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๏ Main trends in future HCI instrumentation 

๏ Future instrumentation on 10-m class telescopes 

๏ Future instrumentation on Extremely Large Telescopes



Main trends in HCI 
instrumentation Smarter, better, faster, deeper



Overview of trends

common path WFS

better XAO

(courtesy SCExAO team)

new coronagraphs

new detectors 
+ spectroscopy



Extreme adaptive optics
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Uncorrected scintillation (CPUAMP)
Residual phase correction error – WFS photon noise (CPOPHN)

Residual phase correction error – temporal error (CPOTEM)
Residual amplitude correction error – WFS photon noise (CPAPHN)

Residual amplitude correction error – temporal error (CPATEM)
Chromatic OPD – multiplicative refractivity (CPOMUL)

Chromatic amplitude – multiplicative refractivity (CPAMUL)
Chromatic OPD – Fresnel propagation (CPOPRO)

Chromatic amplitude – Fresnel propagation (CPAPRO)
Chromatic OPD – refractive light path (CPORPA)

Chromatic amplitude – refractive light path (CPARPA)
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Raw contrast terms in ExAO high-contrast imaging

Figure 8
Simulated raw contrast contributions of ExAO error terms for an 8-m telescope. WFS aliasing and readout noise are not considered.
Perfect removal of the coherent long-exposure PSF is assumed to be achieved with the coronagraph. See Table 5 for simulation details.
Abbreviations: OPD, optical pathlength difference; PSF, point spread function; WFS, wavefront sensor.

for an ExAO system with a phase-correcting primary loop (no scintillation correction) and no
additional control loop, the overall contrast is

C = CPOPHN + CPOTEM + CPUAMP + CPALIA + CPWRON + CCTOT. 9.

If both phase and amplitude are corrected by the primary WFS, then

C = CPOPHN + CPOTEM + CPAPHN + CPATEM + CPALIA + CPWRON + CCTOT. 10.

If, additionally, the primary control loop operates at the same wavelength as the science imaging,
chromatic terms disappear:

C = CPCAMP + CPCOPD + CPALIA + CPWRON. 11.

The approximate contribution of each term to the overall raw contrast, derived analytically fol-
lowing the methods used by Guyon (2005), is shown in Figure 8.

The dominant terms for high-contrast imaging at small angular separation are, in approximate
decreasing order of amplitude, the following:

1. Residual phase errors in the primary wavefront control loop, due to WFS photon noise
(term CCOPHN) and temporal error (term CCOTEM). These two terms usually dominate
the overall wavefront error budget, with a total contribution in the ≈50–200-nm range in
ExAO systems. The AO control loop speed must be carefully chosen to balance the two

338 Guyon
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8m telescope @ H band, WFS @ 0.8µm, 1 kHz



Extreme adaptive optics (cont’d)

๏ Pyramid WFS 
• better sensitivity —> fainter targets 

• better correction of low orders & pupil segmentation management 

• possible pairing with model-based reconstruction 

๏ Faster extreme AO systems 
• enabled by new hardware: photon-counting detectors, GPU 

acceleration 

• reduced lag —> lower wind-driven halo



Extreme adaptive optics (cont’d)

๏ Predictive control / sensor fusion  
• optimally uses last measurements to predict aberrations at correction time 

• challenge: temporal relationships between past and future aberrations not 
known in advance and change continuously —> machine learning 

๏ High-density DMs 
• woofer-tweeter configurations 

๏ All these gains are not simply multiplicative, but strongly 
benefit each other 
• smaller residual WFE —> WFS more sensitive & linear, better calibrated  

—> improves predictive control efficiency



NCPA management

๏ NCPA identified as bottleneck in most HCI instruments 

๏ Common-path WFS techniques 
• Software (mostly): speckle nulling, pairwise probing + Electric Field 

Conjugation, Linear Dark Field Control, Phase Sorting Interferometry, Kernel 
phase, etc. 

• Hardware needed: low-order WFS, Self-Coherent Camera, Zernike WFS, 
modal WFS, etc. 

๏ Possible combination with post-processing 
• Coherent Differential Imaging —> joint estimation of speckle field and 

companion, using information from common-path WFS technique  

• Ideally also combined with (real-time) access to telemetry



New coronagraphs

๏ Vortex coronagraphs and Apodizing Phase Plates now 
mainstream 

๏ Next step: fully optimized coronagraphs 
• need properly defined metrics (including null depth & throughput) 

• combination of pupil-plane and focal-plane elements 

• new promising concepts (e.g., Phase-Apodized-Pupil Lyot Coronagraph —> 
combines phase apodizer, focal-plane amplitude mask, and Lyot stop) 

๏ Need to address segmented pupil 
• some coronagraphs more immune than others 

• DM may help to some level



Spectral resolution

๏ Low-resolution IFS already mainstream  
• higher resolutions will become more and more standard 

๏ Medium & high spectral resolution 
• enables the use of spectral features for detection (and characterization) 

• new concepts for HCI-specific IFS: fiber feeds, multiplexed Bragg 
gratings, etc. + associated operating modes (e.g., fiber dark hole) 

๏ New signal extraction techniques 
• need to go beyond simple cross-correlation



Detectors

๏ Low noise / photon-counting detectors at all wavelengths 
• EMCCD — ideal for high sensitivity, high-speed wavefront sensing, but 

can also be used for visible HCI 

• IR-APD — can be used for AO, common-path WFS, and science 

๏ Microwave Kinetic Inductance Detectors (MKIDs) 
• photon energy discrimination —> built-in low-res spectrograph 

• high-speed photon counting —> stochastic speckle discrimination 

๏ Geosnap 
• pushing MCT technologies to mid-IR wavelengths



Image processing

๏ Combination with FP-WFS / spectral resolution 
• coherent differential imaging still in its infancy 

• still a long way to go to make optimal use of all the available information 

๏ Machine learning for post-processing 
• shows promise for « simple » tasks 

• could become game-changing for optimal exploitation of huge datasets 
(high-speed, spectrally dispersed data + telemetry + etc) 

๏ Future: real-time PSF estimation, using all sensors + ML to 
relate WFS telemetry to focal plane images using training sets



Future instrumentation on 
10-m class telescopes Surveys & technology platforms



Upgrades & new instruments: overview

๏ Upgrades 
• SCExAO  

(in constant upgrade) 

• MagAO-X 

• KPIC 

• SPHERE+ 

• GPI 2.0

๏ New instruments 
• SHARK  

• ERIS 

๏ Mid-IR: a first generation 

๏ Other perspectives



SCExAO: latest news

๏ First HCI instrument with IR PyWFS + IR APD detector 

๏ Current / pending upgrades 
• Predictive control tested: significant gain, but far from theoretical 

predictions 

• Spectral resolution: single-mode fiber coupling with dedicated high-
resolution IFS (RHEA) and with IRD Doppler spectrograph 

• MEC: MKID Exoplanet Camera (20k pixels, 0.8 - 1.4 µm, 1 µsec resolution) 

๏ Future upgrades —> platform for TMT-PSI development 
• AO188: new RTC, new DM, near-IR PyWFS



MagAO-X: just got first light!

๏ New AO system @ Magellan 
• Woofer-tweeter configuration (Alpao DM97 + BMC 2k) 

• Visible PyWFS + EMCCD 

• Predictive control at 3.6 kHz 

๏ Common path WFS 
• LDFC / modal WFS 

• Real-Time Frazin Algorithm (EFC + servo-lag as probe) 

๏ Science cameras: VisAO & Clio + upgrades to 
RHEA IFS & DARKNESS (MKIDs IFS) 

๏ Coronagraphs 
• Phase I: VisAO + vAPP coronagraph —> Hɑ science!  

• Phase II: PIAACMC with Lyot-LOWFS + dedicated DM

Table 1. The high level performance requirements derived from H↵ SDI survey.
Targets Performance

I d Numb. Sep �H↵ Strehl1

mag [pc] [mas] mag [%]
5 225 6 75 12.0 70
8 150 25 100 9.0 50
10 150 129 100 7.0 30
12 150 442 100 5.0 20

1 At H↵, � =656 nm.
2 not complete, we consider this a lower limit

2.2.1 Circumstellar Disks

Disk science is a challenging application of AO, with low surface brightness and characteristics similar to the
uncorrected seeing halo, so high-Strehl high-contrast ExAO is critical. MagAO-X will push the two frontiers in
circumstellar disk science. The first is detailed imaging of geometry, particularly in the 5-50 AU region analogous
to the outer part of the solar system. Most disks sit at 50-150 pc, so reaching radii comparable to the giant
planet region requires imaging at 50-120 mas. Existing systems push in to at best ⇠150 mas. For some disks, an
inner working angle of ⇠100 mas will push to the exozodiacal light region for the first time. For example, in the
well-known HR 4796A disk, SED fits show that the 8-20 µm flux cannot be fully explained by the outer, ⇠100 K,
ring, suggesting a ring at 3-7 AU.10 MagAO-X has the potential to image this inner ring. The second frontier is
multi-wavelength study of disks to derive the chemical make-up and dynamical state.4,11 This requires a large
wavelength grasp from visible through near-infrared so MagAO-X’s ability to image at ⇠0.45 µm complements
existing systems.

2.2.2 Fundamental Properties of Young Solar-System-like EGPs

Dedicated exoplanet-imagers GPI and SPHERE are in operation, and GPI has discovered the first planet of this
new era: 51 Eri b is a 600-K ⇠2 MJup exoplanet imaged 13 AU from its 20-Myr-old, 30-pc-away F-type host
star.12 This planet is di↵erent from other exoplanets (whether imaged or analyzed by transit spectroscopy): its
atmosphere is the closest analog yet to solar system atmospheres because of its Saturn-scale orbit, Jupiter-scale
mass, and cool temperature such that CH4 was detected in the GPI spectrum.

We have conducted a prototype experiment with existing MagAO using the exoplanet � Pic b, which can be
imaged with the current VisAO due to its brightness (youth and mass) and its 300-400 mas separation.3 We
also demonstrated using such measurements to empirically measure the fundamental properties of this solar-
system-scale exoplanet.13 MagAO-X will extend these observations to shorter wavelengths, and to smaller mass,
smaller separation planets such as 51 Eri b. MagAO-X will also enable characterization of such planets with the
DARKNESS and RHEA@MagAO-X spectrographs.

Figure 1. The MagAO-X woofer-tweeter architecture. Left: in Phase-I we employ the vAPP coronagraph and SDI.
Right: in Phase-II we will employ a PIAACMC and spectrographs.

Table 1. The high level performance requirements derived from H↵ SDI survey.
Targets Performance

I d Numb. Sep �H↵ Strehl1

mag [pc] [mas] mag [%]
5 225 6 75 12.0 70
8 150 25 100 9.0 50
10 150 129 100 7.0 30
12 150 442 100 5.0 20

1 At H↵, � =656 nm.
2 not complete, we consider this a lower limit

2.2.1 Circumstellar Disks

Disk science is a challenging application of AO, with low surface brightness and characteristics similar to the
uncorrected seeing halo, so high-Strehl high-contrast ExAO is critical. MagAO-X will push the two frontiers in
circumstellar disk science. The first is detailed imaging of geometry, particularly in the 5-50 AU region analogous
to the outer part of the solar system. Most disks sit at 50-150 pc, so reaching radii comparable to the giant
planet region requires imaging at 50-120 mas. Existing systems push in to at best ⇠150 mas. For some disks, an
inner working angle of ⇠100 mas will push to the exozodiacal light region for the first time. For example, in the
well-known HR 4796A disk, SED fits show that the 8-20 µm flux cannot be fully explained by the outer, ⇠100 K,
ring, suggesting a ring at 3-7 AU.10 MagAO-X has the potential to image this inner ring. The second frontier is
multi-wavelength study of disks to derive the chemical make-up and dynamical state.4,11 This requires a large
wavelength grasp from visible through near-infrared so MagAO-X’s ability to image at ⇠0.45 µm complements
existing systems.

2.2.2 Fundamental Properties of Young Solar-System-like EGPs

Dedicated exoplanet-imagers GPI and SPHERE are in operation, and GPI has discovered the first planet of this
new era: 51 Eri b is a 600-K ⇠2 MJup exoplanet imaged 13 AU from its 20-Myr-old, 30-pc-away F-type host
star.12 This planet is di↵erent from other exoplanets (whether imaged or analyzed by transit spectroscopy): its
atmosphere is the closest analog yet to solar system atmospheres because of its Saturn-scale orbit, Jupiter-scale
mass, and cool temperature such that CH4 was detected in the GPI spectrum.

We have conducted a prototype experiment with existing MagAO using the exoplanet � Pic b, which can be
imaged with the current VisAO due to its brightness (youth and mass) and its 300-400 mas separation.3 We
also demonstrated using such measurements to empirically measure the fundamental properties of this solar-
system-scale exoplanet.13 MagAO-X will extend these observations to shorter wavelengths, and to smaller mass,
smaller separation planets such as 51 Eri b. MagAO-X will also enable characterization of such planets with the
DARKNESS and RHEA@MagAO-X spectrographs.

Figure 1. The MagAO-X woofer-tweeter architecture. Left: in Phase-I we employ the vAPP coronagraph and SDI.
Right: in Phase-II we will employ a PIAACMC and spectrographs.

Phase I

Phase II

Males et al. 2018



KPIC: concept & status

๏ New XAO downstream Keck AO 
• IR PyWFS + IR-APD detector + 1k Boston DM 

๏ Fiber feed to NIRSPEC 

๏ New coronagraphs 
• new (optimized) vortex in NIRC2, also paired with IR PyWFS 

• K-band vortex fiber nuller

Figure 2. Block diagram of KPIC showing the di↵erent subsystems and the links between them. HODM - High Order
DM, FIU - Fiber Injection Unit, IR-PyWFS - infrared Pyramid Wavefront Sensor, FEU - Fiber Extraction Unit.

Figure 1. Block diagram of KPIC. HODM - High order DM, FIU - fiber injection unit, IR-PyWFS - infrared pyramid
wavefront sensor, FEU - fiber extraction unit.

The infrared pyramid wavefront sensor and the fiber injection unit of KPIC successfully passed a preliminary
design review (PDR) in March 2017. Long-lead items such as the o↵-axis parabolas, tip-tilt mirror, and tracking
camera were ordered immediately following the PDR. The design discuss during the PDR and described in Ref. 2
have been improved and it successfully passed the detailed design review (DDR) in January 2018. After the
DDR, all missing items has been ordered. Once all critical items received, the FIU module has been built and
aligned at Caltech before to be shipped in Hawaii in April 2018. In parallel, the pyramid wavefront sensor plate
has been built and aligned at the Institute for Astronomy of Hilo (IFA). Reunited since April, FIU and PyWFS
plates have been co-aligned, tested and characterized at the IFA. The final design of the FIU is presented in
Sect. 2 and the main results of its characterization are presented in Sect. 3. For more information about the
KPIC (requirements, science goals...) consult Ref. 2 and for the IR-PyWFS consult Ref. ?.

Figure 2. Left: FIU plate (silver) in front of the PyWFS plate (Black). Middle: picture of KPIC from the back side of
the FIU plate. Right: Picture of the space between the two plates when co-aligned.

Fig. 2 shows pictures of KPIC in the IFA laboratory. The only part not aligned yet is the fiber port describe
in Sect. 2.3. This part will be use to connect the bundle of single mode fiber (Sect. 2.4) to the FIU. The output
end of the bundle will be connected to the FEU. This module has already been aligned and tested. Implemented
into NIRSPEC in July 2018, it will be used to relay the light from the output of the fiber bundle onto the slit
of the spectrograph.

2

Figure 3. Left: FIU plate (silver) in front of the PyWFS plate (Black). Middle: picture of KPIC from the back side of
the FIU plate. Right: Picture of the space between the two plates when co-aligned.

4.3 FIU and FEU to NIRSPEC

The fiber injection unit linking the Keck II AO bench to NIRSPEC is discussed in details in Delorme et al. 2018
(these proceedings). The system was integrated and paired to the infrared Pyramid WFS (Figure 3), and will
be installed at the Summit in the Fall of 2018. The fiber extraction unit will be integrated to the NIRSPEC
calibration unit this Summer (2018).

5. CONCLUSIONS AND PERSPECTIVES

KPIC, with its IWA of ' 40 mas at K-band and ' 80 mas at L-band, will complement JWST at very small
angles (the IWA of NIRCAM and MIRI will be 5-10 times larger). KPIC’s high resolution spectroscopic mode
will demonstrate crucial capabilities that will be essential to follow-up discoveries from JWST, TESS and later
on WFIRST CGI. KPIC will bridge the gap between the Keck AO system and a TMT planetary systems imager
(PSI). Keck provides a pathfinder for ExAO and high dispersion coronagraphy on the highly-segmented TMT.
KPIC will allow demonstrating critical component-level and system-level aspects, gain operational experience
on segmented telescopes, and enable unique science, vetting the most promising targets for future follow-ups
requiring a larger aperture.
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Vortex fiber nuller: concept

Figure 1: (a) The azimuthally varying phase pattern introduced by a charge l = 1 vortex mask and the corre-
sponding complex-valued PSF resulting when the vortex mask is placed in a pupil plane. (b) Diagram of a VFN
system with the vortex mask in the pupil plane and SMF in the image plane. The mode of the fiber is denoted
 (r). (c) Coupling e�ciency, ⌘, of a point source versus its angular separation from the optical axis, ↵, for a
charge l = 1 (blue) and l = 2 (orange) VFN system. The inset shows the coupling e�ciency for all points in a
field of view centered on the star/fiber.

2. VFN CONCEPT

VFN is an interferometric method for detecting and spectroscopically characterizing exoplanets at small angular
separations that are inaccessible to conventional coronagraph instruments.12 It leverages the modal selectivity
of SMFs to reject starlight while e�ciently coupling planet light that can then be fed into a spectrograph for
analysis.

A vortex phase mask placed in the pupil plane15 introduces an azimuthally increasing phase ramp pattern,
shown in the left half of Fig. 1a, of the form exp(il✓), where ✓ is the azimuthal coordinate and l is an integer
known as the charge which defines how many times the phase cycles around the beam. In theory, a VFN system
can have the vortex mask located anywhere in the beam path. In the KPIC VFN mode, the vortex mask will
be located in a pupil plane (see Fig. 1b). This results in the complex-valued point spread function (PSF) shown
in the right half of Fig. 1a which is characterized by a “donut shape” in amplitude and a vortex phase structure
that also varies as exp(il✓).

The coupling e�ciency, or fraction of light from a given source that gets into the SMF, can be computed as:

⌘(↵) =

��R E(r;↵) (r)dA
��2

R
|E(r;↵)|2 dA

R
| (r)|2 dA

, (1)

where E(r;↵) is the field at the entrance to the SMF,  (r) is the fundamental mode of the SMF, r = (r, ✓) are
the coordinates in the fiber-tip plane, and ↵ is the angular o↵set with respect to the optical axis (see Fig. 1b).
To give a heuristic explanation of why the starlight is rejected by the fiber, we consider a simplified case where
the system pupil is circular and unobscured and the post-vortex stellar field is composed of separate radial and
azimuthal components, Es(r) = fr(r) exp(il✓). Since the fiber mode is also radially symmetric, the coupling
integral for the star is separable and the azimuthal term goes to zero for any l 6= 0. Thus, the complex stellar
field is orthogonal to  (r) and does not couple into the fiber. An o↵-axis point source has the same PSF but
is shifted with respect to the SMF mode such that the azimuthal term no longer vanishes and the field is not
orthogonal to  (r). Thus, the o↵-axis planet light partially couples. For non-circular pupils, such as the Keck
aperture, the computation is di↵erent but a similar orthogonality condition occurs.

Etcheverri et al.2019



The VFN implementation in KPIC

Figure 4: (a) Schematic of the KPIC VFN mode. Light arrives from the telescope after passing through the
facility AO system. The near-infrared pyramid wavefront sensor (PyWFS) and high-order deformable mirror
(DM) further correct the wavefront before allowing the beam to pass through the vortex mask and then the
atmospheric dispersion compensator (ADC). The tip-tilt mirror (TTM) centers the star PSF on the fiber which
feeds NIRSPEC, the high-resolution near-infrared spectrograph. A dichroic reflects J- and H-bands to a tracking
camera, which provides simultaneous imaging for PSF tracking, calibration, and control algorithms. Light in
the science channel (K-band) transmits through the dichroic and is routed to NIRSPEC via the SMF. L-band is
unused in the initial VFN configuration. (b) Nominal KPIC observation mode for direct exoplanet spectroscopy
with the apodizer in the pupil and the planet aligned to the fiber. (c) KPIC VFN mode with the vortex mask
in the pupil and the star aligned to the fiber.

direct spectroscopy mode is better suited for characterization of known exoplanets at larger separations from
their host-stars (> �/D), while the VFN mode is better for blind or targeted surveys and characterization of
close-in companions (⇠ �/D).

In order to enable the VFN mode, a charge 2 K-band vector vortex mask will be installed in the pupil mask
stage alongside the apodizer, as shown in Fig. 5a. Pezzato et al.7 describe this module and the custom-designed
apodization mask it carries in detail. A charge 2 vortex mask was chosen for VFN based on the predicted
and early on-sky performance of KPIC. Although a charge 1 vortex yields higher planet throughput at smaller
angular separations which can significantly decrease the integration time needed to observe an exoplanet, this
improved planet sensitivity comes at the cost of increased sensitivity to tip/tilt errors. For example, to achieve
a null depth of ⌘s = 10�4, a charge 1 VFN system requires less than 0.01�/D RMS tip-tilt jitter whereas a
charge 2 needs 0.1�/D for a similar null depth.14 While a charge 2 vortex takes a hit in planet coupling, it
relaxes tip/tilt requirements, which will be useful during the early stages of VFN development. As more on-sky
measurements of the AO performance are made, we will reconsider whether a charge 1 or 2 vortex is optimal
given the current system performance.

We chose to start with K-band (2.2µm) operation first for similar reasons; the wavefront errors scale with
wavelength. Nevertheless, we have considered the possibility of including H- (1.65µm) or J- (1.25µm) band
operation in the future and have left a clear path to implementing this capability if the AO performance allows
for it. Longer wavelengths are also possible, but the performance may be limited by thermal background.

Given these design considerations, we have started testing charge 2 K-band vortex masks in the lab (see
Fig. 5b). We measured the transmission of these masks at 2µm to be > 99%. We also put these vortex masks
in the pupil plane of a simple optical system to image their PSF. The resulting PSFs (Fig. 5c-d) show the
expected donut pattern. We plan to further validate these masks with polychromatic coupling measurements on
the upgraded VFN testbed as well as on a dedicated KPIC testbed at Caltech.7

Etcheverri et al.2019



SPHERE+ and GPI 2.0: science goals

๏ Improve contrast by factor ~4 to reach lower masses 
and/or cold-start population 

๏ Reduce IWA to reach closer to snow line, and bridge HCI 
with RV and Gaia planet populations 

๏ Enhance the magnitude limit to access planetary 
populations in star-forming regions 

๏ Perform better atmospheric characterization with higher 
spectral resolution



Expected yield

Figure 4: The number of new hot (Left) and cold (Right) start planets discovered as a
function of contrast improvement and survey size for a survey from Gemini North.

3.2 Very young stars & transitional disks

Beyond planets around young stars in general, there is interest in looking at planets in the epoch of formation.
These are solar systems and planets actively forming and recently formed around stars less then 1 million years
old.37 For an observatory located in the northern hemisphere, the majority of these solar systems would be
observed in Taurus. These planets would be extremely bright,31,38 allowing GPI to see to even the lowest mass
planetary companions. If GPI were able to achieve a brightness limit of V⇠ 12th magnitude there would be
approximately 60 targets available for such a survey.

These targets would be ideal for observing transitional disks due to the age of the systems. Transition
disks are circumstellar disks that still have a substantial gas component (unlike debris disks) but also a central
clearing (unlike protoplanetary disks). Transition disks are often considered sites of ongoing planet formation,
representing a critical time in the coevolution of disks and planets. This central cavity is generally a few to a
few tens of AU in size. The Northern hemisphere hosts many more known transitional disks than the Southern
hemisphere.

For both of these projects, looking at similar sets of stars, an extremely close inner working angle would be
required for planets and disks due to the distance of Taurus (⇠ 140pc)37 as well as the ability to achieve a fainter
operating magnitude (e.g. V=⇠ 13th).

3.3 Spectropolarimetry

Comparisons between directly imaged planet (and brown dwarf) spectra and state of the art atmospheric models
have revealed systematic o↵sets that are often attributed to our lack of detailed understanding of the cloud
properties.9,39 In this respect, polarimetry can be a powerful tool as it is extremely sensitive to the properties of
atmospheric scatterers, such as cloud height, patchiness and composition.40,41 However, with broadband polari-
metric measurements alone, many of these properties remain degenerate. Higher resolution spectropolarimetry
is able to break some of these degeneracies, by measuring the degree of linear polarization in spectral absorption
bands, providing critical information on the optical depth of absorbers below the cloud decks.42 Thus spec-
tropolarimetry is able to provide important contraints on cloud properties in directly imaged planets that are
unavailable through other observational techniques. Other science cases include spectropolarimetric measurement

Chilcote et al. 2018 

(if improvement just on contrast but not IWA —> marginal gain)



GPI 2.0 upgrade

๏ Upgrade concepts  
• pyramid WFS with EMCCD —> reach I ~ 13 mag 

• new MEMS DM with no defective actuator 

• high-performance RTC: operations at 2 kHz + predictive control 

• new APLC designs for higher throughput and smaller IWA 

• fast focal-plane WFS (possibly self-coherent camera) 

• fiber-feed module to send light to high-res spectrograph 

• new prism for broadband YJHK operation 

• better operability for queue mode scheduling 

๏ Timeline: GPI decommissioned, upgrade ~18 months  
—> should be @ Mauna Kea in 2022



SPHERE+ upgrade

๏ Upgrade concepts 
• new AO module (SAXO2): PyWFS & faster RTC. To be used as second stage, in 

addition to current SAXO module. 

• NCPA management: Zernike wavefront sensor (ZELDA) and/or EFC with pair-wise 
probing 

• coronagraphy: new APLC designs for smaller IWA, and possibly phase-apodized pupil 
Lyot coronagraph (PAPLC) 

• spectral resolution: medium resolution with new IFS concept, high resolution by 
coupling to CRIRES+ (HiRISE project) 

• polarimetry: new derotator coating, replacement of IRDIS beamsplitter 

• fast visible camera (in addition to ZIMPOL) 

๏ Timeline: project could start late 2020, with 4-yr development plan



LBT/SHARK

๏ Two channels: VIS & NIR (one on each side of binocular mount) 

๏ Taking advantage of PyWFS + SOUL upgrade of LBT AO 

๏ SHARK-VIS (2020) 
• expect 10−6 with fast frame rate camera from 400nm to 1000nm (no coronagraph) 

• upgrade: high-contrast spectroscopy (R=100,000) with IFS + SCAR coronagraph 

๏ SHARK-NIR (2020-2021) 
• coronagraphic imaging at Y, J, H bands:  

Gaussian Lyot, shaped pupil, apodized Lyot, FQPM 

• long-slit spectroscopy at R~100 and 700 

• dedicated low-order DM to correct for NCPA + dedicated tip-tilt sensor



VLT/ERIS

๏ NIX: imaging + coronagraphy  
from K to M band 
• APP and classical vortex coronagraphs 

• focal-plane WFS with PSI & QACITS 

๏ SPIFFIER: IFU spectroscopy  
from J to K band 
• based on a SINFONI upgrade, but not coupled with HCI capabilities 

๏ First light expected in 2021
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Figure 3. The three PSFs formed by the gvAPP on the ERIS detector, and two holographic PSFs that aid in focus

calibration.

2.2 Vortex Coronagraph

The Vortex Coronagraph (VC) is realized as two separate optics in ERIS. The first optic is the Annular Groove
Phase Mask (AGPM) that is in the focal plane and inserted into the telescope beam in the Aperture Wheel.
The AGPM is realized on a etched diamond9 substrate that is 0.3mm thick by 10mm in diameter and imparts a
topological charge of 2. It has sub-wavelength circular grooves etched into one side that cover the whole side of
the optic and suppress the on-axis light of a di↵raction limited source. An anti-reflection etching on the unetched
side increases the transmission of the optic - the combined e↵ect of wavelength dependence, internal reflections
and etching are shown in Figure 5. Null depths of 3⇥ 10�3 and 10�2 for L and M band respectively have been
measured for the manufactured AGPM optics for ERIS. The di↵raction limited image of a star is placed on the
centre of the AGPM, adding a ramp of phase to the telescope beam around the central optical singularity, and
the resultant propagation into the far field regime moves the light from the star outside the nominal telescope
pupil.

Any PSF that is not centered on the central singularity does not have the phase ramp applied to it, and
the light distribution in the pupil plane is similar to that of a directly imaged point source. An ideal circular
filled pupil will have all starlight scattered outside the telescope pupil, and using a circular Lyot Stop with the
same diameter as the telescope pupil will reject all starlight and transmit all o↵-axis point sources. In reality,
the secondary hub and the secondary support arms scatter starlight into the telescope pupil, and so a trade o↵
between maximizing the throughput of the o↵-axis sources and minimizing the transmitted starlight. For ERIS,
this results in a Lyot mask that has a central obscuration diameter of 30% of the telescope pupil diameter, and
oversized secondary support structures for the mask (see Figures 6 and 4). Separate AGPMs are manufactured
for the L and M bands, located in the Aperture Wheel. One Lyot stop is used for both AGPMs.

The observing strategy for the Vortex Coronagraph is to center the star on the optical axis of the APGM,
observe for 10 to 60 seconds depending on the sky background levels, and repeat until 5 minutes is reached. The
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Mid-IR efforts

๏ Three projects aiming to bring HCI to mid-IR 
• VLT/NEAR 

• Gemini/TIKI 

• Magellan/MIRAC 

๏ Goal: alpha Cen A/B 
• 100h sufficient to get  

down to 2 R⨁ in  
background-limited  
conditions

�� The Messenger 169 – September 2017
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ESO, in collaboration with the Break-
through Initiatives1, is working to modify 
the Very Large Telescope mid-IR imager 
(VISIR) to greatly enhance its ability to 
search for potentially habitable planets 
around both components of the binary 
Alpha Centauri, part of the closest stel-
lar system to the Earth. Much of the 
funding for the NEAR (New Earths in the 
Alpha Cen Region) project is provided 
by the Breakthrough Initiatives, and 
ESO mostly provides staff and observing 
time. The concept combines adaptive 
optics using the deformable secondary 
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lar groove phase mask (AGPM) corona-

graph optimised for the most sensitive 
spectral bandpass in the N-band, and a 
novel internal chopper system for noise 
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wavelengths invented by the microwave 
pioneer Robert Dicke. The NEAR ex per-
iment is relevant to the mid-infrared 
METIS instrument on the Extremely 
Large Telescope, as the knowledge 
gained and proof of concept will be 
transferable.
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The VLT/NEAR campaign

๏ Almost 80 h of useful data 
• 20+ nights of ADI observations 

• alpha Cen A/B chopped in and out of 
vortex phase mask 

๏ Data package available for 
download 
• original data: 7 Tb 

• after chop cycle (0.6 sec) averaging and 
subtraction: about 300k frames (360Gb)! 

• down-sampled to 1 min per frame for 
easy sharing (4600 frames) Change this footer with menu option Insert > Header and Footer 5

Combined image (~75 hrs total)

goal sensitivity: 80 µJy in 100 h



—Flash ad: Hi-5—

๏ Stellar interferometry recently entered the direct imaging game 
• ExoGRAVITY program on-going, and perspectives for GRAVITY upgrades 

๏ VLTI/Hi-5: new project starting 
• 3-5 µm nulling interferometer, with contrast 10−4 (goal 10−5) 

• 4 mas inner working angle (= 0.04 AU at 10 pc!) 

• medium spectral resolution 

๏ Main scientific goals 
• search for planets within snow line for stars in young moving groups 

• witness planet formation around snow line in nearby star forming regions 

• characterize some known RV planets (warm Jupiter targets) 

• characterize exozodiacal disks



Interferometry also used on single pupils

๏ NRM modes now proposed on several instruments 

๏ Example: SCExAO 
• FIRST: sampling, rearranging, and combining the pupil with fibers  

• VAMPIRES: sparse aperture masking + high-speed speckle imaging in 
the visible range, combined with polarimetry. IWA = 10 mas! 

• GLINT: near-IR nulling interferometry based on sub-pupils



Future instrumentation 
on ELTs Towards rocky planets



Overview (bold = partly/fully dedicated to HCI)

๏ European ELT 
• 1st generation: MICADO, HARMONI, METIS 

• 2nd generation: PCS 

๏ TMT 
• 1st generation: IRIS, MODHIS 

• 2nd generation: PSI, MICHI 

๏ GMT 
• 1st generation: GMTIFS 

• 2nd generation: GMagAO-X



Key science drivers

๏ Initial conditions for planet formation

snow line

dust sublimation

Co-rotation/magnetospheric radius

Distance [au]      0.1 1.0 10.0    100.0 

Temperature [K]       1000  300 100 30
Time 2 weeks 1 yrs 30 yrs 1000 yrs

MICADO, HARMONI, METIS

ALMA, SPHERE, GPI, SCExAO...

spectro-astrometry

VLTI, CHARA, LBTI, CRIRES

(courtesy G. Chauvin)



Key science drivers

๏ Initial conditions for planet formation 
• Dust structure & properties in planet-forming regions (spirals, rings, 

gaps, shadows, etc) 

• Gas properties, spatial distributions, & dynamics (mid-IR molecules)

(courtesy G. Chauvin)



Key science drivers

๏ Architecture of planetary systems 
• planet-disk connections

(courtesy G. Chauvin)

0.5”

midplane

warp

SPHERE/SHINE - β Pictoris

N

E10 au

MICADO - β Pictoris b & c
K-band

2.7 au 8.9 au

b

bc



๏ Architecture of planetary systems 
• global content of giant planet population (although big survey unlikely)

Key science drivers
(courtesy G. Chauvin)

SPHERE MICADO METIS



๏ Physics of exoplanets 
• medium- to high-spectral resolution: cloud formation & evolution, 

molecular abundances, C/O ratio, T/P profile, Doppler imaging, etc   

Key science drivers
(courtesy G. Chauvin)

Keck/OSIRIS (Rλ = 4000) observation of HR8799 c
CO & H2O detection; Konopacky et al. (2013)

Luhman 16 B, 2 pc, Rotation 4.9hrs, CRIRES 
spectroscopic variability (Crossfield et al. 14) 



๏ Physics of exoplanets 
• RV planet follow-up (potential of visible instrument illustrated here)

Key science drivers
(courtesy J. Males)

  

Direct Imaging of known RV planets - TMT

Assumptions: 
1 l/D IWA coronagraph, SNR=5 in broadband (400nm) @ 800nm
Speckle-noise limited with predictive control
No chromatic effects (WFS and science at 800nm)

Jared Males, Univ. of Arizona



๏ Physics of exoplanets 
• towards Earth-like planets

Key science drivers
(courtesy M. Kasper, I. Snellen)

1R⨁, 0.6 au

1R⨁, 1.1 au

I-band

N-band

L-band



1st generation ELT/TMT/GMT instruments



ELT/MICADO

๏ Not optimized for high contrast (although good SCAO) 
• no upstream apodization possible —> two classical Lyot, one vortex 

• ADC downstream focal-plane —> reduced performance 

• aperture masking and vAPP also included in baseline 

๏ Expected performance  
similar to SPHERE at H,  
with access to smaller IWA 
• some gain expected at K band 

thanks to lower background

to the strong SPHERE instrumental background in K band, but it should also be noted that the instrumental
background of MICADO is currently deduced from theoretical studies.

Figure 4. Left: detection limits at 5� for 1 hour ADI simulation in narrowband H (CH4-short) for a 10 My M0V
star at 10 pc and on-sky observations in narrowband H2 with SPHERE of AU Mic (10 My M0V star at 10 pc) as a
function of the angular separation in arcsec (top graduation). Bottom graduation is the angular separation in �/D for
the MICADO simulation only. Blue is the detection limit of MICADO ADI simulation, magenta is detection limit of
SPHERE observation with cADI (full line) and PCA (dash line) reduction, black is the radial profile of the PSF, red is the
radial profile of a raw image of MICADO simulation and the cross are the signal of simulated exoplanet with temperature
of 1200K (orange), 900K (green) and 700K (brown). Right: same as left plot but for K1-mid filter for MICADO and K1
filter for SPHERE observation of AU Mic.

6. CONCLUSION

The preliminary design of the CLC of the high contrast imaging mode for MICADO will provide comparable
contrast than SPHERE at the same angular separation, with a gain between 50 and 150mas, which are inacces-
sible for SPHERE. The CLC is composed by two focal plane masks, one small to take advantage of the angular
resolution of the ELT and a medium one to minimize the e↵ect of the atmospheric dispersion. These two masks
have a radius of 25 and 50mas respectively and the Lyot stop, which is unique for the two focal plane masks, has
a diameter of 88% of the pupil diameter and a central obscuration of 40%, for a total of 66,1% of transmission.
Simulations of observations show that using broadband filters degrade the image quality, due to the atmospheric
dispersion. In these conditions narrowband filters are recommended to avoid this e↵ect. These simulations shows
that for MICADO, the contrast is dominated by the AO residual aberrations and consequently the e↵ect of the
static and quasi-static aberrations are not significant with respect to SPHERE. ADI simulations show that a
gain in angular separation is possible with respect to GPI and SPHERE, with possible detection of hot and
massive (> 700K & > 2MJ) exoplanets between 50 and 150mas. Moreover, a gain of contrast is expected in K
band, because SPHERE is not optimized for this band. However, these simulations are preliminary and some
perturbations have not been taken into account yet, like jitter e↵ect of the PSF or the real instrumental back-
ground of the entire instrument (MICADO, MAORY and the ELT). But, despite these hypotheses, simulations
are still instructive and give the potential of the high contrast imaging mode of MICADO. The next step of the
study is to merge the code of high contrast imaging and the COMPASS program. This merging will provide fast
simulations and the possibility to add di↵erent features like jitter, Vortex coronagraph, etc.

ACKNOWLEDGMENTS
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Perrot et al. 2018



ELT/HARMONI

๏ SCAO/LTAO-fed IFS covering V to K 
• Spectral resolutions from 3,000 to 20,000 

๏ Dedicated HCI module operating at 
H-K bands 
• two shaped-pupil apodizers (+ associated 

semi-opaque focal plane masks in cryostat) 

• 10−6 dark holes, 50-130 and 75-300 mas 

• NCPA measured in real-time with ZELDA 

• dedicated, fixed ADC 

๏ Rely on molecular mapping to predict 
detection limits (R=17,000)

(courtesy A. Carlotti)

400 mas

A0V@19pc (H=5) / Teff=1500K, log(g)=4



ELT/METIS

๏ Near-IR PyWFS provides high Strehl in thermal IR 
• > 80% at L band, > 95% at N band —> close to XAO conditions 

๏ Apodized vortex coronagraph & vAPP (+ possibly classical Lyot) 
• High-contrast imaging at L, M, N bands 

• High-contrast IFU spectroscopy at L, M bands 

๏ NCPA management 
• NCPA minimized by design: derotator in common path, SCAO pick-off close to VPM, etc. 

• QACITS for vortex pointing control 

• PSI for low-order aberrations (access to SCAO telemetry in real time) 

๏ Pupil stabilization in common path



ELT/METIS block diagram

vortex 
phase 
mask

ring 
apodizer

Lyot 
stops

apodizing phase plates 
— L and M bands —

(ring-apodized) vortex coronagraphs 
— L, M and N bands —



ELT/METIS: a complex instrument
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ELT/METIS expected performance



TMT: IRIS and MODHIS

๏ IRIS: infrared imaging spectrograph 
• fed by NFIRAOS adaptive optics module 

• spectral resolution up to 8,000 on 0.5’’ × 0.5’’ FoV 

• no specific HCI mode, but can be used for wide-separation planets 

๏ MODHIS: similar concept as for KPIC 
• use NFIRAOS to inject into (bundle of) single-mode fibers 

• send to dedicated high-res near-IR spectrograph (R=100,000)



GMTIFS

๏ 1st light instrument for GMT 

๏ Single-object, adaptive-optics-corrected, near-infrared 
integral-field spectrograph 
• works behind GMT LTAO system  

• 1-2.5 µm wavelength 

• resolving power 5,000 to 10,000 

• FoV 0.53’’ x 0.27’’ for best sampling (6 mas/pix) 

• not focused on HCI —> mostly planets at large separations 

๏ Also features an imager with 20’’ FoV



2nd generation ELT/TMT/GMT instruments



Challenges of super-high-contrast (visible/near-IR)

๏ Current AO systems at ~3 λ/D: ~10−3 raw contrast, ~10−4 detection limit 
• For habitable planets, we need ~1000x gain in raw contrast, and 10,000x gain in detection limit 

๏ Current limits, and how to overcome them:  
• M stars too faint for ExAO WFS  
→ more efficient wavefront sensing (e.g. unmodulated pyramid) 
→ predictive control & sensor fusion between multiple sensors  

• Current systems are too slow → need low latency systems + predictive control  

• NCPA (incl. WF chromaticity) and slow speckles → focal plane wavefront control + sensor fusion  

• Lyot Coronagraph doesn't provide required suppression at 2 λ/D → advanced coronagraphs  

๏ Planet image is still ~100x below starlight halo  
→ high dispersion spectroscopy template matching 
→ coherent differential imaging 
→ use WF telemetry to subtract PSF



ELT/PCS (aka EPICS)

๏ Specifically targets Earth-like planets around M stars 
• 10−8 contrast at a few 10 mas on faint stars 

• goal: O2 signature in Proxima b at 760nm and/or 1270nm 

๏ Tools: focus on high-resolution  
spectroscopy and polarimetry 
• precursor instruments of fundamental importance 

๏ On-going R&D 
• prototyping activities on the IFS  

(e.g., lenslet array vs image slicer) 

• fiber feed to high-res spectrograph: HiRISE demo 

• DM development 

๏ Project expected to start ~2024



PSI (red and blue) & MICHIT M T- P L A N E TA R Y  S Y S T E M S  I M A G E R

Science case requires broad wavelength coverageMICHI: similar to METIS. Could be partly integrated with PSI (e.g., AO feed).



GMagAO-X

๏ Scaled copy of MagAO-X —> 21,000 actuators  
• combines seven Boston DMs of 3,000 actuators each, in parallel 

• also needs multiplexed EMCDDs to operate the visible PyWFS 

๏ Concept of a ring-like IFU to be adjusted to expected 
angular separation of know RV planets 
• 16-sided reflective pyramid slicing the focal plane azimuthally, feeding 

sixteen 50µm core multi-mode fibers to feed the G-CLEF spectrograph  

• very high spectral resolution (R=218,000) from 650 to 950 nm



ELT instrumentation roadmap

Instruments
- First Light

Description AO λ (µm) Resolution FoV Add. Mode

MAORY/MICADO  
(PdR completed*)
(2026-2028)

Spectro-imager SCAO,
MCAO

0.8 – 2.4 3000 - 18 000 53.0”
19.0”
6.0”

Astrometry 40µas
Coronography
Long-Slit Spectro

HARMONI
(PdR completed)
(2026-2028)

IFU Spectrograph SCAO, 
LTAO

0.5 – 2.4 3500
7000
17 000

1.0” 
10.0”

Coronography

METIS 
(PdR completed)
(2026-2028)

IFU & Spectro-Imager SCAO
LTAO

3 – 20
3 - 5

5000
100 000

18”
0.4”×1.5” 

Coronography
Long-Slit Spectro

HIRES
(Phase A completed)
(2030+)

Optical and NIR High-
Resolution
Spectrograph

SCAO 0.37 – 0.71
0.84 – 2.50

200 000
120 000

0.82”
0.5”

Polarimetry
IFU mode

MOSAIC 
(Phase A completed)
(2030+)

Optical and NIR 
Wide/Narrow field Multi
Object Spectrograph

-
-
MOAO

0.37 – 1.4
0.37 – 1.4
0.8 – 2.45

300- 2500
5000 – 30 000
4000 – 10 000

6.8” 
420’ 
2”  

Multiplex ~ 400
Multiplex ~100
Multiplex ~10
Imaging?

EPICS
(2030+)

Optical and NIR High 
Contrast  IFU 
Spectrograph & imager

XAO 0.6 – 0.9
0.95 – 1.65

125 – 20 000
100 000?

2.0” 
0.8“ 

Coronography
Polarimetry

1st Generation 2nd Generation

Phasing

(courtesy G. Chauvin)



ELT on track for 2025 first light


