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ABSTRACT

The Roman Space Telescope will be a critical mission to demonstrate high-contrast imaging technologies allowing
for the characterisation of exoplanets in reflected light. It will demonstrate 10−7 contrast limits or better at
3–9 λ/D separations with active wavefront control for the first time in space. The detection limits for the
Coronagraph Instrument are expected to be set by wavefront variations between the science target and the
reference star observations. We are investigating methods to use the deformablel mirrors to methodically probe
the impact of such variations on the coronagraphic PSF, generating a PSF library during observations of the
reference star to optimise the starlight subtraction at post-processing. We are collaborating with STScI to test
and validate these methods in lab using the HiCAT tested, a high-contrast imaging lab platform dedicated to
system-level developments for future space missions. In this paper, we will present the first applications of these
methods on HiCAT.

Keywords: Roman Space Telescope, Coronagraph Instrument, simulations, High-contrast imaging, Post pro-
cessing

1. INTRODUCTION

Thousands of exoplanets have been detected through indirect methods such as radial velocity and transit mea-
surements. However, studies aiming to detect and characterise Earth analogues around main-sequence stars will
require direct imaging observations, which face significant challenges due to the small angular separation between
the host star and the exoplanet, and the high planet-to-star flux ratio. Although coronagraphs and high-order
wavefront sensing and control (HOWFSC) have been demonstrated under laboratory conditions and in ground-
based observatories, their performance is primarily limited by absorption features in certain band-passes and
atmospheric turbulence.

The James Webb Space Telescope (JWST) undoubtedly has a significant advantage in wavelength coverage
from λ >3 to the mid-infrared range, owing to its stability and space-based environment. Work led by Carter1

demonstrates how JWST enables deeper atmospheric characterisation with the Mid-Infrared Instrument (MIRI)
and Near-Infrared Camera (NIRCam), although JWST’s high-contrast capabilities could be enhanced by reducing
residual starlight at close separations.2

Post-processing algorithms, such as KLIP3 aim to completely remove such residuals and bring the detection
down to the photon noise level at close separations. In addition to post-processing algorithms, there are observing
strategies to introduce image diversities for high-contrast image post-processing, including Angular Differential
Imaging (ADI),4 Reference Differential Imaging (RDI),5 and Coherent Differential Imaging (CDI).6,7, 8 Most of
these methods were developed for ground-based telescopes and utilise image diversity to build empirical point
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spread function (PSF) models. With post-processing, the current detection limits are typically at ≈ 10−6 for
JWST and ground-based imagers.

The launch of the Nancy Roman Space Telescope will be a key milestone in direct imaging, as it will be the
first equipped with an advanced coronagraph, featuring deformable mirrors to perform wavefront control and
sensing.

The Roman Coronagraph is expected to be capable of detecting reflected visible light from mature, giant
exoplanets and performing characterisation, owing to the novel implementations of wavefront control in space.
Acting as a technological demonstration, the Roman Coronagraph is anticipated to bridge the gap between
current high-contrast imaging capabilities and those expected for future missions such as the Habitable World
Observatory (HWO), recommended by the decadal survey to image Earth-like planets. The Roman Coronagraph
is expected to achieve a contrast level of 10−7 at 6 - 9 λ/D (minimum requirement9), with HOWFS and control
algorithms, including Electric Field Conjugation (EFC)10 combined with Pair-wise Probing,11 to attain the
desired level of contrast. However, the contrast attained is expected to degrade when HOWFSC is not active
during the observing phase, while low-order wavefront sensing and control operates at 2 mHz.

The baseline post-processing method to remove the residual starlight in the dark zone and mitigate the effects
of wavefront errors (WFEs) is to use classical RDI or RDI-PCA subtraction to disentangle astrophysical signals
from quasi-static speckles. The Roman Coronagraph presents an ideal opportunity for demonstrating novel
observing strategies and post-processing techniques that incorporate telemetry data in high-contrast imaging.
The objective of this project is to develop calibration methods using Deformable Mirrors (DMs) and examine their
effects on coronagraphic Point Spread Functions (PSFs). In this paper, we discuss the upcoming implementation
and demonstration of such post-processing techniques in a lab environment.

2. IMPLEMENTATION ON THE HICAT TESTBED

Figure 1. The HiCAT layout reported in the SPIE proceeding in 2022 by the HiCAT team.12

Our focus is on demonstrating coronagraphic PSF calibrations with DM probes for space-based telescopes.
Given that such a facility does not exist, optical benches like the HiCAT (High Contrast Imager for Complex Aper-
ture Telescopes) serve an important role when it comes to technological demonstrations and validations.Figure
1 shows a schematic of the HiCAT testbed.

2.1 Brief Overview of HiCAT

The HiCAT testbed is a specialised facility featuring on-axis segmented apertures designed for system-level high-
contrast imaging experiments under ambient conditions. It is equipped with a Zernike Wavefront Sensor (WFS),
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which enables it to maintain dark hole quality while compensating for low-order drifts. For HOWFC, focal-plane
wavefront sensing is implemented, using the pairwise probing and stroke minimisation algorithms. Mid-order
WFC was implemented this year, detailed in.13 As detailed in the SPIE proceeding in 2024,13 the testbed
routinely achieves 2.5 × 10−8 in narrowband (3 % at λ = 680 nm) with an Apodised-Pupil Lyot Coronagraph
at 4.4 - 11 λ/Dpupil, where the typical contrast in broadband (9 % at λcentred = 680 nm) 6× 10−8. These dark
holes can be created within a few minutes starting from uncontrolled deformable mirrors (DMs).

The HiCAT testbed is operable and scriptable via Python, complemented by a Graphical User Interface (GUI).
The backend and communication layer, CATKit2,14 are implemented in C++ to facilitate faster connections
between ’services’, defined in CATKit2. Besides controlling the testbed, the GUI allows users to monitor the
status and output of various services on the bench. Experiments such as broadband Electric Field Conjugation10

(EFC) can also be initiated through the GUI. The latest update regarding the results and the performance of
HiCAT are reported in this SPIE.13

In order to prepare demonstrations on the hardware, HiCAT has a digital twin that simulates to a high
level of accuracy the actual hardware implementation, including the instrument propagation model, using the
Python-based HCIPy15 package. This is used to develop and test experiments before safely deploying them on
the testbed.

2.2 Designing Experiments to be Tested on HiCAT

As part of the ESCAPE (Exoplanetary Systems with a Coronagraphic Archive Processing Engine) project, the
objective is to develop and demonstrate improvements in starlight subtraction through post-processing methods
that utilise hardware in high-contrast imagers. To prepare these methods for high-contrast imaging in space, we
first implement the observing sequence on the testbed, examining its performance with active WFS and control
(WFS&C) and establishing baseline performance using classical post-processing techniques. By doing so, we
assess the impact of the injected modes with the DMs on the coronagraphic Point Spread Functions (PSFs) and
determine whether these maps can aid in calibrating the coronagraphic PSFs during post-processing. Figure 2
illustrates our proposed methodology for enhancing current post-processing techniques.

Figure 2. Methodology of injecting calibration probes during reference acquisition.
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Figure 3. Schmematic of the contrast evolution during the observing sequence.

To investigate the key components for improving starlight subtraction, we first adapt the observing sequence
from the Roman Coronagraph into experiments to be conducted on HiCAT. These experiments are designed using
the digital twin of HiCAT, developed by the STScI team. Figure 1 presents a schematic of the experimental setup.
Following the procedures of the Roman Coronagraph, the experiment is segmented based on specific operations.
Hence, a dark hole is created by performing EFC, followed by reference PSF acquisition. Subsequently, additional
wavefront errors are added on the DM to simulate the wavefront drift associated with the telescope slew to a
science target, and planets are injected into the sequence using DMs to simulate potential detections at varying
contrast levels. To replicate the procedures employed on the Roman Coronagraph, additional wavefront errors
are also added to simulate the telescope roll done during the science observation to introduce angular diversity.

During the process of digging the dark hole, we save the results from the estimator and the controllers, as
well as the shapes and commands of the deformable mirrors, along with the coronagraphic PSFs. This same
information is saved during the science acquisition stage.

By studying the response of the coronagraphic point spread functions to the injected modes and acquiring
such telemetry data, we aim to use this information to build libraries for calibrating PSFs during post-processing,
utilising deformable mirrors for space missions. Thus far, using the HiCAT Digital Twin, we have successfully
created the dark hole with the targeted contrast and implemented the sequence with planet injections with-
out additional aberrations and rolling between targets using the numerical simulator. The next steps include
introducing a roll angle between each science observation.

3. CONCLUSION AND PERSPECTIVES

In the coming months, we will introduce additional, controlled aberrations in the numerical simulator, then
commence our experiments on the real hardware testbed to investigate the impact of DM probes on the corona-
graphic PSFs. Subsequently, we will assess how combinations of probes affect the focal plane image, determine
whether we can recover planets when the planetary signal is faint. If possible, we will also incorporate low-order
WFS&C.
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Alongside these experiments, we will begin developing PSF calibrations within post-processing methods and
compare the results with classical post-processing techniques such as PCA and RDI. To apply sensor fusion
in post-processing, we will develop telemetry classes for the experiments and start creating libraries using the
experimental results.
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