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ABSTRACT

Context. Direct observations of exoplanet and brown dwarf companions with near-infrared interferometry, first enabled by the dual-
field mode of VLTI/GRAVITY, provide unique measurements of the objects’ orbital motions and atmospheric compositions.

Aims. Here we compile a homogeneous library of all exoplanet and brown dwarf K-band spectra observed by GRAVITY thus far. This
ExoGRAVITY Spectral Library is made publicly available online.

Methods. We re-reduced all the available GRAVITY dual-field high-contrast data in a uniform and highly automated way and, where
companions were detected, extracted their ~2.0-2.4 pm K-band contrast spectra. We then derived stellar model atmospheres for all the
employed flux references (either the host star or the swap calibrator), which we used to convert the companion contrast into companion
flux spectra. Solely from the resulting GRAVITY K-band flux spectra, we extracted spectral types, spectral indices, and bulk physical
properties for all the companions. Finally, and with the help of age constraints from the literature, we also derived isochronal masses
for most of the companions using evolutionary models.

Results. The resulting library contains R ~ 500 GRAVITY K-band spectra of 39 substellar companions from late M to late T spectral
types, including the entire L-T transition. Throughout this transition, a shift from CO-dominated late M- and L-type dwarfs to CHy-
dominated T-type dwarfs can be observed in the K-band. The GRAVITY spectra alone constrain the objects’ bolometric luminosity to
typically within +0.15 dex. The derived isochronal masses agree with dynamical masses from the literature where available, except for
HD 4113 ¢ for which we confirm its previously reported potential underluminosity.

Conclusions. Medium-resolution spectroscopy of substellar companions with GRAVITY provides insight into the carbon chem-
istry and the cloudiness of these objects’ atmospheres. It also constrains these objects’ bolometric luminosities, which can yield
measurements of their formation entropy if combined with dynamical masses, for instance from Gaia and GRAVITY astrometry.

Key words. techniques: high angular resolution — techniques: interferometric — planets and satellites: atmospheres —
planets and satellites: formation — brown dwarfs

1. Introduction

Direct observations of substellar companions have proven power-
ful tools for studying the population of young and self-luminous
exoplanets and brown dwarfs (e.g., Bowler 2016; Currie
et al. 2023a). Direct detection techniques provide access to

* Corresponding author: jkammere@eso.org

companions at wide separations from the star that are diffi-
cult to observe through transits or radial velocities. This makes
direct observations ideally suited to study the population of gas
giant planets and brown dwarfs at distances from tens to hun-
dreds of au from the host star and to unravel their formation and
early evolution history. Spectroscopic observations at low to high
spectral resolution provide insight into the chemical composition
and atmospheric dynamics of these companions. This constrains
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elemental and isotopic abundance ratios (e.g., Hoch et al. 2023;
Zhang et al. 2021), which are thought to be linked to the compan-
ions” formation environments and mechanisms (e.g., Oberg et al.
2011; Eistrup et al. 2018; Molliere et al. 2022). Ultimately, direct
detection techniques are poised to unravel the origin and dynam-
ical evolution of gas giant planets and to help constrain different
planet formation scenarios, such as core accretion (Pollack et al.
1996), disk instability (Boss 1997), and cloud fragmentation
(Bate 2012).

Classical high-contrast imaging instruments on 8—10 m class
telescopes have been limited to detecting companions at >10 au
separations from the host star due to the inner working angle
of their coronagraphs (e.g., Nielsen et al. 2019; Vigan et al.
2021). Interferometric techniques are one avenue to overcome
this limitation. While single-telescope aperture masking and
kernel phase interferometry from the ground are struggling to
achieve the necessary contrasts to detect planetary-mass com-
panions (e.g., Ireland 2013; Kammerer et al. 2019; Wallace
et al. 2020; Stolker et al. 2024), the Near Infrared Imager and
Slitless Spectrograph (NIRISS) instrument (Doyon et al. 2023)
on board JWST (Gardner et al. 2023) is capable of imaging
exoplanetary companions down to ~70 mas separations using
aperture masking interferometry with the non-redundant mask
(Sivaramakrishnan et al. 2023, Desdoigts et al. 2025), although
only in broadband photometry. With the detection of the
exoplanet HR 8799 e with VLTI/GRAVITY (GRAVITY
Collaboration 2019), long-baseline interferometry entered the
field of direct exoplanet detection techniques and opened up
a new parameter space for direct observations of substellar
companions at ~1-10 au separations from the host star. The
unique combination of angular resolution and starlight sup-
pression capabilities with long-baseline interferometry allows
us to measure companion astrometry at ~50 pas precision and
companion spectra at a high signal-to-noise ratio (S/N, Lacour
et al. 2020). GRAVITY in particular provides spectroscopy at
~2.0-2.4 um wavelengths in the K-band, which is a powerful
spectral regime for studying the atmospheres of substellar com-
panions near the L-T transition. Molecular features from carbon
monoxide (CO) and methane (CHy4) help constrain the carbon
chemistry and cloudiness of these objects (e.g., Patience et al.
2012; Zahnle & Marley 2014) and help determine elemental
abundance ratios, in particular C/O ratios (GRAVITY Collab-
oration 2020; Molliere et al. 2020). These have been discussed
in the literature for constraining formation scenarios (e.g., Oberg
et al. 2011; Eistrup et al. 2018; Molliere et al. 2022; Hoch et al.
2023).

Over the past years, GRAVITY has been used to observe
a large fraction of the currently known sample of directly
imaged exoplanet and brown dwarf companions. Pioneering
work by GRAVITY Collaboration (2019); GRAVITY Collab-
oration (2020) demonstrated the depth at which GRAVITY
can study the atmospheres of nearby gas giant exoplanets.
This work laid the foundation for the ExoGRAVITY Collabo-
ration, which was established to broaden the team beyond the
original GRAVITY Collaboration, disseminate technical knowl-
edge, and foster collaboration with the wider exoplanet com-
munity. Within this ExoGRAVITY effort, Wang et al. (2021)
showed that GRAVITY is not far from being able to spa-
tially resolve the circumplanetary environment of the accreting
PDS 70 planets and that these two planets are close to being
in a 2:1 mean motion resonance. Lagrange et al. (2020) and
Kammerer et al. (2021) paved the way for the first direct
detection of 8 Pic ¢ at ~2.7 au separation (Nowak et al.
2020) and HD 206893 ¢ at ~3.5 au separation (Hinkley et al.

A318, page 2 of 21

2023), only made possible thanks to GRAVITY’s unparal-
leled spatial resolution. Various further studies demonstrated the
characterization potential of the GRAVITY K-band spectra if
combined with spectrophotometry at other wavelengths from the
literature (Balmer et al. 2023, 2024, 2025; Winterhalder et al.
2025; Stolker et al. 2025).

With the advent of Gaia Data Release 4 (DR4), GRAVITY
will be capable of following up dozens of astrometrically
detected and young exoplanets at ~1-10 au separations from the
host star where currently no other instrument can characterize
their atmospheres (Perryman et al. 2014). Winterhalder et al.
(2024) have shown that a single GRAVITY epoch combined
with the orbital parameters from Gaia can yield precise dynam-
ical masses for substellar companions so that studies of their
formation entropies might be possible if their bolometric lumi-
nosities can be sufficiently constrained with GRAVITY (e.g.,
Mordasini et al. 2017; Marleau et al. 2019). Currently, GRAVITY
is undergoing the GRAVITY+ upgrade which further increases
the spatial resolution and S/N at which GRAVITY can observe
planetary-mass companions (GRAVITY+ Collaboration 2025)
and enhances the prospects for Gaia follow-up observations
of exoplanets. With the new adaptive optics system, compan-
ions down to ~21 apparent magnitudes in the K-band (such as
HD 4113 ¢, Cheetham et al. 2018b) are already in reach.

For this paper, we derived and analyzed the GRAVITY
K-band spectra of the 39 substellar companions whose data is
currently either publicly available or part of the ExoGRAVITY
Collaboration (Lacour et al. 2020). There will be a separate
publication by Roberts et al. (in prep.) dealing with the mea-
sured GRAVITY astrometry of all these objects. Throughout the
remainder of this paper, we denote all companions with lower-
case letters (i.e., b, c, d, e) regardless of their nature (e.g., giant
planet or brown dwarf). This choice was made because in this
paper we do not explicitly differentiate between giant planets and
brown dwarfs in any of our analyses and lowercase letters are
preferential for distinguishing substellar companions from stel-
lar multiples, which we denote with uppercase letters. This paper
presents a basic atmospheric characterization of the companions,
including an estimation of evolutionary masses and a compar-
ison to dynamical masses from the literature where available.
However, this analysis is done using only the GRAVITY K-band
spectra. At no point in this paper do we draw any conclusions
regarding the nature or formation history of the companions as
this would require a more detailed analysis considering data over
a broader spectral range, which is left for future work.

The paper is organized as follows. Section 2 summarizes the
GRAVITY observations and explains the data reduction proce-
dure as well as some details about the data format of the online
spectral library that we are providing. Section 3 presents the
GRAVITY K-band spectra of the 39 substellar companions in
the library including some basic spectral type and atmospheric
characterization. In Section 4 we derive the isochronal masses
for most of the companions using age constraints from the liter-
ature where available. Finally, Section 5 summarizes our results
and concludes with our main findings from this paper.

2. Observations and data reduction
2.1. GRAVITY observations

All exoplanet and brown dwarf companion spectra presented
in this work were obtained with the GRAVITY instrument
(GRAVITY Collaboration 2017) at the Very Large Telescope
Interferometer (VLTI) at the European Southern Observatory
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(ESO) Paranal Observatory in Chile. The observational setup,
integration time, ambient conditions, and corresponding pro-
gram ID and PI for each dataset and object can be found on
Zenodo. Epochs that are crossed out were discarded because
the derived spectra were affected by strong systematics (see also
Section 2.5).

All observations were done in dual-field mode following the
strategy outlined in GRAVITY Collaboration (2019). Close-in
companions were typically observed on-axis, meaning with the
50/50 beam splitter to direct half of the light of the host star into
the fringe tracker and half of the light of the companion into the
science spectrometer, set to a spectral resolution of R ~ 500. The
dual-field on-axis mode is suitable for companions with an angu-
lar separation from the host star of less than ~600 mas with the
8.2 m Unit Telescopes (UTs) and ~2.7”” with the 1.8 m Auxiliary
Telescopes (ATs). Due to the use of the 50/50 beamsplitter, the
efficiency of this mode is only 50%. Companions that are farther
away from the host star or that are closer than 600 mas/2.7”but
very faint were typically observed off-axis, meaning with the
roof prism to direct 100% of the light of the companion into the
science spectrometer. The dual-field off-axis mode is suitable for
companions with angular separations from the host star between
270 mas and 2" with the UTs (1.17-4" with the ATs).

The obvious advantage of dual-field off-axis observations is
the better throughput. However, the advantage of dual-field on-
axis observations is that the science spectrometer observations of
the companion can be interspersed with short observations of the
host star to obtain a quasi-simultaneous contrast calibration of
the companion spectrum with respect to the host star spectrum.
This is not possible for dual-field off-axis observations because
the roof prism splits the observed field into two separate parts
and the science spectrometer can only observe the part where the
companion is, but not the part where the host star is located. In
some cases, a dedicated on-axis observation of the host star was
done before or after the off-axis observation of the companion
to enable contrast calibration of the companion spectrum with
respect to the host star spectrum. Compared to on-axis observa-
tions, this calibration is not quasi-simultaneous and is typically
taken approximately half an hour before or after the compan-
ion observation. Going forward, we highly recommend to always
take such a dedicated on-axis host star observation for all off-axis
companion observations since it substantially improves the flux
calibration of the resulting companion spectrum. If such a ded-
icated on-axis observation of the host star is not available, the
companion spectrum can only be calibrated relative to the swap
(binary star) calibrator that was observed before or after the off-
axis observation of the companion. The primary purpose of the
swap calibrator observation is to measure the optical path dif-
ference (OPD) between the two fields created by the roof prism.
This is necessary to derive precise companion astrometry with
respect to the host star. However, the swap calibrator observation
can also be used to flux-calibrate the companion spectrum, as
described in Appendix C.

2.2. GRAVITY data reduction

All GRAVITY data were reduced with the publicly available
consortium Python tools', which employ the official ESO Reflex
scripts. We first used the run_gravi_reduce Python script to
reduce the raw images to the astroreduced files using ver-
sion 1.6.4b1 of the ESO GRAVITY pipeline. Then we used the

I Available at https://version-lesia.obspm.fr/repos/DRS_
gravity/gravi_tools3/

run_gravi_astrored_astrometry Python script to further
process the astroreduced files and extract the best fit com-
panion relative astrometry and contrast spectra. This reduction
step which only applies to GRAVITY observations of substel-
lar companions in dual-field mode follows the general procedure
outlined in Appendix A of GRAVITY Collaboration (2020).
This work only presents the cases where a significant compan-
ion could be detected in the GRAVITY data. There are several
GRAVITY observations of candidate companions that did not
yield significant detections for instance. However, the scientific
interpretation of these non-detections is left for another publi-
cation. We also corrected for fiber coupling losses arising from
pointing offsets according to Appendix A of Wang et al. (2021).
For the vast majority of the observed targets, we removed the
residual stellar light in the companion pointing using a model
consisting of a sixth-order complex polynomial. This model was
fitted to the visibilities measured in the on-star pointing, and then
subtracted from the on-companion pointing after phase shift-
ing it to the companion fiber position. For three targets that
are all located at close angular separation from the host star
(BD+70260 b, HD 17155 b, and HD 135344 Ab) we instead used
a polynomial of third order to avoid overfitting and oversubtract-
ing the companion spectrum. The exact angular separation at
which using a lower order polynomial to remove the residual stel-
lar light becomes preferable over a higher order one depends on
the observing conditions and the brightness of the companion.

2.3. Flux calibration using stellar model atmospheres

To convert the companion contrast spectra measured by GRAV-
ITY into companion flux spectra, a spectrum of the respective
flux reference source is needed. For dual-field on-axis observa-
tions, this is the host star. For dual-field off-axis observations
where no on-axis exposure on the host star is available, the com-
panion contrast spectra were calibrated with respect to the swap
(binary star) calibrator. The methodology for datasets where
an on-axis exposure on the host star is available is described
in detail in Appendix B. The differences and additional steps
involved when using the swap calibrator for the flux calibration
are explained in Appendix C. In short, to obtain the final com-
panion flux spectra Feomp, the companion contrast spectra Ccomp
measured by GRAVITY were multiplied with the host star model
spectra F, evaluated at the same wavelength nodes A as the
GRAVITY spectra, i.e.,

Fcomp(/l) = Ccomp(/l) - Fyar(A). (D

When using the swap calibrator for the flux calibration, the
term Fg, takes a more complex form which can be found in
Appendix C.

2.4. Combining spectra from multiple epochs

To maximize the S/N, we combined all the available spectra for
a given object. However, before companion spectra from mul-
tiple epochs can be combined, we note that the calibration of
the GRAVITY contrast spectra is affected by significant sys-
tematic errors. This results in companion spectra of the same
object observed at different epochs being more discrepant than
expected based on their statistical error bars. An example for
this is shown in Figure 1 (top panel), where the HD 206505 b
spectrum observed on 3 June 2023 falls significantly below the
spectrum observed on 5 June 2023. This is a rather drastic exam-
ple where the individual epochs disagree by ~18% in flux. We
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Fig. 1. Combination of the GRAVITY epochs of HD 206505 b after
scaling to bring them into mutual agreement. Top panel: GRAVITY K-
band flux spectra for each individual epoch. The 30 flux uncertainties
are shown as shaded regions. The legend reveals that for this object both
observations were done in dual-field on-axis mode, with the companion
located at an angular separation of 425 mas from the host star. Bottom
panel: scaled GRAVITY flux spectra for each individual epoch and the
resulting combined spectrum (black line). The legend reveals the scale
factors applied to each epoch (values in brackets).

emphasize that all of this discrepancy is inherent to the GRAV-
ITY contrast spectra and has nothing to do with our stellar model
atmosphere of the host star used to convert the companion con-
trast into a companion flux spectrum (since the same stellar
model atmosphere was used to flux-calibrate both epochs).

Figure 1 illustrates that scaling the individual GRAVITY
epochs before combining them is necessary, and that the scaled
epochs agree with each other fairly well. Unfortunately, this
scaling process also removes any astrophysical variability from
the data which is a major shortcoming of our library. However,
there is currently no way of disentangling systematic (instrumen-
tal) variability from intrinsic (astrophysical) variability for the
GRAVITY spectra. In the case that such methods are developed
in the future, we also provide the unscaled GRAVITY spectra of
all individual epochs in the online library (see Section 2.6). We
finally note that the intrinsic variability of brown dwarfs (Vos
et al. 2019, 2020) and giant exoplanets (Biller et al. 2021; Wang
et al. 2022) is typically lower than ~5%, with the exception of a
few outliers, so that we suspect that the flux variations of typi-
cally £10% seen for individual objects in many of the GRAVITY
spectra are mainly of instrumental nature. The potential origins
of such large systematic flux variations in the GRAVITY contrast
spectra are discussed in Section 2.5.
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Fig. 2. Distribution of scale factors applied to those GRAVITY com-
panion spectra that were flux-calibrated using the host star. The spectra
were scaled to bring individual epochs of the same object into agree-
ment. The median scale factor is shown by the solid black line and the
16th and 84th percentiles are shown by the dashed black lines.

To scale the individual GRAVITY epochs, we applied the
following methodology. First, we determined the best fitting
scale factors for all epochs where the host star was used to flux-
calibrate the companion spectrum (on-star). This was done by
minimizing the y” between each pair of spectra which is defined
as

xi = (Fi—Fpl - (Si+ %)™ - (F; - F)), )

while keeping the average scale factor equal to 1. Here F; are the
companion flux spectra and X; are their covariances. Then, we
determined the best fitting scale factors for all epochs where a
different star (e.g., the swap calibrator) was used to flux-calibrate
the companion spectrum (off-star). This was done by minimiz-
ing the y? between a given off-star spectrum and all already
scaled on-star spectra. If no on-star spectra were available for
a given object, the off-star spectra were scaled in the same way
as described above for the on-star spectra, i.e., by minimizing the
x° between each pair of spectra, while keeping the average scale
factor equal to 1. This procedure was chosen to give the flux cal-
ibration with the on-star reference a higher credibility than that
with the off-star reference, because for the former the flux refer-
ence source was typically observed closer in time and in the same
direction on the sky (i.e., at the same airmass) as the science
target (the companion). We note that there are only two objects
for which no on-star spectra were available, CD-35 2722 b and
YSES 1 b. For these two objects our absolute flux calibration
should be taken with caution. The derived scale factors f for
all epochs are given in the last column of the observations table
on Zenodo and shown for all on-star observations in Figure 2.
For these on-star observations, the 1o relative flux uncertainty
is ~7-8%. An example of the above procedure for HD 206505 b
is shown in Figure 1 (bottom panel).

The scaled epochs for all 39 objects are shown in Figure A.1.
After the scaling, the different epochs appear consistent with
each other to within their uncertainties. Therefore, we can now
compute a combined (averaged) spectrum for each object as the
covariance-weighted mean spectrum of all available epochs

N
- F (3)

i=1

Frean = Zmean -
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where

N -1
Znean = [Z Zil] > 4)
i=1

F; are the companion flux spectra, Z; are their covariances, and
N is the number of epochs available for a given object. The final
combined spectra for all 39 objects are also shown in Figure A.1
and we recall that an additional systematic flux calibration uncer-
tainty of +10% needs to be accounted for when working with
these combined spectra. In agreement with this, we add a system-
atic flux calibration uncertainty — a correlated error — of 0.1 mag
in quadrature to all objects in the remainder of this paper to
account for the observed +10% systematic flux variations in the
GRAVITY spectra.

2.5. Systematics in the GRAVITY spectra

The data reduction process relies on a dual calibration scheme.
The first step involves calibrating the visibility measured by the
science spectrometer using the visibility measured by the fringe
tracker, obtained at exactly the same time. This corrects for
losses in coherent flux caused by atmospheric turbulence and
fringe tracking residuals since the science spectrometer and the
fringe tracker experience the same perturbations simultaneously.
The second calibration step involves bracketing the companion
observations with observations of the host star — or, in a few spe-
cific cases, a binary star system — in order to derive the transfer
function between the fringe tracker and the science spectrome-
ter. This transfer function accounts for the relative transmission
differences between the two interferometers. If this calibration
is performed at the same airmass, it should also, in principle,
correct for telluric absorption. This dual calibration approach
explains how we are able to obtain high-quality companion spec-
tra even within telluric water vapor absorption bands at the
edges of the K-band, including the strong absorption feature at
2.06 pm.

However, we have identified a limitation in this calibration
scheme, which arises from the field of view of the single-mode
fibers. These fibers have an extremely narrow field of view, equal
to a single telescope’s diffraction limit. As a result, through-
put drops significantly if the fiber is not precisely aligned with
the companion (below 50% at 35 mas pointing offset). Small
pointing offsets can be partially corrected by using an analyti-
cal estimate of the coupling losses (see Appendix A of Wang
et al. 2021). However, these corrections assume a perfect point
spread function (PSF). If the PSF is altered due to optical aberra-
tions, the theoretical correction no longer holds. Moreover, if the
fiber is misaligned, the atmospheric impact on the coherent flux
can differ significantly between the fringe tracker and the science
spectrometer. This means that even the first calibration step can
become biased. For several targets, we have observed discrepan-
cies between the spectra taken at different epochs that exceed the
expected statistical uncertainties. In rare cases, calibration errors
of up to ~60% have been observed, adding a significant bias to
the absolute flux calibration (see Figure 2).

Beyond the issue of absolute flux calibration, additional
wavelength-dependent spectral biases can arise from low-
frequency fringing artifacts (commonly referred to as wiggles)
that are not fully removed by polynomial fitting. This issue
becomes more severe when the companion is located very close
to its host star where the coherent stellar flux is high. In these
cases a low-order polynomial is used to avoid subtracting the

companion signal itself, which reduces the effectiveness of the
stellar subtraction. Fortunately, such configurations are relatively
rare (notable exceptions include HD 206893 ¢ and 51 Eri b). New
data reduction techniques and observational strategies are cur-
rently under development to mitigate the impact of this parasitic
fringing.

2.6. Description of data format

The full ExoGRAVITY Spectral Library is available on Zenodo.
For each companion, there is a FITS file with two exten-
sions containing the combined GRAVITY spectrum. The first
(primary) extension contains the combined companion flux
spectrum. The three columns of data correspond to

1. the wavelength (in nm);

2. the flux (in W/m?/pm);

3. the flux uncertainties (in W/m?/pm) without the systematic

flux calibration uncertainty of 10%.

The second extension contains a binary table with the same
information and an additional fourth column containing the
covariance matrix of the companion spectrum. Furthermore, the
primary header contains a header keyword for the name and the
derived scale factor for each input epoch that was used to obtain
the final combined spectrum. There is also a similar FITS file
with the GRAVITY flux spectrum from each individual epoch
(file name contains observation date and fiber pointing). The
online library also contains a FITS file for each flux reference
source (host star or swap calibrator). They contain the object’s
spectrum in native (to the model grid) spectral resolution in the
same units as the companion FITS files. They also contain two
additional extensions with the object’s spectrum sampled down
to a spectral resolution of R ~ 500 (GRAVITY medium) and
R ~ 4000 (GRAVITY high). Furthermore, the primary header
contains the inferred stellar parameters and the included archival
photometry. We note that there are no covariances for the stellar
model spectra since we propagate only the covariances from the
GRAVITY contrast spectra.

3. Results

The main result from this paper is the ExoGRAVITY Spec-
tral Library of giant exoplanet and brown dwarf companions
(available on Zenodo). This publicly available database con-
tains science-ready K-band GRAVITY spectra of 39 substellar
objects; our aim is to make high-level science products from
GRAVITY available to the wider community. We also discuss a
basic atmospheric characterization of all 39 objects in the library
based solely on their medium-resolution (R ~ 500) GRAVITY
spectra and an investigation of their evolutionary history in
the following sections. The two companions for which high-
resolution (R ~ 4000) GRAVITY spectra are available will be
analyzed in separate publications by Ravet et al. in prep. (for
B Pic b) and Kral et al. in prep. (for HD 206893 b).

3.1. Spectral types

The near-infrared K-band (~2.0-2.4 um) is a powerful spectral
regime for the characterization of self-luminous giant planets
and brown dwarfs (e.g., Oppenheimer et al. 1998; Xuan et al.
2022). It harbors absorption bands from CO and CHy, and its
spectral slope provides clues on the nature of the object’s atmo-
sphere (clear vs. cloudy). To get a first idea of the physical
properties of the 39 objects, we determined their spectral types
by matching their GRAVITY K-band spectra with spectral type
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templates from the SpeX Prism Libraries (Burgasser 2014). The
GRAVITY spectra analyzed here have a spectral resolution of
R ~ 500, while the SpeX templates have a significantly lower
spectral resolution (R ~ 120). Hence, we first binned down the
GRAVITY spectra to the same spectral resolution as the SpeX
templates. We do not expect this binning to have any significant
impact since the spectral types determined from the K-band are
mostly governed by the pseudo-continuum slope.

For each template spectrum k and each extinction value Ay
in the range 0—10 mag in 0.1 mag steps (assuming the extinction
law from Cardelli et al. 1989), we computed the goodness-of-fit
statistic G between the template and the GRAVITY spectrum,
as defined in Equation 1 of Cushing et al. (2008), using the
atmospheric modeling toolkit species? (Stolker et al. 2020).
Then, we plotted the goodness-of-fit statistic as a function of
the template spectral type considering only the extinction value
yielding the smallest y> for each template. For some objects in
the ExoGRAVITY Spectral Library with low S/N spectra, the
fit converged at an extinction Ay > 10 mag. In these cases, we
then fixed the extinction at Ay = 0 mag, acknowledging that the
S/N of the GRAVITY spectra is not sufficient to constrain the
extinction. Given the large scatter in Gy observed for individual
spectral types, we also decided to only consider the minimum
value of Gy for each spectral type from here on. The best fitting
spectral type was then taken as the spectral type with the smallest
minimum Gy. Uncertainties for the spectral type were deter-
mined by computing the significance of the best fitting spectral
type over all other spectral types according to a y2-distribution,
ie.,

®)

2

p=1-CDF, [
Xr,best

2
VX test )
9

where CDF, denotes the cumulative distribution function of a
x*-distribution with v = N, degrees of freedom, x?Z. is the

reduced )(2 (here obtained as G¢/N,) of the other spectral type,
and X?,b ot 18 the reduced x?° of the best fitting spectral type. The
range of spectral types lying within 1o of the best fitting spectral
type was then adopted as the spectral type uncertainty. The above
procedure is illustrated for all 39 companions in Figure D.1.
Most derived spectral types are consistent with those reported
in the literature, for instance for 51 Eri b (Macintosh et al. 2015),
B Pic b (Bonnefoy et al. 2014), and HR 8799 c/d/e (Greenbaum
et al. 2018). However, for the PDS 70 protoplanets (Mesa et al.
2019) and the close-in 8 Pic ¢ and HD 206893 ¢ companions
our spectral types are systematically off. We attribute this to the
low S/N resulting in flat spectra or to instrumental noise at short
separations (see Section 2.5).

3.2. GRAVITY K-band spectra

Starting with low-mass M dwarfs with rather featureless spec-
tra in the K-band (at a spectral resolution of R ~ 500) at the
top, over cloudy L dwarfs with increasingly strong CO absorp-
tion bands at ~2.3 pwm in the middle, to methane-dominated T
dwarfs with broad absorption features removing most of the flux
beyond ~2.2 um at the bottom, Figure 3 shows the GRAVITY K-
band spectra of all companions with a well-constrained spectral
type. This is defined here as having a spectral type uncertainty of
less than two subtypes, which captures all those objects whose
visual spectral features agree well with the features expected for
their spectral type. A similar figure for the 17 objects with a

2 Available at https://github.com/tomasstolker/species
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poorly constrained spectral type can be found on Zenodo. The
S/N of each spectrum is computed as the 90th percentile of the
ratio of the flux to the flux uncertainties. Therefore, the resulting
S/N values are reached over at least a 10% bandpass within the
GRAVITY K-band and reflect an outlier-safe estimation of the
maximum achieved S/N. The choice to focus the S/N estimation
on a narrow 10% bandpass was made because especially for the
T dwarfs, more than 50% of the GRAVITY bandpass can con-
tain zero flux due to the strong methane absorption longward of
~2.2 pm.

Figure 3 illustrates the K-band spectral signatures of the
substellar L-T sequence. This is because we only plotted those
spectra with a well-constrained spectral type. The spectra of the
remaining 17 companions with a poorly constrained spectral type
have lower S/N than spectra with a similar but well-constrained
spectral type and are sometimes affected by residual system-
atic noise manifesting itself as wiggles in the spectra (see also
Section 2.5).

The near-infrared K-band is a powerful spectral regime
to study the atmospheric carbon chemistry of substellar com-
panions (e.g., Kirkpatrick 2005). At the spectral resolution of
GRAVITY, CO absorption bands can be seen at ~2.3 um for
the hotter L dwarfs. For the cooler T dwarfs, the CO < CH,
chemical equilibrium shifts toward methane and a broad absorp-
tion trough longward of ~2.2 um appears in the GRAVITY
spectra removing almost the entire flux at these wavelengths.
Surface gravity-dependent effects, for example vertical mix-
ing, are expected to change the effective temperature at which
substellar companions transition from CO-rich to CH4-rich pho-
tospheres and from red to blue near-infrared colors (e.g., Zahnle
& Marley 2014). To investigate this transition for our sample
of 39 substellar companions, we computed synthetic SPHERE
K1- and K2-band magnitudes (Dohlen et al. 2008) from the
GRAVITY K-band spectra for each object; we display them in
a color-magnitude diagram in Fig. 4. It can be seen that most
objects lie along the AMES evolutionary track for dusty atmo-
spheres. Only a handful of companions appear to have clear
atmospheres (HD 4113 ¢, 51 Eri b, and HD 13724 b). In addition,
AF Lep b seems to be located somewhere along the substel-
lar L-T transition where the atmospheres are changing from
cloudy to clear. The color-magnitude diagram also shows that
for massive objects, such as HD 13724 (dynamical mass of ~36—
50 Myyp, Rickman et al. 2019, 2020; Brandt et al. 2021) and
the field dwarfs from the SpeX Prism Libraries, the substellar
L-T transition from cloudy to clear atmospheres occurs earlier
(i.e., at brighter absolute magnitude, and thus higher effective
temperature) than for less massive objects such as HR 8799 b
(5.8 £ 0.4 Myyp, Zurlo et al. 2022) and AF Lep b (~2—7 Myyp,
De Rosa et al. 2023; Franson et al. 2023; Mesa et al. 2023). This
observed behavior can provide clues about the nature of the phys-
ical processes underlying the substellar L-T transition which are
thought to be dependent on the surface gravity and potentially
also the metallicity of the object (e.g., Burrows et al. 2006).

3.3. Spectral indices

Spectral indices have been used in the literature to determine
spectral types or to assess the youth or surface gravity of sub-
stellar objects. This has been possible because the spectral
characteristics of M-, L-, and T-type dwarfs have been observed
to vary strongly with surface gravity (e.g., Lucas et al. 2001;
Gorlova et al. 2003; Allers & Liu 2013). Spectral indices are usu-
ally defined as the ratio of the fluxes over two distinct bandpasses



Kammerer, J., et al.: A&A, 704, A318 (2025)

B Pic c (M4F}2, Ex=0.03) T~
PDS 70 ¢ (M6X32, Ex=0.00) T "H1"
PZ Tel b (M6+:2, Ex=0.00) 1 rS/N =92.6
HIP 75056 b (M7+}2, Ex=0.11) -S/N = 31.7
BD+70 260 b (M7+32, Ex=0.00) -S/N = 20.7
HIP 64892 b (M8*12, Ex=0.00) 1* FS/N = 24.6
HD 17155 b (M9+*9:2, Ex = 0.00) 1 -S/N = 28.8
2 Sco b (M9*32, Ex=0.00) 1~ -S/N = 34.8
B Pic b (LO*32, Ex=0.02) 1" FS/N = 117.3
HD 112863 b (L1*3:2, Ex=0.00) 1 £ SIN = 50.1
WT 766 b (L1+3:2, Ex = 0.05) 1 -S/N =149.6
HD 72946 b (L3132, Ex=0.10) 1= -S/N = 36.7
HR 8799 c (L5%12, Ex=0.05) FS/IN =57.1
HD 206505 b (L6+3:2, Ex = 0.06) 1 -S/N = 78.0
CD-35 2722 b (L6%$:2, Ex=0.03) -S/N = 33.6
HR 8799 d (L6%92, Ex=0.03) 1 -S/N = 38.6
GQ Lup b (L6132, Ex=0.01) A FS/N = 24.4
HD 206893 b (L6X3:2, Ex=0.07) 1 FS/N =24.1
AF Lep b (T2$:2, Ex=10.00) 1 rS/N =16.3
HD 13724 b (T4*}2, Ex=0.01) 1= -S/N = 6.6
51 Eri b (T5*}2, Ex=0.04) } -S/N = 7.6
HD 167665 b (T5+32, Ex=0.03) 1 MSIN=21
2.0 2.1 2.2 2.3 2.4 2.5

Wavelength [um]

Fig. 3. GRAVITY K-band spectra at medium spectral resolution (R ~ 500) of the 22 substellar companions with a well-constrained spectral type,
sorted from M-type (top) to T-type (bottom). The spectra are scaled with respect to each other by the ratio of the square root of their S/N to their
mean flux, and they are offset along the y-axis so that their mean value is located at the height of their corresponding tick mark for better readability.
The best fitting spectral type templates from the SpeX Prism Libraries are shown in gray with their corresponding K/-K2 extinction Ex in units of
magnitudes shown on the left. The S/N of each spectrum is shown on the right.
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Fig. 4. K1-K2 color magnitude diagram for 38 of the 39 objects in
the ExoGRAVITY Spectral Library. AMES-Cond and AMES-Dusty
evolutionary tracks at an age of 20 Myr (solid lines) and 100 Myr
(dashed lines) are plotted in the background and mid-M-type to late
T-type objects from the SpeX Prism Libraries are shown for reference.
HD 167665 b is missing from the plot because its methane absorption is
strong, thus yielding only an upper flux limit in K2.

that often probe the depth of a certain molecular feature com-
pared to the continuum. We identified three spectral indices that
are probing different chemical species in the GRAVITY K-band
and computed them for all objects in the ExXoGRAVITY Spec-
tral Library. These are the CH4-C (Burgasser et al. 2002), CO
(McLean et al. 2003), and WK (Weights et al. 2009) indices from
Table D.1 in Piscarreta et al. (2024). Figure 5 shows these three
indices plotted against the spectral types that we determined in
Section 3.1. The literature samples for young dwarfs and for field
dwarfs compiled in Piscarreta et al. (2024) are also shown for
reference. They consist of objects down to L5 from Almendros-
Abad et al. (2022) combined with objects later than L5 from the
SpeX Prism Libraries (Burgasser 2014) and the Montreal Spec-
tral Library (Gagné et al. 2015). This enabled us to probe whether
there is agreement between the literature samples and the sub-
stellar companions in the EXoGRAVITY Spectral Library. Here,
objects are considered young if they have an estimated age of
<10 Myr for the literature samples (in agreement with the anal-
ysis presented in Piscarreta et al. 2024) and <50 Myr for the
ExoGRAVITY sample3. Furthermore, we consider members of
the Argus moving group as young since the age of this moving
group varies widely in the literature, but might be as young as
40-50 Myr (Zuckerman 2019).

3 A larger age range of 50 Myr is considered for the ExoGRAVITY
sample because there are only three objects with an age of <10 Myr
which is not a sufficient sample size to look for population scale trends
between younger and older objects.
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Figure 5 reveals that for all three shown spectral indices, the
ExoGRAVITY companions broadly follow the evolution of the
literature samples. Both the CHy- and the CO-sensitive indices
show a strong change in spectral index across the substellar
L-T transition, where a shift from CO- to CH4-dominated pho-
tospheres can be observed. For the literature samples, there is
also a bifurcation between young and field objects with young
objects typically having slightly elevated spectral indices. This
makes these two spectral indices useful for youth or gravity
assessment. A similar trend with age can be seen in the Exo-
GRAVITY sample, although the uncertainties are too large to
re-detect this bifurcation in the latter alone. The water-sensitive
WK index shows a significant gradient on both sides of the L-T
transition, but with an opposite sign. It also shows no significant
bifurcation as a function of age. Therefore, it is well suited to
determining the spectral type of substellar objects directly from
the value of the spectral index itself, as long as it is clear on
which side of the L-T transition a given object lies. While the lit-
erature data shown here consist mostly of isolated field dwarfs,
our ExoGRAVITY sample consists of bound substellar compan-
ions. Nevertheless, the ExoGRAVITY sample agrees with the
literature data within the uncertainties, and we conclude that
established spectral indices for field dwarfs can also be used for
characterizing bound substellar companions.

4. Discussion
4.1. Atmospheric characterization

To derive bulk properties for the 39 objects in the ExoGRAVITY
Spectral Library, we fitted atmospheric models to their GRAV-
ITY spectra and investigated how well the K-band constrains
the luminosity, effective temperature, and radius. For this exer-
cise we considered the AMES-Cond and AMES-Dusty grids
(Chabrier et al. 2000); the BT-Cond, BT-Dusty, and BT-Settl
grids (Allard et al. 2012); the DRIFT-PHOENIX grid (Helling
et al. 2008); and the Exo-REM grid (Baudino et al. 2015;
Charnay et al. 2018). All seven grids were fitted to the GRAV-
ITY spectra of all 39 objects. Then, the objects were grouped
according to which grids provided a good fit and which ones
did not based on the reduced y? metric. The fitting was done
with species (Stolker et al. 2020), which employs nested sam-
pling with PyMultiNest (Buchner et al. 2014) to infer the
model parameter posterior distributions. The T- and late L-
type objects were found to be better fit by clear and hybrid
grids (AMES-Cond, BT-Cond, BT-Settl, Exo-REM), while the
early L- and M-type objects were found to be better described
by cloudy and hybrid grids (AMES-Dusty, BT-Dusty, BT-Settl,
DRIFT-PHOENIX, Exo-REM). Seven objects showed a simi-
lar x? for any of the explored grids because their spectra are
dominated by noise. We note that these seven objects also have
poorly constrained spectral types according to the analysis in
Section 3.1.

Figure E.1 shows the posterior distributions of the bolomet-
ric luminosity. Similar figures for the effective temperature and
the radius can be found on Zenodo. The typical 1o uncertainty
on the inferred bolometric luminosity is ~0.1 dex. The preci-
sion of the luminosity constraint naturally correlates with the
S/N of the GRAVITY spectrum from which it was derived.
The luminosity measured from the GRAVITY K-band spectra
alone is always within 30 of the literature values where avail-
able, and hence in statistical agreement with them. In most cases
these literature values were derived from data with a broader
wavelength coverage than the GRAVITY spectra, and are hence
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Fig. 5. Methane- (CHy), carbon-monoxide- (CO), and water- (WK) sensitive spectral indices for all objects in the EXoGRAVITY Spectral Library.
For reference, young dwarfs (<10 Myr) and field dwarfs from the literature are shown in the background. For the ExoGRAVITY sample, objects
are considered young if they have an estimated age of <50 Myr or if they are members of the Argus moving group.
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Fig. 6. Left panel: sonora Diamondback hybrid gravity solar metallicity (Morley et al. 2024) and BHAC15 (Baraffe et al. 2015) cooling curves
for substellar companions. The 37 objects from the ExoGRAVITY Spectral Library with age constraints available in the literature are shown
by red points, and those with dynamical mass measurements have a black contour. Cooling curves for a few masses are highlighted in blue
(1 mMgo; = 1.048 Myyp). Right panel: correlation between dynamical mass constraints from the literature and evolutionary mass constraints from
GRAVITY. HD 984 b lies outside the shown mass range but is still consistent between its evolutionary and dynamical mass to within 20

more reliable. Before the luminosities obtained from the GRAV-
ITY spectra can be used to constrain the evolutionary state
of the 39 objects, an additional systematic uncertainty of 10%
(~0.05 dex) must be added in quadrature due to the systematic
uncertainties in the GRAVITY flux calibration (see Section 2.4).
The inferred effective temperature of the 39 objects is usu-
ally rather poorly constrained based on the GRAVITY K-band
spectra alone. Uncertainties from several hundred to a thousand
Kelvin are the norm. For an individual object, the posteriors
from different atmospheric model grids can be discrepant due
to correlations between the effective temperature, the radius, and
the assumed cloud prescription that cannot be resolved with the
limited wavelength coverage of the GRAVITY spectra alone.
Hence, the uncertainty in the derived effective temperature is
typically dominated by systematic differences between the var-
ious atmospheric model grids. Individual models yield tighter
constraints for apparently brighter objects whose spectra have
higher S/N. The same is the case for the inferred radius of the 39
objects.

4.2. Comparison with evolutionary models

Given the bolometric luminosity constraints from the GRAVITY
spectra from Section 4.1, we then attempted to derive masses for
all 39 objects using evolutionary models for substellar compan-
ions. This required an age constraint from young moving group
membership or stellar age indicators for instance. We hence
compiled age constraints from the literature for 37 of the 39
objects in Table 1. Unfortunately, there was no age constraint
available for two objects (BD+70 260 b and HD 17155 b). More-
over, the age of three objects (HD 112863 b, HD 206505 b, and
WT 766 b) was derived from the dynamical mass of the com-
panion using evolutionary models. Therefore, we could not use
those ages to constrain the mass of the companions using evo-
lutionary models as this would lead to a circular argument. For
the other 34 objects, we used Sonora Diamondback hybrid grav-
ity solar metallicity evolutionary models (Morley et al. 2024) to
derive mass constraints. Seven objects were outside the luminos-
ity range covered by these models so that we used the models
from Baraffe et al. (2015) instead (see Figure 6, left panel).
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Table 1. Derived companion parameters and stellar association membership from the literature.

Object Member Age [Myr] logL/Lg[dex] logLg/Lo[dex] Alogl Mgy Mypl Mevo [Myypl Refs.
BD+70260b  FIELD - - -2.00719 - - - 1
51 Erib BPMG 24*3 -5.481013 -5.217043 1.0 - 4,633 12,3
AF Lep b BPMG 24+3 -5.201 -5.15"211 0.3 37503 40703 1,3.4
BPicb BPMG 24*3 -3.78+903 -3.737091 0.4 11.90*293 135703 13,56
B Picc BPMG 24+3 —4.50*904 —4.45%0:-13 0.6 8.89073 8713 1,3,5.6
CD-352722b ABDMG  149%3 - -3.80%0% - - 39.2+23 13
GQLupb UCL 3.5%13 -2.16 -2.37+9% 2.6 - 26.4*%4 1,78
HD 984 b FIELD 115+82 -2.88%00 -2.51%03 0.7 61 185+ L5
HD 1160 b FIELD  100%2 —2.99+0.02 -2.74%014 22 - 10323 19,10
HD 4113 ¢ FIELD  5000*13% - -5.917% - 66"5 33.8+188 111
HD 4747 b FIELD 3600+ —4.54*906 -4.627010 0.4 66.223 64.07>8 112
HD 13724b  FIELD  2800%3)% —4.78+007 ~4.60"233 0.6 36.2+1¢ 60.8+10 113
HD 17155b  FIELD - - -3.57%19 - 86.0*04 - 1,14
HD 72946b  FIELD 267033 —4.14*001 —4.04+007 L1 69.5%03 77.4%13 1,15
HD 95086 b LCC 273 ~5.00*903 -4.93+0-13 0.5 - 5.2%09 1,16
HD 112863b  FIELD  3310°319  -3.79+003 -3.78+047 0.0 77.1°24 - 1,17,18
HD 167665b  FIELD 6200713 ~ -4.89*00 —4.89*043 0.0 60.3*07 6017113 1,19
HD 206505b  FIELD 39403310  -3.71*)(2 -3.797091 1.2 79.8%8 - 1,17,18
HD206893b ARG 155713 —4.23+001 —4.24+0.19 0.1 28.022 - 1,20
HD206893c ARG 155713 —4.427092 —4.42%012 0.0 127412 - 1,20
HIP 64892 b LCC 15%3 -2.66"1 -2.5771 0.8 - 40.5+192 121,22
HIP 65426 b LCC 1543 —4.15*001 —4.06 00 1.0 - 10.8*05 121,23
HIP 75056 b UCL 162 -2.8+03 -2.72+219 0.7 35+10 308792 121,24
HIP 79098 b  USCO 10*3 - -2.66"021 - - 33.8+232 1,21
HIP 99770 b ARG 220*1% —4.52+001 -4.30701¢ L5 17+8 3337198 1,25.26
HR 2562 b FIELD  475*273 - ~4.637019 - - 33.658 1,27
HR3549b  FIELD 1253 - -3.337018 - - 520t142 128
HR 7672 b FIELD  1920%3% -4.19*204 -3.92720 2.8 72.7+98 78.618 1,12
HR 8799 b COL 42424 -5.217097 -5.09713 1.0 - 6.171¢ 113,29
HR 8799 ¢ COL 42724 —4.69700 —4.58+08 1.4 - 9.4+ 1,13,29
HR 8799 d COL 4242 -4.62%09 —4.6670% 0.4 - 87717 11329
le 8799 ¢ COL 42323 —4.74*004 —4.53j§;2§ 2.2 9.6719 9.8358 1,13,29
u* Scob UCL 16*3 - -3.17704%8 - - 19.8%3%8 1,21
PDS 70 b UCL 5.4+10 -3.76*322 -3.80"21% 0.3 - 8.8*13 1,30,31
PDS 70 ¢ UCL 5410 —4.09*03 -4.331014 1.7 - 50707 1,30,31
PZ Tel b BPMG 24*3 - ~2.46097 - - 64.353 13
HD 135344 Ab  UCL 1613 -3.90, ~3.87014 0.2 - 122498 121,32
WT 766 b FIELD 670%40 - ~3.58+0:0¢ - 77.314 - 1,33
YSES 1b LCC 1543 =3.17+90 -3.207012 0.3 - 192733 121,34

Notes. L is the luminosity from the literature and Lg is the luminosity derived from the GRAVITY spectra. A is their difference in units of standard
deviations of the GRAVITY-derived luminosity og. An additional systematic uncertainty of 10% (~0.05 dex) has been added in quadrature to the
GRAVITY-derived luminosity to account for flux calibration errors. Mgy, is the dynamical mass from the literature and M., is the mass derived
from evolutionary models based on the GRAVITY luminosity. (1) Gagné et al. 2018, (2) Brown-Sevilla et al. 2023, (3) Bell et al. 2015, (4) Balmer
et al. 2025, (5) Franson et al. 2022, (6) Lacour et al. 2021, (7) Donati et al. 2012, (8) Stolker et al. 2021, (9) Maire et al. 2016, (10) Sutlieff et al.
2024, (11) Cheetham et al. 2018b, (12) Brandt et al. 2019, (13) Brandt et al. 2021, (14) Unger et al. 2023, (15) Balmer et al. 2023, (16) Malin et al.
2024, (17) Rickman et al. 2024, (18) Ceva et al. 2025, (19) Maire et al. 2024, (20) Hinkley et al. 2023, (21) Pecaut & Mamajek 2016, (22) Cheetham
et al. 2018a, (23) Carter et al. 2023, (24) Balmer et al. 2024, (25) Currie et al. 2023b, (26) Winterhalder et al. (2025), (27) Mesa et al. 2018, (28)
Mesa et al. 2016, (29) Nasedkin et al. 2024, (30) Miiller et al. 2018, (31) Wang et al. 2021, (32) Stolker et al. 2025, (33) Winterhalder et al. 2024,
(34) Bohn et al. 2020.
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The posterior distributions of the evolutionary model param-
eters (age, mass, effective temperature, radius) were inferred
using species (Stolker et al. 2020). The age constraints from
the literature were used as Gaussian age priors with symmetric
uncertainties taken as the average of the asymmetric error bars
from the literature.

Table 1 shows the derived mass constraints from our evolu-
tionary model analysis. For HD 206893 ¢, HIP 99770 b, > Sco b,
and YSES 1 b we find bimodal mass posteriors with one peak
below ~15 My, and another one above ~15 My, depending on
whether the object started deuterium burning in its core or not
(e.g., Hinkley et al. 2023). In all but two cases, the evolutionary
and dynamical masses are consistent with one another to well
within 20" (see Figure 6, right panel). The only two outliers are
HD 72946 b and HR 7672 b for which we find slightly higher
evolutionary masses if compared to their dynamical masses. This
might point to issues with the evolutionary models, the dynam-
ical masses, or the age constraints of these objects. In addition,
for HD 4113 ¢, a brown dwarf companion at ~700 mas separation
from its host star, we can confirm the underluminosity already
reported by Cheetham et al. (2018b). We note that the evolution-
ary mass derived from the GRAVITY luminosity has rather large
uncertainties since the luminosity itself remains poorly con-
strained from the atmospheric model fits (see Figure E.1). When
focusing on the BT-Cond grid alone, similar to the analysis in
Cheetham et al. (2018b), the GRAVITY-derived luminosity and
therefore the evolutionary mass would be even lower than what
is shown in Figure 6. Such a discrepancy between the dynam-
ical and evolutionary mass could point to the existence of an
unseen companion and HD 4113 c being a binary brown dwarf,
as was shown recently in the case of Gl 229 B (Xuan et al. 2024;
Whitebook et al. 2024). Finally, we find an evolutionary mass of
185té§4 My, for HD 984 b, which has a dynamical mass con-

straint of 61f3 My, from Franson et al. (2022). We note that the
two are consistent within ~1.50". The large uncertainties of the
evolutionary mass derived from the GRAVITY luminosity are
not surprising given that the GRAVITY spectrum of HD 984 b
is one of the spectra with the lowest S/N in the ExXoGRAVITY
Spectral Library.

5. Summary and conclusions

We compiled the ExoGRAVITY Spectral Library, a homoge-
neous library of 39 giant planet and brown dwarf companion
K-band spectra observed with VLTI/GRAVITY. The aim of this
uniformly processed library is to aid the identification of empir-
ical trends among larger samples of substellar companions and
to provide insight into the governing atmospheric processes on
both sides of the L-T transition. Another recent example of a
spectral library for VLT/SINFONI spectra of substellar objects at
the M-L transition was published by Palma-Bifani et al. (2025).
However, compared to SINFONI and other current and past
instruments, the superior starlight suppression capabilities of
GRAVITY, thanks to its usage of long-baseline interferometry,
open a unique window for R ~ 500 spectroscopic characteriza-
tion of exoplanets and brown dwarf companions close to their
host star, down to separatoins of a few au.

For most of the 39 objects in the ExoGRAVITY Spectral
Library, multiple epochs of data are available. We observe flux
variations between these individual epochs on the +10% level
which we attribute to mostly instrumental systematics. Given
the large amounts of data analyzed in this paper (>150 individ-
ual GRAVITY epochs amounting to >100 hours of on-source

integration time), we are now able to robustly characterize the
stability and uncertainties of our flux calibration scheme (see
Section 2.4). If the systematics in the GRAVITY spectra can
be better understood and calibrated in the future (for instance
by exploiting the data collected by the GRAVITY acquisition
camera), the ExoGRAVITY Spectral Library might become a
valuable resource for studying giant planet and brown dwarf
variability. However, at the time of writing, the instrumental sys-
tematics still dominate any expected astrophysical variability by
a factor of 5-10.

We derived spectral types for all 39 objects in the ExoGRAV-
ITY Spectral Library using spectral type templates from the
SpeX Prism Libraries (Burgasser 2014). We also computed K-
band spectral indices probing the methane, carbon-monoxide,
and water features in the GRAVITY spectra, finding that our
ExoGRAVITY sample of bound substellar companions agrees
well with field dwarfs from the literature. Most of the objects
in the ExoGRAVITY sample are well described in the K1-K2
color-magnitude diagram by a cloudy evolutionary sequence
(see Figure 4), with the exception of HD 4113 c, 51 Eri b, and
HD 13724 b, which were all identified as T-type dwarfs with
methane-dominated photospheres. Hence, cloudy atmospheres
are very common among our current sample of substellar com-
panions observed with GRAVITY. However, we note that this
might be due to an observational bias since T-type objects typ-
ically have lower effective temperatures, and are thus harder to
detect with current facilities.

We used the GRAVITY K-band spectra to derive bulk prop-
erties and isochronal masses for the objects in the ExXoGRAVITY
Spectral Library. The GRAVITY spectra alone yield reasonable
constraints on the objects’ bolometric luminosities, consistent
within the uncertainties with literature values computed using
a broader wavelength coverage. This is because the K-band is a
powerful spectral range for constraining the atmospheric carbon
chemistry of substellar companions which helps to determine
whether a given object can be best described by models for
clear or cloudy atmospheres. This in turn shrinks the range of
luminosities covered by the atmospheric model fitting posteri-
ors and therefore yields tighter luminosity constraints with a
typical uncertainty of +0.15 dex (including systematic errors).
Combining the luminosity constraints from GRAVITY with
age constraints from the literature where available, we derived
isochronal masses for 34 of the 39 objects in the ExoGRAV-
ITY Spectral Library. These evolutionary model masses are in
agreement with dynamical masses from the literature for most
objects. A notable exception is HD 4113 ¢, which is part of the
class of potentially underluminous substellar companions; this
might indicate the presence of a binary companion, as already
noted by Cheetham et al. (2018b).

Data availability

The ExoGRAVITY Spectral Library can be retrieved online from
Zenodo. Moreover, supplementary material such as additional
tables and figures can also be found on Zenodo.
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Appendix A: Per epoch GRAVITY spectra

Figure A.1 presents the per epoch GRAVITY spectra of all 39
substellar companions in the ExoGRAVITY Spectral Library.
The shown spectra have already been scaled to bring them into
mutual agreement, and the final combined GRAVITY spectrum
for each object is shown in black.

Appendix B: Flux calibration with on-axis host star
reference

A model spectrum of the flux reference source is needed to con-
vert the GRAVITY contrast spectra into companion flux spectra.
We hence derived model spectra for each flux reference source
by fitting a grid of stellar model atmospheres to archival Gaia
(Gaia Collaboration 2023), Tycho (Hgg et al. 2000), 2MASS
(Skrutskie et al. 2006), and WISE (Wright et al. 2010) pho-
tometry and the Gaia XP spectrum (Carrasco et al. 2021; De
Angeli et al. 2023) where available using the atmospheric mod-
eling toolkit species (Stolker et al. 2020). Photometric outliers
were identified visually and manually excluded from the fits. For
single stars, WISE/W3 and WISE/W4 photometry were always
excluded to avoid any confusion from circumstellar dust or
debris often found around young exoplanet host stars (e.g., Smith
& Terrile 1984; Su et al. 2009). The exception is WT 766, a
mature star with no substantial amounts of circumstellar material
for which the inclusion of the WISE/W3 and WISE/W4 pho-
tometry lead to a significant improvement of the derived stellar
parameters. We also excluded data at wavelengths < 0.37 um
and > 1.01 um from the Gaia XP spectra due to their large uncer-
tainties. Table B.1 summarizes which photometry was included
for which star and whether a Gaia XP spectrum was available.
The archival spectrophotometry of all single stars were then
fitted with the BT-NextGen grid of stellar model atmospheres
from Allard et al. (2012). This grid has three free parameters,
effective temperature T € [2600,30000] K, surface gravity
logg € [3, 6], and metallicity [Fe/H] € [0, 0.5] dex. Besides, we
also fitted for the radius of the star R € [0.1,40] Ry, and the par-
allax 7 for which we used a Gaussian prior based on the Gaia
EDR3 parallax and its uncertainties (Gaia Collaboration 2020).
To avoid degeneracies between the inferred stellar parameters
with the limited spectral coverage and resolution in the archival
spectrophotometry, we fixed the surface gravity for all stars at
the value reported in the Gaia DR3 catalog (Gaia Collaboration
2023)° and the metallicity at the solar value of [Fe/H] = 0 dex.
We note that literature values for the metallicity often vary sig-
nificantly based on different assumptions even for many of the
well-studied exoplanet host stars considered here so that setting
the stellar metallicity based on these literature values is difficult.
Hence, and given that the metallicity distribution of young stars
in the solar neighborhood has been shown to cluster around the
solar value (e.g., Haywood 2001), we consider [Fe/H] = 0 dex
a conservative choice. For HD 217519 and HIP 99770, no sur-
face gravity constraints were available in the literature. For these
two stars, we used additional Gaussian priors on the radius of
HD 217519 of 15.1 £ 0.5 R, based on Cruzalebes et al. (2019)
and on the mass of HIP 99770 of 1.8 + 0.2 Mg, based on Currie
et al. (2023b) and left the surface gravity as a free parameter.
Moreover, we applied the ISM extinction law from Cardelli et al.
(1989) with the extinction parameter Ay set to the value of the A
parameter in the Gaia DR3 catalog (Gaia Collaboration 2023)°.

5 With the exception of a few stars for which no surface gravity or
extinction value was available in the Gaia DR3 catalog, see Table B.2
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For GQ Lup and PDS 70, we additionally fitted for a second
blackbody component to describe the circumstellar dust emis-
sion which becomes evident in their spectral energy distributions
in the 2MASS and WISE passbands. The effective temperature
and radius of this second blackbody component were bounded
to Tetrgisk € [10,2000] K and Rgisk € [10,1000] R;. The best
fit stellar model parameters were then inferred with species
using nested sampling with PyMultiNest (Buchner et al. 2014).
Table B.2 presents the stellar model parameters inferred from
the atmospheric model fitting process. For all stars except
HIP 99770, the archival 2MASS Ks-band photometry lies within
30 of the best fit stellar model spectrum. The best fit effec-
tive temperature is typically within ~ 200 K of literature values
where available, except for HIP 79098. For this particularly hot
star (Tege > 10000 K), our inferred effective temperature differs
from literature values by ~ 600 K. An example stellar model
atmosphere for HD 206505 is shown in Figure B.1.

To obtain the final companion flux spectra Fcomp, the com-
panion contrast Spectra ceomp measured by GRAVITY were then
multiplied with the host star model spectra F,. evaluated at the
same wavelength nodes as the GRAVITY spectra, that is
Feomp = Ccomp * Fstar- (B.)
The covariances of the companion contrast spectra output by
the GRAVITY pipeline and the uncertainties of the stellar
model spectra obtained as the standard deviation over 100 model
spectra drawn randomly from the posterior distribution were
propagated accordingly. We note that the uncertainties reported
for the derived stellar parameters only reflect the statistical uncer-
tainties from the fit, but ignore any systematic uncertainties in
the underlying archival spectrophotometry and in the interpola-
tion of the stellar model grid. This has a negligible impact on
our final uncertainties; however, because the uncertainties prop-
agated from the GRAVITY pipeline are at least one order of
magnitude larger than those propagated from the stellar model
spectrum.

Appendix C: Flux calibration with swap binary star
reference

The swap binary star calibrators observed before or after the
companion off-axis observations have the primary purpose of
calibrating the OPD between the two off-axis fields created by
the roof prism. This is required to measure accurate compan-
ion astrometry. In some cases, a dedicated on-axis observation
with the science spectrometer on the companion host star was
taken before or after the companion off-axis observation which
can then be used to construct a companion contrast spectrum
relative to the host star. In all other cases, this is unfortunately
not possible and the companion contrast spectrum was calibrated
with respect to the swap binary star calibrator. This means that a
model spectrum of the binary star (i.e., both of its components)
needed to be derived for such cases. This process is complicated
since most of the used binary stars (unlike the nearby exoplanet
host stars) are rather poorly studied systems with little (resolved)
archival spectrophotometry available.

For the binary stars, we used the same grid of stellar model
atmospheres as for the single stars, except for HD 174536 and
HD 196885. For these two binary stars, the effective temperature
of the secondary component converged toward the lower grid
boundary of 2600 K, so that another grid of stellar model
atmospheres had to be consulted. We decided to use the BT-Settl
(CIFIST) grid (Allard et al. 2012) which has only two free
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Fig. A.1. Per epoch GRAVITY spectra (in color, scaled according to the last column of the observations table on Zenodo) and the final combined
spectrum (black) for all 39 substellar companions in the ExoGRAVITY Spectral Library. The N epochs are sorted chronologically, starting with
the oldest, using the following color palette: blue = 1, orange = 2, green = 3, red = 4, purple = 5, brown = 6, pink = 7, gray = 8§, olive = 9.
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Table B.1. Summary of the archival photometry and spectra included in the atmospheric model fit for each star.

Star Gaia Tycho 2MASS WISE
XP G Gpgp Grp Grvs B V. J H Ks W1 W2 W3 W4
BD+70 260 v 7/ v X v v v v v/ v X X
51 Eri v 7/ v X v v v v v/ X X X
AF Lep v 7/ v v v v v v v/ X X X
B Pictoris v v/ v v v v v v v / X X X
CD-35 2722 7/ v v v v v v v/ 4 X X
GQ Lup X v v X X x v v v X X X X
HD 984 X v v v v v v v v / v X X
HD 1160 v 7/ v v v v v v v/ 4 X X
HD 4113 v 7/ v v v v v v v/ 4 X X
HD 4747 v v / v v v v v v v / X X X
HD 13724 7/ v v v v v v v/ v X X
HD 17155 v v/ v v v v v v v/ 4 X X
HD 72946 v v/ v v v X v v v/ v X X
HD 95086 7/ v v v v v v v/ 4 X X
HD 112863 v v/ v v v v v v v/ 4 X X
HD 167665 X v v v v v v v v / X X X
HD 206505 v 7/ v v v v v v v/ v X X
HD 206893 v v/ v v v v v v v/ 4 X X
HD 217519 v v / v v v v v v v / v X X
HIP 64892 7/ v X v v v v v/ 4 X X
HIP 65426 v v/ v v v v v v v/ 4 X X
HIP 75056 v v / v X v v v v v/ v X X
HIP 79098 7/ v X v v v v v/ v X X
HIP 99770 v v/ v v v v v v v/ X X X
HR 2562 v v/ v v v v v v v/ X X X
HR 3549 7/ v v v v v v v/ 4 X X
HR 7672 v v/ v v v v v v v/ X X X
HR 8799 X v / v v v v v v v/ X X X
u? Sco v v/ v X v v v v v/ X X X
PDS 70 X v v v X x v v v / v X X
PZ Tel v 7/ v v v v v v v/ v X X
HD 135344 A v Vv V/ v v v v v v/ X X X X
WT 766 v X X X X X x v v v / v v v
YSES 1 v 7/ 4 X v v v v v/ 4 X X
- HD25535 /O X X X X X X / /v / /X v /O
HD 30003 v X X X X X X X x X 4 X v v
HD 174536 X v v v v v v v v / 4 X X
HD 123227 X X X X X X x v v v / v v v
HD 91881 X X X X X X x v v v / X v v
HD 73900 v X X X X v v v v v/ v v v
HD 196885 v 7/ v v v v v v v/ v X X
HR 5362 X X X X X X x v v v / v v v

Notes. Objects below the horizontal dashed line are binary stars (swap calibrators).

parameters, effective temperature T € [1200,7000] K and
surface gravity logg € [3,5.5]. Consistent with the fits for
single stars, this grid has been computed at solar metallicity
[Fe/H] = 0 dex. In addition to the previously described param-
eters fitted for the single stars, we also computed synthetic
SPHERE IRDIS Ks-band contrasts between the primary and
secondary components of the binary stars from the GRAVITY
observations and included them in the species fits. Given the
large observed variations in the slope of the observed GRAVITY
contrast spectra for individual binary stars, we decided to first
compute an average contrast spectrum from all available epochs
and then combine it into a single photometric contrast data point.
For this, the SPHERE IRDIS Ks-band filter was an ideal choice
because it covers a large fraction of the GRAVITY bandpass.
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A systematic error of 10% was associated with these SPHERE
IRDIS Ks-band contrasts. Additional priors used for each
individual binary star system can be found in the next paragraph.
Table B.3 contains the extinction values from the Gaia catalog
used in the fits and the best fit stellar model parameters inferred
from the atmospheric model fitting process. An example stel-
lar model atmosphere for HD 196885 AB is shown in Figure B.2.

HD 25535: This binary star has an angular separation of ~ 1”
(Nowak et al. 2024) and is resolved by Gaia. There is an effective
temperature estimate for the primary star available in the Gaia
catalog (Gaia Collaboration 2023) so that we used a Gaussian
prior of Tegra = 5876 + 99 K in our fit. In addition, Makarov &
Fabricius (2021) found a mass ratio of 0.941 +0.002 between the
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Table B.2. Stellar parameters for the on-axis host stars inferred from the atmospheric model fitting.

Star Tetr [K] logg R [Rs] 7 [mas] d [pc] Ay [mag]

BD+70260 6242721 4.07® 1477000 8527000 117370 0.0®
: 30 @ 081 006 00’ @

51 Exi 7386+ 4.14 1487001 33443006 29 9+00" 0
AF Lep 60623  4.15@ 1.21j8;8} 37.25t8;8} 26.8f8;0 0.0
f Pic 8053t§7 4.21@ 1.53%%;3} 50.93%%;?% 19.6j§;§ 0.0@
CD-352722 371377 4.64® 0.58t8;8§ 44.72;)-321 22400 0.0®
GQ Lup 4306t§§ 3.70® 175000 6.497092  154.1703  04@
HD 984 6268*2 4.21@ 1.21j8;8} 21.88j8-%§ 457490 0.0@
HD 1160 1038670 4.50©  1.677000 827002 1209704 02®
HD 4113 5700j262 4.36® 1.07j838} 23.83’:0-82 42.0+00 0.0®
HD 4747 5438% 4.50@ 0.76j§f§{ 53.05%32 18.8f§f§ 0.0®
HD 13724 58420 431@  105+0% 2302000 43.4+0. 0.0@
HD 17155 4792j}é 4.619 o.71f§;§0 35.61j§;§§ 28.1i§;§ 0.1®
HD 72946  5656*2  4.42® 0927000 38.98+005  25.7+0 0.0
HD 95086 7623’:%% 4.18@ 1.48t8;8} 1 1.57t8;8} 86.5i8;(f 0.0@
HD 112863 5329fj 4.52® 0.78j§;§? 26.95t§;§§ 37.1f§;$ 0.0@
HD 167665 622879  4.23@  1.30*001  32.40+006  30.9+0. 0.0
HD 206505 5373?g 4.45® 0.89’:838{ 22.77j838z 43.9j836 0.0@
HD 206893 6554%3 4.13@ 1.31f§3§? 24.53f§3§§ 40.8j§3§ 0.0®
HD 217519 4741*12  307+01 1725016 173+000 5767430 0.4®
HIP 64892 10600710 42449 1.74+001 8.36j8-8§ 19.603 0,00
HIP 65426 8746f? 4.23® 1.71j8381 9.30j8382 107.5j8¢§ 0.00
HIP 75056 8231j§§ 4.220 1.61j838i 8.20j31§§ 121.9j813 0.2
HIP 79098  11074*100  3.76® 3.77t8?8§ 6.48i§3}§ 154.4t§3g) 0.3®
HIP99770 80607 4.08+095 1.97j8f8{ 24.557006 407401 0.09
HR 2562 6615j§3 42269 1.40j§;§{ 29.47j§f§§ 33.9j§;§ 0.0@
HR3549  10449*1%  424@ 2067000 10.55700°  94.8702  0.1@
HR 7672 6002’:22 4.37@ 1.05j838{ 56.27f8383 17.8j830 0.0®
HR 8799 7339j§§ 4.07® 1.45f§f§1 24.46j§38§ 40.9f§?(1f 0.0@
12 Sco 21608737 3.71@  5.90*0 ) 6.18t0;°% 161,928 0.2®
PDS 70 4247f§f 4.15® 1.14j§;§§ 8.90j§-5? 112.4j§-§ 0.3@
PZ Tel 526310 4.25@ 1.22t8;8} 21.167092  47.3%00° 0@
HD 135344 A 100037} 3.800 1.46j8;8f 7.41jg;g§ 134.903  0.30
WT 766 32370 455 025000 74457034 34+0T oM
YSES1 495278 4@ 09978 10er0  osnll g3

Notes. (a) Gaia Collaboration 2023, (b) Donati et al. 2012, (c) Mesa et al. 2020, (d) Barbato et al. 2023, (e) Bochanski et al. 2018, (f) Stolker et al.
2025, (g) Steinmetz et al. 2020, (h) Gaia Collaboration 2018, (i) Chen et al. 2012, (j) Murphy & Paunzen 2017.

primary and secondary component of the binary from Hipparcos
and Gaia astrometry and Kervella et al. (2019) reported a mass
for the primary component of M, = 1.153 +0.058 M which we
also included as Gaussian priors in our fit.

HD 30003: This binary star has an angular separation of ~ 4"
and is resolved by Gaia. There is an effective temperature esti-
mate for both the primary and the secondary star available in
the Gaia catalog (Gaia Collaboration 2023). However, we only
used a Gaussian prior of Tegra = 5580 + 2 K in our fit. We did
not include a prior on the effective temperature of the secondary
component of the binary because the combined Gaia XP spec-
trum strongly preferred a ~ 180 K lower effective temperature
for the secondary component than what is reported in the Gaia
catalog. In addition, Makarov & Fabricius (2021) found a mass
ratio of 0.989 + 0.003 between the primary and secondary com-
ponent of the binary from Hipparcos and Gaia astrometry and
Tokovinin (2014) reported masses for the primary and secondary
component of Ma = 1.03 £0.10 Mg and Mg = 1.01 £ 0.10 Mg
which we also included as Gaussian priors in our fit.

HD 174536: This binary star has an angular separation of ~ 1.5”
(Nowak et al. 2024) and is resolved by Gaia. There is an effec-
tive temperature estimate for the primary star available in the
Gaia catalog (Gaia Collaboration 2023) so that we used a Gaus-
sian prior of Tera = 4848 =293 K in our fit. We note that
HD 174536 has been classified as a giant star by Houk & Smith-
Moore (1988) and our binary star model fit converged to radii
of Ry = 352 Ry and Rg = 35.1 Ry which appears to con-
firm this finding. However, the stellar models that we used are
not specifically made to describe giant stars which might have
consequences for our binary star model of HD 174536 and the
GQ Lup b off-axis epoch for which HD 174536 was used as an
amplitude reference.

HD 123227: This binary star has an angular separation of ~ 1”
(Nowak et al. 2024) and is resolved by Gaia. There is no effective
temperature estimate for either of its two components available in
the Gaia catalog so that we let both T s and Teep vary freely
in our fit. However, Tokovinin (2014) reported masses for the
primary and secondary component of M, = 1.27 +0.10 Mg and
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Table B.3. Stellar parameters for the swap binary star calibrators inferred from the atmospheric model fitting.

Star Teit A [g] log gOAO X Ra [I%% ]3 TeriB [SIS<5] log gOBO6 Ry [1%%] Vi [mag%l d [pco]0 Ay [n(w)lg] CKs

HD 25535  5872°C) 4157003 150700 5650735 4.36°006 1147007 21.667001 462700 0.0@  0.56
Wy 7004 7003 o 7003 08 i 7090 ®)

HD30003 55800, 4320y  LI14%ger  SS89%50 442y 10L%yg 3242'00 30845 00 0.80

HD 174536 481 1;65283 3.00%0 0 35.2;0} o 1496;@8 300%0 35 1;03;131 1.51t+g(-)‘305 663" 6% 1.3?) 0.03

HD 123227 61157, 41870 LSy 5968%c  4257p0 1367, 222350 4507, 00 0.79

HDOI88l 611770 416097 1561002 6385+1015  4.50+008 0. 97+007 23 17+002 432400 0@  0.41

HD 73900 688436 427001 145002 563611 4.54+000 087005 24414003 410401 0.0® 029
+1 +8:8§ +8:81 +121 +8:86 +8:84 +8182 +8:0 (a)

HD 196885 6267_ég 4.28_888 1.3»8_0‘01 3549_124 4'58_8'88 0.57_8_84 29.41_0.022 34.0_().0 0.0 0.06

HR 5362 578430  3.00t000  11.77:006  5047+70 384088 202008 8.07:00%  124*0  0.0® 0.3

Notes. The SPHERE IRDIS Ks-band contrast estimated from the GRAVITY data is given by cg;. (a) Gaia Collaboration 2023, (b) set to 0 since
no extinction estimates available in the literature. We note that this value is consistent with other targets at similar distances in our stellar database.
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Fig. B.1. Stellar model atmosphere for HD 206505 A (black line).
The thin gray lines are 30 samples drawn randomly from the posterior
distribution (almost invisible here because the posterior is tightly con-
strained). The photometry and the Gaia XP spectrum included in the fit
are shown in orange and green, respectively. For better readability, only
every tenth data point of the Gaia XP spectrum is shown. The top panel
shows the filter transmission curve for each photometric point and the
bottom panel shows the residuals between the data and the best fit stellar
model atmosphere.

Mg = 1.21 £ 0.10 My, which we included as Gaussian priors in
our fit.

HD 91881: This binary star has an angular separation of about
~ 1.3” (Nowak et al. 2024) and is resolved by Gaia. There
is an effective temperature estimate for the primary star avail-
able in the Gaia catalog (Gaia Collaboration 2023) so that
we used a Gaussian prior of Tera = 6117 £ 9 K in our fit. In
addition, Makarov & Fabricius (2021) found a mass ratio of
0.857 + 0.002 between the primary and secondary component of
the binary from Hipparcos and Gaia astrometry and Tokovinin
(2014) reported masses for the primary and secondary compo-
nent of Ma = 1.31 £0.10 Mg and Mg = 1.07 + 0.10 Mg which
we also included as Gaussian priors in our fit.

HD 73900: This binary star has an angular separation of ~ 1”
(Nowak et al. 2024) and is resolved by Gaia. There is no effective
temperature estimate for either of its two components available
in the Gaia catalog. However, Abu-Dhaim et al. (2022) reported
effective temperatures and masses for the primary and secondary
component of Tera = 6880 =70 K and Tegrp = 5630 + 70 K
and My = 1.44 +£0..15 Mg and Mg = 0.98 + 0.13 M which we
included as Gaussian priors in our fit.
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Fig. B.2. Stellar model atmospheres for HD 196885 A and B (blue and
red line). The combined spectrum is shown in black. The thin light lines
are 30 samples drawn randomly from the posterior distribution. The
photometry and the Gaia XP spectrum included in the fit are shown in
orange and green, respectively. For better readability, only every tenth
data point of the Gaia XP spectrum is shown. The top panel shows
the filter transmission curve for each photometric point and the bottom
panel shows the residuals between the data and the best fit combined
model atmosphere.

HD 196885: This binary star has an angular separation of ~ 0.5”
(Nowak et al. 2024) and is not resolved by Gaia. However, based
on the findings of Chauvin et al. (2023), we used Gaussian pri-
ors of Tesra = 6340 £ 39 K and Tegrp = 3660 + 190 K for the
effective temperature and Ma = 1.3 £ 0.1 Mg and Mg = 045 =
0.01 Mg, for the mass of the primary and secondary component,
respectively. Here, we converted the spectral type constraint of
MI1=1 for the secondary component from Chauvin et al. (2023)
to an effective temperature constraint of 3660 + 190 K using
Pecaut & Mamajek (2013).

HR 5362: This binary star has an angular separation of ~ 3.5”
and is resolved by Gaia. There is no effective temperature esti-
mate for either of its two components available in the Gaia
catalog. However, Corbally (1984) reported spectral types of
G8 IIT and GO IV for the primary and secondary component,
respectively. Here, we converted these spectral type constraints
to effective temperature constraints of Tepr 4 = 5480 + 100 K and
Terep = 5930 + 120 K using Pecaut & Mamajek (2013) and used
them as Gaussian priors in our fit. Our binary star model fit con-
verged to radii of Rx = 11.8 Ry and Rg = 2.0 Ry, which appears
to confirm their classification as giant and subgiant star from
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Corbally (1984). However, the stellar models that we used are not
specifically made to describe giant stars which might have con-
sequences for our binary star model of HR 5362 and the three
YSES 1 b off-axis epochs for which HR 5362 was used as an
amplitude reference.

The final companion flux spectra were then obtained as

| Fa-F
Fcompanion = Ccompanion * <Fstar> . ﬁ’ (Cl)

where (F) denotes the flux average over the GRAVITY band-
pass and the subscripts A and B denote the binary star A and B
components. We note that (F,,) can always be obtained from
the low-resolution spectrum of the host star recorded simulta-
neously by the GRAVITY fringe tracker, even during off-axis
observations. The uncertainties of the stellar model spectra were
obtained similar as in the single star case and propagated accord-
ingly together with the covariances of the companion contrast
spectra. In a few cases, two binary stars were available and used
for the flux calibration to improve the S/N. The final companion
flux spectra were then obtained as

Fp-Fg-Fc-Fp
A) - (Fg)-(Fc)-(Fp)’
(C.2)

4
Fcompanion = Ccompanion <Fstar> . \/<F

where the subscripts C and D denote the binary star A and B
components of the second binary star.

Appendix D: Determination of spectral types and
uncertainties

Figure D.1 shows how the spectral type and its uncertainties were
derived for each of the 39 objects in the ExoGRAVITY Spectral
Library. The range of spectral types within 1o of the best fit is
shown in gold.

Appendix E: Posteriors from the atmospheric
model fitting

Figure E.1 shows the posterior distributions of the bolometric
luminosity from the atmospheric model fits of all 39 objects
in the ExoGRAVITY Spectral Library. The posteriors obtained
with different atmospheric model grids are shown in differ-
ent colors. Where available, luminosity constraints from the
literature are shown for reference.
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Fig. D.1. Determination of the spectral type and its uncertainties for all 39 substellar companions in the ExoGRAVITY Spectral Library. The dark
gray lines show the sigma difference between the given spectral type and the best fitting spectral type, the latter of which is also highlighted by a
vertical light gray line. The spectral type range within 10 of the best fitting spectral type (area highlighted in gold) is considered the spectral type
uncertainty.
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Fig. E.1. Posterior distribution of the bolometric luminosity obtained from fitting the GRAVITY spectra of the 39 objects in the ExoGRAVITY
Spectral Library with different atmospheric model grids. For each object, only the posteriors from the grids that provide a reduced y? value close to
the one of the best fitting model are shown. The median value and its uncertainties (16th and 84th percentiles) over all shown posteriors are shown
by a black data point. We note that an additional systematic uncertainty of 10% (~ 0.05 dex) should be added in quadrature to the GRAVITY-
derived luminosity when using it for further analyses to account for flux calibration errors. Where available, the literature values from Table 1 are
shown as a black vertical line with a gray shaded area (bordered by dashed black lines) for the uncertainties.

A318, page 21 of 21



	The ExoGRAVITY survey: A K-band spectral library of giant exoplanet and brown dwarf companions
	1 Introduction

	The ExoGRAVITY survey: A K-band spectral library of giant exoplanet and brown dwarf companions
	1 Introduction
	2 Observations and data reduction
	2.1 GRAVITY observations
	2.2 GRAVITY data reduction
	2.3 Flux calibration using stellar model atmospheres
	2.4 Combining spectra from multiple epochs
	2.5 Systematics in the GRAVITY spectra
	2.6 Description of data format

	3 Results
	3.1 Spectral types
	3.2 GRAVITY K-band spectra
	3.3 Spectral indices

	4 Discussion
	4.1 Atmospheric characterization
	4.2 Comparison with evolutionary models

	5 Summary and conclusions
	Data availability
	Acknowledgements
	References
	Appendix A: Per epoch GRAVITY spectra
	Appendix B: Flux calibration with on-axis host star reference
	Appendix C: Flux calibration with swap binary star reference
	Appendix D: Determination of spectral types and uncertainties
	Appendix E: Posteriors from the atmospheric model fitting


