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Overview
• Identification of stellar and substellar companions from 

Hipparcos - Gaia proper motion anomaly 


• Proxima Centauri and other nearby stars: Gaia and radial 
velocity constraints on exoplanet properties


• GRAVITY astrometry and radial velocities: the 𝜷 Pictoris system 

✅
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Figure 3: Upper panels. Radial velocity curves of Proxima b and of the candidate planet Prox-
ima c, phase folded to the orbital periods listed in Table 1. The red curves represent the best-fit
orbital solutions, and the red points are phase-binned RV values. Lower panels. Distributions
of the number of measurements along the planets’ orbits.
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A long-period planet 
orbiting Proxima 

Centauri ?
Damasso et al. 2020, Science Advances, 6, 3

Period 11 days Period 5.2 years

Proxima d (5 days)

Proxima c (5.2 years)

Proxima b (11 days)



Proxima Centauri
 Radial velocities incl. grav. redshift and acceleration of +0.45 m/s/a:
 RV measur. 2012.554  -22204 (32) m/s (Kervella+ 2017)

 Parallaxes:
 Hip2       1991.250  771.640 (2.600) mas (observed)
 Hip2 calc  1991.250  767.757 (0.056) mas (derived from Gaia plx)
 GDR2       2015.500  768.529 (0.220) mas (observed) 
 EDR3 ZP               -0.022         mas  Plx err inflation: 1.127
 EDR3       2016.000  768.089 (0.056) mas (observed) 

 GDR3 to Hip light travel time correction = +0.670 d (115.9 au)

 Measured PM vector in ICRS frame:
 Hip2       1991.250   -3775.750 ( 1.630)     +765.540 ( 2.010) mas/a 
 GDR2       2015.500   -3781.411 ( 0.101)     +769.804 ( 0.208) mas/a 
 EDR3 spin                -0.036                +0.016          mas/a
 EDR3       2016.000   -3781.705 ( 0.031)     +769.449 ( 0.051) mas/a (spin corrected) 

 Computed (µalpha,µdelta) mean angular PM vector in ICRS frame:
 H2G2       2015.500   -3781.629 ( 0.049)     +769.421 ( 0.054) mas/a
 H2G3       2016.000   -3781.683 ( 0.034)     +769.518 ( 0.046) mas/a

 Computed diff. PM vector in ICRS frame:
 GDR2-H2G2  2015.500      +0.218 ( 0.112)       +0.384 ( 0.215) mas/a = (+1.9,+1.8) sig
 GDR3-H2G3  2016.000      -0.022 ( 0.046)       -0.069 ( 0.069) mas/a = (-0.5,-1.0) sig

 2D transverse velocity residual   G2-H2G2  :[    +1.34 (    0.69),    +2.37 (    1.33) ] m/s
 Transverse velocity residual norm G2-H2G2  :     2.72 (    1.50) m/s   SNR: 1.82

 2D transverse velocity residual   G3-H2G3  :[    -0.14 (    0.28),    -0.42 (    0.42) ] m/s
 Transverse velocity residual norm G3-H2G3  :     0.44 (    0.51) m/s   SNR: 0.87
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ε Eridani

GP hyperparameters in addition to the Keplerian parameters for
a single planet and a white noise term !j. The hyperparameters
for the quasiperiodic kernel are the amplitude of the covariance
function (h); the period of the correlated noise (", in this case
trained on the rotation period of the star); the characteristic
decay timescale of the correlation (#, a proxy for the typical
spot lifetime); and the coherence scale (w, sometimes called the
structure parameter) (Grunblatt et al. 2015; López-Morales
et al. 2016).

We applied a Gaussian prior to the rotation period of
"!=!11.45!±!2.0 days, based on the periodicity observed in the
RV residuals to the two-Keplerian !t, but suf!ciently wide to
allow the model "exibility. The covariance amplitudes h for
each instrument were constrained with a Jeffrey’s prior
truncated at 0.1 and 100m s 1� . We imposed a uniform prior
of 0–1 yr on the exponential decay timescale parameter #. We
chose a Gaussian prior for w of 0.5!±!0.05, following López-
Morales et al. (2016).

The results of our GP analysis provide constraints on the hyp-
erparameters, indicating that the rotation period is 11.64 0.24

0.33
�
� days

and the exponential decay timescale is 49 11
15

�
� days. The amplitude

parameters for each instrument ranged from 0.0 to 13.4m s 1� , and
were highest for the earliest Lick RV data. For some of the data
sets, the cadence of the observations likely reduced their sensitivity

to correlated noise on the rotation timescale, resulting in GP
amplitudes consistent with zero. For other instruments, notably the
HIRES and APF data, the white noise jitter term !j was
signi!cantly reduced in the GP model, compared with the standard
RV solution.
However, when comparing the derived properties of the

planet, we !nd that the GP analysis has no noticeable effect on
the planet’s orbital parameters. The period, RV semi-
amplitude, eccentricity, time of conjunction, and argument of
periastron constraints from the GP regression analysis all agree
within 1! with the values derived from the traditional one-
planet !t. We therefore conclude that the rotationally
modulated noise does not signi!cantly affect the planet’s
orbital parameters.
We additionally performed a one-planet !t using GP

regression to model the 3 yr stellar activity cycle. For this test
case, we used a periodic GP kernel because each data set covers
only a relatively few cycles of the stellar activity cycle. Unlike
activity signatures at the stellar rotation period, we do not
expect to see signi!cant decay or decorrelation of the 3 yr cycle
over the time span of our data set. This periodic GP model had
hyperparameters describing the periodicity ("), amplitude (h),
and structure parameter (w), but no exponential decay. This
analysis is somewhat akin to our two-Keplerian !t, but allows
more "exibility to !t the noise than a Keplerian. For this model,

Figure 6. Time series and phase-folded radial velocity curves from all data sets are plotted. The maximum probability single-Keplerian model from RadVel is
overplotted, as are the binned data (red). The plotted error bars include the internal rms derived from the RV code, as well as the !tted stellar and instrumental jitter
parameter !j for each instrument.
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Exoplanet Ab with 
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Gaia DR3 NSS exoplanet detection

• Astrometric wobble of the star due to its ~ 8 MJ companion (Sozzetti et al. 
2006; Stassun et al. 2017; Li et al. 2021) on a ~ 1000 days orbit.

https://www.cosmos.esa.int/web/gaia/iow_20220131

DR2 PMa S/N = 3.6

EDR3 PMa S/N = 2.3

https://www.cosmos.esa.int/web/gaia/iow_20220131


Binary orbital velocity anomaly: example of 61 Cyg AB
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Table 6. Orbital velocity vectors of the 61 Cyg components.

61 Cyg A 61 Cyg B
Gaia DR2

µorb (mas a�1) (+31.54 ± 0.81,+47.95 ± 0.32) (�26.85 ± 0.79,�46.28 ± 0.20)
µorb position angle ✓ 33.33 ± 0.69 deg 210.12 ± 0.75 deg
Di↵. position angle �✓AB = ✓(A) � ✓(B) + 180� 3.21 ± 1.01 deg
�µorb = µorb(B) + (mA/mB)µorb(A) (+4.69 ± 1.13,+1.67 ± 0.38) mas a�1

�3orb = 3orb(B) + (mA/mB) 3orb(A) (+77.7 ± 18.7,+27.7 ± 6.3) m s�1

�3orb norm, PA 87.1 ± 21.2 m s�1, +74.6 ± 6.3 deg
Gaia EDR3

µorb (mas a�1) (+31.49 ± 0.77,+47.74 ± 0.17) (�26.74 ± 0.76,�45.93 ± 0.17)
µorb position angle ✓ 33.41 ± 0.66 deg 210.21 ± 0.70 deg
Di↵. position angle �✓AB = ✓(A) � ✓(B) + 180� 3.20 ± 0.96 deg
�µorb = µorb(B) + (mA/mB)µorb(A) (+4.75 ± 1.08,+1.81 ± 0.24) mas a�1

�3orb = 3orb(B) + (mA/mB) 3orb(A) (+78.7 ± 17.9,+30.0 ± 4.0) m s�1

�3orb norm, PA 88.5 ± 19.8 m s�1, +73.5 ± 5.4 deg

61 Cyg B (0.657 ± 0.057 M�), but the figure is almost the same
for component A.

According to Musielak et al. (2005), stable orbits of S-type
planets are expected for equal-mass binaries up to a star-planet
separation of 0.22 times the stellar separation. With a semi-major
axis of a = 24.500 corresponding to ⇡ 85 au (Malkov et al. 2012;
Hartkopf et al. 2001), stable orbits are therefore expected within
⇡ 20 au of each star. The shaded region in Fig. 18 shows the do-
main of unstable orbits at larger separations. The constant veloc-
ity anomaly between the DR2 and EDR3 makes a short-period
planet unlikely. In 1943, Strand (1943, 1957) announced the de-
tection of a massive planet (or brown dwarf) orbiting around one
of the components of 61 Cyg with a period around 5 years. The
presence of a massive companion on such a short period orbit
was later disproved by Walker et al. (1995) and Cumming et al.
(2008). Hirsch et al. (2021) identified a low-amplitude radial
velocity signal with K = 2.8 m s�1 on 61 Cyg A with a period
of 2 600 days (⇡ 7 years), which they attributed to stellar activ-
ity (see also Brandenburg et al. 2017) and classified as a false
positive. Butler et al. (2017) found no significant RV signal on
both the A or B components. Based on a 10 000 days time se-
ries of radial velocity measurements, Figs. 83 and 84 of Howard
& Fulton (2016) show a non-excluded domain for a high-mass
planetary companion of 61 Cyg A or B at a separation of 10 au
and above. A radial velocity signal at a level of several 10 m s�1

would likely have been detected by recent radial velocity sur-
veys, possibly indicating a high inclination of the planetary orbit
and a low radial velocity amplitude. From adaptive optics imag-
ing in the infrared, Heinze et al. (2010) obtained detection limits
of 8 to10 MJup between 10 and 30 au from 61 Cyg B (their Fig.
8). However, their assumed age of 2 Ga for the system appears
underestimated (Kervella et al. 2008 obtain 6 Ga), and this older
age would result in increased mass detection limits.

Combining the observed velocity anomaly with these ob-
servational constraints, the most probable properties of the ex-
oplanet (or low-mass brown dwarf) present in the 61 Cyg system
are, therefore, a mass of m2 ⇡ 10 MJup and an orbital radius be-
tween ⇡ 10 and 20 au (Fig. 18). Shorter orbital periods are in
principle also possible in the case of high inclination orbits (see,
e.g., Kiefer et al. 2021). Assuming the same direction on sky as
61 Cyg AB’s orbit for the planetary companion’s orbit, the com-
panion would currently be located to the southeast of star B at an
angular separation of 3 to 600 or, alternatively, to the northwest
of star A within a similar separation range.

Fig. 18. Companion properties explaining the observed orbital veloc-
ity anomaly of 61 Cyg AB. The regions excluded from radial velocity
data by Howard & Fulton (2016) (stars A and B) and from imaging by
Heinze et al. (2010) (star B only) are shown in shaded blue and orange,
respectively. The unstable domain from interactions with the other com-
ponent of 61 Cyg (Musielak et al. 2005) is shown in light magenta.

5.3. Exoplanet host stars

5.3.1. Proxima Centauri

The nearest star to the Sun, Proxima Centauri (GJ 551, HIP
70890) is a very low-mass M5.5Ve red dwarf that is a member of
the ↵Centauri triple system (Kervella et al. 2017). It orbits the
main pair ↵Cen AB (Kervella et al. 2016c; Salmon et al. 2021)
with a very long period of more than 500 000 years (Akeson
et al. 2021). Although the ↵Cen AB pair only has one uncon-
firmed candidate planet (Wagner et al. 2021a,b), Proxima Cen
hosts one confirmed terrestrial mass planet orbiting in its habit-
able zone, Proxima b (Anglada-Escudé et al. 2016; Damasso &
Del Sordo 2017; Suárez Mascareño et al. 2020). With an orbital
period of only P = 11.2 d and a semi-major axis of a = 0.05 au,
Proxima b is undetectable astrometrically from the Gaia DR2
or EDR3 catalog data, as these are, respectively, averaged over

Article number, page 16 of 27
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PMa secondary mass @5au histogram



Combined PMa + common proper motion limits

Stellar mass limit

Planetary mass limit
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RUWE as an indicator of binarity

RUWE is a good indicator of the presence of a 
partially resolved companion, even when 

RUWE < 1.4



Overall statistics for Hipparcos stars
P. Kervella et al.: Stellar and substellar companions from Gaia EDR3

Table 2. Number of stars with PMa, CPM and RUWE> 1.4 binarity
signals in the Hipparcos catalog.

Method Number of stars Fraction

Full catalog 117 955 100%
PMa S/N > 3 37 347 32%
CPM bound candidates 12 914 11%
RUWE> 1.4 25 067 21%
PMa or CPM 37 347 32%
PMa or CPM or RUWE 50 720 43%

(S/N = 3.2). This indicates the presence of an additional close-
in companion, possibly a low-mass red dwarf (M < 0.4 M�)
orbiting within 50 au of the primary. This PMa signal cannot
be explained by the resolved CPM companion, whose mass is
insu�cient.

5.1.2. ↵Aur (Capella)

We confirmed the two bound CPM companions GJ 195 AB of
the nearby giant star ↵Aur (Capella, HIP 24608, HD 34029;
d = 13 pc), with estimated masses of 0.53 and 0.57 M�. These
companions, located at a projected separation of 9.5 kau from
Capella A, were discovered by Furuhjelm (1914). As the primary
Capella A is itself an equal mass binary (Weber & Strassmeier
2011; Huby et al. 2013), the system is therefore at least a quadru-
ple. The very wide unbound CPM companion 50 Per proposed
by Shaya & Olling (2011) located at a projected separation of
5.4 pc is outside of the 1 pc search limit of our survey.

5.1.3. ↵ Leo (Regulus)

Next, ↵Leo A (HIP 49669) is known to be a close spectro-
scopic binary (Gies et al. 2008) whose companion ↵Leo Ab
was recently characterized by Gies et al. (2020) as a 0.3 M� pre-
white dwarf. The main component A is a very-fast-rotating star
that is seen almost equator-on (McAlister et al. 2005). We con-
firmed that it has two additional bound candidate companions:
Gaia EDR3 3880785530720066176 (hereafter ↵Leo B) and
Gaia EDR3 3880785530720066304 (↵Leo C), which are known
to be co-moving with component A since the 19th century
(Burnham 1891). They are a pair of relatively low-mass stars
that are most likely gravitationally bound together and located at
a projected separation of 4,300 au from ↵Leo A (Fig. 13).

The position angle of ↵Leo B with respect to A has slightly
evolved from 305.1� at epoch 1781.84 (as measured by Her-
schel) to 307.47� at epoch 2016.0. The photometric estimate
of the mass of B is around 0.63 M�, corresponding to a K7V
spectral type (Pecaut et al. 2012; Pecaut & Mamajek 2013). It is
only this component that has been identified as bound to Regu-
lus AB, with a very high total score of 0.99. The estimation of
the mass of C is complicated as the photometry is scarce, but
being 3.5 magnitudes fainter than component B in the G band,
it is likely an M4V red dwarf with a mass around 0.2 M�. This
component was not identified by our search algorithm as bound
to Regulus AB as its relative velocity of 2.8 km s�1, caused by
the orbital motion of the BC pair, is higher than the escape
velocity. It is possible to take advantage of the Gaia EDR3 par-
allaxes of components B ($[B] = 41.310 ± 0.031 mas) and C
($[C] = 41.242 ± 0.067 mas) to refine the Hipparcos parallax
of ↵Leo A ($Hip[A] = 41.130 ± 0.350 mas).

5.1.4. ↵ UMa (Dubhe)

Then, ↵UMa (HIP 54061) is a very bright (mV = 1.8) spectro-
scopic binary system. We detect the presence of a very low-mass
dwarf companion (Gaia EDR3 862234033499968640; m ⇡
0.1 M�) at a projected separation of 550 au (Fig. 13). The total
score Ptot = 0.602 of this star is however close to the limit we
adopted for bound candidates (Sect. 3.4.3). Due to the additional
uncertainty on the systemic PM of the primary induced by its
binarity, the gravitational link should be considered uncertain.

5.1.5. ✏ Boo

We identified a candidate brown dwarf CPM companion (Gaia

EDR3 1279752168030730496) to the A0V+K0II-III binary
✏ Boo (HIP 72105; Fig. 13), at a projected separation of
4.9 kau (Fig. 13). An additional CPM companion (Gaia EDR3
1267607615425592448, 2MASS J14454000+2615167) with a
very low relative tangential velocity of �vtan = 0.1 ± 0.2 km s�1

is also identified at a much wider separation of 186 kau. Thus,
✏ Boo may, in fact, be a quadruple system.

5.1.6. ✏ PsA

The emission-line dwarf ✏ PsA (HIP 111954, HD 214748) of
spectral type B8Ve is a fast-rotating star (Cochetti et al. 2019)
that exhibits both a significant PMa signal (S/N = 12.7) and
a bound CPM candidate companion. The PMa is visible in
Fig. 13 as a di↵erence between the long-term Hipparcos-Gaia

PM vector (light green) and the short term Hipparcos and
Gaia EDR3 PM vectors. The resolved companion ✏ PsA B is
likely a low-mass red dwarf (mB ⇡ 0.23 M�), whose tangen-
tial velocity di↵erence is only �vtan = 0.37 ± 0.60 km s�1 with
respect to ✏ PsA A. This projected velocity is well below the
escape velocity at the projected separation of 11.7 kau (vesc ⇡
0.95 km s�1), considering a mass of 6 M� for the primary. The
observed PMa signal of the main component A cannot be caused
by the resolved companion B; rather, the signal indicates the
presence of a third component in the system orbiting close to
the primary. As shown in Fig. 14, the companion is possibly a
solar mass star orbiting between ⇡6 to 30 au from the primary.
Alternatively, it could also be a more massive star orbiting at
a larger separation. The position angle of the Gaia EDR3 tan-
gential velocity anomaly is PA = 263.8 ± 2.7 deg for a norm
of �vtan,G3 = 3.6 ± 0.3 km s�1 (S/N = 12.7). The PA coincides
modulo 180� with the position angle of the gaseous equatorial
disk of the Be star, which was found by Cochetti et al. (2019)
to be PA = 67� (with a high inclination of i = 73� on the line
of sight). This indicates that the stellar mass close-in companion
is possibly orbiting in the same plane as the disk. The PMa is
also significant from the Hipparcos catalog (S/N = 3.9), with a
position angle of 285.9± 9 deg and a tangential velocity residual
of �vtan,H = 2.6 ± 0.7 km s�1.

5.1.7. L2 Puppis

This semi-regular pulsating red giant star L2 Puppis (HIP 34922,
HD 56096) exhibits a significant PMa signal in Gaia EDR3
(S/N = 4.0) as well as in DR2 (S/N = 3.6). However, the
interpretation of this signal in terms of the presence of a mas-
sive companion is not pertinent. The first reason is that the
inhomogeneities present on the surface of giant and supergiant
evolved stars (caused by their very large convective cells) a↵ect
the position of the photocenter, therefore adding noise to the
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And many other results !

Kiefer et al. 2020, arXiv :2009.14164

Brandt et al. 2020, AJ, 160:196

Currie et al. 2020, ApJL 904, 25 

Brandt et al. 2021, AJ, 161:179

Mesa et al. 2022, A&A, accepted
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𝜷 Pictoris b

Credit: ESO / A.-M. Lagrange
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β Pic c

Nowak et al. 2020, A&A, 642, L2



𝜷 Pictoris and GRAVITY 

• Discovery: 𝜷 Pictoris b by direct imaging 
(Lagrange et al. 2008, A&A, 493, L21) and 
𝜷 Pictoris c by radial velocity (Lagrange 
et al. 2019, Nature Astronomy, 3, 1135).


• GRAVITY observations : 

• 𝜷 Pictoris b was directly detected 
(GRAVITY Collaboration, Nowak et al. 
2020, A&A 633, A110).


• 𝜷 Pictoris c was directly detected with 
GRAVITY (Nowak et al. 2020, A&A, 
642, L2) and from its perturbation to 
the astrometric orbit of planet b 
(Lacour et al. 2021, A&A 654, L2).

Credit: A.-M. Lagrange / P Rubini



GRAVITY @ Paranal observatory
Credit: ESO/G. Hudepohl

Object A
Object B



𝜷 Pictoris b

Fringe tracker FT

Science combiner SC
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+ Metrology

• Astrometry
• Spectro-imaging

Met.

𝜷 Pictoris

Credit: ESO / A.-M. Lagrange

𝜷 Pictoris and GRAVITY 



𝜷 Pictoris b
• Astrometric accuracy of GRAVITY position ~ 70 µas 

from 1.5 hour of VLTI with 4 UTs


• Parameters constrained by relative astrometry, 
Hipparcos epoch astrometry + Gaia DR2, HGCA and 
stellar radial velocities (from Lagrange et al. 2019)

A&A 633, A110 (2020)

Table 2. Orbital parameters of � Pic b.

Orbital element Prior Only relative
astrometry

HIPPARCOS IAD
and Gaia DR2

Brandt (2018) HGCA
and stellar RVs

68% CI Best fit 68% CI Best fit 68% CI Best fit

a (au) LogUniform(1, 100) 10.6 ± 0.5 10.9 11.0+0.3
�0.4 11.2 10.0+0.6

�0.5 10.2
e Uniform(0, 1) 0.15+0.04

�0.05 0.18 0.19+0.02
�0.03 0.21 0.11 ± 0.05 0.13

i (�) sin(i) 89.04 ± 0.03 89.05 89.06 ± 0.02 89.07 88.99+0.03
�0.04 89.00

! (�) Uniform(0, 2⇡) 196+3
�4 196 197 ± 2 197 202 ± 5 202

⌦ (�) Uniform(⇡/10, ⇡/2) 31.88 ± 0.05 31.90 31.90 ± 0.05 31.92 31.87 ± 0.05 31.88
⌧ Uniform(0, 1) 0.159 ± 0.009 0.157 0.155+0.008

�0.006 0.152 0.185+0.019
�0.016 0.185

Parallax (mas) N(51.44, 0.12) 51.44 ± 0.12 51.45 51.44 ± 0.12 51.49 51.44 ± 0.12 51.47
Mtot (M�) Uniform(1.4, 2) 1.82 ± 0.03 1.82 1.83 ± 0.03 1.81 1.79 ± 0.03 1.78
Mb (MJup) Uniform(1, 100) – – 12.7 ± 2.2 13.8 14.2+3.7

�3.9 15.1

Notes. Listed are fits using just astrometry of the planet (Sect. 3.1) and also including measurements of the stellar orbit for dynamical mass estimates
of the planet (Sect. 3.2). For each fit, the first column lists the 68% credible interval centered about the median. The second column lists the fit with
the maximum posterior probability. We note that this the best fit orbit is generally not the best estimate of the true orbit. However, it is useful as a
valid representative orbit, whereas using the median of all of the orbital parameters often is not a valid orbit due to complex covariances.

Fig. 2. Visual orbit of � Pic b. Plotted in black are possible orbits
randomly drawn from the posterior using only relative astrometry
(Sect. 3.1). Previous astrometric measurements used in the orbit fit are
in blue. The GRAVITY measurement from this work is in red, with
an inset plot that is zoomed in by a factor of ⇠2000 to display the
uncertainties on this measurement.

not compensate for an increase in fitting residuals, so we disfa-
vor circular orbits for a single planet model. However, additional
confusion on this measurement could be due to a second planet
in the system (Lagrange et al. 2019b). The second planet � Pic c
would induce epicycles in the apparent orbit of � Pic b around
the star due to the gravitational influence of the second planet
on the orbit of the host star. Using parameters for � Pic c from
Lagrange et al. (2019b), the magnitude of these epicycles are

several hundred µas, so well detectable by GRAVITY, but hid-
den beneath the uncertainty of previous astrometry. Thus, they
would also bias this single GRAVITY measurement, and contin-
ued astrometric monitoring is required to separate out the signal
of the separate planet from a possibly eccentric orbit of � Pic b.

However, a moderate eccentricity would fit nicely in the
dynamics of the system. An e ⇡ 0.15 is consistent with the
picture of an eccentric � Pic b launching small bodies towards
the star, causing spectroscopic and transiting signatures of exo-
comets in observations of the star (Thébault & Beust 2001;
Zieba et al. 2019). An interesting question is how such a massive
planet acquired a significant eccentricity. The obvious conclu-
sion would point to a second massive planet in the system, such
as the radial velocity detected � Pic c (Lagrange et al. 2019b).
Otherwise, Dupuy et al. (2019) proposed that if the planet had
formed further out and migrated inwards, resonant interactions
with the circumstellar disk could pump up its eccentricity to the
values we observe today. Characterizing the detailed structure
of the circumstellar dust in the system as well as the chemical
composition of � Pic b could test this theory.

Generally, the other orbital parameters of � Pic b have
already been sufficiently well constrained previously that out
results agree with the conclusions drawn in previous works
(Millar-Blanchaer et al. 2015; Wang et al. 2016; Lagrange et al.
2019a; Dupuy et al. 2019). We still find that the planet did not
transit the star in 2017, and that the Hill sphere of the planet
did transit. Assuming a planet mass of 12.9 ± 0.2 MJup, we find
a Hill sphere ingress at MJD 57852 ± 2 (2017 April 8) and
a Hill sphere egress at MJD 58163 ± 2 (2018 February 13).
The closest approach, which does not require an assumption on
the planet’s mass, is at MJD 58008 ± 1 (2017 September 11),
with the planet passing 8.57 ± 0.13 mas from the star (0.166 ±
0.003 au in projection). The precise astrometry of the GRAVITY
epoch post conjunction has significantly improved the transit
ephemeris from Wang et al. (2016).

3.2. Dynamical mass determination

A significant astrometric acceleration for the star � Pic was
detected when comparing its average velocity over the course

A110, page 4 of 19

A&A 633, A110 (2020)

Table 2. Orbital parameters of � Pic b.

Orbital element Prior Only relative
astrometry

HIPPARCOS IAD
and Gaia DR2

Brandt (2018) HGCA
and stellar RVs

68% CI Best fit 68% CI Best fit 68% CI Best fit

a (au) LogUniform(1, 100) 10.6 ± 0.5 10.9 11.0+0.3
�0.4 11.2 10.0+0.6

�0.5 10.2
e Uniform(0, 1) 0.15+0.04

�0.05 0.18 0.19+0.02
�0.03 0.21 0.11 ± 0.05 0.13

i (�) sin(i) 89.04 ± 0.03 89.05 89.06 ± 0.02 89.07 88.99+0.03
�0.04 89.00

! (�) Uniform(0, 2⇡) 196+3
�4 196 197 ± 2 197 202 ± 5 202

⌦ (�) Uniform(⇡/10, ⇡/2) 31.88 ± 0.05 31.90 31.90 ± 0.05 31.92 31.87 ± 0.05 31.88
⌧ Uniform(0, 1) 0.159 ± 0.009 0.157 0.155+0.008

�0.006 0.152 0.185+0.019
�0.016 0.185

Parallax (mas) N(51.44, 0.12) 51.44 ± 0.12 51.45 51.44 ± 0.12 51.49 51.44 ± 0.12 51.47
Mtot (M�) Uniform(1.4, 2) 1.82 ± 0.03 1.82 1.83 ± 0.03 1.81 1.79 ± 0.03 1.78
Mb (MJup) Uniform(1, 100) – – 12.7 ± 2.2 13.8 14.2+3.7

�3.9 15.1

Notes. Listed are fits using just astrometry of the planet (Sect. 3.1) and also including measurements of the stellar orbit for dynamical mass estimates
of the planet (Sect. 3.2). For each fit, the first column lists the 68% credible interval centered about the median. The second column lists the fit with
the maximum posterior probability. We note that this the best fit orbit is generally not the best estimate of the true orbit. However, it is useful as a
valid representative orbit, whereas using the median of all of the orbital parameters often is not a valid orbit due to complex covariances.

Fig. 2. Visual orbit of � Pic b. Plotted in black are possible orbits
randomly drawn from the posterior using only relative astrometry
(Sect. 3.1). Previous astrometric measurements used in the orbit fit are
in blue. The GRAVITY measurement from this work is in red, with
an inset plot that is zoomed in by a factor of ⇠2000 to display the
uncertainties on this measurement.

not compensate for an increase in fitting residuals, so we disfa-
vor circular orbits for a single planet model. However, additional
confusion on this measurement could be due to a second planet
in the system (Lagrange et al. 2019b). The second planet � Pic c
would induce epicycles in the apparent orbit of � Pic b around
the star due to the gravitational influence of the second planet
on the orbit of the host star. Using parameters for � Pic c from
Lagrange et al. (2019b), the magnitude of these epicycles are

several hundred µas, so well detectable by GRAVITY, but hid-
den beneath the uncertainty of previous astrometry. Thus, they
would also bias this single GRAVITY measurement, and contin-
ued astrometric monitoring is required to separate out the signal
of the separate planet from a possibly eccentric orbit of � Pic b.

However, a moderate eccentricity would fit nicely in the
dynamics of the system. An e ⇡ 0.15 is consistent with the
picture of an eccentric � Pic b launching small bodies towards
the star, causing spectroscopic and transiting signatures of exo-
comets in observations of the star (Thébault & Beust 2001;
Zieba et al. 2019). An interesting question is how such a massive
planet acquired a significant eccentricity. The obvious conclu-
sion would point to a second massive planet in the system, such
as the radial velocity detected � Pic c (Lagrange et al. 2019b).
Otherwise, Dupuy et al. (2019) proposed that if the planet had
formed further out and migrated inwards, resonant interactions
with the circumstellar disk could pump up its eccentricity to the
values we observe today. Characterizing the detailed structure
of the circumstellar dust in the system as well as the chemical
composition of � Pic b could test this theory.

Generally, the other orbital parameters of � Pic b have
already been sufficiently well constrained previously that out
results agree with the conclusions drawn in previous works
(Millar-Blanchaer et al. 2015; Wang et al. 2016; Lagrange et al.
2019a; Dupuy et al. 2019). We still find that the planet did not
transit the star in 2017, and that the Hill sphere of the planet
did transit. Assuming a planet mass of 12.9 ± 0.2 MJup, we find
a Hill sphere ingress at MJD 57852 ± 2 (2017 April 8) and
a Hill sphere egress at MJD 58163 ± 2 (2018 February 13).
The closest approach, which does not require an assumption on
the planet’s mass, is at MJD 58008 ± 1 (2017 September 11),
with the planet passing 8.57 ± 0.13 mas from the star (0.166 ±
0.003 au in projection). The precise astrometry of the GRAVITY
epoch post conjunction has significantly improved the transit
ephemeris from Wang et al. (2016).

3.2. Dynamical mass determination

A significant astrometric acceleration for the star � Pic was
detected when comparing its average velocity over the course
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Table 1. Observing log for the DDT � Pic b program, carried out on September 22, 2018.

Target Start time End time EXP DIT NDIT Seeing ⌧0 Airmass Parallactic angle(UTC) (UTC) (s) (00) (ms) (deg)
� Pictoris b 07:37:40 08:31:40 7 30.0 10 0.4/0.9 4.7 / 10.4 1.33 / 1.21 �66.4 /�50.1SKY 07:50:30 08:24:56 2 30.0 10 0.4 / 0.9 4.7 / 10.4 1.33 / 1.21 N/A� Pictoris b 08:38:31 09:51:49 10 10.0 30 0.6 / 1.2 5.9 / 8.4 1.20 / 1.12 �47.7 /�16.6SKY 08:50:41 09:25:03 2 10.0 30 0.6 / 1.2 5.9 / 8.4 1.20 / 1.12 N/A� Pictoris A 07:43:55 09:58:31 18 0.3 50 0.4 / 1.2 4.7 / 10.4 1.31 / 1.12 �64.7 /�13.2SKY 07:57:14 09:59:20 5 0.3 50 0.4 / 1.2 4.7 / 10.4 1.31 / 1.12 N/A

Fig. 1. Calibrated K-band spectrum of � Pictoris b, at R = 500, extracted from the VLTI/GRAVITY observations (gray points). For comparison, theK-band part of the GPI spectrum from Chilcote et al. (2017) (R ' 70) is also overplotted (orange points). The error bars plotted for the GRAVITYspectrum only represent the diagonal part of the full covariance matrix.

In its dual-field mode, GRAVITY is limited to observations
of planets above the diffraction limit of a single telescope (to
separate the planet from the central star), but the relative astrom-
etry derived from these observations still fully benefits from the
length of the telescope array.

3. Orbit and dynamical mass

3.1. Orbital parameters

We fit a Keplerian orbit to the visual astrometry of the planet to
characterize its dynamics. As our new GRAVITY point is more
than an order of magnitude more precise than any other pub-
lished astrometric point on the northeastern half of its orbit (c.f.,
Lagrange et al. 2019a), we expected a better constraint on the
eccentricity of the planet’s orbit. We used the published astrom-
etry from Chauvin et al. (2012), Nielsen et al. (2014), and Wang
et al. (2016) in this analysis. The orbit was fit using the open-
source Python orbit fitting package orbitize! (Blunt et al.
2019). We included a custom likelihood to fit the GRAVITY
measurement along the two principal axes of the error ellipse.
We fit for the same eight parameters as Wang et al. (2016):
semi-major axis (a), eccentricity (e), inclination (i), argument
of periastron (!), position angle of the ascending node (⌦), the
first periastron passage after MJD = 55 000 in units of fractional
orbital period (⌧), system parallax, and total system mass (Mtot).We generally used relatively unconstrained priors for most of
the orbital parameters (see Table 2). For ⌦, we constrained it to

between ⇡/10 and ⇡/2 to account for the fact that Snellen et al.
(2014) detected the RV signal of the planet. However, we chose
not to explicitly include the RV in the fit as there could be sys-
tematics in the reported uncertainties. For the parallax, we used a
normal distribution to represent the parallax of 51.44± 0.12 mas
measured by HIPPARCOS (van Leeuwen 2007). We sampled the
posterior using the parallel-temperature affine-invariant sampler
in ptemcee (Foreman-Mackey et al. 2013; Vousden et al. 2016)
with 20 temperatures, 1000 walkers per temperature. We dis-
carded the first 15 000 steps to allow the walkers to converge.
We assessed convergence using the autocorrelation time and
by visual inspection of the samples. We then ran each walker
for 5000 steps, keeping only every tenth sample to mitigate
correlations in the samples produced by any given walker.

Our constraints on the orbit of � Pic b using just astrome-
try of the planet are collected in Table 2 and plotted in Fig. 2.
We find that <2% of allowed orbits have e < 0.05 and <0.5%
of orbits have e < 0.03, although there are still some allowed
circular orbits. Dupuy et al. (2019) also proposed an e ⇡ 0.25
when including astrometric and radial velocity data on the sys-
tem. To statistically assess whether eccentric orbits are preferred,
we refit the orbit fixing e = 0 and ! = 0 resulting in a fit with
two less parameters. Similar to Wang et al. (2018) in assess-
ing the coplanarity of the HR 8799 planets, we compared the
Bayesian Information Criterion (BIC) of the fit that allowed
eccentric orbits with the fit that fixed the orbit to be circular,
and found that the BIC disfavors the circular orbit by 9.9. The
reduction in model parameters for a purely circular orbit does
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𝜷 Pictoris c

• First direct interferometric 
detection of a radial velocity 
planet


• Relative astrometry at ~200 µas


• Orbital fit using orbitize! (Blunt 
et al. 2020) including Hipparcos 
epoch astrometry, Gaia DR2 
and relative astrometry

A&A 642, L2 (2020)

Table 1. Observing log.

Date UT time Nexp/NDIT/DIT Airmass tau0 Seeing

2020-02-10 02:32:52�04:01:17 11/32/10 s 1.16�1.36 6�18 ms 0.5�0.900
2020-02-12 00:55:05�02:05:29 11/32/10 s 1.12�1.15 12�23 ms 0.4�0.700
2020-03-08 00:15:44�01:41:47 12/32/10 s 1.13�1.28 6�12 ms 0.5�0.900

Fig. 1. Detection of � Pictoris c. The three panels show the periodogram power maps calculated over the fiber field-of-view for each of the three
observation epochs and following the subtraction of stellar residuals. The presence of a peak in the power maps indicates a point-like source in the
field-of-view of the fiber, with side lobes that are characteristic of the interferometric nature of the observations.

i its orbital inclination. In parallel, the most e�cient method used
to measure the luminosities of giant planets is direct imaging
using dedicated high-contrast instruments. Since direct imaging
also provides a way to estimate the orbital inclination when the
period allows for a significant coverage of the orbit, the combina-
tion of radial velocity and direct imaging can, in principle, break
the m sin(i) degeneracy and enable an accurate measurement of
masses and luminosities. But therein lies the rub: while radial-
velocity is sensitive to planets orbiting close-in (typically <1 au)
around old (>1 Gyr) stars, direct imaging is sensitive to plan-
ets orbiting at much larger separations (�10 au) around younger
stars (<100 Myr). Thus, these techniques are not easily com-
bined for an analysis of a single object.

Significant e↵orts have been made over the past few years to
extend the radial-velocity method to longer periods and younger
stars. This is illustrated by the recent detection of � Pic c
(Lagrange et al. 2019). The recent characterisation of HR 8799 e
also demonstrated the potential of interferometric techniques to
determine orbits, luminosities (GRAVITY Collaboration 2019),
and atmospheric properties (Mollière et al. 2020) of imaged
extra-solar planets with short periods. In this Letter, we attempt
to bridge the gap between the two techniques by reporting on the
direct confirmation of a planet discovered by radial velocity: �
Pic c.

2. Observations and detection of � Pic c

2.1. Observations

We observed � Pic c during the night of the 9th and 11th

of February 2020, as well as that of the 7th of March 2020
with the Very Large Telescope Interferometer (VLTI), using the
four 8.2 m Unit Telescopes (UTs), and the GRAVITY instru-
ment (GRAVITY Collaboration 2017). The first detection was
obtained from the allocated time of the ExoGRAVITY large pro-
gram (PI Lacour, ID 1104.C-0651). A confirmation was obtained
two days later courtesy of the active galactic nucleus (AGN)
large programme (PI Sturm, ID 1103.B-0626). The final dataset
was obtained with the Director’s Discretionary Time (DDT; ID
2104.C-5046). Each night, the atmospheric conditions ranged
from good (0.900) to excellent (0.400). The observing log is

Table 2. Relative astrometry of � Pic c extracted from our
VLTI/GRAVITY observations.

MJD �RA �Dec ��RA ��Dec ⇢
(days) (mas) (mas) (mas) (mas) �
58889.140 �67.35 �112.60 0.16 0.27 �0.71
58891.065 �67.70 �113.18 0.09 0.18 �0.57
58916.043 �71.89 �119.60 0.07 0.13 �0.43

Notes. Due to the interferometric nature of the observations, a cor-
relation coe�cient ⇢ is required to properly describe the confidence
intervals, which are not aligned on the sky coordinates. The covariance
matrix can be reconstructed using ��RA

2 and ��Dec
2 on the diagonal,

and ⇢��RA��Dec o↵-diagonal.

presented in Table 1, and the observing strategy is described
in Appendix A. In total, three hours of integration time were
obtained in K-band (2.2 µm) at medium resolution (R = 500).

2.2. Data reduction and detection

The data reduction used for � Pic c follows what has been devel-
oped for � Pic b (GRAVITY Collaboration 2020) and is detailed
in Appendix B.

An initial data reduction using the GRAVITY pipeline
(Lapeyrere et al. 2014) gives the interferometric visibilities
obtained on the planet, and on the star, phase-referenced with
the metrology system (i.e. in which the atmospheric and instru-
mental phase distortions are reduced to an unknown constant).
The data reduction then proceeds in two steps, namely an ini-
tial extraction of the astrometry followed by the extraction of
the spectrum. Since the planet and the star are observed succes-
sively with the instrument, the data reduction yields a contrast
spectrum, defined as the ratio of the planet spectrum to the star
spectrum. This observable is more robust to variations of the
instrument and atmospheric transmission. The overall process
yields a periodogram power map in the field-of-view of the sci-
ence fiber (see Fig. 1), and a contrast spectrum. The astrometry
(see Table 2) is extracted from the periodogram power maps by
taking the position of the maximum of the periodogram power, z,
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(Vonplanet(b, t, �))b,t,� the vector obtained by concatenating all the
datapoints (for all the six baselines, all the exposures, and all the
wavelength grid points). Similarly, for a given set of polynomials
Q, and for given values of c, �↵, and ��, we derive V�↵,��[Q, c],
the model for the visibilities described in Eq. (B.4). The �2 sum
is then written:

�2(�↵,��,Q, c) =
h
Vonplanet � V�↵,��[Q, c]

iT
W�1

⇥
h
Vonplanet � V�↵,��(Q, c)

i
, (B.5)

with W the covariance matrix a↵ecting the projected visibilities
Ṽ.

This �2, minimized over the nuisance parameters, Q and c,
is related to the likelihood of obtaining the data given the pres-
ence of a planet at �↵,��. The value at �↵ = 0 and �� = 0
corresponds to the case where no planet is actually injected in
the model (the exponential in Eq. (B.4) is flat) and can be taken
as a reference: �2

no planet = �
2
planet(0, 0). The values of the �2 using

a planet model can be compared to this reference, by defining:

z(�↵,��) = �2
no planet � �2

planet(�↵,��). (B.6)

The quantity z(�↵,��) can be understood as a Bayes factor,
comparing the likelihood of a model that includes a planet at
(�↵,��) to the likelihood of a model without any planet. It is
also a direct analog of the periodogram power used, for example,
in the analysis of radial-velocity data (Scargle 1982; Cumming
2004).

The resulting power maps obtained for each of the three
nights of � Pic c observation are given in Fig. 1. The astrom-
etry is extracted from these maps by taking the position of the
maximum of z, and the error bars are obtained by breaking each
night into individual exposures so as to estimate the e↵ective
standard-deviation from the data themselves.

Once the astrometry is known, Eq. (B.4) can be used to
extract the contrast spectrum C (GRAVITY Collaboration 2020).
The extraction of the astrometry using Ṽmodel relies on the
implicit assumption that the contrast is constant over the wave-
length range. To mitigate this, the whole procedure (astrometry

and spectrum extraction) is iterated once more starting with the
new contrast spectrum, to check for consistency of results.

Appendix C: Note on multi-planet orbit fitting

For the MCMC analysis, we used a total of 100 walkers per-
forming 4000 steps each. A random sample of 300 posteriors
are plotted in Fig. C.1. The two lower panels show the trajectory
of both planets with respect to the star. Both trajectories are not
perfectly Keplerian because each planet influence the position of
the star. Therefore, the analysis must be global.

The orbitize! (Blunt et al. 2020) software does not permit
N-body simulations that account for planet-planet interactions.
However, it allows for the simultaneous modelling of multiple
two-body Keplerian orbits. Each two-body Keplerian orbit is
solved in the standard way by reducing it to a one-body problem
where we solve for the time evolution of the relative o↵set of the
planet from the star instead of each body’s orbit about the sys-
tem barycenter. As with all imaging astrometry techniques, the
GRAVITY measurements are relative separations, so it is conve-
nient to solve orbits in this coordinate system. However, as each
planet orbits, it perturbs the star which itself orbits around the
system barycenter. The magnitude of the e↵ect is proportional
to the o↵set of each planet times Mplanet/Mtot where Mplanet is
the mass of the planet and Mtot is the total mass of all bod-
ies with separation less than or equal to the separation of the
planet. Essentially, the planets cause the star to wobble in its
orbit and introduce epicycles in the astrometry of all planets rela-
tive to their host star. We modelled these mutual perturbations on
the relative astrometry in orbitize! and verified it against the
REBOUND N-body package that simulates mutual gravitational
e↵ects (Rein & Liu 2012; Rein & Spiegel 2015). We found a
maximum disagreement between the packages of 5 µas over a
15 year span for � Pic b and c. This is an order of magnitude
smaller than our error bars, so our model of Keplerian orbits with
perturbations is a suitable approximation. We are not yet at the
point we need to model planet-planet gravitational perturbations
that cause the planets’ orbital parameters to change in time.

Fig. C.1. � Pic planetary system: abso-
lute astrometry, radial velocities, and rel-
ative astrometry observations. Absolute
astrometry is showed in the upper panel
as deviation from position RA= 5:47:17.
08346 Dec=�51:04:00.1699 at year
1991.25, with a proper motion as in
Table 3. Because individual measure-
ments of Hipparcos data are 1 dimension
only, they are projected in this display
along the axis of the � Pictoris system,
ie. 31.8 deg. Radial velocity in the second
panel includes the v0 term of�23.09 m s�1

(dotted line). Two lower panels: orbital
motion of the planets with respect to the
star, also projected on an axis inclined by
31.8 deg to the east of the north.
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Perturbation of 𝜷 Pic b 
by planet c

• The orbital trajectory of 𝜷 Pic b is affected 
by the presence of planet c


• This perturbation at a level of only ~1 mas is 
detected from the GRAVITY astrometry of 
planet b


• The mass of c (8.9 ± 0.8 Mjup) is better 
constrained than that of b (11.9 ± 3.0 Mjup).

S. Lacour et al.: The mass of � Pictoris c from � Pictoris b orbital motion

The terms of Eq. (1) are replaced with these new expressions:

T = 1/2
✓
mcm?⌫�1 q̇2 + mb⌫M�1Q̇2

◆
(14)

V = � Gm?mb���Q + mc⌫�1q
���
� Gm?mc

|q| � Gmbmc���Q � m?⌫�1q
���
. (15)

In the restricted case that matters to us (|xb�x?| � |xc�x?|,
i.e., |Q| � |q|), the potential energy becomes, to first order:

V = �Gm?mc

|q| � Gmb⌫

|Q| , (16)

and the Lagrangian can be approximated by:

L =
1
2

✓
mcm?⌫�1 q̇2 + mb⌫M�1Q̇2

◆
+

Gm?mc

|q| +
Gmb⌫

|Q| . (17)

In this expression, the two Jacobi variables Q and q are
decoupled, and the Lagrangian can be written as the sum of two
terms, L = Lq + LQ, with:

Lq =
1
2

mcm?
mc + m?

q̇2 +
Gm?mc

|q| (18)

LQ =
1
2

mb(m? + mc)
m? + mb + mc

Q̇2
+

Gmb(m? + mc)
|Q| . (19)

The term Lq corresponds to the Lagrangian of the classical
two-body problem that describes the orbit of planet c around
the star, whereas LQ is the Lagrangian of the two-body prob-
lem corresponding to planet b orbiting around a virtual particle
of mass mc + m? located at the center of mass of the system
(star, planet c). Both quantities can be solved analytically. This
is how we modeled the orbital motion of � Pictoris b and c. The
model should be the same as that used in Brandt et al. (2021b).
We validate that our orbital model is su�ciently accurate for our
GRAVITY astrometry in Appendix B.

4. Detection of � Pic c “with the point of [a] pen”

Here, instead of a pen2, we use the orbitize! code3

(Blunt et al. 2020). In this section we fit the relative astrom-
etry of � Pictoris b only to assess whether we can indirectly
detect � Pictoris c. We fit both a one-planet model and a two-
planet model to only the astrometry of � Pictoris b. The one-
planet model is a repeat of the fit done in Gravity Collaboration
(2020), using the same eight orbital parameters: semimajor axis
(ab), eccentricity (eb), inclination (ib), argument of periastron
(!b), position angle of the ascending node (⌦b), epoch of peri-
astron in fractional orbital periods after MJD 59 000 (⌧b), sys-
tem parallax, and total mass (Mtot). We used all the same priors
as Gravity Collaboration (2020). The two-planet model fit adds
orbital elements for a second planet (ac, ec, ic, !c,⌦c, ⌧c) as well
as replacing total mass with component masses (M⇤ for the star
and Mb and Mc for planets b and c, respectively). The priors on
most of the orbital elements of � Pictoris c are the same as for b,
except for a log uniform prior from 0.1 to 9 au for ac. We used
the same prior on Mtot as M⇤. We used a log uniform prior of 1
to 50 MJup for Mc. We fixed the mass of Mb to 10 MJup since our
orbital model described in Sect. 3 cannot particularly constrain
Mb unless M⇤ is known to <1% precision.

2 Arago (1846) famously referred to Le Verrier’s theoretical prediction
of Neptune’s existence as a discovery made with the point of his pen.
3
https://orbitize.readthedocs.io

Fig. 1. Projected separation of � Pictoris b as a function of time. The
one-planet and two-planet model fits that use only the b astrometry
are shown in red and cyan, respectively. These models are described
in Sect. 4. The two-planet model fit that uses b and c astrometry is also
plotted, in blue, and the fit that also uses the RV is plotted in purple
(Sect. 5). Top row: orbit models and all of the data. Middle row: resid-
uals after subtracting a pure Keplerian orbit for planet b based on the
orbital parameters from the two-planet model using b and c astrome-
try. Bottom row: residual after accounting for the perturbation of planet
c. We note that, although the red one-planet model is a pure Keplerian
orbit, it is not a flat line in the middle row because the best-fit one-planet
Keplerian model also attempts to fit the perturbations due to the second
planet.

In both cases we used the parallel-tempered a�ne-
invariant sampler in ptemcee (Foreman-Mackey et al. 2013;
Vousden et al. 2016), using 20 temperatures and 1000 walkers
per temperature. We obtained 30 000 samples of the posterior
per walker after a “burn-in” of 10 000 steps for each walker in
the one-planet model fit. In the two-planet model fit, we obtained
5000 samples of the posterior from each walker after a burn-in
of 55 000 steps for each walker. The posteriors for the param-
eters are given in Table 2. For the one-planet fit, there are no
assumptions – and therefore no constraints – on planet c. The
two-planet fit is able to indirectly measure a distinct mass and ac
for the second planet.

To assess whether adding a second planet significantly
improves the fit to the data, we computed the Bayesian infor-
mation criterion (BIC) of the maximum likelihood model for
both models. The one-planet model gives a BIC of 1247, while
the two-planet model fit gives a BIC of 1784. The di↵erence
of 537 in the BIC indicates definitively that we have indirectly
detected � Pictoris c using only the relative astrometry of � Pic-
toris b. For comparison, BIC changes between 10 and 100 have
been used to show significant detections of outer planets in RV
data (Christiansen et al. 2017; Bryan et al. 2019). This is also
reflected in the residuals to the orbit fits shown in Fig. 1. In both
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Summary
• 43% of the 117,000 Hipparcos stars exhibit at least one signature of binarity 

(PMa, RUWE, CPM), with many low mass companion signatures. Tangential 
velocity anomaly accuracy: Δvtan ~ 0.26 m/s/pc with the (E)DR3.


• Catalogs of Hipparcos-Gaia EDR3 proper motion anomalies for all Hipparcos 
stars are available (Kervella et al. 2022, A&A, 657 A7; Brandt 2021, ApJS, 254, 42)


• Efficient computing tools exist to include Hipparcos and Gaia astrometry in orbital 
fits, such as orbitize! (Blunt et al. 2019) and orvara (Brandt et al. 2021).


• The PMa approach is very complementary of the DR3 non-single star (NSS) 
catalog for long orbital periods (> 1000 days).


• GRAVITY (soon GRAVITY+) enable high precision differential astrometry and 
spectroscopy of exoplanets.


