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ABSTRACT

The James Webb Space Telescope (JWST) and its suite of instruments, modes and high contrast capabilities will
enable imaging and characterization of faint and dusty astrophysical sources’® (exoplanets, proto-planetary and
debris disks, dust shells, etc.) in the vicinity of hosts (stars of all sorts, active galactic nuclei, etc.) with an
unprecedented combination of sensitivity and angular resolution at wavelengths beyond 2 pm. Two of its four
instruments, NIRCam*® and MIRI,® feature coronagraphs”™® for wavelengths from 2 to 23 pm. JWST will stretch
the current parameter space (contrast at a given separation) towards the infrared with respect to the Hubble
Space Telescope (HST) and in sensitivity with respect to what is currently achievable from the ground with the
best adaptive optics (AO) facilities.

The Coronagraphs Working Group at the Space Telescope Science Institute (STScI) along with the Instruments
Teams and internal/external partners coordinates efforts to provide the community with the best possible prepa-
ration tools, documentation, pipelines, etc. Here we give an update on user support and operational aspects
related to coronagraphy. We aim at demonstrating an end to end observing strategy and data management chain
for a few science use cases involving coronagraphs. This includes the choice of instrument modes as well as the
observing and point-spread function (PSF) subtraction strategies (e.g. visibility, reference stars selection tools,
small grid dithers), the design of the proposal with the Exposure Time Calculator (ETC), and the Astronomer’s
Proposal Tool (APT), the generation of realistic simulated data at small working angles and the generation of
high level, science-grade data products enabling calibration and state of the art data-processing.

Keywords: JWST, coronagraphy, high contrast imaging, exoplanets, user support, NIRCam, MIRI

1. INTRODUCTION

This paper exposes the suite of current and foreseen tools to optimally plan observations with the JWST high
contrast imaging® (HCI) modes, specifically Coronagraphy with NIRCam and MIRI. It is our roadmap to help
maximize the science return shortly after launch (currently planned on March 31 2021). We want our teams
as well as the community to be prepared to efficiently analyze and interpret the data and we want to be sure
that the time spent taking science data and calibrations is well spent, yielding the best possible results with
the least possible overheads. We surely do not wish to exhaustively list all the existing ressources but we
do include some (blue) hyperlinks to the relevant tools and their documentation,'? in particular the ones in
development/maintenance at STScI to help the reader navigate.

We do not present any performance assessment or predictions as this has been largely covered by passed
Perrin et al. contributions'' ' but rather focus on the building blocks and tools for the user community and on
how people can find relevant information and how the blocks are associated to each other. We start by presenting
shortly the coronagraphic modes and capabilities as well as the baseline PSF subtraction strategies. Then we
present a few guidelines on how to best plan observations with the few given specific tools. Finally we show our
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current work in simulations and our attempt to produce an end to end (E2E) cookbook which will allow us and
the users to experiment with realistic data and run the official data reduction pipeline on specific science cases.
As this is still work in progress, we, the Coronagraphs Working Group (CWG) give a few directions to how we
see this E2E approach improve and evolve. The most recent work on realistic JWST coronagraphs’ performance
via updated (with the latest ground tests) optical modeling is described in Perrin et al. 2018'** and discussed
briefly in the section 7.

2. CORONAGRAPHY ONBOARD WEBB

15719 35 it enables long-term astrometric followups of exo-
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Direct, high contrast imaging is a powerful technique
planets and brown dwarfs companions and the model-independent determination of their dynamical masses.
The spectro-photometric characterization with direct imaging leads to atmospheric characterization of atmo-
sphere and the measurement of the spectral energy distribution and effective temperature of all sorts of objects.
Associated with diffraction limited angular resolution, it permits morphological studies. Combined with mid to
high resolution integral field spectroscopy (IFS) HCI can also lead to spectro-astrometric studies?!>?? or molecular
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Figure 1. Distribution of the instruments’ field of view at the focal plane of JWST. NIRCam in the center and MIRI on
the top right corner each feature 5 and 4 coronagraphic masks, respectively. The non-coronagraphy modes are greyed
out for lisibility. Examples are given of simulations done with WebbPSF (credit: Marshall Perrin) to display on-axis PSF
with/without coronagraphic optics for the 4 families of coronagraphs.

*Contribution ”Updated optical modeling of JWST coronagraph performance contrast, stability, and strategies” by
Perrin et al. 2018 10698-8" (including a video) at this same conference
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JWST Coronagraphy will enable a whole new parameter space with unprecedented sensitivity and contrast in
the near and mid infrared in the footsteps of what ”Hubble” has achieved at shorter wavelengths and in great
synergy with was is achievable from the ground. Very attractive to study the birth of stars and protoplanetary
systems and isolate and characterize giant exoplanets, it will also be used to reveal faint extended emission
and structures around dying stars as well as in the circumnuclear environments of active galactic nuclei (AGN)
when they can be spatially resolved, probing the connection between star-formation and outflows powered by
the central supermassive black holes.

Fig. 1 displays how the focal plane and field of view (FoV) of the JWST is physically used of the 4 scientific
instruments of JWST (MIRI, NIRCam, NIRSpec, and NIRISS) as well as the Fine Guiding Sensor (FGS). To em-
phasize on coronagraphy, we greyed out all the instrument modes which do not feature coronagraphs. NIRCam
and MIRI have 5 and 4 combinations of occulter + Lyot stop (what makes a coronagraph), respectively. Here
we display one the Imaging PSF, focal plane mask (occulter) and Lyot stop geometry as well as the on-axis
(occulted) PSF for each family of coronagraphs: the round mask and long wavelength bar for NIRCam at 3.3 pm,
the Four-Quadrant Phase Mask (4QPM, occasionally called FQPM) at 11.4pum and the ”big” Lyot mask for
23 pm operations with MIRI.

2.1 Baseline, recommended observing strategy

When considering using any of the coronagraphic modes, many parameters come into play. JWST coronagraphy
enables the deepest contrast in the close vicinity of a source but it is not cheap in execution time. Its use should
therefore be 100% justified by the science case. For moderate contrasts (~ 1072 to 10=%) and/or for point source
detections well in the background limited regime (say > 2”away from the central object), it might be wise to
opt for simple imaging (and eventually perform PSF subtraction or deconvolution when possible). For moderate
contrasts at very short separations, smaller than the nominal inner-working angle (IWA) of a coronagraphs at
a given wavelength (< 5pm), one can eventually consider using the Aperture Masking Interferometry (AMI)
mode?® offered with NIRISS.

Coronagraphy on JWST is costly because - in most cases - it requires a observing sequence that mitigates
the performances degradation inherent to the thermal drifts and imperfect target acquisition centering that lead
to wavefront and PSF variations. We thus recommended to use 2 subsequent rolls on a science target and
then slew and to observe a PSF reference star, ideally with several small-grid-dither (SGD'°) pointings (3, 5 or
9-point). These three observations should be gathered in a non-interruptible sequence in APT. This strategy is
recommended?® to guarantee two independent optimal PSF subtraction options. The maximum roll angle being
=+ 5°depending on the target coordinates and time of the observation, the two roll angles provide optimal results
at large separations (typically 1”and further) but not so much in the speckle limited regime around the mask.

The Reference Differential Imaging (RDI) approach provided by the subsequent observation of a bright (as
bright or brighter than the science target) PSF reference star with similar spectral property in principle should
allow one to reach to reach the IWA of any given coronagraph and the lowest level of self subtraction of the
astrophysical signal of interest in the speckle limited regime (typically within 1”). For MIRI’s longer wavelengths
(for which small wavefront errors matter less), the strategy should suffice.

Especially that the early stages, we recommend to follow this baseline strategy to ensure a good recovery
of wavefront errors and hence the contrast as if in an ideal case (typically what the official ETC provides). The
observations of the PSF references would in the future populate a large reference library that in turn could be
used to achieve the best performances without necessarily the need to observe a PSF reference as part of one’s
sequence. During GTO, ERS and the first cycles of operations, we think such library will not contains enough
PSFs to guarantee optimal performances. Moreover, Perrin et al.'* showed that one could recover near-optimal
contrast in the speckle limited regime around the conagraph with NIRCam, using the diversity of PSFs provided
by the SGD'V strategy as "mini reference library”. Hopefully, after several months of operations a large amount
of PSFs will be available (with several occulter/filter combinations) to build larger PCA/KLIP libraries and
eventually relax observing constraints in the future at equivalent or better performances.
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2.2 NIRCam coronagraphy

The NIRCam Coronagraphic Imaging mode offers HCI capabilities for a set of short and long wavelength filters
covering 1.8 to 5 pm. Three round occulting masks and two bar masks (with corresponding Lyot stops) are
available with inner-working angles (IWA) ranging from 0.13"to 0.88”,%7 depending on wavelength and geometry.

NIRCam coronagraphy enables the highest achievable contrast with JWST (typically ~ 1076 or better at 1”TWA
and beyond) to reveal faint spatially resolved structures or point sources in the vicinity of a target of interest (star,
AGN, etc.). Prior to requesting coronagraphy, one should evaluate the contrast regime achievable (or needed) at
a given working angle or separation from the central object. In this article most examples are elaborated with
NIRCam.

Currently, NIRCam coronagraphy is limited to Module A only, and short (SW) and long wavelengths (LW)
observations cannot be carried out simultaneously. However it could be implemented in the future as we are
going through prioritization at many levels.
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Figure 2. Panchromatic imaging of the HD181327 debris disk using NIRCam and MIRI.

2.3 MIRI coronagraphy

MIRI is the mid-IR instrument of JWST. Served by a 6.5-m diameter primary mirror, it represents a huge im-
provement with respect to what is currently or has been available so far. The Spitzer and WISE space missions
had 0.85-m and 0.4-m primaries. On the ground the background and sensitivity through the Earth’s atmosphere
(water vapor, etc.) does not allow to be in the same sensitivity regime by orders of magnitudes. While the
PSF and resolution scale with wavelength, MIRI features 3 4QPM Coronagraphs®® with potentially ~ 1\/D
TWA (0.33”, 0.36”, and 0.49”at 10.6 um, 11.4 pm and 15.5 pm respectively) which corresponds to the best IWA
achievable with NIRCam at 3 to 4 pum. The simulations displayed on Fig 2 show that a circumstellar disk can be
studied with both instruments with great complementarity (wavelength coverage) and with roughly the same
IWA (though the resolution is, naturally, better at shorter wavelengths).

Unlike in NIRCam, MIRI’s coronagraphs are linked to a given filter (because the Lyot stops are ”sandwiched”
with the passband filters in the pupil plane), hence the 3 discrete central wavelengths described in the previous
paragraph for the 4QPM. The large Lyot-type mask works with a filter centered at 23 pm. It has the highest
rejection on-axis (> 800x) but has a poor IWA of 2.16”. It will be useful to reveal very extended structures
(with an apparent diameter of over 4”).

3. USER DOCUMENTATION AND SUPPORT

As the amount of documentation for JWST is vast and so are the needs it is difficult to address all points in a
single contribution even entirely dedicated to one observing technique: Coronagraphy. For in depth guidance
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on all the items developed in this section and the next, users can look at the material (videos, presentations) of
several Proposal Planning Workshops that are organized throughout the years'.

3.1 JDox, the JWST documentation platform

At STScI a huge effort has been invested in elaborating a complete, versatile and alive ” wiki-like” documentation
platform!® called JDox(STScI, 2016-)*. The platform currently contains over 700 articles with over 30,000 links
between them articulated around 4 main categories. About 40 articles are specific to Coronagraphy and over
183 articles directly mention them.

JWST Observatory
and Instrumentation

JWST Observation
Planning

. JwsT

\\\ky Opportunities

and Policies

JWST Data Calibration
and Analysis

Figure 3. The four big categories of JDox, the wiki-based documentation of JWST. The cloud plot shows all the connections
between articles while colors represent a certain techniques: e.g. coronagraphy here

Our work as Coronagraphy Working Group (CWGQG) focuses mainly on the two right most categories: Ob-
servation Planning and Data Calibration and Analysis whose associated tools are presented in the subsequent
section 4.

3.2 Help Desk
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Figure 4. Since early 2018, a Help Desk card about Coronagraphy was created to address specific question and direct
them to experts as much as possible.

Our NIRCam, MIRI instrument team and observing support experts or fulfillers can answer a range of questions
through a dedicated Help Desk site as a special Coronagraphy card has been created as shown by Fig 7?7. In
addition, we write knowledge based articles on topics which are not yet covered on JDox. When a user have a
doubt or question it is important, for accountability that he/she/they uses the Help Desk channel as much as

tTo find links to Proposal Planning Workshops, please look for ”Events” (upcoming/past)
tJWST User Documentation 2016- Baltimore, MD. Space Telescope Science Institute [Updated 2018 March 16],
https://jwst-docs.stsci.edu
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possible. We are then able to perform statistics on calls and issues and can identify the most recurrent ones and
assign priorities to solving them.

4. OBSERVATION PLANNING TOOLS

In this section we present the main ”front-end” tools® that we support for the user community. These tools
should in principle suffice to prepare a JWST proposal involving coronagraphy.

4.1 The Exposure Time Calculator: ETC

JWST’s official ETC is available to the community as a web-based user interface (UI) allowing the community
build, share and reuse workbooks and to graphically set parameters up, the creation of somewhat complex
science scenes. There are default sources as well as sample workbooks available for new users to get started.

The UT’s calculations are based on the Pandeia,?” a ”simulation-hybrid” engine that performs calculations on

small two-dimensional (typically 101pixels, or a few arcseconds) astronomical scenes. It models both the spatial
and the wavelength dimensions, using realistic PSFs for each instrument mode. The PSFs are not calculated ”on
the fly” but rather precalculated with WebbPSF and stored in a large library. For coronagraphy, the limitation is
that the library only contrains a limited number of off-axis PSFs at discrete positions (angular distances which
depend on which occulter is used). The SNR and contrast calculations are thus approximative but nevertheless
enough to have a good idea of what should be the combination of mask, filter and readout pattern to achieve a
certain SNR for a given source.
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Figure 5. Example of a simple ETC workbook that calculates the signal-to-noise (SNR) of a substellar companion. The
SNR versus wavelength is given for the suite of long wavelength (LW) filters of NIRCam. The top right insert show the
nominal ”optimal” extraction performes by the ETC: a reference PSF is scaled photometrically and subtracted to the
science scene. Since 2018 it is possible to download each plane separately as well as to get information (through the report
tab) about the saturation level (number of pixels and maps).

Pandeia is developed in Python and is part of the AstroConda Python package. It is possible to script and
use Pandeia in a batch mode and perform more complex, higher or lower fidelity calculations, call WebbPSF at
will and define a particular spectral sampling, redefine the calculation scene size, etc. A screenshot of the ETC is
shown in Fig 5.

$For further information, one can browse the complete ” Proposal Planning ToolBox ” and the Technical Documents
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The current implementation of the ETC for coronagraphy is mainly useful for the following tasks:
e Investigate the detector readout patterns and associated saturation
e Compute the signal-to-noise ratio (SNR) of an off-axis point source

e Get a rough idea of which mask and coronagraph allow to detect a faint companion around a host with an
ideal noise model, background and PSF subtraction

The science target and the PSF reference stars are assumed to be centered at the exact same position behind
the coronagraphic mask. Also, while their spectral type can be specified to differ, the ETC only accounts for
the total flux difference through the filter bandpass and not for the possible loss of contrast due to the spectral
mismatch between the two sources.

The ETC is thus perfectly adapted and trustable for the SNR calculation occurring in the background limited
regime, typically at 1”separation and beyond. Below 1”(in the speckle-limited regime around the occulter)
the official web-based ETC approximates the results to the closest available PSF in its library. For more realistic
contrast and detection limits calculations at any separation within 1”and down to the IWA of a given coronagraph,
accounting for eventual pointing errors, it is recommended to make use of the PanCAKE extension (see section
7). This Python-based package allows one to introduce a mis-registration of the PSF Reference star, experiment
with small grid dithers, etc.

4.2 The Astronomer Proposal Tool: APT

The Astronomer’s Proposal Tool (APT) is a java/GUI-based software package that astronomers must use to write,
validate, and submit proposals for JWST. It is well known to HST users though it is a separate branch). Guidance
on how to prepare a coronagraphic sequence with APT is available on JDox.?Y The bottom line is that a standard
coronagraphic sequence involves a set of linked observations in a non-interruptible sequence (check box in APT).

For coronagraphy, the target acquisition (TA) can easily be a showstopper, directly influencing the quality
and hence the usefulness of the data. A low signal-to-noise ratio (SNR) on the initial TA image can result in
a sub-optimal centering of the target behind the coronagraph with dramatic consequences. NIRCam’s TA gives
users the opportunity to obtain two full-frame images consecutively for astrometric purposes: one when the
science target is still away from the mask and a second one after centering the star behind the coronagraph.
This allows for the retrieval of the precise position of the host when behind the mask with respect to all the
background sources in the full field of view.

Coronagraphy with several observations bundled in a non-interruptible sequence can benefit from the ”smart
accounting” option available in APT. It will reduce the total slew times charged for such sequences.

4.3 The Coronagraphic Visibility Tool: CVT

The choice of available coronagraphic setups (NIRCam and/or MIRI) can be quickly explored thanks to the
Coronagraphic Visibility Tool (CVT).3® This GUI-based tool was primarily developed to provide the visibility
and allowed aperture positon angles (PA) for a given target across the year or at a specific date. Some targets
will be in the so called continuous viewing zone (CVZ) and will be observable all year round but at a certain
orientation with maximum of £ 5°roll angle. The right-hand plot of the CVT is very useful also to visualize the
coronagraphic field of view and physical limitations (size of the mask, neutral density filter positions, orientation
of the bar coronagraphs with respect to given companion or circumstellar disk PA and separation). The questions
one can seek answer to with the CVT are:

Is scheduling an issue for my target?

Is my preferred mask problematic?

What is the best time and hence aperture PA to have the disk I want to image oriented orthogonally to
the bar (or wedge) occulter?

At a given date, what will be the maximum amplitude of roll angle for my target?
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Figure 6. The Coronagraphic Visibility Tool (CVT) allows to find out the proper time windows and Aperture Position
Angles (PA) to observe a non-symmetric scene. Here it shows when in the year the HR8799%"32 b, ¢ and d are observable
at the same time with the NIRCam SW bar coronagraph. It is very useful for large extended disks too. Left: zoomed in on
the first visibility window in the left plot and highlighted a time when all three companions are visible outside the wedge
obscuration (right).

4.4 Other tools
Amongst other tools which can be relevant for coronagraphy are:

e The JWST Backgrounds Tool (JBT) is a a simple command line tool that accesses the JWST background
models to return the total background intensity and its components as a function of time (as a plot). This
can be useful for estimating and visualizing the impact of the background on the schedulability of JWST
observations as it returns also the number of days per year that the target is observable at low background,
for a given wavelength and a selectable threshold.

e A future PSF Reference Star selection tool. Simulations have shown that the spectral mismatch between
the PSF reference and the target of scientific interest can results in a loss of sensitivity in the speckle
limited zone close to the occulter. We recommend to match the spectral types of all stars in a sequence
as much as possible an provide guidelines to identify the most suited reference stars for a given science
target.3* However, this effect loses importante as the wavelength increases and we think that it has to be
a trade-off with the distance (and hence the overheads associated to slew the telescope and the possible
difference in thermal configuration) between stars in an observing sequence. One should treat the latter as
dominant effect.

5. SIMULATIONS, PIPELINE AND INTERFACES

As expected for this magnitude of a project spanning decades and involving hundreds of astronomers and
engineers, there are many efforts to simulate the data that will be produced by the JWST observatory and
each of the the modes of each instruments. At STScI, we adopt an end to end approach (see section 6). All
validated simulated datasets are archived on the The Barbara A. Mikulski Archive for Space Telescopes (MAST)Y.
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ETC OUTPUTS INTERFACE TO RAMP SIMULATOR PIPELINE INPUT

“Detector” Target Image —
Target Image inside Full Frame Ramp Simulator Level 0/1 FITS

D

Final slope FITS image after
running the linearized
simulator output exposure
through the rest of the JWST
pipeline steps

Coronagraphic “calculation”
produced by the ETC in e”/s
101x101 FITS ine/s

(or more evolved calculation Segmentation
produced by PanCAKE, pyNRC) Map

Seed Image
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Parameter file
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Figure 7. The coronagraphy data simulation chain prototype for NIRCam. Currently some of the steps are done semi-
manually and need to be automated. From an ETC coronagraphic calculation (target image, JSON file), one can prepare
a seed image and YAML file which are necessary for MIRaGe the ramp simulator to produce the correct output, a realistic
FITS image that can be directly ingested by the pipeline with the proper format, gain, header keywords, etc.

5.1 Ramp simulator

This is a preliminary method to use the ETC outputs for NIRCam coronagraphy simulations with MIRaGe. In the
future, we plan a similar interfacing with the MIRISim for MIRII. STIPS for JWST is another JWST data simulator
with many modes though currently we have not tried to interface it with coronagraphic seed images.

It is a work in progress and we would like the workflow detailed in Fig. 7) to be as automatic and easy to
performa as possible. Amongst foreseen improvements to our interface are:

e Use JSON file to manually run the Pandeia engine and generate optimized outputs (i.e turn off the noise
sources to avoid duplication. While the ETC takes shot noise into account, more evolved simulator add a
more complete set of noise sources).

e Optimize the way the correct subarray location is selected without going necessarily through the full frame
image step and avoid creating a seed image large than the initial target image.

e Interface APT to generate the YAML file for MIRaGe as it is possible for the imaging mode.

5.2 Pipeline and interfaces

The ”"JWST Science Calibration Pipeline” (referred to as ”the Pipeline ” here) is composed of a set of modules:
e Stage 1: common detector-level processing of data from all observing modes
e Stage 2: processing of data for imaging (at large) and spectroscopic modes

e Stage 3: processing for specific mode: Imaging, Spectroscopic, Coronagraphic, AMI, and Time Series Ob-
servations (TSO).

9The landing page of JWST simulations on MAST: archive.stsci.edu/jwst/simulations/.
IMIRaGe: Multi Instrument RAmp GEnerator, formally known as the NIRCam ramp simulator (not yet fully released
nor fully documented). MIRISim: ramp simulator for MIRI (only available internally at present).
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Figure 8. Left: The pipeline for Coronagraphy starts to differ from imaging at the Level 3 stage: calwebb_coron3. Right:
steps of the calwebb_coron3 level 3 stage.

Hence, the processing becomes specific to coronagraphy at the Stage 3 level as explained in Fig. 8.
calwebb_coron3 is to be applied to associations of calibrated NIRCam coronagraphic and MIRI (Lyot and 4QPM)
exposures, and is used to produce PSF-subtracted, resampled, combined images of the source object.

6. END TO END COOKBOOK

We wish the users to get acquainted with the data, pipeline recipes and products at various levels. Fig 77
display a representation of our end to end (E2E) vision, looping around from the scientific idea of a user to
the observation planning to the data flow (simulation, pipeline, calibrations, reference files and eventually post
processing), to the quicklook and analysis. Such cookbook can allow users to iteratively optimize their program
and the same is true for the observatory staff with commissioning and calibration programs. When this E2E
workflow will be robust enough, ideally, only the data simulation step will be replaced by the actual data.

FRONTEND
OBSERVATION -
PLANNING / OPERATIONS
DOCUMENTATION cvT -
JDOX ETC and/or extensions
Pocket Guide PSE Sub R After | h
etc. 1 gy ler launci
DATA
SIMULATION Tzﬁm o
SCIENCE STPS, et
CASE
END 1o END
g o]
PIPELINE|
POST
ANALYSIS PROCESSING O
. h(ilrudlc:al;tzo;w Third party SW

BACKEND

Figure 9. All steps of the E2E cookbook. It will allow an optimization of parameters and the refinement of the PSF
subtraction strategy through iterations.

We plan on generating example cookbooks for several canonical science cases with coronagraphy as well as
with the astrometric confirmation TA images. We have most of the building blocks at hand but still need to
write interfaces and increase the robustness. For each release, the generated datasets will be archived in MAST.
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7. PERFORMANCE AND FIDELITY

As explained in section 4.1, the ETC Ul is great to get started and explore a few things (saturation, exposure
times, rough contrast estimates in the background limited regime >1") but it is not quite flexible enough to allow
coronagraphic experts to extract and identify key parameters that limit the performance of PSF subtraction and
techniques to overcome them.

In Perrin et al. 2018'# the effects of imperfect target acquisition (TA) and the modeling of various sources of
wavefront errors (WFE) with different amplitudes, spatial and time scales are investigated as well as the color
mismatch between science target and reference PSF star. The authors also show that some of the contrast can be
recovered thanks to the use of small grid dithers on the PSF reference star and a PCA "KLIP ”** base approach
for the PSF subtraction.?® If using 3 PSF reference stars (the one attached to the science target in APT and
two taken taken several hours before or after on either side) even taken at quite different orientations (hence
temperatures, hence WFE) a near optimal contrast defined by the fundamental noise floor.

This is all compatible with the baseline coronagraphic observing strategy, pipeline implementation and overall,
to our E2E cookbook prototype.
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Figure 10. Top: NIRCam simulation of the inclined debris disk HD10647 with pyNRC.*® Bottom: example of special ETC
calculation with PanCAKE where the PSF has been subtracted from the science scene (HR8799bcde) with KLIP and a
mini library (artificial PSF) made of the different SGD'° pointings. On the bottom right inside, all the four planets are
recovered.
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Typically, to carry out this kind of realistic performance assessment using the most up to date ground
measurements and understanding of the thermal drifts and wavefront errors, one can substitute the official
ETC UI with an extension called PanCAKE®" (formally Pandeia-Coronagraphy. Currently this tool allows to
construct and parametrize scenes just like with the official ETC and explore a limited set of observing constrains
and strategies. It is using the Pandeia engine through a set of notebooks dedicated to coronagraphy. Calling
WebbPSF "on the fly” it can introduce any discrete spatial shifts and reproduce ?small grid dithers? (SGD'V)
scenarii. The calculation window size can be adjusted at will (at the cost of speed) as well as the spectral
binning of the PSFs. Currently PanCAKE is being updated to comply with the latest version of Pandeia. In
the near future, we aim at documenting it better as well as creating new notebooks with more diverse examples
(large debris disk, AGN, companion close to the IWA, spectral mismatch) as well as a way to address several
state of WFE to simulate departure from stability, optimistic and pessimistic cases.

**PCA: Principal Component Analysis; KLIP: Karhunen Loeve Image Projection (as implemented in the JWSTPipeline)
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pyNRC, developed by Jarron Leisenring and contributors (2015-2018)36 is another, very complete Python-
based toolset for planning observations with NIRCam, including coronagraphy. It is very handy as exposure time
calculator, in particular to pin down which readout pattern best suits a given observation thanks to its ramp
simulator. Like the other simulators mentioned in this paper, it also generates PSFs calling WebbPSF to reproduce
realistic JWST images and spectra. An interesting feature is that pyNRC, like the ETC, calculates PSFs at discrete
intervals from the coronagraph center but unlike the ETC it interpolates in order to get the proper throughput at
close IWA. As Fig. 10) shows (top), pyNRC can be used to explore the detectability of faint debris disks and to
produce somewhat realistic images of how the disks will look with NIRCam coronagraphy after post-processing.

At STScI our goal is obviously not to duplicate work and implement in PanCAKE (for which we have ownership)
what already exists in pyNRC. In the contrary, we aim at comparing the tools for the functionalities for which
there is an overlap and more importantly we think it would be most useful to interface pyNRC with MIRaGe, use
it as a target image generator (Fig 7) for disks or to produce efficiently contrast curves with a finer interpolation.

8. CONCLUSIONS AND ROADMAP

It is a ”golden age” for HCI and especially for the direct imagery of young exo-planetary systems. There is a great
deal of synergy and complementarity between space missions and ground-based efforts. With adaptive optics
(AO) on 8 to 10-meter telescopes (and within 10 years, the first 25 to 40-meter ”ELTS”) coming to maturity and
submillimetric arrays such as ALMA, the ground systems have the advantage of the angular resolution as well
as the multiplexing, upgrading capability of their potentially huge instruments. Often they also equiped with
the highest resolution spectrographs.

HST at shorter wavelengths and JWST in the infrared have incomparable sensitivity (including in the bands
which are absorbed by the Earth’s atmosphere and thus inaccessible from the ground) and PSF stability as well
as near unlimited sky coverage to achieve high performance even in the darkest regions of the sky and around
faint objects.

HCI and coronagraphy, particularly with JWST aren’t limited to exoplanets and galactic science cases. Fig. 11
shows that PSF subtraction was successfully applied by Hines et al. in 19992 to HST/NICMOS imaging data to
reveal the complex morphology of the host galaxies and molecular gas of the redshift z~0.3 QSO PG1700 + 518
at 1.6 pm. Evans et al. 2009%° obtained a very similar though deeper image using HST coronagraphy. This is a
"toy example” of what can be done with JWST at longer wavelengths.

PG 1700+518 maging

QS0,z~0.3 Hines et a

(@ ®

Host Galaxies & Molecular Gas

SCI PSF

©

o

SCI-PSF

Figure 11. The environment (host galaxies and molecular gas) of the QSO PG1700 + 518 revealed by HST/NICMOS at
1.6 pm with PSF subtraction applied to regular imaging and coronagraphy.
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Our mid to long-term goal is to ease and maximize the scientific use and return of JWST’s coronagraphic
modes. Prior launch, we will prepare to analyze the first data : commissioning, Early Release Science (ERS)
and Cycle 1 Guaranteed Time Observations (GT0). We will improve and adapt the above mentioned tools based
on the experience and real performances, serving and benefitting from an already very active community of
high-contrast, direct imaging users.

At present we are working towards a first complete E2E coronagraphic workflow from the seed image genera-
tion to the pipeline products and performance analysis for a simple case of a bright star with a faint companion.
In the future, we would like all users to easily perform somewhat realistic simulations and exerce the full pipeline.
We aim to provide notebooks for various science use cases'! (for NIRCam, MIRI or both), examples to recover
astrometry, adapt to the ExoCTK*" tool suite (e.g. provide the SNR in each filter from an uploaded exoplanet
spectrum as does PandExo?! for transiting exoplanets).
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