations. We provided
n initial guess for the centre by eye based on the counter-rotation
rom the velocity map of the KNN analysis and allowed it to vary
s offsets in dx and dy. We fit the centre for every radial bin and
ased on several runs, we found that the best-fit median of the centre
as not very well constrained. Although dx and dy are scattered

round zero, the average errors ranged up to 20 arcsec, which is
ur entire region of counter-rotation. To test the accuracy of this
ethod, we used a sample test case of M80 using the data published

y G ̈ottgens et al. ( 2021 ), where the centre was constrained using a
imilar MCMC analysis of their Jeans’ models. The dx and dy offsets
hat we obtained were similar to those found in G ̈ottgens et al. ( 2021 ),
ith median errors up to 2 arcsec. We conclude that this method is
ost likely not suitable for ω Centauri, due to the flatness of the core

nd the counter-rotation present close to the centre. 
We tried an approach using the pie-slice method, a similar

pproach that was used in Anderson & van der Marel ( 2010 ), where
hey used the number counts of the stars to determine the centre
hereas we use the LOS velocities instead of the photometry. This
ethod determines the point around which the stellar kinematics

re most symmetrically distributed. First, we provide the same
nitial guess that was used in the previous method as a trial centre.
ased on this centre, a 5 arcsec grid of trial centres is created
round it. Around each grid point, we constructed 16 azimuthal
edges, extending to distances of 20 arcsec, and each wedge was

urther divided into 7 radial bins. We minimized the differences
etween the mean velocities in opposite pairs of bins along with
he uncertainties using the biweight location robust statistic
described in Section 4.1 ). Finally, we summed up these differences
or all the bins to determine a χ2 measure. This method yielded a χ2 

inima along the rotation axis of the counter-rotation of the cluster
nd hence appears not suited for locating the centre of ω Centauri. 

Finally, we used an approach based on kinemetry, where we
erformed a grid search using the centre as two variables. We
ivided the central 20 arcsec into a grid of 30 centres and performed
inemetry using each centre. Each centre was fixed in the code along
ith the PA and the flattening ( q ) of the ellipses. To obtain the initial
alues for PA and q , we first ran the kinemetry code with our initial
uess for the centre and averaged the PA and q of the ellipse at ∼3 and
5 arcsec. We used this value PA = 80 ◦ and q = 0.84 for fixing the

A and q of the ellipses. To a v oid the effects of the global rotation, we
imited the number of ellipses to 9. and then performed kinemetry on
he grid of centres. We estimated the χ2 for the last three ellipses by

inimizing the sum of the squares of their coefficients A1, A2, B2,
3, and B3 (Jedrzejewski 1987 ; Krajnovi ́c et al. 2006 ). We found

hat two local minima existed for the χ2 along the counter-rotating
xis that lies ∼1.5 and ∼7 arcsec from our initial guess. We used a
ean of both the centres to get an estimate for the final centre with
 final uncertainty estimate of ∼5 arcsec in the declination and ∼1.5
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rcsec in the right ascension. The uncertainty was estimated using 
he 1 σ map of the χ2 for a �χ2 = 2.3. Hereafter, we refer to this
entre as the kinematic centre. 

Based on this result and our earlier approaches to determining the 
entre, we found that the location of the centre is al w ays degenerate
long the rotation axis. The vdMA10 centre that lies along this
otation axis has the potential to be one of the possible centres
s it is the closest to our derived centre and is within the median
ncertainties of 5 arcsec. 
We also estimated a centre based on the LOESS dispersion maps 

rom Fig. 3 . For using kinemetry on the dispersion maps, the
rofile is assumed to be constant and the corresponding coefficients 
re minimized. In this case, the dispersion maps are assumed to 
e point symmetric (refer Krajnovi ́c et al. ( 2006 )), and since we
re not analysing the rotation, we used circles instead of ellipses
ith a PA of 0 ◦. We then minimized the sum of the square of

he coefficients A1, A2, B1, B2, A3 and B3 to obtain the χ2 .
ere, A 0 provides an estimate of the velocity dispersion, which is
2.6 ± 1.5 km s −1 . We similarly performed kinemetry as previously 
entioned and used the χ2 estimate to determine the centre. We 

stimated the centre to be RA = 13h 26m 46.86s and Decl = -
7 ◦ 28 ′ 42.46s with an uncertainty of 1.5 arcsec. Hereafter, we refer
o this centre as the dispersion centre. The uncertainty is estimated 
imilarly as determined previously using the χ2 map. This dispersion 
ap based centre is closest to the N10 centre and is ∼2.5 arcsec

way from it. Although, there is a significant offset ( ∼10 arcsec)
etween the counter-rotation centre and the dispersion centre, both 
he centres are closest to the vdMA10 and N10 centres, respectively. 
n the contrary, the offset in the NGB08 is the largest. All the

entres and corresponding central dispersion values are listed in 
able 2 . 

.2 Kinematic profiles for the various centres 

e choose our derived centre from the counter-rotation i.e. kinematic 
entre for the rest of the analysis. We do not use the centre from
ispersion in our analyses as it is close to the N10 centre and results in
imilar profiles. We used the kinematic centre to derive the rotational 
elocity profile, dispersion profile, and the PA of the rotation as
hown in Figs 5 and 7 . These profiles were derived using the method
escribed in Section 3.2 . The solid points in Fig. 5 are a result of
he discrete binning of the radial velocities whereas the curve is the
nalytical profile of the rotation (from equation 3 ). In the rotation
lot of the cluster, we see the signal for a counter-rotating core, where
he PA of the velocities close to the centre (within 20 arcsec) is in
he opposite direction to the global rotation of the cluster. The PA
or the inner 15 arcsec has a mean of 136 ◦ E of N with a scatter of
0 ◦ whereas the PA > 20 arcsec is ∼10 ◦. The maximum rotational
elocity of the inner 15 arcsec is 3–5 km s −1 whereas the outer
otational velocity peaks at ∼4.5 km s −1 . 

We also created radial profiles of the rotational velocity and 
elocity dispersions for the existing centres proposed in NGB08, 
dMA10, and N10 using the same method. They are shown in Figs 6
nd 7 . We observe that there is no significant counter-rotation around
he NGB08 centre. This is because the centre is ∼12 arcsec away from 

he other centres and further away from the counter-rotating core 
see Fig. 3 ). This is also visible in the PA plot where the innermost
ata points (within 10 arcsec) are scattered around in all directions, 
hereas the rest show a global rotation for the cluster ∼19 ◦ E of N.
he rotation curve around the vdMA10 centre again shows a scatter 
lose to the centre without an y distinctiv e peak but the PA plot shows
 clear counter-rotating signal, which is similar to what we find for
he kinematic centre. The velocities within 10 arcsec have a mean PA
f 208 ◦ ± 21 ◦ E of N except for the central data point and the rest of
he v elocities hav e a PA similar to the one from the previous centre
ith a mean of 10 ◦ ± 15 ◦. The velocities within 10 arcsec from the
10 centre are similar to those from the vdMA10 centre but the PAs

re scattered around in all directions, with some of the data points
n the opposite direction compared to the global rotation. They have
 mean of ∼200 ◦ but have a standard deviation of ∼60 ◦ which is
uch larger compared to the vdMA10 centre. The rotation profiles 

t larger radii ( > 20 arcsec) for all the centres behave similarly as
xpected in GCs (e.g. Fiestas, Spurzem & Kim 2006 ), including a
etailed study of ω Centauri in van de Ven et al. ( 2006 ). According
o equation ( 3 ), we expect a maximum at a few half-light radii and
hen a steady decrease for larger radii. This trend was observed for 25
Cs in Kamann et al. ( 2018 ), where detailed rotation and dispersion
rofiles were derived. We observe a similar trend, but in addition,
here’s also an increase in the rotational velocity close to the centre
n our estimates of ω Centauri due to the presence of counter-rotation
n Fig. 5 . 

Fig. 7 shows the comparison between the observed dispersion pro- 
les derived for different centres. First, we compared the dispersion 
rofiles from the previously published data in NGB08, vdMA10, and 
10 with the dispersion profiles derived using the MUSE data for

he same centres as used in those studies. The data from NGB08
onsisted of only two data points from their observations using the
MOS-IFU. The measurements in N10 were done using the ARGUS 

FU with FLAMES on VLT whereas the measurements for vdMA10 
ere taken from the HST proper motions that were estimated by
nderson & van der Marel ( 2010 ). We used a distance of 5.2 kpc

Harris 1996 ) for ω Centauri to scale the proper motions to the
OS velocity dispersions. We found surprisingly similar trends with 

espect to each study within the error bars. The N10 result has a rise
n the central velocity dispersion that we observe from our data too;
his fa v ours the presence of a ∼10 4 M � BH from the N10 analysis.
he dispersion profiles from NGB08 and vdMA10 show a ∼11 
nd ∼22 per cent drop for the centre-most data point, respectively,
ompared to the N10 observations, but follow a similar trend in both
rofiles. Other than the N10 profile, all profiles seem consistent with
 constant dispersion of ∼20 km s −1 in the central 10 arcsec, since
rom the velocity dispersion map, the centres are offset from the peak
nd lie close to the counter-rotation axis. The rightmost bottom panel
f Fig. 7 includes the dispersion profile using our kinematic centre
long with the other dispersion profiles based on the MUSE data
nly. Including the uncertainties in the other profiles, the velocity 
ispersion rises smoothly towards the centre up to a central velocity
ispersion of ∼20 km s −1 , which is similar to other studies. There is
o specific rise as observed in N10 though, which is mostly dependent
n the assumed centre. 
To quantify this rise in dispersion, we did a linear regression

n the data within 15 arcsec for the dispersion values using the
ode from Kelly ( 2007 ), which takes into account the measurement
rrors in the y -direction and estimates the scatter in the regression.
e found variable slopes for each centre with the highest slope of
3.9 ± 1.8 km s −1 arcsec for the N10 centre. The slope for the

dMA10 centre was found to be −3.2 ± 1.9 km s −1 arcsec. This is
lmost similar to the N10 centre because the majority of the points
ise but the central data point drops to 18 km s −1 . On the contrary,
e found a zero to positive slope for the NGB08 centre with a value
f −0.3 ± 3.1 km s −1 arcsec. The slope for our kinematic centre
as −0.3 ± 4.2 km s −1 arcsec. From our regression analysis, we
ave a significant scatter for the slopes for each centre especially
or the NGB08 centre and the kinematic centre. Although they all
MNRAS 528, 4941–4957 (2024) 
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M

Figure 7. Comparison of the velocity dispersion profiles. Open triangles in green, orange, and blue are observations from the NGB08, vdMA10, and N10. 
Other symbols in green, orange, and blue are the radially–binned velocities from this work for different centres. Note that our measurements match the o v erall 
dispersion profiles well from each study. The bottom right panel shows the velocity dispersion profile (brown solid circles) derived using the kinematic centre 
(centre from the counter-rotation) in this work. The other three profiles are the same as shown in the rest of the panels and are plotted for comparison with the 
kinematic centre’s profile. 
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ere found to lie within 1 σ significance of each other, there are
ifferences in the velocity dispersions within the central 5 arcsec
rom each centre. For the N10 centre and the vdMA10 centre, we
stimated the integrated central velocity dispersions ( < 5 arcsec),
hich were 20.6 ± 0.9 and 20.9 ± 0.7 km s −1 , respectiv ely. F or the
GB08 centre, it was 18.9 ± 1.0 km s −1 , whereas for the kinematic

entre, it was 19.6 ± 0.9 km s −1 . The highest difference was found
o be between the NGB08 centre and the vdMA10 and N10 centres.
he differences in these central velocity dispersions can indeed make
 difference in the detection of an IMBH from the previous studies.
 detailed dynamical modelling using the different centres and the
ispersion profiles is needed to quantify the presence/absence of an
MBH. 

Another aspect that can be observed from the comparison of
he dispersion profiles is that LOS velocity measurements from
ifferent types of observations such as integrated-light measurements
r resolved stellar velocities result in similar velocity dispersion
easurements. In the literature, such as L ̈utzgendorf et al. ( 2015 ),

ignificant changes between velocity dispersion measurements were
ound based on the type of observations. They compared the results
rom their previous work (L ̈utzgendorf et al. 2011 ), which was based
n seeing-limited integrated light kinematics, and the results from
anzoni et al. ( 2013 ) based on adaptive optics assisted resolved
tellar kinematics in NGC 6388. They found that the integrated-light
easurements can be biased towards higher velocities due to the
NRAS 528, 4941–4957 (2024) 
ontamination from bright stars close to the centre. On the other hand,
esolv ed v elocities can also be biased because the contamination
rom neighbouring stars can drive the individual star velocities to
he mean velocity. We note that the previous observations from
dMA10 were using the HST proper motion data, whereas the studies
rom NGB08 and N10 were using the integrated-light data from
MOS-IFU and VL T -FLAMES, respectively. From our analyses,

he velocity dispersions derived from discrete velocities are quite
imilar to the integrated-light measurements, and we do not find any
otable difference in the measurements from resolved kinematics
ersus the integrated-light measurements (done by other work). This
mplies that the contamination effects are small while extracting our
inematics. Although the dispersion measurements are similar using
ifferent techniques, we note that the core density of ω Centauri is
og ρc = 3.15 M � pc −3 whereas NGC 6388 has a log ρc = 5.37 M �
c −3 (Harris 1996 ), which is significantly denser. Due to this,
lthough the contamination of light from neighbouring stars is higher
or the integrated light measurements, the shot noise is much lower
or NGC 6388 and is not affected by that uncertainty. For the MUSE
ata, we cannot make a straightforward comparison between the two
lusters because of their different densities and different techniques
nvolved in the extraction. Only a detailed analysis focusing on the
ifferences between extraction techniques can help identify if there is
 significant difference in the measurements obtained for ω Centauri
nd NGC 6388. 
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Figure 8. Histogram of the LOS velocities of all the stars with an S/N > 8 
excluding the foreground stars. Note that we have a few high-velocity stars 
but they are ∼1 arcmin away from the centre and none of them are close to 
the centre (within 20 arcsec). 
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 H I G H - V E L O C I T Y  STARS  IN  ω C E N TAU R I  

 smoking gun for the presence of an IMBH would be the detection
f high-velocity stars close to the centre of ω Centauri using the
FM data. A discussion from Baumgardt et al. ( 2019 ) shows that

or ω Centauri to host a 4.75 × 10 4 M � BH, a tail of at least 20
igh–velocity stars > 62 km s −1 should exist within 20 arcsec of the
entre (see fig. 2 from Baumgardt et al. 2019 ). They ran a large
rid of N -Body simulations that had several parameters such as the
nitial density profile, half-mass radius, the initial mass function, the 
luster metallicity, and the mass fraction of an IMBH in the clusters.
n addition, they varied the retention fraction of the stellar-mass 
Hs. The best-fitting model to the observed data had a 75 per cent

etention fraction of stellar-mass BHs at the centre and no IMBH. 
To test this theory, we looked for evidence of any high-velocity 

tars from our entire sample of stellar LOS velocities. We use an
/N cut of 8 but we do not use a cluster membership cut, since

he membership estimation is also dependent on the LOS velocity 
f the stars. After the cut, we had 28 782 stars, out of which we
xcluded stars that were obvious non-members and foreground stars 
f MW with a mean velocity close to zero. For this, we removed
tars with absolute velocities < 75 km s −1 , which left us with a
ample of 28 719 stars including members and non-members. We 
sed our kinematic centre to estimate the distances for this analysis. 
e plot all these stars in Fig. 8 . This contains 50 stars that have

 velocity > 62 km s −1 , but none are significant outliers within 20
rcsec (velocity and distance limits obtained from Baumgardt et al. 
 2019 )). We define the significant outliers in the velocity higher than
2 km s −1 based on the uncertainty in the velocity of the star. A star
ould be a 1 σ outlier if its velocity is higher than 62 km s −1 including

ts uncertainty at the 1 σ level. From the histogram, we have 50 stars
hat have velocities > 62 km s −1 out of which 22 are 1 σ outliers,
welve are 2 σ outliers and nine are 3 σ outliers. We checked for the
robability of the stars being binaries from a parallel work (Wragg 
t al. in preparation) and found that three out of those nine stars are
ikely binaries. From the six non-binary stars, we found one star that
s at ∼20 arcsec with a velocity of 104 ± 1.5 km s −1 . We checked
or the properties of this star on the CMD and it was redder than the
ain-sequence of the cluster, hence it is most likely a non-member

f the cluster. This star also has a cluster membership probability of
.0004 from our cluster membership analysis. The remaining stars 
re further away from the cluster centre ( > 1 arcmin). Their LOS
elocities range from 92 to 128 km s −1 , and out of these, one star
as a cluster membership probability of 0.99 and the rest of them
re close to zero. A measure of the 3D velocities of these stars can
ndicate the nature of their high-velocities. 

The abo v e analysis from Baumgardt et al. ( 2019 ) was based on
 -body simulations that were matched to the observed sample from
ellini et al. ( 2017 ). The Bellini et al. ( 2017 ) sample contained

oughly 2900 stars within the central 20 arcsec. We have a similar
umber of stars ( ∼2500) compared to their sample within 20 arcsec,
ut note that they treat the two velocity components of the stars as
eparate measurements. Hence, the number of detected high-velocity 
tars in our sample should be halved ( ∼10). Although we do not
etect any significant number of high-velocity stars as predicted 
rom these simulations, there are still some possible implications to 
his: 1. There is no IMBH in ω Centauri. 2. The IMBH is smaller than

5 × 10 4 M �. 3. The existing simulations might not be fully scaled
o ω Centauri. From Baumgardt et al. ( 2019 ) simulations which were
or a BH of ∼4.7 × 10 4 M �, the number of high-velocity stars should
cale with the BH mass. Assuming that the stars within the sphere of
nfluence (SOI) are potentially high-velocity stars, the radius of the 
OI scales with the BH mass, and the volume scales with the cube of

he BH mass. Therefore, reducing the BH mass by 50 per cent results
n a decrease in the number of high-velocity stars by a factor of 8,
hich in our case would be 5 stars for a BH mass of 2.3 × 10 4 M �.
or a BH mass much lower than that, there might be no stars that we
ight be able to detect at all. This still does not completely rule out

he no-IMBH scenario, and additional investigation using dynamical 
odels is necessary. 

 SUMMARY  A N D  DI SCUSSI ON  

n this paper, we used the MUSE WFM and NFM spectroscopic data
o analyse the central kinematics of ω Centauri. The next paper in
he series will present dynamical models based on different centres 
o infer whether a central dark mass or IMBH is present. 

(i) We extracted the LOS velocities of 28 108 stars from both
FM and NFM data cubes. The data set is of the highest resolution

et obtained for the central 20 arcsec with a spatial resolution of
5 mas. We used the data to obtain the LOS velocity and velocity
ispersion maps using KNN analysis and the LOESS method and 
hen ran a kinemetry analysis on the maps. For the first time, our
ata set revealed that the central 20 arcsec of the cluster are counter-
otating with respect to the large-scale rotation that is on the scale of
00 arcsec, with a rotation speed of ∼3–4 km s −1 . 
(ii) We used several methods to determine a kinematic centre for 

he cluster based on the counter-rotation and the peak in the velocity
ispersion and finally used the kinemetry to constrain the centres 
sing both kinematic maps. Our centre based on the counter-rotation 
as closest ( ∼5 arcsec) to the vdMA10 whereas the centre based on

he dispersion peak was found to be near ( ∼2.5 arcsec) N10 centres.
oth centres are offset by ∼10 arcsec, which is ∼0.25 pc. 
(iii) We compared the proposed centres of ω Centauri from 

GB08, N10, vdMA10, and our kinematic centre, and used those 
entres to derive the radial profiles for rotations and dispersions. We
ound similar trends in the dispersion profiles for different centres 
hen compared to the previously observed data. 
MNRAS 528, 4941–4957 (2024) 
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(iv) While comparing the dispersion profiles we also found that
rrespective of whether the data was integrated-light kinematics or
iscrete velocities, the trends for the velocity dispersion profiles were
imilar. 

(v) To search for evidence of any potential IMBH, we searched
or high-velocity stars ( > 62 km s −1 ) close to the centre ( < 20 arcsec)
f the cluster but did not find any significant outliers. Ho we ver, this
oes not completely rule out the IMBH as a lower mass in IMBH
an result in non-detection of any high-velocity stars. 

Assuming that the centre of ω Centauri contains an IMBH with a
ass of 4.7 × 10 4 M �, the sphere of influence is 15 arcsec, which

s the region of the counter-rotation. An interesting possibility for
he counter-rotation is the existence of a potential binary IMBH at
he centre of the cluster. Simulations of 3-body encounters from

apelli et al. ( 2005 ) show that a fraction of stars (55-70 per cent)
end to align their angular momentum to the binary IMBH. These
imulations consist of 3-body encounters of two BHs (binary IMBH)
nd a cluster star of mass 0.5 M �, where the trajectories of stars were
bserved that were scattered by the binary IMBH. If the binary
Hs were massive enough and their orbits were wide enough and in
ddition, if their orbital angular momentum was higher than that of
he incoming star, the star could co-rotate with its angular momentum
ligned to the binary IMBH. In our case, if the binary IMBH orbital
otation is misaligned with the global rotation, there is a probability of
nding stars aligned with the binary IMBH rotation and thus counter-
otating. But, this case is unlikely to explain the offset between the
eak of the dispersion and the centre of the counter-rotation that we
nd. One scenario that can likely explain the offset in the counter-
otation and the dispersion peak is a wandering IMBH. de Vita,
renti & MacLeod ( 2018 ) estimated a scaling relation between the
luster parameters and the wandering radius for an IMBH using N -
ody models. In particular, they derived the displacements of IMBHs
n the clusters using a fixed ratio for cluster mass to IMBH mass
nd found that they deviated on average within 1 arcsec. But, they
lso found a few outliers, specifically for ω Centauri, which had
n average displacement of 2.5 arcsec. Note that their assumptions
elied on the extrapolations of BH mass scaling relationships, where
hey assumed a fixed mass ratio between M BH /M tot = 10 3 . The lower

ass end of the scaling relationships suffers from a significant scatter
nd thus the displacements can vary too. We used their equation (16)
or a BH mass of 4.7 × 10 4 M � to estimate a wandering radius r w ,
hich was ∼0.7 arcsec for a cluster core radius of 3.6 pc and mass
f 3.6 × 10 6 M � (Baumgardt & Hilker 2018 ). The offset in our
ispersion centre and the kinematic centre is ∼9 arcsec, and within
 σ this offset drops to ∼3 arcsec. A wandering IMBH explanation
s not highly unlikely although more detailed simulations tailored to
 Centauri would be needed to investigate this scenario. 
Several studies of early-type galaxies show a fraction of galaxies

ontaining kinematically decoupled cores (KDCs) (e.g. Krajnovi ́c
t al. 2011 ; Cappellari 2016 ). These are the cores of galaxies that
re not aligned to the global rotation of the galaxy, which is usually
 consequence of a previous merger (e.g. Kormendy et al. 1994 ;
offman et al. 2010 ). F or e xample, the NSC of NGC 404 counter-

otates with respect to the galaxy(Seth et al. 2010 ; Nguyen et al.
017 ), and this is believed to be due to a merger with a gas-rich
warf around 1 Gyr ago. This is also supported by the young stars
hat are found near the centre of this galaxy. Many galaxies are also
bserved to show this behaviour such as NGC 4150, NGC 3032, NGC
382, etc. (McDermid et al. 2006 ). Some GCs such as M15, which
s a core-collapsed cluster (Usher et al. 2021 ), and M53 (Boberg
t al. 2017 ) were also observed to have an inner rotation axis not
NRAS 528, 4941–4957 (2024) 
ligned with the outer rotation similar to ω Centauri. If ω Centauri
as formed through globular cluster mergers, there is a possibility

or this kind of varied kinematics towards the centre. The half-mass
elaxation time of ω Centauri is 9.6 Gyr (Harris 1996 ), so primordial
inematic features might still be observ able. Ho we ver, the relaxation
ime close to the centre will be much shorter, and thus an initial
entral counter-rotation should have been erased. Despite the general
xpectation that rotation is lost on relatively short time-scales, there
s considerable nuclear rotation seen in many GCs with even shorter
elaxation times than ω Centauri (e.g. Fabricius et al. 2014 ; Kamann
t al. 2018 ). Ho we ver, in a scenario with purely isotropic mergers of
Cs, the expectation would probably be like in the case of galaxy dry
ergers, a velocity field consistent with zero mean velocity and thus
ithout any surviving rotating substructures (e.g. Hernquist 1993 ;
ox et al. 2006 ). But, recently Tsatsi et al. ( 2017 ) found that even pure

sotropic GC mergers can result in a rotating NSC, but the mechanism
s not trivial. ω Centauri also contains a complex population of stars
nd a spread in metallicities and ages (e.g. Johnson & Pilachowski
010 ; Latour et al. 2021 ) that is suggestive of this scenario where
ifferent populations from multiple GCs might be surviving in the
resent-day cluster (e.g. Lee et al. 1999 ; Bedin et al. 2004 ). 
Recently, data from Gaia was used to trace the origin of ω Centauri,

here Majewski et al. ( 2012 ); Massari, Koppelman & Helmi ( 2019 );
orbes ( 2020 ); Pfeffer et al. ( 2021 ) suggested it to be the former
ore of the Gaia -Enceladus/Sausage galaxy and galaxies are likely
o contain central BHs. If there were strong tidal interactions in the
ast, then it is a possibility that the core along with its BH could
ave been offset from the global rotation. If the offset of the core is
n imprint of this tidal interaction, this tidal effect must have acted
long the north-south direction, e.g. when ω Centauri passed the
ilky Way disk since we observe the counter-rotation elongated in

hat direction. These kinematics are indicative of a complex system
ith probable interactions in the past. Ho we ver, recent studies by
iongco, Vesperini & Varri ( 2018 , 2022 ) used N -body simulations

o follow the evolution of rotating star clusters in the presence of an
xternal tidal field. They found that the dynamics within the cluster
re perturbed by the tidal field, mainly a tidal torque from the host
alaxy that affects the internal rotation of the cluster and introduces a
recession of the cluster’s rotation axis. Mostly, the inner regions are
ominated by the cluster’s natal rotation, which is dependent on the
nitial conditions, whereas precession is introduced in the outer parts
f the cluster. As the cluster evolves, a radial variation of the rotation
xis is observed, and depending on the initial intrinsic rotation, it
an lead to a counter-rotation in the cluster. When compared, the
recession would have to be observed in the outer parts of the cluster
hat are beyond the half-mass radius of the cluster (10.4 pc), whereas
e observe the counter-rotation within the central 20 arcsec (0.5 pc).

t is highly unlikely from these simulations that the counter-rotation
as caused by tidal effects. 
Our next step is to model the kinematics using Schwarzschild

ynamical models. This will allow us to constrain a possible IMBH
r dark remnant mass distribution in this cluster. It is challenging,
o we ver, to set up this model due to the counter-rotation, its offset
rom the dispersion peak, and o v erall, the outer kinematics may
ominate the rotation field. 
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Figure A1. Velocity dispersion maps of ω Centauri. The maps describe the velocity dispersion determined using the k -nearest neighbours method. From left to 
right: the k- value increases from 40 to 300 in the KNN analysis. A central peak is visible for the k- value of 300. This peak coincides with the centre from N10 
since their centre was derived based on the peak of the velocity dispersion. 
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