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ABSTRACT

Context. Brown dwarfs at the L-T transition likely experience an inhomogeneous clearing of the clouds in their atmospheres. The
resulting surface of thin and thick cloudy patches has been put forward to explain the observed variability, J-band brightening, and
re-emergence of FeH absorption.

Aims. We studied the closest binary brown dwarfs, Luhman 16A and B, in an effort to constrain their chemical and cloud composi-
tions. As this binary consists of an L7.5 and a T0.5 component, we gain insight into the atmospheric properties at the LT transition.
Methods. As part of the ESO SupJup Survey, we observed Luhman 16AB at high spectral resolution in the J band (1.1-1.4 pm)
using CRIRES*. To analyse the spectra, we employed an atmospheric retrieval framework, coupling the radiative transfer code
petitRADTRANS with the MultiNest sampling algorithm.

Results. For both objects, we report detections of H,O, K, Na, FeH, and, for the first time in the J band, hydrogen fluoride (HF). The
K doublet at 1250 nm shows asymmetric absorption in the blue line wings, which are reproduced via pressure- and temperature-
dependent shifts in the line cores. We find evidence of clouds in both spectra and place constraints on an FeH depletion in the
Luhman 16A photosphere. The inferred over-abundance of FeH for Luhman 16B is in contradiction with its predicted rainout into
iron clouds. A two-column model, which emulates the patchy surface expected at the L-T transition, is weakly preferred (~1.80") for
component B but disfavoured for A (~5.50).

Conclusions. The results suggest a uniform surface on Luhman 16A, which is in good agreement with the reduced variability observed
for this L-type component. While the presented evidence is not sufficient to allow us to draw conclusions about any inhomogeneity on

Luhman 16B, future observations covering a broader wavelength range could help us test the cloud-clearing hypothesis.

Key words. techniques: spectroscopic — planets and satellites: atmospheres — brown dwarfs

1. Introduction

As brown dwarfs cool to effective temperatures below ~1300 K,
their spectro-photometric appearance evolves at the transition
between L and T spectral types (Kirkpatrick 2005). The dissi-
pation of clouds in the photospheres of the cooler T-type objects
can explain the observed bluewards shift in colour (Burrows
et al. 2006; Saumon & Marley 2008). In addition, brown dwarfs
at the LT transition are often variable, which indicates disrup-
tions of the cloudy surface (Radigan et al. 2014; Liu et al. 2024).
Furthermore, the re-emergence of FeH absorption observed in
early- to mid-T type spectra (Nakajima et al. 2004; Cushing
et al. 2005) suggests that cloudless or transparent patches are
formed in their photospheres. These clearer regions are thought
to expose deeper, hotter layers where FeH has not yet condensed
into an iron cloud deck (Burgasser et al. 2002; Lodders & Fegley
2006).

* Corresponding author; regt@strw.leidenuniv.nl

The opacity cross-sections of molecular gases, such as H;O
and CHy, generally decrease towards shorter wavelengths (e.g.
Morley et al. 2014; Gandhi et al. 2020). Consequently, obser-
vations in the J band (1.1-1.4 pm) can probe condensate clouds
that reside deep in the atmosphere (~10 bar; Ackerman & Marley
2001; Marley et al. 2002). This increased sensitivity and the
cloud-clearing expected for early- to mid-T dwarfs can explain
why these spectral types exhibit a brightening of the J-band mag-
nitudes (Burgasser et al. 2002; Marley et al. 2010; Dupuy & Liu
2012). Similarly, the high J-band variability at the L-T transi-
tion follows from the expected cloud inhomogeneities (Artigau
et al. 2009; Radigan et al. 2012; McCarthy et al. 2024). Fur-
thermore, the high pressures probed can significantly broaden
spectral lines, particularly for the alkali metals Na and K (e.g.
Schweitzer et al. 1996; Allard et al. 2007), which have strong
absorption lines in the J band. The alkali line widths can there-
fore serve as useful indicators of the surface gravity (McLean
et al. 2007; Allers & Liu 2013).
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WISE J104915.57-531906.1, or Luhman 16, is the nearest
known brown dwarf binary, at a distance of ~2 pc (Luhman 2013;
Bedin et al. 2024). The primary and secondary components
coincide with the L—T transition, with an L7.5 and a T0.5+1.0
classification, respectively (Burgasser et al. 2013). Bedin et al.
(2024) determined dynamical masses of Ms = 35.4 + 0.2 and
Mg = 29.4 £ 0.2 My, consistent with the detection of lithium
reported by Faherty et al. (2014) and Lodieu et al. (2015). These
low masses and the discovery of its membership to the Oceanus
moving group indicate an age of ~500 Myr (Garcia et al. 2017,
Gagné et al. 2023). Despite being fainter in the K band, Luh-
man 16B has a higher J-band flux than the primary component
(Burgasser et al. 2013). Since the brown dwarfs have similar
effective temperatures (T ~ 1200-1300 K; Faherty et al. 2014;
Lodieu et al. 2015), this flux reversal hints at a lower cloud opac-
ity for Luhman 16B (Burgasser et al. 2013). In keeping with
the cloud-clearing hypothesis, both components are variable,
but a stronger variability has been established for Luhman 16B
(e.g. Biller et al. 2013, 2024; Buenzli et al. 2015; Fuda et al.
2024). Additionally, Doppler imaging analyses by Crossfield
et al. (2014) and Chen et al. (2024) uncovered prominent surface
inhomogeneities on Luhman 16B.

In this work we present an atmospheric retrieval analysis of
Luhman 16AB using high-resolution J-band spectra. Section 2
outlines the reduction of our observations and our modelling
framework. In Sect. 3 we describe the retrieved results, and a
discussion is provided in Sect. 4. Section 5 summarises the main
conclusions drawn from our retrieval analysis.

2. Methods
2.1. Observations and reduction

The Luhman 16 binary was observed with the CRyogenic high-
resolution InfraRed Echelle Spectrograph (CRIRES*; Dorn et al.
2023) on January 1, 2023, as part of the ESO SupJup Survey
(programme ID 110.23RW; see de Regt et al. 2024). Only a single
nodding cycle was performed in the J1226 wavelength setting,
resulting in 4 exposures of 300 s each. The 0.4” slit was used to
obtain signal-to-noises (at ~1285 nm) of 90 and 110 for Luhman
16A and B, respectively. We refer to (de Regt et al., in prep.)
for a detailed analysis of our CRIRES* K-band observations of
Luhman 16. Following de Regt et al. (2024), the spectra were
reduced with excalibuhr! (Zhang et al. 2024). Subsequent
to the dark-subtraction, flat-fielding and sky-subtraction, we
extracted the spectra of the binary components separately using
12-pixel wide apertures. At the time of observation, the compo-
nents had a projected separation of ~0.81” (Bedin et al. 2024).
Combined with the optical seeing of ~0.9” and the absence of
adaptive-optics assistance (limited by the R-band magnitude),
this resulted in a degree of blending between the spectral traces
as demonstrated in Fig. A.1. To mitigate this, we applied a cor-
rection for the contamination in the extraction apertures by fitting
and integrating the spatial profiles, as is outlined in Appendix A.

The standard star HD 93563 was observed after Luhman
16 using the same observing setup. Its extracted spectrum pro-
vides a high-quality measurement of telluric absorption lines and
the instrumental throughput. Similar to Gonzdlez Picos et al.
(2024), we applied molecfit (Smette et al. 2015) to the stan-
dard spectrum and used the resulting model to correct the telluric
absorption lines in the Luhman 16AB spectra. As the deepest

! https://github.com/yapenzhang/excalibuhr
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tellurics are poorly fit, we masked out all pixels with a trans-
missivity below 7~ < 70%. While fitting the tellurics, molecfit
estimates the continuum using first-degree polynomial fits. We
recovered the instrumental throughput by dividing this contin-
uum by the blackbody spectrum associated with the standard
star (Teg = 15000 K; Arcos et al. 2018). We subsequently cor-
rected for the wavelength-dependent throughput in the Luhman
16 spectra. Molecfit also provides an estimated resolution of
R = A/AA ~ 65000 (~4.6 km s~!) and an optimised wavelength
solution, which we adopted for the target spectra.

For plotting purposes, we performed a flux-calibration by
scaling the Luhman 16 spectra to match the broadband photome-
try (Jao = 11.53 £ 0.04 and Jg = 11.22 + 0.04 mag; Burgasser
et al. 2013). The reduced J-band spectra are shown in Fig. 1
in orange and blue for Luhman 16A and B, respectively. In the
J1226 setting, the traces of the reddest spectral order are pro-
jected (partially) outside of the detectors, and thus we omitted
the last two detectors from our analysis, leaving 8 -3 + 1 = 25
usable order-detector pairs. Furthermore, J1226 observations
contain a ghost in the bluest detector, which we masked out
using the wavelength ranges reported in the CRIRES* manual®
and an additional 0.1 nm spacing on both sides. The spectra in
Fig. 1 exhibit notable features, such as the potassium doublets at
~1175 nm and ~1250 nm. The comparable spectral features in
the zoomed-in panels underline the similar spectral types across
the binary, while a difference in line-broadening reveals distinct
(projected) rotational velocities.

2.2. Retrieval framework

To infer the atmospheric properties of the Luhman 16 binary,
we used a retrieval framework where the radiative transfer code
petitRADTRANS (pRT; version 3.1; Molliere et al. 2019, 2020;
Alei et al. 2022) is coupled to the PyMultiNest nested sam-
pling code (Feroz et al. 2009; Buchner et al. 2014). The retrievals
utilise 1000 live points at a constant sampling efficiency of 5%.
The retrieved parameters and their priors are listed in Table B.1,
some of which are discussed below in more detail.

2.2.1. Likelihood and covariance
Following Ruffio et al. (2019), we defined the likelihood as

InL = ZlnLi (1)

1 1,
InLi=—> (N, In (2757 ) + In (|Zo.) + griTEOJr,-), 2)

L

where we sum over the 25 order-detector pairs i with N; valid
pixels (2048 at most). For each chip, X is the un-scaled covari-
ance matrix and r; denotes the residuals between the data d; and
model m;, calculated as
ri=d; - ¢im. (3
The optimal flux- and covariance-scaling parameters, ¢; and ;2
are calculated at each likelihood evaluation via

6= (gl x5l Y

2 https://www.eso.org/sci/facilities/paranal/
instruments/crires/doc/ESO-254264_CRIRES_User_Manual_
P110.2.pdf
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Fig. 1. CRIRES* J-band spectra of the Luhman 16 binary. Top panel: nine spectral orders covered in the J1226 wavelength setting. The two reddest
order-detector pairs are omitted, as explained in Sect. 2.1. Lower panels: zoomed-in view showing the similar absorption features of the two brown

dwarfs.
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Following de Regt et al. (2024), we employed Gaussian
processes (GPs) to model correlated noise between neighbour-
ing pixels. We added a radial basis function to the covariance
matrix as

202 ©

_ 2 2 2
Xoi=0;l+a Ogfy; EXP [—

Oeffi = median(o;), @)
where o; is the flux-uncertainty vector, and /ll.T — A; results in
a distance matrix between all pairs of pixels (in nm). The GP
amplitude a and length-scale ¢, which modulates the correlation
distance, are retrieved as free parameters.

2.2.2. Surface gravity

The orbit of Luhman 16AB has been extensively studied (e.g.
Bedin et al. 2017; Garcia et al. 2017; Lazorenko & Sahlmann
2018; Bedin et al. 2024), resulting in well-constrained dynami-
cal masses for both components. By imposing this information
as prior constraints, we can break the degeneracy that retrieval
studies frequently find between the surface gravity and metallic-
ity (e.g. Zhang et al. 2021, 2023; de Regt et al. 2024; Gonzélez
Picos et al. 2024). The surface gravity is related to the brown

dwarf mass, M, and radius, R, via
GM

= ®

g =
with G the gravitational constant. We adopted masses of M, =
354 +0.2 and Mg = 29.4 + 0.2 My, (Bedin et al. 2024) and
a radius of R = 1 £ 0.1 Ry, (Biller et al. 2024). In combina-
tion, this results in Gaussian priors of logg, = 4.96 + 0.09 and
log gy = 4.88 + 0.09 on the surface gravity.

2.2.3. Pressure-temperature profile

Akin to Zhang et al. (2023), we modelled the thermal profile by
parameterising the temperature gradient V; = Ziﬁ ITJj at five points
in log-pressure space. The outer knots were set to the limits of
the modelled atmospheric layers (P; = 10* and Ps = 107> bar),
while the three intermediate knots were allowed to shift to avoid
biasing the photosphere towards certain pressures (Gonzélez
Picos et al. 2025). The temperature gradients V; at each of the 50
atmospheric layers in our pRT model are obtained through linear
interpolation from the values at the knots V;. Subsequently, the
temperature at each of the layers j is calculated via

=t ()
=T, 1| — .
J J Pj—l

C))

This parameterisation requires an anchor point for the tempera-
ture, which we determined at the central knot (i = 3). As such,
we retrieved nine parameters to describe the thermal profile:
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five gradients V;-; 5345, three pressure points P;—34, and one
temperature 7;—3. This gradient-based parameterisation is flexi-
ble but also allows for the incorporation of radiative-convective
equilibrium through the chosen prior constraints, thereby avoid-
ing the excessively steep gradients or inversions that can arise
when directly retrieving the temperature (e.g. Line et al. 2015;
Molliere et al. 2020; de Regt et al. 2024).

2.2.4. Clouds

The pressures and temperatures probed with our J-band spec-
tra cover the condensation curves of several cloud species (e.g.
Fe, Mg,Si0Oy4, and MgSiO3; Visscher et al. 2010). Hence, we
modelled the total opacity of a grey cloud as

fsed
= P < Py,
Kcl(P) = Kel.o (PCI,O) el
0 P> Pcl,0~

10)

Here, k. is the opacity at the cloud base, set by P, and
fsed governs the opacity decay above this base (Molliere et al.
2020). This simple parameterisation limits the number of free
parameters and avoids assumptions about the chemical or mor-
phological composition of cloud particles. Although defined as
opacity rather than optical depth, this cloud parameterisation is
comparable to the slab clouds used in the retrieval frameworks of
Burningham et al. (2017) and Vos et al. (2023). We left out any
wavelength-dependence as well as additional cloud layers due
to the narrow wavelength extent of the J band (~0.2 pm). Test
retrievals where «(P) was divided into a scattering and absorp-
tion component did not yield substantially different results from
including the cloud only as absorption. The single-scattering
albedo used in these tests, w, also remained unconstrained. For
that reason, we included «.(P) only as an absorption opacity in
this work.

2.2.5. Chemistry

We modelled the chemical abundances using a free-chemistry
approach and retrieved a volume-mixing ratio (VMR) for each
of the included chemical species: H,O, FeH, HF, and the alkalis
Na and K. The abundance was held constant vertically, except
for FeH, which is expected to condense into iron cloud particles
around the probed pressures (e.g. Visscher et al. 2010). Instead,
we mimicked the rapidly decreasing FeH abundance via

VMR (FeH), (P
VMR (FeH),

QFeH
) P < Prenyp,

P > Prenyp,

VMR(FeH)(P) = (11)

FeH,0

where VMR(FeH), is the FeH abundance of the lower atmo-
sphere, Prep is the pressure above which the abundance falls
of with a power law, determined by a@pey. Sodium (Na) and
potassium (K) should also form clouds (Na,S(s,l), KCI(s,1), and
KAISi30g4(s); Kitzmann et al. 2024), but at higher altitudes so
we decided to not adopt the same rainout treatment to minimise
the number of free parameters. The abundance of He is set to
VMR(He) = 0.15 and that of H, is adjusted to ensure a total
mixing ratio equal to unity. Other species (e.g. CrH, TiO, VO,
CH4, NH3, and Fe) were included in test retrievals but did not
yield reasonable constraints on the abundances and we therefore
omitted them from the presented analysis.
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2.3. Opacity cross-sections

Our pRT model accounts for several sources of opacity, includ-
ing collision-induced absorption from H,-H, and H,-He pairs as
well as Rayleigh scattering from H, and He, the most abundant
chemical species in a substellar atmosphere. For the molecular
opacities of H,O (Polyansky et al. 2018), FeH (Dulick et al. 2003;
Bernath 2020), and HF (Li et al. 2013; Coxon & Hajigeorgiou
2015; Somogyi et al. 2021), we used tables that are pre-computed
on a grid of pressures and temperatures®. The perturbations
brought on by collisions with H, and He are most apparent for
the strong Na and K lines. As such, we employed a more detailed
treatment for the alkali opacity cross-sections.

2.3.1. Parameterised widths and shifts for the K 4p — 5s
doublet

In addition to broadening the line profiles, collisions with H;
and He perturb the energy potential of the radiator thus result-
ing in wavelength-shifts of the line centres. The impact theories
of pressure broadening (Baranger 1958; Kolb & Griem 1958)
are based on the assumption of sudden collisions between the
radiator and perturbing atoms, and are valid when frequency dis-
placements and gas densities are sufficiently small. In impact
broadening, the duration of the collision is assumed to be small
compared to the interval between collisions, and the results
describe the line within a few line widths of the centre.

We used the unified line shape theory of Allard et al. (1999),
which incorporates more accurate potentials than van der Waals
approximations, to determine the line parameters of the cores
of the 1250 nm K doublet, perturbed by H, and He. These
lines are formed from the 4p2P3/2 —5s (vp = 7983.7 cm™!)
and 4p2P1 ;2 —5s (vo = 8041.4 cm™!) transitions. For K-He, the
molecular-structure calculations performed by Pascale (1983)
are used for the adiabatic potential of the 5s state and we used
a combination of ab initio potentials of Santra & Kirby (2005)
and Nakayama & Yamashita (2001) for the 4p state (see Allard
et al. 2024). Molecular data for the 4p and 5s states of K-H,
are described in Allard et al. (2016). An average over velocity
was done numerically by performing the calculation for dif-
ferent velocities and then thermally averaging with 24-point
Gauss-Laguerre integration. This impact approximation can be
used to determine the line core for H, or He densities below
n, = 10" cm™3.

The determined line widths and shifts are presented in Fig. 2
as crosses and circles for a range of temperatures, for both lines,
and for H, and He perturbers. The line width, yyw, is measured
by half the full width at half the maximum intensity, what is
customarily termed the HWHM. The solid and dashed lines in
Fig. 2 show the power-law fits, defined as

n
wlen 'l = 3 Awt™ (i) (2
peifiy He)
-1 _ ba, np
dfcm ]—pE{HZz:He]Ad,pT M(lOz‘O cm’3). (13)

Here, d is the wavenumber-shift to be added to the line cen-
tre v, and n, is the number density of the perturber (Allard
et al. 2023). The widths and shifts are thus linearly dependent
on Hy/He densities, and a power law in temperature described
by the Ay, and by, coefficients. The perturber-specific coeffi-
cients for both transitions are given in Table 1. Utilising these

3 Using line lists obtained from the ExoMol database: https://www.
exomol .com/
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Fig. 2. Variation with temperature of the broadening (yw/n,, solid) and
shift (d/n,, dashed) rates of the 4p?P3), — 5s (green) and 4p*P;,, — 5s
(purple) lines, perturbed by H, and He. The van der Waals (vdW) broad-
ening, computed with Eq. (16), is shown in black for comparison.

Table 1. Broadening and shift parameters used in Egs. (12) and (13) for
the potassium doublet at 1250 nm.

4p2P3/2 - 5s 4p2P]/2 - 5s
H2 He H2 He
Ay  0.352609 0.20819 0.245926 0.121448
bw 0.385961 0.452833 0.447971 0.531718
Az 0.00158988 0.00194382 0.00211668  0.000462539
by 0.949254 0.89691 0.933563 1.07284
Wavenumber (cm™1)
7990.4 7987.2 7984.0 7980.8 7977.7 7974.5
108 L L L L L L
10° 5 "on-the-fly"
104_
TU’ 103_
E 102 5
X
101_
100 4
pre-computed
107!

1252.0 1252.5 1253.0 1253.5 1254.0

Wavelength (nm)

1251.5

Fig. 3. Opacity cross-sections for potassium (K) at 7" = 1500 K. The
weak line at 1252.95 nm is interpolated from a pre-computed opacity
table. The doublet line at 1252.55 nm (4p°P; ;2 — 5s) is computed ‘on-
the-fly’, meaning that the line strength and line width are calculated
exactly for each PT point in the modelled atmosphere. This line also
receives a PT-dependent shift, resulting in a blueshift at high pressures.

parameters results in blueshifted line profiles with increasing
pressures, as is demonstrated for the 4p*P3, — 5s line in Fig. 3.

2.3.2. ‘'On-the-fly’ line profiles

During the retrieval, pRT interpolates the pre-computed molec-
ular cross-section of H,O, FeH, and HF onto the pressures and

temperatures of the model atmospheres. This conventional inter-
polation method bypasses calculating thousands of line profiles
at each of the atmospheric layers, thereby drastically reduc-
ing the computation time. However, we find that the nominal
pressure-spacing of 1 dex is too sparse to properly fit the strongly
pressure-broadened Na and K doublets (see Sect. 4.2). Since
there are few strong alkali lines in the J-band wavelength range,
it is computationally feasible to use a more exact method to
obtain their opacities.

We acquired energy, oscillator-strength, and broadening
information from the Kurucz* and National Institute of Stan-
dards and Technology (NIST) databases® for neutral Na and
K (Kurucz 2018). During the retrieval, we interpolated the
opacity from weak lines (with oscillator strengths loggf <
—0.5) from a pre-computed table. Stronger lines were cal-
culated ‘on-the-fly’ at the temperature and pressure of each
atmospheric layer, resulting in accurate thermal- and pressure-
broadening prescriptions. We implemented these opacities using
the additional_absorption_opacities_function func-
tionality in pRT. Following Sharp & Burrows (2007) and Gandhi
et al. (2020), we defined the Gaussian and Lorentzian half-
widths as

B v 2kpgT
volem™]= 2=, (14)
ylem™ =yy+ > ywp (15)

pe{Hy,He}

where v is the transition energy, my the atomic mass of Na or
K (in g), and yy the natural broadening, which is negligible at
the high pressures of the Luhman 16 photospheres. For all but
the K 4p — 5s lines, we calculated the half-width per perturber
following Eq. (23) in Sharp & Burrows (2007):

Kurucz 3/10 2/5
21y Ywaw (Hux T ap
= it — -y, 16
Ywplem )= =0 (up,x 000K, \aw) " U9

where yﬁ‘&‘,‘cz is the van der Waals coefficient provided in the
Kurucz line list, pgp = mamyp/(m, + my) is the reduced mass (in
g), and a, is the polarisability of species a (in cm?). The black
(Hy) and grey (He) lines in Fig. 2 show the broadening rates cal-
culated with Eq. (16) for the K 4p — 5s transitions. The Kurucz
line list reports the same yXivve“ = 107746 s=! cm? for both lines.
Figure 2 reveals that the van der Waals approximation would
underpredict the pressure broadening compared to the method

outlined in Sect. 2.3.1.

3. Results

Our fiducial model provides a good fit to the Luhman 16 binary
spectra, as presented for one spectral order in Fig. 4. The full
wavelength coverage is found in Appendix C. The residuals
mostly fall within the expected uncertainties (shown as error
bars), which are inflated during the fitting by a factor of §2 ~ 1.2—
1.5 to obtain a reduced y? equal to unity (see e.g. Ruffio et al.
2019; Gibson et al. 2020). We suspect that the minor model
deficiencies (e.g. ~1192-1196, 1211, 1281, 1292, 1319-1324,
and 1334 nm) arise due to missing absorbers or inaccuracies
in the utilised line lists. Including other molecular or atomic

4 http://kurucz.harvard.edu/atoms.html
5 https://physics.nist.gov/PhysRefData/ASD/levels_
form.html
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Fig. 5. Detection analysis of HF in the Luhman 16B spectrum. The left panels show the spectral contribution of HF by comparing the complete
model (solid blue line) to a model without HF (dashed pink line). The residuals show the difference between these two models. The right panel

presents the CCF described in Sect. 3.1.

species (e.g. CrH, TiO, VO, CHy4, NH3, and Fe), however, did
not improve the fit or produce reasonable constraints on the
abundances.

3.1. Detection of chemical species

From a visual inspection, we identified lines from H,O, K and Na
in the spectra of both brown dwarfs. As noted by Faherty et al.
(2014) and Lodieu et al. (2015), the Na doublet at ~1140 nm
is weak and contaminated by (telluric) H,O absorption, but is
definitely present in our CRIRES* spectra (see Fig. 1). The
1250 nm K doublet of Luhman 16B shows stronger absorption
compared to the primary, in line with previous studies covering
the J band (Burgasser et al. 2013; Faherty et al. 2014; Lodieu
et al. 2015). Contrary to Faherty et al. (2014) and Lodieu et al.
(2015), we do not detect CH4 with the up-to-date ExoMol line
list (Yurchenko et al. 2024). This discrepancy might result from
a fluctuation in the disequilibrium chemistry, where CH4 would
play a role (e.g. Zahnle & Marley 2014; Lee et al. 2024), but a
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comparison with the X-SHOOTER data of Lodieu et al. (2015)
revealed no major spectral differences.

We detect hydrogen-fluoride (HF) and iron-hydride (FeH) in
the atmospheres of Luhman 16. The left panels in Figs. 5 and 6
show examples of the contributed absorption from HF and FeH,
respectively. The inclusion of either molecule results in a closer
match to the observed spectrum of Luhman 16B. To assess the
detection significance further, we carried out a cross-correlation
analysis between the residuals of a model without species X
(m; /o x) and a template that only includes lines from the tested
species (m; onty x). The total cross-correlation function (CCF), at
a velocity v, is then summed over each chip i via

1 - T
CCF) = ) < (A= Bmijo x) 25 miony x(0). (17

i i

The right panels of Figs. 5 and 6 display this CCF, normalised
to a signal-to-noise function using samples outside of the peak
(Iv| > 300 km s~"). For Luhman 16B, the cross-correlation yields
peak detection significances of 6.7 and 8.50 for HF and FeH,
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2006, 2010). Right panel: grey-cloud opacities retrieved as a function of altitude. The orange and blue shading in the panel gaps indicate the
Luhman 16AB photospheres as obtained with the integrated emission contribution functions.

respectively. The detection significances for Luhman 16A are 5.1
and 10.70, respectively, for HF and FeH (see Appendix D). The
FeH absorption in the J-band spectra of Luhman 16AB was iden-
tified previously by Faherty et al. (2014). To our knowledge, HF
has not been detected in the J-band spectrum of any substellar
object. However, recent studies have identified its spectral signa-
ture in the K band (Gonzdlez Picos et al. 2024; Zhang et al. 2024;
Mulder et al. 2025) and we provide a discussion in the analysis
of the Luhman 16 K-band spectra (de Regt et al., in prep.).

3.2. Chemical abundances

The left panel of Fig. 7 shows the retrieved abundance profiles
of Luhman 16A and B as solid and dashed lines, respectively.
The two brown dwarfs display remarkably similar abundances,
which agree to within ~30 for all species except FeH. The dotted
lines in the left panel of Fig. 7 indicate the expected chemical-
equilibrium abundances, computed using the FastChem code

(Kitzmann et al. 2024). As input, we accounted for rainout con-
densation and assumed a solar composition (i.e. [Fe/H] = 0,
C/0 = 0.59; Asplund et al. 2021). For the most part, the equi-
librium abundances of H,O and HF are constant with altitude
and in accordance with our retrieved abundances. The equi-
librium profiles of Na and K show a drop-off in the gaseous
abundance beyond ~0.3 bar as a result of rainout into sodium-
and potassium-bearing condensate species. Our retrieved pho-
tospheres are located between ~0.6 and 11 bar, as indicated in
the panel gaps, and therefore probe largely constant abundances
below this drop-off. We find super-solar alkali abundances where
the inferred Na abundance appears elevated by ~0.5 dex, despite
the weak absorption seen in Fig. 1.

3.3. Clouds and condensation

The middle panel of Fig. 7 presents the retrieved temperature
profiles of Luhman 16A and B as solid orange and dashed
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blue lines, respectively. In addition, the dotted condensation
curves demonstrate the conditions under which the correspond-
ing clouds should form, assuming a solar composition (Visscher
et al. 2006, 2010). The right panel of Fig. 7 reveals the grey-cloud
opacities retrieved for both brown dwarfs. It is interesting to note
that the temperature and cloud profiles differ between Luhman
16A and B, whereas the chemical abundances of HF, K, Na, and
H,O are in good agreement. This possibly indicates a warming
effect by more vertically extended clouds on Luhman 16A (e.g.

Morley et al. 2024). The cloud base pressures (P4 = 13.37]73,

Pgop = 18.3%]] bar) coincide with the intersection between
the silicate-oxide (MgSiO3; and Mg,SiO,4) condensation curves
and the retrieved pressure-temperature (PT) profiles. These sili-
cate clouds in the Luhman 16AB atmospheres seemingly weaken
the J-band spectral features, particularly those formed at high
pressures.

The condensation curve of iron (Visscher et al. 2010) inter-
sects with the Luhman 16AB temperature profiles below the
photospheric regions. Iron-bearing species are thus expected to
rain out at higher altitudes, thereby decreasing their gaseous
abundances. This abundance decrease is also apparent from the
equilibrium profile of FeH (dotted turquoise line) in the left panel
of Fig. 7. The FeH abundance of Luhman 16A (solid turquoise
line) shows a constraint on a depletion near ~5 bar, although
it does not perfectly follow the equilibrium prediction. Con-
versely, we retrieve FeH at a constant abundance for Luhman 16B
(dashed turquoise line). The drop-off pressure for this secondary
component is constrained to be above the photospheric altitudes,
which leaves the modelled spectrum unaltered. In both brown
dwarfs, we find evidence of a higher, non-equilibrium abundance
of FeH within the photosphere.

3.4. Two-column model

If regions of thinner clouds have formed within the Luhman
16AB photospheres, this could expose deeper, hotter layers of
their atmospheres (Faherty et al. 2014). Our measured elevated
FeH abundances might correspond with such clearer patches,
similar to the reasoning given for the FeH re-emergence in
early T-type brown dwarfs (Burgasser et al. 2002). We tested
this hypothesis by introducing a two-column model akin to
Buenzli et al. (2015) and Vos et al. (2023). The two columns
share most parameters (e.g. PT profile, chemistry, and log g), but
have distinct FeH abundances and cloud opacities. The total flux
is obtained by summing the separate fluxes, F;, while accounting
for CF, the surface coverage fraction,
Fioa =CF -F1+(1 -C%) : F». (18)
Thus, an equivalent to the one-column solution can be achieved
by setting C¥ = 1 (or 0) and retrieving the same parameters for
column 1 (or column 2). The additional FeH-abundance, cloud-
opacity and coverage parameters increase the number of retrieval
parameters from 25 to 32 in the two-column model.

Modelling the Luhman 16A atmosphere as a combination
of two columns results in constraints on opaque clouds in both
patches (see Table B.1). The smaller patch covers ~6% of the
surface and hosts a cloud deck below that of the larger patch

(Pap = 35.9f2:2 and 9.8”_’(1)15 bar). In addition, the minor column

finds a constant-with-altitude abundance for FeH (—7.95*0 %),
in contrast to the other, FeH-depleted column. Despite these
constraints, a Bayesian evidence comparison reveals that the
two-column retrieval is not favoured over the single column

(In B = —13.3; ~5.50°) due to the increased model complexity.
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For Luhman 16B, the Bayesian evidence shows a marginal
preference for a two-column solution compared to a single col-
umn (In B = 0.67; ~1.80). However, the constrained parameters
are not substantially different from the one-column retrieval.
The cloud deck of the one-column solution is replicated by
a dominant column that accounts for ~98% of the flux (see
Table B.1). The distinct surface gravities constrained in both
retrievals hinders a direct comparison of the abundances due to
a log g-metallicity degeneracy (Zhang et al. 2021, 2023; de Regt
et al. 2024; Gonzalez Picos et al. 2024). Nevertheless, the dom-
inant column seemingly adopts the equivalent FeH abundance
(—9.26f8:8;) of the one-column retrieval (—8.90f8:82). The minor
patch, which covers only ~2% of the modelled surface, hosts no
significant cloud opacity and therefore results in a deeper pho-
tosphere. At these higher pressures, the retrieval constrains an

elevated FeH abundance (—7.97*)9).

4. Discussion
4.1. Surface (in)homogeneity

The Luhman 16A spectrum is best described with a single-
column model, which points towards a relatively homogeneous
surface. This conclusion aligns well with the reduced vari-
ability observed for the primary (~2%; Biller et al. 2024) as
well as the weak features inferred in Doppler imaging analyses
(Crossfield et al. 2014; Chen et al. 2024). Given its L7.5 spec-
tral type, it is perhaps not surprising that the cloud dissipation
expected at the L-T transition has not commenced (Burgasser
et al. 2002; Marley et al. 2010). On the other hand, the marginally
preferred two-column model for Luhman 16B (~1.80") consti-
tutes a more ambiguous result. We caution that the constrained
coverage fraction, clouds, and FeH abundances are likely biased
due to assumptions made to reduce the number of free param-
eters in the two-column retrieval. For instance, we adopted the
same temperature profile for both columns, despite the heat-
ing that should result from the radiative feedback of an opaque
cloud (Tan & Showman 2019, 2021a,b). In turn, the altered ther-
mal profile will affect the atmospheric chemistry (Lee et al.
2023, 2024), which challenges our choice of shared abun-
dances between the two columns. Introducing more parameters
to describe separate columns of emission, however, will likely
lead to issues of convergence or over-fitting instead of resolving
the mentioned ambiguity. Rather, observations over a broader
wavelength-range could help probe the vertical extent of FeH
(e.g. in the Y, J, and H bands; Faherty et al. 2014) and the
presence of clouds at different altitudes (Vos et al. 2023).

4.2. Alkali line asymmetry

The potassium doublet near 1250 nm shows an asymmetry in
both lines, for both brown dwarfs. Figure 8 presents an analy-
sis of the potassium absorption lines for Luhman 16B. The red
model demonstrates the unsatisfactory fit obtained when only
considering van der Waals broadening and ignoring line-shifts.
It is evident from the right panel of Fig. 8 that the model pro-
files, centred on the dotted lines, cannot fit the excess absorption
in the blue wing of the lines. The retrieval attempts to alter
the photospheric pressures via the surface gravity, temperature
profile and cloud deck, resulting in a worsened fit to the bluer
J-band doublet (left panel) as well. The model in green utilises
pre-computed opacities, calculated on the default 1 dex pressure-
spacing of petitRADTRANS (Molliere et al. 2019). These opacity
cross-sections employ the width- and shift-parameterisation of
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Sect. 2.3.1, but not necessarily at the atmospheric conditions
encountered in the Luhman 16 photospheres. This modelling
approach results in a better fit to the line wings, but cannot repro-
duce the line cores adequately. In addition, we find that the model
deviates for the other strong alkali lines (left panel) as a result of
the interpolation.

The ‘on-the-fly’ opacity calculation outlined in Sect. 2.3.2
results in the best-fitting model, shown in blue in Fig. 8. The
residuals of the 1175 nm K doublet are minimised, but even
this involved opacity treatment fails to completely reproduce the
1250 nm profiles. Several factors could contribute to this devi-
ation. First, the line profiles will become non-Lorentzian for
perturber densities 210" ¢cm™, akin to the optical resonance
lines (Allard et al. 2016, 2024). Our deepest photospheric layers
achieve H, densities of ny, ~ 3 x 10! cm™, thus challenging
the validity of the utilised approach. Furthermore, the assumed
H,/He abundance ratio affects the total broadening and shift
applied to both lines. In the future, using high-resolution spectra
with sufficient signal-to-noise ratios, one could attempt to infer
the H, and He abundances from the detected line-shifts and —
widths. However, since degenerate solutions will likely arise, this
is beyond the scope of this study. Additionally, the vertically con-
stant abundance employed for potassium could overestimate the
opacity at altitudes where rainout occurs. However, this implies
that the current model line core is too deep, contrary to what is
seen in Fig. 8.

5. Conclusions

We performed an atmospheric analysis of the nearest brown
dwarfs, Luhman 16AB, using high-resolution J-band spectra
taken with CRIRES®. The brightness of the two targets pro-
vides an unprecedented level of detail for substellar objects.
Our petitRADTRANS retrieval models can account for almost
all the spectral features present in the J band. Minor deficiencies
likely arise from missing absorbers or inaccuracies in the current
line lists. These high-quality, high-resolution spectra can form a
testbed when updated line lists become available.

For both brown dwarfs, we detect absorption from H,O, K,
Na, HF, and FeH. For the first time, this work presents an HF

detection in the J-band spectrum of a substellar atmosphere. The
retrieval constrains Na (and K) at super-equilibrium abundances
despite the weak doublet absorption at ~1140 nm (Faherty et al.
2014; Lodieu et al. 2015). We find evidence of opaque clouds
in the Luhman 16AB photospheres, which are likely made up
of silicate-oxide condensates given the constrained cloud deck
pressure. The Luhman 16A spectrum is best fit with a homoge-
neous surface model that includes an FeH depletion, in line with
its reduced variability and L7.5 spectral type (Burgasser et al.
2013; Buenzli et al. 2015; Biller et al. 2024). We constrain over-
abundant FeH in the photosphere of Luhman 16B, which is at
odds with the expected condensation into iron clouds. Modelling
the Luhman 16B surface as a combination of cloudy and clear
patches, however, leads to ambiguous results as this two-column
solution is only favoured at ~1.80- compared to a homogeneous
surface. Observations spanning a wider wavelength range, with
JWST for instance, can aid in resolving the altitude-dependent
abundance of FeH as well as the vertical extent of cloud decks.

We detect asymmetric absorption in the 1250 nm potassium
doublet lines (4p — 5s) of Luhman 16AB. Employing the unified
line shape theory of Allard et al. (1999), we parameterised the
PT-dependent widths and shifts of the Lorentzian profiles. The
blueshifted absorption excess can mostly be reproduced via this
careful modelling approach, but the degeneracy with metallicity
hinders surface-gravity measurements from our high-resolution
spectra alone. Future high-resolution observations of asymmet-
ric atomic lines could help us understand the perturber physics
in the substellar and low-mass regime.

The ESO SupJup Survey observations were mostly taken in
the K band, where the C/O ratio and carbon isotopes can be
measured. In that context, the presented analysis provides access
to elements that lack absorption features in the K band for these
temperatures, such as Na, K, and Fe. The higher pressures probed
in the J band also permit the investigation of cloud structures.
Thus, high-resolution J-band spectra offer valuable insights into
the atmospheric properties of Luhman 16AB in particular, and
brown dwarfs in general.
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Appendix A: Contamination correction

Figure A.l1 demonstrates the spectral contamination between components A and B for a single chip. The left panel displays the two-
dimensional spectrum where the slit tilt and slit curvature are rectified in the excalibuhr-reduction. The upper and lower traces are
the emission of Luhman 16B and A, respectively. The spatial profile, median-combined over all wavelength channels in the chip, is
shown in black in the right panel of Fig. A.1. While the peak emissions can be distinguished at a separation of ~0.81” (as predicted
by Bedin et al. 2024), there exists ~6—11% contamination within the respective 12-pixel wide extraction apertures.

To correct the contamination, we fitted two Moffat functions® to the observed spatial profile. These fitted profiles, ®, and ®g,
are shown in orange and blue, respectively, in the right panel of Fig. A.1. The profiles are subsequently integrated over the extraction
apertures to assess the relative contributions. The measured flux in aperture A is then the weighted sum of the uncontaminated total
fluxes of components A and B. That is,

() ()
—fa"?g A] Fuu +[—f‘“’7‘ . B] Fuus. Al
A B

where the integrals over aperture A are normalised by integrals over the complete profiles. Similarly, the measured flux in aperture
B is expressed as

. N , ®p
Fiy aper. B = LPCL : Ftot,A + LPCL : Flot,B‘ (AZ)
[ @4 [ oy

Through substitution, we obtain definitions for the blending-corrected fluxes of Luhman 16A and B,

Fin aper. A =

faper, A (DB

Fa=Fi aper. A — | 7 |° Fin aper. B> (A3)
Lper. B (DB
N

Fg = Fiy aper. B — [M - Fiy aper. A+ (A4)
J:iper. A (DA

We note that Fy # Fia (and Fp # Fiop) because a scaling factor is omitted. The absolute scale of F (and Fp), however, is not
important because the spectrum is flux-calibrated after the outlined contamination correction (see Sect. 2.1). The seeing-limited
point-spread function becomes narrower at longer wavelengths, and we therefore performed the correction separately for each chip.

E 3 1.5

o
r1.0 @
=
T
F0.5 ¢
o
©
r0.0
[oX
[y
"

1 i extraction [ —0.5

apertures
T T T T T T T T T T T -1.0
1308 1309 1310 1311 1312 1313 1314 1315 0 50 100 150

Wavelength (nm) Median Flux

Fig. A.1. Assessment of the spectral blending in the 23 chip (centred at ~1312 nm). Left panel: Two-dimensional spectrum, showing emission
from Luhman 16B and A at the top and bottom, respectively. The vertical lines show the strong absorption from tellurics. Right panel: Median
spatial profile (black) along with fitted Moffat functions, @, (orange) and ®g (blue). The flux within the 12-pixel-wide extraction apertures includes
contamination from the unwanted binary component.

6 https://docs.astropy.org/en/latest/api/astropy.modeling.functional_models.Moffat1D.html
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Appendix B: Retrieved parameters

Table B.1. Retrieved parameters and their uncertainties.

Parameter Description Prior Luhman 16A Luhman 16B
1-column 2-column 1-column 2-column
logH,0  H,0 abundance U-140,-2.0) | —338%006  _349:004 [ 3384004 _3 4g+003
log Na Na abundance U(-14.0,-2.0) —4.95+007 —4.97+003 —5.09+003 -5.157093
logK K abundance U(-14.0,-2.0) | —6.427007 644700 | —-655700%  -6.61700;
log HF HF abundance U-14.0,-2.0) | —7.287007  _730#006 | _727#005  _737+004
—11.07+171 _7.97+0.10
log (FeH),  FeH abundance at P > Preig ~ U(-14.0,-2.0) | -7.54701 - ()i;}'j‘? -8.90*0.9 o 76;(}?,?
7 -0.08 =Y -0.08
_14+21 . 1+17
log Preio FeH drop-off pressure U(-5.0,3.0) +0.78+0:92 » ()T}E -2.2413 B S_Tg
02+51 0,851
QFent FeH drop-off power 24(0.0,20.0) 9.5%%% 0 77?? 9.635 0 4‘?‘;?
C45 ~ 5.0
logg Surface gravity Z:Eizg: 883; 4.95+00¢ 4.95+002 4.89+002 4.80*903
vsini Projected rotational velocity (10.0,30.0) 14.93f8:}‘2‘ 14.87f8:h1) 24.48f8:8‘3‘ 24.47f8:8§
Elimb Limb-darkening coefficient U (0.0, 1.0) 0.46’:8:82 0.44f8:82 0.0lfg:g% 0.01f818}
Vrad Radial velocity (10.0,30.0) 17274003 17274002 | 20,0010%¢  20.01+0%3
CF Surface coverage fraction U(0.0,1.0) ?)'z:_‘it%%?g :))'giit%(gﬁ‘?
T 7 =0.006 ) ~—0.006
\ Temperature gradient at P, 2(0.10,0.34) 0.22+07 0.22+0:06 0.22+0:06 0.22+0:96
v, Temperature gradient at P, 24(0.10,0.34) 0.17+0:08 0.15003 0.25+003 0.22+0:04
Vs Temperature gradient at P3 2(0.05,0.34) 0.090* 3007 0.094*0004 | 0.083*3019  0.093*9010
V4 Temperature gradient at Py U(0.0,0.34) 0. 15f8:8§ 0. 16f8:8§ 0.30f8:8§ 0.29f8;8§
Vs Temperature gradient at Ps U(0.0,0.34) 0.1670:0 0.1970:08 0.18%00 0.170:0
log P; Pressure of central knot U-1.0,1.0) +O.90f8:8§ +0.53f8:£ +O.43f8:8§ +0.38f818§
Ts Temperature at central knot U (1200, 2200) 16443% 1505 ”_’j% 14443; 1418f§?
Alog Py3 Separation between P, and P3  U(-2.0,-0.5) -1 .4f8;‘3‘ -1 .3’:8:; -1 .6”_’83 -1 .6f8:;
Alog P34 Separation between P3 and P,  U(0.5,3.0) +2.3f8f51 +2.2f8:‘51 +1.04_’8j‘31 +1. 1f8:‘3‘
41,1708 _5.5+27
log Ke1,0 Cloud-base opacity U(-10.0,3.0) -1.2770% N ﬁ?ﬁ -0.057072 » ;i;‘
=—1.0 =-0.5
logPag  Cloud-base pressure 2(0.0,2.5) +1.12:004 1??2{%% +1.26+00 1??23?'%%
=~ 7-0.09 =+-0.03
Fea Cloud-opacity decay U(1.0,20.0) 1.4+02 133? 6.1 12fi§§
“9_3] D14
loga GP amplitude U-0.7,03) | —0.21970W6  _17+0005 [ _ §56:0.005 _ |55+0.005
log £ GP length-scale U(-3.0,-1.0) | —1.376:0012  _| 37740010 | _| 9g5+0.006  _| 7g5+0.006
In B -13.3 +0.67

Notes. All priors are uniform (indicated with U(min, max)), except for the surface gravity, which is retrieved using a Gaussian prior (G(u, o)) and
different between Luhman 16A and B. In the case of the FeH abundance and cloud-opacity parameters, the two-column solution shows the two
values corresponding to each patch in black and grey. The surface coverage fraction is also calculated for the second column (as 1 — C¥), but it is
only retrieved as a single parameter.
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Fig. B.1. Posterior distributions of a selection of parameters for the Luhman 16AB one-column retrievals. For both objects, we find a strong
correlation between the surface gravity, logg, and the abundances. However, the retrieved surface gravities do not deviate from the imposed
Gaussian priors, which implies that the constrained abundances are accurate. The radial velocity, v,,q, shows no correlation and could therefore
help constrain the Luhman 16AB orbits further.
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Appendix C: Best-fitting spectra
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Fig. C.1. Same as Fig. 4 but showing all spectral orders.
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Fig. C.1. Continued. The missing spectral order is shown in Fig. 4.

A225, page 15 of 16



de Regt, S., et al.: A&A, 696, A225 (2025)

Appendix D: HF and FeH detection on Luhman 16A
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Fig. D.1. Same as Fig. 5 but for Luhman 16A.
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Fig. D.2. Same as Fig. 6 but for Luhman 16A.
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