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Work as a INAF research fellow

• I continued the development of the analysis pipeline also extending to the 
ERIS Vortex Cornograph.

• I'm working on the characterizations of new PPD have currently identified a 
new candidate in the HD 135344B system within the spirals. And it was 
possible to exclude the presence of external disk disruptors.

• I am working on confirming candidates observed in the AS 209 system.
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From disks to planets

?

ALMA dust continuum of the protoplanetary 
disk around AS 209 (Fedele et al. 2018)

Time-lapse of the planetary system HR 8799 
with SPHERE



Core-accretion Gravitational instability

e.g., Mizuno+ 1980, Lissauer+ 1993, 
Pollack+ 1996

e.g., Adams+ 1989, Boss 1997, 
Durisen+ 2007

Pebble accretion

e.g., Lambrechts+. 2014

Planet formation theories

D. Fedele INAF ELT WORKSHOP, NAPOLI 12-15/05/2026

How do planets form?
Where planets preferentially form in the disk ?

Planet-disk interaction: migration, primordial atmosphere?



Planet formation: indirect proofs
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morphology (Muto et al. 2012, Grady et al. 2013, Akiyama et al. 2016) to more intricate, tightly
wrapped, and asymmetric structures (Hashimoto et al. 2011, Avenhaus et al. 2014, Garu! et al.
2016, Monnier et al. 2019). There are only three known examples of disks around single-star
hosts that exhibit a spiral pattern in the mm continuum (Pérez et al. 2016, Huang et al. 2018c), in
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Rings with cavity

Rings with gaps

Arcs

Spirals

e.g., Garufi et al. 2018, Andrews 2020

Sub-structures hint at the presence of embedded protoplanets
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Planet formation: evolutionary tracksE. F. Linder et al.: Evolutionary models of low-mass planets
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Fig. 9. Influence of varied post formation luminosity (Lpf ) on the intrinsic luminosity and temperature for four different masses. The colour code is
given in the left panel, the line style is given in the right panel. All cooling curves are calculated with a cloud-free atmosphere with solar metallicity
in the petitCODE grid. Solid lines show the evolution with the nominal Lpf of Table 2. Dashed lines show the evolution with a ten times bigger Lpf
(hot scenario). Dash-dotted lines show the evolution with a ten times fainter Lpf (cold scenario).

respectively. For comparison, Spiegel & Burrows (2012) have at
1 Myr a Teff of ⇠850 and ⇠550 K for their hot and cold case for
a 318 M� planet, which is similar to our result.

If planet masses and luminosities could be determined obser-
vationally at early times (<⌧KH,pf), important constraints about
hot versus cold scenarios could be made for planet formation
theory, regarding for example the heating by giant impacts (e.g.
Anic et al. 2007), the efficiency of heat transport in the interior
(Nettelmann et al. 2013), or the magnitude and timing of heating
by planetesimal accretion Mordasini (2013).

6.4. JWST magnitudes and fluxes

Magnitudes for the most relevant JWST filters for exoplanet
imaging, namely, JWST/MIRI (F560W, F770W, F1000W,
F1280W, F1500W, F1800W, F2100W, F2550W) and JWST/
NIRCam (F115W, F150W, F200W, F277W, F356W, F444W)
were calculated. The wide (W) filters were chosen as they are
considered the standard imaging filters and also because we
quantify the detection of planets in the background limited
regime and not necessarily in the contrast limit, where certain
coronagraph-filter combinations may be the preferred choice.
The zero points of the magnitudes were obtained with a Vega
spectrum2. To check our magnitude calculation, the spectra
from F. Allard’s website were downloaded, convolved with the
filter profiles, and the resulting magnitudes were compared with
the magnitudes given on F. Allard’s website3 as well. It was
found that the magnitudes are the same. The magnitudes of the
modelled planets were obtained by convolving their spectra with
the filter transmission profiles. For this we interpolated their
spectra to the desired log g–Te↵ combination given the grid of
atmospheres. The filter profiles used in this work are available
together with the magnitudes for different planetary masses and
ages, metallicities, and post formation luminosities for clear
or cloudy atmospheres. To illuminate the effects of clouds, a
fsed = 1.0 was chosen. We are considering the most important

2 From ftp://ftp.stsci.edu/cdbs/current_calspec and
http://www.stsci.edu/hst/observatory/crds/calspec.html
as alpha_lyr_stis_003.txt, accessed in 2014. We provide the spectrum
we used on http://www.space.unibe.ch/research/research_
groups/planets_in_time/numerical_data/index_eng.html.
3 https://phoenix.ens-lyon.fr/Grids/AMES-Cond/COLORS/

cloud species that occur at intermediate temperatures (Na2S and
KCl, for T& 400 K). Consequently, we show the evolution tracks
with clouds only down to 200 K (instead of 150 K as is the case
for the clear petitCODE atmosphere magnitudes). An example
of the tables that can be found at the CDS is given in the
Table A.2 for a fixed planetary mass as a function of time, and in
Table A.3 for a fixed time for the eight masses used in this work;
all the tables can be found at the CDS and at http://www.
space.unibe.ch/research/research_groups/planets_
in_time/numerical_data/index_eng.html.

As an illustration, in Figs. 10 and11, the absolute magnitudes
in the F356W filter (centred at 3.45 µm) and the F444W filter
(centred at 4.44 µm) are shown for the 5, 20, 100, and 318 M�
mass planets and for different atmosphere grids with different
parameters, such as metallicity and fsed, as well as for the vari-
ation in post formation luminosity (Lpf) introduced in Sect. 6.2.
These two filters were chosen for reasons discussed below.

The clear solar metallicity line in the petitCODE grid is
sometimes hard to see due to the other lines. For the case of a
ten times lower Lpf, the 5 M� mass planet is too cool to still be
on the atmosphere grid and hence these magnitudes were not
calculated. Since the 5 and 20 M� planets are evolving outside
of the AMES-Cond grid, the magnitudes corresponding to this
atmosphere are not shown for these two low-mass planets.

In principle, the AMES-Cond, the HELIOS, and the
petitCODE magnitudes for a clear and solar metallicity
atmosphere should be the same. However, because of different
input line lists, this is not the case. We quantified this for the
159 M� planet. In all the JWST/MIRI filters we calculated, the
magnitudes calculated with these atmospheres for the evolution
of the 159 M� planet differ at most by 0.5–2 magnitudes. In the
JWST/NIRCam filters we considered, the maximum difference
ranges from 0.3 magnitudes up to 6 magnitudes in the F227W
and F115W filter at a few 100 Myr. In the F356W filter, which is
shown in Fig. 10, and chosen because the impact of the line lists
is very strong, the heavier planets are brightest when calculated
with an AMES-Cond atmosphere. For example, the 100 M�
planet is 2.9 mag brighter at 100 Myr with an AMES-Cond
atmosphere than with a clear solar petitCODE atmosphere. A
strong methane absorption feature is located at this wavelength,
which makes the corresponding flux emission very sensitive to
the employed methane line list. The petitCODE and HELIOS
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DIRECT DETECTION OF PROTOPLANETS TO DISCERN DIFFERENT SCENARIOS

DIRECT DETECTION OF PROTOPLANETS TO 
DISCERN DIFFERENT SCENARIOS

Traceing the thermal evolution of protoplanets to discern
different formation scenarios

Protoplanets phase



Detection of protoplanets

A couple of confirmed detections, several debated cases
Planets < a few MJupiter heavily obscured by local dust extinction 
Confusion with disk dust emission and self-subtraction
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Work as a INAF research fellow

• I continued the development of the analysis pipeline also extending to the 
ERIS Vortex Cornograph.

• I'm working on the characterizations of new PPD have currently identified a 
new candidate in the HD 135344B system within the spirals. And it was 
possible to exclude the presence of external disk disruptors.

• I am working on confirming candidates observed in the AS 209 system.

in Figure 2. Please see Appendix B for a complete description
of all observation and reduction steps for the L′ data.

5. Photometry and Astrometry

As PSF subtraction algorithms (like pyKLIP) can distort
planet signal, we obtained companion astrometry and photo-
metry through the forward modeling technique with the
forward modeling feature in PyKLIP (J. J. Wang et al. 2015)
for accurate measurements and uncertainties on the planet
contrasts. For the astrometry, we previously observed an
astrometric calibration Jeld in Baade’s Window (J. D. Long
et al. 2024), which has been extensively used by MagAO
and GPI. We adopt for science camera 2 (the Hα camera,
used for the astrometry in this work) a platescale of
0.00593± 0.00003 pix−1, PAoffset = +2.0± 0.2 deg for this
work, which is almost identical to that of L. M. Close et al.
(2025), which, in turn, was in excellent agreement with the
VLTI/gravity orbits of PDS 70 b and c (J. J. Wang et al.
2021, 2015).

Our approach to photometry and astrometry of planet
WISPIT 2b was straightforward. We used the fully forward
modeled planet insertion option of pyKLIP to inject fake
negative planets at the separations of b into each of the input
images. Since we did not use a coronagraph for any of these
observations, it is straightforward to measure the relative Iux
of the star and planet to obtain an accurate contrast. We Jt a
Gaussian to the Jnal multi-hour “deep” WISPIT 2 A PSF core
(the PSF is the median of all selected images—all linear) to
Jnd accurate subpixel stellar peak counts and planet FWHM to
model the fake planets as accurately as possible in pyKLIP.
This, in turn, leads to the most accurate contrasts and
astrometry from pyKLIP forward modeling.

We then followed L. M. Close et al. (2025) to run a grid
search to add the perfectly centered and scaled fake negative
planet to completely cancel (integrated Iux in planet
aperture = zero) the Hα planet in the ASDI image. This
yielded the ASDIcontrastHα = (7.0± 0.9)× 10−4 on April 13
and ASDIcontrastHα = (6.5± 0.5)× 10−4 on 2025 April 16 (see
Table 1). Errors in the contrast were estimated from injecting a
“ring” of six fake planets at the 309.5 mas separation and then
using aperture photometry to estimate the standard deviation of
planet photometry (L. M. Close et al. 2025).
We did not signiJcantly detect any point source at SNR � 5

in the excellent z′ data set at the location of WISPIT 2b
(bottom-left panel, Figure 1). However, using a deeper
stacking to 64x 120 s images (pyKLIP movement = 5) does
reveal a z′∼ 23 mag source at (9± 5)× 10−6 contrast at
WISPIT 2b’s location, but only at an SNR∼ 2. If real, this
suggests a DUSTY model mass of 6± 2 Mjup (Table 2) from
the z′ Iux. We caution that this is a very weak signal, and so
this z′∼ 23 mag (Δz′ = 12.6 mag; 9 × 10−6 contrast at 312
mas) source should not be considered a deJnitive detection
without future conJrmation. However, at Hα, the SNR > 12.5,
so the planet is real.
We note the faint extended z′ “arc” in between the bright

ring #2 and the fainter ring #3 is due to signiJcant pyKLIP
ADI self-subtraction of the edges of the bright rings, carving
negative residuals. This well-known “ringing” ADI self-
subtraction of the bright disk features leads to low-spatial
noise artifacts in the otherwise dark gap.
A similar forward modeling procedure was followed for the

L′ data sets (see Appendix B). From forward modeling (as
detailed in Appendix B2), we Jnd ContrastL′’= (1.76± 0.07)×
10−3. We interpolate the Wide-Jeld Infrared Survey Explorer
(WISE) absolute photometry to derive an L′ Iux of 8.42± 0.02
mag for WISPIT 2 A; hence, the magnitude of WISPIT 2b is
15.30± 0.05 mag, and soML′ = 9.67± 0.05 mag. All of the L′
astrometry and photometry is reported in Table 3.

6. Analysis

6.1. Example Hα Line Luminosity Calculation for WISPIT 2b
2025 April 16

The LHα luminosity can be calculated for a gap planet of an
extinction corrected effective “r′ mag” at Hα (which we call r′
mag_p_Hα) by comparing the its Iux with Vega:

{ } ( )= =L D f D vega4 4 10 , 1H
2

H

2
zeropoint_r

r mag_p_H

2.5

where fHα is the Hα line Iux, and r′mag_p_Hα is just the
effective de-extincted “r′ magnitude” with respect to Vega for
planet “b” at Hα.
It is then necessary to tie the photometric system from the

Hα Iux of WISPIT 2A (which is too variable at Hα) to the
continuum Iux of WISPIT 2A; so we to need calculate:
ASDIcontrastcontinuum = Flux_Hα/StarFlux_Cont. In other
words, we need to compare to the 668 nm continuum (in the
r′ band) since it is steady with time compared to Hα. The 4th
data release of the Skymapper survey Jnds rA = 11.09 mag
(which converts to r′A = 11.07 mag; C. A. Onken et al. 2024).
We can estimate the stability of this r′ Iux by looking at the
range of r′ measurements over time: r′A = 10.80 mag
(AAVSO catalog; A. Henden et al. 2016) and r′A = 11.196
mag (C. Wolf et al. 2018; additionally, r′A = 11.20 mag;
Y. Huang et al. 2022). This yields a mean value of

Figure 2. The KLIP reduced L′ image from the LBT telescope with the LBTI
LMIRcam instrument. The location of WISPIT 2b and the inner #3 and outer
#2 dust rings are clear (despite the signiJcant self-subtraction from KLIP).
WISPIT 2b is located nearly in the center of the dust-free gap between the
rings. The image is 1.43 × 1.43; see Appendix B for details about the L′
reduction.
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L’ 2012-03-31

0.1"

H2H3 2015-05-03 H2H3 2015-05-31 K1K2 2016-05-14 L’ 2016-06-01

Fig. 9. Images of the point source detection as retrieved with the sPCA reduction (from left to right): NICI L’-band (2012-03-31), IRDIS H2H3-
band (2015-05-03), IRDIS H2H3-band (2015-05-31), IRDIS K1K2-band (2016-05-14), NaCo L’-band (2016-06-01). North is up and East is to
the left. The images were smoothed with a Gaussian kernel of size 0.5⇥FWHM.

ity distributions for each parameter were computed following
the method described by Olofsson et al. (2016). The astromet-
ric uncertainties related to the calibration error take into account
the centering accuracy of the stellar position (frame register-
ing was done using the satellite spots for the IRDIS data and
fitting a 2-dimensional Gaussian to the star in the case of the
non-coronagraphic NaCo and NICI data), the detector anamor-
phism (0.6±0.02% in the case of IRDIS, Maire et al. 2016), the
True North orientation of the images and the uncertainties re-
lated to the rotator o↵set and the pixel scale. The corresponding
values are reported in Table 4. We derived the final astrometric
uncertainties at each epoch by quadratically summing the errors
from these individual contributions. Our astrometric measure-
ments obtained at the di↵erent epochs are presented in Table
5. As a cross-check, the results of the ANDROMEDA, PCA-
SpeCal and TLOCI reductions are listed in App. A.1.
To test whether the point source is part of a physical system with
PDS 70, we compared its measured position relative to the star
at the di↵erent epochs. Due to the proper motion (µ↵cos� = -
29.7 mas/yr, µ� = -23.8 mas/yr, Gaia Collaboration et al. 2016a,
2018), a stationary background star would have moved by ⇠160
mas within the given timespan. As the relative motion (⇠40 mas
during the ⇠ 4 years observational time span) di↵ers significantly
from the prediction for a stationary background object, the astro-
metric results strongly imply that the point source is comoving
with PDS 70. The measurements, together with the expected tra-
jectory for a background star relative to PDS 70 are displayed in
Fig. 10. Further, the probability of detecting at least one back-
ground contaminant of similar brightness or brighter within the
mean separation of the companion is less than 0.033%, accord-
ing to the Besançon galactic population model (Robin et al.
2003).
The relative position as measured in the NICI data taken in 2012
does not coincide with the positions derived from the SPHERE
and NaCo observations perfomed in 2015 and 2016 within the
1-� uncertainties. This di↵erence in measured position between
the epochs is possibly due to orbital motion. The point source
is detected at a mean projected separation of ⇠195 mas, corre-
sponding to ⇠22 au. The orbital period of such a bound object,
assuming a stellar mass of 0.76 M�, would be ⇠119 years. For
a face-on circular orbit, this implies a displacement of ⇠3� per
year, resulting in a total change of position angle of 12.5� within
the time covered by our observations, which is in good agree-
ment with the observations. Further, the observed change in po-
sition angle is in clockwise direction, which corresponds to the
sense of rotation of the disk (Hashimoto et al. 2015). Hence, this
displacement is consistent with an object on a circular face-on
orbit rotating in the same sense as the disk. However, regarding

Fig. 10. Relative astrometry of the companion. The blue points show the
measurements, and the red ones, labelled ’BG’, the relative position that
should have been measured in case the CC detected in the first epoch
(NICI) was a stationary background star.

the relatively large uncertainties on the astrometry and the short
timespan covered by our data, detailed orbital fitting exploring
the possibility of an inclined and/or eccentric orbit will be per-
formed in a follow-up study on this source (Müller et al. 2018).
Albeit the possibility of the point source being a background star
with almost the same proper motion as PDS 70 is very unlikely,
only the detection of orbital motion over a significant part of the
orbit will allow to fully exclude the background star scenario.

5.2. Photometry

Our current information about the physical properties of the
companion candidate relies on the H, K, and L’ photometry as
derived from our SPHERE/IRDIS, NaCo and NICI images. It is
marginally detected in the IFS data, when the channels corre-
sponding to J-band and H-band are collapsed. Due to the large
uncertainties, this data is not considered here. The low S/N de-
tection of the companion candidate in the IFS data can be ex-
plained by its faintness and red colours, the larger IFS ther-
mal background (IFS is not cooled contrary to IRDIS), and the
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Keppler et al. 2018 Maio et al. 2025

Wispit 2: LBT/LMIRCAM
Close et al. 2025

HD 135344 B: VLT/ERIS
Maio et al. 2025

PDS 70: VLT/SPHERE & NACO
Keppler et al. 2018, Mesa et al. 2019
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Detection of protoplanets: current limitations

Indirect methods (RV, transits, 
astrometry?) not applicable to 
protoplanets
Star-to-planet flux contrast < 10-4 in K-
band, decreasing with planet’s mass 
and age 

Limitations of current facilities:
- Probe only scales > 0.15 ” (> 20 AU)
- Seeing-dominated at large scales (> 
0.5“) 
- Limited to NGS R = 10-11 mag 



Current instruments/techniques limited to massive planets on wide orbits
Dust cavity/gaps size & width hint at sub-Jovian mass planets (inaccessible)
Most planets expected to form in the inner 10-20 au region (unexplored)
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Detection of protoplanets: in context
Confirmed protoplanets

Expected population 
based on ALMA 
(Ruzza+ ‘24) 



 

 
 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 
Figure 8: MICADO as an exoplanet camera[12]. 

Figure 7: Simulations[1] of crowded stellar fields at various surface brightnesses, showing the impact of crowding on what can 
be measured by HST, JWST, and MICADO. The bottom row matches the stellar density at a radius of 4-5 Reff for NGC 4472 in 
the Virgo Cluster and represents the limit for JWST resolution. The top row corresponds to 2 Reff in the same galaxy and many 
individual stars can still be measured by MICADO. Each panel is 1” across. 

Proc. of SPIE Vol. 13096  1309611-9

Getting closer and fainter with MICADO

• First instrument capable of direct detection within 0.15” (down to 50 mas)
• Gain of ~ 4 in terms of NGS magnitude limit compared to SPHERE
• Gain of > 3 in terms of Dmag contrast compared to SPHERE at scales > 1”

Baudoz et al. 2019
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198 SF2A 2019

sitions in the optical train (segments, upstream and downstream of the coronagraph). These aberrations
can be either static or varying. The simulator tool includes the di↵erent CLC and vAPP coronagraphs

3. Configurations

Other inputs of the simulator are the declination of the star (to calculate parallactic rotation and atmo-
spheric refraction), the total observation time (typically 1hr centered around the transit of the star), star
magnitude, planet spectrum. The simulation also takes into account photon noise for a given magnitude,
detector readout noise and atmospheric emission. Di↵erent astrophysical scenes can be simulated: planets,
disks.

4. Post-processing is included in the performance analysis using classical Angular Di↵erential Imaging.

SPHERE	(2hr	in	K2,	Zurlo	et	al.	2016)	 Simulated	1hr	on	MICADO	
(part	of	the	full	FoV)	

b	 c	

d	

e	

e	

d	

added		exoplanets:	
700	K	log(g)=4,	10	UA	1300	K	log(g)=4,	5	UA	e	

c	

d	

b	

Fig. 2. Example of post ADI image showing: on the left: actual detection of 4 planets around HR 8799 by SPHERE

(Zurlo et al. 2016) in K2 band (� = 2.255µm), on the right: detection of simulated planets around HR 8799 using the

actual measured flux for the closest planet d and e and using synthetic planet spectrum from EXOREM (Charnay et al.

2018) assuming 1 hour observation on MICADO at the same wavelength.

Simulation of MICADO performance for bright stars showed that the high contrast mode can improve
the planet detection in two ways. On one hand, the ability to reach angular resolution below 200 mas is
unprecedented and, on the other hand, a deep sensitivity at distance larger than one arcsecond is expected
(Fig. 1).

Thus, MICADO should allow the search of new planets in already known planetary systems. These planets
could be closer to their star or less massive than the one already detected. An example of such detection is
shown in Fig. 2 where we simulated the observation of two additional inner planets in the HR8799 planetary
systems, one of which with a temperature of only 700K. Note that the planets simulated are located at an
angular distance where SPHERE is virtually blind as show on the left part of Fig. 2 where the central area is
set numerically to zero.

The improvement in angular resolution will also enlarge the samples of ages of planetary systems by observing
in more distant young associations (100-150 pc) and at close distance to these young stars (10 AU). Morphological
and dynamical studies of planet-disk interactions will also be improved with the increase in both angular
resolution and sensitivity. Finally, the simultaneous coverage of H+K of the long-slit spectroscopy at a resolution
of 20 000 is also well suited to better define the composition of exoplanet atmospheres by removing systematics
in the spectrum.

Baudoz et al. 2019

MICADO-SCAO will detect giant protoplanets down to 5-10 au in nearby star 
forming regions (0.1 – 5 Myr, d < 200 pc), down to 2-3 au (snowline) in moving 
groups (5-20 Myr, d ~ 20-60 pc) 
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b

c

10-4 @ 10 au

SPH+RT: Toci et al. (2020) w. PHANTOM 
(Price et al. 2018)
PSF: MISTHIC E2E (Huby et al. 2024)
ADI-PCA: F. Maio, A. Alaguero

VLT/SPHERE ELT/MICADO

PDS 70 c signal clearly separated from disk signal
Detection of an inner (fake) planet at 0.08’’ (10 au), contrast 10-4 

Planet-disk interaction (see talk by A. Garufi & V. Roccatagliata)

PDS 70 with MICADO
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Going fainter

MICADO sample MICADO sample 

to be assigned • Confirming compact emission in the Sz 91 cavity through VLTI/GRAVITY+ 3

long-baseline interferometry with GRAVITY directly probes the coherent flux of compact sources and suppresses
extended emission, making it better suited for this specific science case.

B. Immediate Objective

The goal of this programme is to test the nature of the two candidates in Sz 91 through the detection of a coherent
interferometric signal at their expected locations. A detection would provide an unambiguous confirmation
of a compact source, while a non-detection would constrain its spatial extent and flux. This test is particularly
important given that the current detections rely on a non-final data reduction and have not yet been validated
through multi-wavelength observations. The observations will be carried out with GRAVITY+ on the UTs in dual-
field mode. The central star will be used as fringe tracker, while the science channel will be positioned at the
expected location of each candidate based on ERIS astrometry. The separations (140–250 mas) are well within
the dual-field capabilities of GRAVITY. The interferometric observables (visibilities and phases) will be used to
identify the presence of a point-like source through its coherent signature. Each candidate will be observed for
approximately 2.5–3 hours including calibrators, for a total requested time of 6 hours. This integration time is
consistent with previous GRAVITY detections of faint companions at similar contrasts (Nowak et al. 2020; Lawlor
et al. 2026). The observations will be performed at medium spectral resolution (R → 500), providing an optimal
balance between sensitivity and spectral information.

In the case of a detection, the measurements will provide precise relative astrometry and K-band fluxes, and
potentially allow the extraction of low-resolution spectra. Combined with ERIS data, this will establish the bound
nature of the source and enable future orbital monitoring.

In the absence of a detection, the observations will place upper limits on the coherent flux at the candidate
positions. This will allow us to discriminate between compact companions and extended disk structures, providing
a decisive test of the origin of the signals.

DDT justification. We already obtained ERIS L→-band data revealing two candidate protoplanets in Sz 91,
and only a few hours of GRAVITY+ time are now required to confirm or rule out disk emission, enabling
a rapid, high-impact publication on a highly competitive topic.

Figure 1: Left panel : result of the ADI-PCA reduction with 10 principal components applied to the observations
(priv. communication). Two candidate point sources are marked with arrows. Middle panel : comparison with the
ALMA millimeter continuum; the contour plots correspond to the 4 µm signal. Right panel : expected detectability
in the K band using GRAVITY, based on the contrast curve corresponding to the shortest baseline configuration
(Pourré et al. 2024). The predicted contrasts for the candidates are shown for two scenarios, with and without a
circumplanetary disk (CPD), and are compared to the instrumental sensitivity as a function of separation.
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ERIS candidates around R = 14 mag (Maio in prep.) 

Previous surveys focused on bright 
and massive stars

MICADO-SCAO will address the bulk 
disk population
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ELT discovery space for protoplanets

PCS

MICADO

Unveiling the protoplanets population from the outer disk down to a few au 
with MICADO and PCS (see S. Desidera talk on Thursday)

Expected population 
based on ALMA 
(Ruzza+ ‘24) 



Hayoz, J., et al.: A&A, 698, A87 (2025)

Fig. 3. PSF intensity (top left) and molecular maps of the AF Lep system. The planet AF Lep b is revealed in the H2O and CO maps, and with the
full model from Balmer et al. (2025), but not in the CH4 and CO2 maps. The orange star indicates the position of the star, while the white dashed
circle, whose radius is equal to 1 ω/D, indicates the position of the planet.

angular separation (see e.g. Marois et al. 2008). More details on
the computation of the S/N metric are given in Appendix B. The
signal is located at a position of ∆ε → +0.↑↑30 and ∆ϑ → +0.↑↑06
(i.e. ϖ → 0.↑↑3, ϱ → 79↓), as expected from previous direct imag-
ing of the planet (De Rosa et al. 2023; Mesa et al. 2023; Franson
et al. 2023; Bonse et al. 2025; Balmer et al. 2025), and shows a
(non-calibrated) RV of approximately 20 km s↔1.

The extracted spectrum of the planet is shown in Fig. 4
together with our full model template for reference. Although the
planet spectrum has a low S/N and might still contain residual
stellar light, absorption lines are nevertheless well resolved, for
example in the region from 2.30µm to 2.32µm where CO dom-
inates the spectrum. The stray light mentioned in Sect. 2.2 can
be seen between 2.24µm and 2.30µm. The spectral templates
used for the cross-correlation are shown in Fig. C.1 together with
the spectra at the position of the planet before and after PSF
subtraction and aperture photometry. Finally, we show the cross-
correlation functions with the different molecules at the position
of the planet in Fig. 5.

3.2. Radial velocity

To measure the RV from the cross-correlation function, we
would like to interpret it as the position of the peak in the
cross-correlation function. However, each frame might have
slightly different systematics. Errors in the wavelength solu-
tion, imperfect PSF subtraction, and stray light, for example,
might affect the shape of the cross-correlation function as well

as the position of its peak. Since the planet is not detected
in single frames, we adopted a bootstrapping approach (Beran
2008) to replicate the observation many times by randomly sam-
pling the frames and combining them, thereby quantifying the
random effect of the instrument and processing the systemat-
ics. Furthermore, we corrected for the relative motion of the
Paranal observatory with respect to the AF Lep system. Since
we detected the planet with three different spectral templates,
we can measure its RV with each model. The exact details of
the measurement and calibration of the RV of AF Lep b are
given in Appendix C. We report the following results for each
model: for H2O, we obtain ∆v(H2O)

R,Pς = 8.9 ± 2.5 km s↔1; for CO,
we obtain ∆v(CO)

R,Pς = 6.1 ± 2.8 km s↔1; and for the full model,
we obtain ∆v(Full)

R,Pς = 7.8 ± 1.7 km s↔1. These three values are
consistent with each other and allow the orbital solution to be
constrained. We note that since the full model contains H2O and
CO, the three measurements are not independent of each other,
which might explain why the RV value obtained with the full
model lies between the other two values. This also makes the
combination of the three values non-trivial. Instead, we chose the
measurement resulting in the highest S/N detection of AF Lep b
(i.e. the full model), and take it as our final RV measurement
∆vR,Pς = ∆v

(Full)
R,Pς = 7.8 ± 1.7 km s↔1.

For a planet that has been discovered simultaneously by three
independent teams, it is not surprising that its RV has also been
measured by another instrument at a time similar to that of
our ERIS observations. Denis et al. (2025) have also observed
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Primordial atmospheres

Hayoz et zl. 2025, 2026 w. ERIS/SPIFFIER

Spectroscopic follow-up (MICADO-IFU / HARMONI / ANDES) for composition of 
primordial atmospheres (see also talk by F. Borsa)

Ongoing tests with CRIRES+ (Cheng, Pino, Testi)

Link atmospheric composition to disk chemical composition (ALMA)



Circuplanetary disks and accretion shock

Spectro-photometric characterization of circumplanetary disk (METIS & ALMA) 
and accretion shock (M-IFU / HARMONI / ANDES) (poster by E. Fiorellino)

D. Fedele INAF ELT WORKSHOP, NAPOLI 12-15/05/2026

Maio et al. in prep
ALMA detection of a circumplanetary disk 
Benisty et al. 2021)



D. Fedele INAF ELT WORKSHOP, NAPOLI 12-15/05/2026

Giant planets in the Solar neighborhood

Sozzetti & de Bruijne 2013

MICADO

PCS

A&A 672, A94 (2023)

indicators could easily be ascribed to the youth of the star, rather
than due to interaction with a lower-mass stellar companion. The
star has been targeted in previous direct imaging surveys (e.g.,
Lowrance et al. 2005; Brandt et al. 2014; Bonavita et al. 2016;
Galicher et al. 2016; Hagan et al. 2018; Nielsen et al. 2019), but
no companion had been detected.

AF Lep hosts a circumstellar debris disk that was first
detected as unresolved thermal infrared excess emission with the
Infrared Astronomical Satellite and the Infrared Space Observa-
tory (Spangler et al. 2001). Zuckerman & Song (2004) calculated
⌧ = 0.2⇥10�4 for the dust fractional infrared luminosity and a
blackbody dust temperature Tbb = 45 K, placing the emitting
grains at rbb = 55 au. Using additional Spitzer observations at 24,
33, and 70µm, Hillenbrand et al. (2008) found a hotter dust tem-
perature with Tbb = 85 K and rbb = 15 au. This was followed by
Herschel detections, from which Riviere-Marichalar et al. (2014)
derived Tbb = 77.6+8.5

�15 K and rbb = 16.7+10.3
�7.5 au using a modi-

fied blackbody model. Adding the Wide-field Infrared Survey
Explorer detection at 22 µm to these prior data, Pawellek et al.
(2021) found Tbb = 74 ± 4 K and rbb = 19 ± 8 au using a mod-
ified blackbody model. In summary, these various analyses of
infrared photometry indicate a disk structure with a central dust
depletion that serves as indirect evidence for a planetary sys-
tem within a radius of ⇠10 au that gravitationally prevents grains
from migrating inward due to Poynting-Robertson drag and fill-
ing the central disk hole. To date, the dust disk has not been
spatially resolved via thermal or optical/infrared high-resolution
imaging (e.g., Appendix A).

In this article we report on the discovery of a giant planet
companion to this star, identified by the astrometric reflex motion
it is inducing on the host star. We describe the target selection
in Sect. 2 and discuss several aspects of the target in Sect. 3.
The observations and data reduction are described in Sect. 4.
We report on the astrometric and spectro-photometric measure-
ments that we used to constraint the properties of the companion
in Sect. 5. We discuss the unlikely possibility that the resolved
companion is an unassociated background or foreground object
in Sect. 6. We conclude in Sect. 7. An independent and con-
temporaneous discovery of this companion via direct imaging is
reported in Mesa et al. (2023) and Franson et al. (2023a).

2. Targeted imaging searches

The astrometric reflex motion induced on a star by long-period
substellar companions (e.g., Brandt 2018; Kervella et al. 2019)
can be used to dramatically increase the efficiency of direct
imaging searches for brown dwarf and planetary-mass compan-
ions to nearby, young stars (e.g., Bonavita et al. 2022). This
technique leverages the precision of the HIPPARCOS (ESA 1997;
van Leeuwen 2007) and Gaia (Gaia Collaboration 2021) astro-
metric catalogs to detect the small deviations of the position and
motion of the star through space as it orbits the barycenter of
the system, caused by the gravitational influence of an orbiting
companion. Previous detections using this technique have been
limited to companions within the stellar or brown dwarf regime
(e.g., Currie et al. 2020; Chilcote et al. 2021; Kuzuhara et al.
2022; Franson et al. 2023b); however, this technique is sensi-
tive enough to detect the signal induced by a planetary mass
companion around the closest, youngest stars.

Despite the existence of large-scale direct imaging surveys
for exoplanets conducted with the latest generation of high-
contrast imaging instruments (e.g., Nielsen et al. 2019; Vigan
et al. 2021), there is still a non-negligible discovery space around
nearby, young stars. For the closest stars, orbital motion of

Fig. 1. Companion masses and orbital periods consistent with the astro-
metric acceleration of the AF Lep photocenter reported in the HGCA.
Companions in the red shaded region are excluded at a high signifi-
cance. The mass and orbital period of AF Lep b estimated from the
orvara fit described in Sect. 5.1 are indicated.

planetary companions on ⇠10 au (P ⇠ 30 yr) orbits is such that
companions may move over a few years from an undetectable
to detectable separation, without any intervening improvement
in instrumentation capabilities. There are also a handful of stars
that are known to be members of nearby, young kinematic associ-
ations that have yet to be observed by any high-contrast imaging
instrument. A star with a significant astrometric acceleration that
falls into either of these two categories is a candidate for further
high-contrast imaging observations.

We used the HIPPARCOS-Gaia Catalog of Accelerations
(HGCA; Brandt 2021) to select young (<100 Myr) stars that had
small but statistically significant astrometric accelerations mea-
sured between the HIPPARCOS and Gaia catalogs. Restricting
our search to stars visible from the Southern Hemisphere, we
arrived at a sample of three high-priority targets whose astro-
metric signal was consistent with an orbiting planetary-mass
companion that could be spatially resolved. AF Lep was the first
star with a successfully completed observation in this program,
demonstrating the significantly improved efficiency of targeted
searches over blind surveys. This star has a significant astromet-
ric acceleration. The HGCA reports a �2

⌫ = 39 with two degrees
of freedom when the astrometric measurements are fit to linear
motion, strong evidence of perturbation by an orbiting compan-
ion. No evidence of a wide stellar companion to this star was
found in the literature.

The ranges of companion masses and orbital periods con-
sistent with the astrometric signal of AF Lep were estimated
through a rejection sampling-based approach. We compared sim-
ulated astrometric measurements of the photocenter of a system
with a massive orbiting companion to the calibrated proper
motion differences given in the HGCA. We limited this analy-
sis to circular orbits to limit the dimensionality of the problem.
We generated 1010 orbits, from which 7.7 ⇥ 106 orbits were
accepted via rejection-sampling. These accepted orbits are plot-
ted in a two-dimensional histogram in Fig. 1. The accepted orbits
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Fig. 4. Detection and significance of the detection of AF Lep b with IRDIS. (Top row) residual maps after KLIP processing for the K1 (left) and
K2 (right) IRDIS data sets. The inner region within 10 px is digitally masked. The companion is clearly visible at a position angle of 70 degrees.
(bottom row) FMMF S/N maps for the K1 (left) and K2 (right) data sets. The companion is detected at an S/N of 10.5 and 9.4 in the two images.

the companion at the center of a segment. For each image of AF
Lep, a reference PSF was constructed from a library containing
all of the observations of the PSF calibrator HD 35591 in the
same filter, and those observations of AF Lep in the same fil-
ter for which an astrophysical source would have rotated more
than two pixels. The PSF was constructed from this reference
library using 25 Karhunen–Loéve (KL) modes. The resulting
PSF-subtracted images were then temporally averaged to pro-
duce the final images shown in Fig. 4 (top row) showing the clear
detection of the companion.

Detection maps were calculated using a forward-model
matched-filter (FMMF) approach, as outlined in Ruffio et al.
(2017). This involved a pixel-wise cross-correlation with a
forward-modeled PSF to account for the distorting effect of the
KLIP processing on any point source within the image. The
resulting S/N maps are shown in Fig. 4 (bottom panel), clearly
showing the detection of the companion. We find an S/N of 10.5
in K1 and 9.4 in K2, these correspond to a 7.0-� and 6.5-� detec-
tion given the angular separation of the companion (Mawet et al.
2014). The FMMF contrast curves for the IRDIS data sets are
discussed in Sect. 4.3. We also used PlanetEvidence (Golomb
et al. 2021) to assess the significance of the detection. We found
an evidence ratio of ln (B10) = 4.6 in favor of the planet model
for the K1 detection, and ln (B10) = 3.5 for the K2 detection. The
thresholds for what constitutes a strong detection vary between
authors, but the evidence ratio for the planet model in the K1
image would be seen as strong by most.

4.2. SPHERE/IFS

The IFS data were processed in a similar fashion to the IRDIS
data as described in Sect. 4.1. We used five logarithmically
spaced annuli spaced between 15 px and 100 px. Unlike for the
IRDIS data, the IFS data did not have to be cropped. We pro-
cessed the Y , J, and H bands separately using only the channels
within the cut-on and cut-off wavelengths of the standard Y JH

filters (0.966–1.121µm for Y , 1.163–1.345µm for J, and 1.474–
1.651µm for H). We also performed a reduction using just the
three channels corresponding to the IRDIS H2 filter (1.579–
1.614µm) to allow for a comparison of the photometry with
other substellar companions studied with SPHERE. A model
PSF was constructed for each input image from the reference
library of images of both AF Lep and HD 35591 using ten KL
modes. We did not use any of the spectral diversity when creat-
ing the reference library due to the presence of a strong striping
pattern seen in the reduced data cubes that left a strong residual
in the PSF-subtracted images when spectral differential imag-
ing was used (e.g., Berdeu et al. 2020; Wahhaj et al. 2021). The
resulting PSF-subtracted images were averaged in both time and
wavelength to produce the final residual images shown in Fig. 5
(top row).

Detection maps were calculated in the same way as for IRDIS
and are shown in Fig. 5. The companion is only detected within
the H band, although a low-significance (S/N ⇠ 2.5) source
can be seen at the same position within the J-band image. We
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e.g. De Rosa et el. 2023
Mesa et al. 2023

MICADO (and PCS) follow-up of RV and Gaia DR4 candidates
Towards a global view of planetary systems (see poster by C. Lazzoni)



MICADO will be the first instrument capable of direct detection of 
protoplanets planets in the inner star forming region (< 10-20 au)

Jupiter-like planets detectable at the snowline in the nearest moving 
groups

NGS down to R~14 mag (or more if NIR WFS) will allow to observe the 
bulk disk population in the nearby star forming region 

M-IFU/HARMONI/ANDES spectroscopic follow-up for primordial 
atmospheric composition 

Synergy with METIS and ALMA to characterize circumplanetary disk and 
accretion shocks

Approaching the discovery space of indirect methods – precise 
measurement of mass and radius, global view of planetary systems

Recap 

Hayoz, J., et al.: A&A, 698, A87 (2025)

Fig. 3. PSF intensity (top left) and molecular maps of the AF Lep system. The planet AF Lep b is revealed in the H2O and CO maps, and with the
full model from Balmer et al. (2025), but not in the CH4 and CO2 maps. The orange star indicates the position of the star, while the white dashed
circle, whose radius is equal to 1 ω/D, indicates the position of the planet.

angular separation (see e.g. Marois et al. 2008). More details on
the computation of the S/N metric are given in Appendix B. The
signal is located at a position of ∆ε → +0.↑↑30 and ∆ϑ → +0.↑↑06
(i.e. ϖ → 0.↑↑3, ϱ → 79↓), as expected from previous direct imag-
ing of the planet (De Rosa et al. 2023; Mesa et al. 2023; Franson
et al. 2023; Bonse et al. 2025; Balmer et al. 2025), and shows a
(non-calibrated) RV of approximately 20 km s↔1.

The extracted spectrum of the planet is shown in Fig. 4
together with our full model template for reference. Although the
planet spectrum has a low S/N and might still contain residual
stellar light, absorption lines are nevertheless well resolved, for
example in the region from 2.30µm to 2.32µm where CO dom-
inates the spectrum. The stray light mentioned in Sect. 2.2 can
be seen between 2.24µm and 2.30µm. The spectral templates
used for the cross-correlation are shown in Fig. C.1 together with
the spectra at the position of the planet before and after PSF
subtraction and aperture photometry. Finally, we show the cross-
correlation functions with the different molecules at the position
of the planet in Fig. 5.

3.2. Radial velocity

To measure the RV from the cross-correlation function, we
would like to interpret it as the position of the peak in the
cross-correlation function. However, each frame might have
slightly different systematics. Errors in the wavelength solu-
tion, imperfect PSF subtraction, and stray light, for example,
might affect the shape of the cross-correlation function as well

as the position of its peak. Since the planet is not detected
in single frames, we adopted a bootstrapping approach (Beran
2008) to replicate the observation many times by randomly sam-
pling the frames and combining them, thereby quantifying the
random effect of the instrument and processing the systemat-
ics. Furthermore, we corrected for the relative motion of the
Paranal observatory with respect to the AF Lep system. Since
we detected the planet with three different spectral templates,
we can measure its RV with each model. The exact details of
the measurement and calibration of the RV of AF Lep b are
given in Appendix C. We report the following results for each
model: for H2O, we obtain ∆v(H2O)

R,Pς = 8.9 ± 2.5 km s↔1; for CO,
we obtain ∆v(CO)

R,Pς = 6.1 ± 2.8 km s↔1; and for the full model,
we obtain ∆v(Full)

R,Pς = 7.8 ± 1.7 km s↔1. These three values are
consistent with each other and allow the orbital solution to be
constrained. We note that since the full model contains H2O and
CO, the three measurements are not independent of each other,
which might explain why the RV value obtained with the full
model lies between the other two values. This also makes the
combination of the three values non-trivial. Instead, we chose the
measurement resulting in the highest S/N detection of AF Lep b
(i.e. the full model), and take it as our final RV measurement
∆vR,Pς = ∆v

(Full)
R,Pς = 7.8 ± 1.7 km s↔1.

For a planet that has been discovered simultaneously by three
independent teams, it is not surprising that its RV has also been
measured by another instrument at a time similar to that of
our ERIS observations. Denis et al. (2025) have also observed
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sitions in the optical train (segments, upstream and downstream of the coronagraph). These aberrations
can be either static or varying. The simulator tool includes the di↵erent CLC and vAPP coronagraphs

3. Configurations

Other inputs of the simulator are the declination of the star (to calculate parallactic rotation and atmo-
spheric refraction), the total observation time (typically 1hr centered around the transit of the star), star
magnitude, planet spectrum. The simulation also takes into account photon noise for a given magnitude,
detector readout noise and atmospheric emission. Di↵erent astrophysical scenes can be simulated: planets,
disks.

4. Post-processing is included in the performance analysis using classical Angular Di↵erential Imaging.

SPHERE	(2hr	in	K2,	Zurlo	et	al.	2016)	 Simulated	1hr	on	MICADO	
(part	of	the	full	FoV)	

b	 c	

d	

e	

e	

d	

added		exoplanets:	
700	K	log(g)=4,	10	UA	1300	K	log(g)=4,	5	UA	e	

c	

d	

b	

Fig. 2. Example of post ADI image showing: on the left: actual detection of 4 planets around HR 8799 by SPHERE

(Zurlo et al. 2016) in K2 band (� = 2.255µm), on the right: detection of simulated planets around HR 8799 using the

actual measured flux for the closest planet d and e and using synthetic planet spectrum from EXOREM (Charnay et al.

2018) assuming 1 hour observation on MICADO at the same wavelength.

Simulation of MICADO performance for bright stars showed that the high contrast mode can improve
the planet detection in two ways. On one hand, the ability to reach angular resolution below 200 mas is
unprecedented and, on the other hand, a deep sensitivity at distance larger than one arcsecond is expected
(Fig. 1).

Thus, MICADO should allow the search of new planets in already known planetary systems. These planets
could be closer to their star or less massive than the one already detected. An example of such detection is
shown in Fig. 2 where we simulated the observation of two additional inner planets in the HR8799 planetary
systems, one of which with a temperature of only 700K. Note that the planets simulated are located at an
angular distance where SPHERE is virtually blind as show on the left part of Fig. 2 where the central area is
set numerically to zero.

The improvement in angular resolution will also enlarge the samples of ages of planetary systems by observing
in more distant young associations (100-150 pc) and at close distance to these young stars (10 AU). Morphological
and dynamical studies of planet-disk interactions will also be improved with the increase in both angular
resolution and sensitivity. Finally, the simultaneous coverage of H+K of the long-slit spectroscopy at a resolution
of 20 000 is also well suited to better define the composition of exoplanet atmospheres by removing systematics
in the spectrum.
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