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Planetary population model for young stars

Gratton, 2014 (from Bonavita et al. 2012)
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What contrast for HARMONI?
• HARMONI is not specifically optimized for high-contrast 

• Single component vs. dedicated high-contrast arm 

• Spec: 10-6 at 200mas ; Goal: 10-5-10-6 at 40mas 
‣ Follow-up of SPHERE, GPI, and other targets ;  

Medium spectral resolution makes possible observation 
of K & CO lines. 

‣ Characterization of planets around M dwarves. 
‣ Observation of the inner edge of debris disks  

& associated planetary or substellar companions.
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Planetary population model for young stars
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Limitations on contrast
• Telescope AO (M4 has ~74 actuators across pupil) 
• Telescope aperture (segments discontinuities, obscuration) 
• Instrument stability: 
‣ temporal & chromatic NCPA  
‣ thermal drift, chromatic pupil shift, … 

• Instrument limitations: 
‣ non-corrected atmospheric dispersion 
‣ limited access to pupil & image planes 
‣ cross-talk & diffusion in the IFS
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AO: semi-analytical approach
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1 - Analytic 2D power spectrum of atmospheric residuals 
(after SCAO ; ~180nm RMS)

2 - Best fit of M1 by M4:

3 - Non common path estimation/calibration error 
- 5nm RMS in this example. 
- Exhaustive system analysis required.

conservative 
case

ideal case

Aberrations on each segment 
create ~60nm RMS global  
wavefront error.



AO: semi-analytical approach
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Infinitely long exposure 
(no photon noise)

atmospheric residuals
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AO: end-to-end model

8

GPU-based COMPASS platform (Gratadour et al. 2014, Carlotti et al., 2014) 
Open-source, freely distributed code ; Uses Nvidia’s CUDA software & hardware.

Segments introduce phase & amplitude discontinuities: 
1% reflectivity ; 50nm piston ; 50nm TT ; 50nm defocus w/ 10nm mean



AO: end-to-end model
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Development of a COMPASS extension for high-contrast imaging.

PSF Strehl ratio ~70%
w/ E-ELT aperture w/ apodizer

Apodized PSF  
w/ halo

Diffraction 
dominated PSF



Compatible coronagraphs
Baseline constraints:  
- atmospheric dispersion not corrected => No focal plane mask. 
- Pupil plane masks are the only option here.
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Pupil Image (log scale)



Apodizing the aperture
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see Aime & Soummer 2001, Vanderbei et al. 2003, Carlotti et al. 2011

Apodized aperture Apodized PSF

Carlotti et al.: Comprehensive review of shaped pupil coronagraphy

Fig. 1. Illustration of the ring and bow-tie high-contrast regions consid-
ered in this paper. The IWA, OWA and azimuth are indicated.

has been led to understand the main properties of the shaped
pupil for arbitrary apertures. Knowing the main trade-o↵s of
the coronagraph is essential to determine the possibilities of a
shaped pupil for future exoplanet direct imagers with given sci-
ence drivers. This information is particularly useful in the con-
text of design reference missions which are currently in prepara-
tion for the observatories of the next decades. In this paper, we
perform a broad study of shaped pupils properties to provide the
community a comprehensive review of the capabilities of this
coronagraph.

In this paper, we describe the results of a broad study in
which we present a detailed characterization of the design trade-
o↵s by computing a large number of SP for various contrast
values, inner and outer working angles, and central obscuration
ratios. We also consider two throughputs, 25% and 50%. By
throughput we mean the Airy throughput, i.e., the ratio of the
total energy inside the core of the o↵-axis coronagraphic PSF to
the total energy inside the core of the telescope PSF. For simplic-
ity’s sake we have set the radius of this inner region to 2�/D for
all central obscuration ratios. This region contains 89.5% of the
energy for a 15% centrally obscured telescope, and 87.7% for a
30% centrally obscured telescope.

The contrast values that we give in the paper are measured
inside a specific region of the image plane. Because the intensity
fluctuates inside the region, that value is always a statistical es-
timate of the average contrast over the region. In the aberration
free case our average contrast is defined as the sum of the mean
relative intensity and three times its standard deviation, meaning
that for 99.7% of the pixels in the region, the relative intensity is
equal or lower than the average contrast.

We consider two types of high-contrast regions in the image
plane: one is a ring, while the other is formed of two symmet-
ric, sectorial regions each of them having a 60 degree azimuthal
extent (see Fig.1). Because of its shape, we refer to the latter as
a bow-tie region. This ring and bow-tie regions are two extreme
cases of what can be done.

While other angles than 60 degree could be considered, they
should preferentially equal ⇡/n rad, with n being an integer. This
way the image plane can be entirely explored by rotating the
same mask n times, if the aperture symmetry allows it (Carlotti
et al. 2013a), or by using a series of n masks if it does not. The
high-contrast region becomes too narrow if n is too large, and n
must equal 3 for the IWA to not be degraded by a too small az-
imuthal extent of the high-contrast region. Indeed, as it is showed
in Fig.2, almost half the energy of an o↵-axis companion falls
inside the bow-tie region when the companion is located at the
minimum IWA a 2D SP can achieve (which is close to 3�/D).

Finally, and as illustrated in Fig.3, we also consider two dif-
ferent implementations of the SP coronagraph:

Fig. 2. Illustration of a companion located at a 3�/D IWA, inside a 60
deg bow-tie region. Both circles with a 2�/D radius represent the area
that contains about 90% of the PSF energy, and the circle associated
with the companion is equally inside and outside the bow-tie region,
showing that the IWA is not a↵ected by the azimuthal extent of the
region.

Fig. 3. Two optical setups for the shaped pupil coronagraph. Top: direct
implementation, the shaped pupil is located in a pupil plane, and the
camera is in the first focal plane after that follows it. Bottom: Lyot coro-
nagraph implementation, the shaped pupil is located in a pupil plane, a
focal plane mask is placed in the following image plane, and a Lyot stop
is located in the second pupil plane. The camera is placed in the second
image plane.

– a direct implementation, in which the detector is located in
the focal plane that immediately follows the apodized pupil
plane. Since the star is not attenuated, the detector may have
to be saturated to observe the planet. Contrary to CCD de-
tectors, the pixels of CMOS detectors can be read at di↵erent
rates, which helps avoiding saturation.

– an apodized Lyot coronagraph implementation, in which a
focal plane mask (FPM) lets light through the high-contrast
region only, and a Lyot stop is located in a reimaged pupil
plane to limit the di↵raction due to the focal plane mask.
The detector is located in the following image plane.

We also characterize the sensitivity of a series of masks to
low-order aberrations over a 10% spectral bandpass. Tip, tilt, de-
focus, astigmatisms, comas, trefoils, and spherical aberration are
simulated. For each of these Zernike modes, we consider ampli-
tudes ranging from �0/1000 RMS to �0/3 RMS, and we simulate
their impact on the contrast measured in the first and the second
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Apodized Lyot coronagraph (as used in VLT/SPHERE & Gemini/GPI):

Shaped pupil coronagraph (as used in WFIRST-AFTA and in SUBARU/SCExAO):



Compatible coronagraphs
Solution to satisfy constraints: 
- direct apodization, i.e., Shaped Pupils, APP, still compatible. 
- pupil tracking mode enables angular differential imaging.
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Pupil
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Aperture constraints
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Missing segments Central obscuration constrains the coronagraph
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Advantages of a dedicated arm

• Simplest option: 1 apodizer & 1 focal plane mask 
‣ reduces diffusion, dynamical range on camera 

• w/ a (simple) ADC to allow APLC-like configuration: 
‣ smaller angular separation ~30mas w/ same contrast 
‣ weaker chromatic variations of NCPA => better stability
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Carlotti et al.: Comprehensive review of shaped pupil coronagraphy

Fig. 1. Illustration of the ring and bow-tie high-contrast regions consid-
ered in this paper. The IWA, OWA and azimuth are indicated.

has been led to understand the main properties of the shaped
pupil for arbitrary apertures. Knowing the main trade-o↵s of
the coronagraph is essential to determine the possibilities of a
shaped pupil for future exoplanet direct imagers with given sci-
ence drivers. This information is particularly useful in the con-
text of design reference missions which are currently in prepara-
tion for the observatories of the next decades. In this paper, we
perform a broad study of shaped pupils properties to provide the
community a comprehensive review of the capabilities of this
coronagraph.

In this paper, we describe the results of a broad study in
which we present a detailed characterization of the design trade-
o↵s by computing a large number of SP for various contrast
values, inner and outer working angles, and central obscuration
ratios. We also consider two throughputs, 25% and 50%. By
throughput we mean the Airy throughput, i.e., the ratio of the
total energy inside the core of the o↵-axis coronagraphic PSF to
the total energy inside the core of the telescope PSF. For simplic-
ity’s sake we have set the radius of this inner region to 2�/D for
all central obscuration ratios. This region contains 89.5% of the
energy for a 15% centrally obscured telescope, and 87.7% for a
30% centrally obscured telescope.

The contrast values that we give in the paper are measured
inside a specific region of the image plane. Because the intensity
fluctuates inside the region, that value is always a statistical es-
timate of the average contrast over the region. In the aberration
free case our average contrast is defined as the sum of the mean
relative intensity and three times its standard deviation, meaning
that for 99.7% of the pixels in the region, the relative intensity is
equal or lower than the average contrast.

We consider two types of high-contrast regions in the image
plane: one is a ring, while the other is formed of two symmet-
ric, sectorial regions each of them having a 60 degree azimuthal
extent (see Fig.1). Because of its shape, we refer to the latter as
a bow-tie region. This ring and bow-tie regions are two extreme
cases of what can be done.

While other angles than 60 degree could be considered, they
should preferentially equal ⇡/n rad, with n being an integer. This
way the image plane can be entirely explored by rotating the
same mask n times, if the aperture symmetry allows it (Carlotti
et al. 2013a), or by using a series of n masks if it does not. The
high-contrast region becomes too narrow if n is too large, and n
must equal 3 for the IWA to not be degraded by a too small az-
imuthal extent of the high-contrast region. Indeed, as it is showed
in Fig.2, almost half the energy of an o↵-axis companion falls
inside the bow-tie region when the companion is located at the
minimum IWA a 2D SP can achieve (which is close to 3�/D).

Finally, and as illustrated in Fig.3, we also consider two dif-
ferent implementations of the SP coronagraph:

Fig. 2. Illustration of a companion located at a 3�/D IWA, inside a 60
deg bow-tie region. Both circles with a 2�/D radius represent the area
that contains about 90% of the PSF energy, and the circle associated
with the companion is equally inside and outside the bow-tie region,
showing that the IWA is not a↵ected by the azimuthal extent of the
region.

Fig. 3. Two optical setups for the shaped pupil coronagraph. Top: direct
implementation, the shaped pupil is located in a pupil plane, and the
camera is in the first focal plane after that follows it. Bottom: Lyot coro-
nagraph implementation, the shaped pupil is located in a pupil plane, a
focal plane mask is placed in the following image plane, and a Lyot stop
is located in the second pupil plane. The camera is placed in the second
image plane.

– a direct implementation, in which the detector is located in
the focal plane that immediately follows the apodized pupil
plane. Since the star is not attenuated, the detector may have
to be saturated to observe the planet. Contrary to CCD de-
tectors, the pixels of CMOS detectors can be read at di↵erent
rates, which helps avoiding saturation.

– an apodized Lyot coronagraph implementation, in which a
focal plane mask (FPM) lets light through the high-contrast
region only, and a Lyot stop is located in a reimaged pupil
plane to limit the di↵raction due to the focal plane mask.
The detector is located in the following image plane.

We also characterize the sensitivity of a series of masks to
low-order aberrations over a 10% spectral bandpass. Tip, tilt, de-
focus, astigmatisms, comas, trefoils, and spherical aberration are
simulated. For each of these Zernike modes, we consider ampli-
tudes ranging from �0/1000 RMS to �0/3 RMS, and we simulate
their impact on the contrast measured in the first and the second
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IFS: cross-talk & diffusion
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Global contamination 
due to 0.5% diffusion
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PSF spreads during exposure
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Conservative example with a star 5h from meridian, 63° from zenith 
1min exposure leads to 6.4mas dispersion.
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Diffusion produces 10-5  
plumes artefacts. 

PSF is blurred vertically 
due to cross-talk, dispersion

100nm RMS residual aberrations. 
- temporal evolution? Only one 
surface rotates wrt. instrument. 
- chromatic evolution? Fresnel 
effects to be modeled.

Angular distance (arcsec)

Contrast (w/ cross−talk) − Lambda=2439.5nm − R=3500 − Ab=100nm RMS
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Summary
• HARMONI has great potential for planet characterization: 
‣ 10-100 times the spectral resolution of SPHERE 
‣ down to 40 mas angular sep. (5 times smaller than at VLT) 
‣ Robust coronagraphic solutions exist. 

• Next steps for the preliminary design phase: 
‣ Detailed system analysis required for NCPA. 
‣ What to expect from post-processing algorithms? 
‣ Development of a GPU-based coronagraphic module
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