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Sky trajectory of 𝛼 Cen AB

• Accurate orbital parameters, orbital 
parallax and barycentric proper 
motion


• The apparent motion of 𝛼 Cen is 
relatively complex: proper motion + 
orbital motion + parallactic wobble 
+ perspective effects



𝛼 Cen AB's orbit

• The extreme brightness of the 
two stars is not an advantage 
to measure their positions


• Addition of high precision 
radial velocities (HARPS)


• Orbital fit provides high 
accuracy stellar masses 
(0.4%) and parallax (0.05%)

Kervella et al. (2016, A&A 594, A107)

Akeson et al. (2021, AJ, 162, 14)

A



• Barycentric radial velocity = 
-22.4 km/s


• Final accuracy on AB 
barycenter velocity of ± 5 m/s 

• Orbital fit provides high 
accuracy stellar masses 
(0.4%) and parallax (0.05%)

Radial velocities 
of 𝛼 Cen A & B

Akeson et al. (2021, AJ, 162, 14)

ESO 3.6m/HARPS data



The apparent trajectory of 𝛼 Centauri AB
• Combination of fast proper motion, orbital motion (80 years period) and 

large parallactic wobble

1980

2200



Stellar conjunctions



• Objectives: anchor AB to the Gaia 
celestial frame and measure gravitational 
lensing events


• Position measured with ~ 50 µas accuracy 
from differential astrometry between S 
stars and 𝛼 Cen AB with the VLTI/GRAVITY 
interferometer


• Goal to estimate the proper motion 
vector of the barycenter of 𝛼 Cen AB to ± 
20 µas/year (± 12 cm/s)

Astrometry of 
stellar conjunctions Gaia EDR3 stars

VLT/NACO image

S1

S2

S3

S4



𝛼 Cen B-S1 conjunction in 2021
• Observation of B-S1 obtained 

with GRAVITY on 2 April 2021 
@ 660 mas (0.9 au projected)


• High B-S1 contrast of 14 mag 
in the K band (that is, a factor 
~300 000)


• Second observation obtained 
on 25 April 2021 @ 288 mas 
(0.4 au).


• Expected gravitational lensing 
displacement of S1 ~20 mas 

• Data analysis in progress

660 mas
288 mas



𝛼 Cen A-S5 conjunction

• In April 2028, 𝛼 Cen A will approach 
star S5 within < 0.1"


• S5 is faint in the visible, but bright in 
the infrared, mKs = 7.76 (contrast 
~5000 with A)

• About 1/2 probability that S5 enters the 
Einstein ring of 𝛼 Cen A

Kervella et al. (2016, A&A 594, A107)



Nature of source S5
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P. Kervella et al.: Close stellar conjunctions with ↵Centauri

Table A.1. Relative position angle ✓ and separation ⇢ of ↵Cen A and B
since 1980.

Epoch ✓[�] ⇢[00] Ref./Inst.a

2016.1893 305.19 ± 0.30 4.013 ± 0.02 NACO

2015.3326 293.30 ± 0.60 4.020 ± 0.04 ALMA B8

2014.9574 288.28 ± 0.70 4.081 ± 0.05 ALMA B6

2014.5426 282.91 ± 0.15 4.208 ± 0.01 ALMA B9
b

2014.5126 282.84 ± 0.30 4.184 ± 0.02 ALMA B7

2014.2410 279.20 ± 0.30 4.330 ± 0.05 An15
2012.7100 262.70 ± 0.40 5.050 ± 0.05 An14
2009.7140 244.20 ± 0.40 7.020 ± 0.05 An12
2009.1517 241.07 ± 0.60 7.400 ± 0.07 SOFI

2008.7190 239.80 ± 0.40 7.780 ± 0.05 An11
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 An06
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.
(a) The instrument names in bold characters indicate new mea-

surements reported in the present work. (b) The ALMA band 9 measure-
ment is taken as the fiducial of our orbit determination (Sect. 3.1).
References. An06: Anton (2006); An08: Anton (2008); An11:
Anton (2011); An12: Anton (2012); An14: Anton (2014); An15:
Anton (2015); F86: Frangetto (1986); Hip: ESA (1997); J94:
Jasinta & Soegiartini (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 � = 0.1000 between 1960
and 1976. We took � = 0.1500 between 1930 and 1959, 0.2000
between 1900 and 1929, 0.4000 between 1850 and 1899, and
� = 0.8000 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 d↵ = 1.5 ± 0.800 and d� = 1.0 ± 0.800 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.

Table B.1. Photometry of stars S1 to S6.

Band �0[µm] Mag. Fluxa Ref.b

Star S1
Bessel V 0.54 20.04 ± 0.46 3.5 ± 1.6 K07
Bessel R 0.64 19.35 ± 0.34 3.9 ± 1.3 K07
Bessel I 0.79 17.61 ± 0.22 10.2 ± 2.2 K07
Bessel Z 0.84 16.80 ± 0.20 21.0 ± 4.2 K07
2MASS H 1.62 14.13 ± 0.31 25.2 ± 7.8 K07
2MASS K 2.16 13.58 ± 0.17 15.8 ± 2.7 K07

Star S2
Bessel V 0.54 15.66 ± 0.20 782 ± 158 K07
Bessel R 0.64 14.26 ± 0.20 1020 ± 207 K07
Bessel I 0.79 13.26 ± 0.20 973 ± 197 K07
Bessel Z 0.84 13.29 ± 0.20 965 ± 195 K07
2MASS J 1.25 11.97 ± 0.04 510 ± 19 K07
2MASS H 1.62 11.38 ± 0.05 320 ± 15 K07
2MASS K 2.16 11.14 ± 0.03 150 ± 4.2 K07
IRAC 5.8 5.8 10.59 ± 0.20 6.0 ± 1.2 S09
IRAC 8.0 8.0 10.30 ± 0.20 2.3 ± 0.4 S09

Star S3
Bessel V 0.54 19.72 ± 0.35 4.7 ± 1.8 K07
Bessel R 0.64 17.57 ± 0.21 20.3 ± 4.3 K07
Bessel I 0.79 16.04 ± 0.20 43.5 ± 8.8 K07
Bessel Z 0.84 15.74 ± 0.20 55.6 ± 11 K07
2MASS J 1.25 13.90 ± 0.19 86.2 ± 17 K07
2MASS H 1.62 12.85 ± 0.08 82.1 ± 6.3 K07
2MASS K 2.16 12.89 ± 0.11 29.9 ± 3.2 K07

Star S4
Bessel V 0.54 17.51 ± 0.20 35.9 ± 7.3 K07
Bessel R 0.64 16.59 ± 0.20 50.1 ± 10 K07
Bessel I 0.79 15.95 ± 0.20 47.2 ± 10 K07
Bessel Z 0.84 16.22 ± 0.20 35.8 ± 7.2 K07

Star S5
Bessel V 0.54 21.53 ± 0.95 0.9 ± 0.9 K07
Bessel R 0.64 20.00 ± 0.41 2.2 ± 1.0 K07
Bessel I 0.79 18.66 ± 0.27 3.9 ± 1.1 K07
Bessel Z 0.84 18.00 ± 0.22 6.9 ± 1.6 K07
2MASS J 1.25 11.60 ± 0.03 717 ± 20 K07
2MASS H 1.62 9.125 ± 0.027 2540 ± 64 G15
2MASS Ks 2.16 7.756 ± 0.024 3380 ± 76 G15
IRAC 3.6 3.6 7.161 ± 0.058 888 ± 49 G15
IRAC 4.5 4.5 6.912 ± 0.052 458 ± 22 G15
WISE W2 4.6 6.089 ± 0.025 886 ± 21 G15
IRAC 5.8 5.8 6.500 ± 0.027 258 ± 6.4 G15
IRAC 8.0 8.0 6.257 ± 0.027 94.5 ± 2.5 G15
MSX6C A 8.28 6.05 ± 0.06 89.4 ± 4.7 E03
WISE W3 11.6 5.725 ± 0.017 33.4 ± 0.5 G15
WISE W4 22.1 3.924 ± 0.029 13.7 ± 0.4 G15
MIPS 24 24 4.22 ± 0.02 7.8 ± 0.2 G15

Star S6
Bessel V 0.54 16.93 ± 0.20 41.2 ± 12 K07
Bessel R 0.64 15.98 ± 0.20 87.8 ± 18 K07
Bessel I 0.79 15.38 ± 0.20 79.8 ± 16 K07
Bessel Z 0.84 15.65 ± 0.20 60.4 ± 12 K07

Notes.
(a) The flux is expressed in units of 10�16 W m�2 µm�1.

(b) E03: Egan et al. (2003); G15: Gutermuth & Heyer (2015); K07:
Kervella & Thévenin (2007a); S09: Spitzer Science (2009).
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Uncertainty domain

Einstein ring 
Ang. radius = 82 mas

𝛼 Cen A 
mK = -1.5


LD = 8.5 mas

A-S5 conjunction 2028

20 mas/day

S5

mK=7.7


E(B-V) = 6.5

𝜃 = 0.47 mas

~ 20 April 2028

A&A 594, A107 (2016)

Table 4. Maximum apparent displacement �✓± and amplification A± of the two images of S stars formed by the gravitational lens during the
conjunctions with ↵Cen A and B.

Date L
a

S
b ✓LD[mas] �[km] ⇢min[00] �✓+[mas] A+[%] �✓�[mas] A�[%]

2021-05-03 B S1 0.0120.002 2400400 0.205 ± 0.177 +24.8+38.0
�10.4 101.2+92

�1.1 �230+139
�167 1.2+92

�1.1

2023-04-27 A S2 0.0250.003 5000600 1.643 ± 0.112 +4.1+0.3
�0.3 100 � �

2023-12-12 B S3 0.0180.002 3600400 1.354 ± 0.186 +4.2+0.7
�0.5 100 � �

2024-10-26 B S4 0.0080.003 1600600 2.433 ± 0.119 +2.3+0.1
�0.1 100 � �

2028-05-06 A S5 0.470.05 9500010000 0.015 ± 0.135 +75+7
�39 321+1�218 �90+8

�97 221+1�218

2031-05-25 B S6 0.0100.003 2000600 0.269 ± 0.277 +20+56
�10 100.5+1�0.4 �289+214

�267 0.5+1�0.4

Notes. The displacements are relative to the non-deflected (pre-lensing) positions. We also list the angular sizes ✓LD of the S stars, and their
projected linear diameters � at ↵Centauri. The error bars are given in super/subscripts position next to each value. (a)

L is the lens (one of the ↵Cen
components). (b)

S is the lensed source (S stars).

shifts are given by (Sahu et al. 2014):

✓± = 0.5
h
u ±
p

u2 + 4
i
✓E, (2)

with ✓E the Einstein ring angular radius and u = ⇢min/✓E. Follow-
ing the definition adopted in the rest of this article, ⇢min 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:

A± = 0.5
"

u
2 + 2

u

p
4 + u2

± 1
#
. (3)

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

The deflection angles �✓± and amplification factors A± for
the conjunctions of ↵Cen with stars S1 to S6 are listed in
Table 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 0.0500 re-
quires to send an instrument at a distance of 0.067 AU ⇡ 10 mil-
lion 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.

5.2. The close environment of ↵Cen A and B

The question of the stability of planetary orbits in the ↵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 300 (4 AU) of each component, including the habitable
zone (Andrade-Ines & Michtchenko 2014). Stable circumbinary

orbits are also found at distances larger than about 5000 (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 e�cient 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 10�4 or smaller can be detected down to an an-
gular separation of ⇡3�/D = 0.200 with a high signal-to-noise
ratio (Paul et al. 2014). It has also been proposed recently that
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., planets, comets or asteroids) across gravitationally
lensed images of the S sources will cause significant varia-
tions 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 determined 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
95 000 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 e�ciently search for the presence 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 probability 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 asteroid (� ⇡ 950 km)
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✓E, (2)

with ✓E the Einstein ring angular radius and u = ⇢min/✓E. Follow-
ing the definition adopted in the rest of this article, ⇢min 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:

A± = 0.5
"

u
2 + 2

u

p
4 + u2

± 1
#
. (3)

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

The deflection angles �✓± and amplification factors A± for
the conjunctions of ↵Cen with stars S1 to S6 are listed in
Table 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 0.0500 re-
quires to send an instrument at a distance of 0.067 AU ⇡ 10 mil-
lion 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.

5.2. The close environment of ↵Cen A and B

The question of the stability of planetary orbits in the ↵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 300 (4 AU) of each component, including the habitable
zone (Andrade-Ines & Michtchenko 2014). Stable circumbinary

orbits are also found at distances larger than about 5000 (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 e�cient 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 10�4 or smaller can be detected down to an an-
gular separation of ⇡3�/D = 0.200 with a high signal-to-noise
ratio (Paul et al. 2014). It has also been proposed recently that
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., planets, comets or asteroids) across gravitationally
lensed images of the S sources will cause significant varia-
tions 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 determined 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
95 000 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 e�ciently search for the presence 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 probability 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 asteroid (� ⇡ 950 km)
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Fig. 7. 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 ✓LD = 0.47 mas,
Te↵ = 3500 K (blue curve) reddened with E(B � V) = 6.5 (green curve).

uncertainty listed in the 2MASS Point source catalog is ±0.0800.
We derived a proper motion for S5 of µ↵(S5) = �5 ± 5 mas yr�1

and µ�(S5) = �5 ± 5 mas yr�1.

We obtained a minimum approach distance of ⇢min(S5) =
0.015 ± 0.13500 from ↵Cen A on 2028-05-06 ±14 days (Fig. 7,
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 1000, and the light con-
tamination from ↵Cen B in the field of S5 will therefore be lim-
ited. The magnitude di↵erence in the K band between ↵Cen A
(mK = �1.5) and S5 (mK = 7.8) is �mK = 9.3 corresponding to
a contrast of f (S5)/ f (A) = 2 ⇥ 10�4. This is the most favorable
contrast for the stellar conjunctions with ↵Cen within at least
the next 30 yr.

We obtained a satisfactory fit of the photometry of S5 consid-
ering an intrinsically red star with Te↵(S5) = 3500 ± 500 K, and
a color excess of E(B � V) = 6.5 ± 1.0 (Fig. 7, right panel). We
excluded the WISE measurements in the W1 band (3.35 µm) as
it is clear from the original WISE image that this measurement
(reported by Gutermuth & Heyer 2015) is a↵ected by contami-
nation from ↵Cen. The WISE W4 (22.1 µm) and MIPS 24 µm
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 ✓LD(S5) = 0.47 ± 0.05 mas. These properties may indicate
that S5 is a very distant red supergiant, for instance a twin of
Betelgeuse (✓LD ⇡ 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-
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 ⇢min(S6) =
0.269 ± 0.27700 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
✓LD(S6) = 0.010 ± 0.003 mas and an e↵ective temperature of
Te↵(S3) = 4500 ± 2000 K 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;
Paczynski 1996a), the angular radius ✓E of the Einstein ring of a
point source is given by the expression:

✓E =

s
4 GM

c2d⇡
with 1/d⇡ = 1/DL � 1/DS. (1)

M is the mass of the lens (↵Cen A or B in our case), d⇡ the
parallax distance of the lens, DL and DS 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 MA = 1.1055 ± 0.0022 M� and its parallax ⇡L =
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 (✓LD = 8.511 ± 0.020 mas,
from Kervella et al. 2003), we obtained an Einstein radius of
✓E(A) = 81.97 ± 0.09 mas, corresponding to approximately
20 times the angular radius of the photosphere of ↵Cen A
(Fig. 7). The predicted impact parameter of the conjunction with
S5 is ⇢min = 0.015 ± 0.13500 giving a probability of 45% that S5
will enter the Einstein ring of ↵Cen A. For ↵Cen B, ✓E(B) is
estimated to 75.48 ± 0.08 mas.

The gravitational lensing of the light from the background
source results in the creation of two images, whose apparent
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S2

S3

S1

Figure 8. Similar to Figure 1, but these runs consider circumbinary orbits with initial semimajor axis (relative to the center of mass of the binary) in the 35–100 au
range. The (external) N:1 mean motion resonances are indicated by tick marks, and the color scale representing the removal (ejection or collision) time of the test
particles is the same as in Figure 1.

Figure 9. Projection of the stellar orbit of α Cen AB at apastron onto the sky.
The astrocentric orbit α Cen B about α Cen A is shown by the dashed curve,
with the stars shown at apastron. The center of mass (dot near the center of the
image) is shown along with the barycentric ellipses for both α Cen A (red) and
α Cen B (blue). Disks have been placed around each star to illustrate the areal
coverage of stable test particles orbiting with the plane of the binary. The scale
for potential observers in R.A. and decl. is given on the top and right axis,
respectively.

Table 2
Distribution of the Test Particle Survivors

Mean Anom. x̄ Mx ȳ My θ

(degree) (au) (au) (au) (au) (degree)

5.43 0.041 1.053 −0.045 0.525 24.58
72.54 0.027 1.048 −0.021 0.525 24.77
107.56 0.034 1.042 −0.041 0.529 24.54
128.07 0.034 1.045 −0.037 0.522 24.72
142.40 0.033 1.047 −0.032 0.525 25.08
153.70 0.035 1.052 −0.036 0.527 24.51
163.36 0.032 1.044 −0.038 0.526 24.83
172.14 0.032 1.043 −0.048 0.526 24.78
180.55 0.032 1.042 −0.037 0.526 24.67
188.98 0.032 1.044 −0.047 0.526 24.54
197.84 0.032 1.046 −0.045 0.528 24.67
207.66 0.032 1.043 −0.036 0.527 24.72
219.26 0.031 1.045 −0.047 0.525 24.53
234.17 0.031 1.043 −0.037 0.526 24.56
255.90 0.037 1.048 −0.048 0.527 24.84
294.04 0.031 1.049 −0.044 0.526 24.73

Note. Statistical properties in the distribution of test particle survivors
(prograde, inclined around α Cen A) on the sky co-added over 10 binary
orbits at 16 different mean anomalies that are equally spaced in time. The
values in x y,¯ ¯ represent the centers of each distribution and the values M M,x y

are the eigenvalues of the covariance matrix from the respective distributions.
The angle θ corresponds to the angle of the largest eigenvector relative to the
positive y-axis of the sky coordinates.
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Table 3. Close approaches within ⇢ = 500 of ↵Cen A or B between 1st January 2016 and 25 December 2049 for background stars brighter than magnitude m = 16 at visible wavelengths (VRIZ) and
m = 15 in the near-infrared (JHK).

?a ⇢min[00] Dateb #c K07d
mV �V mI �I mK �K RA Dec Epoch µ↵e µ�d �µd

B 0.205 ± 0.177 2021-05-03 S1 1266 20.00.5 18.7 17.60.2 17.2 13.580.17 14.2 14:39:25.224 �60:49:49.67 2009.152 –5 –12 12
A 1.643 ± 0.112 2023-04-27 S2 1184 15.70.2 15.7 13.30.2 13.9 11.140.03 12.6 14:39:24.283 �60:49:53.80 2016.236 +2 –2 5
B 1.354 ± 0.186 2023-12-12 S3 1181 19.70.3 18.4 16.00.2 15.6 12.890.11 13.5 14:39:24.264 �60:49:46.03 2009.152 +1 �4 11
B 2.433 ± 0.119 2024-10-26 S4 1113 17.50.2 16.2 15.90.2 15.5 � � 14:39:23.485 �60:49:42.91 2016.236 +6 +8 5
A 0.015 ± 0.135 2028-05-06 S5 0951 21.50.9 21.5 18.70.3 19.3 7.760.02 9.3 14:39:21.586 �60:49:52.89 2016.236 �5 �5 5
B 0.269 ± 0.277 2031-05-25 S6 0856 16.90.2 15.6 15.40.2 14.9 � � 14:39:20.518 �60:49:41.41 2009.152 �6 �1 11
B 0.194 ± 0.318 2034-11-20 S7 0717 17.10.2 15.8 15.30.2 14.9 � � 14:39:18.629 �60:49:41.23 2004.252 � � �
B 3.417 ± 0.338 2036-11-28 S8 0674 22.91.0 21.5 19.20.3 18.8 12.840.08 13.4 14:39:18.017 �60:49:37.33 2004.252 � � �
B 0.216 ± 0.342 2037-05-28 S9 0601 22.21.0 20.9 19.90.4 19.5 11.910.05 12.5 14:39:17.119 �60:49:42.18 2004.252 � � �
B 0.487 ± 0.381 2041-04-29 S10 0463 � � � � 10.670.04 11.3 14:39:15.142 �60:49:43.66 2004.252 � � �
A 0.263 ± 0.385 2041-10-15 S11 0462 17.60.2 17.6 15.80.2 16.5 � � 14:39:15.107 �60:49:34.88 2004.252 � � �
B 0.752 ± 0.382 2041-06-09 S12 0438 14.60.2 13.2 13.30.2 12.8 � � 14:39:14.753 �60:49:42.66 2004.252 � � �
A 1.120 ± 0.395 2042-10-18 S13 0420 � � � � 13.170.08 14.7 14:39:14.508 �60:49:34.19 2004.252 � � �
B 3.168 ± 0.420 2045-04-27 S14 0361 23.11.0 21.8 19.10.3 18.6 13.050.06 13.7 14:39:13.375 �60:49:39.35 2004.252 � � �
B 2.600 ± 0.429 2046-05-02 S15 0313 � � 15.70.2 15.3 � � 14:39:12.596 �60:49:45.89 2004.252 � � �
B 4.261 ± 0.430 2046-05-16 S16 0296 � � 18.10.2 17.7 13.020.06 13.6 14:39:12.262 �60:49:47.38 2004.252 � � �
A 3.121 ± 0.454 2048-10-24 S17 0251 14.00.2 14.0 12.60.2 13.3 11.780.04 13.3 14:39:11.421 �60:49:28.24 2004.252 � � �
B 0.269 ± 0.460 2049-06-12 S18 0213 22.81.0 21.5 18.50.2 18.1 12.740.09 13.3 14:39:10.515 �60:49:41.44 2004.252 � � �

Notes. The listed S star coordinates (ICRS) correspond to the indicated measurement epoch (no proper motion correction is included). The contrast with the corresponding ↵Cen star is listed in the
�V , �I and �K columns. The error bars on the photometry are given in subscript of the corresponding values. (a) The ? column lists the component of ↵Cen concerned by the conjunction. (b) The
uncertainty on the closest approach date is linearly proportional to �(⇢min) and equals approximately �(Date) = ±10 days for �(⇢min) = ±0.1000. (c) Star labels as used in the text. (d) K07: reference
number of the approached star in the catalog by Kervella & Thévenin (2007b). (e) The proper motion and associated uncertainty is listed in mas yr�1.
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• With GRAVITY, we measure the differential position of 𝛼 Cen A and B and the 
background S stars to 50-100 µas.


• Potential for very accurate parallax and proper motion, as well as gravitational mass 
determinations of A and B

Kervella et al. A&A 594, A107 (2016)

Opportunities in the coming years



• Objective #1: determine the 
gravitational mass of Alpha Cen A 
and B, particularly A to ~0.1% with 
S5 event


• Objective #2: search for 
gravitational signature of planets 
from astrometric shift due to 
secondary lensing


• Objective #3: measure the parallax 
and proper motion of the pair with 
very high accuracy 

Summary



An interstellar probe ?

• Project Breakthrough Starshot
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using cameras, while eventually 
trying out laser communications 
techniques. “Zac’s work was one of 
the key things that convinced Yuri 
and me that this might be feasible,” 
says Worden.

Other aspects of this venture, 
however, are further from realization. 
That includes the proposed laser array, 
consisting of a large number (thousands, 
if  not millions) of modest-sized ground 
lasers all pointed at a minuscule 
target, thousands of miles in the sky. 
“No one has ever done this on the 
scale we’re talking about,” says Philip 
Lubin, a physicist at the University of 
California, Santa Barbara. But there 
are no fundamental physics barriers, 
Lubin adds, “and there is now a credible 
path forward.”

It’s a tricky problem, nevertheless. 
“For an array of one or several 
square kilometers, a laser on one side 
would see a different atmospheric 
density than a laser on the other 

side,” explains Harvard astrophysicist 
James Guillochon. “We would need 
to correct for all of those differences.” 
Furthermore, Guillochon notes, the 
laser light hitting the sail has to be 
exactly on target. “You want an even 
distribution of energy on the sail so it 
doesn’t deform.”

This leads to what may be the plan’s 
foremost challenge: coming up with 
a sail of a few square yards that’s 
suf!ciently strong, thin and lightweight. 
It also has to be highly re"ective and 
absorb less than 1/100,000 of the 
incoming light so that it doesn’t melt. 
While no material yet devised meets 
all of the technical requirements, 
researchers have made progress on 
individual parts of the problem.

After being sped up with laser beams, 
the Starshot probes would coast for the 
next 20 years, although it wouldn’t be 
smooth sailing. The nanocraft would 
face additional obstacles, primarily in 
the form of dust and gas encountered 
en route to the Alpha Centauri system. 

Princeton astrophysicist Bruce Draine 
estimates that the small spacecraft 
would sustain about a million collisions 
per square centimeter with dust 
grains during the journey — each 
one potentially a disaster at those 
speeds. Fortunately, there are ways of 
mitigating the damage. A beryllium 

or graphite coating could protect the 
electronics, and as another precaution, 
researchers could reduce the number 
of collisions by folding up the sail after 
the nanocraft is beyond the reach of 
Earth-based lasers. The craft could also 
be directed to "y sideways, led by its thin 
edge to present less of a target. 

Worden hopes to sponsor a series 
of space experiments of increasing 
complexity in the coming years. Early 
experiments would involve solar sails, 
pushed strictly by sunlight, which have 
"own before. Others would involve 
pushing sails with lasers, which has not 
yet been done. “There’s a whole range 
of things we hope to do,” Worden says, 
“and we’ll build up gradually over time.” 

SEEING THE SIGHTS
There will be a lot to see along the way. 
Rather than being focused on a single 
destination — Alpha Centauri’s stars 
— this program, says Worden, “is really 
about a journey.” 

We’ll start by exploring our own 
backyard, the solar system, and move 
on from there, says Loeb, who heads the 
Starshot advisory committee. After all, 
he notes, the tiny probes “can reach Pluto 
in three days, rather than the 9.5 years 
it took New Horizons to get there.” The 
program could sacri!ce some of the 
multiple probes, he says, sending them 
“very close to targets we’re interested 
in. For example, we could "y through 
the plumes [of Enceladus] and see if we 
could detect the !ngerprints of life.” The 
probes could also "y through the rings of 
Saturn or other harsh environments.

“With cheap, fast spacecraft,” says 
Guillochon, “we could send one out to 
every asteroid in the asteroid belt or to 
every Pluto-like object in the outer solar 
system. With these small craft ready 

HOW FAR AWAY IS ALPHA CENTAURI?

The tiny probes 
could reach Pluto 

in three days, 
rather than the 
9.5 years it took  
New Horizons 
to get there.

Harvard researcher Zachary 
Manchester designed the 
“chipsat,” a tiny probe that may 
reach the nearest star system. 
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Breakthrough Starshot



Technological challenges
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using cameras, while eventually 
trying out laser communications 
techniques. “Zac’s work was one of 
the key things that convinced Yuri 
and me that this might be feasible,” 
says Worden.

Other aspects of this venture, 
however, are further from realization. 
That includes the proposed laser array, 
consisting of a large number (thousands, 
if  not millions) of modest-sized ground 
lasers all pointed at a minuscule 
target, thousands of miles in the sky. 
“No one has ever done this on the 
scale we’re talking about,” says Philip 
Lubin, a physicist at the University of 
California, Santa Barbara. But there 
are no fundamental physics barriers, 
Lubin adds, “and there is now a credible 
path forward.”

It’s a tricky problem, nevertheless. 
“For an array of one or several 
square kilometers, a laser on one side 
would see a different atmospheric 
density than a laser on the other 

side,” explains Harvard astrophysicist 
James Guillochon. “We would need 
to correct for all of those differences.” 
Furthermore, Guillochon notes, the 
laser light hitting the sail has to be 
exactly on target. “You want an even 
distribution of energy on the sail so it 
doesn’t deform.”

This leads to what may be the plan’s 
foremost challenge: coming up with 
a sail of a few square yards that’s 
suf!ciently strong, thin and lightweight. 
It also has to be highly re"ective and 
absorb less than 1/100,000 of the 
incoming light so that it doesn’t melt. 
While no material yet devised meets 
all of the technical requirements, 
researchers have made progress on 
individual parts of the problem.

After being sped up with laser beams, 
the Starshot probes would coast for the 
next 20 years, although it wouldn’t be 
smooth sailing. The nanocraft would 
face additional obstacles, primarily in 
the form of dust and gas encountered 
en route to the Alpha Centauri system. 

Princeton astrophysicist Bruce Draine 
estimates that the small spacecraft 
would sustain about a million collisions 
per square centimeter with dust 
grains during the journey — each 
one potentially a disaster at those 
speeds. Fortunately, there are ways of 
mitigating the damage. A beryllium 

or graphite coating could protect the 
electronics, and as another precaution, 
researchers could reduce the number 
of collisions by folding up the sail after 
the nanocraft is beyond the reach of 
Earth-based lasers. The craft could also 
be directed to "y sideways, led by its thin 
edge to present less of a target. 

Worden hopes to sponsor a series 
of space experiments of increasing 
complexity in the coming years. Early 
experiments would involve solar sails, 
pushed strictly by sunlight, which have 
"own before. Others would involve 
pushing sails with lasers, which has not 
yet been done. “There’s a whole range 
of things we hope to do,” Worden says, 
“and we’ll build up gradually over time.” 

SEEING THE SIGHTS
There will be a lot to see along the way. 
Rather than being focused on a single 
destination — Alpha Centauri’s stars 
— this program, says Worden, “is really 
about a journey.” 

We’ll start by exploring our own 
backyard, the solar system, and move 
on from there, says Loeb, who heads the 
Starshot advisory committee. After all, 
he notes, the tiny probes “can reach Pluto 
in three days, rather than the 9.5 years 
it took New Horizons to get there.” The 
program could sacri!ce some of the 
multiple probes, he says, sending them 
“very close to targets we’re interested 
in. For example, we could "y through 
the plumes [of Enceladus] and see if we 
could detect the !ngerprints of life.” The 
probes could also "y through the rings of 
Saturn or other harsh environments.

“With cheap, fast spacecraft,” says 
Guillochon, “we could send one out to 
every asteroid in the asteroid belt or to 
every Pluto-like object in the outer solar 
system. With these small craft ready 

HOW FAR AWAY IS ALPHA CENTAURI?

The tiny probes 
could reach Pluto 

in three days, 
rather than the 
9.5 years it took  
New Horizons 
to get there.

Harvard researcher Zachary 
Manchester designed the 
“chipsat,” a tiny probe that may 
reach the nearest star system. 
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• A serious difficulty: pointing 
accuracy, astrometry of the three 
stars 


• A major difficulty: how to slow 
down ?


• A possible solution: interstellar 
“pinball” of photo-gravitational 
velocity reduction


• Objective: orbital injection 
around Proxima b

Interstellar trajectory





disk without limb darkening (McInnes & Brown 1990), is

( ) ( )�

�

�

Q
� � � ⎜ ⎟

⎡
⎣
⎢⎢

⎡
⎣⎢

⎛
⎝

⎞
⎠

⎤
⎦⎥

⎤
⎦
⎥⎥P r

L

cR

R
r3

1 1 , 1
2

2 3 2

where Rå is the stellar radius and Lå is the stellar luminosity.
We assume that the magnitude of the photon force on the sail is
proportional to the photon pressure times the cosine of the pitch
angle α, hence
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We also explored the JPL numerical parametric force model
(Wright 1992), where the reflectivity dependence on α is more
complex, but these results agreed with those obtained via
Equation (2) within 10 to 20% of dv ,max .

2.2. Analytical Estimates of Maximum Deceleration

Integration of Equation (2) with α=0° over a sail path from
rmin (the sail’s minimum distance to the star) to d yields the
maximum possible reduction of kinetic energy from the photon
pressure during a frontal approach:
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For a full stop, Equation (3) is reduced by the kinetic energy
gained by the sail through the conversion of potential into
kinetic energy. Hence, the maximum possible reduction of the
sail velocity for a full stop is given by
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M
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2 2
. 4red

kin,p

min

As an example, for an M=1 gram sail with an area of
A=10 m2 that passes α Cen A at rmin=5 Rå (assuming

Rå= 1.224 solar radii and Lå= 1.522 Le; Le being the solar
luminosity), we obtain vred≈1200 km s−1, which corresponds
almost precisely to the value of dv ,max , achievable via a full
stop trajectory as we found using our modified photogravita-
tional trajectory code (see Section 2.3). The total maximum
deceleration during a fly-by is slightly higher because the sail
must climb out of the star’s gravitational well after its passage,
and therefore it slows down further.

2.3. Numerical Integrations of Sail Trajectories

We use a modified N-body code to model the gravitational
pull by the stars under the additional effects of the stellar
photon pressure onto the sail. As a key feature of our
simulations, we solve the problem of continuously adjusting
the sail’s orientation to maximize the deceleration due to the
photon pressure.3 Such an adaptive orientation could be
achieved if the sail were able to modify its reflectivity across
its surface, e.g., using technologies akin to the nanocrystal-in-
glass approach (Llordes et al. 2013; Ma et al. 2016). An
asymmetric reflectivity distribution would induce a torque on
the sail, which would start to rotate it (Kislov 2004; Hu
et al. 2016).
The (x, y) components of the photon force are calculated per

( ) ( )( ( ) ( )) ( )B B B K B K� � �F r F r, , cos , sin , 5

where ( )K � y xarctan (see Figure 1). The maximum
deceleration of the sail is achieved if the force component

( ) ( ) ( )B O�OF F r, cos 6

acting into the opposite direction of the sail’s velocity vector is
maximized, where
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is the angle enclosed by F and v. We enter Equation (7) into
Equation (6) and numerically determine the value of α that
yields maximum deceleration. The resulting trajectory is here
referred to as a photogravitational assist, along which the
photon pressure is used to reduce speed while both the photon
pressure and the gravitational tug from the star determine the
sail’s deflection angle.
The orbits of the αCen stellar triple system are non-

coplanar, so we simulate each fly-by in a new x–y plane. For a
broad range of dv , we numerically integrate hundreds of sail
trajectories, each of which has a slightly different horizontal
offset (in steps of 0.1 Rå) in the x–y plane.
Figure 2(a) illustrates an example of such a trajectory

iteration for an M=1 gram, A=10 m2 sail approaching
αCen A with �d

�v 1270 km s 1. All trajectories with an initial
x-offset 3 Rå lead to a physical encounter of the sail with the
star, i.e., the sail is lost (type I trajectory). For values of

1d
�v 1200 km s 1, the stellar photon pressure can stop the sail

beyond 5 Rå, a distance that we use as a fiducial value to
prevent the sail from destruction (see Section 4). We refer to
such a trajectory as a full stop (type II). A full stop route allows
the sail to reorient itself at rmin to then leave the stellar system

Figure 1. Geometry of a slingshot trajectory. The star is in the origin of the
coordinate system. The trajectory of the solar sail, with instantaneous velocity
v, is shown as a dotted curve in the x–y plane. The pitch angle α between the
normal to the sail plane and the radius vector to the star (r) determines the
stellar photon force ( )BF r, on the sail.

3 Cassenti (1997) used a similar method to optimize the acceleration of
possible solar sails leaving the solar system.
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Geometry of a slingshot trajectory. The star is in the origin of the 
coordinate system. The trajectory of the solar sail, with instantaneous 
velocity v, is shown as a dotted curve in the x–y plane.  

Heller & Hippke 2017, ApJL, 835, 32



radiation pressure and magnetic fields (Reiners & Basri 2008)
along this trajectory.

4.2. Further Applications of Photogravitational Assists

Although we focused our simulations on the injection of
light photon sails into bound orbits around Proxima, we also
discovered that trajectory types II and III open up the
opportunity for sample return missions to Earth (see
Figure 2(a)). What is more, trajectory types II, III, and IV
allow multi-fly-by missions at α Cen A, B, and C. Among
those, type IV will generally deliver dv ,max .

Photogravitational assists can, of course, also be performed
in the solar system. Once the technological implementation of a
sail capable of photogravitational assists has been achieved, it
seems natural to accelerate it to interstellar velocities using
solar photons rather than using additional expensive technol-
ogies such as ground-based laser launch systems. Using
Equation (4) and numerical integrations of Equation (3) from
5 solar radii tod, we estimate the maximum photonic ejection
speed from the solar system to be about : � �v 11,500 km s,max

1

for an 8.6×10−4 gramm−2 sail, implying travel times to
α Cen of about 115 years. Beyond that, other nearby stars offer
more favorable conditions than the α Cen triple for the
deceleration of incoming photon sails. Sirius A, as an example,
at just about twice the distance from the Sun as α Cen, offers a
power of about 25 Le for deceleration. Consequently, the
maximum possible injection speed of an 8.6×10−4 gramm−2

sail that can be absorbed (44,600 km s−1 or 14.9% c) exceeds
ve,max by far. Thus, a laser launch system or alternative
technologies would be required to accelerate photon sails from
the solar system to these maximum possible speeds, maybe in
combination with acceleration by the solar photon pressure.

In multi-stellar systems, successive fly-bys at the system
members can leverage the additive nature of photogravitational
assists. For multiple assists to work, however, the stars need to

be aligned within a few tens of degrees along the incoming sail
trajectory of the sail. Such a successive braking is particularly
interesting for multi-stellar systems, where bright stars can be
used as photon bumpers to decelerate the sail into an orbit
around a low-luminosity star, such as Proxima (0.0017Le) in
the α Cen system or the white dwarf Sirius B (0.056 Le) around
Sirius A.

5. Conclusions

We present a new method of decelerating interstellar light
sails from Earth at the α Cen system using a combination of the
stars’ gravitational pulls and their photon pressures. This
sailing technique, which we refer to as a photogravitational
assist, allows multiple stellar fly-bys in the α Cen stellar triple
system and deceleration of a sail into a bound orbit. In
principle, photogravitational assists could also allow sample
return missions to Earth. The maximum injection speed to
deflect an incoming, extremely light and tensile sail (with
properties akin to graphene) carrying a payload of 10 grams
into a bound orbit around Proxima is about 4.6% c, corresp-
onding to travel times of 95 years from Earth. After initial fly-
bys at α Cen A and B, the sail could absorb another
1280 km s−1 upon the arrival at Proxima, implying an
additional travel time between α Cen AB and Proxima of
46 years.
Arrival at Proxima with maximum velocity could result in a

highly elliptical orbit around the star, which could be
circularized into a habitable zone orbit using the photon
pressure near periastron. The time required for such an orbit
transfer is small (years) compared to the total travel time. Once
parked in orbit around Proxima, a sail could eventually use the
stellar photon pressure to transfer into a planetary orbit around
Proxima b.
In a more general context, photogravitational assists of a

large, roughly ( )�10 m 316 m5 2 2-sized graphene sail could (1)

Figure 4. Successive deceleration of our fiducial photon sail with a mass-to-surface ratio similar to graphene during photogravitational fly-bys at α Cen A, B, and C.
Its initial speed of 13,800 km s−1 is ultimately reduced to zero relative to Proxima, enabling stationary orbits around the star.
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Graphene sail
Vmax = 13 800 km/s 

travel ~ 100 years 
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interstellar projectile to successfully hit αCenA, a pointing
accuracy of ��R is key. A fiducial accuracy of �R0.2 translates
into a funnel�1.6 mas as seen from Earth. The current uncertainty
of 3.9mas yr−1 in the proper motion (pm) vector of αCen
(N � o3685.8 3.9 mas yr−1; Kervella et al. 2016) will result in
an offset of 78mas (0.1 au at αCen) after a nominal 20 year
journey, as proposed by the Breakthrough Starshot Initiative.
Hence, the current knowledge of the celestial position and motion
of αCenAB prevents an aimed orbital injection and swing-by
to Proxima. That said, pm accuracies � �2 mas 20 years
100 μas yr−1 can in principle be reached for αCen using dedicated
astrometry. These observations will be key to a successful
direction of an interstellar ballistic probe from Earth to αCen.

The aiming accuracy will also be affected by the presence of
interstellar magnetic fields if the sail has an electric charge. In
fact, it might be impossible for a sail to prevent getting
electrically charged due to the continuous collisions with the
interstellar medium. Studies of the effects of magnetic effects
on the interstellar trajectories of lightsails are beyond the scope
of this study but they might be crucial to assess whether aiming
accuracies of the order of 1 stellar radius at the target are
actually possible.

4.2. Deflection during Stellar Encounter

The limiting factor to the full leverage of the additive nature
of the photogravitational effect in the αCen AB system is in

their orbital inclination with respect to the Earth’s line of sight.
The optimal deflection angle to achieve maximum injection
speeds at α Cen A is 19° (Figure 4). A and B will never come
closer than n10 .7 from our point of view. If it were possible to
let the incoming lightsail tack from an angle (λ), or “from the
side,” then this might allow faster departures than permitted for
straight trajectories if the sky-projected AB angular separation
upon arrival is� n19 (see Figure 4, top right). In fact, due to the
binary’s sky-projected proper motion of �23.4 km s 1 and given
αCen A’s barycentric tangential velocity of x o �8 5 km s 1

(Kervella et al. 2016) upon encounter, the incoming sail will
have a minimal (x n0 .1) tangential velocity with respect to the
line of sight from Earth.
We have looked at different possibilities to add an additional

tangential speed component (vx) to the sail and found that
M � d( )v varctan x . One option that seems physically feasible,
though technically challenging, would be to send the sail with a
slight offset to α Cen A, and then fire the onboard commu-
nication laser perpendicular to the trajectory for a time tl. This
maneuver would result in a curved sail trajectory. Assuming
that the laser energy output ( �E P t ;l l l Pl being the laser power)
would be transformed into kinetic energy of the sail (Ekin), we
have

M � �d d
�

⎛
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⎞
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P t
M
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2

. 12x
l l 1

Figure 6. Example trajectory (blue line) of a lightsail from Earth performing photogravitational assists at α Cen A and B toward Proxima. Projections of the trajectory
on the three planes of the coordinate systems are shown as gray lines. Left: large-scale overview of the trajectory from the Sun to α Cen in Galactic coordinates (in
units of lt-yr). X increases toward the Galactic center, Y is positive toward the Galactic direction of rotation, and is Z positive toward the north Galactic pole. Right:
orbital configuration of the α Cen AB binary upon arrival of the lightsail in 2092.69. The origin of the differential cartesian ICRS coordinate system (in units of au) is
located in the α Cen AB barycenter. The points on the orbits of A (orange ellipse) and B (red ellipse) are separated by 5 years to illustrate the evolution of the stellar
positions. The projection of the binary orbit on the Earth sky is shown in the R.A.–decl. plane.

(An animation of this figure is available.)
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V0 = 17 050 km/s V1 = 8 400 km/s

V2 = 1 280 km/s
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