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THE BIRTH OF A CONCEPT

▸ FQPM → sub-wavelength grating → annular groove phase mask 

▸ advantages: 

✴ inner working angle 

✴ clear 360° discovery space 

✴ achromaticity
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THE VORTEX CORONAGRAPH IN A NUTSHELL
vortex  

phase mask
Lyot stop

on-axis vortex

no vortex/
off-axis

coronographic 
image plane perfect on-axis cancellation  

for a circular aperture



SIX YEARS OF HARVEST WITH THE VORTEX CORONAGRAPH

IMPLEMENTATIONS OF THE VORTEX PHASE MASK

▸ scalar vortex 

✴ helical piece of glass 

▸ vector vortex 

✴ liquid crystal polymers 

✴ subwavelength gratings 

✴ photonic crystals

Annular Groove Phase Mask
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OPTIMIZING THE GRATING DESIGN
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MANUFACTURING DIAMOND AGPM @ UPPSALA
1. diamond coated with Al 

and Si layers (sputtering)

photoresist spin coating baking

apply stamp ethanol bath baking

thick Al layer

thin Si layer

thin Al layer

2. e-beam pattern transferred 
with solvent-assisted moulding

3. reactive ion etching

Al etching

Si etching

Al etching
Diamond  
etching

soft stamp 
replicated 

from e-beam

10µm

Vargas Catalan et al. (2016)
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SETTING UP THE « YACADIRE » BENCH @ MEUDON
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ANGUISH…
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AFTER SOME TUNING…
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BLISS!
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BEST PERFORMANCE IN THE LAB - 2018 UPDATE

▸ dedicated test 
bench (VODCA) 
now available at  
ULiège  

▸ 10+ science-grade  
L-band AGPMs 
etched & tested 

▸ broadband rejection 
up to 2500 : 1
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EXTENDING THE CONCEPT

▸ AGPM first developed for thermal infrared (L, M, N bands) 
✴ excellent performance on ~30% bandwidth 

▸ manufacturing tests for  
H-K bands promising, but  
more work needed 

▸ now exploring higher  
topological charges 

✴ less sensitive to tip-tilt, at  
the expense of larger IWA

Both (A and B mag x2000) 
 

6 
charge-4 vortex, work in progress



COMMISSIONING & 
ON-SKY PERFORMANCE
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INSTALLATION AND COMMISSIONING
▸ piggyback on existing 

coronagraphic IR cameras 

▸ very short commissioning 
phase (1-2 nights)

2012 (L)
2012 (N)

2015 
(L+M)

2013 (L) 2015 (L+M)

LMIRCam

NIRC2

NACO

VISIR
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AGPM FIRST LIGHT @ NACO (DEC 2012)

▸ worked out of the box 
with available Lyot stops 

▸ serendipitous discovery 
of M2V at 2λ/D from F0V

A&A 552, L13 (2013)

Fig. 1. Scanning electron microscope (SEM) images of the NACO
AGPM. a) Structure profile schematic, with h2 = 5 ± 0.1 µm, h1 =
1 ± 0.1 µm, and w = 0.65 ± 0.03 µm (the grating pitch is 1.42 µm).
b) Zoom on the center of the diamond AGPM. c) Overview of the struc-
ture showing the uniformity and original cleanliness of this particular
device.

speckle noise. These advantages certainly compensate for the
increased sky background in the thermal infrared and the loss
in resolution, especially if small IWA phase-mask coronagraphs
are available.

Here we describe the successful implementation of an
L
0-band annular groove phase mask (AGPM; Mawet et al.

2005) vector vortex coronagraph on NACO (Lenzen et al. 2003;
Rousset et al. 2003), the adaptive optics instrument of ESO’s
Very Large Telescope (VLT). To our knowledge it is the first
time that an image-plane phase-mask coronagraph has been used
in the mid-infrared.

2. An AGPM vector vortex coronagraph on NACO

The AGPM is an optical vortex made from diamond subwave-
length gratings (Fig. 1). When centered on the di↵raction pat-
tern of a star seen by a telescope, optical vortices a↵ect the
subsequent propagation to the downstream Lyot stop by redi-
recting the on-axis starlight outside the pupil (e.g., Mawet et al.
2005). The advantages of the AGPM coronagraph over classical
Lyot coronagraphs or phase/amplitude apodizers are small IWA,
down to 0.9�/D (e.g., 0.0009 in the L

0 band at the VLT, slightly
smaller than the di↵raction limit); clear 360� o↵-axis field of
view/discovery space; outer working angle set only by the in-
strument and/or mechanical/optical constraints; achromatic over
the entire working waveband (here L

0 band); high throughput
(here '88%); and optical/operational simplicity. After eight
years of intense technological development, the AGPM has
reached a su�cient readiness level for telescope implementation
(Delacroix et al. 2013; Forsberg & Karlsson 2013a). The AGPM
selected for NACO was the third one in a series of four real-
izations (AGPM-L3). Its theoretical raw null depth limited by
its intrinsic chromatism was estimated (assuming a trapezoidal
profile1, see Fig. 1) and measured to be around 5 ⇥ 10�3 (corre-
sponding to a raw contrast of 2.5⇥10�5 at 2�/D), which is more
than needed for on-sky operations where the limit is set by the
residual wavefront aberrations.

The AGPM was installed inside NACO as part of a planned
overhaul in November 2012. The AGPM was mounted on the en-
trance slit wheel by means of a dedicated aluminum mount, de-
signed by GDTech s.a. The assembly of the mount and AGPM

1 This AGPM di↵ers from the one tested in Delacroix et al. (2013).
The tops of the grating walls are triangular to improve the transmittance
(Fig. 1). This profile was etched with a process similar to the fabrication
of broadband antireflective structures (Forsberg & Karlsson 2013b).

Fig. 2. Left: view from inside CONICA, showing the 9 mm clear aper-
ture corresponding to a 1500 field of view (diameter), fully contained
within the 2700 field of view of the L27 objective. Middle: full oversized
stop of CONICA, showing the VLT pupil (including the central obscu-
ration and struts). Right: APO165 pupil mask (diameter = 0.87 ⇥ Dpup)
available inside CONICA, aligned to cover the di↵raction and thermal
background from the central obscuration and struts.

Table 1. Observing log.

Date 09/12/2012 11/02/2013
Star HD 4691 HD 123888
Spectral type F0V K1III
V mag 6.79 6.62
L app. mag 5.86 4.01
DIT/NDIT/# fr 0.2s/10/100 0.25s/80/40
Seeing 100–1.005 0.008–0.009
⌧0 2–4 ms 4–5 ms
Strehl ratio 65–80% 75–80%
PA range '30� '30�

was done on site at Paranal observatory in a clean room envi-
ronment. Prior to on-sky tests and operations, a CONICA in-
ternal image of the mask was done (see Fig. 2, left), revealing
significant dust contamination, marginally a↵ecting the back-
ground noise. The slit wheel was set so that the center of the
AGPM falls close to but slightly away from CONICA’s detector
quadrant intersection. The AGPM field of view is '1500, corre-
sponding to an outer working angle (OWA) of 7.005. The OWA
is only limited by the size of the device (10 mm in diameter)
and its mount. The mask transmittance at L

0 band was measured
on the sky to be 85% ± 5%, which is consistent with the theo-
retical value and laboratory measurements, both '88%, limited
by imperfect antireflective treatments and mild absorption fea-
tures around 4 µm (Delacroix et al. 2013). To stabilize speckles,
we used the pupil tracking mode enabling angular di↵erential
imaging (ADI, Marois et al. 2006), which is perfectly adapted to
the circular symmetry and 360� field of view of the AGPM. The
CONICA camera is equipped with a pupil mask which blocks
the telescope central obscuration and spiders. Once correctly
aligned with the pupil (in x, y, and ✓), this mask is optimal for
use with the AGPM in pupil tracking mode (see Fig. 2). The
measured throughput of the APO165 mask used here is '60%.
In terms of sensitivity, it is worth noting that the throughput loss
is almost entirely compensated by the improved thermal back-
ground. The pupil obscuration is responsible for more than 25%
of the thermal emissivity of the telescope, even though its area
only covers '5%. Therefore, instead of loosing 1�

p
0.6 ⇡ 0.225

in sensitivity, only 1 � 0.6/
p

0.6 ⇥ 0.75 ⇡ 0.1 is actually lost. To
maintain its high contrast capabilities, the centering of the star
on the AGPM must be within (�/D)/10, or '10 mas (a third of a
pixel at L27). This level of centering capability is now routinely
obtained with NACO, both in pupil and field tracking modes; we
typically measure '1 mas/min drifts across the meridian.

L13, page 2 of 4

Mawet et al. (2013)
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ON-SKY OPERATIONS: THE VORTEX GLOWS!

▸ thermal emission outside 
pupil partly diffracted 
inside pupil by vortex  

▸ seen in all instruments 
(vortex upstream cold stop) 

▸ removed by background 
subtraction 

▸ useful for centering

vortex center

star (saturated)

NIRC2 raw frame

vortex mount footprint
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ON-SKY OPERATIONS: ACQUISITION & CENTERING

▸ pointing errors create 
asymmetric « donut » 

▸ central obstruction  
changes the expected  
behavior of the donut 

▸ need modeling to infer 
pointing error from image (QACITS algorithm) 

▸ can be used to control pointing at low frequency

0.1 λ/D 0.2 λ/D 0.3 λ/D 0.4 λ/D 0.5 λ/D 0.6 λ/D0.0 λ/D

0.1 λ/D 0.2 λ/D 0.3 λ/D 0.4 λ/D 0.5 λ/D 0.6 λ/D0.0 λ/D

w/o central obstruction

w/ central obstruction

Huby et al. 2015
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CLOSED-LOOP CENTERING CONTROL

▸ fully automated vortex 
operations with QACITS 
validated on NIRC2  

✴ includes acquisition & 
calibration 

▸ ensures consistant 
centering and data quality 

▸ rms jitter ~ 0.02 λ/D  
(2 mas) @ 0.03 Hz
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ON-SKY STARLIGHT CANCELLATION @ NIRC2

▸ on-sky extinction limited by 

✴ pupil geometry / Lyot stop 

✴ AO residuals 

✴ non-common path aberrations 

▸ daytime speckle nulling helps 
reduce NCPA … but NIRC2 
upgrade needed!

PSF w/o vortex PSF w/ vortex

pupil after Lyot stop

Bottom et al. 2016
(a) Initial speckle field (b) Fourth iteration (c) Ninth iteration

(d) Contrast in region
Figure 5: Coronagraphic speckle nulling in L-band on NIRC2, using the internal white light source of the adaptive
optics system. The value of �/D is ⇠ 80 mas. (a) The initial results of PSF correction using image sharpening
leaves many speckle aberrations in the focal plane (b) Four iterations of speckle nulling remove (c) Nine iterations
of speckle nulling. The white lines demarcate the control region, with the outer line at approximately the limit
of the control bandwidth of the deformable mirror. The contrast improvement in this case is a factor of 5-10,
and gets within a factor of 2-3 of the background limit. The contrast curve is defined in the usual way, with the
standard deviation (ie, 1 �) of surface brightness at each radial separation being used to generate the curve, and
normalized by dividing by the peak flux of the non-coronagraphic PSF. The background limit is determined by
the contrast in a region of the detector 100’s of �/D away. The preprocessing steps performed on the data only
consist of dark subtraction and flat-fielding.

5. DISCUSSION AND CONCLUSION

We have presented the design and performance of a speckle nulling code currently being used to remove non-
common path aberrations in instruments on Palomar and Keck. The code is self-calibrating and written in a
way that allows it to be ported to di↵erent instruments fairly quickly, with the main work being the need to
write modules to read out the cameras remotely and change the shape of the deformable mirror of the adaptive
optics system.

The code is not currently optimized for speed, as the instruments it is being used with have rather slow
readout times, and premature optimization is the root of all evil. Informal tests of the speed indicate that
it takes about 0.5 seconds per iteration, not counting camera and adaptive optics system I/O, with the vast
majority of this being due to the display of the images and contrast curves on the screen for the benefit of the
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IMPROVEMENT IN DETECTION LIMITS @ NIRC2

▸ obvious gain in 3−10 λ/D 
region (0.25" − 0.8") 

▸ vortex reduces 
throughput @ 1-2 λ/D

6

Final images
2015 AGPM data - 16PCs 2009 saturated data - 7PCs

Color bar 
arbitrarily 
stretched

6

Final images
2015 AGPM data - 16PCs 2009 saturated data - 7PCs

Color bar 
arbitrarily 
stretched

saturated imaging vortex imaging

comparison based on two HR8799 data 
sets with similar integration time and 
parallactic angle rotation, processed 
using a standard PCA-ADI algorithm

e
d c
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VORTEX PERFORMANCE ON VARIOUS INSTRUMENTS



SELECTED 
SCIENTIFIC RESULTS
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EARLY SCIENCE @ VLT/NACO: HD 169142

▸ point-like source at 0.15" 
from Herbig Ae star, inside 
H-band PDI inner cavity 

▸ not detected at J band (GPI) 
nor H-K bands (MagAO) 

▸ possible explanations 

✴ accreting protoplanet? 

✴ disk feature?

0.5"

Biller et al. 2014, Reggiani et al. 2014

Quanz et al. 2013

1778 R. Ligi et al.

Figure 3. Result of the RDI analysis of the IFS data from 2015 June and 2016 April. We clearly see an inhomogeneous bright ring at ∼180 mas, and possibly
another inner ring, although its position close to the star makes it less trustable. North is up and east is left.

Figure 4. Left: IFS image in the J band with 50 PCA modes subtracted. Middle: IRDIS PDI polarized intensity image in the J band, which shows a bright
irregular ring. Right: Result of a cADI simulation using the polarized intensity image as input (see text for details). The circular grid at the centre represents the
centre star covered by coronagraphic mask in the PDI data. The corresponding position in the IFS data is also represented in the IFS J band image, although
these data were obtained without a coronagraph (empty circle). Tick marks placed every 10◦ of PA are plotted outside the area of interest. North is up and east
is left.

north-west and south-west directions. The ring appears more clearly
in the 2016 April image, possibly due to the better quality of the
data and a larger rotation field. The inner ring at 100 mas is quite
bright with a brighter region in the north-west direction in the 2015
image. However, it is not detected in each reduction (in particular,
it is hardly seen in the RDI data without a coronagraph), and its
appearance depends on the scale used (see Section 5). It appears
much less bright in the 2016 April image, although we still detect a
signal.

4 A N IN H O M O G E N E O U S R I N G AT 1 8 0 M A S

4.1 Simulation of classical ADI reduction with polarimetric
differential imaging data

To understand the nature of the detected structures, it is important to
know if the scattered light is polarized. Indeed, planets are usually
considered not to emit polarized light, unlike protoplanetary discs
(see however, Stolker et al. 2017, who suggest that a very small
amount of polarization is possible in some cases). Polarized light
due to reflection from hot Jupiter planets could also be detected in
the optical (UBV bands). However, the signal produced would be

low (Berdyugina et al. 2008, 2011), which might be impossible to
detect when the planet is embedded in a disc that produces polarized
scattered light.

To investigate the nature of the blobs at ∼180 mas, we use IRDIS
polarimetric differential imaging (PDI) data that were acquired on
2015 May 2 with the ALC_YJ_S apodized-pupil Lyot coronagraph
(145 mas in diameter) in the J band and reduced following de Boer
et al. (2016). A full analysis and modelling of the PDI data will be
presented in a forthcoming paper (Pohl et al., accepted).

The left-hand and middle panels of Fig. 4 compare the IFS
J-band data and the IRDIS PDI data of the very central region
around the star (±300 mas). The ring at 180 mas in the IRDIS
polarized intensity image is detected at extremely high significance
and a small coronagraphic mask allows us to confirm unambigu-
ously the existence of the cavity inside the ring. The polarized
intensity image also clearly shows a variation of the ring brightness
as a function of PA, with an increase of the brightness at PAs of
∼20◦, ∼90◦, ∼180◦ and to a lesser extent at ∼310◦. The brightness
of the structure has been measured by Pohl et al. (accepted; Fig. 3),
and higher signals at these same PAs are clearly visible. Interest-
ingly, these regions of increased brightness seem to correspond to
PAs where the IFS J-band image shows extended bright structures

MNRAS 473, 1774–1783 (2018)Downloaded from https://academic.oup.com/mnras/article-abstract/473/2/1774/4587911
by University of Liege user
on 17 November 2017

Ligi et al. 2018
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FIRST LIGHT @ KECK/NIRC2: HIP 79124

▸ brown dwarf around 
Sco-Cen A0 star 

▸ 177 mas, ∆L=4.3 

▸ only detected with 
aperture masking so far 

▸ recovered with 
NIRC2+vortex during 
commissioning 

Serabyn et al. (2017)
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KECK CORONAGRAPHIC DEEP FIELD: TW HYA

∼1 5 (88 au) apparent in scattered light (van Boekel et al.
2017), which we denote as “gap 4.” For the oldest assumed
age, 10Myr, the Cond model predicts the highest masses: 2.3,
1.6, 1.5, and 1.2 MJ in gaps 1–4, respectively. Dusty, on the
other hand, is generally the most optimistic model in this case;
assuming an age of 7Myr implies respective planet masses of
1.6, 1.1, 1.1, and 1.0MJ in the gaps.

A planet in the TW Hya disk is likely still undergoing
formation and therefore may have an accreting circumplanetary
disk, which is not included in the Cond, Settl, and Dusty
models. Thus, the results above should be interpreted as the
upper limits for the mass of planets forming in the disk. The
thermal emission from the circumplanetary disk could be much
brighter than the emission from the planet owing to contraction
alone. In the next section, we determine the brightness of
accreting protoplanets and constrain their mass accretion rates.

6. Constraints on Actively Accreting Protoplanets

Zhu (2015) calculated the absolute magnitude of an accreting
circumplanetary disk in near-infrared bands J through N and
found that the brightness depends on the product of the planet
mass and the mass accretion rate, M Mp ˙ , as well as the inner
radius of the circumplanetary disk, Rin. Figure 4 shows the
upper limits of the accretion rate for a protoplanet forming
within gaps 1–4 as a function of Rin, as calculated from the Zhu
(2015) models. Owing to the inherent degeneracy between
M Mp ˙ and Rin, we are not able to place unambiguous upper
limits on the accretion rate of the planet with infrared
photometry alone. However, based on models of planet–disk
dynamical interactions, Dong & Fung (2017) estimated the
mass of the planet carving out the gaps in the TW Hya disk and
found that, for instance, planets with masses of 0.05–0.5 and
0.03–0.3 MJ, respectively, may be sculpting the gaps at ∼0 4
(24 au) and ∼1 5 (88 au). The Zhu (2015) model predicts that

a 0.1MJ protoplanet could be bright enough in L′ to fall within
the detection limits of our observations. For example, the
contrast limits suggest that a planet of a mass of 0.1MJ
accreting from a circumplanetary disk of inner radius Rin=RJ,
where RJ is the radius of Jupiter, would have to be accreting at
a rate of M M10 yr7

J
11 � �˙ . Assuming a constant accretion

rate, such a putative 0.1MJ planet would be <1Myr old or
must have a larger circumplanetary disk inner radius. The deep
detection limits achieved in these observations imply that a
planet with Rin=RJ is presently accreting at rates insufficient
to form a Jupiter mass planet within TWHya’s estimated
lifetime of 10Myr.
The lack of knowledge regarding Rin precludes a definitive

upper limit for the accretion rate within the disk gaps for all
protoplanets, but nonetheless our results confirm that planets in
a runaway accretion phase (M M M10 yrp

8
J
2 12 � �˙ ) could be

detected at infrared wavelengths >3 μm with currently
available high-contrast imaging instruments.

7. Discussion and Conclusions

We have presented deep coronagraphic observations of TW
Hya with the NIRC2 vortex coronagraph at the W. M. Keck
Observatory in L′ (3.4–4.1 μm), a wavelength regime that
provides unique sensitivity to self-luminous, young planets.
Gaps previously detected in scattered light and thermal
emission from the disk provide tantalizing evidence that
planets may be sculpting features in the dust.
Our rigorous statistical analysis resulted in strict upper limits

on the mass of non-accreting planets within the disk on the
order of ∼1–2.5MJ. We also predict that actively accreting
planets with much lower masses may also fall within the
detection limits of these observations. However, degeneracies
in the modeled brightness of circumplanetary disks do not
allow us to set upper limits for both the mass of protoplanets
and their accretion rates, but only the product of the planet

Figure 3. Mass of non-accreting planetary companions corresponding to 95%
completeness (see the contrast limits plotted in Figure 1) for AMES-Cond, BT-
Settl, and AMES-Dusty models. The spread in the mass limits is due to the
assumed range of stellar ages: 7–10Myr. The angular resolution of the
telescope (i.e., λ/D) corresponds to ∼5au.

Figure 2. Result of the inner ADI reduction of the combined data from all three
observing nights. Images (a) without and (b) with injected fake companions at
ΔL=10.5 (or ∼1.5 MJ according to the AMES-Cond model; see Section 5),
at the positions of the gaps, are shown by the white circles. The color axis is in
arbitrary units. Corresponding signal-to-noise ratio (S/N) maps confirming that
(c)no statistically significant point sources appear within 50 au of the star and
(d) thatthe injected companions would be detected if present in the data.
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∼1 5 (88 au) apparent in scattered light (van Boekel et al.
2017), which we denote as “gap 4.” For the oldest assumed
age, 10Myr, the Cond model predicts the highest masses: 2.3,
1.6, 1.5, and 1.2 MJ in gaps 1–4, respectively. Dusty, on the
other hand, is generally the most optimistic model in this case;
assuming an age of 7Myr implies respective planet masses of
1.6, 1.1, 1.1, and 1.0MJ in the gaps.

A planet in the TW Hya disk is likely still undergoing
formation and therefore may have an accreting circumplanetary
disk, which is not included in the Cond, Settl, and Dusty
models. Thus, the results above should be interpreted as the
upper limits for the mass of planets forming in the disk. The
thermal emission from the circumplanetary disk could be much
brighter than the emission from the planet owing to contraction
alone. In the next section, we determine the brightness of
accreting protoplanets and constrain their mass accretion rates.

6. Constraints on Actively Accreting Protoplanets

Zhu (2015) calculated the absolute magnitude of an accreting
circumplanetary disk in near-infrared bands J through N and
found that the brightness depends on the product of the planet
mass and the mass accretion rate, M Mp ˙ , as well as the inner
radius of the circumplanetary disk, Rin. Figure 4 shows the
upper limits of the accretion rate for a protoplanet forming
within gaps 1–4 as a function of Rin, as calculated from the Zhu
(2015) models. Owing to the inherent degeneracy between
M Mp ˙ and Rin, we are not able to place unambiguous upper
limits on the accretion rate of the planet with infrared
photometry alone. However, based on models of planet–disk
dynamical interactions, Dong & Fung (2017) estimated the
mass of the planet carving out the gaps in the TW Hya disk and
found that, for instance, planets with masses of 0.05–0.5 and
0.03–0.3 MJ, respectively, may be sculpting the gaps at ∼0 4
(24 au) and ∼1 5 (88 au). The Zhu (2015) model predicts that

a 0.1MJ protoplanet could be bright enough in L′ to fall within
the detection limits of our observations. For example, the
contrast limits suggest that a planet of a mass of 0.1MJ
accreting from a circumplanetary disk of inner radius Rin=RJ,
where RJ is the radius of Jupiter, would have to be accreting at
a rate of M M10 yr7

J
11 � �˙ . Assuming a constant accretion

rate, such a putative 0.1MJ planet would be <1Myr old or
must have a larger circumplanetary disk inner radius. The deep
detection limits achieved in these observations imply that a
planet with Rin=RJ is presently accreting at rates insufficient
to form a Jupiter mass planet within TWHya’s estimated
lifetime of 10Myr.
The lack of knowledge regarding Rin precludes a definitive

upper limit for the accretion rate within the disk gaps for all
protoplanets, but nonetheless our results confirm that planets in
a runaway accretion phase (M M M10 yrp

8
J
2 12 � �˙ ) could be

detected at infrared wavelengths >3 μm with currently
available high-contrast imaging instruments.

7. Discussion and Conclusions

We have presented deep coronagraphic observations of TW
Hya with the NIRC2 vortex coronagraph at the W. M. Keck
Observatory in L′ (3.4–4.1 μm), a wavelength regime that
provides unique sensitivity to self-luminous, young planets.
Gaps previously detected in scattered light and thermal
emission from the disk provide tantalizing evidence that
planets may be sculpting features in the dust.
Our rigorous statistical analysis resulted in strict upper limits

on the mass of non-accreting planets within the disk on the
order of ∼1–2.5MJ. We also predict that actively accreting
planets with much lower masses may also fall within the
detection limits of these observations. However, degeneracies
in the modeled brightness of circumplanetary disks do not
allow us to set upper limits for both the mass of protoplanets
and their accretion rates, but only the product of the planet

Figure 3. Mass of non-accreting planetary companions corresponding to 95%
completeness (see the contrast limits plotted in Figure 1) for AMES-Cond, BT-
Settl, and AMES-Dusty models. The spread in the mass limits is due to the
assumed range of stellar ages: 7–10Myr. The angular resolution of the
telescope (i.e., λ/D) corresponds to ∼5au.

Figure 2. Result of the inner ADI reduction of the combined data from all three
observing nights. Images (a) without and (b) with injected fake companions at
ΔL=10.5 (or ∼1.5 MJ according to the AMES-Cond model; see Section 5),
at the positions of the gaps, are shown by the white circles. The color axis is in
arbitrary units. Corresponding signal-to-noise ratio (S/N) maps confirming that
(c)no statistically significant point sources appear within 50 au of the star and
(d) thatthe injected companions would be detected if present in the data.
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∼1 5 (88 au) apparent in scattered light (van Boekel et al.
2017), which we denote as “gap 4.” For the oldest assumed
age, 10Myr, the Cond model predicts the highest masses: 2.3,
1.6, 1.5, and 1.2 MJ in gaps 1–4, respectively. Dusty, on the
other hand, is generally the most optimistic model in this case;
assuming an age of 7Myr implies respective planet masses of
1.6, 1.1, 1.1, and 1.0MJ in the gaps.

A planet in the TW Hya disk is likely still undergoing
formation and therefore may have an accreting circumplanetary
disk, which is not included in the Cond, Settl, and Dusty
models. Thus, the results above should be interpreted as the
upper limits for the mass of planets forming in the disk. The
thermal emission from the circumplanetary disk could be much
brighter than the emission from the planet owing to contraction
alone. In the next section, we determine the brightness of
accreting protoplanets and constrain their mass accretion rates.

6. Constraints on Actively Accreting Protoplanets

Zhu (2015) calculated the absolute magnitude of an accreting
circumplanetary disk in near-infrared bands J through N and
found that the brightness depends on the product of the planet
mass and the mass accretion rate, M Mp ˙ , as well as the inner
radius of the circumplanetary disk, Rin. Figure 4 shows the
upper limits of the accretion rate for a protoplanet forming
within gaps 1–4 as a function of Rin, as calculated from the Zhu
(2015) models. Owing to the inherent degeneracy between
M Mp ˙ and Rin, we are not able to place unambiguous upper
limits on the accretion rate of the planet with infrared
photometry alone. However, based on models of planet–disk
dynamical interactions, Dong & Fung (2017) estimated the
mass of the planet carving out the gaps in the TW Hya disk and
found that, for instance, planets with masses of 0.05–0.5 and
0.03–0.3 MJ, respectively, may be sculpting the gaps at ∼0 4
(24 au) and ∼1 5 (88 au). The Zhu (2015) model predicts that

a 0.1MJ protoplanet could be bright enough in L′ to fall within
the detection limits of our observations. For example, the
contrast limits suggest that a planet of a mass of 0.1MJ
accreting from a circumplanetary disk of inner radius Rin=RJ,
where RJ is the radius of Jupiter, would have to be accreting at
a rate of M M10 yr7

J
11 � �˙ . Assuming a constant accretion

rate, such a putative 0.1MJ planet would be <1Myr old or
must have a larger circumplanetary disk inner radius. The deep
detection limits achieved in these observations imply that a
planet with Rin=RJ is presently accreting at rates insufficient
to form a Jupiter mass planet within TWHya’s estimated
lifetime of 10Myr.
The lack of knowledge regarding Rin precludes a definitive

upper limit for the accretion rate within the disk gaps for all
protoplanets, but nonetheless our results confirm that planets in
a runaway accretion phase (M M M10 yrp
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2 12 � �˙ ) could be

detected at infrared wavelengths >3 μm with currently
available high-contrast imaging instruments.

7. Discussion and Conclusions

We have presented deep coronagraphic observations of TW
Hya with the NIRC2 vortex coronagraph at the W. M. Keck
Observatory in L′ (3.4–4.1 μm), a wavelength regime that
provides unique sensitivity to self-luminous, young planets.
Gaps previously detected in scattered light and thermal
emission from the disk provide tantalizing evidence that
planets may be sculpting features in the dust.
Our rigorous statistical analysis resulted in strict upper limits

on the mass of non-accreting planets within the disk on the
order of ∼1–2.5MJ. We also predict that actively accreting
planets with much lower masses may also fall within the
detection limits of these observations. However, degeneracies
in the modeled brightness of circumplanetary disks do not
allow us to set upper limits for both the mass of protoplanets
and their accretion rates, but only the product of the planet

Figure 3. Mass of non-accreting planetary companions corresponding to 95%
completeness (see the contrast limits plotted in Figure 1) for AMES-Cond, BT-
Settl, and AMES-Dusty models. The spread in the mass limits is due to the
assumed range of stellar ages: 7–10Myr. The angular resolution of the
telescope (i.e., λ/D) corresponds to ∼5au.

Figure 2. Result of the inner ADI reduction of the combined data from all three
observing nights. Images (a) without and (b) with injected fake companions at
ΔL=10.5 (or ∼1.5 MJ according to the AMES-Cond model; see Section 5),
at the positions of the gaps, are shown by the white circles. The color axis is in
arbitrary units. Corresponding signal-to-noise ratio (S/N) maps confirming that
(c)no statistically significant point sources appear within 50 au of the star and
(d) thatthe injected companions would be detected if present in the data.
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∼1 5 (88 au) apparent in scattered light (van Boekel et al.
2017), which we denote as “gap 4.” For the oldest assumed
age, 10Myr, the Cond model predicts the highest masses: 2.3,
1.6, 1.5, and 1.2 MJ in gaps 1–4, respectively. Dusty, on the
other hand, is generally the most optimistic model in this case;
assuming an age of 7Myr implies respective planet masses of
1.6, 1.1, 1.1, and 1.0MJ in the gaps.

A planet in the TW Hya disk is likely still undergoing
formation and therefore may have an accreting circumplanetary
disk, which is not included in the Cond, Settl, and Dusty
models. Thus, the results above should be interpreted as the
upper limits for the mass of planets forming in the disk. The
thermal emission from the circumplanetary disk could be much
brighter than the emission from the planet owing to contraction
alone. In the next section, we determine the brightness of
accreting protoplanets and constrain their mass accretion rates.

6. Constraints on Actively Accreting Protoplanets

Zhu (2015) calculated the absolute magnitude of an accreting
circumplanetary disk in near-infrared bands J through N and
found that the brightness depends on the product of the planet
mass and the mass accretion rate, M Mp ˙ , as well as the inner
radius of the circumplanetary disk, Rin. Figure 4 shows the
upper limits of the accretion rate for a protoplanet forming
within gaps 1–4 as a function of Rin, as calculated from the Zhu
(2015) models. Owing to the inherent degeneracy between
M Mp ˙ and Rin, we are not able to place unambiguous upper
limits on the accretion rate of the planet with infrared
photometry alone. However, based on models of planet–disk
dynamical interactions, Dong & Fung (2017) estimated the
mass of the planet carving out the gaps in the TW Hya disk and
found that, for instance, planets with masses of 0.05–0.5 and
0.03–0.3 MJ, respectively, may be sculpting the gaps at ∼0 4
(24 au) and ∼1 5 (88 au). The Zhu (2015) model predicts that

a 0.1MJ protoplanet could be bright enough in L′ to fall within
the detection limits of our observations. For example, the
contrast limits suggest that a planet of a mass of 0.1MJ
accreting from a circumplanetary disk of inner radius Rin=RJ,
where RJ is the radius of Jupiter, would have to be accreting at
a rate of M M10 yr7

J
11 � �˙ . Assuming a constant accretion

rate, such a putative 0.1MJ planet would be <1Myr old or
must have a larger circumplanetary disk inner radius. The deep
detection limits achieved in these observations imply that a
planet with Rin=RJ is presently accreting at rates insufficient
to form a Jupiter mass planet within TWHya’s estimated
lifetime of 10Myr.
The lack of knowledge regarding Rin precludes a definitive

upper limit for the accretion rate within the disk gaps for all
protoplanets, but nonetheless our results confirm that planets in
a runaway accretion phase (M M M10 yrp

8
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2 12 � �˙ ) could be

detected at infrared wavelengths >3 μm with currently
available high-contrast imaging instruments.

7. Discussion and Conclusions

We have presented deep coronagraphic observations of TW
Hya with the NIRC2 vortex coronagraph at the W. M. Keck
Observatory in L′ (3.4–4.1 μm), a wavelength regime that
provides unique sensitivity to self-luminous, young planets.
Gaps previously detected in scattered light and thermal
emission from the disk provide tantalizing evidence that
planets may be sculpting features in the dust.
Our rigorous statistical analysis resulted in strict upper limits

on the mass of non-accreting planets within the disk on the
order of ∼1–2.5MJ. We also predict that actively accreting
planets with much lower masses may also fall within the
detection limits of these observations. However, degeneracies
in the modeled brightness of circumplanetary disks do not
allow us to set upper limits for both the mass of protoplanets
and their accretion rates, but only the product of the planet

Figure 3. Mass of non-accreting planetary companions corresponding to 95%
completeness (see the contrast limits plotted in Figure 1) for AMES-Cond, BT-
Settl, and AMES-Dusty models. The spread in the mass limits is due to the
assumed range of stellar ages: 7–10Myr. The angular resolution of the
telescope (i.e., λ/D) corresponds to ∼5au.

Figure 2. Result of the inner ADI reduction of the combined data from all three
observing nights. Images (a) without and (b) with injected fake companions at
ΔL=10.5 (or ∼1.5 MJ according to the AMES-Cond model; see Section 5),
at the positions of the gaps, are shown by the white circles. The color axis is in
arbitrary units. Corresponding signal-to-noise ratio (S/N) maps confirming that
(c)no statistically significant point sources appear within 50 au of the star and
(d) thatthe injected companions would be detected if present in the data.
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∼1 5 (88 au) apparent in scattered light (van Boekel et al.
2017), which we denote as “gap 4.” For the oldest assumed
age, 10Myr, the Cond model predicts the highest masses: 2.3,
1.6, 1.5, and 1.2 MJ in gaps 1–4, respectively. Dusty, on the
other hand, is generally the most optimistic model in this case;
assuming an age of 7Myr implies respective planet masses of
1.6, 1.1, 1.1, and 1.0MJ in the gaps.

A planet in the TW Hya disk is likely still undergoing
formation and therefore may have an accreting circumplanetary
disk, which is not included in the Cond, Settl, and Dusty
models. Thus, the results above should be interpreted as the
upper limits for the mass of planets forming in the disk. The
thermal emission from the circumplanetary disk could be much
brighter than the emission from the planet owing to contraction
alone. In the next section, we determine the brightness of
accreting protoplanets and constrain their mass accretion rates.

6. Constraints on Actively Accreting Protoplanets

Zhu (2015) calculated the absolute magnitude of an accreting
circumplanetary disk in near-infrared bands J through N and
found that the brightness depends on the product of the planet
mass and the mass accretion rate, M Mp ˙ , as well as the inner
radius of the circumplanetary disk, Rin. Figure 4 shows the
upper limits of the accretion rate for a protoplanet forming
within gaps 1–4 as a function of Rin, as calculated from the Zhu
(2015) models. Owing to the inherent degeneracy between
M Mp ˙ and Rin, we are not able to place unambiguous upper
limits on the accretion rate of the planet with infrared
photometry alone. However, based on models of planet–disk
dynamical interactions, Dong & Fung (2017) estimated the
mass of the planet carving out the gaps in the TW Hya disk and
found that, for instance, planets with masses of 0.05–0.5 and
0.03–0.3 MJ, respectively, may be sculpting the gaps at ∼0 4
(24 au) and ∼1 5 (88 au). The Zhu (2015) model predicts that

a 0.1MJ protoplanet could be bright enough in L′ to fall within
the detection limits of our observations. For example, the
contrast limits suggest that a planet of a mass of 0.1MJ
accreting from a circumplanetary disk of inner radius Rin=RJ,
where RJ is the radius of Jupiter, would have to be accreting at
a rate of M M10 yr7

J
11 � �˙ . Assuming a constant accretion

rate, such a putative 0.1MJ planet would be <1Myr old or
must have a larger circumplanetary disk inner radius. The deep
detection limits achieved in these observations imply that a
planet with Rin=RJ is presently accreting at rates insufficient
to form a Jupiter mass planet within TWHya’s estimated
lifetime of 10Myr.
The lack of knowledge regarding Rin precludes a definitive

upper limit for the accretion rate within the disk gaps for all
protoplanets, but nonetheless our results confirm that planets in
a runaway accretion phase (M M M10 yrp
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2 12 � �˙ ) could be

detected at infrared wavelengths >3 μm with currently
available high-contrast imaging instruments.

7. Discussion and Conclusions

We have presented deep coronagraphic observations of TW
Hya with the NIRC2 vortex coronagraph at the W. M. Keck
Observatory in L′ (3.4–4.1 μm), a wavelength regime that
provides unique sensitivity to self-luminous, young planets.
Gaps previously detected in scattered light and thermal
emission from the disk provide tantalizing evidence that
planets may be sculpting features in the dust.
Our rigorous statistical analysis resulted in strict upper limits

on the mass of non-accreting planets within the disk on the
order of ∼1–2.5MJ. We also predict that actively accreting
planets with much lower masses may also fall within the
detection limits of these observations. However, degeneracies
in the modeled brightness of circumplanetary disks do not
allow us to set upper limits for both the mass of protoplanets
and their accretion rates, but only the product of the planet

Figure 3. Mass of non-accreting planetary companions corresponding to 95%
completeness (see the contrast limits plotted in Figure 1) for AMES-Cond, BT-
Settl, and AMES-Dusty models. The spread in the mass limits is due to the
assumed range of stellar ages: 7–10Myr. The angular resolution of the
telescope (i.e., λ/D) corresponds to ∼5au.

Figure 2. Result of the inner ADI reduction of the combined data from all three
observing nights. Images (a) without and (b) with injected fake companions at
ΔL=10.5 (or ∼1.5 MJ according to the AMES-Cond model; see Section 5),
at the positions of the gaps, are shown by the white circles. The color axis is in
arbitrary units. Corresponding signal-to-noise ratio (S/N) maps confirming that
(c)no statistically significant point sources appear within 50 au of the star and
(d) thatthe injected companions would be detected if present in the data.

4

The Astronomical Journal, 154:73 (6pp), 2017 August Ruane et al.

∼1 5 (88 au) apparent in scattered light (van Boekel et al.
2017), which we denote as “gap 4.” For the oldest assumed
age, 10Myr, the Cond model predicts the highest masses: 2.3,
1.6, 1.5, and 1.2 MJ in gaps 1–4, respectively. Dusty, on the
other hand, is generally the most optimistic model in this case;
assuming an age of 7Myr implies respective planet masses of
1.6, 1.1, 1.1, and 1.0MJ in the gaps.

A planet in the TW Hya disk is likely still undergoing
formation and therefore may have an accreting circumplanetary
disk, which is not included in the Cond, Settl, and Dusty
models. Thus, the results above should be interpreted as the
upper limits for the mass of planets forming in the disk. The
thermal emission from the circumplanetary disk could be much
brighter than the emission from the planet owing to contraction
alone. In the next section, we determine the brightness of
accreting protoplanets and constrain their mass accretion rates.

6. Constraints on Actively Accreting Protoplanets

Zhu (2015) calculated the absolute magnitude of an accreting
circumplanetary disk in near-infrared bands J through N and
found that the brightness depends on the product of the planet
mass and the mass accretion rate, M Mp ˙ , as well as the inner
radius of the circumplanetary disk, Rin. Figure 4 shows the
upper limits of the accretion rate for a protoplanet forming
within gaps 1–4 as a function of Rin, as calculated from the Zhu
(2015) models. Owing to the inherent degeneracy between
M Mp ˙ and Rin, we are not able to place unambiguous upper
limits on the accretion rate of the planet with infrared
photometry alone. However, based on models of planet–disk
dynamical interactions, Dong & Fung (2017) estimated the
mass of the planet carving out the gaps in the TW Hya disk and
found that, for instance, planets with masses of 0.05–0.5 and
0.03–0.3 MJ, respectively, may be sculpting the gaps at ∼0 4
(24 au) and ∼1 5 (88 au). The Zhu (2015) model predicts that

a 0.1MJ protoplanet could be bright enough in L′ to fall within
the detection limits of our observations. For example, the
contrast limits suggest that a planet of a mass of 0.1MJ
accreting from a circumplanetary disk of inner radius Rin=RJ,
where RJ is the radius of Jupiter, would have to be accreting at
a rate of M M10 yr7

J
11 � �˙ . Assuming a constant accretion

rate, such a putative 0.1MJ planet would be <1Myr old or
must have a larger circumplanetary disk inner radius. The deep
detection limits achieved in these observations imply that a
planet with Rin=RJ is presently accreting at rates insufficient
to form a Jupiter mass planet within TWHya’s estimated
lifetime of 10Myr.
The lack of knowledge regarding Rin precludes a definitive

upper limit for the accretion rate within the disk gaps for all
protoplanets, but nonetheless our results confirm that planets in
a runaway accretion phase (M M M10 yrp
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detected at infrared wavelengths >3 μm with currently
available high-contrast imaging instruments.

7. Discussion and Conclusions

We have presented deep coronagraphic observations of TW
Hya with the NIRC2 vortex coronagraph at the W. M. Keck
Observatory in L′ (3.4–4.1 μm), a wavelength regime that
provides unique sensitivity to self-luminous, young planets.
Gaps previously detected in scattered light and thermal
emission from the disk provide tantalizing evidence that
planets may be sculpting features in the dust.
Our rigorous statistical analysis resulted in strict upper limits

on the mass of non-accreting planets within the disk on the
order of ∼1–2.5MJ. We also predict that actively accreting
planets with much lower masses may also fall within the
detection limits of these observations. However, degeneracies
in the modeled brightness of circumplanetary disks do not
allow us to set upper limits for both the mass of protoplanets
and their accretion rates, but only the product of the planet

Figure 3. Mass of non-accreting planetary companions corresponding to 95%
completeness (see the contrast limits plotted in Figure 1) for AMES-Cond, BT-
Settl, and AMES-Dusty models. The spread in the mass limits is due to the
assumed range of stellar ages: 7–10Myr. The angular resolution of the
telescope (i.e., λ/D) corresponds to ∼5au.

Figure 2. Result of the inner ADI reduction of the combined data from all three
observing nights. Images (a) without and (b) with injected fake companions at
ΔL=10.5 (or ∼1.5 MJ according to the AMES-Cond model; see Section 5),
at the positions of the gaps, are shown by the white circles. The color axis is in
arbitrary units. Corresponding signal-to-noise ratio (S/N) maps confirming that
(c)no statistically significant point sources appear within 50 au of the star and
(d) thatthe injected companions would be detected if present in the data.
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Ruane et al. (2017)

∆L=10.5 (1.5 MJup)

ALMA (Andrews et al.  2016)



SIX YEARS OF HARVEST WITH THE VORTEX CORONAGRAPH

KECK CORONAGRAPHIC DEEP FIELD: EPS ERIDANI

▸ 0.8 MJup companion would have been 
detected if eps Eri was 200 Myr old

Mawet et al. (in press)
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TRANSITION DISK SURVEY (NIRC2 & NACO)

13
Resolving planet forma�on in the era of ALMA and extreme AO – San�ago, 2016-05-16

First results!
The spirals of MWC758

VLT/SPHERE IRDIS (Y band) 
(Polarimetric DiMeren�al Imaging mode)

Benisty et al. 2015 Reggiani/Chris�aens in prep

Keck/NIRC2 (L-band)
Vortex mode

SPHERE/IRDIS Y band polarimetry (Benisty et al. 2015) Protoplanet prediction (Dong et al. 2015)

goal: search for protoplanets at the origin of disk structures



SIX YEARS OF HARVEST WITH THE VORTEX CORONAGRAPH

THE KECK/NIRC2 + VORTEX VIEW OF MWC758

Reggiani et al. 2018

10/2015 10/2016
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MWC758B: A DISK-SCUPLTING PROTOPLANET CANDIDATE?

▸ main properties 

✴ 0.1’’ separation (20 au), ∆L = 7 

✴ two epochs: PA difference consistent 
with Keplerian rotation in 1 yr 

▸ low probability for bckg star 

▸ companion? needs to be <6 MJup  
→ not purely photospheric emission 

▸ conclusion: accreting protoplanet or 
disk feature? 

✴ no polarized disk emission there!

0.5-5 MJup planet accreting  
@ 10−7 - 10−9 M⊙/yr

Reggiani et al. 2018
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MWC758B: ORIGIN OF THE SPIRALS?

▸ now three spiral arms to reproduce with models 

▸ driven by protoplanet? 

✴ outer planet? most likely  
explanation based on models,  
but strong constraints from  
observations (< 6 MJup) 

✴ inner planet? might explain  
one spiral, but not all three

Reggiani et al. 2018
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HOW TO BETTER EXPLOIT THE DATA?

▸ interesting science at 1-3 λ/D 

✴ strongly affected by  
residual speckles 

✴ non-Gaussian noise 
—> more false positives 

✴ hard to validate  
candidates 

▸ ADI-based techniques produce SNR maps, but do not inform on 
nature of the candidates 

▸ machine learning can help

NIRC2+vortex image sequence



IMAGE PROCESSING  
WITH  

MACHINE LEARNING
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MACHINE LEARNING IN A NUTSHELL

▸ construction of 
algorithms that 
can learn from, 
and make 
predictions on 
data

PC 1PC 2
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Regression Classification

Dimensionality reductionClustering
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SUPERVISED LEARNING

▸ goal: learn function 𝑓 mapping input samples 𝒳 to labels 
𝒴 given a labeled dataset                             : 

▸ mapping function 𝑓 can be based on a (deep) neural 
network
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DEEP NEURAL NETWORKS

▸ DNN can be trained with labeled data set 

✴ main challenge in HCI is to build the labeled data set
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SUPERVISED DETECTION OF EXOPLANETS
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approximation

levels

k residuals, 
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ReLU activation + dropout
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threshold = 0.9

Trained classifier

PSF

Input cube, N frames

Input cube
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…

…

(a) (b) (c)

1. generation of labeled data 2. training the DNN 3. prediction

Gomez Gonzalez et al. 2018
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LABELED DATASET

(a)

(b)

(a)

(b)

C+	

C-	
y ∈ {c−, c+}Labels:



SIX YEARS OF HARVEST WITH THE VORTEX CORONAGRAPH

SUPERVISED DETECTION OF EXOPLANETS
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TEST WITH INJECTED COMPANIONS (SPHERE/IRDIS)

(a) (b)

(c) (d)
MLAR patches of 4 fake companions

(a) (b)

(c) (d)

S/N=3.2 S/N=5.9 

S/N=1.3 S/N=2.7 

Gomez Gonzalez et al. 2018
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ROC CURVES

▸ Separation 

✴ 2 - 3 λ/D 

▸ Contrasts 

✴ 2.9 × 10−5  
to 1.4 × 10−4 

Gomez Gonzalez et al. 2018



FUTURE 
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NEAR - NEW EARTH IN THE ALPHA CENTAURI REGION 

▸ ESO project funded by Breakthrough Watch 

✴ what? search for rocky planets around α Cen A&B 

✴ how? refurbish VISIR and put it behind UT4+AOF 

✴ when? 100h observing campaign in mid-2019 

▸ vortex team contribution 

✴ provide optimized AGPM for 10-12.5µm filter 

✴ design optimized Lyot stop 

✴ develop closed-loop pointing control with QACITS
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NEAR LYOT STOP: TWO CHALLENGES

▸ binary target star 

✴ need to dim secondary star 

▸ complicated pupil
6 arcsec

M3 (folded)
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AN APODIZED LYOT STOP

▸ shaped-pupil: induce dark hole from 3’’ to 8’’ around B

courtesy G. Ruane, AJ Riggs

Lyot stop apodized Lyot stop
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NOTIONAL IMAGES OF ALPHA CENTAURI SYSTEM

▸ habitable zone at 0.8’’ - 1.1’’ (A) or 0.5’’ - 0.65’’ (B) 

▸ contrast around 10−6 for 2 R⨁ planet
no vortex simple vortex vortex + apodized Lyot stop
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NEXT STEPS: VLT/ERIS AND ELT/METIS

▸ ERIS: L & M band AGPMs 

✴ standard vortex coronagraph with simple Lyot stop 

▸ METIS: L, M & N band AGPMs 

✴ ring-apodized vortex coronagraph: cancels 
diffraction from huge central obstruction

vortex  
phase mask

Lyot stopRing 
apodizer

ELT

ELT+VC

ELT+RAVC
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METIS SCIENCE HIGHLIGHTS

▸ direct imaging of several RV planets 

▸ potential to detect temperate rocky planets 

▸ characterization with high-res LM-band IFS

but partly generic case study, the present analysis is for a
specific telescope and a specific instrument. The corresponding
sensitivity estimates were derived using an instrument simu-
lator (including, e.g. a model PSF, sky background noise,
throughput, relevant telescope parameters). Furthermore, in
light of the results presented in the previous section, we
extended our analysis beyond 8 pc (as in Crossfield 2013) to
include all dwarf stars with K<7mag and d<20 pc. We
removed close binaries, gathered stellar photometry and

parallaxes from the literature (Perryman et al. 1997; Monet
et al. 2003; Cutri et al. 2003; Zacharias et al. 2012, and
SIMBAD), adopted stellar radii and effective temperatures
based on interferometric measurements of similar stars
(Boyajian et al. 2012a, b, 2013), and assigned stellar masses
using the V-band relation of Henry & McCarthy (1993).
Selecting only objects with declination <30°, this final target
list includes 246 objects; 24 of these host already known planets
or planet candidates, most of which do not pass the detection
threshold that we impose in our analysis, as they are either too
close to the star and/or too faint. Finally, the present analysis
determines how many planets are detectable in more than one
filter (see below) and provides a concrete list of stars for which
we summarize the detection probabilities per filter.
This new Monte Carlo analysis reveals that &10 small

planets within 15 pc should be detected in at least one of the
L, M or N bands. Roughly five objects could be observed in
both L and M bands, and a small number (*2) might be
observable in a combination of N and L and/or M. The results
are summarized in Fig. 3, where we show the 2D probability
distributions (planetary radius versus equilibrium tempera-
ture) separately for the L,M and N bands. Roughly 25% of the
planets have radii of 1–2 R⊕. The rest has radii >2 R⊕ and is
increasingly likely to host a substantial gaseous envelope
(cf. Marcy et al. 2014). The expected Teq of the smaller planets
is*100K higher than for the larger planets. This is a selection
effect: in our simulations, larger planets (!.4 R⊕) are seen
mainly in reflected starlight (even in M band); smaller planets,
however, must emit relatively more thermal radiation to
climb above the sensitivity threshold, and so thermal radiation
comprises up to*50% of their observed flux. For the L andM
bands the most likely range of equilibrium temperature is
300–500K, whereas, statistically, in the N band a couple of
planets in the 200–400K range should be found.
For the results shown in Table 3 we changed the perspective

and analysed which stars in our sample are the best targets
for planet searches. We only list objects where the probability
of detecting a planet – regardless of size or temperature – is
at least 10% in one of the observational bands. Table 3
emphasizes that, according to our simulations, the L band is
the best wavelength range to search for planets, but it also
shows that – based on the Kepler planet occurrence statistics –
for some stars there is a fair chance to detect planets in more
than one band.

Discussion

The analyses presented in the previous sections rely on some
assumptions and led to some results that warrant further
discussion.
Concerning the assumed sensitivity limits it is obvious that

these are preliminary and are probably subject to change in the
course of the METIS project. However, the values represent
the current state of knowledge. Similarly, the exact filter
profiles are not yet defined for METIS. This leads to some
uncertainties when we compare the predicted fluxes for the
RV-detected gas giant planets to the METIS detection limits

Fig. 3. 2D probability distributions for the detection of small planets
using E-ELT/METIS. From top to bottom the panels show the
distributions for detections in the L, M and N bands, respectively.
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Quanz et al. (2015)
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CAN MACHINE LEARNING DO EVEN MORE FOR HCI?

fast adaptive 
optics

non-common 
path aberrations

problem = lag in AO loop 

speed limited by hardware & photons 

predictive control, requires model

science camera to measure wavefront 

inverse problem, requires model 

approximate and fast, or complex and slow

deep learning = key to building fast, robust models
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