
THEIA
Microarcsecond Astrometric Observatory 

From Dark Matter to Compact Objects and Nearby Earths



Science objectives
• Particle physics 

- The existence of Quark Stars  
- The nature of Dark Matter: Self-interacting dark matter? Warm dark matter? 

• Exoplanets 

• Young Stellar Clusters 

• Following up on Gaia’s Results 

• Open Time Observations



Nearby Habitable Exoplanets
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Scientific Requirements
• Measurement Principle : Differential astrometry 

• Calibration Strategy 

• Top Level Requirements 

• Derived Technical Specifications 

• Derived accuracy



Measurement Principle : 
Differential astrometry



Derived Technical Specifications
–  Telescope : D~ 0,8 m with a 0.5 deg field of view diffraction-limited (scaled down     
version of Euclid optics and platform)
–  commercially available 10μm pixels,     

–  reproducible centroid precision at better than 10−5 pix are under way at NEAT/    
CNRS/CNES testbed (R1A and R2A). 
–  CMOS detectors with windowed fast-readout modes yields data transfer rate <     
3Mbits/s and less than 5 hr/day of antenna time. 
–  Calibration every 60s using a laser fringe pattern coming from M3.     

–  The position of each pixel against the fringe pattern will be calibrated down to 10−5     
pix/hr. 
–  An orbit around L2, enhanced thermal shielding compared to Euclid, sun-avoidance     
angle of 45 deg, use of low-thermal expansion optics (Zerodur) and structural 
components (carbon-carbon fiber tubes) are proposed to achieve TLRs R4A and 
R4B (pointing, reproducibility) and TLR R5B (technology readiness), together with 150 
mK thermal stability using Gaia-like thermal control technology (thermal shielding 
between solar panels and telescope/ platform not present in Euclid)



Expected accuracy
Tab. 4.3: Summary of science cases with most stringent performance requirements set in each case. µN!1

0

is the
systematic noise floor in proper motions caused by systematics errors in the reference frame. It strongly depends on the
FOV and characteristics of the target (eg. distance).

Program Used Mission Nb of objects Benchmark target EoM precision Ref. frame
time (h) fraction per field R mag (and range) (at ref. mag.) accuracy µN!1

0

Dark matter 8 000 0.34 103–106 20 (14–22) 10 µas 2� 5µas/yr
Ultra-compact objects 2 600 0.11 20 17 (13-20) 8 µas 2µas/yr
Nearby Earths 4 000 0.17 <20 5 (1–14) 0.15 µas (none)
Young stellar clusters 2 600 0.11 103-105 20 (15-25) 35 µas 5 µas/yr
Gaia follow-up 2 600 0.11 10-106 10 (5-21) 1.0 µas 2� 5µas/yr
Open time 4 000 0.17 10-106 6 (1-25) 1.0 µas 2� 5µas/yr
Overall requirements 23 800 1.00 101-106 6 (1-25) 0.15 µas 2� 5µas/yr

jects and general astrophysics.
– R1A Centroid precision of 10µas over a field of

view of 0.5 deg per visit : 10 h integration for a V =
20 star.

– R1B Simultaneous measurement of 106 objects
using this mode

– R1C Good quantum efficiency between 500nm
(Metrology laser) and 900nm (red stars).

4.4.2 Bright Star Mode

Required by: Exoplanets, compact binaries, Gaia
follow-up, singular objects and general astrophysics

– R2A Centroiding precision better than 1µas over
a field of view of 0.5 deg per visit : 1 h integration of
a V < 6 star. Good quantum efficiency between
500-900nm.

– R2B Simultaneous measurement of 7 or more ob-
jects using this mode

– R2C Good quantum efficiency between 500nm
(Metrology laser) and 900nm (red stars).

4.4.3 Limited NIR Capabilities

Required by: Studies of the Galactic center and re-
gions with high extinction

– R3A One NIR sensitive detector (up to 1.5 µm)
with centroid precision of 10µas over a FOV
>3 arcmin in 1 h integration for a H = 16 star

– R3B Simultaneous measurement of 103 objects
using this mode

4.4.4 Pointing & Reproducibility
– R4A Allow for 20 000 re-pointing over the mission

life-time. All-sky availability > 70% of the time.
– R4B Stable optical aberrations accuracy at the

level of 10�5 pixel between pointing.

4.4.5 Engineering Constraints
– R5A Fit in the mass & cost budget of the M4 call
– R5B Use of TRL � 6 and/or ESA matured tech-

nologies

4.5 Derived Technical Specifications
Deriving technical specifications is a long iterative pro-
cess which cannot be detailed here. We therefore just
give the conclusions that we have reached :

– An aperture whose diameter is about 0,8 m with a
0.5 deg field of view and diffraction-limited.

– The use of scaled down version of Euclid optics
and platform addresses R5A and R5B, and sets
the rest of the system performance : 0.5 deg field
of view needed for number of relevant targets in
both R1A and R2A.

– The precision requirements given in R1A are com-
patible with R2A ones as can be seen in Table 4.4.

– Diffraction limited optics (⇠ 200µas Full Width
Half Max(FWHM)), with than 2.35 pixels/profile
sampling (⇠ 85mas/pix) sets desirable pixel size
at 10µm. Pointing accuracy much smaller than
the FWHM of profile (Euclid platform provides 20
mas RMS/hour).

– Given the use of commercially available 10µm
pixels, experiments to reach reproducible centroid
precision at better than 10�5 pix are under way at
NEAT/CNRS/CNES testbed (R1A and R2A).

– A data transfer rate < 3Mbits/s and less than
5 hr/day of antenna time, favours the use of CMOS
detectors with windowed fast-readout modes to
achieve. (TLRs : bright stars in R2A; number of
objects in R1B and R2B)

– The shape of the FOV will be calibrated every 60 s
using a laser fringe pattern coming from M3. The
position of each pixel against the fringe pattern will
be calibrated down to 10�5 pix/hr.

– An orbit around L2, enhanced thermal shield-
ing compared to Euclid, sun-avoidance angle of
45 deg, use of low-thermal expansion optics (Ze-
rodur) and structural components (carbon fiber
tubes) are proposed to achieve TLRs R4A and
R4B (pointing, reproducibility) and TLR R5B (tech-
nology readiness), together with 3 mK thermal sta-
bility using Gaia-like thermal control technology
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Tab. 4.4: Differential Measurement Astrometric uncertainty
as a function the magnitude of target star for �tvisit = 10
hr and N

visit

= 10 compatible with specification R2A in deep
field mode. The value of �pi is a proxy for the end-of-mission
astrometric precision as described in the text.

R (mag) 10 15 20 21 22 24 25
�µ (µas) 0,15 1.0 10 18 27 75 135
�⇡ (µas/yr) 0,30 2.0 20 35 55 150 270

(R5B).
– Daily calibration observations (dithered pointings

on dense star fields) will be used to model time-
evolution of optical aberrations due to potential
misalignment of M1, M2 and M3 mirrors, and
to monitor secular changes in other sub-systems
(e.g. detectors).

– One NIR chip with sensitivity up to � ⇠ 1.4µm
(minimal dark current) with identical electronics in-
terface and working temperature as the rest of the
array will address R3A and R3B without adding
complexity to baseline design.

4.6 Derived accuracy
The end-of-mission astrometric precision (or noise,
as used in the science case description) is derived
as follows. The precision in the centroid of a point
source is epsilon = 0.5 FWHM

S/Ne
, where FWHM is the

full-width-at-half-maximum of the instrumental profile
(or point spread function) and S/Ne is the signal-to-
noise ratio derived from the number of read-out photo-
electrons (which follow a Poisson distribution so S/Ne

=
p
Ne). Assuming that the FWHM depends on the

diameter of the telescope as FWHM = 1.03 �/�, the
centroid precission can be rewriten as ✏i = 0.08

N�1/2
e arcsec (� =0.8 m, � = 0.64 µm). Using

an instrument response similar to the Johnson R fil-
ter (peak at 0.65 µm with a width of 0.4 µm), the
number of photons from the star reaching the detec-
tor is N� = 3.3 ⇥ 109 10�0.4(R�11) hr�1. Assuming
an efficiency of 0.95 for the optics and 0.7 for the de-
tector, the resulting number of photo-electrons gener-
ated is Ne = 2.2⇥ 109 10�0.4(R�11) hr�1. Substituting
in the expression for the centroid precision we obtain

✏ = 0.17µas 100.2(R�6)
h
�t
hr

i�1/2
, that corresponds to

the maximum precision achievable by Theia as a func-
tion of time spend on source.

For faint sources, extra sources of error in the mea-
sured number of the photo-electrons become relevant.
Assuming that the relevant information for the centroid-
ing is within a box of 10 ⇥ 10 pixels, the main sources
of noise are 1) Zodiacal light contributing to NZL(10
pix)= 3.4⇥103 hr�1, 2) dark current with typical values
of NDC (10 pix)⇠ 103 hr�1 (T⇠ -100 C), 3) Read-out
noise (which can be as low as 1 e/pix in slow read-out

modes for faint objects) and individual read-outs every
30 sec, then NRON (10 pix) ⇠ 103 hr�1. Assuming that
the total mission time on source is �t = Nvisits�t and
after some algebra, the centroid precision at the end-
of-mission for a single source is

✏
Total

=

⇣
0.17⇥ 100.2(R�6)

⌘
2

⇣
1 + 0.06⇥ 100.4(R�20)

⌘
2

+0.832
⇤
1/2


N

visits

�t

hr

��1/2

where the 0.83 µas term comes from errors in the
calibration procedure(see instrument description). A
few sample values for representative magntitudes are
given in Table 4.4. Note that this is the single source
precision. On fields with many stars (eg. N⇤ > 102)
with similar magnitudes (eg. globular clusters), one
can safely assume the single star precision is compa-
rable to the astrometric accuracy. In cases where the
position of a very bright star is compared to a hand-
ful of references, the astrometric precision becomes
dominated by the average magnitude of the reference
sources. These considerations (eg. availability of ref-
erence stars), are taken into account in the design of
the science cases but they are not discussed here for
brevity.

4.7 Theia in the context of next 10 years of
astrophysics

4.7.1 Continuing ESA leadership in space astrom-
etry

Astrometry is unique in providing model independent
measurements of distance and motion of astrophysi-
cal objects. When combined with other methods (e.g.
Doppler spectroscopy) it enables understanding of the
motion of sources and astrophysical structures in three
dimensions. At optical wavelengths, ground based as-
trometry is limited by the perturbing effect of the atmo-
sphere, which limits moderately high precision mea-
surements at very small angles. While instruments
such as optical/NIR interferometers hold the promise
to reach a few tens of µas from the ground (⇠ 10µas
level on a handful of stars with ESO’s GRAVITY/VLTI
Eisenhauer et al. 2011), space-based astrometry is
the only technique that can, in principle, enable sub-
µas precision measurements with available technol-
ogy and funding constraints. Compared to interfer-
ometer designs, Theia is a much more efficient instru-
ment thanks to its mosaic FOV, enabling simultaneous
measurements of up-to 1.5 million sources in one ex-
posure. Achieving ⇠ 1µas precision on many faint
stars at the same time, enables measuring accurate
distances and motions over the whole Galaxy (10%
precision in parallax at 100 kpc) and the halo. Working
at 1 mas, HIPPARCOS astrometry produced the first
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Summary of science cases with most stringent performance requirements set in each case. μN→∞ is 
the 0 systematic noise floor in proper motions caused by systematics errors in the reference frame. It 
strongly depends on the FOV and characteristics of the target (eg. distance).

Differential Measurement Astrometric uncertainty as a function the magnitude of target star for 
δtvisit = 10 hr and Nvisit = 10 compatible with specification in deep field mode. The value of σπ is 
a proxy for the end-of-mission astrometric precision.
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3D optical concept
Korsch 
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on-axis 

configuration
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Korsch symmetrical on-axis configuration
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An example of real telescope
• Assuming a 5-DoF mechanism on M2,  

- about +/- 1 µm error in position after calibration, 
few arcsec in tip/tilt (set 2 µm in X,Y and 2,5 arcsec 
in RX,RY) 

- Z(M1M2) = +/- 1 µm 
• Assuming very good mastering of M1 

machining/AIT/flight :  
- WFE aberration of M1 : Z4-Z15, ~equi-partition, so 

that : 
- WFE at image = 20 nm rms at center of FOV, 25 nm 

rms at edge (excluding high frequencies)   
• M3 : no positioning error (not very influent) 
• M2, M3 assumed negligible / M1 for the 

moment

➡ quite symmetric behavior, but some slight deviations, 
➡ importance of M2 lateral position combined with M1 coma.



Detector 
Calibration 

unit



Best results so far:
- IPAG/CNES: 2.8 10-4 pixels 
- JPL/VESTA: 10-4 pixels 

Proposed strategy to reach 
10-5 pixel calibration: 
100 independent positions, a 
space of ∼ 40 × 40 pixels for 
Nyquist-sampled centroids 



Performance assessment 
and error budget



Focal Plane Array  
Dectectors

ITEM VALUE
Pixel Number 4096 x 4096
Optical format 44 x 50 mm
Pixel size 10  x 10 um
Full well charge 100 Ke
QE > 90%
Number of outputs 1, 4, 16, 32 or 64
Max Pixel  rate readout rate up to 5MHz

Full frame rate (fast mode) 19  fps w 64 outputs !
@ 5Mpix/s/output

Dark Current (room temperature) 5-10 nA/cm
Readout noise < 10 e



Proposed mission profile

Launch date No constraints, allowing launch date in 2025
Orbit Large Lissajous in L2

Lifetime
• 3 years of nominal science operations 
• Technical operations: orbit transfer (3m), instrument 

commissioning (1m overlap +1m), decommissioning (1m) 
Concept Single spacecraft

Communication 
architecture 5Mbits/s, twice a week during a total of 4h

Main mission characteristics

- Mission Orbit: large Lissajous or Halo orbit at L2. 
- Launcher : Soyuz with the enhanced capacity version Fregat MT for 
the upper stage. 

- Duration: 3.5 years with a possible extended science operation (1yr)



A scalable mission

Small reduction of diameter would reduce cost and science 
but would NOT kill science, e.g. number of stars studied,…

(m) (m) (deg) (cm) (R mag) (µas) 0.5M⊕ 1 M⊕ 5 M⊕

NEAT plus 1.2 50 0.45 40 11.5 0.7 7 100 200
NEAT 1.0 40 0.56 40 11 0.8 5 70 200
NEAT light 0.8 30 0.71 35 10.5 1.0 4 50 200

EXAM 0.6 20 0.85 30 10.1 1.4 2 35 200

1M⊕ 10 M⊕ 50 M⊕

µNEAT (*) 0.3 12 0.6 15 11 10.2 2 25 200

# targets for a given mass limit

DMA = Differential astrometric Measurement Accuracy (rms);     (*) centroiding requirement relaxed to 4e-5

Mission 
name

Mirror 
diameter Focal length Field of view 

diameter
Focal Plane 

size

Ref. star 
mean 

magnitude
DMA in 1h

STEP

Theia



What to improve ?

• Better define the requirements on the science 
objectives (e.g. the calibration precision) 

• Optical design: investigate refractive optics or at 
least some glass plate (Ritchey-Chretien design) 

• Publish calibration results


