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ABSTRACT

The search for biosignatures in potentially habitable exoplanets is one of the major astrophysics’ drivers for the
coming decades, and the prime science goal of the HWO NASA mission, a large UV-Optical-IR space telescope
to be launched in the 2040s. To reach this goal, it will be equipped with state-of-the-art high-contrast spectro-
imaging capabilities enabling the detection of exoplanets 10'° times fainter than their host stars, a formidable
challenge given today’s best detection limits at ~ 10~ contrast levels. This goal puts stringent constraints on the
entire observatory, and demands the optimization at the system level to leverage the performance of individual
sub-systems. However, while image processing techniques are a key asset to reach the ultimate performance, the
science and technological definition of the mission concepts mostly rely on the coronagraph and wavefront control
to reject the starlight, assuming a conservative gain of ~ 10 in sensitivity from image processing, extrapolated
from performance obtained with classical techniques on Hubble observations. In the ESCAPE project, we
investigate integrated solutions for optimizing the observing methods and data processing techniques with future
space telescopes, making use of their wavefront sensors and deformable mirrors. The Roman Space Telescope,
scheduled for launch in 2026, will be a critical milestone to demonstrate key technologies ahead of HWO with the
Coronagraph instrument, and is thus a unique opportunity to also test and validate innovative image processing
techniques. Here we present the rational, methodology, and timeline of the ESCAPE project.

Keywords: Exoplanetary Systems, High-Contrast Imaging, Roman Space Telescope, Coronagraphy, Image
processing

1. INTRODUCTION

Determining the frequency of life in the Universe is one of the greatest challenges of the next decades. While
the frequency of Earth-like planets has been constrained by exoplanet transit detection missions,"? determining
the diversity of their atmospheric composition, the frequency of habitable conditions, and the existence of exo-
biosignatures entails the spectral characterization of dozens of temperate rocky planets (“exoEarths”). This
is best achieved with direct observations of the exoplanet itself in order to reach the necessary signal-to-noise
ratio (S/N) in a reasonable observing time. To this goal, following the US National Academies’ recommendation
from the Astronomy and Astrophysics 2020 (Astro2020) Decadal Survey,® NASA has prioritized a large UV-
optical-IR telescope, the Habitable World Observatory (HWO), as its next flagship astrophysics mission after
the Roman Space Telescope, to be launched in the 2040s. This observatory will be equipped with state-of-the-art
high-contrast spectro-imaging capabilities, with as prime science goal to directly image a minimum sample of 25
exoEarths and study their atmosphere in reflected starlight.

Reaching this goal implies being able to distinguish sources 107'° times fainter than their host star? at
only 50-100 mas separation for an exoEarth at 10-20 pc distance, i.e. ~ 3 — 6 resolution elements (A/D)
away from the star center image with a 6m-diameter telescope at A = 500 nm. This represent a tremendous

Contact author: elodie.choquet@lam.fr



technical challenge, 5 orders of magnitude better than the typical detection limits of current state-of-the-art
high-contrast imagers (e.g. contrast limits of 1 — 5 x 1075 at 5 \/D separation with the SPHERE-IFS,> GP1,°
and JWST-NIRCam instruments”). To reach this goal, HWO will be equipped with state of the art technologies
for high-contrast imaging, that are currently investigated and will be further developed in the coming years as
part of the Great Observatory Maturation Program (GOMAP). Critical aspects include telescope architectures,
coronagraph designs, deformable mirror technologies, low order wavefront sensing and control, focal plane high-
order wavefront sensing and dark hole algorithms, and photon-counting detectors. These technologies must also
be optimized altogether at the system level, so that ultimately, after propagation from the telescope primary
mirror down to the science focal plane, the optical wavefront is stabilized down to ~10 pm rms, an extremely
constraining requirement necessary to reach 107!° raw contrast limits.3 19

In this technology roadmap, developing and optimizing image post-processing techniques can be a key asset.
Last pillar of the high-contrast imaging process, post-processing makes use of all relevant existing data to dis-
entangle a posteriori the planet signal from the remaining stellar contamination in the science data, effectively
pushing exoplanet detection limits beyond the instrument raw contrast limits. Post-processing algorithms are
strongly aided by clever observing strategies, that must be also optimized to acquire the best flight data to cali-
brate the residual stellar contamination in the science datasets at the post-processing stage. Post-processing is an
active field of research both for ground-based and space high-contrast imaging observations (e.g. ref. 11-15), yet
the science and technological definition studies for the HWO precursor concepts (LUVOIR, HabEx) provisioned
a conservative gain of 10x from post-processing in the contrast limit budget, expected from classical techniques
optimized for the passive Hubble and James Webb space telescopes'® ' (Classical RDI or ADI). Developing
better post-processing methods, with observing strategies optimized for specifics of HWO observations, has the
capacity to better model and remove the fluctuating residual starlight and improve its detection limits. This
could in turn either improve the mission exoplanet yield or relax its stringent picometer-level stability constraints.

In the meantime, the next NASA astrophysics mission, the Nancy Grace Roman Space Telescope (here-
after Roman), planned for launch late 2026 to early 2027, includes the Coronagraph instrument, which will
demonstrate high-contrast imaging operations with a number of state-of-the art technologies.?’ Specifically,
the Roman Coronagraph is equipped with nanometer surface error super-polished mirrors,?! optimized corona-
graphic masks,?? a Zernike low-order wavefront sensor (LOWFS),2? two 48 x 48 actuators deformable mirrors
(DMs), and a photon-counting EMCCD detector, all key technologies for the HWO design studies. In particular,
the Roman Coronagraph will demonstrate high-order wavefront control for the first time in space thanks to its
two DMs, using pairwise probing and electric field conjugation®*2> (EFC) to create a “dark zone” optimized
for very high-contrast limits at short separations from the star. It is tasked to demonstrate 10~7 contrast limits
at 5o in a 6-9\/D area from a star in a broad 10% bandwidth centered at A = 575 nm (threshold technical
requirement, “TTR5”), but is in fact designed to reach better than 10~8 contrast limits in the same bandpass
and within 3 to 9\/D from the star.?® These unprecedented detection limits will enable for the first time the
visible reflected-light atmospheric characterization of giant exoplanets orbiting main sequence stars on similar
spatial scales as the solar system (5-10 au).?” As such, the Roman Coronagraph is also a unique opportunity to
test and demonstrate innovative observing strategies and post-processing methods adapted to such unexplored
contrast levels and state-of-the art technologies, ahead of the definition of the HWO mission.

The ESCAPE project (Exoplanetary Systems with a Coronagraphic Active Processing Engine) is an ERC
program funded from 2022 to 2027 by the European Union to develop observing strategies and post-processing
techniques optimized for the future exoplanet high-contrast imagers in space, improve their detection limits, and
allow for the detection and characterization of a larger sample of nearby exoplanets. In particular, it will explore
how the active components, wavefront sensors and deformable mirrors, new to these future space missions, can
be used to optimize the detection limits at post-processing. The goal of the project is to develop these methods
in time for operations with the Roman Coronagraph, and demonstrate them on-sky during its allocated 90 days
of science observations, to serve for future developments for the HWO mission. In this paper we provide an
overview of the ESCAPE project, detailing its methodology and current status in Sec. 2.



2. OVERVIEW OF THE ESCAPE PROGRAM
2.1 Rational and Objectives

While being an active field of research, post-processing methods are dissimilarly developed for ground-based
vs. space exoplanet imagers. While both type of facilities started by using classical Reference star Differential
Imaging (RDI) as a starlight subtraction method,?®2° ground-based observations quickly develop dedicated
observing strategies (short exposures, ADI,*® SDI?!) and advanced starlight modeling algorithms (e.g. LOCI??)
in order to mitigate the speckle noise resulting from first generation of adaptive optics systems.?* 3> The advent of
second-generation extreme adaptive optics systems, with dedicated high-order wavefront sensors and deformable
mirrors has triggered interesting new post-processing methods that make use of the unprecedented wavefront
and image stability (e.g. 36). In particular new methods using the deformable mirrors and sensor telemetry to
estimate a posteriori the stellar intensity distribution or the coherent electric field and subtract it from the science
data have emerged (e.g. LOWFS telemetry + focal plane image dictionaries'!'37) and, for some, been tested on
sky (e.g. CDI'®). Still, on ground-based telescopes, these methods remain limited to a few 10~ contrast limits
at best within 15 \/D,'5 several orders of magnitude above the contrast regimes of the Roman Coronagraph and
HWO.

In space, classical post-processing techniques (RDI and roll subtraction®) have remained the only starlight
subtraction methods for HST coronagraphic observations until quite recently. The development of archival
reference star libraries® 42 ultimately significantly improved the detection limits, as they provide enough PSF
realizations to sample the wavefront diversity of the instrument over its entire lifetime and allow to optimize
the starlight subtraction in any science dataset at any point in time with the help of advanced post-processing
algorithm (e.g. PCA*3). This method, while being particularly successful (see e.g. 44-49), is relatively inefficient
as it requires to accumulate reference star observations for many cycles/years to finally provide enough image
diversity to achieve a significant gain over classical subtraction techniques that use contemporaneous reference
star observations. A smarter observing strategy was later developed, the small grid dither method,'?°%%! which
uses the Fast Steering Mirror (FSM) to methodically sample the coronagraph response to tip-tilt misalignment
during the reference star observations contemporaneous to the science target visits. This method proved to be
particularly efficient for instruments where tip-tilt pointing errors are the dominating contrast limitation, and
it doesn’t require to wait for many observations to randomly sample the tip-tilt error parameter space. This
observing method is now also the default for JWST coronagraphic observations.” 14

Having high-order deformable mirrors and wavefront sensors in space opens new prospects to build upon
these previous works and to push observing strategies and post-processing techniques to 10~ contrast limits and
beyond. Yet, the baseline observing strategy and post-processing algorithms planed the Roman coronagraph are
still based on classical or PCA RDI, with standard reference star observations interleaved between science target
visits once the dark hole has been generated with EFC.2” The goal of the ESCAPE program is to develop such
“active” post-processing techniques and to implement them on the Roman coronagraph, in order to demonstrate
a gain on sensitivity limits over the baseline classical techniques. Demonstrating such an improvement would
then allow to observe and characterize a larger sample of Jovian exoplanets known from radial velocity (RV)
surveys, that are otherwise just at the sensitivity limits of the expected performance of the Roman coronagraph
(see Fig. 1). Furthermore, it would provide critical information to feed the technical and science definition of
HWO, possibly contributing to relaxing some of its stability constraints.

2.2 Methodology

The methodology of the ESCAPE program to develop these active methods follows two axes in parallel: 1/ use
existing high-contrast imaging facilities (in particular JWST) to learn their limits with classical post-processing
techniques and to push these limits using the telemetric measurements, and 2/ prepare for Roman coronagraph
operations by developing observing strategies using its high-order deformable mirrors. In Fig. 2, we outline an
integrated strategy combining both approaches that would be well adapted to Roman Coronagraph operations.
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Figure 1. Median detection limits of state-of-the-art instruments on the ground (SPHERE,® purple line) and in space
(JWST,? orange), and expected limits for the future active space instruments (Roman Coronagraph and HWO). The
red square markers feature the self-luminous young giant planets discovered with ground-based high-contrast imagers in
the near-infrared. The triangular markers indicate RV-detected Jovian planets that are within the expected detection
limits of the Roman coronagraph (in green) and those just below these limits (in gray). In blue we highlight the two
objectives of the ESCAPE project: push the detection limits of the Roman coronagraph to detect and characterize the
Jovian planets at its detection limits, and inform the design of the Habitable World Observatory with improved post-
processing techniques tested on Roman. Solar system planets as seen at 12 pc are indicated for comparison. Adapted
from https://github.com/nasavbailey/DI-flux-ratio-plot.?”

2.2.1 Learning from JWST and using telemetric measurements

On the first axis, we are currently investigating the capabilities and limitations of the coronagraphic modes
on JWST, space telescope that is not equipped with close-loop wavefront control but still shares the same
extremely stable environment at L2 as Roman and HWO. In particular, we are using GTO data (GTO 1241, PI
M. Ressler) to learn the behavior, systematics, and science performance of MIRI coronagraphy on 4 science targets
with known substellar companions probing different contrast regimes, while constraining their atmospheric and
physical properties with the mid-infrared photometric measurements. Results on the first target of this program,
HR 2562 B, will be soon published in Godoy et al. 2024a (accepted in A&A).

In parallel, we are investigating the fundamental limits of NIRCam coronagraphy, set by the photon noise,
detector noise, and calibration noise sources, to compare them with the detection limits achieved after starlight
subtraction with state-of-the-art post-processing techniques (small-grid dither strategy, RDI, PCA). Using public
cycle 1 NIRCam coronagraphic programs (commissioning,®* ERS,” and DDT?> data), Godoy et al. 2024b
(these proceedings) used both an analytical and an MCMC-based noise propagation approach to estimated the
theoretical noise limits in these datasets, and demonstrated a gap of a factor of 5 to 10 within 1” separation
between the measured post-processed detection limits and the photon noise limits. This indicates that the current
PSF subtraction methods are not yet optimal and still leave important starlight residuals at short separation,
even at 1079 contrast levels. This also opens prospects for improving these detection limits with better post-
processing methods, already for JWST observations and without waiting for Roman coronagraph.

In particular, while not performing real-time wavefront control in closed loop, JWST still carries out regular
wavefront measurements every 2-3 days through phase retrieval with the NIRCam instrument.?®%” These
telemetric measurements can readily be used to inform and improve image processing methods and to push
detection limits. As part of ESCAPE we are now investigating how they can be used to create a hybrid PSF
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Figure 2. Proposed observing strategy and post-processing strategy for Roman Coronagraph operations. After the
dark hole is created, high-order mode dithers are applied on the DM during the reference star observations and the
corresponding science camera (EXCAM) images and low order wavefront sensor measurements are saved. After the
science target observations, the science camera images are compared to the high-order mode dithered reference star image
library using PCA-type algorithms to produce a custom speckle pattern that matches the science observations. This
approach is a generalization of the tip-tilt and low-order mode dithers tested on JWST'® and Subaru'!!? to high-order
modes within a dark hole. In complement, the low-order wavefront sensor telemetry can be used to further inform the
speckle pattern model by down-selecting or excluding specific images from the dither library depending on how they
match with the science target telemetry. Simulated images and modes from 26,53

library, built with both empirical reference star images and WebbPSF-generated synthetic images, to improve
post-processed detection limits. These development will also benefit to future Roman coronagraph observations,
as low-order wavefront sensor and pairwise probe measurements will also be available a posteriori for the post-
processing steps.

2.2.2 Developing high-order mode dithering strategy for the Roman coronagraph

In parallel, on the second axis, we are investigating observing strategies making use of the deformable mirrors to
improve detection limits, in particular in the context of the Roman Coronagraph. Specifically, we are exploring
how the tip-tilt dither strategy adopted on HST and JWST can be generalized to higher order aberrations using
the Coronagraph DMs. While pointing errors are the main contrast limitation with the HST/BARS and with
the NIRCam and MIRI coronagraphs on JWST, which explains the efficiency of the tip-tilt dither method, the
limiting factors on the Roman Coronagraph are expected to be set by variations of higher order aberrations.
Indeed, on the one hand, tip-tilt errors will be corrected in real time at 20 Hz and low order aberrations up
to Zernike mode Z11 at 2 mHz, and on the other hand, the higher order aberrations are only corrected during
the observations of the reference star and are left evolving in open loop during the observation of the science
target.?6:27:5% Regular updates of the high-order modes corrections are performed by interleaving reference star
visits during science target observation (DM touch ups), updates that are calculated at the Science Support
Center at IPAC to offload the spacecraft flight control system (ground-in-the-loop control scheme, GITL). This
setup favors significant redistribution of the speckle pattern in the dark zone at every touch up, owing to the
phase and amplitude aberrations evolution and to the deferred correction calculations of the GITL control,?%
which will impede the performance of classical post-processing techniques. Furthermore, finding reference stars
suitable for the wavefront sensing and control and for the PSF subtraction (bright V' > 3 single star, less than
1 mas angular diameter, within a small delta pitch from the science target to minimizing thermal variations...)
is expected to be particularly challenging (Wolff et al. 2024, these proceeding). Relaxing some of these criteria
would induce further speckle mismatches between the reference star and the science target acquisition, and also



reduce the efficiency of classical RDI techniques.

In this context, observing strategies that anticipate on these high-order modes variations between the refer-
ence star and the science target acquisition are of great interest to optimize post-processing performance. The
generalization of the small grid dither strategy to high order modes is a robust and methodical approach to do
S0, as it allows to measure the response of the dark zone to pre-calibrated errors while optimizing the time spent
on the bright reference star. This method could also relax some constraints on the reference star selection while
maintaining the nominal post-processed performance.

To investigate this method and optimize its definition (optimal modes to use, amplitude and frequency of
the dithers...), we have developed an end-to-end simulation pipeline, CAPyBARA (Altinier et al. 2024, these
proceedings), that includes optical propagation through a coronagraph in a space environment, EFC wavefront
control, and image post-processing. The pipeline is currently set up to mimic the Roman Coronagraph, which will
enable us to simulate an observing sequence that includes the high-order dither strategy, compare its performance
with classical RDI observing strategies, and optimize its parameters.

In addition, we are collaborating with the HiCAT team at STScI (PI R. Soummer) to demonstrate these
methods in a representative lab environment. The HiCAT testbed®® %" has been designed precisely to address
system-level strategies for high-contrast imaging with complex-aperture space telescopes, in particular multi-stage
wavefront control architectures. It routinely achieves 6 x 10~® raw contrast limits in broadband visible light (9%
bandwidth around A = 680 nm) within 4 to 11\/D separations, a performance level very comparable to what will
be achieved with the Roman Coronagraph. As such, it is an ideal facility to test and demonstrate our observing
strategies before a possible implementation on the Roman Coronagraph. We are currently developing our high-
order dither strategy using the digital twin of the HiICAT testbed®! before an upcoming first implementation on
the hardware at STScl (Lau et al. 2024, these proceedings).

2.3 Timeline

Our goal as part of the ESCAPE project is to develop these methods in time for an implementation on the
Roman Coronagraph for an on-sky demonstration. To reach these goals, we are pushing the development of
these methods both through numerical simulations (2022-2025) and lab demonstrations (2024-2027), and we
plan to implement them on Roman as “Guest Algorithm” after launch in 2027 during the 90-day observing
phase after the commissioning of the Coronagraph. If successful, we hope to improve the detection limits below
10~? with these post-processing methods, giving access to the atmospheric characterization of a larger sample
of mature nearby giant planets.

3. SUMMARY

In summary, the ESCAPE project aims at developing observing strategies and post-processing methods making
the best out of future high-contrast imaging instruments in space, equipped with state-of-the art wavefront
control systems. In particular, we investigate how to use the sensors telemetry and high-order mode dithers on
the deformable mirror during the reference star observations to improve the post-processing performance over
classical methods. To do so, we use existing data from JWST to test the limits of post-processing methods on
instruments not equipped with active wavefront control, and we develop both numerical simulations and lab
demonstrations representative of the Roman Coronagraph observations. We plan to implement the high-order
dither strategy as guest algorithm on Roman, in order to test it and demonstrate its performance in 2027 after
launch. If successful, these new methods could improve the expected detection limits and lead to the detection
and characterization of additional nearby giant planets. Such a demonstration would also inform the design and
definition of the HWO mission, by possibly relaxing some of its stability constraints.
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