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IMPLEMENTATIONS OF THE VORTEX PHASE MASK

▸ scalar vortex 

✴ helical piece of glass 

▸ vector vortex = spatially  
variant HWP 

✴ liquid crystal polymers 

✴ subwavelength gratings 

✴ photonic crystals

Annular Groove Phase Mask
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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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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 
> 1000 : 1
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INSTALLATION AND COMMISSIONING
▸ piggyback on existing 

coronagraphic IR cameras 

▸ short commissioning runs 
(1-2 nights)

2012 (L)
2012 (N)

2015 
(L+M)

2013 (L) 2015 (L+M)

LMIRCam

NIRC2

NACO

VISIR



PERFORMANCE AND MAIN 
RESULTS SO FAR
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NIRC2 & NACO TRANSITION DISK SURVEY

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
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THE KECK/NIRC2 + VORTEX VIEW OF MWC758

Reggiani et al. 2018

October 2015 October 2016
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MWC758B: YET ANOTHER PROTOPLANET CANDIDATE?

▸ 0.1’’ separation (20 au), 
∆L = 7 

▸ movement consistant 
with Keplerian orbit 

▸ if photospheric emission, 
would be ~50 MJup 

✴ not consistent with 
structure of inner disk 

▸ accreting protoplanet or 
disk feature?

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

Reggiani et al. 2018
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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
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where RJ is the radius of Jupiter, would have to be accreting at
a rate of M M10 yr7
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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
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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
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where RJ is the radius of Jupiter, would have to be accreting at
a rate of M M10 yr7
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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
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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
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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
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planets with much lower masses may also fall within the
detection limits of these observations. However, degeneracies
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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.
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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
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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.

4
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Ruane et al. 2017

∆L=10.5 (1.5 MJup)

ALMA (Andrews et al.  2016)
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KECK CORONAGRAPHIC DEEP FIELD: EPS ERI

▸ deepest detection limits around 
an adolescent Sun-like star

Mawet et al. (subm)

Deep exploration of ✏ Eridani 13

Figure 8. Keck/NIRC2 Ms-band vortex performance/completeness maps for a ⌧ = 5� detection threshold for all 3 di↵erent
ages considered here. The red curve highlights the 95% completeness contour.

Figure 9. Performance/completeness maps for a ⌧ = 5� detection threshold for all 3 di↵erent ages considered here using
VLT/NACO Lp-band data (PI: Quanz, Program ID: 090.C-0777(A)) presented in Mizuki et al. (2016). The red curve highlights
the 95% completeness contour.

4.3.1. Direct imaging likelihood

In this section, we detail the computation of the direct
imaging likelihood (Ru�o et al., in prep.). The direct
imaging data dDI , temporarily shorten d, is a vector
of Nexp ⇥ Npix elements where Nexp is the number of
exposures in the dataset and Npix the number of pixels
in an image. It is the concatenation of all the vectorized
speckle subtracted single exposures. A point source is
defined from its position x and its brightness i. We also
define n as a Gaussian random vector with zero mean
and covariance matrix ⌃. We assume that the noise is
uncorrelated and that ⌃ is therefore diagonal.

d = im+ n (4)

With m = m(x) being a normalized planet model at the
position x.

Assuming Gaussian noise, the direct imaging likeli-
hood is given by:

P(d|i, x) = 1p
2⇡|⌃|

exp
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We have used the fact that d>⌃�1d is a constant.
The estimated brightness ĩx, in a maximum likelihood

sense, and associated error bar �x are defined as,

ĩx =
d>⌃�1m

m>⌃�1m
, (6)

and
�
2

x = (m>⌃�1m)�1
. (7)

We can therefore rewrite the logarithm of the direct
imaging likelihood as a function of these quantities (Ruf-
fio et al., in prep.),

logP(d|i, x) = � 1

2�2
x

�
i
2 � 2ĩix
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The estimated brightness ĩx, in a maximum likelihood

sense, and associated error bar �x are defined as,
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ĩx =
d>⌃�1m

m>⌃�1m
, (6)

and
�
2

x = (m>⌃�1m)�1
. (7)

We can therefore rewrite the logarithm of the direct
imaging likelihood as a function of these quantities (Ruf-
fio et al., in prep.),

logP(d|i, x) = � 1

2�2
x

�
i
2 � 2ĩix

�
. (8)

Deep exploration of ✏ Eridani 11

mechanisms. First, PCA removes the correlated com-
ponent of the noise by subtracting o↵ the stellar con-
tribution, revealing underlying independent noise pro-
cesses such as background, photon Poisson noise, read-
out noise, and dark current. Second, the ADI frame
combination provides additional whitening by virtue of
the central limit theorem, regardless of the underlying
distribution of the noise.
From now on, we assume Gaussian statistics to de-

scribe the noise of our images. Our next task is to look
for point sources, and if none are found, place mean-
ingful upper limits. Whether or not point sources are
found, we will use our data to constrain the planet mass
posterior distribution as a function of projected separa-
tion.
For this section, we choose to convert flux levels into

mass estimates using the COND evolutionary model
(Bara↵e et al. 2003) for the three ages considered in
this work: 200, 400, and 800 Myr. The young age end
of our bracket (200 Myr) is derived from a pure kine-
matic analysis (Fuhrmann 2004). The 400 and 800 Myr
estimates are from Mamajek & Hillenbrand (2008), who
used chromospheric activities and spin as age indicators.
As noted by Bowler (2016), the COND model is part

of the hot-start model family, which begins with ar-
bitrarily large radii and oversimplified, idealized initial
conditions. It ignores the e↵ects of accretion and mass
assembly. The COND model represents the most lumi-
nous and thus optimistic outcome. At the adolescent
age range of ✏ Eridani, initial conditions of the forma-
tion of a Jupiter-mass gas giant have mostly been forgot-
ten (Marley et al. 2007; Fortney et al. 2008) and have
a minor impact on mass estimates. Moreover, a very
practical reason why COND was used is because it is
the only model readily providing open-source tables ex-
tending into the low-mass regime (< 1MJup) reached by
our data (see §5.0.1).

4.2.1. Signal detection

Signal detection is a balancing act where one trades
o↵ the risk of false alarm with sensitivity. The signal
detection threshold ⌧ is related to the risk of false alarm
or false positive fraction (FPF) as follows

FPF =
FP

TN + FP
=

Z
+1

⌧
p(x|H0)dx (1)

where x is the intensity of the residual speckles in our
images, and p(x|H0), the probability density function of
x under the null hypothesis H0. FP is the number of
false positives and TN, the number of true negatives.
Assuming Gaussian noise statistics, the traditional ⌧ =
5� threshold yields 2.98⇥ 10�7 false alarm probability,
or FPF.

Figure 6. SNR map for our most sensitive reduction, using
120 principal components. We used the SNR map function
implemented in open source package VIP (Gomez Gonzalez
et al. 2017). The method uses the annulus-wise approach
presented in Mawet et al. (2014). No source is detected
above 5�. The green circle delineates the planet’s project
separation at ' 3.5 AU.

Applying the ⌧ = 5� threshold to the signal-to-noise
ratio (SNR) map generated from our most sensitive re-
duction, which occurs for a number of principal compo-
nents equal to 120, yields no detection, consistent with
a null result. In other words, ✏ Eridani b is not detected
in our deep imaging data to the 5� threshold. To com-
pute the SNR map, we used the annulus-wise approach
outlined in Mawet et al. (2014), and implemented in
the open-source python-based Vortex Imaging Pipeline
(Gomez Gonzalez et al. 2017). The noise in an annulus
at radius r (units of �/D) is computed as the standard
deviation of the n = 2⇡r resolution elements at that ra-
dius. The algorithm throughput is computed using fake
companion injection-recovery tests at every location in
the image. This step is necessary to account for ADI
self-subtraction e↵ects. The result is shown in Fig. 6.
To quantify our sensitivity, also known as “complete-

ness”, we use the true positive fraction (TPF), defined
as

TPF =
TP

TP + FN
=

Z
+1

⌧
p(x|H1)dx (2)

with p(x|H1), the probability density function of x un-
der the hypothesis H1 - signal present, and where TP
is the number of true positives and FN, the number of
false negatives. For instance, a 95% sensitivity (or com-
pleteness) for a given signal I, and detection threshold
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ON SKY PERFORMANCE: THREE YEARS OF VORTEX @ NIRC2

▸ 359 vortex 
observations in 
2016-2017, using 
QACITS focal-plane 
pointing control 

▸ automatic pipeline 
provides raw and 
post-processed 
contrast curves for 
ADI and RDI

gain in contrast from post-processing

Xuan et al. (subm)
inside
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ON SKY PERFORMANCE: ADI VS RDI

▸ RDI better at small 
separations 

▸ critical separation depends 
on amount of field rotation

Ruane et al. 2017

Xuan et al. (subm)
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CONTRAST PREDICTIONS BASED ON RANDOM FORESTS

▸ random forests used to 
identify main 
explanatory variables 
and make predictions 

▸ ADI performance mostly 
explained by (i) field 
rotation, (ii) integration 
time, (iii) magnitude 

▸ for RDI performance, 
FWHM of PSF becomes 
as important

Xuan et al. (subm)

predicted vs measured contrast

RMSE ~ 0.3 dex



AROUND THE WORLD WITH THE VORTEX CORONAGRAPH

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,  
but do not inform on nature of the source 

▸ machine learning can help

NIRC2+vortex image sequence
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SUPERVISED LEARNING

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

▸ mapping function 𝑓 based on (deep)  
neural network 

✴ layers of neurons whose parameters can be  
tuned to approximate a complex function 

✴ DNN can be trained with labeled datasets 

▸ problem: need labels & large training sample!

hidden  
layers

output layer

input layer
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SUPERVISED DETECTION OF EXOPLANETS

N x Pann

k SVD 

low-rank 

approximation

levels

k residuals, 
back to 
image 
space

X : MLAR samples

0 1

Convolutional LSTM layer

kernel=(3x3), filters=40

Convolutional LSTM layer

kernel=(2x2), filters=80

Dense layer

units=128

Output dense layer

units=1

3d Max pooling

size=(2x2x2)

3d Max pooling

size=(2x2x2)

ReLU activation + dropout

Sigmoid activation

X and y to train/test/validation sets

Probability of 
positive class 

MLAR patches

Binary map

probability 
threshold = 0.9

Trained classifier

PSF

Input cube, N frames

Input cube

y : Labels

…

…

(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:
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TEST WITH INJECTED COMPANIONS (SPHERE/IRDIS DATA)
4 fake companions injected in data set … can you spot them?

(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 



NEW RESEARCH PATHS AND 
FUTURE PROJECTS
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EXTENDING THE AGPM CONCEPT

▸ AGPM first developed for thermal infrared (L, M, N bands) 

✴ excellent performance on ~30% bandwidth 

▸ shorter wavelengths 

✴ science-grand K-band AGPM  
now available 

✴ H-band AGPM development  
started  

▸ 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
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NEAR - NEW EARTH IN THE ALPHA CENTAURI REGION 

▸ ESO project funded by Breakthrough Initiatives 

✴ 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 focal-plane pointing control (QACITS)

10702-12 KÄUFL 
(Sunday talk)
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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 ~10−6 for 2 R⨁ planet 

▸ apodized Lyot stop to carve dark hole around secondary

no vortex simple vortex vortex + apodized Lyot

6 arcsec
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A VORTEX UPGRADE FOR SPHERE?

▸ goal: open the 1-3 λ/D parameter space 

✴ increase number of detections 

✴ access a few RV planets 

▸ need to identify main limitations  
to 4QPM performance 

✴ component degradation? 

✴ effect of dead actuators? 

✴ low-order WF aberrations? 

▸ K-band AGPM ready to go!

10702-145 HUBY 
(Monday poster)

Study of a                coronagraph for SPHERE
Elsa Huby1, Julien Milli2, Olivier Absil3, Anthony Bocaletti1, Mamadou N’Diaye4, Arthur Vigan5 Alexis Carlotti6, Garreth Ruane7, Frans Snik8, David 

Doelman8, Mariangela Bonavita9, Pierre Baudoz1, David Mouillet5, Jean-Francois Sauvage5, Cristian Romero2, Jean-Luc Beuzit5
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CONCLUSIONS

Since the first light of the high-contrast imager 
SPHERE in 2014, it discovered only 3 new 
exoplanets1,2,3. To extend the discovery space to 
regions closer to the stars, we propose to take 
benefit of a small inner working angle (IWA) 
coronagraph within SPHERE. This can double the 
chance to detect a 7Mjup planet at 5 au (Fig.1)

In the near-infrared channel of SPHERE (IFS and 
IRDIS), 3 Apodized Lyot Coronagraph (APLC) are 
offered (radius 72.5, 92.5 and 120mas) optimized . 
Four quadrant Phase Masks (4QPM) with smaller 
IWA are not offered due to worse performance than 
the APLC (origin under investigation). 

Current situation and performance

1. Underperformance of the 4QPM not 
currently understood

2. Benefits of a small IWA in SPHERE
3. Implementation of a vortex mask can be 

quick, easy, low-risk with the available K-
band AGPM:

• If it solves the 4QPM underperformance we 
gain right away

• If the 4QPM problem is not solved, the gain 
will need to wait the SPHERE upgrade10

(better wavefront quality).

Fig. 1. Planet yield assuming a population of giant planets from [4] using 
contrast currently achieved (left) vs achievable contrast with a small IWA 
(1l/D) coronagraph such as the Vortex5

Fig. 5 Performance of the K-band AGPM: Rejection ratio (integrated flux in a 
disk of diameter 1λ/D) ~ 400
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Fig. 2. Raw profile with the most commonly used coronagraph at H band (left) 
and achieved raw and final contrast6 (right) in 40min for a sample of 55 targets.

Comparison Vortex vs APLC

Fig. 3. Coronagraphic	throughput	
η_planet:	integrated	on	a	disk	of	
1λ/D	in	diameter	(solid	line)	or	in	
the	whole	FoV (dashed	line

Fig. 4. Raw	contrast	η_star/η_planet:	
integrated	flux	(disk	of	1λ/D)	ratio	
between	star	light	residuals	and	off-axis	
planet	light

Photon	noise	limited	regime:	SNR	of	the	planet	light	is	maximized	when raw	contrast	/	
coronagraphic	throughput is	minimized	(minimizes	the	integration	time):	η_star/η_planet²
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l AGPM: Annular Groove Phase Masks (U. 
Liège)
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-Sub-micron grating etched on top
-Anti-reflective coating on the backside
-currently available at K band 

Tested	on	the	YACADIRE	test	bench (Meudon,	Obs.	de	
Paris)
-Filter:	~2	– 2.2µm
-Circular	pupil	(Lyot	80%)
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Fig.3 On-sky IRDIS images in broad band J of the APLC (left) and 4QPM (right) 
that has higher starlight residuals and shows no gain at small separations

4QPM

What is wrong with the 4QPM?
Possible causes
• Component degradation: unlikely to affect the 2 4QPM
• Higher sensitivity to dead actuators
• Higher sensitivity to low-order aberrations

Impact of low order aberrations on the 4QM
Fig. 3. Comparison 
of the 4QPM 
contrast before and 
after NCPA 
compensation using 
the Zernike Phase 
Mask (tests done in 
April 2018)8

The	NCPA	correction	does	not	improve	much	the	contrast
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AROUND THE WORLD WITH THE VORTEX CORONAGRAPH

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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AROUND THE WORLD WITH THE VORTEX CORONAGRAPH

METIS SCIENCE HIGHLIGHTS

▸ direct imaging of several RV planets 

▸ potential to detect temperate rocky planets 

▸ exoplanet 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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