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Context of the studies
• High precision space astrometry in the visible domain

• Earth-mass planets orbiting in the Habitable Zone of nearby solar-type stars 
=> Bright star mode with requirement  

• Investigating the nature of Dark Matter through the shape of dwarf 
spheroidal galaxies (cored or cuspy ?), the kinematic disturbances for stars 
above/below Galactic plane, and the direction of proper motion for 
hypervelocity stars 

• Two application projects
• Theia: 0.8-m telescope with FoV of 0.7 degrees  (ESA M8) 
• HWO 7-m telescope high resolution imager with 3’x2’ FoV (NASA) 

• Differential pointed astrometry
• Gaia global astrometry allows data closure over the sky but is limited in 

exposure time and number of visits 
• Pointed astrometry allows optimization of exposure time and observing 

sequences, but fewer objects
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Theia proposal for ESA M8 
1 SCIENCE CASE Revealing the Invisible in the Universe: The New Astrometry Frontier

1 Science case
1.1 Breakthrough science in the 2040’s
Among the cornerstones of modern astrophysics, the
search for habitable Earth-like exoplanets and the un-
derstanding of Dark Matter represent two momentous
pillars, omnipresent in the roadmaps of major space
agencies [1, 2].

Exoplanets are ubiquitous in the Milky Way and
their observed population is dominated by smaller
super-Earths and mini-Neptunes. Although ongoing
and future missions already plan to characterize a sub-
set of them spectroscopically, a highly interesting pop-
ulation still remains unexplored: Earth-size planets or-
biting in the habitable zone (HZ) of F, G, K dwarf
stars. Thanks to an unprecedented accuracy, the as-
trometry mission Theia will survey all the ⇠100-200
nearest F, G, K-type stars within 20 pc1 to detect the
signature of Earth-mass planets, measuring for the first
time the mass function of planets down to the Earth
mass, up to the HZ of our nearest neighbours.

On larger Galactic and extragalactic scales, a wide
variety of observations indicate that roughly 85% of
the mass content of our Universe is in the form of Dark
Matter (DM), which appears to be collisionless and
cold.2 While its nature remains an unsolved mystery,
Theia plans to map the smallest proper motions (PMs)
due to the gravitational effects of DM and make break-
throughs by testing the two key predictions of the stan-
dard Lambda Cold Dark Matter (LCDM) cosmologi-
cal model: (1) measuring the DM distribution in dwarf
spheroidal galaxies and (2) detecting the expected dark
subhalos traversing the Milky Way.

The scientific yield of high-precision astrometry has
been recognized by the Voyage 2050 Senior Commit-
tee [1] and is naturally embedded in the long Euro-
pean tradition of astrometry in astrophysics [4, 5, 6].
Theia, Gaia’s daughter and goddess of vision in Greek
mythology, will address these grand challenges using
relative astrometric observations and will deliver, in a
cost-effective manner, unprecedented sub-µas astrom-
etry for bright stars and a few µas astrometry for faint
stars by focusing on a smaller number of key scientific
targets and fields, distinct from Gaia’s all-sky global
astrometry.

1.2 Earth-like planets around Sun-like stars
The sample of ⇠100-200 FGK dwarfs within 20pc
from the Sun [3] constitutes the main list of potential

1E.g. the HWO reference sample contains 164 FGK dwarfs [3].
2In terms of the energy density content of the Universe, DM is

strongly overshadowed by dark energy, whose unknown nature is
being currently investigated by large surveys, in particular Euclid.
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Fig. 1: Exoplanets discovery space. The dashed line delim-
its the Gaia 10-yr parameter space at 50 pc. The solid line
delimits the Theia 4-yr discovery space at 10 pc for 0.3µas
end-of-mission precision. In both cases, a 1 M� primary is
assumed. The black squares represent the planets of the So-
lar System.

targets for the detailed atmospheric characterization
of directly detected temperate terrestrial exoplanets
both in the visible and infrared with proposed future
space missions such as Habitable Worlds Observa-
tory (HWO) and Large Interferometer For Exoplanets
(LIFE), respectively. Achieving this long-term goal of
exoplanetary science strategically requires measure-
ments of the orbits and masses of Earth-analogue ex-
oplanets to correctly interpret atmospheric spectra and
assess habitability metrics when these planets will be
directly imaged [7, 8].

As of today, the most successful detection tech-
niques, Radial Velocity (RV) and transits, are far from
achieving the required sensitivity to Earth-like plan-
ets around the sample of the nearest FGK dwarfs
(Fig. 1). Decades-long RV surveys with 1 m/s pre-
cision have a median sensitivity in the HZ to plan-
ets with (minimum) masses of ⇠70 M� [9]. The past
Kepler/K2 missions did not focus on transit searches
around solar-type stars within 20 pc from the Sun,
while the all-sky mission TESS does not have the re-
quired precision.

In the near future, the Plato mission will finally al-
low measuring the occurrence rate of 1 R� HZ plan-
ets around solar-type stars based on actual detections
rather than extrapolations based on Kepler mission
data [10], but its effectiveness in performing a com-
plete census of Earth-like planets around the near-
est 100-200 FGK stars will be limited by the very
low transit probability (0.46% for P = 1 yr). The
starting and future extreme-precision RV programs
(e.g., ESPRESSO, EXPRES, HARPS3) are expected
to achieve the 10 cm/s precision levels necessary for
the detection of Earth analogue. However, stellar ac-

ESA Voyage 2050 M8 call for mission opportunity 3
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Principle : relative and precise differential astrometry 
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 The science target is at the center of the FOV 
 We measure the offset angles between the target 

object (in the center) and the reference stars (other 
stars in green)

 The single measurement is repeated several times 
over the mission lifetime to reach the required 
accuracy on the target motion

 The detector calibration is done using interferometric 
modulated Young’s fringes

Ups And

Gmag < 14FoV < 0.5°

Gaia DR3 data Detector calibration unitTelescope Focal plane
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Theia expected performances
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2 MISSION CONFIGURATION Microarcsecond Astrometric Observatory — Theia
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Fig. 3: Comparison of R-band astrometric performance es-
timates for Theia, Gaia DR5 end-of-mission, and Rubin
[34, 35]..

10 kpc, with a typical period of one month (well ca-
denced by Theia) should produce an astrometric shift
of ⇠50 µas/yr, which is easily measurable by Theia.

1.5 Basic scientific requirements and esti-
mated performance

The Theia mission will make measurements of the
position, parallax and PM of target stars in a small,
visible-wavelength (400�900nm) differential astrom-
etry field relative to a local reference frame tied to a
global one. The most accurate and complete reference
frame available at the time of the mission will be that
of the Gaia catalog. Using Gaia’s global astrometry
parameters as priors, the solution of all the stars ob-
served by Theia will be tied to the Gaia frame, with-
out the need for physical priors such as those applied
to quasars or remote giant stars. Two main observ-
ing modes will be required to cover the science cases
above:
- Bright Source Mode (BSM). The exoplanet sci-

ence case requires 1µas single measurement pre-
cision in a 1 hr integration time for the science tar-
gets and up to 102 bright references with R  15,
observable within 0.33deg2 fields (Fig. 4). Ob-
serving ⇠100 targets about 100 times during 1 hr
over 4 yr requires about ⇠10000h.

- Faint Source Mode (FSM). The DM science needs
5 to 7µas/yr end-of-mission precision on PMs for
R< 20 stars in ⇠35 targets. The searches for sub-
halos and BHs will use the same fields as for the
neutron stars and other auxiliary science cases.
The FSM uses the majority (exact trade-off to be
determined) of a nominal 4-yr mission.

These features make Theia far superior to any other
mission (Fig. 3). The deep fields will achieve 23 times
the PM precision of Gaia (10yr)4 and 14 times that of
HST (10yr) [36]. In the bright star regime, Theia’s
1 µas precision in 1 h integrations at the reference
value R = 10mag [16] exceeds that of Gaia, Roman
and VLTI/GRAVITY by factors of ⇠40-50 [37], ⇠10-
20 [38] and ⇠30-100 [39] respectively, and other mis-
sions/instruments (e.g. HST , JWST, ELT/MICADO,
Rubin) by even larger factors.

2 Mission configuration
2.1 Payload and Platform Requirements
The Theia Payload Module (PLM) builds on the ex-
isting consortium’s expertise in space missions and
concepts such as Gaia, HST/FGS, SIM, NEAT/M3,
Theia/M4+M5 and Euclid. Theia’s concept features a
diffraction-limited telescope with a large field of view
(FOV) and a metrology for the focal plane detector ar-
ray. The PLM, similar to that of Euclid, uses a Ko-
rsch three-mirror anastigmat (TMA) telescope with a
diameter of 0.8 m, a focal length of 13 m, and, a FOV
of 0.60� ⇥ 0.76� operating in the 400 – 900 nm range.
It is displayed on the left part of Fig. 4.

A significant improvement over the earlier
Theia/M5 mission concept is the use of large-format
CMOS detectors instead of 24 4k⇥4k detectors. Just
a few of them are sufficient to cover the full 0.33deg2

FOV with a total of ⇠ 109 pixels, as shown on the
right side of Fig. 4. The focal plane array (FPA)
consists of four 16640⇥ 13156 and one 4160⇥ 3256
back-side illuminated GigaPyx detectors from Pyx-
alis, each with a pixel pitch of 4.4µm. A 46 million
pixels (46MP) version of these detectors has been
successfully tested in a space environment [40].

Another strategic change concerns the instrument
stability control. Previous implementations of Theia
included a laser metrology system for continuously
monitoring the entire payload structure with a pre-
cision of a few nanometres. However, because
this metrology system was considerably complex, we
found alternative solutions for reducing the complex-
ity and the cost of the mission. In the current con-
cept, Theia’s optical distortion is calibrated using on-
sky calibration measurements [41, 42]. The positions
of about 100 Gaia reference stars in the FOV, known
to a ⇠5 µas error after revisiting the values thanks to
Theia measurements, are used to calibrate their loca-
tions on the detector, correcting for any change of opti-
cal distortions (Sect. 2.6). By averaging, the barycen-
tre of these stars can be determined with a positional

4https://www.cosmos.esa.int/web/gaia/science-performance

6 ESA Voyage 2050 M8 call for mission opportunity

4-year

Holl

BSM: x40-50

FSM: x20

- Faint Source Mode (FSM) : 23 times 
the PM precision of Gaia (10yr) and 14 
times that of HST (10yr) 


- Bright Source Mode (BSM) Theia’s 
1μas precision in 1h integrations at the 
reference value R = 10mag exceeds 
that of Gaia by factor of ∼40-50, Roman 
∼10-20 and VLTI/GRAVITY by ∼30-100, 
and other missions/instruments (e.g. 
HST, JWST, ELT/MICADO, Rubin) by 
even larger factors.
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Theia optical concept (ESA M8)
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Theia characteristics : 
- 0.8-m telescope diameter

- diffraction-limited 0.5° FOV

Proposed 
implementation (M8)

Three mirror anastigmat, Korsch design

Distortion map 13x13
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Focal plane for Theia
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The Focal Plane uses 4 Pyxalis CMOS detectors 
GIGA220M (in development) +1 GIGA14M:

- 4x [16640 x 13156 pixels] (4 x 218 915 840 pixels) + 1 x 

[4160 x 3256 pixels] with 4,4 um pixel pitch

- Non buttable (~10 mm on 2 sides / ~2 mm on 2 sides): 27% 

loss of area

- Focal Plane 173 mm x 136 mm  

<=> 45.7 arcmin x 35.9 arcmin  
<=> 0.76°x0.60° 


- 0.46 deg² total for 0.33 deg²  
effective (881 Mpx), i.e. 27% loss
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Astrometric error budget for 
bright targets with Theia and HWO
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The accuracy of target position increases with number of reference stars 

8

Uncertainties on reference 
position increases with flux, 

mostly limited by photon noise 
at the bright end and detector 

noise at the faint end.

But number of reference stars 
increases exponentially. The 

final accuracy of the reference 
frame using Gaia data depends 
on each direction. However, the 

final precision will depend on 
teh current mission accuracy.

Accuracy of Gaia position for 
after 20 years is not sufficient, 
but this can be solved by using 

multiple reference stars and 
decrease with the number of 

references.
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Telescope calibration : using reference stars to monitor the distortion
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Simulated field-dependent distortion and fitted position
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(d)~100 reference stars in 0.5 
deg FOV (ie. V≤15mag) 

required to reach accuracy 
better than 5e-6 pix.

Field-dependent 
distortion

Reference stars position 
measured on detector

On sky
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Gaia
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Number of stars required to fit the distortion

Three Mirror 
Anastigmat (TMA)  

telescope proposed.

Main remainig aberration 
is Field Distortion

Distortion can be corrected by fitting the 
transformation (Sky -> Detector) as calculated 
by Ray-tracing (Zemax) by a 2D polynomial

Simulation

results
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Current lab tests 
at IPAG 

(FOCUS & CNES R&T)
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Laboratory setup  
to calibrate detectors

Fringes captured 
on GigaPyx 46MP

FC/APC 
Fibers

GigaPyx 46MP 
detector

Laser 
source

Phase 

modulators

V-grooves 
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Detector radiometric performance measurements
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Our measurements

PYXALIS IPAG measurements
(e-) (ADU) (e-)

Conversion factor (ADU/e-) 0.7
 - 0.71
Read-out noise 1.6
Dark current (/ms) 24 39 27
PNRU <2% 2.2%
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First fring measurements on a 46MP detector
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Temporal correlation of the interferometric signal
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Retrieving pixel positions at sub-millipixel accuracy

14

Iij(t) = B(t) ιij + A(t) αij sin [i Kx(t) + j Ky(t) + ϕ(t) + δx,ij Kx(t) + δy,ij Ky(t)]
B(t)%A(t)%
φ(t)

1)%Spa,al%fringe%fit

2)%Temporal%sinewave%fit

For%t%=%1:Nframes,%fit:

Frame%#%t

pixel(i,j)

For%(i,j)%=%1:Npix,%fit:

t

counts

Kx(t)%Ky(t)
(iter%1%only)

Linear%least%squares

ι(i,j)%α(i,j)%φ(i,j)

Itera,on%1:%non%linear%
least%squares

Itera,on%2..Nit:%linear%least%
squares,%pixel%posi,ons%
are%projected%on%the%
metrology%wavevector

Initialization with 
Fourier transform 

B(t)
ιij
A(t)
αij
Kx(t), Ky(t)
ϕ(t)
δx,ij, δy,ij

Notation Name Absorbed noises
Average intensity Laser flux, offset fluctuations
Intensity carrier Photo response non uniformity (PNRU)
Average fringe amplitude Laser flux, polarisation fluctuations
Fringe relative amplitude Photo response non uniformity (PNRU)
Metrology wavevector Laser freq. fluctuation, thermal expansion
Differential phase Phase jitter (thermal and mechanical)
Pixel offsets (x and y directions) -

Crouzier et al. (2016)
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Detector interferometric measurements
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Best results so far:
- IPAG/CNES: 6 10-5 pixels (Crouzier et al. 2016, A&A 595, A108) 
- JPL/VESTA: 3 10-5 pixels (Shao et al. 2023, PASP 135, 074502)

Shao et al. (2023)
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Optical calibration in the lab
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On the OLED 
micro-display

On the GigaPyx

46MP detector
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Image data processing
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Quite promising ! We need to make sure that we are meeting the flux requirement. 

Classic barycenter

Gaussian fit barycenter

Accuracy ~ 6e-2 px

FWHM ~ 3.3 px
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Conclusion and perspectives

• We have shown that the CMOS 46MP Gigapyx should be a viable technology 
for high precision astrometry 

• The lab measurements are reaching the company announced performance 
• The test bench in the lab is operationnal 
• We are measuring fringes and temporal modulation,but we are not yet at the 

pixel position calibration 
• The lab simulation of optical distortion correction is working at 1e-2 level, but 

not yet reaching 1e-4 pixel; 

• For GaiaNIR, the detector technology is different but the process is the same 
with other materials. 

18


