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Photon noise



SPHERE observation of Beta pictoris b (Lagrange et al. 2020)
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Spatial Resolution
~𝜆/𝐷

Astrometric Precision 

~
Τ(𝜆 𝐷)

𝑆𝑁𝑅

For 8 m telescope observing at 2 μm:

~50 mas ~1 mas

Astrometry



VLTI/GRAVITY

Spatial Resolution
~𝜆/2𝐵

Astrometric Precision 

~
Τ(𝜆 2𝐵)

𝑆𝑁𝑅

For 130 m baseline observing at 2 μm:

~1.5 mas ~40 μas



The GRAVITY instrument



Haug, Thiel, Hausmann & the GRAVITY 
collaboration
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GQ Lup

GQ Lup B:

• 700mas

• 6 magnitudes contrast

Contrast
 1e-5 @ 

40pc



GQ Lup B
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The baseline paradox:
For an on-axis observation,
Fringes do not move when the 
apperture in the pupil rotate

For a relative 
observation,

Fringes do move with 
respect to each other



We solved the baseline paradox by introducing 3 baselines, and a metrology

Woillez & Lacour, 2013



We solved the baseline paradox by introducing 3 baselines, and a metrology

The wide angle baseline, and the pivot point
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ABSTRACT

Context. A basic principle of long baseline interferometry is that an optical path difference (OPD) directly translates into an astromet-
ric measurement. In the simplest case, the OPD is equal to the scalar product between the vector that links the two telescopes and the
normalized vector pointing toward the star. However, in some circumstances, too simple an interpretation of this scalar product leads
to seemingly conflicting results, called here “the baseline paradox”.
Aims. For micro-arcsecond accuracy astrometry, we have to model the metrology measurement in full. It involves a complex system
subject to many optical effects: from pure baseline errors to static, quasi-static, and high-order optical aberrations. The goal of this
paper is to present the strategy used by the “General Relativity Analysis via VLT InTerferometrY” instrument (GRAVITY) to mini-
mize the biases introduced by these defects.
Methods. It is possible to give an analytical formula for how the baselines and tip-tilt errors affect the astrometric measurement. This
formula depends on the limit points of three type of baselines: the wide-angle baseline, the narrow-angle baseline, and the imaging
baseline. We also numerically include non-common path, higher order aberrations, whose amplitudes were measured during technical
time at the Very Large Telescope Interferometer (VLTI). We end by simulating the influence of high-order, common-path aberrations
due to atmospheric residuals calculated from a Monte-Carlo simulation tool for adaptive optics (AO) systems.
Results. The result of this work is an error budget of the biases caused by the multiple optical imperfections, including optical dis-
persion. We show that the beam stabilization through both focal and pupil tracking is crucial to the GRAVITY system. Assuming the
instrument pupil is stabilized at a 4 cm level on M1 and a field tracking below 0.2 λ/D, we show that GRAVITY will be able to reach
its objective of 10 µas accuracy.

Key words. astrometry – instrumentation: interferometers – instrumentation: high angular resolution

1. Introduction

A particular interest of astronomical long-baseline optical inter-
ferometers is their ability to perform high accuracy angular as-
trometry (Shao & Colavita 1992). The basic idea is that astrom-
etry can leverage on the high-resolution offered by baselines of
several hundred meters. However, implementing astrometry is
not straightforward. The practical measurement is a monitoring
of the paths of the stellar lights inside the facility. More pre-
cisely, it is a measurement of the difference in optical path (OP)
length between each arm of the interferometer. This is usually
done with an internal metrology system, going from the inter-
ferometric lab up to the telescopes. The idea behind this is that
an homodyne interferometer converts an angular position on the
sky to an optical path difference (OPD). In the first-order ap-
proximation, this optical path difference is equal to the direction
of the star in the sky (s) projected onto the baseline vector of the
interferometer (B):

OPD = s ·B. (1)

Within this simple equation is hidden a lot of complexity. Above
all, how is the baseline vector defined? The intuitive answer is

to define the baseline by the vector that links the geographical
position of the two telescopes. But unfortunately, it only makes
sense in the case of two perfectly identical telescopes. This im-
mediately implies some questions: What happens when the two
telescopes are not identical? What happens if, for one reason
or another, the optical alignment of the two telescopes is not
identical?

When dealing with precision astrometry, this kind of prob-
lem is pivotal. The main scientific objective of the GRAVITY
instrument is to probe the event horizon of the Galactic center
black hole (Eisenhauer et al. 2011). It will have to reach unprece-
dented astrometric accuracy between two one-arcsec-separated
objects on the order of 10 µas (ten part par million). According
to Eq. (1), it means that the baseline of the Very Large Telescope
Interferometer (VLTI) must be know to a submillimeter level.

To complicate the fact that the baseline must be known to
an extreme precision, the literature defines several baselines
(Colavita et al. 1999; Hrynevych et al. 2004; Sahlmann et al.
2013). From the simple definition of the baseline by Lawson
(2000) (the distance between two apertures), emerged the idea
of a wide angle baseline (WAB), a narrow angle baseline (NAB,

Article published by EDP Sciences A75, page 1 of 13



We solved the baseline paradox by introducing 3 baselines, and a metrology

The wide angle baseline, and the pivot pointThe narrow angle baseline, and the metrology end point



We solved the baseline paradox by introducing 3 baselines, and a metrology

The imaging baseline, and the metrology propagation direction



GRAVITY Laser Metrology

Rabien et al. 2008, Bartko et al. 2010, Gillessen et 
al.



14 VLTI nights (56 UT nights) 
over 2 years (3 with Covid)

10-100 μas astrometric monitoring

10 high-contrast exoplanets
R~500 K-band Spectral Library

P104 P105 P106 P107 P108 P109

GRAVITY Collaboration et al. 2019:1

2

Beta Pictoris, 51 Eri, HR8799, …



Beta Pictoris & planet-planet interaction

Lagrange et al. 2020
Nowak et al. 2020

Credit: Jason Wang (Northwestern)/Gemini 

Planet Imager Exoplanet Survey



Beta Pictoris & planet-planet interaction

SAM (b) SMA (c)ecc (b) ecc (c)

Lacour et al. 2021



Beta Pictoris & Jacobi coordinatesS. Lacour et al.: Themassof βPictoris c from βPictoris b orbital motion

Thetermsof Eq. (1) arereplaced with thesenew expressions:
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In this expression, the two Jacobi variables Q and q are
decoupled, and theLagrangian can be written as the sum of two
terms, L = Lq + LQ, with:
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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 βPictoris b and c. The
model should be the same as that used in Brandt et al. (2021b).
Wevalidate that our orbital model issufficiently accurate for our
GRAVITY astrometry in Appendix B.

4. Detection of β 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 β Pictoris b only to assess whether we can indirectly
detect β Pictoris c. We fit both a one-planet model and a two-
planet model to only the astrometry of β 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 59000 (⌧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 asecond planet (ac, ec, ic, ! c,⌦c,⌧c) aswell
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 theorbital elements of βPictoris c are thesameasfor b,
except for a log uniform prior from 0.1 to 9au for ac. We used
the same prior on Mtot as M⇤. We used a log uniform prior of 1
to 50 MJup for Mc. Wefixed themassof 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 LeVerrier’stheoretical prediction
of Neptune’sexistence asadiscovery madewith thepoint of hispen.
3 https://orbitize.readthedocs.io

Fig. 1. Projected separation of β 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 isalso
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 theperturbation of planet
c. We note that, although the red one-planet model is a pure Keplerian
orbit, it isnot aflat linein themiddlerow becausethebest-fit one-planet
Keplerian model also attempts to fit theperturbations due to thesecond
planet.

In both cases we used the parallel-tempered affine-
invariant sampler in ptemcee (Foreman-Mackey et al. 2013;
Vousden et al. 2016), using 20 temperatures and 1000 walkers
per temperature. We obtained 30000 samples of the posterior
per walker after a “burn-in” of 10000 steps for each walker in
theone-planet model fit. In thetwo-planet model fit,weobtained
5000 samples of the posterior from each walker after a burn-in
of 55000 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 isable to indirectly measureadistinct massand ac

for thesecond 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 βPictoris c using only the relativeastrometry of βPic-
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 theorbit fitsshown in Fig. 1. In both
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Fig. 1. Projected separation of β Pictoris b as a function of time. The
one-planet and two-planet model fits that use only the b astrometry
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In both cases we used the parallel-tempered affine-
invariant sampler in ptemcee (Foreman-Mackey et al. 2013;
Vousden et al. 2016), using 20 temperatures and 1000 walkers
per temperature. We obtained 30000 samples of the posterior
per walker after a “burn-in” of 10000 steps for each walker in
theone-planet model fit. In thetwo-planet model fit,weobtained
5000 samples of the posterior from each walker after a burn-in
of 55000 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
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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
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Beta Pictoris & N-body interaction

Beust et al. (2024)
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HR8799 & N-body interactions



HD209086 and GAIA/Hipparcos

Grandjean+2019, Kammerer+ 2021, Kervella+ 2022



HD209086 and GAIA/Hipparcos

Grandjean+2019, Kammerer+ 2021, Kervella+ 2022



HD209086 and GAIA/Hipparcos

Kammerer+ 2021



The search of an inner planet with GRAVITY

Using orbits of B
+ RVs (GrandJean et al. & +)
+ Gaia DR3:

2 au, 35 Mjup in black

2.5 au, 15 Mjup in red



Posterior distribution
(red points)

Position of GRAVITY
single mode fiber

(initial search area)

Chi2 maps

The search of an inner planet with GRAVITY



Posterior distribution
(red points)

Position of GRAVITY
single mode fiber

(initial search area)

Chi2 maps

Chi2 map
(best detection)

7th observation

The search of an inner planet with GRAVITY



Harps: radial velocity ==> detection + mass Gaia: proper motion anomaly ==> mass

GRAVITY: spectrum  ==> luminosity. The star is too bright!

Hinkley et al. 

2021

Grandjean et al. 2019

HD209086 and GAIA/Hipparcos
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The LIFE mission
• LIFE is a space-based formation-flying 

nulling interferometer 

• It consists of 4 collector spacecraft in a 
rectangular array and a central beam 
combiner spacecraft above the array

• All collectors point to the same target 
and send their light to the combiner 
where the light is analyzed

• The  separation between the collectors 
can be freely adjusted to optimize the 
performance for each nearby star

• Like JWST, LIFE will be in an orbit 
around Lagrange Point 2 

• The mission lifetime will be 5-6 years

• LIFE covers the mid-infrared 
wavelength range between ~6-16 μm 
(requirement) /  ~4-18.5 μm (goal) with a 
spectral resolution of R = λ/δλ ~ 100

1 beam combiner 
spacecraft 

4 collector 
spacecraft

Artist impression of LIFE concept (credit: LIFE mission)
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