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Owingto their similarities with giant exoplanets, brown dwarf companions of stars
provide insights into the fundamental processes of planet formation and evolution.
Fromtheir orbits, several brown dwarf companions are found to be more massive

than theoretical predictions given their luminosities and the ages of their host stars

1-3

Either the theoryisincomplete or these objects are not single entities. For example,
they could be two brown dwarfs each with alower mass and intrinsic luminosity**.
The most problematic example is Gliese 229 B (refs. 5,6), which is at least 2-6 times
less luminous than model predictions given its dynamical mass of 71.4 + 0.6 Jupiter
masses (M,,,) (ref. 1). We observed Gliese 229 B with the GRAVITY interferometer and,
separately, the CRIRES+ spectrograph at the Very Large Telescope. Both sets of
observations independently resolve Gliese 229 B into two components, Gliese 229 Ba
and Bb, settling the conflict between theory and observations. The two objects

have aflux ratio of 0.47 + 0.03 at awavelength of 2 pm and masses of 38.1+ 1.0 and
34.4 £1.5 My, respectively. They orbit each other every 12.1 days with a semimajor
axis of 0.042 astronomical units (Au). The discovery of Gliese 229 BaBb, eachonly a
few times more massive than the most massive planets, and separated by 16 times the
Earth-moon distance, raises new questions about the formation and prevalence of
tight binary brown dwarfs around stars.

Gliese 229 B, the first brown dwarf with methane-absorption fea-
tures™®, orbits the M1V star Gliese 229 A (0.58 + 0.01 M) with a sem-
imajor axis of 33 Au (ref. 1). The powerful combination of Gaia DR3
and Hipparcos astrometry, as well as decades of imaging and radial
velocity (RV) monitoring of the host star, enable a precise dynami-
cal mass measurement of 71.4 + 0.6 M,,, for the companion'. The high
mass of Gliese 229 B has defied all existing substellar evolutionary
models, which predict thata71.4-M,,, object with age from1to 10 Gyr
would have abolometric luminosity about 2-20 times higher than the
measured value of log(L/L,) = —5.21+ 0.05 (refs. 1,7-9) (see Fig. 3 and
Extended DataFig.1). Infact, for models thatinclude clouds, 71.4 M,,,,
is near the hydrogen-burning limit (at solar metallicity) that defines
thesubstellar-stellar boundary' (ref. 8:73.3 M, ref. 11:70.2 M, ,,). The
mass-luminosity discrepancy for Gliese 229 B raises questions about
the accuracy of the models, which has serious implications, as these

models are used to infer masses for most of the directly imaged giant
planets and brown dwarf companions that lack dynamical masses.
Alternatively, the low luminosity of brown dwarf companions such as
Gliese 229 B could be explained if they consist of a spatially unresolved
pair of brown dwarfsinstead of asingle one' . Other indications of the
unusual nature of Gliese 229 Binclude its near-infrared spectrum, which
does not conform to spectral standards, prompting Burgasser et al.?
to assignitaspectral type of peculiar T7. Despite these anomalies, past
observations have unsuccessfully attempted to resolve Gliese 229 B
intoabinary brown dwarfwith adaptive optics imaging®. The previous
non-detections along with the proximity of the system (5.76 parsec
from Gaia') suggest that a putative binary would have a tight separa-
tion of <0.2 AU or a small mass ratio’. However, known binary brown
dwarfsshow a strong preference for equal mass ratios and aseparation
distribution peaking between approximately 1and 3 Au (refs. 15,16).

A list of affiliations appears at the end of the paper.
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Fig.1| The detectionand astrometric orbit of Gliese 229 BaBb. a, AKeck/
NIRC2K,bandimage of the Gliese 229 system taken on18 October 2021. The
binary brown dwarfis unresolved given Keck’s resolution of 45 mas. The grey
lineindicates the best estimate of the outer orbit of Gliese 229 BaBb around A
(ref.1).b, Azoom-in for the maximum a posteriori binary brown dwarf orbit
from the GRAVITY and CRIRES+joint fit, in which the measured positions of
Gliese 229 Baand Bbin each GRAVITY epochare shown as orange and blue

We observed Gliese 229 B on five nights using the Very Large Tel-
escope Interferometer (VLTI) in GRAVITY Wide mode" with the Unit
Telescopes of the European Southern Observatory (ESO) at Cerro
Paranal, Chile. The observations were performed in the K band

ARA relative to A (mas)

03 02 0.1 0 -01
ARA relative to Ba (mas)

=275 -300

points, respectively. The average uncertainty on the derived relative position
betweenBband Bais between 0.01and 0.05 mas. Note that GRAVITY and
CRIRES+only measure the differential positions between Baand Bb, so the
length and direction of the spiral pattern are derived from the maximum
aposterioridraw of the outer orbit (grey linein panel a). c, The motion of
Gliese 229 Bbrelative to Gliese 229 Ba during the 2.5-h observing window of
the first night of GRAVITY observations.

(1.95-2.45 pm). We extracted closure phases from the GRAVITY data
(see Methods), in which a non-zero closure phase indicates a depar-
ture from central symmetry, for example, a binary source. As part of
the same programme, we observed Gliese 229 B with the CRyogenic
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Fig.2| CRIRES+spectrum and spectroscopic orbit of Gliese 229 Ba and Bb.
a, Asegmentof the CRIRES+spectrum from 20 March 2024 (black) used to
compute RVs of Gliese 229 Baand Bb. The region is dominated by water-
absorptionlines from the brown dwarfs, whose positions are markedin purple.
Theorange and blue curves are spectralmodels for Baand Bb, respectively,

and the dashed grey curveis the CRIRES+spectra of Gliese 229 Aused to model
stellar contamination. The three model components have been offset for clarity.
The fullmodelisshowninred. The median uncertainty of the spectrumis

denoted by theloerrorbaratthelower left. Inthe grey box, we highlight a
regioninwhichdistinctlinesfromBaand Bb canbeidentified by eye.b, The
orange and blue points show the RVs of Gliese 229 Baand Bb, respectively,
extracted fromseven epochs of VLT/CRIRES+ spectra. Solid lines denote the
joint CRIRES+and GRAVITY orbit fit, with 2o uncertainty regions shaded.
Themiddle panel shows the residuals of the best fit and the bottom panel shows
the phase-folded RV orbit.
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InfraRed Echelle Spectrograph Upgrade Project (CRIRES+)® on UT3
ofthe Very Large Telescope in the H band (1.50-1.75 pm) on seven dif-
ferent nights to monitor its RV. The CRIRES+ spectra have a resolving
power (1/AA) of about 100,000 and were extracted as described in
Methods.

We find strongly non-zero closure phasesin the first epoch of GRAV-
ITY observations (Extended Data Fig. 2) that are consistent with abinary
source. The subsequent GRAVITY epochs confirm the detection and
provide evidence of orbital motion between the two components
(Fig.1). Withthefirstepoch alone, the null hypothesis that Gliese 229 B
isasingle source (thatis, all closure phases should be zero) leads to a
reduced x? of 55 (288 degrees of freedom). Carrying out a grid search
for the companion as described in ref. 19, we find a secondary brown
dwarflocated approximately 5 mas south of the brighter, primary
brown dwarf, with asecondary-to-primary flux ratio of about 0.5. The
binary fit has amuch lower reduced y? of 1.27. In the binary fit, we also
account for linear motion of the companion over the 2.5-h observing
window. We find that the companion moves in a direction nearly per-
pendicular to the vector between itself and the brighter brown dwarf
atarate of 4.6'5% mas day™! (Fig. 1c), consistent with the expected
motion of approximately 4.6 mas from a circular, face-on orbit for a
total mass of 71 M,

Contemporaneous CRIRES+ monitoring independently con-
firms that Gliese 229 B is a binary brown dwarf. Initially, we cross-
correlated the CRIRES+ spectra of Gliese 229 B with a Sonora EIf Owl
atmospheric model* assuming T, =900 K and log(g) = 5.0 (ref. 21).
The cross-correlation functions (CCFs) showed time-varying line
locations and shapes consistent with the partially resolved spec-
tra of two brown dwarfs orbiting each other (Extended Data Figs. 3
and 4). Therefore, we fit the CRIRES+ spectra as emission from two
brown dwarfs and account for a small amount of starlight leakage
into the slit using observations of Gliese 229 A (Fig. 2a; see Methods).
On the basis of the GRAVITY-measured flux ratio, we started with
atmospheric models with T.;= 850 K and log(g) = 5 for the primary
brown dwarf and T, =750 K and log(g) = 5 for the secondary brown
dwarf (see Methods) to extract the RV of each brown dwarf. For each
CRIRES+epoch, alternative fits of the spectra with asingle-component
brown dwarf model are disfavoured with statistical significance
2200. The extracted RVs show unambiguous signs of a spectroscopic
binary (Fig. 2b).

We combine the CRIRES+and GRAVITY data to characterize the orbit
of the binary brown dwarf. The orbit fits are performed with PMOIRED?
and Octofitter?, as described in Methods. The data are well fit by the
model with areduced x* of 2.2 (513 degrees of freedom) and slightly
broad but symmetrical closure phase residuals, with the model
accounting for all closure phase features. The GRAVITY K band flux
ratiois constrained by the joint fit to 0.47 + 0.03. We derive an orbital
period 0f 12.134 + 0.003 days, corresponding to a semimajor axis of
0.0424 + 0.0004 Au, or about 90 Jupiter radii. The ratio of the RV
semiamplitudes directly constrains the mass ratio (g) t00.90:3:35. From
the orbit of the binary brown dwarf, we independently measure a total
mass of 72.5 +1.3 M,,,, whichis consistent with the mass derived in ref. 1
from the orbit of the unresolved Gliese 229 B around Gliese 229 A. We
measure component masses of 38.1+1.0 M, and 34.4 £ 1.5 M, an
eccentricity of0.234 + 0.004 and inclination of 31.4 + 0.3° (see Table1).
The eccentricity of Gliese 229 Bab istypical compared with the eccen-
tricity distribution of field binary brown dwarfs?*. We note that the
outer orbit of Gliese 229 Bab around Gliese 229 A is highly eccentric
(e=0.85) and viewed nearly face-on'. The orbit of the binary brown
dwarfis moderately misaligned relative to the outer orbit by 37ff0°.
Furthermore, the spin orientation of the host star is viewed nearly
edge-on® and therefore misaligned relative to both inner and outer
orbits.

To make the astrometric and spectroscopic observations fully
self-consistent with the atmosphere models, we interpolate the
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Fig.3|Dynamical masses andinferred luminosities of Gliese 229 Baand
Bb from ATMO 2020. The dynamical masses from our orbit fitand inferred
luminosities of Gliese 229 Ba (purple) and Bb (red) from the ATMO 2020
evolutionary model. As asingle brown dwarf, Gliese 229 Bis under-luminous
compared with model predictions for all plausible ages of the system from
ref. 13. The mass-luminosity tensionis also present for other models (see
Extended DataFig.1). As abinary brown dwarf, the systemis well explained
by the ATMO 2020 model foranage of2.45+ 0.20 Gyr, resolving the mass—
luminosity tension.

ATMO 2020 substellar evolutionary model®? to search for compo-
nent masses and ages that simultaneously reproduce the GRAVITY K
band flux ratio and bolometric luminosity (see Methods). Adopting
aprior on the total mass of 72.5 +1.3 M,,,, we find that a binary brown
dwarf with mass ratio 0.87 + 0.03 and age 2.45 + 0.20 Gyr matches
the models well. This mass ratio is consistent at the 1o level with the
value derived from the orbit fit. From ATMO 2020, the primary com-
ponent is estimated to have T,;=860 + 20 K, log(g) =5.11+ 0.01 dex
and log(L/L,) = -5.41+ 0.04, whereas the secondary component
has T+=770 + 20K, log(g) =5.03 + 0.01 dex and log(L/L,) = -5.58 +
0.04. Our inferred age agrees with the value of about 2-6 Gyr esti-
mated for the host star®. Therefore, our detection of the binary
and measurements of its properties bring the system into much
better alignment with substellar evolutionary models, as shown
inFig. 3.

Although the near-unity massratio between Gliese 229 Baand Bb fits
with previous binary brown dwarfs'¢, the semimajor axis of approxi-
mately 0.042 AU makes it the tightest binary brown dwarfin a triple
system (Extended Data Fig. 5). Among binary brown dwarfs orbiting
stars, the next closest binaries have semimajor axis values more than an
order of magnitude larger atabout 0.9 AU (for example, Gliese 569 Bab
(ref. 24)). Several isolated ultracool dwarf binaries with component
masses between 0.08 and 0.09 M, have smaller separations®?, but
among unambiguous binary brown dwarfs, only 2MASS J0535-0546AB
and SPEC J1510-2818AB have comparable separations of 0.04 and
0.06 AU, respectively?*°, The formation mechanism of binary brown
dwarfsaround stars remains an open question, and both observations
and simulations are highly incomplete for binary brown dwarfs with
separations <1 AU (ref. 15). Opacity-limited fragmentation restricts
the primordial separations of objects to distances >10 AU (ref. 31),
implying that substantial dynamical and dissipative processes are
required to form tight binary brown dwarf systems®. Although the



Table 1| Orbital and physical parameters of Gliese 229 BaBb

Credible interval
(Bayesian analysis):
median and 16th-84th
percentiles

Confidence interval
(frequentist analysis):
median and 16th-84th
percentiles

Orbital period (days) 12134+0.003 12.137+0.001
Semimajor axis (Au) 0.0424+0.0004 0.0422+0.0001
Eccentricity 0.234+0.004 0.234+0.002
Argument of periastron (°) 180.7+1.2 182.8+0.9
Inclination (°) 31.4+0.3 31104
Longitude of ascending 213+2 210.3+1.2

node (°)

Time of periastron (MJD) 60377.88+0.04 60377.85+0.02
Mass ratio (M,/M,) 0.901355 0.91:98¢

Mass of Ba, M, (M,,;,) 38.1£1.0 37+1

Mass of Bb, M, (M,,)) 34.4+15 3411

Flux ratio, f,/f, (2.0 um) 0.47+0.03 0.53+0.02

Vv (kms™) 0.4£0.2 0.46+0.20
Total mass of B (M,,,) 72.5+1.3 71.3+0.5

The argument of periastron refers to the primary brown dwarf, Gliese 229 Ba.

exact processes for dissipation is unclear, tidal interactions between
the gaseous envelopes or accretion disks around the forming objects
are probably important®*?*, For binary brown dwarfs orbiting stars,
fragmentation of a massive circumstellar disk is another potential
formationroute, inwhich two proto-brown dwarfs fragmentin the disk
and become bound in a close encounter®, Ultimately, any formation
mechanismwould need to account for the highly eccentric outer orbit
of Gliese 229 A-Bab and the misalignments between the inner orbit,
outer orbit and host star spin axis.

Thirty years after its discovery, Gliese 229 B continues to teach us
about substellar objects. The discovery of Gliese 229 BaBb providesa
potential resolution to the mass-luminosity tension for brown dwarf
companions and suggests that other unusually massive brown dwarfs,
such as HD 4113 C (ref. 2), could be unresolved substellar binaries as
well. Future efforts to resolve other anomalous brown dwarf compan-
ionsinto binaries are essential for rigorously testing substellar evolu-
tionary models, which are routinely used to interpret observations of
giant planets. Although known binary brown dwarfs have separations
peaking betweenland 3 Au (ref. 16), Gliese 229 Bab demonstrates the
existence of binary substellar companions to stars with separations
wellbelow1 Au. The 12-day orbital period of Gliese 229 Bab places the
two brown dwarfs deep within the Hill sphere of each other, suggest-
ing aformation pathway thatinvolves substantial energy dissipation.
A main goal of exoplanet studies in the next decade is the search for
exomoons and binary planets. Among isolated binary brown dwarfs,
there are already examples of systems in whichboth components have
masses in the planetary regime®** (below 13 M;,,), as well as several
systems withroughly 4-13-M,,, companions orbiting low-mass brown
dwarfs* * Itis unclear how common binary planets or exomoons are
around stars. With further improvements in sensitivity, the combi-
nation of interferometry, high-resolution spectroscopy and transit
photometry is poised to unveil new discoveries and provide insights
into these questions.
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Methods

VLTI/GRAVITY observations and data reduction

We observed Gliese 229 BaBb with GRAVITY*® at the VLTI using the
four Unit Telescopes at Cerro Paranal (programme IDs: 0112.C-2369(A)
and 2112.D-5036(A); PI: Xuan). We obtained data at five epochs:
26 and 30 December 2023, 28 February 2024, 29 March 2024 and
29 April 2024 UT (universal time). We used GRAVITY in the wide-angle
dual-field mode", recently commissioned as part of the GRAVITY+
upgrade*. In this mode, the field is divided into two at the telescope
level and carried independently within the GRAVITY delay lines. One
field, centred on the star Gliese 229 A, is used by the GRAVITY fringe
tracker*** to stabilize the fringes by compensating for the atmospheric
piston and vibrations in the system. The other field, centred on the
companion (now knownto bebinary), is observed by the GRAVITY spec-
trometer. The scientific observations were conducted with medium
spectral resolution (R =500) in the unpolarized mode. A log of the
observationsis given in Extended Data Table 1.

The reduction of the raw data was performed using the ESO GRAV-
ITY pipeline v1.6.4 (ref. 44). This version of the pipeline can reduce
the wide-angle data, but we had to disable the acquisition camera
reduction to do so. In wide-angle mode, we could not use the fringe
tracker to reference the phase (as is traditionally done for exoplanet
observations; seeref. 45), but we could use the closure phase to detect
the companion. The closure phases are averaged for each exposure,
yielding several values per night.

The best datasets were obtained during the first two nights (see
Extended Data Table 1). In December 2023, the two epochs showed
closure phase values on the order of 40° between 2.0 and 2.2 pm, with
asignal-to-noise ratio (S/N) greater than 10. At longer wavelengths,
CH, absorption and lower instrumental throughout prevent us from
recording arobust closure phase. The closure phase signal was clear
enough to confirm the binary nature of Gliese 229 BaBb. Moreover,
injection-recovery tests show that the first epoch GRAVITY data are
sensitive to objects 2-3 magnitudes fainter than Gliese 229 Baat sepa-
rations from 3 to 19 mas, largely ruling out a third brown dwarfin the
field. Althoughthebinary detection was clear, the dataweretoo sparse
to determine the orbital parameters, so we requested ESO Director’s
Discretionary Time to continue monitoring the object from February
tolate April, after which the target was no longer observable. The data
quality was poorin February owingto seeing conditions and in March
owingtoanissue with the pointing of the GRAVITY fibres. Despite this,
afewbelow-average-quality datasets were salvageable. The last dataset,
obtained on 29 April 2024 UT, was of high quality, benefiting from a
recent instrumental upgrade of the VLTI beam compressor differential
delay lines. During this last run, aS/N close to 20 was achieved, provid-
ing aclear detection to finalize the astrometric orbit of the binary.

VLT/CRIRES+ observations and data reduction

We observed the Gliese 229 system with the upgraded CRIRES+
(refs. 18,46) mounted on the Very Large Telescope (programme ID:
0112.C-2369(B); PI: Xuan). We obtained seven epochs of dataon19 and
20 February 2024, 1,19 and 20 March 2024 and 7 and 8 April 2024 UT
(seelog in Extended Data Table 1). The wavelength setting H1567 and
0.2 arcsec slit width were used to cover H,0 and CH, absorption lines
from1.47to1.78 pm and achieve a spectral resolution of R =100,000.
The observations were taken in adaptive opticsmode. For eachepoch,
we first observe the AOV telluric standard star 10 Lep (whichis ata
similar air mass as Gliese 229) and the primary star Gliese 229 A, before
offsetting the slit to the location of the companion approximately
4.4 arcsec away. The relative astrometry of the companion is deter-
mined using the orbit fromref. 1. The CRIRES+slit was set perpendicular
to the position angle of the companion to minimize the leakage of
starlightinto the slit. We used the standard ABBA nodding scheme for
background removal.

We reduced the data with acustomized open-source pipeline excali-
buhr?. It follows the general calibration steps of the ESO’s CR2RES
pipeline, including dark and flat correction, spectral order tracing,
slit curvature tracing and initial wavelength solution. We removed the
sky background by means of nod subtraction and combined individual
exposures at eachnodding position. The 1D spectrawere then extracted
using the optimal extraction method*®. We used the spectrum of the
standard star 10 Lep as a proxy to remove the telluric transmission
features. The wavelength regions contaminated by strongtelluric lines
(with transmission less than 70%) were masked in the following analy-
ses. Using observations of the telluric standard star, we carried out an
extrawavelength calibration against a telluric transmission model gen-
erated by the ESO’s sky model calculator SkyCalc***°. This was achieved
by applyingathird-order polynomial to the initial wavelength solution
in each order and optimizing the correlation between the observed
spectrum of the telluric standard star and the template spectrum.

Onaverage, we achievedaS/N = 30 per wavelength channel perepoch
at1.57 umforthe extracted spectra of Gliese 229 BaBb, whichincludes
emission from the companion and stellar contamination at the location
of the companion. To estimate the spectral resolution of our observa-
tions, we used the ESO sky software Molecfit™ to fit the spectra of the
telluric standard star. We find stable line spread functions across differ-
ent nights with Gaussian profile widths of3.05, 3.12,3.28, 3.27,3.05, 3.28
and 3.05 pixels for the seven epochs, respectively. They correspond to
an average resolving power of roughly 100,000, as expected.

Extraction of RVs from CRIRES+

To calculate the RVs of Gliese 229 Ba and Bb, we fit the CRIRES+ spec-
trum from 1.510 to 1.583 pm, which covers two spectral orders. Each
order is broken up into three chunks that are recorded on different
detectors. Thedatafrom1.45t01.50 pm are omitted owing to substan-
tial telluric contamination. We also omit the datalongward of 1.60 pm
fortworeasons. First, Gliese 229 Baand Bb are extremely faint from 1.6
to1.78 um as aresult of CH, absorption (see low-resolution spectrum
inref. 52), whichresultsinlower S/N data. Second, our preliminary fits
show that the models provide a poorer matchto the databeyond 1.6 pm.
Althoughwe are using the most accurate CH, line list fromref. 53, ref. 54
showed that even thislinelist can produce discrepant vsini, RV and T ¢
measurements by fitting the spectrum of anisolated T dwarf. To avoid
biasing the RV measurements, we focus on the water-dominated region
from 1.510 to 1.583 pm, at which the H,O line list from ref. 55 is shown
tobe accurate™,

In the spectrum of Gliese 229 BaBb, we noticed atomic lines from
Gliese 229 A, indicating a modest amount of stellar contamination
from the bright host star (ten magnitudes brighter in the H band).
Therefore, we model the spectrum of Gliese 229 BaBb with three
components: two brown dwarfs (Baand Bb) and the primary star. The
models for the brown dwarfs are generated using the temperature and
abundances profiles from Sonora EIf OwI®. As the resolution limit of
ElIf Owlis R =5,000, we recompute the modelsat R=1,000,000 using
the open-source radiative transfer code petitRADTRANS*®. We include
theline opacities of CH,, H,0, CO, CO,, H,S, NH,, PH;, C,H,, HCN, Na, K
and FeH, as well as H,-H, and H,-He continuum opacities. To account
for stellar contamination, we use the CRIRES+ spectrum of the star
taken immediately before the Gliese 229 B exposures. Before fitting,
we continuum-normalize each order of the Gliese 229 BaBb spectrum
with amedian filter of width 100 pixels (=5 A).

We fit the RV shift of the brown dwarfs at each observing date, the
vsinifor each brown dwarf, flux scaling factors and multiplicative error
inflation terms. A different flux scaling factor is used for Gliese 229 Ba
and Bb and the primary star. To reduce the dimensionality, we optimize
thelinear flux scaling terms and errorinflation terms at each iteration
following ref. 57. In the fit, we rotationally broaden the atmospheric
models using the code from ref. 58, apply the RV shifts and convolve
the models to R=100,000 with a Gaussian profile. Next, we apply the
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optimal scale factors to the respective models to construct the com-
bined model (Fig. 2a) and apply the same median filter to the com-
bined model. The posterior is sampled with the nested sampling code
DYNESTY*’ and we use 1,000 live points. We find that, on average, the
hoststar contributes about20% of the total flux in the Gliese 229 BaBb
spectrum. Because the lines from the M1V primary star are very dis-
tinct from T dwarf'lines (for example, Fig. 1), they do not affect our RV
measurements.

After obtaining the RV posteriors, we apply barycentric corrections
for each night using tools in the Astropy package®® and subtract the
RV of the primary star taken from ref. 61. The resulting RV points of
Gliese 229 Ba and Bb are shown in Fig. 2b and included in Extended
Data Table 3. The statistical errors on the measured RVs are typically
about 0.1km s™. We consider several sources of systematic uncertain-
ties. First, we measure the stellar RVs over the same nights to assess
theinstrumentaljitter. The procedureis described below and adds an
uncertainty of 0.1km s™. Second, we consider the impact that uncertain
atmospheric parameters have on the retrieved RVs by repeating the
spectral fits with a range of different models. Apart from the fiducial
model (850 K + 750 K), we consider the following 7., combinations:
(900K +800K), (900K +750K), (850 K + 700 K), (850 K + 800 K) and
(800K + 750 K). We set log(g) = 5.0, C/O = 0.68 and [M/H] = 0.0 for all
models. The abundances are chosen to match those of the host star,
which has a nearly solar metallicity®*** and C/O = 0.68 + 0.12 (ref. 64).
Thelog(g)is fixed because the evolutionary models predict arelatively
small range of variationinlog(g) (see Extended Data Table 2). Also, we
fix the vertical eddy diffusion parameter log(K,,) to 2.0, as found by
ref. 20. We use the scatter in RV values derived from each fitas aninde-
pendentsource of systematic error. These add systematic uncertainties
ontheorder of approximately 0.2-0.7 km s, depending on the epoch.

We compute CCFs of the primary star spectrato verify the stability of
the CRIRES+wavelength solution and line spread function (Extended
DataFig.3). We adopt aPHOENIX-ACES model® with T,¢= 3,800 K and
log(g) = 4.5for the primary star. Over the 2.5-month observing period,
the RV change caused by orbital motion of Gliese 229 A around the sys-
tembarycentreis <2 ms™, whichweignore. Approximating the stellar
CCFsas Gaussian functions, we measure the stellar RVs as the centre of
the Gaussian. We find that the stellar RV is stable at the 0.1 km s level
across the seven observing epochs.

From the CRIRES+ fits, we find that the two brown dwarfs have pro-
jectedrotationrates (vsini) below our measurement limit. The 3cupper
limits of wsini for Gliese 229 Baand Bbare <0.6 and <0.7 km s™, respec-
tively. Ifthe two brown dwarfs are tidally synchronized, their rotational
velocities would be about 0.4 km s, Assuming that their rotational
axes are aligned with the orbital axis, this implies vsini = 0.2 kms™,
which is well below the size of the line spread function (=3 km s™) for
CRIRES+. Thus, our non-detection of spinis consistent with the brown
dwarfsbeingtidally locked, or nearly tidally locked, which is expected
onthebasis of their tidal despinning time (see the ‘Dynamics’ section).

Bulk properties of Gliese 229 Ba and Bb

Using ATMO 2020 evolutionary models’®, we estimate the component
masses of Gliese 229 Baand Bb that best reproduce the bolometric lumi-
nosity oflog(L/L,) of =5.21+ 0.05 (ref. 7) and GRAVITY K band flux ratio
0f0.47 + 0.03. We also includeJ, Hand K magnitudes of the combined
source®® as constraints in our fit. ATMO 2020 includes three separate
models with differing amounts of non-equilibrium (NEQ) chemistry. We
adopt the ‘NEQ weak’ model but note that the results are similar if we
used ‘NEQstrong’ or ‘CEQ’. We use ATMO 2020 tables with precomputed
Mauna Kea Observatories (MKO) magnitudes. Although the GRAVITY K
band transmission profile is notidentical to that of MKOK, the flux ratio
measurement effectively divides out the transmission function. Our fit
isparameterized with three parameters: massratio, age and total mass.
We place a Gaussian prior of 72.5 +1.3 M, on total mass, as derived
from our orbit fit. For a given set of masses and age, we interpolate to

obtain thelog(L/L,) and}, H and K magnitude of each brown dwarf,
requiring that their combined magnitudes and luminosities match the
observed values. We sample the posterior using aMarkov chain Monte
Carlomethod® with 10,000 steps and 30 walkers. The first 2,000 steps
are discarded as burn-in. Overall, the ATMO 2020 models match the
observations well for an age of 2.45 + 0.2 Gyr (Fig. 3). The inferred age
ismodel-dependent, but we find that ages of 2-4 Gyr generally match
the properties of the binary brown dwarf by considering alternative
evolutionary models in Extended Data Fig. 1.

From the ATMO 2020 model, we also interpolate for the T, log(g)
andlog(L/L,) of eachbrown dwarf, which we tabulate in Extended Data
Table 2. We adopt the closest grid points in Sonora EIf Owl to these
values to compute high-resolution spectral models and fit the CRIRES+
spectra. Weemphasize that these T cestimates are model-based.Upcom-
ingJames Webb Space Telescope spectroscopy of Gliese 229 BaBb from
1to 15 pm (GO3762; PI: Xuan) should enable robust two-component
spectralfits and provide independent estimates of the bulk properties
for each brown dwarf.

We perform asecond estimate of the bulk properties of Gliese 229 Ba
and Bb using calibrated empirical relations for field brown dwarfs
from ref. 68. First, we estimate individual absolute MKO M, mag-
nitudes of Gliese 229 Ba and Bb from their combined-light MKO
K magnitude (Kyo =14.36 + 0.05)%, the GRAVITY K band flux ratio
(0.47 £ 0.03) and the system parallax (173.574 + 0.017 mas)™. This yields
My g,=15.98 £ 0.05 mag and My g, =16.80 = 0.05 mag. Next, using the
MKO My-L,, and MKO M,~Trelations for field objects in ref. 68, we
find log(L/L,), Ba=-5.36 £ 0.07 dex, Tep, = 810 + 55K and log(L/L,),
Bb =-5.56 + 0.07 dex, Tz, = 694 + 55 K. These values are consistent
with those inferred from the ATMO 2020 evolutionary models at the
approximately lolevel. The closest matching spectral types are T7 for
Gliese 229 Baand T8 for Gliese 229 Bb.

Orbit fits

Toderive orbital parameters, we jointly fit the GRAVITY closure phases
and CRIRES+ RVs. Instead of computing positions from the closure
phases for each epoch, we directly model them in the orbit fit. Not
only does this take into account the numerous possible positions at
eachepochbutitalsoavoidsintermediate products, preserving noise
properties. We implemented this joint model in two different frame-
works: afrequentistapproachin PMOIRED*and a Bayesian approach
in Octofitter®. These methods independently arrive at consistent
results. The methods were also validated using high-quality GRAVITY
data and high-S/N RVs from VLT/UVES® for a binary star system, for
whichwe confirm that aclosure-phase orbital fitand an orbit fit using
per-epoch separations and position angles yielded the same result.
In both codes, we adopt a standard coordinate system for the orbit
inwhich +X points east, +Y points north and +Z points away from the
observer.

For the PMOIRED analysis, the best orbit is found by gradient
descent, first on the RV data and then on the joint model after adding
the closure phase data. We only include the GRAVITY data from 2.05
t02.18 um, as strong methane absorption resultsin extremely low S/N
past 2.18 pm. Also, the wavelength channels are binned to six points
over the 2.05-2.18-pmrange. To better estimate the final uncertainties,
bootstrapping is used: 5,000 random datasets are generated using
sampling with replacement, and each time an orbital solution s fitted
from a first guess drawn around the best values with four times the
uncertainties. Bootstrapping has been shown to mitigate the correla-
tionsin interferometric data analysis™. GRAVITY data are correlated,
primarily because closure phases share baselines and baselines share
telescopes (as formalized inref. 71). Moreover, datataken at the same
time and with the same telescope triples have experienced the same
biases from atmospheric turbulence and same calibration processes.
Toaccount for these correlations, all closure phases from the same date
andbaseline triangle are drawn together in the bootstrapping. First, we



search for the best-fit orbit to the RV data alone. This leads to an excel-
lent solution with P=12.12 + 0.04 days, e=0.22+ 0.03,¢=0.91+ 0.03
and areduced x? of 1.3. We allow for a RV offset term, yg, to account
for possible inaccuracies in the systematic RV of the system. Next, we
perform ajoint fit to the GRAVITY and CRIRES+ data. The results are
shown in Table 1 and the relative orbit of the binary brown dwarf'is
plotted in Extended Data Fig. 6. We adopt the PMOIRED results as the
baseline values in this paper.

For the Octofitter analysis, we completed joint Bayesian modelling
of both the CRIRES+ RVs and GRAVITY data. We used non-reversible
parallel tempering’® 7 to search the entire multimodal parameter space
globally for the best-fitting parameter values. Rather than working
with the closure phases directly, this analysis first converts the closure
phasesinto aset of non-redundant kernel phases for each wavelength™.
Thisimproves the accuracy of the model uncertainties compared with
working directly with the closure phases, which share baselines (miti-
gated in the PMOIRED analysis after the fact using bootstrapping).
Finally, we add an extra kernel-phase ‘jitter’ term for each epoch of
data(fivein total). This term allows the model to absorb some amount
of systematic calibration error in the GRAVITY data, again resulting
in more realistic uncertainties in the final model parameters. For this
model, we included datain the 2.025-2.150-pum range with no spec-
tral binning. The orbital parameters from the joint model are listed in
Tableland are consistent with PMOIRED results at the approximately
1.50level. We find strong evidence that, when combining the GRAVITY
data with the CRIRES+ RVs, the orbit solution is uniquely determined
and no secondary modes in the posterior are notable.

We provide posterior predictions of the relative separation and posi-
tionangle of Gliese 229 Ba-Bb in Extended Data Table 4. We stress that
these are inferred values and not statistically independent, such as
in traditional astrometry, as they are derived from a joint analysis of
all epochs. They should not be used as inputs to an orbit fit, as they
themselves are the outputs of such afit. Instead, orbit fits should use
the GRAVITY closure phases.

Dynamics
Giventheir small separation, Gliese 229 Baand Bb are probably tidally
locked with each other, withrotation periods equal to the orbital period
of 12 days. We quantify the tidal locking timescale using ref. 77. With
an initial spin velocity of 20 km s™ and initial radius of 1R,,,, we find a
despinning time of about 2 Gyr, which is shorter than or comparable
with the estimated system age of approximately 2-6 Gyr (ref. 13). As
noted earlier, our CRIRES+analysis shows that both brown dwarfs have
vsini < 0.7 km s, which is consistent with them being tidally locked.
Inthe current configuration of Gliese 229 A-BaBb, the highly eccen-
tricand misaligned outer AB orbit (e = 0.85)! could induce secular per-
turbations that pump up the eccentricity of the inner BaBb orbit by
means of the eccentric von Zeipel-Lidov-Kozai mechanism’®. Conse-
quently, tidalinteractions may shrink the BaBb orbit. We estimate that
the Kozaisecular precession timescale given by equation (3) inref. 79
is about 0.2 Myr for Gliese 229 Bb. The secondary brown dwarf also
undergoes precession from the quadrupole potential fromits tidal and
rotational bulges and from the leading order effects of general relativ-
ity. If these effects operate onashorter timescale, they could suppress
Kozai oscillations. For our brown dwarfs, we adopt tidal parameters
Q=3x10% k,=0.565based onJupiter. The exact values of Qand k, are
unknown for brown dwarfs but estimates from hot Jupiters generally
produce values within one order of magnitude of Jupiter’s values®’. We
estimate the precession rates using equations (6)-(8) inref. 79 and find
that the precession rate owing to general relativity is the fastest, with
acorresponding timescale of about 0.6 Myr, which s still longer than
the Kozaitimescale. Inthe absence of further perturbations or bodies,
the triple system may therefore undergo Kozai oscillations. However,
detailed N-body simulations and follow-up work are required to further
evaluate the dynamical state of the system.

Data availability

The reduced CRIRES+and GRAVITY data will be made public through
Zenodo® at: https://doi.org/10.5281/zenod0.13851639.

Code availability

The CRIRES+ datareduction was performed with excalibuhr (https://
github.com/yapenzhang/excalibuhr). The orbit fits were performed
with PMOIRED (https://github.com/amerand/PMOIRED) and Octofitter
(https://sefffal.github.io/Octofitter.jl/dev/). The atmospheric models
were generated using inputs from Sonora EIf Owl (https://zenodo.org/
records/10385821) and the petitRADTRANS radiative transfer tool avail-
able at https://petitradtrans.readthedocs.io/. ATMO 2020 models are
available for download at http://opendata.erc-atmo.eu.
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Extended DataFig.1|Dynamical masses and inferred luminosities of Gliese =~ brown dwarf, Gliese 229 Bis under-luminous compared with model predictions
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Extended DataFig.2| GRAVITY closure phase measurements of Gliese 229
BaBbon26December2023. The GRAVITY closure phase measurementsin
thefirstepoch (26 December 2023). The dataarein points and the modelsare
shownaslines. Each panelis for adifferent baseline triangle between the four
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codeindicatesthetimesincethe first data point (in hours). The data are well
described by the model, with most of the residuals at the <2olevel. Asingle
source would have zero closure phases throughout.
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Extended DataFig. 3| CCFs ofthe CRIRES+spectraofGliese229 Band A.

a, CCFsbetween the CRIRES+spectraof Gliese 229 Band an atmospheric
model with T,;=900 Kand log(g) =5.0 computed using Sonora EIf Owl
temperature and chemistry profiles. The CCF shapesare distorted and

variable over time, characteristic of adouble-lined spectroscopic binary.
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b, CCFsbetween the CRIRES+spectraof Gliese 229 Aand a PHOENIX-ACES
model® with T,;=3,800Kandlog(g) =4.5. The inset shows azoom-in of the
CCF peak. The stellar RVs are stable at the 0.1 km s™ level over the observing
period, validating the wavelength solution of CRIRES+.
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models areshowninorange and blue, respectively, and the fullmodelisinred.
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left (10). Absorption lines from the two brown dwarfs can be seen combining
over the observing sequence. The datafrom 29 March 2024 were taken with
thebest seeing conditions and consequently contain the highest flux fromthe
brown dwarfs and minimal stellar contamination from Gliese 229 A. Therefore,
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Extended DataFig.5|Gliese 229 A-Bab and other binary brown dwarfsin
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ofthebinary browndwarfinorange. The separation of the outer orbit (that s,
between the brown dwarfs and the third component) and mass ratio of the
binary brown dwarfrelative to the total system mass is in blue. Many systems
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Welabel the similarly tight binary 2M1510 Aab fromref. 30. The circles with
greyoutlinesare triple brown dwarfsystems, in which allcomponents are
substellar. Among binary brown dwarfs orbiting stars, Gliese 229 Bab has an
inner orbit more than an order of magnitude smaller than other systems. The
parameters for other systems are taken fromrefs. 24,84,90-96.
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Extended DataFig. 6 | Relative orbit of Gliese 229 Bb withrespect to Gliese
229 Bafrom GRAVITY and CRIRES+. Random draws of the relative astrometric
orbit of Gliese 229 Ba-Bb from the PMOIRED fit are shown as grey curves. The
positionofthe primary brown dwarf Gliese 229 Bais marked with astar atthe
origin. The coloured points show random draws of the predicted astrometric
positions of Bbwith respect toBafrom the joint GRAVITY and CRIRES+ orbit fit

over thefive observing epochs.




Extended Data Table 1| GRAVITY Wide and CRIRES+ observation log for Gliese 229 BaBb

Instrument DATE START (UT)  DATE END NEXP/NDIT/DIT(  AIRMASS TAUO (mill-  SEEING
seconds) second) (arcsec)

GRAVITY Wide 2023-12- 2023-12- 13/4/100 1-1.16 520 0.5-11
26T04:14:07 26T06:48:36

GRAVITY Wide 2023-12- 2023-12- 4/41100 1112 5-10 0408
30T05:47:25 30T06:32:50

GRAVITY Wide 2024-02- 2024-02- 314100 1214 56 0.7:0.9
28T02:57:39 28T03:36:49

GRAVITY Wide 2024-03- 2024-03- aadly 1.1-13 8-12 04-06
29T00:31:24 29T01:17:35

GRAVITY Wide 2024-04- 2024-04- Eall 1314 4-10 A
29T23:15:22 29T23:29:21

CRIRES+ 2024.02.10 2024.02-10 6/1/900 1.1-1.4 7-18 0.6-1.15
T02:27:37 T04:10:34

CRIRES+ 2024-02- 2024-02- 2/1/900 11 57 0815
20T02:22:28 20T03:00:26

CRIRES+ 2024.03- 2024.03. 6/1/900 1.1-1.4 79 0.5:0.8
01701:45:04 01703:28:13

CRIRES+ 2024.03. 2024.03. 6/1/900 1115 6-8 0.4-0.7
19T00:54:23 19T02:37:11

CRIRES+ 2024-03- 2024-03- 6/1/900 1114 26 0.6-0.7
20T00:36:04 20T02:18:21

CRIRESs 2024-04. 2024-04. 4/1/600 1.2-1.4 46 0.6-0.9
07T00:12:23 07T01:12:00

CRIRES+ 2024-04. 2024-04. 4/1/600 1112 78 0.7-1.0
08T23:31:31 08T00:24:28

We provide the observation times, exposure settings, and observing conditions for each epoch of observation.
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Extended Data Table 2 | Bulk properties of Gliese 229 BaBb
inferred from the ATM02020 evolutionary model

Parameter ATMO 2020
Mass ratio 0.87+0.03
Age (Gyr) 2.45+0.20
Teft,Ba (K) 860+20
TeftBa (K) 770+20
log(g)sa (dex) 5.11+0.01
log(g)eb (dex) 5.03+0.01
log(L/Lo)ea -5.41+0.04

log(L/Lo)es -5.58+0.04




Extended Data Table 3 | RVs of Gliese229 Ba and Bb from
VLT/CRIRES+

Time (MJD) RVea (km/s) RVes (km/s)
60359.14 8.07£0.12 7512019
60360.11 8.13:0.14 7.22:0.19
60370.11 6.07£0.17 6.3120.25
60388.07 -3.2120.54 4.09:0.75
60389.058 -8.9720.23 10.6020.46
60407.03 6.8520.16 7.5610.24

60408.00 7.49+0.27 -8.10+0.32
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Extended Data Table 4 | Derived relative astrometry of Gliese 229 Ba-Bb from the Octofitter fit

Date [UTC] Projected separation [mas] Position Angle [deg] Separation [AU]
2023-12-26 05:15:42 5.58+0.01 178.4 £0.9 0.0338 + 0.0001
2023-12-30 06:11:23 7.10+0.05 -22.0+ 0.1 0.0453+0.0002
2024-02-28 03:13:29 6.19+0.04 -46.5+ 0.3 0.0413+0.0001
2024-03-29 00:31:14 7.95+0.03 67.6 +0.5 0.0488+0.0001
2024-04-29 23:15:12 7.49+0.04 -13.5£0.2 0.0468+0.0002

As noted in Methods, these values should not be used directly in orbit fits.
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