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ABSTRACT

Context. HR 2562 B is a planetary-mass companion at an angular separation of 0.56′′ (19 au) from the host star, which is also a mem-
ber of a select number of L/T transitional objects orbiting a young star. This companion gives us a great opportunity to contextualize
and understand the evolution of young objects in the L/T transition. However, the main physical properties (e.g., Teff and mass) of
this companion have not been well constrained (34% uncertainties on Teff , 22% uncertainty for log(g)) using only near-infrared (NIR)
observations.
Aims. We aim to narrow down some of its physical parameters uncertainties (e.g., Teff : 1200–1700 K, log(g): 4–5) incorporating new
observations in the Rayleigh-Jeans tail with the JWST/MIRI filters at 10.65, 11.40, and 15.50µm, as well as to understand its context
in terms of the L/T transition and chemical composition.
Methods. We processed the MIRI observations with reference star differential imaging (RDI) and detect the companion at high S/N
(around 16) in the three filters, allowing us to measure its flux and astrometry. We used two atmospheric models, ATMO and Exo-REM,
to fit the spectral energy distribution using different combinations of mid-IR and near-IR datasets. We also studied the color-magnitude
diagram using the F1065C and F1140C filters combined with field brown dwarfs to investigate the chemical composition in the atmo-
sphere of HR 2562 B, as well as a qualitative comparison with the younger L/T transitional companion VHS 1256 b.
Results. We improved the precision on the temperature of HR 2562 B (Teff = 1255 K) by a factor of 6× compared to previous estimates
(±15 K vs ±100 K) using ATMO. The precision of its luminosity was also narrowed down to −4.69 ± 0.01 dex. The surface gravity still
presents a wider range of values (4.4 to 4.8 dex). While its mass was not narrowed down, we find the most probable values between
8 MJup (3–σ lower limit from our atmospheric modeling) and 18.5 MJup (from the upper limit provided by astrometric studies). We
report a sensitivity to objects of mass ranging between 2–5 MJup at 100 au, reaching the lower limit at F1550C. We also implemented a
few improvements in the pipeline related to the background subtraction and stages 1 and 2.
Conclusions. HR 2562 B has a mostly (or near) cloud-free atmosphere, with the ATMO model demonstrating a better fit to the obser-
vations. From the color-magnitude diagram, the most probable chemical species at MIR wavelengths are silicates (but with a weak
absorption feature); however, follow-up spectroscopic observations are necessary to either confirm or reject this finding. The mass
of HR 2562 B could be better constrained with new observations at 3–4µm. Although HR 2562 B and VHS 1256 b have very similar
physical properties, both are in different evolutionary states in the L/T transition, which makes HR 2562 B an excellent candidate to
complement our knowledge of young objects in this transition. Considering the actual range of possible masses, HR 2562 B could be
considered as a planetary-mass companion; hence, its name then ought to be rephrased as HR 2562 b.

Key words. instrumentation: high angular resolution – methods: data analysis – techniques: image processing –
planets and satellites: atmospheres – infrared: planetary systems

1. Introduction

In the last decade, several sub-stellar objects (giant planets and
brown dwarfs) have been discovered using direct imaging tech-
niques with ground-based telescopes (e.g., 2MASSWJ 1207334-
393254 or 2M1207, Chauvin et al. 2004; HR 8799 bcde, Marois
et al. 2008; βPictoris b, Lagrange et al. 2010; 51 Eridani b,
Macintosh et al. 2015; HIP 79098(AB) b, Janson et al. 2019).

These telescopes (e.g., SCExAO, Jovanovic et al. 2015; MagAO-
X, Males et al. 2018; SPHERE Beuzit et al. 2019; GPI, Macintosh
et al. 2014) have a high angular resolution and efficient corona-
graph in addition to benefiting from state-of-the-art systems for
atmospheric correction (extreme adaptive optics system: ExAO;
e.g., Fusco et al. 2013), enabling studies of regions very close
to the stars (∼15 au at 100 pc). However (mainly due to the sky
thermal emission), such observations have mostly been made at
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near-infrared wavelengths (NIR, < 5µm). The characterization
of young sub-stellar objects entails atmospheric and dynamic
studies to determine the orbital solution and main physical prop-
erties. From the atmospheric modeling, it is possible to know
the effective temperature (Teff), surface gravity (log(g)), radius,
mass, and even chemical composition (e.g., Suárez & Metchev
2022; Miles et al. 2023), as well as the temperature-pressure
profiles in the atmosphere (e.g., Marley et al. 2013). All this
information helps us to understand the current state and to trace
the evolutionary path of these systems and make a compari-
son among the different theories of planetary formation (e.g.,
Nielsen et al. 2019; Vigan et al. 2021).

The NIR spectra of sub-stellar objects are characterized by
carbon monoxide, methane, and water absorption features, which
can be used to constrain turbulent mixing (e.g., Konopacky
et al. 2013). However, for some of these objects, parameters
such as Teff and log(g) (as well as radius and mass), may not
be well constrained due to the limited spectral coverage and
to the physical and chemical processes included in the various
atmospheric models and clouds. On the other hand, some of the
objects have a well-delimited age (e.g., β Pic moving group with
an age of 21 ± 4 Myr, Gratton et al. 2024: 51 Eri b, Macintosh
et al. 2015; AF Lep b, Mesa et al. 2023; βPic b, Lagrange et al.
2009; Columba with an age of 36 ± 8 Myr, Gratton et al. 2024:
HR 8799 abcd, Marois et al. 2008; κAnd b, Carson et al. 2013),
which significantly help constraining these physical parameters.
Also, observations made with different instruments can disagree
in terms of recorded spectra and derived physical parameters
of sub-stellar objects when using atmospheric models (e.g.,
Sutlieff et al. 2021). Also, the derived physical parameters from
these types of observations can be in disagreement with astro-
metric measurement when it comes to measuring the object’s
mass (e.g., Chilcote et al. 2017 and Brandt et al. 2021 for the
mass of βPictoris b). Observations in the mid-infrared (MIR)
in the Rayleng-Jeans regime (e.g., Danielski et al. 2018 for
JWST/MIRI coronographic observations and Mâlin et al. 2023
for MIRI/MRS) allow for better constraints on Teff and log(g)
(as well as the radius, Carter et al. 2023) when combining with
NIR observations. For this reason, observations made from the
ground and space (NIR), as well as from space (MIR) allow
us to improve the accuracy and precision of the atmospheric
characterization of young sub-stellar objects.

Young brown dwarfs (BD) in the L-to-T transition present
a great challenge to characterizing their atmospheres (e.g.,
Suárez et al. 2021; Sutlieff et al. 2021; Miles et al. 2023). This
comes from the fact that in this transition the passage of opti-
cally thick to thin clouds occurs, which may involve chemical
disequilibrium processes, different cloud compositions at dif-
ferent atmospheric altitudes, differences in turbulent mixing,
and different particle sedimentation. After the first observa-
tion and characterization of a young object in this transition
in the near and MIR with high signal-to-noise ratio (S/N)
and medium spectral resolution (VHS 1256–1257 b, Miles et al.
2023) using the James Webb Space Telescope (JWST, Rigby
et al. 2023), it is clear that the atmospheric models match the
overall continuum spectrum shape well, but not some absorp-
tion features present in the spectral energy distribution (SED,
e.g., 3.3µm CH4 feature and silicates). This can be interpreted
as much more complex physical-chemical processes occurring
in the atmospheres of this type of source, at the top of the
clouds that remain visible to cooler temperatures in the pres-
ence of lower gravity (e.g., Marley et al. 2012), which need
to be investigated, considered, and incorporated into theoretical
models.

The young brown dwarfs in the L-to-T transition differ in
terms of certain physical characteristics from their older coun-
terparts. For example, they are redder and cooler than field BDs,
with ages greater than 1 Gyr (e.g., Metchev & Hillenbrand 2006).
The main reason for such a difference is that a low surface grav-
ity with relatively high temperatures allows for a prevalence of
clouds in the upper layers, which captures particles high in the
atmosphere. This causes a decrease of emission at shorter wave-
lengths and an increase at longer wavelengths, causing the object
to appear redder (e.g., Currie et al. 2011; Marley et al. 2012).
Conversely, for the older ones, as the atmosphere cools, these
particles condense in deeper layers, making them appear bluer.
The presence of different chemical species (silicates, ammonia,
methane, water, carbon monoxide, etc.) which have significant
signatures in the mid-IR, marks different states in this tran-
sitional process. Therefore, a more refined characterization of
these transitional objects can help us to understand better not
only the physical-chemical changes during the transition but also
their evolutionary path (young versus old sources). One of these
L/T transition objects is HR 2562 B, which is part of a very small
list of young L/T transition substellar objects orbiting a star. This
companion, discovered by Konopacky et al. (2016), has a consid-
erable uncertainty in the age estimates and in combination with
discrepancies between ground-based observations (see Sutlieff
et al. 2021) generates discrepancies in the estimated physical
parameters such as the Teff , log(g), and even the mass when
comparing with astrometric studies (see Section 2). Here, we
present the first JWST coronagraphic observations (Boccaletti
et al. 2015; Danielski et al. 2018) of HR 2562 B with the mid-
IR instrument MIRI (Rieke et al. 2015; Wright et al. 2015) at
10.65µm, 11.40µm, and 15.50µm.

The paper is organized as follows. In Section 2, we summa-
rize the main properties and context of the HR 2562 system.
Section 3 describes the observations, strategy, data reduc-
tion, and post-processing and the astrophysical measurements
retrieval. In Section 4, we present our results and analysis. Sec-
tion 5 focuses on the mass and main characteristics of HR 2562 B
and we compare this object to the younger VHS 1256 b object,
recently observed with JWST/MIRI. Finally, in Section 6 we
summarize our results and conclusions.

2. The HR 2562 system

HR 2562 (or HD 50571) is a young, F5V (Gray et al. 2006) spec-
tral type star at a distance of 33.92 pc (Gaia Collaboration 2016,
2020). In Table 1 we summarize all the main stellar parame-
ters known to date. It has a debris disk detected by Moór et al.
(2006) using IRAS and Spitzer observations. Chen et al. (2014)
studied the debris disk SED, finding that the best-fit solution
corresponds to two dust populations, one a warm disk located
at 1.1 au (∼400 K, 9.7 × 10−7 MMoon) and a cold disk at 340 au
(45 K, 0.56 MMoon). By using Herschel observations in which the
outer disk is marginally resolved, Moór et al. (2015) constrained
the inner edge of the disk between 18 and 70 au, and the outer
radius at 187 ± 20 au, with an inclination of 78 ± 6.3◦ (although
in Moór et al. 2015 their best SED fit indicates a single compo-
nent, unlike Chen et al. 2014). Subsequently, Zhang et al. (2023)
constrained the location of the inner dust disk radius between
45–55 au (∼1.7′′), based on disk-resolved ALMA observations
and dynamical constraints, and the outer disk edge at ∼260 au
(∼8.8′′) using only ALMA data. Also, they obtained better con-
straints the inclination with best fit 85◦ and lower limit of 79◦.
We note that the disk marginally affects the stellar flux below
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Table 1. Main properties and stellar parameters of HR 2562.

Parameter Value Ref
Spectral type F5V (1)
Right ascension (J2000) 06:50:01.0151 (2,3)
Declination (J2000) –60:14:56.921 (2,3)
Parallax (mas) 29.4738 ± 0.0185 (2,3)
Distance (pc) 33.92 ± 0.02 (2,3)
µα (mas yr−1) 4.830 ± 0.025 (2,3)
µδ (mas yr−1) 108.527 ± 0.023 (2,3)
Age (Myr) [250–750] (4)
Mass (M⊙) 1.368 ± 0.018 (4)
Radius (R⊙) 1.334 ± 0.027 (4)
Teff (Kelvin) 6597 ± 81 (5)
log(g) (dex) 4.3 ± 0.2 (4)
[Fe/H] 0.10 ± 0.06 (4)
AV (mag) 0.07 (6)
B − V (mag) 0.454 ± 0.004 (7)
V − I (mag) 0.53 ± 0.01 (7)
B (mag) 6.634 ± 0.014 (7)
Hp (mag) 6.209 ± 0.001 (8)
GBp (mag) 6.222 ± 0.003 (2,3)
V (mag) 6.15 ± 0.01 (7)
G (mag) 6.004 ± 0.003 (2,3)
GRp (mag) 5.629 ± 0.004 (2,3)
Grvs (mag) 5.502 ± 0.006 (2,3)
J (mag) 5.305 ± 0.020 (9)
H (mag) 5.128 ± 0.029 (9)
Ks (mag) 5.020 ± 0.016 (9)
W1 (mag) 5.003 ± 0.217 (10)
W2 (mag) 4.794 ± 0.108 (10)
12µm (mag) 4.712 ± 0.065 (11,12)
W3 (mag) 5.053 ± 0.015 (10)
25µm (mag) 4.815 ± 0.195 (11,12)
W4 (mag) 4.990 ± 0.029 (10)
60µm (mag) 1.925 ± 0.239 (11,12)
mF1065C (mag) 4.995 ± 0.056 This paper
mF1140C (mag) 4.994 ± 0.056 This paper
mF1550C (mag) 4.996 ± 0.055 This paper
FF1065C (mJy) 338 ± 17 This paper
FF1140C (mJy) 298 ± 15 This paper
FF1550C (mJy) 160 ± 8 This paper

Notes. (1) Gray et al. (2006); (2) Gaia Collaboration (2020); (3) Gaia
Collaboration (2016); (4) Mesa et al. (2018); (5) Casagrande et al.
(2011); (6) Morales Durán et al. (2006); (7) TYCHO, Høg et al. (2000);
(8) HIPPARCOS, Esa (1997); (9) 2MASS, Skrutskie et al. (2006); (10)
WISE, Wright et al. (2010); (11) IRAS, Beichman et al. (1988); (12)
IRAS, Helou & Walker (1988).

∼20µm (see Fig. 4 in Chen et al. 2014 and Fig. 14 in Zhang et al.
2023).

It is challenging to constrain the age of this system because
it is not associated with a moving group or star-forming region
with very good age estimates. Asiain et al. (1999) classified
HR 2562 as a member of the “B3” subgroup Local Association,
estimating an age of 300 ± 120 Myr, a value in good agreement
with the one derived by Rhee et al. (2007) using space motion,
lithium nondetection, and X-ray luminosity. Subsequently, Mesa
et al. (2018) delimit the age between 200 and 750 Myr using
lithium detection, with 450 Myr as the representative age of the
star. In the rest of this paper, we adopt a uniform age distribution
between 250 and 750 Myr (see Table 1).

The sub-stellar companion, HR 2562 B, was discovered by
Konopacky et al. (2016) and classified as L7 ± 3 spectral type
in the L/T transition using the Gemini Planet Imager (GPI,
Macintosh et al. 2014) in the context of the “Gemini Planet
Imager Exoplanet Survey” observations. The main parameters
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Fig. 1. Color-magnitude diagram showing the position of HR 2562 B
(red hexagon, Konopacky et al. 2016) relative to the population of
low-mass stars and brown dwarfs (colored circles), as obtained from
Best et al. (2020). The different colors highlight the different spectral
types. The gray pentagons correspond to selected directly imaged plan-
ets (DIP) and planetary-mass companions (PMCs).

derived by Konopacky et al. (2016) are the effective temperature
of 1200 ± 100K, log(g) of 4.70 ± 0.32 dex, a radius of 1.11 ±
0.11 RJup, and a mass of 30± 15 MJup at a projected separation of
20.3 ± 0.3 au (0.618 ± 0.004′′). Subsequently, Mesa et al. (2018)
supplemented the observations with the Spectro-Polarimetric
High-contrast Exoplanet REsearch (SPHERE, Beuzit et al. 2019)
instrument’s Integral Field Spectrograph (IFS, Claudi et al.
2008) data in the YJ bands, as well as IRDIS (Dohlen et al. 2008)
H broad-band observations. Mesa et al. (2018) constrained the
atmospheric parameters (e.g., effective temperature and mass)
and achieved a good agreement with the previous estimates. In
addition, from these SPHERE observations, the companion was
classified as T2–T3 spectral-type object. Figure 1 shows the posi-
tion of HR 2562 B in the color-magnitude diagram in which the
spectral types of a population of brown dwarfs as obtained from
Best et al. (2020)1 are highlighted. The most recent analysis of
its atmospheric properties was made by Sutlieff et al. (2021),
using narrow-band MagAO/Clio2 (Close et al. 2010, 2013;
Sivanandam et al. 2006; Morzinski et al. 2014) observations
at 3.9µm with the vector Apodizing Phase Plate coronagraph
(vAPP, Otten et al. 2017). They reported consistent mass esti-
mates (29 ± 15 MJup) but a wider range on effective temperature
and surface gravity (1200–1700 K and 4.0–5.0 dex, respectively)
depending on the bandpass considered in the spectral modeling
using SPHERE and GPI data.

Maire et al. (2018) provided the first dynamical and astro-
metric study of HR 2562 B using SPHERE and GPI data, giving
a first constraint on its orbital parameters. They refined the

1 Photometry from the ultracool dwarfs catalog: http://bit.ly/
UltracoolSheet

A185, page 3 of 26

http://bit.ly/UltracoolSheet
http://bit.ly/UltracoolSheet


Godoy, N., et al.: A&A, 689, A185 (2024)

semi-major axis to 30+11
−8 au and the inclination to 87+1

−2 deg2, con-
firming that the orbit is coplanar with the disk. The most impor-
tant parameter is the eccentricity since it has a direct impact on
the dynamical mass estimates. Assuming the companion carves
the cavity within the disk and using N-body simulations, Maire
et al. (2018) found that the eccentricities between ∼0.2 and 0.3
(e > 0.15, discarding the zero-eccentricity scenario) are com-
patible with the disk geometry for an orbital period of 100 and
200 yrs, respectively. Subsequently, the dynamical mass was
calculated using new GPI epochs by Zhang et al. (2023), obtain-
ing a probable mass of about 10 MJup and a 3-σ upper limit of
18.5 MJup, as well as an orbit that is coplanar with the disk (in
agreement with the conclusion presented in Maire et al. 2018).
This mass constraint is in agreement (i.e., within the uncertain-
ties at 3σ) with the prediction from the spectroscopic analyses
(Konopacky et al. 2016; Mesa et al. 2018; Sutlieff et al. 2021), but
still with a significant difference in the best mass estimates (i.e.,
10 MJup vs 29 MJup) that would intrinsically change the nature of
the object from BD to a planetary body. Therefore, this upper
limit in the companion mass can help to constrain the atmo-
spheric modeling using spectra to accurately narrow down the
atmospheric and physical parameters.

With a spectral type between L4 and T3 (Konopacky et al.
2016; Mesa et al. 2018), this object is one of the few known
transitional planetary-mass companions (see Figure 1), placing
it as one of the few transitional planetary-mass companions.
A discrepancy of 35% (∆H= 0.35 mag) is observed between
the GPI and SPHERE H-band data (Mesa et al. 2018; Sutlieff
et al. 2021). This may be due to a different flux calibration,
different procedures in the data reduction, post-processing,
and companion extraction, or to an actual variability of the
object. Such a variability could be due to a cloudy fast rotational
surface (Radigan et al. 2014; Metchev et al. 2015). However,
the variability amplitudes for substellar objects typically range
from 0.01 to 0.3 mag (e.g., ∼0.1∆ mag for a ∼120 Myrs object
of ∼20 MJup, Sutlieff et al. 2023), making this option more
difficult to consider, but not entirely impossible. Indeed, the
variability for L/T transitional objects is expected to be more
prominent considering the distribution of the nonuniform clouds
in the atmosphere (e.g., Metchev et al. 2015, Miles et al. 2023).
Also, young dwarfs are found to be more variable than old
field dwarfs (e.g., Vos et al. 2022). In their spectral analysis,
GRAVITY Collaboration (2020) chose to re-scale the GPI
H-band photometry by a factor of ∼0.9 (obtained from the
modeling), attributing the discrepancy to an instrumental, data
processing, or calibration bias. Although, the effect of the dis-
crepancy on the values of mass, effective temperature, and radius
are within 3-σ, the uncertainty in age plays a more important
role when comparing the data with evolutionary models such as
ATMO (Tremblin et al. 2015, 2016; Phillips et al. 2020). Observa-
tions at thermal infrared wavelengths can help to constrain these
companion’s parameters.

3. Observations and data reduction

3.1. Observations and strategy

The observations of the HR 2562 system were carried out under
the guaranteed time observation (GTO) program 1241 (PI: M.
Ressler), which has the goal of constraining the effective temper-
ature, mass, and presence of ammonia of four known sub-stellar

2 The uncertainties in the semi-major axis and inclination correspond
to the lower and upper limits.

companions using the JWST/MIRI instrument. The observations
were taken on March 10 2023 within 5 h of execution time.
We used the four-quadrant phase masks coronagraph (4QPMs;
Rouan et al. 2000) with the narrow-band filters F1065C, F1140C,
and F1550C. The observing strategy and exposure parame-
ters were optimized using the MIRI Coronagraphic Simulation
pipeline described in Danielski et al. (2018). Both the observa-
tional strategy and setup are explained below.

Observations were designed to minimize both the effects of
flux-lost in the post-processing and the execution time. All the
observations (using the filters F1065C, F1140C, and F1550C) of
HR 2562 were made with a single telescope orientation, with a
telescope orientation constraint to place HR 2562 B in the bot-
tom right side of the detector, at 45◦ ± 5◦ from the 4QPM spider
arms (i.e., TA4 aperture PA ∼ 79◦). This position was selected
to minimize as much as possible the effect of the coronog-
raphy transmission on the companion. Given the closeness of
the companion to the star (∼0.6′′, Konopacky et al. 2016) and
the limited rotation capability of the telescope about its opti-
cal axis (∼10◦), using multiple telescope orients to subtract the
starlight (angular differential imaging, Marois et al. 2006) would
induce excessive flux-subtraction of the companion, and it would
hinder the detection of HR 2562 B. We thus chose to use only
reference differential imaging (RDI, Smith & Terrile 1984) pro-
cessing techniques, in order to minimize overheads associated
with telescope rolls. From the Hubble Space Telescope, we know
that RDI is often the best strategy to image extrasolar objects
thanks to the much better wavefront stability of space obser-
vatories compared to ground-based telescopes (Lafrenière et al.
2009; Soummer et al. 2011; Schneider et al. 2014; Hagan et al.
2018). This is also in agreement with the JWST predicted per-
formance with the sub-pixel dithering strategy referred to as
“small grid dither” (Lajoie et al. 2016). Recent results presented
by Carter et al. (2023) show an outstanding RDI performance of
JWST/MIRI, demonstrating the great stability of the instrument
and that our choice for the RDI strategy was the best for this
program.

We selected HD 49518 as the reference star (K4III spec-
tral type, Houk & Cowley 1975; J = 4.768 mag, J − K =
0.994 mag, Cutri et al. 2003). We chose this star based on
the JWST User Documentation3 and given the following: 1)
a star angularly close to our target (1.6◦) to minimize wave-
front drifts; 2) a star bright enough to guarantee reasonable
S/N at shorter exposure times considering the grid dither strat-
egy adopted for the reference star (i.e., 5× more exposures than
for the science target); 3) since at the Rayleigh-Jeans tail, the
PSF chromatic mismatch is more relaxed (differences given
the spectral type), we chose this giant star (class III), which
is overluminous, compared to main-sequence stars and suffi-
ciently bright despite being 330 pc away; 4) a target without
known companions (including no-binary stars from Washing-
ton Double star Catalog, Mason et al. 2001), and checking
the Gaia Early Data Release 3 (Gaia Collaboration 2020)
parameter values against multiplicity following the recommen-
dations of Fabricius et al. (2021)4. The relatively large distance

3 https://jwst-docs.stsci.edu/jwst-mid-infrared-ins-
trument/miri-observing-strategies/miri-coronagraphic-
recommended-strategies#gsc.tab=0
4 The values of the parameters for HR 2562 are: renormalized unit
weight error for astrometry, ruwe= 1.002; the amplitude of the image
parameters determination goodness-of-fit versus the position angle of
the scan, ipd_gof_harmonic_amplitude= 9.17 × 10−3; and the per-
cent of successful image parameters determination windows with more
than one peak, ipd_frac_multi_peak= 0.0.
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Table 2. Observational setup.

Target Filter λcen
(a) BW (a) λeff

(b) Weff
(b) FWHM (b) Ngroups Nint texp Ndither ttotal Total

(µm) (µm) (µm) (µm) (µm) (s) (s) integration

HR 2562 F1065C 10.575 0.75 10.554 0.567 0.568 98 3 23.48 1 70.94 3
F1140C 11.30 0.80 11.301 0.604 0.587 98 3 23.48 1 70.94 3
F1550C 15.50 0.90 15.508 0.704 0.734 1250 4 299.6 1 1199.12 4

HD 49518 F1065C 10.575 0.75 10.554 0.567 0.568 29 3 06.95 5 21.33 15
F1140C 11.30 0.80 11.301 0.604 0.587 29 3 06.95 5 21.33 15
F1550C 15.50 0.90 15.508 0.704 0.734 496 3 118.88 5 357.12 15

Notes. (a)Central wavelength (λcen) and bandwidth (BW) were taken from Boccaletti et al. (2022). Note that these definitions and values reported by
Boccaletti et al. (2022) are different than the ones used in the VSO Filter Profile Service (Rodrigo et al. 2012; Rodrigo & Solano 2020). (b)Effective
wavelength (λeff), effective width (Weff), and full width at half maximum (FWHM) were taken from VSO Filter Profile Service (Rodrigo et al. 2012;
Rodrigo & Solano 2020).

of the reference star (330 pc) also helps with the last point, since
a putative companion or circumstellar disk would likely be unre-
solved from the star, and thus limit the risk of contaminating
the science field after starlight subtraction. At that distance, the
median binary separation (50 au, Moe & Kratter 2021; Huang
et al. 2018; Andrews et al. 2021) corresponds to 1.3 pixel only,
and the median disk radius (60 au, Wyatt 2005) corresponds to
only 1.6 pixels, neither of which significantly affects the coron-
agraphic PSF. To get a broader library of PSFs, each reference
observation was repeated at five dither positions, following the
small-grid dither patterns 5-point-small-grid in a cross (i.e.,
“×”) configuration with a dither of ∼10 mas (0.01 pixels). The
dither-patter technique (Rajan et al. 2015; Schneider et al. 2017)
has the advantage to allow for the creation of a library that
reflects different alignments between the star and the corona-
graph given the 10–15 mas pointing accuracy of the telescope,
which facilitates the subtraction of the coronographic PSF sci-
ence star. This approach was first described by Lajoie et al.
(2016) with MIRI simulations before launch, and then proven
by Boccaletti et al. (2022) during JWST commissioning, and by
Carter et al. (2023) with the analysis of HIP 65426 as part of
the ERS program (Hinkley et al. 2022). Given the contrast and
separation of HR 2562 B, our simulations showed that a PCA-
reduction using a library with five dither positions would be
enough to detect the companion while relaxing observational
constraints on the reference star, compared to the nine-point grid
pattern. Furthermore, we decided to use the five dither positions
instead of the nine dithers to save the precious time of the JWST;
at the same time we were able to save more time for this GTO
program.

Given the presence of the “glow stick” stray light in all the
observations made with MIRI, discovered during commission-
ing (Boccaletti et al. 2022), we added background observations
for both the science target and the reference star to allow the
subtraction of this feature. We selected regions about 7′ from
the two targets free of any known sources in the 2MASS, WISE,
and GALEX databases. We dithered the background observa-
tions by ∼17.7′′ to minimize the risk of having the glowstick
signature contaminated by unknown background sources (e.g.,
galaxies). The observing setups are shown in Table 2 for both
stars HR 2562 and HD 49518.

Regarding the order of execution, we started with the back-
ground observations for HR 2562; then we observed the star
HR 2562, followed by the reference star. The order was selected
to minimize the wavefront variation at the shortest wave-
length; finally, we observed the background for the reference
star.

3.2. Data reduction and pre-processing

We reduced the data using the JWST5,6 pipeline routines
(version 1.9.6, Bushouse et al. 2022; CRDS version 11.16.21),
with the spaceKLIP7 pipeline (version 0.1, Kammerer et al.
2022). We modified some minor aspects in the pipeline to opti-
mize the pre-processing and cosmetics calibrations. First, we
ran spaceKLIP with the same setups presented in Carter et al.
(2023). Given the poor reduction (persistent artifacts, strong cos-
mic rays residuals, persistently hot or bad pixels) obtained when
using these standard parameters, we modified part of the routine
and input parameters to improve the quality of the reduction. We
divided these modifications into two groups, the first one related
to the reduction itself (from the *uncal* to *rateints*, and
*calints* files related to the ramp fitting and calibration steps),
and the second group related to the removal of the background.
After the stage 1 step, a number of bad pixels and cosmic rays
are left uncorrected regardless of the chosen bad pixel parame-
ter (e.g., ramp-fit threshold). One possible explanation for this is
that some cosmic rays were very energetic and spread out, mak-
ing their optimal extraction difficult or even impossible with the
actual performance of the pipeline. Another possible explanation
is that the cosmic rays reach the detector at the beginning of the
observations, carrying a wrong correction in the ramp fit. To cor-
rect them, we define a custom mask that tags them as bad pixels,
which is used at the very beginning of the stage 1 routine pro-
cessing the uncalibrated files (i.e., applying an interpolation in
those bad pixels). We note that we do this only to pixels affected
by cosmic rays or groups of pixels that are not well corrected in
the pipeline, so we were able to exclude hot or isolated bad pixels
in this step. This procedure has an impact mostly at 15µm, since
the frames were more hit by cosmic rays due to longer expo-
sure times (see Table 2). The correction of agglomerations of
pixels hit by cosmic rays creates local areas with different noise
statistics, which moderately affects the final contrast limits.

At stage 1, the ramp-fit is a crucial step that allows us to
correct all types of artifacts, read-out patterns, bad pixel reg-
istration, and cosmic rays in our observations. The so-called
“jumps” in detection with nondestructive read ramps (Anderson
& Gordon 2011) are produced for a cosmic ray that reaches
the detector and suddenly increases the number of counts reg-
istered by a pixel, for example. A threshold value is used to

5 https://jwst-pipeline.readthedocs.io/
6 https://jwst-pipeline.readthedocs.io/en/latest/jwst/
jump/description.html
7 https://github.com/kammerje/spaceKLIP/
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Fig. 2. First science frame of HR 2562, F1140C filter using the two
different background subtraction approach. Left: removal of the back-
ground using the median between all the available background frames
at ∼11µm for HR 2562. Right: removal of the background but keeping
the cube structure, i.e., the first frame of each background observation
was combined and subtracted from the first science frame.

identify these jumps in the ramp groups, and it is based on the
estimated signal and noise registered. We selected a threshold
of 7 as it showed the best compromise between the detec-
tion of “bad pixels” (hot pixels, cosmic rays, etc.), and the
over-detection of good pixels (pixels with low fluctuation at
the noise level that can be wrongly selected). When obtain-
ing the *calints.fits files from stage 2 we performed an
additional correction of remaining bad pixels and isolated mask
pixels using different techniques from the VIP package (Gomez
Gonzalez et al. 2017; Christiaens et al. 2023). We applied the
cube_correct_nan function to stage 2 products (*calints,
before background subtraction), then we identified and cor-
rected the most prominent outliers using σ-clipping with the
function cube_fix_badpix_isolated. Then, we proceeded to
create the median background and identify the remaining out-
liers using spatial filtering, subtracting the smoothed frames
from the original one, and using the function find_outliers
to identify the outliers. We used the same functions to replace
those outliers. After applying the background subtraction (see
below), we iterated a last time the σ-clipping procedure with
cube_fix_badpix_isolatedin in two steps using firstσ = 20
in size of 15 pixels, and then using σ = 7 in size of 5 pixels. We
preferred this combination to first identify persistent bad pixels
within the “glow stick” and coronagraphic stellar PSF.

Regarding stage 2 itself, we keep all the default parame-
ters for the correction and proper calibration of the frames (as
is explained in Carter et al. 2023). In particular, we used the
default flat correction instead of discarding or not using it (e.g.,
Boccaletti et al. 2024). Also, we do not use Gaussian blur. For
the routines of spaceKLIP, we use a σ=3 for the σ-clipping to
identify bad pixels with 25 iterations, a threshold of 3 to iden-
tify outliers in a smoothed version of each integration. The flux
calibration is also done by the JWST stage 2 pipeline, with the
default parameters set in spaceKLIP.

Regarding the background subtraction itself on all
*calints.fits files corrected, we proceeded as follows.
After verifying that there are no astrophysical sources in the
field of view, we combined the background integrations into
one single background frame per target and per filter (six in
total). However, when performing the background subtraction
we realized the presence of structures in the first integration
of each sequence (as already mentioned in Carter et al. 2023).
Therefore, we took a different approach and decided to keep
the cube structure (observing sequence for both sciences and
backgrounds), instead of combining all integrations into a single
one. This approach has two points to consider. First, it helps us
to optimally remove the structure present in the first integration

Fig. 3. Example of the normal procedure for the background subtraction
at F1550C filter. Left: third integration of HR 2562. Right: third integra-
tion of the reference star. The images were cropped to better see the
effect of background subtraction around the coronographic PSF.

of each sequence, so we can keep the first integration in the
sequence and not just remove it (as was done by Carter et al.
2023). This allows us to maximize the S/N of the companion
in the final image by using all the science frames. Figure 2
shows the first integration of HR 2562 in the F1140C filter after
removing the corresponding background using the combination
of all the integrations (median combined frames, left image),
and preserving the cube structure (observing sequence, a cube
of integrations, right image). We see that using the background
individual integrations improves significantly the calibration
of the first science frame. Secondly, with this method, we only
have a couple of frames to combine, obtained from the dithered
background field. Our approach results in a similar noise level in
each combined background frame (3.70 and 7.67 MJy/sr for the
background of the science and reference stars), compared when
all the integrations are combined into a single one (3.85 and
8.59 MJy/sr, respectively). We noted that each of the integrations
in the sequence has a slightly different background level, so our
procedure can remove more efficiently not only the structures
shown in Fig. 2 but also these differences in the background
level. We highlight this point since a more accurate background
removal means less dispersion (noise) when combining the
frames and, consequently, slightly better contrast limits.

In the case of the F1550C filter, the “glow stick” looks under-
subtracted in the reference integrations compared to the science
ones, which generates an over-subtraction in the post-processing
when using RDI. Figure 3 shows the third integrations for
HR 2562 (left image) and the reference star (right image), where
is visible the undersubtraction of the “glow stick” for the refer-
ence star. We tried to solve this issue using different approaches,
for example, adjusting the background level to better remove the
“glow stick,” also first removing the median background and then
removing the “glow stick” by re-scaling it, we tried re-scaling the
“glow stick” without removing the background, or even all the
previous procedures focusing now on different combinations and
sizes of regions dominated by the “glow stick”, among others.
However, regardless of the background removal approach used,
the improvements were negligible when using RDI. Figure 4
shows an example of the normal background subtraction (left
image) and our procedure to remove more efficiently the “glow
stick” (right image) for the third integration of the reference
star. One possible explanation is the time window between the
science and background and reference and background obser-
vations. Indeed, for the science-background observations, the
average ∆time is 12 min, while for the reference-background is
28 min. A difference of ∼75 min between the reference star and
its background observations at 15µm can mean that the back-
ground observations become less representative of our reference
star observations. In addition, the time difference between the
science and reference stars observations is around 3 h for 15µm
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Fig. 4. Example of background subtraction applied in the reference star
at F1550C. Left: third integration using a normal procedure of back-
ground subtraction. Right: same integration using an optimization for
the background subtraction. The images were cropped to better see the
effect of background subtraction around the coronographic PSF.

and 2 h for 10 and 11µm. This could mean that it exists a tem-
poral evolution of the “glow stick”, which could have a greater
impact at longer wavelengths. This is out of the scope of this
study but will be investigated in the future. Another possibility
is that we are biased when subtracting the background due to
the flat correction (Boccaletti et al. 2024). A less representative
flat can generate an overcorrection of the coronographic trans-
mission and “glow stick,” generating this mismatching between
the science and reference star. However, we do not apply this
approach since our target is less affected by the glow stick fea-
ture, compared to the HR 8799 planetary system presented in
Boccaletti et al. (2024). Instead, we just applied the correction
for the background subtraction based on the background removal
and re-scaling of the “glow stick” mentioned above.

3.3. Post-processing, contrast, and photometry

The spaceKLIP pipeline has incorporated KLIP (Soummer et al.
2012) with the python routine pyKLIP (Wang et al. 2015),
which we used to optimally subtract the starlight with principal
component analysis. spaceKLIP uses the stellar spectrum and
magnitude to calibrate the contrast and extract the companion
photometry (see the text below for more details). We used the
main stellar parameters from Table 1 to generate a stellar spec-
trum model which is used as inputs for spaceKLIP. Mesa et al.
(2018) provided great accuracy in the stellar properties such as
the effective temperature (from spectral measurements), surface
gravity, mass, radius, and metalicity (see Table 1). We used the
PHOENIX atmospheric models as used by spaceKLIP, and the
parameters and their uncertainties listed in Table 1 to generate a
synthetic spectrum of the star. To validate the stellar model, we
collected archival photometry data from Vizier (Ochsenbein
et al. 2000), and used the VOSA8 tools (Bayo et al. 2008)
to estimate the dilution factor (Md=R2

star/Distance2) needed to
re-scale the theoretical models. We proceed to generate 1000
synthetic spectra considering all the parameters and uncertain-
ties using a Monte Carlo approach and assuming a Gaussian
distribution centered at each parameter and sigma equal to the
parameter uncertainty. At the same time, we calculated the syn-
thetic photometry at each MIRI filter (F1065C, F1140C, and
F1550C). From the synthetic spectra, we compute the mean
stellar spectrum that is used in spaceKLIP for contrast cali-
bration, as well as the standard deviation as a representation of
the uncertainty. We computed the synthetic photometry in the
same manner. Figure 5 shows the spectral energy distribution of
the HR 2562 star, the archival photometry in orange, the syn-
thetic photometry in red, and the solid line meaning synthetic
spectrum, and related uncertainties.

Concerning the starlight subtraction, spaceKLIP provides
several parameters to optimize the starlight subtraction. We used
8 http://svo2.cab.inta-csic.es/theory/vosa/

Fig. 5. Spectral energy distribution of the star HR 2562. Orange dots
correspond to the photometric data from Table 1. Red dots correspond
to our synthetic photometry using the F1065C, F1140C, and F1550C
bandpasses. The blue line corresponds to the mean between all the real-
izations of PHOENIX models with the respective uncertainties.

a reduction zone that covers the entire image (i.e., we did not
use annuli mask), to compute the contrast curve and extract
the companion properties. We explored the full range of KLIP
components provided by the reference star dithers (i.e., 15 com-
ponents per filter), and selected the numbers that maximize
the S/N of the companion, minimize the residuals in the com-
panion extraction, and minimize the uncertainties and reach
stable values for the flux and position. For each component
after applying RDI, we extracted the companion photometry and
astrometry following the routines presented and described in
spaceKLIP and Carter et al. (2023). The spaceKLIP pipeline
uses webb_psf to generate a library of PSF models to fit the
companion and extract the flux and position in each of the filters.
Figure 6 shows the best-fit companion modeling and extrac-
tion in the three MIRI filters. Using routines from the VIP
package we estimated the S/N of the companion at each num-
ber of components, and we measured the noise in the residual
frames (after subtracting the best model of the companion).
From the modeling for the companion extraction, we obtained
the flux, contrast, position of the companion, and their related
uncertainties. Figure A.1 shows the S/N of the companion, root
mean squares, fluxes, and relative positions as a function of the
components used for each filter.

From this analysis, we selected 6, 7, and 7 components as the
best choice, respectively, for filters F1065, F1140, and F1550.
Figure 7 shows the best final reduction of pre- and post-starlight
subtraction using the KLIP approach with the optimal number of
components for each filter. We note that even with the stellar sup-
pression, few artifacts and speckles persist in all the filters. We
highlighted in the F1065C images with an arrow the most notori-
ous artifact in the images with the “speckle” label. Comparing its
position in the three images we identify it as a residual speckle as
it moves radially by ∼4.5 pixels (see Fig. B.2). This comes from
the fact that we used the 5-point strategy instead of the 9-point
one, giving us a slightly lower diversity of frames and, therefore,
a “less optimal” stellar suppression. However, the simulations
done for this program, show that the 5 dither pattern is enough to
detect the companion with sufficient S/N (which is the main goal
of this observation). In Appendix B we present a more detailed
analysis of this source, concluding that it is effectively a speckle.
However, as can be seen directly in the post-processed images,
the performance of the RDI-KLIP reduction is reasonably good,
and all the persistent speckles can be identified using the color
and astrometric information (e.g., radial drift that depends on
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Fig. 6. Modeling and extraction of the companion HR 2562 B. From
top to bottom: filters F1065C, F1140C, and F1550C. Left: science image.
Middle: best spaceKLIPmodel of the companion using webb_psf, cor-
responding to 6, 7, and 7 components for the filters F1065C, F1140C,
and F1550C, respectively. Right: residuals after subtracting the model
from the science data. The field of view corresponds to 25 × 25 pixels
(∼2.75′′ × 2.75′′). The images in each row have the same color scale.

wavelength). We also note that there are some persistent artifacts
in the post-processed images at 15µm. These come from the
imperfect corrections of cosmic rays, and persistent bad pix-
els, since we only masked the most prominent ones. However,
these artifacts do not have an important impact on our compan-
ion analysis. Although all these artifacts are at 15µm, one of
them labeled “bkg” in Figure 7, is indeed a real astrophysical
source and is clearly visible even in all the raw frames individu-
ally. More details about this source are presented in Appendix C.
From our analysis, we concluded that this source is a background
galaxy. Table 3 shows the angular separation and position angle
for HR 2562 B and the “bkg” source, as well as the fluxes in the
three bands. Note that the system is inclined in almost an edge-
on configuration (Zhang et al. 2023), however, the debris disk
poorly/marginally irradiates at wavelengths below 20µm (see
Chen et al. 2014; Zhang et al. 2023). Considering the values from
the SED fitting and the disk dimension presented in Chen et al.
(2014) and Zhang et al. (2023) and the stellar fluxes in Table 3,
we estimate a disk contribution below 0.01 mJy for a PSF-size
area.

We also estimated the contrast limits for each filter. We adopt
a conservative (but more aggressive) approach and set the num-
ber of components to 15 to have the optimal performance of
RDI at all angular separations. We subtracted the companion and
masked the galaxy in all post-processing images, to obtain an
unbiased contrast limit at inner/outer angular separations. The
contrast limit is computed using spaceKLIP (raw_contrast
and cal_contrast functions), and considers the low number
statistics (Mawet et al. 2014). The contrast limit is corrected from
the coronagraph transmission and from over-subtraction induced
by KLIP, calculated by injecting and recovering calibration point
sources in the raw and klip-subtracted images. We smoothed the
frames using a Gaussian kernel to reduce the local noise fluc-
tuation in the contrast, and also we smoothed the contrast itself
using the Fourier spectral smoothing method to have a more uni-
form and noiseless curve as a function of angular separation. The
final contrast limits are shown in Figure 8.

3.4. Archival data

We used public data from GPI (Konopacky et al. 2016), SPHERE
(Mesa et al. 2018), and MagAO (Sutlieff et al. 2021) for our
spectral fit analysis.

The first detection of HR 2562 B was done with GPI
(Konopacky et al. 2016) using the H-band spectroscopic mode,
followed by K1-K2 bands observations days later. A follow-
up campaign was carried out a month after using the K2 and
J-band spectroscopy to confirm the co-moving nature and
perform spectroscopic analysis. Mesa et al. (2018) used the
SPHERE instrument to get observations with the integral field
spectrograph (IFS; Claudi et al. 2008) in Y and J bands (0.95–
1.35µm), and the dual-band spectrograph (IRDIS; Dohlen et al.
2008) with the H broadband filter. MagAO observations (Sutlieff
et al. 2021) were made using the vAPP observing mode with an
ultra-narrow band filter at 3.9µm with the MagAO (Close et al.
2012; Morzinski et al. 2014) system on the 6.5-m Magellan Clay
telescope at LCO, Chile. Figure 9 shows the GPI, SPHERE, and
MagAO data, along with our MIRI MIR observations.

4. Analysis and results

4.1. Mass limits and sensitivity

We used the synthetic stellar magnitudes (Section 3.3), the par-
allax and the age (Table 1), with the contrast limits obtained in
Section 3.3, to compute the substellar companion mass limits
to which our MIRI data are sensitive. We compare the detec-
tion limits obtained with two different families of evolutionary
models, ATMO and BEX-COND. The ATMO models (Phillips et al.
2020) assume a non-significant contribution of clouds in the
atmosphere of the sub-stellar object, but instead use fingering
convection models to reproduce the observed spectrum. ATMO is
based on three possible scenarios: atmospheric chemical equilib-
rium, weak chemical imbalance, and strong chemical imbalance.
Figure 10 shows the mass detection limit as a function of the
projected separation in astronomical units for the three ATMO
models and for the three filters (10, 11, and 15 µm). We studied
the three models and we have not found significant differences
in our results, except for the case of chemical equilibrium where
the mass limit is slightly higher for the filters at 10 and 11µm.
Our observations are sensitive to objects with masses, in average,
of 17 ± 3 MJup at a separation of 26 au, corresponding approxi-
mately to the location of HR 2562 B (27 ± 5 MJup for F1065C,
12 ± 5 MJup for F1140C, and 13 ± 5 MJup for F1550C)9. For
larger separations (i.e., 100 au), the mass sensitivity is 6±2 MJup,
4 ± 1 MJup, and 3 ± 1 MJup for F1065C, F1140C, and F1550C,
respectively. Similarly, we used the evolutionary models of COND
(Allard et al. 2001) coupled10 with BEX (Linder et al. 2019)
to extend the lower-mass bound, in the same way as shown
in Vigan et al. (2021) (BEX-COND evolutionary track). The
main difference with the ATMO models is that COND-BEX uses
clouds in the atmosphere to reproduce the shapes and emis-
sion of the atmosphere of sub-stellar objects. Similarly as for
ATMO, our observations, on average, are sensitive to objects of
mass 31 ± 4 MJup at 26 au using COND-BEX evolutionary mod-
els. For larger separations, at 100 au, the mass sensitivity is
7 ± 1 MJup in average. Figures 10 and 11 show the detection
limits in mass versus projected separation in au for ATMO and

9 The uncertainties are estimated from simple error propagation, see
Fig. D.1
10 We did not combine both models/codes, but merged to create an
extended grid to move from high to low planetary mass regimen.
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Fig. 7. Pre- and post-processing frames of HR 2562. Top: background subtracted and stacked science frames. The stacking is only for visualization
purposes. Bottom: starlight-subtracted image using RDI and KLIP at the optimal number of components. From left to right: F1065C, F1140C, and
F1550C filters. The top white arrow at F1065C, F1140C, and F1550C filters marks the most prominent residual speckle. The horizontal white arrow
highlights the position of HR 2562 B. The white circle at 15µm filter F1550C marks the background source. Each of the columns (i.e., filters) have
the same color scale. The yellow star in each subplot marks the position of the star HR 2562. North is up and east to left.

Table 3. Physical properties measured with MIRI coronagraphic observations.

Target 10µm flux 11µm flux 15µm flux PA Angular sep.
(mJy) (mJy) (mJy) (deg) (′′)

HR 2562 338 ± 17 298 ± 15 160 ± 8 – –
HR 2562 B 0.162 ± 0.026 0.140 ± 0.022 0.067 ± 0.010 −59.45 ± 0.23 0.750 ± 0.026
Bkg source <0.014 ± 0.001 <0.016 ± 0.001 0.010 ± 0.005 55.29 ± 0.03 10.099 ± 0.056

Notes. Each of the flux refers to the apparent flux at each filter (i.e., F1065C, F1140C, and F1550C). The angular separation and position angle
were estimated by combining all three filters at each best number of components previously determined. The angular separation was estimated
assuming a pixel scale of 0.11′′.

COND-BEX, respectively. Mass sensitivity varies depending on
the filter, reaching the deepest limit at 15µm. The range of
masses detectable at 100 au is comparable and compatible with
both models.

We determined the sensitivity maps (or probability detec-
tion map) using the “Exoplanet Detection Map Calculator”
(Exo-DMC11, Bonavita 2020) code. We simulated 2.5× 108 orbits
with parameters between 10 and 600 au, and a range of masses
between 1 and 120 MJup. We adopted a conservative approach,
not using the known inclination of the disk and of HR 2562 B
as prior. Figure 12 shows the sensitivity maps using the contrast
limits at 10, 11, and 15µm obtained with ATMO and strong chem-
ical disequilibrium, while Figure 13 shows the maps obtained
with BEX-COND. In Appendix D we show the ATMO sensitivity
mass for the chemical equilibrium case.

One of the factors that most influence the magnitude-mass
transformation is age. Despite Mesa et al. (2018) efforts, the
age of HR 2562 is not well constrained and has a much wider

11 https://github.com/mbonav/Exo_DMC

estimation/uncertainty range (250 to 750 Myr) compared to, for
example, VHS 1256–1257 (VHS 1256, 140 ± 20 Myr, Dupuy
et al. 2023). The uncertainty on the age of the system is reflected
on the mass detection limits as noticeable uncertainties and error
bars (see, e.g., Figure 10). We propagated the uncertainties using
Monte Carlo simulations to reflect their impact on the sensitiv-
ity maps. Figures 12 and 13 show the sensitivity maps, where
the dotted and dashed lines mark the 1-σ uncertainty of each
solid contour line (corresponding to different detection proba-
bility values). These uncertainties change the probability ranges,
making it possible for us to observe objects down to 10–15 MJup
at separations of ∼25 au, in agreement with our estimates for
HR 2562 B.

The sensitivity maps show that our observations can reach
a 50% probability of detection for a 10 MJup at 50 au. However,
in regions closer to the star (<30 au) we quickly lose sensitiv-
ity, reaching the order of 20–30 MJup (at 50% sensitivity), and
10–15 MJup in the detection limits at 20 au. This is particularly
important given that HR 2562 B is at a projected distance of
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Fig. 8. Smoothed contrast limits for all JWST/MIRI observations
(10µm, 11µm, and 15µm).

Fig. 9. Spectral energy distribution of HR 2562 B. Each of the points
corresponds to different observations (SPHERE, GPI, MagAO, and
JWST) identified by different colors as shown in the legend. Errorbar
corresponds to 1-σ uncertainty.

23 au (semi-major axis of 24–30 au, depending on the eccen-
tricity), and whose mass has been restricted to no more than
18.5 MJup from multi-epoch dynamical constraints (Zhang et al.
2023). However, the detection of this object is in good agreement
with these evolutionary models given the large uncertainties in
the probability map detection (see Appendix D).

4.2. Color-magnitude diagram from MIRI observations

One advantage of using color-magnitude diagrams is to identify
sub-groups of populations (e.g., Y-dwarfs, AGB stars), to infer
some physical properties. The choice of filters (wavelengths) is
essential to make this distinction. The filters F1065C and F1140C
were designed to distinguish the objects with ammonia absorp-
tion in their atmospheres (e.g., T-dwarfs), but we can also try
to infer the presence of other substances such as methane and
silicates. The presence of these substances is directly linked to
the pressure-temperature profile, the chemical (dis)equilibrium,
and the presence of clouds in the upper atmosphere. For exam-
ple, silicates are characterized by small-size particles (≤1µm),
and form clouds that show absorption at 10–12µm in the upper
atmosphere (e.g., Cushing et al. 2006). Silicates are often present
in objects with low temperatures such as T and L dwarfs, with
the strongest absorption for L4–L6 objects, corresponding to Teff
between 1480–1690 K (Filippazzo et al. 2015). Silicates produce
much redder colors on these objects (Suárez & Metchev 2023),

while at lower temperatures (Teff <∼ 1250 K, Suárez & Metchev
2022) the silicates condense to deeper altitudes, making these
dwarfs bluer, a color-change representative of the L/T transition.
The presence of silicates is not observable for brown dwarfs
later than T0 due to this condensation temperature threshold.
Also, the appearance of the ∼8µm methane absorption (which
overlaps with the silicate absorption feasure) at the L/T transi-
tion (Cushing et al. 2006; Suárez & Metchev 2022) could also
influence the non-detection of silicates for T0 or later objects.

On the other hand, the presence of ammonia is also expected
at lower temperatures where its dissociation is less effective, cor-
responding to spectral types early-Y (Cushing et al. 2011) and
T2-T9 and even as early as T1.5 (Suárez & Metchev 2022).
However, the ammonia could be also found at higher temper-
atures. Indeed, the composition, pressure-temperature profile,
mixing processes, and metalicity can play an important role
in the presence of ammonia (Lodders & Fegley 2002). For
example, ammonia has been measured in atmospheres of about
1000 K (Tannock et al. 2022). Ammonia has the potential to be
detected up to Teff = 1200 K when the atmosphere is in non-
chemical equilibrium. We refer to Danielski et al. (2018) for more
details on this topic, applied to MIRI coronagraphic observa-
tions. Detection and non-detection of ammonia in a range of L–T
dwarfs can thus help to understand the chemical equilibrium and
species in the atmosphere. The ammonia double absorption fea-
ture falls within the F1065C range, namely, between 10.2 µm and
10.8 µm.

Methane, on the other hand, can only exist as a molecule at
temperatures below 1400 K since the chemical reaction between
methane and carbon monoxide is less efficient at these tempera-
tures (Lodders & Fegley 2002). The equilibrium of a chemical
reaction depends strongly on the pressure–temperature profile
and concentration of each molecule in the reaction equation. For
this reason, lower temperatures help to the prevalence of methane
in the chemical (des)equilibrium reaction. Also, the presence of
methane is common in T-dwarf (Cushing et al. 2005), between
L8 and T9 (Lodders & Fegley 2002). The absorption at MIR
wavelengths is predominant between ∼7µm and ∼9µm, but can
affect the shape of the SED even at 10µm. Although methane
has been observed in other sub-stellar objects, determining its
presence at the T/L transition may provide us with a unique
opportunity to understand the evolution of planetary atmo-
spheres, composition, and chemical disequilibrium as a function
of effective temperature and surface gravity at early ages.

Although the best way to study the presence of these sub-
stances is through spectroscopy (e.g., Miles et al. 2023), medium
band filter imaging is also very useful for identifying objects that
may have any of these substances. These chemical components
can be identified by comparing the photometry in the F1065C
and F1140CMIRI filters, which cover part or all of the aforemen-
tioned absorption features. For example, in a color-magnitude
diagram using F1065C and F1140CMIRI filters, much bluer col-
ors are expected for substances that survive at lower temperatures
(negative values in the F1140C–F1065C color– magnitude).

In order to investigate the presence of ammonia, silicates, and
methane in the atmosphere of HR 2562 B, we compared its pho-
tometry in the F1065C and F1140C filters with those of the field
dwarf population with known and quantified abundances of these
species. To do so, we used the measured Spitzer IRS spectra
of 113 field dwarfs for which the depth of the absorption features
have been quantified by a dedicated species spectral index by
Suárez & Metchev (2022), and we computed the integrated pho-
tometry in the MIRI F1065C and F1140C filters. Figure 14 shows
the corresponding color-magnitude diagram, in which we have
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Fig. 10. Mass sensitivity as a function of projected separation. From left to right: mass limit at 10µm (F1065C), 11µm (F1140C), and 15µm
(F1550C). The different curves in each subplot correspond to the different ATMOmodels used: Chemical equilibrium, weak chemical disequilibrium,
and strong chemical disequilibrium. The shaded areas correspond to 1σ uncertainty.
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Fig. 11. Same as Figure 10 but using the BEX-COND atmospheric models
for F1065C (cyan), F1140C (dark green), and F1550C (dark red).

over-plotted our measured photometry for HR 2562 B (blue star).
The different plotted objects correspond to integrated photome-
try using the spectra taken from Suárez & Metchev (2022). Each
of these plots highlights the sub-population with strong absorp-
tion features for each species and inter-compare HR 2562 B
within these samples. In each of the figures, the size of the
colored circle represents the abundance of the corresponding
species, as it is represented by the spectral index.

We tried to understand if the color shown by HR 2562 B
(blue star in Fig. 14) is indicative of any of these substances.
However, unlike VHS 1256 b (red star) which is located clearly
in the silicates trend, HR 2562 B is located at a transition point
between silicates and ammonia. Note that we can only directly
distinguish silicates and ammonia from these filters, and indi-
rectly the methane. Considering the uncertainties, the three
species could be present in the atmosphere (but in different
amounts/concentrations). A spectroscopic observation and anal-
ysis are key to knowing which species dominate/are present in
the atmosphere. From our modeling (see Section 4.3), an effec-
tive temperature of 1250 ± 25 K put HR 2562 B in the limit
between the regimes where silicates (Teff ≳ 1250 K), ammonia
(<1200 K), and methane (Teff ≲ 1400 K) are expected. Note that
the presence of ammonia is possible in the atmosphere, how-
ever, the depth of the absorption expected at these temperatures

is not strong enough to produce a deep shape in the spectrum
at 10µm, as can be seen in Figure 14 and Figs. 4 and 6 in
Suárez & Metchev (2022). However, for slightly lower temper-
atures, ammonia starts to affect more significantly the shape
of the spectra. The detection of ammonia can help to investi-
gate the environmental conditions that help to the prevalence
of this species at high temperatures. In the case of silicates,
we can compare the case of VHS 1256 b, which has different
values for the Teff in the literature (e.g., 1100 K, Miles et al.
2023; 1240 K, Hoch et al. 2022; 1380 K, Petrus et al. 2023).
From Miles et al. (2023) we know that VHS 1256 b has sil-
icates at these wavelengths, meaning that the silicates could
survive even at slightly lower temperatures than 1250 K which
generates tensions with the theory. It is possible that other
unknown or not considered physicochemical processes in the
atmosphere could allow the survival of silicates at lower tem-
peratures (for example, different pressure-temperature profiles
coming from differential convective layers in the atmosphere).
For the species to be present we expect HR 2562 B to present
notorious absorption features. However, methane slightly affects
the shape of the SED around 10µm due to a broad absorption
feature at 7–9µm (for low temperature objects), thus having an
indirect impact on the MIRI colors, while ammonia has more
direct impact on the MIRI color with a strong absorption fea-
ture at 10.6 µm. Both species can contribute to producing redder
colors, although more strongly for ammonia. At high temper-
atures (∼1200 K), and as in the color-magnitude diagram, the
methane does not have a strong influence on the color of the sub-
stellar objects. Another possibility could be the presence of water
(lower flux than in the models, see Figure 15). We explored this
option in Appendix E, in which Figure E.1 shows the same color-
magnitude diagram as in Figure 14 but coded with the water
spectral index. We conclude the presence of water does not have
an important impact on the F1065C-F1140C color, since water
vapor is present in the L and T spectral types with a low spectral
index when comparing with silicates in the range L1-L7, ammo-
nia for >T5, and methane for >L7 (Suárez & Metchev 2022).
This means that the color F1065C-F1140C is dominated by the
other chemical species, even if water vapor generates character-
istic absorptions in the SED, these are indistinguishable between
spectral types at these wavelengths. We deduced that silicates
are more favorable to be detected in HR 2562 B but with a low
spectral index (i.e., weak silicate absorption), and ammonia but
with a low chance at these wavelengths, given the low surface
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Fig. 12. Sensitivity of JWST/MIRI observations using ATMO-strong (strong chemical disequilibrium) evolutionary models. From left to right:
10µm filter F1065C, 11µm F1140C, and 15µm F1550C. The color bar in each plot means the detection probability and the solid lines highlight
the 10%, 50%, and 90% detection thresholds. The dotted and dashed lines correspond to 1σ uncertainties, respectively.
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Fig. 13. Same as Figure 12 but using the BEX-COND evolutionary models.

gravity and effective temperature. With a low surface gravity, the
deep atmosphere is hotter which is prone to form N2 rather than
NH3. For example, a log(g) of 4.4 generates a weaker absorption
of ammonia than a log(g) of 5.0 (for different fixed tempera-
tures using ATMO). However, the key parameter is the effective
temperature, for which higher temperatures (1200–1400 K) pro-
duce weak or null absorption signatures. Since HR 2562 B is
at the limit of detectability for any species, medium-resolution
spectroscopy in the 6–20 µm range is required to precisely
identify signatures for these species.

As mentioned in previous studies (e.g., Konopacky et al.
2016), HR 2562 B is a transitional object between T and L spec-
tral types, but it is different from VHS 1256 b, which shows
clear silicate absorption and a different SED (Miles et al. 2023).
Although both objects belong to this transition between T and L
spectra, they are in different evolution stages. In fact, Miles et al.
(2023) present similar temperatures for VHS 1256 b, in addition
to having a better constrained age (140±20 Myr), and a mass that
is estimated to be less than 20 MJup (comparable to HR 2562 B,
≤18.5 MJup). Comparing the values of log(g), luminosity, and
radius, we can affirm that both objects are similar, but in dif-
ferent evolutionary stages/transitions, which is reflected in their
positions in the color-magnitude diagram.

Another explanation could be the different viewing angles
both objects. Suárez & Metchev (2023) investigated the silicates

index as a function of the brown dwarf’s inclination, finding that
edge-on objects present a stronger absorption, and the face-on
a weak absorption. This could explain the different locations
of VHS 1256 b and HR 2562 B in the color-magnitude diagram
(Fig. 14). The inclination of the rotation axis of VHS 1256 b is
∼90◦ (edge-on, Zhou et al. 2020), which means the silicates
produce a stronger absorption (as was shown in Miles et al.
2023). However, from Zhang et al. (2023), the inclination of
the orbit of HR 2562 B is ∼83◦. The weaker silicate feature in
HR 2562 B may indicate that the object is seen closer to pole-
on than VHS 1256 b, and may thus have been perturbed at some
point in its evolution, causing a misalignment between its orbit
and rotational axis. A detailed investigation of HR 2562 B atmo-
sphere would be particularly important since it would help us get
a much broader view of the L/T transition. In addition, under-
standing the differences between the two objects could help
us understand the evolution mechanisms in brown dwarf atmo-
spheres. The main difference between both objects could lie in
the sedimentation of the silicates, which could be more advanced
in the case of HR 2562 B, for example. Therefore HR 2562 B is
an excellent candidate for spectroscopic observations (e.g., with
JWST/MIRI-MRS to detect or discard the silicate absorption),
that will be necessary to understand the main differences with
VHS 1256 b, chemical composition, and pressure-temperature
profiles.
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Fig. 14. Color-magnitude diagram using the 10µm and 11µm filters from MIRI. The dots correspond to the photometry obtained from the Spitzer
spectra sample (Suárez & Metchev 2022), while the colors refer to the spectral type. The subplots correspond to the same color-magnitude diagram
but show the methane (left), ammonia (middle), and silicates (right) spectral indices, as defined in Suárez & Metchev (2022), related to the depth of
the absorption feature of each component. The circle sizes in each subplot refer to the value of the spectral index, as defined by Suárez & Metchev
(2022). The gray dots in each sub-panel correspond to species non-detection (i.e., plotted with index=0, non-highlighted sources). The black dots
refer to unclassified spectral types. The blue star corresponds to HR 2562 B, and the red star to VHS 1256 b from Miles et al. (2023). Note that the
Y-axis (i.e., F1065C) refers to the absolute magnitude.

Fig. 15. Best fit model using ATMO and
the entire set of data. Top panel: trans-
mission filters. Middle panel: SED fit-
ting. Bottom panel: residuals from the
fit. The black and gray lines in the
middle panel correspond to the best fit
from ATMO and the respective uncertain-
ties. The different color symbols are the
dataset. The uncertainty for the lumi-
nosity corresponds to 0.0049.

4.3. HR 2562 B atmospheric characterization

We used two types of models for the atmospheric charac-
terization of HR 2562 B: ATMO (Tremblin et al. 2015, 2016;
Phillips et al. 2020) and Exo-REM (Baudino et al. 2015; Charnay
et al. 2018; Blain et al. 2021). Briefly, ATMO assumes cloudless
atmospheric models, in which the adiabatic convective pro-
cesses and disequilibrium chemistry reproduce the reddening
observed in the spectrum. On the other hand, Exo-REM is a
model that includes clouds of different compositions, so the
spectral appearance is influenced by the Pressure-Temperature
profile and metalicity, among others (see Miles et al. 2023 for
more recent comparison between ATMO and Exo-REM with other

models). These models are usually used under the premise
that gas giant planets have clouds in the upper layers, which
substantially modifies the shape of the SED. We used the
open source code species12,13 (Stolker et al. 2020) to fit the
HR 2562 B observations with ATMO and Exo-REM using the data
presented in Figure 9 (Table F.1). In the next paragraphs, we will
present our analysis using ATMO and Exo-REM separately.

–ATMO fit procedure
In the case of ATMO (for which we used an ATMO grid com-

puted by Petrus et al. 2023), we combined different datasets to
12 https://github.com/tomasstolker/species
13 https://species.readthedocs.io/en/latest/
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Table 4. Best parameters from the SED fit using ATMO models with different data combinations.

Data Teff Mass Radius log (g) log(L/L⊙)
(K) (MJup) (RJup)

MIRI 1555+289
−333 7+4

−5 0.71+0.13
−0.07 4.55+0.21

−0.41 −4.55+0.22
−0.28

MagAO+MIRI 1599+242
−288 8+4

−4 0.70+0.11
−0.07 4.58+0.20

−0.36 −4.51+0.18
−0.23

SPHERE+MIRI 1360+35
−35 5+5

−3 0.80+0.03
−0.02 4.31+0.28

−0.31 −4.68+0.03
−0.02

GPI+MIRI 1289+16
−19 10+2

−2 0.90+0.03
−0.02 4.48+0.06

−0.08 −4.67+0.01
−0.01

SPHERE+MagAO +MIRI 1359+35
−34 5+5

−3 0.80+0.02
−0.02 4.30+0.27

−0.31 −4.69+0.03
−0.03

GPI+MagAO+MIRI 1289+16
−19 10+2

−2 0.90+0.03
−0.02 4.48+0.06

−0.08 −4.67+0.01
−0.01

Full SED 1284+12
−11 10+1

−1 0.90+0.02
−0.02 4.47+0.03

−0.03 −4.68+0.01
−0.01

Notes. A mass Gaussian prior of mean 10 MJup was used in all the cases. The luminosity uncertainty was rounded to 0.01.

investigate the constraints on the model parameters provided by
the MIRI data alone or jointly with NIR observations. These
combinations and the best values found for the atmospheric
and physical parameters are summarized in Table 4. The main
parameters we fit are Teff , log(g), and radius, while the mass
is calculated using the log(g) and radius. The (spectroscopic)
mass is inferred using the equation M ∼ 10log(g)×R2. In the
same way, the luminosity is inferred using Teff and radius: L ∼
R2 × Teff

4. Unlike mass (and indirectly log(g) and radius), all the
other parameters were treated without restrictions (i.e., no pri-
ors used). ATMO also consider as free parameters the [Fe/H] and
C/O ratio. However, we did not consider those in our analysis
since the best-fit values converged to the edge of the grid mean-
ing those could be no realistic or representative. To fit the data
using the atmospheric models, species uses Bayesian inference
(with MultiNest) to estimate the posterior distribution for each
parameter and provides the best values and related uncertainties.
For the particular case of ATMO, we used a Gaussian prior equal to
the most probable mass obtained from astrometric studies (i.e.,
10 MJup, Zhang et al. 2023). Figure 15 shows the ATMO best-fit
model.

To understand the effect of the prior that we adopted for the
mass, we repeated this fit using different priors of 10, 18, 25, and
30 Jupiter masses (assuming a Gaussian distribution and a small
σ < 0.03), and also considering the case “without” prior on the
mass14. The results of these fits are shown in Table 5. Figure 16
shows the best fits for each of the priors. It is noteworthy that
among all the priors, only the one with the greatest mass (i.e.,
30 MJup) presents a noticeable discrepancy with the data, but
still within the uncertainties. It can be seen in the figure that
there is a tendency to change in Teff and log(g) as we increase
the mass prior, even though these differences are not reflected in
the fitted data (the most impacted value being the log(g)). Also,
other trends are observed, for example when increasing the Teff
decreases the radius (and indirectly using the radius and log(g),
the mass), and increase the luminosity with the Teff . We discuss
these results in Section 5.1.

It should be noted that there is a mismatch with the
ATMO models at 11µm (F1140C), the model overpredicting the
companion flux compared to the measured flux. To investi-
gate and quantify this, we proceed to generate 10 000 syn-
thetic photometry at F1065C, F1140C, and F1550C MIRI filters
using the best-fit models and the posterior distribution of the

14 We use a Gaussian mass prior of 35 MJup and σ = 15 MJup to avoid
convergences issues since the best-mass converge to really low-masses
(below 1 MJup).

parameters we found using ATMO (which include all the obser-
vational datasets). Figure 17 shows the histograms of these
calculated magnitudes for each filter (gray bars), the mea-
sured HR 2562 B magnitudes (colored vertical line), and each
uncertainty (colored and transparent boxes). The median of
each distribution corresponds15 to 13.13+0.03

−0.04, 13.05 ± 0.04, and
13.28 ± 0.04 magnitudes for F1065C, F1140C, and F1550C,
respectively. The HR 2562 B magnitudes at F1065C and F1550C
are in good agreement with the best-fit model at 1σ level (left
and right panels in Fig. 17), while the magnitude at F1140C
(middle panel) shows a significant (>1-σ) deviation from the
distribution at the same level. For example, ∆magF1140C=0.26 ±
0.18mag, while ∆magF1550C=0.16± 0.17mag meaning the differ-
ence is within 1σ for F1550C but not for F1140C. This difference
could be attributable to the presence of silicate clouds (see
Section 4.2). ATMO cannot reproduce these features since it does
not include clouds with such compositions in the MIR. Notably,
from Wang (2023) we could attribute the lack of flux at 11µm
to the presence of silicates.
Exo-REM fit procedure: In order to investigate the role of

clouds in the atmosphere, we fit the observed data with the
Exo-REM models. We used a new Exo-REM grid recently incor-
porated into species which covers the MIR wavelengths. Since
the changes in Teff , log(g), and other parameters are not linear in
this grid, we determined the best-fit parameters from the model
that minimizes the χ2 with respect to the data. Since the grid
presents degeneracies, we used the minimum value in χ2 (but not
caring about this value) and we took all the surrounding values
within 3σ deviation16 as an estimator for the representative
parameter values and uncertainties, which are strongly affected
by the grid sampling meaning greater uncertainties. We used
this approach to obtain the uncertainties that would otherwise be
underestimated by performing an MCMC analysis. Furthermore,
we have not explored the entire possible space of dataset combi-
nations to analyze the effect of including or rejecting some of
them in the fit (as was the case for ATMO). Instead, we focused on
those combinations of datasets that could have a major impact on
the fit and cover different ranges of wavelengths. Table 6 shows
the different combinations we investigated, together with the
respective best-fit values and their associated uncertainties. In

15 The uncertainties correspond to the 15.9% and 84.1% percentiles of
the distribution.
16 Here we normalized the χ2 map from 100% at the minimum and
0% at the maximum, and we took all the values within 68%. This
value is strongly affected by the sampling more than the underestimated
uncertainties related to each χ2 estimation.
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Table 5. Physical parameters from the best fit using ATMO models and the entire dataset, assuming different mass priors.

Mass Teff Mass Radius log (g) log(L/L⊙)
Prior (K) (MJup) (RJup)

No prior 1255+14
−13 14+2

−2 0.92 ± 0.02 4.60+0.05
−0.05 −4.70 ± 0.01

10 MJup 1290+11
−11 9+1

−1 0.89 ± 0.02 4.44+0.04
−0.04 −4.68 ± 0.01

18 MJup 1246+12
−10 16+1

−1 0.93 ± 0.02 4.65+0.03
−0.03 −4.70 ± 0.01

25 MJup 1234+10
−10 23+1

−1 0.93 ± 0.02 4.82+0.02
−0.02 −4.72 ± 0.01

30 MJup 1228+9
−9 28+1

−1 0.93 ± 0.02 4.90+0.02
−0.02 −4.73 ± 0.01

Fig. 16. SED fitting using the ATMO
models with different prior in masses
and the full dataset. The different black
and gray lines styles correspond to the
different best fit for each prior: solid
light gray line uses a 10 MJup prior; gray
dashed line a 18 MJup prior; dashed-
dotted black line 25 MJup prior; dotted
black line a 30 MJup prior; and the solid
black line the no prior case. The col-
ored symbols correspond to the obser-
vational datasets.

Fig. 17. Histogram of synthetic magnitudes obtained from the best-fit model from ATMO using MCMC (10 000 points), which includes all the
observations of HR 2562 B. From left to right: magnitudes at F1065C, F1140C, and F1550C filters. The colored vertical lines and filled, transparent
area correspond to the magnitude and uncertainties of HR 2562 B at each filter. The dotted and dashed vertical black lines in each subplot correspond
to 15.9%, 50%, and 81.1% percentiles, respectively.

the case of the uncertainties, in some cases we have been conser-
vative in assuming larger uncertainties given the low-sampling
space of the grid (∆T = 50 K and ∆log(g)=0.5) at the best-fit
values. In the same way as for ATMO, we did not focus on some
free parameters such as [Fe/H] and C/O ratio, but those were set
as free in the modeling. Figure 18 shows all combinations and
sets of best parameters that reproduce the SED. Some of these
combinations give more unrealistic masses (2 to 6 MJup), while

when using the full SED we obtained a mass in good agreement
with previous studies (e.g., Sutlieff et al. 2021). Note that, as for
ATMO, the mass is calculated using the best-fit values of log(g)
and radius. Unlike the ATMO procedure, we did not investigate
the case of different mass priors for Exo-REM.

Comparing our fits done with Exo-REM and ATMO, we can
highlight the related uncertainties, which are notoriously at
a different order of magnitudes because of the different fit
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Table 6. Best-fit parameters using the Exo-REM models for each combination of datasets.

Data Teff Mass Radius log (g) log(L/L⊙)
(K) (MJup) (RJup)

MIRI 1493+15
−15 6+5

−3 0.75+0.10
−0.10 4.44+0.25

−0.25 −4.57+0.11
−0.12

MIRI+SPHERE+MagAO 1393+25
−25 2+1

−1 0.88+0.10
−0.10 3.74+0.25

−0.25 −4.55+0.10
−0.11

SPHERE+GPI+MagAO 1359+15
−15 10+8

−5 0.90+0.10
−0.10 4.50+0.25

−0.25 −4.59+0.09
−0.11

Full SED 1252+25
−25 28+11

−11 1.04+0.10
−0.10 4.80+0.25

−0.25 −4.59+0.09
−0.09

Notes. No priors in mass have been assumed.
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Fig. 18. Best-fit models using the
Exo-REM grid via χ2 mapping. The
different colored lines correspond to
the different combinations shown in
Table 6. The red solid line uses the NIR
data; the dashed blue line the MIRI
data; the dashed-dotted black line the
MIRI, SPHERE, and MagAO data; the
dotted green line the full dataset. The
colored symbols correspond to the dif-
ferent observational data.

Table 7. Summary of the atmospheric and physical properties of HR 2562 B.

Data Teff Mass Radius log (g) log(L/L⊙)
(K) (MJup) (RJup)

Konopacky et al. (2016) 1200 ± 100 30 ± 15 1.11 ± 0.11 4.70 ± 0.32 −4.62 ± 0.12
Mesa et al. (2018) 1100 ± 200 32 ± 14 – 4.75 ± 0.41 –
Sutlieff et al. (2021) [1200–1700] 29 ± 15 [0.56–0.89] [4–5] [−4.87 to −4.60]
Zhang et al. (2023) – ≤18.5 – – –
This work – ATMO 10 MJup prior 1284+12

−11 10+1
−1 0.90+0.02

−0.02 4.47+0.03
−0.08 −4.68+0.01

−0.01
This work – ATMO no prior 1255+14

−13 14+2
−2 0.92+0.02

−0.02 4.59+0.05
−0.05 −4.69+0.01

−0.01
This work – Exo-REM no prior 1252+25

−25 28+11
−11 1.04+0.10

−0.10 4.80+0.25
−0.25 −4.59+0.09

−0.09

Notes. In both cases, ATMO and Exo-REM, the full SED were used in the fitting. Note that in the case of Zhang et al. (2023), we also have a most
probable mass of 10 MJup.

methods used. In Appendix G we present some examples of
the fits, and their respective associated error curves for the
Exo-REM (Figure G.1) and ATMO (Figure G.2) cases. Considering
the uncertainties presented in Exo-REM, the model fits well
with the data at 5-σ, and is in good agreement with the esti-
mates using ATMO at 3-σ. However (as we can see in Table 7),
the Exo-REM fits fails in narrowing down some of the param-
eters, especially for the mass of HR 2562 B considering the
values from the astrometric study of Zhang et al. (2023).
Figure G.2 shows a good agreement when fitting the MIRI
data. This could indicate, as mentioned in Section 4.2, that
HR 2562 B may not have prominent silicate absorptions. It is

worth noting that these models are 1D, which means that we
are obtaining average models of the atmosphere that do not
take into account inhomogeneities across the surface. These
fits could be refined by implementing more complex models,
such as considering different sedimentations depending on the
atmospheric layer (e.g., Mukherjee et al. 2023), including the
effect of refractory cloud species and including silicates clouds
(Morley et al. 2024; Sonora Diamondback), and even consider-
ing 3D models (e.g., Showman & Kaspi 2013; Morley et al. 2014;
Zhang & Showman 2014; Tan & Showman 2021). However, such
improvements in SED modeling are beyond the purpose of this
work.
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5. Discussion

In this section, we discuss our results on the mass estimates
of HR 2562 B, and on the comparison with a companion with
similar physical characteristics, namely, VHS 1256 b.

5.1. The mass of HR 2562 B

Previous studies based on SED analysis (see Table 7) have
inferred a mass for HR 2562 B that varies over a wide range of
values (from 15 MJup to 45 MJup at 1-σ). This range of possible
masses is mostly inconsistent with the upper limit and most prob-
able mass obtained from astrometric studies (≤18.5 MJup and
10 MJup, Zhang et al. 2023, for which this object could have plan-
etary mass). From our results using ATMO with different mass
priors, we can notice that currently, the observations are not
enough sensitive to log(g) (and mass, see Table 5 and Fig. 16),
as we demonstrated using different mass priors. Assuming that
ATMO is the best atmospheric model that reproduces the spec-
trum of HR 2562 B, it is possible to better delimit the value of
the mass by obtaining new observations. For example, at 3.1–
3.4µm the CH4 absorption feature is quite associated with log(g)
(and then with the mass), making this range of wavelengths more
suitable to better constrain the mass of HR 2562 B (among other
features that can help to delimit the mass as well, see Fig. 16).
Surface gravity has a direct impact on the formation of clouds
in the upper layers of the atmosphere and, in turn, they affect
the absorption features and depth of some molecules. For this
reason, narrowing down the surface gravity helps us to under-
stand atmospheric physics and compositions in HR 2562 B high
altitude atmosphere and to better understand the mismatch at
F1140C filter. Despite this, from our best-fit using ATMO joined
with astrometric mass limits, we can narrow down the mass of
HR 2562 B to between 8 MJup (3-σ lower limit from the non-
prior mass fit, see Table 7) and 18.5 MJup (from Zhang et al.
2023). We note that, with these mass limits, HR 2562 B could
be considered a massive planet/planetary-mass companion.

In the case of Exo-REM, we obtained a mass in good agree-
ment with the previous estimates when using a combination of
photometric datasets in both NIR and MIR. However, our esti-
mate is not compatible with the astrometric mass. The Exo-REM
models are based, fundamentally, on the presence of clouds at
different altitudes and compositions. From Figure 18 we see that
models fail to replicate some shapes of the SED at NIR, and
in particular in the MIR regime. When we fit the SED using
only the NIR or MIR, the model reproduces most of the shapes
presented in those wavelengths. However, this is not the case
when we fit the SED combining both NIR and MIR observations.
Following the analysis by Miles et al. (2023), this can be
explained if we have different cloud layers that are affected by
different physicochemical processes (e.g., species in equilibrium
and disequilibrium chemistry), which requires more than one
model to simultaneously fit the contribution to the NIR that
comes from more internal atmospheric layers, as well as the con-
tribution of the MIR that comes from more external layers in the
atmosphere. For example, the presence of clouds in most inter-
nal layers can contribute to the NIR features, and more advanced
sedimentation of the upper cloud particles could explain better
the mismatches at MIR wavelengths. Another explanation could
be the fraction of atmospheric dust and particle sizes which
could be different depending on the atmospheric altitudes, gen-
erating different flux contributions in NIR and MIR regimes.
However, as it seems in Figure 18, the presence of clouds gen-
erates distinguishable shapes and absorptions in the spectrum
(wider and more extended shapes with spread wings in H and

Table 8. Colors and absolute magnitudes in the 2MASS and MIRI filters
of HR 2562 B and VHS 1256 b.

Target MJup J − KS MF1065C F1065C-F1140C
(mag) (mag) (mag) (mag)

HR 2562 B 15.3 2.5 10.64 −0.03
VHS 1256 b 16.37 2.6 10.07 0.15

K bands, for example), so we can deduce that the atmosphere
does not have clouds that dominate the SED. The atmospheric
models which include clouds, inflate the value of the log(g)
and mass when the object has a more likely cloud-free atmo-
sphere. This may explain the large values of masses that we,
and previous studies, found using these models. We can con-
clude that the atmospheric model Exo-REM that uses clouds to
model the reddening in the atmosphere of exoplanets, is not the
most representative of the atmosphere of HR 2562 B. The atmo-
sphere is more likely free of clouds or, at least, the clouds have a
minor impact on the SED shape. An alternative option is to study
the effect of adding complexity to the atmospheric models that
include clouds, to reproduce the shapes of the SED satisfactorily
(e.g., 3D models), which is beyond the objectives of this study.

We can conclude that the mass of HR 2562 B moves in a
range between 8 and 18.5 MJup obtained from ATMO atmospheric
model that does not use clouds as the main atmospheric modeler.
Atmospheric model that uses clouds as the main component can
give us erroneous mass estimates when the object is not dom-
inated by clouds, which is the case of HR 2562 B when using
Exo-REM. The L/T transitional objects are a group of sources
that move from cloud-dominant atmospheres to cloud-free ones,
so the use of different models with different approaches can help
us to obtain a broader view of the physical properties and, in
general, the characteristics of the atmosphere.

5.2. Comparison with VHS 1256 b

The studies of VHS 1256 b (e.g., Miles et al. 2023) show
a younger planetary-mass companion than HD 2562 B (140 ±
20 Myr vs. [200-700] Myr), with a surface gravity of 4.5 dex,
effective temperature around 1100 K, a radius of 1.25 RJup,
log(L/L⊙) of −4.55, a mass less than 20 MJup, with a spec-
tral type very similar to L4.5 (from a comparison with the
silicate absorption feature, Miles et al. 2023). From Table 7,
HR 2562 B presents a very similar range of physical parame-
ters, even at the upper bound of mass. Figure 19 shows the SED
of both HR 2562 B (blue dots) and VHS 1256 b (red line and
dot) from Miles et al. (2023), in which we highlight in the NIR
and MIR regime and the location of J-band and F1065C for
easy visualization and comparison (see text below). HD 2562 B
being older than VHS 1256 b, we have a unique opportunity to
study young objects in different stages of the T/L transition.
Indeed, from Fig. 1 we note these similarities at NIR wave-
lengths, in which the J-K color are similar, but HR 2562 B being
brighter than VHS 1256 b (see Table 8 and Fig. 19). However,
other differences between both companions are observed in the
F1065C and F1140C color-magnitude diagram (see Fig. 14 and
Table 8), where VHS 1256 b and HR 2562 B have not only dif-
ferent absolute magnitudes in F1065C filter but also different
colors. The first difference we note is that VHS 1256 b is brighter
than HR 2562 B at 10µm, 11µm, and 15 µm (see the dark-red
and blue dots in Fig. 19) with a slightly redder color. The reduced
luminosity of VHS 1256 b in the NIR can be due to the presence
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Fig. 19. Spectral energy distribution of both HR 2562 B (blue dots) and VHS 1256 b (red line and dot). The vertical lines highlight the J and
F1065C bands for comparison purposes (see main text). The fluxes were normalized at 10 pc. The filled red area and errorbars correspond to 1-σ
uncertainties. The error bars of the first and last points in the Y-, J-, H-, and K-bands of HR 2562 B IFS data were set to zero for aesthetic purposes.
The dark red dots are the synthetic MIRI photometry of VHS 1256 b.

of more clouds at medium/higher atmospheric altitudes which
decrease (e.g., absorption, scattering) the emitted flux. The flux
absorbed by the clouds is thermally reemitted at longer wave-
lengths (MIR), which may explain the enhanced luminosity of
VHS 1256 b compared to HR 2562 b. VHS 1256 b is known as a
variable brown dwarf (e.g., Zhou et al. 2022), whose variability
is attributable to a heterogeneous distribution of clouds. From
Miles et al. (2023) we know that VHS 1256 b has silicates at
MIR wavelengths, which is reflected also in our color-magnitude
diagram (Fig. 14). The fact that HR 2562 B emits less flux at
10µm and more at J-band (compared to VHS 1256 b, see Fig. 19)
could be interpreted as a lack of clouds. The presence of clouds
at lower/medium altitudes in the atmosphere dampens the NIR
emission, scattering and re-emitting the light at longer wave-
lengths (see, for example, Fig. 10 in Currie et al. 2023). Indeed,
the much bluer F1065C-F1140C color of HR 2562 B could also
be attributable to a lesser effect of silicate absorption (Wang
2023), which means more advanced sedimentation of the upper
cloud particles.

Miles et al. (2023) show that to model the spectrum of
VHS 1256 b two thin cloud decks with a fsed of 0.6 and 1.0 (with
contributions of 90% and 10%, respectively) are needed. The
current atmospheric models do not match very well the observed
spectrum of VHS 1256 b, even when the complexity of the model
is increased. The presence of heterogeneous clouds with differ-
ent states (particle sedimentation, species in (dis)equilibrium,
amongst others) results in a great challenge at the moment of
retrieving some of the physical parameters such as the mass. On
the other hand, from our modeling and analysis, HR 2562 B has
an atmosphere most likely free of clouds, which could be bene-
ficial to narrow down its mass. The main challenge is to identify
absorption lines that are sensitive to surface gravity and mass.
However, when we use atmospheric models that do not consider
clouds as the main factor in the model, we can be biased when
retrieving the radius of the companion. The presence of clouds
(even a small amount), generates a slight re-distribution of the
emitted flux, changing the SED shape compared to an atmo-
sphere free of clouds. For this reason, the cloud-free model will
compact the planet to fit this excess of flux. This can explain
that VHS 1256 b and HR 2562 B, even having similar log(g)
and mass, the radius of HR 2562 B is significantly smaller than
the one of VHS 1256 b (0.92 RJup vs. 1.25 RJup). Indeed, from

Sections 4.2 and 5.1 we know that exists a low amount of clouds
in the atmosphere of HR 2562 B (most probably of silicates), that
produces a slight absorption at 11µm.

The chemical composition is another key factor that needs
to be investigated. The metals in the atmosphere are related
directly to the concentration of specific chemical species, which
influence the chemical equilibrium and absorption features. The
different species can alter the pressure and temperature at differ-
ent atmospheric altitudes, which generates different SEDs even
for objects with the same physical properties. For example, the
presence of iron could be necessary to explain the L/T tran-
sitional objects observations. These grains can be at different
pressure layers (Vos et al. 2023) or mixed with silicates (Luna
& Morley 2021; Suárez & Metchev 2023), affecting the sedi-
mentation of dust in low-gravity atmospheres. The [C/O] ratio,
along with the presence and amount of silicates, ammonia, and
water, among other chemical species, are fundamental to under-
standing better the main differences between VHS 1256 b and
HR 2562 B. Currently, we do not have the observations to pro-
vide this comparison. The chemical composition is fundamental
to improving atmospheric models (currently in tension with the
observations, for example, Miles et al. 2023), which can be tested
directly in these two planetary-mass companions which are at
different stages in the L/T transition but have similar physical
properties.

6. Summary and conclusions

We analyzed the spectral energy distribution of HR 2562 B with
observations acquired with JWST/MIRI with F1065C, F1140C,
and F1550C bandpasses. HR 2562 B is characterized by being a
young companion (450 Myrs) in the L/T transition, whose mass
had not been well delimited by previous studies using atmo-
spheric models (30 ± 15 MJup), but narrowed down to 18.5 MJup
upper limit by astrometric measurements. Our research addresses
the characterization of HR 2562 B in three aspects: a study of the
color-magnitude diagram in the MIRI filters, the analysis of the
SED with two atmospheric models based on different physics,
and a comparison with another target in the L/T transition with
similar physical characteristics (VHS 1256 b, mass≤20 MJup,
Teff=1100 K).
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We used a field of sub-stellar objects for which a spectral
index is provided for some chemical species based on spectro-
scopic analysis (Suárez & Metchev 2022). We used this informa-
tion to place HR 2562 B in the context of chemical species based
on color-magnitude diagrams. Regarding the SED analysis, we
used two atmospheric models to fit and study the atmosphere of
HR 2562 B: ATMO, a free-cloud model, and Exo-REM a model that
includes clouds. Comparing the SED fitting results with the val-
ues found in previous studies, our analysis using color-magnitude
diagram, and comparison with VHS 1256 b, we conclude the fol-
lowing: 1) the degeneracy in solution space for Teff has been
solved, placing HD 2562 B in the Teff range of between 1200 K
and 1300 K, our best-fit value being 1255 ± 14 K (ATMO model
without mass prior). On the other hand, we were able to narrow
down the log(g), whose values range between 4.4 and 4.8 dex.;
2) although the SED adjusts reasonably with a wide range of
masses, the bounded mass from the dynamic study (≤18.5MJup,
Zhang et al. 2023) gives us a range that is much closer to that
predicted in the case of ATMO (14 MJup, without mass prior). Con-
sidering the range of possible masses, this companion should be
considered as a planetary-mass companion instead of BD, whose
name should be changed to HR 2562 b. This if we consider the
planetary-mass threshold of ∼16 MJup defined by the deuterium-
burning mass limit (Spiegel et al. 2011), or more recently the
suggested definition given by Currie et al. 2023 (mass< 25 MJup,
q < 0.025, a<300 au), with 10 MJup as the most probable mass
(and 18.5 MJup, upper-limit), q < 0.013, and a ∼ 23 au for
HR 2562 B; 3) ATMO fits the data well, but still needs more chem-
ical species and dust particles in atmospheric upper layers (for
example, the silicates at 11 microns) to replicate small mis-
matches with the observations. This mismatch at 11 microns
could come from a low amount of silicates, for example, meaning
a low amount of clouds/dust in the atmosphere, or the observed
rotational axis inclination in our line of sight that affects the
silicates depth absorption; 4) Exo-REM does not fit satisfac-
torily the observations, and fails in obtaining a representative
mass for HR 2562 B around 30 MJup (well above the astromet-
ric upper limit mass, 18.5 MJup); 5) with our MIRI observations,
we can not conclude that a specific chemical species is present
in the atmosphere of HR 2562 B, however, and comparing the
color-magnitude diagram with chemical abundance, the SED
analysis, and comparison with VHS 1256 b, the silicates could
be the most favorable species (but with a weak absorption);
6) HR 2562 B, and VHS 1256 b have similar physical proper-
ties, however, HR 2562 B is in a late stage in the L/T transition,
reflected in a more advanced sedimentation of dust and particles
and a lack of clouds, as reflected in our SED fit with atmospheric
models.

To precisely obtain information about the chemical composi-
tion it is necessary to obtain spectroscopic observations covering
the MIR regime (4–20µm). The presence of silicates and other
chemical species can be directly measured from the spectrum
and can help us to better understand the actual state of the
atmosphere of HR 2562 B (e.g., chemical dis-equilibrium, P-T
profiles). To narrow down the mass of HR 2562 B, it is nec-
essary to obtain new photometric observations at wavelengths
sensitive to the surface gravity. From our study, we suggest
using the ∼3.3 µm CH4 absorption feature, which is sensitive
to the surface gravity (see Fig. 16). Since the Teff is well-
constrained, atmospheric models can better narrow down the
log(g). The new observations could be beneficial in terms of
improving our knowledge about the L/T transitional objects,
serving as a complement to the younger and clouded counterpart
VHS 1256 b.
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Appendix A: Best extraction companion

To obtain the flux and astrometric position of HR 2562 B, we
performed different tests to obtain the lowest possible uncer-
tainty and less bias effects. The post-processing of the images
is carried out with different numbers of principal components,
which have different performance when removing the corona-
graphic PSF and the speckles. The residuals have an impact on
the companion signal, flux measurement, and astrometric posi-
tion, as well as their uncertainties. We analyzed the extraction
of the companion using the fake planet injection method from
spaceKLIP using from 1 to 15 components. In this process, we
also calculated the S/N using VIP, and measured the fluctuation
of the post-extraction residuals without the companion contribu-
tion (including rms), flux, and magnitude, as well as the relative
position in pixels. Figure A.1 shows these values as a function of
the number of components subtracted for each of the three fil-
ters. We obtained the best results with 6, 7, and 7 components,
respectively, for F1065C, F1140C, and F1550C. The best values
were selected based on the highest S/N, a relative position that
reaches a value that does not fluctuate, and fluxes that reach a
fixed value with an uncertainty of the same order of magnitude
as their counterparts using larger values of components. Further-
more, the rms stabilizes with the lowest values at these number
of components, meaning these components removed efficiently
the starlight.

Appendix B: The source “speckle”

We studied the source that appears in the inner region labeled
“speckle” (highlighted with an arrow in Figure 7) to investigate if
this is an astronomical source or a residual speckle. We extracted
the photometry and astrometry using spaceKLIP, being the
astrometric position the most important for our analysis. Fig-
ure B.1 shows the modeling and extraction of this source at each
filter using the same number of components used for HR 2562 B.
It is relevant to note that the center of each figure corresponds to
the same coordinate, so the shifts are real. We corroborated the
last point by plotting the astrometry of the source. Figure B.2
shows the relative position of the source with respect to the
star, in pixels. Compared to HR 2562 B (see Figure A.1), this
source moves considerably between filters (maximum separation
of 4.6± 0.5 pixels or 0.51± 0.05′′). Therefore, we concluded the
source is a residual speckle.

Appendix C: The source “bkg”

The first source identified in the field of view and labeled “bkg”
in Figure 7 appears only at 15µm. We used spaceKLIP to extract
the source photometry and astrometry as is shown in Figure C.1.
From the residuals, we can see evidence of an extended source
due to poor extraction of the companion (assuming a point
source model). This is also slightly evident from the image
at 15µm. We proceed to estimate the photometry using aper-
ture photometry since the source is not affected by the starlight
contamination. For the uncertainties, we assumed a value of
0.005 mJy conservatively at 15µm (a larger value than the mean
standard deviation around the source). We also estimated the
upper limits from the contrast curves at 10µm and 11µm. These
values are presented in Table 3. Based on the extended source
emission, we can conclude we are observing a galaxy or a young
star with a disk. However, the last one is not consistent with the
stellar population and age of the young association of HR 2562.
We also note that the observation at 15µm is deeper than the ones

at 10µm and 11µm, so the disk could not appear necessarily at
F1065C and F1140C. However, it should be expected to observe
the stellar emission at shorter wavelengths. Given the small field
of view of SPHERE and GPI, it is not possible to check the stel-
lar emission at NIR wavelengths. The angular separation of the
source “bkg” is 10.1′′ vs the field-of-view of SPHERE which is
11′′ × 11′′, meaning a maximum separation from the center of
below < 8′′. In addition, we did not identify any source at the
angular separation and position angle of “bkg” using the Gaia
EDR3 catalog within 50′′.

On the other hand, the source could be a background galaxy.
Since the source is quite elongated, it could be an elliptical
galaxy or a spiral galaxy17. To investigate the last point, we used
the spectra galaxy models from Bruzual & Charlot (2003) to con-
strain the redshift. We used the spectra of a “normal galaxy”
(S0-Sa spiral galaxy). At first order, we can discard high-redshift
(z > 5) galaxies since they look more like point sources instead
of elongated ones. Also, with our integration time (< 5 hours), it
is not possible to detect those types of galaxies since they are too
faint. The fact that the source is not visible at 10µm and 11µm
could be due to the integration time (which is ∼12 times shorter
than for 15µm). We can discard some galaxy features such as
the Balmer break because that can mean an extremely high red-
shift. We focused on the ∼2.5µm absorption feature that can fit
better the observations. Figure C.2 shows our first approach to
constrain the redshift given our upper limits and photometry plus
uncertainties. If this source is a galaxy, the best (and maximum)
redshift is z ≊ 3.2, which could be as low as z = 2.1 considering
the uncertainties, so z can lie between 2.1 and 3.2. If we con-
sider galaxies of type Sb, Sc, Sd, which present emission lines,
we can get a different range of values for the redshift, between
0.5 and 1.5 (depending on the emission line we use). In addi-
tion, from ALMA observations (Zhang et al. 2023) we detected
a point source at the coordinates of this possible galaxy but with
a signal comparable to the noise. However, the position of the
identified signal is inconsistent with the stellar proper motion for
a background object (appears at a slightly greater distance than
expected), so we concluded that the point source we identified in
the ALMA data is more likely noise.

Appendix D: Sensitivity for ATMO chemical
equilibrium

Figure D.1 shows the ATMO mass sensitivity for the filters
F1065C, F1140C, and F1550C using the chemical equilibrium
model. As for Figure 12, the solid lines highlight the detection
probability at 10%, 50%, and 90%. The dashed and dotted lines
are the respective 1σ uncertainty.

Appendix E: Color-magnitude diagram and water

From the color-magnitude diagram constructed with filters
F1065C and F1140C, it is possible to identify, with a certain
degree of uncertainty, the different spectral types and their dif-
ferent trends and colors. However, the presence of water vapor
is also probable, given that it has a strong absorption at ≥ 11
microns (e.g., Miles et al. 2023). The presence of water is not
unusual in brown dwarfs, as has been observed in different spec-
tral types and temperature ranges (e.g., Allers & Liu 2013). Also,
it is possible to detect water in all spectral types from L1 to T9
17 Other alternatives are the Active Galactic Nuclei (AGN) and quasi-
stellar objects. However, for those, it is expected a point-like source or
an extended source with a bright bulge.
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Fig. A.1. General extraction quality for HR 2562 B. Left-top: Signal-to-noise ratio as a function of the number of components used (NPC). Left-
middle: Apparent flux vs NPC. Left-bottom: Relative position (with respect to the coronograph) along the X-axis vs NPC (in pixels). Right-top:
Root-mean-square in the residual image after subtracting the companion, vs NPC. Right-middle: Apparent magnitude in Vega system vs NPC.
Right-bottom: Relative position along the Y-axis vs NPC (in pixels). Blue circles, red triangles, and green diamonds correspond to the bandpasses
F1065C, F1140C, and F1550C, respectively. Vertical gray lines are the uncertainties.

Fig. B.1. Same as Figure 6 but for the inner residual speckle. From top
to bottom: Filters F1065C, F1140C, and F1550C.

(with a progressively increasing spectral index) at MIR wave-
lengths at MIRI filters (Suárez & Metchev 2022). Figure E.1
shows the color-magnitude diagram in the same style as Fig-
ure 14 but for the water spectral index. From the color-magnitude
diagram, we can see that almost all the sources present water
absorption which affects the shape of the spectrum mostly in
the same manner. This means the presence of water cannot be
used to clearly distinguish between spectral types and objects
at early or late stages in the L/T transition (but could roughly
indicate the spectral type). The water could not have a dominant
effect on the color of sources with temperatures between 1000K
and 1300K (e.g., VHS 1256 b, Miles et al. 2023) at F1065C and
F1140C. However, since the water absorption appears in all the
L/T transitional objects (see Fig. E.1), it could contribute (to a

Fig. B.2. Relative position (with respect to the star) of the inner source.

Fig. C.1. Example of modeling and extraction of the first identified
source at 15µm upper-left side, post-processing image. Left: Sci-
ence image at 15µm (F1550C filter), using one component in the
post-processing. Middle: Best spaceKLIP model of the source using
webb_psf. Right: Residuals after subtracting the model in the science
data. The field of view corresponds to 25 × 25 pixels (∼2.75′′ × 2.75′′).
The three images have the same color scale.
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Fig. C.2. Spectral energy distribution of the source labeled “bkg,”
assuming a galaxy nature. The red dot corresponds to the photometry
at 15µm, while the arrows are upper limits at 10µm and 11µm. The ver-
tical lines denote the uncertainties, and the horizontal lines the Weff of
each filter. The gray lines are the galaxy models from Bruzual & Charlot
(2003) at three different redshifts that better represent the actual data.
The black dots are the synthetic photometry of each galaxy model.

medium/small degree) to the features created by other species.
We can expect to have water vapor absorption in the spectrum of
HR 2562 B, but this is not the mean dominant chemical species
at these MIRI filters.

Appendix F: Dataset summary

Table F.1 summarize the observing mode, filters, type of obser-
vation (imaging of IFS), and observing dates for each of the
datasets used in this study.

Appendix G: The posteriors of the atmospheric fits

We did the analysis of the SED of HR 2562 B using different
combinations of datasets. Furthermore, in the case of ATMO, we
used different priors for the mass. For Exo-REM, the uncertainties
are based on covering the range of best solutions using χ2, which
results in higher uncertainties. Although we noted that Exo-REM
does not satisfactorily fit the data, the models are within the
associated uncertainties. Figure G.1 shows a clear example of
the effect of these uncertainties on the variables, where the gray
areas correspond to 2 and 3-σ, and the black line to the best
fit. For this fit, we used all the datasets. Figure G.2 shows, on
the other hand, the same figure but using the ATMO models for
a specific combination of datasets (MIRI+MagAO+SPHERE),
assuming no priors for the mass.

As an example, Figure G.3 shows the posterior distributions
of the different variables fitted using ATMO. In this case, we use
all datasets, and no priors for the mass. In the case of Exo-REM,

the distributions are more centered on the ranges of models that
best fit the data, so obtaining a posterior distribution would gen-
erate a bias in the uncertainties (given the nonlinearity when
moving in the space of the variables). As we mentioned before,
the uncertainties are more associated with the range of best fits
than a model on the residuals.

Table F.1. Summary of the dataset and observations of HR 2562 used in this work for atmospheric modeling.

Data Instrument Observing mode Band/filter Obs. date
Konopacky et al. (2016) Gemini/GPI IFU JHK January/February 2016
Mesa et al. (2018) SPHERE/IFS IFU YJ February 06 2017

SPHERE/IRDIS imaging BB_H February 06 2017
Sutlieff et al. (2021) MagAO/Clio2 imaging 3.94 February 06/07 2017
This work JWST/MIRI imaging F1065C March 10 2023

JWST/MIRI imaging F1140C March 10 2023
JWST/MIRI imaging F1550C March 10 2023
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Fig. D.1. Same as Figure 12 but using ATMO chemical equilibrium.
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Fig. E.1. Color magnitude diagram using 10 and 11µm. The circle size
means the water index. Colors and symbols are the same as Figure 14.
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Fig. G.1. Same as Figure 15 but for the best-fit model using Exo-REM grid via χ2 mapping with all the available datasets. The model correspond to
the dotted green line in Figure 18. Regions colored with different shades of gray correspond to 2− and 3 −σ uncertainties, and the black line to the
best-fit model. The different colored symbols correspond to the observations.

Fig. G.2. Same style as Figure G.1 but using ATMO and the SPHERE, MagAO, and MIRI observations.
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Fig. G.3. The posteriors distributions and correlation diagrams from the ATMO fit assuming no-priors in the mass. The ATMO models incorporate
other parameters presented in the Figure: metalicity [Fe/H], C/O ratio, adiabatic index mathrmad_index. None of these parameters were analyzed
in this study. Our fitting procedure also considers the correction factor aGPI_H for the GPI H-band.
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