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Overview
• Science cases


• Black hole Sgr A*, 
Quasars, Exoplanets


• Technology


• Optical fibers, integrated 
optics 


• The Moon


• No turbulence, stable 
surface, slow rotation
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Why interferometry ? Angular resolution !
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where GRAVITY and SINFONI operate, 
the long-term light curves are well 
described by a log-normal noise, indicat-
ing that there are statistical fluctuations  
in the way the hot gas is accreted by 
the black hole. On average, about once 
per day for 1–2 hours this slightly variable 
emission becomes a bright flare, and  
at times it contains so much energy that 
it even emits X-rays. The true nature of 
these flares seen at infrared and X-ray 
wavelengths is not yet known and may 
be explained as a hot spot in the gas or 
an ejected blob of gas (as in a jet).

Observations during the summer of 2018 
with GRAVITY revealed that the emission 
near the black hole during an infrared 
flare moves in a loop around an unseen 
centre (GRAVITY Collaboration, 2018b). 
These loops are typically a few times 
larger than the event horizon of the black 

Figure 2. Orbit of S2. Astrometric data from GRAVITY 
(blue), NACO and SHARP (red). The black ellipse is 
the best-fit orbit and the black circle shows the posi-
tion of Sgr A*. Flare positions are marked by grey 
crosses. Top right: S2 radial velocity (along our line 
of sight) measured over more than one orbit. Bottom 
right: The combined gravitational redshift and relativ-
istic transverse Doppler effect manifest in an excess 
in the radial velocity of 200 km s–1.

Figure 3. Projected orbit 
of the flare recorded on 
22 July 2018 over its 
30-minute duration (col-
our ranging from brown 
to dark blue indicates 
the time). The back-
ground shows a flare 
“hot spot” simulation.
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GRAVITY Science GRAVITY Collaboration, GRAVITY and the Galactic Centre

Orbit of S2 
around Sgr A*

GRAVITY

LSR radial velocity of S2

Relativistic gravitational redshift + 
transverse Doppler effect

• 4 million solar 
mass BH


• Nobel prize 2020

GRAVITY Collaboration 2019, A&A, 625, A10

Heißel et al. 2022, A&A, 660, A13



• Projected orbit of the flare 
recorded on 22 July 2018 


• 30-minute duration 
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Accretion on Sgr A*



• Projected orbit of the flare 
recorded on 22 July 2018 


• 30-minute duration 

28 The Messenger 178 – Quarter 4 | 2019

where GRAVITY and SINFONI operate, 
the long-term light curves are well 
described by a log-normal noise, indicat-
ing that there are statistical fluctuations  
in the way the hot gas is accreted by 
the black hole. On average, about once 
per day for 1–2 hours this slightly variable 
emission becomes a bright flare, and  
at times it contains so much energy that 
it even emits X-rays. The true nature of 
these flares seen at infrared and X-ray 
wavelengths is not yet known and may 
be explained as a hot spot in the gas or 
an ejected blob of gas (as in a jet).

Observations during the summer of 2018 
with GRAVITY revealed that the emission 
near the black hole during an infrared 
flare moves in a loop around an unseen 
centre (GRAVITY Collaboration, 2018b). 
These loops are typically a few times 
larger than the event horizon of the black 

Figure 2. Orbit of S2. Astrometric data from GRAVITY 
(blue), NACO and SHARP (red). The black ellipse is 
the best-fit orbit and the black circle shows the posi-
tion of Sgr A*. Flare positions are marked by grey 
crosses. Top right: S2 radial velocity (along our line 
of sight) measured over more than one orbit. Bottom 
right: The combined gravitational redshift and relativ-
istic transverse Doppler effect manifest in an excess 
in the radial velocity of 200 km s–1.

Figure 3. Projected orbit 
of the flare recorded on 
22 July 2018 over its 
30-minute duration (col-
our ranging from brown 
to dark blue indicates 
the time). The back-
ground shows a flare 
“hot spot” simulation.

0.05

0.05

0

0.025

0.025

–0.025 –0.05 –0.075

0.075

0
Δ Right ascension (ೀ)

Δ
 D

ec
lin

at
io

n 
(ೀ

)

0.1

0.125

0.15

0.175

2000
–2000

2005 2010
Time (year)

v LS
R
 (k

m
 s

–1
)

2015 2020

–1000

1000

2000

3000

4000

0

2016.5 2017.0 2017.5 2018.0 2018.5 2019.0

0

50

100

150

200

250

Time (year)

R
es

id
ua

ls
 v

LS
R
 (k

m
 s

–1
)

100

7 Rg

100

–100

–100

x-offset (µas)
y-

of
fs

et
 (µ

as
)

0

0

B
ac

kg
ro

un
d 

im
ag

e:
 E

S
O

/G
R

A
V

IT
Y

 C
o

ns
o

rt
iu

m
/L

. C
al

ça
d

a

GRAVITY Science GRAVITY Collaboration, GRAVITY and the Galactic Centre

GRAVITY Collaboration, Paumard et al. 2018, A&A, 618, 15 

Accretion on Sgr A*



Quasar 3C 273



Quasar 3C 273

22 The Messenger 178 – Quarter 4 | 2019

engines. The key components of AGN  
are small on the sky, at micro- to milli- 
arcsecond scales, requiring long baselines 
at the VLTI and Keck Interferometer. AGN 
are also relatively faint sources, so far only 
detected in optical interferometry with 
8–10-metre-class telescopes and instru-
mentation with excellent sensitivity. Con-
tinuum measurements with the Keck 
Interferometer (for example, Kishimoto et 
al., 2011) and the Astronomical Multi- 
BEam combineR (AMBER) on the VLTI 
(Weigelt et al., 2012) provide information 
about hot dust surrounding the nucleus. 
The broad line region (BLR) is even smaller 
(angular size < 0.1 milliarcseconds [mas]) 
and is impossible to resolve in standard 

campaigns to measure R via an estimate 
based on L). Secondary methods so far 
provide all available active galactic nucleus 
(AGN) black hole mass measurements  
in large samples and out to high redshift.

Interferometry provides an independent 
method for spatially resolving AGN central 

luminosity, roughly as R ~ L1/2. That rela-
tionship can be understood as atomic 
gas emission being produced under opti-
mal photoionisation conditions (constant 
received flux). This radius-luminosity rela-
tion allows “secondary” methods for 
 estimating black hole masses using a 
 single optical spectrum (replacing long 
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Figure 1. GRAVITY spatially resolves the broad emis-
sion line kinematics of 3C 273. (a) Paa line profile 
(black) and averaged differential phase (blue), show-
ing non-zero phases and a change of sign across 
the broad emission line. (b) Photocentre positions 
measured at each line channel, showing a clear sep-
aration between red and blue which corresponds  
to a velocity gradient at a position angle perpendicu-
lar to the large-scale radio jet of 3C 273 (black line). 

This is the result of net ordered rotation of the 
line-emitting gas. By comparing a kinematic model 
of the emission region (c) to GRAVITY data, we  
find that a thick disc configuration viewed at low 
inclination best explains the data (d). The model also 
provides estimates of the mean emission radius  
and central black hole mass. Adapted from GRAVITY 
Collaboration (2018).

GRAVITY Science GRAVITY Collaboration, Spatially Resolving the Quasar Broad Emission Line Region

• 40 µas photocenter 
displacement in spectral line


• Dynamics of the material 
close to the BH (broad line 
region)


• 300 million solar mass BH

GRAVITY Collaboration 2018, Nature, 563, 657
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Figure 1. GRAVITY spatially resolves the broad emis-
sion line kinematics of 3C 273. (a) Paa line profile 
(black) and averaged differential phase (blue), show-
ing non-zero phases and a change of sign across 
the broad emission line. (b) Photocentre positions 
measured at each line channel, showing a clear sep-
aration between red and blue which corresponds  
to a velocity gradient at a position angle perpendicu-
lar to the large-scale radio jet of 3C 273 (black line). 

This is the result of net ordered rotation of the 
line-emitting gas. By comparing a kinematic model 
of the emission region (c) to GRAVITY data, we  
find that a thick disc configuration viewed at low 
inclination best explains the data (d). The model also 
provides estimates of the mean emission radius  
and central black hole mass. Adapted from GRAVITY 
Collaboration (2018).
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• 40 µas photocenter 
displacement in spectral line


• Dynamics of the material 
close to the BH (broad line 
region)


• 300 million solar mass BH

GRAVITY Collaboration 2018, Nature, 563, 657



z=2 quasar SDSS J092034.17+065718.0 

• 11 Gyr ago, 320 million solar masses.
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Figure 1 | Main broad line region observational and modelling results. (a) Observed 
GRAVITY+ Ha total flux line profile averaged over the four Unit Telescopes and 
normalized to the continuum (black points). The red curve and shaded region indicate the line 
profile for our best fit BLR model and 68th %tile confidence region respectively. (b) 
Differential phase curve across the Ha line averaged over three baselines (blue points) with 
1s uncertainties. The red curve and shaded region also show the differential phase for our 
best fit BLR model and 68th %tile confidence region. The distinct S-shape signal is expected 
for a velocity gradient. (c) Model-independent photocenters for the central 10 wavelength 
channels (small coloured points). The colour of the points represents the line-of-sight velocity 
and the grey ellipses show the 68th %tile confidence region. The larger blue and red points 
with ellipses show the average blueshifted and redshifted photocenters with their 68th %tile 
confidence regions. (d) On-sky cloud representation of our best fit BLR model showing an 
inclined, rotating, thick disk. As in (c), the colour represents line-of-sight velocity. 
 
We measure model-independent photocenters for the central 10 wavelength channels using 
all six baselines (Figure 1c) and observe a global East-West shift from the blue to the red 
wing of the line indicative of a velocity gradient. By binning all redshifted and blueshifted 
channels together, we measure an average separation between the two sides of Dphoto = 37±12 
µas (0.31±0.10 pc at z = 2.325) indicating a detection significance of 3-6s (see Methods). 
 
To estimate the BLR properties and the central SMBH mass, we simultaneously fit the 
differential phase spectra and total flux spectrum with a kinematic model. The kinematic 
model consists of a distribution of independent clouds moving within the gravitational 

GRAVITY Collaboration (2024, Nature, https://doi.org/10.1038/s41586-024-07053-4)

https://doi.org/10.1038/s41586-024-07053-4
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𝜷 Pictoris and GRAVITY 



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

from 1.5 hour of VLTI with 4 UTs

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 /�50.1
SKY 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 /�16.6
SKY 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 /�13.2
SKY 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, the
K-band part of the GPI spectrum from Chilcote et al. (2017) (R ' 70) is also overplotted (orange points). The error bars plotted for the GRAVITY
spectrum 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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Fig. 3. Fiducial astrometric signal in RA and Dec as a function of time for an exemplary system configuration (Ms = 1.5 M→, Mpl = 10 MJup,
apl, 0 = 10 AU, Mm = 1 MJup, ω = 50 mas, am, 0 = 0.1 AU, im = 0 ↑, em = 0; see caption of Fig. 1 for index definitions). The dark grey curve
indicates the fiducial signal computed using the star–planet–moon model described in Sect. 2.2.2, while the light grey line shows the zero-signal
expected in the absence of a moon. The light and dark grey circles show the fiducial momentary signals in RA and Dec when employing the 12
epoch strategy defined in Sect. 4.1. In orange we indicate the associated GRAVITY mock epochs generated according to the procedure outlined in
Sect. 4.2. The right hand panels show the same data but phase-folded by the fiducial orbital period.

as possible. Accordingly, we chose a 10 MJup planet revolving
around a 1.5 M→ star on a circular, face-on orbit (i = 0 ↑) with a
semi-major axis of 10 AU and at a distance of 20 pc. The moon
orbit was assumed circular and co-planar with the planetary
orbit, that is also face-on. The planetary Hill radius resulting
from these fiducial parameter settings amounts to approximately
1.2 AU. These parameters remained fixed throughout the grid
exploration of a two-dimensional plane spanned by the moon
semi-major axis and moon mass axes, which were logarith-
mically sampled by 15 values from 10↓2 to 1 AU and 10↓2 to
1 MJup, respectively. Each grid point was sampled 100 times,
generating a new set of mock epochs with a randomly drawn
noise term, respectively. This ensures adequate sampling of the
underlying ε-squared statistic and sufficient randomisation of
the time of periplanet passage which was drawn anew for each
sample (see Sect. 4.3). Accordingly, this yielded a sampling of
100 ε-squared values per model fit performed.

At this point, one could choose between retaining the mini-
mum, median or maximum ε-squared value (and associated sig-
nificance computed via the F-test routine) depending on whether
one is interested in extracting the least favourable, median or
most favourable detection scenario, respectively. To arrive at a
realistic assessment of our detection capabilities we opted to re-
tain the median ε-squared value for each model and grid point.
The 5ϑ detection contours resulting from the different combi-
nations of instruments and observing strategies are visualised in
Fig. 4.

Besides the number of obtained epochs, the detection signif-
icance at a given grid point in Fig. 4 is mainly governed by the
expected astrometric signal amplitude. In Equation 1, we found
that A ↔ am/d and A ↔ Mm/(Mpl + Mm). By appropriately fold-
ing in the fiducial distance, d, and the total mass, Mpl+Mm, of the
fictional underlying planet–moon system, we rescaled the axes
in Fig. 4 providing the resulting alternate axes along the right
and top side of the panel. These rescaled axes enable compari-
son of the obtained sensitivity contours with genuine exoplanets
that might be considered for a follow-up aimed at unveiling an
exomoon.

To give two illustrative examples, we included the cases of
AF Lep b (Mpl = (3.27 ± 0.25) MJup; Balmer et al. 2025) and

HR 8799 d (Mpl = (9.3 ± 0.5) MJup; Zurlo et al. 2022). Multi-
plying the values along the rescaled semi-major axis axis with
the distance of a target system yields the physical semi-major
axis values corresponding to the significance contours. Like-
wise, using the mass of an exemplary target planet, one can con-
vert the values along the mass ratio axis into the corresponding
moon masses. Doing so, we find that 12 astrometric GRAVITY
epochs suffice to detect a moon of 0.34 MJup at a separation of
0.59 AU around HR 8799 d with a confidence of 5ϑ. Targeting
the lower mass AF Lep b, 12 epochs could reveal a 0.14 MJup
moon at a separation of 0.39 AU. Both of these hypothetical
moons would reside within 0.5RHill, pl of their respective plane-
tary hosts. Since more massive or more distant moons would in-
duce a larger astrometric signal, they would manifest themselves
in the data at even higher significances. Conversely, if none is
present, 12 epochs would be adequate to rule out the existence
of such moons around AF Lep b and HR 8799 d. The arrival of
PLANETES at the VLTI will amplify our sensitivity such that
moons of 0.06 MJup at 0.17 AU and 0.16 MJup at 0.25 AU were
detectable at 5ϑ around AF Lep b and HR 8799 d, respectively.
Finally, a future 3 km baseline interferometric facility will be ca-
pable of detecting moons of 0.02 MJup at 0.06 AU and 0.05 MJup
at 0.08 AU around the two planets at the same confidence. These
scenarios, indicated by the grey dotted lines in Fig. 4, are only
three example cases for two arbitrary exoplanets. Note that 0.02
and 0.05 MJup translate to approximately 6 and 16 MEarth, respec-
tively. Thus, the moons detectable with a 3 km baseline inter-
ferometric facility are comparable with Super-Earth exoplanets
(Valencia et al. 2007). At higher moon masses the instruments
would be capable of probing smaller semi-major axes. Simi-
larly, at larger moon semi-major axes the detectable masses can
be substantially lower. Targeting potential host planets of lesser
mass than either AF Lep b or HR 8799 d in their respective cir-
cumstellar habitable zones may eventually teach us how preva-
lent potentially habitable exomoons are. The recently imaged
planet candidate around ϖ Cen A (Beichman et al. 2025; Sanghi
et al. 2025) might provide a suitable first target as it combines the
favourable characteristics of being nearby and low in mass while
at the same time orbiting within the circumstellar habitable zone.
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Fig. 3. Fiducial astrometric signal in RA and Dec as a function of time for an exemplary system configuration (Ms = 1.5 M→, Mpl = 10 MJup,
apl, 0 = 10 AU, Mm = 1 MJup, ω = 50 mas, am, 0 = 0.1 AU, im = 0 ↑, em = 0; see caption of Fig. 1 for index definitions). The dark grey curve
indicates the fiducial signal computed using the star–planet–moon model described in Sect. 2.2.2, while the light grey line shows the zero-signal
expected in the absence of a moon. The light and dark grey circles show the fiducial momentary signals in RA and Dec when employing the 12
epoch strategy defined in Sect. 4.1. In orange we indicate the associated GRAVITY mock epochs generated according to the procedure outlined in
Sect. 4.2. The right hand panels show the same data but phase-folded by the fiducial orbital period.

as possible. Accordingly, we chose a 10 MJup planet revolving
around a 1.5 M→ star on a circular, face-on orbit (i = 0 ↑) with a
semi-major axis of 10 AU and at a distance of 20 pc. The moon
orbit was assumed circular and co-planar with the planetary
orbit, that is also face-on. The planetary Hill radius resulting
from these fiducial parameter settings amounts to approximately
1.2 AU. These parameters remained fixed throughout the grid
exploration of a two-dimensional plane spanned by the moon
semi-major axis and moon mass axes, which were logarith-
mically sampled by 15 values from 10↓2 to 1 AU and 10↓2 to
1 MJup, respectively. Each grid point was sampled 100 times,
generating a new set of mock epochs with a randomly drawn
noise term, respectively. This ensures adequate sampling of the
underlying ε-squared statistic and sufficient randomisation of
the time of periplanet passage which was drawn anew for each
sample (see Sect. 4.3). Accordingly, this yielded a sampling of
100 ε-squared values per model fit performed.

At this point, one could choose between retaining the mini-
mum, median or maximum ε-squared value (and associated sig-
nificance computed via the F-test routine) depending on whether
one is interested in extracting the least favourable, median or
most favourable detection scenario, respectively. To arrive at a
realistic assessment of our detection capabilities we opted to re-
tain the median ε-squared value for each model and grid point.
The 5ϑ detection contours resulting from the different combi-
nations of instruments and observing strategies are visualised in
Fig. 4.

Besides the number of obtained epochs, the detection signif-
icance at a given grid point in Fig. 4 is mainly governed by the
expected astrometric signal amplitude. In Equation 1, we found
that A ↔ am/d and A ↔ Mm/(Mpl + Mm). By appropriately fold-
ing in the fiducial distance, d, and the total mass, Mpl+Mm, of the
fictional underlying planet–moon system, we rescaled the axes
in Fig. 4 providing the resulting alternate axes along the right
and top side of the panel. These rescaled axes enable compari-
son of the obtained sensitivity contours with genuine exoplanets
that might be considered for a follow-up aimed at unveiling an
exomoon.

To give two illustrative examples, we included the cases of
AF Lep b (Mpl = (3.27 ± 0.25) MJup; Balmer et al. 2025) and

HR 8799 d (Mpl = (9.3 ± 0.5) MJup; Zurlo et al. 2022). Multi-
plying the values along the rescaled semi-major axis axis with
the distance of a target system yields the physical semi-major
axis values corresponding to the significance contours. Like-
wise, using the mass of an exemplary target planet, one can con-
vert the values along the mass ratio axis into the corresponding
moon masses. Doing so, we find that 12 astrometric GRAVITY
epochs suffice to detect a moon of 0.34 MJup at a separation of
0.59 AU around HR 8799 d with a confidence of 5ϑ. Targeting
the lower mass AF Lep b, 12 epochs could reveal a 0.14 MJup
moon at a separation of 0.39 AU. Both of these hypothetical
moons would reside within 0.5RHill, pl of their respective plane-
tary hosts. Since more massive or more distant moons would in-
duce a larger astrometric signal, they would manifest themselves
in the data at even higher significances. Conversely, if none is
present, 12 epochs would be adequate to rule out the existence
of such moons around AF Lep b and HR 8799 d. The arrival of
PLANETES at the VLTI will amplify our sensitivity such that
moons of 0.06 MJup at 0.17 AU and 0.16 MJup at 0.25 AU were
detectable at 5ϑ around AF Lep b and HR 8799 d, respectively.
Finally, a future 3 km baseline interferometric facility will be ca-
pable of detecting moons of 0.02 MJup at 0.06 AU and 0.05 MJup
at 0.08 AU around the two planets at the same confidence. These
scenarios, indicated by the grey dotted lines in Fig. 4, are only
three example cases for two arbitrary exoplanets. Note that 0.02
and 0.05 MJup translate to approximately 6 and 16 MEarth, respec-
tively. Thus, the moons detectable with a 3 km baseline inter-
ferometric facility are comparable with Super-Earth exoplanets
(Valencia et al. 2007). At higher moon masses the instruments
would be capable of probing smaller semi-major axes. Simi-
larly, at larger moon semi-major axes the detectable masses can
be substantially lower. Targeting potential host planets of lesser
mass than either AF Lep b or HR 8799 d in their respective cir-
cumstellar habitable zones may eventually teach us how preva-
lent potentially habitable exomoons are. The recently imaged
planet candidate around ϖ Cen A (Beichman et al. 2025; Sanghi
et al. 2025) might provide a suitable first target as it combines the
favourable characteristics of being nearby and low in mass while
at the same time orbiting within the circumstellar habitable zone.
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Fig. 3. Fiducial astrometric signal in RA and Dec as a function of time for an exemplary system configuration (Ms = 1.5 M→, Mpl = 10 MJup,
apl, 0 = 10 AU, Mm = 1 MJup, ω = 50 mas, am, 0 = 0.1 AU, im = 0 ↑, em = 0; see caption of Fig. 1 for index definitions). The dark grey curve
indicates the fiducial signal computed using the star–planet–moon model described in Sect. 2.2.2, while the light grey line shows the zero-signal
expected in the absence of a moon. The light and dark grey circles show the fiducial momentary signals in RA and Dec when employing the 12
epoch strategy defined in Sect. 4.1. In orange we indicate the associated GRAVITY mock epochs generated according to the procedure outlined in
Sect. 4.2. The right hand panels show the same data but phase-folded by the fiducial orbital period.

as possible. Accordingly, we chose a 10 MJup planet revolving
around a 1.5 M→ star on a circular, face-on orbit (i = 0 ↑) with a
semi-major axis of 10 AU and at a distance of 20 pc. The moon
orbit was assumed circular and co-planar with the planetary
orbit, that is also face-on. The planetary Hill radius resulting
from these fiducial parameter settings amounts to approximately
1.2 AU. These parameters remained fixed throughout the grid
exploration of a two-dimensional plane spanned by the moon
semi-major axis and moon mass axes, which were logarith-
mically sampled by 15 values from 10↓2 to 1 AU and 10↓2 to
1 MJup, respectively. Each grid point was sampled 100 times,
generating a new set of mock epochs with a randomly drawn
noise term, respectively. This ensures adequate sampling of the
underlying ε-squared statistic and sufficient randomisation of
the time of periplanet passage which was drawn anew for each
sample (see Sect. 4.3). Accordingly, this yielded a sampling of
100 ε-squared values per model fit performed.

At this point, one could choose between retaining the mini-
mum, median or maximum ε-squared value (and associated sig-
nificance computed via the F-test routine) depending on whether
one is interested in extracting the least favourable, median or
most favourable detection scenario, respectively. To arrive at a
realistic assessment of our detection capabilities we opted to re-
tain the median ε-squared value for each model and grid point.
The 5ϑ detection contours resulting from the different combi-
nations of instruments and observing strategies are visualised in
Fig. 4.

Besides the number of obtained epochs, the detection signif-
icance at a given grid point in Fig. 4 is mainly governed by the
expected astrometric signal amplitude. In Equation 1, we found
that A ↔ am/d and A ↔ Mm/(Mpl + Mm). By appropriately fold-
ing in the fiducial distance, d, and the total mass, Mpl+Mm, of the
fictional underlying planet–moon system, we rescaled the axes
in Fig. 4 providing the resulting alternate axes along the right
and top side of the panel. These rescaled axes enable compari-
son of the obtained sensitivity contours with genuine exoplanets
that might be considered for a follow-up aimed at unveiling an
exomoon.

To give two illustrative examples, we included the cases of
AF Lep b (Mpl = (3.27 ± 0.25) MJup; Balmer et al. 2025) and

HR 8799 d (Mpl = (9.3 ± 0.5) MJup; Zurlo et al. 2022). Multi-
plying the values along the rescaled semi-major axis axis with
the distance of a target system yields the physical semi-major
axis values corresponding to the significance contours. Like-
wise, using the mass of an exemplary target planet, one can con-
vert the values along the mass ratio axis into the corresponding
moon masses. Doing so, we find that 12 astrometric GRAVITY
epochs suffice to detect a moon of 0.34 MJup at a separation of
0.59 AU around HR 8799 d with a confidence of 5ϑ. Targeting
the lower mass AF Lep b, 12 epochs could reveal a 0.14 MJup
moon at a separation of 0.39 AU. Both of these hypothetical
moons would reside within 0.5RHill, pl of their respective plane-
tary hosts. Since more massive or more distant moons would in-
duce a larger astrometric signal, they would manifest themselves
in the data at even higher significances. Conversely, if none is
present, 12 epochs would be adequate to rule out the existence
of such moons around AF Lep b and HR 8799 d. The arrival of
PLANETES at the VLTI will amplify our sensitivity such that
moons of 0.06 MJup at 0.17 AU and 0.16 MJup at 0.25 AU were
detectable at 5ϑ around AF Lep b and HR 8799 d, respectively.
Finally, a future 3 km baseline interferometric facility will be ca-
pable of detecting moons of 0.02 MJup at 0.06 AU and 0.05 MJup
at 0.08 AU around the two planets at the same confidence. These
scenarios, indicated by the grey dotted lines in Fig. 4, are only
three example cases for two arbitrary exoplanets. Note that 0.02
and 0.05 MJup translate to approximately 6 and 16 MEarth, respec-
tively. Thus, the moons detectable with a 3 km baseline inter-
ferometric facility are comparable with Super-Earth exoplanets
(Valencia et al. 2007). At higher moon masses the instruments
would be capable of probing smaller semi-major axes. Simi-
larly, at larger moon semi-major axes the detectable masses can
be substantially lower. Targeting potential host planets of lesser
mass than either AF Lep b or HR 8799 d in their respective cir-
cumstellar habitable zones may eventually teach us how preva-
lent potentially habitable exomoons are. The recently imaged
planet candidate around ϖ Cen A (Beichman et al. 2025; Sanghi
et al. 2025) might provide a suitable first target as it combines the
favourable characteristics of being nearby and low in mass while
at the same time orbiting within the circumstellar habitable zone.
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Beam transportation by optical fibers
The OHANA experiment

Perrin et al. 2006, Science , 31, 194

2x 300 meters fibers
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Optical delay cancelation

Typical 3 hour observation:


~ 30 meters delay at VLTI 


~ 1 meter delay on the Moon


6 mm pure fibered delay lines 
in operation in GRAVITY


10 to 1000m delay in fibers 
plausible with R&D




Integrated optics beam combiner
GRAVITY’s heart

Perraut et al. A&A 614, A70 (2018)

K. Perraut et al.: Single-mode waveguides for GRAVITY. I.
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Fig. 3. Description of the IO assembly. Top: mechanical mount including the IO beam combiner and the fibre array. Bottom: photograph of an
IO beam combiner manufactured by silica-on-silicon etching (left) and scheme of the beam combiner principle (right): 66/33 couplers (in red),
Y-junctions (in grey), achromatic ⇡/2-phase shifters (in light blue), and 50/50 couplers (in green). See text for details.

Table 2. General characteristics of the fluoride fibres manufactured by
Le Verre Fluoré.

Core diameter 6.5 µm
Cladding diameter 125 µm
Cut-off wavelength 1.88 µm
Mode field radius (at � = 2.15 µm) 3.78 µm
Beat length >200 m

anti-reflection coating which transmits the whole K band and
limits the reflection of the metrology laser at 1.908 µm.

3.3. Manufacturing of the fibre array

We used ZBLAN1 fibres manufactured by Le Verre Fluoré that
ensure the best throughput in the K band. The general charac-
teristics of these fluoride glass fibres are given in Table 2. The
fibres were specified with the lowest possible birefringence to
be as neutral as possible in terms of polarization (see Paper II
for details). The fibre array manufactured by Le Verre Fluoré is
connected to the FPR with E2000 connectors that ensure a low
coupling loss (typically 0.1 dB/connection) and aims at arrang-
ing the incoming fibres so as to be connected to the IO beam
combiner (Fig. 3, top). Thus, at the output end, the fibres have
to present the same spacing as the IO input waveguides, e.g.
1, 3, and 1 mm. This is performed thanks to two independent
V-grooves supporting the fibres being directly glued on the IO
chip and providing enough degrees of freedom to adjust the fine
alignment between the fibre cores and the waveguides (Fig. 4).

1 Fluoride glass with a composition ZrF4-BaF2-LaF3-AlF3-NaF

Each fibre array consists of several pieces of different mate-
rials that are glued together; the main challenge in the man-
ufacturing process was to select the relevant glues for each
part to compensate as much as possible for the dilatation coef-
ficient gap, and thus limit constraints applied on each piece
when cooling down to 200 K. We emphasize that it is the first
time that fibre devices of this kind have operated at such low
temperatures. To select the glues, we decided to test different
glues used at low temperatures for spatial instruments and devel-
oped several prototypes to be thermally cycled with a dedicated
dewar.

Each V-groove consists of a silicon fibre holder glued to a
titanium short piece. For this step we rejected the 353ND glue
which turned out to be too hard and thus led to V-groove break-
age. We tested three different soft glues (2216-3M, 302-3M, and
OG-142-87) and finally selected 2216-3M which leads to undam-
aged V-grooves after 20 thermal cycles between –90� and +30�.
We mastered the quantity, and thus the thickness, of the glue
deposited by using nylon wires as shims between the silicon
holder and the titanium piece. On the silicon holder side, two
fibres spaced by 1 mm were glued with the 2216-3M glue and
covered with a glass lid. At the output of the silicon holder the
fibres were left free to enter a hytrel cable that protects the fibres
up to the E2000 connectors. Finally, in order to protect the fibres
between the glass lid and the hytrel entrance, a soft epoxy resin
(EPOTEK 310M) was deposited to reduce the constraints on the
fragile fluoride fibres. Before this last operation, a drop of UV
DESOLITE 3471 was deposited to seal the entrance of the hytrel
cable to thus prevent the 310M from migrating inside. After all
the gluing steps, the front end of the V-groove was polished to
ensure a high optical quality since this part was to be glued to
the IO beam combiner.
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The Moon: a dream environment for interferometry
• No turbulence ! + all wavelengths are accessible 

• Stability of the surface is an advantage compared to free flying telescopes


• Slow sidereal rotation period of 27 days: optical delay variation is slow and 
easier to track with compact modulators +14 days long continuous nights


• Examples of sciences cases: 

• Galactic nuclei at high redshift with milliarcsecond angular resolution


• Surface and close environment of stars at high spatial and spectral 
resolution


• Visible/IR high-resolution spectroscopy of exoplanets


• Wide-angle microarcsecond differential astrometry of faint objects (binary 
compact objects, exoplanetary systems, exomoons…)



Summary

• Long-baseline optical interferometry is a mature technique with broad 
applicability in astrophysics. The expertise is available in Europe and in the 
United States.


• All-sky interferometric astrometry is extremely appealing


• Possible modular design of an interferometric array, with flexible telescope 
usage in interferometric and single aperture modes (e.g., VLT/VLTI)


• (Sub-)milliarcsecond angular resolution at optical and infrared 
wavelengths


• Key benefits of operation from the Moon surface: no atmosphere, stable 
surface, slow rotation
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The Lunar-based Ultraviolet Telescope (LUT) on 
Chang’e-3 lunar lander (2013-2015, 18 months)

Light collection

Credit: National Astronomical Observatories, 
Chinese Academy of Sciences

L. Y. Zhu et al.: Photometric Investigation of the Eclipsing Binary TX Herculis Observed by LUT 94–3

Fig. 1 Light curve of TX Her obtained by LUT from the Moon. Open circles refer to observations in the UV band, while the solid line

to the theoretical light curve with a dark spot on the secondary star and the dashed line to the theoretical light curve without the spot.

Fig. 2 Geometrical structure of TX Her at phases 0.0, 0.25, 0.5 and 0.75. Both component stars are well inside their critical Roche
Lobes.

R2 = 1.51 R⊙, L1 = 9.44 L⊙, L2 = 6.56 L⊙, respec-

tively.

3 VARIATIONS IN THE O − C DIAGRAM

Three eclipse times of TX Her were determined based on

LUT data. They are listed in Table 3 where “P” refers to the

primary minimum, while “S” to the secondary one. Since

TX Her has comparatively deep and sharp eclipse minima

and it is relatively bright (V = 8.12 mag.), the binary sys-

tem has been an attractive target for astronomical observers

Table 3 Eclipse Times for TX Her

Name Min. HJD Error

TX Her S 2456943.08527 0.00044

TX Her P 2456944.11476 0.00036

TX Her S 2456945.14261 0.00081

for almost a century. It was intensively observed visu-

ally and photographically before HJD 2433054. Then this

binary was monitored photoelectrically and with charge-

coupled device (CCD)-based analysis, and many eclipse

Zhu et al. (2019, Res. Astron. Astrophys. 19, 094)


