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Black holes have been found over awide range of masses, from stellar remnants with

masses of 5-150 solar masses (M,), to those found at the centres of galaxies with

M >10°M,. However, only a few debated candidate black holes exist between 150V,
and 10°M.. Determining the population of these intermediate-mass black holesis an
important step towards understanding supermassive black hole formationin the
early universe'?. Several studies have claimed the detection of a central black hole

in w Centauri, the most massive globular cluster of the Milky Way*. However, these
studies have been questioned because of the possible mass contribution of stellar
mass black holes, their sensitivity to the cluster centre and the lack of fast-moving
stars above the escape velocity®®. Here we report the observations of seven fast-
movingstarsinthe central 3 arcsec (0.08 pc) of w Centauri. The velocities of the fast-
moving stars are significantly higher than the expected central escape velocity of the
star cluster, so their presence can be explained only by being bound to a massive black
hole. From the velocities alone, we can infer a firm lower limit of the black hole mass
of about 8,200M,, making this agood case for an intermediate-mass black holein the

local universe.

w Centauri (w Cen) is a special case among the globular clusters of
the Milky Way. Owing to its high mass, complex stellar populations
and kinematics, w Cen is widely accepted as the stripped nucleus of
an accreted dwarf galaxy'®™. These factors combined with its prox-
imity (D =5.43 kiloparsec (kpc); ref. 12) have made it a prime target
for searching for an intermediate-mass black hole (IMBH). As part
of the oMEGACat project>™, we recently constructed an updated
proper-motion catalogue of theinner regions of w Cen, on the basis of
more than 500 Hubble Space Telescope (HST) archival images taken
over atime span of 20 years. The unprecedented depth and precision
of this catalogue have enabled us to discover a statistically significant
overdensity of fast-moving starsin the centre of the cluster (Fig.1and
Extended Data Fig. 1). In total, we find seven stars with a total proper
motion higher than 2.41 mas yr'within 3”of the centre determinedin
refs. 6,15 (hereafter AvdM10 centre). At a cluster distance of 5.43 kpc
(ref.12), this corresponds to projected two-dimensional (2D) veloci-
ties higher than the escape velocity of the cluster if no IMBH is present
(Ves. = 62 km s7%; ref. 16; Methods). Here we show that the presence of
these stars strongly indicates amassive black hole, similar to the S-stars
in the Galactic centre?. A list of the fast-moving stars is provided in
Extended Data Table 1, and we label the fast-moving stars with letters
fromAto G, sorted by their proximity to the AvdM10 centre. All these

stars lie along the cluster main sequence in the colour-magnitude dia-
gram (CMD) (Fig.2). The fastest and the centremost star (Fig. 1, star A)
has a 2D proper motion of 4.41+ 0.08 mas yr™ (113.0  1.1kms™). The
motion of this star was measured over 286 epochs and a full 20.6-year
time baseline (Fig. 3). We run extensive quality checks to ensure that the
astrometry of the discovered fast-moving starsis reliable. To ensure the
cleanest possible dataset, we limit our analysis to stars whose velocity
is at least 30 above the escape velocity. This leads to the exclusion of
stars Band G; however, this has negligible influence on the determined
IMBH constraints.

Four of the fast-moving stars, including the three fastest in the
sample, are found within the centremost arcsecond (1, gjectea < 0.03 pc
OF I'projected < 0.09 ly). These four innermost stars are all fainter than
Megoew > 22.7, which is unlikely (P=0.013) to be arandom occurrence
given the overall distribution of stellar magnitudes in the centre of
 Cen. Moreover, all of them lie towards the blue side of the main
sequence. Both these properties could have interesting physical impli-
cations onthe mechanisminvolved in capturing these stars or on their
tidal interactions with the IMBH.

We expect a certain number of Milky Way stars in our field of view,
and because they have a large proper motion with respect to w Cen,
they can mimic fast-moving cluster stars. On the basis of the number
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Fig.1|Location of fast-movingstars. a, Solid grey markers indicate all stars
with ahigh-quality (HQ) proper motion measurementin our new catalogue
withina40”x 40”region centred on the AvdM10 centre®. Well-measured stars
with velocities higher than the cluster escape velocity (62 km s™) and lying on
the cluster mainsequencein the colour-magnitude diagram (Fig. 2) are marked
in pink. We use filled markers for stars that are at least 30 above the escape
velocity, and open markers for all other stars above the escape velocity.

b, Stacked image of theinnermost region of w Cen using all observations in

the WFC3/UVIS F606W filter. The fast-moving stars and their proper-motion

density of fast-moving stars at larger radii (Extended Data Fig. 1), we
estimate the rate of contaminants to be 0.0026 arcsec 2, which is con-
sistent with the expectations from the Besancon Milky Way model®®.
This number density gives an expected average value of only 0.074
foreground stars in the inner 3-arcsec radius. A detection of five such
stars by a pure coincidence can, therefore, strongly be ruled out by
simple Poisson statistics (P=1.7 x 1075) (ref. 19). Having two or more
random contaminants within our five-star sample can also be ruled
outatthe3olevel (P=0.0026). We also showinthe Methods that these
stars cannot be explained by objects bound to stellar mass (<100M,)
black holes and that ejections from three-body interactions oranIMBH
arenot plausible.

Therefore, the presence of the seven central stars moving faster
than the escape velocity of the cluster can be explained only if they
are bound to a compact massive object near the centre, raising the
local escape velocity. If no massive object was present, their velocities
would cause them to leave the central region in less than 1,000 years,
and then eventually escape the cluster. These fast-moving stars are a
predicted consequence of an IMBH, but these stars are not expected
from mass-segregated stellar-mass black holes’.

We do not know several parameters of the system, including the
mass and exactlocation of this massive object, the relative line-of-sight
(LOS) distance between the object and the stars, and the LOS velocity
of the stars. Despite this, we can calculate a lower limit on the mass of
the dark object using the 2D velocities of the fast-moving stars, assum-
ing only that they are bound to it. The combined constraint from the
velocities of the five robustly measured fast-moving stars is about
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vectorsare shownin pink. The arrows indicate the stellar motion over 100 years.
Wealso list the measured individual velocities. The cyan cross indicates

the photometric centre of w Cen measured by ref. 6, with the dashed circle
indicating the 1”error reported for this centre; the orange cross marks the
centre, allowing for the lowest IMBH mass; and the blue cross marks the most
likely position of an IMBH given the Markov chain Monte Carlo (MCMC) analysis
oftheacceleration limits of the fast-moving stars. Dec, declination; RA, right
ascension, min., minimum.
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Fig.2|HST-based colour-magnitude diagram (CMD) of w Cen. The CMD
locations of all fast-moving stars are marked with pink symbols, with their
photometricloerrors marked with error bars. All of them lie on the main
sequence, showing that they are probably members of w Cen. The stars are
labelled from A to G, sorted by their distance from the AvdM10 centre.
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Fig.3|Motion of the fastest star. a, Individual measured positions with
loerrorbars. b, Multi-epoch HST imaging for star A, the fastest (V,,gjected =
113.0 +1.1kms™) and centremost of the seven fast-moving stars discovered in
the centre of w Cen. Thestarisindicated witha pink marker on theimages and

8,200M,, thus making an IMBH the only plausible solution. The posi-
tion of the IMBH requiring the lowest mass is only 0.3 arcsec away
fromthe AvdM10 (ref. 6) centre, inagreement withthe +1”error onthe
AvdM10 centre. Further details of this calculation can be found in the
Methods.

Although the linear motion and the velocity of the stars can be meas-
ured with great precision, the expected acceleration signal from an
IMBH is considerably weaker and harder to detect. However, even a
non-detection of acceleration could provide useful constraints on
the mass and location of the IMBH. The accelerations of all stars are
consistent with zero within 30, but two stars have more than 2o accelera-
tion measurements. We model both the velocity and the acceleration
measurements to further constrain the IMBH properties (Methods);
this calculation increases the lower limit on the black hole mass to
21,100 M, (99% confidence) and gives a preferred position for the IMBH
0.77” northeast of the AvdM10 centre.

Apart from these constraints that are purely based on the assumed
escape velocity and our astrometric data of the five robustly meas-
ured fast-moving stars, we also compared the full velocity distribution
observedintheinner10” of w Cen to already existing state-of-the-art
N-body models® with various IMBH masses. Models with no IMBH,
astellar mass black hole cluster or an IMBH with a mass greater than
50,000M, are all strongly ruled out, whereas models with an IMBH
mass of 39,000M, and 47,000M, are most consistent with the fraction
of fast-moving stars and the observed velocity distribution. However,
we caution that our comparisons show that low number statistics
limit these comparisons, and mismatches with the overall velocity
distribution suggest a need for improved modelling (see Methods
for more details).

The detection of fast-moving stars in the centre of ® Cen strength-
ens the evidence for an IMBH in this cluster. Owing to the probable
origin of w Cen as the nucleus of the Gaia-Enceladus-Sausage dwarf
galaxy?®?, this black hole provides an important data point in the
study of black hole demographics in low-mass galaxies, along with
other black holes that have been detected in more massive globular
clusters and stripped nuclei around M31 such as G1 (M = 20,000M.)
(refs.22,23) or B023-GO78 (M =100,000M,) (ref. 24). Moreover, this
black hole provides the closest massive black hole and only the sec-
ond after Sgr A* for which we can study the motion of multiple indi-
vidual bound stellar companions. A comparison with the motion of
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its motion over 21years with aline. This plot shows the notable astrometric
quality and the long temporal baseline we have in our unique dataset. Similar
plots forall other starsare shownin Extended DataFig. 2. Dec, declination;
RA, rightascension; FOV, field of view.

the starsin the Galactic centre is shown in the Methods and Extended
DataFig. 8.

A more precise estimate of the black hole mass requires dynami-
cal modelling of all newly available kinematic data using models that
include the impact of both an IMBH and mass-segregated dark rem-
nants. The exact properties of the orbits of the fast-moving stars have
tobe determined by deep, pin-pointed follow-up observational studies.
Spectroscopic observations with integral-field-unit instruments such
as VLT MUSE® orJWST NIRSpec IFU* could yield LOS velocities for the
fast-movingstars. Even more precise and deeper astrometric measure-
ments with existing (VLTI GRAVITY+¥, JWST NIRCam®) or future (ELT
MICADO?, VLT MAVIS*®) instruments could enable the detection of
additional tightly bound stars, and the measurements of accelerations,
key for obtaining direct measurements of the black hole mass. Our
results also motivate revisiting the other likely accreted nuclear star
clusters of the Milky Way?, with M54 being the clearest case. For the
search for IMBHs in other globular clusters, our results indicate that
it may be necessary to extend kinematic studies to the faintest stars,
which is observationally challenging for clusters at larger distances
and with high central densities.

Online content

Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
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Methods

Discussion of previous IMBH detections in w Centauri

The debate about an IMBH in w Cen dates back almost two decades
but has remained controversial. Early dynamical modelling based
onLOSintegrated-light velocity dispersion measurements suggested
an IMBH mass of Myygy = (4.0797°%) x10*M, (ref. 3). These results were
challenged with a precise redetermination of the centre of the
cluster®and dynamical modelling of proper motions’ measured from
multi-epoch HST imaging observations that placed an upper limit of
1.2 x10*M, on the IMBH. Using additional integrated light observa-
tions and a centre based on the maximum LOS velocity dispersion,
a best-fit IMBH mass of Mgy = (4.7£1.0) x10*M, was obtained in
ref. 4. When assuming the AvdM10 centre, the IMBH mass was slightly
lower, Mgy = (3.0£0.4) x 10*M,.

Subsequent comparisons of both proper motions and LOS velocities
to N-body simulations continued to show evidence for an approxi-
mately 4.0 x 10*M, IMBH**, However, these observations were also
shown to be fully consistent with a dark cluster of stellar mass black
holes in the central region of w Cen®. The lack of fast-moving stars in
previous proper-motion catalogues supported this scenario over an
IMBH?®. Other works noted the influence of radial velocity anisotropy
on dynamical mass estimates>>*,

Most recently, the discovery of a counter-rotating core using VLT
MUSE LOS velocity measurements of individual stars® highlighted
once again the kinematic complexity of the centremost region of w Cen.
The centre of this counter-rotation coincides with the AvdM10 centre
within about 5”but isincompatible with the centres used in refs. 3,4.

Previous accretion constraints in context

With the detection of a10*M,IMBH, the upper limits on any accretion
signal at X-ray*® and radio® wavelengths make this the most weakly
accretingblack hole known. Deep, 291 ksec Chandra observations place
an upper limit of the 0.5-7 keV luminosity of around 10*° ergs s™*
(ref.36), roughly 12 orders of magnitude below the Eddington limit.
The radio upper limit implies an even fainter source, with the 5 GHz
upper limit of 1.3 x 107 ergs s* (ref. 37) corresponding to an implied
X-ray luminosity using the fundamental plane of about 10% ergs s
(ref. 38). Assuming standard bolometric corrections of about 10
(ref.39), this X-ray luminosity upper limit suggests an Eddington ratio
of log(Lyo)/Legq) < — 12, far fainter than that for Sgr A**° or any other
knownblack hole. This faint signal could be because of acombination
oflow surrounding gas density, alow accretion rate of that gas and/or
alowradiative efficiency®. Low-luminosity active galactic nucleiinclud-
ing Sgr A* are brightest at infra-red and sub-millimetre wavelengths
most likely because of synchrotron emission from compact jets*"*2,
Therefore, future observations with the James Webb Space Telescope
or the Atacama Large Millimeter array would provide the highest sen-
sitivity to any emission from the IMBH of w Cen. Any detection would
reveal thelocation of the IMBH as well as provide valuable constraints
ontheblack hole accretion in this extremely faint source.

Proper-motion measurements and sample selection

Our proper-motion measurements are based on the reduction of archi-
val HST data of the central region of w Cen, taken over a time span of
morethan 20 years. We used the state-of-the-art photometry tool KS2
(ref.32) for the source detection and the astro-photometric measure-
ments, and the established procedure described in refs. 43-46 to meas-
ure proper motions relative to the bulk motion of the cluster. The result
of this extensive study is a proper-motion catalogue with high-precision
measurements for 1.4 million stars out to the half-light radius of w Cen
with a typical temporal baseline of more than 20 years. Owing to the
large number of observations (in total we reduced over 500 images
and some stars in the central region have up to 467 individual astro-
metric measurements) the catalogue reaches unprecedented depth

and precision. The highest precision is achieved in the well-covered
centre of the cluster, in which our proper motions have amedian error
of only about 6.6 pas yr™(0.17 kms™) per component for bright stars.

The catalogue is larger than any other kinematic catalogue pub-
lished for aglobular cluster and significantly extends previous proper-
motion catalogues for w Cen®****, A detailed comparison with other
proper-motion datasets is published along with the catalogue™.Ina
following section and in Extended Data Fig. 3, we compare the com-
pleteness of the different catalogues to show that it is plausible that
the fast-moving stars have been missed in previous searches.

We use a high-quality subset of the proper-motion catalogue to
searchfor real fast-moving stars and limit spurious astrometric meas-
urements (for example, two sources that are falsely identified as one)
that can have apparent high proper-motion measurements. Our criteria
for this subset are based on the amount of available data for the meas-
urements. Specifically, we used only sources that had at least 20 astro-
metric measurements covering atemporal baseline of at least 20 years
and afraction of rejected measurements (based on sigma clipping) of
less than 15%. We also made cuts on the quality of the proper-motion fit
requiring both a proper-motionerror lessthan0.194 mas yr'=5kms™
andareduced y? <10 for the linear proper-motion fit for both the right
ascension (RA) and declination (Dec) measurements. Apart fromthese
quality selections, we alsorequired the star to lie on the CMD sequence
inan HST-based CMD (Fig. 2). These cuts help to drastically reduce the
number of contaminants. These criteria are met uniformly outtoa
radius of about 90 arcsec; at larger radii they lead to selection effects
duetoreduced observational coverage. Atotal 0f157,320 out of 241,133
(65.2%) entries of the proper-motion catalogue within r <90” match
the combined criteria. Extended Data Table 1b shows the individual
measured proper-motion components for the seven fast-moving stars.
We note that for this analysis we have not applied thelocal a posteriori
proper-motion corrections provided with the catalogue, as we are
studying the central region thatis well dithered and observed with vari-
ousrotation angles. We verified that applying these corrections would
neither change our fast-moving star sample nor alter our conclusions.

Details on verification for fast-moving stars

The criteria detailed above should lead to a clean dataset with very
few spurious proper-motion measurements. To ensure that the meas-
urements for the fast-moving stars are reliable, we inspected each of
them carefully.

Asafirst step, wetested the quality of the raw astrometric measure-
ments by studying several goodness-of-fit parameters and photometric
quality indicators for the point-spread-function fits used to measure
stellar positions (Extended Data Fig. 3). We performed this analysis for
the WFC3/UVISF606W filter asit is the most used filter in the centre of
o Cen, and each star has at least 195 measurements in this filter. To
verify the goodness of fit, we used the mean of the so-called quality-of-
fit (QFIT) flag and the radial excess value, both of which take into
account the residuals of the point-spread-function fit. Furthermore,
we looked at the mean of the ratio of source flux with respect to the flux
of neighbouring sources withinits fit aperture. All five stars used for our
analysis behave typically for well-measured stars of their magnitude and
none of them show extreme values that would indicate problems with
the photometry. Itis noteworthy that the two stars excluded from our
analysis based on their velocities being less than 3o above the escape
velocity show some deviations. Star B has a relatively low mean QFIT
value and high radial excess. Star G is the only one in the sample for
which the neighbour flux to star flux ratio is larger than 1.

Asasecond step, welooked at the starsin several stacked HST images
taken at various epochs ranging from 2002 to 2023. The extensive
multi-epoch imaging is demonstrated in Extended Data Fig. 2. The
proper motion of astar at the escape velocity (62 kms™) is2.41 mas yr™.
Therefore, we expect to see a displacement of at least 50 mas over
21years, which corresponds to1.25 WFC3/UVIS pixels. This motion can
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be seen by eye for all seven stars in the multi-epoch images. Again the
excluded stars Band G stick out, thatis, that they are partially blended
with the neighbouring stars, thus explaining their larger astrometric
errors.

Finally, we tested the reliability of our proper-motion measurements
by limiting the raw position measurements to different subsets and
redoing both the linear and quadratic fits to the motion of the stars.
Thefirsttestrunincluded only high signal-to-noise measurements. The
secondtestrunincluded only measurements taken with the WFC3/UVIS
F606W filter. By using only one filter, we areimmune to colour-induced
effects such as a partially resolved blend between two differently col-
oured stars. The proper motions of all fast-moving stars are consistent
within the measurement uncertainties using both methods.

Comparison with other proper-motion datasets

Before our analysis, two other high-precision proper-motion cata-
logues based on HST data have been published®* covering the centre
of w Cen. Both datasets were searched for central high proper-motion
stars, but none of the starsin our sample have been reported before. To
understand why this is the case, we compare the completeness of the
different catalogues. Extended Data Fig. 3a shows histograms of the
magnitudes of stars with measured proper motions. Intheinner20”, our
new catalogue contains more than three times the number of stars of the
literature catalogues and extends to significantly fainter magnitudes.
The newly detected fast-moving stars all lie at faint magnitudes, in which
the completeness of the older catalogues is significantly lower thanin
the new proper-motion catalogue. Thisis because of the larger amount
of dataand the updated source-finding algorithmsin the new catalogue,
which explains the previous non-detection of the fast-moving stars.

Discussion of photometric errors

Apart from the astrometric reliability, we also studied the quality of
the photometric measurements used to locate the stars in the CMD.
Although the innermost stars are faint, their statistical photometric
errorsare smallbecause of the large number of individual photometric
measurements combined to a weighted mean value. The statistical
errors range from 0.004 mag to 0.037 mag and are given in Extended
Data Table 1c. However, especially for faint stars, this statistical error
is not able to capture systematic issues caused, for example, by the
influence of brighter neighbouring stars. These issues can be identi-
fied only by verifying the quality of the point-spread-function fitused
to determine the individual photometric measurements. We report
the mean quality of fit, radial excess and neighbour flux to source flux
ratio flags for both filtersin Extended Data Table 1c and compare them
with those of stars at similar (Am < 0.5) magnitudes in Extended Data
Fig. 3. All stars in the robustly measured sample show typical quality
of fit for their respective magnitude. We note that stars Band G (which
were excluded from the analysis) show comparatively poor QFIT. Stars
Eand G showapossible flux contribution from aneighbouring source
(indicated by a high radial excess value and a high neighbour flux to
source flux ratio). This can be confirmed by the stacked images shown
in Extended Data Fig. 2, in which these stars show a close neighbour.
Owing to the relatively bright magnitude of star E and the low astro-
metric scatter, we still consider its measurement valid.

Density of Milky Way contaminants versus fast-star background
To quantify our expected level of contamination from Milky Way fore-
ground and background stars, we compared our results with those of
aBesancon model®®. Using the m1612 model, we simulate a1 square
degree patch centred on w Cen retrieving Johnson colours and kin-
ematics. We then transform the model Johnson Vand / magnitudes
into F606W and F814W magnitudes using linear relations fitted to
Padova models*® between V-/of 0 and 2. We use the same colour cuts
and consider stars between F606W of 16-24. We then count the number
of stars with a total proper motion above 2.41 mas yr™ (equivalent to

our velocity cutoffat the escape velocity v, = 62 km s™). These would
appear as contaminants in our fast-moving star sample. We find a
density of 0.0039 stars per arcsec’. This is somewhat higher than the
0.0026 + 0.0003 stars per arcsec’found as the background levelin our
observations. This discrepancyis alleviated by considering only 65.2%
ofallstars within our catalogue meet the high-quality criteria used for
our fast-moving star selection (see above). Correcting for this factor,
we get an expected background of 0.0025 stars per arcsec?, perfectly
matching the observed background density (Extended Data Fig.1). This
suggests that our background level is consistent with being predomi-
nantly Milky Way contaminants. Relaxing our requirement that stars
be morethan 3o above the escape velocity resultsin ahigher observed
background level of 0.0042stars per arcsec?, no longer consistent with
the Milky Way background. This suggests that our stricter definition
of a fast-moving star reduces contamination from poorly measured
starsin w Cen to a negligible level.

Other scenarios that could explain the fast-moving stars

A complete contamination of our sample by Milky Way foreground
andbackground stars that are non-members of w Cen can be ruled out
statistically. We now explore and rule out alternative scenarios to the
fast-movingstarsbeing bound to anIMBH. One alternative explanation
for stars witha high velocity isto have themboundin a close orbit with
a stellar-mass black hole. This scenario can be ruled out for BHs less
than 100M.,, as the periods required to reach the observed velocities
arelessthan 10 years, which is well within the 20-year span over which
we have observed linear motions.

Another scenario could be that the starsare actually unbound from
the cluster and have recently been accelerated by three-body interac-
tions, either with stellar-mass black hole binaries or with an IMBH.
Ejection by anIMBH inthe centre of the cluster canbe ruled out by the
very high rate of ejections necessary to sustain the observed number
of fast-moving stars within the centre and the absence of observed
fast-moving stars at larger radii. To sustainadensity of 0.18 fast-moving
stars per arcsec?in the inner 3 arcsec (equivalent to our conservative
sample of five stars) moving with at least 2.4 mas yr™ would require
ejections with arate of 0.004 stars per year. This would lead to about
117 additional fast-moving stars at larger radii (20” <r<90”), apart
from around 60 foreground stars expected from the (completeness
corrected) Besangon Milky Way model. In our dataset, we find 61
fast-moving starsbetween 20” < r <90”, consistent with the expected
Milky Way background but not consistent with a substantial number
ofadditional ejected stars. Moreover, a high hypothetical ejection rate
of 0.004 stars per year would deplete all of the about 10 million stars of
wCeninjust2.5Gyr.IfnoIMBHis present, accelerations of stars above
the escape velocity are still possible by three- or four-body interac-
tions between stellar or compact object binaries*. However, these
interactions would not be limited to the innermost few arcseconds of
the cluster because of the slowly varying stellar density in the core of
w Cen. Furthermore, the expected rate of these ejection eventsis of the
order of less than one ejection per 1 million years, around 1,000 times
lower than needed to explain the observed number of fast-moving
starsin the centre of w Cen***°.

Search for the fast-moving stars in recent LOS velocity data

Line-of-sight (LOS) velocities of the fast-moving stars could help to
exclude contaminants and provide further constraints on the orbits
of the stars and the mass and position of the IMBH. The deepest and
most extensive spectroscopic catalogue of stars in w Cen is part | of
our recently published oMEGACat®. This catalogue was created using
alarge mosaic of observations with the VLT MUSE integral field spec-
trograph and contains both LOS velocity measurements and metal-
licities for more than 300,000 stars within the half-light radius of
 Cen. Although we could successfully cross-match five of the seven
fast-movingstars, their signal-to-noise ratiois typically too low (about 2)



for reliable velocity measurements, in particular for the four fastest,
innermost stars.

We could, however, obtain an LOS velocity value for star E (v,os =
261.7 +2.7kms™) andstar F (v,os = 232.5 +4.0 km s™). These velocities
arevery close to the systemic LOS velocity of w Cen (232.99 + 0.06 km s ;
ref. 13), confirming their membership in the cluster, as the Milky Way
foregroundis centred at v, o5 = O with adispersion of 70 km s (ref.18).
However, as the relative LOS velocity with respect to the cluster is low
and we have only those two velocities for these outer stars, the LOS
velocities donot add stronger constraints on the IMBH. For this reason,
we did notinclude them in the rest of our analysis.

Testing the robustness of the assumed escape velocity

Varying the parameters of the N-body models. Because we use
the escape velocity of w Cen (assuming no IMBH is present) as the
threshold for determining whether a star is considered fast or not, it
isimportant to verify the robustness of the escape velocity value. We
adopt an escape velocity v, = 62 km s (ref. 16); we have verified this
value based onfitting similar N-body models to several state-of-the-art
datasets, including MUSE LOS velocity dispersion measurements®
and HST proper-motion-based dispersion measurements®? for the
central kinematics and Gaia DR3°> measurements at larger radii using
an assumed distance of 5.43 kpc. We varied both the assumed initial
stellar mass function (using either the canonical Kroupa IMF** or the
bottom-light IMF derived in ref. 55) and the black hole retention frac-
tion (assuming values of 10%, 30%, 50% or 100%). Despite changes to
the central mass-to-light (M/L) ratio between the models, the central
escape velocity changes only minimally, with a range of values from
61.1kms™to 64.8 km s™. Adopting any of these values leaves our sample
of seven central stars above the escape velocity unchanged.

An independent test using surface-brightness profiles. As a sec-
ond test, independent of the N-body models, we calculated an escape
velocity profile based on a surface brightness profile using various
surface brightness profiles and dynamical models from the literature.
We started by parameterizing the surface brightness profile using
multi-Gaussian expansion (MGE)*® models. We then converted the
surface brightness to amass density using several mass-to-light ratios
and distances used in the literature. From the mass density, we can
derive the gravitational potential (@(r)). The escape velocity profile
isthen given by

Uesc (1) = Jz(@(rtidalr 0)-@(r,0))

with the tidal radius ry, = 48.6" = 74.6 pc from refs. 57,58.

These tests showed that the central escape velocity does not depend
strongly on the stellar mass distribution in the centremost region,
instead it is dominated by the global M/L ratio and the assumed dis-
tance. The early dynamical models in the IMBH debate assumed both
adistance of 4.8 kpc (ref. 59) and an M/L of 2.6 (vdMA10; ref. 7) or 2.7
(NOS; refs. 3,4). With these values our tests give a central escape veloc-
ity of 55.4 km s™ (vdMA10) and 56.9 km s™ (NOS). If we would also use
the 4.8 kpc distance to scale the proper motions, this gives a cutoff of
2.43 mas yr' (vdMA10) and 2.48 mas yr' (NO8), close to the adopted
cutoff at 2.41 mas yr™ and not changing the sample of the seven
fast-moving stars detected. Owing to the parallax measurements of
the Gaiasatellite and updated kinematic distance measurements, the
distance to w Cen was robustly redetermined and larger values have
been found (5.24 + 0.11 kpc; ref. 60; 5.43 + 0.05; ref. 12). A dynamical
model using the same surface brightness profile as ref. 3 but a larger
distance of 5147323 kpc was presented in ref. 8; this study found an
ML of 2.55!333. Using these values, the central escape velocity derived
fromthe surface brightness profileis 61.1 km s (equivalent to a proper
motion of2.51 mas yr™); again not changing our fast-moving stars sam-
ple.Finally, varying the distance of any model by 0.2 kpc while holding

the M/L constantresultsinvariationinthe escape velocity of the order
of £3 km s’ These results show that our fast-moving star limit
(ves. = 62 km s at adistance of 5.43 kpc) is consistent with the escape
velocity values directly derived from surface-brightness profiles and
several dynamically estimated M/L values. To visualize the escape veloc-
ity, we calculated the escape velocity using the surface-brightness
profileinref.3,an M/L of 2.4, and a distance of 5.43 kpc as found from
the N-body models with acluster of stellar mass black holes. The result-
ing profile is shown in Extended Data Fig. 5f. The predicted escape
velocity is flat out to approximately 50”7, aproperty shared by all of the
calculated escape velocity profiles. This makes the detection of the
fast-moving stars only in the central few arcseconds more compelling.

An empirical confirmation of the central escape velocity. We make
onefinal, and relatively model-independent, empirical confirmation of
the central escape velocity based on the distribution of 2D velocitiesin
theinnermostregion of w Cen (Extended DataFig.4). As we have seen
in the analysis above, the escape velocity varies only slightly within
the inner about 50” of the core of w Cen. Furthermore, the velocity
dispersion profile is relatively flat in the innermost 10”, with a value
of about 20 km s™ (refs. 6,35,52). Therefore, we would expect rather
similar distributions of stellar velocities in both the centre (0” <r<3”)
and an outer ring at (3” <r<10”). Although we observe a clear excess
of fast-moving stars in the inner 3 arcsec, there is a sharp cutoff very
close to the adopted escape velocity in the (3” < r <10”) bin. Although
thereis atotal of 2,090 stars, there is only one star with a velocity sig-
nificantly faster than the escape velocity (instead of 17 stars expected
from a 2D Maxwell-Boltzmann distribution with o,, = 20 km s™). This
suggests that the stars with these velocities have escaped the central
region. This outer fast-moving star has a2D velocity of 75.8 km s and
isat aradius of r=9.5”. From the density of Milky Way contaminants
with apparent velocities above the escape velocity, we would expect
about 0.7 foreground stars in the (3” < r<10”) region; therefore, this
fast-moving star is consistent with being a Milky Way foreground star.

The escape velocity provides aminimum black hole mass
The escape velocity for anisolated black hole is given by

2GMy,
Uesc,BH: \ ? .

In w Cen, we have to take into account the potential of the globular
cluster as well. If we assume this to be constant over the very small
region in which we found the fast-moving stars (an assumption that
agrees with the published surface brightness profiles, see Extended
DataFig. 6f), we obtain

_ [2 2
Uesc, total = vesc,BH+Uesc.cIuster

Ifastar at the distance of r;p with a velocity vs, is bound to the black

hole, we can calculate the following lower limit on the black hole mass:

2 2 2 2
Uspf: @)%
MBH > /[ 3263[)] - Ugsc,cluster 2 \/( ZZGZDJ - Ugsc,cluster

Alower limit can also be calculated if the LOS velocity and distance
are not known, as v > v,p and r;p > r,p. As we do not know the exact
2D position of the black hole relative to the fast-moving stars, we cal-
culated this lower limit for all stars and agrid of assumed 2D locations
around the AvdM10 centre®. Each individual star alone would allow for
avery low mass, as the location of the black hole could coincide with
the star (Extended Data Fig. 5a-d). However, combining these limits
for all stars gives a higher minimum black hole mass (Extended Data
Fig.5e).If we assume that all five robustly detected stars are bound to
theblack hole, the lower limitis about 8,200M, and the minimum mass
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locationis only 0.3” away from the AvdM10 (ref. 6) centre at the location
RA =201.6967370° and Dec = -47.4795066°. If we assume that the two
most constraining stars are just random foreground contaminants,
whichisruled outatthe3olevel (P=0.0026), this limit drops toabout
4,100M.,, still well within the IMBH range.

Acceleration measurements

The astrometric analysis in the catalogue™ considered only linear
motions of the stars. If there is a massive black hole present near the
centre, we might also be able to measure accelerated motion of the
closest stars, allowing for a direct mass measurement of the black hole.
With an IMBH mass of 40,000M, and at a radius of 0.026 pc (1” on the
sky), theacceleration of astar would be 0.25 km s yr™ (or 0.01 mas yr™>).
Thisisat thelimit of the precision of our current dataset. Witha 20-year
baseline, we expect only a deviation of 0.05 pixel from alinear motion.
For bright stars, the astrometric uncertainty canbe as low as 0.01 pixel;
however, for the faint fast-moving stars we have detected, the errors
are significantly larger.

To constrain these possible accelerations, we repeated the fit of the
motion of each star enabling the addition of a quadratic component.
Theresults for thisfitare shownin Extended Data Table 1. The accelera-
tions of the stars are consistent with zero within 3¢, but two stars have
morethan2oacceleration measurements. The errors onour accelera-
tion measurements lie between 0.004 mas yr?and 0.03 mas yr2and
are, therefore, of a magnitude similar to the expected acceleration
signal. The strongest acceleration is shown by star B, which has been
excluded fromthe robust subset of fast-moving stars because its proper
motionis not 3cabove the escape velocity. Owing to the proximity of a
bright neighbour star, we do not deem this acceleration measurement
tobereliable.

Asthe LOS distances to the fast-moving stars are unknown, it is not
possible to place direct constraints on the IMBH mass using the upper
limits on accelerations. If no acceleration is detected, as is the case
for the centremost star A, this could mean that either the black hole
is not very massive or the LOS distance of star A to the black hole is
large. Combining the measurements for the ensemble of fast-moving
stars and making some assumptions on their spatial distribution still
enables us to use the acceleration limits to place further constraints
on the black hole mass and its location. This is described in the next
section.

Markov chain Monte Carlo fitting of the acceleration data
Assuming the fast-moving stars are bound to the IMBH, we can model
the stars asbeing on Keplerian orbits around the IMBH. We used Bayes-
iananalysis to sample the posterior distribution for the unknown mass
and position of the black hole. In this analysis, there were eight free
parameters: black hole mass; its on-sky x- and y-positions; and five
LOS distances between the black hole and each fast-moving star. This
analysis makes use of the available astrometric observations but stops
short of modellingindividual stellar orbits that would introduce more
free parameters.

We use alikelihood function with these eight free parameters and
givethelikelihood based on the observed on-sky x-and y-acceleration,
proper motionand position of the five robustly measured fast-moving
stars. For each star, we calculated a first likelihood term based on the
modelled acceleration a,,,4..q USing a Gaussian distribution with mean
Qopserved aANd width equal to the acceleration uncertainty. The second
term in the likelihood accounts for the escape velocity constraints
and is kept constant if the observed 2D velocity of the star is below
the modelled escape velocity. For stars with 2D velocities above the
modelled escape velocity, the likelihood is a Gaussian distribution
with mean v, — Ueq. o and width equal to the uncertainty in observed
proper motion.

We make these assumptions about the model: (1) The black hole mass
is between 1M, and 100,000M.,, because a black hole mass beyond

this upper limitis ruled out by our N-body models. (2) The black hole
is located within the distribution of the fast-moving stars. We use a
Gaussian prior in the black hole x- and y-positions with a mean equal
to the mean position of the fast-moving stars and width equal to their
one-dimensional positional standard deviation, o, = 0.0221 pc; we
also use a cutoffat +0.16 pc. (3) The stellar positions are isotropically
distributed around the black hole. We model the LOS positions of the
starsrelative to the black hole using a Gaussian distribution with mean
0 and width o,,.

The posterior was sampled using a Markov chain Monte Carlo
(MCMC) ensemble sampler implemented using the package emcee®
using recommended burn-in and autocorrelation corrections. We show
the posterior distribution for the black hole mass in Extended Data
Fig. 6a. The 99% confidence lower limit (21,100M.) is significantly
higher than that derived from escape velocity constraints alone,
whereas the upper limit on the mass is not well constrained. We also
find a position for the black hole east of the AvdM10 centre, with
Ax=-0.01735% pc and Ay=0.011"3:9% pc (Extended Data Fig. 6b).
The coordinates of the MCMC based centre estimate are RA =
201.6970128° and Dec = —47.4794533°. We note that the black hole
location estimate is dominated by the marginal 2o acceleration signal
of star D, whichis the faintest star in the sample; follow-up studies are
required to obtain more precise acceleration measurements.

N-body models

Apart from the analysis of stars with velocities above the escape veloc-
ity, we also used aset of existing N-body models withand without central
IMBHs to get further constraints on the IMBH mass. We compared the
simulations to the full velocity dispersion and surface density profile
of w Centodetermine the best-fitting model and the mass of acentral
IMBH. The set of models and the details of the fitting procedure are
described in detail in refs. 5,9. We note that these models have been
presented already in the literature, but the fits to these models have
been updated to incorporate the most recent Gaia DR3 data.

Inshort, the models started from King profiles®? with central concen-
trations between c = 0.2 and c=2.5and initial half-mass radii between
r,=2pcandr,=35pc.Inthe models withan IMBH, we varied the mass
of the IMBH so that it contains either 0.5%, 1%, 2% or 5% of the cluster
mass at 7=12 Gyr when the simulations were stopped. The models
with anIMBH assumed aretention fraction of stellar-mass black holes
0f10%, whereasin the models without an IMBH we varied the assumed
retention fraction of stellar-mass black holes between 10% and 100%. At
the end of the simulations, we calculated surface density and velocity
dispersion profiles for each N-body model and then determined the
best-fitting model by interpolation in our grid of models and using x*
minimization against the observed velocity and surface density profile
of w Cen.

The velocity distributions from observations and the models are
shown in Extended Data Fig. 7. We compare the distribution of meas-
ured 2D stellar velocities in the inner 10” of w Cen with the various
models using a Kolmogorov-Smirnov test. Moreover, we compare
the fraction of fast-moving stars in the innermost 3 arcsec (Extended
Data Table 2). Models without an IMBH and with a20,000M,IMBH are
bothstrongly excluded by both the overall velocity distribution and the
complete lack of fast-moving stars. The overall velocity distribution is
in best agreement with the 47,000M, distribution, whereas the frac-
tion of fast-moving stars is best matched by the 39,000M, simulation.
This tension mightbe alleviated in future models that containboth an
IMBH and a cluster of stellar mass black holes. We caution that these
simulations have smaller numbers of stars than observed and that
there can be substantial variations in the distribution of central stars
due to strong encounters with remnants and binaries. Nonetheless,
the simulations suggest that black holes with masses of M 5 50,000M,
are consistent with the observed distribution of central velocities and
fast-moving stars, whereas the no-IMBH case and significantly more



massive black holes are disfavoured because of an overprediction
of fast-moving stars. Updated N-body models fit to the oMEGACat
kinematic data and dynamical modelling of these same datasets with
Jeans models are currently underway.

Comparison with S-stars in the Galactic centre

Theblack hole indicated by our fast-moving star detection is only the
second after Sgr A*, for which we can study the motion of multiple
individualbound stellar companions. Therefore, the extensively meas-
ured stars around Sgr A* provide a unique comparison point to our
fast-moving star sample. We compare the motions of the stars in the
S-star catalogue in ref. 17 with our w Cen fast-moving star sample in
Extended DataFig. 8. When taking into account the different distances
and the approximate black hole mass ratio of 100, the motions show
similar amplitudes. However, the density of tracers in w Cen is signifi-
cantly lower, despite the greater depth of the observations.

Data availability

The data used in this paper are based on archival observations taken
with the HST that are freely available in the Mikulski Archive for
Space Telescopes. All used observations have been grouped under
a DOI (https://doi.org/10.17909/26QJ-G090)%. Moreover, the full
proper-motion catalogue is made public along with the respective
publication™.

Code availability

We used the following Python packages to perform the analysis: mat-
plotlib®, scipy®®, numpy®, astropy®” and emcee®’. The N-body simula-
tions were run with the publicly available NBODY6 code®®. We can share
the code used in the data analysis upon request.

31.  Jalali, B. et al. A dynamical N-body model for the central region of w Centauri. Astron.
Astrophys. 538, A19 (2012).

32. Bellini, A. et al. The state-of-the-art HST astro-photometric analysis of the core of
 Centauri. |. The catalog. Astrophys. J. 842, 6 (2017).

33. Zocchi, A., Gieles, M. & Hénault-Brunet, V. Radial anisotropy in w Cen limiting the room
for an intermediate-mass black hole. Mon. Not. R. Astron. Soc. 468, 4429-4440 (2017).

34. Aros, F. 1. et al. Dynamical modelling of globular clusters: challenges for the robust
determination of IMBH candidates. Mon. Not. R. Astron. Soc. 499, 4646-4665 (2020).

35. Pechetti, R. et al. @ Centauri: a MUSE discovery of a counter-rotating core. Mon. Not. R.
Astron. Soc. 528, 4941-4957 (2024).

36. Haggard, D. et al. A deep Chandra X-ray limit on the putative IMBH in omega Centauri.
Astrophys. J. Lett. 773, L31(2013).

37. Tremou, E. et al. The MAVERIC Survey: still no evidence for accreting intermediate-mass
black holes in globular clusters. Astrophys. J. 862, 16 (2018).

38. Plotkin, R. M., Markoff, S., Kelly, B. C., Kérding, E. & Anderson, S. F. Using the fundamental
plane of black hole activity to distinguish X-ray processes from weakly accreting black
holes. Mon. Not. R. Astron. Soc. 419, 267-286 (2012).

39. Duras, F. et al. Universal bolometric corrections for active galactic nuclei over seven
luminosity decades. Astron. Astrophys. 636, A73 (2020).

40. Event Horizon Telescope Collaboration. et al. First Sagittarius A* Event Horizon Telescope
results. V. Testing astrophysical models of the galactic center black hole. Astrophys. J. Lett.
930, L16 (2022).

41.  GRAVITY Collaboration. et al. The flux distribution of Sgr A*. Astron. Astrophys. 638, A2
(2020).

42. Fernandez-Ontiveros, J. A., Lopez-Lépez, X. & Prieto, A. Compact jets dominate the
continuum emission in low-luminosity active galactic nuclei. Astron. Astrophys. 670,
A22(2023).

43. Bellini, A. et al. Hubble Space Telescope Proper Motion (HSTPROMO) catalogs of galactic
globular clusters. |. Sample selection, data reduction, and NGC 7078 results. Astrophys. J.
797,115 (2014).

44. Bellini, A. et al. The HST large programme on w Centauri. Il. Internal kinematics.
Astrophys. J. 853, 86 (2018).

45. Libralato, M. et al. Hubble Space Telescope Proper Motion (HSTPROMO) catalogs of
galactic globular cluster. VI. Improved data reduction and internal-kinematic analysis of
NGC 362. Astrophys. J. 861, 99 (2018).

46. Libralato, M. et al. The Hubble Space Telescope UV Legacy Survey of Galactic Globular
Clusters. XXIII. Proper-motion catalogs and internal kinematics. Astrophys. J. 934,150
(2022).

47. Gaia Collaboration, et al. Gaia focused product release: sources from service interface
function image analysis. Half a million new sources in omega Centauri. Astron. Astrophys.
680, A35(2023).

48. Bressan, A. et al. PARSEC: stellar tracks and isochrones with the PAdova and TRieste
Stellar Evolution Code. Mon. Not. R. Astron. Soc. 427, 127-145 (2012).

49. Weatherford, N. C. et al. Stellar escape from globular clusters. I. Escape mechanisms and
properties at ejection. Astrophys. J. 946, 104 (2023).

50. Cabrera, T. & Rodriguez, C. L. Runaway and hypervelocity stars from compact object
encounters in globular clusters. Astrophys. J. 953, 19 (2023).

51. Kamann, S. et al. A stellar census in globular clusters with MUSE: the contribution of
rotation to cluster dynamics studied with 200000 stars. Mon. Not. R. Astron. Soc. 473,
5591-5616 (2018).

52. Watkins, L. L., van der Marel, R. P., Bellini, A. & Anderson, J. Hubble Space Telescope
Proper Motion (HSTPROMO) catalogs of galactic globular clusters. II. Kinematic profiles
and maps. Astrophys. J. 803, 29 (2015).

53. Gaia Collaboration. et al. Gaia Data Release 3. Summary of the content and survey
properties. Astron. Astrophys. 674, A1(2023).

54. Kroupa, P. On the variation of the initial mass function. Mon. Not. R. Astron. Soc. 322,
231-246 (2001).

55. Baumgardt, H., Hénault-Brunet, V., Dickson, N. & Sollima, A. Evidence for a bottom-light
initial mass function in massive star clusters. Mon. Not. R. Astron. Soc. 521, 3991-4008
(2023).

56. Emsellem, E., Monnet, G. & Bacon, R. The multi-Gaussian expansion method: a tool for
building realistic photometric and kinematical models of stellar systems I. The formalism.
Astron. Astrophys. 285, 723-738 (1994).

57.  Harris, W. E. A catalog of parameters for globular clusters in the Milky Way. Astron. J. 112,
1487 (1996).

58. Harris, W. E. A new catalog of globular clusters in the Milky Way. Preprint at https://doi.org/
10.48550/arXiv.1012.3224 (2010).

59. vande Ven, G., van den Bosch, R. C. E., Verolme, E. K. & de Zeeuw, P. T. The dynamical
distance and intrinsic structure of the globular cluster w Centauri. Astron. Astrophys.
445, 513-543 (2006).

60. Soltis, J., Casertano, S. & Riess, A. G. The parallax of w Centauri measured from Gaia
EDR3 and a direct, geometric calibration of the tip of the red giant branch and the Hubble
constant. Astrophys. J. Lett. 908, L5 (2021).

61. Foreman-Mackey, D., Hogg, D. W., Lang, D. & Goodman, J. emcee: the MCMC hammer.
Publ. Astron. Soc. Pac. 125, 306 (2013).

62. King, I. The structure of star clusters. I. an empirical density law. Astron. J. 67, 471(1962).

63. Héberle, M. Data from Paper “OMEGACat Il - Photometry and proper motions for 1.4
million stars in Omega Centauri and its rotation in the plane of the sky” https://doi.org/
10.17909/26QJ-G090 (MAST archive at Space Telescope Science Institute, 2024).

64. Hunter, J. D. Matplotlib: a 2D graphics environment. Comput. Sci. Eng. 9, 90-95 (2007).

65. Virtanen, P. et al. SciPy 1.0: fundamental algorithms for scientific computing in Python.
Nat. Methods 17, 261-272 (2020).

66. Harris, C.R. etal. Array programming with NumPy. Nature 585, 357-362 (2020).

67. Astropy Collaboration. et al. The Astropy Project: sustaining and growing a community-
oriented open-source project and the latest major release (v5.0) of the core package.
Astrophys. J. 935, 167 (2022).

68. Nitadori, K. & Aarseth, S. J. Accelerating NBODY6 with graphics processing units. Mon.
Not. R. Astron. Soc. 424, 545-552 (2012).

Acknowledgements This study is based on the observations with the NASA/ESA HST, obtained
at the Space Telescope Science Institute, which is operated by AURA, under NASA contract
NAS 5-26555. S.K. acknowledges funding from UKRI in the form of a Future Leaders Fellowship
(grant no. MR/T022868/1). A.S., MW. and A.B. acknowledge support from HST grant GO-16777.
A.B. acknowledges support from STScl grants GO-15857 and AR-17033. A.F.K. acknowledges
funding from the Austrian Science Fund (FWF) (https://doi.org/10.55776/ESP542). M.A.C.
acknowledges support from Fondecyt Postdoctorado, project no. 3230727. A.M. acknowledges
funding from PRIN 2022 2022MMEBSW (principal investigator: A. F. Marino).

Author contributions All authors helped with the interpretation of the data and provided
comments on the paper. M.H. has led the analysis of the data and is the main author of the
text. A.S. and N.N. designed the overall project with significant contributions from A.B., G.v.d V.
and S.K.; A.S., N.N., H.B., MW. and A.D. contributed to the text. A.S. determined the expected
density of Milky Way contaminants. A.B., M.L. and J.A. provided their expertise on astrometric
measurements with the HST. H.B. provided and fitted the N-body models for the analysis. M.W.
ran the Bayesian analysis used to constrain the IMBH mass and position. A.D. performed the
surface-brightness-profile-based calculations. S.K. and M.S.N. helped to find available LOS
data for the stars.

Funding Open access funding provided by Max Planck Society.
Competing interests The authors declare no competing interests.

Additionalinformation

Supplementary information The online version contains supplementary material available at
https://doi.org/10.1038/s41586-024-07511-z.

Correspondence and requests for materials should be addressed to Maximilian Haberle.
Peer review information Nature thanks Karl Gebhardt, Darryl Haggard and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work. Peer reviewer
reports are available.

Reprints and permissions information is available at http://www.nature.com/reprints.


https://doi.org/10.17909/26QJ-G090
https://doi.org/10.48550/arXiv.1012.3224
https://doi.org/10.48550/arXiv.1012.3224
https://doi.org/10.17909/26QJ-G090
https://doi.org/10.17909/26QJ-G090
https://doi.org/10.55776/ESP542
https://doi.org/10.1038/s41586-024-07511-z
http://www.nature.com/reprints

Article

I'oroj. [Parsec]

0.0 0.5 1.0 1.5 2.0 2.5
T T T rrr o e [
B Mean density of fast stars 7
0 fOf 20“ < rproj‘ ot 90“
10 -2y 3
— (0.0026+0.0003 arcsec™2) 3
oN —
' C - —= Besangon model ]
] - .
? B § Measured Densities
s 107 E -
. - =
= - -
o - -
c - -1
(] L .
©
—
< 1 0_2 — —]
® = ¢ 3
— - -
N | I S -
SO T L S e
102 & i =
C 1 1 PR W T N TR T SR N SO T S AN N S W
0 20 40 60 80 100
I'proj. [arcsec]
Extended DataFig.1|Number density of fast-movingstars. The black rise of the density towards the AvdM10° centre. Based on the number density
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background starsis expected, but we see astrong and statistically significant



60 .__JIIIIIIIIIIIIIIIIIIIII 40_ I,.I T T I
40 FSfarA: Y200 _. <7 ,E—LnsFi
D E = 2} o E .
g 2E = 5 IS E _4p E ——- Quad. Fit
E. 0 E 3 > = Y I N N |
[$) = = 2010 & ET T T T T
g 20 = S gz 3 !
E 3 © E
40 Fvap = 113.0 Kims 4 wogE YE
b —60 bulnlinlinlinlnd B 5o 0
60 :]IIIIIIIIIIIIIIIIIIIII 40:1 i
40 p-StarB: JPX0 _ <7 ES 3
% 20F = § SE E :
£ = = o —40 f =
= 0 - =
S E 3 2010 § ET T T T T T T T T
-40 F-v,op =66.6 kms~13 w SE 0 E E
c —60 :\IIIIIIIIIIIIIIIIIIIII 2000 _40: 1 1 1 1 I 1 1 1 1 I 1 l_
60 5 O E
o L __l T T T T I T T T T I T T =
40 F Star€ - 2020 I 40 E 3
I 7 zf o - ipltlagie
s 20 ;i — ] < = E 3
£ 0 = ".‘ = g 408
5 E g : = = -
§ -20 = e = 2010 3 — 40 ;_l
3 E R o3 83 E
-40 Fvop = 94.9'KMs ™1 w SE 0 E
d _60 :IIIIIIIIIIIIIIIIIIIIII 2000 _40_
60 _IIIIIIIlIIIIIIIIIIIlII 40d T T T T I T T T T ] T I_
40 E-StarD: 31 2020 oy E= 3
7wk B ZE o E—Mmf
« 20 ; — ] <4 = E =
.g. E 3 - g —40 El v o v o L4y oy 1
é_;- 22 __ ( E 2010 .§ _ 1 E—l LA R B S B B B N N B E
a T FH 3 = 88 S 3
-40 =77.9 km s ™1 YO gE 0 gwé
e _60 :llllllllllllllllllllll 2000 _40:_[ 1 1 1 1 I 1 1 1 1 I 1 l_
60 _llllllllllllllllllllll 40ﬂ T T T T | T T T T ] T l_
40 E-StarE: 31 2020 <% E 3
7 E E w g O E—M—Q
] 20 — ] < = E =
g. C = g _40 E 1 1 1 1 | 1 1 1 1 I 1 1
§ 23 ; E 2010 -E:S 0 E—l LI I B NN S B B I B =
R E i &8 E_m_f
40 Fvyp = 69.6 kms™1 3 wogE YE E
f _60 :lllIIIIIIllIIlllllllll 2000 _40 E 1 1 1 1 I 1 1 1 1 I 1 l_
60 ..1II|III|IIIIIII|III|II 40:_| T T T T | T T T T ] T l_:l
40 F Star F: = 2020 <@ E 3
- F 3 @ c g 0 ;—_f—i—M——;
s 20 — < g = E 3
= 0 = 3 g —40 E PRI ST A T T S N N -
§ 20 E_ _E 2010 -ch 40 :J LA B R I B B B B E
a TE E s  §g E 3
-40 Fvyp=67.4kms™13 - SE 0 EM%
g -6 Buliilinlinlinlid B o0 B 3 RN R AR
60 :JIIIIIIIIIIIIIIIIIIIII 40;l T T T T I T T T T ] T I_
40 F Star G: - 2020 <0 E 3
T 0 E E T EE b e by
© 20 —] @ < = E E
£ 0 = 3 % 405 vy S
§ 20 E_ _E 2010 -§ _ 40 E—l LA B B I B B B B =
a T F E s 88 E 3
—-40 Fvop =66.2 kms™13 w o g 0 EME
E 9= a0 E =
—60 '|II|III|III|IIIIIIIIII 2000 :_I 1 1 1 1 I 1 1 1 1 I 1 1
60 40 20 0 —20-40-60 2000 2010 2020
AR.A. [mas] Epoch [years]
Extended DataFig.2| Astrometry and multi epochimaging for all fast- fitstoboththeR.A.and Dec. position change of the stars. Errorbars correspond
movingstars. Each row (a-g) shows the astrometry and imaging for one totheloerrorontheindividual position measurements. Theright column
of the seven fast-moving stars. The left column shows the raw astrometric shows stacked images from2002 (ACS/WFCF625W) and 2023 (WFC3/UVIS
measurements used to determine the proper motions, colour-coded by the F606W); the positions of the fast stars are marked with a pink opencircle.

epoch of their observation. The centre column shows the linear and quadratic



Article

700

600

500

400

300

200

100

0.15

0.10

0.05

0.00

Radial Excess Value

-0.05
-0.10

-0.15
1

Number of stars within rpr; < 20"

LI INLL I L L L L L L L L

T T T T T T
OoMEGACat
(This work)
High-quality
subsample

[ Bellini+2017

Anderson &

=1y, Marel 2010
[ Gaia (DR3 & FPR)

4 16 18 20 22 24
Meeosw
T T T T T T T T T T T T T T T
C Y A B
e -
[ C }
% o .
W E )
LY F ]
IRARS ]
i 1 1 1 I 1 1 1 l 1 1 I 1 1 1 I 1 1 1 l 1 ]
4 16 18 20 22 24
Mreosw

Extended DataFig. 3| Completeness of the catalogue and photometric
diagnostics. Panelacompares the completeness of the various available proper
motion datasets for the core of w Cen, using histograms of the magnitude
distribution. The new oMEGACat™ has significantly higher completeness and
reaches fainter magnitudes than the literature catalogues evenif we apply the
strict quality criteria used in this work. This explains why previous catalogues
have not found the faint fast-moving stars (marked with vertical lines) we detect
here. Thegrey dots in b-d show the mean of photometric diagnostics for the
raw PSF photometry measurements for the fast-moving stars compared with

b
[ T T T T T T T T T T T T T T T T i
1.000 =
0.975 [~ e
£ 0950 o Alstars -
[T - .
€] C * A ]
= 0925 [ 3¢ B -
TR - * C ]
%) = * .
% - D E
5 0.900 [~ * E -]
2 C * ]
T b ]
3 0875 Y7 G -
0.850 [~ -
0.825 - —:
0800 C 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 N
14 16 18 20 22 24
MEeso6wW
d
101 = T T T T T T T T T T T T T T T T =
100 £ -
5 -
N &
5 [ye
[T -
> *xc
3 107" | * D —
Ke} - 3
5 C *¢ 3
2 » 4 .
x  [ca -
= - —
o
102 E
10-3 PRI T I(‘r y;')ki‘ Ryt Jo oo gty Y )
14 16 18 20 22 24
Megoew

thebulk of starsinthe catalogue. The first panel shows the QFIT parameter,
givenby the linear correlation function between the PSF and the pixel values
intheimage. The second panel shows the radial excess parameter, a parameter
that compares the residual flux inside versus outside of the fitaperture.
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neighbouring sources. All five robustly measured stars show typical behaviour
for their magnitude, while the excluded fast-moving stars (B, G) are influenced
by bright neighbouring sources.
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being aMilky Way foreground star.



Article

a A:vyp=113.0kms™! b C:v;p=94.9kms™! e Combined IMBH lower mass limit

3 FTTOPTTTRTITTT |||||| = 3 LI 7 O O o ] IRl T I T 100000

5 E/:lgibb S Y Fast Stars :

g N ¢ AvdM10 center
o E 2 Minimum Mass BH position
= 0F (Mimg1=8,200 Msyn) 80000
S E —
g ! E 5 <
< s-\i < 1 3
E 3 — =3
_3 b LA S 60000 o
3 210 -1-2-3 3 21 0-1-2-3 9 @
= T

¢ D:vyp=77.9kms™1 d E:v,p=69.6kms~! g o

3 s 40000 5
= 2 -1 =
8 =
8
S0 20000
1] -2
o
Q

-2

- 3 -3 0

3 2 1 0 —-1-2-38 3 2 1 0 -1-2-8 3
AR.A. [arcsec] AR.A. [arcsec] AR.A. [arcsec]
§ rsp [parsec]
1072 107 10°
T AJ) T T T T T “_I T T T T T T T T T T T T T T T T
I \\ | = ! —_ l\lo IMBH i
140 N -==Mppr =8200Mo
L AN - e Mimgn = 40,000 Mo
L . 3 4
° ) ¥ Fast Stars
L 0N ON 4
\ @

120 — “ v;::. —
- o :
Tw B \\\\\ '::::. i
£ N )
= 100 — . %5, ]

! | N | ]
o L KN N Surface-brightness 4
R BRI based profile
i - ’ Adopted values i
80 — x--- —
60 —
1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 L I 1 1 1 1 1 1 1 1
1071 100 10! 102

Extended DataFig.5|Determination of alower limit on theIMBH mass
using the escape velocity. The presence of stars with velocities above the
escape velocity of the cluster indicates that they are bound to a massive object.
Since we neither know the mass nor the exact position of the object, we can
onlyinferalower mass limit for each possible 2D location. The four left plots
(a-d) show the contours of the minimum black hole massindicated by the four
centremost robustly measured fast-moving stars. By combining the minimum
black hole mass constraints from each of the fast-moving stars, we can find the
position that allows for the lowest IMBH mass (e). This analysisindicatesa firm
lower limit of around 8,200 M,. Our minimum mass location only differs by
~0.3 arcsec from the AvdM10° centre. This result does not significantly change

r3p [arcsec]

ifwe assume that some of the fast-moving stars are contaminants and remove
them from the analysis. Panel fshows the results for asurface brightness profile
based escape velocity profileinblue, using the surface brightness profile from*
and the dynamical distance (5.43 kpc) and M/Lratio (2.4) derived from N-body
models, either without any IMBH, witha 8,200 M,IMBH, or a40,000 M, IMBH.
Theradiiare measured withrespect to the minimum mass centre shownine.
Theshadedregionsindicate the uncertainty introduced by anassumed error of
+0.2kpconthedistance. The surface-brightness profile based escape velocity
iscompatible with the adopted value of v,,.. = 62 kms™. The profile without an
IMBH is also nearly flatin theinner ~507, justifying the assumption of a flat
profileintheinnermostregion.
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Extended Data Table 1| Detailed astrometric and photometric information of the fast-moving stars

a
General Properties
Star Catalog ID R.A. Dec. Tproj. Nused
[degree] [degree] ["1
A 532867 201.6967263 -47.4795835 0.265 308
B 475236 201.6968888 -47.4797138 0.537 353
C 1422379 201.6966378 -47.4793672 0.870 262
D 476492 201.6968346 -47.4793233 0.886 195
E 509644 201.6973080 -47.4797545 1.333 430
F 476467 201.6977125 -47.4792625 2.408 427
G 510061 201.6961340 -47.4790585 2.506 338
b
Velocity and Acceleration Measurements
Star PM R.A. pocos & PM Dec. ps Total PM A7) Acceleration R.A. Acceleration Dec.
[mas yr] [mas yr] [mas yr] [km s1] [mas yr?] [mas yr?]
A 3.563+0.038 2.564+0.055 4.390+0.044 113.0+1.1 -0.0069+0.0083 (0.80) 0.0085+0.0098 (0.90)
B 2.167+0.182 1.415+0.081 2.588+0.159 66.6+4.1 0.0702+0.0239 (2.90) 0.0228+0.0157 (1.50)
C 1.117+0.127 3.514+0.056 3.687+0.066 94.9+1.7 0.0028+0.0333 (0.10) -0.0060+0.0123 (0.50)
D 2.559+0.082 -1.617+0.061 3.027+0.076 77.9+2.0 0.0357+0.0177 (2.00) -0.0194+0.0162 (1.20)
E -2.149+0.025 1.638+0.037 2.702+0.030 69.6+0.8 0.0072+0.0042 (1.70) -0.0009+0.0075 (0.10)
F 0.436+0.017 -2.584+0.016 2.620+0.016 67.4+0.4 0.0052+0.0038 (1.40) -0.0015+0.0038 (0.40)
G -1.317+0.098 2.207+0.062 2.571+0.073 66.2+1.9 -0.0197+0.0267 (0.70) 0.0173+0.0170 (1.00)
[
Photometric Properties
Star  mrsosw QFITrs06w RADX Frsosw fiv/f. Feosw MEg1aw QFITes1aw RADX rs1aw f/E. Fst1aw
23.373:0.009 0.976 (p=0.716) -0.006 (p=0.192) 0.366 (p=0.532) 22.13420.027 0.945 (p=0.170) -0.004 (p=0.249) 0.363 (p =0.537)
B 22.778+0.014  0.940 (p=0.096) 0.082 (p=0.981)  0.122 (p=0.322) 21.62520.026 0.956 (p=0.128) 0.072 (p=0.964)  0.494 (p =0.639)
C 23.630+0.009 0.940 (p=0.283) 0.050 (p=0.8249 0.147 (p=0.320) 22.342+0.034 0.916 (p=0.109) -0.014 (p=0.136) 0.327 (p =0.514)
D 24.108+0.017  0.952 (p=0.585) -0.008 (p=0.216) 0.064 (p=0.180) 22.74520.037 0.952 (p=0.291) -0.056 (p=0.022) 0.079 (p =0.198)
E 20.112+0.004 0.996 (p=0.131) 0.014 (p=0.950)  0.424 (p=0.923) 19.37320.009 0.995 (p=0.109) 0.018 (p=0.938)  0.622 (p =0.975)
F 21.348+0.004 0.997 (p=0.635) -0.002 (p=0.340) 0.028 (p=0.253) 20.391+0.004 0.998 (p=0.799) 0.004 (p=0.587)  0.032 (p =0.232)
G 20.888+0.009  0.980 (p=0.031)  -0.003 (p=0.219) 2.049 (p=0.997) 20.069+0.014  0.983 (p =0.053)  0.007 (p =0.730) 0.971 (p =0.984)

The table in a shows the position, the number of astrometric measurements N4, and the projected distance from the AvdM10 centre for each of the fast-moving stars. The table in b lists the
individual proper motion components, the total proper motion, the inferred 2D velocity and the measurements of the acceleration for the seven fast-moving stars. All shown errors correspond
to the 1o errors, which were estimated by scaling the formal errors on the parameters by \/E of the respective fit. The strongest accelerations are shown by Star B; however, this star has been
discarded from the set of robustly measured stars because of large astrometric errors. All robust stars show an acceleration consistent with zero to within 2o. Finally, the table in ¢ lists several
photometric properties of the fast-moving stars in two filters, including the measured brightness and several photometric diagnostics (the quality of fit (QFIT) parameter, the radial excess
(RADX) parameter and the flux ratio between the flux of each source and the flux of neighbouring sources). Together with the photometric diagnostic values we show their percentile with
respect to stars with a similar magnitude (p).



Extended Data Table 2 | Comparison of the observed velocity distribution with N-body models

IMBH mass

fraction in Mjygn KS test N3~ fast/
model [Mo] N10"total p-Value N3~ fast N3 total N3~ total
Observed Data 2,324 - 7 218 3.2%

0 0 1,148 6.21e-7 0 113 0%
0.5% 20,000 1,342 8.60e-10 O 113 0%
1.0% 39,000 868 0.0027 3 89 3.4%
1.2% 47,000 901 0.27 7 85 8.3%
2.0% 78,800 843 0.18 7 70 10.0%

In this table we report results of the comparison of the observed distribution of 2D velocities with different N-body models (see also Extended Data Fig. 8). The first two columns indicate the
relative and absolute mass of the IMBH in the N-body models. The third column shows the total number of stars within 10” of the cluster centre. In the fourth column, we show the results of
a Kolmogorov-Smirnov test comparing the measured velocity distribution with the different N-body models. Finally, the last three columns compare the absolute number and the fraction of

fast-moving stars in the centremost 3 arcseconds.
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