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ABSTRACT

Context. Mid-infrared imaging of exoplanets and disks is now possible with the coronographs of the Mid-InfraRed Instrument (MIRI)
on the James Webb Space Telescope (JWST). This wavelength range unveils new features of young directly imaged systems and allows
us to obtain new constraints for characterizing the atmosphere of young giant exoplanets and associated disks.
Aims. These observations aim to characterize the atmosphere of the planet HD 95086 b by adding mid-infrared information so that the
various hypotheses about its atmospheric parameters values can be unraveled. Improved images of cirsumstellar disks are provided.
Methods. We present the MIRI coronagraphic imaging of the system HD 95086 obtained with the F1065C, F1140, and F2300C filters
at central wavelengths of 10.575µm, 11.3µm, and 23µm, respectively. We explored the method for subtracting the stellar diffraction
pattern in the particular case when bright dust emitting at short separation is present. Furthermore, we compared different methods for
extracting the photometry of the planet. Using the atmospheric models Exo-REM and ATMO, we measured the atmospheric parameters
of HD 95086 b.
Results. The planet HD 95086 b is detected at the two shortest MIRI wavelengths F1065C and F1140C. The contribution from the
inner disk of the system is also detected. It is similar to that in the HR 8799 system. The outer colder belt is imaged at 23 µm. Back-
ground objects are observed in all filters. The mid-infrared photometry provides better constraints on the atmospheric parameters. We
evaluate a temperature of 800–1050 K, consistent with one previous hypothesis that only used near-infrared data. The radius measure-
ment of 1.0–1.14 RJup is better aligned with evolutionary models, but still smaller than predicted. These observations allow us to refute
the hypothesis of a warm circumplanetary disk.
Conclusions. HD 95086 is one of the first exoplanetary systems to be revealed at mid-infrared wavelengths. This highlights the
interests and challenges of observations at these wavelengths.

Key words. methods: observational – planets and satellites: atmospheres – infrared: planetary systems

1. Introduction

Directly imaged planets represent only a small fraction of the
population of exoplanets detected so far. Nevertheless, they cor-
respond to a distinct population of long-period massive giant
planets that cannot be accessed with any other method. Each
detection and characterization of these systems is therefore cru-
cial for understanding planetary formation and evolution in
general. Since the first imaged planets, most observations have
been made at near-infrared wavelengths with ground-based facil-
ities. However, it is crucial to extend the wavelength coverage
to the mid-infrared (which has proved to be difficult from the
ground; Skaf et al. 2023; Wagner et al. 2021; Pathak et al. 2021)
to better constrain atmospheric properties of exoplanets and to
provide access to several molecular species (Miles et al. 2023;
Danielski et al. 2018).

The young and nearby system HD 95086 is a benchmark
for characterizing the architecture of young systems and exo-
planetary atmospheres. The host star is an A8-type star located

⋆ Corresponding author; mmalin@stsci.edu

at a distance of 86.46± 0.14 pc (Gaia Collaboration 2023).
The stellar association to which it belongs is debated, and
so is its age. Initially, it was considered as a member of the
Lower Centaurus Crux (LLC) population based on its kinematic
properties and position in the color-magnitude diagram by
Rizzuto et al. (2011), who estimated an age of 17±4 Myr. The
membership of HD 95086 to this association was subsequently
revised to the Carina system by Booth et al. (2021), together
with a proposed younger age for Carina (13.3+1.1

−0.6 Myr). This
age value has recently been revised to 41+5

−3 Myr based on
the lithium-depletion boundary method Wood et al. (2023b).
However, Wood et al. (2023a) found that the star HD 95086 is
instead a high-probability member of their newly discovered
MELANGE-4 association (located near the LCC population in
the southern part of Sco-Cen, which is at the western edge of
the Carina association). This association is older than the LCC
population and is estimated to be ∼27± 3 Myr.

The system harbors a planetary belt structure, and one giant
planet was detected between a warm inner dust belt and a broad,
colder outer disk. HD 95086 b has been detected at near-infrared
wavelengths with VLT/NaCo (Rameau et al. 2013a,b). Its mass
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was initially estimated to be 4–5 MJup, but the older age of the
system (27±3 Myr) suggests a higher mass of 7.2± 0.7 MJup
(Wood et al. 2023a). The near-infrared spectra obtained with
both Gemini/GPI and VLT/SPHERE (Galicher et al. 2014;
De Rosa et al. 2016; Chauvin et al. 2018; Desgrange et al. 2022)
measured the near-IR spectral energy distribution of the planet,
which is well fit by spectral models of dusty and/or young L7–
L9 dwarfs. Desgrange et al. (2022) investigated two scenarios
using spectra from VLT/SPHERE combined with archival obser-
vations from VLT/NaCo and Gemini/GPI. Either the red color of
the planet can be explained by the presence of a circumplanetary
disk (CPD), with a range of high-temperature solutions (1400–
1600 K) and significant extinction, or it can be explained by a
supersolar metallicity atmosphere but lower temperatures (800–
1300 K), and a small to medium amount of extinction. Rameau
et al. (2016) used VLT/NaCo data from 2012 and 2013 and
GPI astrometry monitoring from 2013 to 2016 to constrain the
orbital parameters of the planet. They found a semimajor axis
of 62+21

−8 au, an eccentricity lower than 0.21, and an inclination
of 153+10

−14 degrees. Chauvin et al. (2018) combined VLT/NaCo
and VLT/SPHERE astrometric measurements to cover a larger
fraction of the orbit and found a period of about 289+12

−177 years, a
semimajor axis of 52+13

−24 au (for a measured distance of the sys-
tem of 83.8 pc), a relatively low eccentricity of 0.2+0.3

−0.2, and an
inclination of 141+15

−13 degrees that is compatible with a coplanar
orbit with the debris disk plane. More recently, Desgrange et al.
(2022) found consistent results (semimajor axis of 51–73 au and
an eccentricity lower than 0.18) by using two independent meth-
ods based on Markov chain Monte Carlo (MCMC) with data
from 2012–2016, and the K-Stacker algorithm with data from
2016–2019.

The two planetesimal belts were inferred from spectral
energy distribution (SED) studies, first with the Herschel Space
Observatory and then by combining Spitzer, WISE, and APEX
observations (Moór et al. 2013; Su et al. 2015). Only the outer
belt was resolved using the Atacama Large Millimeter Array
(ALMA) in the continuum at 1.3µmm. According to ALMA
imaging, the inner and outer edges of the cold belt (∼55 K) are
located at 106 ± 6 au and 320± 20 au from the star (Su et al.
2017). This broad disk has also been tentatively resolved in polar-
ized scattered light with VLT/SPHERE (Chauvin et al. 2018).
Closer in, the location of the asteroid-like belt (∼175 K) is esti-
mated to lie at 8 ± 2 au, but has never been imaged so far. Farther
out, a halo of small dust particles extends to 800 au (Su et al.
2015). Another innermost belt has been hypothesized to account
for IR excess shortward of 10µm (Su et al. 2015), which might
be located within 2 au and at a temperature of 300 K. This very
highly structured pattern led Su et al. (2015) to propose scenarios
with up to four planets. The planet HD 95086 b likely sculpts the
inner edge of the outer ring, but cannot sustain the large cav-
ity observed between 10 and 106 au alone. At the same time,
the planetesimal-belt architecture also suggests the presence of
additional planets, which remain to be identified (Su et al. 2017;
Rameau et al. 2016). To identify them, Chauvin et al. (2018) used
the High Accuracy Radial velocity Planet Searcher (HARPS)
high-resolution optical spectrograph to search for additional exo-
planets with the radial velocity (RV) technique. They were able
to exclude the presence of a very massive (>10 MJup) copla-
nar inner giant planet at less than 1 au. Furthermore, Desgrange
et al. (2022) took advantage of the K-Stacker algorithm to push
the detection performance by combining several epochs together
and exploiting the fact that the Keplerian motion can allow us
to disentangle residual stellar light from a real exoplanet. No

robust candidate was found. Nonetheless, new constraints on the
masses and locations of putative additional exoplanets in the sys-
tem were derived, and they ruled out any other 5 MJup inner
planet in the system that would be located at a distance larger
than 17 au at the 50% confidence level (or a 9 MJup inner planet
at a distance larger than 10 au at the 50% confidence level).

Previous studies of the HD 95086 b planet were all performed
with near-IR ground-based instruments, but JWST/MIRI opens
the window to mid-infrared wavelengths observations. The MIRI
coronagraphs were designed to allow NH3 detection (F1065C
and F1140C), to provide independent temperature measurements
(e.g., combining F1140C and F1550C), and to image cold cir-
cumstellar disks (Boccaletti et al. 2015a). The results from the
Early Release Science (ERS) program (Hinkley et al. 2022, PID
1386) confirmed their great performances by imaging of the first
exoplanet at mid-infrared wavelengths, the giant gaseous exo-
planet HIP 65426 b (Carter et al. 2023). Moreover, MIRI images
of HR 8799 revealed the four giant planets at 10.5 and 11.3 µm,
and the image at 15.5µm presents the first spatially resolved
detection of the inner warm debris disk (Boccaletti et al. 2024).
These very first MIRI observations also highlighted the chal-
lenges that arise from contamination by background objects in
mid-infrared observations. The system HR 8799 is one of the
most frequently studied systems and was often considered as a
young Solar System analog, with its two debris belts and four
giant planets in between (Marois et al. 2008, 2010). The struc-
ture of HD 95086 is similar to that of HR 8799, in which only one
giant planet has been detected. Therefore, we can expect similar
challenges and results for the HD 95086 system.

We present the first mid-infrared observations obtained with
JWST/MIRI of the system HD 95086 b as part of the ExoMIRI
Guaranteed Time Observations (GTO 1277, PI: P.-O. Lagage).
This source is one of the sources in MIRIco, a EU-US coor-
dinated observing effort with the MIRI coronagraphs between
programs 1194, 1277, and 1241. The goal of this program is
to obtain observations at mid-infrared wavelengths to extend
the wavelength range from the visible to the mid-infrared to
characterize young exoplanetary systems. Section 2 presents the
observation settings and the data reduction. Section 3 describes
the methods for extracting the photometry of HD 95086 b, and
Sect. 4 focuses on characterizing its atmosphere. Section 5 dis-
plays the analysis of the debris disks in the system. Finally,
we discuss our results in Sect. 6, and Sect. 7 summarizes the
conclusion and perspective of our study.

2. Observations and data reduction

2.1. Program observations

Observations were conducted using the MIRI 4-Quadrant
Phase-Mask (4QPM) coronagraphs along with the F1065C
and F1140C filters, as well as the Lyot coronagraph with the
F2300C filter (Rouan et al. 2000; Boccaletti et al. 2015a). We
refer to Boccaletti et al. (2022) for their on-sky performances.
A background observation is included for each filter to mitigate
the so-called glowstick, which was identified during the com-
missioning (Boccaletti et al. 2022). In addition, a reference star
is observed in the same modes to remove the stellar diffraction
residuals left unattenuated by the coronagraphs. For the F1065C
and the F1140C filters, reference star observations are performed
with the Small-Grid Dither (SGD) setup (Lajoie et al. 2016).
The reference star is observed nine times, incorporating a sub-
pixel offset to account for the inherent challenge of accurately
measuring the center of the coronagraph masks. This method
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Table 1. Observation parameters of the HD 95086 system as part of the MIRI GTO program 1277.

Date and time Filter Object Type Obs ID Ngroup Nint Ndither Texp
UT per dither (s)

16/03/2023 03:30 F1065C HD 95086 Target on obs 1 500 16 1 1921.035
16/03/2023 07:31 F1065C − Background obs 6 500 8 2 1920.796
16/03/2023 08:40 F1065C HD 310459 Ref on obs 7 150 9 9 2929.369
16/03/2023 13:08 F1065C − Background obs 12 150 9 2 650.971

16/03/2023 04:22 F1140C HD 95086 Target on obs 2 500 16 1 1921.035
16/03/2023 06:48 F1140C − Background obs 5 500 8 2 1920.796
16/03/2023 09:54 F1140C HD 310459 Ref on obs 8 150 9 9 2929.369
16/03/2023 12:47 F1140C − Background obs 11 150 9 2 650.971

16/03/2023 05:18 F2300C HD 95086 Target on obs 3 30 200 1 2008.476
16/03/2023 06:02 F2300C − Background obs 4 30 100 2 2008.152
16/03/2023 11:13 F2300C HD 310459 Ref on obs 9 30 200 1 2008.476
16/03/2023 12:01 F2300C − Background obs 10 30 100 2 2008.152

Notes. Date and time represent the starting time of the observation on the target, followed by the order of the execution of the sequence, the filter,
the name of the object, the type, and the ID of each observation. The last parameters represent the instrument observation settings: The number of
groups, the number of integrations, the number of dither positions, and the total exposure time per dither.

Table 2. Coordinates of each observation.

Source RA Dec

HD 95086 10 57 03.0200 –68 40 02.40
HD 95086 Background 10 57 06.7600 –68 43 20.80
HD 310459 11 14 09.6246 –68 34 11.57
HD 310459 Background 11 15 38.2600 –68 36 00.20

Notes. Right ascension (RA) is expressed in hours, minutes, and
seconds, and the declination (Dec) is listed in degrees, minutes, and
seconds.

provides ample diversity to reconstruct an optimized reference
coronagraphic image with optimized linear combinations or
principal component analysis (PCA) using the various reference
frames. For the F2300C filter, the mask is much larger (an
inner working angle of 2.16′′, in comparison to 0.33′′ for the
4QPM at F1065C, e.g.), and therefore, stellar residuals are a
smaller problem than the background level. In these conditions,
a single observation of the reference star is sufficient to achieve
a satisfactory subtraction of the stellar diffraction pattern. The
reference star was chosen to have an angle close to HD 95086
(<1◦). Because nine observations are required, the reference star
(chosen to be about three times brighter in the WISE:W3 filter)
was observed with fewer groups to reduce the time for each
dither position. All observation parameters are summarized
in Table 1 and the coordinates RA/Dec of each source and
associated background are indicated in Table 2.

2.2. Data reduction

The data were retrieved from the Mikulski Archive for Space
Telescopes (MAST)1. Starting from the uncalibrated data
(_uncal), we ran stage 1 of the JWST pipeline2, which applies
essential detector-level corrections to all exposure types to

1 MAST : mast.stsci.edu
2 JWST pipeline: jwst-pipeline.readthedocs.io, version : 1.12.5,
CRDS = 1140.

obtain a corrected count-rate image. As noted by Carter et al.
(2023), some pixels are erroneously flagged as containing a
jump because the default threshold value for identifying jumps
is too low. We had 500 groups per integration, and the impact
of the jump threshold was therefore weaker than in ERS data.
We note that it affects the data reduction very little. Further-
more, to assess the impact of the data reduction on the planet
photometry, we led our full analysis with various reductions,
including spaceklip3 (Kammerer et al. 2022), which calls the
JWST pipeline with customize bad-pixel correction, and their
best parameters were evaluated with ERS data from Carter et al.
(2023). We verified that the first integration did not deviate from
other integrations, as identified in observations of HIP 65426 b.
While the first integration presents a slightly higher flux level,
the median flux does not deviate from the average median flux
in all integrations (lower than 1%). Compared to the ERS obser-
vations, GTO observation programs use fewer integrations per
observation, so that removing the first integration would signif-
icantly decrease the S/N. At stage 2 of the JWST pipeline, we
skipped the flat_field step to avoid increasing the noise level
near the transitions of the 4QPMs. The pixels that are close
to these transitions are attenuated by the coronagraph, but this
is the result of a diffraction effect and not just a transmission
effect. The field-dependent attenuation of the coronagraph was
considered when we extracted the photometry of point sources
(see Sect. 3.1). In addition, we ran stage 2 both with and with-
out the photom step because one of our goals is to evaluate and
compare the photometric calibration using various methods. The
mean of the two background exposures was then subtracted from
each science image. We applied a σ-clipping function to all pix-
els whose value was greater than 3σ compared to the median
of a region with a radius of the two nearest neighbors, and we
replaced it by this median value. The NaN values were also cor-
rected in the same way. Finally, the images were rotated using
the position angle (angle of ∼12◦) to align north with the top of
the image. The final images are shown in the top panel of Fig. 1.
Stellar diffraction dominates the images in the F1065C, F1140C,
and F2300C filters. In the F2300C filter, the stellar diffraction

3 spaceklip : spaceklip.readthedocs.io
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Fig. 1. Coronagraphic images of HD 95086 in each filter (F1065, F1140, and F2300) are shown in the top panel, followed by the same images after
the subtraction of an optimized-reference star in the lower panel. The coronagraphic center is illustrated with the small star in blue. The inner disk,
the planet, the background galaxies g and g2, and the background star s are labeled. For clarity, the color scale is enhanced for the bottom pannel
at F1065C and F1140C, using an asinh scale. Units are in DN/s.

is still visible, but the predominant contribution appears to be
from the outer disk belt (see Sect. 5.2). Two background objects
are clearly identified in the NW of the images and are discussed
further in Sect. 2.4.

2.3. Reference star subtraction

To further suppress the diffraction pattern of the star in the
coronagraphic images, we subtracted an optimized reference
star image. The various methods we applied are presented in
Appendix A. We first applied reference star differential imag-
ing (RDI) methods such as PCA (similar to KLIP algorithm,
Soummer et al. 2012) and linear optimization of the reference
star observations. As a first test, we applied a linear combination
of the nine reference star images using the Nelder-Mead simplex
with the Python function scipy.optimize.fmin (Nelder &
Mead 1965). The images obtained with these algorithms produce
strong negative residuals with a similar shape as the diffraction
pattern of the star (Fig. A.1). The stellar diffraction was still over-
subtracted (Pueyo 2016), even when we masked the background
objects to ensure that they did not impact the minimization pro-
cess. As a result, a faint source is discernible at the expected
location of the planet in the F1065C filter alone. In addition, an
inner emission appears, which can be identified as originating
from the inner disk that was previously inferred from the SED
of the system (Su et al. 2015). Second, we also tested the PCA
method (Fig. A.2). The truncation of the principal components
has a direct impact on the structures that can be seen in the result-
ing image. The inner emission also appears in the F1065C and
F1140C filters.

In conclusion, conventional PCA and linear combination
methods do not effectively suppress the stellar diffraction and do
not easily allow us to identify the planet HD 95086 b. The RDI
subtraction based on the 9-SGD method seems to overestimate
the stellar diffraction, as we can note negative residuals simi-
lar to the diffraction pattern after subtraction. We suspect that
because of the inner disk in the HD 95086 system, the intensity
of which is significant at these wavelengths, the PCA and linear
combination reconstruct a reference star frame with a higher flux
level than the observed star, even when the background sources
seen in the upper right part of the field of view are masked. As
a result, the planet is only faintly detected, and the flux esti-
mate is likely to be underestimated. In addition, we used different
observations of available reference stars: ERS 1386 (Carter et al.
2023), GTO 1194 (Boccaletti et al. 2024), and commissioning
data (Boccaletti et al. 2022). We note that using these obser-
vations to expand the reference library did not provide a more
effective stellar subtraction (see Fig. A.5).

Therefore, we implemented a simpler subtraction method
to minimize oversubtraction and to increase the signal-to-noise
ratio at the planet location. For the nine reference observations,
we measured a rescaling factor with the target star image that
minimized the residuals within a specified masked area with
the least-squares method. We assessed the impact of the masked
area by experimenting with various mask shapes. A better sub-
traction was achieved using a mask in the form of a 1′′ to
2.5′′ ring, and this also ensured that background objects were
masked. The mask is shown in Fig. A.3. This region was cho-
sen to exclude the contributions from the planet, the inner disk,
and background objects. Minimization was therefore performed
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Table 3. Position of the photocenter with respect to the center of the
coronagraph in each filter.

Filter Source ∆RA (′′) ∆Dec (′′) Flux (W/m2/µm)

F1065C s –2.695 3.05 3.33× 10−18

g –1.485 1.1

F1140C s –2.695 3.05 2.46× 10−18

g –1.485 1.1

F1140C s –2.695 3.05 2.46× 10−18

F2300C s –2.695 2.92 2.22× 10−18

g –2.64 0.33
g2 –2.035 –1.815

Notes. Flux values correspond to aperture photometry centered on the
measured position of the source. Coordinates are indicated in epoch
2000.

exclusively within the second stellar diffraction ring. By employ-
ing this method, we mitigated oversubtraction and ensured an
effective subtraction of the stellar diffraction pattern. Conse-
quently, the planet became visible in images from the F1065C
and F1140C filters. The final result is presented in Fig. 1 in
the lower panel. In summary, we used only the first reference
image at F1065C and the fourth reference image at F1140C and
applied rescaling factors of 0.304 and 0.312, respectively. For the
F2300C filter, for which only one reference star is available, the
best subtraction was achieved using a rescaling factor of 0.57.
In this latter case, we chose to minimize the residuals inside a
region ranging from 3′′ to 8′′ from the center.

2.4. Image descriptions and background objects

Even though the planet is faint, it is well detected in F1065C and
in F1140C, as indicated in the lower panel of Fig. 1. In addition,
we observe an inner emission at these same wavelengths that is
due to the inner disk, similar to the one observed at F1550C in
the HR 8799 system (Boccaletti et al. 2024). In the F2300C filter,
the image is mostly dominated by the emission of the outer disk,
but the reference star subtraction still allowed us to remove some
faint diffraction structures. The outer disk contributes most at
the longest wavelengths. However, the Lyot mask has a radius of
2.16′′ and hence occults a substantial area in the center of the
image.

In the F1065C and F1140C filters, two background objects
are clearly visible in the field of view: a point source (labeled s),
and an extended source (labeled g). In the F2300C filter, these
two same background objects are also clearly identified, as is a
third faint object (labeled g2). The position of each background
source and aperture photometry for the background star were
measured and are indicated in Table 3.

The first object (designated s in Fig. 1) is located at the
same position in all three filters, and it is compatible with
VLT/SPHERE astrometric measurements (specifically source
cc-8 in Fig. 8 of Chauvin et al. 2018). Its flux at F1065C and
F1140C would be consistent with an M star, although the flux
at F2300C is too high even when the outer disk contribution
is subtracted out (using the disk flux measured at the same
distance, but on the opposite side of the mask). If it were an unre-
solved background galaxy, a detailed study would be necessary
to confirm whether this is consistent with the photometry.

The second object is identified as a background galaxy
(labeled g in Fig. 1), consistent with the observation from

ALMA at 1.3µm (Su et al. 2017). MIRI even allows us to
resolve its spiral structure. The contamination by background
galaxies in this system was already expected from Su et al.
(2015) because the integrated submillimeter flux presents an
excess emission in Herschel/SPIRE bands and APEX 870 µm
compared to the disk SED model. Su et al. (2017) concluded
that this likely is a dusty star-forming galaxy at z = 2. Based on
its brightness in the dust continuum and on the nondetection of
the CO emission, we can definitely rule out a structure that is
physically associated with the system (e.g., a dust clump in the
disk). The nature of this object has also been confirmed based on
the absence of proper motions (Zapata et al. 2018) and with the
lack of a concentration of CO at the location of the bright source
and the clear difference in the spectral index between the source
and the disk (Booth et al. 2019). This background galaxy has
never been detected in any previous near-IR observations (e.g.
Rameau et al. 2013b; Chauvin et al. 2018; Desgrange et al. 2022).
In the F2300C filter, the large opaque Lyot mask occults the cen-
tral region of the galaxy, which explains the apparent mismatch
of the centroid position with respect to F1065C and F1140C.

The third faint point source detected at F2300C was also
identified in the ALMA observations at 1.3 mm (denoted g2 in
Fig. 1). It is likely a background galaxy, similar to other faint
sources observed in the long-baseline map (Su et al. 2017).

Finally, another faint point source next to planet b seems to
appear in the F1140C filter (see the zoom-in in Fig D.2, in the
SE diagonal from the center of the image). This is discussed in
Sect. 6.4.

3. Photometry of the planet

3.1. Extraction of the photometry

We used the website whereistheplanet4 (Wang et al. 2021)
to provide an estimate of the planet position at the observation
date that relied on previous observations. The photometry of the
planet can be estimated using both aperture photometry and a
modeling of the point spread function (PSF) of the planet. For
the MIRI coronagraphic observations of HR 8799, an aperture
size of 1.5 λ/D was found to be the best fit for integrating the
planetary signal (Boccaletti et al. 2024). However, for HD 95086,
this aperture size resulted in a significant overestimate of the
planet flux, even with a smaller aperture (down to 1 λ/D). There-
fore, we conclude that the aperture photometry is unreliable here
because the contribution of the inner disk overlaps the planet
PSF.

Consequently, it became necessary to model the planet PSF
to accurately obtain its photometry. We used WebbPSF5 (Perrin
et al. 2014) to compute synthetic PSF images, taking into account
the appropriate filter and mask configurations for MIRI corona-
graphs. A PSF was simulated for each filter F1065C and F1140C
with the corresponding mask FQPM1065 and FQPM1140, and
the pupil mask MASKFQPM. The planet position with respect
to the 4QPM axis was taken into account by specifying its sky
coordinates, the V3PA angle, which defines the observatory ori-
entation, and the inclination of the 4QPM with respect to the
detector (4.835◦). The simulated PSF was then used to inject a
negative simulated planet into the data (Lagrange et al. 2009).
We derived the position and the flux of the planet by minimizing
the residuals with the Nelder-Mead (Gao & Han 2012) algorithm

4 whereistheplanet.com
5 WebbPSF : webbpsf.readthedocs.io
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Fig. 2. Zoom-in of the planet in the final image in the detector frame coordinates. Left: DATA after subtraction of the reference star. Middle: model
of the generated planet PSF. Right: residuals of the data minus the model. The center of the coronagraph masks is represented by the red star. The
top panel corresponds to F1065C, and the bottom panel corresponds to F1140C.

(Python function scipy.optimize.minimize) within an aper-
ture of 1.2 λ/D at the planet position. A mask with a radius of
5.5 pixels (∼0.6′′, located at the center of the coronagraphs) was
used to ensure that the minimization was not biased by the disk.
In the minimization process, we bounded the parameters to a
maximum variation of ±1 pixel and to a flux level between 0
and 5 DN/s. For the priors, we took the expected position of the
planet and an arbitrary flux of 1 DN/s. The best-fit planet PSF
models are displayed in the middle panels in Fig. 2. The resid-
uals after subtracting the model from the data are shown in the
right panels in Fig. 2. This figure confirms that the planet is well
subtracted, avoiding disk contamination, and only the inner disk
contribution remains in the image (see Sect. 5.1). The flux for
the planet was then measured on the model PSF.

The following step was made to evaluate the attenuation of
the coronagraph at the position of the planet. For this purpose,
two PSFs were simulated with WebbPSF (using the same config-
uration as for modeling the planet PSF). The first PSF was at the
planet position, and the second farther away with an offset of 10′′
that was not affected by the coronagraph attenuation. The fluxes
of both PSFs were measured in the same aperture, the ratio of
which provides a measure for the intrinsic coronagraph attenu-
ation at the planet position. The attenuation is 0.63 in F1065C
and 0.62 in F1140C, respectively. The flux values measured in
the images were then divided by the attenuation. The final val-
ues of the flux emitted by the planet are listed in Table 4. Similar
values are obtained with the diffraction model from Boccaletti
et al. (2015a), which was calibrated with commissioning data.

3.2. Normalization to flux units

Similar to Boccaletti et al. (2024), we applied a contrast-based
normalization to obtain the calibration to physical flux units for
the dataset without the photom stage (therefore still in count
rate). The goal was to compare our results with the photometric

Table 4. Extracted photometry for HD 95086 b with and without the
photometric calibration.

Extracted values F1065C F1140C

Without photometric calibration in DN/s 41.4 32.5
With photometric calibration in MJy/sr 127.7 91.8

calibration that was recently included in the pipeline (reference
file crds above the version 1140). Coronagraphic observations
with ground-based instruments usually rely on the observations
of the stellar PSF off-axis in order to measure the contrast of the
planet with respect to its host star. The stability of the space tele-
scopes means that the PSF is more stable and could be estimated
without an additional observation of the star off-axis. As a con-
sequence, we were able to either use previous observations to
estimate the stellar off-axis flux or use a direct conversion from
the DN/s to physical units (Table 4). We used the commissioning
data (reduced with the method described in Sect. 2.2) to derive
a normalization factor between the star used in commissioning
(HD 15816 at F1065C and F1140C, and HD 163113 at F2300C)
and HD 95086. This allowed us to estimate an off-axis PSF for
the target star, which was used to measure the contrast between
the star and the planet. The three methods based on the contrast
measurement are listed below.

(1) The first method was to measure the flux ratio of the tar-
get acquisition (TA) images between the target HD 95086 and
the commissioning star and to apply this ratio to the commis-
sioning off-axis PSF to obtain an estimate of an off-axis PSF for
HD 95086. We note that the values obtained using this method
might be biased due to the use of TA, which involves a neutral
density filter (as discussed in Boccaletti et al. 2024).

(2) The second way to obtain a normalization is to
measure the ratio of the coronagraphic images (target and
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Fig. 3. BT-Nextgen model rescaled to the flux level of HD 95086 (blue),
measured photometric values (green), and rescaled synthetic photome-
try in MIRI filters (red).

commissioning) in the same filter (F1065C, F1140C, or
F2300C). In coronagraphic images, the flux is spread over the
field of view, and we therefore needed to integrate the flux in a
large aperture of 15× λ/D. However, for the HD 95086 system,
this approach might yield inaccurate results because of the back-
ground objects, which might result in an overestimation of the
stellar flux. Furthermore, even when we masked the background
objects in the commissioning on-axis data and in the HD 95086
data, the scaling factor was still not reliable. Almost one quarter
of the image is masked when the background galaxy is masked.
Therefore, from one dither position to the next of the 9-SGD
sequence, we do not measure the same flux.

(3) Instead of using the commissioning data, as in method 2,
we can take advantage of WebbPSF to generate synthetic PSF and
coronagraphic images. For each filter, we measured the flux fac-
tor that minimized the residuals between the synthetic and actual
coronagraphic images while masking the background objects.
The position of the simulated star was assumed to be perfectly
centered on the coronagraphic mask. This synthetic corona-
graphic image was then used in the minimization routine, taking
into account two free parameters for the image position on the
detector. We also took the pupil shear of 2.5% into account (mea-
sured with commisioning data, Boccaletti et al. 2022). Then, we
rescaled the PSF according to this factor in order to normalize
the PSF, and this value was used to measure the contrast with
the planet.

These three methods enabled us to obtain an estimate of the
off-axis PSF in order to measure the contrast with respect to the
planet-extracted flux in DN/s. We considered a BT-Nextgen stel-
lar model at 7600 K using VOSA6 (VO Sed Analyzer, Bayo et al.
2008). Further, we assumed the following parameters: 1.5 R⊙
for the radius, and 86.46 pc for the distance (Gaia Collabora-
tion 2023). We fit this model on the measured photometric data
points of HD 95086 in the 2MASS filters J, H, Ks and in the
WISE filters W1 and W2 (retrieved from VizieR7) to derive a
coefficient that minimizes the χ2 between the stellar model and
the stellar photometry. Photometric values above 10µm were not
taken into account to fit the stellar model, because they might
be impacted by the debris disk. We obtained a scaling factor of
0.99. The corresponding stellar photometry in the MIRI filters
was also retrieved from VOSA and was rescaled accordingly. The
stellar tabulated photometric values, the fit model, and the MIRI
synthetic values are shown in Fig. 3.

The fourth method provides the more straightforward way,
using the constant calibration from DN/s to MJy/sr, and then

6 VOSA : svo2.cab.inta-csic.es/theory/vosa
7 VizieR : vizier.cds.unistra.fr

Table 5. Flux values measured for the planet in W/m2/µm.

Method Flux F1065C Flux F1140C

1 7.03 × 10−19 6.33 × 10−19

2(∗) 5.05 × 10−19 3.01 × 10−19

3 9.16 × 10−19 6.40 × 10−19

4 9.73 × 10−19 6.13 × 10−19

Notes. (∗)Method 2 is unreliable for this system.

Table 6. Measured astrometry in arcseconds and photometry for planet
HD 95086 b.

Filters ∆RA (′′) ∆Dec (′′) Flux (W/m2/µm)

F1065C 0.40 –0.48 (8.6 ± 1.7) × 10−19

F1140C 0.40 –0.48 (6.3 ± 0.8) × 10−19

Notes. The uncertainty on the relative astrometry is ±0.01.

converting into W/m2/µm, as described in Sect. 3.1. The pho-
tometric values obtained for the planet with each method are
provided in Table 5. The JWST pipeline (with versions above
1.2.5 and a crds context above 1140) gives photometry values
in method 4 that agree with those obtained with the contrast-
measurement methods 1 and 3. We pursued the analysis with the
mean and standard deviation of the three reliable methods. As
stated in Boccaletti et al. (2024), we identified that one of the pri-
mary source of uncertainty in the planet photometry arises from
the normalization of the PSF from the coronagraphic image. We
assessed the impact of the inner disk contamination onto the
planet flux by measuring the flux in an annulus. at the planet
separation, masking the planet and the galaxy. Both uncertain-
ties are taken into account in the final uncertainty provided in
Table 5: the uncertainties from the flux normalization are 13%
in the F1065C filter and 2% in the F1140C filter, and those due
to the inner disk contamination are 14% and 12% in the F1065C
and F1140C filters, respectively.

The final photometry and astrometry of the planet are sum-
marized in Table 6. The astrometric values were obtained with
the negative simulated planet process, which fits the flux and
positions of the simulated planet image in the coronagraphic sub-
tracted image. These values agree with those in previous studies
and with the estimate of whereistheplanet. The JWST/MIRI
astrometric precision obtained with TA observations is ∼1 mas
(Rigby et al. 2023). We assumed that the center of the coro-
nagraphic masks corresponds to the values measured with the
commissioning values and provided in the CRDS file. Therefore,
we considered that the stellar position is known to a precision
better than ∼10 mas (Boccaletti et al. 2024).

Using the various data reductions (with the first pipeline
stages processed with spaceklip, different jump threshold, bad
pixel processing, etc.; see Sect. 2.2), we find that the variation in
the extracted flux for the planet is always within the error bars
indicated in Table 6. This means that it has no impact on the
atmospheric characterization of the planet.

4. Spectral characterization of HD 95086 b

4.1. Atmospheric grids

We used two distinct model grids that are common for charac-
terizing young directly imaged giant planets Exo-REM and ATMO.
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Table 7. Parameters of the atmospheric grids.

Parameters Exo-REM ATMO

Temperature (K) 400–2000 800–3000
Step: 50 Step: 100

Log(g) 3.0–5.0 2.5–5.5
Step: 0.5 Step: 0.5

C/O 0.1–0.8 0.3, 0.55, 0.7
Step: 0.05

Metallicity [M/H] –0.5–1 –0.6–0.6
Step 0.5 Step: 0.3

γ – 1.01, 1.03, 1.05

Their atmospheric parameters are listed in Table 7. Petrus et al.
(2024) recently showed that these models performed well in a fit
of the JWST near- and mid-infrared data of VHS 1256 b.
Exo-REM is a one-dimensional self-consistent radiative-

convective equilibrium model. Initially developed to simulate
the atmospheres of young giant planets (Baudino et al. 2015),
it was later adapted to investigate the L–T transition (Charnay
et al. 2018) and has more recently been modified for studying
irradiated planets (Blain et al. 2021). The radiative-convective
equilibrium is solved by assuming that the net flux (radiative
and convective) is conserved. The flux conservation is resolved
iteratively using a linear inversion method on the pressure grid
(64 pressure levels) The input parameters are the effective tem-
perature of the planet, gravity, and the elementary abundances
of molecules. The model includes disequilibrium chemistry
(Zahnle & Marley 2014). The cloud model (detailed in Charnay
et al. 2018) takes into account the microphysics, and the cloud
distribution is calculated by taking into account sedimentation
and vertical mixing with realistic Kzz mixture coefficient profiles
based on the mixing length theory. The Rayleigh diffusion of H2,
He, and H2O, as well as absorption and diffusion by clouds, were
taken into account. Sources of opacity include collision-induced
absorption (CIA) H2–H2, H2–He, H2O–H2O, and H2O–N2, the
ro-vibrational bands of molecules (H2O, CH4, CO, CO2, NH3,
PH3, TiO, VO, H2S, HCN, and FeH), and the resonant lines of
Na and K. The molecular line lists used in Exo-REM can be found
in Blain et al. (2021). In particular, for young planets at long peri-
ods, the model incorporates iron and silicate clouds (forsterite).
The particle radius for these clouds was computed based on a
simple microphysics approach within the cloud scheme.
ATMO8 is a one-dimensional atmospheric model (Tremblin

et al. 2017). It considers that clouds are not necessary to repro-
duce the spectra of brown dwarfs, except for the band of silicates
at 10 µm. The phenomenon of fingering convection is proposed
as an alternative to clouds (Tremblin et al. 2016, 2019). ATMO
assumes that diabatic convection processes induce a disequi-
librium chemistry of CO/CH4 and N2/NH3 that can reduce the
temperature gradient in atmospheres. This phenomenon repro-
duces the reddening of the spectra, which is explained by the
presence of clouds in most models, such as Exo-REM. The
model involves an effective adiabatic index γ (between 1.01
and 1.05) that controls the change in the temperature gradient.
The atmospheric pressure levels varied from 2 to 2000 bar at
log(g) = 5.0 and were scaled for other surface gravities accord-
ing to ×10log(g)−5. Disequilibrium chemistry was used with

8 ATMO grids are publicly available on the website: erc-atmo.eu
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Fig. 4. Near-IR photometric and spectroscopic points for HD 95086 b.
The model M11 (in black, Madhusudhan et al. 2011) corresponds to T =
800 K, log(g) = 4.0, R = 1.6 RJup, and [M/H] = 1 without any extinction.
It is identified as one of the best-fit models in Desgrange et al. (2022).

Kzz = 105 cm2/s to log(g) = 5.0 and was scaled for other
gravity values according to ×102(5−log(g)). The chemistry took
277 species into account, and the disequilibrium chemistry
was reproduced according to Venot et al. (2012). Species were
included in the hypothesis of local condensation, that is, in the
absence of precipitation. Sources of opacity include H2–H2, H2–
He, H2O, CO2, CO, CH4, NH3, Na, K, Li, Rb, Cs, TiO, VO, FeH,
PH3, H2S, HCN, C2H2, SO2, Fe, and H-, as well as the Rayleigh
diffusion opacities for H2, He, CO, N2, CH4, NH3, H2O, CO2,
H2S, et SO2. We used the ATMOmodel grid for low-gravity brown
dwarf atmospheres presented in Petrus et al. (2024).

4.2. Near-IR data

In addition to the MIRI photometry, supplementary archival
near-IR photometric data points are available in the literature
for the planet HD 95086 b: NaCo in band L′ (Rameau et al.
2013a,b), GPI in bands H and K (Galicher et al. 2014), and
low-resolution spectra (De Rosa et al. 2016), SPHERE data
in band K1, K2, as well as the low-resolution spectra from
SPHERE/IFS (Desgrange et al. 2022). The contrast values
obtained in these studies were converted into physical flux units
using the theoretical stellar model of HD 95086, following the
method outlined in Sect. 3.2. All of these data are displayed in
Fig. 4, together with the MIRI photometry (Table 5).

4.3. Forward modeling

To determine the atmospheric parameters from each grid and
their posterior distribution, we performed the spectral analysis
within a Bayesian framework. The spectral characterization of
the planet was carried out using the Python package species9

(Stolker 2023), which was developed for the atmospheric charac-
terization of directly imaged exoplanets. Additionally, we intro-
duced the parameter Av to account for atmospheric extinction.
Av was parameterized by the V-band extinction, considering the
extinction law from Cardelli et al. (1989). We conducted the
analysis both with and without the mid-infrared data points to
assess the importance of the MIRI contribution. The first case is
referred to as the free scenario, without any priors on the atmo-
spheric parameters. Second, we ran the analysis with priors on

9 species : species.readthedocs.io
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Table 8. Summary of the best-fit parameters in each case.

Model Te f f log(g) [Fe/H] C/O γ R (R jup) Av log(L) M (MJup)

Exo-REM
Free 958+54

−56 3.33+0.54
−0.21 0.53+0.26

−0.29 0.34+0.30
−0.17 – 1.12+0.07

−0.07 – –5.00+0.03
−0.05 1.1+2.8

−0.4

Prior g 936+66
−63 3.90+0.1

−0.1 0.55+0.22
−0.19 0.34+0.30

−0.12 – 1.14+0.08
−0.08 – –5.02+0.04

−0.06 4.1+1.2
−1.0

Prior R 834+26
−29 3.42+0.57

−0.29 0.85+0.10
−0.19 0.23+0.16

−0.08 – 1.30+0.04
−0.04 – –5.11+0.03

−0.04 1.8+4.7
−0.9

Free 1378+243
−183 4.11+0.60

−0.70 0.15+0.53
−0.42 0.48+0.21

−0.23 – 0.90+0.05
−0.04 11.2+4.7

−4.0 -4.56+0.25
−0.21 4.2+11.9

−3.1

Prior g 1341+236
−174 3.90+0.1

−0.1 0.19+0.54
−0.47 0.48+0.21

−0.25 – 0.90+0.06
−0.03 10.4+4.9

−3.8 -4.6+0.26
−0.2 2.7+0.7

−0.5

Prior R 857+37
−40 3.74+0.56

−0.51 0.87+0.09
−0.18 0.22+0.20

−0.08 – 1.28+0.05
−0.04 1.41+2.1

−1 -5.08+0.05
−0.05 3.7+9.3

−2.5

ATMO
Free 1026+21

−22 3.06+0.09
−0.04 –0.27+0.46

−0.16 0.34+0.06
−0.03 1.02+0.02

−0.01 0.99+0.02
−0.02 – -5.0+0.02

−0.03 0.5+0.1
−0.1

Prior g 987+22
−24 3.87+0.1

−0.1 –0.46+0.06
−0.03 0.33+0.05

−0.02 1.02+0.01
−0.0 1.05+0.03

−0.03 – -5.0+0.02
−0.02 3.3+0.9

−0.7

Prior R 884+23
−20 4.48+0.21

−0.23 –0.45+0.08
−0.04 0.34+0.06

−0.03 1.02+0.01
−0.01 1.30+0.04

−0.05 – -5.0+0.02
−0.02 46.0+33.7

−20.6

Free 1460+219
−172 4.07+0.78

−0.70 –0.12+0.35
−0.25 0.49+0.13

−0.13 1.03+0.01
−0.01 0.84+0.06

−0.06 13.6+3.8
−3.7 –4.52+0.18

−0.16 3.3+17.4
−2.7

Prior g 1438+249
−164 3.90+0.1

−0.1 –0.12+0.34
−0.26 0.50+0.13

−0.13 1.03+0.01
−0.01 0.83+0.07

−0.07 12.9+4.3
−3.5 –4.55+0.2

−0.15 2.2+0.7
−0.6

Prior R 1349+185
−111 4.38+0.60

−0.63 0.49+0.01
−0.01 0.69+0.01

−0.01 1.03+0.01
−0.01 1.31+0.04

−0.04 12.1+4.0
−3.0 -4.27+0.22

−0.15 16.47+49.1
−12.9

Notes. The free case refers to no priors and corresponds to Fig. 5, prior g indicates the prior on the surface gravity, and prior R indicates the
prior on the radius from the Bayesian analysis. The two sets of solutions correspond to the parameters measured with and without the extinction
parameter (Av) in models ATMO and Exo-REM.

the surface gravity (prior g) with the goal to restrain the param-
eter space. We chose a prior of log(g) = 3.9 ± 0.1 (according
to the radius estimated from evolutionary models R = 1.35 ±
0.05 RJup and the mass M = 4 ± 1 MJup from previous stud-
ies; see Sect. 6.1). This was also done recently by Palma-Bifani
et al. (2024) to obtain more accurate atmospheric fits with evo-
lutionary models. We finally ran an analysis with a prior for the
radius of 1.35 ± 0.05 RJup (prior R). These three analyses are
presented in Table 8, which summarizes the inferred parame-
ters. The fit bounds align with those of the atmospheric grids,
spanning a radius ranging from 0.5 to 2.5 R jup and Av from
0 to 20. The Bayesian analysis was run with 3000 live points
with MultiNest. We applied weighting factors based on the full
width at half maximum of the filter profiles or the wavelength
spacing calculated from the spectral resolution. This prevented
the fit from giving excessive importance to IFS with higher den-
sity measurements at the cost of the photometric points that cover
a broader spectral range.

As we aim to explore whether a circumplanetry disk (CPD)
surrounds the planet, a blackbody component was also included
together with the atmospheric spectrum to account for the ther-
mal emission that would come from an accretion disk. This
emission is characterized by two free parameters: the effec-
tive temperature bounded between 100 K and 2000 K, and the
disk radius bounded between 1 and 1000 RJup (similarly to the
approach employed in Stolker et al. 2021).

The best fits obtained with Exo-REM and ATMO are displayed
in Fig. 5 (free scenario). The atmospheric parameters mea-
sured with both near- and mid-IR data are consistent with the
values obtained when using only the near-IR data. Tables C.1
and Fig. C.1 summarize the values measured when we fit
only the near-IR data points. The radius and temperature esti-
mates (and consequently, the luminosity estimates) come with
improved uncertainties when they are combined with mid-IR
photometry. The parameters derived from the two atmospheric
models Exo-REM and ATMO agree within the error bars. The

C/O ratio is closer to solar values (C/Osolar = 0.55) when atmo-
spheric extinction is taken into account in the fit, otherwise, a
subsolar C/O is favored (but with large uncertainties). We mea-
sured a supersolar metallicity ([M/H] > 0) with Exo-REM and
a subsolar metallicity with ATMO ([M/H] < 0) in most cases,
again with large uncertainties. It is important to note that C/O
and metallicity both affect the spectral shapes of the lines,
and thus, we do not anticipate a precise estimation of these
parameters using photometric data alone. We note that the uncer-
tainties become even broader when atmospheric extinction is
added. We measured two possible temperature ranges, depend-
ing on whether we took atmospheric extinction into account,
but they almost overlap. The radii measured are too small with
respect to evolutionary model predictions for the system age;
similarly, the masses measured are low due to unrealistically
small surface gravity parameters (in the case of no atmospheric
extinction). When atmospheric extinction is added, log(g) and
hence the masses are higher and more realistic, but the radius
is lower. We therefore added more priors before we ran the
fitting process.

An additional prior to the surface gravity (prior g in Table 8)
facilitates obtaining realistic mass measurements (between 2.3
and 4.2 MJup, depending on the models). The effect on the radius
(and all other parameters) is negligible within the uncertainties,
however.

To continue, we ran a fit with a restrictive Gaussian prior
on the radius value of R = 1.35 ± 0.05 RJup. This led to consis-
tent radius and mass measurements with evolutionary models.
In this case, Exo-REM resulted in lower log(g) and ATMO in
higher and unrealistic log(g) compared to the case without prior
information. With Exo-REM, an additional prior led to a lower
temperature, even when we took an extinction parameter Av into
account. With ATMO, the parameters were similar, but we note
higher uncertainties on the surface gravity.

The results with the CPD contribution are summarized in
the appendix in Table B.1, and Fig. B.1 presents the best fits (see
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Fig. 5. Exo-REM and ATMO best fits with all free parameters. The models with extinction are represented with dashed lines and those without
extinction with plain lines. The faint lines correspond to models from the posteriors distribution at ± 1 σ. The residuals between data and Exo-REM
models without extinction are indicated with filled circles, and crosses show ATMO models. The cases with extinction are indicated with upward
triangles for Exo-REM and left triangles for ATMO. The same figure, adding a CPD component in the fitting process, is presented in Fig B.1.

Table C.2 and Fig. C.2 for the same analysis with the near-IR
data alone). Additional near-IR extinction (Av) can also be added
with the CPD hypothesis. The parameters measured for the CPD
are Tbb ∼ 130–140 K and a radius of ∼15–20 RJup, depending
on the atmospheric models. These values are consistent with
Desgrange et al. (2022) for the temperature, but not for the
radius, which is higher in our analysis. The atmospheric param-
eters measured under the assumption of a CPD component
have more significant uncertainties. None of the values we
measured has any significance for the atmospheric fit. Adding
this contribution results in an even lower radius for the planets.
It is therefore not consistent with evolutionary models and is
a poorer fit. In conclusion, the mid-IR data allow us to rule
out the hypothesis of a warm CPD, but they are not sufficient
to definitely exclude a cold debris disk around the planet that
would emit at even longer wavelengths.

5. Debris disks

5.1. Inner disk

The central region of each image is dominated by the emission
of the inner disk component of the system. The inner part of the
system was studied using photometry by Su et al. (2015) and
Su et al. (2017), who inferred a warm belt located around
7–10 au with a temperature of 187 ± 26 K. An even warmer
dust belt (300 K) was suggested at a closer distances (2 au). We
modeled the warm component of the disk by assuming a uniform
face-on disk model, involving a single parameter, its radius,
which ranged from 2 to 50 au. We used the diffraction model
from Boccaletti et al. (2015b), calibrated with commissioning
data. We observe similar results to the inner disk of HR 8799 as
observed at F1550C (see Fig. 5 from Boccaletti et al. 2024). At
F1065C and F1140C, the disk is unresolved for a radius smaller

than 5 au, and the image resembles that of a coronagraphic
stellar image of a typical point source. Between 10 and 30 au, we
obtain an image similar to the one observed in the MIRI dataset.
Finally, beyond 30 au, we recover the coronographic image of an
extended source (in which the transitions of the 4QPM are vis-
ible as shadows). To determine the disk radius from the data, we
minimized the residuals between the data and the disk models
(spanning a range of disk sizes) within a region with a radius of
2′′, centered on the coronagraphic mask. Additionally, a circular
region with a radius of 1 λ/D was used to hide the planet to
ensure that it does not impact the minimization process. We
included two free parameters to adjust the position of the model
(in x and y), which may not be perfectly centered with respect
to the data. We find that the optimal disk model has a radius of
25 au in both filters F1065C and F1140C. However, all models
spanning from 10 to 30 au yield comparable results (residuals
not exceeding 2.1% of the optimal case). Figure 6 displays the
best-fit disk models for both filters. The residuals obtained by
subtracting the model from the data clearly show the asymme-
tries observed in the original data. These asymmetries cannot
be accounted for by an offset on the coronagraph (Boccaletti
et al. 2024). Either they are real density variations of the inner
disk, or they are artifacts generated by imperfections at the µm
scale on the 4QPM surface, which induce local phase variations.
We note that a joint modeling of the planet and disk would
require a more accurate disk model that takes the asymmetries
into account. A deeper analysis like this is beyond the scope of
this paper, but would be necessary to better understand how the
MIRI coronagraphs impact the structure of inner disk emissions.

The flux density of the inner disk was estimated based on a
disk model and the corresponding coronagraph attenuation.We
measure 2.8 mJy, 1.67 mJy and 1.25 mJy at F1056C for disk radii
of 10, 20 and 30 au, respectively. In filter F1140C, the fluxes
amount to 2.6 mJy, 1.85 mJy, and 1.11 mJy. Based on the SED, Su
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Fig. 6. Inner disk modeling. Left: data after subtraction of the best-fit planet model PSF, corresponding to the right panel from 1. Middle: best-fit
model of the inner disk. Right: residual data subtracted by the best-fit disk model. The top panel corresponds to the F1065C, and the bottom panel
corresponds to the F1140C.

et al. (2015) inferred a flux of ∼5.2 mJy at 10.5µm and 6.3 mJy
at 11.3µm. They argued that the warm component of the SED is
produced by an independent inner belt between 7 and 10 au. The
SED modeling based on Spitzer/IRS data provides twice higher
flux values for the inner disk component and is better aligned
with the values derived from MIRI data when we assume a disk
size of 10 au. However, based on the MIRI images, we cannot
exclude that the disk lies at a more distant location from the
star, and therefore, that its flux is lower. Furthermore, we note
that based on the spatial resolution from Spitzer/IRS (∼2′′, in
comparison with ∼0.3′′ for JWST), it is likely that the SED mea-
sured previously also integrates the signal from the background
objects. Therefore, the previous flux values might be overesti-
mated. Along the same line, the SED modelling also identifies
an IR excess shortward of 10 µm. Su et al. (2015) suggested
that either there is an innermost hotter component emission,
which would correspond to a 300 K blackbody, or the emis-
sion from the warm component is a weak silicate feature, which
remains undetected so far. The MIRI observations, which pro-
vide a higher angular resolution than Spitzer, would argue that
this discrepancy is caused by background objects.

5.2. Outer disk

The outer disk is clearly detected at 23 µm. The extent of its
emission is consistent, if slightly more extended, with the ALMA
data (measured from 106 ± 6 au and 320 ± 20 au from the
star in Su et al. 2017). Figure 7 presents the average emission
of the outer disk as a function of its separation from the host
star, and it extends up to 400 au in the MIRI image. We distin-
guish the average flux over the whole image (dashed red) and
in the eastern part (orange), as the flux from the outer disk in
the western part is heavily contaminated by background galax-
ies. The inner working angle (IWA) of MIRI coronagraphs is
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Fig. 7. Average flux in F2300C as a function of the separation (indicated
in astronomical units). The shaded region in blue comes from ALMA
data (Su et al. 2017).

indicated in black. It corresponds to the smallest observable sep-
aration (±2.5′′ for the F2300C, i.e. 216.2 au). Therefore, we only
measured the emission of the disk above this value.

6. Discussion

6.1. Properties of the planet

The atmospheric analysis of the planet we presented in Sect. 4.3
without any prior (free) or extinction resulted in a luminosity of
log L = –5.0 ± 0.05 (Table 8) for both Exo-REM and ATMO. To
obtain an independent measurement of the radius, we also used
the ATMO evolutionary models (Phillips et al. 2020). When the
system is considered to be part of the Carina association with
the younger age assumption of 13.3 Myr (Booth et al. 2021), the
luminosity measurement from the atmospheric modeling corre-
sponds to a mass of 3.63 MJup and a radius of 1.33 RJup. For an
older age of 41 Myr, we obtain a mass of 6.74 MJup and a radius
of 1.24 RJup. Finally, if HD 95086 b belonged to the MELANGE-
4 associations at 27 Myr (Wood et al. 2023a), we would infer a
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mass of 5.37 MJup and radius of 1.28 RJup. When atmospheric
extinction is taken into account in the atmospheric fit, the lumi-
nosity increases to log L = –4.5 ± 0.2, which translates into a
mass of 8.75 MJup and a radius of 1.3 RJup (assuming the system
age to be 27 Myr). These predicted radius values with evolu-
tionary models remain higher than the values obtained through
atmospheric fitting. Even with constraints on the surface gravity
using priors, the fitting process still converges toward unusu-
ally small radii. This discrepancy is likely attributable to dusty
and cloudy atmospheres. The radius values, which are more
closely aligned with the evolutionary models, are observed when
no additional atmospheric extinction or circumplanetary dust is
taken into account in the fitting process.

Compared to the findings in Desgrange et al. (2022), MIRI
photometry allows us to rule out the model from Madhusudhan
et al. (2011), who assumed forsterite clouds because the model
predicts fluxes that are too high at mid-infrared wavelengths.
MIRI photometry provides results that agree with one of their
hypotheses: lower temperatures (800–1300 K), a small to
medium amount of extinction (Av ≤ 10 mag), and an atmosphere
with a supersolar metallicity. This last is more consistent with
the Exo-REM models.

Overall, mid-infrared photometry leads to improved mea-
surements of the luminosity and temperature. We achieved an
increased precision in the atmospheric parameters of the planet,
which reduced the uncertainties for several parameters signifi-
cantly, for instance, for the luminosity, for which the uncertain-
ties are reduced by a factor of ∼3. The uncertainties on the radius
are decreased by a factor 2 to 6 (depending on the atmospheric
model used). As presented in Table 8 and Table C.1, the uncer-
tainties on the luminosity are ∼ ± 0.1 with near-IR values alone
and decrease to ∼ ± 0.04 (e.g., with Exo-REM models and the
free scenario).

For young giant exoplanets with a dusty and/or cloudy atmo-
sphere, it remains challenging to obtain atmospheric fits that
align with evolutionary model predictions. We can hypothesize
that some ingredients might be missing in the models: clouds,
dust, or others. Concerning the metallicity and the C/O ratio,
we note that low-resolution spectra and photometry are insuf-
ficient to constrain either of these parameters, which primarily
affect the strength of the lines. As a consequence, we obtained
discrepancies depending on the atmospheric model. The mea-
sured solar C/O ratio would be consistent with the formation
through gravitational instability (Boss 1997); but according to
the core-accretion models, the solar to subsolar C/O ratios can
indicate that its atmosphere has been contaminated by evapo-
rating planetesimals (Öberg et al. 2011). However, due to the
substantial uncertainties on the C/O ratio, we refrain from using
this parameter for drawing conclusions about the planet forma-
tion. Likewise, the measured metallicity is contingent on the
models that are used and remains unconstrained. The molecule
NH3 could have been detected by comparing the flux mea-
sured at F1065C and F1140C (Danielski et al. 2018). We do not
detect this molecule in the atmosphere of HD 9086 b. According
to the Exo-REM models, if NH3 is indeed present, its abun-
dance at these temperatures would be very low. As a conclusion,
the nondetection of NH3 is consistent with atmosphere model
predictions.

A higher resolution spectrum is needed to overcome the
degeneracies that remain in the atmospheric parameters and to
measure molecular composition and the impact of clouds. This
could be provided, for example, with NIRSpec or MIRI/MRS
at mid-infrared wavelengths. Although these instrument modes
are not equipped with coronagraphs, the use of stellar PSF

subtraction methods has proved difficult but possible, at least
in the case of the bright planet βPic b (Worthen et al. 2024).
The application of PSF subtraction methods along with molec-
ular mapping techniques could unveil the presence of molecules
in this atmosphere (Mâlin et al. 2023).

6.2. Circumplanetary disk

Based on mid-IR photometry, we also indicate that the CPD
hypothesis is unlikely. Only an extended cold (∼100 K) CPD
would be consistent with the mid-IR data, but longer-wavelength
data are required to confirm this hypothesis (Benisty et al. 2021).
An alternative hypothesis presented by Desgrange et al. (2022)
suggested that a fraction of the atmospheric flux is obscured by
circumplanetary dust. This could account for the lower radius
determined through atmospheric modeling when compared to
predictions from evolutionary models. However, the authors
noted that the near-infrared spectrum alone makes it challeng-
ing to determine the specific location of the dust, whether it is
situated in the upper atmosphere or around the planet. To eval-
uate the impact of a hypothetical CPD, Desgrange et al. (2022)
used two methods for modeling the additional CPD component.
The first was a circumplanetary primary viscous disk in which
the planet still accreted material (Zhu 2015). They concluded,
however, that this model leads to a poorer fit to the near-IR
data. Viscous disk with accreting planets have been identified
in younger system than HD 95086, such as PDS 70 b at an age of
∼5 Myr (Christiaens et al. 2019). This scenario is not favored for
HD 95086 because it is an older system (even with the youngest
hypothesis of ∼13.3 Myr for the system) with a lower amount
of CO (Booth et al. 2019). Therefore, we only tested the alterna-
tive model of the CPD here, which is the following: The dust is
located close enough to the planet to be heated to high enough
temperatures so that an IR excess is produced. This was modeled
with a blackbody component added to the atmospheric emission
of the photosphere. We find that adding this component in the
fitting process leads to a poorer fit and provides a negligible
contribution to the model.

Finally, Chen & Szulágyi (2022) showed that mid-IR wave-
lengths (and longward) are the best range to search for CPDs:
if there were a warm CPD around this planet, it would have
been observable with JWST/MIRI. A broader wavelength cov-
erage would allow us to draw a more comprehensive conclusion
about the potential presence of a cold CPD around the planet.

6.3. Challenges inherent to the inner disk detection

The inner disk separation was estimated to be 7–10 au from
the star (Su et al. 2015). It should therefore not be resolved
with the angular resolution capability of MIRI (λ/D corresponds
to ∼30 au). The detection of the inner disk was therefore not
expected. Similarly to HR 8799 (detected at F1550C, Boccaletti
et al. 2024), however, the detection of the inner disk is the result
of a diffraction leakage due to the extreme sensitivity of the
MIRI coronagraphs at small angles.

Even though HD 95086 is more distant, the inner disks from
both systems have similar flux levels, and the inner disk of
HD 95086 is slightly warmer than that of HR 8799 (175 K as
opposed to 150 K, Su et al. 2009, 2015). Furthermore, the inner
disk of HR 8799 is fainter than the four giant planets, in contrast
to the HD 95086 system, whose planet is fainter than the inner
disk in the F1065C and F1140C filters.

One issue is related to the fact that the techniques for stellar
subtraction, such as PCA and optimized linear subtraction, are
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not as effective as they were in the context of ground-based near-
infrared direct imaging of exoplanets. We used a simpler method
for subtracting the stellar contribution here. However, account-
ing for the disk and planet contributions jointly in the stellar
subtraction process could lead to improvements. Future devel-
opments of reference libraries and advancements in algorithms
could provide better stellar subtraction. Moreover, the asymme-
tries observed in the inner disk (Fig. 6) might also be attributed
to an imperfect subtraction of the stellar diffraction, as illustrated
in Appendix A.

Due to these asymmetries, we observe that the planet PSF
overlaps even more with the disk in the F1065C than in the
F1140C. This poses a greater challenge to accurately distinguish
the contribution of the planet from that of the inner disk. Even
if the disk is masked to fit the planet PSF in order to extract the
photometry, and the planet seems well subtracted from the data
(Fig. 2), it is still possible that the planet photometry is over-
estimated because of the disk. Most atmospheric models result
in a higher residual in F1065C than in the F1140C filters. This
could result from atmospheric features that are not considered
in the model, but also from a slight overestimation of the planet
flux. An improved disk modeling would allow us to jointly cap-
ture the planet PSF and the disk, thus confirming the planet
photometry. Finally, modeling the inner disk represents a chal-
lenge inherent to the 4QPM, the shape of the disk will strongly
depend on its position with respect to the center of the corona-
graph. The model has to take into account 4QPM transmission
that is strongly nonlinear at these separations.

6.4. Additional planets

There are multiple ways to explore additional planets. We can
directly evaluate the detection performance from MIRI data or
consider dynamical arguments such as the locations of the belts.
The multiple-belt architecture of the system provides compelling
evidence for the existence of additional planets. The clearing
of a disk is usually thought to be driven by the gravitational
effect of giant planets, which influence the system architecture,
as shown for PDS 70 and HR 8799, where planets are located
in a gas-depleted cavity or in between two debris belts. Simi-
larly, for HD 95086, the gap between the inner warm and the
cold outer belt is too wide to be accounted for by a single planet.
Many scenarios have been explored to infer the positions and
masses of additional undetected planets (Su et al. 2015). The
single-planet scenario would imply a high eccentricity for planet
b, but this was refuted by Rameau et al. (2016). This confirms
that a multiple-planet scenario is required to explain the dynam-
ical stability of the system. Su et al. (2015) showed that an
equal-mass (∼5 MJup) four-planet configuration of geometrically
spaced orbits could maintain the gap between the warm and cold
debris disks. However, no additional planets have been discov-
ered with the most efficient high-contrast imaging instruments
such as VLT/SPHERE and Gemini/GPI. Based on dynamical
arguments for the clearing zone, Chauvin et al. (2018) derived a
minimum mass in the cavity of 0.35 MJup when only two or three
giants planets are considered, and depending on their respective
separations. Comparing these theoretical results to HARPS and
SPHERE detection limits, Chauvin et al. (2018) noted that the
system is more likely to have two additional planets in the cav-
ity, with typical masses of 0.35–6 MJup for a semimajor axis of
10–30 au ; or 5 MJup beyond 30 au. Using the K-Stacker algo-
rithm (Le Coroller et al. 2020) and using many post-processing
algorithms, Desgrange et al. (2022) pushed the detection per-
formances even further. Although no additional planets were
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Fig. 8. Sensitivity in mass at each separation for the HD 95086 system
observed with JWST/MIRI.

detected, they ruled out the existence of any planets above 5 MJup
in the system located at a distance greater than 17 au (at the
50% confidence level). At the distance of HD 95086 (86.46 pc),
the MIRI spatial resolution is 28.5 au. Considering the inner
disk contribution at MIRI wavelengths and the spatial resolution
of MIRI, new detections below 50 au are unlikely, with planet
HD 95086 b already at the shortest detectable distance. In con-
clusion, we cannot constrain any innermost planets with these
observations. In the outermost regions of the system, MIRI has
the capability to detect lower-mass and colder planets. Carter
et al. (2021) measured the detection limits for HIP 65426 b (at
108 pc) to derive a minimum mass of 1.5 MJup (∼550 K) from
∼150 to 2000 au. We measured the contrast curves for the two
MIRI images at F1065C and F1140C. We took the coronagraph
transmission into account and measured the attenuation at sev-
eral separations using simulated PSF with WebbPSF. These PSFs
were simulated with a position angle of 45◦, which provides the
most optimistic coronagraphic throughput. The detection limits
are poorest close to the edge of the quadrants. Assuming the syn-
thetic flux of the star in MIRI filters, we converted the contrast
into masses based on ATMO evolutionary model predictions. This
provided the mass limits that are accessible for the HD 95086
system with JWST/MIRI, as displayed Fig. 8. We can exclude
at 5 σ any planets more massive than 2.6 MJup at a separa-
tion larger than 60 au and 0.8 MJup at a separation larger than
100 au. However, planets at larger separations are not particularly
expected, as the outer disk starts at ∼100 au.

While we analyzed the processed image at F1140C, we iden-
tified a suspicious feature that is located farther away from
planet b (1.53′′ equivalent to ∼132 au in projected physical sep-
aration, i.e., within the outer disk) with a similar position angle.
The feature is faint, but appears to be point-like. We conducted
tests to verify whether it was an actual source or an artifact.
First, considering the photometry of this feature, it would align
with an atmospheric model at 500 K and 1.2 RJup (or a slightly
higher temperature and accordingly lower radius). If this is the
case, we could expect a nondetection in the F1065C filter due
to NH3 absorption. However, the brightness measured at F1140C
suggests a detectable planet at F1065C, unless it exhibits more
significant NH3 absorption than predicted by the Exo-REMmodel
(see Fig. D.1 in the appendix). Second, the modeling of the
PSF for this point source is unsuccessful (see Fig. D.2 in the
appendix) because its shape does not resemble that of a typi-
cal PSF. Finally, in the raw data, this point source is located at
the position of a bad pixel. It can therefore likely be attributed
to ineffective correction of bad pixels. The point source also

A316, page 13 of 21



Mâlin, M., et al.: A&A, 690, A316 (2024)

appears differently in the spaceklip data reduction, which han-
dles bad pixels differently. We conclude that a planetary nature
for this possible point source is unlikely.

6.5. A young analog of the well-studied system HR 8799

The system HD 95086 exhibits notable similarities with other
systems that have imaged planets. It has been referred to as a
younger analog to the well-studied HR 8799 (Su et al. 2015),
which was also observed with MIRI coronagraphs (Boccaletti
et al. 2024). Both systems have a warm excess near the water-
ice line and a cold excess surrounded by an extended outer belt.
The inner disk contribution has been observed for the first time
in both systems owing to the capabilities of MIRI coronagraphs.
For the HD 95086 system, it was observed in the F1065C and
F1140C, and it is brighter than the planet, but for HR 8799, the
planets are brighter at these wavelengths and the inner disk is
only dominant in the F1550C observation. This can be consis-
tent with HD 95086 being a younger system, but we cannot rule
out that the inner disk of HR 8799 is more difficult to detect
because the four planets are too bright and overwhelm the image,
even when the planets are located farther out. The extended outer
disk halos of both systems have a similar size, as confirmed with
MIRI observations in the F2300C for HD 95098, which is at least
five times brighter. Both systems fall within the age range of
10 to 100 Myr. During this period, processes such as dynami-
cal settling, the formation of rocky planets, and possibly still the
formation of ice giants are expected to occur in planetary sys-
tems. One of the main differences between the two systems arises
from the number of discovered planets: HD 95086 is twice more
distant, which poses greater observational challenges, particu-
larly if these planets are less massive, as suggested by theoretical
expectations.

7. Conclusion and perspectives

We presented the MIRI coronagraphic images of the system
HD 95086, which is one of the first planetary systems that was
observed at mid-infrared wavelengths.

– We presented the first direct detection of the inner disk of the
HD 95086 system and detected the planet at both observation
wavelengths.

– With these MIRI observations, we exemplified some inher-
ent challenges to mid-infrared high-contrast imaging. The
contribution from the inner warm disk is detected, and back-
ground galaxies can be dominant at these wavelengths. This
prevented us from using traditional stellar subtraction meth-
ods. Therefore, we used an optimized method to remove
stellar diffraction without being impacted by the inner disk
or any other background object.

– We extracted the photometry of planet HD 95086 b at 10.5
and 11.3 µm using various methods of flux normalization.
We verified that the latest JWST flux calibrations agree with
the method based on measuring the contrast relative to the
host star. We observed variations of 13% at F1065C and 2%
at F1140C between the flux calibration methods, and the flux
uncertainties due to the inner disk contamination are 14% at
F1065C and 12% at F1140C.

– The uncertainties on the atmospheric parameter measure-
ments are improved by a combination of the near-IR data
and mid-IR photometry. The uncertainties on the luminos-
ity measurement are reduced by at least a factor 2, and the

uncertainties on the radius are reduced by a factor 3 to 7
(depending on the models and fitting hypothesis).

– The measured temperature of the planet ranges from 800–
1050 K depending on the atmospheric model. When addi-
tional extinction is taken into account in the forward mod-
eling, we evaluate Av ∼10–14, and therefore, we measure a
higher temperature of 1340–1460 K.

– Adding the mid-infrared information, we measured radius
values ranging from ∼1–1.14 RJup, which is closer to those
derived with evolutionary models (1.24–1.28 RJup), but they
still do not perfectly align.

– Data with a higher spectral resolution are needed to con-
strain the atmospheric composition better, such as measuring
a precise metallicity or atomic ratio that can be linked to the
planetary formation.

– We discard the previous hypothesis of a warm circumplan-
etary disk as a way of accounting for the red near-infrared
colors of the planet.

– The outer disk belt is detected at 23µm. Its flux and size
measurements are consistent with the previous detection at
longer wavelengths.

– Asymmetries are clearly visible in the inner disk component,
but it is challenging to draw conclusions about their origins
because the effect of stellar subtraction is strong and is par-
ticularly pronounced at separations close to the center of the
coronagraph.

– However, the inner disk is compatible with a coronagraphic
image model with a radius of ∼10 to 30 au, which is rea-
sonably consistent with previous values, which placed it
between 7 and 10 au.

– We measure a lower flux value for the inner disk in compar-
ison to Spitzer. This is likely due to background objects that
were unresolved with the Spitzer angular resolution.

– The hypothesized presence of an innermost belt (at ∼2 au)
in previous studies may be attributed to the contamination of
the SED by background objects.
Similarly to the HR 8799 system, the young system

HD 95086 is a benchmark object on which to study the forma-
tion and evolution of planetary systems. Follow-up observations
with MIRI/MRS would be highly beneficial for this system. As
presented in Sect. 6.1, the extraction of a medium-resolution
spectrum would be challenging but definitive regarding the
atmospheric properties of the planet, including the cold CPD
hypothesis. Even without a spectral extraction of the planet,
molecular mapping can be used to detect molecular species in
the atmosphere of HD 95086. Moreover, although it is more
challenging to detect the planet at the longer wavelengths of
MIRI/MRS, it should be possible to measure an IR excess
corresponding to an eventual CPD as compared to the expecta-
tion from atmospheric models. Drawing conclusions about the
composition of the inner disks based on these coronagraphic
observations is difficult, but MIRI/MRS also has the potential to
unveil their composition (such as for PDS 70, Perotti et al. 2023).
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Appendix A: Stellar subtraction

This appendix presents supplementary stellar subtraction meth-
ods, (traditional methods such as PCA and linear combination
of the references observations). However, they do not effectively
identify the planet, because of the inner disk that contributes to
the mid-IR flux.

Fig. A.1. Subtraction of a reference image constructed by linear com-
bination of the 9 references, without masking background objects (top)
and by masking them (bottom). The expected position of the planet is
shown in red, and the center of the coronagraph by the star in orange.

Fig. A.2. Subtraction of a reference after removing 9 PCA components.
The expected position of the planet is shown in red and the center of the
coronagraph by the star in orange.

Fig. A.3. Region in which residuals are minimized, e.g. on the corona-
graphic image in the F1065 filter.

Fig. A.4. Subtraction of a reference constructed by linear combination
of the 9 references, using the mask shown in Fig. A.3.

Fig. A.5. Subtraction of a reference constructed by linear combination
of the library references, as detailed in Sect. 2.3.
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Appendix B: Atmospheric fitting adding a blackbody component (CPD)

10 18
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m
)

Exo-REM : T = 1013 K, R = 0.97 RJup and Tdisk, bb = 133 K, Rdisk, bb = 14.5 RJup

Exo-REM + Extinction : T = 1398 K, R = 0.86 RJup , Av = 10.7 and Tdisk, bb = 130 K, Rdisk, bb = 13.9 RJup

ATMO : T = 1189 K, R = 0.61 RJup and Tdisk, bb = 145 K, Rdisk, bb = 23.2 RJup

ATMO + Extinction : T = 1579 K, R = 0.75 RJup , Av = 14.0 and Tdisk, bb = 130 K, Rdisk, bb = 18.2 RJup
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Fig. B.1. Exo-REM and ATMO best fits adding a CPD component in the fitting process, with all free priors. The models with extinction are represented
with dashed lines and those without extinction in plain lines. The residuals between data and Exo-REM models without extinction are indicated
with filled circles, and with crosses for ATMO models. The cases with extinction are indicated with up triangles for Exo-REM and left triangles for
ATMO.

Table B.1. Summary of the best-fit parameter corresponding to Fig. B.1.

Model Te f f log(g) [Fe/H] C/O R (R jup) log(L) M (MJup) Tdisk Rdisk (R jup) Av
Exo-REM 1013+88

−67 3.35+0.55
−0.25 0.55+0.29

−0.35 0.37+0.26
−0.21 0.97+0.13

−0.18 -4.98+0.08
−0.06 0.8+2

0.4 133+70
−26 14.5+26.9

−11.4 –
1398+302

−236 4.07+0.61
−0.71 0.21+0.55

−0.49 0.45+0.23
−0.24 0.86+0.07

−0.09 -4.56+0.27
−0.25 3.4+10.0

−2.7 130+47
−23 13.8+23.0

−9.9 10.7+5.2
−4.9

ATMO 1189+68
−106 3.23+0.52

−0.18 0.26+0.18
−0.37 0.37+0.11

−0.05 0.61+0.21
−0.08 -4.96+0.10

−0.07 0.35+0.43
−0.16 144+391

−35 23.2+39.6
−21.7

1579+273
−226 4.19+0.75

−0.76 -0.09+0.34
−0.28 0.50+0.13

−0.13 0.75+0.09
−0.12 -4.47+0.19

−0.19 3.3+16.1
−2.7 130+45

−22 18.2+22.5
−12.5 14.0+3.8

−4.3

Notes. There are no priors on the atmospherics parameters, and we display both models with and without the extinction parameter AV taken into
account.
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Appendix C: Atmospheric fitting with only the near-infrared data
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ATMO : T = 1198 K, R = 0.60 RJup

ATMO + Extinction : T = 1531 K, R = 0.74 RJup, Av = 13.7
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Fig. C.1. Exo-REM and ATMO best-fits models fitting only the near-IR points. The models with extinction are represented with dashed lines and
those without extinction in plain lines. The residuals between data and Exo-REM models without extinction are indicated with filled circles, and
with crosses for ATMO models. The cases with extinction are indicated with up triangles for Exo-REM and left triangles for ATMO.

Table C.1. Summary of the best-fit parameter corresponding to Fig. C.1.

Model Te f f log(g) [Fe/H] C/O γ R (R jup) Av log(L) M (MJup)
Exo-REM

free 984++126
−122 3.33+0.46

−0.22 0.49+0.28
−0.39 0.28+0.27

−0.12 – 1.01+0.51
−0.25 – -5.03+0.13

−0.08 1.2+1.9
−0.7

prior g 990++123
−118 3.90+0.1

−0.1 0.53+0.24
−0.27 0.34+0.28

−0.16 – 0.98+0.35
−0.24 – -5.06+0.09

−0.07 3.0+2.8
−1.4

prior R 900++34
−42 3.38+0.48

−0.25 0.51+0.27
−0.32 0.26+0.12

−0.10 – 1.35+0.05
−0.04 – -4.95+0.06

−0.08 1.8+3.5
−0.8

free 1334+241
−179 4.11+0.58

−0.68 0.20+0.51
−0.47 0.47+0.22

−0.23 – 0.96+0.18
−0.17 11.6+4.2

−4.6 -4.54+0.22
−0.23 4.7+13.4

−3.7
prior g 1329+257

−202 3.90+0.1
−0.1 0.18+0.54

−0.46 0.48+0.21
−0.25 – 0.95+0.19

−0.17 11.1+4.5
−4.8 -4.56+0.22

−0.23 2.9+1.3
−0.9

prior R 1092+199
−129 3.98+0.66

−0.63 0.38+0.39
−0.61 0.49+0.21

−0.25 – 1.33+0.05
−0.05 10.7+5.4

−6.0 -4.62+0.28
−0.21 6.8+24.0

−5.2

ATMO
free 1198++59

−70 3.32+0.57
−0.23 0.30+0.14

−0.35 0.38+0.11
−0.05 1.03+0.01

−0.01 0.60+0.10
−0.06 – -5.14+0.05

−0.05 0.4+0.8
−0.2

prior g 1206++55
−53 3.89+0.1

−0.1 0.31+0.13
−0.26 0.40+0.13

−0.07 1.03+0.01
−0.0 0.58+0.06

−0.05 – -5.17+0.04
−0.04 1.1+0.4

−0.3
prior R 931++16

−16 3.08+0.14
−0.06 -0.37+0.19

−0.09 0.35+0.07
−0.03 1.02+0.01

−0.0 1.35+0.05
−0.05 – -4.89+0.03

−0.03 0.9+0.3
−0.1

free 1531+319
−233 4.17+0.78

−0.73 -0.10+0.33
−0.26 0.50+0.13

−0.13 1.03+0.01
−0.01 0.74+0.20

−0.14 13.7+3.7
−4.0 -4.51+0.19

−0.18 3.5+16.6
−2.8

prior g 1493+322
−210 3.90+0.1

−0.1 -0.09+0.36
−0.27 0.50+0.13

−0.13 1.03+0.01
−0.01 0.74+0.20

−0.14 12.8+4.1
−3.8 -4.55+0.20

−0.18 1.8+1.2
−0.7

prior R 1192+67
−63 3.91+0.75

−0.67 0.03+0.35
−0.36 0.48+0.15

−0.12 1.03+0.01
−0.01 1.33+0.05

−0.05 13.6+2.4
−2.3 -4.47+0.1

−0.1 5.7+26.6
−2.5

Notes. Same as Tab. 8 using only the near-IR data.

Table C.2. Summary of the best-fit parameter for the near-IR data adding a CPD component.

Model Te f f log(g) [Fe/H] C/O R (R jup) log(L) M (MJup) Tdisk Rdisk (R jup) Av
Exo-REM 1013113

−130 3.36+0.50
−0.24 0.51+0.28

−0.38 0.31+0.27
−0.14 0.93+0.47

−0.21 -4.38+0.59
−0.46 1.0+1.9

0.6 228+82
−80 42.2+36.7

−29.3 –
1342+242

−184 4.11+0.57
−0.68 0.21+0.52

−0.46 0.47+0.21
−0.23 0.94+0.18

−0.16 -4.21+0.42
−0.31 4.5+12.9

3.5 222+83
−76 40.3+38.0

−28.2 11.2+4.5
−4.6

ATMO 1208+56
−61 3.34+0.53

−0.25 0.29+0.15
−0.30 0.39+0.11

−0.06 0.59+0.11
−0.06 -4.16+0.61

−0.64 0.3+0.7
−0.1 277+76

−99 41.1+38.2
−28.8 –

1534+285
−221 4.14+0.75

−0.70 -0.08+0.34
−0.27 0.50+0.12

−0.13 0.73+0.19
−0.13 -4.48+0.18

−0.17 3.1+14.7
−2.5 218+80

−74 42.7+36.1
−29.3 13.4+3.6

−4.0

Notes. Without any priors, with and without the extinction parameter AV . Same as Tab. B.1 using only the near-IR data.
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Exo-REM : T = 1013 K, R = 0.93 RJup and Tbb = 228 K, R = 42.2 RJup

Exo-REM + Extinction : T = 1342 K, R = 0.94 RJup, Av = 11.2 and Tbb = 222 K, R = 40.3 RJup

ATMO : T = 1208 K, R = 0.59 RJup and Tbb = 277 K, R = 41.1 RJup

ATMO + Extinction : T = 1534 K, R = 0.73 RJup, Av = 13.4 and Tbb = 218 K, R = 42.7 RJup
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Fig. C.2. Exo-REM and ATMO best-fits models, fitting only the near-IR points and adding a blackbody component to account for a CPD contribution.
The models with extinction are represented with dashed lines and those without extinction in plain lines. The residuals between data and Exo-REM
models without extinction are indicated with filled circles, and with crosses for ATMO models. The cases with extinction are indicated with up
triangles for Exo-REM and left triangles for ATMO.

A316, page 20 of 21



Mâlin, M., et al.: A&A, 690, A316 (2024)

Appendix D: Suspected new point source

Fig. D.1. Photometry extracted from the model presented in Fig. D.2 (black points). Exo-REM photometric models with the minimum χ2 are also
represented (based only on these two points).

Fig. D.2. Modeling of the few bright pixels observed in the SE in the F1140C. Left : Data from both filters, Middle : WebbPSFModels, and right :
residuals after subtraction.
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