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yield these images. 
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their atmospheres may be much more diverse than expected, and the 
story would change. Each new giant planet discovered is likely to be of 
interest for detailed observational study on its own. 

Transit and secondary eclipse spectroscopy is a possibility for HDST, 
provided high spectral resolution (R ~1000s) instrumentation is included. 
Because this topic is a major focus for JWST, details are not presented 
here except to point out that HDST ’s larger collecting area would allow 
an order of magnitude shorter integration times, allowing characterization 
of planets at the very edge of the JWST capabilities. As an example, to 
detect the presence of water vapor and CO2 for even a potentially rocky 
transiting super-Earth-sized planet (R < 1.5 REarth) in the habitable zone 

Figure 3-18: Simulated near-IR (1.6 µm, 20% band) image of a solar system twin at a distance of 
13.5 pc as seen by HDST (12 m space telescope) with a 2 day exposure. The pupil geometry adopted 
for this simulation is shown in the lower right. A Phase-Induced Amplitude Apodization Complex Mask 
Coronagraph (PIAACMC), offering small IWA (1.25 λ/D), is used here to overcome the larger angular 
resolution at longer wavelength. Earth, at 2.65 λ/D separation, is largely unattenuated, while Venus, at 
1.22 λ/D, is partially attenuated by the coronagraph mask. At this wavelength, the wavefront control 
system (assumed here to use 64 x 64 actuator deformable mirrors) offers a larger high contrast field 
of view, allowing Saturn to be imaged in reflected light. This simulation assumes PSF subtraction to 
photon noise sensitivity. In the stellar image prior to PSF subtraction, the largest light contribution 
near the coronagraph IWA is due to finite stellar angular size (0.77 mas diameter stellar disk).
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observations. Are these planets indeed all like Neptune with metal-rich 
but hydrogen- and helium-dominated envelopes? Are some of them water 
worlds (~50% by mass water in the interior) with thick steam atmospheres? 
Are some massive, rocky worlds with thin H atmospheres? Or, if all of 
the above and more are true, how are different classes of sub-Neptune 
planets populated? Spectroscopy of cold giant planets is another compara-
tive planetology example. One expectation is that the cold giant planets 
will resemble each other, with atmospheres dominated by CH4, NH3, and 
H2O (depending on the presence of clouds and whether gas depletes into 
clouds). It may be that the giant-planet atmospheric C/H/N/O ratios are 
highly correlated to the host star’s or the system’s overall composition. 
In this case, we would have a general framework in which to understand 
the giant planets in any system. In contrast, the giant planets as seen by 

Figure 3-17: Simulation of a Solar System twin at a distance of 13.5 pc as seen with HDST (12 m 
space telescope) and a binary apodized-pupil coronagraph, optimized using the methods described in 
N’Diaye et al. (2015). The image here simulates a 40-hour exposure in 3 filters with 10% bandwidths 
centered at 400, 500, and 600 nm. The inner and outer working angles used in this simulation are 
4 λ/D and 30 λ/D, respectively. The coronagraph design can support smaller inner working angles 
and larger outer working angles. Perfect PSF subtraction has been assumed (i.e., no wavefront drifts 
between target star and calibrator star). The Earth and its blue color are easily detected. The color 
of Venus is biased because that planet lies inside the inner working angle in the reddest exposure. 
The image employs a linear stretch to the outer working angle and a logarithmic stretch beyond that 
(where the purple-colored ring begins). Image credit: L. Pueyo, M. N’Diaye.
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their atmospheres may be much more diverse than expected, and the 
story would change. Each new giant planet discovered is likely to be of 
interest for detailed observational study on its own. 

Transit and secondary eclipse spectroscopy is a possibility for HDST, 
provided high spectral resolution (R ~1000s) instrumentation is included. 
Because this topic is a major focus for JWST, details are not presented 
here except to point out that HDST ’s larger collecting area would allow 
an order of magnitude shorter integration times, allowing characterization 
of planets at the very edge of the JWST capabilities. As an example, to 
detect the presence of water vapor and CO2 for even a potentially rocky 
transiting super-Earth-sized planet (R < 1.5 REarth) in the habitable zone 

Figure 3-18: Simulated near-IR (1.6 µm, 20% band) image of a solar system twin at a distance of 
13.5 pc as seen by HDST (12 m space telescope) with a 2 day exposure. The pupil geometry adopted 
for this simulation is shown in the lower right. A Phase-Induced Amplitude Apodization Complex Mask 
Coronagraph (PIAACMC), offering small IWA (1.25 λ/D), is used here to overcome the larger angular 
resolution at longer wavelength. Earth, at 2.65 λ/D separation, is largely unattenuated, while Venus, at 
1.22 λ/D, is partially attenuated by the coronagraph mask. At this wavelength, the wavefront control 
system (assumed here to use 64 x 64 actuator deformable mirrors) offers a larger high contrast field 
of view, allowing Saturn to be imaged in reflected light. This simulation assumes PSF subtraction to 
photon noise sensitivity. In the stellar image prior to PSF subtraction, the largest light contribution 
near the coronagraph IWA is due to finite stellar angular size (0.77 mas diameter stellar disk).
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observations. Are these planets indeed all like Neptune with metal-rich 
but hydrogen- and helium-dominated envelopes? Are some of them water 
worlds (~50% by mass water in the interior) with thick steam atmospheres? 
Are some massive, rocky worlds with thin H atmospheres? Or, if all of 
the above and more are true, how are different classes of sub-Neptune 
planets populated? Spectroscopy of cold giant planets is another compara-
tive planetology example. One expectation is that the cold giant planets 
will resemble each other, with atmospheres dominated by CH4, NH3, and 
H2O (depending on the presence of clouds and whether gas depletes into 
clouds). It may be that the giant-planet atmospheric C/H/N/O ratios are 
highly correlated to the host star’s or the system’s overall composition. 
In this case, we would have a general framework in which to understand 
the giant planets in any system. In contrast, the giant planets as seen by 

Figure 3-17: Simulation of a Solar System twin at a distance of 13.5 pc as seen with HDST (12 m 
space telescope) and a binary apodized-pupil coronagraph, optimized using the methods described in 
N’Diaye et al. (2015). The image here simulates a 40-hour exposure in 3 filters with 10% bandwidths 
centered at 400, 500, and 600 nm. The inner and outer working angles used in this simulation are 
4 λ/D and 30 λ/D, respectively. The coronagraph design can support smaller inner working angles 
and larger outer working angles. Perfect PSF subtraction has been assumed (i.e., no wavefront drifts 
between target star and calibrator star). The Earth and its blue color are easily detected. The color 
of Venus is biased because that planet lies inside the inner working angle in the reddest exposure. 
The image employs a linear stretch to the outer working angle and a logarithmic stretch beyond that 
(where the purple-colored ring begins). Image credit: L. Pueyo, M. N’Diaye.

• What are the band passes, what is the 
resolution?

• What is the yield? How to increase the yield? 

• How do we reach the wavefront stability? 
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Fast spin of the young extrasolar planet b Pictoris b
Ignas A. G. Snellen1, Bernhard R. Brandl1, Remco J. de Kok1,2, Matteo Brogi1, Jayne Birkby1 & Henriette Schwarz1

The spin of a planet arises from the accretion of angular momentum
during its formation1–3, but the details of this process are still unclear.
In the Solar System, the equatorial rotation velocities and, conse-
quently, spin angular momenta of most of the planets increase with
planetary mass4; the exceptions to this trend are Mercury and Venus,
which, since formation, have significantly spun down because of tidal
interactions5,6. Here we report near-infrared spectroscopic observa-
tions, at a resolving power of 100,000, of the young extrasolar gas
giant planet b Pictoris b (refs 7, 8). The absorption signal from carbon
monoxide in the planet’s thermal spectrum is found to be blueshifted
with respect to that from the parent star by approximately 15 kilo-
metres per second, consistent with a circular orbit9. The combined
line profile exhibits a rotational broadening of about 25 kilometres
per second, meaning that b Pictoris b spins significantly faster than
any planet in the Solar System, in line with the extrapolation of the
known trend in spin velocity with planet mass.

Near-infrared, high-dispersion spectroscopy has been used to char-
acterize the atmospheres of hot Jupiters in close-in orbits10,11. Such
observations use changes in the radial component of the orbital velocity
of the planet (resulting in changes in Doppler shift) to filter out the quasi-
stationary telluric and stellar contributions in the spectra. Here we make
use of the spatial separation and the difference in spectral signature
between the planet and star, which allow the starlight to be filtered out.
A similar technique12 has been applied very successfully13 at a medium
spectral dispersion to characterize the exoplanet HR8799c. We observed
the bPictoris system7,8 (apparent magnitude, K 5 3.5) using the Cryo-
genic High-Resolution Infrared Echelle Spectrograph14 (CRIRES) located
at the Nasmyth focus of Unit Telescope 1 of the Very Large Telescope (VLT)
of the European Southern Observatory (ESO) at Cerro Paranal in Chile on
the night of 17 December 2013, with the slit orientated in such way that it
encompassed the planet and star.

An important step in the data analysis is the optimal removal of the
stellar contribution along the slit, which for this class-A star consists mostly
of a telluric absorption spectrum. The resulting spectra were cross-correlated
with theoretical spectral templates constructed in a similar way as in our
previous work on hot Jupiters10,11, varying the planet’s atmospheric tem-
perature pressure (T/p) profile and the abundances of carbon monoxide,
water vapour and methane, which can also show features in the observed
wavelength range. We note that there is a strong degeneracy between the
atmospheric T/p profile and the abundance of the molecular species,
meaning that different combinations of these parameters result in nearly
identical template spectra.

At the expected planet position, a broad, blueshifted signal is apparent
(Fig. 1), which is strongest when the cross-correlation is performed with a
spectral template from an atmospheric model with deep carbon monoxide
lines and a small contribution from water. We estimate the signal to have a
signal-to-noise ratio of 6.4 by cross-correlating the residual spectrum with
a broadened model template, and compare the peak of the cross-correlation
profile with the standard deviation. If we use the cross-correlation profile
as seen in Fig. 1 to estimate the signal-to-noise ratio, we need to take into
account the width of the signal and the dependence of adjacent pixels in
the profile. This results in a signal-to-noise ratio of 7.8, but we found the
latter method to be less accurate because it does not properly include
contributions from correlated noise structures on scales of the broad
signal. Cross-correlation with the optimal spectrum of water vapour alone
provides a marginal signal at a signal-to-noise ratio of ,2, which means
we cannot claim a firm detection of water in the planet’s atmosphere. No
signal is retrieved for methane models (Extended Data Fig. 1).

We fit the planet profile using a grid of artificial cross-correlation func-
tions, produced by cross-correlating the optimal template spectrum with a
broadened and velocity-shifted copy of itself, for a range of velocities and
rotational broadening functions. The best fit (Fig. 2a) was obtained for

1Leiden Observatory, Leiden University, Postbus 9513, 2300 RA Leiden, The Netherlands. 2Netherlands Institute for Space Research (SRON), Sorbonnelaan 2, 3584 CA Utrecht, The Netherlands.
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Figure 1 | Broadened cross-correlation signal of b Pictoris b. a, CO 1 H2O
cross-correlation signal (linear colour scale) as function of the position along
the slit (orientated 30u east of north), after the stellar contribution was removed.
The x axis shows the radial velocity with respect to the system velocity
(120 6 0.7 km s21) of the star15. The y axis denotes the relative position with
respect to the star bPictoris with the planet located 0.499 below, both indicated

by horizontal dashed lines. A broad signal, at a signal-to-noise ratio of 6.4 is
visible, blueshifted by 15.4 6 1.7 km s21 (1s) with respect to the parent star.
b, Cross-correlation (CC) signal at the planet position. The dotted curve shows
the arbitrarily scaled auto-correlation function of the l/Dl 5 100,000
(resolving power) model template, indicating the CC signal expected from a
non-rotating planet.
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Fig. 3. Top: Pure H2O (blue), CO (green), and CH4 (orange) synthetic spectra demonstrate the 
predicted location of absorption lines (14). The filtered spectrum of HR 8799c is shown in red. A 
filtered model atmosphere spectrum of mostly H2O and CO is overplotted in black.  Also shown 
is a spectrum of a bright speckle, scaled such that the variance is equal to the variance in a 
featureless region of HR 8799c. Bottom: Cross-correlations functions for the spectrum of HR 
8799c and the synthetic spectra shown in the top panel (solid) along with a baseline cross-
correlation between the planet spectrum and a bright speckle (dotted).  The cross-correlation with 
the H2O-only template covered the entire observed wavelength range.  Correlations with the CO 
and CH4 templates were performed only over wavelength regions with strong lines (CH4: λ > 
2.18 µm; CO: λ > 2.29 µm).  Significant cross-correlation peaks are found for the pure CO and 
H2O templates, as expected.  The CO-only template produces two smaller symmetric peaks at ± 
207 km s-1 – this velocity corresponds to the near-equal line spacing of the CO lines across the 
(2,0) bandhead starting at 2.29 µm.  Similar near-equal line spacing occurs for other CO 
bandheads (e.g. the (3,1) bandhead at 2.32 µm) resulting in the ringing behavior seen in the 
cross-correlation.  No peaks in the correlations were found with either of the three CH4 templates 
or the speckle spectrum (this is true for any subset of the observed wavelength range used).  
Cross-correlation is not required to detect molecular lines in our spectrum; however, this exercise 

Konopacky et al. (2013)

Snellen et al. (2015)
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Back end instrument decisions

Large fov, photometry only. 
  Resolution for detection

Courtesy of M. Bonnefoy
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Back end instrument decisions

Small fov, spectrum.
  Resolution for detection
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Unrestricted fit

Figure 5. The best fit object to the spectrum of � Pic b within the spectral library for the unrestricted (top panel, Allers &
Liu 2013) and restricted (bottom panel, Kirkpatrick et al. 2010) fits. The optical and near-infrared spectral type and gravity
classifications are given for both objects.

Based on a comparison of the full GPI spectrum of
� Pic b to the Allers & Liu (2013) low-gravity stan-
dards, the spectral type of � Pic b was estimated using
the unrestricted and restricted procedures as L1.5 ± 1.0
and L1.5± 1.5, respectively, rounded to the nearest half
subtype. A final spectral type for � Pic b of L1.5 ± 1.5
was therefore adopted, consistent with previous photo-
metric and spectroscopic estimates of L2–5 (Currie et al.
2013), L2� ± 2 (Bonnefoy et al. 2013), L2.5± 1.5 (Males
et al. 2014), and L1+1

�1.5 (Bonnefoy et al. 2014). The sig-
nificantly improved fits to the low-gravity objects within
the spectral library (Figures 3 and 4) demonstrates that
� Pic b has a near-infrared spectrum consistent with
that of a low surface gravity object, and as such we as-
sign a near-infrared surface gravity classification of vl-
g, corresponding to a � optical classification.

This spectral type estimate was converted into a
bolometric luminosity using the J and K-band empir-
ical spectral type to bolometric correction relations for
young, low-gravity objects derived by Filippazzo et al.
(2015). For J band, we estimate an absolute magnitude
in the MKO system (Tokunaga et al. 2002) of � Pic b
from the flux-calibrated GPI spectrum of MJ = 12.56±
0.06, a bolometric correction of BCJ = 1.54 ± 0.34, a
bolometric magnitude of Mbol = 14.09 ± 0.34, and a
bolometric luminosity of log(Lbol/L�) = �3.74 ± 0.14.
Similarly, for K band: MK = 10.86 ± 0.15, BCK =
3.26 ± 0.13, Mbol = 14.11 ± 0.20, log(Lbol/L�) =

�3.75 ± 0.08. Both of these luminosity estimates are
consistent with the empirical bolometric luminosity of
� Pic b presented in Section 3.1.

3.3. Comparison w/ model grids.

Using the spectral data obtained with GPI, we com-
puted updated best model fits combining GPI spectral
data with previously published photometry of � Pic b
(Lagrange et al. 2009; Quanz et al. 2010; Bonnefoy et al.
2011; Currie et al. 2011; Bonnefoy et al. 2013; Currie
et al. 2013; Absil et al. 2013; Males et al. 2014; Morzin-
ski et al. 2015). The SED of � Pic b was compared to
publicly available grids of model atmospheres: Ames-
Dusty (Chabrier et al. 2000; Allard et al. 2001), BT
Settl (2015) (Allard et al. 2012) and Drift Phoenix
(Helling et al. 2008; Woitke & Helling 2003; Helling &
Woitke 2006). All of these model grids are calculated
using the Phoenix atmosphere models. The Ames-
Dusty grid combines the NASA AMES molecular H2O
and TiO line lists and include the treatment for the
condensation of dust within the atmosphere. The BT
Settl (2015) models are part of the BT model fam-
ily, using updated line lists and revised solar abun-
dances. BT Settl uses a detailed cloud model to define
the distribution of condensates withtin the atmosphere.
The Drift Phoenix model grids combine the Phoenix
model with the non-equilibrium cloud model Drift.

For the individual spectra in each model grid, the fit-
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Figure 3. �2

⌫ as a function of spectral type for the M, L
and T dwarfs within the spectral library fit to each GPI
band independently (Y through K2, top to bottom). Dif-
ferent markers were used to indicate the di↵erent gravity
classes, using the scheme described in Allers & Liu (2013).
We grouped them together into three groups; very low grav-
ity (�, �, vl-g), intermediate gravity (�, int-g) and field
gravity (↵, fld-g). For clarity, the optical and near infrared
gravity classification have been grouped together. Objects
without any gravity classification are plotted as gray circles.
Spectral standards for field-gravity (Burgasser et al. 2006;
Kirkpatrick et al. 2010) and low-gravity (Allers & Liu 2013)
objects are highlighted with large red and yellow crosses, re-
spectively.
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�
2 �
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Field - L3.7 ± 2.7
VLG - L1.7 ± 1.0

Figure 4. �2

⌫ as a function of spectral type for each object
within the spectral library for the unrestricted (top panel)
and restricted (bottom panel) fits to the GPI spectrum of
� Pic b. The symbols are as in Figure 3. In both cases, the
low-gravity objects typically have lower �2

⌫ values than field-
gravity objects of the same spectral type. The spectral type
of � Pic b was estimated for both gravity subsets, with the
estimates being consistent between the two di↵erent fitting
procedures. Based on these estimates, a spectral type of
L1.5±1.5 was adopted for � Pic b, with a low surface gravity
(�/vl-g).

cording to the ratio of their �2 to the minimum �2 of all
the standards (e.g., Burgasser et al. 2010), was adopted
as the spectral type. A systematic uncertainty of one
half subtype was assumed for the standards. This pro-
cess was repeated for both surface gravity subsets, and
for each of the five bands. The adopted spectral type
and corresponding uncertainty for � Pic b are given for
each band in Figure 3, ranging from M6 to L7 for the
field surface gravity standards and from M8 to L2 for the
low surface gravity standards. The significant variation
in the spectral type estimated from each band demon-
strates the di�culty in assigning a spectral type to an
object based on a single spectrum in one band. The
same is not true for surface gravity, with each band but
Y indicating a low surface gravity of � Pic b.

3.2.2. Unrestricted fit to the full spectrum

The full YJHK1K2 spectrum of � Pic b was then fit to
each object within the library. For this unrestricted fit,
each band was scaled independently to account for the

6 Chilcote et al.
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⌫ as a function of spectral type for the M, L
and T dwarfs within the spectral library fit to each GPI
band independently (Y through K2, top to bottom). Dif-
ferent markers were used to indicate the di↵erent gravity
classes, using the scheme described in Allers & Liu (2013).
We grouped them together into three groups; very low grav-
ity (�, �, vl-g), intermediate gravity (�, int-g) and field
gravity (↵, fld-g). For clarity, the optical and near infrared
gravity classification have been grouped together. Objects
without any gravity classification are plotted as gray circles.
Spectral standards for field-gravity (Burgasser et al. 2006;
Kirkpatrick et al. 2010) and low-gravity (Allers & Liu 2013)
objects are highlighted with large red and yellow crosses, re-
spectively.

Figure 4. �2

⌫ as a function of spectral type for each object
within the spectral library for the unrestricted (top panel)
and restricted (bottom panel) fits to the GPI spectrum of
� Pic b. The symbols are as in Figure 3. In both cases, the
low-gravity objects typically have lower �2

⌫ values than field-
gravity objects of the same spectral type. The spectral type
of � Pic b was estimated for both gravity subsets, with the
estimates being consistent between the two di↵erent fitting
procedures. Based on these estimates, a spectral type of
L1.5±1.5 was adopted for � Pic b, with a low surface gravity
(�/vl-g).

cording to the ratio of their �2 to the minimum �2 of all
the standards (e.g., Burgasser et al. 2010), was adopted
as the spectral type. A systematic uncertainty of one
half subtype was assumed for the standards. This pro-
cess was repeated for both surface gravity subsets, and
for each of the five bands. The adopted spectral type
and corresponding uncertainty for � Pic b are given for
each band in Figure 3, ranging from M6 to L7 for the
field surface gravity standards and from M8 to L2 for the
low surface gravity standards. The significant variation
in the spectral type estimated from each band demon-
strates the di�culty in assigning a spectral type to an
object based on a single spectrum in one band. The
same is not true for surface gravity, with each band but
Y indicating a low surface gravity of � Pic b.

3.2.2. Unrestricted fit to the full spectrum

The full YJHK1K2 spectrum of � Pic b was then fit to
each object within the library. For this unrestricted fit,
each band was scaled independently to account for the

Chilcote at al, in prep
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their atmospheres may be much more diverse than expected, and the 
story would change. Each new giant planet discovered is likely to be of 
interest for detailed observational study on its own. 

Transit and secondary eclipse spectroscopy is a possibility for HDST, 
provided high spectral resolution (R ~1000s) instrumentation is included. 
Because this topic is a major focus for JWST, details are not presented 
here except to point out that HDST ’s larger collecting area would allow 
an order of magnitude shorter integration times, allowing characterization 
of planets at the very edge of the JWST capabilities. As an example, to 
detect the presence of water vapor and CO2 for even a potentially rocky 
transiting super-Earth-sized planet (R < 1.5 REarth) in the habitable zone 

Figure 3-18: Simulated near-IR (1.6 µm, 20% band) image of a solar system twin at a distance of 
13.5 pc as seen by HDST (12 m space telescope) with a 2 day exposure. The pupil geometry adopted 
for this simulation is shown in the lower right. A Phase-Induced Amplitude Apodization Complex Mask 
Coronagraph (PIAACMC), offering small IWA (1.25 λ/D), is used here to overcome the larger angular 
resolution at longer wavelength. Earth, at 2.65 λ/D separation, is largely unattenuated, while Venus, at 
1.22 λ/D, is partially attenuated by the coronagraph mask. At this wavelength, the wavefront control 
system (assumed here to use 64 x 64 actuator deformable mirrors) offers a larger high contrast field 
of view, allowing Saturn to be imaged in reflected light. This simulation assumes PSF subtraction to 
photon noise sensitivity. In the stellar image prior to PSF subtraction, the largest light contribution 
near the coronagraph IWA is due to finite stellar angular size (0.77 mas diameter stellar disk).
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observations. Are these planets indeed all like Neptune with metal-rich 
but hydrogen- and helium-dominated envelopes? Are some of them water 
worlds (~50% by mass water in the interior) with thick steam atmospheres? 
Are some massive, rocky worlds with thin H atmospheres? Or, if all of 
the above and more are true, how are different classes of sub-Neptune 
planets populated? Spectroscopy of cold giant planets is another compara-
tive planetology example. One expectation is that the cold giant planets 
will resemble each other, with atmospheres dominated by CH4, NH3, and 
H2O (depending on the presence of clouds and whether gas depletes into 
clouds). It may be that the giant-planet atmospheric C/H/N/O ratios are 
highly correlated to the host star’s or the system’s overall composition. 
In this case, we would have a general framework in which to understand 
the giant planets in any system. In contrast, the giant planets as seen by 

Figure 3-17: Simulation of a Solar System twin at a distance of 13.5 pc as seen with HDST (12 m 
space telescope) and a binary apodized-pupil coronagraph, optimized using the methods described in 
N’Diaye et al. (2015). The image here simulates a 40-hour exposure in 3 filters with 10% bandwidths 
centered at 400, 500, and 600 nm. The inner and outer working angles used in this simulation are 
4 λ/D and 30 λ/D, respectively. The coronagraph design can support smaller inner working angles 
and larger outer working angles. Perfect PSF subtraction has been assumed (i.e., no wavefront drifts 
between target star and calibrator star). The Earth and its blue color are easily detected. The color 
of Venus is biased because that planet lies inside the inner working angle in the reddest exposure. 
The image employs a linear stretch to the outer working angle and a logarithmic stretch beyond that 
(where the purple-colored ring begins). Image credit: L. Pueyo, M. N’Diaye.

• What are the band passes, what is the 
resolution?

•What is the yield? How to increase the yield? 

• How do we reach the wavefront stability? 

• Architecture A: IFU + high res spectrograph?
• Architecture B: IFU + imager? 
• How many parallel channels?
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Fig. 1.— Top left: telescope aperture. Top right: Shaped pupil apodization
for the APLC with the previous aperture. Middle Left: Lyot stop shape. Mid-
dle right and bottom left: Residual intensity in the relayed pupil plane before
and after Lyot stop application. Bottom right: Broadband coronagraphic im-
age of the star with the APLC/shaped pupil hybrid design using the shaped
pupil and Lyot stop showed above, and the FPM of radius r = 4 �0/D. A
1010 contrast region with 3.5 �/D inner and 20 �0/D outer edges is achieved
with our solution over a 10% spectral bandpass, paving the way for the direct
imaging of Earth twins with future large missions.

observation.
Figure 3 displays the contrast curves for our coronagraph

design with a dark zone outer edge ⇢1=10 �0/D using the orig-
inal apodizer from the optimizer and its binarized versions
from numerical simulations. A contrast loss of two orders
of magnitude is observed by simply rounding the pixel val-
ues. The contrast loss can be recovered by using the EDA
method and su�cient oversampling. With a factor of 16 for
the sub-pixelization, we almost recover the initial 1010 con-
trast level reached with our optimized design. With this 9600-
pixel diameter apodizer, we translate these values into phys-
ical units for manufacturing considerations. We assume the
use of black silicon technologies with the current state-of-the-
art for the fabrication of a reflective apodizer prototype (Bal-
asubramanian et al. 2013). Assuming a 10 µm pixel size, an
apodizer prototype with 96 mm diameter can be manufactured
fulfilling the specifications that enable the starlight suppres-
sion down to 10�10 intensity level in visible light with a tele-
scope segmented aperture. This result shows the existence of
suitable, broadband di↵raction suppression solutions with al-
ready manufacturable components (shaped-pupil apodization,
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Fig. 2.— Azimuth averaged intensity profile of the coronagraphic image
produced by our APLC/SP hybrid solutions in 10% broadband light with
the components showed in Figure 1, for three di↵erent dark zone outer
edges. The vertical dashed lines represent the bounds of the search area D
(⇢i = 3.5 �0/D [blue] and ⇢o =10.0, 20.0, and 30.0 �0/D [purple, green,
red]). The red dot line delimits the FPM radius, set to m/2 =4 �0/D. The
averaged contrast over the spectral band in the dark region is below 10�10

(black horizontal line). For each dark zone outer bound, the coronagraph
has here been designed to produce an image core smaller than the projected
FPM size, allowing for both enlargement and expansion of the PSF without
impact on the contrast, making this design virtually insensitive to low-order
aberration, as explained in N’Diaye et al. (2015a).

FPM, Lyot stop) for the direct imaging and spectral analy-
sis of Earth twins with large segmented apertures. Further
coronagraph designs using binary apodization with a smaller
sampling are currently under investigation to reduce the pupil
dimensions in the context of a coronagraph instrument.
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Fig. 3.— Azimuth averaged intensity profile of the coronagraphic image
reached by an APLC solution in 10% broadband light and the parameters
shown in Table 1, except for the Lyot stop which presents a 36% instead of
40% obstruction, providing a quasi-binary shaped pupil. Profiles are repre-
sented for the design with the original grey version, rounded values version,
and the binarized versions using error di↵usion algorithm (EDA, see e.g. Dor-
rer & Zuegel (2007)) with di↵erent lateral size N obtained by sub-pixelization
of the original design gray pixels. The dashed blue vertical lines delimit the
high-contrast search areaD (⇢i = 3.5 �0/D and ⇢o =10.0 �0/D). The red dot
line delimits the FPM radius, set to m/2 = 4 �0/D. The averaged contrast
over the spectral band in the dark region is below 10�10 (black horizontal
line). The 1010 contrast performance of the original design is almost recov-
ered with a EDA version using N=9600. Relating on current black silicon
technologies to manufacture Shaped pupil mask for WFIRST-AFTA corona-
graph (Balasubramanian et al. 2013), we translate these values into physical
units. Assuming a 10 µm size for a pixel, the apodizer of our design can
currently be fabricated with a 96 mm diameter prototype to work in visible
light.

N’diaye et al. (2015)

Stark et al. (2015)
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Fig. 5.— Simulated multicolor pictures of a solar system twin at 13.5 pc with
a 12 m telescope and our coronagraph design with an OWA ⇢1 =30 �0/D at
di↵erent exposure times (from left to right: 8h, 40h). The solar system was
modeled with the Haystacks project (Courtesy A. Roberge et al.), includ-
ing spectroscopic and spatial information for all the components within the
exoplanetary system. Each picture is a composite of three images on three
channels around 400, 500 and 600 nm, each with 10% bandpass and a coro-
nagraph optimized for this band. In this simulation, we assume a perfect
wavefront, no wavefront drifts between the target solar system star and cal-
ibrator star for the image processing, and only photon noise. Earth is at 2
o’clock and is indeed blue, Venus is at 9 o’clock, Zodiacal light is elongated
along the 2-8 o’clock direction, Jupiter is at 10 o’clock in the red channel
(600 nm): it is outside of the dark hole at shorter wavelengths. In that chan-
nel, most of Venus is hidden by the coronagraph. Linear and logarithmic
scale representations are used inside and outside the high-contrast region for
each coronagraph.

For our design reference missions analysis, we assume
a five-year mission using our coronagraph design with two
years dedicated to exo-Earth detection (one total year of ex-
posure time and another year of overheads). We assume the
dimmest detectable planet is 27.5 mag fainter than its host
star, one order of magnitude beyond the raw contrast. We note
that although our adopted noise floor is very optimistic, noise
floors beyond ⇠26 mag do not greatly impact the yield; adopt-
ing a more conservative noise floor of 26 mag fainter than the
host star will not change our results significantly (Stark et al.
2015). We assume an observation time only devoted to de-
tection in V band (no spectral characterization) with signal-
to-noise ratio SNR�7, and noiseless detectors (photon noise
limited observations).

We use several astrophysical assumptions to estimate our
Earth-analog candidate yield, see Stark et al. (2015) for a
detailed description of astrophysical assumptions made here.
We assume Earth twins with parameters as described in Stark
et al. (2014). We adopt the optimistic habitable zone defini-
tion from Kopparapu (2013) for Sun-like stars (OKHZ), rang-
ing from 0.75 - 1.77 AU, and scale it with the square root of
the stellar luminosity. Exo-Earth orbits are assumed circular,
based on the eccentricity-radius correlation from Kane et al.
(2012). We assume ⌘� = 0.1, the fraction of stars with Earth-
sized planets in the OKHZ, based on planet occurrence es-
timates ranging from 0.05 to 0.2 for Sun-like stars (Petigura
et al. 2013; Marcy et al. 2014; Silburt et al. 2015). In this sim-
ulation, we also include di↵erent amounts of exozodiacal dust
in units of zodis, using the ”zodi” definition from Stark et al.
(2014).

Figure 6 represents the yield of exo-Earth candidates as a
function of the telescope diameter for di↵erent exozodi levels.
The yield for a mission equipped with our coronagraph im-
proves substantially as the telescope diameter increases. As-
suming a future constraint on the median exozodi level of <3
zodis, we estimate our coronagraph design with a 12 m seg-
mented aperture can detect 12.5 exo-Earth candidates, assum-
ing a perfect and stable wavefront.

Clearly, our novel design here produces a moderate yield

for such large telescope. However, we have here presented
a 1010 raw contrast design as a first iteration, representing a
proof of existence of coronagraphs that can both be manufac-
tured as of today and handle large segmented aperture in terms
of starlight attenuation for Earth twin observations. This pre-
liminary design leaves room for yield improvement in coron-
agraphy, in particular with the APLC/SP hybrid concept, by
exploring trade-o↵s in coronagraph design parameters (focal
plane mask size and type, inner and outer edges of the dark
zone, Lyot stop geometry).

In an attempt to identify the key points for yield enhance-
ment, we assess the impact of the coronagraph parameters on
the yield, see Table 3. A few observations can be derived from
its analysis:

1. the dark region outer edge is a good parameter to de-
grade in coronagraph design since it barely alters the
exo-Earth yield and its reduction allow increasing the
amount of flux in the PSF core. In contrast, maintaining
a large dark region outer edge would favor the detec-
tion of companions, such as mature Jupiter-like planets
at large separations

2. trading o↵ contrast for IWA is worthwhile if we gain
a > 0.5 �0/D in IWA for a factor of 2 degradation in
contrast

3. the PSF core size impacts our design performance

4. since we estimate contrast with respect to the PSF peak
in the absence of focal plane mask, the throughput does
not a↵ect the amount of leaked starlight hitting the de-
tector. Thus, increasing the throughput is more valu-
able than enlarging the bandwidth or mission lifetime
because it does not increase one of the sources of noise.

These remarks give us a clear path for further coronagraph
designs to enhance the yield and provide a maximized science
return with future large space observatories.
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Fig. 6.— ExoEarth candidate Yield with our coronagraph design as a func-
tion of the telescope diameter for di↵erent exozodi levels. Following the 12 m
telescope scenario for the ATLAST concept, we find 12.5 detectable exo-
Earth candidates within 3 zodi levels for this mission with our coronagraph
characteristics (IWA, OWA, contrast, Airy throughput), assuming a perfect
and stable wavefront. Unsurprisingly, the exoplanet number drops at 5 with
60 exo-zodi levels but the initial exo-Earth yield is recovered by increasing
the aperture size up to 20 m.

How to design higher performance coronagraphs?
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Coronagraphs: starting point

This is the technology that will fly with WFIRST 
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Coronagraphs: SCDA study

• Telescope builders choose possible architectures.
• Coronagraph designers do their homework
• Coronagraph design propagated through PROPER code. 
• Agreed upon metrics for yield calculations are estimated. 
• Yield calculation. 
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SCDA results SP/APLC
August-Sep 2016: New APLC design survey  

with expanded parameter range
• 3100 new designs optimized on NCCS Discover supercomputer
• All SCDA reference apertures (hexagonal, pie, and keystone primaries)
• Inner working angles down to 2.5 λ/D
• With and without central obscuration (on-axis versus off-axis)
• Contrast fixed at 10

-10
 throughout

NCCS Discover is an efficient tool 
for running many linear optimization 
programs to survey the APLC design 
parameter space.  
 
Up to 50 optimization jobs run 
concurrently, with typical completion 
times < 6 hours.

STScI team has submitted a proposal 
to renew the NCCS allocation in 
November (~25k run hours) 

Optimization completion time per design

Courtesy of Neill 
Zimmerman

Wednesday, November 9, 16



SCDA results SP/APLC
August-Sep 2016: New APLC design survey  

with expanded parameter range

Throughput of best designs as a function of IWA

• 3100 new designs optimized on NCCS Discover supercomputer
• All SCDA reference apertures (hexagonal, pie, and keystone primaries)
• Inner working angles down to 2.5 λ/D
• With and without central obscuration (on-axis versus off-axis)
• Contrast fixed at 10

-10
 throughout

Courtesy of Neill 
Zimmerman
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Fig. 1.— Top left: telescope aperture. Top right: Shaped pupil apodization
for the APLC with the previous aperture. Middle Left: Lyot stop shape. Mid-
dle right and bottom left: Residual intensity in the relayed pupil plane before
and after Lyot stop application. Bottom right: Broadband coronagraphic im-
age of the star with the APLC/shaped pupil hybrid design using the shaped
pupil and Lyot stop showed above, and the FPM of radius r = 4 �0/D. A
1010 contrast region with 3.5 �/D inner and 20 �0/D outer edges is achieved
with our solution over a 10% spectral bandpass, paving the way for the direct
imaging of Earth twins with future large missions.

observation.
Figure 3 displays the contrast curves for our coronagraph

design with a dark zone outer edge ⇢1=10 �0/D using the orig-
inal apodizer from the optimizer and its binarized versions
from numerical simulations. A contrast loss of two orders
of magnitude is observed by simply rounding the pixel val-
ues. The contrast loss can be recovered by using the EDA
method and su�cient oversampling. With a factor of 16 for
the sub-pixelization, we almost recover the initial 1010 con-
trast level reached with our optimized design. With this 9600-
pixel diameter apodizer, we translate these values into phys-
ical units for manufacturing considerations. We assume the
use of black silicon technologies with the current state-of-the-
art for the fabrication of a reflective apodizer prototype (Bal-
asubramanian et al. 2013). Assuming a 10 µm pixel size, an
apodizer prototype with 96 mm diameter can be manufactured
fulfilling the specifications that enable the starlight suppres-
sion down to 10�10 intensity level in visible light with a tele-
scope segmented aperture. This result shows the existence of
suitable, broadband di↵raction suppression solutions with al-
ready manufacturable components (shaped-pupil apodization,
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Fig. 2.— Azimuth averaged intensity profile of the coronagraphic image
produced by our APLC/SP hybrid solutions in 10% broadband light with
the components showed in Figure 1, for three di↵erent dark zone outer
edges. The vertical dashed lines represent the bounds of the search area D
(⇢i = 3.5 �0/D [blue] and ⇢o =10.0, 20.0, and 30.0 �0/D [purple, green,
red]). The red dot line delimits the FPM radius, set to m/2 =4 �0/D. The
averaged contrast over the spectral band in the dark region is below 10�10

(black horizontal line). For each dark zone outer bound, the coronagraph
has here been designed to produce an image core smaller than the projected
FPM size, allowing for both enlargement and expansion of the PSF without
impact on the contrast, making this design virtually insensitive to low-order
aberration, as explained in N’Diaye et al. (2015a).

FPM, Lyot stop) for the direct imaging and spectral analy-
sis of Earth twins with large segmented apertures. Further
coronagraph designs using binary apodization with a smaller
sampling are currently under investigation to reduce the pupil
dimensions in the context of a coronagraph instrument.
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Fig. 3.— Azimuth averaged intensity profile of the coronagraphic image
reached by an APLC solution in 10% broadband light and the parameters
shown in Table 1, except for the Lyot stop which presents a 36% instead of
40% obstruction, providing a quasi-binary shaped pupil. Profiles are repre-
sented for the design with the original grey version, rounded values version,
and the binarized versions using error di↵usion algorithm (EDA, see e.g. Dor-
rer & Zuegel (2007)) with di↵erent lateral size N obtained by sub-pixelization
of the original design gray pixels. The dashed blue vertical lines delimit the
high-contrast search areaD (⇢i = 3.5 �0/D and ⇢o =10.0 �0/D). The red dot
line delimits the FPM radius, set to m/2 = 4 �0/D. The averaged contrast
over the spectral band in the dark region is below 10�10 (black horizontal
line). The 1010 contrast performance of the original design is almost recov-
ered with a EDA version using N=9600. Relating on current black silicon
technologies to manufacture Shaped pupil mask for WFIRST-AFTA corona-
graph (Balasubramanian et al. 2013), we translate these values into physical
units. Assuming a 10 µm size for a pixel, the apodizer of our design can
currently be fabricated with a 96 mm diameter prototype to work in visible
light.

Stark et al. (2015)

How to better design coronagraph.

Courtesy of Neill Zimmerman
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SCDA results: Vortex

Ring-apodized vortex coronagraph 3

VC

from
telescope

L1 L2 L3

FT FP
LS

residual 
# (r0/R)2

FT

VC

from
telescope

L1 L2 L3

FT FP
LSAPO

0

FT

A. VC2

B. RAVC2

FT

FT

Fig. 1.— A: classical VC of topological charge 2 with a centrally obscured telescope of radius R (r0 is the radius of the secondary shadow).
The residual field interior to the pupil (between r0 and R) leads to contrast degradation in the subsequent focal plane image, as the fraction
of the total energy remaining inside the pupil is (r0/R)2, or 0.04 for a 20% central obscuration. B.: RAVC of topological charge 2. The
ring of radius r1 and amplitude transmittance t1 is optimized so that the overlap of the self-similar vortex functions at the Lyot plane
issued from the central obscuration (green curve) and the ring (blue curve) perfectly cancel each other between r1 and R (red curve).

There is a whole set of solutions to Eq. 4 with 0 <
t1 < 1 and r0 < r1 < R. However, the best solution
will maximize the throughput T for a given r0. T is
defined as the energy going through the ring r1 < r < R,
normalized by the energy nominally transmitted by the
centrally obscured telescope aperture, or

T =
t21

(

1−
(

r1
R

)2
)

1−
(

r0
R

)2 (5)

Substituting Eq. 4 into Eq. 5, and differentiating T
with respect to t1, we find the optimal ring parameters
associated with a charge 2 VC

⎧

⎨

⎩

t1,opt = 1− 1
4

(

R2
0 +R0

√

R2
0 + 8

)

R1,opt =
R0√

1−t1,opt

(6)

where R0 = r0/R, and R1 = r1/R are the relative
radii. Note that t1,opt and R1,opt are functions of r0/R
only (see Fig. 3), which is remarkably analogous to the
problem associated to designing apodizers for apodized
pupil Lyot coronagraphs (APLC) with hard edge focal
plane masks (Soummer 2005). Indeed, in both cases,
there only exists a unique apodizer configuration that
maximizes throughput while yielding a chosen level of
starlight extinction. However due to the nature of the
VC, this optimal solution turns out to rely on sharp vari-
ation of the amplitude profile while the optimal solutions
for an APLC are smooth.

3. CHARGE 4 RAVC

The charge 2 RAVC design is simple and the analytical
solution very easy to find. The cancellation of the field
at the Lyot stop within the outer ring, and the through-

Mawet et al. (2013)

Ring-apodized vortex coronagraph 7
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Fig. 5.— Theoretical maximum throughput of the RAVC2 and
RAVC4 with transmissive ring apodizers for various obscuration
relative diameters r0/R. The throughput decreases with the topo-
logical charge and central obscuration.

tor (Mawet et al. 2010a). Indeed, Jenkins (2008) showed
that the sensitivity of the VC to pointing offsets θ, in
units of λ/D, is proportional to θl, with θ << 1 (the
same laws apply to the sensitivity to stellar size, which
can be seen as an incoherent sum of pointing offsets).
Fig. 5 presents a throughput curve for the RAVC2 and

RAVC4, as a function of central obscuration size. For
a 10% central obscuration, the RAVC2 throughput is ≃
75% and ≃ 65% for the RAVC4. For 20%, the RAVC2
throughput is ≃ 55% and ≃ 40% for the RAVC4. Note
that the IWA of the VC, classically defined as the 50%
off-axis throughput point (relative to the maximum), is
not affected by the apodizer in the topological charge
2 case (see Fig. 6, left), but marginally affected for the
charge 4 case (see Fig. 6, right), especially as the size of
the central obscuration increases.
The RAVC solution is thus a good compromise be-

tween the numerically-optimized apodizer masks pre-
sented in Carlotti et al. 2013 (in preparation, see also
Section 6.5) as it has comparable throughput but with
a full search area, and the Phase-Induced Amplitude
Apodization Complex Mask Coronagraph (PIAACMC,
Guyon et al. 2013), which involves more complicated op-
tics.

6. TECHNICAL FEASIBILITY

In this section we discuss the technical feasibility of the
RAVC, from the current technology readiness of the VC
to the ring apodizer manufacturability and the optical
layout of the concept, including three practical solutions
to mitigate the diffraction from the secondary support
structures.

6.1. Vortex mask manufacturing

The vector vortex coronagraph (VVC, Mawet et al.
2005, 2009) is one possible and easy route to manu-
facture VCs3. It advantageously makes use of the ge-

3 Noteworthy progress was recently made in the scalar vor-
tex technology, here using computer generated holograms, see

TABLE 1
Characteristics of the three main technologies currently

being used to render the VVC (LCP=liquid crystal polymer,
SG=subwavelength gratings, PC=photonic crystals). l is
the topological charge of the vortex. NIR stands for

near-infrared. MIR stands for mid-infrared. “Cent. def.” is
the size of the defect at the center of the VVC.

Tech. λ l Cent. def. Raw Contrast

LCP VIS-NIR 2-4 < 20µm (a) ≃ 10−9 @ 785 nm
< 5µm (b) ≃ 2 10−8 10% BW

≃ 4 10−8 20% BW
PC VIS(-NIR) 2 < 1µm (c) ≃ 10−8 @ 785 nm
SG (NIR-)MIR 2 < 5µm (d) ≃ 10−5 @ 4 µm (e)

a Manuf. by JDSU (Mawet et al. 2009, 2012), see also Serabyn et al. 2013,
in preparation.
b Manuf. by BeamCo (Nersisyan et al. 2013).
c Manuf. by Photonic Lattice Inc. (Murakami et al. 2010, 2013).
d Manuf. by Uppsala University (Delacroix et al. 2013)
e Without wavefront control.

ometrical or Pancharatnam-Berry phase, which is achro-
matic by nature. The VVC is based on a space-
variant halfwave plates (HWP), circularly symmetric in
the charge 2 case. Manufacturing the VVC thus re-
quires manipulating the polarization vector in a space-
variant manner, i.e. it needs to be significantly mod-
ulated across spatial scales of less than a mm, with
precisions of a few microns and fractions of a degree.
Three technological approaches are currently used to
manufacture the VVC (Mawet et al. 2012): liquid crys-
tal polymers (Mawet et al. 2009), subwavelength grat-
ings (Mawet et al. 2005; Delacroix et al. 2013), and pho-
tonic crystals (Murakami et al. 2010, 2013). Each one
of these technological choices has advantages and draw-
backs, enumerated in Mawet et al. (2012), and practi-
cal vortex devices that have already provided very high
contrast with unobscured apertures are already available
(see Table 1). Thus we now turn to the manufacture of
the new component needed, i.e., the ring apodizer.

6.2. Apodizing Mask manufacturing

Given the extreme simplicity of the ring apodized
masks, and their discrete levels of transmittance, no dif-
ficulty is foreseen in this area. The manufacturing of the
ring apodizer pupil mask should thus be straightforward
and one can envision using either microdot or optical
coating technologies.
The microdot technology uses a halftone-dot process,

where the relative density of a binary array of pixels
(transmission of 0 or 1 at the micron level) is calcu-
lated to obtain the required local transmission (here
uniform within the rings). The manufacturing of cur-
rent apodized pupil Lyot coronagraphs (Soummer 2005;
Soummer et al. 2011) for SPHERE (Kasper et al. 2012)
and GPI (Macintosh et al. 2008) uses the microdot tech-
nology which is well mastered (Martinez et al. 2009a,b).
Note the band-limited coronagraphs of NIRCAM soon to
fly aboard JWST have also made use of a similar tech-
nique (Krist et al. 2009). The demonstrated advantages
of microdot apodizers are numerous: 1%-level accuracy
on the transmission profile, achromatic in phase and am-
plitude, compatibility with a wide range of substrate
material, and with conventional AR coating. Spatial

Errmann et al. (2013).

Throughput

3

Fig. 1.— An overview of the coronagraphic setup discussed in this paper. The coronagraph consists of three stages: (A) the
apodizing mask, (B) the vortex phase mask, and (C) the inner Lyot stop. When the beam hits stages A and C, it is in the
pupil plane, and at stage B it is in the focal plane. The diagonal hatching indicates the region of the beam that is blocked by
the secondary mirror and by the inner Lyot stop. In this figure, blue text refers to parts of the beam in the pupil plane, while
green text refers to parts of the beam in the focal plane, including the final image PSF. The top left inset shows an example of
the apodized transmission of flux from an on-axis source through stage A, with an apodization function optimized for a charge
4 vortex and a central obscuration that is 30% the radius of the pupil. The inset on the right show the real and imaginary parts
of the electric field at stage B. The bottom left inset shows the field at stage C- the dashed lines show where the field is either
outside the radius of the pupil Rp or is blocked by the inner Lyot stop with radius RB .

Fogarty et al. (in prep)

3

Fig. 1.— An overview of the coronagraphic setup discussed in this paper. The coronagraph consists of three stages: (A) the
apodizing mask, (B) the vortex phase mask, and (C) the inner Lyot stop. When the beam hits stages A and C, it is in the
pupil plane, and at stage B it is in the focal plane. The diagonal hatching indicates the region of the beam that is blocked by
the secondary mirror and by the inner Lyot stop. In this figure, blue text refers to parts of the beam in the pupil plane, while
green text refers to parts of the beam in the focal plane, including the final image PSF. The top left inset shows an example of
the apodized transmission of flux from an on-axis source through stage A, with an apodization function optimized for a charge
4 vortex and a central obscuration that is 30% the radius of the pupil. The inset on the right show the real and imaginary parts
of the electric field at stage B. The bottom left inset shows the field at stage C- the dashed lines show where the field is either
outside the radius of the pupil Rp or is blocked by the inner Lyot stop with radius RB .
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Fig. 3.— Throughput of charge 2 and 4 apodized vortex coronagraphs are shown as a function of the secondary mirror
radius relative to the primary mirror radius, where an apodizing filter is used. Solid curves are for apodizations that are not
required to be smooth, while dotted, dash-dotted, and dashed lines are for smooth apodizations described by polynomials of
order 4, 8, and 20. The black curves are for a c = 2 coronagraph, and the black solid line corresponds to the ring-apodized
vortex coronagraph. The green curves are for a c = 4 coronagraph, and the blue curves are for a c = 6 coronagraph. The
additional degrees of freedom allowed for by the constraints for each successive charge results in the coronagraph having superior
throughput compared coronagraphs of lower charge for large central obscurations. Since the linear program optimizes the pupil
apodization for transmission, for the charge 4 and 6 coronagraphs, the optimal throughput curves may be higher than those
presented here.

Fig. 4.— Break radii corresponding to optimized transmissions are shown as a function of secondary mirror radius. Line styles
and colors are the same as in Figure 3. The break radius is identical to the size of the inner Lyot stop, and so can be a limiting
factor in the total throughput. This degeneracy between inner Lyot stop size and apodization results in RB not increasing
smoothly with Rs/Rp. For higher charges, transmission is a decreasingly reliable estimator of throughput
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SCDA results: Vortex
Grayscale apodized vortex coronagraph  

Courtesy of 
Garreth Ruane

Ruane et al. (2015)
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SCDA results: Vortex
Courtesy of Garreth Ruane
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SCDA results: Vortex
ExoEarth Candidate Yield Calculations  10 

Stark et al., ApJ 795 122 (2014) 
Stark et al., ApJ 808 149 (2015) 

Telescope ExoEarth Yield 
4.0-m off-axis monolith 5-8 

4.0-m off-axis segmented 3-4 

6.5-m off-axis segmented 8-11 

12-m  on-axis segmented 2-8 

12-m  off-axis segmented 22-28 

Off-axis monolith Off-axis segmented On-axis segmented 

Courtesy of Garreth Ruane

Wednesday, November 9, 16



Recap
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their atmospheres may be much more diverse than expected, and the 
story would change. Each new giant planet discovered is likely to be of 
interest for detailed observational study on its own. 

Transit and secondary eclipse spectroscopy is a possibility for HDST, 
provided high spectral resolution (R ~1000s) instrumentation is included. 
Because this topic is a major focus for JWST, details are not presented 
here except to point out that HDST ’s larger collecting area would allow 
an order of magnitude shorter integration times, allowing characterization 
of planets at the very edge of the JWST capabilities. As an example, to 
detect the presence of water vapor and CO2 for even a potentially rocky 
transiting super-Earth-sized planet (R < 1.5 REarth) in the habitable zone 

Figure 3-18: Simulated near-IR (1.6 µm, 20% band) image of a solar system twin at a distance of 
13.5 pc as seen by HDST (12 m space telescope) with a 2 day exposure. The pupil geometry adopted 
for this simulation is shown in the lower right. A Phase-Induced Amplitude Apodization Complex Mask 
Coronagraph (PIAACMC), offering small IWA (1.25 λ/D), is used here to overcome the larger angular 
resolution at longer wavelength. Earth, at 2.65 λ/D separation, is largely unattenuated, while Venus, at 
1.22 λ/D, is partially attenuated by the coronagraph mask. At this wavelength, the wavefront control 
system (assumed here to use 64 x 64 actuator deformable mirrors) offers a larger high contrast field 
of view, allowing Saturn to be imaged in reflected light. This simulation assumes PSF subtraction to 
photon noise sensitivity. In the stellar image prior to PSF subtraction, the largest light contribution 
near the coronagraph IWA is due to finite stellar angular size (0.77 mas diameter stellar disk).

T H E  F U T U R E  O F  U V O I R  S P A C E  A S T R O N O M Y
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observations. Are these planets indeed all like Neptune with metal-rich 
but hydrogen- and helium-dominated envelopes? Are some of them water 
worlds (~50% by mass water in the interior) with thick steam atmospheres? 
Are some massive, rocky worlds with thin H atmospheres? Or, if all of 
the above and more are true, how are different classes of sub-Neptune 
planets populated? Spectroscopy of cold giant planets is another compara-
tive planetology example. One expectation is that the cold giant planets 
will resemble each other, with atmospheres dominated by CH4, NH3, and 
H2O (depending on the presence of clouds and whether gas depletes into 
clouds). It may be that the giant-planet atmospheric C/H/N/O ratios are 
highly correlated to the host star’s or the system’s overall composition. 
In this case, we would have a general framework in which to understand 
the giant planets in any system. In contrast, the giant planets as seen by 

Figure 3-17: Simulation of a Solar System twin at a distance of 13.5 pc as seen with HDST (12 m 
space telescope) and a binary apodized-pupil coronagraph, optimized using the methods described in 
N’Diaye et al. (2015). The image here simulates a 40-hour exposure in 3 filters with 10% bandwidths 
centered at 400, 500, and 600 nm. The inner and outer working angles used in this simulation are 
4 λ/D and 30 λ/D, respectively. The coronagraph design can support smaller inner working angles 
and larger outer working angles. Perfect PSF subtraction has been assumed (i.e., no wavefront drifts 
between target star and calibrator star). The Earth and its blue color are easily detected. The color 
of Venus is biased because that planet lies inside the inner working angle in the reddest exposure. 
The image employs a linear stretch to the outer working angle and a logarithmic stretch beyond that 
(where the purple-colored ring begins). Image credit: L. Pueyo, M. N’Diaye.

• What are the band passes, what is the 
resolution?

•What is the yield? How to increase the yield? 

• How do we reach the wavefront stability? 

• Architecture A: IFU + high res spectrograph?
• Architecture B: IFU + imager? 
• How many parallel channels?

• Yield is now on par with Stark et al. (2015) 
• Progress is happening quickly
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Wavefront stability

WFIRST like DM: 1 mm pitch

GPI like DM: 0.3 mm pitch

Wavefront actuation

Figure 4: Results in contrast obtained with ACAD on the WFIRST pupil. Left: Contrast curves for the
3 coronagraphs, with a 10% bandwidth, 34 actuators, a DM size of 34x0.3mm, separated by 30cm. The dark hole
is 5-12 �/D for the APLC and 3 -10 �/D for the Vortex coronagraphs. Right: Mean contrast in the DH for the
charge 4 vortex, for 3 bandwidths (0%, 10%, 20%) and three DM setups: the ”HiCAT case” (small DMs, small
inter-DM distance, black line), the ”WFIRST case” (large DMs, long inter-DM distance, red line), and finally the
”intermediate case” (small DMs, long inter-DM distance, blue line).

and finally the ”intermediate case” (small DMs, long inter-DM distance, blue line). We clearly see that in term
of contrast level, small DMs are to be favored. The inter-DM distance has no influence, except maybe at large
bandwidths. Once again, this contrast levels are to be analysed in the context of this parametric study and
should not be compared to the one of the WFIRST mission, as we only used 34 actuators in the pupil, and not
48 actuators.

4.2 Throughput and robustness to Jitter

The throughput is measured as the ”PSF core throughput” in Krist et al. 201625 (energy higher than half of the
maximum in the final focal plane divided by the energy hitting the primary mirror). This measurement therefore
includes the loss of energy in the PSF due to the coronagraph and also due to the deformation of the PSF
because of the propagation between the 2 DMs. We normally expect that the deformation is more important
(and therefore the throughput lower) when the strokes are important.

Throughput results are shown on Figure 5 in the 10% bandwidth case for the WFIRST pupil. We show the
throughput as a function of separation (in �0/D) for 3 di↵erent coronagraphs and 3 DM setups. In solid line, we
represent the throughput in the case of flat DMs (before the correction), which corresponds to the throughput
of the coronagraph itself. In dashed and dotted lines, we represent the throughput for the di↵erent DM setups,
for APLC (red), Vortex charge 2 (purple), Vortex charge 4 (blue). The most important parameter is the type of
coronagraph. The ring-apodized vortex (especially the charge 4) is not at all optimized for a pupil this size. As
shown in Table1, in the case of the ring apodized charge 4 coronagraph, the central apodization of the Lyot stop
is of 78%, blocking most of the energy. Other methods of apodization for the charge 4 vortex (e.g. apodized
phase mask + vortex12) are currently investigated to enhance the throughput. In the same figure, we can also
compare the influence set up of the throughput of the system. For charge 4 vortex, throughput is mostly the
same in every case, which we interpret by the fact that the o↵-axis PSF is already completely deformed by the
coronagraph itself. For the APLC, the ”HiCAT case” (small DMs, small inter-DM distance, dashed line) has
the most throughput, followed by the ”WFIRST case” (large DMs, long inter-DM distance, dot-dashed line),
and finally by the ”intermediate case” (small DMs, long inter-DM distance, dotted line). Unsurprisingly, this
ranking is also the one followed by the strokes (table on the left, first column). For the charge 2 vortex the
”HiCAT case” (small DMs, small inter-DM distance, dashed line) has the most throughput, but the two other
cases (”WFIRST case” and ”intermediate case”) are mostly identical. More analysis (5 or 6 cases for both DM
size and inter-DM distance) are necessary to fully understand the influence of the DM set-up on the throughput.

When using 2 DMs actuator 
pitch impact performance. 

Other solutions include active 
primary, segmented DM.

Mazoyer et al. (2016)
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• WFIRST LOWFS/C subsystem measures and controls line-of-sight (LoS) jitter and 
drift as well as the thermally induced low order wavefront drift

• Differential sensor referenced to coronagraph wavefront control: maintains 
wavefront established for high contrast (HOWFS/C)

• Using rejected starlight from occulter which reduces non-common path error
• LOWFS/C telemetry can be used for coronagraph data post-processing

LOWFS/C LoS Loop Demonstration Video

15

Questions:
• Will we need a LOWFS?
• Will we need a HOWFS? 
• Copy LOWFS architecture of 
WFIRST?

Shi et al. (2015)

Wavefront sensing
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Recap
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their atmospheres may be much more diverse than expected, and the 
story would change. Each new giant planet discovered is likely to be of 
interest for detailed observational study on its own. 

Transit and secondary eclipse spectroscopy is a possibility for HDST, 
provided high spectral resolution (R ~1000s) instrumentation is included. 
Because this topic is a major focus for JWST, details are not presented 
here except to point out that HDST ’s larger collecting area would allow 
an order of magnitude shorter integration times, allowing characterization 
of planets at the very edge of the JWST capabilities. As an example, to 
detect the presence of water vapor and CO2 for even a potentially rocky 
transiting super-Earth-sized planet (R < 1.5 REarth) in the habitable zone 

Figure 3-18: Simulated near-IR (1.6 µm, 20% band) image of a solar system twin at a distance of 
13.5 pc as seen by HDST (12 m space telescope) with a 2 day exposure. The pupil geometry adopted 
for this simulation is shown in the lower right. A Phase-Induced Amplitude Apodization Complex Mask 
Coronagraph (PIAACMC), offering small IWA (1.25 λ/D), is used here to overcome the larger angular 
resolution at longer wavelength. Earth, at 2.65 λ/D separation, is largely unattenuated, while Venus, at 
1.22 λ/D, is partially attenuated by the coronagraph mask. At this wavelength, the wavefront control 
system (assumed here to use 64 x 64 actuator deformable mirrors) offers a larger high contrast field 
of view, allowing Saturn to be imaged in reflected light. This simulation assumes PSF subtraction to 
photon noise sensitivity. In the stellar image prior to PSF subtraction, the largest light contribution 
near the coronagraph IWA is due to finite stellar angular size (0.77 mas diameter stellar disk).
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observations. Are these planets indeed all like Neptune with metal-rich 
but hydrogen- and helium-dominated envelopes? Are some of them water 
worlds (~50% by mass water in the interior) with thick steam atmospheres? 
Are some massive, rocky worlds with thin H atmospheres? Or, if all of 
the above and more are true, how are different classes of sub-Neptune 
planets populated? Spectroscopy of cold giant planets is another compara-
tive planetology example. One expectation is that the cold giant planets 
will resemble each other, with atmospheres dominated by CH4, NH3, and 
H2O (depending on the presence of clouds and whether gas depletes into 
clouds). It may be that the giant-planet atmospheric C/H/N/O ratios are 
highly correlated to the host star’s or the system’s overall composition. 
In this case, we would have a general framework in which to understand 
the giant planets in any system. In contrast, the giant planets as seen by 

Figure 3-17: Simulation of a Solar System twin at a distance of 13.5 pc as seen with HDST (12 m 
space telescope) and a binary apodized-pupil coronagraph, optimized using the methods described in 
N’Diaye et al. (2015). The image here simulates a 40-hour exposure in 3 filters with 10% bandwidths 
centered at 400, 500, and 600 nm. The inner and outer working angles used in this simulation are 
4 λ/D and 30 λ/D, respectively. The coronagraph design can support smaller inner working angles 
and larger outer working angles. Perfect PSF subtraction has been assumed (i.e., no wavefront drifts 
between target star and calibrator star). The Earth and its blue color are easily detected. The color 
of Venus is biased because that planet lies inside the inner working angle in the reddest exposure. 
The image employs a linear stretch to the outer working angle and a logarithmic stretch beyond that 
(where the purple-colored ring begins). Image credit: L. Pueyo, M. N’Diaye.

• What are the band passes, what is the 
resolution?

•What is the yield? How to increase the yield? 

• How do we reach the wavefront stability? 

• Architecture A: IFU + high res spectrograph?
• Architecture B: IFU + imager? 
• How many parallel channels?

• Yield is now on par with Stark et al. (2015). 
• Progress is happening quickly.

• Ongoing work on technology trades. 
• Most likely will not impact instrument mass 
volume.
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their atmospheres may be much more diverse than expected, and the 
story would change. Each new giant planet discovered is likely to be of 
interest for detailed observational study on its own. 

Transit and secondary eclipse spectroscopy is a possibility for HDST, 
provided high spectral resolution (R ~1000s) instrumentation is included. 
Because this topic is a major focus for JWST, details are not presented 
here except to point out that HDST ’s larger collecting area would allow 
an order of magnitude shorter integration times, allowing characterization 
of planets at the very edge of the JWST capabilities. As an example, to 
detect the presence of water vapor and CO2 for even a potentially rocky 
transiting super-Earth-sized planet (R < 1.5 REarth) in the habitable zone 

Figure 3-18: Simulated near-IR (1.6 µm, 20% band) image of a solar system twin at a distance of 
13.5 pc as seen by HDST (12 m space telescope) with a 2 day exposure. The pupil geometry adopted 
for this simulation is shown in the lower right. A Phase-Induced Amplitude Apodization Complex Mask 
Coronagraph (PIAACMC), offering small IWA (1.25 λ/D), is used here to overcome the larger angular 
resolution at longer wavelength. Earth, at 2.65 λ/D separation, is largely unattenuated, while Venus, at 
1.22 λ/D, is partially attenuated by the coronagraph mask. At this wavelength, the wavefront control 
system (assumed here to use 64 x 64 actuator deformable mirrors) offers a larger high contrast field 
of view, allowing Saturn to be imaged in reflected light. This simulation assumes PSF subtraction to 
photon noise sensitivity. In the stellar image prior to PSF subtraction, the largest light contribution 
near the coronagraph IWA is due to finite stellar angular size (0.77 mas diameter stellar disk).
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observations. Are these planets indeed all like Neptune with metal-rich 
but hydrogen- and helium-dominated envelopes? Are some of them water 
worlds (~50% by mass water in the interior) with thick steam atmospheres? 
Are some massive, rocky worlds with thin H atmospheres? Or, if all of 
the above and more are true, how are different classes of sub-Neptune 
planets populated? Spectroscopy of cold giant planets is another compara-
tive planetology example. One expectation is that the cold giant planets 
will resemble each other, with atmospheres dominated by CH4, NH3, and 
H2O (depending on the presence of clouds and whether gas depletes into 
clouds). It may be that the giant-planet atmospheric C/H/N/O ratios are 
highly correlated to the host star’s or the system’s overall composition. 
In this case, we would have a general framework in which to understand 
the giant planets in any system. In contrast, the giant planets as seen by 

Figure 3-17: Simulation of a Solar System twin at a distance of 13.5 pc as seen with HDST (12 m 
space telescope) and a binary apodized-pupil coronagraph, optimized using the methods described in 
N’Diaye et al. (2015). The image here simulates a 40-hour exposure in 3 filters with 10% bandwidths 
centered at 400, 500, and 600 nm. The inner and outer working angles used in this simulation are 
4 λ/D and 30 λ/D, respectively. The coronagraph design can support smaller inner working angles 
and larger outer working angles. Perfect PSF subtraction has been assumed (i.e., no wavefront drifts 
between target star and calibrator star). The Earth and its blue color are easily detected. The color 
of Venus is biased because that planet lies inside the inner working angle in the reddest exposure. 
The image employs a linear stretch to the outer working angle and a logarithmic stretch beyond that 
(where the purple-colored ring begins). Image credit: L. Pueyo, M. N’Diaye.

• Oct 20 th 2016: Kick Off meeting.
• Nov 3 rd: Discussions on preliminary input 
sheet. 
• Dec 1 st: In depth discussion filters, 
wavelength coverage. Inputs from ExoWG.
• Dec 15 th: In depth discussion on back end 
instrument architectures/detector 
technologies. 
• Jan 12 th: In depth discussion  on wavefront 
sensing and control architecture. 
• Jan 19 th: In depth discussion on 
coronagraph design and optical design 
considerations. 
• Feb 2 th: Finalize input sheets. Finalize 
documentation package to help GSFC design 
team. 
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