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! In the field (<1.2 kpc)
! “Dormant”: no X-rays
! In “wide” binaries

! How and where do 
these form?

! Dynamical capture 
and exchange in Star 
clusters? 
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Figure 12. Comparison ofGaia BH1 and BH2 (black points) to other known BHs. The red and blue symbols correspond to the accreting BHs with low- and
high-mass companions. The magenta symbols show the detached binaries in the globular cluster NGC 3201, and the cyan points show the detached binariesin
which the luminous star is a high-mass (! 20 M! ) star.Gaia BH2 stands out from the rest of the population most strongly due to its orbital period, which is
seven times longer than that ofGaiaBH1 and" 1000 times longer than the periods of typical X-ray binaries.

Figure 13. Comparison ofGaia BH1 and BH2 (black points) to known Galactic BHs in the plane of distance and orbital period. Colour scheme is as in Fig.
12. TheGaia-discovered systems are in entirely different part of this parameter space from other known BHs: they both have longer periods and are closer to
Earth than any other known BHs.

> 5. For these sources, we use the geometric distance estimates
from Bailer-Jones et al. (2021), which are informed by the parallax
and a Galactic model prior. For the other sources, which are fainter
and/or more distant, the parallaxes are not very constraining, and so
we collect distance estimates from the literature that are based on
the orbital period, donor spectral type, and apparent magnitude in
quiescence. Where available, we take these estimates from Jonker &
Nelemans (2004). For the objects not included in that work, we take

the estimates from individual-object papers: Casares et al. (2009)
for GS 1354Ð64, Heida et al. (2017) for GX 339Ð4, Miko!ajewska
et al. (2022) for MAXI J1820+ 070, and Mata S«anchez et al. (2021)
for MAXI J1305# 704. A few sources are too faint in the optical
(in some cases due extinction) to be detected byGaia; these are not
shown in Fig.14.

Gaia BH2 has the longest orbital period of all currently known
and suspected BHs. Its orbital period is a factor of 7 longer than that
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Table 3. Preliminary estimates of some Keplerian parameters and the masses of the companions. These were obtained under the
assumption of a single and dark companion and with a prior on eccentricity for sources HSToC-1/143023 and HSToC-5/317591.
Formal uncertainties from the minimisation routine are given only for orientation. M 1 is derived from Table 2. The foreground
source HSToC-1/143023 is discussed in AppendixA. The second part of the table shows indicative results for HSToC-1/143023
and HSToC-5/317591 when relaxing the eccentricity prior and allowing for values of ! 0.5 and ! 0.8. The K RV is the estimated
radial-velocity amplitude.

Designation / ID Period e aphoto M 1 M 2 K RV

(yrs) (mas) ( M ! ) (M ! ) km/s

HSToC-1 / 143023 19 ± 8 < 0.3 0.9 ± 0.3 0.68 ± 0.03 0.15+0 .06
" 0.05 ! 0.9

HSToC-2 / 212028 15 ± 3 0 0.91 ± 0.27 0.80 ± 0.01 1.25+0 .87
" 0.70 ! 9

HSToC-3 / 233697 8.8 ± 0.5 0.2 ± 0.2 0.47 ± 0.05 0.784± 0.005 0.77 ± 0.14 ! 6
HSToC-4 / 290133 13 ± 2 0.3 ± 0.2 0.86 ± 0.08 0.78 ± 0.01 1.36+0 .36

" 0.26 ! 10
HSToC-5 / 317591 11.5 ± 2.0 < 0.3 0.53 ± 0.07 0.75 ± 0.02 0.71+0 .23

" 0.16 ! 7

HSToC-1 / 143023# ! 22 ! 0.50 0.9 ± 0.3 0.68 ± 0.03 0.19+0 .04
" 0.04 ! 1

HSToC-1 / 143023# ! 44 ! 0.80 1.4 ± 0.9 0.68 ± 0.03 0.19+0 .23
" 0.09 ! 1

HSToC-5 / 317591# ! 12 ! 0.50 0.6 ± 0.1 0.75 ± 0.02 0.7+0 .4
" 0.2 ! 8

HSToC-5 / 317591# ! 14 ! 0.80 0.6 ± 0.3 0.75 ± 0.02 0.8+1 .2
" 0.4 ! 11
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! We discovered the first astrometric binaries in ! Cen
! The Gaia Focused Product Release (FPR, Oct’23) on ! Cen indirectly 

confirmed 2 binaries 
! At least one companion is a neutron-star candidate
! Our survey is sensitive to systems akin to Gaia-BH2 in ! Cen (0.9 mas at 3.5y)
! We demonstrated that astrometry is powerful for identifying massive, dark 

companions in star clusters
! Gaia DR4 will enable these searches on a much larger scale
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Discovery of astrometric accelerations by dark companions in the globular cluster ! Centauri
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ABSTRACT

We present results from the search for astrometric accelerations of stars in! Centauri using 13 years
of regularly-scheduled Hubble Space TelescopeWFC3/UVIS calibration observations in the cluster
core. The high-precision astrometry of! 160 000 sources was searched for signiÞcant deviations from
linear proper motion. This led to the discovery of four cluster members and one foreground Þeld star
with compelling acceleration patterns. We interpret them as the result of the gravitational pull by an
invisible companion and determined preliminary Keplerian orbit parameters, including the companionÕs
mass. For the cluster members our analysis suggests periods ranging from 8.8 to 19+ years and dark
companions in the mass range of! 0.7 to ! 1.4M ! . At least one companion could exceed the upper
mass-boundary of white dwarfs and can be classiÞed as a neutron-star candidate.

Keywords: UniÞed Astronomy Thesaurus concepts: Space astrometry (1541); Hubble Space Telescope
(761); Astrometric binary stars (79); Proper motions (1295); Globular cluster (656)

1. INTRODUCTION

Since the beginning of measuring proper motions it is
implied that individual stars move along straight lines.
This is still a good approximation for most sources even
now in the Gaia era. If the motion indicates curvilin-
ear pattern, that would change the proper motion by
astrometric acceleration, usually measured in mas yr" 2.
Stronger accelerations may allow to invoke the Keple-
rian formalism (e.g. Jia et al. 2019). Thus, the detec-
tion of astrometric accelerations near the radio source
Sagittarius A# was instrumental to eliminate all other
alternatives to the supermassive black hole (Ghez et al.
2000; GRAVITY Collaboration et al. 2018). This dis-
covery and additional astrometric accelerating sources

Corresponding author: Imants Platais, Johannes Sahlmann
imants@jhu.edu, Johannes.Sahlmann@ext.esa.int

! This author shares the lead authorship
  Deceased on 14 November 2021

in the same area are examples of ground-based astrom-
etry of binary motion where one component is dark.

In 1990-1993 theHipparcos space astrometry mission
regularly observed multiple times ! 118,000 pre-selected
stars. For the Þrst time in history regular astrometric
observations were obtained outside the EarthÕs atmo-
sphere and covering the entire celestial sphere. This ef-
fort resulted in 2622 acceleration candidates (Lindegren
et al. 1997) but none with a genuine invisible companion.

The third data release (DR3) of the Gaia space as-
trometry mission used data acquired between July 2014
and May 2017 and reported 338,215 acceleration solu-
tions and 165,500 orbital solutions (Halbwachs et al.
2023). A few illustrative cases of compact and invisi-
ble companions are presented by theGaia consortium
in Gaia Collaboration et al. (2023a). To ÔweighÔ an in-
visible companion one must determine the mass of the
primary source and it is desirable to obtain epoch radial
velocities. This recipe made it possible to discover Gaia
BH1 and Gaia BH2, two dormant black holes (BH) in

!"#$%&"''$#($)&*+&,#-.&&&&/((#0.11"%2*345%61"70189:84:;:<;

https://arxiv.org/abs/2312.16186
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Figure 12. Residual periodogram of the four- (top) and Þve-parameter (bottom) models for HSToC-1/143023. The power at
long period is hardly a! ected but including the parallax in the model makes the power around 365 days disappear.

measured relative to cluster members, we need to account for the cluster distance of 5.24 kpc (Soltis et al. 2021) and
obtain an absolute parallax of HSToC-1 of! abs = 0 .73± 0.12 mas.

Adopting this latter parallax value, and assuming that the HSToC-1 primary is a metal-poor halo star with the
same foreground extinction as" Cen, its placement in theoretical isochrones provides a mass estimate in the range
between 0.65 and 0.71M ! . Assuming a primary mass of 0.68 , the companion mass for this particular solution would
be ! 0.15M ! , where we neglect any light contribution by the companion, which could dilute the photocentre motion
and lead to an underestimation of the companion mass (Table3).
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It is evident in Figure 10 that there are many sources
with AEN values similar or even much larger than
HSToC-3 and HSToC-5. A fraction of those are likely
of instrumental origin, e.g. source blending, but another
fraction could indicate acceleration signals. Using the
Gaia FPR astrometric excess noise may therefore be a
promising avenue for the discovery of new astrometric
binaries in ! Cen, especially in regions not covered by
the HST observations.

7. MUSE OBSERVATIONS

The sources 212028 and 290133 are covered by the
footprint of the mosaic observed with MUSE (Bacon
et al. 2010) as part of the survey of Galactic globular
clusters presented inKamann et al. (2018). The qual-
ity cuts routinely performed prior to searches for bi-
nary stars (seeGiesers et al.2019) result in sets of six
radial velocity (RV) measurements for 212028 and Þve
RV measurements for 290133, with typical uncertain-
ties of > 10 km s! 1 for the former and 5! 10 km s! 1 for
the latter. None of the stars shows signs of variability
in the MUSE data. However, given the relative large
uncertainties compared to the expected velocity semi-
amplitudes (Table 3), this does not seem unexpected.

We note that the spatial resolution of the MUSE data,
with a typical FWHM of " 0.8 arcsec, is lower com-
pared to the HST data by a factor of " 8. Therefore,
even though the stars are bright enough to perform ac-
curate RV measurements with MUSE, crowding limits
our abilities to do so. Both sources have similarly bright
stars located at about 0.5# the FWHM and signiÞcantly
brighter neighbours at distances of" 1"". Future obser-
vations with the MUSE narrow Þeld mode will be able
to overcome this problem.

8. DISCUSSION AND FUTURE STUDIES

The largest Milky Way globular cluster ! Cen now is
the Þrst cluster with detected astrometric accelerations.
Whether or not the relatively small range of the deduced
masses of the invisible components is typical for Milky
Way globular clusters remains to be answered by future
studies. However, we can get some cues from another
rare populations such as millisecond pulsars (MSP) and
X-ray sources. Curiously, the Þrst bona Þde MSPs in
! Cen were discovered only in 2020 (Dai et al. 2020)
followed by observations with the MeerKAT radio tele-
scope and discovery of 13 more MSPs (Chen et al. 2023).
Four of them are in our Þeld (Figure 11).

Since MSPs and neutron stars share the same phys-
ical phenomenon observed in di! erent wavelengths, we
inspected the known binary systems anywhere in the sky
with well-measured component masses (Table 1¬Ozel &

Freire 2016). These binary systems yield fairly-tight
mass limits of 1.38 ± 0.05M $ . Two of our targets,
212028 and 290133, Þt very well to these mass limits
and thus provide a strong argument that their invisible
component could be a neutron star. In fact, the esti-
mated properties of these two systems are very similar
in luminosity, acceleration, component masses, and Ke-
plerian parameters such as the semi-major axis.

An alternative option for the nature of these compan-
ions would be a tight pair of white dwarfs, but such
a scenario may not be e! ective in the cores of globu-
lar clusters. The presence of MSPs in our Þeld itself is
auspicious to the neutron star scenario.

Old stellar systems such as globular clusters contain
low-luminosity X-ray sources. The most comprehensive
rework of archival ! Cen observations with theChandra
X-ray Observatory Advanced CCD Imaging Spectrom-
eter provide the best sample of these sources (Henley-
willis et al. 2018). There are 14 X-ray sources within
the boundaries of our Þeld. None of them is close to the
detected astrometric binaries. In globular clusters the
typical X-ray sources are cataclysmic variables (Belloni
& Rivera 2021). They are relatively tight binaries com-
posed of a white dwarf or a neutron star and a main
sequence star as donor. Our Þeld has four cataclysmic
variables but their potential semi-major axis would be
totally imperceptible.

Figure 11. Distribution of rare objects in ! Cen. The cen-
ter of the gnomonic projection is the best-known kinematic
center of ! Cen. Black dots show randomly-chosen 7% of all
program stars. Red points are oue newly-discovered binaries.
The one in the upper-right quadrant is the foreground Þeld
binary. Green points indicate millisecond pulsars and blue
ones X-ray sources.
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Figure 4. Observational CMD of ! Cen in the HST pho-
tometric Vega system through WFC3/UVIS F606W and
F814W Þlters (Bellini et al. 2017). A randomly-chosen subset
of ! 10% of all stars is shown. Red circles show the locations
of the astrometric binaries. The reddest of these is the Þeld
binary HSToC-1.

bution of [Fe/H] derived by Frinchaboy et al. (2002). We
note that their metallicity distribution function is based
on photometry with Washington M , T2 and DDO51 Þl-
ters, but that it was conÞrmed by the high-resolution
spectroscopy from APOGEE (M«esz«aros et al.2021).
This simulation contains a tail of metal-rich stars ex-
tending far enough to the red and cover our four accel-
erating stars (see left panel in Fig.5).

Table 2. Astrophysical parameters of the visible compo-
nents. Masses were estimated on the basis of the sourcesÕ
positions in the CMD.

ID M ! [Fe/H]

143023 See AppendixA
If d = 5 .24 ± 0.11 kpc:

212028 0.794+0 .013
" 0.012 " 0.82+0 .12

" 0.18

233697 0.784+0 .005
" 0.004 " 1.38+0 .12

" 0.10

290133 0.773+0 .014
" 0.013 " 1.14+0 .26

" 0.32

317591 0.750+0 .014
" 0.017 " 0.75+0 .16

" 0.38

If d = 5 .426± 0.047 kpc:
212028 0.793+0 .010

" 0.010 " 0.78+0 .12
" 0.14

233697 0.780+0 .004
" 0.002 " 1.48+0 .10

" 0.10

290133 0.776+0 .014
" 0.012 " 0.90+0 .14

" 0.12

317591 0.760+0 .013
" 0.017 " 0.66+0 .15

" 0.31

To estimate the masses of the four visible components
with high acceleration, we proceed as follows: For every

star in the simulation with color c and magnitude m, a
weight wi is assigned as

wi = exp[ ! (ci ! c0)2/ ! 2 ! (mi ! m0)2/ ! 2] (1)

where (c0, m0) is the color-magnitude position of the
visible components, and ! = 0 .02 mag is the typi-
cal photometric error for both color and magnitude.
These weights reßect the likelihood that the color-
magnitude location of the observed stars derive from
the theoretically-predicted location plus a Gaussian dis-
tribution of photometric errors. These weights are used
together with the masses and metallicities of the sim-
ulated stars, to build the probability density functions
(PDF) for both mass and metallicity. These functions
are depicted in the central and right panels of Fig. 5.
From these PDFs, we then derive the median and 68%
conÞdence (1! -equivalent) intervals for both mass and
metallicity. Their values are listed in Table 2.

Table 2 initially presents the values obtained by as-
suming the standard reference to the distance of" Cen
(5.24± 0.11 kpc; Soltis et al. 2021) based onGaia EDR3
parallaxes. The error in distance modulus in this case is
of just 0.004 mag, which is one Þfth of the error we al-
ready assume in our derivation of the masses and metal-
licities, and hence not able to signiÞcantly a! ect our esti-
mations. However, there are alternative values to" Cen
distance that are worth exploring. The review of GC
distances byBaumgardt & Vasiliev (2021), for instance,
provides a 5.426± 0.047 kpc distance; these authors ar-
gue that the Gaia parallaxes have small-scale correlated
errors and systematic biases but this is not well yet un-
derstood in EDR3, particularly for " Cen. The bottom
part of Table 2 presents the mass and metallicity esti-
mates that are obtained with this distance value. As
it can be appreciated, changes in the mass values are
smaller than 0.01M ! .

En passant, we note that the location of our high-
acceleration stars on the simulated CMD indicate that
the metallicities of these stars are higher than the mean
value of " Cen [Fe/H]= ! 1.53 (see Table2).

6. PERIODOGRAMS OF ASTROMETRIC
TIME-SERIES

To search for deviations from the linear astrometric
motion expected for a single source, we processed the
two-dimensional astrometric timeseries as follows. For
every source we subtracted the average position from
the timeseries and Þtted a four-parameter linear model
corresponding to two positional o! sets and two proper
motions. This analysis is therefore independent of the
amount of proper-motion displacement subtracted in the
pre-processing and analysis discussed in Sect.3.1. We
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