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ABSTRACT

The presence of massive stars (M3s) in the region close 1o the Galactic Centre (GC) poses several questions about their origin.
The harsh environment of the GC favours specific formation scenarios, each of which should imprint charactenisiic kinematic
features on the MSs. We present a 2D kinematic analvsis of MSs in a GC region surrounding Sgr A® based on high-precision
proper mtions obtained with the Hubble Space Telescope. Thanks to a careful data reduction, well-measured bright sturs in
our proper-motion catalogues have errors better than 0.5 mas yr—'. We discuss the absolute motion of the MSs in the field and
their motion relative to Sgr A®, the Arches, and the Quintuplet. For the majority of the MSs, we rule out any distance further
than 3— kpe from Sgr A® using only kinematic arguments. IF their membership to the GC is confirmed, most of the isolated
M35z are likely not associnted with either the Arches or Quintuplet clusters or Sgr A*. Only a few MSs have proper motions,
sugpesting that they are likely members of the Arches clusier, in agreement with previous spectroscopic resulis. Line-of-sight
eadial velocities and distances are required to shed further light on the origin of most of these massive objects. We also present
an analysis of other fast-moving objects in the GC region, finding no clear excess of high-velocity escaping stars. We make our
astro-photometric catalogues publicly available

Key words: proper motions —stars: massive — Galaxy: centre —open clusters and associations: individual: Quinmuplet - open
clusters and associations: individual: Anches.

of Maverhan et al. 2000a). The bulk of these stars is made op of

L INTRODUCTION Woli-Rayel stars. very luminous OB supergiants or luminoos blue

Al a distance of only § kpc { Gravity Collaboration 20009, the galactic
centre (GC) region can be studied in exguisite detail. more than any
other (GC. The Ceniral Cluster, the Arches. snd the Quintuplet host
rich mussive-str (M5 ) populations: in addition to which there ane
ot least 50 isolated MSs (see e.g Cotera er ol 19%; Maverhan
o1 al. 2010a; Dong et ol. 2001, 2015, and references therein), whose
existence represents a conundrum for this environment (see e.g.
Genrel, Eisenhaper & Gillessen 20010

Most of these M5s (Dong et al. 2011) lie clearly outside of the
two massive clusters snd the central 20 pe region, dominated by
the gravitational potential of the central black hole (see fig. 10
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variables that were discovered by viriue of their strong emission lines
in the near-infrared (NIR) or strong X-ray emission (e.g. Maoerhan,
Muno & Morris 2007 Maverhan et al. 2006). Hence, M3Ss may only
represent the tip of the iocberg since the weaker winds of lower mass
(3B stars make them more difficult to detect through the analysis of
their spectral lines.

The origin of isolated MSs is curremly unknown, bot the unigue
(# environment favours some plausible formaotion scenarios. For
example, some of these stars might be remnants of disrupied clusters.
mnaway sturs (isolated OB-like objects with pecoliar velocities
greater than 30 km s') ejected from the Arches or the Quintuplet
or members of their tidal tails resulting from the interaction of the
closters with Sgr A® (e.p. Hahibi, Stolie & Harfs 2004). Some of
these isolated M55 might instead result from the disruption of binaries
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Table 1. List of observations nsed 1o this paper.

G [hare lnstrumenticamsers  Filter N x Exp. i
12015 O, 2012 WECAIR Frion 108 = 300 =
36w 28 s
ACSMWEC FRSOLP 18 = 101 s
13771 Aug. M5 WHCHIR F1iusg 108 =« 300 s
3 = 24 s
ACSMWEC FRSOLP 18 = ii0s

vig interaction with the cemral black hole (the Hill mechanism; Hills
19%8). This interaction would be responsible for the creation of
hyper-velocity stars (HV 8s). HV S5 have velocities of thousands of
km s~ which are greater than the Galactic escape velocity {Brown
2015}, snd woold represent the exireme outliers in the velocity
distribution of isolated MSs.

Some MSs have apparent lifetimes too shon to justify their
current positions had they been gjected from the nearest clusters or
associations. It has been suggested that these stars might result from s
peculiar mechanism of star formaticn such as the one in which single
MSs fomm from small moblecular clouds (Oey et al. 2004; Parker &
Goodwin 2007 ; Lamb et al. 20000, This idea assomes the MSs o be
normal single stars and not the product of more exotic systems (e.g.
hinary mergers of less massive bot longer lived stars; de Mink et al.
Hil4; Renzo et ol 2019

The proposed formation scenarios imprind distinet kinemmstic
fingerprints on the MSs. so that studying the motion of MSs can
help us understand how M35 have onginated. Crowding and the
complex specire of these MSs make line-of-sight (LOS) radial-
velocity measurements challenging. High-precision proper motions
{PMs) can mstced provide useful pieces of information about their
2D motions in the plane of the sy, Stote-of-art PMs over large ficld
of views (FoVs) are nowadays provided by the Gaia Data Releass 2
{DR2; Graia Collaboration 2016, 2018a) catatogue. However, Giaia is
ultimately blind towards the G becanse of extinction, and its depth
extends o o few kpe ot most in the GC direction.

In this paper, we investigate the nature of MSs i the GC region by
megsuring their PMs with the Hublile Space Telescope (HST) optical
and IR datn. We also scarch for fast-moving stars in the region.

2 DATA SETS AND REDUCTION

The G region was ohserved with the H3T s NIR channel of the
Wide-Field Camera 3 (WFC3; pixel scale ~ 130 mas pixel™"} in
N2 October and 2005 Auvgust during programmes GO-12915
and GO-13771 (both PI: Lennon). The FoV was covered by 36
WEFCS/IR pointings per epoch, each of which was ohserved with
4 images. Additional images were taken in paralle]l mode with the
Wide-Ficld Chonnel (WFC: pixel scale ~50 mas pixel™') of the
Advanced Camera for Survevs (ACE L Forallel ficlds were covered
by 18 ACS/WEFC pomtings of | image cach. Table | lists all
the observations. The FoV covered by the HST data 15 shown in
Fig. 1.

We made use of _£1t-type exposures (images bias-subiracted
and flat-fielded but not resampled, produced by the official HST
pipelinesi. ACS/MWEFC _£ 1t imapges were also corrected for charge-
transler-chficiency (CTE) defects {Anderson & Bedin 20101 For
cach cameradfilter, we extracted positions and Huxes of isolated,

"The WRCHIR detector is not affiected by CTE because of its different read-
ol emode with respect to that of charge-coupled devices.
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bright sources in exch image by fitting spatially variable point spread
functions {PSFsh. The PSFs for the ACS'WEFC CCDs were tatlored o
each exposure starling from the publicly available 5T library PSFs”
as described in Befling et al. (201 7a), For WEFCHIR exposures, the
publicly available library PSF models did not provide a satisfactory
fit to the sicllar profiles even after perturbaiion. In this case, we
derived from scratch new, spatially variable PSE models using our
datn set. following the prescriptions given in Anderson { 2006). These
new models were then also perturbed on an image by image basis.
Stellar positions were corrected for geemetric distortion by means
of the corrections available for HSTWFCAIR (Anderson 20065 and
ACSWEC detectors (Anderson & King 2006).°

Our data reduction is based on two photometric reductions. The
firsi-pass photomeiry finds all detecioble sources in o single wave
of tmding and measures them withont considering the presence of
close-by neighbours. This is a severe limitation in crowded regions
like those towards the GO (see the top-right panel in Fig. 1),
To overcome this issue, we performed a second-pass photometric
reduction by means of the software K52, a sophisticated FORTRAN
rouime currently used m the astro-photometric analyses of stellar
clusters (eg Sabhd et al. 2016; Bellind et al. 200 7b. 2014 Libralato
et al. 2018b, 201%; Nardicllo et al. 2018).

Starting from the ootputs of the first-pass photometry. the second-
pass photometry makes use of all the images ot once o find all
sources in the field. The combination of all the images enhances
the detectability of faint sources otherwise lost in the noise of single
exposures. Furthermore, the position and flux of each detected ohject
are measured afier all its neighbours are subtracied from the image.

In order to combine all the images of & given epoch/cimeraffilter.
FE2 reguires the detnition of a common astromeine and phoiomet-
nc reference system. We imitially cross-identified well-measured,
unsaturated, bright stars in our first-pass catalogues with the Ciria-
DR2 catalogue by means of six-parameter linear transformations.
The vast magority of Gada stars within our Fo'' are Disc stars, which
we used to define our reference-frame system. In total, we have
about 3200 Gada stars in our WEFC3/R ficld (with an average of
77 stars per image) and 2500 stars in our ACS'WEFC field (with
an average of 153 stars per image). The standard deviation of the
positional residuals between a single WFCHIR cotalogue and the
Ciafyg catalogue is, on average, 1.05 mas in the first epoch end 029
mas in the second epoch. For the ACS/WEFC data. standord devistions
of the positiemal residuals are (.75 and 0. | § mas in the first and second
epochs, respectively. The differences between the values in the first-
and second-cpoch data sre mauinly due to the Disc kinematics (G0O-
124915 dmin were obiained 2.7 yr before the Gaiz DR2, while GO-
13771 data were obtained ot about the same cpoch of the Gaig DR2),
Craig positions were projected on 1o 8 tangent plane contred ot (BLA,
Dec.) = (266.368 33, —28.920 167) deg (an arbitrary point in the
centre of oor FoY') and transformed from degrees to pixels adopting
a pixel scale of 50 rn.laspl'm:l't (similar to that of the ACSAWEC
detector). The X- and Faxes were oriented towards wesi and norih,
respeciively. and the reference tangent point was placed o posibon
{14500, 25 (00). Then, master-frame positions were obtained by
averaging the single-image positions once transformed inio this
Gaia-based reference system. Our master frames allow us o obtain
an estimate of the positional precision we reached with our data. The
median 1D positional rms for bright stars in the WFC3/1R data is of
1.5 mas in hoth epochs. while for bright ohjects in the ACSAWFC
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Figure 1. The FoV of e GO-12005+ 13771 data s shown 1o the left-hand panel (pixel scale 50 s pisel =" ). The ned and green outlines degict the footprints
of the WFCATR and ACSWEC dafa, respectively, and are overlsid o a Ky mosase from the " VISTA Variable i the Via Laciea’ sarvey (via ESO Scrence Pomal )
The hleck astersk. 0} and "A’ mark the posison of Sgr A®, the Quintsplet, and the Arches, respectively. Blue symbiols highlight the w@npels of our investigsiion
for whach we derve o PM mesarement. The nghi-band panels show (with the same logonthaie scale) a zoom-in around typecal low- (1) amd high-extinction

(2iregions b the WRCHIR stackind bmage.

data with at least two measurements it is 1.2 mas in the first epoch
and 1.3 mos in the second epoch.

The photometric registration of all the images inio the same
phoiometric sysiem 1s not as straighiforwand as the asirometnic sei-
up due to the non-contiguous FoV {see the kefi-hand punel of Fig. 1).
Thus, we defined o common photometric system as follows:

{1} for each image, we measured the magnitode of berght, isolated
objects on the corresponding WFCHIR dnzzle drz aor ACSAWEC
-drc exposure gsing aperiore photometry with o circular apertune
with a five-pixel radins. We then transformed the PSEF-based magni-
tudes to the aperture-based cnes by applving the 2 5o -clipped median
offset found between the teo svstems. This normalizes the magnitode
of each source inepch image toa 1-5 exposure (note that the WFEC3/1R
images are in elecirons per second, so the magnitnde difference is
close to 0) and makes the pholometric calibration straightforward 1n
the Iater stage:

{u) we combined {where possible) moltple drzf_drcexposures
on 0 8 common reference-frame svstem. The magnitudes of the
objects in the drz/ drc master frame were computed by averaging
the magnitudes of the stars in the single images once transformed on
to the same reference system:

(i) we cross-identified well-measered, bright stars n the
zem-point-corrected first-pass catalogues defined in (1) with the
_drzf_drc master frame defined in (1), compuied the residoal zero-
point differences, and corrected the frsi-pass photometry by these

zero-point values. This last step ensures that any uncorrected photo-
metric zero-poind residual between different poinfings is minimized:

(1v) the resulting corrected first-pass stellar moagnitudes were then
gveraged together and debned the magniiudes of our master frame.
The zero-point differences between the cormecied first-pass stellar
magnitudes and the master-frame mognitudes are lower than 0001
mag on average and a few hondredth of & magnitude at most.

Once a common astro-photometnic system has been defined for
cach epochfcamerawhlier, we run K52, K52 measures sicllar positions
und fuxes using several different methods (see Bellini e al. 200 T,
for details}. In this work. we make use of the method based on PSE
fitting of neighbour-subtracted stellar images, which is optimized for
PM analvses {Bellini et al. 20 K; Libralato et al. 20185

Finally, we transformed oul KS2-based photometry on to the
VEGA-mag flight system using the zero-points and infinite-aperiure
corrections provided by the STScl®

In general, the higher the number of images mapping the same
remon of the sky. the more cfficient is the ¥52 detection of faint
objects. However, 52 is designed to search and At an object within
o rudins of two pixels from the location of & local maximom on

Hhmpeiwww asc edyhsticdanalvaisireropoams  for ACS'WEFC  and
hmp:eeww stscledo flafinstrumentationSs e Wdats- analyscphobometic -¢
afibration’- photometne- calibration for WECHIR

MNRAS 500, 3213-3239 (2021)
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the reterence frame found by combining all images. Soorces that
moved hy more than two pixels in =28 yr (the temporal baseline
between the (G0-12915 and (G0-13771 programs) in our data set are
most likely to be missed by the K52 fnding algonthms if we use
all the available data in & single mun. Since the main goal of our
projeci is to find fast-moving objecis. we run K52 for cach epoch
separately.

As described in Sabbi et al. (2006) and Bellini et al. (2007a),
#3527 searches for and measures objects that satisfy varous criteria
{isolation, signal above the sky hackground, quality of the PSF
fit, and total number of peaks in multiple images). The disgnostic
purameiers used to define these crtena do not have the same values
in all images, bot they change with, for example. the image quality
jand the PSF), the value of the sky, and the level of crowding. We
tested different combinations of these finding criteria and chose the
parameters that gave us 8 good compromise between including real
stors and excluding image anefocts or spurious detections. Thus, if
the local values of the diagnostic parameters are very different from
the global ones used to define K52 seorching criteria. K52 could
hove missed real stars or included more spurious detections i the
final list. In general. there are no one-size-fits-all parumeters for such
a large FoV. Ouwr final photometnc catalogees (one for each cpoch)
contain aboot 830 000 ohjects.

¥52 provides a series of disgnostic perameters that can be used o
select a sample of well-measored objects (e.g. Libralaio et al. 201 8hj.
For the WFCVIR catalogues. we define as well-measured stars those
fulfilling all the following requirements: {a) Their quality of PSF fit
(QFIT) parameter” is larger than the 85th percentile of the QFIT
valuse al any given magnitude. but we addiionally kept all objects
with QF1T higher than 0.975 and rejected those with a QFIT lower
than (.6, regardless of their percentile value: (b) their magnitude rms
iz lower than the 85th percentile & any given magnitode (by analogy
with the QFIT, sources with 1 magnitude ms lowerthigher than
00, 1/0.5 mag are also kept/discarded); (o) the ratio between the number
of individual exposures actually used to measure position/flux of o
given stor and the total number of exposares in which the star was
found is lower than 50 per cent; (d} their fraction of neighbour
flux within the fiting radms with respect to the star flux before
neighbour subtraction is less than 1; () the obsolute value of their
shape parameter RADKS (excessideficiency of flux just owside of the
fitting radius with respect to that expected from the PSF; sec Bedin
et al. 200#) is lower than the #5th percentile ot any given magnitude
{all sources with a BADX S lower than H00 | are considered as stellar-
like objects, while detections with a BEADXS larger than +0.1 are
significantly namower'broader than the PSF expectation. and hence
discarded; and {f) their flux within the PSF fitting radins is ot least
3o ahove the local sky. For the ACS/WEFC catalogues, crowding is
not an issue and bad-measured stars are clearly identified as outliers
in the distributions of the disgnostic purameters mentioned above.
At odd with the WFCHIR case. 0 select well-measured stars we
identified and removed by eve the outliers in the distribation of each
diggnostic paremeicr. Finally, we combined the catalogues of the two
muns of K52 together snd kept only ohjects thal were measured in
boih epochs.

¥52 plso outputs single exposure cmalogues contmining raw
position and flux of each detected source. These positions and fluxes
are superior over those obtnined with the first-pass photometry stage,

The QFIT parameter 15 a lnear-comelation coeficient between the pinel
values in e image and those of predscted by the PSE A well-measured star
has a QFIT chose o omiiy.

MNEAS S(M, 32133230 (2021 )

since K52 measurements are deblended. Hereatter, we will refer o
these K52 -hased catalogoes simply as raw catalogues.

2.1 Ancillary cataloguoes

Mizst of the stars in our FoV' are observed with only ope filter 1 our
HST data. In order to build colour-megnitde diagrams (CMDs) for
the suhsequent analyses, we linked our photometric catalogues o
other catalogues from previows of ongoing surveys of the GiC:

{1} the coialogue of Dong et al. (201 1), made as pari of the Paschen
o survey of the GC with the HST Near-Infrared Comera and Muli-
Ohject Spectrometer (NICMOS; Wang et al. 20100, provides FIETN-
and F190N-flier photometry:

(11} the GALACTICNUCLEUS® JHE, camlogue of Nogueras-
Larz et al (2009, obinined with HAWK-I@ VLT (Very Large
Telescope) speckle dun;

{111} the PSF-based cstalosue of Surot et al. (2009, made with the
“WISTA Varable in the Vio Loctes® (%Y data.

Depth and completeness of these catlogues are heterogeneous.

The HAWK-1@ VLT instrument has a higher angutar resolution
than that of the VIRCAM @ VISTA imager {106 mas pixel™! versus
339 mas pixel-'). which is an advantage in crowded environments
such as the region clase to the GO, For this reason, we chose to rely
mainly on the GALACTICNUCLEUS JHK; catnlogue. However,
while this catalogue completely covers our WFC3/IR dat it only
partially overlaps with our ACSMWHC data. As such, we used the
VWY data 1o study the ACSMWEFC region. We found magnitude xero-
point differences between the GALACTICNUCLEUS and the VWV
photometry. We corrected the VWY photometry to maich that of
the GALACTICNUCLEUS catalogue by lincarly imterpolating the
median magnitude difference between the two catalogues in different
01.5-mag hins. The rero-point comections between the VY'Y and
GALACTICNUCLEUS photometry are of the order of (.12 mag
in the J filter and 04406 mag in the & filier.

As for the GALACTICNUCLEUS catalogue, the Paschen o data
cover the entire WFC3/TR area and only part of the ACSAWFC region.
The Paschen o caislogue alse contains a list of MSs in the GC region.

3 PROPER MOTIONS

Stote-of-the-art technigues currently wsed to study the imternal
kinemutics of globular clusters with H5T (e.g. Bellini et al. 2004) are
based on the selection of a reference populaton of stars. Clusier
stars are typically chosen as a reference because. to first order,
they are moving towards the same direction on the sky and have
o tight distribution in the vector-point diagram {VPD). However,
this method is not easy 1o apply 0 our project. The different stellar
populations in the field have complex PM distribmtions in the VPD
as & result of the Galactic kinematics and the reflex motion of the
Sun. The uneven duost distnibution towards the GC (e.g. the right-
hand pancts of Fig. 1) adds further complications. For example,
highly reddened regions only leave nearby objects visible, whils
regions with a less severe reddening contain a mix of stars af differend
distances out 1o beyond the (GO, The combined effect of kinematics
and dust disiribution could bies cur PMs of we sclect reference
samples with different bulk PMs across the FoV. For this reasomn,
PMs ore computed in a different fashion, by 1aking advantage of
the Galg-DR2 catalogue (for a similar technigue, see also Bedin &
Fontanive 2008). We computed two, independent sets of PMs, one
using only WFC3/IR data and one using onty ACSMWEFC data. so as
0 munmize mismatches between images taken wsing significanily
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Figure X Example of posational sesaduals between the 20125 WECSAR
positions (HSTE ) an the Gaio-DR2 positions. af epoch 20155 (lefi-hamd
puamely e at epoch 20028 (rght-hand pamset). Six-parameter. global linear
wransformatsons were used (o trasform the sellor positions between the
reference systems. Desplacesments are in units of ACSWEC paxeds

different bandpasses, bui at the unaveidable cxpense of having fewer
images &t our disposal in the overlepping regions between the two
data scis. In Appendix B, we provide comparssons of independent
P measurements in the overtapping regions as a sanity check.

Faor each of the two data sets, we defined an absolute reference
sysiem wsing the Gaia-DR 2 catalogoe as follows. First, we projected
the Gaig-DR2 cutalogue as described in Section 2. We used eqgua-
tion (2) of Gaia Collaboration (2018b) to define an orthographic
projection of the Gmie-DR2 PMs into Equatonal coordinates. Then,
we used Guig-DRE PMs to predict the position of sach source in
the Gaia catalogoe at the average cpochs of the GO-12915 (2012.8)
and GO-13771 {2015.6) dota sets, respectively. 'We removed from
the CGiaia sample all objects that (i) are fainter than & = 19, i) have
a PM errar in either coordinate larger than (0.6 mas yr-!, or {m) do
not fulfil the requirement described by equation (C.1) of Lindegren
et al. (2018).

For cach star i the catnlogue, we used six-parameier. global
linear transformations to transform its position on o the Chrda-
DR2 reference sysiem of the comesponding cpoch (hereafier, we
refer to these positions as transformed positions). In addition, we
also produced a set of transformed positions by applyving 1 local
sdjustment in order 1o mitigete the possible presence of smail,
uncorrectsd systematic residusls in, e.g. the HST PSF models and
the meomeiric-distortion soluition. This adjpsiment (the so-called
*boresight” cormection described in Anderson & van der Marel 20109
ts defined as the average of the posiional residuals between the
transformed HST positions and the Craig-DR2 positions of the closest
N stars 1o the target. These local corrections are based on the closest
N = 24 (for the WFCYIR data) or & = 25 (for the ACS'WEFC data)
sorrces to each object.® The median distance of the furthest reference
star in a WFC3IR image is about 750 WFC3/IR pixels (~90 arcsec),
while i an ACSWEFC image 1t is abowi 2200 ACSWEFC pinels
{ =110} arcsec).

Figs2 and 3 show the impact of the siellar PAMs on the disinbution
of positional residuals between A5T and Gaia. In the left-hand panels,
we show the positional residuals between the 20128 H5T positions
and the Gaig-DE2 positions at the reference epoch of the Gaie-DR2

*The pumber of refirence stars weed 10 caleulste these local comections
was emparscally clwsen as the largest value that allowed ss o obam a PM
meagireinent for all @ars across the PoV, even in reghons coverad by only

e AEagE per epoch
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cotalogue (2015.5). In the right-hand panels, we show the positional
residuals of the same stars affer Goie-DRE2 positions are moved at
the epoch of HST ohservations. A tght distnbution of the posiiional
residunls is o proxy of accurate transformation between the fromes.
The distribuiions of the positional residuals in the night-hand panels
clearty show how important it 1s (o take into account stellar motions
even at this initin] cross-matching stage. The comparison of the
positional residuals between the 2013.6 HST positions and the Gaia-
DR2 positions with and without moving the Gaig-DR2 positions
at the epoch of H5T observations shows negligible differences, ns
expected.

Global ransformations proved to be superior {tighter distribution
of posiional residuals) for the WFCHIR data. while the opposiie
epplics to the ACSWEFC data. This is probably related to the availzhle
mumber of stars in commaon between Gaig and HST catlogues. In
general. there are plenty of common stars in the ACS images that
can be used to derive the boresight correction, which makes the local
adjustment effective. On the other hand, there are not many stars
that are unsaturated and well measured in boih the Gaig and WEC3
data: Much larger searching radii are tvpically needed for the WEC3
data to find the closest 24 stars for the boresight correction, resuliing
in negligible improvements over the global transformations alone.
For this reason, we chose to use the globally ransformed positions
for the WHFC3/IR-based PMs and the locally corrected positions for
the ACS/WEFC-based PMs. Finally, it should be highlighted that the
positional residunls have a larger dispersion along the X-axis. The
X- and ¥Y-axes are aligned and orented as —R.A. and +Dec. by
construction. In this GC feld. Gais positional and PM emors are
larger along the R.A. than the Dec. direction becsuse of the scanning
pattern of the satellite. and are the proboble cause of this fexture.

The final single-epoch position of a star is computed as the robuost
gverage of the ransformed positions of all images at the epoch. An
outlier-rejection step was performed with a jackknife resampling
technigue similarly o what is deseribed in Bellini et al. {2004}

Afier these sieps, we had two catalogoes, ene for each epoch of
our data. The positions of the abjects in these two colologoes are
in the same shsoluic refercnce sysicm defined by the Goin-DR2
catalogue, only at different epochs. Therefore. our absolute FMs can
he simply defined as the difference between the positions in the two
epochs, divided by the average temporal baseline. The FM emmors
were obtained by adding in guadramure the positional errors in each
epoch and dividing by the temporal baseline.

The man festores and caveats of our PM cainlogue ore the
following:

(1) our PMs are absolute, not relative:

MNRAS 500, 3213-3239 (2021)
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fon Briglt staes s (0045 mas yo~' (red, salid hoeizoatal line),

{ii} amy systematic ermor in the Gaio-DR? catnlogue is also presem
in our catalogue;

{ii) crowding and detector cosmetics facilitate mismatches be-
tween the catologues, especially ot faimt mognitedes where the
signal-to-noise rafio 15 low, Fast-mioving objects should be coretully
checked. In our pnatvsis. we exclode all objects that moved by more
than 5 pixels in 286 yr, i.e. hove a PM greater than sbout 70 mas
yr~'. Al the distance of Sgr A", this value corresponds to ~2600 km
s~ ". We chose this threshold as a compromise between removing
mismaiches 10 oor catalogue and keeping potential HY Ss:

{iv) the median PM coor of bright stars o the WFC3/IR-based
PM catalogue is 0,38 mas yr ', while in the ACS/WFC-based PM
catalogue it is 0,45 mas yr' (sec Fig. 4);

(v} stars measured in only one exposure n an epoch do not heve
positional errors for that epoch. For them, the catalogue lists a flag
value of 99.99 mas yr- " for their PM ervor. These stars were included
in the analyses of MSs and fast-moving objects.

ivi) the positional error of stars measured in only two exposures
in an cpoch is defined as the absolute difference between the wo
values divided by /2. Therefore, their comesponding PM errors are
likely onderestimated.

Fig. 4 shows VPD {lefi-hand panels) and PM error as a function
of magminde {nghi-hand pancls) for stars in the WFCHIR (top) and

MNEAS SiM, 32133230 (2021 )

ACSAWFC (bottom) PM catalogues, The red. solid, borizomal lines
in the nght-hand panels are set at the median PM error of bright
stars. In the following analysis. we considered as well-measured
stars those with a PM emor lower than the 85th percentile of the error
distribution at any given magnitude for the WEFC3IR-based PMs
and lower than a threshold drew by hand for the ACSWFC-based
PMs. In the WFCHIR PM catalogue. we also kept all objects with
a PM error lower than 0.7 mas yr! {iLe. abow twice the median
PM ermor of bright, well-measured stars} and discarded those with a
PM error larger then 5 mas yr~' {red, dashed horizontal line in the
top-right panci of Fig_ 4) in addition to the percentile-based selection
on the PAM error, Mo upper limit wis set 1o the PMs derived from the
ACSAVEC data because of the higher asirometric quality.

Appendix A presents an in-depth comperison between our HST
and Gaia-DR2 PMs. While there is general agreement, we find
position-tependent systematics across the FoV, in particolar in the
outer regions near the edge. Stars brighter than - 18 do not presemt
significant colour- and magnitude-dependent sysiemaiic emors. The
lower astrometric quality of the (Geio-DR2 PMs for famnler stars is
likely the main conse of the systematic trends visible in Figs A3
and A4,

The comparison between the WECIHIR- and ACSWEFC-based
FMs is shown in Appendix B. There is a difference between the
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Figore 5. In the lefi-band panels. we show the VPD {uop) and tee mg g
veris (mpp gy — Kg) CMD (botom) with all siar with 3 WECAIR-haved
P and 2 Ky magmiude measiremen. In the nght-hand panels; we shaw
only stars dest pasied all photsmetrse and actromeirie selection eritera, Only
2% per cent of the stars are shown foe clnty,

ACSWEFC and WFCHIR PMs along the RoA. direction. However,
this systematic difference disappears if we consider relatively iso-
Inted stars in the WFC3/IR data. Croaeding is therefore sn important
contributor of systematic errors, particolarly for fant stars. Cur
PM catalogues are made publicly wvailable (Appendix Ch ALl the
aforementioned cavests and the quality checks in Appendixes A and
B should be considered when using these PM catalogues.

The left-hand panels of Fig. 5 show the VPD and the mg; 0 versus
{1ty 3eny — K5 ) UMD for all stars in common between our WFCHIR
and the GALACTICNUCLEUS catalogues, while those on the right
presemt similar plots just for well-measured stars. [t is worth poticing
the X-shaped trails of larger PM stars in the VPD. which is aligned
with the X ¥-axes of the detector {see the orientation of the WFCHIR
data in Fig. 1). We fonnd that the X-shaped traits are more noticeable
the fuinter the siars. Recently, Ploras ef al. (2008, and references
therein) report and anolyse the so-called *brighter-fatter” effect in the
WFCAR data, which cawses charge redistribotion among the pixels.
The investigation of this effect is out of the scope of our paper. bat
the magnitde dependence and the XY orentation of the effect we
see 1n the VPDs seem to suggest a relation with the ‘brighter-tatter’
etfect

VPDs and mpsmp versus (mpssmp — Ks) CMDs for stars i
common between our ACS/WEFC and the VWY catnlogues are
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Flgure . Shmlar to Fig. 5, but for the ACSM'WFC data

presented in Fig. 6. Optical dam are basically blind o most of the
Bulge population, and the vast majority of the stars measured in the
ACSMWEFC data are Disc stars,

4 A KINEMATIC VIEW OF THE GC REGION

In this section. we provide a brief description of the astronomical
seene in our field. In the following, we consider only well-measured
sfars thai passed all photometnic and astromeinc guality selections,
unless declared otherwise. In this and the following sections, all
figures related to WFCAIR-based PMs show only a fraction of the
stars in the feld, for clarity.

4.1 IR view

Various popuolations can be distinguished along the LOS towands
the (. We use the CMDs shown i Fig. 7 o disentengle them.
The CMDs immediately reveal the presence of 4 narmow bluer se-
quence (hereafter, the blue sequence ) and o broader redder sequence
(hereafter, the red sequence).

Stars in common with the Goig-DE2 catalogue are shown as
blue open circles. These objects are munly located slong the blue
sequence und have a median parallax of ~(1.5 mas (<2 kpe), ie. they
are Disc stars. The majority of the stars in the CMDs are instead
part of the red sequence. The broadening of the red seguence 15 a

MNRAS 500, 3213-3239 (2021)
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Figure 7. CMDs basedon the WERCUIR data. Lefi-hand pasel: mg gy versus
1mF‘m -_— FIIF|W'| CMD. Wil Fﬂml_ Mg VErsHs - ey a1 M.
Right-hand panel: Kg versus (mg; gy — K5 ) CMD. Blue apen cincles depict
alars b common with the Galo-TMR2 catalogue. In each CMD, the dbrection
of the reddening vector 15 mdwcated by a red arow. The reddening vector
1% vomputed by assuming an arbirary extinction Apseg i each plot amd
the extnction mdex o = 2.3 of Nogoeras-Lara e al {3018, A PARSEC
wsnchrone for 10-Gyr-old stars wath [FefH] = —0.16 at 8.2 kpe (nm the Sun
representing the Bulge populatim ks fined by eye a3 reference in the rightmast
paanel. The gold rectangle marks the bocaton of the Balge red clunsp.

proxy of the severe extinction that affecis these stars and suggesis
that these siars are Bulge/Bar objecis within a few kpc from the GC.
As areference, we plot in the rightmost panel & 10-Gyr-old PARSEC
isochrone (Bressan etal. 2002 ) with [Fe/H| = —(.16 {e.g. Rich et al.
2007) and with a distance of 8.2 kpe from the Sun, 10 represent an
old stellar population in the Bulge of the Galaxy. Finally, sources
between the blue and red sequences are an admixiure of Dise stars
further than ~2 kpe from the Sun and Bulge/Bar objects with a less-
severe extinction {plus the scaiter due to the pholometric errors}.

We can reach the sume conclusions with astrometric arguments.
In the left-hand panel of Fig. &, we selected o semple of bright stars
along the Disc (in bloe) and Bulge/Bar {in red) sequences i the
CMD. The VPDs in Galactic coordinates” in the right-hand panel of
Fig. & demonstrate that our FhMs ore sccurate enoogh 1o detect the
different motions of the two popalations.

We know from the Gaig-DR2 catalogue that these Disc stars arc,
on average, ot a distance of o few kpe from the Sun. According to the
recent work of Reid ot al. (2019}, the rotafion velocity of the Galaxy
at the distunce of these stars is ~237 km s~'. By assuming from the
sume paper the rotation velocity for the Sun of ~247 km 5!, this
means that the Disc stars in the blue sequence of the CMD should
have an spparemt motion slong the Galactic longitude | of aboot
—10 km s~ ie. —1.05 mas yr". The Sun also has 3 motion of
+7.6kms" perpendicular to the plane of the Galaxy. If we assume
that our [sc stars have & negligible verical motion, the expecied
apparent motton along the Galactic labivde b of the Disc stars st
2 kpc should be of —7.6 km 5", Le. —0.% mas yr~'. In the bottom-
right VPD in Fig. & we plot as a black dot the expected apparent PM
of Disc stars. The good agreement between the expected motion of

Tin this paper, Galacte PM emors are compuied followimg o Monte Carlo
approach stmiler o thar deseribed m Libealoto et ol (20200 For each star, we
ased D000 samples of s Equatonal PM, These samples wene drawn by a
Gaiissan distrabution with average and o egual (o e absoluie FM ond errors
of the star. Then, we converied te FMs of dese samples from the BEguatoral
to the Galactic reference system. Finally, we defimed a3 the Galactic PM emor
of the star the standand devistsm of the obtammed distrnbutmng.

MNEAS SiM, 32133230 (2021 )

i, [mas yr-]

1 vl

e

16

iy [mae yrt]

(]

0 SRR T O T TN U
o -5 —10
g,cash [mas yrol]

o
fa
&
i

Figure 8. The lefi-hand pancl presents the orgpgyy versus (mgg g — Kgd
CMD of the @ars in our WECAIR-based PM cimalogie. Dise stars are showi
as hloe posnis. while B ulge/Bar obgects are depicted o red. The conesponding
WD of the P in Galsctie coordinates are shown 1o e righi-hod panels.
The grev. dashed lines are set at geos b =0 mos ve? and gy = 0mas L.
The Mack dot i the boton-nght VPD represents the expecied PM of Dhse
stars o 2 kpe from the Sun, winke the star on the top-raght VPD s the PM of
Sgr A® (xee Table 2).

Dvisc stars in our FoV and the PMs of blue-sequence stars supparts
the idea that these objects ore within a few kpe from the Sun.

Stars belonging to the red sequence have a PM dismibation
different from those of the Disc stars {Fig. 8). The black star in the top-
nghi VP marks ithe absoloie PM of Sgr A* from Red & Brunthaler
{2020}, Again, red-sequence stars have Phs similar to that of Sgr A°,
thus suggesting they are parl of the same GC region. Interestingly,
the VPD of Bulge/Bar stars highlights the presence of two difterent
rroups of stars, whose distribmtions are mainly elongated along the |
direction.

To hetter understand the natore of the two stellar groups in the GC
region, we extended the sample to fainler stars for o better stotistics,
made a histogram (with a bin width of 0.25 mas yr— ') of the PMs
along the foos b direction, end fit the histogram with a dual Gianssian
function (top-left panel of Fig. 9). We found a tighter group (green
contour) centred at geosb ~ —3.6 mas yr~', and a broader groop
{vellow contoor) centred at jroosh -~ —7.5 mas yr'. The mean
PM of the former group is (just) a few mas yeo' (~100 km s-'
ol the distance of Sgr A*) larger than thar of Sgr A and might
contain stars in front of the GC. The latter group has o PM similar
to that of Sgr A", and it might represent stars ot the distance of Sgr
A", The msswm versus (mema — Ks) CMD of these two groups
of stars (righi-hand pancl) shows tho stars with a PM similar io
that of Sgr A® are fainter, suggesting they are forther from the Sun
than the other group. Yellow points arc alse rodder than green dots.
suggesting that the uneven dust distribution in the field could also
cause the magnitude—colour difference shown in the CMD. However,
the direction of the reddening vector does not seem conststent with
the direction of the colour/magnitude offset between vellow and
green points, which means that extimciion alone cannot explain the
observed offset in the CMD.
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Figore 9. Top-lefi papel: lustogram of the pqosh PMs of boaght, weil-
measined Bulge/Bar stirs. The dual Gaossian 1 fo the lhistopram is dhown
with a black fine, while the mdividusl Gausstan componmis ore shown m
green and yellow, We ooed thewe Gaussan functons 10 select two samples
of stars: for each group (sluded pabe geeen and vellow regions). To avosd
conlambiation between the two growps, we selected only stars from 0.5 w
Yo froim the peaks of the Gapssan fusctions. Bomom-left panel: VPD of
the ahsolute PMs m Galacue cooedimates. The red aaenisk marks the PM of
S!t AT R'lgl!.l-h.ilﬂ p.'lhel: ML N Versis (ampyisg — K5 ) CMD. ﬂfllj SLArs
enchmad in the green and yellow raclangles are shown i the CMID and are
calour coded socordingly. The red arrow represents the redidening vecior.

To verify that distance from the (G is the main factor in explaining
the kinematic and photometric differsnces between the two groops
of stars, we performed a simple test. We selected five regions from
thee stacked image with high steflar densities, Le. with low extinclion
{as in panel 1 of Fig. 1), and five heavily ahsorbed regions {as thoze
in panel 2 of Fig. 1) Regions with high extinction should contain
mainly sturs closer o us, while regions with fow extinction should
present a mix of stars at different distances. up to the GC and posstbly
beyond. In Fig. 10, we plot the CMDs for the stars in cach region.
Then we selected red-clump stars in both CMDs. Inthe top panels, we
show the corresponding histograms (hin width of 0.25 mas yr" i of
the PMs along the fcos b direction. The “high-extinction” histogram
shows a clear drop of stars with jcos b < —6mas yr " with respect in
the *low-extinction” histogram. as expected if objects with geosb =
—6 mas yr—' are those closer 1o (in front or behind) the GC.

4.2 Optical view

Fig. 11 presents anoverview of CMDs made with the ACSWFC data_
Muost of the siars are close-by Disc stars. but some bright Bulge/Bar
objects seem still present. However. the interpretation of the different
features visible in these CMDs 15 not stmightforward in these coloor
comhinations with the FESOLP filter.

In the lefi-hand ponet of Fig. 12, we plot the Ky versus (f — K}
CMD for the stars in the ACSWEC data for which we have PM
measurements. We selected a sample of stars in the Disc sequence
and one in the brightest end of the redder sequence of the CMD. The
righi-hand panels of Fig. 12 present the VPDs of the PMs of the blue
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Figure 11. CMDs based on the ACSMWEC daea. Lefi-hand panel: wigpson
versis Dmpasap — mFrwe ) CMD, Maddle pasel: f vessud (mipgsnp — S
CMD. Bight-hand panel: Ks versus (mpgsore — Ke ) CMD. Asin Fig. 7, stars
b common with the Gan-DRI caalogee are shown as blue open circles.
Thee s aerorws represent the difectson of the reddening vector and i was
computed by astuming an arbitrary extinction Apsmr = 2.5 in sach plot and
the extincteon mdex o = 2 3 of Nogueras-Lara et al (2008)
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Figure 12, The K5 versus (f — Kg) CMDof the spars e ACSMWEC data
for which we have o PM messorement s shown i de lefi-hand panel.
Blue and red pomts haghlight 3 sample afl Dise objects amd a group of
Bulge/Bar stars. The nglt-hond paonels present the YPDs of the PMs o
Galsctic coordinates for the Bulge/Bar (top pamel) and Dise {botlom panel
alira.

and red stars. As in Fig. 8. their PMs show the different kinematics
of these stars.

Bulge/Bar stars in the GC region are faint in the FASOLP filter
and the only stars in common between the ACSMWEFC data and the
¥¥V catatogue are probably bright stars m from of the GC, closer
to the Sun than those visible in the WFCHIR FoV. Fig. 13 shows
the Kz versus {J — Ks) CMD of stars in the WFC3/IR FoV (black
pomis) end m the ACSWEFC data {red, open circles). Stars with (f
— K1 = 4 are present in both the WFC/IR and ACS/WEFC data.
Stars redder than (J — Kg) =~ 4 in common between the WEC3/IR
and ACSMWFC catalogues are only those in the bright blue side of
Bulge/Bar sequence, as expected if Bulge/Bar stars in ACS/WFC
field are closer and less reddened than those in the WFCAIR data.

4.2.1 The Arches cluster

Recently, Libralato et al. (2020) linked the PM catalogoe of Stolte
et al. (2015) to an ahsolute system by means of the Gaio-DR2
catalogue, and measured the absolute PM of the Arches us;

(1t cO8 8, gy Vm=-ED

=[—145 = (23, -2.68 + L14)mas 31". (1)

The Arches cluster is present i the north-east region of the
FoV and it 15 covered by tao ACSWFC images per epoch. As an
independent check of our PMs. we computed the absolute PM of the
Arches wsing our H5T-based PMs and compared this new estimate
with that of Libratato et al. {20200,

Most of Arches” members are not detected by £52 becanse they
are cither too fint or did not pass the detection criteria of ¥23 (see the
discussion in Section 2). Clark et al. (301 8) identified MSs" likely
members of the Arches cluster according to their LOS velocities.
Some of these M5z are also present in oor catalogoe (see the later
discussion in Section 5). The average PM of these M3s measured in
two images per cpech. which represents en esiimaie of the absoloic

MNEAS S(M, 32133230 (2021 )

Flgure 1), The K5 versas (f — Ks) CMD of the stars in the WFRCVIR data
{hlack poinis) and 1m the ACSWEFC data dred. open airclesh.

PM of the Arches. is

{pt, oo b lr-ILI-r!unjtr—'I1.|.I|l.l\.1.-i|Ir

=(—124 £ 0.78, —2.44 + 0.68) masvr~ " 2

This value is in agreement with the estimate of Libralato et al. (2020)
at the 1o level although our PM ermoms are larper becouse of the
faininess (ie. less-precise PMs) of our reference objects.

We also tock advantage of Disc stars in our ACS/WEFC PM
catalogue and converted the PMs of Stolte et al. (2015) from relative
i absolote valves following the preseripiion of Libralsio et al
{20200, Our second independent estimate of the absolute PM of
the Arches is

{1, Cos 8, y”-"-"'h—'l'lﬂuuuil:zk

=[{—1.34 £ 041, —2.11 % 0.3 mas ve—'. £}

The sprecment with the estimate of Libralato et al. (2020) is ot the
=2 level. The average PM error of the Gaia stars used in the work
of Libralato et al. (20200 for the relative-to-ghsolule conversion is
about .43 mas yr~ ' while that of the stars in our PM catalogee used
for the same task is (.76 mas yr~'. Therefore, we chose to keep the
originil PM estimate of Libralato et al. (2020) as the absolule PM of
the Arches in the rest of the paper.

5 KINEMATICS OF MASSIVE STARS

Muost MSs in our field were identified by Dong et al. (200 1) as part
of the NICMOS survey of Wang ct al (2010). Dong et al (2011)
found several Paschen a-emitting candidates. most of which are
cvolved MSs with sirong winds. The suthors released o list of 152
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Cibject RA. D, [pioCOsd, gl (pas b, jixl

lideg) {deg) fmas v i vty
Sgr A° 2664 s K371 — 20,007 810 56 {—3. 0154 = O, —5 585 £ 0.0010) {—6.A1 1 £ 0E, —0.21%=0.007)
Arches 266 4604 — 28 5244 (=145 +0.2% 2645 +014) (=105 017, -0 k6 £0.20)
Ouidmtupber 2605578 — ZR.EMX) [(—1.190.00, 266 0.18) (—2EO (16, 038 013

Nore (1) Posmon and PMs of Sgr A* are from Beid & Bronthaler {20201 (i) Pesmons of the Arches and Quintuplet elusters are from the

SPBABAD data base, whale PMs are from Libealato et al. ( 20300

conhrmed Paschen o emitters (hercafter Primary List) and a list of
134 potential candidates for which it was not possible o perform o
clear classification (Secondary List),

We also incloded MSs from Clark et al. {in preparation . Recently.
Clark et al. (in preparation ) underiook a NIR spectroscopic survey of
the Arches, Cuintuplet, and diffuse M3 popalation in the GC region
using SINFONI and KMOS on the European Soothern Observaiory
(ESO) VLT, The list of their targets comprises two sohsets. The first
subsct 15 made by M55 that were previeusly clossified as such from
low S/ andfor spectral resolution observations {Cotera et al. 19499:
Muno et al. MK6:; Manerhan et al. 20007, 2000a,b; DeWite et al. 201 3;
Dong et al. 2015; Geballe et al. 200%). These stars have the following
characteristics: (1) have a Paschen o excess indicative of a powerful
stellor wind (Dong et al. 2001}, (k) arc associated with an X-ray
source indicative of a colliding wind binary {Maverhan et al. 2009,
or (iii} their mid-1R properties are indicative of o highly luminous,
potentially dust post-main-sequence siar (Geballe ot al. 2009). The
second subset comprises the remaining candidates characterized by
pronounced Paschen o emission from the catalogue of Dong of al.
{2011}, bot they have not been spectroscopically classified vet. Other
17 MSs were returned from this cobort, with the remaining ~3(0 stars
comprising cool. low-mass interlopers along the LOS. In addition to
these lists, we also considered MSs i the Arches cluster from Clark
et al. {2018). We refer to the collection of MSs in our field not
included in the Primary and Secondary lists of Paschen o emaiiers of
Dong et al. {20117 simply as Cther list.

The spectral-type characterization made by Clark et al. (in prepa-
ration ) allow us o define three samples of ohjects: confirmed MSs.
candidate MS5s, and non-massive objects. In total, we measured the
PM of 43 confirmed MSs, 64 candidate M35, and 5 non-massive
objects. The bst of these objecis is presented in Table D, In the
following, we discuss in detail the kinematics of the confirmed M5s,
while we provide & shorter amatysis for the candidate MSs and the
non-45s. Not all these ohjects. especiatly those at the faint end of
our catalogues, passed all the astro-photometric quality selections
described in Sections 2 and 3, but we study their kinematics anyway.
In Table 2, we report positions and PMs of Sgr A* (from Beid &
Brunthaler 2020}, the Arches, und the Quintuplet (from Libralato
el al. 2020} as a peference.

5.1 Confirmed MSs

511 Popularion srricture and diciribarion

The location of confirmed MSs in the CMD (lefi-hand and middle-
beft panels of Fig. 14) suggests that almost all M55 hove a Bulge/Bar
origin, with only one pozsible imterfoper (green point). Blee and
red points mark MSs in the bloe and red side of the Bulge/Bar
sequence in the CMD, respectively. This seleciion is noi possible
i the ACSWIEFC field and we simply ploi probable Bulge/Bar MSs
redder than the arbitrarily colour (mrsor — mees) = 6.2 as red

peinis. The middle-right and night-hand pancls of Fig. 14 present a
comparison between the FMs of the MEs in the Primary, Secondary.
and (dther lists and the PMs of stars in the Dise (middle-right panels)
und Butge/Bar (right-hand penets) samples described in Section 4.1,
We comsidered Disc and Bulge/Bar objects in the same magnitude
interval of the MSs {mmsoy < [6). The green poinl (siar # 18668 in
the Primary list) has a PM similar to that of the Disc or Bulge/Bar
stars. However, its position in different CMDs makes it challenging
(o mfer its membership.

At o tirst glance. MSs have kinematic propertics different from
those of Disc stars within a few kpe from the Sun. The comparison
between the PM distributions of the MSs and Bulge/Bar objects is
not straightforward. Bulge/Bar ohjects along the LOS are located in
o wide range of distances from Sgr A”_ either in front or behind @i
which reflect in different PM disinbations along the feos b direction.
On the other hond, the PM distributions of Bulge/Bar objects at
varions distances from Sgr A® along the b direciion i our VPD
seem rather similar. We compared the i, PM distribotion of MSs
with those of Bulge/Bar ohjects. We selected only stars brighter than
Mipgens = 13 and with o PM error lower than | masyr",audnﬂ_wr:d
their velocity dispersions ;. We find thmt Bulge/Bar stars hove 5, =
(2.06 £ 0.02) mas yr~', while MSs have 5, = (0.95 £ 0.17) mas
v~ The velocity dispersion of the MSs shown in blue in Fig. 14 is
,, = (0,79 £ 0.17) mas yr~". These values sugpest that maost MSs
wre o distinet population from the rest of the Bulge/Bar stars chosen
fior the comparison. Specifically, their lower e, (which cormesponds
to =30 km 5! at the distance of the GC) indicates that they are
o near-planar popuolation that is not os vertically extended as the
Galactic Bulge. The o, of selected Bulge/Bar stars differs from
what we wouald expect for stars very close to the GO (~3 mas yr~').
Because of the direction of the reddening vecior and the magnitude
cut ot Mgy = 13, we are likely selecting objects in front of Sgr A°
(sec Section 4.1 and CMDs in Fig. 1) that have a different velocity
dispersion than the Bulge population {e.g. Clarkson et al. 2008).

The M&s in bloe in Fig, 14 seem part of a defined sequence in
the CMD. and are clostered together in the VPD. Fig. 15 shows
the K5 versus (f — Kg) CMD for the stars in the WEFCS/IR feld
(black points). Green points represent stars in the ACS/'WFC field.
As discossed in Section 4.2, stars in the ACSPWFC catalogue mn
common with the ancillery catalogues are Bulge/Bar ohjects closer
to the Sun than those in the WFCHIR catalogue, Again, bluc points
ure the MSs in the blue side of the Bulge/Bar sequence. The coloar
width of these MSs in the CMD is similar o that of the Bulge/Bar
stars shown in green with (f — Kg) = 3.5 This piece of evidence
suggests that the MSs shown in blue in Fig. 14 coold be in fromt of
the G, eloser to the Sun than all other confinmed M55, and could be
part of the general *feld” population. Red poants in Fig. 15 represent
MSs that are likely members of the Arches from Clark et al. (2008).
The simalar CMID locations for these fwo groups of star could insiead
indicate that isolated and Arches” MSs are at the same distance. The
different colours of MSs and Bulge/Bar objects shown in black in

MNRAS 500, 3213-3239 (2021)
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Figure 14, In the lefi-hand and middle-left pamels. we plot the memey versas dmpaom — mFsos ) CMD for the stars in the WRCHIR fizld and the mpsnp
ek (mEmsme — drepmoy b MDD G the stars b e ACSAWEC teld. respectively, We selected three samples of objecis io the CMDs: Green pobms neder tis
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Figure 15. £g versus (o — Kg) CMD. Black points are stars inthe WFCI/IR
fhebd, while green poants represent stars m the ACSWEC field. Blie ponts
are the M5 in the blue side of the' Bulge/Bar sequence as shown 1o Fig. 14,
The 356 that are hikely members of e Arches scconding o Clark et al.
(8 are showin ok fed triong les.

MNEAS SiM, 32133230 (2021 )

Fig. 15 couold reflect the different intrinsic nature of the two groups
of sturs {(young, massive objects versus obd, low-mass starsi. If the
Arches is in the GC. isolated MSs shown in blue in Fig. 14 are in the
GC p= well, although they are not part of a cluster bt general feld
ohjects. Finally. the relative position of Arches and Bulge/Bar stars
in owr CMD is gualitatively in agreement with those in the CMD
shown in Hosel et al. (4¥149).

The M35 in our field could be bom in star-forming regions in the
Gialaxy spiral arms and be just projected towerds the GC. although
it scems unlikely since they lic on the Bulge/Bar sequence on the
CMD= We mvestignted this hypothesis o5 follows. We simolated
LN =tars with the same Equatorial coordinates, equal to the average
(R.A Dec.) of the MSs in our field, but differemt distances from the
Sun ((-10 kpe with steps of 001 kpe). The Galectocentric motion
{Vy. ¥y Vil of each object was assigned by means of the Galactic
rotation curve measured by Reid ef ol (2009). Specifcally, we used
their best model “AS5° and the code m their appendix B {rescaled
by the distance of Sgr A* of 8178 kpe of Gravity Collaboration
Z01%9) to compute the circular rowmtion as a function of Galactocentric
distamce. We also simulated a peculisr motion for sach source by
introducing a velocity component along the radinl direction from the
GC {between — 15 and 15 km s~'). We decomposed these radial and
circulas velocities of each star in the (V. Vi) velocities. Vi was varied
between —15 and 15 km s~ !, agsin to simulate 8 pecoliar motion,
Finallv, we converied {Vy. ¥y, V) indo Galactic PMs and compared
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Figore 6 Ineocls panel. we plod the VIPDs of the Galactse W for o et of simuelated Dese stars i the Galoenc plase {see the text for detals). coloar coded
acconding to the distance from tee Sun. Black ponts o the nglt YPD show the PMs of the confinned MSs. Open circles, squares, and tnangles refer o obgects

mn the: Primuary, Seconcdsry, and Odver lisie, respectively.

them to the MS PMs. We neglected the influence of the Galactic
Bar at small Galactocentnc distances since we are mainly inierested
in the connection between MSs and the Galsctic spiral arms. The
result is shown in the left-hand panel of Fig, 16, Simulated points ane
colour coded according to their distance from the Sun (we plot only
the extreme cases of radial Galsctocentric motion of —15 and 15 km
5! and Ve = —15 or 15 km s~ for clarity).

The comparison between the FMs of the confirmed M35 (nghi-
hand panel) and our simulations shows that most M5s in the VPD
have PMs that are not consistent with those of the Disc stars within
4 kpe from the Sun. If MSs are distant Disc stars snd the discrepancy
between observations and simolations is mainly doe to unaccounted
for peculizr motions or to the influence of the Bar, Fig. 16 seems o
imply that most M5z are located in the innermost ~3-4 kpe of the
Galaxy. As stated in Reid et al. (200%), star-forming regions in the
3-kpo arm are likely associated with the Bar of the Galaxy rather than
being o true spiral arm, while maser sources in the 4-kpe (*Norma”)
arm have large pecoliar motion becawse they ane near the end of the
Baor. These pieces of evidence suppont 8 Bulge/Bar ongin for most
confirmed MSs. However, a distinece of 3—4 kpe from the GC is
unlikely for the following reasons, First, these stars are very bright
and should have been visible in the Gafa catalogue if located ot &
distance of 3—4 kpc from the GC. Secondly. some isolated MSs have
been associated with radio, X-ray, and/or mid-1R features known o
be im the GC {eg. Cotera et al. 1996). Finally, the extinction for
these objects 1s larger than Av = 20 mag (Moverhon of ol 2009,
which wounld require an unosual, ad-hoc high extinction for spiral-
arm objects at 3—4 kpe from Sgr A®. Therefore, the 3—4 kpe has w
be considered an upper limit for the distance of MSs from Sgr A°.

Unfortunately, as we still lnck distances. we cannot a prior discard
origins within or ouiside the GC region. In the following, we assume
these MSs to be close to the GC and mvesiigate if any of them are
associated with either Sgr A®, the Arches, or the Cuintupler

If the confirmed MSs are in the GC region, the tight distnbution
in the VPD (Fig. 17) for most of them suggests that these MSs
could have originpted from the same moleculor cloud orbiting around
Sgr A®. The difference between the bulk PM of most M5s and the
Arches and Quintuplet clusters is likely an indication that MSs and
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Figare 17, VPDs of the Phs of the confirmed MSs (black poines). The red
staf marks the PM of Sgr A, while the two red poinis isdicate the PMs of the
Avches and Qubimuplet clusters. As m Fig. 14, creles, sguares, snd manghes
repoeient MS4 n the Prmary, Secondary, aad Other samples, respectively.

the clusters are experiencing a differemt Galactic potential and are
at different distances from Sgr A*, with the MSs probably further
from Sgr A" than the clusters. However, the PM ditference between
tsolated M35 and the clusters could simply be doe to different peculiar
motions, end all these objects could be af the same distance from Sgr
A* Only a small groop of objects have a broad PM distribotion in
the VPD and might represent the closest sample of MSs o the GC.
A third compoent of the motion (LOS redial velocities) for the MSs
is pequired 1o better constrain the location of their formation.

5.1.2 Rumaway star candidafes

Some M35s could indeed have been bom in a cluster or close o
Sgr A", and then ejected. Even of we do not know the disiance of

MNRAS 500, 3213-3239 (2021)
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the M3z {nor those of the Arches and the Quintoplet), we can still
select candidntes whose PMs suggest that they are moving radially
away from these possible birth places. First, we defined a reference
system in which the possible ongin source (Sgr A°. the Arches, or
the uintuplet) is af rest and at pixel (@, 0. Then, we compuied the
PM position angle # between the direction of the PM vecior and the
direction of the star to the source. This angle is defined to be O deg
if the star is moving radinlly from the source, and +180 deg if it
is moving radially towards the source. We defined as candidates all
ohjects that verify the following conditions:

{i) 9] < 10deg:

{1} the closest distance 1o the origin backward in tme, based on
the relotive PM vector (1), is equal or smaller than a limit redios.
For Sgr A*, we defined the limit radius a5 its influence radius of ~3 po
(Schidel e al. 2008}, Le. 1.26 arcmin at the distance of 5178 kpe,
while for the Arches and the Quniuplet, we used their angolar size
provided by the SIMBAD data base:"

(i1} the closest approach happened within the age of the ongmn
source. For Sgr A, we assumed an age of 6 Myr (as that of the
Central Star Cluster; Marting et al. H07). For the Arches and the
Chuintuplet, we considered nges of 2.5 Myt (Marins et al. 2008 ) and
4 Myr (Liermann et al. 2010}, respectively.

We repeated the computation 1000 times, each time adding a random
noise to the PM, and verihied of conditions (i), (1), wnd {(101) were miet.
The noise added to each star was randomly picked from a Gaussian
distribotion with & equal to the PM ermor of the star. Stars measured
in cnly one image per epoch do not have a PM error. For them, we
assigned the median PM error of close-by stars at the same magnitude
level. If o candidaie passed all three conditions (1), (i), and () at
least once. we inspected the results: and discarded the candidate if
its PM errors are woo large (e, wide range of #). An example of the
results for the star #2061 2 is shown in Fig. 15,

In the reference system where Sgr A® is at rest and is placed m
the orgin of the coordinates; M3s escaped from the Sgr A® region
are moving a5 the main stream of stars in the field (parallz] o the
Galactic plane. towards positive Galactic longitude £ see WPD
the inset in Fig. 18} and. according to Section 4.1, are likely in
fromt of the GGC. The Arches mnd Cuintuplet clusters are located ot
the edge of the FoV and have eastward motions larger than most
of the stars in the ficld. In the reference svstem where the Arches
ar the Quintuplet are at rest, most stars in oor field are moving
iowards wesi and have a motion smiler (o what we expect for
a star escaping from the clusters. These conditions [position and
kimematics of the clusters) make the few MS escapers we found not
that special, thus weakening the escaping nature of our potential
MSE escapers. Furthermore, the absolute PMs of MSs supgest that
they might not be at the same distance of the clusters. All these
features are probably an indication that these objects are not genuine
escapers mnd their moton is just the result of perspective effect.
The unknown distance of M3s is the hmiting factor thati prevenis
us from resching definitive conclusions, Table 3 summarizes the
porameters of these stars. We report the flight tme of these objects,
defined as the distance from the current position to the point of
closest approach divided by the relative PM of the M5 in the
refercnce frame where the origin source (Sgr A, the Arches. or
the Quintuplet) is af rest. The guoted emors on the Hight times
are only imternal and do not include sy source of systematic
£rFors.

S\Wenger et al. (20000 and hopsimbed w-strashg {nfsimbad/.
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Flgure 18 PM of the M5 #20612 relaive 10 Sgr A% The ed solid arrow
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A" (hlue cross). The absolime PM of the source is-shown in the VPD in the
insel. Only 25 per cenl of the bright sources ane shiwae North ks ap and east
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The MSs that appear to have come from 5grA° are not HY s, thus
exncluding the ejection via the Hill mechamsm. Yonous mechanisms
can cjcct stars over different time-scales. An ejection resulting from
the disruption of 8 binary by a supemova explosion is plausible if
the age of the star-forming region is longer than the shortest lifetime
of o star (~3 Myr: e.g Zapartas et al. 2007) The ~2.5-Myr age
of the Arches disfavours supemova-related events for the candidate
escapers. A three-body interaction can expel the least massive siar
in the sysicm and leave behind o binary object made by two stars
with o mass of at lease 100 M, (the typical mass of the MSs m this
sample: see Dong et al. 2005). larger thon thae of the ejected object.
Mass segregation in the two closters (e.g. Hosek etal. 200 9%; Ruieeal.
20049) makes MEs to preferentially sink towards the cluster centre,
favouring their dynamical interaction. Finding MS binary systems
in the core of the Arches and the Quintople would not contradict &
three-body cjection mechansm as explanation for massive cscapers.
Mevertheless, the flight time of all these escapers is suspiciously
small. thus suggesting a foriunate alignment of the PM vectors.

Star #1 398622 in the ACS/WEC catalogus” in the Secondary list
i= clussified as an ejected candidate from the Arches. Its absolute
PAM is in agreement with the bulk motion of the Arches within lea.
suggesting that it could be a member of the cluster. The tidal radius
of the Arches is shom |6 po (Hahihi et al. 2013}, which corresponds
to ~4{) arcser ai the distance of Sgr A”. Even if the cluster is located
2 kpe in from of the GC (and its tidal radivs becomes abowt 53 arcsec),
star #1398622 would stll be outside the tidal radius. For this reason,
this star is an interesting turget to follow wp with LOS-radial-velocity
MERSURMEns.

Fig. 19 presents the histogmmes (bin width of 10 deg) of the PM
position angle & of confirmed MSs with respect to Sgr A® (left-

98tar #1395022 15 messured in o image per epoch.
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Tabde 3. Overview of the confirmed MSs selected as seaping candidases.
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Figure 19, Histograms of the FM position angle § for confirnsed MSs. Error Bars are defined as W Froem left 1o right, we show the histograms of # comguted

with respect w Sgr A°, the Anches, and the Ouinmgler.

hand panel), the Arches (middle pancl), or the Quintuplet (right-hand
pancl). Each hisiogrom shown in the figure is the average of 100K
histograms, each of which was obtained by measuring # after adding
a random noise w the PM emors as described above. By adding
the random noise. we randomly blorred/sharpened and shifted the
distribartions in the histograms. The final average histogram is less
dependent on the bin width snd the stariing point {see e.g. Libralato
ct al. 2019} MSs do oot show any significant peak af @ ~ 0 deg m
the histogroms. There is & hint at the ~2.87 level of 8 peak at & ~
30 deg in the histogram for Sgr A" Given the relative posiion and
FM of the confirmed M55 with respect to Sgr A®, we still favoor the
idea that the sample of potential escapers previously discoversd is
mainly the result of a perspective effect.

5.1.3 Arches' members

10 M85 in the ACSMWEC field close to the Arches are included in
the list of Arches" MSs of Clark et al. (20018). The VPD of the PMs
of these stars is shown in Fiz. 20, The blue cross marks the PM of
the Arches and the ellipse has semi-axes equal to the median PM
crrors of stars at the magmitude fevel of the 10 massive objecis in that
region of the FoV. Eight ont of ten stars are likely members at the 1o
fevel, and all ohjecs hove PMs consistent with that of the Arches at
the 2er level. These M3s are listed in Table 4.

S04 Cluster tidal #mils

The confirmed MSs in our field could be former members of the
Arches or the Quntuplet in a tidal tml of the clusters. Hosek of al.

o

thy [mas yr-1]
 a )

&n

i, cosh |mag yro1]

Figure 20. VPD of the absolite PMs of confirmed M52 in the ACSMWFC
field chose to the Arnches {(block tamgles wath evvor Barsh. The blue cnoss
miarks tee absoluce FM of the Arches cluster The blue elbipse s centred on
the cross and has sem-anes eqeal o the median PM esrors of stoss at the
magniude level of the 10 massive obpects.
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Tabbe & List of confirmed M5s" hkely members of
thee Arches cluster.

1§} List Spectrul tvpe
1412291 Chier WHE-Oh
1412292 (hber WHA-9h
1412295 Chher WHE-Oh
1412379 (nber UA-A.5 Ia
14123581 (nber 0a-7 la+
1412352 (nber WNT-Bl
1412383 (hher D=5 La+
1412384 (hber WNE-Gh
1412356 (aber 04-5 [a
1412470 (nher WNE-Gh

Note, (1 PMs of the surs 81417379 1412383,
1412386, and 1412470 were measured with o ifmage
per gpoch () All stars wre meluded 0 the bist ol
Arches' MSs of Clark et al, (2008

{2019} and Hui et al. (3019) snatysed in detail the Arches and
Cuintupiet clusters. Neither studies foand hints of tdal-tanl streciures
out tn 3 po from the clusters” centres, and the suthors observed
{weak for the Cuniuplet and sirong for the Arches) evidence of
muass segregaiion. Both picces of mformation make it unlibely o
find M%s in a tidal tail. However, the GC region s very extreme, and
a few massive objects could have been ejected o early stages of the
clusters” evolution.

We defined the direction of motion of the clusters with respect to
Sgr A® in the plene of the sky by means of the PMs listed in Table 2.
Red and hiue arrows in the lefi-hand panels in Fig, 21 represem
the expecied motion of the two clusiers {the Arches on top ond the
Quintuplet on bottom. shown s green dots) over 107 yr backwards
and forwards in time, respectively. Cyan and pink regions highlight
the location of the leading ond treiling tails given the PMs of the
clusters relative to Szr A* (we also ook into account for the PM
errors). Black points mark the locations of the confirmed MSs. MSs
within the shaded regions are potential members of a tidal tail. The
right-hand panels of Fig. 21 present the PMs of the MSs (only those
within the cyan/pink regions further than three tmes the cluster's
angular size from SIMBAD) relative to the Arches/Cuintuplet as o
function of the position relative to the cluster along the | direction.
Amy tdally lost star must have pp similar to that of the Arches or the
Cuintuplet. Red points are MSs that have js within | mas yr—! from
that of the corresponding cluster, while black points are all other M5s.
Stars in o leadingfirmling tmils shonld have a positvelnegative PM
relntive to the cluster. respectively. Interestingly. position and motion
of star #1398622 in our ACS/WEFC catafogue are consistent with
being pan of the leading tnil of the Arches. Agoin. oll six kinematic
parameters of the M5s and clusters are required to completely
understand the location of their origimn.

515 Coandidare M¥x

Fig. 22 shows the CMDs und the VPDs for the candidate M5s m
our lists. Cofour and shope codings ane the same as in Section 5.1
and Fig. 14. Green points are bkely mterlopers i the dise. Frve
ohjects have o paralloy measurement in the Gaig DRZ, suggesting
that they are lecated within 2 kpe from the Sun. The location of the
remamng sters m CMDs based on different colour combinations
indicates that the remaning stars are lkely Dise objects as well.
Therefore, we excleded all these 14 stars for which CMDs or the
Gimig-DR? parallanes clearly mile oot 8 Bulge/Bar connection. CMD

MNEAS SiM, 32133230 (2021 )

Incations and PMs of the remeining M5 candidates suggest that these
objects are likely in the Bulge/Bar.

Fig_ 23 presents the K versus {J — K5 ) CMD of the stars in the
WEFC3/IR ficld. Stars highlighted in red are the condidaie MSs likely
Incated in the Bulge/Bar. Most MSs are in the Bulge red clump. We
measared the velocity dispersion o, of these candidaie MSs and, asa
reference, of Bulge/Bar ohjects in the Bulge red clump. We find that
candidate MSs have o, = (218 £+ (041 ) mas yr- ! ahile Bulge/Bar
stars have a o, = (288 = (0] ) mas yr~ ", thus suzgesting that the
two groops of ohjects could be at the sume distance from Sgr A®
at the ~1.7a level. These MS candidates are likely a more genuine
Bulge/Bar ‘ficld” population than the confirmed M3s discassed in
Section 3.1.1.

In the befi-hand panel of Fig. 24, we compare the absoluie PMs
of the candidate M3s with those of Sgr A* and the Arches and
Cuintuplee clusters. The nght-hand panel of Fig. 24 shows a zoom-
in around the location of most candidate M3s in the VPD, Blue
circles represent the confirmed M35 analysed in Section 5.1, The
PM distribution of candidate M8Ss is broader and less centred around
the clusicrs” positions than that of the contimned MSs. suggesting
that stars in these twin groups have a different origin. However, as for
the confirmed M35, we lack of LOS velecities and distances and we
cannol exclude the possibility that they could have been bormn closer
to the GC.

Similarly to the analvses descnbed in Section 5.1.2, we computed
the PM position angle & for candidme M5s. We identified again a few
potentiol escapers { Table 5} but thear fight time is shor { <026 Myr),
as in the case of the confirmed MSs, and some objects passed all
criteria for more than one ongin. Fig. 25 presents the histogram of
the PM position angle # for condidote MSs. There is not a clear peak
within |#] < 10 deg (escaping objects) in any histogram. Both the
Arches and Cquintuplet histograms present a significant (= 30) peak
at # = 27 and ~17 deg, respectively, but these peaks are likely due
to the relative position and PM of the candidate MSs with respect
to the clusters. All these pieces of evidence favour the idea that
these poiential escapers might in fact just be the result of perspective
effects.

Finally, the majonty of candidate M3Ss passed the tdal-tal test

5.2 Non-MSs

Five stars in our lists hove o spectral type thot suggests that they
cannol be classified as MSs. The Mg Versus (Mppsmyp — Mepss )
CMD and the VPDs shown m Fig. 26 sugpest these objects to be
Bulge/Bar stars.

6 FAST-MOVING STARS

M&s represent the tp of the iceherg of the GC population of stars
born around Sgr A® or in a cluster and later ejected a5 a result of
dynemicel effects. Some stars do not produce strong emission lines
and cannot be detected in emission-line surveys. but we can still find
some potenbial condidates thanks to PMs. 1 is unfeasible to search
fior all potenital escapers among the myniad of sturs n our FoV, bt
we can ot least study ohjects with a relatively high PAL.

We focused only on well-measared stars m the WECHIR fueld
with 2 PM error lower than 2 mas yr'. Since we are interested in
fast-moving objects, we also incloded in our sample stars that hove
a PM larger than 70 mas yr~ (see the discussion in Section 3). We
removed all stars that, according 1o their location m s CMD, are
likely part of the foreground Disc popolation. We then analysed two
samples of stars. one bright (stars brighter than mg gy ~ .3, Lo
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cluster,

with a magnitode similar to that of the confirmed M5s) and one faint
{all other objects). This choice is motivated by the foct that bright
and fuint stars have different PM croors and the interpretation of the
results requires different considerations.

For each star, we compuoted its relative FM with respect 1o Sgr
A*. the Arches, or the Quintuplet. Stars i the GC have a velocity
dispersion of more than 108} km s~', which corresponds to about
3 mas yr~' ® the distance of Sgr A", Therefore, we keplt only
sourees with 8 PM larger than 10 mas yr~', ie. three times the typical
velocity dispersion in the GC. Finally, we measured their PM position
angles #.

Fig_ 27 presents the resolts. In the lefi-hand panels, we show the
histograms of the relative PMs with respect (o the Quintuplet {top
panels). the Arches (middle panel). and Sgr A* (bottorn panel). The
bright sample is in blue, while the faim sample s shown in red. Both
groups have similar hisiograms. The histograms of the PM position
angle i of fast-moving objects are displayed in the right-hand ponels.

The shape of the histograms of the PM position angles shown in
Fig. 27 can be again explained by the peculior location of Sgr A", the
Arches, and the Quintuplet in our field. Stars are located all around
{both north end south, east and west, of) Sgr A®, 1 front or behind
it. As such, the distribuiton of # s expecied 1o be fat

The histograms of the bright stars in the two massive clusters
show hinis of a peak ot & ~ 0 deg. with & sharp drop out around
+% dicg. This con be explained in terms of selection effects: The PM
distrabwition of Bulge/Bar stars is broader along the foos b direction
than the b direction, so thst any sclecton based solely on PM size
dispropomionately favours stars with larger pcos b, Faint stars; on

the other hand, are able to populoic all position angles: This 18 most
likely due to the foct that their much larger PM erors make the PM
distnibution broader, and stars moving mainly slong the & direction
can still survive the selection based on PM size. For this reason, the
histograms of the foing stars show rather At distributions. The peak
at # -~ [ deg can be mierpreted as discussed in Section 5.

If we restrict our analysis to stars with 2 PM larger than 26 mos
yr~ ! (~ 1000 km s~ at 8 178 kpc). we find three stars in the WEC3/IR
reglon cscaping from SgrA® (JA#| = 10 deg). A visual inspection of
the WFCI/IR stecked images reveals the presence of additional very
fuini, fast-moving objects not detecied by our redociion software.
However, the WFCYIR cosmetic and angular resaolutions are worse
than that of ACSMWEFC and. with only two epochs of dotm, it is not
straightforward io infer if they are genuine HVSs or image arefacts.
Among bright stars, in which PAM measurements are more robust, we
do not find any HVS candidate.

Brown { 2015) estimates that. assuming o continwons and isotropic
ejection of HYSs. the density of HWSs shonld scale as m—2 kpo—.
with r the distunce from Sgr A°. Ouor chservetions cover part of
an annulus in the plane of the sky centred on Sgr A* with inner
nnd outer radii of 3 (~7 pcat $.178 kpo) and |7 sremin (~40 po),
respeciively. According to the relation of Brown (2015), we shoold
expect ~1 HVS within a spherical region of redins 40 pe around Sgr
A*_ However, we are not mapping the entire volume of this sphere
centred on SgrA° but only pari of a spherical shell. and HY Ss conld
not be ejected continuously and isotropically. For these reasons, the
number of HY5s we should find in our field is likely less than 1. 1f
we forus on bright stars, our null-detection would be in agreement

MNRAS 500, 3213-3239 (2021)
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with the theoretical expectations. However, this result is binsed by
the small regiom analysed in our work and the lack of LOS data (we
cannot detect HVSs with 8 motion predominantly along the LOS
and not in the plane of the sky). A larger FoV and complementary
LOS-velocity data ure needed to reach & defimitive conclusion about
HVSs o the GC.

MNEAS S(M, 32133230 (2021 )

We do not find significant fast-moving Bulge/Bar stars in the
ACSWFC field,

T CONCLUSIONS

The location of the ongin of M5 in the GC region is still a matter of
debate. Many pieces of information have been collected to investigate
the nature of these massive objects, but we still need some key
elements to fully reconstruct their history. In an effort to further shed
light on these MSs, we computed high-precision PMs of stars near
the GC with the H5T data. and analysed the kinemuatics of confirmed
and ceandidate M3s in the field We make our astro-photometric
cainlogues publicly wvalable. The descripiion of the catalogues is
provided in Appendix C. The lack of LOS velocities and distances
of our targets is now the muin source of pncertainty of our work and
makes some of the conclusions mainly specolations. However, PMs
allow us to provide constraints for some proposed scenarios even
without 4 complete analysis of the Bulge kinematics.

The location of the ongin of most confirmed. isolated MSs 1s still
uncertain. We estimate on upper limit for their distance from Sgr A*
of 3—4 kpc by comparing the PMs of the M55 with those of spiral-amm
ohjects. Photometric and kinematic properties of these isolated MSs
are different from what we woold exped for a gemune population in
the GC. However, their nature {young, MSs), the high and vanable
extinction, and pecoliar motions (like those of the Arches and the
Chuntuplet) could explain the discrepancies we observe in CMDs
and YPDs. As such, most of these isolated MSs coold be n the &0,
born a few Myr ago in sifu from & single molecolar cloud. A fow
obyects mughi be former members of the Central Cluster, the Arches.
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Table 5. Overview of the candicate M5s sefected as hikely escapers.

[1§] AP [ Flaghit thmee Posable amgin List
(e vr— ) (dig) (Blyr)

417652 183 £ 108 —d8 + 09 025 + 0.08 Sgr A" Secondary
(RS 413 + (083 — 104 &+ 03 02 £+ 002 Sar A" Secambary
LIRT124 % £+ 0.78 —-51 %18 6l £ 028 Sgr A" Primary
1210224 2497 4+ 081 —dd + 03 6 £ 0.03 Sgr A” Pramary
1274214 752 4+ 1143 740 £ 0.2 00T £ 0.M Sar A" Secamdary
12280 T3 £ 072 I8 £l i3 £ 0. Archis (hher
TIR0E8 a4+ 03 25 4+ 01 121 £+ 0.01 Archis Secomdary
437602 519 4+ 1,08 03+ 03 024 £ 002 Archis Secombary
BiaRES 3136 £ 088 —09 + L3 L34 £ 0.05 Arches Secomdary
179z 3 4+ 106 0.3 + 04 i £ 003 Archis Secombary
F354403 1La0 £ 0.79 —308 4+ (4 L1E = 0.0 Arches Secondary
A27662 44 4+ 1.08 —20 4+ 03 024 £ 0.03 Ourimrplet Secandary
26874 626 £ LID 7.7 £ 03 006 + 0.00 Quisimuplet Sacondary
1187124 203+ 0.78 G £+ 4 1 £ 0.m Curimrpled Primary

Nege, (1) Siar F4I7603 passed the criteria for Sgr A", the Arches, and the Cuinmplen, St 81187124 passed
the crteris for bath See A® and the Quinnapler
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Flgure 35, The histograms of the PM position angle @ for the cudsdates M55 (error Bars are defined as /W ). The hismgrams for § compinted with respect 1o
Ser A", the Arches. and the CQuotuplet are show m the lefi-hand, middle, and wight-hand paneis, respectivedy.
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Figuare 27, The hrsograms of the relative PMs with respect 1o the Qumtapler
{lopl the Arches (msddle), ond Sge A* (botoin) ave thowis in te lefi-laml
paangls. Bloe and red comoors represent the histogrums for stars brighter and
Tatsites thad mip gy ~ 154, respectively. The black, dashed venical hnes sers
the threshadd for the selection of fast-noving obpecis. In dye rghi-hand panels.
we show the histograms of the PM position angle 8 for the Tast-moving stars.

or the Quintuplet, either ejected at velocities lower than 1000 km s~
ar part of & tidal-tuil structore. Thanks 1o our PMs, we add strength o
the argument that & selection of previoosly classified MSs are m fact
likely Arches” members (in agreement with Clark et ul. 2008). One

MNEAS S(M, 32133230 (2021 )

ohject (star #1398622 in our ACS/WEFC catalogoe) in the Secondary
list of Dong et al. (2001 is one of the most inleresting tergets becaunse
it 1s located oniside the nominal tidal radies of the Arches and iis
kinematics is consistent with being an Arches” (former) member.

We also onalysed o sample of MSs that stll require o clear
spectroscopic characterization. We excloded Disc imerdopers from
our fist by means of Gaig-DR2 parallaxes, optical-XIRE CMDs, and
PMs. Most of the remaining cendidate MSs are consistent with o
Bulzae/Bar ficld population according to their locations in CMDs and
VPDs. The PM position angles of candidate M35 support an in-vifs
formation.

We searched owr data set for fast-moving objects that could have
been redially ejected from Sgr A®, the Arches, or the Quiniuplet.
The histograms of the PM position angles show no clear excess of
high-velocily sscapers. The peaks in these histograms can be simply
interpreted by taking into sccoont for the location of oor Fo'V' with
respect to Sgr A* or the closters, and the overall kinematics of the
stars towards the GC_ Large FoVs and LOS-velocity data are needed
o compleic the census of fasi-moving objects i the GC.

Additional follow-1ps to obtain LOS velocities are required o gve
a full 30 kinematic picture of this region. Furthermore, an additional
third epoch of duta, possibly with the fomes Wb Space Telescope,
wonld further improve the astrometric precision and overall guality
of our catalogues. and would allow us to further explore the wealth
of information in this GC region.
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