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ABSTRACT

The rapid proper motion of the  Cen pair (~ 3.7 arcsec yr™!) and its location close to the galactic plane on a rich stellar background
combine constructively to make them excellent candidates for close stellar conjunctions with more distant stars. Adding new differen-
tial astrometry to archival data, we have refined the orbital parameters, barycentric proper motion and parallax of @ Cen and compute
its apparent trajectory on sky over the coming decades. Based on NTT/SUSI2, NTT/SOFI and VLT/NACO maps of the field stars
around the trajectories of & Cen A and B, we present a catalog of the expected close conjunctions until 2050. An exceptional event
will take place in early May 2028, when @ Cen A will come within py,;, = 0.015 + 0.135 arcseconds of the mg = 7.8 star 2MASS
14392160-6049528 (hereafter S5). In terms of impact parameter and contrast, this is the most favorable stellar conjunction of @ Cen
within at least the next three decades. With an angular diameter of 6. p = 0.47 + 0.05 mas, it is likely that S5 is a red giant or super-
giant located at several kiloparsecs. The approached stars will act as moving light probes in transmission through the environment
of @ Cen. The observation of these close conjunctions holds great promises to search for planets and other low mass objects in the
a Cen system using photometry and astrometry. The relativistic displacement of the approached star images will be observable, with
significant deflection angles in the milliarcsecond range. The small impact parameter of the conjunction with S5 means that this star
has a probability of 45% of entering the Einstein ring of & Cen A. The gravitational amplification of the flux of S5 could reach a factor
five for the combination of the two lensed images. The proper motion, orbital parameters and parallax of o Cen will be measurable
with an extreme accuracy from differential astrometry with the S stars. This will be valuable, for example to prepare the recently

©ESO 2016

announced Breakthrough Starshot initiative to send interstellar nanocrafts to @ Centauri.
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1. Introduction

The triple star @ Centauri (WDS J14396-6050AB, GJ559AB) is
our closest stellar neighbor. The main stars @ Cen A and B are
located at a distance of only d = 1.338 £ 0.001 pc (m = 747.17 +
0.61 mas; Sect. 3.1). Their orbital period is close to 80 years,
with a projected semi-major axis of 17.6”. The main compo-
nents are dwarf stars of G2V (component A, HD 128620) and
K1V (component B, HD 128621) spectral types, while the third
member is the red dwarf Proxima (M5.5V, GJ551). Proxima is
actually slightly closer to Earth by approximately 7 500 AU, at
d =1.302+0.002pc (r = 768.13 = 1.04 mas; Lurie et al. 2014).
The proximity of @ Cen A and B and their similarity to the Sun
in terms of mass and spectral type make these stars extremely at-
tractive from the standpoint of both stellar physics (Bazot et al.
2016) and extrasolar planet research (Demory et al. 2015).

As predicted by Paczynski (1996b) and discussed in details
by Di Stefano (2008a,b) the close conjunction of a foreground

* Based on observations collected at the European Organisation
for Astronomical Research in the Southern Hemisphere under ESO
programs 272.C-5010, 077.C-0587, 080.C-0775(A), 081.C-0940(A),
082.C-0615(A) and 296.D-5032.

mass as @ Cen with a distant background star will create a grav-
itational mesolensing event. Lists of stellar conjunctions have
been predicted for example, by Salim & Gould (2000), Proft
et al. (2011), and for specific objects by Lépine & Di Stefano
(2012) (VB 10) and Sahu et al. (2014) (Proxima). But to our
knowledge, none of the predicted lensing events has been ob-
served successfully due to the very small observational signature
of the expected gravitational deflection. Thanks to the large an-
gular size of their Einstein rings and their fast displacement on a
rich stellar background, @ Cen A and B are prime candidates for
such events.

In this paper, we use new and archival observations of @ Cen
to determine the conjunctions with background stars that will oc-
cur in the coming decades. These events are relatively rare and
usually difficult to predict as star catalogs are poorly populated
in the immediate vicinity of such very bright stars. Even in the
deepest catalogs, only a handful of stars are typically present
within 1’ of @ Cen, and many are artefacts. Measuring accurate
astrometric and photometric parameters is also made difficult
by the residual speckles and the spatially variable background.
More than a decade ago, two of us obtained deep observations
of the field surrounding @ Cen using the (now decommissioned)
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NTT/SUSI2 instrument (Kervella & Thévenin 2007a). This al-
lowed us to assemble a catalog of the field stars present within a
few arcminutes of @ Cen. While this catalog was far from com-
plete within ~ 30" of the two stars at the time, the very fast
proper motion of a Cen has now brought the pair inside a much
better known star field. As @ Cen is located almost exactly in the
plane of the Milky Way, background stars are extremely numer-
ous, particularly at infrared wavelengths where the interstellar
extinction is weaker. This has already been noted by Kervella
et al. (2006) who observed hundreds of stars within ~ 20" of
a Cen using the VLT/NACO instrument.

We present in Sect. 2 the new VLT/NACO observations
that we obtained in March 2016 as well as archival data from
VLT/NACO, NTT/SOFI and ALMA. We take particular care to
reference precisely the positions of @ Cen and the celestial coor-
dinate frame of our catalog. The trajectory of the @ Cen pair is
derived in Sect. 3, in which we have also refined the orbital pa-
rameters, parallax and masses of the two components. From our
catalog of background stars, and taking into account the proper
motion, the orbital motion and the parallactic motion of « Cen,
we have derived in Sect. 4 the list of stellar conjunctions that will
occur with @ Cen A and B until 2050. We identify six conjunc-
tions up to 2031 that we discuss individually, focusing in partic-
ular on the approach of star S5 in 2028. We estimate the angular
diameters of the corresponding background sources, and obtain
upper limits on theirs proper motions. We discuss in Sect. 5 the
potential of the conjunctions in terms of gravitational deflection
and amplification of the light from the approached background
stars. We also address the scientific potential of such observa-
tions to search for low mass objects in the @ Cen system.

2. Observations and data reduction
2.1. NTT/SUSI2 and NTT/SOFI imaging

The SUSI2 exposures of the field around a Cen in the VRIZ
bands were presented by Kervella & Thévenin (2007a), where
a catalog of the sources is also provided. This catalog is avail-
able through ViZieR with revised coordinates (see Sect. 2.4) and
improved photometry. An example image in the / band is pre-
sented in Fig. 1. To complement these images, we retrieved from
the ESO archive a series of exposures of @ Cen that were ob-
tained using the NTT/SOFI instrument (Moorwood et al. 1998).
These exposures were taken in March 2008, August 2008 and
February 2009 in the infrared J; and K; bands for programs
080.C-0775(A), 081.C-0940(A) and 082.C-0615(A). The expo-
sures in the K band are generally saturated on S2 and S5, and we
therefore selected the best exposure in the J; band for which S2
and S5 are unsaturated. This image was obtained on 25 February
2009 at UT 08:32:38. The exposure time is 20x 1.2 s in the J; fil-
ter! (Ap = 1.24 um, A1 = 0.16 um) using the large field of view
(4.9’ x 4.97,0.288" pix~!). The observatory seeing was 0.82” in
the visible, and the observation took place at an airmass of 1.18.
The raw image was classically corrected for flat field.

2.2. VLT/NACO adaptive optics

We observed a field located in front of @ Cen in the direction
of its proper motion on 27 March 2016 using the NACO instru-
ment (Girard et al. 2010) installed at Unit Telescope 1 of the Very
Large Telescope (VLT). This instrument comprises the Nasmyth

! https://www.eso.org/sci/facilities/lasilla/
instruments/sofi/inst/Imaging.html
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Adaptive Optics System (NAOS; Rousset et al. 2003) and the
CONICA infrared camera (Lenzen et al. 1998). We obtained a
series of 60 x 3 s exposures using a K broadband filter?, at mean
MJD=57474.4049. The wavefront sensor was tracking @ Cen B.
The airmass was 1.42 and the visible seeing 1.6” according to
the observatory’s seeing monitor (DIMM). We selected the S27
camera, which has a field of view of 27.7”. The astrometric cal-
ibration for the S27 camera is taken from Chauvin et al. (2006):
the plate scale is 27.01 + 0.05 mas/pix, and the position angle is
+0.00 + 0.20 degrees. These values are stable over several years
within their stated errors, and they are in agreement with the cal-
ibrations of Masciadri et al. (2003) and Chauvin et al. (2015).
We kept a Cen outside of the NACO field of view to reduce the
bleeding on the detector and allow for relatively long exposures.
Due to the complex interaction of the wings and speckles of the
two point spread functions, @ Cen is not a good candidate for
classical coronagraphic techniques (e.g. as available in SPHERE
or NACO).

In addition to this long exposure, we reduced the associated
short exposure acquisition image to derive differential astrome-
try of components A and B (see Sect. 3). We also retrieved from
the ESO archive one NACO acquisition image (Fig. 3, left panel)
obtained on 10 April 2004 (MJD = 53105.1976). It was taken at
an airmass of 1.28 with a DIMM seeing of 0.57” using the S27
camera. The exposure time was 0.4 s, using a narrow band fil-
ter centered at 1.26 um (NB_1.26) and a neutral density filter
(ND_short). The cores of the two star images are saturated but
the centroid position can be estimated to an accuracy of half a
pixel (13 mas). These two acquisition images cannot be accu-
rately tied to a global coordinate system, but they are neverthe-
less useful as they give a highly accurate relative position of the
two stars.

2.3. ALMA millimeter interferometry

We took advantage of the observations of @ Cen collected by
Liseau et al. (2015) to improve the relatively limited recent as-
trometry of the @ Cen system. The accuracy of the absolute ref-
erencing of the ALMA coordinate system of these images is lim-
ited by the position uncertainty and angular distance of the phase
calibrator. Unfortunately, these observations were not designed
to obtain the best possible absolute astrometry, and due to self-
referencing of the phases, variable offsets of 1 to 2" with respect
to the ICRS are present in the images. However, the differential
astrometry within the interferometric field of view is very accu-
rate, and essentially limited by the signal-to-noise ratio of the
images. This is particularly true for the shorter wavelengths in
ALMA bands 7, 8 and 9, where the angular resolution is suf-
ficiently high to obtain a very good relative position accuracy
(Fig. 3, right panel). The systematics on the angular separation
are linked to the uncertainty on the baseline length and on the ef-
fective wavelength of the observations, which are extremely well
known. The position angle is defined by the geometry of the ar-
ray, also very well known. As a result, both sources of systematic
error are completely negligible compared to the statistical uncer-
tainty of the measurement of the centroid of the star positions
in the images. The relative positions of @ Cen B with respect to
component A are listed in Table A.1.

2 http://www.eso.org/sci/facilities/paranal/
instruments/naco/
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Fig. 1. SUSI2 field in the 7 band on 2 April 2004 and trajectories of @ Cen A (orange curve) and B (red curve) until 2050. The positions of the

approached S stars are circled in green (Sect. 4.1).
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Fig. 2. NACO exposure obtained on 27 March 2016 of the field that will
be crossed by @ Cen between 2023 and 2032.

2.4. Astrometric referencing

Due to the extreme brightness of @ Cen, the region around the
two stars is poorly covered by astrometric catalogs, and the refer-
encing of the images from the different instruments is a delicate
task. We adopted the approach to consistently reference all our
images to the 2MASS coordinate system, that is tied to the ICRS
and whose astrometric accuracy is +0.08” for individual stars
brighter than K; = 14 (Skrutskie et al. 2006, Roeser et al. 2010).
We first matched the World Coordinate System (WCS) of the
archival NTT/SOFI J, band image to the 2MASS Atlas K band
image with reference ki1260044. fits retrieved from the All-
Sky Release Survey at NASA/IPAC Infrared Science Archive?’.
The binding of the SOFI image to the 2MASS frame relies on a
sample of 14 bright unsaturated stars spread over the SOFI field.

3 http://irsa.ipac.caltech.edu/

307 1658 3761 00008 00057 00138

Fig. 3. Left panel: NACO acquisition image of @ Cen A and B obtained
on 10 April 2004 (the color scale is in ADU). Right panel: ALMA im-
age of @ Cen A and B in band 7 (345 GHz) obtained on 7 July 2014 (the
color scale is in Jy/beam). The separation of the two stars is 11.12” in
the NACO image and 4.24” in the ALMA image. The scale and orien-
tation of the two images is the same (North is up and East to the left).

These stars were selected to be unblended in the higher reso-
lution SOFI images, and they were identified unambiguously in
the 2MASS image. The standard deviation of the residuals of the
star positions with respect to the adjusted SOFI WCS is 0.07”.
We conservatively adopted an uncertainty of half of this value
(0sorr = 0.035”) as our relative astrometric uncertainty in bind-
ing the SOFI coordinates to the 2MASS frame. Following a sim-
ilar procedure with a set of nine reference stars, we referenced
the coordinates of the SUSI2 images from Kervella & Thévenin
(2007a) to the 2MASS frame with a residual standard deviation
of 0.11”. We defined the uncertainty in the coordinate referenc-
ing as osyspp = 0.06”. Finally, using 11 stars detected both on
the NACO and SUSI2 images, we set the WCS of our NACO im-
age to the SUSI2 coordinates with a standard deviation of 0.04",
giving an uncertainty of onaco-susz = 0.02”. We preferred to
reference the infrared NACO images in the K band to the SUSI2
image rather than the SOFI image (J; band) because the SOFI
frame is not as deep as the SUSI2 / band image and therefore
shows fewer stars in common. We checked on the brightest stars
that the agreement between the coordinate systems of NACO
and SOFI is well within +0.05”. We adopted the same uncer-
tainty on the relative coordinate shift between SOFI and NACO
as between SUSI2 and NACO: onaco-_sorr = 0.02”.
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In summary, we obtained 1o coordinate accuracies of
+0.035” for the SOFI image with respect to the 2MASS frame
and +0.06"” for the NACO image. As we referenced our posi-
tions of @ Cen and the S stars to the SOFI frame, we consider
only the difference uncertainty that is oxaco-sorr = 0.02”.

3. Astrometry of o Centauri A and B

The apparent trajectories of the two components of @ Cen on the
sky are defined by the combination of their orbital motion, their
parallactic wobble and the proper motion of their center of mass.
We explain in this section how we computed these trajectories.

3.1. Revised orbital elements and parallax

The quality of the orbital elements of @ Cen is essential to predict
accurately the positions of the two stars several decades from
now. We therefore compared the predictions in angular separa-
tion p and position angle 6 obtained using the orbital elements
recently published by Pourbaix & Boffin (2016) with our new
astrometry complemented by archival positions from the liter-
ature. These relative astrometric measurements are listed in Ta-
ble A.1. The agreement was found to be good at a level of 50 mas
on the separation, but we find a systematically increasing devia-
tion of the position angle 6 from the expected orbit over the last
five years, reaching in 2016 approximately +1° (more than 30
significance). This shift is shown with dashed lines in the lower
panels of Fig. 4. This deviation is also visible in the recent CCD
camera astrometry by Anton (2015). Our improved astrometric
model is the one shown with the blue lines in Fig. 4.

Taking our latest astrometric measurement into account, we
thus recomputed the orbital parameters of @ Cen using the same
high precision radial velocity data set as Pourbaix & Boffin
(2016). We downloaded the radial velocities from the Ninth
Catalog of Spectroscopic Binary Orbits* (SB9, Pourbaix et al.
2004). The archival astrometric measurements were retrieved
from the Washington Double Star catalog (Mason et al. 2016;
Mason et al. 2001), and the associated uncertainties were taken
from the original articles (when available). We rejected the mea-
surements with large uncertainties as their weight in the fit was
negligible. We chose to give a dominant weight to the ALMA
band 9 astrometry obtained at epoch 2014.5426, to make it our
fiducial astrometric point. This is to our knowledge the most ac-
curate differential measurement of the relative position of @ Cen
A and B, with an unbiased precision of 10 mas on the separation
and 0.15° on the position angle.

The calculated, projected orbital trajectory of @ Cen B rela-
tive to @ Cen A is shown in Fig. 5, together with the correspond-
ing radial velocity residuals for the two stars. Only the recent
CES and HARPS radial velocity data are shown in the plot of
the residuals, but all the available measurements were included
in the fit. Following Pourbaix & Boffin (2016), we added con-
stant velocity terms AV, and AVp for @ Cen A and B to account
for their gravitational redshift and convective shift. Pourbaix &
Boffin (2016) considered only a shift for component B, but we
preferred to consider both components separately as otherwise
we observe a systematic residual of the HARPS velocities of A
with respect to the best fit orbit. We obtained a very comparable
number as Pourbaix & Boffin (2016) for @ Cen B (AVg = 322+5
m s~!), and a small shift of AV, = 8 +5 m s~! for component A.
We also corrected the zero point of the CES spectrograph with
respect to HARPS by —70 m s™! for @ Cen A and —29 m s~! for

4 http://sb9.astro.ulb.ac.be
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a Cen A. This different velocity zero point is not unexpected as
the two stars have significantly different spectral types.

Although the uncertainties of the individual HARPS mea-
surements are extremely small (a few 10 cm s™!), a much larger
dispersion is observed from one measurement to the other. This
dispersion can be either of instrumental of astrophysical ori-
gin. As the two components of a Cen are close on sky and
very bright, contamination from one star on the other can af-
fect the measurements depending on the seeing (Bergmann et al.
2015). Shifts could also be induced for example by the astero-
seismic oscillations of the two stars, or (on a longer timescale)
by the presence of star spots. The rotation periods of @ Cen A
and B are of 22 and 41 days (Morel et al. 2000), and although
this corresponds to a relatively slow rotation for a field star, the
evolving star spots on the two stars will affect the radial veloci-
ties through the Rossiter-McLaughlin effect. For this reason, we
added quadratically a uniform uncertainty of o = 3m s~! to all
radial velocity measurement errors, including the HARPS mea-
surements. This corresponds to the observed dispersion of the
HARPS points around the best fit orbit. This operation does not
change significantly the derived parameters, but it results in a
more balanced weight to the different observables (astrometry
and radial velocities) and produces a more stable fit.

The resulting orbital parameters, parallax and masses of
a Cen are listed in Table 1. The overall quality of the fit of the as-
trometric positions can be assessed from Fig. 4, which compares
the model to the observations. The best-fit reduced XZ is 0.95,
confirming that the adjusted orbit is a faithful representation of
the observations. Most of the orbital elements are statistically
compatible with the values found by Pourbaix & Boffin (2016),
but we find a smaller semi-major axis a (this parameter is well
constrained by our new astrometry). The smaller uncertainty on
a combined with the high precision radial velocities results in
a better defined parallax. We find 7 = 747.17 + 0.61 mas, that
is slightly larger than the parallax quoted in Pourbaix & Boffin
(2016) (743 = 1.3 mas) but in line with the one from Séderhjelm
(1999) (m = 747.1+£1.2 mas). Our parallax is also consistent with
the indirect value 7 = 745.3+2.5 mas predicted by Kervella et al.
(2003) and is almost in between the original (ESA 1997) and re-
vised (van Leeuwen 2007) Hipparcos values. We obtain signif-
icantly lower masses for @ Cen A and B than Pourbaix & Bof-
fin (2016), in particular for component B (=3.6%). Our values
are however in excellent agreement with the previous determina-
tions by Pourbaix et al. (2002), who adopted the parallax value
of Soderhjelm (1999). We plan to obtain sub-milliarcsecond dif-
ferential astrometry of @ Cen A and B in the coming years (using
e.g. VLTI/GRAVITY or VLT/NACO) to further improve the or-
bital elements and masses.

The excellent accuracy of the derived orbital parameters (Ta-
ble 1) allow us to confidently predict the relative position of
a Cen B with respect to A to an accuracy better than 0.020” at
least over the next 100 years. We therefore conclude that for the
conjunctions that will occur until 2050, the uncertainty on the
orbital displacement of @ Cen A and B has a negligible contribu-
tion to the astrometric error budget.

3.2. Apparent trajectories of « Cen A & B

To determine the barycentric proper motion vector of @ Cen, we
used the very accurate positions of @ Cen A and B measured by
Hipparcos at epoch 1991.25 coupled to the positions of @ Cen
A and B we measured in the SOFI image at epoch 2009.1517
(Fig. 6). We set the masses of the two stars to the values we deter-
mined in Sect 3.1 to compute the position of the barycenter of the
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Fig. 4. Angular separation p (left) and position angle 6 (right) of @ Cen B relative to @ Cen A. Our new astrometric measurements are shown as
red dots, and the literature values from the WDS are shown as gray dots. The predictions from our best-fit orbit (Table 1) are represented with
solid blue curves. The residuals compared to our best-fit orbit are shown in the bottom panels, together with the differences between the orbit
determined by Pourbaix & Boffin (2016) and our best-fit orbit (dashed gray lines, for comparison). The time scale runs from 1st January 2000 to
31 December 2031, and the magenta vertical markers indicate the epochs of the conjunctions of S1 to S6.

Table 1. Parallax, proper motion, orbital elements and masses of @ Cen.

Parameter P16¢ K16®
7 (mas) 743 +1.3 747.17 £ 0.61
U (mas yr=!)° -3619.9 + 3.9
s (mas yr=Hye +693.8 +3.9
b (km )¢ 22,9666 + 0.0193
0 (km s~1)¢ +4.4019 + 0.0037
vy (km s~1)° —22.390 +£ 0.0042 —22.3930 + 0.0043
a(”) 17.66 + 0.026 17.592 + 0.013
i (deg) 79.32 + 0.044 79.320 + 0.011
w (deg) 232.3+0.11 232.006 + 0.051
Q (deg) 204.85 + 0.084 205.064 + 0.033
P (years) 79.91 £0.013 79.929 + 0.013
Ty (year) 1955.66 = 0.014 1955.604 +0.013
e 0.524 +0.0011 0.5208 + 0.0011
AV, (ms™h) - 8§+5
AVg (ms™h) 329+9 322 +5
Moy (M) 2.0429 + 0.0072
mp/Myoy 0.4617 +£0.00044  0.45884 + 0.00027
my (Mg) 1.133 £ 0.0050 1.1055 = 0.0039
mp (Mg) 0.972 + 0.0045 0.9373 +0.0033

Notes. ¢ Pourbaix & Boffin (2016). » Present work. ¢ Barycentric proper
motion, tangential velocities and radial velocity.

system. The SOFI image provides a robust link between a Cen
and the S star coordinates, as the positions of both a Cen and the
S stars can be measured in the same image. We therefore took the
SOFI image coordinates as our reference point for the barycen-
ter position (Table 2). In spite of the saturation of the images
of @ Cen A and B, their individual positions can be measured in
the image to +0.07” (1/4 of the 0.288" pixel) thanks to the long
and thin diffraction spikes that are detectable almost to the edge
of the image. We determined the position of their barycenter to
an absolute accuracy of +0.07”. This slightly conservative error

estimate also accounts for the absolute referencing uncertainty
of the SOFI coordinates to the 2MASS frame (o-sopr = 0.035”).
From the combination of the Hipparcos and SOFI barycentric
coordinates corrected for parallax, which are separated by al-
most 19 years, we obtain a measurement of the equatorial co-
ordinate components of the barycentric proper motion vector:
U = —3619.9 + 3.9mas yr! and ps = +693.8 + 3.9 mas yr~!.
Combining the barycentric proper motion and the parallax, we
derived the tangential components of the barycentric velocity:
vy = —22.9666 + 0.0193km s~! and vs = +4.4019 + 0.0037 km
s~!. The radial component is v, = —22.3930 +0.0043 km s~'. As
a consistency check, we observed that the ephemeris positions
of components A and B match the observed positions with SOFI
(Table 2) to 0.025” and 0.029”, respectively. These offsets are
smaller than the +0.07” uncertainty on the measurement of the
SOFI positions of A and B. The relative position of components
A and B is therefore in agreement with the predicted orbital po-
sition, which gives confidence in the accuracy of our position
measurements in the SOFI images. The barycenter position is
propagated in time using the 3-D velocity vector components to
allow for the full 3-D rectilinear motion. The orbital elements
determined in Sect. 3.1 provide the @ Cen A-B separation vec-
tor as a function of time. We eventually obtained the celestial
coordinates of A and B from the barycenter coordinates and the
masses with a local inverse gnomonic projection centered at the
barycenter direction. The resulting trajectories of the two stars
are represented in Figs. 1, 2 and 6, as well as for the individual
S1, S2 and S5 star conjunctions (see Sect 4.2).

4. Near stellar conjunctions with «Cen A & B
4.1. List of close approaches until 2050

The identified close approaches of @ Cen A and B with back-
ground sources are listed in Table 3. We denote in this table
the approached stars as “S stars” in order of time of closest ap-
proach. The contrast between the approached star and the corre-
sponding a Cen component was computed using the following
magnitudes for @ Cen A and B: my(A) = 0.01, my(B) = 1.33,
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Table 2. Positions of @ Cen A and B in the ICRS coordinate frame.

Date Band MID“ Star RA Dec o[’]? Instrument
1991-04-02  H, 48348250 «@CenA 14:39:40.8985 -60:50:06.530 0.001 Hipparcos‘
2000-03-12 K 51615.383 aCen A 14:39:36.394  -60:50:03.31 0.20 2MASS?
2009-02-25 Js 54887.356 aCen A 14:39:31.813 -60:50:00.01 0.07 SOFI
1991-04-02  H, 48348250 «@CenB 14:39:39.3908 -60:50:22.097 0.046 Hipparcos‘
2000-03-12 K; 51615.383 aCenB 14:39:35.103 -60:50:13.56  0.20 2MASS?
2009-02-25 Js 54887.356 aCenB 14:39:30.919  -60:50:03.48 0.07 SOFI

Notes. “ MID is the average modified julian date of the measurement. ” o is the estimated position uncertainty in arcseconds. ¢ Positions taken
from the original Hipparcos catalog (ESA 1997). ¢ The listed 2MASS coordinates are measured from the Atlas image in the K band.
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of @ Cen A and B with respect to the adjusted orbit.

my(A) = —0.68, my(B) = 0.45, mg(A) = —1.49, mg(B) = —0.60
(the V — I colors of @ Cen were taken from van Leeuwen 2007).
Due to the high density of stars in the plane of the Galaxy, many
close conjunctions are detected with very faint stars. We limited
our selection to impact parameters smaller than 5”7 (6.5 AU at the
distance of @ Cen), with stars brighter than magnitude 16 in the
visible (VRIZ) and 15 in the infrared (JHK bands). This angu-
lar distance corresponds to the accessible field for narrow-angle
astrometry with the VLTI/GRAVITY instrument, and approxi-
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mately one quarter of the maximum apparent separation between
a Cen A and B. Considering the capabilities of the current and
coming generation of high contrast imaging instrumentation, the
selected magnitude limits correspond to a contrast level with the
two components of a Cen that is potentially accessible down to
sub-arcsecond angular separations. We define the minimum ap-
proach distance pni, as the geometrical approach in absence of
gravitational lensing. In most cases it is very close to the lensed
minimum distance, but not for the closest angular separations
(within = 0.1”) below which the relativistic deflection of the
background source light becomes significant (see Sect. 5.1 for
details). We do not have proper motion measurements for the S
stars that will be approached after 2034 (starting with S7, see
Table 3). To estimate the corresponding uncertainty on pp;in, we
considered an arbitrary uncertainty on their proper motion of
10 mas yr~! that was scaled considering the date at which their
position was last measured and the predicted date of closest ap-
proach. Such a proper motion corresponds to a sky velocity of
20km s~! at a distance of 400 pc, and is therefore a reasonable
statistical upper limit for the faint and probably distant S stars.
The resulting uncertainty was added quadratically to the error
bar of pyin and generally dominates the total error budget on
this parameter. This uncertainty will be reduced in the future, as
Gaia will provide accurate positions and proper motions for the
S stars.

As the proper motion of @ Cen in sky coordinates is approx-
imately 3.685 arcsec yr~! (Table 1), the uncertainty on the dates
of the closest approaches is +10 days for a typical position un-
certainty of the S stars of 0.1”.

4.2. Approaches of S1 to S6 until 2031

We discuss here the cases of stars S1 to S6 that will be ap-
proached by the components of @ Cen prior to 2031. Table B.1
lists their existing photometric measurements and Table B.2
gives their positions measured at different epochs, which we
used to estimate their proper motions. None of the proper mo-
tions that we obtained is statistically significant. For this reason,
we considered a null proper motion for the computation of the
impact parameter pni,. We however scaled the proper motion
uncertainty for each star S1 to S6, taking into account the time
of the foreseen closest approach and the date at which their po-
sition was last measured. The resulting uncertainty was added
quadratically to the impact parameter error bar. We adjusted to
the photometry the spectral energy distribution (SED) models
from the library by Castelli & Kurucz (2004)° parametrized by
the effective temperature 7., the limb darkened angular diam-

> http://www.stsci.edu/hst/observatory/crds/castelli_
kurucz_atlas.html
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Fig. 6. Apparent trajectories of @ Cen A (orange curve) and B (red curve) superimposed on the NTT/SOFI image in the J; band obtained on 25
February 2009. The positions of the approached S stars are circled in green (Sect. 4.1).

eter O p and the color excess E(B — V). There is a partial de-
generacy between the reddening (computed assuming a classical
Galactic extinction law with Ry = Ay/E(B — V) = 3.1 and the
intrinsic color of the source (i.e., its effective temperature). As a
consequence, broadband photometry alone is insufficient to de-
termine precisely the nature of the S stars, but we could obtain
reasonably good fits of their SEDs. Taking advantage of the cur-
rent relatively large angular separation of the S stars with a Cen,
we plan to better characterize the S stars in the future (in par-
ticular S5) with spectroscopic observations. The positions and
proper motions of all the approached stars will also be refined
by Gaia.

4.2.1. Approach of @ Cen B to Star S1 in May 2021

Star S1 will be approached by o Cen B, with a minimum sep-
aration of py,;n(S1) = 0.205 £ 0.177” on 2021-05-03 +18 days.
Based on astrometry between 2000 and 2009, the derived proper
motion of S1 is p,(S1) = =5 + 12 mas yr’1 and ps(S1) =
—12 + 12masyr~'. The SED of SI is poorly constrained as
the star is faint at visible wavelengths and infrared photome-
try beyond the K band is not available. As shown in Fig. 7,
we obtained a correct fit of the SED for an angular diameter
of 8.p(S1) = 0.012 + 0.002 mas, an effective temperature of
Te(S2) = 4500+ 1500 K and a color excess E(B—V) = 1.6+0.5.

4.2.2. Approach of @ Cen A to Star S2 in April 2023

Star S2 will be approached by @ Cen A at a minimum separation
of Pmin(S2) = 1.643 + 0.112” on 2023-04-27 +11 days (Fig. 8,
left panel). Based on astrometry spread between 2000 and 2016
(Table B.2), the proper motion of S2 is found to be very slow at
1e(S2) = +2 + Smasyr! and us(S2) = =2 + Smasyr~.

From the fit of its photometry (Fig. 8, right panel) S2 is prob-
ably a hot (T.x(S2) = 8000 + 1000 K) and relatively nearby star
as its reddening is E(B— V) = 1.0+ 0.1. The Spitzer/IRAC mea-
surements of S2 at 5.8 and 8.0 um appear to be affected by the
close presence of a Cen, and although they are represented in
Fig. 8, they were not used to constrain the fit. Its angular di-
ameter of 6 p(S2) = 0.025 + 0.003 mas is compatible with a
main sequence A-type star (R = 1.5 Ry) located at a distance of
550 pc.
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4.2.3. Approach of a Cen B to Star S3 in December 2023

The minimum distance between S3 and @ Cen B will be reached
on 2023-12-12 +19days at ppin = 1.354 + 0.186”. The impact
parameter is relatively large and the contrast of 13.5 magnitudes
in the K band with @ Cen B is high. a Cen will be difficult to
observe as it will be relatively close to the Sun at the time of the
closest approach.

The SED fit gives an angular diameter 6 p(S3) = 0.018 +
0.002mas and an effective temperature of T.4(S3) = 4500 +
1000K for E(B - V) = 1.4 + 1.0 (Fig. 9). It is interesting to
remark that S3 was possibly detected by XMM-Newton with an
X-ray flux of 1.2 + 0.2 10™'> Wm™ between 0.2 and 12keV
(Xmm-Newton Survey Science Centre 2013).

4.2.4. Approach of a Cen B to Star S4 in October 2024

The closest angular distance of S4 and @ Cen B will be reached
on 2024-10-26 +12days at pyin = 2.433 + 0.119”. The impact
parameter is large and S4 will unfortunately not be easily observ-
able at the time of the closest approach. The SED fit is made diffi-
cult and uncertain by the absence of infrared photometry. We ob-
tained a probable angular diameter 6; p(S4) = 0.008 + 0.003 mas
and an effective temperature of T.5(S4) = 4500 + 1500K for
E(B-V) = 0.3+0.3. The low (but poorly constrained) reddening
and (marginally) significant proper motion would be compatible
with a relatively nearby dwarf star.

4.2.5. Approach of @ Cen A to Star S5 in May 2028

We adopted for the position of S5 (ZMASS 14392160-6049528,
WISE J143921.46-604952.9) at epoch 2000.0 the coordinates
from the 2MASS Point Source Catalog and not the positions we
measure on the 2MASS Atlas image (Table B.2). The catalog
coordinates are more accurate, since they are derived from the
raw images (Skrutskie et al. 2006). We note however that the
difference between the position we measure in the image and the
catalog value is very small, within 0.10”. The positional uncer-
tainty listed in the 2MASS Point source catalog is +0.08"”. We
derived a proper motion for S5 of 11,(S5) = =5 + 5 mas yr~! and
Us(S5) = =5+ Smasyr!.

We obtained a minimum approach distance of ppmin(S5) =
0.015 £ 0.135” from @ Cen A on 2028-05-06 +14 days (Fig. 10,


http://adsabs.harvard.edu/abs/2013yCat.9044....0X
http://adsabs.harvard.edu/abs/2006AJ....131.1163S

P. Kervella et al.:

Close stellar conjunctions with a Centauri

—Castelli Kurucz
= Photometry
Reddened

—0

1.0E-13
-60°49'47"
1.0E-14
48"
+ —_
2021-11 E
.. 2025 b 3
49 2022-03 s
= + =
2 > 1.0E-15
2 2021-07 =
= =
E 50" §
E]
r
2L 1.0E-16
52"
14h39m25.65 25.45 25.25 25.0s 1-°E'170 s

Right Ascension

3.0
Wavelength (um)

Fig. 7. Left panel: Trajectory of @ Cen B relative to S1 (red curve) on the SOFI image obtained on 25 February 2009. The uncertainty on the impact
parameter is represented with blue segments crossing at S1’s position. Right panel: Photometry of S1 (red dots) compared to a Kurucz SED model
of a 8 p = 0.012 mas star with T = 4500 K (blue curve) and E(B — V) = 1.6 (green curve).

1.0E-11

1.0E-12

— Castelli Kurucz
® Photometry
Reddened

-60°49'53"

54"

1.0E-18 —————=

1.0E-14

Declination
Flux density (W/m2/um)

1.0E-15

2023-05

2023-04

1.0E-16

56"

14h39m24.5s  24.4s 24.3s 1.0E-17

Right Ascension

24.2s 24.1s

0.3

3.0
Wavelength (um)
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model with 6, p = 0.025 mas and T = 8000 K (blue curve) reddened with E(B — V) = 1.0 (green curve).

left panel). Fortunately, the date of the closest approach of S5 is
well within the observability period of @ Cen (January-August),
and the two objects will therefore be in a favorable position in
the sky. In addition, the separation on sky of @ Cen A and B at
the time of the event will be larger than 10”, and the light con-
tamination from « Cen B in the field of S5 will therefore be lim-
ited. The magnitude difference in the K band between @ Cen A
(mg = —1.5) and S5 (mg = 7.8) is Amg = 9.3 corresponding
to a contrast of £(S5)/f(A) =2 107*. This is the most favorable
contrast for the stellar conjunctions with @ Cen within at least
the next 30 years.

We obtained a satisfactory fit of the photometry of S5 con-
sidering an intrinsically red star with T.g(S5) = 3500 + 500 K,
and a color excess of E(B—V) = 6.5 + 1.0 (Fig. 10, right panel).
We excluded the WISE measurements in the W1 (3.35 um) as

it is clear from the original WISE image that this measurement
(reported by Gutermuth & Heyer 2015) is affected by contami-
nation from « Cen. The WISE W4 (22.1 um) and MIPS 24 um
points show an excess compared to the adjusted SED, but it is
uncertain if this excess is also due to contamination from « Cen,
so we did not take these points into account in the fit. The very
high value we obtained for E(B— V) is consistent with the strong
reddening expected for a distance of several kpc and the position
in the galactic plane. As a consequence of this particularly red
color (V — K = 13.7), the predicted angular diameter is large
with 6. p(S5) = 0.47 + 0.05 mas. These properties may indicate
that S5 is a very distant red supergiant, for instance a twin of
Betelgeuse (p = 45 mas, d = 200 pc) located at a distance of
the order of 20 kpc. It could in principle also be an intrinsically
smaller red giant star located at a few kiloparsec. A photomet-
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ric variability of this source is not excluded, and we foresee a
thorough characterization in the coming years.

4.2.6. Approach of « Cen B to Star S6 in May 2031

The minimum distance of @« Cen B from S6 is pn,;,(S6) =
0.269 = 0.277” on 2031-05-25+28 days. As for S4, the SED
fit gives only limited information on the object due to the ab-
sence of infrared photometry. We obtained an angular diameter
OLp(S6) = 0.010 = 0.003 mas and an effective temperature of
Tes(S3) = 4500 + 2000K for E(B—-V) =0.5+0.5.

5. Potential of future stellar conjunctions
5.1. Relativistic deflection and amplification

Following Sahu et al. (2014) (see also Di Stefano 2008a, Paczyn-
ski 1996a), the angular radius 6 of the Einstein ring of a point
source is given by the expression:

4GM
952 VR with 1/dﬂ:1/DL—1/D5.
cd

T

ey

M is the mass of the lens (¢ Cen A or B in our case), d, the
parallax distance of the lens, D; and Djs the distances of the
lens and of the source, respectively. We can compute the Ein-
stein ring radius of @ Cen A accurately as we know the mass
of the star My = 1.1055 + 0.0022 M and its parallax m; =
747.17 + 0.61 mas from Sect 3.1. The parallaxes of the S stars
cannot be estimated directly, but considering their high redden-
ing, they are very likely negligible compared to that of @ Cen (S4
being possibly an exception). Assuming that the approximation
of a point source is valid for « Cen A (6 p = 8.511 + 0.020 mas,
from Kervella et al. 2003), we obtained an Einstein radius of
0r(A) = 81.97 + 0.09 mas, corresponding to approximately 20
times the angular radius of the photosphere of @ Cen A (Fig. 10).
The predicted impact parameter of the conjunction with S5 is
Pmin = 0.015 = 0.135” giving a probability of 45% that S5 will
enter the Einstein ring of @ Cen A. For a Cen B, 6g(B) is esti-
mated to 75.48 + 0.08 mas.
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The gravitational lensing of the light from the background
source results in the creation of two images, whose apparent
shifts are given by (Sahu et al. 2014):

6. =0.5 [u + Vu? + 4] 0z,

with 0 the Einstein ring angular radius and u = pp;i, /6. Follow-
ing the definition adopted in the rest of this article, oy, is the un-
deflected impact parameter (i.e., the minimum distance between
the source and the lens in absence of gravitational lensing). The
photometric amplification factor A is given by the expression:

@

w+2 ]
— 1.
uvV4 + u?

When the source is located at a large separation compared to 6
(u > 1), the secondary image contribution is negligible. We thus
consider only A, for S2, S3 and S4, for which the apparent shift
00, is between 2 and 5 mas.

The deflection angles 66, and amplification factors A. for
the conjunctions of @ Cen with stars S1 to S6 are listed in Ta-
ble 4. For these approximate computations, we consider only
the gravitational lensing by the approached component of @ Cen
and we neglect the influence of the other. Due to the uncertainty
on the coordinates and proper motions of S5 and S6, an almost
perfect alignment with the lens cannot be excluded, and signifi-
cantly higher amplification factors are possible. For S5, the am-
plification could reach a significant factor for the sum of the two
images (Table 4). As we will precise the impact parameter in
the future, we could in principle observe a near-perfect align-
ment and a very large gravitational amplification by positioning
a spacecraft precisely where the impact parameter will be zero.
Shifting the apparent position of @ Cen A on the sky by 0.05”
requires to send an instrument at a distance of 0.067 AU ~ 10
million kilometers from the Earth (26 times the Earth-Moon dis-
tance). The future availability of more accurate coordinates for
S5 and the surrounding field (thanks e.g., to the Gaia mission)
will help in refining the value of the impact parameter at the
Earth and the zero impact parameter projected trajectory in the
solar system.

A =05 [ 3)

5.2. The close environment of « Cen A and B

The question of the stability of planetary orbits in the o Cen sys-
tem has been studied by several authors. The conclusion reached
by Quarles & Lissauer (2016) is that long-term stable orbits ex-
ist up to 3” (4 AU) of each component, including the habitable
zone (Andrade-Ines & Michtchenko 2014). Stable circumbinary
orbits are also found at distances larger than about 50” (70 AU)
from the center of mass, in agreement with Wiegert & Holman
(1997). So exoplanets may exist around « Cen, but their prob-
ability of presence is higher either close to each component or
at large distances from the pair. Through the photometric and
astrometric monitoring of the S stars, we plan to probe the en-
vironment of @ Cen A and B for the presence of high and low
mass planets, asteroids, comets or dust. The K band is particu-
larly interesting for this type of observations as adaptive optics
systems are very efficient in this wavelength range, providing ex-
cellent correction of the atmospheric turbulence. Using a combi-
nation of coronagraphy and advanced processing techniques, the
VLT/SPHERE instrument has demonstrated that sources with a
contrast of 107 or smaller can be detected down to an angu-
lar separation of = 31/D = 0.2” with a high signal-to-noise
ratio (Paul et al. 2014). It has also been proposed recently that
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Fig. 10. Left panel: Trajectory of @ Cen A relative to S5 (orange curve) on the NACO image obtained on 27 March 2016. The position of the
Einstein ring of @ Cen A is represented with a light blue circle at the time of the closest approach, and the uncertainty on the impact parameter is
represented with blue segments crossing at S5’s position. Right panel: Photometry of S5 (red dots) compared to a Kurucz SED with 6, = 0.47 mas,
Ter = 3500 K (blue curve) reddened with E(B — V) = 6.5 (green curve).

Table 4. Maximum apparent displacement 66, and amplification A, of the two images of S stars formed by the gravitational lens during the
conjunctions with @ Cen A and B. The displacements are relative to the non-deflected (pre-lensing) positions. We also list the angular sizes 6, p of
the S stars, and their projected linear diameters ¢ at & Centauri. The error bars are given in super/subscripts position next to each value.

Date L* S’ 6 p[mas] ¢[km] Pminl’’] 00, [mas] Ay (%] 66_[mas] A_[%]
2021-05-03 B S1  0.0120002 2400490 0.205 + 0.177 +24.8t?g:2 101 .21’??1 —230f{2? 1.21’?_21
2023-04-27 A S2  0.025¢.003 5000600 1.643 £0.112 +4.1f8§ 100 - -
2023-12-12 B S3  0.0180002 360049 1.354 £ 0.186 +4.2“_’8:Z 100 - -
2024-10-26 B S4  0.008¢.003 1600600 2433 +£0.119 +2.3“_’81{ 100 - -
2028-05-06 A S5 047005 9500010000 0.015+0.135 +75f;9 32173 —90f§7 221754
2031-05-25 B S6  0.0100.003 2000600 0.269 + 0.277 +20f?g 100.5%5, —2893}3‘7t 0.5,

Notes. ¢ L is the lens (one of the @ Cen components). * S is the lensed source (S stars).

optimized correction techniques may significantly improve the
accessible contrast (N’Diaye et al. 2016), particularly in view
of the E-ELT instrumentation. In addition to the photometric
and astrometric observations, it will be very valuable to moni-
tor spectroscopically the S stars and the @ Cen pair continuously
before, during and after the conjunctions.

5.2.1. Transits of dark low mass objects

By analogy with stellar occultations by asteroids (e.g. Braga-
Ribas et al. 2014), the transit of very low mass objects (e.g., plan-
ets, comets or asteroids) across gravitationally lensed images of
the S sources will cause significant variations of their apparent
flux. The photometric stability of the approached stars will have
to be checked before the event, but transits are expected to be
achromatic and brief, facilitating their identification. The deter-
mined angular diameters of the S1 to S6 sources range between
0.008 mas (S4) and 0.47 mas (S5), corresponding to projected
linear diameters of 1600 to 95000 km at « Cen (Table 4). Due
to their small projected diameters, the probability to observe the
transit of a planet in front of one of the S stars is low. However,
the conjunctions will allow us to efficiently search for the pres-

ence of the potentially more numerous asteroids and comets in
the system through continuous monitoring of the photometry of
the S stars. Their small angular diameters decreases the proba-
bility of transit, but will result in a large relative change of the
apparent brightness of the S star during the transit, even for a
very small body. For instance, the transit of a Ceres-sized aster-
oid (¢ ~ 950km) would induce a relative photometric change
between 4% on S2 and 30% on S4 (only 0.01% on S5). Due to
the extreme brightness of the a Cen stars, the photometric mon-
itoring of the conjunctions will be difficult for the fainter S stars
at their closest approach. Depending on the available instrumen-
tation at the time of the transits, it may only be possible to follow
their photometry down to a few arcseconds from the main stars.
They will in any case be useful to probe the circumbinary orbits
domain, but thanks to the large parallax of @ Cen, even the inner
regions within a few AU will be accessible.

The case of S5 is remarkable as its large linear diameter of
95 000 km projected at @ Cen A results in a much more extended
covered area in the @ Cen system during the approach. The tran-
sit of an Earth-like planet (¢ ~ 12 700 km) would cause a drop of
1.8% of the flux of S5. As S5 is bright at infrared wavelengths,
it will be possible to obtain highly accurate photometry down
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to very small angular separations from @ Cen A. In addition, the
small impact parameter of the conjunction will result in the ap-
pearance of two amplified images while S5 evolves inside the
Einstein ring of @ Cen A. These two images will move rapidly in
the inner 0.1 AU around the star and therefore probe a relatively
large area within this short range. They will be located symmetri-
cally from o Cen A at angular separations around 80 mas, within
reach of the ALMA, E-ELT and VLTI/GRAVITY instruments.
When more accurate astrometry will be available for S5, we plan
to conduct a detailed simulation of the conjunction taking into
account the gravitational lensing from both @ Cen A and B.

5.2.2. Secondary gravitational lensing by a massive planet

As discussed by Di Stefano et al. (2013) and Nucita et al. (2016),
and more specifically in the case of Proxima by Sahu et al.
(2014), secondary gravitational lensing could occur due to the
presence of a massive planet in the o Cen system. Such events
are routinely observed in gravitational microlensing surveys (see
e.g. Skowron et al. 2015; Han et al. 2016; Beaulieu et al. 2006).
As the mass of a planet is much lower than the mass of a star,
the radius of its Einstein ring is also smaller. But its dependence
with the square root of the mass results in a non-negligible exten-
sion: for a Jupiter-mass planet orbiting & Cen, the angular radius
of the Einstein ring is 6 = 8§ mas. The VLTI/GRAVITY instru-
ment will be able to measure the relative positions of @ Cen and
the S stars with an accuracy of 10 uas (Eisenhauer et al. 2011;
Lacour et al. 2014). For a jovian mass planet, a deflection angle
of 30 pas corresponds to an impact parameter of more than 2”.
This means that the astrometric monitoring of the conjunctions
with GRAVITY, independently of the impact parameter with the
main @ Cen components, gives us a 30 sensitivity to the pres-
ence of a Jupiter-like planet over a +2” band around the S star
trajectory relatively to @ Cen. Alternatively, the presence of a
Neptune mass planet (0.05 M;) will be detectable within +0.1”
from the relative trajectory of the approached S star. One poten-
tial difficulty of this observations is that the duration of the ap-
proach between the S star and the planet will be relatively short.
The proper motion of a Cen is 3.7 yr~!, so the crossing of the
planet’s Einstein ring will last less than two days. But the de-
flection will be observable over a much longer period, including
if the S star does not enter in the Einstein ring of the planet.
Considering a jovian mass planet, the duration during which the
lensing event will be detectable will typically be of half a year.

5.3. Proper motion of @ Cen, orbital parameters, parallax

Due to its extreme apparent brightness, o Cen’s distance will not
be measured accurately by the Gaia mission. But from high pre-
cision astrometry of the S star conjunctions, for instance with
the GRAVITY instrument, it will be possible to derive its paral-
lax with an accuracy of the order of a few 10 uas. As star S5 is
likely an evolved massive star, there are good prospects that it is
observable in the radio domain with e.g. ALMA or VLBIL.

The GRAVITY instrument can measure the differential po-
sition of two stars separated by up to 5" with the 1.8 m VLTI
Auxiliary Telescopes (ATs), and up to 2" with the 8 m Unit Tele-
scopes (UTs). Thanks to its brightness, S5 will be observable
with the ATs. It will enter the 5 accessible range of GRAV-
ITY in dual field approximately 18 months before the closest ap-
proach, and remain observable for another 18 months afterward
(i.e., from late 2026 to late 2029). It will be possible to follow
the differential position of @ Cen A and S5 with an accuracy of
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10 pas per measurement epoch. Over these three years, S5 will
sweep through the area where stable planetary orbits were pre-
dicted by Quarles & Lissauer (2016). Except for the approach
of S4, the other conjunctions will be observable with the UTs
in dual field mode. Relativistic effects will have to be taken into
account to correct the measured astrometric positions, but we al-
ready have accurate masses of @ Cen A and B with uncertainties
of 0.4% (Sect. 3.1) so we can model the combined gravitational
lens of the two stars with a high accuracy. We also plan to ob-
tain differential astrometry of @ Cen A and B in the coming years
using GRAVITY to improve our estimate of the masses.

Following the conjunctions of o Cen and the S stars will en-
able us to derive extremely accurate parallaxes for the compo-
nents of @ Cen, potentially at the 10 uas level (107> relative ac-
curacy), that is, estimate their distances to +3 AU. Combining
the microarcsecond differential astrometry with ultra-precise ra-
dial velocities at a few cm s~! level obtained, for instance, using
the frequency comb technology (Yi et al. 2016) will enable us
to ascertain the orbital parameters and masses of @ Cen A and B
with an exquisite accuracy.

6. Conclusions

We report that the two components of @ Cen will approach sev-
eral distant stars within small angular separations in the com-
ing decades. An extraordinary conjunction of @ Cen A and the
mg = 7.8 star S5 will occur in early May 2028 at a minimum
predicted separation of 0.015 +0.135”. These events provide re-
markable opportunities to study the close environment of the two
stars in “transmission” using the background approached star as
a light probe. During the approaches, astrometric measurements
will reveal the relativistic deflection of the background star light
with a high signal to noise ratio. For the conjunction with S5,
we may be able to directly observe the gravitational splitting of
the distant source image using the E-ELT, VLTI/GRAVITY or
ALMA. The astrometric monitoring of the relative positions of
a Cen and the S stars may reveal the presence of planets through
secondary gravitational lensing. In addition, the light from the
background star will possibly be subject to photometric varia-
tions induced by transits of low mass objects present in the o Cen
system. Finally, following the S star conjunctions will give ac-
cess to extremely accurate proper motion, orbital parameters and
parallax values for @ Cen. This accuracy will be valuable for
high-precision modeling of the two stars of @ Cen, and for the
preparation of the recently announced Breakthrough Starshot®
initiative to send ultra-fast light-driven nanocrafts to & Centauri.
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Table A.1. Relative position angle 6 and separation p of @ Cen A and B Table B.1. Photometry of stars S1 to S6.

since 1980.

Epoch 0[°] pl”’] Ref./Inst.?
2016.1893  305.19 +0.30 4,013 +£0.02 NACO
2015.3326  293.30 + 0.60 4.020 +0.04 ALMA B8
20149574 288.28 +0.70 4.081 £0.05 ALMA B6
2014.5426 282.91 +0.15 4208 +0.01 ALMA B9®
2014.5126  282.84 +0.30 4,184 +0.02 ALMA B7
2014.2410 279.20 + 0.30 4.330+0.05 Anl5
2012.7100 262.70 = 0.40 5.050 £0.05 Anl4
2009.7140 244.20 + 0.40 7.020+0.05 Anl2
2009.1517 241.07 £ 0.60 7.400 +£ 0.07 SOFI
2008.7190  239.80 + 0.40 7.780 £0.05 Anll
2007.3670 235.70 + 0.60 8.780+£0.10 An08
2004.2739 228.26+0.20 11.122+0.02 NACO
2002.6880 224.30+1.00 12.500+0.40 AnO6
2000.7400 223.80+1.00 13.300+0.40 WDS
2000.1950 222.63+0.80 13.933+0.20 2MASS
1991.2500 215.29+0.15 19.073+£0.05 Hip
1989.5370 214.68 +0.16 19.740+0.05 J94
1988.2880 213.75+0.15 20.180+0.05 J94
1987.2900 213.21 +£0.15 20.540+=0.05 J94
1986.5090 212.77 +0.15 20.784 +£0.05 P91
1985.6030 212.08 +0.15 21.087 +£0.05 P91
1984.4250 211.54+0.14 21.385+0.05 P91
1982.4900 210.60+0.40 21.910+0.13 T85
1980.4000 210.50+1.00 21.710+0.50 F86
1980.2870 210.04 £0.06 21.614 +£0.05 J95

Notes. ¢ The instrument names in bold characters indicate new mea-
surements reported in the present work. » The ALMA band 9 measure-
ment is taken as the fiducial of our orbit determination (Sect. 3.1). The
references are: An06: Anton (2006); An08: Anton (2008); Anl1: An-
ton (2011); Anl12: Anton (2012); Anl4: Anton (2014); Anl5: Anton
(2015); F86: Frangetto (1986); Hip: ESA (1997); J94: Jasinta & Soegia-
rtini (1994); P91: Panjaitan & Herdiwijaya (1991); T85: Torres (1985);
WDS: Mason et al. (2001).

Appendix A: Relative astrometry of « Cen A and B

The new and archival positions of @ Cen B relative to A are listed
in Table A.1 since 1980. The complete list of measurements is
available from the Washington Double Star catalog (Mason et al.
2016; Mason et al. 2001). We adopted for each measurement the
error bars indicated in the original paper, when they were avail-
able. For the visual micrometer measurements, we adopted con-
stant cartesian position uncertainties o = 0.10” between 1960
and 1976. We took o = 0.15” between 1930 and 1959, 0.20”
between 1900 and 1929, 0.40” between 1850 and 1899, and
o = 0.80” before 1850. As a remark, the observation recorded
in 1752 by Nicolas-Louis de Lacaille from Cape Town (South
Africa) is well in agreement with the modern orbit, with devia-
tions of only da = 1.5 + 0.8” and d6 = 1.0 = 0.8” with respect
to the expected position (see also Lequeux 2014).

Appendix B: Positions of stars S1 to S6

We present in Tables B.1 and B.2 the photometric and astro-
metric measurements of the S stars S1 to S6, that we used to
determine their angular diameters and place upper limits to their
proper motions.
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Band Ao[um] Mag. Flux? Ref.?
Star S1
Bessel V 0.54 20.04 + 0.46 35+1.6 K07
Bessel R 0.64 19.35 +0.34 39+1.3 K07
Bessel 1 0.79 17.61 £ 0.22 102 +2.2 KO7
Bessel Z 0.84 16.80 + 0.20 21.0+4.2 KO7
2MASSH 1.62 14.13 £ 0.31 252 +7.8 KO7
2MASSK  2.16 13.58 £0.17 15.8+2.7 KO7
StAR S2
Bessel V 0.54 15.66 = 0.20 782 + 158 KO7
Bessel R 0.64 1426 +0.20 1020 £207 KO7
Bessel 1 0.79 13.26 + 0.20 973 + 197 KO7
Bessel Z 0.84 13.29 + 0.20 965 + 195 KO7
2MASS J 1.25 11.97 £ 0.04 510+ 19 K07
2MASSH 1.62 11.38 £ 0.05 320+ 15 K07
2MASS K  2.16 11.14 £ 0.03 15042 KO7
IRAC 5.8 5.8 10.59 + 0.20 6.0+12 S09
IRAC 8.0 8.0 10.30 £ 0.20 23+04 S09
STAR S3
Bessel V 0.54 19.72 £ 0.35 47 +1.8 K07
Bessel R 0.64 17.57 £ 0.21 203 +43 KO7
Bessel 1 0.79 16.04 +0.20 435+ 8.8 K07
Bessel Z 0.84 15.74 £ 0.20 55.6+11 K07
2MASS ] 1.25 13.90 £ 0.19 86.2+17 KO7
2MASS H 1.62 12.85 + 0.08 82.1+6.3 KO7
2MASSK  2.16 12.89 +0.11 299+32 KO7
StArR S4
Bessel V 0.54 17.51 £ 0.20 359+7.3 KO7
Bessel R 0.64 16.59 £ 0.20 50.1+10 KO7
Bessel 1 0.79 15.95 +0.20 472 +10 KO7
Bessel Z 0.84 16.22 +0.20 35.8+7.2 KO7
StaR S5
Bessel V 0.54 21.53 £0.95 09+09 K07
Bessel R 0.64 20.00 + 0.41 22+1.0 K07
Bessel 1 0.79 18.66 + 0.27 39+1.1 K07
Bessel Z 0.84 18.00 + 0.22 69+16 K07
2MASS ] 1.25 11.60 + 0.03 717 + 20 K07
2MASSH 1.62 9.125 £0.027 254064 GI15
2MASS K, 2.16 7.756 £0.024 3380+76 GI15
IRAC 3.6 3.6 7.161 +0.058 888 + 49 G15
IRAC 4.5 4.5 6.912 +0.052 458 + 22 G15
WISEW2 4.6 6.089 +0.025 886 + 21 Gl15
IRAC 5.8 5.8 6.500 £0.027 258+64 GI15
IRAC 8.0 8.0 6.257+£0.027 945+25 GI15
MSX6C A 828 6.05 = 0.06 89.4+47 EO03
WISE W3 11.6 5.725+0.017 334+05 GI15
WISE W4  22.1 3924 +0.029 13.7+04 GI5
MIPS 24 24 422 +0.02 7.8+0.2 Gl15
StAR S6
Bessel V 0.54 16.93 +0.20 41.2+12 KO7
Bessel R 0.64 1598 +0.20 87.8+18 KO7
Bessel 1 0.79 15.38 +0.20 798 +16 KO7
Bessel Z 0.84 15.65 +£0.20 604 +12 KO7

Notes. ¢ The flux is expressed in units of 107'® W m™ um~'. » E03:
Egan et al. (2003); G15: Gutermuth & Heyer (2015); KO7: Kervella &
Thévenin (2007a); S09: Spitzer Science (2009).
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Table B.2. Astrometry of the stars approached by @ Cen A and B until 2031. The listed coordinates are referenced to the 2MASS frame (ICRS).

Date Band MID¢ RA Dec orell’1? Instrument
Star S1
2000-03-12 K, 51615.383  14:39:25.277 -60:49:49.57 0.30 2MASS¢
2004-02-29 1 53064.271 14:39:25.228 -60:49:49.60 0.05 SUSI2
2004-04-02 Z 53097.121 14:39:25.224  -60:49:49.60 0.05 SUSI2
2004-04-02 1 53097.243  14:39:25.223  -60:49:49.64 0.05 SUSI2
2009-02-25 Js 54887.356  14:39:25.224  -60:49:49.67 0.05 SOFI
StAR S2
2000-03-12 K; 51615.383  14:39:24.291 -60:49:53.66 0.20 2MASS¢
2004-02-26 \% 53061.325 14:39:24.284 -60:49:53.79 0.10 SUSI2
2004-02-29 1 53064.271 14:39:24.285 -60:49:53.80 0.05 SUSI2
2004-02-29 \% 53064.329 14:39:24.284  -60:49:53.77 0.10 SUSI2
2004-04-02 Z 53097.121 14:39:24.284 -60:49:53.83 0.05 SUSI2
2004-04-02 \% 53097.181 14:39:24.287 -60:49:53.77 0.10 SUSI2
2004-04-02 1 53097.243  14:39:24.284  -60:49:53.75 0.05 SUSI2
2009-02-25 Js 54887.356  14:39:24.288 -60:49:53.80 0.05 SOFI
2016-03-27 K, 57474.405 14:39:24.287 -60:49:53.80 0.06 NACO
StAR S3
2000-03-12 K, 51615.383 14:39:24.279 -60:49:46.03 0.20 2MASS¢
2004-02-25 R 53060.277 14:39:24.271 -60:49:46.02 0.05 SUSI2
2004-02-29 1 53064.271 14:39:24.266 -60:49:46.05 0.05 SUSI2
2004-04-02 Z 53097.121 14:39:24.264 -60:49:46.07 0.05 SUSI2
2004-04-02 I 53097.243  14:39:24.269 -60:49:46.07 0.05 SUSI2
2009-02-25 Js 54887.356  14:39:24.269 -60:49:46.07 0.05 SOFI
StAR S4
2004-02-25 R 53060.277 14:39:23.472 -60:49:42.97 0.05 SUSI2
2004-02-29 1 53064.271 14:39:23.482 -60:49:42.97 0.05 SUSI2
2004-02-29 Vv 53064.329 14:39:23.477 -60:49:42.97 0.10 SUSI2
2004-04-02 Z 53097.121 14:39:23.467 -60:49:43.04 0.05 SUSI2
2004-04-02 \% 53097.181 14:39:23.482  -60:49:42.97 0.10 SUSI2
2004-04-02 1 53097.243  14:39:23.477 -60:49:42.97 0.05 SUSI2
2009-02-25 Js 54887.356  14:39:23.481 -60:49:42.89 0.05 SOFI
2016-03-27 K; 57474.405 14:39:23.485 -60:49:42.91 0.06 NACO
STAR S5
2000-03-12 K, 51615.383 14:39:21.600 -60:49:52.84 0.08 2MASS?
2004-04-02 Z 53097.121 14:39:21.589 -60:49:52.82 0.05 SUSI2
2009-02-25 Js 54887.356  14:39:21.585 -60:49:52.93 0.05 SOFI
2016-03-27 K, 57474.405 14:39:21.586 -60:49:52.89 0.06 NACO
S1AR S6
2004-02-25 R 53060.277 14:39:20.523 -60:49:41.41 0.05 SUSI2
2004-02-29 1 53064.271 14:39:20.528 -60:49:41.37 0.05 SUSI2
2004-02-29 \% 53064.329 14:39:20.528 -60:49:41.37 0.10 SUSI2
2004-04-02 Z 53097.121 14:39:20.513 -60:49:41.48 0.05 SUSI2
2004-04-02 \% 53097.181 14:39:20.523 -60:49:41.41 0.10 SUSI2
2004-04-02 1 53097.243  14:39:20.523  -60:49:41.37 0.05 SUSI2
2009-02-25 Js 54887.356 14:39:20.518 -60:49:41.41 0.05 SOFI

Notes. ¢ MJD is the average modified julian date of the measurement. * o, is the position uncertainty with respect to the 2MASS frame in
arcseconds, including statistical uncertainty and systematic offset between instruments (see Sect. 2.4). ¢ The coordinates are measured on the
2MASS Atlas image in the K, band. ¢ The coordinates of S5 are taken from the 2MASS Point Source catalog.
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