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Abstract. The James Webb Space Telescope was not even launched yet when the Astro2020 Decadal
Survey American report recommended the development of what is now called the Habitable World Observa-
tory, also mentioned by the Voyage 2050 European report. This future space telescope, at 11 billions dollars
and at least 6 m diameter, should allow, around 2040, the characterization of at least 25 exoplanets similar
to Earth and orbiting around main sequence stars, with the hope of discovering one where life could have
developed. This objective represents a technological challenge since it requires the design of spectro-imagers
able to access very high contrasts (10−8 − 10−10) at low angular separations (smaller than 100 mas). This
proceeding and the talk it is associated to address various obstacles that remain to be overcome in order to
one day allow HabWorld to reach its ultimate performance.
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1 Introduction

Every ten years, the National Academies of Sciences, Engineering, and Medicine (NASEM) publish recommenda-
tions for large science projects in various fields. In space astronomy for instance, the Chandra-X ray Observatory
and the Hubble Space Telescope followed the “Astronomy and Astrophysics for the 1980s” NASEM report, the
Spitzer Space Telescope issued from the 1991 “The Decade of Discovery in Astronomy and Astrophysics” re-
port, and more recently, the Next Generation Space Telescope, now known as the James Webb Space Telescope
(JWST), was recommended by the 2001 “Astronomy and Astrophysics in the New Millennium” report (Gard-
ner et al. 2023). In 2010, the “New Worlds, New Horizons” NASEM report recommended to push forward the
research in dark energy with the so-called Nancy Grace Roman Space Telescope (RST), a telescope that will
be launched around 2028. Its science goal was extended to the field of exoplanet imaging and characterization,
with the first detection of exoplanets in reflected light. It is now also equiped with a coronagraphic instrument
able to detect and characterize planets down to 200 − 300 mas from their host star and with contrasts down
to 10−8 − 10−9 (R ∼ 50 at 700 nm) (Bailey et al. 2023). In 2021, a new decadal report was released: the
“Pathways to Discovery in Astronomy and Astrophysics for the 2020s” recommended the development of the
so-called Habitable World Observatory (HabWorlds). This new large space mission should be able to charac-
terize 25 Earth-like planets with separations of 20 − 50 mas, contrasts down to 10−10 at mid to high spectral
resolution (200− 5000 at 500 nm) (Vaughan et al. 2023; Roberge et al. 2021; Gaudi et al. 2021, 2020).

With these two future space missions, the scientific requirements reach values that have never been accessed
before, from space and from the ground. As a comparison, they imply a gain in contrast of a factor 105, and
a gain in angular separation of a factor 20 compared to the JWST constraints. In addition to the difficulty to
access such extreme performance in perfect conditions, it is highly deteriorated as soon as conditions are non
perfect. As an example, one of the key phases in the JWST launch was the segment phasing of its primary
mirror: 18 hexagonal segments had to be aligned from a few microns to 30 nm RMS of aberration, a complex
operation that took one month to be completed. If HabWorlds, whose primary mirror will probably also be
segmented, is aligned down to 30 nm RMS, its contrast will be maintained over 10−6, far from its requirements.
Compared to the JWST or other telescopes, the technological breakthrough must concern both the absolute
performance and its robustness to realistic conditions.

This proceeding is dedicated to describing methods and tools that are developed or under development to
access high contrasts at small angular separations (section 2) and, despite non perfect conditions (section 3),
maintain such a performance over time and observation conditions (section 4).
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2 Performance: coronagraphy and wavefront control for (non) dummies

The access to high contrasts in exoplanet imaging or spectroscopy requires the assembly of multiple components,
set up in pupil planes, focal planes, or out of pupil planes. The general principle is illustrated in Fig. 1 and is
made of a coronagraph, which can be combined with a wavefront control system, with the ultimate objective
of removing the starlight in the area of interest of the detector plane.

Entrance pupil Apodizer DM DM FPM Lyot stop Detector

Fig. 1. Scheme of a typical high-contrast imaging system. Purple: components associated with coronagraphy, Green:

components associated with wavefront control. DM stands for Deformable Mirror and FPM for Focal Plane Mask.

The coronagraph is made of up to three passive components :
• An apodizer (pupil plane) that reshapes the wavefront to modulate its intensity in the focal plane,
• A Focal-Plane Mask (FPM) that blocks the starlight along the optical axis,
• A Lyot stop (pupil plane) to remove the high-order star signal, not stopped by the FPM.
The apodizer and the FPM, if they exist, can be amplitude or phase masks, and a large variety of com-

binations are possible depending on the type of masks. Fig. 2 (left) introduces a few of these combinations,
with no mention of the existence of a Lyot stop. For a more exhaustive list, please refer to Ruane et al. (2018).
Fig. 2 (right) also illustrates this diversity with three cases: 1) a shaped pupil (amplitude apodizer, no FPM,
no Lyot stop, see also Kasdin et al. 2003; Carlotti et al. 2011) optimized for a 18 segment pupil to dig a circular
1λ/D-large dark zone localized at 8.3λ/D, 2) an apodized pupil Lyot coronagraph (amplitude apodizer, FPM,
and Lyot stop, see also Aime et al. 2002; Soummer et al. 2006; N’Diaye et al. 2016) to access high contrasts
from 3 to 10λ/D, and 3) an apodized vortex coronagraph (amplitude apodizer, phase FPM, and amplitude
Lyot stop, see also Carlotti 2013; Fogarty et al. 2017) to access high contrasts from 3 to 10λ/D.
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Fig. 2. (left) Non exhaustive list of coronagraphs classified by their types of focal plane and pupil plane masks. (right)

Examples of coronagraphs and their associated coronagraphic images (no aberration added). The shaped pupil is taken

from Leboulleux et al. (2022d) and the apodized pupil Lyot coronagraph and the apodized vortex coronagraph from

Mazoyer et al. (2018a); N’Diaye et al. (2015); Fogarty et al. (2017). The focal-plane images are in logarithmic scales.

In addition of a coronagraph, a wavefront control system enables to reach higher contrasts at small angular
separations by reshaping the wavefront with one or two Deformable Mirrors (DM). One DM is set in a pupil
plane for phase control, but with one single DM, only half of the detector interest zone can be controled. A
second DM can be installed out of pupil plane to access amplitude control and a symetric dark area. Due to the
limited number of actuators, phase and amplitude are controlled with a small spatial sampling, which makes
this tool usable only for small dark zones at close angular separations: with a 34-actuators across the diameter
DM, the dark hole cannot go further than 17λ/D. More details, with the descriptions and references of the
diverse methods, can be found in Jovanovic et al. (2018) (see also figure 4 for illustration).
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3 Limitations

Coronagraphs, no matter their ultimate performance, are highly sensitive to unperfect conditions. Fig. 3
illustrates a few of them for space operations, in the case of a shaped pupil compatible with a 18 segment pupil
designed to access an ultimate contrast of 7× 10−9 between 6 and 13λ/D:

• When the pupil is complexified, for instance here with spiders added on the architecture: this is the reason
why HabWorlds is considered off-axis, to avoid a complex pupil with spider and central obstruction.

• With global tip-tilt misalignments (or pointing error or jitter): they are particularly problematic in case
of a FPM since the starlight leaks off the FPM at small angular separations.

• With phasing errors: on HabWorlds, a contrast of 10−10 imposes the phasing errors to remain below 10pm
rms, which is not accessible yet in labs.

• With a mask shift or misalignment.

Complex pupil Jitter Phasing error Misalignements

10 nm rms

No aberration

Roll 0.25% + spiders

𝐶~7×10!" 𝐶~3×10!# 𝐶~4×10!$ 𝐶~4×10!#𝐶~10!%

6 nm pv

Fig. 3. Examples of aberrations and their impact on the coronagraphic image with a 18-segment pupil combined with a

shaped pupil. From left to right: no aberration, spiders added on the pupil, tip or jitter (a FPM has been added in the

coronagraphic system), segment phasing errors, apodizer vertical shift.

The high-contrast and high-angular separation performance can then not be accessed without a robust
aberration mitigation. This mitigation can take two forms:

• Cure: diagnosing the sources of errors (wavefront sensing or WFS) and correcting them (wavefront sensing
or WFC) with adaptive components,

• Prevention: optimizing the instrument to make it insensitive to errors.

4 Robustness: prevention or cure?

4.1 Cure

Curing relies on two steps:
• a diagnosis of the aberrations or WFS. Reconstructing the errors, static or dynamic, is complex and several

methodologies and tools have been developed so far. They are not described in the proceeding and for more
information please refer to Jovanovic et al. (2018).

• a correction of the aberrations or WFC. Several methods have also been developed, all of them requiring
the use of adaptive components (Snik et al. 2018).

As phase control tools, DMs (Blanco et al. 2022; Bowens-Rubin et al. 2021) have been used since the
beginning of adaptive optics (Chauvin 2018) and can enable to compensate for the aberrations and recover
the performance. One of its latest application is the combination of two DMs and its use through the Active
Correction of Aperture Discontinuities to compensate for both aperture complexity (spiders) and phase errors
(segment phasing misalignements) on a space coronagraphic system (Mazoyer et al. 2018a,b). If DMs have so far
never been used in space (except on specific experiments on balloon missions, see Morgan et al. 2019), the Nancy
Grace Roman Space Telescope will be the first space telescope equipped of two deformable mirrors (Mennesson
et al. 2022). As an alternative for phase control, one can cite the spatial-light modulator (SLM) technology
(Kühn & Patapis 2022; Kühn et al. 2018) which can be used, between other applications, as a continuous and
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low- to high-order programmable pupil phase mirror, despite being limited by its requirement to reflect linear
polarized light. More recently, investigations have been ongoing to identify adaptive amplitude components.
The use of Digital Micro-mirror Devices (DMD) is currently under study: the component tested at IPAG, for
instance, is built as a matrix of small square mirrors that can be controlled in tip-tilt and flipped between two
positions, one of them used as a transmissive direction towards the detector, the other one rejecting the light
out of the optical system. It can then be used to get programmable binary apodizations (Carlotti et al. 2023;
Leboulleux et al. 2022a; Carlotti et al. 2018).

Fig. 4 illustrates the use of 1) two DMs to mitigate the impact of phasing errors in the coronagraph dark
region, 2) one DMD to recover the contrast in the coronagraph dark region despite missing segments.

2 DM control example DMD control example

Dark hole

DMD reflexion map

Fig. 4. Examples of aberration mitigation with adaptive components: 1) use of two deformable mirrors to recover the

dark hole despite segment phasing errors with the ACAD-OSM methodology (simulation from Mazoyer et al. (2018a)),

2) use of a DMD to recover the dark hole despite missing segments (experimental image from Carlotti et al. (2023)).

4.2 Prevention

An alternative approach is to create a high-contrast system that is passively blind to or robust to aberrations by
design, meaning optimized to remain performant (high contrast at small angular separations) despite a range
of aberrations. As aberrations have a high impact on the performance, the robustness is a key aspect of the
design study. Different methods have been proposed so far to increase the system robustness, combined with
different coronagraphs: to reduce the impact of low-order aberrations on vortex coronagraphs (Fogarty et al.
2020), scalar vortex coronagraphs (Desai et al. 2022), or apodized pupil Lyot coronagraphs (N’Diaye et al.
2015), or Lyot stop shifts on apodized pupil Lyot coronagraphs (Nickson et al. 2022).

Let’s focus on one example only, with a fully analytical construction: Leboulleux et al. (2018); Laginja et al.
(2021) introduce the Pair-based Analytical model for Segmented Telescopes Imaging from Space (PASTIS) to
evaluate the impact of phasing errors on the coronagraphic PSF and performance. In the PASTIS formula, a
specific factor appears, as a weight factor of all other factors: the PSF of one segment only. If this weight factor,
so the PSF of the segment, increases, then the contrast is easily deteriorated by segment-level aberrations. On
the opposite, if the PSF of the segment is minimal, then the contrast is less impacted by any segment-level
aberration. This assessment led to the Redundant Apodized Pupil (RAP) concept Leboulleux et al. (2022b,c):
optimizing the segment and multiplying this apodization to mimic the pupil segmentation enable to obtain a
high-contrast region that remains stable over a large range of segment-level aberrations, like segment phasing
errors. Fig. 5 illustrates this concept and its robustness for a 10−6-contrast dark zone between 5.5 and 12λ/D.

5 Conclusions

The field of high-contrast imaging is the environment of many ongoing studies, that could not be all covered
in this proceeding. The list of scientific requirements, with contrast and angular separations, is here far from
exhaustive, since the planet photon flux, spectroscopy, polarimetry, or compatibility to post-processing methods
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Fig. 5. Robustness of RAP design for segment-phasing errors on a Giant Magellan Telescope-like pupil (7 circular

segments): (left) two apodizing phase plate maps, with π-shift between black and white areas, the top apodizer is

classically optimized, the bottom one is redundantly optimized; (right) associated coronagraphic PSFs with increasing

segment phasing errors (figure from Leboulleux et al. (2022b)).

were not even mentioned so far. Even with these requirements left on the side, the future scientific and
technological ambitions for the Nancy Grace Roman Space Telescope and the Habitable Worlds Observatory
demand multiple and complex instrumentation developments and research. Between others (Laginja et al. 2022;
Mazoyer et al. 2019), in France, one can mention the development of several highly performant high-contrast
testbeds, such as the Très Haute Dynamique one (THD2, Potier et al. 2019), the Segmented Pupil Experiment
for Exoplanet Detection (SPEED, Martinez et al. 2023), the Marseille Imaging Testbed for High Contrast
(MITHiC, El Morsy et al. 2022), or the High Contrast Module testbed (HCM, Hours et al. 2022).

These developments are necessary to overcome the limitations of current instruments and access rocky
exoplanets. In space, the most efficient coronagraphs can currently not go deeper than contrasts of ∼ 10−5

at several hundreds of mas, and DMs have never been tested in space telescope, except for balloon missions.
The Nancy Grace Roman Space Telescope and the Habitable Worlds Observatory are then setting ambitious
objectives both in terms of science targets but also for first technological demonstrations.

The author thanks the SF2A organization committees (SOC and LOC) who made this conference a large success. She is also
grateful for the help and references provided by colleagues, including Marie Ygouf, Elodie Choquet, Johan Mazoyer, Mamadou
N’Diaye, Pierre Baudoz, and Alexis Carlotti.
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