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The Potential of the WFIRST CGI 

Optimizing WFIRST Coronagraph Science
Scientific/Technical/Management
1 Objectives and Expected Significance
The Kepler mission has revolutionized our understanding of planetary systems, demonstrating that they are both ex-
tremely common and extremely diverse; but it has also created new puzzles, including the formation process that led
to this diversity, and the nature of the vast numbers of 2-4 REarth planets. The next generation of NASA exoplanet
missions will address such questions by focusing on planet characterization as well as planet discovery. The combina-
tion of the Transiting Exoplanet Survey Satellite (TESS) with the James Webb Space Telescope (JWST) will enable
discovery and then characterization of close-in planets, particularly those orbiting M-type stars. Characterizing planets
on wider orbits around higher-mass stars will require other facilities. The unprecedented contrast of the Wide-Field
Infrared Survey Telescope (WFIRST) coronagraph instrument (CGI) will enable the first direct imaging and charac-
terization of mature solar systems around nearby, sun-like stars. Fig. 1 shows where the expected scientific results of
WFIRST will fall in the context of the next decade. In this proposal we describe an in-depth scientific investigation
that will define how WFIRST will discover and characterize nearby planetary systems, using observations of planets
and disks to probe the diversity of their compositions, dynamics, and formation.

A selection of the specific science goals for the CGI includes measuring the atmospheric heavy element abundances
of a diverse set of mature giant planets; constraining their clouds and photochemical hazes; measuring the orbital
inclinations and hence determining masses of the subset of those planets detected by the radial velocity (RV) technique;
and constraining the composition and mass of newly discovered planets via optical photometry and spectroscopy.
Photometry and spectroscopy from WFIRST will help to establish the nature of ⇠ 2–4REarth sized objects, revealing
which are truly ‘super-Earths’ or rather ‘sub-Neptunes’. The CGI will study the properties of exozodiacal dust disks
and image multiple young extrasolar giant planets discovered by direct imaging in the near-infrared. All this will yield
new understanding of the diversity of planetary systems and shine new light on planet formation and evolution.

Figure 1: Known and simulated exoplanets. Those that have been pho-
tometrically or spectroscopically characterized are shown as larger cir-
cles. Simulated TESS planet discoveries are taken from Sullivan et al.
(2015); a subset of these will be characterizable with JWST. Projected
WFIRST-studied planets are based on our simulations.

To optimize the ability of the mission to
address these goals we will perform end-to-
end modeling of CGI observations. These
simulations will start with model spectra
of planets and images of disks, simulate
WFIRST data using these models, account
for geometries of specific star / planet / disk
systems, and incorporate detailed instrument
performance models. Our team’s in-depth
knowledge of the instrument performance
(coronagraphs, wavefront control, camera,
spectrograph) will ensure that we develop
a high fidelity model of the entire observa-
tion and the data analysis pipeline (Fig. 2).
These models will enable us to optimize the
observing strategy and inform target selec-
tion with a full mission simulator and assess
what science can be extracted from WFIRST
CGI data via information retrievals. These
retrievals will quantify how well WFIRST
data will be able to measure different planet
and disk parameters (e.g., fidelity of atmo-
spheric CH4 abundance) given various de-
sign and mission alternatives.

The experience our team has gained from
building and observing with high contrast, ground-based, exoplanet imaging instruments (GPI, SCExAO), from our
involvement with the current prototype WFIRST CGI coronagraphs, and from development of wavefront control
algorithms will inform this extensive modeling and simulation work. The CGI design and operational modes are
likely to evolve over the next several years in response to technological, scientific, and experimental developments.
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Generate simulated data:
- instrument response
- Observing sequence
- Detector level noise

Astrophysical Observables:
- planet spectra, astrometry 
- disk surface brightness, morphology.

Physical properties:
- planet molecular abundances. 
- planet orbit/dynamical mass.
- disk geometry and grain properties. 

Data analysis 

Mission rules:
- specific target selection
- scheduling, overheads
- revisit strategy
- data analysis plan

- Planets albedo vs SMA.
- Mass and orbit distribution.
- Planet spectra forward models
- Disks forward models.
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•  Develop faster 
simulation approaches 

•  Develop open framework 
to merge astrophysics 
from other groups.  

•  Support Turnbull SIT 

Key Simulation tasks 

sampled during survey simulation to add a random element to
the achieved contrast on each target. Alternatively, in cases
where an active wavefront control system is modeled, stochastic
wavefront errors could be introduced by simulating the meas-
urement noise on the wavefront sensor (either again as drawn
from predetermined distributions or additively from various
detector and astrophysical noise sources). Systematic errors,
such as miscalibration of DM, closed-loop control delays,
and noncommon path errors, may be included to investigate
their effects on contrast or optical system overhead. In cases
where the optical system is represented by collections of static
PSFs, these effects must be included in the diffractive modeling
that takes place before executing the simulation. For external
occulters, we draw on the large body of work on the effects
of occulter shape and positioning errors on the achieved con-
trast, as in Ref. 9.

Finally, the optical system description must also include a
description of the science instrument or instruments. The base-
line instrument is assumed to be an imaging spectrometer, but
pure imagers and spectrometers are also supported. Each instru-
ment encoding must provide its spatial and wavelength coverage
and sampling. Detector details such as read noise, dark current,
and quantum efficiency must be provided, along with more spe-
cific quantities such as clock-induced charge for electron multi-
plying CCDs.10 Optionally, this portion of the module may
include descriptions of specific readout modes, i.e., in cases
where Fowler sampling11 or other noise-reducing techniques
are employed. In cases where multiple science instruments
are defined, they are given enumerated indices in the specifica-
tion, and the survey simulation module must be implemented so
that a particular instrument index is used for a specific task,
i.e., detection versus characterization.

The overhead time of the optical system must also be pro-
vided and is split into two parameters. The first is an integration
time multiplier for detection and characterization modes, which
represents the individual number of exposures that need to be
taken to cover the full field of view, full spectral band, and
all polarization states in cases where the instrument splits polar-
izations. For detection modes, we will typically wish to cover

the full field of view, while possibly only covering a small band-
pass and only one polarization, whereas for characterizations,
we will typically want all polarizations and spectral bands,
while focusing on only one part of the field of view. The second
overhead parameter gives a value for how long it will take to
reach the instrument’s designed contrast on a given target.
This overhead is separate from the one specified in the observa-
tory definition, which represents the observatory settling time
and may be a function of orbital position, whereas the contrast
floor overhead may depend on target brightness. If this value is
constant, as in the case of an observing strategy where a bright
target is used to generate the high-contrast regions, or zero, as in
the case of an occulter, then it can be folded in with the observa-
tory overhead.

2.1.2 Star catalog

The star catalog module includes detailed information about
potential target stars drawn from general databases such as
SIMBAD,12 mission catalogs such as hipparcos,13 or from
existing curated lists specifically designed for exoplanet imag-
ing missions.4 Information to be stored or accessed by this mod-
ule will include target positions and proper motions at the
reference epoch (see Sec. 2.1.6), catalog identifiers (for later
cross-referencing), bolometric luminosities, stellar masses,
and magnitudes in standard observing bands. When direct mea-
surements of any value are not available, values are synthesized
from ancillary data and empirical relationships, such as color
relationships and mass–luminosity relations.14

This module will not provide any functionality for picking
the specific targets to be observed in any one simulation, nor
even for culling targets from the input lists where no observa-
tions of a planet could take place. This is done in the target list
module as it requires interactions with the planetary population
module (to determine the population of interest), the optical sys-
tem description module (to define the capabilities of the instru-
ment), and observatory definition module (to determine if the
view of the target is unobstructed).

Fig. 1 Flow chart of mission simulation. Each box represents a component software module that inter-
acts with other modules as indicated by the arrows. The simulation modules (those that are not classified
as input modules) pass all input modules along with their own output. Thus, the survey ensemble module
has access to all of the input modules and all of the upstream simulation modules.
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We will provide a public release of our simulations 
framework that can be used to evaluate GO/GI science 
opportunities. 

EXOSIMS 
Savransky and Garrett (2015) 
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Step 1: Albedo spectra generation 
with full-physics models 



Planet models 

•  Full-physics planet models 
to generate input spectra 

•  Planets properties will be 
extremely diverse and 
different than our solar 
system 

•  Parameters including 
metallicity, clouds, chemistry 

•  Previous work produces 
many models; we will 
organize and curate 
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Figure 9. Geometric albedo spectra (! = 0!) for each of the exoplanet model atmospheres used in this work. The models cover a range of planet–star separations
from 0.8 AU to 10 AU, and a range of heavy-element abundances (metallicities) with respect to solar (1"). The Jupiter models have 1" (solid) and 3" (dashed) solar
abundance, and the Neptune models have 10" (solid) and 30" (dashed) solar abundance. See Sections 4.1 and 4.2.
(A color version of this figure is available in the online journal.)

the opacities at short wavelengths. Even at long wavelengths,
unit optical depth is likely to be reached before encountering
the clouds.

In addition to the alkalis (clearly seen at 0.8 AU) and CH4,
opacity due to gaseous H2O plays a role between #0.92 and
0.95 µm in our albedo spectra for all of the cases closer in than
5 AU. Detection of water absorption features in the optical has
not been confirmed in Jupiter’s reflection spectrum, although
absorption features near #0.94 µm were noted by Karkoschka
(1994) as being present. At the time, H2O was suggested po-
tentially being the cause, however, later observations suggested
that NH3 could be responsible (Karkoschka 1998). We address
the presence of H2O again later in discussion of Figure 11.

Figure 8 shows the relationship between " , P, # and
planet–star separation for the 10" Neptune models. Similar
to the 0.8 AU 3" Jupiter case, the 0.8 AU 10" Neptune case
is dominated by Rayleigh scattering at short wavelengths, only
with more pronounced absorption features into the red. The
2 AU case is also dominated by the presence of H2O clouds
that form just below #380 mbar, a bit higher than the Jupiter
case, implying that the albedo spectra should be a bit brighter
as well. At 5 AU, an ammonia cloud forms below #100 mbar,
and extends down nearly to the H2O cloud, which forms below
#470 mbar. Also similar to the 10 AU 3" Jupiter case, the 10 AU
10" Neptune shows both cloud decks forming at substantially

higher pressures, below #700 mbar for NH3 and below #3.6
bars for H2O.

4.2. Geometric Albedo Spectra (! = 0!)

In Figure 9, we show albedo spectra for all of the model
cases summarized in Table 1. The spectra for our Jupiter-like
exoplanet models can be compared with those presented in
Marley et al. (1999) and Sudarsky et al. (2000, 2005). For the
purpose of comparison, the model Jupiters used here map to the
Class III (clear), Class II (water cloud), and Class I (ammonia
cloud) nomenclature used in Sudarsky et al. (2000). Our clear
and ammonia cloud models are similar to those in Sudarsky
et al. (2000), and our water cloud models at 2 AU are a bit
brighter. As shown in Figure 10, distinct Na, K, CH4, and H2O
features are apparent, particularly CH4 near 0.62, 0.74, and
0.89 µm (see Table 3). As discussed in Section 4.1, the cloud-
free 0.8 AU spectra are dominated by Rayleigh scattering at
short wavelengths for both 1" and 3" Jupiters and 10" and
30" Neptunes.

At any given planet–star separation, the higher metallicity
compositions generally have smaller albedos due to the in-
creased opacity of their atmospheres. The presence of relatively
high and thick H2O clouds in the atmosphere of the 2 AU Jupiters
results in a higher albedo across the visible. The bright effect of



Step 2: Propagate through CGI 
models (analytic or full) 



Step 3: Use MCMC inversion to 
recover parameters  

Marley et al (2014) 
Lupu et al., in prep 



Circumstellar dust 
47 UMa + 30 Zodi disk 47 Uma disk SNR Analysis (GS; no planets) 

10 hr integration time, as 
in images 

5 

SNR per pixel (1 – 4 stretch) 
SNR per 1.2!/D res. element  

(1 – 15 stretch) 

47 Uma system update 

Simulated AFTA SPC (left) and HLC images (right) for 10 hr integration 
time . Same spatial scale (0.14 mas / pixel) and intensity scales (-10 – 
100 electrons). 

 ! Using Old SPC and HLC models! 
 
 

4 

Zodipic 550 nm (10% BW)  simulations of a 30x solar system zodi disk around the 47 Uma G star at 14 pc.  Red circle shows IWA =  140 mas 

Disk is detected at low SNR in multiple resolution elements, 
Planets b (2.1 AU)  and c (3.6 AU) are easily seen 

Residual speckle noise 

Planet c detected  
at high SNR 

Gap between SP 
Wedge rotations  

PSF-subtracted image 

Binned SNR map of disk (peak SNR=15) 

SDT report, Schneider & Greene 



Disk (Debes et al) flowing through 
simulation and data pipeline 

Simulated astrophysical scene  Recovered astrophysical scene 

Model a range of disks (mature zodiacal disks, young debris 
disks, transitional disks…). Collaboration with Turnbull SIT 
We will also use MCMC inversion to retrieve the disk 
parameters. 



 
•  Plan to collate library of 

theoretical planet and disk 
spectra/models that will be 
made available online and 
identify critical areas on 
which to focus our modeling 
efforts (e.g. mini neptunes 
and super earths) 

•  Evaluate importance of 
polarization measurements 
for planets and disks 

•  Model orbit-fitting 

Key Science Modeling tasks 
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Figure 9. Geometric albedo spectra (! = 0!) for each of the exoplanet model atmospheres used in this work. The models cover a range of planet–star separations
from 0.8 AU to 10 AU, and a range of heavy-element abundances (metallicities) with respect to solar (1"). The Jupiter models have 1" (solid) and 3" (dashed) solar
abundance, and the Neptune models have 10" (solid) and 30" (dashed) solar abundance. See Sections 4.1 and 4.2.
(A color version of this figure is available in the online journal.)

the opacities at short wavelengths. Even at long wavelengths,
unit optical depth is likely to be reached before encountering
the clouds.

In addition to the alkalis (clearly seen at 0.8 AU) and CH4,
opacity due to gaseous H2O plays a role between #0.92 and
0.95 µm in our albedo spectra for all of the cases closer in than
5 AU. Detection of water absorption features in the optical has
not been confirmed in Jupiter’s reflection spectrum, although
absorption features near #0.94 µm were noted by Karkoschka
(1994) as being present. At the time, H2O was suggested po-
tentially being the cause, however, later observations suggested
that NH3 could be responsible (Karkoschka 1998). We address
the presence of H2O again later in discussion of Figure 11.

Figure 8 shows the relationship between " , P, # and
planet–star separation for the 10" Neptune models. Similar
to the 0.8 AU 3" Jupiter case, the 0.8 AU 10" Neptune case
is dominated by Rayleigh scattering at short wavelengths, only
with more pronounced absorption features into the red. The
2 AU case is also dominated by the presence of H2O clouds
that form just below #380 mbar, a bit higher than the Jupiter
case, implying that the albedo spectra should be a bit brighter
as well. At 5 AU, an ammonia cloud forms below #100 mbar,
and extends down nearly to the H2O cloud, which forms below
#470 mbar. Also similar to the 10 AU 3" Jupiter case, the 10 AU
10" Neptune shows both cloud decks forming at substantially

higher pressures, below #700 mbar for NH3 and below #3.6
bars for H2O.

4.2. Geometric Albedo Spectra (! = 0!)

In Figure 9, we show albedo spectra for all of the model
cases summarized in Table 1. The spectra for our Jupiter-like
exoplanet models can be compared with those presented in
Marley et al. (1999) and Sudarsky et al. (2000, 2005). For the
purpose of comparison, the model Jupiters used here map to the
Class III (clear), Class II (water cloud), and Class I (ammonia
cloud) nomenclature used in Sudarsky et al. (2000). Our clear
and ammonia cloud models are similar to those in Sudarsky
et al. (2000), and our water cloud models at 2 AU are a bit
brighter. As shown in Figure 10, distinct Na, K, CH4, and H2O
features are apparent, particularly CH4 near 0.62, 0.74, and
0.89 µm (see Table 3). As discussed in Section 4.1, the cloud-
free 0.8 AU spectra are dominated by Rayleigh scattering at
short wavelengths for both 1" and 3" Jupiters and 10" and
30" Neptunes.

At any given planet–star separation, the higher metallicity
compositions generally have smaller albedos due to the in-
creased opacity of their atmospheres. The presence of relatively
high and thick H2O clouds in the atmosphere of the 2 AU Jupiters
results in a higher albedo across the visible. The bright effect of
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•  Observing scenarios 
involve three stars per 
target 

•  Wavefront reference 
star (bright) 

•  Science target 
•  PSF reference star 

(matching science 
target) 

•  Are all three 
necessary? How 
close to a match does 
it need to be? 

Development of operating scenarios 



Wavefront control convergence 

HCIT test results (Cady, Riggs, et al.)   

Effective star magnitude: V = -8 
Roughly equivalent to SN1006 

Need to include wavefront control overheads in DRMs. Should wavefront control 
continue during science? 
Can science images generated in wavefront control distinguish speckles and 
planets? 



•  Work to push wavefront control algorithms within ExEP / 
WFIRST 

•  Co-organize “Stanford meetings” with instrument team 
•  Setting level 2 requirements 

–  Define spatial and spectral sampling 
–  Current design overampled spatially and undersampled spectrally 
–  Explore dark current vs readnoise  
–  Maximize throughput 

•  Explore polarimetry modes 
–  Polarization-dependent aberrations in beam 
–  DM can only correct one polarization state for some modes 
–  How to split, modulate polarization  
–  Scientific value?   

Key instrument tasks 
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WFIRST sensitivity space 

Single-star completeness 



WFIRST sensitivity space 

Average completeness 
6 month / 46 star  



Exoplanet Yield Estimates 

•  RV yield could be augmented by the WIYN program for future RV observations; see 
poster by Chontos et al 

** Yield assumes 0.4 jitter and 30x speckle attenuation 

Giants 
(4-15 RE) 

Sub-
Neptunes 
(2-4 RE) 

Super-Earths 
(1-2 RE) Total 

Known RV 
Studies* 16 0 0 16 

180-day 
Blind Search 2 6 4 12 

Total** 18 6 4 28 



•  Add to models 
–  Target ID by GAIA, WIYN precision 

RV 
–  RV planet recovery and full 

characterization 
–  Blind search optimization including 

recovery and orbits 
–  Extrasolar zodiacal dust models with 

varying properties and higher fidelity  

DRM optimization 

downselect, resulting in significantly lower probabilities of zero
detections, as seen in Sec. 3.2.

Another interesting feature is the very long right-hand tails of
all detections and total visits distributions. These do not actually
represent outliers in terms of highly successful missions, but
rather typically imply the existence of one or a small number
of very easy to detect planets. The logic of the scheduler allows
the mission to keep returning to these targets for follow-up
observations when it has failed to detect any other planets
around the other targets in its list. This situation arises when the
design of the instrument and assumptions on planet distributions
leave a mission target limited. The distributions of unique tar-
gets show this limitation, with very narrow density functions for
the actual number of targets observed for each instrument. In
particular, Fig. 6 makes it clear that C2 with 10! postprocessing
gains runs out of available targets. In order to combat this, the
scheduler code prevents revisits to a given target after four suc-
cessful detections of a planet around it. Finally, turning to Fig. 7,
we see that all the three designs, regardless of postprocessing
assumptions, have >10% probabilities of zero full spectral char-
acterizations. C1with 10! postprocessing gains fares most poorly
with zero full spectra achieved in over one third of all cases.

Analysis of the survey ensembles also allows us to measure
the biasing effects of the mission on the planet parameters of
interest. As we know the input distributions of the simulation,
we can think of these as priors and of the distribution of the
observed planets as the posteriors. Figures 8 and 9 show the dis-
tributions of planetary mass and radius used in the simulations,
respectively, along with the output distributions from the various
coronagraph designs. The output distributions are calculated by
taking the results of all of the simulations in each ensemble
together, as the number of planets detected in each individual
simulation is too small to produce an accurate distribution.

The input mass distribution shown here is derived from the
Kepler radius distribution as reported in Ref. 44 and is calcu-
lated by assuming that this distribution is the same for all orbital
periods and via an assumed density function.7 The frequency
spike seen at around 20 Earth masses is due to a poor overlap
in the density functions used in this part of the phase space. This
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ments as in Fig. 3. The black dashed line represents the density func-
tion used in generating the planetary radii for the simulated planets in
all simulations, while the other lines represent the distributions of plan-
etary radii of the planets detected by each of the coronagraphs. The
input distribution is based on the Kepler results reported in Ref. 44.
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Fig. 5 PDF of total number of observations (including repeat obser-
vations of some targets) for instruments as in Fig. 3.

20 30 40 50 60 70 80
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Unique targets
N

or
m

al
iz

ed
 f

re
qu

en
cy

 

 
C1 10x
C1 30x
C2 10x
C2 30x
C3 10x
C3 30x

Fig. 6 PDF of unique targets observed for instruments as in Fig. 3.
While all three instruments have fairly narrow distributions of this
parameter, only C2 with 10! postprocessing gains is completely tar-
get limited.
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Long term: evaluate a range of possible planet populations: 
- Model multiplanet correlations,  
- Bimodal planet formation (Kepler-blind solar analogs) 

EXOSIMS 
Savransky and Garrett (2015) 



•  Lead: Laurent Pueyo 
Co-Is 
•  Laurent Pueyo 
•  John Debes 
•  Mike McElwain 
•  Marshall Perrin 
Collaborators 
•  Remi Soummer 
•  Christian Marois 

Image processing 



PSF subtraction and image 
processing 

2
9

Karhunen-Loève Image Processing (Soummer et al 
2012) 

Soummer et al. 2012, Pueyo et al. 2015

Soummer et al. 2012	


KLIP modesSlide by M. Ygouf 



•  Ongoing STScI project uses standard algorithms (KL mode / 
PCA base) against project data. 

 

PSF subtraction and data processing  



•  Optimal estimation of recovered planet properties 
–  Algorithmic self-subtraction biases 

•  Properly asses probabilities (false positive and missed-
planet) for blind surveys 

Estimation of spectrum 

14

KLIP /w 88 modes
Central wavelength

‣ Forward modeling (FM) to 
correct from the algorithm 
throughput is compulsory! 
With FM, extraction is 
optimal in the ideal case 

‣ Increasing the contrast is 
equivalent to increasing the 
level of residual speckles 
=> efficiency of reduction 
technique at subtracting 
speckles plays an essential 
role in the spectrum 
extraction process

Ygouf et al 2015, SPIE proceedings

Ideal case (non realistic):!
- With forward modeling!

- 4.2x10-9 contrast!
- Perfect calibration of off-axis PSF

Without forward modeling

4.2x10-10 contrast

Observing Strategies for WFIRST-AFTA (1/3)  
 Spectra Extraction with IFS (RDI)

• Impact of residual speckles
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•  Iterative cycles of simulated high-fidelity data 
–  This will include public data releases 

•  Refined science models  
–  Improved disk models with consistency with planet models, 

observations  
–  Mini-Neptune and Super-Earth atmospheric models 
–  Public releases of models developed in support of SIT effort  

•  DRM cycles 
–  Public release of yield analysis code via github 

•  GO coronagraph science collaboration 
–  Exoplanet topics – young planets and planet-forming disks, self-

luminous planets 
–  Non-exoplanet science  

Long-term tasks that will enable 
GO/GI science 


